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Preface 
 
These proceedings document oral and poster presentations given at the 1st 
International Conference and Exploratory Workshop on Soil Architecture and 
Physico-Chemical functions “CESAR”, held at Aarhus University, Research Centre 
Foulum, Denmark, November 30 – December 2, 2010. CESAR was jointly organized 
by the Department of Agroecology and Environment, Faculty of Agricultural 
Sciences, Aarhus University and Department of Biotechnology, Chemistry, and 
Environmental Engineering,  Aalborg University.  
 
An initial motivation for organizing the conference was that present day advances 
in measurements of soil-water and soil-air transport and soil interface processes (e.g. 
water repellency, chemical sorption) in combination with rapid developments in 
porous media visualization (e.g. looking into soil by X-ray tomography) are bringing 
us closer to the final frontier of understanding intact soil architecture and functions.  
Smart merging of methods and models can assist us in quantifying key soil 
functions including production, mobility, retainment, and fluxes of "soil matter" (air, 
gases, water, solutes, colloids, chemicals, and biomass) in arterial pore 
networks. Understanding and quantifying functional soil architecture is  needed as a 
platform for good soil management and protection of soil and groundwater 
resources with a view to a sustainable "more for less" soil and water use.  
 
Close links between soil physics, chemistry, microbiology, hydrology, and pedology 
and nearby areas of environment, health, and space sciences should be explored with 
immense benefits during the next decades. We need to collaborate across disciplines 
and scales to create a common road map to soil inner space, its secrets, controls, and 
functions. 
 
With soil functional architecture as the mutual stepping stone, the CESAR 
conference highlighted pipeline research and interdisciplinary challenges in soil inner 
space - spanning from biophysical processes at the nano and microscale, via pedon 
and catchment scale water, colloid, and chemical transport, to optimal growth 
media for missions in outer space.  
 
More than 120 scientists and engineers from 17 countries participated in the 
conference. The four main topics at the workshop were (i) Seeing into soil – emerging 
visualization, modeling, and non-destructive measurement techniques for soil and 
transport properties, (ii) Soil bio-physics – linking physical and biological processes 
across scales from pore to pedon, (iii) Soil carriers and barriers for chemicals that  
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impact the environment – soil architectural controls, modeling, and smart sampling 
techniques and (iv) Soil-water repellency and soil hydrology – controls of water 
repellency and water distribution across scales from pore to field. Thirteen key-note 
speakers from Europe, Japan, and USA (Drs. Dani Or, Dorthe Wildenschild, Marcel 
Schaap, Markus Tuller, Kate Scow, Philippe Baveye, Yan Jin, Scott Bradford, Ty 
Ferre, Ken Kawamoto, Toshiko Komatsu, Scott Jones, and David Robinson) provided 
state-of-the-art reviews on current knowledge within these topics. A wide range of 
laboratory, field, and modeling studies were presented during the oral and poster 
sessions, illustrating soil functional architecture as a rapidly developing research 
area. 
 
The aim of CESAR was to facilitate international collaboration and scientific 
excellence in our field through the establishment of a multidisciplinary and 
international Forum of Excellence in Environmental Soil Science. Our vision for 
CESAR was for the activities to set the scene for i) cutting-edge research on 
sustainable functions of soils, ii) international collaboration in soil and 
environmental research and iii) educating young soil and environmental scientists.  

The mission of CESAR was to create and stimulate basic research into the physics, 
chemistry, and biology of soils that will significantly advance our understanding of 
the factors that contribute to soil quality and its ability to sustain vital functions 
across a range of scales, thereby providing strategic knowledge to policymakers 
regarding production, environment, health, and climate issues.  

The overall purpose of CESAR was to bring together established, world-leading 
scientists in environmental soil physics research with some of today’s most talented 
up-and-coming researchers, as well as a large number of PhD and Master students. 
The three generations will set benchmarks and suggest a scientific platform (white 
paper) for future directions of environmental soil science during the 3-day CESAR 
event. 

We wish to express our sincere thanks to all the people who helped with the practical 
aspects of this conference. We gratefully acknowledge the government and private 
organizations that sponsored this workshop (see next page). A very special thank you 
must be directed to our workshop secretaries, Mrs. Anne Sehested and Mrs. Jytte 
Christensen, who spent numerous hours helping us with the workshop planning and 
the present proceedings; their dedicated effort was a key to this workshop.  
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Summary 
Moisture content is a fundamental property of soils. Spatial variability of soil moisture 
has a major influence on many soil properties and processes contributing primarily in 
the variation in storage, transport and availability of nutrients thus affecting directly to 
the growth and development of plants. Geostatistics has been extensively used for 
quantifying spatial variability of many environmental variables including soil moisture 
content. We aim to analyse and characterize the spatial variability pattern of topsoil 
gravimetric soil moisture content of an area in western Hungary using geostatistical 
interpolation methods. Ordinary kriging technique is applied for the estimation of soil 
moisture values at unsampled location and the results provided in terms of prediction 
maps and its associated variance suggest that ordinary kriging can be effectively used to 
analyze and describe soil moisture spatial variability. The results can be used as a source 
of information for the development and implementation of any crop management and 
soil and water conservation plans in the study area.  

Introduction 
Spatial variability in soil system is a well known phenomena and this variability has 
been characterized for many years for various soil properties to describe the processes 
occurring in a landscape (Burrough, 1993). Soil moisture content vary across the field 
under different climatic and geological conditions and over different spatio-temporal 
scales strongly influence in solute transport mechanism (Dirmeyer et al., 1999). Spatial 
variability in soil water content has been studied since 1975 and most of these 
researches focused on spatial interpolation of soil moisture content (Yates and Warric, 
1987) and nature of spatial variability of soil moisture and its relation to soil properties 
(Cassel & Bauer, 1975; Mallants et al., 1996; Western et al., 2002). Reynolds (1970) and 
Crave and Gascuel-Odoux (1997) all found that variation in soil moisture content were 
directly related to the soil textural variability and also to the local topography (Beven & 
Kirby, 1979). As direct soil moisture content cannot be measured at each location in the 
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field to get an idea of its spatial distribution, there is a need to characterize the spatial 
distribution using quantitative methods. Geostatistics has been extensively used to 
study the spatial pattern of environmental variables (Goovaerts, 1997; Webster and 
Oliver, 2001) and kriging techniques as synonym for geostatistical interpolation has 
been proved as sufficiently robust for estimating values of a property at unsampled 
locations. The main objectives of this study are i) to analyze and describe the spatial 
distribution of gravimetric soil moisture content (θm) and, ii) to estimate and display 
how the variability changes across the field with corresponding variance. 

Materials and Methods 
Site description and data preparation 
Our study area (Figure 1) is located at Zala County in the Central-Zala hills covering 
about 250 sq. km in Western-Hungary (Latitude 46°50'0.99"N, Longitude 17°6'14.68"E 
and mean elevation 113m asl) with mean annual temperature and precipitation of 
10.2oC and 660-800mm. Main soil types include brown forest soils, texture 
differentiated meadow, peat bog soils and less developed (or eroded) soils.  

Data for this investigation is used from the data base of European Soil Data Centre 
(ESDAC) of the Joint Research Centre of the European Commission in Ispra Italy. It 
consists of the gravimetric soil moisture content (θm) from each of the identified 
pedological horizons for 100 locations and samples are collected in August, 2007 (dry 
period). Sampling locations are identified based on probability method using terrain 
and land use parameters. θm is the weight the soil sample losses upon drying before it 
attains the constant weight (i.e. sample at 105oC for 24 hrs) and is expressed as the  
percentage of dried soil weight. The required topsoil (0-30cm) θm has been derived as a 
weighted average value within the first 30cm of the soil.  

 
Figure 1. Study area (Sampling locations as dots on the orthophoto) 
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Data Analysis 
Statistical analysis 
Statistical mean, standard deviation, coefficients of variation and frequency histogram 
are used to identify the nature and property of θm distribution. The symmetry and 
peakedness of the distribution is checked with Skewness (g1) and Kurtosis (g2) 
coefficients. As normality of the data is a general requirement for geostatistical analysis, 
Student-t test is performed to check whether g1 and g2 are significantly different from 
their normal values i.e. 0 and 3 respectively. So with the null hypothesis H0: g1 = 0, and 
g2 = 3, two Student-t values (t1 and t2) are calculated and the results are compared with 
the tabulated-t values (t0.05, 99 = 1.984). Q-Q plot is also used to check the normality. 

Geostatistical analysis 
To investigate the spatial structure of θm, a semivariogram is calculated to describe the 
relationship between the lag or any integral multiple of the sampling interval and the 
semivariance (Goovaertes, 1997). Theoretically, a variogram can be calculated as 
equation (1): 
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model is then selected and variogram parameters are extracted from it. These 
parameters are used to interpolate θm value at unsampled location by means of Ordinary 

Kriging (OK) technique. The OK estimator )( 0
* xZOK  with the associated variance 

)( 0
2 xOKσ can be calculated following the equation 2 and 3 respectively. 
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Here, aλ is the weight assigned to n observations )( 0xz and ψ  is the Lagrange multiplier. 

Cross-validation is also performed to check the effectiveness of OK prediction. All the 
geostatistical analysis and interpolation is done in ISATIS software environment from 
Geovariances, France.  

Results and discussions 
Descriptive statistics  
The descriptive statistics of the soil moisture content data are depicted in Table 1. The 
mean and coefficient of variation is found to be 13.86% and 0.52 respectively.  
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Table 1. Descriptive statistics of θm (n=100)  

Dataset Minimum Maximum Mean Std.dev. Coef. Var. Skewness Kurtosis 

Raw 4.33 49.28 13.86 7.14 0.52 2.40 10.96 

Transformed 1.47 3.9 2.53 0.43 0.17 0.43 3.96 

The Figure 2-left below is the frequency histogram of θm which shows that the 
distribution is positively skewed (g1=2.40) and leptokurtic (g2=10.96). The histogram 
also identifies some possible outliers towards the right end of the distribution but they 
are not removed from the data. The data also doesn’t follow the straight line in Q-Q plot 
otherwise it would be normally distributed (figure 2-right).  

  
Figure 2. Histogram of θm (left) and corresponding Q-Q plot (right) of the raw data 

  
Figure 3. Histogram of θm (left) and corresponding Q-Q plot (right) after logarithmic 
transformation 
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Student-t value for g1 and g2 are 9.8 and 16.24 respectively which are much higher than 
the tabulated-t value i.e. 1.985. This is a confirmation that the distribution of θm value is 
not normal so it needs to be treated in some way before the geostatistical analysis. The 
data are logarithmically transformed so the new values of g1 and g2 including the std. 
deviation are significantly reduced (Table 1) showing that the distribution is normalized 
(Figure 3). All geostatistical analysis is performed on the transformed data and the final 
prediction and variance maps of θm are obtained after back transformation. 

Variogram analysis 
Variogram surface analysis reveals that the distribution is not affected by any kind of 
trends. Spatial autocorrelation is then analysed with the variogram. Omnidirectional 
experimental variogram (Figure 4) is calculated in ISATIS. The numbers associated with 
the variogram dots are the number of pairs used to make that specific point. 

  
Figure 4. Experimental variogram (left) and fitted spherical models (right)  

This shows that the semivariance increases with the increasing distance to a certain 
point and levels off thereafter. The distance at which the variogram starts stabilizing is 
the ‘range’ (a), the corresponding semivariance to this range is the ‘sill’ (C0+C1) and the 
semivariance where the variogram intersect it is the ‘nugget’ (C0) and these are called 
variogram parameters. This behaviour of the variogram which is typical to this 
distribution is best modelled with the theoretical variogram model which in this case is a 
spherical one (figure 2-right). θm displayed a well defined spatial structure with its 
characteristics variogram parameters C0=0.102, C0+C1=0.205 and a=2.2km 
respectively. At a distance of 2.2 km variogram reaches to its sill and thereafter θm does 
not show any spatial dependence or spatial autocorrelation. These parameters are used 
in the estimation procedure later on in kriging. 
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Estimation of soil moisture content and associated variance 
Ordinary kriging is applied to get the estimate of θm at unsampled locations.  A search 
ellipse with a radius of 2.5km is used and a minimum of 5 and maximum of 15 nearest 
data values are included in the kriging operation. The final continues map of soil 
moisture content is produced at a grid resolution of 250m as in Figure 5.  

 
Figure 5. Predicted map of gravimetric soil moisture content 

The entire study area is characterized by moderate to slightly lower amount of soil 
moisture however relatively higher θm values are around the central part of the study 
area. The lower part of it is slightly low in moisture level. While checking with the 
orthophoto of the study area, the moist parts appear to be in and near to the valley 
whereas the hilly areas as in north and south are relatively drier.  

The uncertainty or standard error of prediction associated with this estimation is also 
assessed and is displayed as in Figure 6. The prediction error near the sampling points 
represented by + sign in the map is very low but as we move away from the sample 
location, the uncertainty increases. Highest uncertainty in prediction is found where 
there are no samples. 
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Figure 6. Uncertainty of prediction 

The effectiveness of prediction based on OK is also tested with cross-validation which 
shows a correlation coefficient of 0.68 between measured and estimated θm value 
(Figure 7-left). Figure 7-right is a histogram showing the distribution of frequencies of 
the standardized errors of prediction. The normality of its distribution within the range 
of standard deviation ± 2 strongly supports that our prediction is effective. These results 
confirm that the prediction is reasonable and can be well accepted. 

  
Figure 5. Correlation between measured and predicted value (left) and frequency 
distribution of standardized errors  
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Conclusions 
Spatial variability of topsoil gravimetric moisture content is examined using 
geostatistical methods. OK adequately estimates the soil moisture content at unsampled 
locations. This show that ordinary kriging can be effectively used to analyse the spatial 
variability pattern of soil moisture content. The predicted maps resulted from this study 
can be very important source of information to the farmers and soil management 
experts to design a better irrigation management and soil and water conservation plans 
taking into account the spatial variability pattern of soil moisture content. It has also 
been realized that the areas near the valley are moister than hilly areas which suggests 
that using topographical information in the kriging operation might improve the overall 
prediction to some extent. We also believe this methodology could be useful in the 
spatial research of other environmental domains. 
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Summary 
A study was conducted to investigate the leaching potentials of mineral N and E. coli 
from land-applied raw slurry (RS), liquid slurry fraction (LS) and ozonated liquid 
slurry fraction (OS). Each slurry type was injected to intact soil columns at a rate of 
50 t ha-1, RS was also surface applied and LS was injected also to repacked columns. 
The soil columns were irrigated with one three-hour simulated rain event at 10 mm 
h-1 per week for four weeks. Soil columns with either RS or LS injected were also kept 
non-irrigated. Leaching of E. coli and mineral N was observed at varying rate with 
different treatments. Survival of E. coli and nitrification rate was also affected.   
 

Introduction 
Land-applied animal manure is a potential source of pathogens and nutrients to the 
aquatic environment. Nutrient lost by leaching from land-applied manure can create 
eutrophication in surface water bodies and nitrate pollution of the groundwater 
(Norring and Jorgensen, 2009). Agricultural soils can act as effective filter for 
manure-borne bacteria. However, bacteria can move with water as free cells, 
attached with soil particles and with slurry particles (Guber et al., 2007). 
Furthermore, erosion and preferential flow can also influence the transport. The 
redistribution of slurry liquid after application is influenced by the slurry dry matter 
(DM) content. DM content and soil slurry interactions can therefore influence E. coli 
and N leaching. Hence, a study was conducted to quantify the leaching potential of E. 
coli and mineral N from land-applied treated slurry with various SDM content, soil 
structures and application methods. 
 

Materials and Methods 
Soils  and Slurry-                                                                                                     
Intact soil columns of 20 cm long and 20 cm diameter were sampled at Foulum 
Experimental Station (560 29´ N, 90 34´ E), Denmark. Three repacked columns were 
prepared using same soil and with same bulk density. The soil columns were 
saturated and drained to a soil water potential at -100 hPa. The soil was loamy sand 
type with OC 2.0%, porosity 42%, clay 8%, silt 13%, sand 79%, Ksat 61.1 mm h-1 and 
pH 6.33. Raw slurry (RS) and mechanically separated liquid slurry fraction (LS) was 
collected from a pig farm, Åbøl, Denmark. LS was ozonated in the laboratory to 
produce ozonated slurry (OS). Each slurry type was injected or surface applied to 
intact columns in hexplicate at a rate of 50 t ha-1. LS was injected also to triplicate 
repacked columns. Injection was done in a slit with a dimension of 10×4×9 cm3 
(Fig.1). The surface application was done by incorporating the RS in the top three cm 
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soil. Columns were irrigated with four simulated rain events at 10 mm h-1, once three 
hours period in a week. Two more triplicates columns with either RS or LS injected 
were kept non-irrigated at 10 oC. 

 

 
 

Experimental Setup 
A glass filter disc of 40–100 μm pore size was mounted on top of a small chamber in 
a stainless steel plate. In the bottom of the chamber a waterfilled hypodermic needle 
led the leachate to the sampling container. The hanging water column in the 
hypodermic needle and the water-filled chamber exerted a suction of -12.5 hPa on 
the soil columns lower boundary (Laegdsmand et al., 2005). The soil columns were 
irrigated with one three-hour simulated rain event at 10 mm h-1 per week for four 
weeks. After the four leaching events, the soil was extruded from the column and 
sliced into four sections (S1, S2, S3 and S4) (Fig. 1). All leachates and soil samples 
were analyzed for E. coli and mineral N content.  
 

Analysis of soil and water samples 
pH, Electrical cionductivity (EC) and turbidity was analysed in the leachate. NH4-N 
and NO3-N in filtered (GA55; Advantec, Japan) extracts of soil and 1 M KCl and in 
the leachates were measured on an Auto-analyzer III Digital Colorimeter (Bran & 
Luebbe, Germany). E. coli was detected by plate counting according to the methods 
described by Aagot et al. (2001).  
 

Results and Discussion 
 

Physicochemical properties of leachates and soils 
The pH values in the leachate ranged within 6.3–6.6. EC and turbidity in the 
leachates decreased with rainfall events. Some elevated values of turbidity were 
observed for injected RS and for repacked columns. Soil water content (SWC) was 
high in S1 for all cases. Remaining SDM in S1 increased the water holding capacity. 
SWC in all sections of repacked columns were significantly higher than that of intact 
columns. Disturbance of soil aggregates probably increased water holding capacity by 
decreasing the number of larger macro pores.  

 

 
  Fig. 1. Sectioning of soil 

column 

Table 1. Some selected  physicochemical 
properties of different slurries 

Characteristics 
Raw  
slurry 

Liquid 
slurry 

Ozonate
d slurry 

Total solid (%)   5.65  3.14  3.09 

Volatile solid (%)   4.17   1.97  1.90 
pH   7.10   7.56   7.86 
EC (mS cm-1) 19.3  15.8  17.9 

Total N (g kg-1) 4.5 4.3 4.2 

E. coli (CFU ml-1) 9.3 ×104 2.6 ×104 1.4×104 

S2

S3

S4

S2

S1

Slurry injected 
column

S2

S3

S4

S1

Slurry surface 
applied column
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Fig.3. Concentrations of (a) NH4-N and (b) NO3-N in soil for different slurries (RS, LS and OS), 
application methods (Injected-IJ and Surface applied-SA) and for intact (IT) and repacked 
(RP) columns. NR represents non-irrigated columns. 
 

Leaching of NH4-N and NO3-N  
NH4-N leaching was very low (data not shown). NO3-N leaching increased with time 
for all cases except for the repacked columns (Fig.2). Nitrate accumulated in the soil 
with time (due to nitrification) and thus provided more nitrate to be leached. The 
leaching from injected RS was higher than the surface applied RS in the beginning 
but they become equal at the end of the experiment. The injection process may have 
reduced the leaching path, and assisted the faster leaching. The highest NO3-N 
concentration was found for LS followed by OS. The persistence of NH4-N in S1 was 
very high in comparison to other sections (Fig. 3) due to a high oxygen demand in S1. 
Higher concentration in S3 and S4 was found for repacked columns and with LS. The 
difference in NO3-N concentration in different sections was not very high except for 
the non-irrigated columns. Both persistence and leaching of NO3-N in the repacked 
columns were low.  

 

Leaching of E. coli  
Injected RS led to higher leaching concentration of E. coli than the surface applied 
RS (Fig. 4) whereas the recovery was not significantly different. Leached 

 
 

 

 
Fig. 2. Leaching of NO3-N for different 
slurry types and application methods 
(injected-IJ and surface applied-SA) from 
intact (IT) and repacked (RP) columns. 

 Fig. 4. Leaching of E. coli for different 
slurry types and application methods 
(injected-IJ and surface applied-SA) from 
intact (IT) and repacked (RP) columns. 
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concentration was higher for LS than for RS and OS. Leaching from intact and 
repacked columns was same in W1 but during W2–W4 leaching was higher from the 
repacked soils. Total leached amount was much higher for LS followed by injected RS 
and OS (Table 2). Majority of E. coli persisted in S1 for all treatments. The recovery 
of E. coli was generally high with LS, and the highest recovery was obtained in the 
repacked columns. Relatively higher moisture content presumably helped E. coli to 
survive longer. Both redistribution and survival of E. coli was higher for LS than for 
RS. No E. coli was detected in S2–S4 for RS injected non-irrigated columns and total 
survival rate was also low. Leaching of E. coli in the study was low because slurry was 
applied to relatively dry soil (similar to field conditions). Furthermore, the first 
rainfall was applied after one week of slurry application so the redistribution into the 
soil was high but survival was low in comparison to the other experimental situation 
when slurry is applied on moist soil and irrigation applied instantly. 
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Summary 
Soil water retention, gas diffusion and air permeability are affected by the soil texture 
and organic matter content. This study examines the effect of the combination of clay 
and organic matter (fines) content on water retention and gas transport in soils across a 
natural clay gradient. Soil water retained at pF2 and pF 3 is best explained by the 
volumetric fines content. Soil gas transport parameters; air-filled pore space, gas 
diffusivity and permeability (pF2) are mainly determined by volumetric clay content. At 
pF3, soil air permeability had no relation with either clay or organic matter mostly due 
to the influence of large air-filled pores. 
 
Introduction 
Gas transport and water retention in soils are highly affected by the texture and organic 
matter content, due to the influence of these two basic soil physical characteristics on 
soil pore dynamics. Models have been suggested for the estimation of gas diffusivity 
(Dp/Do) and soil air permeability (ka) based on texture, water content and air-filled pore 
space (Moldrup et al., 2000). However, prediction models of ka for undisturbed soils do 
not perform very well due to the high influence of large air-filled pores on ka.  
 
This study examines the effect of the combination of clay and organic matter 0n soil 
water retention and gas transport using soils with varying clay contents. 
 
Materials and methods 
Soils 
The two sampling areas used are located at Aarup and Saeby in Denmark, both having a 
natural clay gradient (Fig. 1). Six sampling points at Aarup and 15 at Saeby were chosen. 
The Aarup soils are developed on diluvial clay and are classified as Stagnic Luvisols. 
Saeby soils developed on glacial till that were interspersed with a large clay lens of 
dislodged Older Yoldia marine deposits. The soils are classified as associations of Mollic 
Stagnic Cambisols and Mollic Stagnic Luvisols (WRB, 2006).  
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Measurements and Analyses 
Five undisturbed 100 cm3 cores were taken from the top 5-10cm at spring time, 
following mouldboard ploughing in the fall, from each sampling point. Clay and organic 
carbon content (Fig. 1) were determined on bulk soil sampled at the same depths 
adjacent to the sampling locations.  

Two sampling points each from Aarup (2 & 6) and Saeby (1 & 12) were selected for the 
full water retention curve measurements (pF3 – pF6).The clay and organic carbon 
contents of the four selected points (Clay; O.C.) were Aarup 2 (11.1; 1.3), Aarup 6 (22.3; 
2.0), Saeby 1 (11.4; 1.7) and Saeby 12 (41.1; 0.8). 
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Fig. 1. Clay and organic carbon content of sampling points from Aarup and Saeby. 
 
Parameters measured include:  

• Soil water retention from -10hPa to -1000hPa using sandbox and pressure plate 
apparatus, from -1000hPa to air dry using WP4-T Dew Point Meter; 

• Soil specific surface area using the EGME method; 

• Soil air permeability using the steady state method of Grover (1955), where air at 
a constant pressure difference, displaced by a descending float chamber, flows 
through the soil column at a rate proportional to the air permeability;  

• Soil gas diffusivity with a non-steady state method using oxygen as the diffusing 
gas. 

To identify the key drivers of water retention and gas transport, regression curves were 
plotted with either clay content, Volumetric clay content (bulk density x [clay/2.7], or 
Volumetric fines content (bulk density x [clay/2.7 + O.M. /1], assuming particle 
densities of 2.7 and 1 for clay and organic matter respectively) against Volumetric water 
content, air filled pore space, soil relative gas diffusivity, and soil air permeability at 
pF2 and pF3. Volumetric specific surface (soil specific surface area x bulk density) was 
also compared with the Volumetric Fines content.  
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Results and discussion 
The amount of water retained at each soil water potential, from pF1 to the dry end of the 
curve, increases with clay content (Fig. 2), the trend is the same for remoulded soils 
(data not shown) This is because water molecules are held more tightly by clay particles.

pF (‐log cm H2O)
1 2 3 4 5 6

Vo
lu
m
et
ri
c 
w
at
er
 c
on

te
nt
 

(m
3 /
m
3 )

0.0

0.1

0.2

0.3

0.4

0.5
Aarup 2
Aarup 6
Saeby 1
Saeby 14

 
Fig. 2. Soil water retention curve of 
selected intact Aarup and Saeby samples. 
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Fig. 3. Relationship between surface area 
and fines content. 
 

The volume of water retained at pF 2 and 3 is best related to the volumetric fines content 
than clay alone (Table 1) because clay and organic matter are linearly related to soil 
surface area (Fig. 3) which is primarily responsible for water retention. 
 

Table 1. Regression coefficients and equations for clay and organic carbon derivatives 
and water and gas transport parameters. 

VWC, Volumetric water content (m3/m3); Dp/Do, relative gas diffusivity; ka, soil air permeability (µm2). 

 
Soil air-filled pore space (AFP), which reflects the ease of gas diffusion through soil, 
decreased with increasing clay content at all suctions for both Aarup and Saeby fields 

  pF2 pF3 

x y R2 Equation R2 Equation 

Clay 
(g/100g) 

VWC 0.79 y = 0.0036x + 0.242 0.84 y = 0.0044x + 0.159 

Dp/Do 0.69 y = 5.9276x-2.12 0.56 y  = 0.42535x-0.845 

ka 0.62 y = 452.27e-0.13x <0.1  

Volumetric 
Clay 

(m3/m3) 

VWC 0.78 y = 0.6249x + 0.2465 0.88 y = 0.6481x0.43 

Dp/Do 0.72 y = 0.0001x-1.971 0.63 y = 0.0054x-0.832 

ka 0.64 y = 417.58e-22.69x <0.1  

Volumetric 
Fines 

(m3/m3) 

VWC 0.82 y = 0.649x + 0.2212 0.92 y = 0.741x0.5655 

Dp/Do 0.70 y = 8E-05x-2.561 0.60 y = 0.0046x-1.046 

ka 0.59 y = 827.76e-22.15x <0.1  
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(Fig. 4). It is related to all the parameters by a negative power function. Volumetric clay 
content is a stronger driver than volumetric fines because an increase of organic matter 
is cancelled out by an increase in total porosity. The regression coefficient at pF3 is 
higher than pF2. 
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Fig. 4. Relationship between clay content, volumetric clay, volumetric fines and soil air 
filled pore space (AFP) at pF2 and pF3 for Aarup and Saeby. 
 
Soil gas diffusivity is strongly related to AFP (r2 = 0.87 at pF2), and this makes 
volumetric clay content the stronger driver of this property. Soil air permeability, related 
to the large and well-connected pore part of AFP (r2 = 0.68 at pF2) showed relatively 
lower correlations at pF2 with the clay content (percent and volumetric) and organic 
matter. However at pF3, there was no relation due to the influence of large pores on this 
property. 
 
Conclusions 
Volumetric fines content gives the best prediction of soil water retention at pF2 and pF3. 
Volumetric clay content is the main determinant of soil air filled pore space and soil gas 
diffusion, the effect of increased organic matter is balanced by lower bulk densities. Soil 
air permeability has a lower correlation with clay and fines contents possibly due to the 
influence of large air-filled pores. 
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Summary 

Soil as a porous 3-phase system is characterized by a tremendously high surface area 
to volume ratio. Complex interactions of physical, chemical and biological processes 
occur at biogeochemical interfaces which were generally formed in soil over time. 
Along with electrostatic interactions, the interfacial properties control wetting 
kinetics, physical status of adsorbed water films, flocculation, adsorption, and they 
are also a major contributor to the rheological properties of dispersions.  

Despite the fundamental importance of solid-liquid interfacial properties, only a few 
methods have been developed to describe the wettability of powders. With respect to 
the possible wetting states of soil particles, ranging from complete wetting systems 
(contact angle (CA) = 0°) over water repellency (CA >0°, <90°) to hydrophobicity (CA 
> 90°), no method has been yet developed to quantify the entire wetting range 
consistently. In this contribution we will elucidate various methods with respect to 
their potential to describe wetting properties of soil particles and and we will analyze 
specific restrictions regarding sensitivity and accuracy. Specific problems regarding 
the application of the sessile drop method to soil particles (time behaviour, 
roughness) are addressed.  Further, based on thermodynamic principles, results of 
the sessile drop method method will be applied to describe the general 
hydrophilicity-hydrophobicity status of soil particles as a universal framework 
characterizing aqueous three-phase systems.  

 

Introduction 

To describe particle surface properties in a mechanistic way it is crucial to understand 
complex biological, physical and hydraulical processes within a general framework. 
Biogeochemical interfaces (BGI) significantly determine the relationship between the 
surface geochemistry of a pore domain and the micoorganism or plant life in that 
specific region. However, BGI determine also together with the pore geometry (local 
pore diameter, tortuosity and connectivity) the hydraulic properties of the pore 
domain. Until now, no physically defined surface property has been established to 
determine all aspects of BGIs mentioned above with one set of parameters. One of the 
key physicochemical parameters for describing the interaction of water and solutes is 
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the interfacial free energy which is commonly determined through contact angle 

measurements (Figure 1). Surface energy components (Lifshitz-van der Waals (LW), 

electron-acceptor (+) - electron donor (-) surface tension components might in 
addition be used to describe the wetting properties of the surface in aqueous media as 
well as specific chemical interactions on the solid surface.  
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Fig.1: From molecular scale to physical processes on the pore scale: Surface energy 
components are evaluated by contact angle measurements with pure liquids of H2O, 
EG, DIM. 

One established method to describe contact angles of clean, smooth, rigid, and 
chemically inert surfaces is the Sessile Drop Method (SDM). However, soil particles 
are far away from those conditions. Thus, one major objective of our study is to proof 
if CA derived surface energy components may serve as effective parameters to 
describe surface reactions as well as interactions with the liquid phase  on the pore 
scale. This is, in our opinion, an essential conceptual step to link chemical structure 
of the particle surfaces, i.e. determined via x-ray-photoelectron spectroscopy (XPS) 
with it´s physical functioning on the pore scale or even on larger scales.  

 

Mode of contact angle measurements 

According to Figure 1, the thermodynamic equilibrium of the suface tensions between 

the components results in a distinct and visible CA (E is between 0 and 180°). 
H0wever, CA measured on soil particles show generally a time-dependent dynamics 
(i.e. decreasing CA with time with quite different rates). To give an example of the 
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adequate operating mode, we evaluated the time for the CA reading (after contact of 
the drop with the surface) which allows the most consistent determination of the 
solid surface energy components. Two theoretical concepts were tested to determine 
surface energy components (Good, 1992) to check for consistency: 

1: Geometric mean approach (GMA) 
2: Acid-Base approach (ABA) 

For a podsolic topsoil it was found that the CA measured immediately after placing 
the drop on the surface gave the highest consistency (Figure 2): 
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Fig. 2: Example for the optimization of CA measurements: Surface energy (polar and 
dispersive components) as determined with the Acid-Base Approach (ABA) and with 
the Geometric Mean Approach (GMA) for a Podzol topsoil. Shown is the CA analysis 
after 30 ms (l.h.s.) and 5000 ms (r.h.s.) after placing the drop on the sample. 

The results revealed a 1:1 relation with little scattering for CA data measured after 30 
ms. Larger deviations were obtained for the drop data determined after 1000 and 
5000 ms. In the same way, extrapolation of the CA to 1 ms (linearization in the log(t) 
vs. cos(CA) plot (not shown) does not improve the result. The important practical 
implication is that the most convincing approach to determine surface energy of soil 
particles is apparently to use the first stable contact angle, after the vibrations caused 
by mechanical deformation during the placement of the drop onto the surface have 
been settled. According to the settings of the system, this stage was established 
approximately after 30 ms. All results given during this presentation based on 
analysis of contact angles after 30 ms. 

Physical Implications 

According to Good (1992) surface free energies are separated into an apolar Lifshitz 
van der Waals term LW [mJ/m2] and a polar or Lewis acid-base component P 
[mJ/m2], which can be separated into an electron donor - and an electron acceptor + 
[mJ/m2] component. When GIF (energy of interfacial interaction) is positive, the 
interaction of the material with water dominates and the surface of the material is 
hydrophilic. When GIF is negative, the polar cohesive attraction between the water 
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molecules dominates and the material is hydrophobic, i.e. sign and magnitude 
defines the nature of the surface. A comprehensive theoretical attempt to describe the 
hydrophilicity-hydrophobicity character of mineral surfaces based on CA 
measurements was proposed by van Oss and Giese (1995). This approach allows the 
definition of the hydrophobicity status of mineral surfaces together with the 
description of solid surface interactions, i.e. attraction or repulsion between similar 
particles or between particles and dissolved molecules in water. The authors 
hypothesized that the boundary between hydrophobicity and hydrophilicity occurs 
when the difference between the apolar attraction and the polar repulsion between 
molecules or particles immersed in water is equal to the cohesive polar attraction 
among the water molecules. Under these conditions (ignoring in a first step 
electrostatic interactions), the interfacial free energy of interaction between similar 
particles, GIF [mJ/m2 ], is zero. 

As a consequence, experimental results indicate that - is the most significant variable 
determining the hydrophobicity character of solid surfaces. Oxides as well as clay 
minerals typically have values of LW varying between 35 and 45 mJ m-2 while + being 
small or even zero. For a typical non-coated clay mineral, the value of 27.9 mJ m-2 for 
- might be defined as the boundary between hydrophobic and hydrophilic. It is 
interesting to note that the transition from hydrophilic to hydrophobic is not at a CA 
of 90° -as frequently suggested-, but around 50° (for water). According to this 
definition, soils with contact angles markedly lower than 90° act in aqueous media  
already as hydrophobic. Regarding the wide range of contact angles measured for 
natural soils (Woche et al., 2005), implications of this theoretically fundamental 
definition has not been investigated for soil yet.  

Summarized, complex interactions of physical, chemical and biological processes 
occur at BGI. However, despite their relevance for the mechanical understanding of 
important soil functions, the proof whether effective parameters developed for 
chemically defined systems are reproducible measurable and physically sound in 
context with sorption and transformation processes (i.e. for pesticides) is still 
missing. The main hypothesis is that surface thermodynamic theory, as described 
here, allows a useful and straightforward characterization of the hydrophobicity-
hydrophilicity status of solid surfaces. However, due to the nature of soil particles 
(i.e. rough, chemically heterogeneous and non-rigid surfaces, conformational changes 
of functional groups) the application of such concepts, originally developed for pure 
systems, to soil particles is extremely challenging and has to be explored. 
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More and more sharply, in recent years, it has become clear that the current lack of 
understanding of soil C and N dynamics in soils is due to fundamental shortcomings of 
the computer models that are used to describe primary productivity and decomposition 
in terrestrial ecosystems (e.g., Fontaine et al., 2003; Kirshbaum, 2006). These models, 
including Century (Parton et al., 1988), Daisy (Hansen et al., 1990; Bruun et al., 2003), 
NCsoils (Molina et al., 1983), and CANDY (Franko and Mirschel, 2001), were initially 
developed in applied ecology, and are still intensively used in that context, to predict the 
effects of land use, pollution, climatic changes in specific ecosystems. Some models were 
aimed at predicting long-term soil organic matter (SOM) changes, whereas others were 
created to reproduce the short-term evolution of SOM to determine the environmental 
impact of different soil management and land use strategies.  Input parameters are 
typically weather data, soil characteristics, plant growth and land management 
parameters. Model outputs are soil temperature, water, carbon and nitrogen dynamics, as 
well as, e.g., estimated rates of phytomass accumulation, decomposition of organic 
matter, or nitrification-denitrification.  

Most of these models are structurally similar; they are based on a given, small 
number (typically 3-5) of SOM compartments with different sizes and turnover rates, 
generally described on the basis of qualitative rather than measurable characteristics 
(Bruun et al., 2003). Specifically, in spite of their appellation as process-oriented models 
(Paustian, 1994), none of the current ecosystem-level models of C and N dynamics in 
soils involves the population densities of organisms (microorganisms, animals, plants) or 
any quantitative measure of their metabolism as explicit state variables. At best, the 
microbial biomass is sometimes treated as a compartment of soil organic matter (e.g., 
Jenkinson, 1990; Parton et al., 1988; Fang et al., 2005). Yet, even though it is well 
established that 80 to 90% of all (bio)chemical reactions in soils are actively mediated by 
microorganisms, the characteristics of microbial activity, including cell multiplication 
and growth, induction and repression of degrading enzymes, or co-metabolism of lignin 
and humus, are not explicitly accounted for in any of the most commonly–used models. 
Neither is the fact that soils are by far the most biodiverse environment on earth 

37



(Nannipieri et al., 2003), with each gram of soil containing a multitude of 
microorganisms (bacteria, fungi, actinomycetes) and macrofauna, with a very diverse 
range of growth or metabolic patterns. Instead, decomposition of SOM, including its 
microbial fraction, is represented in most available models of C and N dynamics as a 
process of self-decay, directly proportional to the size of the various SOM components 
encompassed in the models (Cambier et al., 2007).  

A further limitation of these models, which has emerged clearly only in the last 2-3 
years, is that they make no provision for the fact that the physical and chemical micro-
environments in which microorganisms proliferate and are metabolically active in soils, 
are extremely heterogeneous at all spatial scales, particularly at the micrometric scale 
typical of many bacteria. Significant technological advances in recent years have provided 
soil researchers with routine access to X-ray computed tomography systems enabling 
them to visualize the geometry of pores and solids in soils at resolutions as small as 0.5 
μm. Concomitant progress in synchrotron-based microfluorescence spectroscopy and in 
near-edge X-ray spectromicroscopy (NEXAFS) of thin sections of soils has led to 
observations of sharp differences in accumulation of trace metals (Jacobson et al., 2007) 
and chemical composition of the organic matter (Schumacher et al., 2005; Lehmann et al., 
2008) in soils over minute distances, respectively of the order of tens of μm and nm. 
Simultaneously, comparisons between explicit pore-scale simulations and macroscopic 
continuum approximations have shown that inhomogeneous solute distribution within 
soil pores can significantly affect macroscopic estimates of elemental turnover rates, and 
that the error associated with large-scale rate estimates depends on the type of reaction, 
pore geometry, reaction kinetics and macroscopic concentration gradient (Meile and 
Tuncay, 2006; Li et al., 2006). These experimental and modelling results obtained to date 
raise a number of intriguing questions about the adequacy of the bulk, averaged 
measurements of soil (bio)chemical properties that, at the moment, are routinely carried 
out in wet-chemistry or microbiology laboratories around the world (Jacobson et al., 
2007; Baveye, 2009), and on which current models of C and N dynamics in soils are 
based. Other questions relate to the type of measurement that should be performed 
instead, and to the proper way to reflect the macroscopic “emergence” of microscale 
heterogeneities in models of soil dynamics (Baveye, 2010).  

To alleviate the various shortcomings of current models of C and N dynamics in 
soils, a novel type of mathematical model is clearly needed, which combines a pore-scale 
description of water and solute transport (e.g., via the Lattice-Boltzmann method), with a 
detailed account of microbial growth and metabolism. A difficulty in trying to combine 
these two components is that the type of unstructured, population-level biokinetic 
equation (like Tessier’s or Monod’s) traditionally used to describe microbial growth in 
soils (e.g., Baveye and Valocchi, 1989; Vandevivere et al., 1995; Seki et al., 2004; Thullner 
and Baveye, 2008) is not in principle applicable to the generally limited numbers of 
microorganisms present in small pores. Indeed, unstructured models like Tessier’s or 
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Monod’s equations result from empirical observations made on numbers of bacteria that 
are large enough to statistically average out fluctuations among individuals or 
subpopulations. In soil pores, however, the number of cells may be small enough that 
subpopulation fluctuations dominate the growth or metabolic response. Therefore a 
different kind of microbial growth kinetic model is required, which accounts statistically 
for behavioral differences that may exist among individual microorganisms in a soil pore. 
Models with that scope have been the object of considerable research in general 
microbiology and population biology in the last decade (Bousquet and Le Page, 2004), but 
have not been applied yet to a very significant extent in soils. 

In this general context, the objective of the present talk is to outline where we are 
now in terms of coupling microscale models of water and solute transfer, on one hand, 
and non-statistically-averaged models of the growth and metabolism of microorganisms, 
on the other hand. There are a number of challenges that need to be addressed, in 
particular computational challenges, since describing possibly fluctuating, heterogeneous 
subpopulations will require some kind of Monte Carlo technique. The resulting 
challenges will be reviewed in detail and will be discussed. Possible avenues for further 
research will be outlined as well.  
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Towards a better understanding of dynamic soil water repellency 
using complimentary field and lab experiments 
 
S.M. Beatty and J.E. Smith 
McMaster University, School of Geography and Earth Sciences, Hamilton, Ontario, 
Canada, beattysm@mcmaster.ca  
 
 
Introduction 
Soil water repellency is a complex and dynamic soil property that is influenced by a host 
of chemical, biological, and physical conditions. This complexity presents unique 
challenges when it comes to investigating hydrophobic systems, and as a result, has 
fostered a substantial body of work that has been steadily unravelling and demystifying 
its complex characteristics and overall influence on the landscape. When we look to 
dynamics in particular, the majority of the literature on the dynamic change of 
repellency in hydrophobic soils has developed out of investigations employing the most 
widely-applied test in water repellency investigations, the WDPT test. However, the 
fundamental mechanisms governing changes in repellency over time (i.e. contact angle 
dynamics and fractional wettability) are rarely discussed or reported upon directly. 
While soil chemists have identified controls and mechanisms at play at the physico-
chemical scale (e.g. Diehl and Schaumann, 2010), there are gaps in our soil physics 
knowledge, which has primarily been focused on static fractional wettability and its 
effect on bulk soil water processes (e.g. Bradford and Leij, 1995; Bauters et al., 2003). It 
is from this foundation of understanding that we explore how contact angle dynamics 
and dynamic fractional wettability work together to control soil water processes in these 
media. Here, we used a multi-methodological approach on naturally water repellent soil 
materials to investigate the concerted effects of fractional wettability and contact angle 
dynamics on pore and bulk scale processes.  
 
Methods and Materials 
Post-fire soils used in this work were surface (2cm thick) organic LH horizon materials 
expressing similar origin and varied burn characteristics; they were collected ~1.5 years 
post-fire. The first material had charring at the surface (i.e. Mixed materials). The 
second showed no signs of surface charring and/or char had been removed since the 
time of the fire (i.e. Brown materials). In Mixed materials, charring constituted ~0.5cm 
of the 2cm sample material depth. A third (hydrophilic B Horizon) mineral soil material 
was used in 1D laboratory infiltration tests in addition to organic soil materials. All tests 
were carried out on ‘fresh’ materials – samples were not reused during testing. 
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Axisymmetric Drop Shape Analysis (ADSA) (First Ten Angstroms: model F200) was 
used to collect advancing contact angles via the captive needle approach (Woodward, 
2008). Three drop locations on each slide underwent 3 advance/retreat cycles; prepared 
slides used double-sided tape to adhere 0.5 mm hand-sieved soil materials to the slide 
(Bachmann et al., 2000). 
 
Replicate and instrumented 1D infiltration column experiments were conducted in the 
lab using tension infiltrometers (Decagon Devices, Soil Measurement Systems). 
Structurally preserved organic materials were packed above hydrophilic mineral (B 
Horizon) soil materials to mimic the field configuration of materials. Four configurations 
were tested: Mineral only (to provide a baseline), Char (scraped from surface) over 
mineral, Mixed over Mineral, and Brown over Mineral. Three-dimensional tension 
infiltration tests were carried out in the field using mini disk infiltrometers (Decagon 
Devices) directly applied to the soil surface.  
 
Results and Discussion 
Pore Scale Behaviours (Beatty and Smith, 2010) 
One of the advantages of ADSA is that it allows for the capture of statistically meaningful 
large data sets. It proved to be valuable for the determination of advancing contact 
angles in these natural materials, receding angles presented challenges. We found that 
fractional wettability was well expressed in sample statistics (e.g. std. dev, max, min) 
(Table 1) and contact angle dynamics could be observed in plots of CA vs. base length 
(Fig. 1). Later times during data capture correspond to larger base lengths.  
 
Table 1. Sample statistics for three samples 

 

    
Fig.1. Quicker CA change (12-0cm; 25-0cm) and slower CA changes (12-2cm; 25-2cm) 

Material Type 
(ID) 
 

Depth 
(cm) 

# of 
Measures 

Mean 
(θ) 

Mean 
Cos(θ) 

Std. Dev. 
(θ) 

% Coeff. of 
Variance (θ) 

Min (θ) Max (θ) 

Char (scraped) 0 92 78.89 0.1903 10.13 12.85 62.62 102.46 
0 27 71.41 0.3100 14.32 20.06 40.34 103.46 Mixed (12) 
2 97 113.21 -0.3904 12.28 10.85 43.64 127.12 
0 72 95.96 -0.1028 9.66 10.06 74.73 111.59 Brown (25) 

2 69 120.77 -0.5101 4.31 3.57 110.61 127.83 
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Char (scraped from surface) materials expressed large amounts of fractional wettability 
(i.e. in ranges and max/min values) with mean hydrophilic angles. Brown materials 
were more uniformly repellent and had lower hydrophobic (>90°) contact angles at both 
0cm and 2cm depths. Mixed materials exhibit characteristics of both Char and Brown 
materials. All material types had dynamic contact angles at 0cm and/or 2cm depths. 
 
Bulk Scale (1D) Behaviours 
Given the sensitivity of the tension infiltrometer to changes in contact angle (i.e. 
infiltration into pore spaces will only occur once pore pressures become negative), these 
tests are an indication of the dynamic change of contact angles in bulk fractionally 
wettable materials (Fig. 2) and the rate at which contact angles change in those media.  
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Fig. 2. Replicate 1D tension infiltration tests (-2cm pressure head in all cases) 

 
Char (scraped from surface) over mineral tests behaved similarly to those of the mineral 
B Horizon materials (not shown) i.e. as a hydrophilic system would with no, or 
imperceptibly fast CA dynamics. Brown over mineral materials, however, behaved as a 
consistently (low fractional wettability) hydrophobic system with IR slowly increasing 
over time, indicating that CA dynamics are very slow but are the primary determinant of 
infiltration in these materials. Mixed over mineral behaved as a ‘combination’ material 
expressing characteristics of both hydrophilic and hydrophobic infiltration; indicating 
that initially fractionally wettable surfaces play an equally important role in infiltration 
response (e.g. compared to Brown materials). For our post-fire materials, increased 
fractional wettability appears to speed up the rate of CA change. This observation is 
further supported by end-of-test volumetric moisture contents (not shown). 
 
Field Scale (3D) Behaviours 
While more complexity is encountered in 3D field infiltration tests when compared to 1D 
infiltration, similar behaviours can still be observed in these fractionally wettable and 
dynamically changing materials – even under field moisture conditions (Fig. 3).  
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3D Field Infiltration (ψ = -2cm) 
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Fig. 3 Field test TFN34 (left), sample dataset of field tests (centre) and post-infiltration 
sample profile for TFN34 (right). Arrows indicate visible vertical extent of wetting front. 
 
Summary  
Across various spatial (mm to 10’s cm) and temporal scales (seconds to hours), we found 
mechanistic linkages between systematic (laboratory) measures of fractional / dynamic 
wettability and (laboratory and field) infiltration tests. When coupled with replicate 
tension infiltration test data, systematic measures of advancing contact angle from ADSA 
provided additional insight into system dynamics and hydrologic response.  
 
Complimentary measurement techniques sensitive to fractional wettability and dynamic 
contact angles were particularly useful in de-convoluting small scale hydrologic 
processes in our materials. This gave way to a more comprehensive, process oriented 
understanding of the interrelated nature of fractional wettability and contact angle 
dynamics and their combined effect on soil water behaviour at pore and bulk scales. 
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Summary 

The objective of this study was to determine the persistence of subsoil compaction and 

its effects on soil pore functions and characteristics. In the spring 2009, intact soil cores 

of 100 cm3 (28-32 cm layer) and 6283 cm3 (20-40 cm layer) were sampled from a 

compaction experiment established in 1995. Gas diffusion, air permeability and water 

retention characteristics were measured on 100 cm3 cores. The larger cores were CT-

scanned and used for the determination of  saturated hydraulic conductivity. Our results 

show persistent compaction effects in terms of a reduced volume of soil macropore 

fractions, reduced gas diffusivity and saturated hydraulic conductivity. Horizontally 

sampled cores had more but less continuous macropores than vertically sampled cores. 

 

Introduction 

Ever increasing weight of farm machinery and their intensive use enhance the risk of 

subsoil quality degradation due to compaction. Compaction not only reduces the pore 

volume, but also modifies the pore morphology and connectivity. Hence, soil compaction 

modifies soil structure and affects a range of important soil ecological functions.  

 

Unlike topsoil compaction, which can be alleviated by soil tillage and natural loosening 

processes, subsoil compaction is much more persistent and not easy to alleviate. 

However, experimental data on the persistency of subsoil compaction on soil pore 

functions are scarce. The objective of the study was to quantify and understand 

persistent effects of subsoil compaction on soil pore structure and associated transport 

processes. 
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Materials and Methods 

Soil samples were collected from a compaction experiment at the Bramehem farm in 

Skåne, southern Sweden in spring 2009. The experiment was established in 1995 and 

includes control and compacted plots (four repeated wheelings with a 35 Mg sugarbeet 

harvester) with four replicate blocks (Arvidsson, 2001). Control and compacted plots 

have been managed similarly since then in an arable crop rotation. The soil was 

developed on glacial till deposits and is classified as a Mollic Endogleyic Luvisol with a 

sandy clay loam texture.  
 

Intact soil cores of 100 cm3 (34 mm H, 61 mm Ø; 28-32 cm layer) were sampled in 

vertical and horizontal orientations and used for determination of gas diffusivity, air 

permeability and water retention characteristics at -6 hPa,-30 hPa and -100 hPa (gas 

diffusivity was measured only at -100 hPa). Bigger cores (200 mm H, 200 mm Ø; 20-40 

cm layer) were CT-scanned and used for the determination of saturated hydraulic 

conductivity (Ksat). 

 

Volume of size fractions of macropores >30 µm were calculated from water retention. 

The Moldrup et al. (2000) diffusivity model was fitted to the experimental data. Pore 

characteristic indices were calculated from measured air permeability and gas diffusivity 

by applying the tube model of Ball (1981):  
 

dB=[32ka/(Dp/D0)]1/2                                                                                                                                                                           (1) 

nB=εa
1/2(Dp/D0)3/2/(8Πka)                                                                                                          (2)   

  

where dB is the effective diameter of drained pores, nB is the number of air-filled pores in 

a given soil cross section, Dp and Do are the gas diffusion coefficient in soil and free air, 

respectively, ka is the air permeability and εa is the air-filled pore space. The specific air 

permeability (known as Pore Organization index, PO = ka/εa) and the specific gas 

diffusivity (SD = (Dp/Do)/εa) were calculated to characterize the continuity of soil air-

filled pores to the mass flow and diffusion of gases. 

 

Results and Discussion 

Fourteen years after the compaction event, we found a significant reduction in all size  

fractions of macropores >30 µm in smaller cores (Fig 1). This indicates the persistence of  
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compaction on macropores, which are responsible for transport of air and water in near-

saturated to saturated field conditions. Visual impression from the CT-scanning of the 

large cores (Fig.2) also confirms a higher volume of macropores for uncompacted soil. 

 

We note lower values of gas diffusivity in compacted as compared to control soil in the 

28-32 cm layer at -100 hPa matric potential (Fig.3). We further note that the Bramehem 

soil has extremely low diffusivities as shown by the Dp/Do=0.005 lower limit for aerobic 

microbial activity (Stepniewski, 1980) for a loamy soil (broken line in Fig.3). 

 

 

 

 

 

 

 

 

 

 

 

We found a significant reduction in Ksat for the compacted treatment (Table 2). The 

value for Ksat of the compacted treatment may be rather low as compared to common 

precipitation events in Nordic countries. Arvidsson (2001) reported a comparable 

reduction in Ksat from the same experimental field one season after the experimental 

traffic. 

 

No persistent compaction effects were found on any of the pore structural fingerprints 

(‘effective’ diameter of pores active in gas transport, the number of pores in a cross 

section, specific permeability, specific diffusivity) for vertically sampled soil (Table 2). 

 

Table 2.   Calculated pore functioning indices for 100 cm3 cores sampled vertically from 

both treatments and horizontally from the control treatment at 30 cm depth. Different 

lettering indicate statistical significance (P<0.05). 

Pore indices  

Vertical 

 

Horizontal 

Control Compacted 

 

Control 

dB (µm)  253 aA 212 a 

 

169 B 

nB (number of pores cm-2)    40 aA   30 a   80 B 

ka
*/εa =PO (µm2)  120 aA  5  0 a    43 B 

Dp/Do =SD (-)  0.07 aB 0.05 a 0.05 B 

* Geometric mean 

Fig. 3. Gas diffusivity at -100 hPa for 

individual samples  from 28-32  cm layer 

Table 1. Saturated hydraulic conductivity, 

Ksat, measured on large (6283 cm3) cores 

collected at 20-40 cm layer for both 

treatments. 

Treatment 

Ksat(cm day-1) 

Mean Median Log 

mean 

p-

value 

Control 101 185 2.0 
0.03 

Compacted 25 35 1.4 
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However, all pore indices except specific diffusivity were significantly higher for 

vertically sampled cores as compared to horizontally sampled cores in the control 

treatment. Such anisotropy may worsen the poor aeration observed for this dense soil, 

and has also been reported in other studies (e.g. Dabney & Selim, 1987). 

 

Conclusions 

The compaction event 14 years prior to our investigation considerably reduced soil 

macropore volume, soil aeration (Dp/Do), and hydraulic conductivity (Ksat) for the 20-40 

cm soil layer, i.e. in the subsoil below the tillage zone. Hence, our results suggest that 

subsoil compaction is persistent for at least more than a decade, with negative 

consequences for important soil pore functions. Our results also showed significant 

anisotropy of soil pore characteristics, which may worsen the aeration of this generally 

very dense soil. 
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Summary   
Retention of colloids and microorganisms in porous media has commonly been 
assumed to be controlled by irreversible chemical interactions with the solid phase.  
However, a growing body of literature indicates that they may be reversibly retained 
in porous media, and that the amount of retention is dependent on a wide variety of 
factors. This presentation discusses research designed to better understand 
mechanisms that contribute to the retention of colloids, microorganisms, and 
colloid-associated contaminants.  First, we demonstrate that the fraction of the solid 
surface area that contributes to retention will change with the velocity and chemical 
properties.  Next, we highlight the coupled influence of colloid concentration on 
retention as a result of temporal filling of retention sites and differences in solid 
phase mass transfer.   We then demonstrate the importance of transients in solution 
chemistry on retention hysteresis and colloid-facilitated copper transport as a result 
of nanoscale heterogeneity and cation exchange.   Finally, we discuss differences in 
the retention of microorganisms as a result of changes in the surface macromolecule 
conformation with harvesting procedures and solution chemistry.    
  
Introduction 
The interaction energy of colloids and microorganisms with mineral surfaces is 
commonly calculated as the sum of electrostatic and van der Waals interactions.  
When there is no energy barrier to attachment in the primary energy minimum 
(favorable attachment conditions), colloids and microorganisms are frequently 
assumed to be irreversibly attached to the solid water interface (SWI). This 
assumption is likely to be invalid in many natural environments.  For example, 
attachment may be reversible under favorable conditions as a result of other 
repulsive forces (electrosteric, hydration, and Born repulsion) which are typically 
neglected.   In addition, most solid surfaces are negatively charged at prevailing pH 
conditions and this produces an energy barrier to attachment in the primary 
minimum (i.e., unfavorable attachment conditions).  Adhesive interactions may still 
occur under unfavorable conditions as a result of a weak secondary minimum 
interaction at a separation distance. Moreover, attachment on negatively charged 
surfaces may also take place due to nanoscale physical or chemical heterogeneities, 
which lead to  local reductions in the energy barrier height.  The strength of these 
unfavorable interactions will depend on the size of the colloid/microbe and 

51



heterogeneity, and the double layer thickness.   
The adhesive interaction of colloids and microbes with the SWI will depend on 
factors such as the solution chemistry and on initial conditions of the SWI, colloid, 
and microbe that change with system history.  For example, the surface charge of the 
SWI and colloid may change with ion exchange (Bradford and Kim, 2010), pH or the 
sorption of organic compounds. The conformation of surface macromolecules of 
microorganisms is a function of the cell harvesting procedures and the solution 
chemistry (Tazehkand et al., 2008; Kim et al. 2009ab and 2010ab), whereas the 
amount of surface macromolecules will change with the growth stage and 
environmental stresses.  Hysteresis in the adhesive interaction may also occur as a 
result of nanoscale chemical and/or physical heterogeneity because the depth of the 
local minima in the interaction energy changes with the double layer thickness 
(Torkzaban et al., 2010).    
The retention of colloids and microorganisms in porous media will be sensitive to a 
wide variety of factors that are commonly neglected.  Colloids and microorganisms 
that weakly interact with the SWI may be susceptible to removal due to 
hydrodynamic forces (rolling, sliding, and lifting) during fluid flow and random 
variations in kinetic energy (diffusion).   Only a fraction of the solid surface area may 
therefore contribute to colloid/microbe immobilization due to spatial variability in 
the hydrodynamic forces in porous media with the pore space geometry or chemical 
heterogeneity (Bradford et al., 2010).  This fraction can fill up with time, and the rate 
of filling will depend on the colloid/microbe concentration (Bradford et al., 2009).  
Colloids/microbes may roll on the solid surface in the presence of fluid flow to 
regions where the hydrodynamic force is weaker (grain-grain contacts or microscale 
roughness locations) or the adhesive force is stronger (chemical heterogeneity).  The 
number of colloids/microbes that can be transported to these regions is dependent 
on the adhesive interaction.  When the colloids/microbes are trapped in these 
hydrodynamically favorable regions, changing the solution chemistry will not 
necessarily release them.  Rolling colloids/microbes may also be more susceptible to 
removal as a result of spatial variations in the adhesive force and colloid/microbe 
collisions. Collectively, these considerations indicate that colloid/microbe retention 
will depend on the temporal filling of retention locations, solid phase mass transfer, 
and accessibility of retention locations to flowing fluid (Bradford et al. 2009 and 
2010).    
The objective of this work is to present research designed to better understand 
mechanisms that contribute to the retention of colloids, microorganisms, and 
colloid-associated contaminants in porous media.  Saturated packed column, batch, 
micromodel, and surface characterization (zeta potential, hydrophobicity, and 
surface macromolecule information) experiments were conducted for this purpose 
using a variety of colloids (latex microspheres and kaolinite) and microorganisms (E. 
coli O157:H7 and Cryptosporidium oocysts).    
 
Materials and methods 
This extended abstract synthesizes the research activities of the co-authors over the 
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past few years.  Most of this research has already been published and the interested 
reader is referred to the pertinent publications for details on the relevant materials 
and methods.   
 
Results and discussion   
Values of the hydrodynamic and adhesive forces and torques will determine whether 
a colloid/microbe will be immobilized or roll on the SWI.   Bradford et al. (2010) 
used pore-scale simulations and scaling techniques to predict the cumulative density 
function of hydrodynamic torque in sphere packs, and to quantify the fraction and 
locations on the solid surface that contributes to colloid retention for select values of 
the adhesive torque.    
The coupled influence of velocity, solution chemistry, and temporal changes in 
colloid concentration on retention was investigated by Bradford et al. (2009).  The 
relative effluent concentration and the shape of the retention profiles were found to 
be sensitive to the input concentration and velocity when colloids weakly interacted 
with the SWI by a shallow secondary minimum.  Under these conditions only a small 
fraction of the SWI, associated with grain-grain contacts, contributed to retention.  
This area filled up over time and thereby decreased retention.   
Torkzaban et al. (2009) investigated the influence of transients in ionic strength (IS) 
on colloid retention and release.  The amount of colloid retention at a given IS 
depended on the system history, the colloid size, and the type of porous medium.  
Hysteresis in retention was attributed to solid phase mass transfer, differences in the 
accessibility of retention locations to flowing water, and/or nanoscale heterogeneity.   
  
Bradford and Kim (2010) investigated the influence of chemical factors (pH change, 
ionic strength reduction, and cation exchange) on clay release in sand and clay-
associated copper transport in saturated packed column experiments.  These authors 
found that the amount of kaolinite clay released from sand was a strong function of 
the system history, and occurred when calcium was exchanged for sodium 
(increasing the magnitude of the zeta potential of the sand and clay) followed by a 
reduction in the IS to deionized water.  The facilitated transport of copper by 
kaolinite was greatly enhanced under these conditions. 
Tazehkand et al. (2008) conducted experiments to quantify the influence of cell 
harvesting techniques on the transport and surface properties of E. coli D21g.  
Results were sensitive to the cell harvesting method (centrifugation or filtration) 
because of changes in the conformation of the surface macromolecules.  The 
transport of E. coli D21g was enhanced by filtration in comparison to centrifugation, 
especially the IS was low.   
Kim et al. (2009b, and 2010ab) examined the influence of surface macromolecules 
on the transport and retention of pathogenic E. coli O157:H7 and Cryptosporidium 
parvum oocysts in saturated packed column experiments.  Electrosteric repulsion of 
surface macromolecules hindered attachment when the IS was high, especially at 
higher pH conditions with E. coli O157:H7.  Conversely, polymer bridging of surface 
macromolecules on E. coli O157:H7 enhanced attachment and aggregation at low IS 
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conditions.   
 

Conclusions 
Retention of colloids and microorganisms was sensitive to transients in solution 
chemistry (IS, pH, and composition), the chemical heterogeneity on the SWI, the 
colloid and porous medium size, the hydrodynamics, the conformation of surface 
macromolecules, and the colloid concentration.  These results were explained in 
terms of adhesive interactions, temporal filling of retention locations, solid phase 
mass transfer, and the accessibility of retention locations to flowing fluid. Reversible 
retention implies that the transport and fate of colloids, microorganisms, and 
colloid-associated contaminants in subsurface environments will be sensitive to the 
system history, and that temporal changes in mobile concentrations (from persistent 
low levels to episodic peaks) are likely.       
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Summary 
The presence of fractured vadose zones (e.g., limestone or clay tills) may potentially 
pose significant environmental concerns due to the rapid, preferential migration of 
gaseous plumes through interconnected pore networks. However, recent modelling 
studies related to fractured vadose zone processes are mostly limited to hydrogeological 
(water and solute) transport studies with very poor attention to the gaseous phase 
transport studies (Kristensen et al. 2010).  
 
This study characterizes fractured limestone soils for gas diffusion based on three 
different gas diffusivity fingerprints. The first fingerprint is a two-parameter exponential 
model, which mainly describes the gas diffusivity in the limestone matrix while taking 
both fracture connectivity and matrix pore connectivity into account. With the second 
fingerprint, we make a close observation of the tortuous matrix pore network  by means 
of a modified Buckingham (1904) pore connectivity factor (X*). The third fingerprint of 
the fracture network involves the average angle of diffusion α (Moldrup et al. 2010), a 
parameter which characterizes the average angle at which the fractures are penetrating 
the sample.  
 
Methods 
In this study, we considered a total of 13 fractured limestone samples from literature 
which were sampled from two different vadose zone profiles in Denmark: Gug limestone 
and Storvorde limestone (data from (Kristensen et al. 2010)). From Gug limestone, we 
considered two samples (ID 37 and ID38) taken vertically just below the ground surface, 
six samples (ID 28 and ID GKUG 1 to 5) taken vertically under the basement of a house, 
and two samples (ID 25 and 26) taken horizontally under the basement of the same 
house. Three Storvorde limestone samples were retrieved vertically about 2 m below the 
ground surface. For details on the sampling, preparation and measurements, see 
(Kristensen et al. 2010). 
 
Results 
Figure 1 shows the results of gas diffusivity (Dp/Do, where Dp and Do are, respectively, 
the gas diffusion coefficient in soil and in free air) against air content (ε) for all the 13 
soil samples. The soil gas diffusivity increases with increasing soil-air content for all 
samples. This increase in Dp/Do occurs in 2 stages, which suggest that a dual-porosity 
model is more suited to describe this behaviour.  
In the first stage, a linear increase occurs when the cracks within the limestone matrix 
start draining, and it continues until all the cracks are completely drained. The higher 
gradient of this increase in gas diffusivity for the Storvorde samples compared to Gug 
samples suggest a more pronounced fracture network. The higher values of gas-
diffusivity in the horizontal Gug (basement) samples compared to those in the vertical 
samples taken at the same location reveals the anisotropy of the media. When the 
drainage of the matrix starts, a non-linear trend in gas diffusivity with increasing ε can 
be observed for all the samples. 
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Fig. 1. Gas diffusivity (Dp/Do) against air-content (ε) for the limestone samples. 

The non-linear increase in Dp/Do within the matrix can be described by a two-parameter 
exponential model by taking into account both the fracture connectivity and the matrix 
pore-connectivity as follows:  
Dp/D0 =       ; ε ≥ε0                        (1)  
where A is the fracture connectivity factor, B is the matrix pore-connectivity factor, and 
ε0is the soil-air content at which all the factures are fully drained.  Fig. 2a illustrates the 
observed Dp/Do vs. ε in the matrix region for two selected samples together with the 
model predictions (Eq. (1)). The same data, when presented in a log-normal plot, yield a 
linear relation (Fig. 2b). We further observed an apparent overall linear relation 
between the parameters A and B (Fig. 2c), which can be adequately described by: 
                                                                                                                                      (2) 
This linear relationship suggests that a higher diffusivity in the fracture network will 
also imply a higher diffusivity in the matrix and thereby reveals a useful geological 
feature of the location. 

 
Fig. 2. Gas diffusivity in the limestone matrix: (a) Dp/Do vs. ε and (b) ln(Dp/Do) vs. ε 
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Fig. 2. (c) A-B relation for the exponential model (Eq.(1)). 

For the second fingerprint of the fractured limestone, we adopt a modified Buckingham 
(1904) model for matrix diffusivity. Buckingham (1904) suggested: 
Dp/D0=εX                         (3) 
With X typically equal to 2 in the Buckingham’s model. We suggest a modified version of 
this model to describe the gas diffusivity in the matrix: 

(Dp-Dp0)/D0 =       
  

  ; ε ≥ ε0               (4) 

where Dpo and ε0 are, respectively, the gas diffusivity and air-filled porosity at the 
condition of fully drained fractures, and X* is the internal Buckingham pore-
connectivity factor. Fig.3a shows the variation X* against the internal air-content, ε* 
(=ε- ε0) for two Gug limestones. Also shown are the upper Buckingham pore-
connectivity factor, X*M, which is the average value of the three highest X* factors for 
each sample (in dotted and dashed lines).  Fig. 3b gives an overview of the maximum 
and minimum value for X*M for each sample-group, together with the average value. 
The maximum value for X*M is lower for the limestone in the surface layer in Gug due 
to a lower compaction of these samples, in comparison with the ones that were taken in 
Gug under the basement of the building. This absence of compaction will result in less 
tortuosity and a lower internal pore-connectivity factor. 

 
Fig. 3. Internal Buckingham pore-connectivity factor: (a) Examples of the upper 
internal pore-connectivity factor X*M; (b) Overview of X*M in comparison with the 
pore-connectivity factor suggested by Buckingham (1904). 
 
Except for the uncompacted Gug limestone, other Gug and Storvorde limestones have 
an average X*M factor close to 2, the value suggested by Buckingham (1904).  Further, 
the slight anisotropy observed for the fractured region (Fig. 1) in Gug (under the 
basement) samples could also be noticed in the matrix region (Fig. 3b). 
The orientation of fractures is an important characteristic governing most of the 
fractured media transport processes. In the third fingerprint, therefore, we observed the 
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average angle of diffusion α (Moldrup et al. 2010) for the selected four soil groups. The, 
average angle of diffusion (Fig. 4a) can be calculated as: 
           Dp/D0ε0))                           (5) 
The observed smaller angle of diffusivities for the samples taken below the basement 
compared to the samples taken from outside (Fig. 4b) can be attributed to the high soil 
compaction below the building foundation. 
 

 
Fig. 4. Angle of diffusion, α, in the fracture network: (a) Examples of α; (b) for the 
considered samples. 
 
Conclusions 

 The three presented fingerprints provided us with valuable insights into both the 
fracture connectivity and matrix pore-connectivity. 

 The two-parameter exponential model showed that the diffusivity in the fracture 
network is related to the diffusivity within the limestone matrix; a lower 
diffusivity in the fracture network will result in a low diffusivity in the limestone 
matrix. 

 The modified Buckingham (1904) connectivity factor X* gives a fingerprint of the 
limestone matrix. It shows that the tortuosity inside the limestone matrix is 
related to compaction. A higher tortuosity will cause a higher value for X*. 

 The average angle of diffusion, α, gives a fingerprint of the fracture network in 
the limestone. Less compaction results in higher values for this parameter. 
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Summary 
A national vis-NIR reference library based on archived soil samples is under 
construction. The effects of different spectral pretreatments on predictive abilities of 
SOC (soil organic carbon) models were investigated. Principal Component Analysis 
and Partial Least Square Regression were used to build calibration and validation 
models. Multiplicative Scatter Correction (MSC) preprocessing lead to the best 
calibration model, and showed the best model performance in terms of prediction. 

Introduction 
Visible and near infrared reflectance (Vis-NIR) spectroscopy has developed into  a 
physical non-destructive, rapid, and highly reproducible method that provides 
inexpensive prediction of soil physical, chemical and biological properties (Reeves et 
al., 1999;Pasquini, 2003;Rossel et al., 2006). It is also relatively easy to use, and 
requires only small quantities of samples for traditional lab analysis. Therefore, it 
provides a powerful tool for digital soil mapping, soil monitoring and soil process 
modeling. Soil organic carbon (SOC) is an important factor of soil fertility, and plays 
a critical role in the global carbon cycle (Christopher B.Field and M.R.Raupach, 
2004). The objective of this paper was to investigate the possibilities of developing a 
global Vis-NIR spectroscopy model to predict SOC content, and the effect of different 
spectral pretreatment techniques on the overall accuracy of the model. 

 
Materials and Methods  

Lab analysis 
3000 soil samples from the Danish soil profile library collected in the period from 
1986 to 1990 were used in this study. Soil profiles were examined within a nation-
wide 7 km grid (Krogh et al., 2000) (Figure 1). Soil samples were collected from the 
10 cm midsection of all major horizons. They were dried and sieved to 2mm. Spectra 
were collected with LabSpec5100 instrument (ASD Inc, Boulder, Colorado) covering 
the visible and near infrared range between 350nm-2500nm. Soil samples were 
homogenized before scanning. Two replicates of each sample were taken and 
averaged automatically by IndioPro 6.0 software (ASD Inc, Boulder, Colorado). 
Reference organic carbon content was measured by combustion using a LECO CN-
2000 instrument (LECO Corp., St.joseph, Michigan). 
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Figure 1 Distribution of soil profiles across Denmark 

 
Statistical analysis 
Unscrambler 10.0.1 (CAMO, Norway) was used for the spectroscopy analysis.  
Different spectral pretreatments including: Multiplicative Scatter Correction (MSC), 
Standard Normal Variate (SNV), detrending, moving average smoothing and 
Savitzky-Golay derivation were used in order to remove noise and light scatter effect 
and to improve the subsequent multivariate regression (Rinnan et al., 2009). 
Principal Component Analysis (PCA) was introduced for the identification of outliers 
and Partial Least Square Regression (PLSR) to build a regression model for SOC 
prediction. Root Mean Square Error of Prediction and R2 were the criteria to choose 
the best regression model. In addition, the ratio of standard error of prediction to 
standard deviation (RPD) was calculated as RPD=SD/RMSEP, that also indicates 
how good the model is. Following Chang and Laird (2002) and their RPD 
classification in soil science, RPD>2 indicates a model with good prediction ability, 
1.4<RPD<2 is an intermediate model that still can be improved, while RPD<1.4 have 
no prediction ability. 
 
 
Results and Discussion 
The 3000 data was randomly divided into two datasets: calibration 2000 and 
validation 1000 (their basic statistics of C were listed in Table 1). Both calibration and 
validation models  cover a wide range of C content from 0 to 58.1% or 56.0%. 
Wavelength from 350-400nm, 995-1006nm and 1813-1843 are kept out for all the 
analysis because of noise and discontinuities among the 3 individual spectrometers. 
Comparison of the calibration and validation model with raw data, MSC, SNV, 
detrending, smoothing, 2nd derivative, MSC plus 1st derivative, SNV plus 1st derivative 
are shown in Table 2. 
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Table 1 Basic Statistics for calibration and validation dataset 

 N Min Max Mean Standard 
deviation(SD) 

Calibration 2000 0 58.1 1.05 2.96 
Validation 1000 0 56.2 1.35 4.86 
 

Standard deviation of validation set was used to calculate RPD for Table 2. The use of 
spectral pretreatments such as MSC and SNV as well as their combination with 1’st 
derivative appear to improve both, the calibration and validation model performance. 
Especially MSC is showing the highest RPD=2.03 and highest calibration and 
validation r2 (0.68, 0.65 respectively). The predicted SOC and reference value are 
shown in Figure 2.  Detrending, smoothing and 2nd derivative pretreatments resulted 
in worse models than when using the raw data only. Those spectral pretreatments are 
removing not only noise but also useful information for SOC prediction. Thus, they 
are not useful in the model development of this data set. 
 

Table 2 Basic statistical for calibration (Cal) and validation (Val) datasets 

Pretreatment  factors R2 RMSE RPD 
Raw Cal 15 0.46 2.2  
 Val  0.59 3.0 1.62 
MSC Cal 13 0.68 2.0  
 Val  0.65 2.4 2.03 
SNV Cal 10 0.52 2.1  
 Val  0.63 2.9 1.68 
Detrending  Cal 12 0.42 2.2  
 Val  0.53 3.3 1.47 
Smoothing Cal 12 0.41 2.3  
 Val  0.52 3.3 1.47 
2nd derivative  Cal 11 0.61 1.8  
 Val  0.46 3.6 1.35 
MSC+1st derivative Cal 8 0.63 1.8  
 Val  0.66 2.8 1.74 
SNV+1st derivative Cal 9 0.63 1.8  
 Val 9 0.7 2.7 1.80 
 

 

Figure 2 the best Calibration and validation models with MSC pretreatment (filled circle is validation 
data, the other is calibration data) 
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This study presents preliminary results of SOC prediction from a soil VIS-NIR library. 
Weak performance of SOC models obtained from the spectral data might be 
explained by different soil quantities for Vis-NIR and combustion analysis. When 
using combustion method to analyze C content, there is only a few grams of soil was 
taken. While using the NIRs analysis, higher quantities of soil (~50 grams) were 
scanned. Thus, these two methods have different precision in C content 
measurements. This data set represents both topsoil and subsoil from all over 
Denmark  with the majority of samples being within a low C content (C<1%). Gomez 
(2008) argued that it is difficult to detect C content lower than 1% with NIR 
spectroscopy. However, in a review paper by Stenberg (2010) on Vis-NIR 
spectroscopy,  there are  three out of nine studies on SOC/TOC covering low C range 
(C<1%) relatively good calibration models were obtained. Therefore, further studies 
on low SOC soils and the predictive abilities with Vis-NIR are needed.  In order to 
improve the precision of SOC prediction local models are recommended instead of a 
one global model. Different models for topsoil and subsoil are suggested with further 
subdivision into different geology and soil texture.  
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Summary 

A pore connectivity analysis based on gas diffusivity measurements is presented to 

fingerprint the outer (inter-aggregate) and inner (intra-aggregate) pore spaces in 

aggregated soils. We developed an empirical model to express the Buckingham-based 

pore connectivity factor, X, as a function of soil matric potential (ψ) given by pF (= 

log|ψ|), for the predictions in the outer pore space (pF 1.0 to 3.5). The new X (pF) model 

was validated with independently measured data and performed better than a widely 

used predictive model. We further derived an inner space pore connectivity factor, X', to 

gain exclusive fingerprints for the soil inner space functional structure. A two-region gas 

diffusivity model developed by combining three classical model approaches predicted 

well the observed bimodal gas diffusivity data. The predicted X'-pF and X'-ε relations 

showed unique characteristics in soil inner space architecture. 

 

Introduction 

Subsurface migration of greenhouse gases and gaseous phase contaminants occur 

predominantly by diffusion (Penman, 1940) and soil-gas diffusion coefficient, Dp 

(cm2/s), is the key parameter controlling diffusion of gases in soils. Accurate description 

of Dp and its variation with differing soil moisture conditions has been a century-long 

research endeavour, and still continues to progress with our expanding knowledge on 

soil functional architecture.  

Buckingham (1904) suggested a simple power-law model to predict gas diffusivity Dp/Do 

(where Do is the gas diffusion coefficient in free air) from air-filled porosity (ε) as 

follows: 
X

op DD ε  / =                                 
(1) 
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where the power-law exponent X , a factor representing soil-pore network tortuosity and 

connectivity, can be calculated from the measured Dp/Do values by, 

( )
( )ε log

D/D log
 X

op
=  

Buckingham suggested empirically a constant value for X (i.e., X = 2) based on the 

measurements for differently-textured soils at near-dry conditions.  On the contrary, 

some later studies suggested non-constant X values for dry media and noted X to be 

particle shape-dependant or texture-dependant. The presence of water has more 

pronounced effects on media tortuosity than the solid particles (Moldrup et al., 2000), 

and hence water-induced tortuosity factors are common in studies related to wetted 

media (Moldrup et al., 2000). However, only few studies have focused on the variation 

of X with pF (= log|ψ, cm H2O|, where ψ is soil matric potential). For example, for well-

aggregated Andisols, Resurreccion et al. (2008) proposed the following X-pF 

relationship: 

    X = B + A1│pF –pF*│A2                                                                

 where A1, A2, B, and pF* are curve fitting parameters.              

Based on gas diffusivity measurements, this study presents a pore connectivity analysis 

to characterize the outer and inner pore spaces in aggregated soils. A non-linear X-pF 

expression was developed to predict outer space pore tortuosity and connectivity factor 

as a function of pF. Considering an exclusive intra-aggregate pore connectivity factor, 

X', we examined distinct fingerprints also in the soil inner space.  

 

Methods 

We used soil gas diffusivity data from Ozosawa (1998) for undisturbed aggregated soils 

including 18 Brazilian soils, 5 Japanese (Miura) soils, 7 Japanese (Toyohashi) soils, 2 

Japanese (Tsumagoi) soils (cultivated and non-cultivated) and also a non-aggregated 

Kashima dune sand. We further used undisturbed Danish soil data (Danish soil I and 

Danish soil II) and repacked Nishi-Tokyo (0-2mm) soil data from Chamindu et al. 

(2010). For sampling, preparation, soil properties, and gas diffusivity measurements, 

see Ozosawa (1998) and Chamindu et al. (2010). 

 

Results 

Figure 1(a) illustrates variation of X, Eq. (2), for selected soils at differing matric 

potentials ranging from pF 1.0 to 3.5. Aggregated soils typically have their outer pore 

space (inter-aggregate region) fully drained at pF 2.0-3.5. All the considered soils 

showed an average X value of 2.0 (Fig. 1a) near pF 3.5, and therefore showed a good 

agreement with Buckingham (1904).  

 

(2) 

(3) 
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However, contrary to Buckingham (1904), X showed a monotonic increase with 

decreasing pF, due to the enhanced water blockage effects at wet conditions. To describe 

this non-linear variation of X with pF, we suggest a simple X -pF model as follows: 

 
 
 

 

 

 

 
where X* is the tortuosity factor at a reference-pF value denoted by pF*, and P( ≥ 0) is 
the model shape factor to account for the non-linear behavior. Considering a reference 
value of X*= 2.0 at pF = 3.5, we tested the X-pF model for three different P values (Fig. 
1a): P = 0 (Buckingham model), P = 1.0, and P = 0.5. Of the three tested X-pF models, 
the model with X* = 2 and P = 0.5 yielded best predictions, suggesting the following X-
pF model for the outer pore space: 
 
 
 
  

 
 
Figure1 (b) shows variation of X over a wider range of pF values, ranging from pF 1.0 to 
6.0, for five different Japanese soils. Except for the Kashima dune sand, all other soils 
are aggregated soils with a well developed inner pore space (intra-aggregate region). X 
showed a decrease with increasing pF up to pF = 3.0(~3.5) as observed in Fig 1(a), 
followed by a gradual increase again at higher pF values. This increase can be attributed 
to the draining of intra-aggregate pores, allowing gas diffusion to occur also in remote 
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and more tortuous pores within the aggregates in addition to main diffusion pathways. 
Compared to the two undisturbed Tsumagoi Andisols, the sieved and repacked Nishi-
Tokyo Andisols showed a smaller X in the inter-aggregate region due to less particle 
cementation as a result of breakdown of soil structure. However, this difference in X is 
less pronounced at larger pF values (e.g., at pF 6), implying the structure changes are 
less affected to the intra-aggregate tortuosity. Kashima dune sand, on the other hand, 
consists mainly of non-aggregated uniform coarse sand particles and hence its X-pF 
behavior is self-explanatory. 
To develop the X-pF model, Eq. (5), we mainly considered data for aggregated soils 
measured in a wide range of pF values, together with limited measurements also on 

non-aggregated soils (Danish soil I). For model validation, we used independent Dp/Do 
data (Danish soil II) for 150 soils measured at 9 different pF values ranging from 1.0 to 
2.7. Fig. 2 shows the scatterplot comparison of observed and predicted Dp/Do using two 
predictive models: the widely used Millington and Quirk (MQ: 1961) model (Fig.2a), and 
the X-pF model, Eq. (5) (Fig.2b). According to statistical analyses, MQ (61) model 
exhibited a poor fit (RMSElog=0.77) with a marked overall under-prediction (Biaslog = -
0.306) and the X-pF model, in comparison, showed a better overall performance 
(RMSElog=0.59, Biaslog = 0.055).  
 
In order to gain further insight into the inner pore space tortuosity and connectivity in 
aggregated porous media, we revisited the measured data for Nishi-Tokyo (0-2 mm) 
aggregated soil (data from Chamindu et al., 2010). The pore size distribution curve for 
the soil (Fig.3a) clearly demonstrated the presence of the two distinct regions, inter-
aggregate region (Region 1) and intra-aggregate region (Region 2), which are separated 
near pore dia. of 3 μm (corresponding to pF 3). A similar two-region behavior was also 
observed for Dp/Do (Fig. 3b), and the Buckingham model (dotted line) failed to describe 
the observed data. In this study, we use the two-region Buckingham (1904)-Penman 
(1940)-Call (1957) model (BPC model) for the Dp/Do predictions: 
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Fig. 2  Scatterplot comparison for Danish soil II data with (a)MQ (1961) model, 
and (b) X-pF model, Eq. (5) 
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Fig. 3 Measured and predicted data for Nishi-Tokyo 
(0-2 mm) soil: (a) pore size distribution, (b) gas 
diffusivity (c) X' with ε, and (d) X' with pF. 

 
 
 
 
 
 
 
where β and H are model fitting parameters and εp and Φ1 are, respectively, the 
percolation threshold and the inter-aggregate porosity. To gain a quantitative insight 
into the inner space pore tortuosity, we separately considered the intra-aggregate 
tortuosity, denoted by X', which can be written as,  

 
 

 
 
By using Eq. (7) and Eq. (8) 
in combination with the 
bimodal van Genuchten(vG) 
water retention function 
(Durner, 1994), we obtained 
variation of X' as functions of 
ε (Fig. 3c) and pF (Fig.3d), 
both showing useful 
fingerprints in the  inner pore 
space. 
 
Finally, we examined the 
sensitivity of two model 
parameters, the BPC model 
parameter H (Eq.(7)) and the 
two-region vG model fitting 
parameter α2, on the overall 
X' (pF) predictions (Fig. 4). 
The vG α2 did not show a 
significant effect on X'-pF 
behavior whereas H showed a 
marked effect on overall 
model predictions. 
 
Conclusions 
 

• An empirical model was presented to predict the classical Buckingham model-based 
tortuosity factor, X, as a function of pF ranging from pF 1 to 3.5. The model showed 
promising results when tested against independently measured gas diffusivity data, and 
performed better than a widely used predictive model. 
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• A two-region gas diffusivity model 
developed by combining three classical model 
approaches predicted well the observed 
bimodal behavior in gas diffusivity for 
aggregated soils.  

• A valuable insight into the soil inner space 
could be gained by considering exclusively an 
intra-aggregate pore tortuosity-connectivity 
factor, X'. The predicted X'-ε and X'-pF 
relations offered unique functional structure 
fingerprints. 
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Summary 
High total porosity and volume shrinkage are unique characteristics of Peat soils. The 
water content of Peat can vary from 200% to 2000% of its dry weight due to its high 
porosity. These physical characteristics may affect the heat transport properties of Peat 
soils. Therefore, this study aims to investigate the effect of moisture retention 
characteristics and volume shrinkage characteristics of Peat soils on its thermal 
properties. The results showed that thermal conductivity and the heat capacity of Peat 
soils are affected by the volumetric water content and the difference in solid matter 
content. Shrinkage effects are not so significant for studied samples. 

 

Introduction 
The knowledge of heat transport process in Peat soils is essential for assessing and 
simulating the emissions of the greenhouse gases, especially methane formed by 
anaerobic bacteria activity in the wetlands. Unique physical characteristics of Peat soils 
such as high total porosity, gravimetric water content, and shrinkage may influence heat 
transport properties of Peat soils. In this study, the thermal properties for differently-
decomposed and variably saturated Peat soils were measured to investigate the effects of 
moisture content and shrinkage on heat transport. 
 

Method 
The study site was Bibai marsh, Hokkaido in Japan. Undisturbed Peat samples were 
taken from two different sites in Hokkaido Bibai marsh at different depths using 100cm3 
cylindrical cores (i.d.:5.01cm, length: 5.11cm).  Peat 1 was sampled inside the marsh area, 
while Peat 2 was sampled from the area nearby a drainage ditch surrounding the marsh. 
Physical and chemical properties of the Peat samples are shown in Table 1. Fiber content 
and Li values show that Peat 2 is more decomposed than Peat 1.  
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Table 1: Soil physical and chemical properties for Peat soil samples (Kawamoto et al., 
2009) 

Size Depth 
(cm) 

Particle 
density 

Dry 
bulk 

density 

Gravimetric 
water 

content 

Porosity Saturated 
hydraulic 

conductivity 

Loss-
on-

ignition 

SOC SON C/N Fiber 
Content* 

ρs ρd w Φ Ks Li 
(g/cm3) (g/cm3) (%) (cm3/cm3) (cm/s) (%) 

Peat 
1 

10 1.42 0.092 1211 0.93 3.68E-03 82.5 60.6 1.2 28 84.4 

 20 1.49 0.158 573 0.86 3.96E-03 48.7 33.3 1.5 19 91 

 30 1.37 0.108 592 0.92 3.69E-03 56.5 36.5 1 26 86.9 
 

 10 
 

2.63 0.315 283 0.88 5.75E-03 78.8 89.7 2.1 42 42.0 

 20 1.86 0.112 700 0.94 - 94.6 73 1.3 55 75.2 

Peat 
2 

40 1.44 0.130 922 0.91 - 96.7 86.6 1.1 81 62.5 

 50 1.8 0.110 955 0.94 1.72E-03 96.8 73 0.9 85 73.4 

 

The Peat samples were initially saturated and subsequently drained using two different 
methods corresponding to the matric suction ranges. A hanging water suction method 
was used for low matric suctions up to pF 2 (- 100 cm H2O) and a pressure plate 
apparatus for medium suctions (pF 2 to pF 4, i.e., - 100 cm H2O to -10000 cm H2O). The 
thermal properties (thermal conductivity and specific heat capacity) of the samples at 
different soil moisture suction levels were measured by using Decagon KD2-Pro probe.  
 

Results  
Figure 2 shows water retention characteristics and volume shrinkage of Peat 1 and Peat 
2 at different depth levels as a function of pF value.  As shown in Figure 2, both Peat 1 
and Peat 2 samples show 50% to 85% of shrinkage during dewatering process. 
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Figure 2:  Water retention characteristics and shrinkage of Peat 1 and Peat 2 soils in 
different depths.  (Solid:      Water:      Air:    ) 

Figure 3 illustrates the effect of volumetric water content on thermal conductivity (TC) 
and heat capacity (HC) of Peat 1 and Peat 2.  Solid lines in Figure 3a and 3b show 
calculated TC and HC lines by assuming soil volume containing 10% of organic matter 
(TC of 0.25 W/m.K from de Vries, 1963 and HC of 2.5 MJ/m3K from Campbell and 
Norman, 1998) and 90% of soil pore. Linear increases of TC and HC with increasing 
volumetric water content were considered  

 

Figure 3:  Effect of volumetric water content on (a) thermal conductivity and (b) heat 
capacity of Peat soils  

The TC and HC for all samples linearly increased with increasing volumetric water 
content, suggesting that volumetric fraction of water rather than soil-water distribution 
or water-phase tortuosity governs heat transport characteristics for the Peat soils. The 
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similar trend has been reported by Hamamoto et al. (2010). Higher TC and HC values 
for all samples under dry condition than the calculated lines may indicate a deviation 
from literature data for TC and HC for organic matter.  

The TC and HC for Peat 1 (except for Peat 1, 10cm) showed higher values than those for 
Peat 2. The difference in solid constituent (i.e., organic matter and small amount of 
mineral component) might affect the TC and HC behaviors for Peat 1 and Peat 2 samples, 
as partially expected by lower loss in ignition (Li) values for Peat 1. Detailed physical 
properties for Peat 1 at 20 and 30 cm samples will be further investigated.  
 

Conclusions 
TC and HC of the Peat soils are mainly affected by the volumetric water content. The 
difference in solid constituent (i.e., organic matter and small amount of mineral 
component) might partly affect the TC and HC behaviors for Peat soils. Shrinkage 
effects are not so significant for studied samples. 

In perspective, with accumulation of TC and HC data for soils including more 
decomposed Peat soils and micro-scale observations of pore structure e.g., using X-ray 
CT scanner, we will investigate effects of organic matter and soil-pore structure on 
thermal properties and develop predictive TC and HC models. 
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Summary 

Modeling mass transfer at the pore scale to extract macroscopic properties of the 

porous media is now possible thanks to powerful imaging techniques and allows 

understanding the role played by the media structure onto the transfer. Our approach 

combines X-ray Computed Tomography imaging, image processing techniques to 

extract the 3D porous structure of the media studied. Lattice and non-lattice based 

modeling techniques were implemented to simulates water transport in the 

reconstructed 3D pore network using Navier Stokes governing laws. Water transport 

into isolated pores was modeled at the micro-scale, fluid velocities profiles were 

computed and local permeability evaluated.  

 

Introduction 

Soil porous network is one of the principal factors affecting transport of water and 

chemicals applied to the soil surface. Preferential flow pathways can lead to water 

movement that is faster than predicted by classical Richards equation applied to a 

homogenous soil profile and has become an important issue in environmental science 

(Gerke et al., 2010).   

X-ray computed tomography (CT) is non-destructive imaging technique and has 

increasingly been used over the last 20 years in soil science to visualise and study 

porous structure of soils in 3D (Warner et al., 1989). 3D reconstruction and image 

processing of the soil porous network provides readily available geometry 

characteristics to model water flow at the pore scale.   

The purpose of this paper is to compare two ways of solving Navier Stoke’s equation 

into sampled individual pores obtained from the real structure geometry of a volcanic 

ash soil through X-ray Computed Tomography. The simulated hydraulic conductivity 

at the pore scale was compared to the experimental one obtained in the field. Navier 

Stoke’s equation was either solved by finite element method using the software 

COMSOL Multiphysics or using lattice-independent techniques here Smoothed 

Particle Hydrodynamics.  
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Materials and methods 

The soil and its hydrodynamic characteristics 

Intact soil cores (9 cm diameter and 15 cm long) were extracted at 80 cm depth from 

a maize field in Valle de Bravo watershed (Central Mexico) located in the Trans-

Mexican Volcanic Belt. It was the site of water and fertilizers transport study (Duwig 

et al., 2008). The soil was characterised and classified as a Pachic Andosol by Prado 

et al. (2007). Disc infiltrometer measurements were performed in situ under 

unsaturated steady state to determine the hydraulic conductivity function and the 

hydraulic functioning pore radius (λm) at a tension of -0.001 m. Column 

displacements experiments of a water tracer allowed determining the dispersivity (λ) 

and mobile water fraction (β) by fitting an analytical solution of the Convection-

Dispersion Equation. Table 1 gives the soil's main physical and chemical 

characteristics. 

 

Table 1. Main physical and chemical characteristics of the Andosol. 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

ρd* 

(g cm-3) 

SOC* 

(g kg-1) 

Ks* 

(m s-1) 

θs* 

(m3 m-3) 

λm 

(m) 

λ 

(m) 

β 

(−) 

22 68 10 0.5 51 1.89 10-5 0.71 7 10-5 4 10-4 0.63 
* ρd, SOC, Ks and θs are bulk density, soil organic carbon, saturated hydraulic conductivity and saturated 

water content respectively. 

 

X-ray Tomography 

The soil cores were imaged using X-ray tomography technologies (TomRX solutions) 

available at the 3SR laboratory in Grenoble. The distance Source Detector (SDD) was 

set at 752 mm, the distance Source to Objet (SOD) at 347 mm to achieve a spatial 

resolution of 87 µm. Acquisition time was roughly 45 minutes. After CT scanning, the 

3D soil column data set was stored in a series of 2D images. Image pixels were stored 

as 16bits entities with an effective 14 bits dynamic range. The obtained images 

showed a satisfying contrast between the void (air or water) and soil solid matrix. 

 

Image processing and 3D reconstruction 

Once top and bottom image slices containing no soil were removed, 1500 slices 

corresponding to 8.8cm vertical height were kept for pore network segmentation and 

reconstruction. Our proprietary software DIM2D was used for pre-processing of the 

images, image segmentation and porous network characterisation. The images were 

cropped using a circular shape to remove both PVC container and "vacuum" pixels. 

This left mostly bi-modal images in term of gray level values distribution. Next, the 

isodata algorithm, an improved version of the K-means algorithm (MacQueen, 1967) 

allowing for multi-region segmentation, separates the pores and the soil. 
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Modelling approaches 

The software COMSOL Multiphysics uses finite elements to find an approximate 

solution of partial differential equations on a discrete geometry. The incompressible 

Navier-Stokes equations can be simplified in the Navier Stokes equations for low pore 

Reynolds number. A gradient of 8.7 10-6 Pa was established as the boundary 

conditions in the directions of the fluid flow.  

Smoothed Particle Hydrodynamics (SPH) is a Lagrangian approach (Monaghan, 

1992) which considers an object as a set of particles each representing a discrete 

volume fraction of the studied object. Each particle has mechanical properties that 

describe its individual behaviour following the governing laws of soil physics. 

Incompressible fluid movement was described using a simplified Navier-Stokes 

equation and interactions between particles were expressed with Hooke’s law. A 

detailed description of the model is given in Gastelum et al. (2009).  

 

Results and discussion 

Three pores of different shapes, tortuosity and mean diameters were isolated (Figure 

1, Table 2). Their saturated hydraulic conductivities as calculated by Comsol are 

presented in Table 2. 

 

 
Figure1. Representation of pore 192, pore 115 and pore violet. 

 

Table 2. Pore geometry characteristics and saturated hydraulic conductivity (Ks). 

Pore label Tortuosity (-) Mean diameter (mm) Ks (m s-1)  

182 1.07 0.35 3.0 10-3 

115 1.05 0.49 1.2 10-2 

“violet” 1.24 0.27 5.4 10-4 

 

The calculated saturated conductivities with Comsol software were one to three 

orders of magnitude higher than the field saturated hydraulic conductivity (Table 1). 

However, the considered pores were hydraulically functioning at the disc 

infiltrometer tension (-0.001 m) according to Jurin’s law. The water flow simulations 

were performed in pores that conduct water faster than the soil matrix. 90% of the 

pores of this fine textured volcanic soil are smaller than the CT scan resolution and 

are not seen by the CT scan.  Velocity field can be visualised in the whole pore with 

each modelling techniques (Fig. 2) showing similarities between each modelling 

technique. 
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Figure 2. Velocity field at a given height on pore 115: Comsol (left) and SPH (right).  

 

Conclusions  

Only 10% of porosity was reconstituted, which means only flows in macropores were 

simulated in the real network. This model could be improved by taking into account 

the flows in the soil matrix at the meso-scale (with Darcy Brinkman law).   

However, the complex geometry of one single pore made the computation difficult 

with COMSOL. For similar amount of memory available, SPH may simulate at the 

same resolution larger volume of porous network. While not exploited yet, another 

advantage of SPH over finite element is its capability to simulate multi-phase 

interaction.  
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Summary 

In order to investigate the functional parameters of soil, the construction and 

application of a dual-gas/ double-chamber gas diffusion device has been pursued. 

Following an approach which divides soil pores into three functional groups, a 

modified setup has been developed to characterize pores via their impact on gas 

diffusion. Two counter-diffusing gases render two sets of curves –in the respective 

source and reception chambers- which are used to define the diffusivity and structure 

of the soil. The proportion of the different pore types can then be calculated, 

providing a virtual image of the conditions within the soil. Comparing soils only 

differing in one property will shed light on its impact on soil structure. 

 

Introduction 

The process of gas diffusion, which is the transport of molecules along a 

concentration gradient, is strongly influenced by soil physical properties as 

determined by texture and land use/ management. Measurements of diffusivity can 

therefore be used to describe soil structure (e.g. Schjønning et al.,  2002). 

Different methods have been applied to derive the diffusion coefficient of soil samples 

applying one- (Currie, 1960) or two-chamber (Glauz & Rolston, 1989) devices and 

different gases. All methods make use of Fick’s first law of diffusion along a gradient 

of partial pressure. The diffusion coefficient of a gas in soil, Dp, will be less than self-

diffusion of the same gas in free air, D0. If soil pores were ideal tubes aligned in the 

diffusion direction, Dp could be predicted from the cross-sectional fraction of these 

tubes, εa: Dp= εa*D0, or Dp/D0=εa. In other words, for such systems the specific 

diffusivity, (Dp/D0)/εa, equals 1. Convolutions of pores and the existence of water-

blocked volumes of air embedded in the soil matrix will further reduce the diffusion 

coefficient in real soil. The degree of reduction of the specific diffusivity for real soils 

reflects the combined effects of such tortuosities. Arah & Ball (1994) suggested 

another interpretation of diffusion data. They introduced the term functional porosity 

and suggested using the early development in concentration of diffusing gases for 

differentiating ‘arterial’ from ‘marginal’ pores in the soil. In the present work the 
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development of a new two-gas diffusion device, designed for counter-diffusion of two 

gases in soil samples, will be outlined. Further its use and the interpretation of 

expected results will be explained.  

 

Materials and methods 

Samples 

The soil samples investigated are from Lerbjerg, Denmark. They were taken from an 

arable field grown continuously with winter wheat in a soil conservation tillage 

system (tillage for seedbed ~5 cm depth). The field exhibits a natural clay gradient, 

varying from 11-46%; samples were taken at 6-16 cm depth along six predetermined 

locations along this gradient (L1-L6). We used aluminium cylinders of 8 cm height 

and 10 cm diameter (628 cm³ volume) for sampling. In the laboratory, the samples 

were saturated and drained to -300 hPa matric potential on cheramic vacuum plates. 

Snapshots from the ongoing analysis will be presented on selected samples from L1 

(11% clay) and L6 (46% clay), having the largest difference in clay-content. 

 

Results and discussion 

Counter-diffusion 

The experiment is carried out at a steady temperature of 20°C. To measure the 

counter-diffusion of oxygen and argon in opposing directions through the soil 

sample, the chamber to be filled with argon is closed off. After completely flushing the 

chamber a metal slide is removed, allowing the diffusion process to start. The signal 

from the sensors is measured with a data logger and two multiplexors (one for Argon 

and oxygen and one for temperature) every two seconds.  

 

Setup of chamber 

The setup of the dual-gas/ 

double-chamber gas diffusion 

device (Fig. 1) consists of three 

main parts: (1) an air-filled 

chamber on one end, open to 

the soil sample, (2) the soil 

sample is placed in the middle 

part, (3) and the argon-filled 

chamber on the other end, 

separated from the soil sample 

by a removable metal slide.  

 

Fig. 1 Schematic of a two-gas diffusion chamber

The gas-filled chambers are equipped with sensors to measure temperature, oxygen 

(Figaro KE-12) and thermal conductivity (Thermal Conductivity Gauge TCG-3880) 

(Fig. 1). Self-inflating seals were purpose-constructed and placed on either side of the 
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sample and the metal slide, assuring the set-up is airtight, both during the initial 

flushing and the following diffusion process (the space between sample and chamber 

is sealed off). 

 

Sensor calibration 

Oxygen sensors have been widely used in soil science for gas diffusivity 

measurements. In contrast, Argon is less known. We chose it for its low solubility in 

water, its molecular weight (similar to O2 and N2) and yet largely differing thermal 

conductivity.  

The thermal Conductivity Gauge TCG-

3880 (Xensor Integration bv de Delft, The 

Netherlands) measures the thermal 

conductivity of a given gas or gas mixture 

with a rather quick response time, which 

is important especially during the early 

stage of diffusion. By choosing a gas with 

a thermal conductivity largely different 

from that of air, the concentration of that 

gas can be determined via the thermal 

conductivity. Exposing the sensors to 

mixtures of air and argon with in-/ 

decreasing amounts of argon (10% steps) 

revealed a linear relationship between the 

sensors’ output in mV and the percentage 

of Argon (Fig. 2). 

 

 

Fig. 2 Exemplary calibration curve for 

argon; the thermal conductivity sensors 

show a linear relationship for increasing 

argon concentrations in an air-argon 

mixture. Note the high offset value.  

 

Gas diffusion

The diffusion process accounts for the movement of molecules from regions of high to 

regions of low concentration until equilibration is reached. Therefore at the 

beginning a quick decrease of argon in the source chamber accompanied by a delayed 

increase in the reception chamber (Fig. 3a) is expected. Simultaneously the oxygen 

concentration in the reception chamber drops slower and rises faster in the source 

chamber (Fig. 3c), as it is already present in the soil unlike the argon. At a later stage 

those changes reach eqilibrium and can be used to calculate diffusion constants. 

Assuming a functional model this can be interpreted as the flux into the sample being 

identical to that out of it.   
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Fig. 3 Argon and oxygen concentrations in the source (a) and reception (c) chambers 

for samples L1 and L6. (b) is an enlargement of the increasing oxygen concentrations 

during the first minute in the source chamber.  

Fig. 3 shows the impact of a varying soil property, clay content. The gas concentration 

has changed faster in L1 samples; at a given time more argon has entered these 

samples decreasing its concentration in the source chamber. The amount of oxygen 

has increased in that chamber simultaneously. With an increasing clay content the 

rate of diffusion is slowed down considerably due to the higher water-holding 

capacity of the clay soil. The air-filled porosity of the high-clay sample L6 is far lower 

than that from L1. Further, the high-clay soil is likely to have a proportionally larger 

amount of continuous macropores. Since these samples are from the same field 

(identical management), differences in diffusion can be ascribed to the impact of clay, 

resulting in different soil structures. Air permeability, ka, measurements confirm the 

findings, where L1 reaches 61.87 µm2 and L6 only 0.12 µm2. 

Fig. 3b depicts the first minute of increasing oxygen concentration in the source 

chamber for both samples. The quick increase, followed by a drop and a more gradual 

increase can be explained as a flush-wave; a consequence of the removal of the metal 

slide having an effect on the oxygen sensors. 

 

Functional porosity  

In the functional model of Arah & Ball (1994), 

pores are categorized according to their 

function in soil. ‘Remote’ or ‘blocked’ pores (εγ) 

are disconnected, ‘marginal’ pores (εβ) are loops 

or dead-ends contributing to non-axial 

diffusion, and ‘arterial’ pores (εα) allow 

diffusion along the axis of the sample (Fig. 4).  

 

Fig. 4 Functional porosities

80



     

Given that tortuosity and marginality are functionally equivalent (their impact on 

diffusion has the same effect) and all pores are assumed to have the same tortuosity 

factor (Arah & Ball, 1994), the ‘marginal’ porosity can be calculated. 

Being able to differentiate between ‘arterial’ and ‘marginal’ pores and their 

connectivity in general is important in regard to their impact on gas diffusion. These 

analyses can serve as one indicator concerning the structure of a soil. Along with 

other measurements (i.e. air permeability), a soil’s condition can be analyzed and 

characterized. When comparing results of samples differing in one property, 

conclusions can be drawn as towards its implications on soil structure. 

 

CT scans 

Following the diffusion measurements, we had the cores CT-scanned. The ability to 

differentiate between ‘arterial’ and ‘marginal’ pores hereby greatly depends upon the 

resolution obtained. Fig. 5 shows scans of L1 and L6, in these images the different air-

filled porosities become visible. 

 

Fig. 5 Two-dimensional images of scans from samples L1 (a) and L6 (b).  

  

Problems 

We introduced the metal slide between the soil core and the source chamber for 

solving the problem mentioned by Arah & Ball (1994): if injecting the diffusing gas 

into the source chamber, it will immediate start diffusing into the soil, and there will 

a very limited time for measuring the initial concentration. However, the usually 

uneven surfaces of soil samples impose a problem as cavities on the end towards the 

argon-filled chamber contain air and will account for a quick increase of air in that 

chamber once the metal slide has been removed (Fig. 3a). An overestimate of axial 

diffusion along ‘arterial’ pores would be the consequence. No satisfactory technical 

solution could be found to eliminate this aspect. This error needs to be quantified 

though, possibly by determining the amount of soil missing and taking into account 
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that additional volume of air. Another option is to evaluate manually from the pattern 

in concentration, how much this ‘dilution’ of the 100% Argon in the source chamber 

accounts for. 

 

Conclusion 

The construction of a dual-gas/double-chamber gas diffusion device and its 

application to determine gas diffusivity and the functional differentiation between 

soil pores that contribute to the diffusion process in different ways improves our 

knowledge of the soil under investigation as compared to the use of an ordinary one-

chamber device.  

Its flexible design allows for different applications, as a one- or two-gas chamber, or 

with a gas other than Argon. 
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Summary 
The present state of knowledge regarding the biodiversity of soil microorganisms and 
their spatial distribution in the soil matrix is as negligible as the understanding of the 
interaction between the soil structure and microorganisms. DNA analytical methods 
such as fluorescence in situ hybridization (FISH) have therefore been introduced to 
improve the characterization of microbial biocoenoses without the need for 
conventional cultivation methods. By combining FISH with micropedological 
methods such as the impregnation of undisturbed soil with resin, soil 
microorganisms can be identified and visualized within the soil matrix. Combinations 
with other techniques such as SEM and CT are promising future applications for the 
characterization of microbial habitats. 
 
Introduction 
Apart from the phylogenetic composition of microbial communities, their spatial 
distribution in the soil matrix is important for studying interactions between 
microflora and -fauna as well as the solid phase. Great emphasis is put on the search 
for regions where the vital processes of decomposition and transformation are 
situated and how they are influenced by the related microenvironments. Especially in 
soil ecosystems with high structure dynamics such as submerged paddy soils, 
microorganisms are affected due to varying habitable pore spaces and changing 
physio-chemical conditions. To get knowledge about the influences affecting soil 
microorganisms in their abundance, activity and therefore in their metabolic 
potential, methods for an in situ identification within the microbial habitat are 
required. 
 
Methodological background 
Identification of microorganisms 
Many microorganisms do not have enough morphological details for a simple 
identification. Microbiology has consequently relied on cultivation for determination, 
which has proven difficult for many environmentally or medically important 
microorganisms. It can be assumed that only 1 % of soil microorganisms are 
cultivable and can therefore be identified by classic microbiological approaches 
(Torsvik et al., 1990). 
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The possibility of determination and comparison of nucleic acid sequences has 
revolutionized the systematics of microorganisms and the view of evolution. Being 
more significant for phylogenetic relations than phenotypical characteristics, the 
rRNA was used to set up the phylogenetic tree (Woese et al., 1990). The 16S rRNA is 
an ideal target for the identification of microorganisms as it occurs in all living 
organisms and is easily accessible due to a large number of copies per cell. 
Furthermore, the 16S rRNA has a huge amount of varying sequences containing 
highly conservative and highly variable regions which are useful for identification on 
different phylogenetic levels. 
 
Fluorescence in situ hybridization (FISH) 
Amann (2000) postulated one of the most important questions in modern soil 
microbiology: “Who is out there?” The method of FISH (fluorescence in situ 
hybridization) is an efficient molecular technique to answer this question. By using 
16S rRNA targeted nucleic acid probes it allows an in situ identification of individual 
microbial cells in their natural habitats without cultivation (Amann et al., 1995). After 
fixation of a sample it can be hybridized with fluorescently labelled oligonucleotide 
probes. The resulting specific bindings can be detected with fluorescence microscopy. 
According to probes of certain specificity certain groups of microbes can be 
enumerated using this “phylogenetic stain”. By using the 18S rRNA it is possible to 
detect fungi in soil as well when appropriate permeabilization of cell walls is applied. 
 
The DNA-specific fluorescent dye DAPI (4’,6-Diamidino-2-Phenylindol) serves as a 
counterstain representing the number of total cells. As the binding efficiency of 
oligonucleotide probes is directly related to the activity of each target organism, the 
relative proportion of FISH-detected cells related to total cells may be used as an 
indicator of the physiological activity of the target organism. 
 
Micropedology 
“A crushed or pulverized soil is related to the soil formed by nature like a pile of 
debris to a demolished building.” Using this citation, Kubiena (1938) aroused interest 
in investigating the microscopic structure of soil. These studies, related to the spatial 
and compositional properties of soil, are components of micropedology. Later on, soil 
thin sections were used for the investigation of biological features (Tippkötter et al., 
1986). A variety of fluorescent dyes have been evaluated for the staining of bacteria 
and fungi in soil thin sections (Tippkötter, 1990; Harris et al., 2002). The most 
important procedure in micropedology is the preparation of soil samples as polished 
blocks and thin sections, which presuppose high quality and quick preparation 
(Tippkötter & Ritz, 1996). Undisturbed soil samples are dehydrated using a graded 
series of acetone and impregnated with a polyester resin. After polymerization 
structured soil samples can be cut, ground and polished. 
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FISH in undisturbed soil 
Eickhorst & Tippkötter (2008a) developed a method for specific detection and 
localisation of soil microorganisms in undisturbed soil by combining the two 
techniques, micropedology and FISH, which leads to a more precise approach to 
investigate soil structure - microorganism interaction. Using this approach, it is 
possible to visualize microorganisms in situ in their habitats within a soil matrix. In 
recent applications two different oligonucleotide probes labelled with two different 
fluorescent dyes were used simultaneously allowing the visualization of Bacteria and 
Archaea in the soil matrix at the same time. In addition, the application of digital 
image analysis allows the determination of porosity and consequently the 
quantification of the habitable pore space as well. 
 
Improvement of FISH 
CARD-FISH 
High autofluorescences caused by organic material and clay minerals interfere with 
the detection of microorganisms in soil when using FISH. Therefore, the sensitivity of 
FISH was increased by using the protocol of catalyzed reporter deposition (CARD-
FISH; Eickhorst & Tippkötter, 2008b). The CARD-FISH procedure is similar to the 
normal FISH protocol. Instead of a fluorescent dye, probes are labelled with 
horseradish peroxidase (HRP) and are hybridized with the rRNA. Adding H2O2, 
fluorescent tyramides can be catalyzed to radicals and are consequently bound to the 
probe. This results in a higher signal intensity at the target sites of the probes. 
 
Double filter excitation 
The application of a special double filter excitation allows the discrete observation of 
FISH-stained cells in front of the background fluorescence, which appears in a 
different colour. This allows e.g. the detection of bacterial cells covering fungal 
hyphae. Furthermore, the discrete signals of FISH-stained cells allow automated cell 
enumeration using digital image analysis (Eickhorst & Tippkötter, 2008b). 
 
Perspectives 
In order to get a more complex understanding of soil ecosystem functioning it is 
important to supplement the microbiological approach of FISH in undisturbed soil by 
more detailed chemical and physical analysis. Therefore, the methodological 
approach of integrating physical and chemical techniques by Otten et al. (2010) could 
easily be extended to include the distribution of soil microorganisms. In detail, the 
3D soil structure characterizing technique of X-ray CT, the 2D spectroscopic 
elemental analysis of SEM-EDX, and the 2D detection of FISH-stained 
microorganisms could be applied on the same sample. The utilization of nanogold 
instead of fluorescent dyes for the procedure of in situ hybridization could facilitate 
this intention as gold would serve as an ideal marker for the X-ray based techniques 
of CT and SEM-EDX. 
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Conclusions 
The combination of FISH and micropedology allows (a) the identification of 
microorganisms on certain phylogenetic levels and (b) the visualization of microbes 
within the undisturbed soil matrix. The combination with 2D SEM-EDX and 3D CT 
analyses may be useful to gain quantitative data being important for the 
understanding and modelling of the soil micro-environment. 
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Summary 

A subsoil compaction experiment was conducted in 1995 on a mollic endogleyic 
luvisol soil. Fourteen years later, we evaluated different soil physical properties in 
two of the treatments, no compaction vs. excessive compaction with a sugarbeet 
harvester. This paper summarizes results from dye tracer experiments. Although 
other parameters, such as penetration resistance (not shown here) and saturated 
hydraulic conductivity showed the persistence of subsoil compaction, no clear effects 
were found by the dye tracing technique. This may be due to pronounced differences 
in the soil texture across the field. Dye coverage was more similar for the two 
treatments in the same block than for replications of the same treatment. 

Introduction 

Subsoil compaction at depths greater than 0.4 m is thought to be permanent 
(Håkansson & Reeder, 1994), which may cause yield reduction and may impair the 
function of water and solute transport. Many studies have investigated the effects of 
agricultural field traffic on soil stresses and strains in the subsoil (Keller & Arvidsson, 
2006), as well as soil compaction effects on crop yield (Alakukku, 2000; Voorhees, 
2000, Arvidsson 2001). However, the effects of compaction on soil pore functioning 
and transport processes have been little studied and are still poorly understood 
(Jarvis, 2007). 

This paper presents a part of a Nordic ongoing-project called POSEIDON 
(www.poseidon.dk). The objective of POSEIDON is to study subsoil compaction 
effects on soil pore structure, associated transport processes and denitrification, with 
focus on long-term effects. Here, we report from a study carried out in an 
experiment, established in the 1990’s in southern Sweden to investigate the effects of 
compaction by heavy axel load on soil physical properties and crop yield (Arvidsson, 
2001). Penetration resistance, saturated hydraulic conductivity and dry bulk density 
were measured again in 2009, 14 years after compaction in order to examine the 
change or persistency of subsoil compaction (see also Berisso et al. in this issue). In 
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addition, dye tracing was employed to visualize the flow pathways and this paper 
focuses on this technique.  
 
Materials and Methods 

Some important soil physical parameters (such as penetration resistance, saturated 
hydraulic conductivity, dry bulk density) that were determined  in 1997 (Arvidsson, 
2001) were measured again in spring 2009, in order  to examine the change or 
persistency of subsoil compaction at the Bramehem site in Skåne, southern Sweden 
(55o49´N,  13o11´E). In addition, dye-tracing was employed to visualize the state of 
soil compactness.  
 
Sampling was done in two treatments: heavily compacted in 1995, which was carried 
out by four-times wheeling (track-by-track) with a self-propelled sugarbeet harvester 
(total weight 35 Mg) , and control, i.e. no experimental compaction. Each treatment 
was replicated four times in a block design. Control and compacted plots have been 
managed in the same manner since 1995 in an arable crop rotation (management 
done by the Bramehem farm). The field is regularly ploughed to a depth of 0.25 m. 
All measurements reported here were performed with four replicates, i.e. in four 
compacted and four non-compacted plots. Saturated hydraulic conductivity was 
measured on soil cores (70 mm D, 50 mm H) at 0.3, 0.5, 0.7 and 0.9 m depth. 
 

 
 
Fig. 1. Soil particle size distribution in one block (mass %) 

Infiltration experiments with Brilliant Blue (BB) dye were performed with a rainfall 
simulator on a 1.6 x 1.6 m plot. We applied 47 mm of the BB-water solution (2 g BB 
per liter water), with an intensity of 34 mm h-1. A soil pit was then excavated and 
vertical profiles (>1 m wide and >1 m deep) were prepared. The profiles were then 
photographed with a digital camera (Fig. 2). The images were analyzed using Adobe 
Photoshop Elements 8.0 and WinRHIZO (www.regentinstruments.com). Soil 
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particle size distribution was determined in both treatments and replications at 10 
cm intervals from 10 to 100 cm. The samples were taken very close to the dyed 
profile. As Figure 1 for one block shows, particles from 50 µm to 2 mm dominated 
throughout the 1 m deep soil profile with some variations between experimental 
blocks. 

Results and discussion 

The mean dye coverage (stained area) was not statistically different (p>0.05) 
between the control and compacted plots (Fig. 3). However, saturated hydraulic 
conductivity was significantly lower (p>0.05) in the compacted treatment (Fig. 4). 
The flow pattern revealed by the dye tracer may be due to the soil texture dominated 
by silt-sand fraction. For example in one block, the stained area was much higher 
than in the other three blocks. This block had a coarser  soil texture. Other 
researchers (Kung, 1990; Flury et al., 1994) have observed similar trends.  Another 
cause may be that slow water transport in the compacted plots might cause wider 
staining (lateral water distribution). Thus, less pore continuity (shorter pathways) in 
the compacted plots was probably compensated by wider dye distribution. Thus, 
determination of pore continuity or pathway is more important since total dye 
coverage can show infiltration and stagnation at the same time. 

 

Fig. 2. Example of images of a control (left) and compacted plot (right). 

Conclusions 

Although other parameters, such as penetration resistance (not shown here) and 
saturated hydraulic conductivity showed the persistence of subsoil compaction, no 
effects were found by the dye tracing technique. This may be due to the pronounced 
differences in soil texture across the field: dye coverage was more similar for the two 
treatments in the same block than for replications of the same treatment. We are 
currently applying techniques for analyzing dye-tracer flow pathway continuity and 
lateral dye distributions. 
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Abstract 
Fungi play a pivotal role in soil ecosystems contributing to plant productivity. The 
underlying soil physical and biological processes responsible for fungal colonisation 
are interrelated and, at present, poorly understood. If these complex processes can 
be understood then this knowledge can be managed with an aim to providing more 
sustainable agriculture. Our understanding of microbial dynamics in soil has long 
been hampered by a lack of a theoretical framework and difficulties in observation 
and quantification. We will demonstrate how the spatial and temporal dynamics of 
fungi in soil can be understood by linking mathematical modelling with novel 
techniques that visualise the complex structure of the soil. The combination of these 
techniques and mathematical models opens up new possibilities to understand how 
the physical structure of soil affects water distribution which subsequently impacts 
on fungal colony dynamics. We will quantify, using X ray tomography, soil structure 
for a range of artificially prepared microcosms. We characterise the soil structures 
using soil metrics such as porosity, pore size distribution, and the connectivity of the 
pore volume. We use Lattice Boltzmann methods to predict the distribution of water 
in these soil microcosms. Furthermore we will use the individual based fungal colony 
growth model of Falconer et al. 2005, which is based on the physiological processes 
of fungi, to assess the effect of soil structure on water dynamics and microbial 
dynamics by qualifying biomass distributions. We demonstrate how soil structure 
can critically affect fungal colony growth and species interactions and how the 
distribution of water also affects this with consequences for biological control and 
fungal biodiversity. 
 

Introduction 

Fungi are a central component of the biosphere, essential for the growth of over 90 % 
of all vascular plants (Allen 1993), play an essential role in ecosystem services 
(Boumans 2002) and it is estimated that there may be as many as 1.5 million species 
of fungi globally (Hawksworth 1991). Fungi possess a unique biology driven by their 
indeterrminacy and plasticity resulting in a Fungal Ecology that is dependent on the 
macroscopic and microscopic worlds. This is especially true for soil systems where 
there is gap between the spatial scales at which soil ecosystem functions are observed 
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and the scale at which micro-organisms that underpin the majority of these 
processes operate. Development of a fungal ecology requires an understanding of the 
spatio-temporal growth and interaction dynamics of fungal communities at various 
scales. In particular, an understanding of the driving forces shaping ecologically 
important fungal communities in soils and their response to management practises is 
lacking. The aim of this work is to exploit recent advances in modern techniques that 
characterise the soil environment at microscopic scales, and combine this with 
physiologically based models of fungal activity and theoretical techniques for 
predicting water distributions to develop a mechanistic framework for fungal growth 
dynamics in water filled heterogeneous soil environments.  

 
The defining feature of fungi is their indeterminate life form and apical growth that 
provides opportunities to locate new carbon sources which can be translocated 
through the mycelial network to other parts of the fungal colony (Young at al 2009). 
Fungi (3–10 mm) are much larger in size relative to bacteria (0.5–1 mm) and as such 
fungi are rarely found in micropores (Killham, 1994). Given that there is a niche 
separation, with respect to pore sizes occupied for fungi and bacteria, this may allow 
them to coexist. Fungi must cope with additional factors that go with occupying 
macro-pores and these include being more vulnerable to predation and wet-dry 
cycles (Denef et al., 2001). Previous research examining how fungi explore the soil 
matrix has shown that 80–90% of fungi may be restricted to larger pores (Hattori 
(1988). This is consistent with later work by Harris et al. (2003) and Otten et al. 
(1999) that show preferential fungal exploration through larger and air-filled pores. 
The geometry of the pore-solid soil matrix not only effects fungal growth and 
colonisation but also governs fungal interactions. Soil structure is crucial in the 
interaction, we have previously shown that on a 2D agar plate (or any structure-less 
environment) two fungal species will always meet and they will compete. However in 
soil the 3D geometry of the pore space may provide refuges and separates pathways 
for fungal spread enabling species to coexist (Falconer et al 2007). It is not only the 
soil structure that effects fungal colonisation, fungi, rely on the coexistence of water 
and connected air filled pore spaces to permit their development and connectivity to 
the wider soil ecosystem (Young et al 2008). Thus, the ability of soil to allow water to 
penetrate into it, and hold water is a key characteristic of all soil ecosystems as it 
effects microbial populations. The physical process of water distribution in soil can 
be determined by experiments, determining the well known moisture release curve, 
and using theoretical tools for modelling the reactive flow of multiphase compounds 
in soil at the pore scale such as the Lattice Boltzmann(LB) formulism. The moisture 
release curve defines the hydraulic and gaseous connectivity of soil ecosystems which 
is determined by the intricate geometry of the pore network. The advantage of the LB 
method is that it can take into account the 3D nature of the pore space and the 
resulting surface tension and contact angles of the solute and the capillary forces and 
potentially the hydrophilic nature of the soil.  
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It has been acknowledged that in order to understand the role of microbes in soil 
processes and to determine how the soil physical conditions affect fungal community 
dynamics new interdisciplinary and integrated approaches are required (Young et al 
2008). Towards this we outline a theoretical framework that integrates a set of 
physical and microbiological processes of soil. Below we outline the main 
components of the framework: 
1) Characterization of the microscale soil environment, 
2) Prediction of the spatial distribution of water in soil, 
3) Assessment of the impact of soil structure and water distribution on fungal 
colonisation.  
 
This integrated framework is a step towards developing an ecological theory for soil 
fungi where the micro-environment dynamics are modelled as an emergent 
consequence of the interactions between pore structure, physical processes (Carbon 
and water dynamics) and fungal growth and interactions. The physical and biological 
compartments are integrated in a 3D pore scale representation of soil obtained using 
X-ray CT. 
 

Methods 

Characterisation of soil structure using Computed Tomography 

Soil samples were taken from experimental plots established at the Scottish Crop 
research Institute, Invergowrie, Dundee, on a Dystic-Fluvic Cambisol (FAO) with a 
sandy loam texture. From 2003 onwards, tillage operations were applied annually. 
Two soil samples were taken from the top 0-5 cm from fields which had received 
deep ploughing to a depth of 40cm and disking (P (P2 & P1)), and one sample was 
obtained from the field with zero tillage treatment where seeds have been drilled 
directly (N3). These samples were selected as these gave different pore-size 
distributions. Sample rings were scanned in a Metris X-Tek X-ray micro-tomography 
systems at 150 kV and 50 µA,  a 2mm Al filter, and obtaining 1200 angular 
projections. The radiographs were reconstructed into a 3-D volume using CT-Pro 
(Nikon) at a resolution of 35 µm, imported into VGStudiomax and converted into 
image stacks with voxel thickness slices. Image stacks were imported into ImageJ. A 
median filter was applied prior to automated thresholding using the ISO-Data 
procedure in ImageJ. Small cubes sized 128 * 128 *128 were selected from the 
thresholded volumes to provide appropriate data sets for simulation which differed 
in pore size distributions. 

Physical Properties 

Physical properties of the prepared samples have been calculated using an ImageJ 
plug-in – SCAMP software for. Sample characteristics are: 
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I. porosity measures – the total number of voxels defined as pores divided by total 
volume of sample, 

II. pore space connectivity – calculated using burning algorithm, assigning 
individual identifiers to each pore and checking the connections between them 
– it results in percentage of total pore space associated with the largest pore, 

III. pore size distribution – calculated using the burning algorithm. A growing 
sphere is simulated at every voxel of pore space. The sphere increases its radius 
until it reaches a voxel corresponding to the solid phase. The radius of the 
sphere is recorded when all edges touch the solid material. It results in a 
percentage of each pore-size for each pore size class. 

 

LB Model 

The structure of the 3 soil samples (P1, P2 and N3) have been determined and are 
used to predict the water distributions using the Lattice Boltzmann method, this is 
subsequently used as input into the fungal growth model, to determine the effect of 
structure on water distribution and subsequent fungal dynamics. The Shan Chen 
Single Component Multiphase (SCMP) Lattice Boltzmann model was implemented 
using open source software PALABOS (Sukop & Thorne (2006), Sukop & Or (2003)). 
The parameters used in the simulation were the same as cited Sukop & Or (2003) 
and also used in Basit & Basit (2010). For the three structures the SCMP model was 
run to determine the water distribution in pore space at equilibrium providing a 
water/air distribution in the soil microcosm based on the intricate geometry of the 
pore space.  

Fungal Growth Model 

In Falconer et al. (2005, 2007, 2008) we demonstrated the use of a physiologically-
based model to explore the factors that influence the nature of fungal community 
diversity and the link between individual behaviour and the structure and function of 
fungal communities. The model is individual-based and incorporates the essential 
physiological processes of nutrient absorption, within colony biomass transport and 
recycling, inhibitor production and growth, and these occur differentially within a 
single mycelium as a consequence of local and non-local context. This differential 
behaviour permits different parts of the mycelium to expand and senesce 
concurrently. This framework was developed to capture the minimal set of 
physiological processes required to reproduce the observed range in phenotypic 
response in real colonies: uptake, redistribution of biomass, remobilisation of 
biomass, and growth which are known to be important for vegetative growth of fungi 
but have not collectively been incorporated into previous modelling frameworks 
(Falconer et al. 2005). We have also investigated the consequences of environmental 
heterogeneity for biomass distribution (Falconer et al. 2007), identifying which trait 
sets allowed individuals to persist in given environmental contexts. The model has 
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been used to explore the effect of different soil management strategies on fungal 
invasion and interactions (Fig. 1; Kravchenko et al. 2010). The enhancement of this 
model to incorporate inhibitor production that impacts inter-colony interactions is 
described in Falconer et al. (2008). The model was used to generate mycelial 
distribution maps that emerge from fungal interactions among a community of 
intrinsically different individuals (Falconer et al. 2010). This is the first attempt to 
model (physiologically) the dynamics of a fungal community in terms of a fungal 
ecology. We introduced the concept of a biomass-based abundance distribution 
function, described the form of that curve, and made the first attempt to identify the 
traits that affect the form of that curve. Ongoing developments are to apply the 
model to wet soil systems to understand the effect of physical and chemical processes 
on fungal diversity.  We use this model to explore the effect of fungal colonisation on 
the samples described in 2.1) above with water/air distribution as derived from 2.2) 
and also a completely dry soil sample i.e. only air filled pores and no water present. 
The only change to the fungal model is how the fungi respond to the presence of 
water. Consistent with Otten et al (1999) we reduce the diffusion coefficient, 
governing colony spread, where there is a high density of water and map the 
diffusion coefficients linearly onto the fluid density. The spread of fungi is now a 
function of water distribution and structure. 

 

Results 

Physical Properties 

Sample Bulk 
porosit
y 

Connecte
d fraction 

N3 0.0588
7 
 

62.84 

P1 0.2743
0 
 

97.25 

P2 0.3445
6 
 

98.78 

The table shows that the three samples vary in their porosity, P1 and P2 are relatively 
porous and N3 has lowest porosity. The pore space for all samples is well connected. 

Effect of water distribution on D coefficients 

For the P2 sample we map the diffusion coefficients for fungal spread in  a pore 
network which is completely air filled, here there are only two values for diffusion 
coefficient (0 & 255), this maps to a solid and air-filled voxel and is shown in Fig 1a. 
In Fig 1b we show the diffusion coefficients mapped to density of fluid (water). The 
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diffusion coefficients are mapped onto a 0 to 255 range reflecting the minimum and 
maximum diffusion coefficients. We can see that large sections of the pore space is 
water filled (dark blue pixels) as predicted by SCMP Lattice Boltzmann method, and 
these areas are less likely to be invaded by fungal colony. This fundamentally alters 
the connectivity of the pore volume and may have consequence for fungal 
colonisation and interactions. 

 

  

Figure 1 Distribution of D values for (a) dry soil sample i.e. no water (b) with water. 
Black and white voxel corresponds solid and pore voxel respectively. b) shows the 
additional diffusion coefficient distibution as linearly mapped to water distribution 
as predicted by SCMP LB model. 

Effect of water filled and dry soil on fungal colonisation 

Fungal invasion was initiated from the first z-y plane of the 3D sample. The fraction 
of pore volume occupied by fungal biomass was calculated per segment. The volume 
was split into 9 equal segments and for each segment the porosity and fraction of 
pore space occupied by biomass was determined. This allows quantification of fungal 
invasion over space and time. See Fig 2 for an example of how the segments relate to 
the volume. This figure is reproduced from Pajor et al 2010. Plots of fungal invasion 
for samples P2 and N3 are shown in Fig 3 and 4. Fig 5 combines all of the plots in Fig 
3 and Fig 4 to illustrate that both the structure and water distribution effect colony 
growth.  
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Figure 2 3-D spatial arrangement of the data structure. Treatments, P2, P1 and N3 
were compared by comparing physical properties for cubed samples. The sample was 
divided into segments to enable quantification of fungal invasion over space and 
time. 

 

(a)       (b) 

Figure 3 The fraction of biomass occupied pores for sample P2 a) with water b) dry 
sample          
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Figure 4 The fraction of biomass occupied pores for sample N3  a) with water b) dry 
sample  

 

Figure 5  changes in the fraction of pore space occupied by biomass (y axis) in each 
segment with increasing distance from the site of inoculation (x axis), for soils P2 
and N3 with and without presence of water. 

As can be seen from the graphs and in Fig 5 we can see both soil structure and 
presence of water effect the colonisation dynamic of fungi. It seems however that 
some structures (N3) are less sensitive to the presence of water (P2) and this can 
possibly be explained by the structural characteristics of the soil. 

Conclusion 

As can be seen from the graphs the two samples for treatment N3 and P2 are 
different in their porosity and connectivity. This has implications for how water will 

98



be distributed throughout the pore space. From Fig 1 we can see how the presence of 
water will affect the diffusion coefficients that drive fungal spread for sample P2.  
Voxels with a high water density are mapped to a low spread diffusion coefficient and 
can be considered impenetrable by the fungi. This has the consequence of altering 
the connectivity of the pore geometry which will effect fungal invasion. Fig 5 shows 
that water and structure effect fungal colonisation of the pore space.  
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Summary  
There is growing interest in the impacts of soil architecture on physical, chemical, 
and biological processes.  Much progress is being made in understanding the 
pore scale topologies of soil solids, liquids, gasses, and biological communities.  
But, we face daunting challenges in scaling these insights to sample, plot, and 
field scales and, in particular, in identifying the important aspects of these 
structures on upscaled processes.  I present thoughts on three interrelated 
aspects of these challenges and conclude with some suggestions regarding the 
role of experimentalists and theoreticians in designing future measurement 
methods to characterize the most important aspects of soil architecture.      
  
Introduction  
There is growing recognition of the importance of the distribution of soil 
physical, chemical, and biological constituents, across scales, on the responses of 
natural systems to climatic conditions.  Soil scientists, who commonly have 
training in multiple disciplines, are well suited to guide research into the 
interaction of soil architecture, dynamic processes, and the characteristics of 
nondestructive measurement methods.  I will present simple examples to 
illustrate three related topics in this context: the dependence of architecture on 
physical properties and system state; upscaling of nonlinear processes; and the 
effects of inherent measurement averaging on the interpretation of average 
processes.  I will conclude with a discussion of how these considerations can be 
brought together to guide the design of future nondestructive (geophysical) 
measurement methods. 
 
The Dynamic Nature of Soil Architecture 
 
Connectivity  
Recently, there has been a surge in interest in the possible role of connectivity in 
hillslope-scale hydrologic processes.  Although there is no clear consensus on the 
meaning of “connectivity” in these studies, it generally refers to preferential 
pathways that allow for anomalously fast downward movement of water through 
vertically connected regions such as high permeability features or macropores.  I 
will present simple examples of soil structure based on the distribution of three 
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or more soil types.  I will then present multiple approaches to defining the 
connectivity of these distributions.  I will then consider the behavior of these soil 
distributions under unit gradient flow over a range of boundary pressures.  Based 
on these results, I will examine how different definitions of connectivity depend 
on the system state and I will discuss the impact of these variations on our 
intuitive concepts of soil architecture.  
 

        
 

 
TOP: Horizontal, vertical, and random distributions of three soil types. 
MIDDLE: Particle tracks under steady state flow for wet conditions. 
BOTTOM: Particle tracks under steady state flow for dry conditions. 

 
Composite versus Local Responses  
After comparing the spatial patterns of soil type and soil states and properties for 
varying physical architectures and system states, I will compare behaviors 
defined at the system scale.  Specifically, we will examine the equivalent 
hydraulic conductivity and mean residence time of soils as functions of physical 
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architecture and boundary pressure.  These discussions will focus on 
understanding why some responses appear to be independent of soil architecture.  
Having examined the upscaled responses, we will examine local responses, such 
as minimum travel time and flow channelization, which show different levels of 
dependence on soil structure and system state. 
 
     
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
TOP LEFT: Mean and effective K for horizontal, vertical, and random 

distributions of three soil types. 
TOP RIGHT: Mean travel time of particles. 

BOTTOM: Minimum travel time of particles. 
 
 
 
Upscaling Nonlinear Processes 
 
General Properties of Physical Systems  
Physical systems are like politics in that all meaningful interactions are local.  
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Under some conditions, these interactions can be described as if the same 
physical laws developed for local interactions apply at the large scale.  I will 
present a simple analysis of the conditions necessary for this useful simplifying 
assumption to apply.  Then I will discuss the impacts of applying these 
assumptions inappropriately.  Of particular importance is developing an 
approach that allows for an intuitive-level screening of the appropriateness of 
using local models at larger scales.   
 
Interactions between Dynamic Soil Structure and Upscaling  
At this point, I will relate the discussion of upscaling to that of dynamic soil 
structure.  In particular, I examine how soil architectural may enhance or reduce 
interpretation errors due to inappropriate upscaling of physical systems. 
  
 
Measurement Averaging 
 
The Nature of Remote Measurements  
In general, there are two types of remote measurements: passive and active.  I 
will discuss the nature of spatial averaging in these measurement types, leading 
to some useful simplified models of spatial weighting that apply to many such 
systems.  I will then discuss the interaction of measurement averaging with 
nonlinear processes in an effort to understand the potential advantages and 
pitfalls of large-scale measurements for “direct upscaling” of field-scale 
processes. 
 
Interactions between Dynamic Soil Structure and Measurement 
Averaging Based on the discussions of measurement averaging and the 
dynamic nature of soil architecture, I will examine the conditions for which 
measurement averaging tends to lead to appropriate field-scale average states.  I 
will also discuss the likely sense of errors when large scale measurements are 
used inappropriately to describe large scale processes.   
 
Conclusions  
My concluding remarks will bring together the discussions of measurement 
averaging, processes scaling, and dynamic soil architecture.  The objective will be 
to show how the understanding of physical processes can and should be used to 
guide the development of new measurement methods. 
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Summary 
The main objective of this paper was to investigate the transport and deposition of 
Pseudomonas fluorescens under both saturated and unsaturated conditions in 
calcareous soils.  The experimental data were modeled by one- and two-site kinetic 
attachment/detachment models. 
 
Introduction 
Bacteria transport and retention in soil is important for processes ranging from 
contaminant degradation during in situ bioremediation to transport of pathogen 
bacteria to groundwater. Recent studies have investigated the transport and deposition 
of bacteria under saturated and unsaturated condition [1-5]. However, most of them 
used columns packed with artificial soil and aquifer material and little works have been 
done on modeling of bacterial transport in intact natural soil. Soil is traditionally 
considered as an effective bacterial filter. However, soil has macropores which work as 
the pathway of preferential transport of bacteria [6,7]. Recently, Pang et al. [8] reported 
that the soil structure plays the most important role in the transport of microbes.  
The goals of this work were (i) quantitative study of bacterial transport and deposition 
under saturated and unsaturated conditions in undisturbed calcareous soils and (ii) 
evaluation of the one- and two-site kinetic attachment/detachment models to predict 
bacteria transport. 
 
Materials and Methods 
Bacteria  
Pseudomonas fluorescens cells were harvested from the nutrient broth in the late 
stationary phase by gentle centrifugation (10 min, 8000 rpm, 25 °C) and re-suspended 
in 0.01 M CaCl2. The bacteria concentration was determined using a Coulter counter 
and fluorescence microscopy techniques, respectively [9]. 
Soil columns 
Undisturbed soil columns were collected from the upper 30 cm of a field in Lorestan 
Province, Iran. Columns constructed of PVC with an inner diameter of 8 cm and heights 
of 10 cm were used. Active calcium carbonate equivalent (ACCE) was determined by the 
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ammonium oxalate method [10]. The soils were clay loam and active calcium carbonate 
ranged from 18.2 to 31.50%.  
Transport Experiment 
For unsaturated flow conditions, the suction in a range from 5 to 20 mbar was chosen 
separately for each soil column to establish a constant pressure head in the soil columns 
at a given flow rate. The suction inside of the columns was controlled using two 
tensiometers installed 2.5 and 7.5 cm below the soil column’s surface. Prior to the 
bacteria transport experiments, chloride was used as a non-reactive tracer to 
characterize physical transport characteristics of the soil columns.  
Bacteria Transport Modeling 
The bacteria transport and deposition were modeled using a modified form of the 
advection-dispersion equation that includes one-site and two-site kinetic attachment-
detachment models [11,12]. The two-site model assumes that the attachment sites on the 
solid phase can be divided into two fractions with different properties and various 
attachment and detachment rate coefficients.  
 
Results and discussion 
The observed and fitted breakthrough curve and deposition profile of bacteria under 
saturated conditions are shown in Fig. 1 . Table 1 presents a summary of the fitted one-
site and two-site kinetic models parameters. Table 2 presents a summary of the fitted 
attachment-detachment model parameters for bacteria transport under unsaturated 
conditions.  
 
 
 

C
/C

0

 
 

 

 Time (h) Relative number/g soil 
Fig. 1. Measured and fitted breakthrough curves and deposition profiles for 
Pseudomonas fluorescens.  (Dashed lines for the one-site model, full lines for the two-
site model.) 
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Table 1. Fitting parameters for the BTCs of bacteria in the saturated soil columns 
(Standard error coefficient) 

Column I Column II Parameter 

One-site 
model 

Two-site 
model 

One-site 
model 

Two-site 
model 

1.18 9.03×10-1 7.59×10-1 7.4×10k -1att1 (h-1) 
(4.33×10-2) (1.03×10-1) (3.05×10-2) (2.91×10-2) 

k (h 3.22×10-2 5.62×10-5 4.68×10-4 2.02×10-1) -4det1 

(6.58×10-3) (5.71×10-3) (4.71×10-5) (2.06×10-4) 
k (h - 4.19×10-1 - 3.32×10-1) -2att2 

 (1.36×10-1)  (2.11×10-2) 
k (h - 4.17×10-1 - 7.1×10-1) -3det2 

 (3.67×10-1)  (5.79×10-2) 
(h 1.86×10-1 1.89×10-1 1.57×10-5 1.09×10-1) -5

Sμ

(1.14×10-2) (1.11×10-2) (1.21×10-7) (1.22×10-7) 
R 0.92 0.93 0.98 0.99 2

 
Table 2. Fitting parameters for the BTCs of bacteria under unsaturated conditions 
(Standard error coefficient) 

Parameter Column A Column B Column C Column D 

k  (hatt -1) 6.1×10 5.94×10 6.1×10 5.06×10-1 -1 -1 -1

 (6.58×10-3) (1.4×10-3) (1.53×10-3) (1.56×10-3) 
k  (hdet -1) 1.04×10 1.48×10 5.59×10 1.36×10-3 -3 -4 -3

 (6.58×10-3) (6.39×10-3) (6.38×10-3) (5.22×10-3) 
µ 2.03×10 1.07×10 2.01×10 8.5×10-2 -2 -2 -3s

 (1.75×10-3) (5.02×10-3) (4.1×10-3) (1.1×10-3) 
µ 5.94×10 1.82×10 6.35×10 8.8×10-5 -5 -5 -5l

 (1.42×10-5) (3.24×10-4) (2.4×10-4) (2.2×10-5) 
R 0.94 0.91 0.91 0.92 2

 
Conclusions 
Experimental effluent and deposition data of Pseudomonas fluorescens under both 
saturated and unsaturated conditions in calcareous soils were fitted using one-site and 
two-site kinetic attachment-detachment models. The results of bacteria transport under 
saturated conditions indicated that the two-site kinetic model provides a good 
description of both breakthrough curves and deposition profiles. The breakthrough 
curves and bacteria retention in the soils under unsaturated conditions were described 
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well by one-site kinetic model. High attachment and removal rate of bacteria under 
unsaturated conditions was attributed to straining, and attachment to air-water 
interface and to soil calcium carbonate that has favorable attachment site for negative 
charge Pseudomonas fluorescens cells. 
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Summary 

Water flow in the vadose zone is challenging because of restrictive availability of field 

data and destructive nature of research methods. In this study, an infiltration process 

into a sandy soil is observed by ERT (Electrical Resistivity Tomography). High-

resolution TDR and tensiometer data are recorded after irrigation end to directly 

determine soil hydraulic properties. Results show a satisfying spatial reproduction of 

infiltration plume by ERT, but temporal devolution of the process is still 

questionable. Data pairs of water content and water tension show only weak 

irrigation artifacts. Transport process of irrigation water was almost completed at 

time of measurement. Parameterization of field data can only be successful with 

additional laboratory data and by regarding effect of hysteresis and wettability of soil 

material on infiltration dynamics. A successful hydraulic modeling together with ERT 

inversion results can be the key to better describe water flow dynamics at the 

investigation area.  

 

Introduction 

Water transport in the unsaturated zone is still a challenging subject for a number of 

scientists. Describing the water movement is essential regarding the transport of 

agrochemicals and therefore pollution of groundwater at agricultural sites. In the last 

decades much effort has been put into the enhancement of field (invasive and non-

invasive) and laboratory methods and numerical models to describe unsaturated 

water flow. 

A new research area of describing water flow through the unsaturated zone is using 

near-surface non-invasive geophysical methods.  In this study, ERT is applied to 

dynamically describe infiltration process additional to soil physical measurements. 

To combine both methods can be a promising way to better quantify water 

movement. The interpretation of the ERT-inversion data in terms of water content, 

however, is still particularly difficult if water flow in the vadose zone is investigated 

(Koestel et al. 2009).  

The objectives of this study are i) to use high-resolution hydraulic field data for 

determining soil hydraulic properties with regard to hysteresis and ii) to describe 

infiltration process by combining soil physical and geophysical measurements for 

further 3D transport simulation.  
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Materials and methods 

A tracer infiltration experiment was carried out on a sandy soil (podzol) in Northern 

Germany. The irrigation area with homogenous application of tracer (Brilliant Blue 

FCF) solution (concentration: 5g/L) was 1,0 m*0,4 m. Infiltration process had been 

dynamically observed by minimal-invasive ERT measurements. Six days after 

irrigation had been terminated the irrigated soil area was subsequently excavated in 

eight soil trenches. At each soil trench high-resolution measurements of water 

content (time-domain-reflectometry) and water tension (microtensiometers) to a soil 

depth of 100 cm were conducted. When measurements had been finished, the next 

soil trench 20 cm behind the former trench had been excavated and prepared for 

measurements. Additionally to field data, undisturbed soil cores were taken for 

laboratory analysis of soil hydraulic properties with regard to hysteresis phenomena. 

 

 

 

 

 

 

 

 

Fig.1: Layout of infiltration experiment. After irrigation stop area was subsequently 

excavated, starting six days after irrigation stop at soil trench 1. 

 

Soil physical measurements 

The water content was measured on a regular 5*5 cm grid, whereas water tension was 

measured on a 10*10 cm grid. Missing data points were interpolated using 1D-

ordinary kriging to obtain 680 data pairs of water content and water tension in order 

to gain soil hydraulic properties from field data set. During infiltration, the upper 

tension boundary condition for modeling of experiment was measured by 10 

microtensiometers, vertically installed at 5 cm depth in the upper soil horizon. 

 

ERT measurements 

Resistivity measurements were carried out using dipole-dipole and Schlumberger 

electrode configurations. Electrode spacing increased with increasing distance from 

irrigation plot due to resolution demands. The inversion program BERT (Boundless 
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Electrical Resistivity by Thomas Günther (www.resistivity.net) was used for 

inversion.  

 

Laboratory experiments to determine soil hydraulic properties 

The saturated hydraulic conductivity was measured on 48 soil cores using the falling 

head method. Drainage and imbibition curves were determined. Drainage was 

measured by standard hanging water column at pressure steps pF 1.0, 1.5, 2.0, 2.5, 

3.0 and 4.2 in a sand box and a clay box, respectively. Afterwards soil cores were 

resaturated at the same pressure steps stepwise on porous plates with an additional 

last pressure step at pressure head = 5 cm. This was done to obtain main wetting and 

main drying curve for the different soil depths. 

To determine wettability of soil material the contact angle (CA) was calculated using 

the Sessile Drop Method (SDM), the Capillary Rise Method (CRM) and the Wilhelmy 

Plate Method (WPM) on disturbed air-dried soil samples.  

 

Results and discussion 

High-resolution water content and water tension data at the subsequent soil trenches 

show irrigation influence in the upper soil horizon at soil profiles 1-4. Water content 

is around 15 vol % in the Ap horizon and water tension being pF 2.5. Due to warm 

and dry weather conditions and due to temporal influence (fifteen days passed after 

irrigation when last soil trench was measured) irrigation artifacts are slightly smaller 

at trench 4 where central irrigation area is placed. The last soil trench is not 

influenced by irrigation. Water content here ranged between 7-9 vol % in the upper 

soil horizon and around 3-5 vol % in the subsoil. Small heterogeneous structures, e.g. 

former root system in the subsoil, obvious by higher water content, can be identified 

by high-resolution TDR method. Water content of these structures might be higher, 

but spatial extent of the structures can be smaller than resolution of TDR, thus 

influenced by drier surrounding soil material.  

Water tension is high in the upper soil horizon influenced by evaporation ranging 

around -500 up to -600 hPa. In the subsoil tension values rapidly decline with 

decreasing distance from groundwater table. Irrigation artifacts are visible in the first 

four soil profiles.  

Soil water retention curve could not be parameterized only from field data. Profile 

experiments were carried out with a temporal delay, so that the wetting front of the 

irrigation water has already passed the measuring zone down to the groundwater. 

This is confirmed by ERT results, which show the infiltration plume as resistivity 

reduction zone moving relatively quickly downward through the subsoil, as can be 

expected in a sandy soil. However, the interpretation of water content changes from 

the resistivity changes measured by ERT is suffering from the unknown local mixing 

ratio of conducting tracer fluid with original pore water. 

The field data pairs of water tension and water content are situated in the dry 

moisture range of the water retention characteristics, so that parameterization of the 

curve based on these data failed. Data from the laboratory drainage experiment show 

cm 
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distinction between two characteristic curves for the upper soil layer and the subsoil. 

The shape of the infiltration plume is additionally modified by reduced wettability 

which is indicated by stable contact angles in the lower soil profile, resulting in 

reduced capillarity and gravity dominated downward flow.  

 

Conclusions 

Directly inferring water retention curve from high resolution field data pairs is not 

possible. Therefore, the water retention curve is fitted with additional laboratory 

drainage and imbibition data from soil cores. Thus, soil hydraulic properties can be 

determined and then incorporated into a finite element 3D code with the known 

initial conditions from field data. The infiltration plume can spatially be reproduced 

by ERT, but temporal dynamics of the process is still not distinctive.  With successful 

parameterization of hydraulic properties and respect to hysteretic behavior of 

infiltration process and additional combination with laboratory data, a successful 

hydraulic modeling together with ERT-inversion results might more accurately 

describe water flow dynamics. 
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Abstract 

Soil is one of the most complex materials on the earth, within which many biological, physical 

and chemical processes that support life and affect climate change take place. Knowledge on 

soil pore geometry is important for understanding soil processes as it controls the movement 

and storage of fluids on various scales.  

One of the objectives is to develop a robust and reproducible image analysis technique to 

describe and produce quantitative knowledge on soil architecture from 3D Computed 

Tomography data.  

We used ImageJ to analyze images of macropore geometries in soils generated by X-ray 

Computed Tomography. Soils were sampled (from 0 to 20 cm depth) in 2 different plots 

corresponding at 2 different cultivation techniques (ploughed and direct drilling), in 

Flakkebjerg. They were scanned at 400 μm resolution. 

First, scanned grayscale data of soil volumes were thresholded to separate solid and pore 

phases. Then, pore networks were extracted with the Skeletonize3D plug-in (Ignacio Arganda-

Carreras), exploiting an ITK algorithm: binary thinning was used for finding the centerlines 

(”skeleton”) of pores in the input image. Several parameters (number of networks, junctions, 

branches…) were used to describe the networks in the sample, and we discuss how these can 

be used to describe soil structure.  

Finally, via ImageJ, isosurfaces of 3D soil images were displayed, allowing us to study features 

of fluid flow in the macropores. Lattice Boltzmann methods (LBM) is a class of computational 

fluid dynamics (CFD) methods used for the fluid simulation in Blender software. 

Computational Fluid Dynamics (Wesseling.P, 2001) provides a qualitative (and even 

quantitative) prediction of fluid flows enabling us to perform ‘numerical experiments’ (i.e. 

computer simulations) in a ‘virtual flow laboratory’. 
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3D Images of soils sample from 2 different cultivations techniques 

Two different samples, corresponding at 2 different cultivation techniques were 

scanned using a medical CT scanner (Århus University Hospital). For sample 1, it was 

ploughed soil and the sample 2 was direct drilling.              

A PVC core (H=20cm, Ø=20cm) was used to sample the top soil layer (0 to 20cm depth). A 

volume of interest (2420.7cm3) was cropped in the CT scan image. 

By thresholding, the macropores were separated from the soil matrix (Otsu method). 

The 3D volumes of the resulted macropore were reconstructed. The isosurface of the soil 

matrix were rendered afterwards. The isosurface will permit to calculate the surface area of a 

structure, and the volume (pore or soil matrix). It is based on the construction of triangular 

surface mesh by marching cubes .The pore surface area (SA) is the sum of the areas of the 

triangles making up the mesh. The surface mesh can be displayed in 3D. 

 

                      
Fig. 1. 2D image of soil sample 1, corresponding histogramme of the stack on the right-           

On the right, the calibration bar is in Hu units 
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Fig. 2. 2D image of soil sample 2, corresponding histogramme of the stack on the right-       

On the right, the calibration bar on the right is in Hu units  

A B  

Fig. 3. 3D image of the macropore- Image A: sample 1(conventional technique),               

Image B: sample 2 (direct drilling technique) 

 

 

 

 

 

B 

B 

 

B A 

Figure4: Isosurface of the soil matrix- Image A: sample 1, Image B: sample 2 
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 Table 1. Different parameter calculated. PV: the pore volume; TV: the total volume of the 

VOI; NbNet: the total number of networks; NbBr: mean number of branches per networks; 

NbJun: mean number of junction per networks; SA: surface area of the pore; MeanThick: 

mean pore diameter. 

     

 

The objective here was to show that using ImageJ software it was possible to measure 

morphometric parameter (SCHAFFER B et al., 2007) for a description of the 3D soil structure 

(e.g. pore network). Those descriptors may help to understand and simulate /model fluid 

dynamic (gas, water, pesticide…) in heterogeneous complex networks. After importing 

isosurface data from ImageJ to Blender (free 3D graphics application) we simulate water flow 

in the sample 1 and 2, in saturated condition. The algorithm used for Blender’s fluid 

simulation is the Lattice Boltzmann Method (LBM). The strength of the LBM is based on its 

ability to represent complex physical phenomena such multiphase flows, but the missing 

point is the extraction of quantitative data. The new version of Blender would integrate an 

add-on able to solve that. 
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Summary 

The pore structure of the uppermost bare initial soil surface layer is subject to 

crusting, cracking, or burrowing that in turn affecting water infiltration. Little is 

known, however, about the first pore and macropore formation directly at the surface 

in the very early stages and the effects on infiltration. The effect of the pore structure 

on water infiltration was compared for samples from three sites in an artificially 

created hydrological catchment. Samples were scanned with micro-X-ray CT (at UFZ-

Halle, Germany) and infiltration dynamics were visualized with neutron radiography 

(at the Paul-Scherer-Institute, Switzerland) in 2D. The CT images show several 

coarser- and finer-textured micro-layers at the sample surfaces, vesicular pore 

structures, and cylindrical caves from burrowing activity of a beetle species. The 

infiltration and flow patterns were affected by these characteristic surface pore 

structures during the very early development stages. 

 

Introduction 

The dynamics of the soil pore structure in the surface layer is of key importance 

especially when studying initial soil development on disturbed land or surface-

exposed sediments. Surface structures directly control water infiltration and gas 

exchange and indirectly vegetation establishment among other processes. Substantial 

research has been carried out on rain-induced physical crust formation of arable soil 

(e.g., Assouline, 2004) including X-ray CT analyses (e.g., Fohrer et al., 1999). While 

surface seals reduce water infiltration and potentially increase surface runoff and 

erosion, mechanical cracking and biological activity are creating pores (e.g., 

Langmaack et al., 2001), possibly leading to preferential flow.  

In addition to X-ray CT-scanning of porous structures, recently water flow has been 

directly studied using neutron imaging (e.g., Vontobel et al., 2008; Badorreck et al., 

2010). The combined application of both methods appeared useful for studying the 

feedback between changes in pore structure and flow patterns. However, surface pore 

structures and their effects on infiltration have not been reported for hydrological 

catchments during early development stages nor compared with infiltration data. The 

objective was to quantify the soil pore geometry and effects on water flow at the 

surface comparing samples from three sites in the catchment and in an adjacent 

“younger” site with comparable sediments.  
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Material and methods 

Study site  

The research site is the artificially created hydrologic catchment area “Chicken Creek” 

with an area of approx. 6 ha, which is left to undirected succession (Gerwin et al., 

2009). A basis clay liner seals a catchment that consists of relatively coarse-textured 

quaternary sediments of approximately 2-3 m thickness. Surface layers were sampled 

in 2008 about 3-years after establishment of the catchment at 3 sampling locations 

(“east”, “west”, and “pond”) that differed in soil sediment properties.  

 

Mini-infiltrometer, micro-tomography, and neutron radiography 

Miniature infiltrometer technique was used to capture the small scale heterogeneity 

of the soil surface properties. An area of 4 mm in diameter was infiltrated at the same 

three locations as described in the radiography experiments. The infiltrometer 

measurements were performed in four successive steps of applied pressure heads 

between -15 and -2 hPa. The surface soil was sampled in cylindrical rings (10 cm³) 

down to 2 cm depth at the three sites. The internal structure (i.e., the density 

distribution) was obtained using X-ray micro-CT-scanner (XTek HMX 225kV) at the 

Helmholtz-Centre for Environmental Research (UFZ-Halle, Germany) with a 

resolution of 0.084 mm. The 2D water infiltration in three air-dry undisturbed soil 

slabs (8x8x1.5 cm³) was observed (at PSI, Villingen, CH), using drip irrigation at a 

rate comparable with rainstorm intensity (i.e., 27.4 mm/h) but without ponding on 

the surface. A nylon membrane at the bottom allowed drainage under unsaturated 

flow conditions. Radiographic images were taken every 15 sec to visualize the 

proceeding infiltration front. The image sequences of this procedure were scattered-

corrected (Hassanein et al., 2005) and referenced to the initial water-free condition 

to quantify the volumetric water content. 

 

Results and discussion 

The infiltrometer data revealed the effect of textural differences and structural seal: 

The hydraulic conductivity data for ‘west’ and ‘lake’ were reduced as compared to the 

site ‘east’. For the coarsest-textured soil at the site ‘east’, the conductivity dropped 

from -2 to -15 hPa after which water flow stopped completely in some cases probably 

because of reduced wettability. 

 

Micro-Tomography 

The scans (Fig. 2) revealed characteristic initial structural developments of the 

uppermost soil surface, which vary in type and degree of spatial heterogeneity for 

each of the three samples. At the western site (Fig. 2, 1a-1c), a denser surface seal 

developed with few vesicular pores included. At the eastern site (Fig. 2, 2a-2c), 

depositional sedimentary sand layers resulting from water erosion are observed. At 

the ‘lake’ site (Fig. 2, 3a-3c), a structural seal under a depositional crust with vesicles 

and cylindrical burrows were found together with collapsed caves.  
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Fig. 2. 2D-vertical X-ray tomography (CT) slices from the sites “west” (1.a-1.c), “east” 

(2.a-2.c), and “lake” (3.a-3.c); red arrows point at vesicular pores. 

 

Fig. 3. Experimental device (left) and radiographs of the infiltration experiment with 

initially air dry soil for the H2O-free radiographs (centre) and the 2D volumetric 

water content distributions at about 30 minutes of drip irrigation (right); water 

contents range from yellow (>5%), green (to 10%), blue (to 20%), and black (<25%).  
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Neutron radiography experiments 

The water content distributions of the neutron radiography experiments indicate 

relatively homogeneous infiltration and stable wetting fronts for most of the surfaces 

(not shown) despite some apparent water repellence. The experiment with the beetle 

burrow for dry initial conditions revealed preferential flow conditions (Fig. 3). 

 

Conclusions 

The results demonstrate the role of initial structure formation at the soil surface (soil 

sealings) and effects on infiltration. The pore structure observation and water 

dynamics suggest that characteristic pore structures developed in the different 

catchment regions probably depending on both the initial sediment composition and 

site or landscape specific conditions. Thin sandy sediment layers and vesicular pores 

are partly restricting infiltration without leading to spatially distributed flow patterns. 

Preferential flow was observed for surface layers with burrows, while effects of wall 

coatings on mass exchange between the structure and the surrounding porous matrix 

are still unknown. The surface layer as the interface between soil and atmosphere is 

highly critical especially when the inner pore space is developing during the initial 

dynamic period before stabilization of soil and surfaces. 
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Summary 
Changes in irrigation regimes induced by intermittent irrigation and drainage of the largest 
pores may result in changes in active flow volume thereby affecting the mobilization of 
solutes compared with continuous irrigation. In the present study, we examined the effect 
of intermittent irrigation and drainage cycles compared with continuous irrigation on 
mobilization of nonreactive tracers and phosphorus forms in slurry-injected intact soil 
columns (20 cm dia., 20 cm high) of a loam soil.  
We found that intermittent irrigation and drainage decreased leaching of a nonreactive 
tracer applied with the irrigation water, as this diffused into less mobile pore regions during 
interruptions. Intermittent irrigation increased leaching of nonreactive slurry components 
that were injected into the soil, whereas no difference in leaching of phosphorus (P) was 
observed with the different treatments due to strong adsorption of P in this soil. We 
furthermore found that particulate P was more influenced by flow interruptions than other 
P forms and that particles leached during drainage cycles had a lower content of P than 
particles leached during flow. 
 
Introduction 
The impact of agricultural phosphorus (P) losses on eutrophication in freshwaters is 
generally recognized. In Denmark, leaching of phosphorus through subsurface drainage 
pipes is estimated to contribute to one third of the agricultural P losses. Leaching of P from 
plough layer to subsurface drainage pipes is, however, not well understood, and model 
tools describing both mobilization of P in the plough layer as well as subsurface transport 
are lacking. Most experimental studies on P mobilization in the plough layer are carried out 
under continuous irrigation (e.g. Glæsner et al. 2010b). However, flow interruptions with 
drainage cycles, as occurring during field conditions, might affect mobilization of solutes 
and colloids within the soil matrix.  During flow situations, water will flow preferentially in 
the largest saturated pores, restricting leaching of solutes and colloids from the soil matrix 
to diffusion processes between mobile and immobile flow domains. During flow 
interruptions and drainage the largest saturated pores drain allowing also convection in the 
smaller soil pores, and thereby increasing the active flow volume of the soil. In this study, 
the effect of flow regimes on the mobilization of slurry-injected bromide and soluble and 
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particulate phosphorus was examined during unsaturated flow conditions comparing 
intermittent irrigation with drainage cycles and continuous irrigation.  
 
Materials and methods 
Soil and slurry description and pretreatment 
Nine intact soil columns (20 cm dia., 20 cm high) from the plough layer of a loam soil (23% 
clay, 39% silt, 38% sand) were excavated in March 2009 from an arable field in Jutland, 
Aarup, Denmark. The columns were initially saturated with an electrolyte solution 
representing a natural soil solution by slow capillary infiltration on tension tables over 100 
hours. The columns were subsequently drained to -100 hPa (field capacity) at the bottom of 
the columns on tension tables for 13 days. Soil samples were collected for determination of 
water retention characteristics and general soil characteristics. Pore size distribution, soil 
texture, total C, total P, water-extractable P (Pw), bicarbonate-extractable P, oxalate-
extractable Fe, Al, and P to calculate degree of phosphorus saturation (DPS) were 
determined as in Glæsner et al. 2010b. The soil had a total P content of 676 mg kg-1, Olsen P 
of 16.7 mg kg-1, Pw of 2.8 mg kg-1, and DPS of 27.4 %.  
Dairy slurry with dry matter content 6.6%, pH 7.6, electric conductivity 14.5 mS cm-1 (after 
addition of 2.69 g L-1 KBr as a tracer), total P 51.3 g kg-1, water extractable P Pw 212 mg P kg-

1 wet slurry (Glæsner et al 2010b). Homogenized dairy slurry corresponding to 25 T ha-1 (75 
g) was injected into the soil columns 52-53 h prior to irrigation at a depth of 8 cm as 
described in Glæsner et al. (2010a).  
 
Leaching experiment 
The leaching experiments were carried out in the column setup described in Glæsner et al 
2010a. Three experiments were conducted i) continuous irrigation (2 mm h-1) at a suction 
at the lower boundary of -5 hPa; ii) cycles of 12.5 mm irrigation of 2 mm h-1 at -5 hPa 
followed by drainage for 10 h at -20 hPa; and iii) cycles of 12.5 mm irrigation of 10 mm h-1 
at -5 hPa followed by drainage for 10 h at -20 hPa. A total of 100 mm irrigation water was 
applied in each experiment. Columns were carried out in triplicates. After suction was 
applied, the columns received a puls of 2.5 mm 3H2O. Effluents were analyzed for pH, 
turbidity as a measure of particles, electric conductivity (EC), 3H2O, Br, total P (TP), 
particulate P (PP), dissolved inorganic P (DIP), and dissolved organic P (DOP) as described 
in Glæsner et al. 2010ab.  
 
Results and discussion 
Pore size distribution demonstrated that 77% of the total pore volume consisted of pores ≤ 
30 μm. During flow the fraction of pores > 600 μm, which app. represents the pore volume 
drained at the -5 hPa constituted 7.72% of the total porosity. During flow interruptions 
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suction at the lower boundary was increased to 20 hPa, implying that pores > 150 μm were 
drained. Thus, in theory 16.5% of the total porosity was drained during flow interruptions.   
Breakthrough curves (BTCs) of 3H2O applied with the irrigation water, of the continuous 
irrigation showed peak arrival prior to one pore volume and pronounced tailing, indicating 
that preferential flow and nonequilibrium transport occurred in this soil (Fig. 1A). During 
intermittent irrigation at 2 mm h-1 the 3H2O-BTCs followed the same pattern as during 
continuous irrigation until the columns were subjected to flow interruption (Fig. 1A). At the 
ascending limb of the 3H2O-BTC before peak arrival flow interruptions resulted in 
decreased 3H2O concentrations. This can be explained by diffusion of 3H2O into moderately 
mobile or immobile flow domains during interruptions. On the descending limb of the 
3H2O-BTC after peak arrival, concentrations increased upon resuming flow indicating 
diffusion of 3H2O from moderately mobile or immobile flow domains back to the mobile 
flow domains (Brusseau et al. 1997). An overall lower mass recovery of 3H2O at intermittent 
irrigation at 2 mm h-1 (77.1%) compared with continuous irrigation at 2 mm h-1 (90.2%) 
indicated that diffusion on the ascending limb of the 3H2O-BTC was higher than on the 
descending limb of the 3H2O-BTC. Increasing the irrigation rate to 10 mm h-1 resulted in 
increased asymmetry indicating increased preferential flow (Fig. 1B).  
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Fig. 1. Breakthrough curves of 3H2O. Error bars represent standard deviations among 
triplicate columns.  
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Fig. 2. Leaching of bromide (A), Dissolved Inorganic P (B), and Particulate P (C). All plots 
represent replicate columns and are distinguished by different symbols. Open dots 
represent flow interruption. 
 
Leaching of slurry-injected bromide demonstrated higher mass recovery of leached 
bromide for intermittent irrigation at 2 mm h-1 (59.3%) compared with continuous 
irrigation at 2 mm h-1 (45.5%). Slightly less bromide was leached at intermittent 10 mm h-1 
(55,3%) compared to 2 mm h-1.  The increased leaching of bromide during intermittent flow 
regimes, indicate that active flow might occur in less mobile flow domains during drainage 
cycles (Fig 2A) as bromide was placed within the soil matrix.  
Reactive solutes are in addition to diffusion and advection influenced by 
sorption/desorption processes. The P content of this soil represented a relative low P 
status. Therefore, reactive P forms of the injected slurry were expected to be adsorbed 
strongly to the soil and desorption of P during interruption events is considered to be low. 
Leaching of P in this “low-P” soil occurred mainly as PP while leaching of DIP and DOP was 
low and stable, except for leaching of DIP in one column during both intermittent irrigation 
rates (Fig. 2B) which coincided with PP (Fig. 2C). PP showed an overall similar pattern 
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during continuous and intermittent irrigation; however, PP concentrations were 
systematically declining in the effluent during flow interruptions and increasing to the level 
prior to interruption upon resuming flow. The fluctuating DIP leaching in two intact soil 
columns might be due to direct contact between the active flow path and the injected 
slurry. Cumulative leaching of DIP, DOP and PP did not differ between continuous and 
intermittent irrigation at 2 mm h-1, while leaching at 10 mm h-1 increased both dissolved P 
and PP compared to lower irrigation rate.  
Leaching of particles vs. PP gave strong correlations (Fig. 3), however particles leached 
during the drainage cycles had a markedly lower content of P, suggesting that the origin of 
particles during flow and drainage differed. 
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Fig. 3. Particulate P vs. turbidity (a measure of particles). Open dots represent flow 
interruption. 
 
References 
Brusseau, M.L., Hu, Q.H. & Srivastava, R.,  1997. Using flow interruption to identify factors 

causing nonideal contaminant transport. Journal of Contaminant Hydrology 24: 205-219 
Glæsner, N., Kjaergaard, C., Rubæk, G.H. & Magid, J., 2010. Leaching of non-reactive 

slurry components through soil - Interactions between soil texture and surface 
application or injection of dairy slurry. Journal of Environmental Quality (in revision) 

Glæsner, N., Kjaergaard, C., Rubæk, G.H. & Magid, J., 2010. Leaching of phosphorus forms 
through soil - Interactions between soil texture and surface application or injection of 
dairy slurry. Journal of Environmental Quality (in revision) 

125



C
ou

rs
e 

C
on

te
nt

:
- F

or
m

al
 le

ct
ur

es
 in

tro
du

ci
ng

 m
ea

su
re

m
en

t p
rin

ci
pl

es
, i

ns
tru

m
en

t c
on

fig
ur

at
io

n 
an

d 
  a

pp
lic

at
io

n,
 G

IS
, s

en
so

r f
us

io
n 

an
d 

sa
m

pl
in

g 
de

si
gn

,
- I

nf
or

m
al

 le
ct

ur
es

 in
tro

du
ci

ng
 im

ag
in

at
iv

e 
ap

pl
ic

at
io

ns
 a

nd
 s

ur
pr

is
e 

to
pi

cs
, 

- E
xe

rc
is

es
 b

as
ed

 o
n 

qu
al

ity
 d

at
as

et
s 

av
ai

la
bl

e 
fro

m
 re

se
ar

ch
 p

ro
je

ct
s,

 
- H

an
ds

 o
n 

fie
ld

 a
nd

 la
bo

ra
to

ry
 m

ea
su

re
m

en
ts

 a
nd

 a
na

ly
si

s

A 
to

ur
 to

 th
e 

un
iq

ue
 g

la
ci

al
 la

nd
sc

ap
es

 n
ea

r t
he

 c
ity

 o
f V

ib
or

g 
an

d 
so

ci
al

 e
ve

nt
s.

 

Ph
D

 s
um

m
er

 c
ou

rs
e:

So
il 

se
ns

or
s 

- T
he

or
y 

an
d 

Ap
pl

ic
at

io
n

Vo
lu

m
e:

 5
 E

C
TS

Ta
rg

et
 G

ro
up

: P
hD

 s
tu

de
nt

s 
w

ith
in

 s
oi

l s
ci

en
ce

, 
ag

ro
no

m
y, 

en
vi

ro
m

en
ta

l e
ng

in
ee

rin
g,

 h
yd

ro
lo

gy
or

 h
yd

ro
ge

ol
og

y.

Ke
y 

le
ct

ur
es

: I
nv

ite
d 

in
te

rn
at

io
na

l e
xp

er
ts

 w
ill 

gi
ve

 
m

os
t o

f t
he

 fo
rm

al
 le

ct
ur

es
.

22
’n

d 
- 2

8’
th

 o
f A

ug
us

t 2
01

1 
- A

ar
hu

s 
U

ni
ve

rs
ity

, F
ac

ul
ty

 o
f A

gr
ic

ul
tu

ra
l S

ci
en

ce
s,

 R
es

ea
rc

h 
C

en
tre

 F
ou

lu
m

, D
en

m
ar

k

Fo
r m

or
e 

in
fo

rm
at

io
n:

 h
ttp

s:
//s

ta
ir.

ag
rs

ci
.d

k

In
tr

od
uc

tio
n:

D
ig

ita
l s

oi
l s

en
so

rs
 w

er
e 

fir
st

 d
ev

el
op

ed
 a

nd
 a

pp
lie

d 
in

 p
ro

je
ct

s 
re

la
te

d 
to

 p
re

ci
si

on
 

ag
ric

ul
tu

re
 (P

A)
 a

s 
an

 e
ffe

ct
iv

e 
an

d 
re

la
tiv

el
y 

ch
ea

pe
r t

oo
l. 

A 
ra

ng
e 

of
 n

ew
 m

ob
ile

 
se

ns
or

s 
fo

r s
oi

l m
ea

su
re

m
en

ts
 is

 a
va

ila
bl

e.
 T

he
 m

ai
n 

fo
cu

s 
of

 th
e 

co
ur

se
 is

 th
e 

th
eo

ry
 a

nd
 th

e 
ap

pl
ic

at
io

n 
of

 th
e 

fo
llo

w
in

g 
ty

pe
s 

of
 m

ob
ile

 s
oi

l s
en

so
rs

 to
 d

ig
ita

l 
so

il 
m

ap
pi

ng
:

- V
is

ib
le

 a
nd

 n
ea

r i
nf

ra
re

d 
sp

ec
tro

sc
op

y 
– 

Vi
s-

N
IR

- T
im

e 
do

m
ai

n 
re

fle
ct

om
et

ry
 –

 T
D

R
- E

le
ct

ro
m

ag
ne

tic
 in

du
ct

io
n 

– 
EM

I
- N

at
ur

al
 g

am
m

a 
- N

G

VI
S/

N
IR

S

VI
S/

N
IR

S 
sh

an
k

EM
I (

D
U

A
LE

M
-2

1S
)

35
0

41
1

47
4

53
7

60
0

66
3

72
6

78
9

85
2

91
5

97
8

10
49

11
30

12
10

12
90

13
70

14
50

15
31

16
11

16
91

17
71

18
52

19
32

20
12

20
92

21
72

22
53

23
33

24
13

24
93

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

VI
S/

N
IR

S 
pr

ob
e

TD
R

126



Passive dosing to quantify the speciation and transport capacity 
of pollutants in soil leachates 

V. Gouliarmou (1), A.L. Vendelboe(2), L.W. de Jonge(2) and P. Mayer(1) 
(1)Department of Environmental Chemistry and Microbiology, National Environmental 
Research Institute, Aarhus University, Frederiksborgvej 399, 4000 Roskilde, Denmark, 
(2)Faculty of Agricultural Sciences, Department of Agroecology and Environment, 
Aarhus University, Blichers Alle 20 – PO Box 50, DK-8830 Tjele, Denmark  
vag@dmu.dk 
 

Summary 
Leaching of pollutants from soils can occur in dissolved phase but colloid facilitated 
transport has also been demonstrated as a significant transport mechanisms. The 
present study introduces passive dosing as a new tool to quantify speciation properties of 
soil leachates (SL) and their capacity for pollutants. A mixture of polycyclic aromatic 
hydrocarbons (PAHs) was used as model compounds and passive dosing has been 
applied to different soil leachate fractions  and to Aldrich humic acids. Data show that 
soil leachate had moderate capacity for PAHs and most of PAHs were in the free form. 
Compound’s hydrophobicity was an important parameter effecting soil leachate’s 
capacity for PAHs. Therefore, higher capacity of SL for PAHs is expected for more 
hydrophobic compounds. 
 
Introduction  

 The extent of the colloid facilitated transport of pollutants in a groundwater system 
depends on various parameters such as the properties of the pollutant in question, the 
amount and the quality of the dissolved organic matter (DOM) present as well as the 
hydrology, geology and water chemistry. Furthermore, heterogeneity of the aquifer and 
the presence of preferential flow paths may increase the complexity of the transport.  

The present study focuses on the first two parameters of colloid transport, the properties 
of the pollutants and the quantity and quality of DOM. The aim is to introduce passive 
dosing as a tool to quantify the capacity of soil leachates (SL) for PAHs and at the same 
time to study the speciation of PAHs.  

  The current method is based on previous work where passive dosing was applied for 
determination of speciation of hydrophobic organic compounds (HOCs) in aqueous 
samples (Birch .et al., 2010). Glass vials with a casted silicone layer on their bottom were 
used. The first step is to load the silicone with the studied compounds (PAHs). Then 
silicone is equilibrated with the tested soil leachate.  The role of loaded silicone is to act 
as a partitioning source of PAHs. The higher the concentration of PAHs in the 
equilibrated SL, the higher its capacity for PAHs.  As a reference point we use the 
capacity of pure water for PAHs, therefore concentrations of PAHs in equilibrated SL 
were normalized with concentrations of PAHs in equilibrated pure water. At the same 
time we determine the free fraction of PAHs by dividing Cwater with Csoil leachate.  
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 The advantages of the present method is that: 1) there is no phase separation step 2) 
PAHs are introduced through a partitioning based system 3) solutions with constant free 
concentration below water solubility can be prepare 4) the method is applicable to 14C 
labeled compound (simple analytics and use of scintillation counter) and non label 
compounds (for mixtures and use of HPLC- fluorescence detector). 

 
Materials and methods  
Experimental set up 

The experimental apparatus employs 10 ml glass vials containing 500 ± 5 mg casted 
silicone (PDMS) in their bottom. Silicone was loaded with a mixture of 5 PAHs 
(Naphthalene, Phenanthrene, Fluoranthene, Pyrene and Anthracene) at 10% of their 
water solubility. 

 
Fig. 1. (A) Passive dosing vials: 500 mg of silicone elastomer was cast into the bottom of 
a 10 mL glass vial. (B) Loading: methanol containing PAH mixture was added.(C) 
Passive dosing: freely dissolved PAHs concentrations were controlled by equilibrium 
partitioning from the silicone, and the total PAHs concentration (free and bound) in the 
solution was measured. A humic acid solution (64 mg/L) was used for the photo. 

 
Soil leachates  
Soil leachates fractions were collected from undisturbed soil cores subjected to 10 mm of 
irrigation using artificial rainwater (0.012 mM CaCl2, 0.15 mM MgCl2 and 0.121 mM 
NaCl; pH 7.82; EC 2.24 x 10-3 S m-1) in the laboratory. A detailed description of the 
irrigation setup has previously been published (de Jonge et al., 2004). The leachate 
samples used in the present study were collected immediately after breakthrough of 
irrigation water and after two pore volumes of irrigation water had been applied. The 
leachate has not been filtered and was frozen immediately after sampling.  
 
Experimental procedure  
In addition to the leachate samples, Aldrich humic acids (AHA) were used as model 
dissolved organic carbon (DOC) and a solution of 79.62 mg/L DOC (208 mg/L Aldrich 
humic acids) was tested for its capacity for PAHs. Initially, vials were equilibrated with 
ultra pure water, then with tested matrix (soil leachate or AHA), triplicates were used for 
each matrix. The free concentration of the system is controlled by partitioning from the 
silicone and therefore remains stable, while Csoil leachate(eq) is the measured parameter and 
it depends on the quantity and type of particles and DOM. All samples were shaken 
overnight at 1000 rpm and analyzed by HPLC fluorescence detector. 
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Measurement endpoints:  

The three measuring ends points and the equations used to calculate them are: 

1. Free fraction  ff = Cwater / Csoil leachate   
2. Enhancement factor E = Csoil leachate /Cwater, that quantifies matrix’s capacity for 

PAHs relative to pure water. If E>1 indicates increased capacity  
3. KDOC values , Csoil leachate /Cwater =KDOC * CDOC +1  

 
Results and discussion 
Soil leachate and AHA were used to show the applicability of the method. Capacity E of 
tested SL for PAHs is presented in table 1. Values of E greater than 1 demonstrate 
enhanced capacity of SL fraction for PAHs. Data show that SL had moderate capacity for 
PAHs since E values range between 1 and 1.9. Higher E values were observed for 
Fluoranthene and Pyrene, which are more hydrophobic (log Kow 5.23 and 5.13 
respectively). Figure 1 shows the capacity E of AHA solution and SL fractions for PAHs.  
 
Table 1. Capacity E= Csoil leachate/Cwater of soil leachate fractions for PAHs, 

Soil Leachate Fraction 2 Fraction 3 Fraction 22 

 MEAN (n=3) SEM MEAN (n=3) SEM MEAN (n=3) SEM 

Phenanthrene 1.1 0.03 1.0 0.01 1.0 0.01 

Anthracene 1.5 0.1 1.3 0.1 1.3 0.1 

Fluoranthene 1.6 0.1 1.3 0.3 1.5 0.2 

Pyrene 1.9 0.3 1.6 0.3 1.2 0.01 

  

The free fractions of Fluoranthene and Pyrene in SL are showed in figure 2. Free fraction 
range between 60 and 80% for Fluoranthene and between 20-100% for Pyrene.  
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Fig. 1. Capacity E of AHA (208mg/l) and soil leachate fractions for PAHs. Ctotal is the 
equilibrium concentration of tested matrix(soil lecahate fraction, AHA) and red line 
indicates a value of E =1 above which matrix has enhanced capacity for PAHs 
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Fig. 2  Speciation of Fluoranthene (A) and Pyrene (B) in different soil leachate  fractions  

 

Data demonstrate moderate enhanced capacity of SL fractions for PAHs and that 
capacity tends to increase with compound’s hydrophobicity. The hydrophobicity effect 
on capacity is clearly demonstrated with AHA solution. Therefore for more hydrophobic 
compounds, like for example Benzo[a]pyrene (log Kow 6.13) we expect a much higher 
capacity both for AHA and soil leachates.  

 

Conclusions 

The proposed method was applicable for quantifying speciation and capacity of soil 
leachates for organic pollutants. This analytical approach combines simplicity with high 
precision, and it does not require any phase separation steps. 

Result showed that soil leachate had moderate enhanced capacity for the 5 PAHs tested 
in the present study, but higher capacity is expected for more hydrophobic compounds. 
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Abstract 
The increasing timber demand and the spreading mechanization of forest operations 
in France have led to call into question the sustainability of forest soil management. 
Indeed soil compaction following heavy traffic often causes lasting physical 
degradations that strongly influence other soil properties related to the ability of a 
site to sustain forest productivity. 
Two experimental sites were designed in the North-East of France to study the 
changes of soils after mechanized forest harvesting, on the short and the long-term. 
These sites are representative of highly sensitive soils to compaction. They present 
the same general functioning (Neo-Luvisol), but they differ on some physical 
(strength, bulk density, clay content and mineralogy) and chemical (pH, chemical 
saturation) properties. As soil deformation under intense stresses at the soil surface 
induces changes of voids volume, size and connection, it may impact heat, water and 
gas transfer and biological activity. All of these perturbations are supposed to alter 
soil atmosphere composition whose variations after heavy traffic may be a good 
diagnostic tool of soil compaction’s state. To confirm or invalidate this hypothesis the 
soil atmosphere composition is studied on the two sites, in control and compacted 
plots. The forwarder traffic led to an increase in bulk density of 17% to 26% compared 
to the initial values in the first 10cm and to an increase in soil CO2 concentration, 
especially during wet periods, in the two sites. These changes of soil atmosphere 
composition, the increase in mechanical resistance to penetration and the decrease in 
water infiltration will probably impact root growth, gas emissions, microbial and 
faunal activity and probably have a negative feedback on soil recovery dynamic. 
 
Introduction 
In France, the renewed interest towards wood products and the rising mechanization 
of silvicultural operations lead to an increase of physical stresses on soils whose 
deformation depends on soil intrinsic characteristics (texture, structure…), on soil 
moisture and on the load applied (weight, speed, wheel characteristics…). Direct 
effect of heavy equipment on soil properties include changes in the volume, the size 
and the continuity of voids (Soane & Van Ouwerkerk, 1994; Lamandé et al., 2005). 
These physical modifications will strongly impact transfer processes (water, gas, 
heat) and consequently soil aeration status and flooding (Von Wilpert & Schäffer, 
2005). Soil flora, fauna and microbial activity will be constrained and consequently 
the composition of its atmosphere may change (Soane & Van Ouwerkerk, 1994). The 
consequences of heavy traffic on soils are often interdependent and few studies have 
tackled the issue of the changes of a compacted forest soil on the long-term 
considering several functions impacted. 
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The aims of this study were to monitor changes in soil atmosphere composition 
following mechanized forest harvesting, and to test the relevance of soil atmosphere 
composition as a tool to assess soil physical degradation. 
 
Methods 
Two experimental sites have been set up in Lorraine (NE part of France). They are 
located in the “Hauts-Bois” forest - Azerailles, Meurthe et Moselle, and in the “Grand 
Pays” forest - Clermont en Argonne, Meuse. The climate of the region is characterized 
by 30-year mean annual temperature and precipitation of about 9 °C and 950mm 
respectively. The sites are described in detail in Goutal et al. (2010); briefly two areas 
of about 5 ha each were clear-cut, timber were removed while avoiding damages to 
the soil, and a 21 to 25 t forwarder (mean surface contact stress about 170kPa) drove 
on the soil for an equivalent of two passes on areas of 30 m * 50m, in spring 2007 in 
Azerailles (AZ) and in spring 2008 in Clermont en Argonne (CA).  
The soil of both sites is developed on a silt layer of approximately 40-50cm based on 
a clayey layer (textural breaking causing a temporary water logging) but presents 
some chemical and physical differences (Figure 1) between the two sites that may 
influence the behaviour and restoration after compaction.  
For each site, the whole area was split in three blocks to control site variability and 
different kinds of sensors were inserted to monitor many parameters (e.g. soil water 
content, temperature, water table level, water and air composition and above ground 
climate) at different spatial and time scales. Once a year, nine profiles per site are dug 
to take 500 cm3 and 1 200 cm3 stainless steel core samples to measure bulk density 
(corrected for coarse element content) and saturated hydraulic conductivity 
respectively. 
 

 
Fig. 1. Soil analyses (mean ± standard error, number of samples=13 to a depth of 50cm and 
about 5 below 5Ocm depth); clay content in g.kg-1(a), pH in water (b), and exchangeable 
calcium in cmol+.kg-1 ( c) as a function of depth in m (x-axis).  
 
Results and discussion  
Soil disturbance resulted in a significant increase in soil bulk density (Figure 2a); this 
impact decreased with soil depth but was still significant at 60cm depth, these results 
show a magnitude of compaction similar to many other studies in forest ecosystems 
(Page-Dumroese et al., 2006). Soil saturated hydraulic conductivity was significantly 
decreased by soil compaction but only in the first 40cm depth (Figure 2b) increasing 
the risk of water-logging and restricted aeration status. Despite the high sensitivity of 
soil atmosphere composition to the spatial variability of several soil physical and 
chemical parameters, some general trends in soil atmosphere response to traffic have 
be drawn (Goutal et al., 2010) and especially soil CO2 concentration showed 
interesting responses to heavy traffic (Figure 3). 

a) b) c) 
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Fig.2a. Soil bulk density (on the y-axis, in 
g.cm-3) as a function of depth (on the x-axis, 
in m) and treatment (C � control, 
undisturbed samples, T� “tassé”, compacted 
samples). Mean ± standard error (number of 
samples per depth = 12 in the undisturbed 
soils, 48 in the disturbed soils for the 0 to 30 
cm layers and 24 for the 30 to 60 cm layers). 

Fig.2b. Log of soil saturated hydraulic 
conductivity (measured at 20°C, on the y-
axis, in log(m.s-2)) as a function of depth 
(on the x-axis, in m) and treatment (C � 
control, undisturbed samples, T� “tassé”, 
compacted samples). Mean ± standard 
error (number of samples per depth = 3). 
 

 
For both sites, in undisturbed soils, at the surface (10 cm depth) soil CO2 
concentration remains more or less constant and low (< 1%), whereas in the others 
horizons (below 10 cm depth) soil CO2 concentration increases with depth and varies 
according to soil climatic conditions (temperature, water content mainly) remaining 
nevertheless below 5% (even in the more clayey horizons). In the AZ site, the CO2 
concentration of disturbed soils appears to be of the same magnitude and to follow 
the same variations with soil climatic conditions as undisturbed soils, except for very 
wet periods where compacted soils CO2 contain more CO2 than control soils and 
except also for very dry periods where it is the opposite. The soil gas dynamic results 
from gas production and consumption and gas transfer processes. The temporal 
variations of air-filled porosity (one indicator of gas diffusion) are greater in 
compacted soils than in undisturbed soils, probably implying more frequent anoxic 
environment and more frequent accumulation of CO2 in compacted soils due to poor 
diffusion. These more frequent anoxic conditions may decrease the production of CO2 
by biological activity in compacted soils which implies lower levels of CO2 than non-
compacted soils during dry periods where the soil is well aerated. Unlike in the CA 
site, where the two first horizons (7 cm and 15 cm depth) of disturbed soils show a 
CO2 concentration that stays nearly constant and below 2%, whereas the deeper 
layers show highly variable and always greater amount of CO2 in their atmosphere 
than in the atmosphere of undisturbed soils. CO2 dynamic seems here to be 
controlled by a layer that inhibits gas diffusion from deeper layers to the atmosphere 
in compacted soils throughout the year. The different response of soil atmosphere to 
compaction between the two sites may be due to differences in soil bulk density and 
in clay content and quality that may influence shrinking/swelling processes. 
 
Conclusions 
Soil compaction influences clearly soil atmosphere composition, its effect depends on 
the evolution of air-filled porosity and temperature (factors also affected by 
compaction), but it also seems to depend on the specific characteristics of the site 
(chemistry, physics, mineralogy, biology) and on the time elapsed since compaction 
pointing out that only a long-term monitoring will help to separate the different 

AZ  (2007) CA  (2008) 

CA  (2008) AZ  (2007) 
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influences. Monitoring soil atmosphere composition seems to be a sensitive tool to 
assess physical degradation following heavy forest harvesting. 
 

 
Fig. 3. Temporal evolution of soil CO2 concentration (on the y-axis, in %) at different depths 
for undisturbed soils in AZ 3a) and in CA 3c) and for disturbed ones in AZ 3b) and CA 3d). 
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Summary 

Based on soil-gas diffusion coefficient (Dp) data for differently-textured soils 

including organic soils, the effects of organic matter content (OM) on soil-pore 

structure parameters were investigated. The increase of OM formed highly porous 

soils with tortuous soil-pore networks, causing higher percolation threshold and pore 

connectivity-tortuosity factor. These effects were introduced in a predictive Dp model 

expressed by a power-law function of soil-air content, showing good model 

performances across soil types as compared to existing, predictive Dp models. 

 

Introduction 

The soil-gas diffusion coefficient, Dp (m2 s-1), is the governing transport parameter for 

gas diffusion under gas concentration gradients. The Dp is highly influenced by soil-

pore structure parameters including soil-air content (ε), total porosity (Φ), and 

tortuosity of the air-filled pore space. Organic matter (OM) in the soil plays a major 

role for these soil-pore structure parameters. However, the OM effects on the soil-

pore structure parameters are still unclear and there are no studies on predictive Dp 

models directly considering organic matter content. In this study, based on 

comprehensive data sets of Dp for differently textured soils, we will identify the effects 

of organic matter content on the total porosity, percolation threshold for the Dp, and 

pore tortuosity factor, and will suggest an OM-dependent predictive Dp model.  

 

Methods 

We used data sets of Dp(ε) for differently-textured soils at variably-saturated 

condition; 5 different sands, 6 different loamy-clayey soils 3 different volcanic ash 

soils, 2 different organic soils. In addition to own measurements, the Dp data from 

Hamamoto et al. (2009) and Freijer (1994) were used in the analysis. The Dp was 

measured on the 100-2o0 cm3 soil cores using the method recommended by Rolston 

and Moldrup (2002).  
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Model Developments 

We applied a classical Buckingham type power law model to the measured Dp data,  

DP/D0 = εXdry                (1) 

where Xdry is the pore tortuosity-connectivity factor under dry conditions, and D0 is 

the gas diffusion coefficient in free air. Buckingham (1904) suggested Xdry = 2. When 

a percolation threshold, at which diffusive gas transport diminishes due to a 

disconnected air phase, is considered,  Eq. (1) can be written as, 

DP/D0 = (ε-εth)Xdry’             (2) 

where εth is the percolation threshold and Xdry’ is the Xdry when εth > 0 is considered. 

In this study, Xdry and Xdry’ values were estimated by applying Eqs. (1) and (2) to the 

measured Dp data under fully or nearly dry conditions. 

 

Results 

Figure 1a shows the Dp data for all soils as a function of soil-air content (ε). At the 

same ε, higher Dp was observed for sands due to rapid gas diffusion through the 

larger pore-networks, while organic soils showed lower Dp, indicating higher water 

blockage effects on Dp for organic soils due to OM-induced higher total porosity. A 

predictive Dp model proposed by Millington and Quirk (MQ) (1961), Dp/D0 = 

[(ε10/3)/(Φ2)], was applied to the Dp data for each soil category (Figure 1a). The MQ 

model performed well against the Dp data for sands but generally overestimated the 

ones for organic soils. The Dp data set for each soil was fitted by Eq. (1), with 

examples shown in Figure 1b, and the ε at Dp/D0 = 10-4 was defined as the εth since 

the diffusion in air is approximately 104 times higher than that in water. The same 

approach was applied by Schjønning et al. (2003).  

 

 
Fig. 1.  (a) Gas diffusivity as a function of soil-air content across soil types. (b) 

Determination of percolation threshold for gas diffusivity (examples for 3 soils). 

 

Figure 2a-2c show the total porosity (Φ), percolation threshold (εth), and pore 

tortuosity-connectivity factor as a function of organic matter content (OM). The Φ 

increased nonlinearly with increasing OM, suggesting the organic matter contribute a 

formation of high porous materials (Figure 2a). Significantly higher εth, Xdry and Xdry’ 
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values for organic soils (OM contant > 0.6) were observed due to their high tortuous 

organic matrix pores (Figure 2b and 2c). Linear relations between each parameter 

and OM content were obtained although further investigations are needed for 

validating the relations. Figure 2d shows the Xdry and Xdry’ as a function of OM/Clay 

content for soils (except for organic soils where clay was not measured). Dexter 

(2008) suggested that around 1.7 g of organic matter is complexed by with 8-11 g of 

clay (n = 8-11). Based on the Figure 2d, three regions of pore characteristics can be 

defined as follows, i) n> 10 (below Dexter lines): Minerals-Dominated Region, where 

organic matter is mainly complexed on mineral surfaces giving low εth and large 

fluctuations in Xdry and Xdry’, likely controlled by both compaction (i.e., Φ) and soil 

texture, ii) 1.4<n<10: Transitional Region, where organic matter starts to create 

structural bonds between mineral particles, giving low εth but fairly constant Xdry and 

Xdry’ values around 2 due to evenly-distributed water controlled by organic matter 

coatings, iii) n < 1.4: Organics-Dominated Region, where organic matrix is 

dominating soil structure, giving highly tortuous air-filled pore networks with high εth. 

 

 
Fig. 2.  (a) Total porosity, (b) percolation threshold, and (c-d) pore connectivity-

tortuosity factor as a function of organic matter content (OM) and OM/clay content. 

 
Fig. 3.  Scatter plots for comparison of model performances for (a) Buckingham 

(1904) model, (b) MQ (1961) model, (c) New model 1, and (d) New model 2). 

 

Figure 3a-3d show tests of predictive Dp models against the measured data. Four 

predictive models were tested; Buckingham (1904) model, MQ (1961) model, two new 

predictive models based on either Eq. (1) or Eq. (2), labelled “new model 1” and “new 

model 2”, respectively. The Xdry in the new model 1 and the εth and Xdry’ in the new 

model 2 were estimated from the linear functions of OM (Figure 1b and 1c). Table 1 

presents the model performances for the four models. The MQ (1961) model and the 

Buckingham (1904) model showed best model performances for sands and loamy-
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clayey soils, respectively. The two new models performed better for volcanic ash soils 

and organic soils as compared to the existing two models. Especially the new model 2 

considering OM-enhanced pore tortuosity and εth highly improved the model 

performance for organic soils and performed best for the Dp data of all soils combined.  

 

Table 1.  Model performances of predictive Dp models. 

 
 

Conclusions 

We have investigated the effects on organic matter content (OM) on soil-pore 

structure parameters (total porosity, percolation threshold for the Dp, and pore 

connectivity-tortuosity factor) based on the Dp data for differently-textured soils. The 

observed OM-enhanced pore tortuosity and percolation threshold were expressed as 

linear functions of OM. The new predictive Dp model considering OM showed good 

model performances across soil types including organic soils. 
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RMSE bias RMSE bias RMSE bias RMSE bias

Sands 0.046 0.016 0.036 -0.018 0.039 -0.004 0.040 0.003

Loamy-clayey soils 0.030 -0.018 0.058 -0.017 0.037 -0.021 0.034 -0.021

Volcanic ash soils 0.049 -0.023 0.058 0.002 0.044 -0.005 0.045 -0.012

Organic soils 0.194 -0.166 0.121 -0.071 0.056 0.038 0.043 0.014

All soils 0.103 -0.049 0.076 -0.028 0.044 0.000 0.040 -0.005

Buckingham (1904) MQ (1961) New model 1 New model 2
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Summary 

The severe flood events in several parts of Europe in recent years have increased and 
initiated a debate on the role of the land-use and land management changes as measures 
for preventive flood protection.  

In a catchment in Germany (Schunter region) the dynamics of soil water has been 
investigated in order to identify the impact of different land-use and land management 
on the soil water storage capacity. Based on the known NRSC curve number approach, a 
modified model (CNm) to determine the water storage capacity on regional scale has 
been developed and provide a suitable tool to investigate the impact of different land-use 
and land management on the infiltration properties. Simulations scenarios have shown 
that the total water storage capacity of a catchment can be increased by 1 % with organic 
farming compared to an increase of 0.4 % with conservation agriculture. Based on a 
land-use change study, it could be exposed that the infiltration capacity of a whole 
catchment has been reduced by 17 % from 1950 to 2009.  

The modified curve number approach is a useful tool to estimate the impacts of historic 
or planned land-use and land management changes. 

 

Introduction 

Surface runoff is a function of many variables including rainfall intensity and duration, 
soil type, land-use, land management and slope. The change in the land-use (e.g. 
urbanization activity, deforestation, turnover of grassland for biofuel production) and 
land management practice can substantially contribute to flood generation. The change 
of the soil infiltration capacity by inadequate land management can lead to a silent 
sealing (Schnug & Haneklaus, 2002), a deterioration of soil properties which results in 
negative impacts like faster runoff production.  

The curve number (CN) method (USDA 1986) is a widely accepted method because of its 
simplicity, and the limited number of parameters required for runoff prediction (Graf 
1988; Ponce and Hawkins 1996; Bhuyan et al. 2003). This work analyses a new way of 
assessing soil water storage capacity on a regional scale by using a new way to determine 
the curve number from direct infiltration measurements.  
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Materials and methods 

Test sites 

The investigations were carried out in the catchment area of the river Schunter 
(3598000, 5806000, Gauß Krüger, Zone 3), a 60 km long tributary stream of the Oker, 
which is discharging to the river Weser. This test site is situated east of Braunschweig in 
Germany (Fig. 1). 

                
Fig. 1. Catchment area of the Schunter (Base map: Source BKG). 
 
Infiltration measurements 

Soil infiltration rate was measured with a Hood-Infiltrometer according to (Schwärzel 
and Punzel, 2007). The unsaturated hydraulic conductivity was computed based on the 
(Wooding, 1986) solution, while the saturated hydraulic conductivity (Ks) can be 
computed with the Gardner’s equation (Gardner, 1958).  

 
Calculating runoff 

The runoff is calculated based on the CN method. The relation of the potential retention 
S to the curve number is shown in the following equations (Eq. 1): 

 
S

CN
+

=
254
25400

                                                                                                                                    (1)                          

Where S is the retention potential [mm] 
 
The value S is the retention potential, which describes the maximum amount of water 
that can infiltrate into the soil before producing runoff. In fact this is equal to the 
saturated hydraulic conductivity. By replacing S with Ks the curve number can be 
computed for each land-use, land management situation, when hydraulic conductivity 
has been measured in the field. This leads to (Eq. 2): 

 
s

m K
CN

+
=
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25400

                                                                                                                               (2)                       

Where CNm is the modified CN [1/L.T-1], Ks is saturated hydraulic conductivity [ ]1−⋅TL   

The retention potential S, can be computed with existing soil data, land-use and 
management information and the CNm.  Finally the S value becomes a direct measure of 
the impact of land-use and land management on the infiltration properties of a 
catchment. 
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Results and discussion 

Evaluation of Land-use change for the Schunter catchment 

The results of a land-use change mapping of the Schunter catchment for 1950 and 2009 
are shown in (Fig. 2). With changing land-use and increasing urbanization activity 
within the Schunter area (Table 1), the total water storage capacity was decreased by 17.3 
% from 1950 to 2009. These results consistent with several authors (Hartge 1988; 
Wahren et al. 2009) who deduced that deforestation, grazing, urbanization and other 
land-use activities can significantly postpone the seasonal and annual distribution of 
surface flow and decrease the infiltration capacity.  

 

                  
Fig. 2. Land-use distribution in 1950 (left) and 2009 (right) for the Schunter catchment 

(C: Cropland, F: Forest, G: Grassland, U: Urban area, W: Water). 
 
In addition, to maintain the potential water maximum retention within the watershed 
the loss of the grassland for bio-energy production needs to be damped. A convenient 
strategy can be the conversion of conventionally managed cropland to organic cropland. 
Our results reveal that decreasing grassland by 10 % compared to the status quo in 2009 
increase the loss of the storage capacity for the catchment by 17.9 %, while increasing the 
organic management by 10 % compared to the status quo in 2009 reduce the loss of the 
storage capacity for the catchment by 15.7 %.  
  
Table 1. Results of infiltration capacity scenarios for the Schunter catchment. 

Scenario Land-use S [mm] 
Fraction of  S 

[%] 
Fraction of  S 

[% ⋅100 ha-1] 
Area [ha] 

Only organic farming (1950) 
Infiltrating  area: 57527 ha 
Total S: 282 mm 
Potential S used: 63 % 

Crop. conv. 0 0.0 0.00 0 
Crop. org. 125 44.1 0.13 34477 
Crop. cons. 0 0.0 0.00 0 

Grassland 32 11.6 0.16 7137 

Forest 125 44.3 0.28 15913 

Current land-use (2009) 
Infiltrating area: 53480 ha 
Total S: 251 mm 
Potential S used: 56 % 

Crop. conv. 50 20.0 0.09 21441 
Crop. org. 3 1.4 0.15 896 
Crop. cons. 22 8.6 0.12 7448 
Grassland 34 13.6 0.20 6924 
Forest 142 56.4 0.34 16778 
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Evaluation of Land management impact for the Schunter catchment 
Changing the land management revealed that converting 10% of conventional cropland 
to organic management is more effective on infiltration capacity than converting the 
same area to conservation management. This fact was associated with (Schnug & 
Haneklaus, 2002) who stated that organic management results in producing more 
"biopores" in the soil, and hence higher infiltration capacity. The maximum storage 
capacity of the whole watershed increased by 1% with organic management compared to 
an increase by 0.4 % with conservation management. 
 
Conclusions 

The impact of land-use and land management on the soil water storage capacity has 
been demonstrated. The developed modification of the curve number approach to 
determine the maximum storage capacity on regional scale is suitable tool to investigate 
the impact of different land-use and land management on the infiltration properties. The 
CNm provides a direct measurement in situ for the impact of land-use and land 
management on the soil infiltration characteristics. With this tool the impacts of planned 
management activities on soil infiltration can be evaluated and optimized. 
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Summery 

Non-aqueous phase liquids (NAPL) are one of the most important contaminants of 
soils.  Toxic effects of these compounds are affecting on growth, metabolism and 
causing tumor formation, acute toxicity and gene toxicity on organisms. 
Understanding of infiltration characteristics of these compounds into the soils is very 
important because it helps to remediate contaminated soils and manage to reduce 
NAPL recharge into groundwater.  In this research, infiltration of crude oil, gasoline, 
gas oil and kerosene was investigated in sandy loam soil under non-consent NAPL 
heads. The infiltration rates of these compounds were exponentially decreased by 
increasing wetting front length. The obtained infiltration curves of crude oil and 
gasoline curves were very similar to water infiltration curve. The saturation hydraulic 
conductivity of crude oil, gasoline, gas oil and kerosene were obtained to be 0.058, 
0.240, 0.280, 0.365 cm/ day, respectively. Some NAPL characteristics including type 
of compounds, composition, surface tension, viscosity and specific gravity were 
appeared to significantly influence infiltration.  

Introduction 

Environmental contamination, particularly soil is one of the most important 
challenges in recent years. Human activities have imposed several contaminants in to 
soils worldwide. Soil contaminants can enter the human and animal bodies through 
food cycle. Non-aqueous phase liquids are most important contaminants in soils.
NAPL are characterized by their high hydrophobicity, resistance to natural 
degradation and carcinogenic properties. These components enter the soil from 
pipeline blow-out, road accidental, during transportation (land or sea) and during 
the crude oil drilling process or leakages from storage tanks and parts of   
manufactured gas plants by-products. (Khodadoust, 2000; Wang Yunqiang, 2009; 
khamechiyan and et al, 2007; Ivica kisic and et al, 2009). Human beings rarely are 
exposed to NAPL, but free NAPL, approaching the groundwater and adsorption on 
the soil particles and residual NAPL would remain in the unsaturated zone provide 
persistent source of contamination (Kechavarzi and et al, 2005).  The chemical 
composition of the contaminant and the properties of the soil have an major 
influence on the extent of contamination (khamechyan, 2007). 
NAPL, released into the subsurface environment, tend to move downward under the 
influence of gravity and matric forces (Wipfler and et al, 2004; Knight and et al, 
1996). NAPL, in contact with water or air actes similar to an immiscible and single 
phase. Afterwards, NAPL enters into the soil and then it can challenge with water for 
replacing into soil pores. The difference between the properties of water and NAPL 
cause an interfacial energy which exists between the fluids (water and NAPL) which 
is also important in moving NAPL. Capillary forces (P), soil saturation (S) and 
intrinsic permeability (K) have a major role in the case of multi- phase fluid flow in 
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heterogeneous soils (Knight and et al, 1996 and Wipfler and et al, 2004). Soil particle 
size and bulk density both had significant effect on NAPL infiltration into soil. ( 
Wang Yunqiang and et al, 2009). 
Darcy s law is considered as one of the basic relationships to elucidate the NAPL flow 
in porous media and it is extended to multiphase flow with permeability which is 
replaced by phase permeability (Ling-chang and et al, 2009). Quantitative 
information on NAPL transported into soil does not adequate for describing and 
predicting NAPL behavior and infiltration. These information play and important 
role in understanding of the mechanism and the control of NAPL behavior and the 
ability to predict the subsurface distribution of NAPL contribute to the success of 
remediation effort.  Improving this conceptual understanding with physical and 
mathematical modeling is essential to manage contaminated sites. The objective of 
this study was to quantitatively evaluate the crude oil, gasoline, gas oil and kerosene 
infiltration process in soil. 

Materials and method 
Non-aqueous phase liquid 
The NAPLs used in the experiments  were consisted of crude oil, gasoline, gas oil and 
kerosene, which were obtained from the Tehran oil refinery. Some physical and 
chemical properties of NAPLs and gas chromatography analyses are given in Table 1.  
The viscosities of these compounds were measured by a viscometer apparatus (model 
SVM 3000).   

  NAPL      Molecular size            
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      Color
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NAPL                       Dynamic Viscosity (µ)                Kinematic Viscosity ( )          Bulk density      
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Kerosene                                            

  

                                    Temperature= 

  

The experimental sandy loam soil texture (12.2 clay, 21.1 silt and 66.7% sand) with 
bulk density of 1.65 gr/cm3 was collected from neighboring Tehran oil refinery. The 
collected soil samples were air-dried and grounded to pass through a 5-mm sieve 
before starting soil packing. 

Table 1. Some physical and chemical properties of the applied NAPL

 

144



The experimental Polexsi Glass microlysimeters with height of 80 cm and 9.5 cm 
inner diameter were filled with packed sandy loam soils. The bottom of lysimeters 
were closed with a porous screen, corresponding to the soil porosity (Approx. 44%).  
Experiment  
The experimental lysimeters were packed up to 70 cm with the collected soil. A head 
of 8cm NAPLs was applied on the soil surface (Fig. 1). Also for calculating  saturated 
hydraulic conductivity of NAPLs with Darcys law, the lysimeters were similarly used 
to the previous step and a constant head (5 cm) of NAPLs were maintained through 
the experiment. The NAPLs allowed to out-flow from the bottom end of lysimeters. 
The outflow was measured continusely during the experiment. The infiltration rate, 
wetting front, instantaneous infiltration rate, cumulative infiltration, hydraulic 
conductivity and sorptivity parameters were calculated for all oil compounds. 

  

Results and discussion  

The infiltration curves of all NAPLs as well as water are presented in Fig. 2. Similar 
to water wetting front and cumulative infiltration, all NAPL components were 
increased exponentially. The largest NAPLs infiltration rates and water was observed 
during the initial experimental period because the soil matric potential is higher than 
gravitational potential at that stage. 

The largest infiltration rate belongs to gasoline and afterwards to kerosene.  Because, 
both have the lower viscosity compared to the other applied components. The lower 
infiltration rate belongs to crude oil due to its largest viscosity. 

Crude oil rate infiltration was less than water because the surface tension of crude oil 
is larger than that of water, while viscosity of water is more than the of crude oil. 

A

 

Soil

 

NAPL (5 cm)

 

NAPL 
SOURCE 

NAPL out

 

put

 

Soil

 

NAPL (8 cm)

 

Fig. 1.   Schematic representation of NAPL infiltration under initial 8 cm NAPL head (B) 
and the constant 5 cm NAPL head (A). 
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The saturated hydraulic conductivity and sorptivity of all applied NAPLs and water, 
obtained from Darcy s law and the Philip model, respectively are presented in Table 
(2).  

 
Cu

m
ul

at
iv

e 
in

fil
tr

at
io

n
 (c

m
)

Time (min)

Water

 Crude oil

Gas oil
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Fig .2. The cumulative (A) and infiltration rate (B) of the applied NAPLs and water.  

NAPL

 

                            crude

 

oil             Gasoline           Gas oil          Kerosene                   

 

Water

  

Parameter 

  

A  (cm/min)           o.00579      0.0661        0.000883      0.0063                0.02922 
Sorptivity                0.1609         1.775           0.6467            1.485                    0.2025 

** (cm/day)         0.058          0.240         0.280             0.365                      0.061  

 

The parameters of Philip model were obtained using Matlab Software. The obtained 
cumulative infiltration and infiltration rates with the Philip model were then 
compared with measured experimental values. The results indicated that Philip 
equation can be well applied to NAPLs infiltrating into the soil.  However, the best fit 
was obtained for the Gas oil than the other NAPL components. Some NAPL 
characteristics including type of compounds, composition, surface tension, viscosity 
and specific gravity were appeared to significantly influence the NAPL infiltration.   
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Summary 

Considerable uncertainty exists concerning the role of interfaces (e.g., air-water 

interface [AWI] and contact line) in colloid retention, mobilization, and transport in 

unsaturated porous media under transient flow conditions. This presentation 

summarizes recent experimental and theoretical advances in interface- and pore-

scale investigations of the role that AWI and contact line play in colloidal processes 

associated with imbibition and drainage fronts.  

Introduction 

Colloids mobilized during infiltration and drainage events may serve as carriers of 

strongly sorbing contaminants and facilitate the contaminants’ transport through the 

vadose zone and in groundwater aquifer (McCarthy and Zachara, 1989; DeNovio et 

al., 2004). Some colloids themselves (e.g., pathogenic microorganisms, 

manufactured colloid- and nano-sized materials) are of public health concerns due to 

their potential to contaminate water resources.  

In unsaturated media, colloid retention and mobilization are more complex 

compared to in saturated media due to the presence of an air phase, which results in 

additional colloid retention sites (e.g., AWI and contact line [where solid, liquid, and 

air meet]), as well as gives rise to additional interfacial processes (e.g., capillary 

interactions/forces).  Considerable efforts in recent years have been devoted to 

understanding colloid retention mechanisms in unsaturated systems, especially at 

the pore scale (e.g., Wan et al., 1994, Crist et al, 2004, Chen and Flury, 2005,  

Lazouskaya et al., 2006, Gao et al., 2008). Moreover, most natural vadose zone 

processes are associated with transient, unsaturated water flow regimes, 

characterized by temporal and spatial variability in water content and flow velocity. 

The limited number of studies that have investigated colloid mobilization in 

unsaturated systems during transient flow were mostly conducted in columns 

measuring breakthrough behaviors that do not necessarily allow mechanistic 

examination of the processes involved (Gao et al., 2006, Sheng and Flury, 2008; 

Cheng and Saiers, 2009; Zhuang et al., 2007, 2010).   

In this presentation, I will report recent advances in experimental and theoretical 

examination of colloid retention and mobilization processes at the interface- and 
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pore-scale. Understanding at the microscopic scale provides mechanistic 

interpretation and a link between microscopic observations and macroscopic colloid 

mobilization and transport behavior. 

Materials and Methods 

Microfluidic channels (Microfluidic ChipShop, Jena, Germany) with an angular 

(trapezoidal) cross section were used to represent a soil capillary (Lazouskaya and 

Jin, 2008). Two-phase flow was created in the channel generating advancing and 

receding AWIs and contact lines (corresponding to imbibition and drainage fronts, 

respectively) in the system. Colloid mobilization and retention at the interface scale 

were visualized with a confocal microscope (Carl Zeiss Axiovert 200M equipped with 

LSM 510, Oberkochen, Germany). 

Pore-scale observations of colloid mobilization, re-entrainment, and transport by 

transient imbibition/drainage fronts were observed in Hele-Shaw cells. Hele-Shaw 

cells (1 cm wide and 4 cm long) were sintered with 1-mm (± 0.02 m) diameter glass 

beads (monolayer), which ensured similar packing between different cells and 

reduced wall effects. A high speed and high resolution video camera (Marathon 

Ultra, GS Vitec GmbH, Germany) was used to record images of imbibition/drainage 

fronts at 1200 frames/s and a resolution of 1200 x 512 pixels.   

Fluorescent carboxylate-modified polystyrene microspheres (F8813, Molecular 

Probes, Eugene, OR) were used in interface-scale observations and polyethylene 

microspheres (Cospheric, Santa Barbara, CA) were used in pore-scale experiments, 

respectively. 

Results and Conclusions 

Observations at interface-scale using microfluidic channels and confocal microscope 

allowed clear distinction on the role that the AWI and contact line, respectively, play 

in processes of colloid mobilization, retention, and transport. A moving contact line 

associated with imbibition or drainage fronts, rather than the AWI, is mainly 

responsible for mobilizing previously deposited colloids. The mobilized colloids can 

then be transferred to the AWI, where they are retained by strong capillary forces 

and can be furthered transported with the moving AWI. Colloids in suspension are 

unlikely to attach to the AWI directly.  

Pore-scale observations in Hele-Shaw cells using high-speed camera clearly reveals 

the dynamic nature of colloid mobilization and retention at moving interfaces under 

conditions more representative of porous media. Main findings from this study 

include: 1) a macroscopic imbibition or drainage front is composed of numerous local 

abrupt interfacial jumps and pressure bursts, which lead to entrainment of colloids 

that otherwise would not be mobilized by the subsequent steady flows forming ahead 

or behind a passing front; 2) imbibition fronts mobilize more colloids than drainage 

fronts due to higher capillary interactions; and 3) colloid deposition behind drainage 

fronts occurs due to thick trailing film and residual phase entrapment. 
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Our study shows that new experimental tools allow direct interface- and pore-scale 

investigation of colloid mobilization and retention processes during transient flow 

conditions. These observations, coupled with force analysis at interfaces and 

mechanistic interpretations, provide a link with column-scale macroscopic colloid 

behavior under similar transient flow conditions. 
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Summary 
The present study aims at quantifying how heterogeneous pesticide degradation 
potentials in agricultural soil will affect MCPA degradation and leaching. MCPA 
mineralization was shown to be highly heterogeneous at the cm-scale, and the MCPA 
mineralization did not follow simple first-order kinetic. Mineralization kinetic was 
furthermore highly concentration dependent suggesting that a single DT50 value 
cannot be used to model degradation over a range of concentrations. At high MCPA 
concentration, mineralization and thus also its’ spatial heterogeneity, had only small 
effects on total pesticide mineralization and leaching, due to low sorption and 
therefore fast transport. We are currently investigating the impact of biodegradation 
and heterogeneity at low MCPA concentrations.  
 
Introduction 
The predicted leaching of a pesticide is typically based on simple first-order 
degradation data (DT50) from experiments using large, homogenized soil samples. 
However, the major premise of the present study was that the pesticide-degrading 
bacteria and their pesticide substrate will neither in space nor in time be 
homogenously distributed in agricultural soil. Simple, average, first-order kinetic 
may therefore be inadequate for modelling pesticide degradation and leaching. This 
assumption was based on a previous study where we demonstrated how the potential 
mineralization of the [14C]-labelled phenoxyacetic acid herbicide MCPA varied at the 
cm-scale in the A-, B- and C-horizons of an agricultural clayey till soil. Our objective 
was to evaluate how such cm-scale heterogeneities will impact the simulation of 
pesticide mineralization and pesticide leaching under different scenarios. 
 
Materials and methods 
Mineralization data 
The soil profile (0-115 cm) was divided into seven domains each representing a 
distinct soil horizon. For each domain, 84 mineralization curves were available 
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determined within x-y oriented grids of 6.5×10.5 cm. Each mineralization curve 
represented the mineralization potential of a 0.2-g soil sample. The mineralization 
curves were quantified by two types of mineralization kinetics: a) Sigmoid Compertz’ 
functions, and b) A delay time of variable length followed by rapid linear 
mineralization.  
 
Model setup 
The modelling tool was the program MultiPhysics version 4.0a from COMSOL. 
MCPA sorption data and soil-physics from comparable clayey till sites overlaying 
chalk were found in the literature. MACRO-simulated net-precipitation from 
Faardrup, a clayey till-site included in the Pesticide Leaching and Assessment 
Program (PLAP), was used as climate data. Domain 1 (0-24 cm) represented the 
plough layer, domain 2 represented the upper B-horizon (25-31 cm), domain 3 the 
middle B-horizon (32-66 cm), domain 4 the lower B-horizon (67-90 cm), and domain 
5 the C-horizon (below 91 cm). We planned to compare three scenarios: i) simple 
matrix flow of water with average biodegradation of the MCPA at all nodes, which 
corresponds to results derived from a conventional homogenized soil sample; ii) 
simple matrix flow of water with the observed high variation in biodegradation of the 
MCPA corresponding to random variation in degradation; iii) vertical structure in 
water flow combined with vertically structured degradation (defined hot spots and 
cold spots), which corresponds to a situation were both flow and degradation are 
associated with macropores. 
 
Concentration effects 
The effect of substrate concentration on the mineralization kinetics was investigated. 
Soil from the plough layer (domain 1) was thoroughly homogenized, and 
mineralization of MCPA was tested at concentration of 10 mg/ kg, 3 mg/ kg, 1 mg/ kg, 
0,3 mg/ kg and 0,1 mg/ kg by spiking 1-g subsamples (n=5).  
 
Results and discussion 
It was obvious that the mineralization of MCPA at all depths did not follow first-order 
kinetics. Sigmoid Compertz’ functions were good for describing the mineralization 
curves from the majority of the samples that showed growth-based mineralization. 
Some samples, however, showed slow linear mineralization (co-metabolism) that 
could not be emulated satisfactorily by sigmoid functions. Kinetics with delay time 
followed by linear degradation, on the other hand, could precisely emulate non-
growth kinetics. For growth-based kinetic, delay time followed by linear degradation 
was acceptable, though not 100 percent precise.  
 
In the upper domain (plough layer), all samples showed relatively rapid MCPA-
mineralisation with delay times of 5 to 15 days. Spatially, the mineralization potential 
was variable in the upper domain, but more homogenous than the B-horizon 
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domains. Spatial heterogeneity and variation in mineralization potential was most 
pronounced in domain 2 (upper B-horizon) with delay times ranging from 20 to 70 
days. Mineralization potentials were absent in many samples from domain 3 and 
domain 4, and those samples that mineralized MCPA showed long delay times of up 
to 85 days. Mineralization was totally absent in domain 5 (C-horizon). The 
degradation kinetics turned out to be highly concentration dependent with 
decreasing delay times at decreasing concentrations. This also suggests that a single 
DT50 value cannot satisfactorily describe degradation over a range of concentrations 
in conventional models. 
 
The model was run with an MCPA application corresponding to the previous 
maximum allowed dose (grassland, 2,025 kg/ha). Preliminary results showed that 
biodegradation, and consequently also spatial variation, was of no importance for the 
distribution and leaching of the pesticide. The reason was that the degrader bacteria 
needed time for growth (delay time) to respond to the elevated MCPA concentrations. 
As the delay time for most nodes was longer than the MCPA retention time at those 
nodes (due to low sorption of the pesticide) the degraders could not significantly 
impact the MCPA concentration. The pesticide concentrations were greatly reduced 
by dilution and dispersion during passage through the soil column, and the simulated 
leaching from the C-horizon was found to be within the order of magnitude that has 
been detected in PLAP. We are currently investigating the fate of MCPA at low 
concentrations corresponding to what is typically applied in agriculture today (100-
500 g/ha). 
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Summary 
The design and management of porous medium-based root-zone environments for 
plant growth during extraterrestrial flight as well as for Lunar- or Martian-based 
gravity fields pose significant challenges. In each of these reduced gravity 
environments, capillarity has greater influence than on Earth and in the case of 
microgravity (i.e., orbiting space craft), it is the dominant hydraulic force. Soil 
physical principles can be applied to address these challenges of appropriately 
designing porous plant growth media and managing fluids within a reduced 
gravity rooting environment. Generally, reduced gravity forces lead to higher 
capillary rise in porous media leading to excess irrigation and potential hypoxia, 
which may be offset using a wider distribution of particle and thus pore sizes. If 
passive water management by gravity-induced drainage is used, this suggests 
larger particles and potentially thicker water films in which plant roots may 
experience problems of reduced gas exchange. Using active suction-controlled 
water management makes use of similar pore systems developed on earth possible, 
but adds additional risks in the event of power loss. Here we highlight features 
associated with the gravity-based management approach.   
 
Introduction 
The selection of optimal plant growth media on earth has, for decades, been an 
empirical effort often focusing on available materials rather than on the physical 
principles that govern water retention and flow. Creating and maintaining an 
optimal plant root environment at reduced gravity requires a new perspective 
considering the perturbation of gravity force and innovative ideas for managing 
water and thereby gas exchange and delivery of nutrients (Jones et al., 2005). 
Designing an appropriate pore-size distribution from the assembled particle-size 
distribution for an optimal plant rooting environment will be a key step in 
establishing a bioregenerative Lunar or Martian outpost. Management may be 
incorporated within the design of the porous medium pore structure using 
principles of substrate water retention, liquid and gas transport and plant resource 
(O2) uptake as summarized in Figure 1a, (Jones and Or, 1998). Building upon 
recent microgravity porous media research, we can characterize and model 
appropriate scale-dependent processes of liquid and gas fluxes based on 
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and 1.0 mm for Earth, Mars, and Moon, respectively. The resulting gravel-sized 
particles (Figure 2b) needed to generate 1 mm sized pores in the Lunar gravity 
scenario, would likely be ground from rock and should hypothetically provide a 
combination of water and air-filled pores as the 0.25 to 1.0 mm system does on 
Earth. However, the effects of reduced gravity may also manifest themselves in 
altered fluid distribution and transport, especially when considering a shift from 
sand-sized to gravel-sized particles. This has implications on water film thickness, 
unsaturated hydraulic conductivity and diffusion path lengths at pore-scales that 
we have little experience with. It is therefore imperative that soil physical 
principles be applied in order to anticipate and address these challenges of 
controlling fluids in reduced gravity porous media. With appropriate 
understanding of the porous medium physics in reduced gravity coupled with 
experience in a reduced gravity environment, plant growth can be successfully 
carried out as has been the case on the International Space Station (Figure. 3). 
 
Conclusions 
Reduced gravity poses challenges for design and management of plant growth 
rooting environments based on the increase in capillary rise which may lead to 
reduced gas exchange for plant roots. Novel design approaches are needed to 
address the challenge posed by the limited resources available at Lunar or Martian 
surfaces.  
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The sustainability criteria of EU Directive 2009/28/EC require that calculation of 
greenhouse gas (GHG) emission savings from bioenergy production comprises the 
whole production chain. The main objective of the project is to estimate net emissions of 
GHG from biomass production on fen peat soil types under different management 
strategies. 
 
The project focuses on the following tasks: 

1) Providing data for improved model estimations of net carbon binding in the plant 
and soil. Crop physiological measurements of net CO2 assimilation and 
determination of soil respiration compared with chamber measurements of net 
ecosystem exchange (NEE). Spatial and temporal data upscaling. 
 

2) Using state of the art models for scenario studies of net GHG emission from 
different agricultural management strategies of fen peat land.  
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Summary 
Soil water repellency (WR) is a dynamic property which varies with soil-water content 
(θ). Although it has generally been observed that instantaneous water entry into water 
repellent soil occurs at positive water pressure, little is known about dynamic change of 
WR during infiltration. In this study we studied the equilibrium wetting properties of an 
aggregated volcanic ash soil using an experiment apparatus equipped with a high 
resolution combined tensiometer and time domain reflectometry coil probe. Soil 
samples with varying degree of WR were prepared by adjusting θ and, consequently, 
wetting and drying processes of soil samples were studied. We found a good agreement 
between the severity of water repellency and water-entry value at water imbibing point 
during infiltration. 
 
Introduction 
Soil water repellency (WR) can significantly lower the soil-water retention in soil, 
thereby reducing the soil-water content (θ) and thus the θ-dependant soil hydraulic 
conductivity. This phenomenon is a function of severity of WR, which depends primarily 
on soil organic carbon (SOC) content. Recent studies have shown that instantaneous 
water-entry into water repellent soils occurs at positive pressures, and this positive 
water-entry pressure is considered as an important index to quantify the severity of 
initial soil WR (Wang et al., 2000; Arye et al., 2007). Soil WR disappears when the soil is 
initially saturated and the drainage retention curve acts similar to that of a wettable soil. 
The water-entry value (heq) during infiltration is affected by soil texture, structure, initial 
water content (θi) and the initial advancing soil-water contact angle (αin) that can be 
measured by the molarity of ethanol droplet (MED) test or estimated with predictive 
models (Karunarathna et al., 2010b). However, little is known about the soil-water 
retention properties of water-repellent aggregated soils such as volcanic ash soil. Several 
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authors have reported that volcanic ash soil exhibit strong WR once they become 
relatively dry (Kawamoto et al., 2007). Thus, the primary purpose of this study was to 
explore the relationship between the soil-water retention of water-repellent volcanic ash 
soil and the initial degree of WR as a function of initial soil-water content. 
 
Theory 
We adapted the method suggested by Wang et al. (2000), where soil water entry 
estimations are made by the van Genuchten (1980) model of soil-water retention. 

( )[{ mn
pVG

rs

rS
−

ψ+ψα−=
θ−θ
θ−θ

= 1 ] }     (1) 

where θs is the soil-water content at saturation (cm3 cm-3), θr is the residual soil-water 

content (cm3 cm-3), ψ is the soil-water potential (- cm H2O), ψp is the positive soil-water 
potential at positive water heads (cm H2O) and αVG, and n and m (=1-1/n) are fitting 
parameters. The matric potential at imbibing point, heq (-cm H2O), can be found by 
(Wang et al. 2000), 

VG

n

eq
mh
α

−=

1

        (2) 

The degree of saturation at the imbibing point is, 

( ) meq mS −+= 1         (3) 

 
Materials and Methods 
The main physical and chemical properties of the used volcanic ash soil are summarized 
in Table 1. For soil sampling, preparation, soil-water content adjustment, and 
measurements of basic physical and chemical characteristics, we refer to Kawamoto et al. 
(2007) and Karunarathna et al. (2010b). The soil-water content and matric potential 
were simultaneously measured using a newly developed combined tensiometer and time 
domain reflectometry (TDR) coil probe, which has been described in detail elsewhere 
(Karunarathna et al., 2010a). Water-content-adjusted soil samples ware packed in 
acrylic cylinders (5 cm diameter and 2 cm height) at field dry bulk density (0.54 g cm-3). 
The coaxial cable of the mini tensiometer-TDR coil probe was fixed to a metallic cable 
tester (Tektronix 1502C) and a PC, respectively. The mini tensiometer was connected, 
through a flexible tube, to a digital pressure transducer and a data logger.  
 
Wetting and drying experiments were carried out by supplying (or draining) water to soil 
columns through a Marriott tank connected to the bottom of a tension table.  The 
severity of WR of the volcanic ash soil at different soil-water contents was estimated by 
the Beta function model (Karunarathna et al., 2010b). Preliminary experiments showed 
that the contact time between water repellent soil and water had a significant effect on 
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soil-water retention characteristics; therefore, all consecutive wetting and drying 
experiments were conducted within a constant time period (600 minutes).   
 
Table 1. Physical and chemical properties of the volcanic ash soil. 

Depth ρs ρd Clay Silt Sand SOC pH θAD

cm g cm-3 g cm-3 ____ ____ % ____  cm3 cm-3

0.0-5.0 2.40 0.54 16.1 27.5 56.4 16.0 4.9 0.06 

Note: ρs and ρd are particle and dry bulk density, respectively. θAD is the soil-water content of air-
dried soil.  

 
Results and Discussion 
Figure 1 shows the effects of initial water content on the water-entry value and degree of 
saturation. The relatively dry soil (0.103 cm3 cm-3) showed a moderate wetting resistance 
and reached near-saturation around zero water potential (Figure 1a). Increasing θi 
slightly up to 0.18 m3 m-3 further decreased the heq and formed a sharp wetting front 
(Figure 1b). A significant decrease of the heq occurred when the θi was close to 0.30 cm3 
cm-3 at the maximum αin (Table 2). The water entry into wettable soil occurred at a 
comparatively higher negative pressure (-6.36 cm) than for the water repellent soils. 
These values show the strong dependence of wettability on the θi and thereby the initial 
soil WR. 
 

 
Fig. 1. The scaled soil-water retention measurements as effected by initial soil-water 
contents. 
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Table 2.  Measured (θi and θs) and estimated van Genuchten (1980) model parameters of 
wetting soil-water retention curves. 

 θi θs θr αVG n heq Seq αin

 ___ cm3 cm-3 ____ cm-1 - (- cm H2O) -  

Field moist 0.650 0.802 0.641 0.145 3.793 6.36 0.67 ≤90° 

Air-dried (θAD) 0.060 0.795 0.508 0.347 10.119 0.21 0.56 93.3° 

Variable θ 0.103 0.767 0.484 0.317 7.646 2.47 0.58 94.2° 
 0.184 0.765 0.413 0.134 3.594 2.42 0.68 101.2° 
 0.306 0.667 0.306 0.207 8.169 0.30 0.58 113.3° 
 
Conclusions  
We studied the soil-water retention properties of a water repellent volcanic ash soil by 
using a high-resolution moisture sensor, and demonstrated that initial soil-water 
content; thereby the initial WR onset of wetting process had a significant influence on 
soil-water retention.  
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Summary  
Soil water repellency (WR) is a phenomenon that influences many soil hydrologic 
processes such as reduction of infiltration, increase of overland flow, and enhanced 
preferential flow. The WR has been observed in various soil types and textures, and the 
degree of WR is greatly controlled by contents of soil moisture, organic matter, and clay . 
On the other hand, soil with added coating of hydrophobic materials (hydrophobized 
soil) has received much attention as barrier materials in alternative earthen cover 
systems at solid waste landfills. One of the key topics in WR research is how to describe 
accurately the WR variation with controlling factors, i.e., moisture, organic matter, and 
clay contents for natural soils and contents of hydrophobic agents and soil moisture for 
hydrophobized soils. In the present study, we introduce the contact angle-based 
evaluation of WR and recent predictive models for WR. We also give a brief introduction 
to the WR behavior for sands mixed with hydrophobic agents. 
 
Causes of soil water repellency 
Water repellency (WR) of soils has been observed in various soil types such as sandy, 
loamy, clayey, peat, and volcanic ash soils (e.g., de Jonge et al., 1999; Kawamoto et al., 
2007). WR in natural soils can be caused by coverage of particles by hydrophobic 
surface films produced by hydrophobic organic matter and waxes from plant leaves, or 
by(?) the growth of microorganisms (e.g., Ellerbrock et al., 2005; Kleber et al., 2007). 
The WR in chemical-enhanced soils can be prepared by coating particles with 
hydrophobic agents such as polytetrafluoroethylene (Teflon), chlorotrimethysilane, 
stearic acid and so on (e.g., Leelamanie and Karube, 2009; Dell’Avanzi et al., 2010). 
 
Assessment of water repellency  
The degree of water repellency (WR) of soils is normally assessed with use of the water 
drop penetration time test, the molarity of ethanol droplet (MED) test (e.g., Watson and 
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Letey, 1970; Roy and McGill, 2002), and the Sessile drop test (e.g., Bachmann et al., 
2000). The MED test estimates the liquid surface tension of an aqueous ethanol droplet 
that can infiltrate the soil within 5 s (or 10 s), and enables to evaluate the initial 
advancing contact angles in soils (Carrillo et al., 1999). The Sessile drop test directly 
evaluates the contact angles (CA) at the interface between water and solid grain surface. 
Besides, infiltration tests such as the capillary rise test (using the Washburn’s equation) 
and the horizontal infiltration test (sorptivity test) can be used for evaluating CA in soils 
with subcritical water repellency (CA < 900). Measured CA values in soils from 
literatures are tabulated and shown in Fig. 1. For reference, the CA of Teflon and the 
reported subcritical water repellency are also shown in the figure. The reported CA 
values for natural soils mostly ranged from 50o to 110o. 
 
The so-called soil water repellency characteristic curve (SWRCC) showing a relationship 

between a measured WR index (CA or surface tension) and soil water content (θ) or soil 
water potential (given as pF) is useful to assess the WR across the total range of water 
contents from ambient air-dry to the soil water content at which the soil becomes 
wettable. Several approaches have been attempted to develop models for predicting the 
SWRCC empirically and stochastically. In recent works of Karunarathna et al. (2010a, 
  

 
 
Fig. 1. Contact angle-based evaluation of soil water repellency.  
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2010b), the authors suggested simple and easy-handle predictive SWRCC models, the 
two-region water repellency (TRWR) model and the Beta-function model, correlating 
WR parameters in the SWRCC with soil organic carbon content (SOC). Based on the 
independent tests for model performance, the both TRWR and Beta-function models 
produced reasonably accurate SWRCC predictions for soils with SOC between 2 and 
12 % (Fig. 2).  

 
Fig. 2. Results of independent tests of the TRWR model (left) and the Beta-function 
model (right). (modified after Karunarathna et al., 2010a & 2010b). 
 
Water repellency for hydrophobized soils 
Chemical-enhanced soil water repellency using environmentally-friendly hydrophobic 
agents such as soil organic matters extracted from natural soils and hydrophobic 
components in natural plants (Fig. 3) has received much attention as barrier materials 

in alternative earthen cover systems at solid waste 
landfills. It is an important challenge to quantify the 
WR characteristics for hydrophobized soils and to 
validate its applicability to landfills. 
 
 
Fig. 3. WR for sand mixed with Oleic acid. 
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Summary 

We used 627 breakthrough curves which we reconstructed from transport model 

parameters published in peer-reviewed literature to evaluate relationships between 

breakthrough curve characteristics, soil properties, scale of experiment, and hydraulic 

boundary conditions. We found an absence of preferential flow for porous media 

containing less than 5% clay. Besides, the apparent dispersivities of the 627 

considered breakthrough curves appeared to be correlated with the scale of the 

experiment whereas the occurrence of preferential flow was not. 

Introduction 

It has long been recognized that properties of the soil are related to the shape of 

breakthrough curves (BTCs) resulting from an experiment with inert tracer 

conducted under specific hydraulic boundary conditions (e.g. Nielsen and Biggar 

1961). For instance, preferential flow is reflected in early tracer arrivals relative to the 

average transport velocity. One mechanism leading to preferential flow that is often 

observed in undisturbed soils is macropore flow. It only occurs under saturated or 

nearly-saturated hydraulic conditions and was mostly reported in clayey soils. Jarvis 

et al. (2009) present further evidence that soil susceptibility to macropore-flow is 

larger in fine than in coarse textured soils.  

Apart from soil properties and hydraulic boundary conditions, the shape of the 

breakthrough curve is also influence by the scale of the experiment, i.e. the size of the 

soil column. This was already demonstrated by Kissel et al. (1973) who showed that 

the tracer spreading in undisturbed soil columns increased with the size of the soil 

column even when the BTC was normalized to the equivalent water-filled pore 

volume.  

Although the soil science community agrees about the validity of many relationships 

like the above described, only a few studies are available which aim to test its validity 

on a larger dataset. In this study we reconstructed a large number of BTCs using 

mobile-immobile model (MIM) parameters published in peer-reviewed literature. We 

invetigated whether the reconstructed BTCs showed more preferential characteristics 

for fine textured soils than for coarse textured ones and whether the tracer spreading 

was positively correlated with the size of the considered soil column.  
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Material and Methods 

We sampled MIM-transport-model parameters of 627 BTCs under steady state 

hydraulic conditions from 60 peer-reviewed articles. The BTCs were primarily 

obtained from column experiments on undisturbed soil but we also sampled data 

from experiments on disturbed soil or other porous material, e.g. glass beads. Besides 

the MIM-parameters we also acquired information on the experimental conditions, 

like the columns’ height and cross-section, basic properties of the soils or porous 

materials, and the hydraulic boundary conditions (Figure 1).  

We reconstructed the 627 breakthrough curves by forward-modeling the mobile-

immobile model using CXTFit 2.1 (Toride et al. 1999). In the following, we used two 

non-parametric measures to characterize the shape of the BTC: the arrival time of the 

first 5% of the tracer mass standardized to the normalized first temporal moment of 

the BTC, referred to as p0.05, and the apparent dispersivity, λapp, which is the travel 

distance, z, divided by the Brenner number, B. The standardized arrival time of the 

5%-quantile, p0.05, is small when small fractions of the equivalent water-filled pore 

space are needed to leach out the first 5% of the applied tracer mass. Small p0.05 are 

therefore indicators for preferential flow and transport (see also Knudby and Carrera 

2005). The apparent dispersivity, λapp, is a measure of the spread of the BTC 

normalized by the average transport velocity (see e.g. Vanderborght and Vereecken 

2007).  

 

Figure 1: Texture of the porous material and average pressure head of the 
column experiments considered in this study. Additionally, it is shown 
whether the column content was undisturbed or disturbed soil or 
another porous medium.  

Both shape-measures, p0.05 and λapp, were among the shape-measures that were least 

dependent on the choice of the transfer-function for de-convoluting 121 BTCs 
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sampled from peer-reviewed literature (Koestel et al. 2010)

that these two shape-measures are among the b

properties of the original BTC from MIM parameters that had been sampled from the 

literature. 

Results and Discussion 

Figure 2 depicts that preferential characteristics (small 

exclusively observed for porous materials exhibiting clay contents larger than 5%. 

This suggests that there may be a threshold in clay content under which connected 

macropore-systems do not develop. Furthermore, it can be seen that BTCs in mater

with a clay content of more than 5% that nevertheless show little preferential 

characteristics are predominantly constricted to 

This implies that macropore flow may be more important as compared to other 

preferential flow mechanisms, e.g. funnel flow

non-wettability of soil or due to finger

state conditions.    

Figure 2: The standardized arrival time of the fir
p0.05, and the texture of the sample corresponding to each BTC. 
Additionally, the respective 
values indicate preferential flow, large values its absence

Figure 3 indicates that the solute spreading of the investigated 627 BTCs positively 

correlated with the size of the soil column used for the tracer experiments. The 

occurrence of preferential characteristics appears in contrast 

of the column. 

Conclusions 

The here presented preliminary analysis of the considered dataset confirmed 

empirical knowledge on the relationship between breakthrough curve characteristics, 

reviewed literature (Koestel et al. 2010). We therefore suppose 

measures are among the best for inferring to the respective 

properties of the original BTC from MIM parameters that had been sampled from the 

depicts that preferential characteristics (small p0.05) among the 62

exclusively observed for porous materials exhibiting clay contents larger than 5%. 

This suggests that there may be a threshold in clay content under which connected 

systems do not develop. Furthermore, it can be seen that BTCs in mater

with a clay content of more than 5% that nevertheless show little preferential 

characteristics are predominantly constricted to pressure heads smaller than 

This implies that macropore flow may be more important as compared to other 

flow mechanisms, e.g. funnel flow. Note that preferential flow due to 

wettability of soil or due to finger-flow is ruled out due to the hydraulic steady 

 

: The standardized arrival time of the first 5% of the tracer mass, 
and the texture of the sample corresponding to each BTC. 

respective average pressure heads are shown.
values indicate preferential flow, large values its absence 

indicates that the solute spreading of the investigated 627 BTCs positively 

correlated with the size of the soil column used for the tracer experiments. The 

occurrence of preferential characteristics appears in contrast poorly related to the size 

The here presented preliminary analysis of the considered dataset confirmed 

empirical knowledge on the relationship between breakthrough curve characteristics, 

We therefore suppose 

est for inferring to the respective 

properties of the original BTC from MIM parameters that had been sampled from the 

) among the 627 BTCs are 

exclusively observed for porous materials exhibiting clay contents larger than 5%. 

This suggests that there may be a threshold in clay content under which connected 

systems do not develop. Furthermore, it can be seen that BTCs in material 

with a clay content of more than 5% that nevertheless show little preferential 

heads smaller than -10 cm. 

This implies that macropore flow may be more important as compared to other 

. Note that preferential flow due to 

flow is ruled out due to the hydraulic steady 

st 5% of the tracer mass, 
and the texture of the sample corresponding to each BTC. 

are shown. Small 

indicates that the solute spreading of the investigated 627 BTCs positively 

correlated with the size of the soil column used for the tracer experiments. The 

related to the size 

The here presented preliminary analysis of the considered dataset confirmed 

empirical knowledge on the relationship between breakthrough curve characteristics, 
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soil properties, scale of experiment, and hydraulic boundary conditions. Further 

evaluations are still necessary to validate the findings. 

 

Figure 3: The relationship between the standardized arrival time of the 
first 5% of the tracer mass, p0.05, the apparent dispersivity, λapp, and the 
spatial volumes of the respective soil columns, VC. The corresponding 
Brenner number, B, is furthermore depicted by the symbol size. Large 
symbols denote large Brenner numbers.   
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Summary 
This work presents a novel method for quantifying biodegradation of petroleum 
vapors in intact and undisturbed soil columns of 100 cm3. The method was included 
in an evaluation of soil structure and gas-phase diffusivity effects on biodegradation 
rates. Results suggested soil structure on mm-scale does not affect aerobic 
biodegradation in relatively structureless sandy soils. Within undisturbed and 
repacked soil cores, biodegradation was found to increase with gas diffusivity when 
Dp/D0 < 0.02. This establishes gaseous oxygen and petroleum vapor distribution in 
soil profiles as a controlling factor for natural biodegradation of petroleum vapors. 
 
Introduction 
Most fuel-related hydrocarbons are biodegradable by naturally growing soil bacteria. 
To predict whether site-specific conditions facilitate effective biodegradation, it is 
necessary with treatability tests such as bench scale biodegradation experiments to: 
(i) indentify possible conditions reducing numbers and activity of soil bacteria (e.g., 
unfavorable pH or high heavy metal concentrations); (ii) determine site-specific 
biodegradation rates (zero or first order degradation kinetics); and (iii) evaluate 
whether the rate can be enhanced (e.g., by application of nutrients or external 
electron acceptors) (Sturman et al., 1995, Hohener et al., 1998).  
 
This work presents a novel method for measuring biodegradation of petroleum 
vapors in intact soil cores of 100 cm3. To determine whether the physical soil 
structure and gas diffusivity on this scale influence the outcome of aerobic benzene 
biodegradation experiments, we performed biodegradation experiments on 
undisturbed core samples of various soil texture. Based on the results, the 
relationship between soil gas diffusivity, texture and benzene biodegradation rates 
was evaluated. 
 
Materials and methods 
Study soils 
A total of 37 intact and unsaturated 100-cm3 soil cores were collected at two former 
gas station sites in Denmark at depths ranging from 1.5 to 15.5 m below ground level 
(Table 1). A comprehensive description of the Nyborg site is previously given by 
Kristensen et al.(2010a) and the variability of geochemical, soil physical and 
biological properties in the vadose zone of the site is described in Kristensen et al. 
(2010b). Lastly, the gas diffusivity of intact soil cores collected from the Nyborg site is 
described in Kristensen et al. (2010c). 
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Table 1. Description of study soils and number of experiments conducted. 

Site 
Hjørring 
South 

Nyborg Nyborg Nyborg Nyborg 

Depth, m 1.5-2.0 11.7-12.2 15.0-15.4 13.0-13-4 3.6-4.2 
Soil type Loamy 

sand 
Fine sand 

Medium 
sand 

Silt Clay till 

Total porosity (Φ),  
cm3 cm-3 

0.38-
0.41 

0.40 0.34-0.36 0.35-0.41 0.26-0.27 

pH (KCl) 6.1 8.8 8.5 8.3 8.2 

Particle fraction  
< 63µm, g/100 g 

28 24 4.2 65 40 

Natural organic  
matter, g/100 g 

1.1 0.12 <0.5 <0.5 0.19 

CaCO3,  
g/100 g 

0 13 - 32 29 

 
Benzene biodegradation experiments 
Three soil cores of the loamy sand and Fine sand were removed from the sample ring 
and repacked to eliminate effects of repacking on the biodegradation rate. Soil cores 
were transferred to air-tight 480-mL glass reactors (Kilner, UK) with a valve installed 
for collection of air samples (Fig. 1a). Each soil core was placed on a permeable plate 
in the center of the reactor to allow for diffusion of oxygen and benzene vapor into the 
soil core from the top and bottom. Previous experiments suggested that adsorption of 
benzene to the plastic syringe and rubber stopper was negligible at the timeframe 
considered (Kristensen et al., 2010a). Gas sample analysis was carried out using GC-
FID with oven, injector, and detector temperatures of 80, 150, and 200 °C, 
respectively. Gases were separated by a WCOT CP-select 624CB column (30 m × 0.53 
mm) with nitrogen as carrier gas (5.2 mL min-1). A zero-order and first-order 
degradation model was fitted to each set of data (dissolved benzene concentration vs. 
time) by minimizing the root mean square error (RMSE). The model included a lag 
phase and degradation kinetics was based on dissolved benzene concentrations.  

Diffusion 

Diffusion 

 
Fig. 1. Experimental setup used for measuring benzene biodegradation in intact soil 
cores (100-cm3 repacked or undisturbed soil cores) using 480-mL glass reactors. The 
soil core was placed on a permeable plate in the centre of the reactor to allow for 
diffusion of O2 and benzene vapors into the soil core from the top and bottom. 
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Results and discussion 
Biodegradation experiments 
Figure 2 shows two degradation curves from undisturbed cores of fine sand and 
loamy sand and their sterile controls. Methane measurements verified that the 
reactors were air-tight (data not shown). Even so, benzene concentrations in 
headspace of the sterile controls tend to decrease during the experiments, albeit this 
is most evident within the initial 10-20 h. Due to the low content of natural organic 
matter, the decrease can not be described by adsorption onto soil particles. Instead, 
declining benzene concentrations observed for sterile soil cores are believed to be 
related to partitioning of benzene into the soil water and subsequent liquid diffusion 
within the soil matrix. 
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Fig. 2. Benzene degradation curves obtained from 100-cm3 soil cores of (a) 
undisturbed fine sand; (b) repacked fine sand; (c) undisturbed sandy loam; and 
repacked sandy loam. Samples of fine sand were best described using first-order 
kinetics, while samples of loamy sand followed zero-order kinetics. Error bars 
represent the standard diviation of triplicates. 
 
No significant difference was measured between undisturbed and repacked soil cores 
(data not shown). When adjusting for the difference in temperature between field and 
laboratory conditions (roughly a factor of 3-4), the results agree very well with in situ 
respiration rates determined in the BTEX-polluted vadose zone at the Nyborg site 
around 1 mg BTEX kg-1 soil d-1 (Kristensen et al., 2010a).  
 
Figure 3 indicates that low-diffusivity soils such as loamy sand and silt allow for 
limited biodegradation, while soils of higher gas diffusivity exhibit higher and similar 
biodegradation potentials.  
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Fig. 3. Mean first-order rate constants determined for triplicates of benzene 
biodegradation as a function of gas diffusivity in variably textured soil cores. 
 
Conclusions 
We have presented a new laboratory approach for estimating volatile organic 
chemical biodegradation under intact and undisturbed conditions. Within two sandy 
soils, no effect of repacking on biodegradation rates was observed. Results from this 
study suggest that biodegradation rates generally depend on the potential for vapor 
diffusion in the soil gas-phase. For benzene biodegradation in 100-cm3 soil cores, 
limitation related to diffusion of oxygen and benzene vapors was observed for Dp/D0 
values lower than about 0.02, not depending on soil texture. Hence, values greater 
than 0.02 (e.g., coreesponding to sand or clay till with macropores) may indicate that 
gasses are effectively distributed to soil microorganisms in the soil formation. As a 
result, predicted or measured gas diffusivity values for unsaturated soil formations 
may provide some indication whether diffusion limitation is restricting 
biodegradation of petroleum hydrocarbons. However, such an evaluation does not 
substitute the need for evaluation of the overall soil layering and in-situ measurement 
of oxygen concentrations in the soil air to ensure that the oxygen supply and redox 
conditions facilitate aerobic biodegradation. 
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Introduction 

Soil structure is a key parameter which influences erosion and water transfer 

phenomenon. Those last decades, farmers and scientists have been working on 

different techniques of soil preparation. New experiences and studies tried to assess 

the impact of different tillage systems on soil structure. The most important ways in 

Belgian agriculture are conventional and conservational tillage. Conventional tillage 

concerns all the methods that include ploughing in the soil’s preparation, generally 

before the seeding of the main crop. With a conservational tillage, seeds are directly 

put into the soil. Different properties of the soil and more precisely the topsoil can be 

modified by the tillage. The macro-, meso- and microporosity, the aggregates 

stability, the organic matter content are as many properties that are impacted by the 

tillage system. On the soil conservation point of view, reduced-tillage systems have 

the advantage to let residues on the soil’s surface which protect the soil from splash 

effect. Conventional tillage mixes them into the topsoil and cracks on the surface can 

be observed (Wahl et al., 2004). 

 

The porosity has been studied in many cases in relation with infiltration. The main 

studies (Wahl et al., 2004) have found that infiltration and porosity is better under 

no-tillage systems. Sasal et al. (2005) explained it by the vertical pores created by 

roots and worms which help higher infiltration rates. In conservational tillage these 

pores aren’t destroyed by the plow’s action. Reduced tillage can also diminish the 

engines driving through the fields, which avoid compaction and conserve the soil’s 

infiltration capacity. However, some studies have found out that infiltration may be 

decreased when no tillage is applied (Sasal et al., 2005). These authors have found 

higher organic matter and better aggregates stability which is in contrast with lower 

infiltration rates. It seems therefore necessary to go further in the fine soil structure 

description to enhance the comprehension of its hydrological behavior under 

different tillage systems. 

 

This paper describes an experiment that covers different aspects of soil structure in 

relation with soil and water conservation. Different scales are used to describe and 

understand the soil structure’s potential in soil and water conservation. It also gives 
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the first results we obtained about tillage systems in term of runoff and sediments 

production and in term of porosity description. 

 

Materials and methods 

A first site was devoted to the micro and meso scale study. Two tillage systems have 

been applied in the field since 2004: the conventional tillage and the conservational 

tillage. The soil is mainly composed of silt loam. Under each experimental plot a pit 

was installed where special gutter were put. These gutters collect lateral flows at three 

depths. In the same field, soils samples, with a 3 cm diameter and a 5 cm height, were 

removed from the upper layer for both management practices. These samples were 

scanned by X-ray microtomography (Beckers et al, 2010). The resolution used in this 

device allowed us to visualize meso- and macro-porosity. Scanning results consist in 

2D images. The 2D images are recombined to form 3D structures. Then the pore 

network can be analyzed through useful factors like size distribution, shape, 

connectivity, orientation, tortuosity in relation with the sample’s retention curve.  

 

A second site was devoted to the field scale. On this site, different tillage systems were 

tested for sugarbeet. The field had a 5% mean slope and a loamy soil. Three 

preparation systems were tested: the winter ploughing after a mustard intercrop, the 

fall ploughing followed by a mustard intercrop, and a fall decompaction followed by a 

mustard intercrop. The Figure 1 shows views of the three preparations for sugar beet. 

 

Figure 1.Views of the soil after application of the three preparation systems. 

Winter ploughing Fall ploughing Decompaction 

   
 

Each system was repeated three times. For each one, simulated rainfalls were 

applied. Downward sediment and water were collected during the simulations. The 

simulated rainfall was applied three times during the crop’s development. It was 

designed to be an erosive rainfall corresponding to a 100 years return period and 30 

minutes duration including a global change scenario. 

 

Results and discussion 

Site 1 

The first results of the microscale investigation of soil samples show a significantly 

higher effective porosity in the conventional tillage system. There is a tendency 

showing smaller pores in conservational tillage and consequently a higher useful 
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water reserve for crops (Figure 1). These first results were comforted by our field 

observations during the 2010 summer where the drought was better supported by 

crops in the conservational plot. The pore’s shapes also shows a tendency of higher 

anisotropy in the conservational plot, with a more horizontally-oriented porosity 

(Beckers et al, 2010). Interflows collection in the gutters showed a tendency of higher 

horizontal flows under conservational tillage. These results are consistent but need to 

be confirmed by further investigation.  
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Figure 1: Soils’ retention curves under conventional tillage and conservational tillage 

(6th year of tillage differentiation).  

 

Site 2 

In the second site, three simulations of erosive rainfall have been carried out, on June 

the 14th, July the 19th and August the 25th. At those dates, the crops had respectively 

50-75%, 75-90% and 90-100% of cover. The results are shown in the Table 1. We can 

see that a lower volume of runoff is observed for the “winter ploughing” but the 

lowest erosion rate is achieved by the “decompaction”. We can also notice a well 

known phenomenon: the runoff and the sediment production decrease when the 

crops develop a better ground cover.  

 

Some values measured under natural rainfall for Belgium give a total amount of soil 

losses of about 4.5 t/ha in one season under conventional ploughing. For 

conservational tillage they give 1.3 t/ha of soil losses in one season of sugar beet. 
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Table 1. Results in term of mean erosion rate and mean runoff volume 

for sugar beet for the three tillage systems and the 3 dates of rainfall 

simulation (site 2). 

Date Erosion rate - mean [t/ha] Runoff volume - mean [l] 

14 june 0.579 41.00 

19 july 0.173 21.75 

25 august 0.003 1.40 

Tillage system Erosion rate - mean [t/ha] Runoff volume - mean [l] 

Winter tillage 0.277 16.13 

Fall tillage 0.359 28.92 

Decompaction 0.117 19.11 

 

 

Conclusions 

Tillage system impacts pores’ size, shape and distribution. Consequently, topsoil’s 

hydrology may be significantly modified. Both water and soil conservation deserve 

deeper investigations in order to enhance soils’ structure potential in these matters. 

The oral presentation will show the last results of the field monitoring.  
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Introduction 
Preferential transport of water through soil macropores is a governing process in rela-
tion to facilitated transport of strongly sorbing compounds. The objectives of the present 
study were to analyse the influence of intrinsic and external factors on the density of 
macropores for a range of Danish. A second objective was then to investigate the rela-
tionships between macropore density and the hydraulic properties of the soil. 
 
Material and Methods 
Five agricultural sites sown with ryegrass and white clover were chosen. Each field had 
eight plots. For each plot a soil profile was described and three main pedological hori-
zons were defined. A horizontal layer of soil was scraped off to the depth corresponding 
to the middle of each horizon. Macropores larger than 1 mm in equivalent diameter were 

marked on a transparent polycarbonate (PC) sheet (0.7 m × 1.0 m) placed on the surface 
of the horizontal layer. In the laboratory the sheets were digitalized using a digital reflex 
camera. Macropores from the binary image were then counted and classified according 
to their size. Earthworms were identified by hand-sorting soil samples (0.5 m × 0.5 m × 
0.3 m) for two plots at each field. The fresh mass was determined and the dominant 
earthworm species were categorised. 
 

Five large undisturbed soil columns (6280 cm3 , ∅ = 20 cm) where sampled in each ho-
rizon from two plots at four of the fields. In the laboratory, the unsaturated hydraulic 
conductivity (k(h)) was measured using a drip infiltrometer (van den Elsen et al., 1999). 
The saturated hydraulic conductivity (Ks) was measured using the constant head method 
(Klute and Dirksen, 1986). 
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The interrelationship between macropore density, the abundance and fresh weight of 
anecic and endogeic worms and a range of soil parameters was studied using graphical 
models where the multivariate structure of the variables is represented by a graph 
(Whittaker, 1990). The analyses were performed separately for the Ap , and B horizons. 
 

  
Fig. 1. Left: Graphical model of the Ap horizon. If two vertices are directly connected by 
an edge, the related variables carry information from each other that is not contained in 
the other variables in the graph. Right: Density of macropores (m-2) registered in the Ap 
horizon as a function of the density of anecic earthworms (individual m-2). 
 
 

Fig. 2. Left: Graphical model of the B horizon (for explanation see Fig. 1). Right: Density 
of macropores (m-2) registered in the B horizon as a function of the clay content (g g-1) 
for the five sites. 
 
Result and discussion 
Fig. 1a displays the results of the graphical model for the Ap horizon. In the Ap horizon 
the graphical model shows that macropore density (Macropore) is directly connected 
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only to the density of anecic worms (N. anecic) and the fresh biomass of anecic worms 
(F.W anecic). Fig. 1b clarifies that macropore density in the Ap-horizons increases with 
the density of anecic earthworms for all sites. Soil tillage resets the structure in the Ap-
horizon. Therefore, the density of macropores recorded in this horizon reflects the bur-
rowing activity of the present earthworms. In the B-horizon (Fig. 2a), macropores are 
only directly connected to clay content (Clay). Macropore density registered in the B-
horizons increases with the clay content (Fig. 2b). Since the burrows of anecic earth-
worms may persist for several years below the tillage depth in pastures and in grass-
arable rotations, the density of macropores registered in the B-horizon reflects present 
and past bioturbation and expresses therefore the structure stability of that horizon. 
 

 
Fig. 3. Density of macropores (Ap, B, and C horizon) in relation to: Left: Unsaturated 
hydraulic conductivity at a matric potential of -10 hPa (k(-10)). Right: Saturated hydrau-
lic conductivity (Ks). Error bars show ±1 standard deviation. 
 
The unsaturated hydraulic conductivity at a matric potential of -10 hPa (k(-10)) showed 
a poor log-log correlation with the density of macropores (Fig. 3a). This is not surpris-
ingly since the active pores contributing to the transport of water at this matric potential 
will have an equivalent diameter of <0.3 mm which is considerably lower than the size of 
the smallest counted macropore. For the measurement of Ks a better log-log correlation 
with the density of macropores was seen (Fig. 3b).  
 
Despite highly variable Ks measurements, they seem to reflect the distribution of macro-
pores in the soil. We tested the minimum number of columns needed for a representa-
tive value of Ks as related to macropore density. We extracted an increasing amount of 
subsamples from the digital recordings of macropores (0.7 m × 1.0 m). The size of each 
subsample matched the section of a soil column (314 cm2) used to measure Ks. For each 
increase in the number of subsamples (i.e. soil columns), the number of macropores 
within the extracted area was recorded. The root mean square error (RMSE) was calcu-
lated in relation to the total number of macropores counted on the entire area of the 
digital recording (0.7 m × 1.0 m). For horizons with more than 100 macropores there 
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seem to be a lower limit of approximately six subsamples where the RMSE reaches a 
constant low level of 0.03 % (Fig. 4a and b). For profiles with a lower amount of macro-
pores, the RMSE seems not to reach a lower level before at least nine subsamples (Fig. 
4a). For the B horizon even ten subsamples seems not to be sufficient for a representa-
tive sampling of soil (Fig. 4b). 
 

 
Fig. 4. Calculated RMSE in relation to an increasing amount of subsamples. Left: For 
the Ap horizon. Right: For the B horizon. 
 
Conclusion 
The density of macropores in the Ap horizon was directly related to the fresh biomass of 
anecic earthworms whereas the density of macropores in the B-horizons was directly re-
lated to the clay content in the soil. We therefore conclude that the long-term macro-
pores are related to the geology while the short-term macropores are related to the ac-
tual earthworm population. Prediction Ks can be improved by obtaining a better knowl-
edge of the morphological distribution of macropores, as shown by the study of the rep-
resentative elementary area, and a better knowledge of the present earthworm popula-
tion. This study constitutes a first step in the construction of a tool capable of estimating 
the density of macropores and Ks from conservative soil parameters. 
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Introduction 
Most research on soil compaction of agricultural soils is empirical and mainly deals 
with the effects of compaction on the physical functions of a soil and the crop 
responses. Models used to calculate the stress transfer through agricultural, 
structured soils and associated deformations suffer from insufficient knowledge of 
soil structure and soil moisture effects on stress transfer, and poor characterization of 
the mechanical properties of soils relevant for short term dynamic loading as occurs 
on agricultural soils (e.g. Keller & Lamandé, 2010). 
 
An international exploratory workshop held during autumn 2010 in Zurich 
(Switzerland) intended to bring together scientists from different research fields 
dealing with deformation of porous media, namely soil physics (including soil 
mechanics and soil rheology), geomechanics, geophysics and granular media, in 
order to present and discuss state of the art, and explore possible new approaches to 
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soil compaction modelling. The objective of this paper is to present some approaches 
discussed at the workshop that could potentially improve our understanding of soil 
compaction. 
 
Continuum soil mechanics and physics of granular matter: the perfect 
combination to reproduce soil architecture and explore its mechanical 
behaviour? 
Concepts and theory used in agricultural soil mechanics (soil compaction and soil 
tillage) are generally adopted from geomechanics (e.g. foundation engineering). 
Examples are analytical solutions for stress propagation in soil that are based on the 
work of Boussinesq (1885) and Fröhlich (1934) (see e.g. Davis and Selvadurai, 1996), 
soil compressive strength characterized by the precompression stress that is based on 
the work of Casagrande (1936), or models for predicting draught force of tillage 
implements that are based on the work of Coulomb (1776) and Rankine (1858).  
 
In a classical geomechanics approach, the description of stress-strain processes 
occurs in idealized continuous regions (continuum mechanics). Typically, stress-
strain relationships are idealized as linear elastic or elastic-perfectly plastic in 
analytical solutions, while newer numerical methods (e.g. finite element methods, 
FEM) allow to consider elasto-plastic (e.g. Modified Cam-Clay models, Schofield & 
Wroth (1968)) or even elasto-viscoplastic stress-strain relationships  (see e.g. Davis 
and Selvadurai, 2004). 
 
Agricultural soil mechanics differs in a range of aspects from many geomechanical 
applications, with significant consequences for the soil mechanical behaviour. The 
most important differences are: (i) Stresses applied by running tyres, tracks, and 
tillage implements are very dynamic and the loading time is very short; this implies 
that viscous properties of soil become important; (ii) Agricultural soil is typically 
unsaturated, which makes interactions between hydraulics and mechanics very 
important, but also complex (Horn et al., 1998; Richards & Peth, 2009); (iii) Arable 
soil is structured (voids and compound particles of different size and shape) and 
fractured (e.g. drying cracks), which implies that it may be better characterized as a 
granular (where the elements represent the soil structural features) than a continuum 
material. 
 
Transmission of forces and stress-strain behaviour in granular matter has been 
extensively investigated, but some phenomena are still not well understood. Even 
seemingly simple problems are not easy to describe analytically (e.g. Da Silva & 
Rajchenbach, 2000). Discrete element models (DEM; e.g. Cundall & Strack, 1979) 
offer a framework that can be used to e.g. understand particle-particle contact 
problems, and stress propagation (Radjai, 1998) and displacement behaviour of 
granular media.  
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Soil is described as the most complex biomaterial on the planet (Young & Crawford, 
2004). Therefore, a complete description of agricultural soil stress-strain behaviour 
using DEM simulations is not realistic today. Furthermore, the size span of particles 
in arable soil (from clay particles to aggregates, i.e. from µm to cm) poses numerical 
problems that currently cannot be handled. However, advanced DEM simulations 
represent a tool to test assumptions of agricultural soil stress-strain behaviour, e.g. 
on aggregate scale (Voivret, 2009; Gras, 2010). Such simulations could be used to 
help developing analytical solutions, or choosing the important parameters to finite 
element modelling that rely on continuum soil mechanics. 
 
Both approaches (i.e. DEM and FEM) could be combined to explore the mechanical 
behaviour of agricultural soils. For example, structured agricultural soils could be 
represented by a collection of macroscopic particles characterized by their size, shape, 
strength and relative friction and cohesion, i.e. as granular systems, while each 
macroscopic particle could be considered as an idealized continuous region (Peron, 
2009). 
 
Visualization  of soil structure and soil deformation 
Visualization of the soil architecture at the micro and aggregate scale is possible by 
means of X-ray (micro)tomography (CT and µCT) and scanning electron microscope 
(SEM).  
 
Three-dimensional images could be used in studies on mechanical behaviour of soil: 
i) to characterize particle arrangements and initial conditions for theoretical 
considerations on beds of spheres/aggregates (e.g. Ghezzehei and Or 2000, 2001, 
Eggers et al. 2006, 2007, Berli et al. 2008) and for DEM simulations; ii) to see how 
and where the soil architecture is affected by soil compaction, i.e. to obtain the 
deformation field or to identify how pores close during compaction (Peth et al., 
2010); iii) to identify the nature of the constituents (fungal hyphae, micro roots, 
fibres) to help interpreting  contrasted (micro)mechanical behaviour (Markgraf, 
2010). 
 
Using seismic methods to describe soil mechanical properties? 
Agricultural soils are highly heterogeneous and anisotropic, due to intrinsic 
properties (variation in texture and nature of the constituents), natural genesis and 
due to land use (soil tillage, traffic, crop growth). An accurate estimation of soil 
strength at the field scale is needed, for example, to optimize and organize tillage 
operations for minimizing subsoil compaction. Geophysics provides non-destructive 
methods to characterize material mechanical properties.   
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The mechanism by which a seismic wave propagates through a medium involves 
particle interaction: one particle applies a push or pull on its adjacent neighbour, 
causing a displacement of that neighbour from the equilibrium or rest position. 
Therefore, seismic waves are influenced by material density. Because the propagation 
of seismic waves is related to very small strains, seismic wave velocity is related to the 
elastic material properties, i.e. elastic moduli. Attenuation of seismic waves is related 
to the viscous material properties. Therefore, at very low frequencies, analogies can 
be made between the attenuation of shear wave velocity obtained from seismic 
measurements and the visco-elastic shear modulus measured with a rheometer 
according to Markgraf et al. (2010). 
 
In contrast, the use of seismic waves to obtain the plastic properties of an agricultural 
soil seems very challenging. However, qualitative agreements between seismic wave 
velocity and soil strength parameters, such as penetration resistance and 
precompression stress are promising. 
 
Conclusions 
Given that soil is a complex material, a complete description of agricultural soil 
stress-strain behaviour is not realistic today.  
Interdisciplinary approaches are needed to address soil stress-strain behaviour at 
different scales, which would help reducing its complexity: 

- Combination of rheology and micro seismic to derive soil properties at the 
microscale; 

- Representation of soil inter-aggregate behaviour by DEM simulations; 
- Description of soil intra-aggregate behaviour by FEM calculations, that rely on 

continuum soil mechanics. 
In all cases, simple experiments are needed to test the modelling assumptions. 
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Summary 
Use of explosive compounds for military and other purposes generates energetic 
particles in broad size range, which are introduced into the environment and can be 
potentially transported in soil and groundwater. In this work, we developed methods 
for generating particulate energetic materials, which can be further used in transport 
experiments with micromodels and soil columns. This study provides an in-depth 
investigation of dissolution and colloidal properties of such materials. 
 
Introduction 
Explosive compounds are routinely used at the military ranges and can be introduced 
into environment during their manufacturing process, storage, disposal, and 
especially during military training operations. These compounds are toxic to humans, 
and contamination of soils and groundwater can lead to potential human exposure 
(Lynch et al., 2002). Additionally, the firing ranges pose ecological risks to the 
neighboring natural habitats, including the ones for threatened and endangered 
species (Furey et al. 2008). These risks require detailed assessment of transport and 
degradation of explosives in the subsurface. 
 
High- and low-order detonations result in scattering of energetic (explosive) particles 
in a broad size range from μm to cm (Taylor et al., 2006). While the behavior of 
larger energetic particles is being systematically studied, particles in smaller size 
range (< 1 mm and especially particles of colloidal size, i.e. < 10 μm) have not 
received sufficient attention. Therefore, the focus of this work has been placed on 
characterization and behavior of particulate energetic material in colloidal and micro-
scale size range.  
 
Composition B is used as a model explosive in this work. Composition B is a widely 
used explosive compound, which according to definition consists of 59.5% 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), 39.5% 2,4,6-trinitrotoluene (TNT), 
and 1% paraffin wax. However, certain amount of another explosive, octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), is usually present as an impurity of 
RDX.  
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In this work, we present the methods for generation and characterization of energetic 
particles and discuss the properties, which could potentially affect the transport of 
such materials. These important steps have to be completed before the next 
experimental phase – performing transport experiments with micromodels and soil 
columns. 
 
Materials and methods 
Particle generation 
Composition B materials employed in this work were obtained from several sources, 
and their properties were investigated and compared to ensure that the results 
obtained in this study are independent of the source of energetic particles. The 
investigated sources of energetic particles included Composition B from low-order, 
high-order, and blow-in-place detonations as well as undetonated Composition B. 
 
Transport experiments with energetic particles require substantial quantities of well-
characterized particulate material. Two methods for generation of colloidal and 
micro-scale energetic material from mm-size particles were developed, namely dry 
physical attrition and aqueous weathering. Physical attrition method was modified 
from the method used for soil grinding (McGee et al., 1999). The obtained ground 
material was then separated into size factions (20-45, 45-125, and 125-250 μm) by 
sieving on a sieve shaker for up to 2 hours. Aqueous weathering method was taking 
place in the liquid phase and included combining mm-size particles and the solution 
in a container with a suspended stir bar. Colloidal material was generated as the 
solution was stirred at 250 to 500 rpm.  
 
Particle characterization 
The following measurements, typical for colloidal particles, have been performed for 
the energetic particles: particle size distribution using electrozone particle analyzer 
(Elzone II 5390, Micromeritics), zeta-potential measurements (Zetasizer Nano, 
Malvern Instruments), specific surface area using BET isotherm analysis (TriStar 
3000 Gas Absorption Analyzer, Micromeritics), electron microscopy imaging with a 
Hitachi 4700 FESEM, and contact angle measurements with a high-resolution 
camera. During dissolution studies, in addition to particle size distributions, the 
aqueous concentrations of dissolved TNT, RDX, and HMX were determined using 
high performance liquid chromatography (HPLC) with a Dionex UltiMate 3000.  
 
Spectral analysis 
All three constituents of Composition B are autofluorescent and possess unique 
spectra. The spectral characteristics of Composition B and the individual explosive 
constituents (TNT, RDX, HMX) were measured under static conditions using a Zeiss 
LSM 5 DUO high speed spectral confocal microscope, with META and live scan head. 
Using the META detection feature of the confocal microscope, the emission spectra of 
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particles of pure TNT, RDX, and HMX were recorded and added to the spectral 
database. These spectra then allowed analysis of the images of Composition B and 
identification of the areas corresponding to its each constituent (TNT, RDX, and 
HMX), thus providing information on the regional structure of the Composition B 
particle. 
 
Results and discussion 
Particle size distribution 
Particle size distribution (PSD) was measured in solutions saturated with 
Composition B (no dissolution) and is shown in Fig. 1. The PSD curves are shown for 
particles generated with dry attrition method (three size fractions in Fig. 1A) and with 
aqueous weathering (Fig. 1B). Fig. 1 shows that the PSDs for the dry-attrition 
particles include particle sizes beyond the sieved size fractions. This can be explained 
with highly hydrophobic nature of the particles (inferred from high contact angles), 
which cause them to aggregate. SEM images (not shown) also support this by 
showing many smaller particles adhering to the surface of the bigger particles. As 
these particles get into solution some of the small particles detach, which explains the 
shape of the PSD curves in Fig. 1A, with the peak shifted towards smaller particles for 
all three size fractions. As for the particles generated with the aqueous weathering 
method, there are more smaller-sized particles than for the samples obtained with 
dry physical attrition method. This is supported by both PSD curves (Fig. 1B) and 
SEM images. Apart from the higher particle numbers, the aqueous weathering 
method has an advantage of obtaining the particles that are already in the solution. 
Therefore, this method will be mainly used to generate colloids for further transport 
experiments.  
 
Dissolution of energetic particles 
We have performed a number of batch dissolution experiments, in which we 
monitored simultaneously both the particle size distribution and the aqueous 
concentrations of the three compounds (TNT, RDX, and HMX) as a function of time. 
This was done to compare the three size fractions obtained with the physical attrition 
method and also to compare the particles, which came from different sources (e.g., 
high- and low-order detonations). The dissolution experiments for different size 
fractions show that dissolution process is similar for most of the particles. 
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Fig. 1. Particle size distributions (PSD) for particles prepared with (A) physical 
attrition method and (B) both physical attrition and aqueous weathering methods. 
 
Conclusions 
While this study is in progress, the results obtained to date provide a valuable insight 
into the transport properties of energetic particles. There are several complex 
features that have to be considered in transport of energetic particles such as high 
contact angles, dynamic particle size due to dissolution, and concurrent solute and 
particulate transport. Their tendency for aggregation and irregular shapes can 
potentially cause increased straining of such particles, which in turn could affect the 
dissolution behavior and become long-term source of dissolved contaminants 
because of slow flow rate in straining locations. In addition to transport of energetic 
particles, this study will provide an insight into the transport of “reactive” particles in 
general, which is a more complex case of colloid transport. Therefore, the results of 
this study could be relevant to other cases of “reactive” particulate materials, such as 
pharmaceuticals, pesticides, and other dissolving contaminants. 
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Summary 

The organic matter composition of coatings along aggregate and biopore surfaces 

in structured soil can affect the preferential transport of reactive solutes and the 

exchange with the porous matrix. In the present study, a DRIFT-based technique 

was developed to determine the mm-scale distribution of the organic matter com-

position on intact structural surfaces in terms of the relation between CH- and 

C=O-functional groups. The results indicate characteristically different features for 

worm burrows, root channels and crack surfaces. The technique will be further 

tested for model surfaces with organic coatings of known composition. 

 

Introduction 

In structured soils, the interaction of percolating water and reactive solutes with 

the soil matrix is restricted in case of preferential flow to the surface of the flow 

paths. Such surfaces are often formed by cracks, decayed root channels or worm 

burrows that may have clay-organic coatings. The organic matter (OM) composi-

tion of the coatings (Ellerbrock and Gerke, 2004) determines the outermost prop-

erty of the flow path. However, the local distribution of OM-properties along sur-

faces is largely unknown; coatings are relatively thin and vulnerable. The Fourier 

transformed infrared spectroscopy in diffuse reflectance mode (DRIFT) has been 

used to characterize soil organic matter (SOM) composition at sample surfaces 

(e.g., Smith, 1995). The objectives are to map the local 2D distribution of OM com-

position for characteristic surfaces that may serve as preferential flow paths by 

adapting a spectroscopic technique to intact surfaces.  

 

Materials and methods 

Soil samples were taken from the Bt horizons (60-75 cm depth) of two loess-

derived Haplic Luvisol profiles (Fig. 1 A;) located at adjacent grassland (G) and 

arable (Ar) sites at Hněvčeves (near Hradec Králové, CZ). For more detailed in-

formation on the Hněvčeves site and the soils see Kodesova et al. (2008). Soil 

blocks of approximately 20 x 30 x 10 cm³ edge lengths were cut or broken out of 

the soil pits using a spade and packed in tinfoil to prevent possible evaporation or 

cracking. From these blocks, smaller sub-samples or clods of about 5 to 10 cm edge 
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length were manually separated along existing surface cracks and air dried to ob-

tain relatively intact crack surfaces.  

Sections of 3 x 4 cm² up to 6 x 8 cm² 

were separated by scraping material 

off from the surrounding clod and 

from below (i.e., to reduce the sam-

ple thickness to maximal 15 mm) 

using a knife, wrapped up in tinfoil 

to stabilize the sides (Ellerbrock et 

al., 2009) and dried over silica gel in 

an exsiccator. The regions with 

earthworm burrows, root channels, 

and aggregate coatings at the surface 

areas were identified by visual in-

spection (Fig. 1 B).  

 

DRIFT mapping of intact surfaces 

The DRIFT mapping is defined here as a collection of 2D-distributed DRIFT data 

from numerous measurements at a sample surface obtained by combining a 

DRIFT device with an XY-positioning table. After evaluating the effects of texture, 

porosity, and specific sample surface shapes at the DRIFT signals (Ellerbrock et al. 

2009, Leue et al. 2010), the DRIFT method (Fig. 2) is applied to determine grids of 

OM functional group data (i.e., CH/CO-ratios, OH bands) at intact soil structural 

surfaces. Samples were scanned in a 1 mm x 1 mm grid (DRIFT mapping) at mid-

IR wave-lengths (2.5 to 25 µm, corresponding to wave numbers between 4000 and 

400 cm-1).  

The signal intensities of the C–H groups (bands A) and C=O groups (bands B) 

were analyzed. The A/B ratios reflecting the ratio between hydrophobic (C–H) and 

hydrophilic (C=O) functional groups were used as a measure for the potential wet-

tability of SOM at the flow path surfaces.  

 

 

 
A)                                     B) 

Fig. 1. A) a soil profile at grassland Haplic 

Luvisol located at Hněvčeves and B) the 

surface of a potential preferential flow path 

Photo: M. Leue

X

Y

Photo: M. Leue

X

Y

Spectra derived from DRIFT data 
along a transect, absorption bands 
A and B

Scheme of an intact soil sample, 
DRIFT measurements along parallel 
transects � grid 1 x 1 mm

IR beam
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I) sample surface 
II) DRIFT spectra obtained a long a transect at sample surface
III) A/B ratios calcu lated from intensities of aliphatic (A) and C=O (B) bands. 

Transect
4000 3200 2400 1600 800

10

20

30

40

K
ub

el
ka

M
un

k
un

its

W avenum ber [cm -1]

B

A

A
/B

 m
a

pp
in

g
A

/B
 m

ix
ed

sa
m

pl
e

A/B  *10000 1 2 3

0
5

10
15

20

T
ra

ns
ec

t[
m

m
]

A
/B

 m
a

pp
in

g
A

/B
 m

ix
ed

sa
m

pl
e

A/B  *10000 1 2 3

0
5

10
15

20

T
ra

ns
ec

t[
m

m
]

1
2

3

4

5

T
ra

ns
ec

t
T

ra
ns

ec
t

Surface area 1 Surface area 4
Surface area 2 Surface area 5
Surface area 3

A B C

 
Fig. 2. Principle of DRIFT mapping procedure (Leue et al., 2010) 

 

Results and discussion 

When applied to intact structural surfaces, the DRIFT spectroscopy reflects that 

OM coatings at preferential flow path surfaces differ locally (mm-scale) in terms of 

composition. In contrast to the uncoated surface areas, organic coatings on worm 

burrows and root channels show higher CH/CO-ratios reflecting relatively higher 

concentrations of aliphatic groups of the OM (Fig. 3). Correspondingly, the coated 

areas clearly show higher concentrations of clay mineral specific OH-bands.  

 

 

 
Fig. 3. left: Photo of an intact preferential flow path surface and right: a 

map of A/B ratios obtained by DRIFT mapping at this surface  

Transect [mm] 

M
ea
su
re
m
en
t 

po
int 
[m

1
0 

2
0 

3
0 

1
0 

2
0 

3
0 

4
0 

5
 

0.000 

0.003 

0.006 

0.009 

0.012 

0.015 

0.018 

0.021 

0.024 

0.027 

0.030 

A/B Ratio 

CZ1 Luvisol, 60 cm soil depth 

201



The maps of A/B ratios (Fig. 3, right) obtained for an intact flow path surface (Fig. 

3, left) indicates small scale (1 mm) differences between the regions of an older (i), 

a younger earthworm burrow (iii) and the surrounding matrix. The results show 

that coarser texture and larger unevenness (topography) of the sample surface di-

minish both the intensities and spectral resolution of DRIFT spectra and thus need 

to be considered in the analysis of DRIFT data (Leue et al., 2010). 

 

Conclusions 

The DRIFT mapping analysis of intact surfaces suggests that OM properties at “in-

ternal” surfaces in structural soil are locally distributed depending on the struc-

tural feature. The results indicate yet unknown implications for preferential flow 

and transport especially for reactive solutes. Clay-organic coatings which are 

mostly fine-textured with smooth surfaces were found to be analyzable with the 

DRIFT technique. However, rough surfaces, larger particle sizes, and other relief 

effects need to be considered and may require corrections.  
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Introduction 
Sorption coefficients of phenanthrene are generally highly correlated to the organic 
carbon content of the soils. Nevertheless, the partition coefficient determined on 67 
Danish agricultural soils indicated that phenanthrene sorption could not be predicted 
exclusively from organic carbon. Based on the Dexter concept (Dexter et al., 2008), 
this study aimed to understand the contribution of various soil fractions such as 
organic carbon (OC), clay, complexed organic carbon (COC), and non-complexed 
organic carbon (NCOC) on phenanthrene sorption. The results showed that the soil 
samples in this study had a range of organic carbon contents varying from 1% to 6%. 
Most of these soils were located above the Dexter saturation line (n = 10). The study 
revealed that the NCOC had a strong aptitude for sorption of phenanthrene with a 
correlation coefficient r2=0.84. The lower r2 value for the OC to Kd relationship 
(r2=0.75) indicates that  other factors such as pH, carbonate content, and OC-mineral 
complexes may influence the sorption properties. The sorption coefficient Kd was not 
significantly correlated to the COC. It is assumed that the content of OC-mineral 
complexes had a minor influence on the sorption of phenanthrene. 

Sorption Theory 
Linear isotherm sorption can be described by the following equation: 
                 S = Kd.Ce                                             
where S is the amount of chemical sorbed (mg kg-1) at the equilibrium concentration 
Ce (mg L-1) and Kd (L kg-1) is the linear distribution coefficient. Kd is a general 
coefficient covering the sorption willingness of a range of soils and pollutants . High 
Kd values indicate a large tendency towards sorption, and the reverse for low values  . 
The normalized distribution coefficient of the organic carbon content, Koc, is given by 
the following equation: 

Koc = Kd/foc                                            
foc is the fraction of organic carbon in the soil. Otherwise Koc may be estimated from 
the octanol/water distribution coefficient, Kow (4.57), assuming that sorption of 
organic matter is comparable to octanol [e.g., the expression given in Abdul et al. 
(1987), which was developed especially for PAH, C, and PCB for a foc range from 0.4% 
to 2.0%. 
     Log (Koc) = 1.04.log(Kow)-0.88        
Or Karickhoff et al. (1979) for a foc range from 2.8% to 3.3% 
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                   Log (Koc) = 1.log(Kow)-0.21     
 

Dexter’s concept 
Dexter et al. (2008) showed that the complex is formed by association of clay and OC 
and has a ratio close to or higher than 10 (n= clay/OC). In arable soil low in OC, COC  
is proportional to OC (Figure 1). However, in pasture soils with high OC levels, COC is 
proportional to the clay content. 

The amount of COC, NCOC, complexed clay (CC), and non-complexed clay (NCC) is 
given by the following equations (Dexter et al., 2008):                            

  

COC =OC If(OC<Clay/n) else COC = (clay/n)   (1) 

NCOC = (OC-COC) if (OC-COC)>0 else NCOC = 0   (2) 

CC = (nOC) if (nOC< Clay) else CC = Clay   (3) 

NCC = Clay-CC if (Clay-OC)>0 else NCC=0    (4) 

 
Materials and Methods 

Soils   
Sixty-seven Danish agricultural soils were sampled (0-20cm), air-dried and passed 
through a 2-mm sieve. Organic carbon and clay data were from the Soil-It-Is project. 

Batch experiment sorption 
Phenanthrene sorption isotherms on soils were obtained by the batch equilibration 
procedure using glass centrifuge tubes closed with Teflon caps. Triplicate soil aliquots 
(0.2 g) were equilibrated with 500 µL of CaCl2 3mM for 24 hours in glass centrifuge 
tubes, 9 ml of phenanthrene was added and the samples were shaken end-over-end   
(30 rpm) at 20° ± 2°C for 24 hours. After equilibration, the suspensions were 
centrifuged at 5000 rpm for 1 hour, and then 3 ml of the supernatant solution was 
removed for analysis using a glass pipette. Phenanthrene concentrations were 
determined by liquid scintillation counting  by mixing 3 ml of solution with 17 ml of 
Ultima Gold scintillation cocktail (Packard 2250 CA, Downers Grove, IL). 
Radioactivity measurements were transformed to concentration values using the 14C 
activity of the initial phenanthrene solutions (22,4x104 Bq/L). The limit of detection 
for phenanthrene is 10-4 µM. The amount of sorbed phenanthrene was calculated 
based on the difference between the initial and final solution concentrations. Initial 
solutions without soil were also shaken for 24 hours and served as controls.  
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Figure 1 Relation between clay 
and OC contents of the fertile 
soils.  Almost all of these soils 
were above the saturation line 
(n=12). A few soils have a low 
NCOC content .  

 

 

 

Figure 2 Koc approximations 
after Adbul et al. (1987) can be 
used for the lowest threshold and 
Karickhoff et al. (1979) for the 
highest of the Kd predictions. The 
linear regression gives a value 
approximation of Kd using the 
equation:  Kd=Koc.OC    with Koc 
~ 13000 L kg-1 
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Figure 3 

Figure A shows the correlation between the amount of OC and the sorption 
coefficient of phenanthrene, Kd, in the 67 Danish agricultural soils with a correlation 
of r2 = 0.75. 

Figure B shows the sorption coefficient (Kd) as a function of NCOC with a correlation 
coefficient of r2=0.84. This correlation coefficient is higher than that between OC and 
Kd (r2=0.75). This suggests that there are others factors that could control the 
sorption of phenanthrene such as pH, content of OC-mineral complexes.   However, 
this fraction has a high aptitude for the sorption of phenanthrene. 

 

Figure 4 shows the relation 
between Kd and COC. The sorption 
coefficient is not correlated to 
COC. The sorption coefficient has a 
tendency to decrease slightly with 
the organic matter-mineral 
content. This association thus had 
only minor influence on the 
sorption of phenanthrene. 
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Figure 5 shows the equation for 
the prediction of the sorption 
coefficient based on NCOC and 
COC. 
 
Kd = 130 + 20000NCOC  
 Kcoc =130L kg-1  
Kncoc=20000L kg-1 

 
The equation given by linear 
regression between NCOC and 
Kd Y=18490x+103 
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Conclusion  

 The sorption coefficient , Kd, for phenanthrene is significantly correlated to 
NCOC. This fraction has a potential sorptive properties. 

 COC is not correlated to Kd, but it can play a part in sorption  
 In this study, Kd could be predicted more accurately by combining NCOC and 

COC than by using organic C content alone. 
 The organic matter content and pH of soils or clay would together yield very 

accurate predictions of the Freundlich sorption coefficients. 
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Summary 
We studied the effect of soil water content and soil water matric potential on the 
solute diffusivity of intact soil cores using a recently developed method. 
 
Introduction 
Diffusion of solutes in the water phase controls many processes in the soil system: 
e.g. sorption, microbial degradation and migration of contaminents in the soil 
environment. The diffusivity (the diffusion coefficient of a certain chemical relative 
to the diffusion coefficient in water) of repacked homogeneous soil samples has been 
studied in detail, however the diffusion in intact heterogeneous soil samples, has not 
undergone the same intensive investigation due to lack of a suitable method.  
 
The classical Archie’s law originates from the theory of electrical conductivity in 
homogeneous porous media (Archie, 1942) but have been used with success in 
diffusion studies (Grathwohl, 1998): 

 
θ

θ
log

)/log(/ 0
0

DDmDD m =⇒=        [1] 

where θ is the volumetric soil water content, and m is the Archie’s exponent which 
depends strongly on the structure of the soil. Archie (1942) reported values between 
1.8 and 2 for consolidated materials and 1.3 for unconsolidated sand.  
 
Many empirical models of diffusivities has been developed for repacked soil and 
depending on soil water content and soil specific parameters like porosity, fines 
content and the Campbell pore size distribution index (e.g. Olesen et al., 1999 & 
Millington and Quirk, 1961). In repacked soil we can expect that the retention curve 
and the texture will fully define the diffusivity if the repacking is done carefully. In 
intact soils however, there is no unique retention curve and there can be a difference 
in the diffusivity between samples even though they are taken at the same location 
and have the same volumetric water content. 
 
 The solute diffusivity of a soil sample is determined by three different effects 
(Grathwohl, 1998): (i) a direct effect of the cross-sectional area of the diffusion 
phase, (ii) the tortuosity and connectivity of the diffusive pathways and (iii) an edge 
effect of very narrow pores that is only expected to have significant effect on the 
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diffusivity if the water content is extremely low. The first effect is controlled by the 
magnitude of the soil water content and we hypothesize that the second effect is 
correlated with the soil matric potential since the minimum size of the drained pores 
is determined by the pF value (logarithm of the absolute soil matric potential in hPa). 

 
Materials and Methods 
Intact soil samples (in 100 cm3 steel cylinders) were collected at 12-16 cm depth in a 
field experiment at Flakkebjerg experimental station with two different tillage 
strategies: (i) harrowing to 8-10 cm depth, and (ii) moldboard ploughing to 20 cm 
depth. Table 1 shows selected physical characteristics of the soils in the two 
treatments as averaged across three blocks.  
 
Table 1. Physical characteristics of the two soil types 

 
 
 
 
 
 
 
 

We used the MT-FS-DM method; a modification of the classical half-cell method 
suitable for intact soil as described and discussed in Lægdsmand et al. (2010) to 
investigate bromide/chloride and DFBA (2,6-difluorobenzoic acid)/PFBA (penta-
fluorobenzoic acid) counter-diffusion. Soil samples and glass fiber filters were pre-
saturated in tracer solutions and drained to -50, -100, -200, -500, and -1500 hPa.  
Soil samples with the same matric potential and tillage type were joined by a filter 
and incubated at 20˚C for 3-7 days. Then they were sliced (app. 5 mm slices) and soil 
extracts were analyzed for bromide on an ionchromatograph and for DFBA on HPLC. 
Volumetric soil water content was measured by the gravimetric method. 
 
The diffusion coefficient was estimated from concentration profiles using a dynamic 
model based on Eq [2] and the conservation of mass. The bromide profile was taken 
to represent the Bromide/chloride counter-diffusion and the DFBA profile was taken 
to represent the DFBA/PFBA counter-diffusion.  

x
CDF e ∂
∂

−= ;          [2] 

where F is the flux of tracer, C is the concentration of tracer in the soil and De is the 
diffusion coefficient in the soil. The diffusion coefficient was assumed constant for 
one soil sample and a no-flux boundary condition was applied on the outer ends of 
the soil samples. The equations were solved numerically using the Crank-Nicolson 
implicit finite difference scheme. The method including the model and the 
estimation procedure is further described in Laegdsmand et al. (2010).  
 

 No-till Ploughed 
Clay (<2 µm) (kg kg-1) 0.16 (0.03) 0.156 (0.008) 
Silt (2-63 µm) (kg kg-1) 0.31 (0.04) 0.25 (0.02) 
Sand (63-2000 µm) (kg kg-1) 0.51 (0.06) 0.57 (0.02) 
Org C (kg kg-1) 0.0117 (0.0008) 0.011 (0.002) 
Bulk density (kg m-3) 1710 (130) 1640 (90) 

210



Figure 1: Diffusivity of intact soil samples 
with measured soil water content for the No-
till (▽) and Ploughed (△) soils. 
 

Results and Discussion 
The diffusivity of the samples was 
highly variable due to the local 
variations in the density, pore-size 
distribution and pore morphology 
in the individual samples. There 
was a significant difference in the 
diffusivity between the samples 
from the No-till and the Ploughed 
soil at individual matric potentials 
(not shown). The diffusivity varied 
with volumetric water content and 
more than 90% of the samples 
were inside the interval defined by 
Archies law with exponent m 1.5 
and 2.5 (Figure 1). At low water 
contents, the value of m was 
generally close to 2.5 and at high 
water content m was close to 1.5. 
The maximum boundary 
relationship for a porous media 

consisting of spherical particles in isothrophic packing is m = 1.5 (Bruggeman, 1935). 
Low values of m generally represent direct diffusion pathways and high values 
represent tortuous pathways (Archie, 1942). This is consistent with the connectivity 
of soil pores being higher at higher water contents. From figure 1 it can also be 
observed that the variation of diffusivity with soil water content is not different for 
different soil treatments.  

 
To test our hypothesis, the average 
value of m was calculated according 
to Eq [1] at different pF values as 
shown in figure 2. There was a linear 
relation of the m value with pF 
suggesting that soil water potential 
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did determine the diffusivity of intact soil samples. The linear relation of m with pF 
suggests that the diffusivity of the samples measured here can be determined by Eq. 
3.  

pFccDD ⋅+= 21
0/ θ          [3] 

where c1 and c2 are constants. Statistical analyses revealed a highly significant effect 
of both the c1 and c2 coefficients. The raw residuals seem to vary randomly with the 
volumetric water content at all matric potentials (Figure 3) indicating that the 
systematic variation with water content has been fully described. 

 
  
 
Figure 3: Raw residuals of the 
model predictions (Eq. 3) with 
the volumetric water content at 
different soil water matric 
potentials: -50 hPa (○), -100 hPa 
(·), -200 hPa (▽), -500 hPa () 
and -1500 hPa (△). 
 
 
 
 
 
 
 
 

Conclusions 
In summary, not only soil moisture content but also soil management and 
compaction and the soil-water energy status (matric potential; pF) influence liquid-
phase connectivity and solute diffusivity in intact soil. 
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Summary 
Phenanthrene sorption capacities of three different soil amendments (activated 
charcoal, biochar and compost) were estimated, as well as phenanthrene 
biodegradation. Sorption capacity was higher for activated charcoal than biochar and 
null for compost. Unexpectedly, phenanthrene mineralization rate was roughly 
similar for all the soil amendments tested. 
 
Introduction 
Polycyclic aromatic compounds (PAC) can often be biodegraded by microorganism in 
soil within relatively short periods (<100 days). Nevertheless, even after years of soil 
remediation, a fraction of the initial PAC contamination persists in the soil, sorbed to 
total organic carbon (TOC) (Reichenberg et al., 2009a, b). Therefore, the PAC 
concentration after the bioremediation process can still remain above regulatory 
threshold levels. However, the accessibility of these less accessible and bound PACs 
can be low, and this implies a significant reduction in the uptake by organisms and as 
a consequence a reduced potential for ecotoxicological effects (Brändli et al., 2008).  
In this project, new bioremediation concepts for the reduction of environmental and 
human risks is developed and validated. Remediation targeted at exposure reduction 
turns the limitations of existing remediation technologies (limited remobilization of 
bound PAC) into an advantage (low risk of the residual fraction). A number of soil 
amendments (activated charcoal (AC), biochar, and compost) is investigated for their 
potential to facilitate (bio)degradation and/or transfer of the PACs into non-
accessible forms. 
 
Materials and methods 
Soil amendments 
Soil amendments were AC, biochar and compost. Soil amendment particles were 
within the same size range (10 – 100 µm) but surface areas decrease from AC to 
compost. Total carbon content was similar but organic:inorganic carbon increases 
from AC to biochar to compost. 
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PAH desorption assay 
Desorption of phenanthrene sorbed to soil amendments were conducted in 20-mL 
glass vials (n=5) containing 5 mL 10 mgL-1 soil amendments suspension (AC, biochar 
or compost) spiked with [9-14C] phenanthrene. A clean silicone O-ring was added to 
each vial as an infinite sink for organic compounds, silicone can be considered as a 
non miscible polar extractant (Kilian et al., 2009). The vials were shaken at room 
temperature for 6 days until equilibrium was reached between soil amendment 
suspension and silicone rings. At the end of the experiments, the silicone rings were 
removed and soil amendment suspensions were sampled to measure phenanthrene 
left sorbed to the soil amendments. Afterwards, the phenanthrene was extracted from 
the silicone rings with 10 mL of methanol to measure phenanthrene desorbed from 
soil amendments.  
 
PAH mineralization assay 
Microbial mineralization of phenanthrene sorbed to soil amendments were tested in 
sterile 100-mL serum flasks (n=3) containing 20 mL 10 mgL-1 soil amendments 
suspension (AC, biochar or compost) with growth media (10% TSB or Lukas with 100 
mgL-1 glucose) and 5 µgL-1 phenanthrene (specific radioactivity 1770 KBq/mg 
phenanthrene). A PAC degrading Sphingomonas sp. (DSM 12247) was added. After 
inoculation, the flasks were sealed with sterile Teflon® stoppers and incubated at 
room temperature on a horizontal shaker at 150 rpm for 7-14 days. The 14CO2 
produced through mineralization of phenanthrene was collected in 1 mL 1 M KOH 
trap. KOH was exchanged at intervals by a sterile needle through the septum, 
depending on activity. At the end of the experiment, 14C in 5 mL culture samples were 
measured, and any 14C adsorbed to the inside of the flasks were removed by washing 
with methanol and measured to quantify the phenanthrene left in the system. 
 
Results and discussion  
AC had the strongest sorption capacity, and biochar showed a lower sorption capacity 
(Figure 1). In other studies black carbon had a strong capacity to sorb PAC 
(Cornelissen et al., 2005). Compost had a very poor phenanthrene sorption capacity. 
Phenanthrene sorbed to compost was near to zero for all growth media. This result 
was expected as compost can sometime improve PAC solubility (Kobayashi et al., 
2009). Generally, the desorption of phenanthrene from soil amendments to Lukas 
and Milli-Q water was similar. In presence of TSB, phenanthrene desorption was 
higher than both Lukas salt solution and Milli-Q water for AC and biochar.  
The phenanthrene degrading Sphingomonas sp. grew without lag phases in the soil 
amendment suspensions (AC, biochar or compost) with 10% TSB or Lukas with 
glucose and phenanthrene as the sole carbon sources (Figure 2). 
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Fig. 1. Abiotic desorption of 14C phenanthrene (% of initial radioactivity) sorbed to 
soil amendments (AC, biochar or compost) to clean silicone O-ring in presence of 
Milli-Q water, 10% TSB or Lukas salt solution. 
 
For Sphingomonas sp. mineralization of phenanthrene was more related to the 
growth media (TSB or Lukas) than the nature of the soil amendments. The 
mineralization rate was higher with Lukas (74.1 – 82.1%) than TSB (43.3 – 56.1 %), as 
also observed by (Guo et al., 2010).  Other authors also found a high phenanthrene 
mineralization when it was the main source of carbon (Willumsen and Karlson, 
1997). The expected relation between phenanthrene sorption capacity of soil 
amendments and phenanthrene mineralization was not observed. The phenanthrene 
desorption increased from AC to biochar to compost, but phenanthrene 
mineralization was similar for all soil amendments. The low recovery percentage 
noticed for some treatments is still being studied. 
 

activated charcoal

0

20

40

60

80

100

120

TSB TSB
cont ro l

Lukas Lukas
control

%
 o

f i
ni

tia
l 1

4C
 P

he

Biochar

0

20

40

60

80

100

120

TSB TSB
cont ro l

Lukas Lukas
control

%
 o

f i
ni

tia
l 1

4C
 P

he

Com post

0

20

40

60

80

100

120

TSB TSB
cont ro l

Lukas Lukas
control

%
 o

f i
ni

tia
l 1

4C
 P

he

 
14C Phe left  

14C Phe mineralized  
Fig. 2. Accumulated mineralization of 14C phenanthrene (% of initial radioactivity) 
and percentage left sorbed to soil amendments (AC, biochar or compost) in presence 
of 10% TSB or Lukas media. 
 

This study showed that phenanthrene sorbed to soil amendments is still bioavailable 
suggesting that bacteria could access sorbed phenanthrene and mineralize it, as 
proposed by (Xia et al., 2010).  
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Conclusions 
Predicting effect of soil amendments on PACs sorption/desorption phenomena and 
biodegradation processes will be the challenge in the future. This study showed that 
phenanthrene mineralization and sorption processes are apparently not correlated: 
high sorption capacity had no inhibitory effect on phenanthrene biodegradation.  
Nevertheless, our present work opens a new way for (bio)remediation and risk 
assessment modelling: adding soil amendments could reduce PAC mobility in the soil 
without inhibition of phenanthrene mineralization. 
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Summary 
Recently rheological methods have been used to investigate soil micro-mechanics. A 
rotational rheometer with a parallel-plate measuring device was used to explore the 
viscoelastic properties of soil as a function of soil organic carbon under oscillatory 
shear conditions. Samples from the long-term experimental site at Broadbalk, 
Rothamsted, UK were investigated. Data from amplitude sweep tests with controlled 
shear deformation are reported as well as mineralogical data. In general water 
content, texture, organic matter compounds, clay mineralogical features, carbonate, 
and cations have an effect on stiffness degradation, micro-structural stability, and 
shear behaviour. Storage modulus G’ (Pa) and loss modulus G’’ (Pa), loss factor tan  
(=G"/G') and integral z characterize micro structural properties of soil on the 
particle-to-particle scale. The long-term application of farm yard manure (FYM) 
leads to a significant increase in soil organic carbon (SOC), in comparison with the 
application of ammonium nitrate in form of mineral NPK fertilizer and bare fallow. 
In wet soils (0kPa) increasing SOC improves the elastic properties of the soil besides 
van der Waals bonds due to a high Ca2+-saturation, and pH values of ~6.5…7; hence, 
under saturated conditions viscoelastic properties are predominantly 
physicochemically influenced. Under pre-drained conditions menisci forces (-6 and -
15kPa) mainly effect rigidity and viscoelasticity of the soil; here, physical SOC 
components such as fungal hyphae and micro-roots function as network between the 
particles. 
 
Introduction 
Markgraf et al. (2006) and Markgraf and Horn (2009) demonstrated the sensitivity 
of the rheological approach to differentiate between the rigidity and the 
strengthening effects of various substrates. They could show that microstructural 
stability is influenced by (i) clay mineralogy and texture, which lead to different shear 
behaviour, (ii) by ionic forces, (iii) iron (hydr)oxides and soil organic matter, (iv) 
particle shape and surface properties, and (v) menisci forces. Rheological parameters 
allow a detailed semi-quantitative classification of stiffness degradation, when 
micromechanical effects on the particle-to-particle scale need to be described 
(Markgraf and Horn, 2009). Barrè and Hallett (2009) investigated the rheological 
characteristics of wet soils and in particular the effects of soil root, fungal exudates, 
and clay mineralogy on the stabilization of soil micro structure. A key soil parameter 
which affects soil stability is the organic carbon (SOC) content (Tisdall and Oades, 
1982) and its composition, which is strongly influenced by soil management 
practices. Furthermore, increased levels of SOC decreased amounts of mechanically 
dispersed clay which in turn increased the stability of soil macro structure (Watts and 
Dexter, 1997), improved soil workability (Watts et al., 2006) and had a major 
influence on the relationship between soil strength and water status (Whalley et al. 
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2007). However, there is still an open question how far these changes in soil strength 
can be also identified by the rheological test at the soil microscale.  
 
Material and Methods 
Soils 
A silty loam from Rothamsted, UK (Table 1) (Powlson 1994; Watts et al. 2006), was 
taken and analysed, considering different properties such as texture, clay mineralogy, 
soil organic carbon (SOC) content, and manure application.  
 
Table 1. Physicochemical characteristics of investigated substrates, Rothamsted, 
Broadbalk experimental site. 

Plot Treatment Sand Silt Clay SOC pHCaCl2 Ca CECeff
¤ 

    g kg -1 -logH+ cmolc kg-1 

3 NIL 205 580 215 8 7.5 13.5 14 

2.1 FYM*+ N2 
210 580 210 

27 7.1 16.7 19 

2.2 FYM 28 7.1 17.1 19 

6 N1PK(Na)Mg 

190 580 230 

10 6.6 12.1 15 

7 N2PK(Na)Mg 10 6.4 10.5 12 

9 N4PK(Na)Mg‡ 11 6.7 14.8 17 

16 N6PK(Na)Mg† 12 6.6 10.4 12 

W2 Wilderness (grass) 210 570 220 40 5.8 15.4 18 

PF 
Bare fallow§ 
(Highfield) 

70 680 250 11 4.5 6.2 7 
 

¤CECeff: sum of basic  cations             *FYM farm yard manure (since 1885; N2 added since 1968)              
 N1, N2, N4, N6 = 48, 96, 192, 284 kg N as ammonium nitrate    ‡since 1968   †since 1985   §Bare fallow – Plow/Fall (since 1959)       

 
Amplitude Sweep 
According to the method introduced by Markgraf et al. (2006), amplitude sweep tests 
were conducted with a modular compact rheometer MCR 300 to achieve data of 
stress-strain correlations on the micro scale (particle-particle contact). 
Representative recorded plots of an amplitude sweep test are shown in Figures 1a and 
b (Markgraf and Horn 2009).  If tan <1, G’ prevails G”, a gel character is given. 
Viscous behaviour is defined in case of tan >1, G” predominates G’. Furthermore, a 
correlation between in Figure 1 (a) presented stages (Phases I-III) and phases of 
stiffness degradation in Figure 1 (b) become obvious. Due to a decrease of G’, the 
ratio of G’’/G’ (= tan δ) increases; if tan δ=1 is reached, elastic and viscous parts are 
equivalent, and an absolute yield point (=cross-over) is given at a defined 
deformation (%). For further comparison, the integral z of tan δ() lim =0.001% to 
lim =“cross over point”, with tan δ=1 as defined limit on the y-axis can be calculated.  
Measurements were conducted on saturated (0kPa) and pre-drained (-6; -15kPa) 
samples. 
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(a)        (b)  
 
Figure 1a. Idealised generated plots of storage modulus G’ (Pa) and loss modulus G” 
(Pa) vs. deformation  (%). In general, three stages of elasticity loss can be defined, 
showing a gradual transition of an elastic (G’>G”) to a viscous (G’<G”) character.  
Figure 1b. Deriving from one data set, results can be plotted in a loss factor vs. 
deformation coordinate system. Loss factor tan δ ( - ) equals the ratio of loss modulus 
to storage modulus (=G’’/G’), and may function as analogue expression of elastic (tan 
δ <1), viscoelastic (tan δ ≤1) or viscous (tan δ >1) behaviour. 
 
Results 
In Figure 2 results from conducted AST with samples deriving from the Rothamsted 
Broadbalk long term experiment are shown. In general, curve characteristics are 
influenced by (i) water content: saturated (Figure 2a); unsaturated (Figure 2b, c), (ii) 
by treatments: NxPK(Na)Mg, farm yard manure (FYM), bare fallow or wilderness 
(grass), (iii) SOC content, and (iv) texture. In comparison, a slight increase in 
structural stability can be found as given in Figures 2b and c: FYM+N2 > FYM >> 
N6PK(Na)Mg ≥ N4PK(Na)Mg > N2PK(Na)Mg ≥ N1PK(Na)Mg. Pre-drained samples of 
wilderness (grass) show a higher microstructural stability than bare fallow, and 
N2PK(Na)Mg. If, in addition, FYM (-6kPa) plots in Figure 2b are considered, the 
influence of SOC becomes even more obvious: wilderness plots have the highest SOC 
contents (4.0%), followed by FYM (2.7%), bare fallow, and N2PK(Na)Mg (Table 1). By 
calculating integral z, micro-structural stiffness can be expressed in absolute 
numbers (Table 2) and demonstrate the influence of mineral or organic N 
applications, SOC, and water content.  
 

 
Figure 2. Resulting graphs with tan  as function of  of conducted amplitude sweep 
tests (AST) under saturated (0kPa) and pre-drained (-6kPa) conditions. 
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Table 2. Values of calculated integral z for different treatments of resulting AST 
data; saturated: 0 kPa, pre-drained: -6 and -15 kPa. 

Plot Treatments saturated pre-drained 

  0 kPa -6 kPa -15 kPa 

3 NIL 24.99 31.67 63.47 

2.1 FYM+N2 30.09 64.19 66.05 

2.2 FYM 33.71 63.30 62.01 

6 N1PK(Na)Mg 30.64 55.42 65.36 

7 N2PK(Na)Mg 30.01 55.27 65.27 

9 N4PK(Na)Mg 34.93 59.35 65.96 

16 N6PK(Na)Mg 32.98 58.69 65.66 

W2 Wilderness (grass) 38.36 62.82 63.03 

PF Bare fallow (Highfield) 31.37 51.91 63.27 

 
Conclusions 
In saturated soil the effect of SOC on soil rheological properties was most apparent. 
In drier soil there was no transition from elastic to Newtonian behaviour which made 
the treatment effects harder to interpret.  We have shown in tests on saturated soil 
that resistance to deformation increases with SOC. Soils with a higher SOC can 
deform to a greater extent before they fail in comparison to soils with a low SOC. 
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Summary 

We performed a series of observations on the salt precipitation arising in micrometric 

cylindrical capillary tubes, filled with 5.5 m NaCl solution and submitted to drying 

conditions. Most often, cubic halite precipitates at the two liquid-air interfaces, 

apparently closing the micro-system on itself. After on average 3-months observation 

of such immobile situation, we observed the cavitation of a vapor bubble in the liquid 

behind the NaCl cap. Therefore, the system was not closed but arranged according to 

an ink-bottle configuration, accompanied with a superheating of the occluded liquid. 

 

Introduction 

Though this is a very well-known concept, the ink-bottle effect is often overlooked in 

the reactive transport modeling at the UZ scale, as well as the “heterogeneization” (= 

the development of ink-bottle configurations) through time of the host porosity. The 

present contribution aims at illustrating by very simple experiments that this effect 

has a good probability of occurrence in any materials or field settings submitted to 

drying conditions, even if the geometry of the host pores network is a priori unable to 

allow it. To do that, open, micrometric, constant-sized, cylindrical, capillaries have 

been filled with saline solutions and submitted to evaporating conditions to enable 

the salt precipitation which leads to a change of the pore topology. And the phase 

transitions inside have been observed during one year. 

 

Materials and methods 

Capillaries and salt solutions 

Capillary tubes were polyimide coated fused silica materials, purchased at Polymicro 

Technologies LLC company, with internal diameters from 5 to 180 µm. 

The aqueous solutions are hand-made (NormaPur powder, Prolabo; milli-Q water) 

close to saturation: concentration is 5.5 m, slightly undersaturated with respect to 

halite (saturation is at 6.2 m at 25°C and 0.1 MPa). 

Experimental procedure and in situ observation 

Each tube (10 cm long, approximately) is completely filled in before being put in a 

drying chamber where the relative humidity (RH = 24%) and temperature (20°C) are 

controlled. The RH is maintained constant by a saturated solution of LiCl, and is 

recorded with a humidity/temperature data logger (EL-USB-2, LASCAR-Easylog). 
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Regularly, the capillary tubes were extracted from the drying chamber and observed 

with an optical microscope (Leica DM 4000B). 

 

Results and discussion 

NaCl precipitates: plugging the tube 

The precipitate takes place most often at the two liquid-air interfaces, especially when 

the capillary column is at equal distances from the two tube inlets. In these cases, the 

system is closed and no significant variation in the water or crystal volumes happens 

through time. That indicates the system is no more evaporating and the solution-

crystal phase transitions seems to be stopped. 

Further event: the bubble growth 

After (on average) three months of observations, we observe the appearance of one 

bubble inside the water column, close to or at distance of the NaCl caps (Fig. 1). 

a. 

 1 

 2 

17th Nov. 2008 : after NaCl precipitation, without bubble 

18th Feb. 2009 : the same capillary, after bubble nucleation 

100 µm 

100 µm 
b.  

Fig. 1. a. Brutal appearance of a gas bubble after 3-months in a (apparently) closed 

capillary. b. Location of the bubble nucleation with respect to the NaCl cap. 

 

One has to point out that: 1/ no driving force exists in the water column for a phase 

transition if it is normal free water, and 2/ the bubble sometimes appears at distance 

from any possible interface where vaporization might take place. As a consequence, 

we propose that the trapped liquid behind the caps is actually a metastable 

superheated liquid prone to bubble nucleation, when its characteristic lifetime (here, 

three months) is reached. The bubble appearance is then a cavitation event, that is to 

say a rapid vapour explosion related to an internal disequilibrium inside the mother 

liquid (e.g. Reid, 1983). The rate of the nucleation of a critical-sized vapor bubble 

depends on the distance-to-equilibrium experienced at the time of the transition: the 

more is superheated the mother liquid, the faster is the liquid-to-vapor nucleation 

which restores the equilibrium, the more powerful is the cavitation. 

The installation of the superheating state is in fact pretty easy to explain, supposing 

that small capillary bridges persist along the NaCl caps (Fig. 2). The complete process 

is then a centripetal NaCl growth at low supersaturation (massive cubic shape) able to 

pull a residual liquid film just between the growing solid and the wall tube. 
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Fig. 2. Simplified sketch of the cavitation process, highlighting the continuity 

between the capillary films along the caps and the superheated water volume behind. 

 

When the characteristic distance meets the Young-Laplace condition, depending on 

the average local RH (24% < RH < 75%, in the experimental conditions), the liquid 

standing along the crystal “capillarizes” and then becomes undersaturated with 

respect to massive NaCl. A weak dissolution certainly restores the equilibrium. The 

capillarization of the films around the solid plugs corresponds to a change in the 

chemical potential of the solution, and so the properties of the whole volume are 

identically modified: the trapped solution is entirely put into the capillary pressure 

fixed by the capillary films. The chemical equilibrium is accordingly modified as well 

as the saturation level of the solution. 

Actually, except along the plugs, the capillary is largely wider than expected from the 

Young-Laplace condition and so a critical bubble can grow at any time. As there is a 

bubble nucleation barrier which is the energy cost to build the liquid-air interface 

(Classical Nucleation Theory, CNT), this is a matter of time for this barrier to be 

trespassed: the liquid solution disobeying the Young-Laplace law has a limited 

lifetime depending first on the superheating intensity (e.g. Pettenati et al., 2008; El 

Mekki et al., 2009). 

As the water pressure is changed, the “normal” NaCl plugs interact now with an 

“abnormal” solution. This is a geochemical situation suitably described by the 

anisobaric equilibrium constant where one solid is kept at its normal chemical 

potential while solution experiences a capillary chemical potential (Mercury and 

Tardy, 2001; Mercury et al., 2003; Lassin et al., 2005; Pettenati et al., 2008; Bouzid 

et al., submitted). 

 

Conclusions 

On the hydraulic side, the NaCl plugging deeply modifies the liquid mobility as a 

whole, by isolating part of the total volume. That should contribute to increase the 

complexity of the hysteresis relationship between the drainage and wetting regimes 

in a porous medium, as already concluded (Scherer and Smith, 1995; McManus and 

Davis, 1997; Or and Tuller, 2002). 

But the real novelty afforded by this experiment is on the geochemical side of the 

question. First, we saw the ability of any drying process to dramatically increase the 

heterogeneity of an initially-simple system, by the precipitation of salts which 
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changes the inner topology of the pore space. Second, the ability of the narrow spaces 

to enable the capillarity to take place is demonstrated in decimetric-long 

micrometric-wide open capillaries. A further novelty is the conclusion that the 

capillary bridges are able to sustain very large volumes of stretched water located in 

regions of the pore space larger than those hosting their liquid-air interfaces (obeying 

the Young-Laplace law). This conclusion is rich of new perspectives on the UZ 

geochemistry since 1/ it makes to expect larger volume of water at high tension than 

commonly admitted, and 2/ it paves the way to renew the writing of the equilibrium 

constants of geochemical reactions with the capillary state as a constraint. 

 

References 

Bouzid M., Mercury L., Lassin A., Matray J.-M. and Azaroual M. (submitted) In-pore 

tensile stress by drying-induced capillary bridges inside porous materials. J. 

Colloid Interf. Sci. 

El Mekki M., Ramboz C., Perdereau L., Shmulovich K.I., and Mercury L. (2009) 

Lifetime of superheated water in a micrometric fluid inclusion. In “Metastable 

systems under pressure”. S.J. Rzoska, A. Drozd-Rzoska et V. Mazur (Eds). 

Springer Verlag, Odessa, Ukraine, October 4 – 8, 2008, p.279-292. 

Lassin A., Azaroual M., and Mercury L. (2005) Geochemistry of unsaturated soil 

systems: aqueous speciation and solubility of minerals and gases in capillary 

solutions. Geochim.Cosmochim. Acta 69, 22, 5187-5201. 

McManus K.J. and Davis R.O. (1997) Dilation-induced pore fluid cavitation in sands. 

Géotechnique 47(1), 173-177. 

Mercury L. and Tardy Y. (2001) Negative pressure of stretched liquid water. 

Geochemistry of soil capillaries. Geochim.Cosmochim. Acta 65, 20, 3391-3408. 

Mercury L., Azaroual M., Zeyen H., and Tardy Y. (2003) Thermodynamic properties 

of solutions in metastable systems under negative or positive pressures. Geochim. 

Cosmochim. Acta 67, 1769–1785. 

Or D. and Tuller M. (2002) Cavitation during desaturation of porous media under 

tension. Water Resour. Res. 38(5), 1061, doi: 10.1029/2001WR000282. 

Pettenati M., Mercury L., and Azaroual M. (2008) Capillary geochemistry in non-

saturated zone of soils. Water content and geochemical signatures. Applied 

Geochem. 23, 3799-3818. 

Reid R.C. (1983) Rapid phase transitions from liquid to vapour. Adv. Chem. Eng. 12, 

105-208. 

Scherer G.W. and Smith D.M. (1995) Cavitation during drying of a gel. J. Non-Cryst. 

Solids 189, 197-211. 

Shmulovich, K. Mercury L., Thiéry R., Ramboz C., and El Mekki M. (2009) 

Experimental superheating of water and aqueous solutions, Geochim. Cosmochim. 

Acta, 73(9), 2457–2470. 

Zilberbrand M. (1999) On equilibrium constants for aqueous geochemical reactions 

in water unsaturated soils and sediments. Aquatic Geochem. 5, 195-206. 

224



How  capillary  forces  promote  colloid  mobilization  in 
macroporous soils: an alternative model

E. Michel  (1), S. Majdalani (2) and L. Di Pietro (1). 
(1)UMR1114  Environnement  Méditerranéen  et  Modélisation  des  Agro-
Hydrosystèmes,  INRA,  84000  Avignon,  France ;  (2)UMR5569  Hydrosciences 
Montpellier, Université Montpellier 2, Place E. Bataillon, 34095 Montpellier, France.
eric.michel@avignon.inra.fr

Summary
Soil colloids are known to facilitate the transport of adsorbed pollutants through the 
vadose  zone.  This  communication  proposes  a  conceptual  model  that  computes 
particle  mobilization  in  macroporous  soils  during  extended  series  of  successive 
rainfall events. Model outputs are qualitatively compared with mobilization recorded 
during series of up to 38 rainfall event simulated onto undisturbed soil cores. 

Introduction
Colloidal sized soil particles have been known for over 20 years to act as vectors of 
adsorbed pollutants from the soil surface towards the groundwater. Model used to 
predict pollutant fate in the soil  must thus take into account this phenomenon in 
order  to  make accurate  predictions.  To date,  the  understanding  of  processes  and 
factors leading to natural particle mobilization in soils is still incomplete and models 
of colloid mobilization are far from being predictive models. Furthermore, although 
throughout the year, in situ soils are submitted to successive rainfall events, most of 
the  experimental  and  modelling  efforts  focused  on  single  events  (with  a  few 
exceptions: e.g. Schelde et al. 2002). 
However, recently, a conceptual model based on the concepts of porous media drying 
and differential  capillary  stresses  occurring  in  the macropore  walls  was  proposed 
(Michel,  2010).  The  model  provides  a  framework  to  understand the  mobilization 
variations observed at the column scale, during series of successive rainfall events, 
when the rain interruption duration (RID) separating two successive events changes 
from a few hours to a few month; and, when the number of successive rainfall events 
is sufficiently short (a few tens of events). 
In this paper, we modified the model in such a way that it now allows modelling long 
term leaching of  soil  particles,  when several  tens  of  successive rainfall  events  are 
performed onto a soil core. This was achieved introducing into the model the concept 
of “regeneration of the stock of mobilizable particles”. In the following, we summarize 
the main features of the model presented in Michel (2010) as well as the proposed 
regeneration  mechanism.  We  compare  qualitatively  the  model  outputs  with 
mobilization recorded during series of up to 38 successive rainfall events performed 
onto a single soil core, and finally discuss how the model gives a framework that helps 

225

mailto:stephane.sammartino@univ-avignon.fr


understanding mobilization fluctuations occurring during extended series of rainfall 
events. 

Model 
The model describes particle mobilization in macroporous soils at the beginning of a 
rainfall  event  when  the  mobilization  reaches  a  maximum.  The  walls  of  active 
macropores are modelled as a set of cylindrical smaller pores arranged in a single 
transect, with radiuses randomly chosen in a normal distribution. During a rainfall, 
all the active macropore walls are filled with water. At the end of a rainfall, water is 
lost  from the walls,  either by gravitational  drainage,  evaporation or redistribution 
towards the inner matrix. This loss occurs in the pores making up the macropore wall 
according  to  their  size:  widest  pore  first.  The  model  uses  a  set  of  parameterized 
equations to compute the menisci depth in each pore of the macropore walls as a 
function of the time elapsed since the end the previous rainfall. When after a rain 
interruption of duration  Tpause a new rainfall  event starts,  the model compares the 
menisci depth Δh in all neighbouring pores. If Δh is higher then a threshold value 
Δhthr,  it  is  assumed  that  the  wall  separating  the  neighbouring  pores  has  been 
weakened by the differential capillary stresses occurring between a water filled and 
an  empty  pore,  and that  this  wall  is  removed  by  the  incoming  infiltration  front. 
Accordingly,  the  number  of  “mobilized  particles”  is  incremented  by  one,  and the 
number and radiuses of  the pore distribution are updated.  With this mobilization 
mechanism,  the “stock of  dispersible  particles”  i.e.  of  intact  pore walls  is  an ever 
decreasing function of the number of rainfall event already performed. To get around 
this pitfall we introduce into the model the following “regeneration mechanism”. We 
consider that as particles are mobilized the walls of the preferential flow path flatten 
out, uncovering new pore underneath the previously mobilized pore walls. We model 
this process replacing each pore that became wider than a threshold radius rregen with 
N new pores picked up randomly into the same normal distribution as the initial set 
of pores. In addition we impose the total surface area of the N new pores to be equal 
to that of the replaced pore. 

Materials and methods
Two soil  (calcisol)  cores  (i.d.  14.7  cm,  height  25  cm) were  submitted  to  series  of 
successive rainfall events at fixed rainfall intensity and rainwater ionic strength. The 
amount of mobilized particle in the first 120 ml of effluents was determined by light 
extinction.  The  first  core  was  submitted  to  19  identical  rainfall  events,  the  RID 
between each rainfall was constant and set to 47 hours. The second core underwent 
38 rainfall events. The 38 events were split up into three series of 12, 15 and 11 events. 
During each series the RID between the rainfall  events increased from 1 to about 
2500 hours.    
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Results and discussion. 
Fig. 1a displays the mobilization recorded during the 19 events performed on core 1 at 
fixed RID as a function of the rainfall event number. Mobilization decreases sharply 
from 55 to about 10 mg during the first seven events, and from event 8 on fluctuates 
around a  mean  value  of  10.5  ±3.4  mg.  Fig.  1b.,  and  1c.  display  the  mobilization 
recorded during the three series of rainfall performed at increasing RID as a function 
of RID (Fig. 1b.) or rainfall event number (Fig. 1c.). For each series, the mobilization 
increases with RID, reaches a maximum and decreases, although the amplitude of the 
maximum in series 2 and 3 is slightly lower compared to series 1. 
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Fig. 1. (a) Core 1. Mobilization (mg) in the first 120 ml of effluent for 19 rainfall 
events separated by RIDs of 47 hours. (b and c) Core 2. Mobilization in the first 120 
ml  of  effluent  for  38  events  separated  by  increasing  RIDs  as  a  function  of  RID 
(middle panel) and rainfall  event number (right panel).  Series 1 (circles),  Series 2 
(squares), Series 3 (triangles). 

We mimicked with the model the experiments performed on column 1 and 2. The 
threshold for pore mobilization was set to 0.06m, and the initial  distribution was 
made of 2000 pores randomly picked in a normal distribution with mean radius 3.5 
µm and standard deviation 1 µm. “Regenerated” pores were randomly chosen from 
the same distribution. Three values of rregen are represented in Fig. 2: 100, 20 and 10 
µm.  Fig.  2a.  shows  the  model  outputs  for  19  rainfalls  performed  at  fixed  RID. 
Regardless of the rregen value, mobilization decreased from one rainfall to another and 
after a few rainfall events started to fluctuate about a constant mean value. In Fig.2b. 
mobilization pattern observed for the three series of rainfall separated by increasing 
RID are reproduced qualitatively. The agreement (relative height and position of the 
mobilization maxima) is better for the intermediate value of rregen. 
By  construction  modelled  mobilization  depends  on  the  number  of  pores  in  the 
distribution at the beginning of each rainfall. After a few rainfall events, mobilization 
reaches a dynamic equilibrium (Fig. 2a.). Its value depends on  Tpause and  rregen  : the 
lower rregen, the higher the equilibrium value. The initial mobilization decrease results 
from the difference between the number of pores in the distribution before the first 
event  and  the  equilibrium  value.  Similarly  the  initial  experimental  mobilization 

(a) (b) (c)
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decrease observed during the first events (Fig. 1a.) may reflect the transition between 
an initial state characterized by a set of parameters (number of pore (or size of the 
stock of dispersible particles), mean radius and standard deviation) towards a final 
state characterised by a new set of parameters. 
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Fig. 2. (a) Modelled mobilization as a function of rainfall event number for 19 events 
spaced by even RIDs of 47 hours, and (b) for three series of rainfall events spaced by 
RIDs of increasing durations. rregen was set to 100 µm (squares), 20 µm (filled circles) 
and 10 µm (opened circles).  Δhthr was set  to 0.06m.  Initial  distribution had 2000 
pores with a mean radius of 3.5±1 µm.  

Conclusions. 
The goal  of  this  study was twofold: 1)  to  collect  particle  mobilization data during 
extended series  of  successive  rainfall  events  at  fixed and variable  RID;  and 2)  to 
introduce  into  the  conceptual  model  proposed  in  (Michel  2010)  a  mechanism 
opening up the possibility to model mobilization for these extended series of rainfalls. 
The model makes several strong hypothesise (existence, and modification from one 
rainfall  to  the  other,  of  a  distribution  of  pores  making  up  the  macropore  walls, 
differential  capillary  stresses  as  the  driving  mobilization  mechanism,  absence  of 
particle  transport,  pores  arranged  in  transects).  Nevertheless,  it  was  able  to 
qualitatively  reproduce  –and  gave  a  framework  to  understand-  the  mobilization 
patterns observed experimentally.  
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Summary 

Functional fingerprints of soil pore space may be obtained from simultaneous 

measurements of the volumetric soil-air content (), the soil-gas diffusion coefficient 

(DP), and the soil-air permeability (ka) as functions of the soil-water matric potential 

(for example given as pF = Log(-), where  is the matric potential in cm H2O).  This 

concept is illustrated for four different soil types from Japan, ranging from 

structureless sand to highly aggregated or blocky soil. Fingerprints of six pore 

network properties as functions of pF (volumetric soil-air content, pore size density, 

specific gas diffusivity, tortuosity of air-filled pore space, specific air permeability, 

and a new gas transport characteristic number, P, corresponding to the ratio of air 

permeability to gas diffusivity) illustrate well the different effects of texture and 

structure on functional pore networks. Further, based on the classical Penman 

Relation for gas diffusivity, we introduce a simple capillary-bundle type model for 

evaluating the average angle of gas transport as related to air-filled pore space 

tortuosity.   

 

Introduction 

Recent advances in soil visualization of pore network properties by e.g. X-ray 

computer-aided tomography (CT) scanning and synchrotron-radiation-based 

microtomography (Peth et al., 2008) allow us for the first time to look into soil inner 

space and observe its soil architecture in form of potentially inter-related particle and 

pore networks. However, these techniques today provide only identification or 

quantification of limited parts of the pore networks, typically only the larger pores. 

Thus, to find out if the observed large-pore networks are functional and inter-related 
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with the remaining pore networks in regard to transport properties for water, air, 

gases and solutes, we need to combine visualization with appropriate bulk scale 

measurements. For this, soil-air parameters appear an obvious choice since these 

measurements do not disturb the soil sample, and are quick and easy to perform. 

 

Methods 

We adopted data from Osozawa (1998) that presented detailed measurements of soil-

water retention and gas transport properties on four soil types, based on average 

measurements at each pF condition on five intact 100-cm3 samples for each soil type. 

The soils were a coarse (dune) sand (from Kashima), a loamy soil (Toyohashi), a well 

(micro-) aggregated volcanic ash soil (Andisol; Tsukuba), and a blocky-structured 

Gray-Lowland soil (Arakawa). For soil sampling, preparation, step-wise drainage to 

each pF and gas diffusivity and air permeability measurements, we refer to Ozosawa 

(1987) and Kawamoto et al. (2006). 

 

Results 

Figure 1 shows the proposed fingerprints from wet (low pF) to dry (high pF) 

conditions. From the measured soil-water retention curves, we can infer both the 

soil-air characteristic curves (volumetric soil-air content versus pF), Figure 1a, and 

the pore-size density function (following Hamamoto et al. 2009), Figure 1b. Here we 

applied the unimodal lognormal pore-size distribution model (so-called Kosugi water 

retention model) by Kosugi (1996) for Kashima sand, and a bimodal lognormal 

distribution model (bimodal Kosugi model) by Seki (2007) for the other three soils, 

for all soils using the SWRC-FIT program by Seki (2007). With the exception of 

Kashima sand, the three other soils show distinct bimodal pore-size behavior with a 

relative high density of macropores located in a peak between pF 0 and pF 1.5 (pores 

of equivalent pore diameter > 100 m).     

 

Figure 1c shows the specific gas diffusivity, DP/( D0), where DP is soil-gas diffusion 

coefficient (m3 soil-air m-1 soil s-1), D0 is gas diffusion coefficient in free air (m2 air s-1), 

and  is the volumetric soil-air content (m3 soil-air m-3 soil). Figure 1d shows the 

calculated tortuosity of the air-filled pore space (T) from Dp/Do (Moldrup et al., 2001)  

 

T = [( D0)/DP]1/2                     (1) 
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Fig. 1.  The six suggested soil-air fingerprints. 

 

The T also equals the ratio of average capillary tube length in a porous media sample 

(Le) to the length of the porous media (L) along the major transport (diffusion) axis, 

when assuming tortuous capillary tubes of uniform diameter (Moldrup et al. 2001). 

Since gas diffusion involves all connected air-filled pores, the Kashima sand with a 

large fraction of larger and well connected pores shows the highest gas diffusivity and 

lowest tortuosity at dry conditions. Opposite, at wet conditions where soil-water can 

more easily block the relative fewer bottle necks for diffusion (narrow pore throats 

between particles) in coarse-textured media, Kashima sand exhibits the lowest 

diffusivity and a very high tortuosity.  
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In the case of convective gas transport, well-connected macro-pore networks and soil 

structure mainly control air permeability. Due to this, Figure 1e shows the exact 

opposite order of specific air-permeability (ka/) fingerprints for the four soils when 

compared to the specific gas diffusivity fingerprints in Figure 1c. For example, the 

blocky-structured Arakawa soil exhibits very high values of specific air permeability 

but the lowest values of specific gas diffusivity (compare Figure 1c and 1e).  For 

further characterization, we introduce a so-called gas transport characteristic number 

P, simply being the ratio of air permeability by gas diffusivity, 

P = (ka D0)/DP                               (2) 

Kawamoto et al. (2006) used a similar number at pF 2 conditions and suggested an 

average value of P = 700 m2 for soils from deep vadose zone profiles and differently-

textured shallow soil profiles. This would, in agreement with visual observations, 

define the Arakawa soil as highly-structured with P generally well above 700 m2 

while the Kashima soil is seemingly structureless (very low P values), see Figure 1e.   

 

In Figure 2a and 2b, gas diffusivity and air permeability as a function of soil-air 

content are shown for the Tsukuba Andisol. We have normalized DP with D0 and air 

permeability (ka) with the gas transport characteristic number at pF 4.2 (labeled Pdry), 

to obtain a similar normalization and comparable plots for these two main gas 

transport parameters.  We assume the validity of the Penman (1940) relation,  

DP/D0 = Hd                                                                                                                                (3)  

where Hd is a pore connectivity parameter for gas diffusion. We also introduce the 

Penman relation for air permeability, 

ka/Pdry = Hc                                                                                                                               (4) 

where Hc is a pore connectivity factor for gas convection. We further assume the gas 

transport to take place in tortuous pipes (capillary bundle model) and adopt the 

definitions of effective gas diffusion path length (Le) and air-filled pore network 

tortuosity (T) from Moldrup et al. (2001) presented above. Hereby, we can obtain a 

very simple equation for the average angle of gas transport () through a sample as a 

function of the Penman slope H (pore connectivity) at a given  (also see system 

schematic and equations in Figure 2c), 

 = sin-1[(H1/2)]                                                                                                                          (5)  

where H = Hd in case of diffusion (DP) and Hc in case of convection (ka). The analyses 

in Figure 2a-c suggest average angles of gas transport at intermediate moisture 

conditions between 20 and 50 degrees for gas diffusion and convection (H = 0.17-

0.55). As expected, higher angles are predicted for convective transport as compared 

to diffusive transport, since pressure-driven gas transport primarily takes place in the 

well-connected and larger-pore network.  In reality, the  model is very simplified 

and must just be considered a preliminary step to link bulk gas transport 

measurements with pore space geometries. For example, the  model does not take 
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into account inactive or remote active air-filled pore space. Using an extended 

Penman relation DP/D0 = H*(-th) where th is the percolation threshold, we estimate 

th around 0.19 m3 m-3 for both DP and ka (Figure 2a and 2b). Interestingly, the 

modified pore connectivity factor for ka (Hc* = 1.65) is twice that for DP (Hd* = 0.83), 

showing a dramatic effect of soil structure (large-pore networks) on gas convection in 

the well-aggregated Andisol. The high percolation threshold suggests that a major 

part of the air-filled pores is not connected or poorly connected at wet conditions. 

Future developments of the  model will take this into account. 
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Fig. 2.  Gas transport characteristics for an Andisol and simple model for 

average angle of gas transport. 

 

A preliminary test of the  model concept has been carried out. For a freeze-dried 

sample of a Japanese peat soil, an X-ray CT scan showed an average angle of gas 

transport for fractures along the main gas transport pathway of the sample of around 

30 degrees. This was in near-perfect agreement with the measured DP/D0 of 0.23 

(data not shown) since Hd = 0.23 corresponds to  = 29 degrees (cf. Eq. (5) and 

Figure 2c). Thus, the presented soil-air fingerprints and related model for average 

angle of gas transport may be highly useful together with rapidly developing soil 

visualization techniques in further understanding soil pore-network architecture and 

transport properties. 
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Conclusions 

We have presented six promising soil functional fingerprints and some derived  

parameters (including the tortuosity factor T, the Penman connectivity factors Hd and 

Hc , the gas transport characteristic number P, and the average angle of gas transport 

) that further developed and used in combination with for example X-ray CT scan 

visualization will be a powerful tool for characterizing and quantifying functional soil 

pore network and soil architecture in regard to transport of gases, water, solutes, and 

colloids in variable-saturated porous media. 
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Summary 
We adress the problem set by the computer simulation of biogical dynamics in soil. 
The inputs of our system are 3D Computed Tomography images of soil samples and 
biological parameters.  
 
We focus on microbial decomposition of organic matter in pore space. We validate 
our algorithms on real experiments including carbone emission curves. We aim at 
defining formal relationships between soil 3D structures and biological dynamics. We 
show the impact of the spatialization of microbial decomposition on carbon emission. 
Our system allows to evaluate complex biological scenarii.  
 
Geometrical représentation of pore space microscopic structures  
In a first stage, we extract a compact and robust geometrical representation of pore 
space from 3D Computed Tomography (CT) images . The basic principle consists in 
approximating pore space by piecewise geometrical primitives such as balls, 
cylinders, cones, torus, generalized cylinders,. These primitives are represented by an 
adjacency valuated graph where each node is attached to a primitive and each arc to 
an adjacency relationship.  
 
Thresholding of 3D CT images provides a discrete trace of pore space. Afterwards, the 
geometrical representation is computed from this discrete trace thanks to 
sophisticated computational geometry and computer vision  algorithms. Our basic 
assumption is that each geometrical primitive (graph node) corresponds to a pore i.e. 
to a « biological unit ».  
 
Microbial decomposition simulation using pore space geometrical 
representation 
Thus we attach to each graph node biological features such as : microorganisms 
biomasses, organic matter masses (Slow Organic Matter: SOM, Fast Organic Matter: 
FOM, Dissolved Organic Matter: DOM...) , enzymes masses, carbon emission 
mass….. Therefore biological processes is reduced to updating the adjacency valuated 
graph after exchanges and transport (diffusion) phenomena.  
 
Our biological model includes the following parameters : b(x, t) : density of micro-
organisms, n(x, t) : density of DOM, m1 (x, t) : density of SOM, m2 (x, t) : density of 
FOM, e(x, t) : density of enzymes, c(x, t) : density of CO2. Figure 1 describes the 
biological processes simulated inside one spatial unit (geometrical primitive) and the 
interaction with external units.  

235



 
Fig 1 : Biological model 

 
The exchanges and transport processes can be modelled using the following Partial 
Differential Equation System :  
 

 
 

 
We implement a discrete version of the above system using our graph. The different 
stages of the biological procès are :  

• Microorganism breathing and enzymes production 
• Decomposition of FOM and SOM by enzymes and production of DOM 
• DOM diffusion 
• DOM assimilation by microorganisms  
• Enzymes diffusion 
•  

The diffusion processes are implemented by transferring iteratively masses between 
nodes (pores) as follows :  
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∆m = -D*∆t*S*(d - di) / ∆xi where (d - di ) is the density difference, ∆xi the distance 
between the two primitives, and S the contact surface.  
 
The practical computer implementation is realized using functionnal programming 
thus providing a very flexible system. Computing time is about 1 minute CPU on a PC 
for a graph including one million nodes.  
 
Experimental results 
We test our simulation system on real sand data where arthrobacter 3R and 
arthrobacter 7R have been spreaded using two different hydric pressions. For the 
different values of hydric pressions we keep exactly the same parameters. We notice 
both the good fit of the simulated carbone emission curve with the experimental one 
and also the result coherence regarding the two hydric pressures (see figure 2).  
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Fig 2 : comparison of expérimental (blue colour) and simulated (red 
colour) carbon émission curves (up high hydric pression, down low 
hydric pression) ; X-axis : time (unit day) ; Y-axis : percentage of initial 
carbon.  
 
Conclusion  
We have presented one of the first microbial décomposition simulation model taking 
into account a fine description of microscopic poral space. The approach has been 
validated on real data.  
 
Our perspectives are :  

• To validate our simulation system on other experimental data : soil types, 
more complex biological schemes, bactery competition… 

• The use of more sophisticated geometrical primitives 
• The determination of adjacency valuated graph characteristics (geometrical 

representation) linked to carbone mission curves 
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Summary 

Although numerous studies have been conducted to discern colloid transport and 

stability processes, the mechanistic understanding of how dissolved organic matter 

(DOM) affects colloid fate in unsaturated soils (i.e., the vadose zone) remains unclear. 

This study aims to bridge the gap between physicochemical changes of DOM-colloid 

complexes and porous media interfaces induced by solution chemistry, and their effect 

on colloid transport in unsaturated soils. Measurements of adsorbed layer thickness, 

density, and charge of DOM-colloid complexes and transport experiments with tandem 

in-situ visualization were conducted for key constituents of DOM, humic (HA) and fulvic 

acids (FA), at acidic, neutral and basic pH and two CaCl2 concentrations.  

 

Introduction  

Dissolved organic matter (DOM) plays a prominent role in many soil processes and is 

ubiquitous in soils; high concentrations are found in manure or wastewater sludge 

amended lands. Physicochemical interactions between DOM and soil contaminants have 

received considerable attention in recent years. Numerous investigations have 

demonstrated that even small amounts of DOM greatly increase the mobility of colloid-

associated contaminants (e.g., radionuclide plutonium, americium, thorium, and 
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radium; phosphorus; hydrophobic organic compounds; uranium(IV)/(VI); carbon 

nanotubes; and lead) (Marley et al., 1993; Sen and Khilar, 2006; Granger et al., 2007; 

Flury and Qiu, 2008) and colloidal pathogens (e.g., E. coli, Cryptosporidium parvum 

oocysts, Giardia, and bacteriophage PRD1) (Abudalo et al., 2005, 2010; Bradford et al., 

2006; Foppen et al., 2008) through hydrologic pathways. 

 

Materials and Methods 

Red polystyrene microspheres of 2.6μm diameter were used as the model colloids. 

Solutions of HA and FA were made with Elliott Soil standards obtained from the 

International Humic Substances Society. A quartz sand packed column of 2×2×10 cm 

was used to conduct transport studies. Solution pH was adjusted with NaOH and HCl, 

and changes in ionic strength were generated by addition of CaCl2.  

 

Data for adsorbed layer characteristics indicative of steric stability were collected as 

follows: 1) mass of adsorbed organic matter onto the sand and colloid surfaces was 

measured by solution depletion in batch experiments, 2) thickness of organic matter 

layer adsorbed onto the colloid surface was measured with dynamic light scattering, 3) 

effective volume fraction of the adsorbed layer was calculated from the previously listed 

values, 4) surface potential of organic matter-colloid complexes was determined via 

electrophoretic mobility measurements.  Transport experiments of the suspensions at 

each solution composition were conducted in a sand packed columns under steady-state 

conditions. 

 

Results and discussion 

Polymeric characteristics reveal that of the two tested DOM constituents only HA 

electrosterically stabilizes colloids.  This stabilization is highly dependent on solution 

pH which controls DOM polymer adsorption affinity, and on the presence of Ca+2 which 

promotes charge neutralization and inter-particle bridging. Transport experiments 

indicate that HA improved colloid transport significantly, while FA only marginal 

affected transport despite having a large effect on particle charge. A transport model 

with deposition and pore-exclusion parameters fit experimental breakthrough curves 

well. Trends in deposition coefficients are correlated to the changes in colloid surface 
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potential for bare colloids, but must include adsorbed layer thickness and density for 

sterically stabilized colloids. Additionally, in-situ microscopy observations reveal that, 

under favorable attachment conditions, experiments with HA enhanced colloid 

retention at air-water interfaces (Fig. 1 a), while experiments with FA or no DOM 

promoted colloid retention at solid-water interfaces (Fig. 1 b). Postulated mechanisms 

responsible for the different types of retention are attributed to favorable partitioning of 

HA at the air-water interface and/or increased hydrophobic characteristics of HA-

colloid complexes.  

 

 

Fig. 1 Retention of red colloids in unsaturated quartz sand media in: a) bridge flocculation 
of humic acid-colloids at the air-water interface. b) straining of fulvic acid-colloids at grain-
grain contact regions. Scale bar length is 250 μm. 

 
Conclusions 

• Changes in adsorbed layer charge, thickness and density delineate steric stability. 

• Of the two DOM constituents here tested, colloid complexes with HA exhibited 

more pronounced steric characteristics and improved stability than complexes 

with FA.  

• Only sterically stabilized colloid complexes experience enhanced transport. 

• Retention at air-water interfaces is dominant for sterically stabilized colloids. 

• Deposition rates and polymeric characteristics of adsorbed layer thickness, 

adsorbed layer density, and surface potential are strongly related. 

 

FA-colloids at  
grain-grain 
contacts 

HA-colloid bridge 
at air-water 
interface air 

sand a) b) 
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Summary 
We found that soil friability, expressed by surface area produced by drop-shatter, can be 
predicted from the characteristics of the air-filled pores determined using high 
resolution X-ray computer tomography (CT). The strongest correlations were found 
with void volume and number of junctions per cm3. At best, the CT pore characteristics 
explained 50% of the variation. Improved fit to drop shatter data may be achieved by 
getting more detailed information on the air-filled pore space and density and variation 
in density of the solid material.  

Introduction 

Soil friability is related to brittle fracture. Thus fragmentation results from the 
progressive development of cracks and resulting in a crack opening and a sudden loss in 
strength (Hatibu & Hettiaratchi, 1993). The propagation of cracks in an unconfined 
stressed soil depends on the density and the morphology (connectivity, orientation) of 
the air-filled pores as well as the strength at the crack tips as stressed by Hallett et al. 
(1995a,b). The strong link between soil friability and soil pore characteristics indicate 
that soil friability can be assessed based on image analysis on 3D images of soil structure. 
With the development of high-resolution micro-CT scanning in the last decade it has 
been possible to quantify soil pore space characteristics on images with voxel size <50 
µm (e.g. Elliot & Heck, 2007). That is, on a scale of relevance to soil friability. The 
objectives of the proposed project are to develop a new method to quantify soil friability 
on undisturbed field moist soil. A drop shatter test was used as a reference procedure to 
quantify soil friability. 

Materials and methods 

Minimally disturbed soil cores (Ø=6.4 cm, height=8.0 cm) were taken from the long-
term rotation and tillage trial (initiated in 1980) at Elora Research Station, Ontario, 
Canada (43°39’ N, 80°25’W). The soil is a silt loam and the trial is a randomized block 
split plot with four replicates. The main plot treatment is rotation and the plot treatment 
is tillage. Two samples were taken from two rotations on May 28 2010in 10-20 cm depth, 
yielding in all 32 samples. The top 40 mm of the soil samples were scanned using an 
EVS (now GE Medical, London, Canada) microCT scanner, model MS8X-130. The 
samples were scanned at 120 kV, 170 mA and 3500 millisecond exposure generating an 
axial sequence of X-ray attenuation imagery. The 3D images had a voxel size of 20 µm. 
For each soil sample, a region of interest (ROI) of 36m x 36mm x 36 mm was generated 
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in Micro View. The ROI was located in the centre of the sample. In order to minimize 
the size of the files, the reconstructed ROI had a voxel size of 60 µm. Binary images were 
constructed using, in principle, the standardized and automated thresholding procedure 
developed by Elliott & Heck (2007) and further described by Tarquis et al. (2009). 
ImageJ was used for binary thresholding and image analysis (Rasband, 2005). General 
pore characteristics on the 3D images were generated for each ROI using the ImageJ 
plug-in 3D object counter plug-in (Cordelires & Jackson, 2005; Bolte & Cordelires, 
2006). A skeleton reconstruction was also performed for each sample to determine pore 
branching of the pores, average length of the pores and maximum pore length. In this 
study the plug-in provided by BoneJ (Doube et al., 2010) is used to achieve these results. 
Visualization of the 3D images was carried out using the binary stack the plug-in 3D 
image viewer in ImageJ. Soil fragmentation behaviour was evaluated by a drop shatter 
test. The field-sampled undisturbed cores were gently pressed out of the tubes and 
dropped from 2.0 m depth onto a concrete floor. The soil was subsequently air-dried and 
passed through a nest of sieves and the mean weight diameter (MWD) and the 
approximate specific surface area (m2 kg-1) of the samples was calculated according to 
Hadas & Wolf (1983). The soil samples were weighed before CT scanning and drop-shatter 
test, (field moist) condition,  in air-dry condition after drop-shatter and in oven dry 
condition (105°C, 24h) after sieving. This allowed us to calculate total porosity and air-
filled porosity at sampling as well as bulk density when assuming a particle density of 2.65 
g cm-3.  

Results and discussion 
The rotation and tillage experiment allowed us to test the hypothesis on samples with a 
wide range in basic soil pore characteristics for a given soil type. There was no 
significant effect of management on the relationships between soil friability and pore 
characteristics. Key results from traditional core measurements, drop shatter and CT 
imagery are shown in Table 1 and 2.  

Table 1. Laboratory results from soil core measurements 

There was a significant positive correlation between the surface area produced by the 
drop shatter test, SADS, and total porosity, Porcore, and air-filled pore space, εa (Table 3). 
Surprisingly, the correlation to total porosity was stronger than to εa, i.e. R2 = 0.66 
compared with 0.52. 

 

Standard bulk soil characteristics Drop shatter 
Sample 
no. 

BD Porcore εa Water 
content  

MWD SADS 

 g cm-3 m3 
100m-3 

m3 m-3 g 100g-1 mm m2 kg-1 

Mean 1.36 48.6 15.3 24.5 15.3 0.79 
0.34 
1.62 
0.20 

St. dev. 0.13 5.1 7.0 3.0 5.6 
High 1.57 59.5 32.2 30.2 28.7 
Low 1.07 40.7 5.2 17.9 8.0 
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Table 2. Results from image analysis on CT scan images with 60 µm voxels 

 

 

 

 

 

aGeometric means, bS.D. for log10-transformed data 

We had expected a stronger correlation to εa, as the air-filled pores are expected to play 
a key role in brittle fracture as described earlier. However, fracture not only depends on 
the abundance and characteristics of the air-filled pore space by also on the strength at 
the crack tips. The pore characteristics from the CT imagery displayed positive and 
significant correlations to soil friability (Table 3). The correlation to the void volume, 
specifically log (PorCT), was almost as strong as to εa from the soil cores (R2=0.49 and 
0.52, respectively). It is possible that we may have been able to improve the fit to the 
drop shatter data if we had been able to quantify a larger proportion of the air-filled 
pore space. Remember, that pores with diameter in the range between 10-60µm were 
not expected to be included in the PorCT void volume and, therefore, we only detected in 
average 37% of εa with the described scanning and image analysis procedure. Significant 
correlations was found between SADS and the log to the number of branches, junctions 
and end points per cm3 (R2=0.44 and 0.48, 0.31, respectively) (Table 3). This means 
that number of branches and junctions explained variation in SADS just as good as 
log(PorCT) and log(SACT). Good correlation between fragmentation and density of 
branches and junctions corresponds with what we had expected. High density of 
branches and junctions signify an extensive, well-connected and complex pore network, 
which imply a high probability of crack propagation and interaction. The different pore 
characteristics derived from the CT images were highly inter-correlated and, therefore, 
we did not achieve significantly improved explanation of the variation by combining 
different parameters.  

Table 3. Correlation coefficients for linear relationship between SADS and 
various parameters. 

aNumbers in brackets are standard errors of mean. 

 No. 
pores 

PorCT Porosity 
largest 

SACT Branches Junctions End 
points 

 No.  cm-3 m3 100m-3 % of PorCT cm2 cm-3 No cm-3  No cm-3 No 
cm-3 

Mean 89 4.7a 59 2.3 a 283 a 118 a 199 a 
S.D. 72 (0.35)b 28 (0.3)b (0.33)b (0.33)b (0.33)b 

High 277 30.7 99 12.9 2142 1036 922 
Low 15 0.9 11 0.6 76 33 53 

Parameter A B R2 P value for 
model 

Porcore -1.87 (0.37)a 0.0547 (0.007) 0.66 0.0001 
εa 0.25 (0.11) 0.035 (0.006) 0.52 0.0001 
Log(PorCT)  0.39 (0.09) 0.63 (0.13) 0.47 0.0001 
Log(SACT) 0.58 (0.07) 0.67 (0.15) 0.40 0.0002 
Log(branches) -0.78 (0.34) 0.65 (0.14) 0.43 0.0001 
Log(junctions) -0.55 (0.27) 0.66 (0.13) 0.48 0.0001 
Log(end points) -0.41 (0.38) 0.53 (0.17) 0.27 0.0034 
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The pore characteristics derived for high resolution CT scanning explained at best 50% 
of the variation in friability as expressed by SADS. Improved fit to drop shatter data may 
be achieved by getting more detailed information on the air-filled pore space, i.e. finer 
spatial resolution and more sophisticated information on pore morphology. Information 
on the density and variation in density of the solid material may also be useful in 
improving fit to drop shatter data. This may add valuable information on the strength of 
the soil at the crack tips.  

Conclusions 

Our study confirmed that soil friability, expressed by surface area produced by drop-
shatter, can be predicted from the characteristics of the air-filled pores determined 
using high resolution X-ray computer tomography (CT). The strongest correlations were 
found with void volume and number of junctions per cm3. At best, the CT pore 
characteristics explained 50% of the variation, which was at the same level as for total 
porosity for the whole soil sample. There is a need for further studies to improving the 
correlations between CT soil characteristics and soil friability.  
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Summary 

We compared the soil C input potential of fodder radish in direct-drilled (DD) plots with 

conventionally tilled (CT) plots using 14C-labelling techniques. For both macro-root and 

macro-root-free soil and in both tillage treatments, labeled C decreased significantly 

with increasing depth (P<0.05).  A decline of labeled C in macro-root but an increase of 

labeled C in macro-root-free soil was observed from day 6 to day 100 for both tillage 

treatments. At biomass incorporation phase, total fodder radish contribution to below-

ground C after biomass incorporation ranged between 1.6 and 1.7 Mg C ha-1 for DD and 

CT, respectively. The figures for spring barley straw removal with fodder radish 

establishment would be between 4.85 and 5.05 Mg C ha-1
,
 while with no fodder radish 

establishment, C input to the soil would range between 3.2 Mg C ha-1 and 3.4 Mg C ha-1, 

which is approximately 0.6 Mg C ha-1 lower than the 4 Mg C ha-1 biomass C input 

required to maintain long-term soil organic C.   

 

Introduction 

Studies have suggested a potential for high soil C sequestration when catch crops are 

combined with no-till (Rasmussen, 1991). There is however no empirical data to validate 

such suggestions that can also be used for modelling tillage C sequestration in scenarios 

where catch crops are part of the cropping cycle.  In a recent study on our present sites 

Kadziene et al. (2010) demonstrated ability of fodder radish to significantly improve soil 

aeration and crop rooting conditions in the directly drilled plots. This could increase 

both above and belowground biomass yield and hence C input into the soil but the exact 

extent remains unclear. In the present study we used 14CO2-labelling techniques to 

estimate translocation/rhizo-deposition of photosynthetically captured C from fodder 

radish as influenced by DD and CT.  

 

Materials and methods 

We conducted this study between the summer of 2008 and spring of 2009 in a six years 

old tillage experiment  and a semi-field open air facility at Foulum research centre 

(56°30′ N, 9°35′ E) in Western Denmark. Ten intact soil-fodder radish monoliths were 
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extracted from DD and CT field plots by hydraulically pushing and digging out ten 

stainless steel cylinders (20 cm dia x 50 cm height) from three blocks between 23 and 25 

September 2008. The cylinders were systematically randomized into groups of 12 (to be 

sampled at any one time) composed of two replicates of each tillage treatment per block 

(two DD cylinders x three blocks + two CT cylinders x three blocks = 12 monoliths). 

Fodder radish plants in these monoliths were labeled with 14C regularly up to end of 

their growth period. Monoliths were destructively sampled 6 and 100 days (at 

incorporation) after termination of labeling. 

 

Results and discussions 

 

 Estimated fodder radish C input to the soil 

We estimated that over the autumn-winter fodder radish growth period, the total below-

ground C input to 45 cm would range from approximately 42-51 g C m-2 in macro-roots 

and 58-69 g C m-2 in the macro-root-free soil for CT and DD, respectively. This 

translates to a total below-ground C input of 101 and 121 g C m-2 for CT and DD during 

fodder radish growth (Fig 1).  By including above-ground C available 100 days after 

termination of labelling of 67.8 g C m-2 for DD and 73.1 g C m-2 for CT, we estimate that 

the total system contribution to recent C pool at incorporation was approximately 162.4 

and 169.1 g C m-2 for DD and CT, respectively, which is equivalent to 1.62 to 1.69 Mg C 

ha-1 and not significantly different between CT and DD (P<0.05) (Fig 2). Under spring 

barley straw removal, fodder radish (above-ground + below-ground C inputs) and 

spring barley (below-ground and non-harvestable residue) input to the soil would be 

485 and 505 g C m-2 for DD and CT, respectively (Fig 2), which is higher than the 400 g 

C m-2  requirement for long term SOC maintenance (Rasmussen et al., 1980). For this 

scenario it should be noted that if fodder radish had not been established at all, the total 

C input to the soil would have been between 323 and 336 g C m-2, which is more than 

0.5 Mg C ha-1 lower than the amount of biomass C required for  long term SOC 

maintenance. This suggests that, while under spring barley straw removal scenario, long 

term SOC would be expected to decrease, in systems with fodder radish catch crop, long 

term SOC could be maintained even under straw removal scenarios. Conversely, under 

straw retention and fodder radish catch-crop establishment the total spring barley-

fodder radish crop cycle C input to the soil would be approximately 6.14 and 6.45 Mg C 

ha-1 for DD and CT, respectively. 
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Figure 1. Estimated below-ground (0-45 cm soil depth) C input to the soil 100 days 

after labelling; (M. free soil= macro-root free soil); Error bars represent ± SE 

 
 

249



 

 

 

C source

H-Straw FR +FR-(H-straw) FR+SB*

g 
C 

m
-2

0

200

400

600 DD 
CT 

(*A)

 
Figure 2. Estimates of spring barley and fodder radish (FR) cycle contribution 

to soil organic carbon inputs where: H-straw is harvestable straw, FR+SB* is 

fodder radish+ spring barley above and below-ground contribution in a scenario 

where spring barley residue is returned after fodder radish biomass 

incorporation and the horizontal line (*A) is the estimated minimum residue C 

returns required to maintain soil organic C (SOC). 

 

Conclusion 

We conclude that fodder radish cover crops have a high potential for C sequestration 

which is manifested in above-ground biomass, below-ground biomass and rhizo-

deposits.   
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Abstract 

The poster presented will describe the bonding of copper (Cu) in soils, using 

traditional and novel methods. The fate of metals in soil is of great importance to soil 

living organisms and to protection of resources as agricultural land and water. 

Despite the importance and long tradition for measuring Cu there is little knowledge 

of the exact bonding in soils. So far relations between low concentrations of metals in 

soil and ecotoxicological effects have been based on indirect measurements of 

biological availability through for example extraction analysis. However, the exact 

bonding i.e. the coordination and distances between a metal and its neighboring 

atoms in soil can be determined qualitatively by x-ray absorption spectroscopy (XAS). 

This study combines classical mineralogical and chemical methods as scanning 

electron microscopy (SEM) with novel methods such as XAS. This combination of 

chemical and visual methods give a very detailed picture of the way a contamination 

appears in soil. In this study the exact binding of copper in contaminated versus 

uncontaminated soil is brought into focus. Likewise the concentration of copper (e.g. 

ICP-MS) in different fractions of the soil is determined to get a quantitative measure 

on the partitioning of copper into organic versus mineralogical phases of the soil.  
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Distribution of bromide and microspheres along macropores in and 
between drain trenches. 
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Summary 
The distribution of Bromide and Microspheres where examined in soils sampled 
along macropores in a sandy loam till and its adjacent drain trench after an intense 
irrigation event. It turned out that the proportion of samples taken in the drain 
trench at drain depth (1-1.25 m) containing more than 2 times the detection limit was 
significantly higher than the proportion of samples collected at the same depth 
interval in the till. This implies that substances can be accumulated along the drain 
pipe during heavy precipitations events. 
 
Introduction 
Macropores, such as channels created by plant roots and earthworms, desiccations 
fractures and glaciotectonic fractures, are known to affect the spread of contaminants 
from the land surface to the aquatic environment. The importance of macropores is 
due to the fact that substances, which sorbs strongly to the soils colloids or are 
colloids themselves (<1 – 10 µm), can be transported through the macropores to the 
aquatic environment, bypassing the soil matrix (e.g. Beven and Germann, 1982; 
Shipitalo and Edwards, 1996; Stamm et al., 1998; Jarvis, 2007). Such colloid 
transport is important in modern agriculture, where pesticides, nutrients and fecal 
bacteria are added to the fields frequently. In drained fields, macropores may be 
connected to the groundwater as well as surface water bodies, the later through the 
established drain pipes. Hence, this study have examined the distribution of the two 
tracers (bromide and 1 µm melamine-resin fluorescent microspheres - colloids) along 
macropores stained by the dye Brilliant Blue after intense irrigation events in and 
between drain trenches in a sandy loam till.  
 
Materials and methods 
Field site 
The field site was situated in Taastrup near Copenhagen and the soil was a sandy 
loam (with an E horizon) developed in a Weichselian till (referred to as “the till”).  
Since 1965 the field has been tile drained at a depth of about 1.2 m in 0.5 m wide and 
1.2 m deep backfilled drain trenches. The backfill was made up of lumps of A, E and B 
horizon material. Macropores above the calcareous boundary was mainly biopores 
and desiccation fractures, and voids between lumps of backfill material in the drain 
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trench. Below the calcareous boundary dessication and glaciotectonic fractures 
dominated (Nielsen et al., 2010). 
 
A month before tracer application the soil was stubble cultivated with a spring-tine 
harrow to a depth of 5-7 cm and covered with a tarpaulin. One week before tracer 
application, the site was irrigated with 20 mm tap water using a field sprayer in order 
to moisten the soil to field capacity. Just before tracer application the vegetation was 
cut down, the average soil water content was measured (0.32 m3 m-3 and 0.35 m3m-3 
at 15 and 105 cm depth respectively) and the groundwater table was sounded to be 
located more than 70 cm below drain depth. 
 
Tracer application and sampling 
Using a moving field sprayer, 50 mm of tap water with 2.2 g Brilliant Blue L-1 (BB), 
0.14 g Bromide L-1 (Br) and 1.34 x 1010 microsphers L-1 (MS) was added during a 4-
hour period to an effective study area of 6 m2 centered within a 14 m2 irrigated area 
intersecting the drain pipe at a 90º angle. Water application alternated between 
irrigation and short pauses as irrigation was halted whenever there was a risk of 
overland flow away from the treated area. Following irrigation, the area was covered 
with the tarpaulin. The MS used are spheres with a diameter of 0.98 ± 0.06 µm and a 
density of 1.51 g cm-3 colored with the dye Sulforhodamine B monosodium salt, 
having a negative surface charge of 265 µmol g-1 due to a carboxylated surface. 
 
One week after irrigation, a pit was excavated and the examination of stained 
macropores was carried out at the vertical profile emerging in the till. Altogether 
three profiles was examined but only one included the A horizon. The dyed wall 
material was sampled along each visible stained macropore. The vertical extent of 
each sample was 10–15 cm whereas the horizontal sampling extent was restricted to 
the dyed soil within one mm of the macropore wall. The sampling strategy differed in 
parts of the E horizon as the dye did not always follow distinct pores here. In such 
cases, the samples were obtained at the center of the dyed soil material. The drain 
trench was explored by gradually chipping off small portions of soil using a knife 
while soil sampling followed the same procedure in the drain trench as in the till. 
 
Tracer quantification procedures 
The quantification procedure of MS in soil samples followed the microscopy, image 
analysing protocol of Burkhardt et al. (2008). However, the protocol was slightly 
modified due to the available equipment. The MS recovery rate was 37% ± 3% 
(Average ± SE) for a range of 106 – 109 MS per g soil. Based on this test, a correction 
factor was used to correct the measured number of MS in the sampled soil. Br and BB 
was measured in using a Dionex Ion Chromatography (CX 500 HPLC, CA, USA) and 
spectrophotometry at 630 nm (Shimadzu UV 106, MD, USA) respetively. In some 
cases limited sample size precluded the measurement of BB. 
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Results and discussion 
Along the 12 examined stained macropores in the till, the distribution patterns varied 
both among the pores and with depth (examples are given in figure 1). The staining 
patterns and the distribution of the chemical constituents in individual biopores 
appeared to be related. When staining was restricted to the walls of a biopore the 
content of MS and Br was most often low. This indicates that permeability and  
contact time are important agents for the observed staining pattern. 
 

Fig. 1. Examples of distributions of Bromide, Brilliant Blue and Microspheres along 
three macropores in the till and a continuum of macropores in the drain trench 
 
In the drain trench three stained biopore flow paths (two individual biopores, one 
cluster of less than 10 biopores within a cylinder with a diameter of 10 cm) were 
found at depths larger than 0.35 m. In the two individual biopores, staining 
terminated above a depth of 0.75 m, which was more than 0.25 m above the drain 
pipe. Neither of the distribution patterns in these biopores differed from those found 
in the till. The cluster of biopores situated at the boundary between the drain trench 
and the adjacent till at the outer wall of the excavation fed the drain pipe through a 
continuum of macropores even though an identification of the exact pore feeding was 
impossible. The examination of the drain trench revealed that the cluster of stained 
biopores were probably the only pores contributing to staining at the till/drain trench 
interface and along the drain pipe and to the drain water sample (for concentration 
along this pathway see figure 1).  
 
The examination of the individual biopores suggests that the three tracers often 
followed similar distribution patterns within an individual pore. Furthermore, in the 
drain trench it was indicated that the concentrations of tracers in the soil samples 
from the walls of biopore were weakly related to the amount of substances 
transported through them. 
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Using a Fishers exact test (comparing proportions) the hypothesis that the proportion 
of samples with higher concentration of tracers than 2 times the detection limit 
(2xDL) sampled in the depth interval 1–1.25 m was unaffected by the sampling 
location (till or drain trench) was tested. The threshold of 2xDL was used, as the 
number of measurements above and below this limit was almost equal. The 
hypothesis was rejected for both tracers (p = 0.005 for Br and p = 0.01 for MS) 
strongly supporting that the sample proportion having more than 2xDL was higher 
for samples collected in the drain trench than for those collected in the till. This 
suggests that substances may accumulate along the drain pipe during heavy 
precipitation events. The influence of such accumulation along with the linkage 
between macropores and drain pipes should be addressed thoroughly when 
interpreting the occurrence of contaminants in drain water samples. 
  
Conclusions 
Distinct differences in transport and retention between the till and the drain trench 
was observed when comparing the bromide and microspheres distributions 
quantitatively. It was notable that the proportion of samples with measurable 
concentrations of MS and Br in the drain trench was significantly higher than the 
proportion of samples from the till at the depth of the drain pipe (1–1.25 m). This 
implies that substances can be accumulated along the drain pipe during heavy 
precipitations events.  
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U.S. Geological Survey, 345 Middlefield Road, MS 420, Menlo Park, CA 94025, 

USA   jrnimmo@usgs.gov 

Summary 

Most quantitative treatments of unsaturated flow are based on solutions to 

Richards’ (Richards, 1931)  equation, a combination of the Darcy-Buckingham 

law and the equation of continuity. Though very widely used, this equation has 

seldom been rigorously tested in field soils (Jury, 1999).  There have been 

investigations, however, in which Richards’ equation has been applied as a 

forward model, having some amount of hydraulic-property data obtained from 

direct measurements or inferred from property-transfer models independent of 

the modeled application, and making predictions of quantities for which there is 

some degree of independent knowledge. In other words, a test of the Richards’ 

equation model may be inferred from studies where data of least a minimal level 

of quality and relevance are available to determine the hydraulic properties and 

the target variables that are also predicted in a forward-model application. A 

collective examination of such investigations leads to some possible 

generalizations about the value of Richards’ equation in various soils and 

situations. 

Introduction—What constitutes a test? 

A solution of Richards’ equation, given an adequate characterization of the media 

and hydraulic influences such as precipitation, irrigation, or surface ponding, 

predicts particular values of state variables (e.g. water content and matric 

pressure) at given times and locations. Therefore, tests rely on how close a 

measured state variable comes to a predicted value that has been computed 

without knowledge of what the measured values for state variables will be. This 

testing is more difficult for Richards’ equation than for Darcy’s law as one must 

obtain the characterizing data (especially the unsaturated hydraulic 

conductivities and the water retention curves) independently and consider the 

quality of fit for all the data, rather than conformance to the straight-line 

proportionality of flux vs. force that epitomizes Darcy’s law. 

The goal in testing Richards’ equation is not to verify, validate, falsify, or 
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otherwise to prove or disprove a direct correspondence between the model and 

the physical system. Rather, it is to provide evidence that would justify some 

degree of confidence that the model is appropriate and useful for the designated 

application. 

Tests reported in the literature differ greatly in quality. Stronger tests involve 

direct measurement of properties independent of modeling, relatively large 

samples, comparison with multiple fundamental outputs of the computation, and 

target variables that are strongly sensitive to measured properties. Weaker tests 

involve properties obtained from inverse modeling, samples that are small or 

subject to edge effects, tests of individual scalar quantities, target variables whose 

values would turn out about right for a wide range of inputs, or target variables 

that are not the most important ones in application. Any assessment of this type 

inevitably involves some degree of subjectivity. Also, the tested adequacy or 

inadequacy of the model may be caused by inadequacies of the implementation 

rather than inadequacies of the general model chosen for test. 

Results  

Twenty-four case studies presented in 21 peer-reviewed publications collectively 

permit some limited generalizations about how much experimental confirmation 

there is for the applicability of Richards’ equation for different types of media and 

conditions. The following table gives a basic breakdown of the quality of support 

reported in these studies, categorized by the basic character of the medium.  

 

Classification Number of 
Cases 

% Good or 
better 
agreement 

% Good or 
better with 
hysteresis 
accounted for 

Packed, disturbed  17 35 65 

Field, disturbed 2 100 -- 

Field, undisturbed 5 0             -- 

 

Note that in five of the cases, all for packed, disturbed samples, Richards’ 

equation was solved both with and without consideration of hysteresis; in all five 

of these the agreement was much improved when hysteresis was considered. 

258



 

 

(Hysteresis is not always important, however, as the domain may be always 

wetting or always drying during the test measurements). 

Some additional points are worth noting. One of the two disturbed field cases was 

for a soil subjected to intensive conventional tillage, and the other was for a 

simulated landfill created by excavating and replacing soil down to a few m 

depth; agreement was very good for both. Of the packed, disturbed samples, two 

had deliberately imposed heterogeneity; agreement was good for one of these, 

poor for the other.   

Discussion and conclusions 

Among published tests, there is reasonable agreement in some cases, mostly for 

artificially structured media packed under lab conditions or severely disturbed in 

the field by tillage or backfilling. There is, at best, very little experimental support 

for the applicability of Richards’ equation to natural soils of typically complex 

structure and heterogeneity. The few studies comparing versions of unsaturated 

flow theory tend to show that the more detailed, more rigorous ones have better 

agreement with measurements (e.g. fits are better when hysteresis is included in 

the analysis). 

Given the widespread use of Richards’-equation-based analyses of important 

unsaturated flow situations, there is great need for more tests that may 

demonstrate the degree of applicability of this approach and its limitations. This 

is especially true for the expanding number of ecohydrologic and no-till 

applications of unsaturated flow theory.   
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heating
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Summary

Soil is often exhibit hydrophobic properties after a forest fire. To clarify the increase

in soil hydrophobicity as well as the changes in carbon and nitrogen content, heating

surface of field and laboratory soils, and crucibles in a muffle furnace was conducted.

In the muffle furnace burning, soil under oxygen-deprived condition exhibited

similar carbon and nitrogen dynamics and hydrophobicity with temperatures those

observed at the field and column surface heating experiments. Soil samples under

oxygen-deprived condition showed hydrophobicity and some carbon content by

heating with 300℃ and higher, while almost no carbon and hydrophobicity

remained after heating with 400℃ under aerobic condition. Limited supply of

oxygen may affect to exhibit soil hydrophobicity after a forest fire.

Introduction

Soils often exhibit hydrophobic properties after forest fire. Experiments conducted by

DeBano et al. (1976) showed that the organic compounds in the soil become volatized

under high-temperatures, moving downward along the soil temperature gradient

before forming a hydrophobic layer deep in the soil profile. However, neither of

studies considered the effects of oxygen atmosphere on chemical changes of soil

organic matter. In this study, we sought to clarify the increase in soil hydrophobicity

as well as the changes in organic matter content in response to heating soil surface of

field and laboratory column.

Material and Methods

Field experiment

A designated burning area (0.5×0.5 m) was prepared in the university forest research

station in Chichibu, Saitama, Japan. Dry bulk density and total carbon content of the

field soil ranged 0.3-0.6 Mg/m3 and 150-270 g-C/kg, respectively. Near surface soil

tended to have lower dry bulk density and higher carbon content than deeper layer.

The surface of the burning area was heated using a charcoal fire for 5.5 hours. During

the heating, soil temperature at depths of 0, 2, 4, 6, 8, 16, and 24 cm and the oxygen

concentration at 4 and 8 cm deep layers were monitored. Degrees of hydrophobicity,

carbon and nitrogen contents of the soil were measured after the halt of burning.
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Laboratory experiments

An Andisol from the university forest experimental station in Chichibu was sieved

with a 2 mm-mesh screen, and packed into the a 1 mm-thick tin cylinder (15.5 in

diameter x 17.0 cm high). Packed dry bulk density was 0.4 Mg/m3, which

corresponded to the value of 20-25 cm deep soil of the field experiment. The soil

column was heated using a nichrome wire heater placed on the soil surface for two

hours. Side wall of the column was wrapped with a glass wool for thermal insulation.

Monitoring and the measurements were same as the field experiment.

Muffle furnace experiment was conducted with the same soil sample used for the soil

column heating experiment. Burning temperature of the muffle furnace experiment

was 200, 300, 400, 500, 600, and 700°C. Soil sample was placed into a crucible and

heated for 2 hours, either with a lid of the crucible on (aerobic condition) or off

(oxygen-deprived condition). After heating, degree of hydrophobicity and carbon and

nitrogen contents were measured.

Results and Discussion

Field and Column surface heating experiments

Field and column surface heating experiments showed similar feature in temperature

change. Both had surface temperature increased to 600 to 700°C however, two to six

hours of surface heating could not rise temperature of the soil deeper than 4 cm to

higher than 100°C (Fig.3).

Field experiment showd distinct soil hydrophobicity at layers that reached 300 to

500°C. Hydrophobicity of the column soil was observed at depths exposed to
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Fig.2 Schematic of aerobic and oxygen-deprived burning in a muffle furnace.
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262



temperature of 100 to 300°C, but was depressed at 400°C and higher (Fig.4).

Effect of heating condition on soil hydrophobicity

Fig.5 shows effects of heating condition on relations between soil temperature and

soil hydrophobicity, total carbon content and C/N ratio. Soil temperature was

determined by soil temperature profiles measured by thermo-couples. Under oxygen-

deprived muffle heating (Fig.2) soil samples heated to 200 and 400°C were highly

hydrophobic and hydrophobicity disappeared at higher temperature. The field and

column surface heating experiments showed similar feature that both showed high

hydrophobicity at 200 to 300°C (Fig.5(a)). Aerobic muffle heating did not produce

soil hydrophobicity when soil temperature exceeded 200°C.

Total carbon content of the soil under oxygen-deprived muffle furnace heating still

showed 100 g-C/kg with heating temperature of 600°C, and field and column

experiments also showed certain amount of soil carbon under the same temperature

while soil under aerobic muffle heating lost most of soil carbon like previous papers

(i.e. Fernandez et al. 1997) when soil temperature exceeded 400°C (Fig.5(b)).

Carbon and nitrogen ratio of soils under aerobic muffle heating decreased with higher

heating temperature. This was similar with the previous papers (i.e. Fernandez et al.

1997) however, C/N ration of soils under oxygen-deprived muffle and field and
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Fig.3 Field (a) and column (b) soil temperature during surface burning. Field
data shows soil temperature at point “I”.
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column surface heating showed increase with higher temperature (Fig.5 (c)).

Total carbon content and extent of hydrophobicity of the soils under aerobic muffle

heating suggested decrease in soil carbon was related soil hydrophobicity. The field

and column surface heating experiments and oxygen-deprived muffle heating showed

some soil carbon with soil temperature above 200°C., and this could be a reason that

soils exhibit hydrophobicity with high soil temperature.

It was expected at the field and column surface heating experiments, shallow depth

soil suffered high temperature but at the same time limited supply of oxygen into the

soil layer restricted oxidization of soil organic carbon and might produce a

hydrocarbon that has less affinity with water. It may be similar process of producing

charcoal from green wood. Increase in C/N ration supports this interpretation.

Nitrogen in an organic material can escape to atmosphere without oxygen while

carbon in the organic material needs oxygen to be carbon dioxide. This could be a

reason that C/N ratios increase with higher heating temperature under

oxygen-deprived condition.

Conclusion

Comparisons between field and laboratory soil surface heating experiments and

muffle furnace burning suggest limited supply of oxygen to soil under surface burning

would be a reason to exhibit soil hydrophobicity after a forest fire.
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Summary 
The Danish Pesticide Leaching Assessment Programme (PLAP), initiated in 1998, 
evaluates leaching risk of pesticides and their metabolites. Until recently TPMP (5-
(trifluoromethyl)-2(1H)-pyridinone), a metabolite of  the pesticide fluazifop-P-butyl sold 
as e.g. Fusilade X-tra or Fusilade Max, was not considered a potential metabolite. 
However, at the PLAP field at Silstrup fluazifop-P-butyl application was linked with TFMP 
detections in a downstream monitoring well just 39 days after application.  
The aim of this study is to identify areas within the PLAP field having high tendencies for 
leaching of pesticides and e.g. phosphorus, and to construct a tool that can assess the risk 
of pesticide leaching from vulnerable areas to the groundwater based on soil physical and 
hydrological properties including soil texture, contents of organic matter and clay as well 
as leaching experiments using intact soil columns. 

Introduction 
During the last decades detection of pesticides and metabolites in groundwater has 
increased, forcing several drinking water wells to shut down (Rosenbom et al.,  2010). In 
PLAP 41 pesticides and 40 metabolites have been investigated on 5 locations in Denmark 
all conventionally cultivated. One of these locations is a field in Silstrup located south of 
Thisted in the north-western part of Jutland. The installations on the field are shown in 
Figure 1. 

Clay content ranges from 28% to 36% according to EM38 measurements, whereas TOC 
from samples in the topsoil vary between 1.9 and 2.4% (dry weight) (Lindhardt et al.,  
2001). Clay content increases to the North and TOC content to the South.  

The pesticide Fluazifop-P-butyl was applied at Silstrup on July 1, 2008. It degrades into 
fluazifop-P (free acid) and later into TFMP. TFMP was first detected in a depth of 1.5 to 3.5 
m in monitoring well M5 on August 7, 2008, and subsequently in other installations, see  
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Figure 2 and Figure 3.  

Figure 1  Installations and 
groundwater flow of the Silstrup 
test field. A buffer zone (grey) 
surrounds the cultivated area 
(white) (Rosenbom et al.,  2010). 
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Figure 2 TFMP concentrations in the horizontal screens (H) and drain (D). The last digits 
in the legends i.e. 1, 2 or 3 refer to the screen section. Each screen section is 18 m. 

 

 

Figure 3 TFMP concentrations in vertical screens (M). The last digits in the legends i.e. 1, 
2 or 3 refer to the depths 1.5-2-5 m, 2.5-3.5 m and 3.5-4.5 m below ground surface, 
respectively. 

The project will evaluate the field at Silstrup based on new measurements of TOC and clay, 
structural parameters, and leaching of tritium, colloids and phosphorus to see if leaching 
of pesticides as TFMP is linked to the soil structure. Further we will construct a “risk map” 
showing the leaching potential from vulnerable areas. 

Methods 
In a rectangular grid of app. 15 x 15 m, 65 aluminum pipes of 20 x 20 cm was pushed into 
the topsoil by a hydraulic press, excavated by hand, carefully trimmed at top and bottom 
and sealed with plastic caps. Further, five samples were taken from areas having high TOC 
levels or significant TOC gradients. Sampling was done randomly from grid intersections 
or in random directions 1 m away from intersections.   

Air permeability of the columns has been measured. Before the leaching experiments the 
columns will be saturated with artificial soil water and then drained and equilibrated to -
20 cm from the middle of the columns. The columns will be irrigated with a free lower 
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boundary using tritium as tracer. The effluent measurements will include turbidity, electric 
conductivity, pH, total P, dissolved organic P and dissolved organic C.  

On bulk soil samples taken from all sampling points there will be measurements of 
dispersivity, texture, pH as well as clay and organic matter using near infrared 
spectroscopy (NIR). Additional 143 samples were taken for the NIR analysis between two 
grid intersections in both the South-North directions and the East-West directions as well 
as in each diagonal of the grid. 

Results 
The project is still in an early stage and so far there are no results besides the air 
permeability measurements on the columns represented in  
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Figure 4 below. 
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Figure 4 Contour plot showing the air permeability measured on the columns taken 
across the field. The black dots indicate the sampling points. 

Air permeability tends to show low values in the North-Western corner of the field, and it 
is also in the Northern end of the field clay contents and thus soil structure forming 
potentials are the highest. 

Conclusion/expectations  
The expected “risk maps” should be used as a tool for assessing the pesticide or e.g. 
phosphor leaching risk from vulnerable areas down to the groundwater. 
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Evaluation of Soil Compaction Effects on Soil Biota and Soil 
Biological Processes 
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Introduction 

Soil compaction is a worldwide environmental problem of increasing importance 
occurring in arable and grassland as well as in forest soils. It is caused by the use of 
heavy machinery, but also by livestock trampling and human leisure activities. Gen-
erally, soil compaction affects soil physical properties by increasing soil bulk density, 
and hence reduces the volume and connectivity of pores.  

Up to now investigations have mainly focused on effects of soil compaction on soil 
physical parameters and on plant growth. Threshold values for soil physical proper-
ties have been proposed in Germany and Switzerland by soil physicists in order to 
identify deleterious effects of soil compaction on plant growth and crop yield as well 
as on the air and water regime of soils. So far, no such values were identified with 
respect to adverse affects of soil compaction on soil organisms and on soil biological 
processes. A general demand on threshold values for conservation purposes is crucial 
to guide policy makers in decision-making. Thus the scope of our study was to find 
out whether threshold values of soil structure parameters proposed by soil physicists 
correspond to harmful impacts on soil organisms and biological processes in soils.  

 

Materials and methods 

In order to get evidence on threshold values we screened in total 240 peer-reviewed 
papers in relevant scientific journals published in the years 1963 – 2007 for data on 
effects of soil compaction on soil organisms and soil biological processes. The results 
presented in these papers were compiled in a data base. In total, 640 data records 
relating to effects on microorganisms and microbial activity and 332 data records 
concerning effects on soil fauna were evaluated. In order to identify relationships 
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between changes in physical and biological soil parameters and to derive threshold 
values, the whole data base was evaluated by regression analysis. 

Results and discussion 

Of the overall 240 papers, however, only 54 were suitable for our purposes. The main 
criteria for the selection of data were:  

• Data on the relevant physical soil parameters, especially (effective) bulk den-
sity and macropore volume, are presented or can be derived  

• uncompacted control treatments are included 
• original and raw data are given, 
• effects of compaction can be distinguished from other effects (e.g. effects of 

different tillage systems) 

Soil fauna 

The soil zoological parameters investigated in field studies were mainly abundance 
and biomass, while laboratory experiments investigated predominantly burrow for-
mation and cast production of earthworms in meso- and microcosms prepared with 
sieved soil compacted artificially. Considering all data, no clear relation between 
relative change of zoological parameter and increase of bulk density can be observed 
(Fig. 1). Furthermore, a differentiation into field and laboratory studies gives no bet-
ter correlation (r2 near 0.00). The cast production is obviously increased by soil com-
paction at most of the studied endpoint bulk densities. Nevertheless, there is a signif-
icant effect of decreasing values with increasing bulk density. The threshold values 

 

Fig. 1. Change of soil zoological parameter (% of uncompacted control) in relation to 
bulk density. Studies on cast production highlighted because of high number of posi-
tive effects. r2 = 0.005, n.s. (all data, dotted line; y = -40.45x + 56.489) and r2 = 
0.222, p < 0.05 (cast production, black line; y = -763.67x + 1229.3). 
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proposed by soil physicists could neither be verified nor falsified by our analyses on 
soil fauna data. Apart from the high variability of general soil properties and the soil 
physical parameters measured, possible reasons are (1) the assessment of different 
zoological parameters that might react differently to soil compaction and (2) varying 
methods to induce soil compaction (e.g. livestock trampling or wheeling might have 
different effects on soil physical parameters due to kneading and shearing forces 
than artificial compaction of soil columns). 

Soil microorganisms 

In our data set, 29 data records originating from six scientific papers on C-
mineralisation in field experiments or field studies were compiled. In spite of the 
important effects of compaction on physical soil properties (bulk density, air capac-
ity), effects on C-mineralisation were very variable, with changes ranging from -47 to 
+51 %. About half of the cases exhibited a negative effect. The overall relation be-
tween compaction-induced changes in C-mineralisation and bulk density of field 
studies resulted in a significantly positive regression, which means that C-
mineralisation was more likely enhanced with increasing bulk density or with soil 
compaction, if compaction resulted in higher bulk densities. 

For the evaluation of compaction effects on C-mineralisation in laboratory experi-
ments, 68 data records from nine papers were available (Fig. 2). In 11 cases the pro-
posed threshold value for the effective bulk density (1.7 g cm-3) and in 7 cases the 

 

Fig. 2. Change of C-mineralisation (% of starting point before compaction) relative 
to effective bulk density after compaction in laboratory experiments. r2 = 0.316, p < 
0.001. 
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threshold values for air capacity (5 and 7 Vol.%) was reached. The correlation coeffi-
cient (r2) between changes in C-mineralisation (in % of control) and effective bulk 
density or bulk density was 0.32 or 0.17, respectively. All compaction treatments re-
sulting in an effective bulk density of more than 1.7 g cm-3 lead to a decrease of CO2-
production. 

Compaction lead to similar effects on microbial biomass as on C-mineralisation: 
Whereas in field experiments compaction induced a rather slight increase of the bio-
logical parameters, in laboratory experiments a clear decrease was found. Above a 
compaction level indicated by an effective bulk density of more than 1.7 g cm-3, all 
effects on microbial biomass were negative. 

 

Conclusions 

Negative and positive effects occurred with slight compaction as well as with strong 
compaction for soil zoological and for soil microbiological parameters. Apart from 
compaction itself, hydrology and oxygen levels were of major importance for adverse 
effects, especially for microbiological parameters. Based on the evaluated data a veri-
fication of the threshold values for soil compaction published so far was only partially 
possible. 

In order to provide a scientifically meaningful data base for the assessment of soil 
compaction effects on soil biodiversity, related functions and processes, we recom-
mend considering the following abiotic parameters as essentials in compaction ex-
periments:  

 Site properties (land use, climate, exposure) 

 Soil properties (soil type, texture (clay, silt and sand fraction in %), (effective) 
bulk density, soil organic matter content, pH-value 

 Soil moisture (volumetric water content / matric tension) 

 Pore volume, macroporosity 

 Air and water conductivity respectively 
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Fig. 1. Bacterial colonies (some 
embedded in extracellular polymeric 
substances - EPS) on soil  surfaces. 
(Tippkoetter and Eickhorst, 2009 - 
http://www.microped.uni-bremen.de) 
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Soil hosts unparalleled microbial diversity 

Notwithstanding extreme fluctuations in hydration, temperature, nutrients and 
restrictions imposed by numerous environmental constraints, soil is the most 
biologically active compartment of the biosphere hosting unparalleled microbial 
diversity at all scales. Microbial density in soil exceeds values found in oceans by 4 
orders of magnitude (Whitman et al., 1998). Estimates of soil microbial diversity are 
even more impressive, in one ton of fertile soil there are more species than in all 
oceans combined. Even at very small scale, many thousands to millions of distinct 
genotypes may inhabit one gram of soil. Recent results show that fungal, archaeal, 
and viral communities are as diverse as soil bacteria. By some accounts exploring 
microbial diversity found in soil represents a scientific frontier at the scope similar to 
that of space exploration – Curtis and Sloan (2005) state “...there are 109 times more 
bacteria on Earth than there are stars in the Universe… an immense and unexplored 
frontier in science of astronomical dimensions and of astonishing complexity”. 

The high degree of soil microbial diversity is 
attributed to complex pore surfaces and spaces 
in which dynamic aqueous and chemical 
microenvironments delineate unique spheres of 
influence that may separate bacteria spatially, 
physiologically, or genetically. As aquatic 
organisms, the dynamics and spatial 
arrangement of water is particularly important 
for soil microbial life. Temporal and spatial 
variations in amount and configuration of water 
in soil pores result in a flickering aqueous 
network that shapes diffusional pathways for 
nutrients and promotes or suppresses connections between soil microbial 
communities over very short distances. 

Modeling pore-scale biophysical microbial interactions in soil 

Understanding the origins and mechanisms promoting soil microbial diversity 
requires quantitative models for integrating key hydro-geochemical processes with 
biological interactions at appropriate spatial and temporal scales. Prominent among 
these quantitative tools are organism-based models that explicitly account for micro-
scale aqueous and diffusional heterogeneity that define nutrient fluxes and control 
bacterial motility (Wang and Or, 2010). A modified Reaction-Diffusion Model links 
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Fig. 2. (top) geometry of 
simulated microbial growth on 
surface roughness network and 
an enlargement of the idealized 
network: (b) measured vs. 
simulated mean cell motility 
(Dechesne  et al., 2010) 

nutrient diffusion-consumption fields with individual-based modeling of bacterial 
growth and dispersion,  
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where b is bacteria number, S (mg/L) is nutrient concentration, Db and DS (mm2/hr) 
are effective diffusion coefficients of bacteria motion and of nutrients, respectively, t 
(hr) is elapsed time, KS (mg/L) is half-saturation constant, μMax (hr-1) is maximum 
specific growth rate, and Y is the yield term (linking bacterial growth with consumed 
nutrient). The continuum solution for bacteria numbers is substituted with an 
Individual-Based model (IBM) (Kreft et al., 1998), 

( 1) ( ) ( ) BX t X t X t t    ,         (2) 

where X (mg) is bacterial cell (dry) mass, t and Δt (hr) are time sequence and time 
interval, and μB (hr-1) is  specific growth rate, which can be described as, 
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with m (mg substrate/[mg dry mass × hr]) 
maintenance rate. The IBM approach allows 
individual cells to adjust own growth rates and 
motility to local conditions where at each time step 
an individual bacterium intercepts nutrients by 
diffusion, consumes stored inner energy and 
carries out activities such as motion and 
reproduction. The physiological parameters used in 
the model were similar to those of representative of 
E. coli (Kreft et al., 1998).  

An important impact of hydration status is on 
bacterial motility and dispersion rates (Dechesne et 
al., 2008). These effects were recently incorporated 
into a model considering hydrodynamic cell-
surface interactions and capillary pinning forces 
succinctly lumped into analytical functions λ and 
FC, respectively, linking cell size, water film 
thickness, and cell velocity (Fig. 2a) according to 
(Wang and Or, 2010; Dechesne et al. 2010), 
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with V = 0 for 0M CF F F   , where V0 (mm/hr) 

is cell velocity in bulk liquid, V (mm/hr) is 
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constrained cell velocity, FM  is propulsion force for a bacterium swimming at 
maximum velocity (V0) in bulk liquid, and Fλ and FC are viscous resistive force 
associated with cell-surface hydrodynamic interactions and capillary pinning force, 
respectively. Wang and Or (2010) have used the model to demonstrate how capillarity 
and water films constrain bacterial motility and colony growth on partially hydrated 
rough surfaces (Fig. 2). Simulations confirmed by experimental results define a 
surprisingly narrow range of hydration conditions where motility confers ecological 
advantage; for matric potential values lower than -5 kPa there is no difference in 
expansion rates of motile and non motile bacteria, in agreement with experiments of 
Dechesne et al. (2008 and 2010). Subsequent studies focusing on the roles of 
hydration and surface roughness heterogeneity on coexistence of two competing 
species illustrate that dryer and heterogeneous rough surfaces promote coexistence.  

Microhydrology dynamics and soil microbial life 

Even mild temporal fluctuations in hydration conditions common in many soils of 
temperate regions may exert significant influence on microhabitats and microbial 
function in unsaturated soils. The narrow range of hydration conditions sustaining 
bacterial motility in soil pores suggests that colonization of new surfaces and 
dispersion of microbial populations in soil is limited to short time windows when 
water content is near saturation. It also highlights limitations standard models of 
passive bacterial transport under unsaturated conditions and the need to reevaluate 
the underlying biophysical processes involved.  

The range of water potentials (and relative humidity - RH) supporting growth and 
activity of microbial life is also relatively narrow;  at 99% RH microbial growth 
becomes limited, and at water potential of -5 MPa (RH~96%) bacterial respiration 
ceases (Potts, 1994). Desiccation extremes require significant physiological 
adjustments, where under extreme desiccation conditions the best survival strategy is 
for microorganisms to completely abolish their metabolism and switch into a 
dormant state until conditions improve, consequently, many microorganisms 
developed resting stages or spores (Torsvik and Ovreas, 2008). The links between 
spatial and temporal aspects of micro-hydrology dynamics with functionality of 
species having different survival and reactivation strategies is presently unexplored 
yet essential for understanding diversity maintenance, i.e., what part of diversity is 
shaped by recent ecological conditions and what results from long term population 
interactions (in resting form). Such quantitative links would elucidate effects of 
dynamic hydration conditions across many time scales on microbial life and 
composition, nutrient cycles and other bio-geo processes in soils of different regions.      

An important and ubiquitous microbial response to local hydration fluctuations is 
formation of biosynthesized extracellular polymeric substances (EPS) within which 
cells are embedded as aggregates or sessile colonies attached to solid surfaces. The 
ubiquity of such microbially excreted exopolymeric substances across many different 
environmental conditions and habitats is attributed to its key role in environmental 
adaptation in particular anchoring, nutrient entrapment, and maintenance of 
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favorable hydration conditions (Roberson and Firestone, 1992). Advancing 
understanding of microbial life and function in the unsaturated zone is linked with 
quantitative description of the role and function of EPS and its interactions with soil 
water and transport processes (Or et al., 2007). 

Linking biophysics and microbial life in soil - summary 
The need for quantitative links between hydro-physical processes and microbial life 
in soils is motivated by both fundamental ecological questions related to diversity and 
its maintenance, as well as, by practical environmental and engineering issues. For 
example introduction and stimulation of bacteria for remediation activities soil, or 
prediction of bacterial mediated gaseous fluxes at all scales. The environmental 
impact of the ongoing molecular revolution with rapid advances in identification of 
complex functions of microbial populations would be significantly enhanced when 
placed in the proper soil context. Contemporary environmental concerns and growing 
appreciation for a broad range of bio-hydrological agents (from bacteria to stomata) 
necessitate re-evaluation of our approach to the numerous biological transport and 
transformations processes taking place in soil and their impact on life at scales 
ranging from a single grain to continents.     
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Summary 
In recent years it has become increasingly apparent that we need novel micro-
analytical techniques to compliment well established methods that study soils 
at macro-spatial scales. The development of technologies that operate at 
microscopic scales is challenging and often required specialised knowledge. In 
this paper we develop and describe methods that enable integration of a 3-D 
non-invasive technique to characterise soil structure (X-ray CT) with a 2-D 
spectroscopic method that characterises the spatial distribution of chemical 
elements on surfaces (SEM-EDX). We demonstrate that selected compounds 
can be quantified with SEM-EDX and subsequently visualized within the 3-D 
soil environment. We discuss the possibilities and problems that need to be 
resolved to combine these methods.  

 
Introduction 
The opacity of soil has hampered progress in our understanding of physico-
chemical protection of C in soils. To date, our understanding of C dynamics in 
soil relies heavily on the concept of soil aggregates where we use physical 
measures such as size distribution and stability to understand the impact of 
soil heterogeneity upon decomposition rates. Such techniques rely on exerting 
physical forces in order to produce and break aggregates. The aggregates that 
are formed in this way depend on both soil properties as well as the 
techniques used. In addition, the methods are destructive, hence the spatial 
organisation of such aggregates in soil has been lost, and it is difficult to 
obtain data on the dynamics of soil structure. 
 
Developments in the use of X-ray tomography to study soil structure mean 
that opportunities now exist to study the dynamics of soil structure in situ. 
The physical environment can be characterised at a range of spatial scales that 
was not possible previously, and the dynamics of soil structure can be 
monitored non-destructively over time. However, these techniques provide no 
insight into the chemical composition of the soil. Many examples can be found 
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of soil properties resulting from physical and chemical interactions, including 
for example the role of metal complexes and clay minerals in the formation 
and stabilization of aggregates, gleyic features in poorly drained soils, or soils 
contaminated with metals. 
 
Recent 2-Dimensional measurements of the chemical environment have 
revealed how spatially heterogeneous the soil environment is at nano- and 
micro-meter scales. Three dimensional techniques to quantify the chemical 
heterogeneity of soils may however not be around for some time with 
exception of a few recent advances. Meanwhile, sectioning of soils followed by 
2-dimensional mapping of chemical elements and geometric interpolation to 
3-D may offer a way forward. Unfortunately, practical protocols for this are 
not at hand and difficulties are encountered in aligning data obtained with 
various techniques at micron scales in 3D. 
 
This paper reports on progress on the development of novel techniques which 
will visualise and quantify the distribution of chemical elements including C in 
a heterogeneous soil environment. We aim to achieve this through the 
following stages: 1. To produce high resolution (5 µm) 3-D data sets of the 
heterogeneous soil architecture using state of the art X-ray micro-tomography 
facilities. 2. To produce 2-D data sets of microscopic distribution of chemical 
elements in soil sections using SEM-EDX. 3. To develop statistical tools to 
align the 2-D spatial maps with the 3-D soil environment. Future 
developments and applications are discussed. 
 
Material and Methods 
Here we report on the first attempt to combine both techniques for which we 
used controlled soil samples. A sandy loam soil was air-dried, sieved to 1-2 
mm and repacked at a bulk-density of 1.2 Mg/m3. The Soil was resin-
impregnated and precision-sliced to produce a 1 cm3 soil cube. The physical 
structure was then quantified using X-ray CT. After that, the cube was sliced 
to produce parallel slices that will be scanned with SEM-EDX to quantify and 
map elemental spatial distributions on the surface of resin-impregnated 1 cm3 
soil sections. Phase analysis was used to identify chemical compounds based 
on the internal reference standards and their known chemistry at a spatial 
resolution of 32 µm. The 3-dimensional pore space was visualised with a 
METRIS HMX micro-tomography system.  
 
We explored 2 ways to combine these techniques: (1) we used SEM-EDX to 
characterise compounds that differ in attenuation in X-ray CT. These 
compounds included mainly particulate organic matter, hornblends and metal 
rich compounds and CaCO3, and (2) we used co-kriging to predict the 3-D 
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b: X-ray CT
li

     c: 3-D CaCO3a: SEM-EDX Ca map 

distribution. First we aligned the spatial resolution, and then used spatial 
cross variograms to locate the 2-D SEM-EDX plane within the 3-D physical 
structure. A close (µm’s) alignment was essential due to the huge microscopic 
heterogeneity. We used co-kriging to predict the 3-D distribution of chemical 
elements. 
 
Results 
Using SEM-EDX we were able to map the spatial distribution over an area of 1 
cm2 of several elements including C, O, K, Ca, and Si. These maps 
demonstrated the high spatial variability of those elements at small scales 
both in the horizontal plane as well as between 2 sequential slices. The data 
showed a good spatial correlation between the physical structure and the 
concentration of some elements such as carbon which was mainly occupying 
the pore space as it is associated with the resin used to impregnate the soil 
sample, silicon that was present mostly on the solid phases, and calcium-
carbonate that was associated with very large greyscale values in the X-ray CT 
images. Based upon differences in attenuation coefficient in the greyscale data 
of the X-ray CT scans we were able to isolate compounds in 3-D. Where these 
compounds were present in the 2-D layer that was used for SEM-EDX analysis 
the chemical compositions of those compounds could be quantified. An 
example of this is shown in Fig 1, which visualizes CaCO3 in 3D.  
 
Based on the spatial correlation between the physical and chemical variables, 
we applied an interpolation method using ordinary co-kriging, to predict the 
internal 3D chemical structure. The predicted chemistry showed a good 
agreement with the physical structure (measured by the dispersion coefficient 
between the two variables). For example, silicon was predominantly found in 
soil aggregates, and C was mainly associated with the pore space as it 
identified the C in the resin used for impregnation. Further investigation 
including method development and data acquisition for model validation will 
be undertaken to improve the prediction of 3D chemical structure. 

 
 
 
 
 
 
Figure 1. A spatial 

map obtained with SEM-EDX 
for Ca (a), the same slice within the 3-D data obtained with X-ray CT (b), and 
segmentation of CaCO3 from the X-ray CT data (c). 
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Conclusion 
We demonstrated that by combining techniques and using statistical models it 
is possible to obtain a 3-D quantification and visualization of the chemical 
heterogeneity at microscopic scales. We tested two method to combine X-ray 
CT and SEM-EDX. The agreement between X-ray CT and SEM-EDX did allow 
us to test if co-kriging methods can be used to interpolate chemical data 
between two sequential 2-D layers. Further investigation is however required 
to improve the statistical techniques and to optimize the sampling strategy to 
obtain the best possible prediction. 
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Abstract 
Soil is very complex and diverse ecosystem providing services (including water supply and 
food production) valued over 33T$. Soil structure determines functionality of this 
ecosystem by regulating the distribution of water, oxygen and nutrients. The structure of 
soil is dynamic and subject to various physical and biological factors. Fungi are ubiquitous 
organisms in soil playing significant role in the stabilisation of soil aggregates, nutrients 
and carbon cycles. Fungal colonisation has been studied previously however only recent 
techniques allow 3-D analysis that is crucial to fully understand the impact of various 
physical properties of the pore space on fungal growth. This work combines X-ray micro-
tomography with a modelling approach to develop a protocol allowing quantification and 
visualisation of the internal structure of soils, and its effect on fungal colonisation. We 
show an example of such analysis and indicate potential future development that will lead 
to better understanding of the dynamics of soil ecosystem. 
 
Key Words 
Modelling, X-ray microtomography, fungal growth. 
 

Introduction 
Soil is a very complex and dynamic ecosystem. It provides the environment where all 
interactions between flora, fauna and soil microorganisms take place. Soil structure 
provides niches for microorganisms and is the key determinant in microbial interactions, 
regulating the flow of water, the availability of nutrients, and the diffusion of oxygen. The 
geometry of the pore space provides preferential pathways for growth and spread of 
organisms and determines the way water and air are distributed within this pore volume. 
Soil structure is dynamic due to biological activity (i.e. plant roots, earthworms, fungi) and 
is also subjected to various physical processes like tillage or drying and wetting cycles. It is 
therefore essential that we develop methods to analyse the effect of the heterogeneity of 
the pore volume on microbial processes. In this paper we will outline such an approach for 
fungal spread in soil. 
 
Fungi are ubiquitous microorganisms in soil and they have significant influence on 
aggregation and stabilisation of soil particles, nutrient and carbon dynamics, and also are 
involved in many soil-borne diseases.  Their mycelial growth form makes them particularly 
suited to colonise heterogeneous environments such as soil. Unlike bacteria, growth and 
spread of fungi is not limited to water-filled pores in soil, hence soil colonisation is often 
more efficient. Although the influence of soil structure on fungal colony spread through 
pore space has been studied before, the techniques used so far only allowed for analysis 
and mapping of fungal hyphae in 2-D on small samples (thin sectioning) (Harris et al., 
2003). However, a 3-D analysis is crucial for full understanding of the influence of 
different soil physical properties on fungal spread.  
 
Recent non-invasive imaging techniques such as X-ray micro-tomography provide insight 
into 3-D soil structure. However current capabilities of X-ray micro-tomography systems 
do not allow us to visualise and quantify the spread of fungal colonies through soils. The 
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use of mathematical modelling offers a way forward. The main aim of this work is to 
establish a protocol that will enable us to quantify and visualise the internal structure of 
soils, and to use modelling to interpret the effect of soil structure on fungal colonisation. 
Specifically we will: 
(1) develop soil microcosms within which we can control pore space characteristics, 
quantify fungal spread and describe how the internal pore volume can be characterised by 
X-ray tomography. 
(2) demonstrate how a fungal growth model can be used to analyse the effect of soil 
structure on fungal growth. 
 
Methods 
Preparation of soil microcosms  
We used a sandy loam soil sampled from an experimental site (Bullion field) of SCRI 
(Scottish Crop Research Institute UK). The soil was air-dried and sieved to obtain three 
fractions of aggregates sized: <1mm, 1-2 mm, 2-4 mm. Soil samples were packed into the 
PVC rings with the following treatments: 
- microcosms with a density of 1.3 g/cm3 and different aggregate size to obtain samples 
with an identical porosity value of 48%, but with different pore geometry. 
- microcosms packed at density range from 1.2 g/cm3 to 1,6g/cm3 with the use of aggregate 
size 1-2 mm, to produce samples that differ in porosity. 
 
Quantification of soil structure 
We used a Metris X-Tek X-ray microtomography system to characterise the internal pore 
volume of the soil microcosms. The X-ray microtomography system allows for 
visualisation and quantification of the inner soil structure in 3-D. The process consists of 
the following stages: (i) acquisition of radiographs (Fig. 1a) as the sample is rotated in the 
scanner controlled by software provided by the manufacturer (Inspect-X, Metris UK), (ii) 
reconstruction of the radiographs into a the 3D volume (using CT-Pro, Metris UK), (iii) 
rendering of the 3-D volume, and slicing into a stack of 2D images for further processing 
using VG StudioMax (Volume Graphics), and finally (iv) thresholding and quantification of 
porespace characteristics using ImageJ and an in-house developed software (Fig 1b). An 
essential step before we can use this to run a fungal growth model is to determine what is 
pore and what is solid. The individual threshold value for each dataset was established 
with a 3-D adaptive method and comparison of gray-scale and thresholded image. 
 

a.      b.      c.  

 

Fig.1. Stages of data acquisition and analysis from a gray scale image of an example soil 
microcosm (a) to a binary image showing pores (black) and solid (white) (b). The 3-D 
binary data are the input data for the model which calculates and visualises the spread 
through this volume (c). 
 
Fungal growth model 
The modelling framework includes two stages: (1) a fungal growth model (Falconer et al., 
2005) and (2) a program to analyse the output data from the model. The model considers 
fungal biomass as three fractions: immobilized insulated biomass, non-insulated biomass, 
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mobilized biomass which refer to inactive hyphal networks, active growing hyphae and 
internal resource, respectively. The dynamics of these are described by the following main 
processes: uptake, inter-conversion rates between mobile and immobile phases, 
redistribution of mobile biomass and growth. The key parameters which we tested in first 
instance include the resource availability (which will be a soil characteristic) and the 
diffusion efficiency (which determines the spread of different fungal species). However to 
focus our research on the effect of soil structure on fungal growth, we distributed an 
unlimited amount of resources homogeneously throughout the soil sample. To be able to 
analyse how fungi colonise soil, we introduced fungal species at one side of the sample. 
 
The model reads a 3-D pore structure from the binary data of the real soil samples. The 
first step in the model was to quantify the connected pore space within which fungal 
spread can occur. Fungal spread was simulated through this pore volume, and the spatial 
distribution of fungal biomass was calculated at each time step. Finally we visualised the 
spread of the fungal colony in the 3-D pore-space.  
 
Analysis of output from the model 
A program code was written to analyse the model output. The code structures the model 
output into sequential volumes at specified distance from the site of inoculation, and 
produces the following ecologically relevant output: 
- Porosity per volume: this is a measure of the variability in the pore volume available for 
fungal spread. 
- Biomass per volume: this quantifies at each time step the amount of biomass at specified 
distances from the site of inoculation, which is a measure of the ability of fungi to invade 
the soil structure. 
- Fraction of occupied pore volume, which quantifies the efficiency at which the soil is 
colonised by fungi. 
These plots allow us to determine how heterogeneous the structure of a soil microcosm is, 
and how this affects fungal growth. In a more homogeneous sample, we expect fungal 
biomass to move through the volume rapidly almost as a steep front over time filling all 
available pore space. If the structure is more heterogeneous, we expect this to slow down 
the spread and fungi will spread rapidly through well connected spaces, but much slower 
through less connected areas in the sample. 
 
Results 
As an example of data analysis we show the analysis for one soil sample, which had a pore-
connectivity of 93.5%. This means that nearly all pores are connected to each other, and in 
principle available for fungal invasion. The soil sample was divided into nine sequential 
sections at increasing distance from the site of inoculation. We show the percentage of the 
pores that are colonized for each section with time as a measure of fungal spread (Fig. 2a). 
The figure shows that nearly all of the pores were rapidly colonized close to the site of 
inoculation.  With increasing distance the fraction of pores that were colonised declined 
steeply, showing that the fungal invasion in this well connected pore volume progressed 
almost as a block front: in each section all pores are rapidly filled as soon as the colony has 
progressed to that distance.  
 
The average porosity of the sample was 0.29, with considerable variation over small 
distances ranging from 0.16 to 0.4 (Fig. 2b). The average density of relative biomass in 
each section ranged from 11.2 at the growing edge, till 13.16 in the middle of the sample 
(average 12.39). The trend in biomass density with distance from the site of inoculation 
closely reflects the trend in porosity (Fig. 2b). 
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Fig.2. An example of interpretation of output data from the model. (A) The fraction of 
pore space occupied by biomass at the end of the simulation (dashed line), which is the 
time when the fungal colony reached the edge of the soil sample, and at a time halfway the 
colonisation process (solid line). (B) The distribution of porosity with distance from the 
site of inoculation (solid line) and distribution of the biomass density with distance 
(dashed line).  
 

At the moment the model can only handle relatively small samples of approximately 
128x128x128 pixels (0.064 cm3). Considering that soil is a very heterogeneous material, 
such a small sample-size may cause artefacts while applying different treatments, as not all 
variability may be captured at such small scales. We have shown that when we take 10 
samples of this size from a larger soil sample the porosity varies between 16 and 23.3%, 
with the pore connectivity ranging from 85.85% to 94.8%. This had a significant impact on 
fungal spread and indicates how soil structure determines microbial heterogeneity. 
 
Discussion 
This work shows how to combine X-ray microtomography and the modelling approach to 
understand the dynamics of fungal colonization. The whole modelling work and further 
analysis relies on binarized stacks of 2-D images. Hence setting the correct upper and 
lower threshold values to distinguish between solid material and pore space can be a 
crucial step in image processing and understanding the effect on fungal growth. The 
difficulty in thresholding is to find a value which will balance overestimation of large 
pores/cracks and underestimation of small pores. Even a small difference between two 
thresholded volumes had significant impact on porosity and pore connectivity values. For 
these datasets an in house developed 3D adaptive threshold algorithm was applied, and a 
manual method as reference. The porosity estimates for samples are slightly lower than the 
expected average but given that only pores larger than 29.4 µm were included these are 
reasonable values. As fungi spread predominantly through larger pores, the main geometry 
that would be explored by fungi is included. 
 
Using this analysis we showed the impact of soil structure on fungal invasion. The fungal 
growth model combined with X-ray microtomography is a powerful tool to understand and 
visualise the impact of soil structure on fungal growth dynamics. This enabled us to 
investigate how the rate of spread of a fungus depends on various pore space 
characteristics such as the total pore volume, the pore connectivity, the pore tortuosity and 
size distribution.  We have demonstrated this for a series of soil samples that differed in 
soil physical conditions such as bulk density and aggregate size distribution which are 
essential in controlling fungal colony spread and pore geometry. We are currently working 
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on extending the model to include more than one species of fungi and to explore different 
fungal traits. This will allow to visualise and to quantify interactions of fungi with different 
traits to identify which fungal traits are best suited to colonise a given 3-D volume of soil.  
 
Acknowledgements: 
We thank Scottish Alliance for Geoscience Environment and Society (SAGES) for funding 
and Dr Lorenzo Milazzo for his help in programming. 
 

References 
Deurer, M., Grinev, D. V., Young, I. M., Clothier, B. E. and Muller, K. (2009). The impact 

of soil carbon management on soil macro-pore structure: a comparison of two apple 
orchard systems in New Zealand. European Journal of Soil Science. 

  

Falconer, R. E., Bown, J. L., White, N. A. and Crawford, J. W. (2005). Biomass recycling 
and the origin of phenotype in fungal mycelia. Proceedings of the Royal Society B-
Biological Sciences. 272(1573): pp.1727-1734. 

 

Harris, K., Young, I. M., Gilligan, C. A., Otten, W. and Ritz, K. (2003). Effect of bulk 
density on the spatial organisation of the fungus Rhizoctonia solani in soil. Fems 
Microbiology Ecology. 44(1): pp.45-56. 

 

 

287



 

288



The role of copper on the transport of humic acids 
through quartz sand columns 
 
M. Paradelo, D. Fernández-Calviño, M. Arias-Estévez, J.E. López-
Periago 
Soil Science Group, Department of Plant Biology and Soil Science, Faculty of 
Sciences, University of Vigo, E-32004. mparadelo@uvigo.es 
 
 
Summary 
In this work, we studied the effect of copper concentration on the transport of 
humic acids (HA) in water-saturated sand columns. A set of experiments were 
performed for differing copper concentration (0 to 20 mg L-1) and pH (5 to 7). 
Breakthrough curves showed an increase in HA retention with increasing 
copper concentration. The differences were more pronounced at higher pH, 
when the copper is more strongly bound to the HA. Between 15 and 20 mg L-1 of 
copper added the retention of HA increased dramatically. This finding can 
indicate the existence of a critical coagulation concentration of copper that 
controls the HA stability. 
 
Introduction 
The mobility of humic acids (HA) in groundwater can pose serious 
environmental problems because it enhances the transport of several 
contaminants through soils (Bryan et al., 2005; McCarthy, 1998). It is well 
known that heavy metals can form complexes with HA and, therefore, the fate of 
such metals in the environment can be controlled by the behavior of HA 
(Karathanasis et al., 2005). In spite of the fact that many studies have 
investigated the enhance effect of HA in the transport of metals, the role of these 
metals in the mobility of HA is not well known. 
 
The aim of this study was to know the effects of a heavy metal, copper, in the 
mobility and transport of humic acids through saturated sand columns. 
 
Materials and Methods 
Humic acids 
Commercially available humic acids used were supplied by Sigma-Aldrich 
(Milwaukee, WI). Stock solutions of HA were prepared adding 1 mL of NaOH 
1M to 55 mg of HA in a 200 mL volumetric flask. The flask was filled with 
deionized water (DW). 1 mL of HNO3 was added to compensate the high pH due 
to the soda lye. The stock solution was stored at 4ºC. 
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Copper binding to humic acids 
In order to know the amount of copper that can be bound to HA, different 
concentrations of copper (from 5 to 20 mg L-1) were added to 100 mg L-1 HA 
suspensions. Ionic strength was set to 0.01 M NaNO3 and three pHs were used 
(5, 6 and 7). The samples were shaken end-over-end at 200 rpm for 24 h. 
Straight afterwards; the concentration of free Cu2+ was measured 
potentiometrically using a Cu ion-selective electrode. 
 
Transport tests 
In order to study the influence of copper concentration on the transport 
behavior of humic acids a set of column experiments were run. Clean quartz 
sand was wet-packed into adjustable chromatographic columns 100 mm long 
and 15 mm in diameter. Different concentrations of copper were added (from 0 
to 20 mg L-1) and the ionic strength was set to 0.01 M with NaNO3 and the pH 
was adjusted to the desired value in each experiment. The suspension was 
stirred 24 h prior to use in the column experiment. 
 
After the equilibration of the column with a HA-copper free solution, an 80 
minutes pulse (≈ 11 PV) of HA-copper suspension was applied on the top of the 
column. After this, the free HA-copper solution was fluxed again through the 
column. HA concentrations were determined by measuring light absorption at a 
wavelength of 400 nm on a Jenway 6310 spectrophotometer. Effluent samples 
were also collected, using a Gilson FC-203B fraction collector. 
 
Results and discussion 
Copper binding to humic acids 
Figure 1 shows the amount of free Cu2+ in HA suspension versus the copper 
added after 24 hours of contact. The percentage of bound copper was ranged 
from 0.7 to 10.2 for pH 5, 5.5 to 60.7 for pH 6, and 29.7 to 83.5 for pH 7. The 
rate of copper bound to the HA increased with increasing of copper added at the 
beginning of the experiment and with the higher pH values. 
 
The charge of HAs is determined by their carboxylic (pKa < 5) and phenolic 
groups (pKa > 8) (Appelo & Postma, 2005). The ratio of dissociated carboxylic 
phenolic groups is larger at higher pH, leading the increasing of available sites 
to copper binding. 
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Fig. 1. Free copper concentration in HA suspensions at different pHs after 24 h. 
 
Transport tests 
In Figure 2 are plotted the breakthrough curves (BTCs) for HA transport tests 
for different pHs. The curves showed a swift increasing in the outlet relative 
concentration (C/C0) in the first steps of the experiment for the lower additions 
of copper. However, colloid attachment prevented the outflow concentrations 
from reaching the inflow concentration during each experiment. It was observed 
a decreasing in deposition ratio over the time revealing a typical blocking 
adsorption pattern. 
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Fig. 2. BTCs for HA at differents pHs. Experimental conditions: flow rate:1 ml 
min-1; column lenght: 10 cm; column diameter: 1.5 cm; I = 0.01 M NaNO3; 
copper concentration:  0 mg L-1,  10 mg L-1, 15 mg L-1,  mg L-1. 
 
Retention ratios are showed in Table 1. In free-Cu experiments the retention 
was higher when decreasing pH. HA have more negative charge at high pH 
enhancing the repulsion between HA and the collector (quartz sand). For each 
pH, the retention increased with increasing the Cu added. Between 15 and 20 
mg L-1 of copper added the retention of HA increased dramatically. 
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Copper acts in two ways: (1) as a contraion compressing the electric double layer 
and, hence, decreasing the electrokinetic potential of colloidal HA and its 
mobility; and (2) forming Cu-HA complexes that increases the size of HA and 
reduces the surface charge due to the copper fills negative charged sites. The 
first process was predominant when pH was low and copper is less bound to 
HA. In the other hand, when pH was high the Cu-HA complexes with larger size 
were formed leading the retention in the column. 
 
Table 1. Percentage of humic acid retained in the columns for the transport 
tests.  

 Copper added (mg L-1) 
pH 0 10 15 20 

5 25.00 25.45 22.11 83.70 
6 18.57 21.13 27.88 94.12 
7 15.91 20.40 23.51 98.58 

 
Conclusions 
The results obtained showed the influence of copper on the transport of HA 
changing their behaviour from free HA transport.  
 
The dramatically increasing of HA retention between 15 and 20 mg L-1 of copper 
added could indicate the existence of a critical coagulation concentration of 
copper that controls the HA stability. 
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Summary
Pesticide sorption is closely related with mobility of pesticides in soil, which have many 
agricultural  and  environmental  implications.  The  modelling  of  fast  deep  percolation 
usually  neglects  the  influence  of  the  adjuvants  typically  present  in  commercial 
formulations.  The  influence  of  commercial  formulations  on  the  transport  could  be 
ignored in medium to long-term fate due to the depletion of the adjuvants in soil. But in  
scenarios where a fresh mixed adjuvant enters the soil, both active ingredients (AI's) and 
adjuvants percolate mixed during storms. In this context, soil architecture plays a mayor 
role in the transport. This work summarizes a set of research results related with the 
influence of adjuvants in commercial formulations on the adsorption and mobility of the 
AI's of pesticides in soil. 

Introduction

Pesticide sorption is closely related with mobility  of pesticides, which have important 
agricultural  and environmental  implications (Arias-Estévez et al.,  2008). The classical 
approach used to study the mobility of pesticides in soil is the interaction of the pure AI 
with soil, which is modelled as a phase-partition equilibrium or a kinetic sink. Models 
used to evaluate the environmental risk of pesticide leaching use this approach (Jones 
and Mangels, 2002), but often neglect other mechanisms or factors that can influence 
the transport, such as the chemical phase in which the AI enters the soil, or the influence 
of adjuvants typically present in the commercial formulations. The effects of commercial 
formulations  could  be  ignored  in  medium  to  long-term  due  to  the  depletion  of  the 
adjuvants in soil.

In field conditions, the episodic nature of rainfall causes that the most of the transport 
will  occur  in  short  episodes  of  high infiltration  rate.  Typical  candidate  scenarios  are 
canopy drip and/or drift of pesticide spray, splash or spill the pesticide on soil  while  
mixing or loading, when soil is wet or/and there is risk of convective storms.

The objective of this work is to describe some examples from bibliography, showing 
the influence of  adjuvants on the mobility  of the active ingredients of  pesticides.  We 
discuss the behaviour of two types of formulations.  One is copper oxychloride, which 
illustrates the case of a element (Cu) that enters in soil as a solid phase. The other type  
comprises formulations that are mixtures of organic AI'S with adjuvants. 
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Influence of adjuvants on adsorption

Particulated formulations

Copper  based  fungicides  are  sprayed  as  sub-micron  size  suspensions  of  particles  of 
copper oxychloride and Bordeaux mixture. Washoff laboratory experiments show that 
losses of copper-based fungicides occur as particles. The most important mechanism in 
the  loss  of  copper  oxychloride  is  the  erosion of  Cu-bearing particles  (Paradelo  et al., 
2008). The ability of copper oxychloride particles to penetrate into soils during storm 
episodes involves mechanisms different from the chemical sorption. In this context, soil 
architecture plays a mayor role in the particulate transport of copper. Laboratory tests in 
water-saturated quartz sand columns show that the attachment forces are weak, so the 
hydrodynamic  shear  influences  the  deposition  of  fungicide  particles (Paradelo  et al., 
2009). Also particle size has influence on the mobility of particulate AI'S (Paradelo et al., 
2010).

Adjuvants

Adjuvants present in the commercial formulations of agricultural pesticides influence the 
solid-liquid partition ratio of the AI in soil (López-Periago et al., 2006; Pose-Juan et al., 
2009, 2010b, 2010a). Their influence depends on the chemical properties of the adjuvant 
and the active ingredient, soil characteristics and the environmental conditions. Wettable 
solids (powders or granules) are used to adsorb insoluble AI'S in order to form aqueous 
stable suspensions during the spraying. The wetting powders reaching soil may interfere 
on the "natural" soil-water partition of the  AI (Pose-Juan et al., 2010b). Depending on 
the mobility of the particles and the particle-water partition coefficient of the AI, wetting 
powders  can  promote  the  facilitated  transport  of  pesticides  in  soil.  As  seen  before, 
particle mobility is controlled by electrochemical an hydrodynamic interactions. Other 
adjuvants are liquids at ambient temperatures. A short description of their typical effects 
is shown below. 

Cosolvency and competitive sorption

The  cosolvent  effect  consists  in  changes  in  the  solubility  of  the  AI  by  non-aqueous 
miscible adjuvants. Cosolvents increase the solubility  of the AI in soil,  decreasing the 
adsorption  and  adsorption  kinetics   (López-Periago  et al.,  2006).  Adjuvants  could 
decrease sorption by competition with the AI for specific soil adsorption sites. The same 
effect  occurs  if  the  adjuvant  is  able  to  modify  the  surface  properties  of  soils,  (i.e., 
inducing changes in the polarity or surface charge). Competition between the AI's mixed 
in the same formulation occurs in the case of the fungicide mixture of cyprodinil and 
fludioxonil in the commercial formulation known as Switch. By contrast, adsorption can 
be cooperative. This case is typical of the presence of surfactants in the formulation with  
non-polar AI's.

294



Amphiphiles

The addition of amphiphiles to formulations facilitates the stability of poorly soluble AI's 
in  water  by  formation  of  micelles  ranging  from  2 to  5 nm in  microemulsions  to  > 
0.05 mm in  macroemulsions,  and  vesicles.  They  are  typically  surfactants.  Other 
amphiphiles have a role in increasing the penetration of AI's in the leaf when applied as a 
spray on crops. To achieve penetration, amphiphiles increase the contact angle between 
immiscible phases,  and relax  the hydrogen bond network of  water  around non-polar 
interfaces. These changes favour the mobility of the non-polar AI between the aqueous 
pesticide mixture through the waxy cover of leaves onto the plant cells. Penetrants are 
typically  non-ionic  hydrophilic  surfactants  that  facilitate  transit  of  the  AI  across 
immiscible phases. Some of the alcohols used as penetrants are hydrotropes. 

The effects  of  amphiphiles  depend on the characteristics  of  the formulation.  If  an 
emulsion enters the soil,  the dominant processes are the stability and mobility of the 
micelles in the solution of preferential flow in soil meso and macro-pores (which allows 
the transport of large micelles). The stability of micelles depends on the conditions that 
affect to their  adsorption, and to adsorption of the single surfactant (i.e., not forming 
micelles)  on soil.  These conditions are the concentrations of the surfactant,  salts  and 
non-polar solvents, and the pH of the soil solution. The interaction of the AI's with the 
micelles depends on the polarity of the AI; the non-polar AI's are solubilised inside the 
micelles;  if  the  AI  has  amphiphilic  characteristics,  it  is  involved in  the  formation  of  
micelles (co-micellization); if they are insoluble in the two media, they are adsorbed on 
the surface of the micelles.

Hemimicellization

Another mechanism that may affect the adsorption of the AI's is the hemimicellization of 
the amphiphilic adjuvants on the soil surface. Amphiphiles can adsorb on soil surface if 
can attach to the soil hydrophilic surfaces. When forming hemimicelles, the non-polar AI 
may co-adsorbs to non-polar chains of the amphiphile. Cooperative sorption of the AI 
with adjuvants forming hemimicelles produces S-type isotherms (Gu and Zhu, 1990). Co-
adsorption has been postulated for the explanation of the behaviour of penconazole in 
soil (Pose-Juan et al., 2010a). 

Hydrophilic linkers and sorption in the soil organic matter

Adsorption of non-polar organic pesticides occurs in sites of the soil organic mater with 
low polarity. But  the high-ordered structure of water around non-polar substances is a 
barrier to the adsorption of non-polar AI’s to hydrophobic. A macroscopic consequence 
of this phenomenon is the protonation of ionized functional groups of organic matter in 
acidic soils, which favours the adsorption of non-ionic pesticides (Arias et al., 2006). The 
organic matter in contact with an aqueous medium becomes conformations that make 
that  hydrophobic  groups  remain  within  the  organic  matter  away  from  the  polar 
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environment.  According to  this  model,  hydrophilic  linkers  facilitate  transport  of  non 
polar the AI's from hydrophilic surface organic matter into internal sites more favourable 
to the  adsorption.  The consequence of  such action would be that  hydrophilic  linkers 
would increase the adsorption capacity of poorly soluble pesticides. 
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Summary 
Transport and transformation processes of solid, liquid and gaseous soil compounds 
in soils are intimately connected and strongly dependent on the state of soil structure 
and pore space geometries. Soil structure in turn is inherently dynamic due to 
changes in pore water pressure resulting in shrinking and swelling and/or soil 
compaction and shear deformation by applying external loads and last but not least 
also continuously modified by biological factors (root growth and soil faunal 
activities). Appreciating the dynamic properties of soils and functions requires 
observing the evolution of soil structure with changing boundary conditions without 
disturbing the processes of structure formation. Non-invasive techniques such as X-
ray microtomography are capable to resolve soil structure and associated pore 
architectures on various scales and at the same time allow for non-destructive 
observations of structural dynamics upon changes in boundary conditions. We used 
synchrotron- and lab-based microtomography (MCT) systems to investigate soil 
structural dynamics of soil aggregates and typical core-size soil samples. The effects 
of shrinking/swelling and compaction on pore space architectures were studied 
under controlled boundary conditions (matric potential, mechanical loads). Three-
dimensional reconstructions of the pore space were analyzed with 3D image analysis 
tools to quantify changes in morphological characteristics of soil structure and related 
pore networks upon changes in boundary conditions, respectively. The potential of 
such quantitative data to further develop modeling approaches of transport and 
deformation processes in soils will be discussed. Further improvements in MCT 
imaging approaches and 3D image analysis of soil structure dynamics coupled with 
physical measurements of transport functions are essential to achieve a more 
comprehensive understanding of ecosystem fluxes in soils.  
 
Introduction 
Non-invasive three dimensional imaging microscopy using microtomography 
techniques provide a useful method to directly observe and quantify soil structure 
formation and deformation with changes in hydraulic and mechanical stress state. 
The advantage over other imaging techniques applied in soil morphology analysis 
(e.g. thin sectioning) is that tomography measurements account for the 3D nature of 
the specimen and that samples remain intact after CT image acquisition 
measurement allowing for repeated imaging and thus monitoring soil structure 
dynamics. The latter is a prerequisite to observe spatial modifications of the soil pore 
microenvironment caused by dynamic processes continuously re-arranging pore 
networks hence feeding back on soil functions. On the other hand, indirect 
assessments of soil structural attributes such as the pore size distribution (PSD) 
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derived from water retention curves (WRC) render inaccurately in a sense that with 
changes in hydraulic stress during the measurement pore geometries may change 
resulting in a continuously modified pore size distribution during the course of the 
measurement. The same is true for the derivation of hydraulic model parameters 
from such indirect measurement methods since the non-rigidity of pore systems 
caused by shrinking–swelling processes is not considered. Non-invasive imaging 
techniques could overcome some of the limitations of routinely applied methods for 
assessing soil structure and associated soil functions.  
 
Material and Methods 
We used two sets of samples for this study:  
Firstly, a soil aggregate sample (~5 mm across) was collected from an Alfisol 
(Rotthalmünster, Germany) from the topsoil layer. The soil aggregate sample was 
scanned in air dry condition at the synchrotron microtomography facility operated by 
the GKSS Research Center at HASYLAB (Hamburger Synchrotron Strahlungslabor) 
of DESY (Deutsches Elektronen Synchrotron) in Hamburg/Germany. The 
microtomography was completed at beamline BW2.  The sample was mounted on a 
rotary stage and scanned at a photon energy of 24 keV and a voxel resolution (voxel 
edge length) of 4.38 µm. During the microtomographical scan the sample was rotated 
at different projection angles between 0 and π, at 0.5° degree intervals. The 
absorption radiographs for the different viewing angles were projected onto a CdWO4 
fluorescent screen and recorded by a 1536×1024 pixel CCD camera. Image 
reconstruction was accomplished using a filtered back-projection algorithm in IDL™ 
(Research Systems Inc.). Attenuation coefficients are expressed as grayscale values 
ranging from [255] for the highest attenuation coefficient to [0] for the lowest 
attenuation coefficient reached. After the initial scan the sample was wetted via a 
glass fibre wick from below at a suction of -7 hPa with a 1M KI-doped solution to 
increase the attenuation contrast of the fluid phase. After imbibition the same 
aggregate was scanned a second time.  
 
In a second series bulk soil samples have been prepared in the laboratory. Remoulded 
loess soil material has been filled into 5 cm diameter Plexiglas® cylinders at three 
different initial bulk densities (1.00, 1.20 and 1.33 g cm-3, respectively). Samples were 
scanned at three different conditions: 1) initial homogeneous condition, 2) after 
saturation and 3) after subsequent air drying. Following the investigation of 
shrinking/swelling effects on soil structure development we studied the response of 
the structured soil to mechanical stresses. To do this we applied stepwise increasing 
mechanical loads of up to 400 kPa to the dried sample with the intermediate packing 
density (1.20 g cm‐3) in air dry condition. For the loading steps of 0, 20, 50, 100, 200, 
and 400 kPa we tomographed the sample immediately after loading.  
 
The above mentioned remoulded soil samples were scanned in a lab by a phoenix 
v|tome|x | 240 (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). 
Scanning procedure is similar to the procedure done at the HASYLAB except that a 
polychromatic and cone shaped X-ray beam is used instead of a monochromatic 
parallelized beam as it is generated at synchrotron facilities. X-ray parameters used 
were 200 keV scanning energy with 1440 projections per sample with a voxel 
resolution between 38.4 and 41.0 µm. The basic setup of the scanning system and 
image processing is shown in Figure 1.  
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Figure 1: Setup of the X-ray microfocus tube tomography system and 
subsequent image reconstruction and analysis. 
 
Volume rendering of the image reconstructions has been carried out with VG-Studio 
Max 2.0 (Volume Graphics GmbH, Heidelberg, Germany). Morphological image 
analysis of the grayscale images has been performed with a suite of algorithms 
assembled in the software package 3dma-Rock (Lindquist et al. 2005) and in VG-
Studio Max 2.0. A full 3D image analysis consists of a succession of image 
transformations and ends with the quantification of pore network characteristics. 
Basic image transformations are segmentation, disconnected cluster clean up, medial 
axis construction and throat and pore size computation. An analysis of strain 
localisation was performed by digital 3D tomogram correlation after Crostack et al. 
(2008). A reference tomogram was divided into cuboid regions which are regularly 
distributed on a regular grid. Each cuboid represents the local microstructure in the 
reference state (before shrinking or loading) at its grid point. The cuboids in the 
reference tomogram are iteratively mapped onto the corresponding more or less 
deformed microstructural parallelepiped‐shaped region in the comparison tomogram 
(after shrinking or loading). By coordinate transformations a mean deformation 
gradient F and the Lagrangian strain tensor γ are derived and from this scalar 
deformation quantities like volume change dV/V and equivalent strain εequ can be 
calculated. Further details on the method and its application for the determination of 
localized soil deformation using microtomography images are provided in Peth et al. 
(2010). 
 
Results 
The effect of a change in hydraulic stress on pore geometry is demonstrated in Figure 
2 where the tomograms of a soil aggregate scanned in air dry condition and after 
imbibition of a 1M KI-solution at -7hPa are compared. After imbibition a 
rearrangement of particles accompanied by a restructuring of the pore space was 
observed. This is apparent from closing coarse, soil structure related pores (e.g. 
cracks) and interestingly also from the formation of new coarse pores that remain gas 
filled. Swelling is a common process in clay rich soils and well known to partially 
close previously generated cracks. In contrast the formation of new coarse pores 
during wetting is a phenomenon that has to the best of our knowledge not yet been 
observed directly. An explanation could be microscale gas flow processes leading to a 
local entrapment of air within the aggregate and subsequent deformation of the soil 
matrix as air pressure exceeds local soil strength (Peth et al. 2008b). Another reason 
could be contractile forces during capillary wetting of the previously air dry sample 
leading to the generation of new or a widening of pre-existing cracks. These 
observations underline the complexity of interactive transport and deformation 
mechanisms resulting in dynamic soil pore spaces pointing out that the investigation 
of pore scale processes requires non-invasive techniques.  
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Figure 2: Tomograms 
before (left) and after 
(right) imbibition with 
1M KI-solution at a 
matric potential of -7 
hPa. The dashed line 
indicates the rim of the 
air dry sample before the 
sample was wetted. 

(taken from Peth 2010) 
 
Development of soil structure in bulk soil samples is shown in Fig. 3 exemplarily for 
the loose packing (1.00 g cm-3) for the three conditions (initially dry homogenous, 
after saturation and after subsequent air drying). We observed almost no macropores 
in the initially homogeneous dry condition as it is shown more clearly in the binarized 
images in the bottom part of Fig. 3. After saturation a substantial number of new 
macropores pores (> resolution limit which was approximately 40 µm) were 
generated indicated by the white areas in the binarized image. After drying the 
sample, again large cracks developed in the middle of the sample separating the bulk 
soil into five newly formed aggregates.  
 

 
 
 
 
Figure 3: Tomograms 
(top) before (left) after 
saturation (middle) and 
after air drying (right). 
The binarized images 
(bottom) indicate the 
generation of new 
macropores by changes in 
hydraulic stresses 
(saturation and 
subsequent air drying).  

 
Frequency distributions of pore size classes derived from morphological image 
analysis show that saturating the sample generated numerous macropores (Fig. 4). 
Note that since close to the resolution limit (in this case ~ 40 µm) the detection of 
pores is associated with uncertainty due to binarization of the grayscale images only 
pores > 8 voxels (2 voxels wide in each spatial direction  23 = 8) were counted to 
ensure that only real pores are included in the statistics. Interestingly subsequent 
shrinkage created a large crack, counted as one interconnected pore with a volume of 
5.790 mm3 (plotted at class < 10.000 mm3 in Fig. 4), but left the remainder pore size 
frequency distribution with pore volumes between > 0.0001 and < 1.000 mm3 almost 
unchanged. Consequently, the pore volume gain within the newly formed crack must 
have been accommodated by pore volume reduction in pores smaller than 8 voxels in 
size corresponding to a volume equivalent diameter of spherical pores of < 50 µm. 
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Figure 4: Frequency distribution 
of different pore size classes for 
the sample with intermediate 
packing density (1.20 g cm-3; 
shown in Fig. 4.) at three 
different conditions: initially 
homogenized = hom, saturated = 
sat, after shrinkage = dry).  
 
 

Figure 5 presents the local soil deformation resulting from hydraulic (shrinkage, Fig. 
5A) and mechanical stresses (external loading, Fig. 5B). The orientation of the major 
axis of the tensor ellipsoids (in this case represented as cuboids) in Fig. 5A reveals a 
change in the orientation of the strain field from predominantly horizontal 
deformation at the outer rim of the sample to predominantly vertical deformation in 
the vicinity of the cracks in the centre of the sample during shrinkage. External 
mechanical loading of the sample in air dry condition resulted in spatially 
heterogeneous soil deformation (Fig. 5B). We observed a strain concentration in the 
vicinity of larger cracks where plastic flow indicates a closure of the large cracks while 
within the interior of aggregates deformation is lower. A decreasing crack volume 
with mechanical loading was also determined by morphological image analysis (data 
not shown).  
 
 

 
Figure 5: (A) Spatial orientation of the Lagrangrian strain tensor  
represented as cuboids for a tomogram correlation of the state before 
and after shrinkage showing the local magnitude of strain and the 
orientation of the maximum strain gradient. The slice represents a 
horizontal section near the top through the sample shown in B before 
mechanical loading. (B) Spatial distribution of the equivalent strain equ 
for two different external mechanical loads. The color scale is adjusted to 
lower strain values to indicate the deformation within the aggregates. 
The corresponding reference tomogram for the grayscale correlation 
analysis was in each case the unloaded state. Gray color coded areas 
indicate values of equivalent strain equ exceeding a specified threshold 
value (> 4.8 ‰) corresponding to a larger deformation in the vicinity of 
cracks. 
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Conclusion 
Soil structure and associated pore space geometries are to be considered highly 
dynamic. Even in structurally mature units such as aggregates we observe 
modifications in the pore space by changing hydraulic stresses (imbibition). X-ray 
microtomography in conjunction with 3D image analysis techniques is capable to 
quantify the dynamic pore space in relation to changes of hydraulic and mechanical 
stress boundary conditions.  The results presented here strongly suggest that soils are 
non-rigid systems where both hydraulic and mechanical stresses locally modify pore 
space geometries. These modifications are associated with a simultaneous 
destruction/reduction of pores/pore sizes and the generation of new pores. This fact 
has to be considered in modelling transport, deformation and exchange processes in 
soils and between the pedosphere and the atmosphere.  
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Summary 

The effects of soil fauna on organic carbon fluxes were studied in a Technosol. In 

three different laboratory and field experiments, we increased the scale of 

observation and the complexity of the system. We concluded that soil fauna has an 

effect on organic C distribution into the Technosol. However, these effects depend on 

the taxon considered. Furthermore, in a short term (10 months), probably due to the 

initial quality of technogenic materials, vertical fluxes of organic C from the top to the 

bottom of the pedon were not impacted. 

Scientific issue 

The effects of soil fauna on soil pedogenic processes, like nutrient fluxes or 

aggregation have been shown for a long time (Lavelle and Spain, 2001). These effects 

can finally contribute to provide better ecosystem services, like plant growth increase 

(Barrios, 2007). In this context, the question of study scale is regularly pointed out as 

a key factor for the understanding of soil/fauna relationships. However, this question 

is difficult to address, as soil biota is highly influenced by environmental parameters, 

for instance soil formulation; it thus appears very difficult to compare results 

provided from a scale to another one. 

Our work aims at understanding and predicting the effects of various soil animals, 

including earthworms and springtails, on early pedogenic processes, particularly 

aggregation and carbon fluxes, with a particular attention on the evolution of these 

parameters at different scales, from aggregates to pedon. 

Context of the research 

Soils developed on non-traditional substrates and largely due to intensive human 

activity are now referenced as Technosols in the world reference base for soil 

resources (WRBSR). They are composed of various materials some of which have no 

equivalent in nature: technogenic materials, i.e. artefacts. The process of soil 

construction for the reclamation of derelict lands is based on the recycling of 

secondary by-products. Based on the pedological engineering concepts, these 

artefacts are combined to construct a new soil (Technosol) over in situ brownfield 

substrates. In order to improve the functionality of such Technosols, one major 

scientific issue is to assess the dynamic and role of soil fauna.  
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Materials & methods 

Parent materials 

Three different artefacts were used: i) a green-waste compost (g.w. compost) mainly 

composed of urban tree and grass cuttings, licensed under NF U 44-051 standard; ii) 

a paper-mill sludge (p.m. sludge), which is a by-product of the paper industry; iii) a 

thermally treated industrial soil (treated soil) excavated from a former coking plant 

site initially heavily polluted with polycyclic aromatic hydrocarbons (PAHs). 

Constructed soil formulation 

The constructed soil model is composed of different artefacts that are layered to build 

a whole pedon. It was designed in a pedological engineering approach with reasoned 

mixing and superposition of materials (Séré et al., 2008). It was filled with i) a layer 

of p.m. sludge at the bottom, ii) an intermediate layer of treated soil and p.m. sludge 

mixture (1:1 volumetric ratio) and iii) a superficial layer of g.w. compost. 

Experimental set-up 

In laboratory microcosms (diameter = 15 cm, length = 10 cm), we studied the 

influence of the anecic earthworm Lumbricus terrestris on the dynamics of the 

different artefacts of the Technosol. We particularly compared the ultrastructures and 

organic C contents of the initial materials with the surface casts produced by the 

activity of earthworms in these artefacts, 30 days after worms inoculation.  

In laboratory macrocosms (diameter = 19 cm, length = 25 cm), filled with the two 

upper layers of the constructed Technosol described above, we assessed the effects of 

the earthworm Lumbricus terrestris and the springtail Folsomia fimetaria on 

organic C content in the two layers, 75 days after fauna inoculation. 

In field gravitation equipped lysimetric columns of 2 m3 (surface: 1 m², depth: 2 m), 

filled with the three layers of the Technosol, we followed the organic C in soil 

leachates under the influence of vegetation cover combined or not with 10 months 

Lumbricus terrestris earthworms activity. These field lysimetric columns were set up 

on the experimental site of the French Scientific Interest Group – Industrial 

Wasteland (GISFI) (http://www.gisfi.fr), Homécourt, North-Eastern France. The 

climate is continental with a mean rainfall of 760 mm year–1 and a mean 

temperature of 10°C (extreme values: 38°C to –22°C). 

The organic C in the different fractions was measured by a CN analyser Flasch EA1112 

Thermo, after elimination of carbonates by using hydrochloric acids. Ultrastructural 

samples were obtained by fixing structures in epoxy resine, after osmium tetraxide 

fixation and acetone dehydration. Ultrathin sections (80–100 nm) of these samples 

were realized with a diamond knife on a Leica Ultracut S ultramicrotome, then 

stained with uranyl acetate and lead citrate, and examined in a JEOL EMXII 

transmission electron microscope operating at 80 kV  (Watteau et al., 2006). 
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Results 

Laboratory microcosms 

In casts produced by earthworm in the treated soil and p.m. sludge mixture, 

aggregates contained more bacteria compared to the control mixture. Furthermore, 

in casts, cellulosic fibers participated to aggregation, which was not observed in the 

mixture without earthworms (Fig. 1). Finally the percentage of organic C was 

decreased in casts compared to the control mixture (Fig. 2). 

 

Fig. 1: TEM micrographs of initial treated soil and p.m. sludge mixture (2 photos on 

left), and earthworm casts produced in the same mixture (2 photos on right).   

From left to right: organo-mineral aggregate, cellulosic fiber, mineral/cellulosic fiber 

aggregate, global view; b, bacteria; cf, cellulosic fiber; df, degraded cellulosic fiber, ex, 

exopolymer; h, hole; m, mineral 
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Fig. 2: percentage of organic carbon after 30 days in earthworm casts and control 

soil of treated soil and p.m. sludge mixture. The different letters above histograms 

indicate significant differences (Mann Whitney, p<0.05) 

Laboratory macrocosms 

After 75 days, treatments with L. terrestris lead to a trend of organic C decrease in 

both layers. On the contrary, F. fimetaria lead to an increase of organic C in both 

layers. A significant difference was observed between both species treatments in the 

g.w. compost top layer (Fig. 3).  
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Fig. 3: mean percentage of organic carbon after 30 days in the g.w. compost of the 

two layers Technosol model in macrocosms. Cosms were without fauna (control), or 

inoculated with earthworms (L. terrestris) or springtails (F. fimetaria). The different 

letters above histograms indicate significant differences (Mann Whitney, p<0.05) 

 

Lysimetric columns 

After ten months no significant effect of L. terrestris inoculation was observed 

concerning organic C content in the leachates collected at the bottom of the pedon. 

 

Discussion - Conclusion 

When considering only one material (microcosms experiment), at the aggregate scale, 

organic C can be transferred from the soil to the casts. However, when increasing 

complexity of the system, and considering the mean content of organic C in each 

layer, fauna effects appear less significant compared to the previous scale, and 

depend on the animal functional group (macrocosm experiment). Finally, at the 

pedon level, no effect of soil fauna can be observed on organic C vertical transfer after 

10 months. Thus, soil fauna can modify organic C fluxes into the soil. However, the 

initial quality of parent materials appears to be the main driving force of organic C 

fluxes in this system. At the pedon level, a longer period is probably required to be 

able to observe significant effects of fauna on carbon fluxes. 

 

References 

Barrios, E., 2007. Soil biota, ecosystem services and land productivity. Ecological Economics 
64, 269-285. 

Lavelle, P., Spain, A.V., 2001. Soil ecology. Kluwer Academic Publishers, Dordrecht. 
Séré, G., Schwartz, C., Ouvrard, S., Sauvage, C., Renat, J.C., Morel, J.L., 2008. Soil 

construction: the first step of ecological reclamation of derelict lands. Journal of Soils & 
Sediments 8, 130-136. 

Watteau, F., Villemin, G., Burtin, G., Jocteur-Monrozier, L., 2006. Root impact on the 
stability and types of microaggregates in silty soil under maize. Eur. J. Soil Sci. 57, 247-
257. 

 
Acknowledgements 

 

PhD thesis of Benjamin Pey was supported by the ADEME and the Région Lorraine. 

Thanks to P. H. Krogh (NERI, DK) for providing F. Fimetaria. 

 

306



Role of soil heterogeneities onto pesticide fate: a pore-scale study with lattice 
Boltzmann

Valérie Pot (1), Hassan Hammou(2), Nadia Elyeznasni(1), Irina Ginzburg(3)
(1)INRA, AgroParisTech, UMR 1091 EGC, F-78850 Thiverval-Grignon, France (2) Mohammed I 
University - Faculty of Sciences, Oujda, Morocco, (3) UR HBAN, Cemagref, Antony Regional 
Center, Parc de Tourvoie, BP 44 , F-92163 Antony Cedex, France 
vpot@grignon.inra.fr

Summary
The objective of this work is to link soil structure with physico-chemical and biological functioning 
of soil. To do so, we present a numerical study using a pore scale model that take into account the 
soil heterogeneities in an explicit manner as input data of the model. The model uses a voxel-based 
approach, so that pore space geometry was fully described from Xray-CT images of undisturbed 
soil samples. Pesticides like the herbicide isoproturon that are polar molecules are known to sorb 
preferentially onto hydrophobic surfaces (Benoit et al.,  1999). Thus, we used 3D images of the 
same scanned soil in which particulate organic matter (POM) were spatially located in the pore 
space (Elyeznasni et al., submitted). Finally, different spatial locations of the soil microorganisms 
were simulated in the pore space geometry. The pore space model chosen was the lattice Boltzmann 
(LB) scheme that easily allows to handle complex geometry such as porous medium. We extended 
the  two-relaxation-time  LB  model  of  Ginzburg  (2005)  used  to  solve  the  advection-dispersion 
equation to reactive sorption and degradation. 

Introduction
Soil organic matter  decomposition in soils and organic pollutants fate in soils involve physical, 
physico-chemical  and  biological  processes.  These  processes  are  strongly  coupled  with  many 
feedbacks. For instance, sorption of organic molecules to the solid phase of soils modifies their 
biodisponibility ans thus  biodegradation processes can be decreased. Convection and diffusion of 
pollutants into soils, their sorption and biodegradation are also strongly related to the pore space 
geometry in which these processes take place. Pore connectivity, the spatial location of the reactive 
solid surfaces and the nature of the reactive sites (organic or mineral) and the spatial location of soil 
microorganisms  and  their  biodiversity  are  major  factors  for  determining  carbon  substrates 
decompostion into soils. 

Material and Methods
Pore-space – CT X-Ray images
The soil is a silt loamy Glossic Luvisol (FAO classification) containing 19% clay, 75% silt and 6% 
sand in the ploughed layer. We sampled undisturbed soil cores (5-cm diameter, 6-cm height) in the 
interfurrows which correspond to the narrow obliquely-oriented zones between adjacent furrows at 
a depth of about 10 cm from the soil surface. These zones mainly contain straw residues of the 
preceding crop. Two soil columns were scanned in a high resolution micro-CT machine (%SIMCT 
Equipment: SIMBIOS Centre University of Abertay Dundee, Scotland). 

Spatial location and nature of reactive surfaces
After scanning, the soil columns were air-dried for three weeks. Then they were impregnated with 
polyester resin mixed with a fluorescent dye (Uvitex). We prepared tree thin sections of 30-µm 
thickness out of one column. Elyeznasni et  al.  (submitted) proposed a procedure that combines 
micromorphological observations and X-ray computed tomography (CT) images of soil samples to 
identify macro-organic matter assemblages in the soil porosity. A table of correspondence between 
the structural features (porosity), the organo-mineral features of size down to about 40 µm and the 
grey level values of the scanned image were used to segment the full 3D images into three phases 
(water/air filled pores, macro-organic matter and bulk solid matrix). The values of the thresholds 
were adjusted from the micromorphological observations and the porosities of the 3D segmented 
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images  compared  well  with  the  measured  porosity  of  the  third  soil  column (Elyeznasni  et  al., 
submitted). Figure 1a-b shows an example of the soil organic matter identification in the X-Ray CT 
images by comparing with micromorphology. Figure 1c shows the obtained segmented image. 

                 (a)                                               (b)                                          (c)
Figure 1: Zone of an X-ray CT cross-section of the undisturbed soil cores (a) assembly of pictures 
taken under  optical microscope of the same zone of the thin-section (b) and segmented image of X-
ray CT cross-section (c). Color code is different for each image. Pore is black (a), white (b), blue 
(c), POM is in dark grey (a), dark brown (b), whitish (c) and bulk soil matrix is light grey (a), 
brown (b), green (c).

PEST-TRT-LB model
The two-relaxation-time lattice Boltzmann model  of Ginzburg (2005) was used to simulate  the 
pesticide,  isoproturon,  fate  in  sub-samples  of  the  soil  cores.   The  lattice  Boltzmann  evolution 
equation writes:
fq(r+cq,t+1)=fq(r,t)+e(fq+(r,t)-eq

+(r,t))+e(fq
-(r,t)-eq

-(r,t))+Qq(r,t)                                   (1)
in which, fq are the population distributions, eq are the equilibrium population distributions, r the are 
nodes of the lattice,  cq are the microscopic velocities of the lattice with q=0,...,Q the number of 
microscopic velocities,  t  is  time,  and  e and  o are  the two relaxation parameters  and  Qq is  a 
source/sink term. The relation (1) solves the solute advection-dispersion equation for the following 
relations:

fq=fq
++fq

- ,  eq=eq
++eq

-, eq
+=t*

q(cs
2+Eq

+), Eq
+=(3uq

2-||u||2)/2 , uq
2=(u.cq),                

            eq
-=t*

q SJcq, J=u, Dm=-cs
2(1/2 + 1/o)                    (2)

where Dm is the molecular diffusion coefficient of the solute. For more details, see Ginzburg (2005).
First-order kinetic sorption to the solid phase and first-order decay of the solute in the liquid phase 
were added to the model. Sorption was computed by modifying the boundary conditions onto the 
solid nodes of the lattice where classical bounce-back rules were applied.  Degradation was simply 
accomplished into the following source/sink term of equation (1)as:
Qq(r,t) = -µl fq+(r,t)                   (3)
where µl is the degradation rate constant. 
The macroscopic mass, r, is computed at each nodes of the lattice as the sum of the population 
distribution over the directions of the lattice.
The set of equations (1 to 3) constitutes the PEST-TRT-LB model.

Parameterization of PEST-TRT-LB
The  calculations were performed on a sub-sample of the 3D image of the soil core, constituted of 
200x200x290 voxels of size resolution of 68 µm. The porosity of the sub-sample was 28%. Spatial 
heterogeneities of the reactive surface were described according to the identification of POM and 
bulk soil  matrix  in  the  CT images.  Different  sorption  coefficients  (Kc=0.1 and Ks=0.001)  and 
(Kc=0.1 and Ks=0.01) for respectively POM and organo-mineral phase were attributed to the POM 
and bulk soil matrix solid sites. These coefficients corresponded to distribution coefficients Kd of 
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1.67 and 16.67 which are close to the experimentally measured ones for isoproturon onto bulk soil 
and POM respectively. Finally, the rate degradation was taken as 3.4e-5 tu-1, which after rescaling 
from lattice Boltzmann units to real physical units, corresponded to a short half-live of one day. 
Finally  the  role  of  biological  heterogeneity  was  simulated  by comparing  a  homogeneous  bulk 
degradation in the  liquid phase to biodegradation spatially located in the liquid phase close to the 
solid phase. This latter heterogeneity mimics simplified biofilms. Growth, respiration and spreading 
of microorganisms are neglected in this study.

Results
Figure 2 shows a 3D view of the porosity of the sub-sample. Computation of PEST-TRT-LB model 
was performed on the liquid sites only, in order to reduce the computational and memory costs. We 
ended with 3.6 106 sites. 

                                                                                       Figure 2: 3D view of the porosity of the sub- 
                                                                                        sample. Pore space only was represented in 
                                                                                        blue.

Simulations were performed at two initial conditions: a homogeneous initial concentration of solute 
and a pulse of solute concentration in the (z=1) plane. First conditions are static conditions and 
second conditions introduced dynamic transport conditions in order to quantify the role of diffusion 
into pesticide fate.  Simulations lasted for 40,000 tu that corresponded to about 48 h. Figure 3a 
shows  the  impact  of  the  spatial  location  of  POM  and  organo-mineral  phases  compared  to  a 
homogeneous repartition of the reactive sorption sites with an equivalent Kd in the case of static 
conditions. After 40,000 tu, the remaining concentration in the liquid phase is similar in both cases, 
which was expected from the equivalent Kd. However, we observe that the transient regime was 
different: two different type of sites induced a longer transient regime. Similar results were obtained 
in the dynamic conditions (Figure 3b). Figure 4 shows the impact of biological heterogeneities onto 
pesticide fate. In the case of static conditions, the simplified biofilms decreased by 10% the amount 
of pesticide in the liquid phase while in the case of dynamic conditions, this amount was decreased 
by 20%.

                                                     (a)                                                                          (b)
Figure  3:  Relative  solute  concentration  versus  time  for  the  static  conditions  (a)  and  dynamic 
conditions (b). Kd true correspond to the heterogeneous distribution of POM and organo-mineral 
sites,  while  Kd  eq  correspond  to  a  homogeneous  distribution  of  reactives  sites  of  equivalent 
sorption. 
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                                                    (a)                                                                          (b)

Figure  4:  Relative  solute  concentration  versus  time  for  the  static  conditions  (a)  and  dynamic 
conditions  (b)  for  homogeneous  biodegradation  in  the  liquid  phase  (µeq)  and  heterogenous 
biodegradation (µbiofilm). 

Conclusions
This  work  showed  preliminary  results  of  simulated  pesticide  fate  into  small  undisturbed  soil 
volumes  of  cm3  size,  taking  into  account  the  explicit  heterogeneities  of  soils:  the  pore  space 
geometry, the spatial location and simplified nature of reactive surfaces (POM and organo-mineral 
surfaces)  and  the  spatial  location  of  soil  microorganisms  (simplified  biofilms).  The  pore-scale 
model provided significant insights into quantifiying the role of the soil heterogeneities. First results 
showed that pesticide biodegradation could be modified by up to 20% depending on the location of 
soil microorganisms. PEST-TRT-LB model should be an interesting tool to quantify the role of soil 
structure and the biological functioning of soil.  
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Summary 
Worldwide, salinity and drought are the two major ecological problems limiting crop 
growth and yield. Lack of water and high amount of salt around the root surfaces 
decrease the root hydraulic conductivity and reduce the ability of crops to take up water 
resulting in decreased growth. The effect of progressive drought (PD), irrigated with 
different levels of saline solution (0, 10, 20, 30 and 40 dS m-1) on apparent root 
resistance and water uptake of quinoa were studied. All treatments were irrigated with a 
salt solution for 21 days and then the measurements were done during 10 days of 
progressive drought. During the drought period PD0 (salinity with 0 dS m-1) had the 
lowest values of soil matric potential (Ψm) and the highest values of total water potential 
(ΨT), while PD40 (salinity with 40 dS m-1) had the highest and lowest values of Ψm and 
ΨT, respectively. In addition PD0 had the highest transpiration rate while PD40 had the 
lowest value except by the end of drought period. High amount of salt in the soil 
decreased the water availability and increased the apparent root resistance in PD40 
during the drought period except the last day that PD0 had the highest value due to a dry 
soil. 
 
Introduction 
Water movement in to and out of roots depends on water potential difference between 
bulk soil and root xylem and the conductivity of the pathway. As the soil dries, the soil 
water content decreases and reduce the hydraulic conductivity of soil-root-xylem 
pathway. The hydraulic conductivity of the roots depends on water shortage, salinity of 
the soil and demands for water from the transpiring shoot (Steudle, 2000). Joly (1989) 
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studied the effects of sodium chloride on hydraulic conductivity of soybean. The results 
showed that the root hydraulic conductivity decreased as the salinity of growth solution 
increased. 
 
Quinoa is a halophyte crop that has the ability to tolerate abiotic stress such as salinity 
and drought (Jacobsen et al., 2007). Quinoa has a high potential for being grown on salt 
prone areas in many parts of the world (Jacobsen, 2003). Therefore we studied the 
combined effects of salinity and progressive drought on root hydraulic conductivity of 
quinoa to investigate the role of resistances in the soil-root-xylem pathway of water-flow 
in water uptake. The aim of this study is to find whether the decrease in root hydraulic 
conductivity under saline and drought conditions is due to lack of water or salt 
concentrations. 
 
Materials and methods 
The experiment was performed in a greenhouse at the experimental station 
Højbakkegaard, Taastrup, at the Faculty of Life Sciences, University of Copenhagen. A 
Danish bred cultivar of quinoa (cv. Titicaca or Q52) was grown in pots. The pots were 
filled with a mixture of sandy soil and peat substrate (GB-Pindstrup Substrate No. 1; 
Ryomgaard, Denmark; PH 6.0; 50% - 50% of each by volume) to a weight of 4.7 kg. All 
the pots were irrigated in the same way (irrigating to 95% of WHC) until the bud 
formation stage by weighing the pots every day. The pots were irrigated with 0, 10, 20, 
30 and 40 dS m-1 salt solution from 35 day after emergence (DAE) for 21 days and then 
progressive drought (PD) was started and continued for 10 days except for the fully 
irrigated control (FI0). 
 
Transpiration was calculated as the difference between the pot weight at the day of 
measurement and the weight measured on the previous day. The resistance to water 
movement in the soil-root-xylem pathway of the plants was then calculated based on 
Ohm’s law analogue (which assumes that flux (transpiration) is proportional to the 
difference in water potential between soil and plant) following the equation: 

T lR
E

Ψ − Ψ
=             (1) 

Where E is the rate of transpiration (mm d-1), R is the apparent root resistance (MPa d 
mm-1), ΨT is the total soil water potential (MPa) and Ψl is the leaf water potential (MPa). 
The root hydraulic conductivity was calculated by using equation 1 and determined by 
1/R (mm MPa-1 d-1). 
 
Relative available water (RAW) for each treatment was calculated by the following 
equation: 

312



0

t

FI

VWCRAW
VWC

=           (2)  

where VWCt is the volumetric water content of each treatment and 
0FIVWC  is the 

volumetric water content of the FI0 treatment. 
 
Soil matric potential (Ψm) was calculated from volumetric water content based on the 
fitted van Genuchten model (van Genuchten 1980). 
 
Results and discussion 
Table 1 shows the variation of Ψm, ΨT and RAW during drought period. The amount of 
matric potential decreased from DAE 56 to DAE 64 for all treatments. During the 
drought period the PD0 and PD40 treatments resulted in the lowest and highest Ψm 

values, respectively. ΨT was decreased by increasing salinity levels during the drought 
period and PD0 and PD40 treatments had the highest and lowest values. PD0 had the 
lowest RAW values and increasing the salinity increased RAW. 
 
Table 1: Soil matric potential (Ψm, MPa), soil total water potential (ΨT, MPa) and 
relative available (RAW) during drought period. 

Parameter Treatment 
DAE 

56 58 60 62 64 

Ψm (MPa) 

PD0 -0.006 -0.013 -0.037 -0.078 -0.116 
PD10 -0.005 -0.008 -0.012 -0.018 -0.026 
PD20 -0.004 -0.005 -0.007 -0.009 -0.013 
PD30 -0.004 -0.005 -0.006 -0.007 -0.008 
PD40 -0.004 -0.004 -0.005 -0.005 -0.007 

ΨT (MPa) 

PD0 -0.005 -0.012 -0.038 -0.076 -0.116 
PD10 -0.343 -0.436 -0.450 -0.582 -0.585 
PD20 -0.544 -0.555 -0.668 -0.719 -0.697 
PD30 -0.731 -0.778 -0.808 -0.759 -0.865 
PD40 -0.900 -0.96 -1.009 -0.949 -0.995 

RAW 

PD0 0.92 0.71 0.47 0.38 0.32 
PD10 0.97 0.82 0.70 0.62 0.54 
PD20 1.01 0.92 0.82 0.80 0.70 
PD30 1.04 0.97 0.90 0.85 0.82 
PD40 1.04 1.01 0.93 0.98 0.85 

 
Figure 1 shows the variations of transpiration, difference of total soil water potential and 
leaf water potential (ΨT-Ψl), root resistance and relationship between the root hydraulic 
conductivity and soil osmotic potential during drought period. The PD0 had the highest 
gradient for water uptake at DAE 64 followed by PD10, PD30, PD20 and PD40 (Fig. 1-b) 

313



resulting in fact that the PD0 and PD40 had the highest and lowest transpiration rate 
during the drought period except DAE 64 (Fig. 1-a).  
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Figure1: variation of transpiration (a), difference between soil water potential and leaf 
water potential (ΨT-Ψl) (b) and apparent root resistance (c) during the drought period. 
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The gradient in water potential (ΨT-Ψl) rose with an increase in salinity level and when 
soil water content decreased (e.g. for PD0 from 0.8 MPa to around 1.9 MPa). The PD40 
treatment had the highest apparent root resistance during the drought period, except for 
the last day when PD0 had the highest resistance around 1.8 MPa d mm-1 (Fig. 1-c). 
Figure 2 shows that by increasing the soil osmotic potential the root hydraulic 
conductivity decreased. PD40 had the highest soil osmotic potential and lowest root 
hydraulic conductivity.  
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Figure 2: Relationship between root hydraulic conductivity and soil osmotic potential 
during the drought period. 
 
 
Herkelrath et al. (1977) and Jensen et al. (1993) found that when the water content in the 
soil decreased to 0.1 cm3 cm-3 the water uptake by the root is reduced by the decrease in 
the surface contact area between soil and root. Our investigations indicate similar results 
when the RAW in the PD0 treatment decreased to 0.32 (as a result of reduction in 
volumetric water content) the apparent root resistance increased abruptly to 1.8 MPa d 
mm-1.  

 

De Jong Van Lier et al. (2009) studied the root water extraction under water and salt 
stress. They used three soil salt concentrations (0, 3 and 10 mol m-3) and showed that 
the osmotic potential at the root surface decreased below that of the bulk soil due to the 
accumulation of salt at the root surface and reduction in rhizosphere water content. This 
may explain the above increase in apparent root resistance. 
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Conclusion 
The concentration of the salt ions in soil for the progressive drought treatments 
increased due to decrease in soil water content, except for PD0 where the decrease in 
total soil water potential was a result of the decreased matric potential due to low water 
content, only. Reduction in total soil water potential by either salt or drought increased 
the apparent root resistance.  
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Summary 

Soil moisture conditions alter the availability of carbon (C) and nutrients in the soil. 

Especially sandy soils can become highly water and nutrient limiting due to their 

poor water holding capacity. The objective is to show how different soil moisture 

conditions influence the activity and composition of rhizosphere microbial 

communities in a sandy heathland ecosystem.  

 

Introduction 

Changing climatic conditions are supposed to alter the C cycle (Amundson, 2001; 

IPCC, 2007). Increasing temperature and precipitation will change soil properties 

and the C residence time in soils will increase so that soils will become C sources 

more often (Amundson, 2001).  

C compounds derived from plant roots (exudates, dead plant material) serve as main 

substrate for rhizosphere microbes. Limited water availability will alter plant 

physiology and performance; photosynthetic rates will decrease and so will exudation 

rates of C compounds into the rhizosphere. A field 13CO2 in-situ pulse labelling 

experiment was performed to track C from the atmosphere through the ecosystem by 

measuring  13C of microbial (bacterial and fungal) phospholipid fatty acids (PLFAs) 

and different pools of respiration (13CO2). 

Materials and methods 

Field site 
13CO2 in-situ pulse-labelling took place in additional plots of the Climaite FACE 

experiment (Mikkelsen et al., 2008) over a 7 h day period in September 2010. These 

plots were used for water studies since 2007 and mainly contained the typical 

heathland grass Deschampsia flexuiosa. The experiment was a two factorial setup 

which contained drought, irrigation and untreated control plots which were 

replicated five times, respectively.  

 

Pulse labelling setup 

Vinyl balloons (10’) were used as air reservoirs to supply three chambers with air 

(Fig. 1). In total, 15 plots were labelled simultaneously. 
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Fig. 1. Pulse labelling setup with three chambers connected to a pump which sucks 
13C labelled air from a gas reservoir. 

 

Sampling 

During labelling, air temperature and photosynthetic active radiation (PAR) were 

measured once an hour. 

Soil samples from two different depths (0-10 cm and 10-30 cm according to the O 

and A horizon) were taken prior to the labelling, on the labelling day and 1, 2, 6, 12 

and 29 days post-labelling. Soil respiration (SR) and ecosystem respiration (ER) gas 

samples were collected in the same time intervals with the exceptions that no samples 

were taken at the labelling day and additional sampling of SR took place at day 28. All 

ER samples were taken after sunset. 

 

Laboratory analyses 

PLFAs and NLFAs will be extracted from soil and root samples. Therefore, soil was 

sieved and soil and roots were freeze dried prior to fatty acid extraction (Merrild, 

2010). Samples will be run on a GC-C-IRMS (gas chromatography-combustion-

isotope ratio mass spectrometry). Respiration samples (SR and ER) were analyzed in 

a GC-IRMS. Total microbial biomass will be analyzed for every soil sample using the 

chloroform-fumigation method. 

Oven dried plant material and air dried soil (2 mg and 20 mg, respectively) were 

weighted into tin capsules and will be analyzed for total C/N and 13C in an EA-IRMS 

(elemental analyzer-IRMS). Total plant biomass will be estimated using image 

analyzing programs. 

 

Expected results  

We expect a shift in the microbial C/N ratios from a bacteria based community (C/N 

~6-8) to a rather fungal based community (C/N ~10-15) with increasing dryness 

(Jensen et al., 2009); fungi are connected via a mycorrhizal network (Merrild, 2010) 

and thus are less dependent on local soil moisture than bacteria. Furthermore, we 

expect the same shift in PLFAs from an equally bacterial-fungal based community to 
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a distinct fungal based community; e.g. the amount of C16:1ω5 and C18:ω7 (fungal 

biomarkers) will increase.  

Including the different pools of respiration we assume more respiratory activity in the 

irrigated treatments due to higher microbial and root activity.  

 

Discussion 

These ecosystem responses would suggest a higher C turnover the wetter the 

heathland becomes. Thus, the soil could become a bigger C source than it recently is 

and therewith contributes to the rising atmospheric CO2 concentration. However, the 

increased C turnover might be limited by water saturation (development of anaerobic 

conditions) and decreasing microbial and root activity would lower the C loss. 
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Introduction 
A physically-based soil-water retention curve model was developed by Tuller and Or 
(2005), which is hereafter named the TO model, to relate the soil-water retention at 
dry condition for matric potentials lower than -10MPa with surface area (SA), and 
this model was tested against the six widely-used soil-water retention data for 
pretreated soils from Campbell and Shiozawa (1992). This model was extended by 
Resurreccion et al. (2010) by applying a corrective scaling factor on SA to cover 
untreated soils with varying clay (CL) and organic carbon (OC) content having index 
in terms of Dexter (2008) index n (=CL/OC) to modify the surface area measured 
using ethylene glycol monoethyl ether (SA_EGME). In this study, we tested the TO 
model on three soils from Arizona USA pretreated to remove organic matter and 
same soils without pretreatment.  
 
Materials and Methods 
Tuller and Or (2005) Soil-Water Retention Model 
In the dry adsorptive region of the SWRC, water exists as thin liquid films where its 

thickness, h [m], is defined in terms of the gravimetric soil-water content m,               
[kg kg-1], (Tuller and Or, 2005) as, 

 



                                                 (1) 

where density of water w [kg m-3], and SA [m2 kg-1].  Neglecting the contributions of 

capillary condensation at relatively low matric potentials ( < -10 MPa), and 
considering only van der Waals forces on planar surfaces, Tuller and Or (2005) 
adopted the expression from Iwamatsu and Horii (1996) to describe the thickness h 

of an adsorbed water film (<100 x 10-9 m) as a function of matric potential head,  [m 
H2O], which is given as, 

  
                                        (2) 
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where Asvl [J] is the Hamaker constant (for solid-vapor interactions) through the 
intervening liquid, and  g [m s-2] is the acceleration due to gravity. This SWRC model 
contains two parameters, namely the specific surface area (SA) and the Hamaker 
constant (Asvl). Tuller and Or (2005) defined -6x10-20J as an effective Hamaker 
constant that accounts for combined effects of heterogeneous surface properties, 
geometry, electrostatic and van der Waals forces. Combining Eq. (2) and Eq. (3), the 
TO model becomes: 

  SA A

  
                                                                       (4) 

Eq. (4) was used to estimate the SA by freely fitting SA on the dry SWRC region using 
nonlinear regression analysis. 
 
Soil-Water Retention Data Set 
The soil physical properties of the three Arizona soils are given in Table 1. Soil water 
retention at the dry end (matric potential < -10 MPa) was measured with Aquasorb in 
both adsorption and desorption directions. Removal of organic matter and calcium 
carbonate was done with sodium hypochlorite NaOCl and sodium triacetate NaAOc. 
The surface area was determined from N2 adsorption/desortion isotherms fitted with 
the BET equation (SA_BET). 
Table 1.  Physical properties and surface areas of the three soils considered for this 
study. 

Soil 
No. 

Particle 
Density 

CaCO3 
Organic 
Matter 

Texture 
Pipette Method 

 Surface 
Area 

Untreated A 

 Surface 
Area 

Pretreated D 

[g/cm3] Weight% Weight% 
Sand 

% 
Silt 
% 

Clay 
% 

Textural 
Class 

(m2 kg-1) (m2 kg-1) 

1 2.63 1.1 0.6 96 3 1 Sand 1516 1298 

13 3.08 0.8 1.5 72 12 16 
Sandy 
Loam 

21183 16445 

18 2.44 4 1 8 39 52 
Silty 
Clay 

52099 48860 

 

Soil 
Number 

 

Dexter 
n 

SA_BET 
SA_fitted (Adsorption) 

m2 kg-1 
SA_fitted (Desorption) 

m2 kg-1 

Pretreated Untreated Pretreated Untreated Pretreated Untreated 

1 1.67 1298 1516 7568.73 8426.89 8462.95 9194.10  

13 10.67 16445 21183 51533.92 75114.90 64971.01 86276.16  

18 52.00 48860 52099 137260.26 141609.19 171027.88 171178.25  

 
Results and discussion 
Fig 1.  shows that the TO general scaling model does not describe well the dry SWRC 
region for three soils with different textural classes. The measured dry SWRC of both 
treated and untreated soils was located at the far right when SA_BET was used to 
calculate the water film thickness. This means that a higher value of SA than SA_BET 

322



was needed for the TO model to describe the measured SWRC. This is because the 
SA_BET only describes the external surface area. The total surface area is typically 
three to six times the value of SA_BET.  Thus, it is recommended to measure the 
SA_EGME to be used in calculating water film thickness.  
 

 
 
Fig. 1. Fitting of the Tuller and Or (2005) model, Eq. (2) on the dry SWRC data of 
selected soils (pretreated and untreated) 
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Capillary condensation that was neglected in the TO model is likely to have an impact 
on the fitting of the TO model on the dry SWRC, especially for soils with organic 
matter. There are more than three molecular layers of water present even at matric 
potentials lower than -10MPa. The presence of organic matter and carbonates 
increases the surface area as compared to same soils pretreated to remove organic 
matter. This study used the first loop of adsorption and desorption of SWRC to 
account for the effect of hysteresis on the estimation of surface area. The SA were 
estimated from the adsorption part of the SWRC was slightly lower than the SA 
estimated from the desorption part of the SWRC. 
 
Future Study: 
This is a preliminary study to evaluate the Tuller and Or (2005) model in scaling the 
dry SWRC. Still, further studies on available measurements of SA (both N2 and 
EGME) and SWRC on 20 soils with varied clay and organic matter contents will be 
done to validate the TO model, to quantify the capillary condensation at the dry soil-
water retention range,  to see the effect of pretreatment and hysteresis on the change 
of surface area.  
 
Acknowledgement: We wish to thank the Soil, Water, and Environmental Science 
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study. 
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Summary 
Ecosystem services and natural capital have become prominent terminology in the 
ecological and wider literature, and yet convey different meanings to different 
communities. No single consistent definition of ecosystem services has yet been 
adopted, but many follow the framework laid down in the 2005 Millennium Ecosystem 
Assessment that considers; supporting, provisioning, regulating and cultural services. In 
this article we review the concept of ecosystem goods and services in the context of 
green accounting. If the ecosystems approach is widely adopted it is important from the 
perspective of soil science that the contribution of soils to any green accounting system 
is fully realized. 

 
Introduction 
Society exploits nature to produce goods and services that are of benefit to our well-
being. If we wish to remain a sustainable and viable society then we must account for 
the utilization of nature and ensure that societal economic growth does not depreciate 
our natural resources to the point of collapse, but manages our resources by cycling and 
replenishing the resources appropriately. Westman (1977) suggested that society could 
make more informed decisions and policy by incorporating the idea that ecosystems 
offered benefits of social value. This idea has grown into the concept of what we term 
‘ecosystem services’. Since then an increasing body of interdisciplinary work has 
developed that embodies ecology, earthscience, economics and social science. The 
books, Nature’s Services (Daily, 1997) and an Introduction to Ecological Economics 
(Costanza,et al., 1997a) have helped to shape this field of research. In 2005, the 
Millennium Ecosystem Assessment, (MEA, 2005) made a huge global impact at a 
political level by reporting on the state of the earth’s ecosystems. The report identified 
that many ecosystems were in serious decline or at the point of collapse. Stark reading 
has moved many Governments to move towards adopting a ‘green’ approach to policy 
development by endeavoring to account for the goods and services we obtain from 
nature, and protect and enhance these by making decisions that incorporate nature’s 
value. These overall concepts are embodied in what is termed the ‘ecosystems approach’ 
which forms the context of this paper, especially with regard to how soil science can 
contribute to this. 
 
The ecosystems approach often refers to ‘natural capital’ and ‘ecosystem goods and 
services’. Costanza et al. (1997b) defined natural capital as, “the stock of materials or 
information contained within an ecosystem”. Whereas ecosystem goods and services 
have been defined in a number of ways, but many people commonly refer to the 
definition provided by the MA, “the benefits people obtain from ecosystems” (MA, 
2005). The typology used by the MA identifies four main services, supporting, 
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regulating, provisioning and cultural (Table 1.); this has since been modified by various 
workers but provides a starting framework and overview. 
The importance of the ecosystems approach is 
that it works to link ecosystem goods and 
services to economic value for human and 
societal well-being. The valuing of nature is 
central to the concept, though this doesn’t 
necessarily mean assigning monetary value. 
What is important is recognizing that nature 
provides inputs to society, and that if, at the 
very least, sustainability is to be achieved the 
exploitation of natural resources must not 
degrade stocks beyond critical thresholds. 
Maintaining the rich diversity of life should 
be our goal, maintaining thriving biodiverse 
ecosystems. One approach to achieving this is 
the idea of an ecosystem index that 
complements welfare indicators such as Gross 
Domestic Product, GDP. GDP is a well-known 
national accounting term that has, rightly or wrongly, become politically and socially 
accepted as a measure of a country’s standard of living. GDP and similar such economic 
terms, though imperfect serve a purpose in helping us to understand national output 
and national economic well-being. As a result, if the ecosystems approach is widely 
adopted it is important from the perspective of soil science that the contribution of soils 
to any green accounting system is fully realized. Often soils are overlooked, or at least 
felt to be by many working in the discipline, but the ecosystems approach offers the 
opportunity for the value of soils to societal well-being to be fully recognized. In order 
for functional ecosystem accounts to be developed there are three general requirements 
for developing welfare accounts that must be recognized, 1) defining and measuring 
accounting units, 2) Indexing the units, and 3) valuation (Boyd and Banzhaf, 2007). 
Therefore, the first of these requires that we have clear definitions in order to implement 
the subsequent steps.  
 
Clarifying definitions used in the ecosystems approach 
The sequence of steps in the ecosystems approach can be summarized as starting with 
nature, describing its components, and how goods and services are derived from these 
to benefit society. This simple statement belies a scientific and philosophical minefield, 
crossing from the disciplines of earth science and ecology, to economics and social 
science. As a result it seems appropriate to consider some basic definitions: 

 
Goods, services and benefits 
A good can be defined as, “a physical or tangible item, a product that can be seen, 
tasted, felt, heard, or smelled before it is purchased; that can be owned, that satisfies 
some human want or need, or something which people find useful or desirable and 
who make an effort to acquire it.” Whereas, a service is by definition intangible, “A type 
of economic activity that is intangible and insubstantial, it cannot be touched, gripped, 
handled, looked at, smelled, tasted or heard. It is not stored and does not result in 

Table 1. Ecosystem services as 
reported and classified in the 
Millennium Ecosystem assessment 
(adapted from, MA, 2005). 

ECOSYSTEM SERVICES 
 
 
 
 
 
Supporting 
NUTRIENT CYCLING 
SOIL FORMATION 
PRIMARY PRODUCTION 

Provisioning 
FOOD 
FRESH WATER 
WOOD AND FIBER 
FUEL 

Regulating 
CLIMATE 
REGULATION 
FLOOD REGULATION 
DISEASE REGULATION 
WATER PURIFICATION 

Cultural 
AESTHETIC 
SPIRITUAL 
EDUCATIONAL 
RECREATIONAL 
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ownership; a service is consumed at the point of sale.” The characteristics of a service 
are its intangibility, perishability, inseparability, simultaneity, and variability. Common 
examples of services are storage, maintenance, delivery and cleaning. We might 
consider that the independent concept of goods and services has a long history, but 
Cook et al. (1999) points out that it was 1940 when Clark (1940) identified a service 
sector, and 1964 when Judd (1964) defined services introducing a typology. Fisk et al. 
(1993) suggested that it wasn’t until the 1980’s that the difference between goods and 
services was broadly assumed. Hence the ecosystems approach is now seeking to 
embrace a relatively recent concept by identifying, and accounting for, ecosystem 
services. 
With regard to benefits, Wallace (2007) and the MA (2005) broadly considered services 
and benefits to be the same. However, as pointed out by Boyd and Banzhaf (2007) a 
benefit is not a service. A benefit is in general defined as an ‘advantage’, more 
specifically in the marketing context it is, “a desirable attribute of a good or service, 
which a customer perceives he or she will get from purchasing.” Fisher and Turner 
(2008) point out that by treating benefits and services as the same it also creates a 
potential pitfall of double counting in valuation.  
 
Defining ecosystem services 
Fisher et al. (2009) provide a recent overview of how ecosystem services are defined, 
indicating that the literature has no commonly accepted consistent definition, 
something that they, and others (Boyd and Banzhof, 2007; Wallace, 2007), argue is 
required to turn a conceptual framework into an operationalizable system of accounting. 
Fisher et al. (2009) indicate that the three following definitions are most commonly 
cited: 

 the conditions and processes through which natural ecosystems, and the species 
that make them up, sustain and fulfill human life (Daily, 1997). 

 the benefits human populations derive, directly or indirectly, from ecosystem 
functions (Costanza et al., 1997b). 

 the benefits people obtain from ecosystems (MEA, 2005). 
They go on the state, “These definitions suggest that while there is broad agreement on 
the general idea of ecosystem services, important differences can be highlighted. In 
Daily (1997) ecosystem services are the “conditions and processes,” as well as the “actual 
life-support functions.” In Costanza et al. (1997b) ecosystem services represent the 
goods and services derived from the functions and utilized by humanity. In the MEA, 
services are benefits, writ large.” As a result, there is often confusion as to what is meant 
when the term is used, the mixing of benefits and processes with services also adds to 
this.  
In response to this confusion of terms, Boyd and Banzhaf (2007) wrote an article with 
the aim of clarifying the definition of services to develop an operationaizable green 
accounting definition, “Final ecosystem services are components of nature, directly 
enjoyed, consumed or used to yield human well-being”. They argue that an ecosystem 
index must be developed along similar lines to the existing labor and capital indexes 
contributing to GDP. To avoid ‘double counting’ these indexes only count final products 
that are consumed by humans; for instance, cars and trucks are counted, but the parts, 
such as, tyres, glass, headlamps, radios, etc that they are made from are not. This leads 
Boyd and Banzhaf (2007) to distinguish between final and intermediate ecosystem 

327



goods and services. Based on this definition, benefits resulting in human well-being 
include, harvests, damage avoidance, waste assimilation, amenities and fulfillment, 
provision of water etc. Final ecosystem services that result in these benefits may include, 
delivery and storage of clean drinking water, or delivery of clean air, avoiding damage to 
health. Within this definition, water purification, often described as a service (MA, 
2005) is now seen more appropriately as a process, whereas the service is the ‘delivery’ 
of clean water, which could be measured in cubic meters and valued accordingly. This 
approach consigns a myriad of identified ecosystem goods and services into the 
‘intermediate’ category, as they act within ecosystems to contribute to final 
commodities. As a result, the ecosystem may be considered to be composed of different 
sectors e.g. soils, plants, animals, that through a combination of intermediate goods and 
services result in final ecosystem level goods and services; for instance, the benefit of 
clean water consumption results from the action of all three sectors to provide the final 
service of clean water delivery. It is important to point out that just because these 
intermediate goods and services would not be used in the final assessment of ecosystem 
GDP, it doesn’t mean that they don’t have value.  
 
Ecosystem services and natural capital as applied to soil science 
Given the previous discussion, where are we with regard to soils? Daily et al. (1997) was 
perhaps the first to attempt to classify the ecosystem services of soils, which has been 
followed by other classifications (Wall et al., 2004; Andrews et al., 2004), especially a 
number for the purposes of agriculture (Swinton et al., 2006). In addition a few 
attempts have been made to add value to soil ecosystem services (soil organisms; 
Clothier). Recently, Robinson et al. (2009) attempted to firm up the definition of soil 
natural capital. Dominati et al. (2010) attempted to provide a combined soil natural 
capital and ecosystem services framework, which Robinson and Lebron (2010) argued 
led to equivocation. All of which confirms that much of what has been written about 
soils contains many of the confusions with regard to definitions outlined by Fisher et al. 
(2009). 
If soil science is to adopt the ecosystem services definition proposed by Boyd and 
Banzhaf (2007), soils could be considered to be relegated to a sector that contributes to 
the overall ecosystem services, as most of what soils produce are intermediate services. 
However, this is probably true of the other sectors in the ecosystem and is perhaps the 
most appropriate way to deal with the disciplines that contribute to the overall 
ecosystem goods and services that contribute to human well-being. Table 2 is an attempt 
to identify what might be considered final goods and services that soils contribute. The 
rest of what soils contribute, such as carbon storage, and nutrient and water delivery to 

Table 2. Goods and services from soils that contribute to ‘final’ ecosystem goods and 
services as defined by Boyd and Banzhaf (2007). 

Final Soil Goods Final Soil Services 

Biomaterials, peat, humus Storage of heritage artifacts 

Materials, clay, sand, for lubricants and cosmetics Maintenance of support for infrastructure 

Soil organism, e.g. worms used for fishing or gardening, 
 or microbes used in pharmaceuticals 

Maintenance of plant growth medium 

Dyes and colors Genetic and biodiversity store 

Dietary mineral supplements  
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plants would be intermediate services. 
As pointed out by Boyd and Banzhaf (2007), intermediate services have value; it’s just 
that the value is not counted directly in a Green GDP. A major challenge is then, how do 
we value the intermediate goods and services so that these can be incorporated in 
decision making schemes other than welfare accounting? One might decide to take a 
similar approach but for the soils level; from the top down, arguing that soil goods and 
services might be best captured through equating ‘emergent properties’ to final 
commodities. This would mean that properties such as soil horizonation, bulk density or 
soil structure/architecture etc. become the defining characteristics to value? An 
alternative approach from the bottom up might be to recognize soil stocks and try to 
value these as soil natural capital. Both of these approaches are likely to require 
monitoring and biophysical modeling approaches to help with accounting. They may 
also link with the concurrent efforts to define and classify soil quality and health (Karlen 
et al., 1997), which act as performance indicators for soil use. What is clear is that no 
agreed, consistent framework for soils yet exists, and this perhaps forms a demanding 
challenge for soil science for the coming decades.    
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Summary 

In regulatory context, numerical models are increasingly being employed to 
quantify leaching of pesticides and their degradation products. Although the ability 
of these models to accurately simulate leaching of pesticides has been evaluated, 
little is known about their ability to accurately simulate long-term leaching of 
degradation products. 
 
Based on field measurements and observations, leaching of metribuzin and its 
primary degradation products has been evaluated on a sandy field in Denmark. 
The evaluation concluded that although less than 10% of the applied metribuzin 
remained, slow long-term desorption of metribuzin, degradation and subsequent 
leaching continued 3-4 years after application. These high concentrations of 
degradation products posed a potential risk of groundwater contamination.  

 
This information, supplemented with experiments on degradation and sorption, 
provided a unique opportunity to examine the predictive capability of the 
numerical model MACRO regarding such leaching scenarios. Based on a MACRO-
setup for the Tylstrup site, calibrated and validated with respect to water- and 
bromide balance, simulations, including normally measured transport parameter 
estimates, could neither account for the long-term fate of metribuzin residues in 
the soil nor for the subsequently leaching of its primary degradation products. By 
introducing alternative kinetics (a two-site approach) the observed leaching 
scenario was captured, thus underlining the necessity of accounting for the long-
term sorption and dissipation characteristics when using models to predict the risk 
of groundwater contamination (Rosenbom et al., 2009). 
 

Introduction 

In accordance with the European Union (EU) directives (91/414/EEC), numerical 
models such as MACRO have been used for many years in a regulatory context to 
predict the leaching of both pesticides and degradation products. Given that the 
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degradation products are frequently detected in the groundwater, often more 
frequent than the parent substances (Kolpin et al., 2004), the long-term fate of 
pesticides in the soil and the subsequently leaching of their degradation products 
pose a challenge in a numerical modelling perspective. The predictive capabilities 
of the environmental fate models in relation to such leaching scenarios are limited, 
as they are not yet validated. This may be due to e.g. lack of information on subsoil 
properties and information of chemical-specific properties of pesticides as well as 
of their degradation products. 
 
Kjær et al. (2005) found, in connection with detailed field studies, the leaching of 
the herbicide metribuzin and its primary degradation product DK to be an example 
of the leaching scenario in question. Despite fast dissipation of metribuzin (Lechon 
et al., 1997), the majority of the applied metribuzin will consequently remain in the 
soil either adsorbed, as bound residues, or as degradation products. Contrarily to 
metribuzin, Kjær et al. (2005) showed by detailed field studies that its primary 
degradation product DK could leach through sandy soil in high concentration 
resulting in a potential contamination of groundwater. 
 
The objective of this study was hence to examine the predictive capabilities of the 
MACRO model in assessing the degree of leaching of metribuzin and its primary 
degradation product DK as it was observed at the well-described sandy field of 
Tylstrup, cultivated as an ordinary Danish arable field regarding tillage, crops etc.  

Material and methods 

Site description/monitoring 
The study was conducted within the framework of the Danish Pesticide Leaching 
Assessment Programme (PLAP) monitoring the leaching of metribuzin and its 
primary degradation product DK. The PLAP was launched in May 1999 and 
includes 5 ordinary Danish arable fields. Focus is on approved pesticides used in 
arable farming. The fields are monitored intensively regarding water balance and 
leaching of pesticides and with applied bromide used as a tracer. The PLAP serves 
as an early warning system providing decision makers with advance warning if 
approved pesticides, when used in accordance with the regulations, leach to the 
groundwater in concentrations exceeding 0.1 µg/l, being the maximal allowed 
concentration in groundwater as permitted by the EU. 
 
The test field of Tylstrup is located to the North of Denmark. It covers 1.1 ha (70 m 
X 166 m) and it is surrounded by a buffer zone having a width of 2-4.5 m. The field 
resides on Late-Glacial fine-grained marine sand deposited in a shallow Arctic Sea 
– the Yoldia Sea. The topsoil is characterized as loamy sand with approximately 
6% clay and 1.6% total organic matter. The pH level of the soil profile is 
approximately 4.6. During the monitoring period the groundwater table was 
located at a depth of 3-4.5 metres.  
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To avoid artefact leaching of pesticides, all installation as well as soil sampling 
deeper than 20 cm below ground surface (b.g.s.) were restricted to the 
surrounding buffer zone Precipitation was measured on site with a tipping bucket 
rain gauge. Concentrations of bromide, metribuzin and its primary degradation 
products were measured in soil samples of topsoil (0-20 cm b.g.s.) on three 
occasions as well as in soil water extracted from the unsaturated zone be teflon 
suction cups (1 and 2 m b.g.s.) as well as from screens in the groundwater. This 
presentation will focus only on the metribuzin residues found at 0-20 m b.g.s. and 
its degradation products in soil water extracted at 1 m b.g.s.  
 
For further details on monitoring design reference is made to Kjær et al. (2005).  
 
Agricultural management 
Cultivation of the field is in line with conventional agricultural practices applied 
within the region and pesticides are applied in accordance with the regulations. 
Metribuzin has been applied several times at Tylstrup. During the potato-growing 
season, the product Sencor WG was used: (a) May 10, 1990, in a dose of 0.7 kg/ha; 
(b) May 1992 in a dose of 0.5 kg/ha; (c) May 16, 1994, in a dose of 0.3 kg/ha; (d) 
May 25, 1999, in a dose of 0.2 kg/ha; and (d) June 7, 1999, in a dose of 0.15 kg/ha. 
Bromide tracer (30 kg/ha KBr) was applied on May 27, 1999, to confirm that the 
water samples actually originated from the test site. Due to the wet growing 
season, irrigation was performed only once during cultivation of the crop (33 
mm/ha on September 12).  
 
Model setup  
The one-dimensional MACRO model vs. 5.1 (Larsbo and Jarvis, 2003) was applied 
to the Tylstrup site covering the soil profile to a depth of 5 m b.g.s., hereby always 
including the groundwater table. The physically-based, dual-permeability model of 
water flow and solute transport in structured soils (two separate flow regions: 
micropores and macropores), which considers non-steady fluxes of water, heat and 
solute for a variably-saturated layered soil profile (Richards’ equation in 
micropores, gravity flow in macropores) was: 

 set-up based on direct measurement of structural and hydraulic parameters 
(e.g. retention curves and saturated hydraulic conductivity), site specific 
crop history, and irrigation input, 

 calibrated and validated against soil water saturation measured by use of 
Time Domain Reflectometry  (TDR), depth to groundwater table measured 
in piezometers, and bromide concentration in water sampled from suction 
cups during the monitoring period May 1999-June 2004 and July 2004-
July 2006, respectively. 
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Until now this model setup has not been validated with regard to reactive 
compounds such as agrochemicals and the resultant degradation products.  
 
MACRO is able to simulate the parent plus one metabolite. A metabolite file must 
be created during a simulation with the parent compound, however. This file can 
then be used as the input data for a subsequent simulation of the metabolite. 
MACRO also requires information on the fraction of the parent that degrades to 
the metabolite. This information was supplied by the Danish EPA. 
 
To describe the solute transport processes in MACRO, the convection/dispersion 
equation is used in the micropores and mass flow in the macropores. Adding to 
this, instantaneous equilibrium/kinetic sorption according to a “two site” approach 
and first-order kinetics degradation is incorporated.  
 
Degradation and sorption characteristic of metribuzin and its primary degradation 
products in the Tylstrup soil 5-20 cm b.g.s. and 3-4 m b.g.s. is given in Henriksen 
et al. (2004) and modified in Kjær et al. (2005). These site specific DT50 and Kd 
values are incorporated in the model setup/scenario. Given the model limitations, 
the degradation of metribuzin in the topsoil, as found by Henriksen et al. (2004) to 
follow a two-compartment model, is incorporated in MACRO as first-order 
kinetics degradation. To introduce kinetic sorption, the first-order mass transfer 
coefficient is calculated from the adsorption findings of Ladie et al. (1976) related 
to a Hillsdale sandy clay loam at a pH of 4.6. The fraction of the solid material 
providing non-equilibrium sorption sites, which is needed for including kinetic 
sorption in MACRO, is however difficult to obtain and is not a part of the 
regulatory requirements either. For that reason and to achieve the optimal fit to 
observed data, the non-equilibrium sorption sites are assumed to be 95%.  
 
Results and discussion 

The fate of pesticide degradation products in the environment is attracting 
increasing attention in relation to the authorisation and use of pesticides. The 
ability of the environmental fate models recommended under the EU pesticide 
authorisation procedure to accurately predict long-term parent-daughter leaching 
has not hitherto been evaluated. Our findings indicate that the prediction of long-
term leaching using the environmental fate model MACRO incorporating 
dissipation and sorption kinetics obtained in batch experiments on disturbed soil 
samples is subject to considerable uncertainty. The main conclusions are: 

 
• The modelling practice recommended under the EU pesticide authorisation 

procedure based on the one-site approach and first-order kinetics fails to 
accurately simulate measured leaching of metribuzin and DK. With this 
approach the concentration of DK in porewater 1 m b.g.s. was 
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underestimated by a factor of around 1014. As leaching of DK poses a threat 
to the groundwater, use of the one-site approach and the inherent 
assumption of equilibrium in the soil system leaves the regulatory authorities 
with an inadequate basis for authorising the pesticide.  

• The ability of model scenarios based on the one-site approach to predict 
long-term leaching of metribuzin was highly sensitive to choice of DT50 and 
to a lesser degree of the Kd. Emphasis thus needs to be placed on describing 
the dissipation of metribuzin within the soil profile. 

• Although the one-site approach was able to accurately simulate the measured 
metribuzin concentration 0.05–0.2 m b.g.s. and 1 m b.g.s. by not strictly 
following the recommendations in the EU pesticide authorisation procedure, 
it failed to accurately simulate leaching of DK.  

• Using the two-site approach, and assuming that no degradation of 
metribuzin or DK takes place within the kinetic pool, MACRO was able to 
accurately simulate the measured long-term leaching of DK. 

• Incorporating the depth distribution of DT50 in the model scenario as 
recommended by the FOCUS guidelines failed to yield an optimal fit to 
measured leaching, as did the use of DT50 estimates from similar geological 
settings. An optimal fit was only obtained by assuming that the DT50 
determined for horizon A by means of batch experiments on disturbed soil 
was also representative for the B and C1 horizons. Experimental data 
verifying that this depth distribution of dissipation is realistic is lacking, 
however. 

 
In order to be able to simulate the measured long-term parent-daughter leaching 

pattern, the model scenarios had to include a high fraction of non-equilibrium 
sorption sites without degradation and a low fraction of equilibrium sites with a 
relative high degradation (DT50<30 days) in the upper 1 m of the soil profile. No 
experimental data verifying that this is realistic is available, however. This raises 
two general issues: How can such parameters best be extrapolated from the 
numerous fate studies available? Can the model scenarios be adequately 
parameterized using data obtained from disturbed soil via batch experiments? 
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Summary 

Water dynamic in an unsaturated and strongly heterogeneous soil core was studied 

recording series of time resolved 3D X-ray images during simulated rainfall events. 

Despite some artefacts due to the use of a medical scanner that favours the dose 

reduction, flow modes were determined in macropores and preferential flow paths 

were visualized and characterized in three-dimensions in this sample. 

  

 

Context and introduction 

Despite numerous experimental and theoretical works, it is still a challenge to 

understand and model water transfers in unsaturated and heterogeneous soils. One 

of the reasons is the difficulty to characterize and to take into account in the models 

the three-dimensional and multiscale heterogeneity of hydraulic properties and water 

content that are responsible for preferential flow. Since the concept of preferential 

flow was introduced in Soil Science, it is assumed that a small fraction of the 

connected macroporosity is responsible for fast water transfer and transport of 

dissolved chemical and biological species (Beven & Germann, 1982). Preferential flow 

processes that accelerate water infiltration bypassing the less permeable soil matrix 

can lead to the fast arrival of pollutant to the groundwater. In a review on 

experimental and visualization techniques for the quantification of macropores and 

preferential flow in soils, Allaire et al. (2009) reported a set of research needs, 

amongst which the improvement of means of visualization for studying flow inside 

macropores and at the macropore-matrix interfaces. A widely used visualization 

technique is X-ray tomography. It is now commonly applied to various non-medical 

research fields and particularly to Geosciences (Mees et al., 2003). Despite the fact 

that it actually constitutes the more widespread technique to “image” the inner 

structure of engineered or undisturbed natural samples, it has been seldom used to 

“image and record” water movements in porous structures. Most of the published 

studies fall into two categories: 1) bi-dimensional scanning that focus on the diffusion 

of tracers in saturated soils, for instance Luo & Lin (2009) or 2) comparisons between 

two hydric states, before and after infiltration for instance Mooney (2002). The goal 
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of our work is to assess the feasibility of 3D dynamic visualization and 

characterization of preferential flow processes in unsaturated soils, taking advantage 

of the fast acquisition capability provided by helical scanners, without using any 

tracer that could change water physico-chemical properties.  

 

 

Materials and methods 

A silt loam soil has been extracted from an uncultivated experimental field located in 

the Avignon Research Center of the French National Institute for Agricultural 

Research. Sampling was done by pushing slowly and vertically a PVC cylinder into the 

soil while, at the same time the soil around the cylinder was removed to facilitate its 

penetration. The “undisturbed” soil core had a diameter of 120 mm and a height of 

about 150. 
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Fig. 1. a) Typical simulated rainfall event (gray line) and the series of images realized 

for each experiment (black dashes). Each dash represents one 3D image (acquisition 

duration horizontally, no unity vertically). b) Comparison between core weight 

variations (black squares) and the thresholded “water voxels” in each 3D image (gray 

crosses) recorded during experiment 3. The horizontal breadth of the crosses depicts 

the acquisition duration.  

 

The soil core was submitted to several simulated rainfall events in laboratory to set its 

hydric state to the field capacity. A specific set-up was designed to simultaneously (i) 

simulate rainfalls, (ii) record 3D images with the scanner and (iii) monitor the core 

weight as a function of time. Three rainfall events were simulated. Rainfall intensity 

was set to 12 mm h-1 for 40 min. and then changed to 22 mm h-1 for 40 min. duration.  

Scanning duration of the whole core was set to 125 s to reach acceptable image 

quality. Series of 3D X-ray images were recorded periodically during the three 

simulated rainfall events: every 3 min. during transient flow rate regime and every 5 

min. during steady hydric states of the soil core (horizontal dashes in Figure 1a). 

Specific programs were developed to process and analyze stack images based on the 
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ImageJ public domain platform (Rasband, 2009). The cubic voxels had a size of 370 

µm which corresponds to the slice resolution. Water present in the soil core during 

rainfalls was imaged at each acquisition step by subtracting to each stack image 

recorded during rainfall or drainage a reference stack image that was acquired just 

before rainfall started. 

 

 

Results and discussion 

Right after the beginning of the rainfall, the core weight increased linearly until water 

reached the core bottom (Figure 1b). The breakthrough time was about 10 min. This 

transient flow regime was followed by a quasi-stationary flow regime when the water 

input was approximately equal to the water output. After rainfall was stopped, core 

weight decreased rapidly. Gray crosses in figure 1b represent the weight of the water 

gained by the soil core as computed from the 3D images. As it appears in figure 1b, 

the data points of the core weight and of the “water voxels” thresholded in stacks 

during and after rainfall have similar shapes. This indicates that the method 

“captures” well the dynamics of water infiltration into the core. Nevertheless, the core 

weight variations computed from the X-ray images are roughly 30 percent lower than 

those recorded gravimetrically. 

 

 

 

  

 

Fig. 2. a) Volume rendering of the studied soil core. b) Slice taken at the top and the 

middle of the stack. Macropores are in black, soil matrix in gray and water 

surrounded macropore surfaces can be seen in light gray. c) Zoom-in on macropore 

water fillings. The darkness of gray levels represents the frequency of water 

occurrence in the macropore during the experiment.  

 

Provided that water flow modes through large opened discontinuities can take 

various forms such as capillary droplets, rivulets or films (Ghezzehei, 2004), the gap 

between the gravimetric and X-ray data points in figure 1b can be due to the weak 

spatial resolution of images and thus to the resulting partial volume effect (Ketcham 

a) b) 
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& Carlson, 2001). Indeed, each voxel of X-ray images represents the photon 

attenuation of an elementary volume which is the mass averaged X-ray attenuation of 

all substances in the volume. As a consequence, when water is not the predominant 

phase in voxel, the voxel is not thresholded and counted as a “water voxel”. 

Furthermore, even if the helical acquisition mode permits to drastically shorten the 

acquisition duration, this duration is not negligible with respect to the breakthrough 

time and water dynamic in the core. Finally, X-ray images are noisy and even for a 

“pure” voxel, the gray level is quite variable. Nevertheless, as presented in figure 2, 

the method has allowed the spatial and time resolved identification of water in 

macropores during an infiltration. Although identifying water films on the images is 

difficult when they are thinner than the spatial resolution, preferential flow paths are 

clearly marked and could be accurately identified in three dimensions in this soil 

sample, under these experimental conditions.  

 

 

Conclusion 

According to these experiments and the analyzed images, this new approach shows 

that even for a quite intense rainfall event, most of macropores are not active and 

most of the active macropores are not saturated. This indicates various complex 

preferential flow processes. The following stage would be identifying in three 

dimensions the active macropore network bypassing the difficulty of water film 

recognition.  
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Summary 
The concern for deteriorating soil structure at low soil organic matter (SOM) contents 
calls for better knowledge of SOM interaction with soil minerals as well as guidelines for 
soil conservation. We measured clay dispersibility in a field with a textural gradient. Our 
results support the concept of differentiating soil content of clay in a complexed and 
non-complexed part although our data did not point out an exact clay/OC ratio 
threshold. Our results also indicated that labile fractions of SOM may play an important 
role in soil physical behavior. We revisited literature data and found evidence that soil 
content of fines (<2 or <20 μm) is a major determinant of soil specific surface area (SA). 
We noted that soil SA coverage with SOM changed dramatically at a specific ratio of 
either clay (<2 μm) or clay+silt (<20 μm) with soil OC. This is an indirect support of the 
recently suggested quantification of the soil mineral ‘saturation’ hypothesis. More 
studies are needed on the causal relationships. We conclude that clay/OC~10 or 
(clay+silt20μm)/OC~20 are corresponding indices reflecting shift in soil physical behavior. 
 
Introduction 
There is a general concern that low soil organic matter (SOM) contents may deteriorate 
soil physical properties. Loveland and Webb (2003) reviewed the literature but failed to 
identify a critical lower threshold of SOM for sustained soil functions. A group of 
scientists gathered for the same task during the European Union work on a Soil 
Thematic Strategy suggested target SOM values for all the hundreds of combinations of 
climate and soil types (van Camp et al., 2004). Such an approach reflects that the state of 
knowledge of SOM interaction with mineral particles is rather poor. It is further a very 
ineffective strategy for soil conservation. Dexter et al. (2008) recently showed that SOM 
effects on soil physical properties can be related to the clay-size soil fraction. Work on 
Polish and French data sets indicated that organic carbon (OC) was complexed with clay 
for n=clay/OC ratios higher than n=10, which was often observed for arable soils. For 
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pasture soils, clay/OC ratios were typically below 10. Such soils have often been 
considered as having passed their ‘capacity factor’ for carbon sequestration (Hassink, 
1997). Dexter et al. (2008) defined complexed clay (CC) as CC=(nOC) if (nOC<clay) else 
CC=clay, while non-complexed clay (NCC) in turn was defined as NCC=(clay-CC) if 
(clay-CC)>0 else NCC=0. In this paper we examine, whether the clay/OC = 10 
‘saturation’ threshold fits with observed data for soil physical behaviour in Denmark. We 
further put the concept into perspective by evaluating the relation between soil mineral 
fines and soil surface area. 
 
Materials and Methods 
Cubes (~700 cm3) of minimally disturbed soil were collected in the plough layer of a 
loamy field with a textural gradient at Flakkebjerg, Denmark. We sampled in 
experimental plots managed either with i) organic manures, crop rotation including 
grass leys (labeled O2), ii) organic manures, annual crops (O4), or iii) mineral fertilizers, 
annual crops (C4). Sampling took place in a winter wheat crop in the spring each of the 
three years 2007, 2008 and 2009. Subsamples were taken from the cubes and clay 
dispersibility measured by a low-energy input method including end-over-end shaking 
in water for 2 minutes (Schjønning et al., 2002). Further, soil was air-dried and 1-2 mm 
aggregates isolated from the fragmented soil. Clay dispersibility was then measured on 
collections of aggregates either at air-dry condition or re-saturated and drained to -100 
hPa matric potential. 
 
Results and discussion 
New data for clay dispersibility 
In Fig. 1 we plotted clay dispersibility against NCC (n=10) for three years of 
measurement in experimental plots at the Flakkebjerg field with a clay gradient. We note 
that clay dispersibility was dependent of year of measurement. This may be due to 
different management conditions in the period up to sampling (e.g. water contents at 
tillage) (Watts et al., 1996). This additional dimension in evaluation of soil structural 
stability is very important but not the subject of this study. We further note that we 
never observed levels of dispersed clay higher than the NCC (the 1:1 line in the Figure). 
We found a significant increase in dispersed clay with increase in NCC. However, the 
regression lines did not meet origo for any of the years. By recalculation of NCC with 
different values of n, we found optimized probability of non-significant intercept for n 
equal to 5.0, <3, and 8.5 for 2007, 2008 and 2009, respectively (calculations not shown). 
This supports the concept with distinction between complexed and non-complexed clay. 
On the other hand, the results also indicate that comprehensive data sets are needed to 
settle the most correct value of n=clay/OC. 
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In Table 1, we have tabulated the ratio between the clay dispersed from the air-dried 
aggregates and from those at -100 hPa matric potential. Data for 2007 is lacking because 
aggregates were not available in sufficient quantities. A low ratio indicates a high degree 
of cementation of clay particles at dry conditions (aggregates behaving as ‘burned bricks’ 
rather than biologically stabilized aggregates). In both years, the highest ratio was 
observed for the treatment with organic manures and crop rotation including leys, while 
the lowest was observed for the treatment with mineral fertilizer and arable cropping. 
The treatment-induced differences in NCC calculated from SOM were negligible (data 
not shown). The results in Table 2 thus reflect pools of labile organic matter that need to 
be taken into account when evaluating soil structural stability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. The ratio between dispersed clay from dry and wet 1-2 mm aggregates when shaken in 
water for two minutes. Numbers of replicate plots for each treatment are 6, 6 and 4 for the O2, 
O4 and C4 treatments, respectively. Figures followed by the same letter within a specific year are 
not significantly different (P=0.05). 

Crop rotation 
Sampling year 

2008 2009 
Organic manure, incl. grass ley (O2) 0.95a 0.64a 
Organic manure, annual crops (O4) 0.93a 0.61a 
Mineral fertilizes, annual crops (C4) 0.87a 0.57b 

Fig. 1. Clay dispersibility in a low-energy test 
for experimental plots at a field with a textural 
gradient. Non-complexed clay calculated 
assuming clay ‘saturation’ for clay/OC=10. 

Fig. 2. Soil content of clay and OC for two 
management-induced gradients in OC. Index of 
soil friability, F, calculated from tensile strength 
of dry aggregates and transformed to 
comparable expressions as suggested by Dexter 
(2004). F~0.25 corresponds to ‘acceptable’ 
friability. Data from Watts & Dexter (1997) and 
Munkholm et al. (2002). 
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The clay/OC ratio and soil friability 
Fig. 2 shows results from two long-term experiments with either different fertilization 
(Askov, Denmark; Munkholm et al., 2002) or crop rotation (Rothamsted, England; 
Watts & Dexter, 1997). We note that crop rotation (Rothamsted) has induced greater 
differences in SOM than fertilization strategy (Askov). The line in the Figure is 
equivalent to n=10 as suggested by Dexter et al. (2008) as a clay ‘saturation’ threshold. 
The Rothamsted treatment with the highest SOM content had permanent pasture, while 
all other treatments were managed in arable cropping. The low clay/OC ratio of the 
pasture soil supports the idea that such soils may display SOM not complexed to 
minerals (Hassink, 1997; Dexter et al., 2008). 
 
Soil friability is a measure of a soil’s tendency to crumble to smaller fragments under the 
action of an applied stress. This tilth property is important e.g. for creation of suitable 
seedbeds and have been shown to relate to clay dispersibility. Soil friability can be 
quantified from the tensile strength of aggregates by different approaches, and Dexter 
(2004) showed that the threshold between ‘poor’ and ‘good’ tilth can be expressed by an 
index F=0.25, where F is Dexter’s F3 or ½F1 value,- please consult Dexter (2004) for 
details. From Fig. 1 we note satisfactory tilth conditions (F>0.25) at the Askov treatment 
with animal manure, while friability for the arable treatment at Rothamsted with nearly 
the same SOM content was ‘poor’ (F<0.25). Such an observation is exactly the source for 
confusion as evidenced by the Loveland and Webb (2003) paper. However, taking the 
clay content into account – as quantified by the Dexter-n ratio between clay and SOM – 
the trend in data makes sense. 
 
Soil organic matter and soil surface area 
The scientific basis for expressing soils’ ability to complex organic matter simply by soil 
clay content needs verification. Several studies have found SOM also in the silt and even 
the sand size organo-mineral particle fractions (Christensen, 1992). Further, the clay 
mineralogical composition is different among soils, which may compromise the Dexter 
idea of clay/OC=10 as a general threshold for clay ‘saturation’. We re-analyzed some 
data for specific surface area (SA) determined by the Ethylene Glycol Monoethyl Ether 
(EGME) method. The data reported by Petersen et al. (1996) was supplemented by new 
measurements performed by the same laboratory but including soils with different 
mineralogy and geographical origin (de Jonge, L.W., unpublished data). Multiple 
regressions showed that only soils’ content of clay and SOM contributed significantly to 
SA. Further, clay accounted for nearly all the variation (analyses not shown). However, 
we also noted that across the soils studied, the fraction of silt (2-20 μm) correlated 
strongly with the fraction of clay (R2 =0.83, RMSE=0.039). This means that we cannot 
unambiguously identify the causal dependency between the mineral fractions and the SA. 
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In Fig. 3 we have calculated the amount of SOM per unit SA and plotted it against the 
clay/OC or the (clay+silt)/OC ratio for the data set just discussed. Interestingly, we 
found a close fit to a hyperbolic type relation for both drivers. The degree of fit to a 
hyperbolic relation reflects, whether SA is determined by the mineral fraction in 
question. Linear regression of log-transformed data indicated that the <20 μm fraction 
explained nearly the same variation in SA data as the <2 μm fraction (see equations in 
the Figures). Assuming a SOM density of 1 g cm-3, the SOM equivalent layer thickness 
can be calculated to range from ~0.1 to 6 nanometer for the soils studied (right-hand 
ordinate axis in the Figures). We note that the Dexter clay/OC ratio of n=10 corresponds 
to approximately 1 nanometer equivalent SOM coverage of EGME-accessible surfaces. 
Interestingly, our data show that the layer thickness increases dramatically where the 
clay/OC ratio gets below 10. We found a linear relation between the (clay+silt)/OC (y) 
and the clay/OC ratio (x): y=1.85*x, R2=0.97. Accordingly, the increase in soil SA 
coverage with SOM increases when the (clay+silt)/OC ratio decreases below ~18.5 (or 
approximately 20) (Fig. 3b). We interpret the results as an indirect support of Dexter et 
al.’s hypothesis of a soil ‘saturation’ threshold for SOM. SA data from soils with 
independently varying contents of clay and silt is needed to evaluate, whether the 
clay/OC=10 threshold should be regarded only an empirical index or whether it actually 
reflects causal relations. Nevertheless, the concept seems valuable and useful in soil 
conservation contexts even when regarded only an index. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. SOM relative to the specific SA plotted against (a) the clay/OC ratio or (b) the (clay+silt<20 

μm)/OC ratio for a range of soils. 

 
Conclusions 
Three years of clay dispersibility measurements in a field with a textural gradient 
supported the concept of clay ‘saturation’ with organic matter although our data did not 
unambiguously point out n=10 as the clay/OC threshold. Manure applications and crop 
rotations seem to affect clay dispersibility through pools of labile organic matter that are 
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negligible in quantity as compared to the inherent SOM. Data from the literature showed 
that soil SA related to soil clay (< 2 μm) as well as to clay+silt (<20 μm) particle fractions. 
Soil SA coverage with SOM increased markedly for clay/OC ratios below 10 or for 
(clay+silt)/OC ratios below 20. Soil friability quantified at two long-term field 
experiments further indicated that soil tilth may become non-optimal for values of 
clay/OC>10, which may also be expressed by a (clay+silt<20μm)/OC ratio >20. There is an 
urgent need for further studies of the causal relations giving rise to these valuable 
thresholds for soil quality. 
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) constitute a diverse group of 

environmental contaminants. PAHs are generally hydrophobic compounds 

participating in several sorption processes in soil (e.g. absorption due to partitioning 

into soil organic matter and adsorption to black carbon). 

  

Due to the sorption processes, the exposure of PAHs to soil living organisms is poorly 

described by the total concentration in a soil matrix, and other exposure parameters 

are therefore needed. The chemical activity (a) of a contaminant has been proposed 

as an exposure parameter in dry soils and takes into consideration the decreased 

exposure caused by sorption2. 

 

Three experiments were conducted with the terrestrial springtail Folsomia candida 

(F. candida) as a model organism and naphthalene, phenanthrene, anthracene and 

pyrene as model PAH compounds; 

 

(1) Determination of PAH bioconcentration kinetics in F. candida to investigate 

whether the body burden is governed by equilibrium partitioning in toxicity tests 

(2) Linking the toxicity of single PAHs to chemical activity (a) 

(3) Linking the toxicity of PAH-mixtures to sum chemical activity (∑a) 

 

 

Materials and methods 

Passive dosing with silicone was used to maintain defined and constant chemical 

activities in all three experiments, and the method has previously been used to 

control the chemical activity in both terrestrial and aquatic toxicity tests1&3. 

 

In the present study, passive dosing was used in bioconcentration tests with naphtha-

lene, anthracene and pyrene and in toxicity tests with both single PAHs (naphthalene 

and phenanthrene) and mixtures of naphthalene, phenanthrene and pyrene.  
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Fig. 1. The passive dosing concept. i silicone was cast and cured in vials; ii silicone was loaded with 

the PAHs; iii the bioconcentration and toxicity tests were conducted at controlled exposures. 

 

Passive dosing vials 

Poly(dimethylsiloxane) silicone was cast and cured in clear 10-ml glass vials (Fig 1, i).  

Loading solutions (PAHs in methanol) were prepared and transferred to the silicone 

vials. The PAHs partitioned between the methanol solution and the silicone for 72 

hours (Fig 1, ii) before removal of the loading solutions and cleaning of the loaded 

vials. Ten springtails were transferred to each loaded vial (Fig 1, iii) and the test was 

started. The springtails were exposed through the air in the vials and through direct 

contact with the silicone. 

 

(1) Bioconcentration kinetics 

Springtails were scored as living or dead and harvested at exposure times between 20 

minutes and 7 days. The springtails were extracted in methanol with sonication, and 

the extracts were analysed by high performance liquid chromatography with 

fluorescence detection. The internal PAH concentrations (mmol PAH kg-1 dw) were 

plotted as a function of time. 

 

(2) Toxicity of single PAHs and (3) Toxicity of PAH-mixtures 

Springtails were scored as living or dead after 7 days of exposure. The lethality (%) 

was plotted as a function of chemical activity or sum chemical activity. 

 

The maximum chemical activity was calculated by: 

)
T

T  (1 6.8

max

m

ea
−⋅

= , 

where Tm is the melting temperature of the PAH (K) and T is the experimental 

temperature (K)1. 
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Results and conclusions 

 

(1) Bioconcentration kinetics 

The internal PAH concentrations of naphthalene, anthracene and pyrene (mmol PAH 

kg-1 dw) were plotted as a function of time (1 day for naphthalene and 7 days for 

anthracene and pyrene). The time to reach 95% of the equilibrium/steady state 

concentration (t95%) ranged from 1 hour (naphthalene) to 5.3 days (pyrene). The 

measured PAH concentrations at day 7 were within a factor of 3 of the predicted 

equilibrium lipid levels. 

 

• Stable equilibrium concentrations were reached within 7 days – the 

typical time span for an acute toxicity test 

 

 

(2) Toxicity of single PAHs 

Percent lethality of naphthalene and phenanthrene were plotted as a function of 

chemical activity, and chemical activity response relationships were successfully 

modelled. The effective chemical activity that killed 50% of the springtails (La50) were 

comparable for naphthalene (La50=0.020) and phenanthrene (La50=0.032). 

 

• Single PAH toxicity was successfully linked to chemical activity 

 

 

(3) Toxicity of PAH-mixtures 

Percent lethality of mixtures with naphthalene, phenanthrene and pyrene were 

plotted as a function of sum chemical activities (∑a), and one chemical activity 

response relationship was successfully modelled for all tested mixtures. The La50 of 

0.031 was comparable to La50s for single PAHs.  

 

• Mixture toxicity was successfully linked to ∑chemical activity 
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Marcel G. Schaap1 and Dorthe Wildenschild2 

 
1. Introduction 
 Flow and transport in unsaturated porous media, which include soils, 
geological strata, but also some biological and industrial materials, are governed by 
the physics, chemistry and occasionally the biology of fluid-gas and fluid-solid 
interfaces in individual pores.  When working with transport in such media we are 
typically interested in the macro-scale and usually do not resolve the pore-scale with 
experimental or modeling approaches.  It is often assumed that discrete pore-scale 
processes “even out” to (possibly spatially heterogeneous) continua, such as the 
diffusive-convective processes of water flow and solute transport in the vadose zone.  
Where needed, the pore-scale is parameterized into a quantity that can be measured, 
derived, or otherwise be interpreted at the macro-scale. For example, complex flow 
fields at the pore-scale are parameterized as permeability and macroscopic hydraulic 
gradients at the macro-scale.  

Figure 1. CMT image of glass bead pack 
with continuous wetting phase (blue) and 
isolated pendular rings.  Solid and gas 
phases have been removed.   

In many cases existing macroscopic models do an admirable job in describing 
flow and transport in porous media.  However, as this manuscript will show, there 
are theoretical and practical reasons to engage in experimental and numerical pore-
scale research, especially in those areas 
where it is known that current insights or 
continuum models fail or are incomplete.  
For example, Hassanizadeh and Gray 
[1993, 1994] proposed a thermodynamically 
based theory that conserves mass, 
momentum and energy at the interfaces 
between phases and stated that the relation 
between capillary pressure, interfacial area 
and saturation should be non-hysteretic.  
Verification of this theory has only recently 
been possible with direct observations [e.g. 
Cheng et al., 2004; Culligan et al., 2004, 
2006] and with pore-network modeling 
[Joekar-Niasar et al., 2008] and lattice 
Boltzmann simulations [Porter et al., 
2009]. Along similar lines, Niessner and Hassanizadeh [2008], recently showed that 
a macro-scale implementation of the Hassanizadeh and Gray [1993, 1994] model 
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described hysteretic flow more adequately than traditional models.  Another research 
area where it is impossible to ignore the pore-scale is colloid transport in the vadose 
zone. Colloids are discrete nanometer- to micron-scale particles which cannot merely 
be treated as ordinary solutes with adsorption isotherms and dispersion coefficients. 
Instead, because of their finite size, colloids are subject to forces like hydrodynamic 
drag, inertial and shear forces, buoyancy and Brownian motion forces, van der Waals 
and electrostatic double layer forces, and fluid-gas and fluid-solid interfacial forces.  
Most of these forces manifest themselves at nano- to micron-scales resulting in pore-
geometry and surface characteristics having a strong impact on colloid behavior.  A 
somewhat related research area is the presence and growth of biofilms in porous 
media and its interaction with pore-scale flow patterns and effects for macroscale 
flow properties.  The feedback between pore-scale biofilm architecture and structure, 
detailed hydrodynamic transport patterns, and nutrient availability at the micron-
scale needs to be understood in order to predict biofilm growth and behavior at 
larger scales, for instance in the case where biofilms clog wellheads, for 
bioremediation scenarios, and for biofilm function in water and wastewater 
treatment. 

Developments in observational and computational techniques have greatly 
advanced the study of interfacial geometry, location of gas and fluid phases and 
components in porous media [Werth et al., 2010]. Ever developing experimental 
techniques such as Computed Micro Tomography (CMT) now allow us to map the 3D 
structure of porous media, their contents, and the dynamics of interfacial areas 
between solid, liquid and gas phases for volumes that are relevant for volume 
averaging to continuum models (e.g. Figure 1).  Likewise, the development of pore 
network models [e.g. Vogel, 2000], lattice Boltzmann methods [e.g Succi, 2001; 
Chen and Doolen, 1998] and other pore-scale numerical techniques such as, among 
others, Level Set Methods [Prodanović, 2006] allow us to model the interfacial 
dynamics at realistic pore-scales and volumes.  In this document we will outline 
some of the observational and numerical research activities that our research groups 
have been, and continue to be engaged in.  This will obviously do injustice to research 
being done by others in this very active field, however, the format of these 
proceedings do not accommodate review articles, thus with this document we would 
like to offer our perspective on what currently is –or should soon be- possible with 
respect to pore-scale research.  

2. Visualization Approach 
2.1 Basic CMT technique 

X-ray computed micro tomography (CMT) provides non-destructive cross-
sectional or three-dimensional object representations from the attenuation of hard x-
rays [Wildenschild et al., 2002]  In our experimental setup we typically use a glass or 
acrylic column filled with porous medium, the saturation and/or internal capillary 
pressure of which is controlled by a syringe pump.  The sample is exposed to a 
monochromatic x-ray beam which projects an attenuation pattern on a scintillation 
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screen that converts the x-rays into visible light. The sample is rotated in 720 steps 
and an image is taken at every angle. Mathematical image reconstruction of these 
exposures (the so-called sinograms) leads to a 3D grey-scale representation of the 
sample and its contents.  The different phases (voids, solids, and fluids, biofilm) can 
be separated using an array of image processing techniques and quantitative 
information about porosity, fluid saturation and distribution, biofilm architecture, 
colloid distribution, as well as interfacial configurations, areas and curvatures can be 
obtained. Synchrotron radiation sources are particularly well suited to high-
resolution tomographic imaging because of the extremely high photon flux which 
requires short exposure times.   Further contrast enhancements among phases are 
possible by tuning a monochomator to the appropriate photo-electric edge of a 
dopant (e.g. iodide, cesium, etc.) that is added to one of the phases.  As shown in 
Figure 1, it is for example possible to distinguish individual menisci and their 
locations in three dimensions using this technique.  For a sample size of 6-7 mm 

width, it is possible to achieve a resolution of approximately 5 μm/pixel.  Smaller 
sample sizes allow for finer resolution, currently limited to approximately 1 micron. 

 
2.2 Visualization Applications  

Figure 2. 3D rendering CMT data showing particles (10 micron 
Ag-coated hollow glass spheres) in yellow, and their proximity to 
air bubbles (blue). (a) full sample  (b) enlarged view of a single 
air bubble and the surrounding particles (yellow).  

a b

Colloids. The images in Figures 2a and b show results of our effort to image 
colloidal-sized particles in a glass bead-pack (600-1400 micron mixture) in three 
dimensions with CMT. The particles consist of 10 micron, neutrally buoyant, Ag-
coated hollow glass spheres (Ag is the dopant in this case). The images clearly show 
that we can identify particles of this size (yellow) and their arrangement relative to 
both solid and air-water interfaces (blue) at the 4.5 micron resolution used.  An air 
bubble is magnified in 
Figure 2b, which clearly 
illustrates the spatial 
arrangement of colloids 
relative to an air-water 
interface. These images can 
be improved by optimizing 
energy level, exposure 
times, using dual energy 
scanning to bring out the 
air-water interfaces more 
successfully, and if 
necessary, by increasing 
the resolution to 1-2 
micron.  
 

Biofilms. Conventional techniques for imaging biofilm include light microscopy 
[e.g. Paulsen et al., 1997;], Environmental Scanning Electron Microscopy (ESEM) 
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[e.g. Davis et al., 2009], and Confocal Laser Scanning Microscopy (CLSM) 
[e.g.Rodriguez and Bishop, 2007], all of which are useful for examining biofilm on 
surfaces or in two-dimensional or quasi-two-dimensional porous systems. While the 
aforementioned imaging techniques are capable of providing significant insight 
regarding microbial interaction and biofilm structural formation, imaging porous-
media-associated biofilm using these techniques requires that model porous media 
systems be constrained to a few particle diameters, that the porous medium and fluid 
be index-matched, or that samples be extracted and prepared, thereby disrupting the 
pore scale structure. Thus, new techniques that allow for direct visualization of 
biofilm in situ are required in order to characterize biofilm growth, surface 
architecture, and three-dimensional spatial distribution within porous media to 
provide relevant experimental data for the verification and validation of porous 
media associated biofilm growth models. One such technique utilized by a number of 
groups is magnetic resonance microscopy (MRM) [e.g. Seymour et al., 2007]. In 
terms of gross structural characterization, these techniques have generally been 
successful. However, thus far the method has been limited in resolution (50-100 
µm), and the acquisition time is very large, which could severely limit the method for 
some applications. 

Figure 3 CMT imaging results of 
biofilm (green) grown in a glass bead 
pack (gold) using neutrally-buoyant, 
silver-coated hollow glass spheres (10 
um diameter) as an x-ray dopant 

In response to this need, we have 
developed new methods for high-resolution 
measurements of the three-dimensional 
distribution of biofilms in opaque porous media.  
X-ray tomographic imaging of biofilms is difficult 
because there is no or very limited x-ray contrast 
between the biomass and water.  Typical dopants 
(such as potassium iodide) can not be used 
because these diffuse readily from the water 
phase into biofilms, thus rendering the biofilms 
invisible. To address the contrast issue, we have 
used a fluid-phase contrast agent (Ag particles) 
that provides x-ray absorption contrast between 
the fluid and biofilm phases by adsorbing to the 
outer surface of the biofilm, and thereby 
delineating the biofilm/aqueous phase interface 
[Iltis et al., 2010], see Figure 3, or by using a suspension of colloidal particles 
(BaSO4) that provides contrast in the water phase, but is size-excluded from the 
biofilm phase (Davit et al., 2010).    

 
3. Modeling Approach 
3.1 Lattice Boltzmann Methods 
 
Lattice Boltzmann (LB) methods have become increasingly popular for simulating 
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fluid dynamics in a wide variety of applications including multi-phase flow in porous 
media [e.g. Chen and Doolen, 1998; Succi, 2001; Nourgaliev, 2003].  In contrast to 
methods like pore network models [e.g. Vogel, 2000; Nordhaug et al., 2003; Joekar-
Nissar et al., 2008] the LB method does not need an intermediate step to transform 
the observed pore-space into a pore-network.  A clear advantage of the LB method 
over finite difference methods [e.g. Adler et al., 1990; Masad et al., 2000] is its 
relative simplicity and its ability to readily deal with arbitrary geometries.  In 
addition, LB methods can be coded very efficiently and run on parallel computers or 
computer clusters, reducing cost and computation time.  The basis of our LB model 
[Schaap et al., 2007; Porter et al., 2009] is the two component model proposed by 
Shan and Chen (1993, 1994) and modified by Martys and Chen (1996). Fluid 
cohesion, causing surface tension, and fluid adhesion to solid phase, which defines 
the wettability and contact angle can be adjusted to simulate a range of fluid 
properties [Huang et al., 2007; Schaap et al., 2007].  
 
3.2 Modeling Applications 
Figure 4a shows pressure-saturation data as obtained with CMT as described before 
[see also Culligan et al., 2004, 2006; Schaap et al., 2007] as small symbols with 
lines and lattice Bolzmann simulations by [Schaap et al. (2007] in large symbols.  It 
should be pointed out that no calibration was carried out to “match” the LB results to 
the experimental data.  The similarity between the two data sets demonstrates the 
accuracy of the LB method.  In a subsequent study, Porter et al. [2009], 
demonstrated that observed air-water interfacial areas could also be reasonably 
reproduced with LB modeling.  A real surprise, however, was that the actual observed 
and simulated fluid patterns inside the porous medium of glass beads were nearly 
identical (Fig. 4b).  This greatly facilitates direct comparisons between CMT 
observations (e.g. non-wetting phase trapping, colloid positions near interfaces, etc.) 
rather than having to rely on spatial statistics. 

Figure 4  Comparison of observed Capillary pressure-Saturation data (lines with small symbols) 
and LB simulations for drainage and imbibition (a), Similarity of observed (top) and simulated fluid 
distributions for a wetting phase saturation of 0.44 and 0.42  (b). Similarity of the relations among 
capillary pressure (Pc), saturation and interfacial area (anw).  The projection of these curves onto the 
horizontal Pc-saturation plane represents the “traditional” pressure-saturation curve (water 
retention (c) 

a b a c 
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 Based on the similarities between observations and simulations, Porter et al., 
(2009) also carried out exploratory simulations where many hysteretic scanning 
curves between main drainage and imbibitions were generated.  Analysis of these 
results indicates that only one (non-hysteretic) curved plane is needed to describe all 
the simulated pressure-saturation-interfacial area results (Fig. 4c).  This builds 
confidence in work by Hassanizadeh and Gray [1993, 1994] who proposed a thermo-
dynamically based theory that conserved mass, momentum and energy at the 
interfaces between phases and stated that the relation between capillary pressure, 
interfacial area and saturation should be non-hysteretic.   

 
3.3 Further Developments 

The simplicity and accuracy of our current LB model allow us to extend it to 
include colloid transport, mixed wettability, biofilm growth and a relevant region of 
the flowrate-viscosity-interfacial tension space for capillary trapping of CO2 (of 
relevance to geologic carbon sequestration efforts).  For example, when colloid 
transport and their interactions with solid phase, fluid-gas interfaces and the solid 
phase is concerned, it is relatively easy to derive the micro-scale flow fields for 
hydrodynamic drag.  Specific physical properties can be assigned to the solid phase 
and interfaces. The hydrodynamic flow field would drive a particle tracking 
algorithm that evolves populations of colloids subject to microscale forces, thereby 
allowing us to model and determine which mechanisms govern the behavior of 
individual colloids under varying physicochemical conditions. The authors believe 
that modifications and additions to our current experimental and modelling methods 
allow us to observe and model colloid transport in populations from 104 to 107 
particles. Likewise, it is also possible to include biofilm dynamics into LB codes.  This 
would be accomplished by defining a separate phase that is allowed to grow into the 
pore-space and thus change the flow field.  For example:  fluid cells would be allowed 
to change into biofilm cells much akin to algorithms for cellular automata are 
handled.  Diffusion and convective transport of nutrients and waste transport to and 
from biofilms can also be implemented with relative ease. 
 

4. Conclusions and Future Work 
Although CMT observations and LB modelling of pore-scale processes are 

labour or computationally intensive, both methodologies are contributing to new 
insights into fundamental mechanisms at the pore scale.  This work is not merely of 
academic interest.  For example, before modern CMT and LB technologies we 
essentially had to assume relations that allow us to upscale from the pore-scale to 
sample or field scale were valid.  Now we have the tools to test, reject and/or improve 
long-held transport models and investigate phenomena that are socially extremely 
relevant but -until recently- were hard or impossible to tackle.   
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Summary 
 
Introduction 
How we manage agricultural soils (e.g., choices of type, amount and timing of fertilizers) 
directly impacts nitrogen cycling, both with respect to plant use efficiency and system 
losses of N.  For example adding carbon with nitrogen amendment may immobilize N 
within microbial biomass or stimulate loss of N to denitrification. Both these outcomes 
result from microbial processes and it remains a challenge to directly link N activity to 
those organisms responsible. Such knowledge would permit development of more 
realistic and predictive rate expressions, enhance understanding of the relationship 
between microbial diversity and ecosystem services, and identify indicators for assessing 
the resilience of agroecosystems. Interactions between nutrient management practices 
and microbial-mediated N dynamics need to be better understood in order to optimize 
trade-offs between greater soil organic matter levels and potential N losses in 
agroecosystems.   
 
Questions we asked were if long-term differences in amounts of carbon added and the 
form of nitrogen applied to different farming systems cause substantial differences in 
process rates and types of microbial communities involved in nitrogen cycling. Can 
differences in microbial activity be explained by differences in the population size and 
diversity of those organisms involved? Does the spatial scale at which samples are 
collected lead to different results? Measuring both process rates and parameters 
describing the microbial communities involved, we also asked whether differences in 
activity corresponded to similar differences in diversity and abundance of 
microorganisms carrying out these processes. 
 
Materials and methods 
We focused on four cropping treatments managed for 17 years at Russell Ranch 
(http://ltras.ucdavis.edu/), a long-term research facility comparing rotations of organic 
and conventional corn/tomato, wheat with different inputs, and uncropped reference 
plots. To characterize and quantify specific groups of organisms responsible for 
nitrification or denitrification, we used a GeoChip microarray (2.0 Zhou et al. 2007), 
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which includes in its platform both archaeal and bacterial ammonia monooxygenase 
(amoA) genes, the suite of genes responsible for denitrification, as well as many other 
microbial functional genes in soil. We also performed real-time quantitative PCR assays, 
targeting amoA, nitrous oxide reductase (nosZ), nirK /nirS, and 16S rRNA genes.  For 
process measurement we estimated potentials for nitrification and denitrification as 
well as enzyme activities. In the second experiment, we performed 15N pool dilution to 
measure potential gross N mineralization and nitrification rates within different soil 
microenvironments. Three soil microenvironments [coarse particulate organic matter 
(cPOM; >250 mm), microaggregate (53e250 mm), and silt-and-clay fraction (<53 mm)] 
were physically isolated from soil samples from conventional and organic corn/tomato 
systems. 
 
Results and discussion 
We compared four cropping systems differing dramatically in how they’ve been 
managed for the past 17 years. Systems we targeted were organic (cover crops and 
manure) and conventional (mineral fertilizer) managed irrigated corn/tomato rotations, 
wheat receiving no fertilizer or irrigation inputs, and plots that were not under 
cultivation but supported only weeds.  Previous studies indicated that soil organic 
carbon contents decreased from organic>conventional=uncropped>no inputs. In 
spring, following addition of mineral fertilizer to the conventional and cover 
crop/manure to the organic system, we measured process rates, and quantitative PCR 
microarray analysis, both methods targeting microbial functional genes. Our specific 
objectives were to determine if: i) the diversity and abundance of microbial 
communities involved in nitrification and denitrification differed by management 
system on the same soil type; ii) abundance and activity of nitrifiers and denitrifiers 
varied in different aggregate fractions of organic and conventional soils; iii) process 
rates correlated to the abundance of organisms potentially involved in nitrification and 
denitrification. 
 
The no input and uncropped treatments had no detectable denitrification rates 
(potential) whereas organic was substantially higher than conventional.  Gene copy 
numbers of genes generating nitrous oxide (nirK and nirS) corresponded to the 
magnitudes of rates, with organic having the highest densities followed by conventional, 
with very low densities in no input (see figure). The uncropped system had relatively 
high densities despite no measurable activity.  The genes responsible for nitrous oxide 
reduction, nosZ, were most abundant in the uncropped system and equally low in the 3 
cropped systems. The absence of activity may have been because there was not sufficient 
soil organic carbon to support substantial denitrification. Higher densities in organic 
than conventional were expected given the substantially higher C inputs and soil organic 
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matter contents in the organic and are corroborated by observations from comparable 
studies. 
 
 
 
 
 
 
 
 
 
 
 
 
For nitrification, both organic and conventional had similar rates and rates were 
substantially higher than uncropped followed by the no input system.  Abundance of 
archaeal genes were substantially higher than bacterial genes in the organic system 
however there were only bacterial amoA genes (and low densities) in the no input 
system. The conventional system had the highest abundance of both archaeal and 
bacteria amoA genes, and despite also showing substantially higher nitrification activity, 
abundances were only slightly higher than in the uncropped system.  
 
A second study compared the responses of organic and conventional managed soils (and 
also low-input which received cover crops and mineral fertilizer) before and after 
amendment with a labeled cover crop. Larger denitrifier populations in the 
microaggregates of the organic and low-input compared to the conventional system 
before amendment suggested that microaggregates of the organic and low-input systems 
have greater C availability and NO3 concentrations than in conventional systems. 
Changes in nitrifier and denitrifier abundances were not correlated with changes in 
NH4 or NO3 concentration nor activity rates. In all systems, amoA, nosZ, and 16S rRNA 
gene abundances were higher in microaggregates than cPOM and silt-and-clay 
microenvironments. These results suggest that the microaggregates are 
microenvironments that preferentially stabilize C, and promote growth of nitrifier and 
denitrifier communities, and thus are potential hotspots for N2O losses. 
 
Conclusions 
Differences in long-term management practices were associated with differences in 
microbial communities involved in nitrification and denitrification (measured in bulk 
soil samples) in the same soil type.  Denitrifying populations were generally higher in 
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the organic system; this system received significantly higher carbon inputs than any 
other system.  The no input system supported years of wheat production with no 
fertilizer or water inputs and its soils showed substantially reduced microbial diversity 
and activity. In the microaggregate fraction of soils in both organic and conventional 
farming systems, amoA, nosZ, and 16S rRNA gene abundances were higher than in 
other soil fractions, suggesting these microenvironments may be crucial locations 
associated with N loss from the agroecosystems. 
 
Relationships between specific functional genes and associated process measurements 
were sometimes evident but just as often not. Methodological issues still exist that 
obfuscate interpretation of many process measurements (e.g., measurements of 
“potential” rates, stable isotope-based approaches, and others), as well as of molecular-
based assays of microbial abundance and diversity. Detection of specific DNA sequences 
does not guarantee that the associated functional protein has been expressed and the 
process of interest will be observed.  Existing primers and probes are based on known 
organisms and could easily miss other taxa that are major players in a particular 
process. Sampling, both spatially and temporally, is a challenge and it can be difficult to 
capture the right place and time for the reaction, reactants and microbes of interest. 
Future studies should aim to develop appropriate sampling strategies in which these 
relationships are not confounded by temporal or spatial biases. Moreover, methods for 
quantifying nitrifiers and denitrifiers should be strengthened or combined with new 
approaches (e.g. metagenomics) to represent more of the microorganisms responsible 
for nitrification and denitrification.  Finally, microbiologists need to work more closely 
with scientists interested in modeling microbial-driven soil processes to develop better 
kinetic expressions that incorporate or anticipate new methodologies now available or in 
the pipeline. 
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Summary 

In situ lysimetric columns are here used to study the over-all functioning and 

pedogenesis of a constructed soil, resulting from the deliberate combination of 

various anthropic materials. Our work focused on the evolution of the water 

distribution inside the soil as an indicator of the evolution of the soil structure. 

Significant results were obtained highlighting the fact that constructed Technosols 

are structuring by global compaction and change of the porosity distribution 

involving drastic changes in hydrodynamic. This evolution is fast and intense which 

can be considered as an original characteristic of Technosols' pedogenesis. 

 

Scientific issue 

In soil science, the common approach to describe soil functioning and pedogenesis 

was classically based on the collection of isolated samples at different depths and 

time steps (monthly, yearly). Numerical visualization and modeling emerged recently 

as powerful tools to extrapolate soil behavior. These approaches are mainly based on 

analytical solutions that transform a succession of discrete parameters into a dynamic 

evolution of a whole pedon. 

On contrary, the use of in situ lysimetric device gives access to less (or different) 

continuous parameters – i.e. hydric mass balance, temperature, leachates 

composition -. Their evolutions reflect the functioning and, in some way, the 

pedogenic processes that occur at the pedon scale.  

 

Context of the research 

Soils developed on non-traditional substrates and largely due to intensive human 

activity are now referenced as Technosols in the world reference base for soil 

resources (WRBSR). They are composed of various materials some of which have no 

equivalent in nature: technogenic materials, i.e. artefacts. The process of soil 

363



construction for the reclamation of derelict lands is based on the recycling of 

secondary by-products. Based on the pedological engineering concepts, these 

artefacts are combined to construct a new soil (Technosol) over in situ brownfield 

substrates. A major scientific issue is to assess the functionality and sustainability of 

such Technosols. Integrating the fact that constructed soils interact with their 

environment, they are submitted to a drastic evolution. Our work aims at 

understanding and predicting the pedogenic processes with a particular attention on 

the evolution of the structure at different scales by using the analysis of the 

hydrodynamic. 

 

Materials & methods 

Parent materials 

Three different artefacts were used: i) a green-waste compost (g.w. compost) mainly 

composed of urban tree and grass cuttings, licensed under NF U 44-051 standard; ii) 

a paper-mill sludge (p.m. sludge), which is a by-product of the paper industry; iii) a 

thermally treated industrial soil (treated soil) excavated from a former coking plant 

site initially heavily polluted with polycyclic aromatic hydrocarbons (PAHs). 

Experimental set-up 

Field experiments were set up on the experimental site of the French Scientific 

Interest Group – Industrial Wasteland (GISFI) (http://www.gisfi.fr), Homécourt, 

North-Eastern France. The climate is continental with a mean rainfall of 760 mm 

year–1 and a mean temperature of 10°C (extreme values: 38°C to –22°C). The first 

device consisted in a 100 m² experimental plot that was sampled every year by 

digging a pedological pit to observe measure and take samples. The other one is a 

gravitation equipped lysimetric column of 2 m3 (surface: 1 m², depth: 2m) with 

different probes (TDR, tensiometer, temperature) at different depth (50, 100 & 150 

cm) and a continuous weighing.  

Constructed soil formulation 

The model constructed soil that is studied is composed of different artefacts that are 

layered to build a whole pedon. It was designed in a pedological engineering 

approach with reasoned mixing and superposition of materials (Séré et al. 2008). It 

was filled (Fig. 1) with i) a 45 cm-layer of p.m. sludge, ii) a 125 cm layer of treated soil 

and p.m. sludge mixture (1:1 volumetric ratio) and iii) a 15 cm layer of g.w. compost. 

 

Results 

Experimental plot 
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The constructed soil profile showed clear evidence of a rapid development of new 

horizons that can be visually distinguished according to their 

the root density (Séré et al. 

Fig. 1. Chronosequence of the early pedogenesis of a constructed Technosol

The distribution of the porosity (microporosity and macroporosity) evolves within 3 

years with an increase of the microporosity

decreased in the bottom part (Fig. 2).

Fig. 2. Evolution of the porosity distribution in profile P over time 

in the experimental plot 

Lysimetric column 

The study of the patterns

decrease) of the water content (Fig. 3) indicates an evolution with time of the hydric 

The constructed soil profile showed clear evidence of a rapid development of new 

horizons that can be visually distinguished according to their structure, 

 2010) (Fig. 1). 

Chronosequence of the early pedogenesis of a constructed Technosol

The distribution of the porosity (microporosity and macroporosity) evolves within 3 

years with an increase of the microporosity in the upper part of the soils, whereas it 

decreased in the bottom part (Fig. 2). 

Evolution of the porosity distribution in profile P over time 

in the experimental plot a) after 6 months; b) after 30 months

patterns (fast increase – plateau with slight variations 

) of the water content (Fig. 3) indicates an evolution with time of the hydric 

The constructed soil profile showed clear evidence of a rapid development of new 

structure, color and to 

 

Chronosequence of the early pedogenesis of a constructed Technosol 

The distribution of the porosity (microporosity and macroporosity) evolves within 3 

in the upper part of the soils, whereas it 

 

Evolution of the porosity distribution in profile P over time  

a) after 6 months; b) after 30 months 

plateau with slight variations – fast 

) of the water content (Fig. 3) indicates an evolution with time of the hydric 

365



functioning during the 3 years. That observation is confirmed by the curve of the 

leachates volumes (Fig. 3) which slopes of different events (winter/spring vs 

summer/fall) changed significantly with time. Further considerations including 

meteorological data indicate that the difference in rainfalls did not explain all of these 

variations. 

 

Fig. 3. Evolution of the volumetric water content and of the collected leachates 

volumes over time in the lysimetric column 

 

Conclusion 

Considering punctual parameters (experimental plot) as well as continuous data 

(lysimetric column), it appears that the early pedogenic evolution of the constructed 

Technosol is fast and intense. Further works are needed to identify the contribution 

of the pedogenesis to the evolution of the hydric functioning compared to seasonal 

changes. 
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Summary  

The suspended soil-colloids extracted from a volcanic-ash soil (VAS) from Nishi-

Tokyo, and a red-yellow soil (RYS) from Okinawa, Japan were characterized in terms 

of their surface charge and stability in the present study. The extracted soil-colloids, 

characterized as variably-charged colloids, were applied to a saturated sand column 

repacked with Narita and Toyoura sands at a steady flow rate and at natural and low 

pH conditions. The characterization of colloids indicated that VAS colloids were 

dominated by pH-dependent surface charge, whereas RYS colloids were dominated 

by permanent surface charge. The results of column studies indicated that the 

deposition of both colloids were controlled by the reversible attachment/detachment 

mechanism under unfavorable conditions, while under favorable conditions, the 

deposition of both colloids were mainly controlled by the depth-dependent straining 

mechanism. The surface charge characteristics of colloids and the solution chemistry 

played important role in determining the transport and deposition behaviors of 

natural colloids.  

  

Introduction 

Understanding the processes and factors controlling colloid transport and deposition 

is important for evaluating colloid facilitated transport of contaminants for designing 

effective remediation activities. Several studies have been conducted till date on 

colloid transport and deposition in porous media considering several physical and 

chemical factors e.g. Elimelech and O’Melia, 1990; Bradford et al., 2002; however, 

most of the studies have used model colloids, such as fluorescent latex microspheres, 

silica, and pure minerals, and model porous media, such as quartz sand, and glass 

beads. This study used the suspended soil-colloids extracted from two different types 

of soil from Japan. The main objective of this study was to identify the characteristics 

of two types of natural colloids and evaluate the effect of colloid characteristics and 

solution chemistry (i.e. pH) on transport and deposition behaviors of variably- 

charged soil colloids in saturated sand columns. 
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Materials and Methods 

Suspended soil-colloidal particles were extracted from a volcanic ash soil (VAS), from 

Nishi-Tokyo and a red-yellow soil (RYS) from Okinawa, Japan and used as variably-

charged colloidal suspensions (CSs).  Narita sand (mean diameter, D50 = 0.64 mm) 

and Toyoura sand (D50 = 0.21 mm) were used for making repacked soil columns. 

Artificial rain water (ARW) containing 0.085 mM of NaCl and 0.015 mM of CaCl2 

was used as input solution. A Tracer solution containing 0.01 M NaBr was added to 

CSs and 0.1 M of HCl was used to adjust the pH of the solution.  

 

Characterization of soil-colloids 

For the characterization of suspended soil- colloids, the surface charge 

characteristics and stability of CSs were examined. The surface charge was measured 

in terms of zeta potential of CSs as a function of pH. The colloid stability was 

measured by observing the turbidity of CSs as a function of pH and time. 

Furthermore, the colloid stability was also measured by observing the particle size 

distribution of applied colloids as function of time at 0 and 48hours.  

 

Column experiments 

A series of column experiments were conducted in a 10-cm long column packed with 

moist Toyoura sand (D50 = 0.21 mm) or Narita sand (D50 = 0.64 mm).  A peristaltic 

pump was used to apply input solution (ARW) and CSs with tracer (CS + 0.01 M 

NaBr) through the vertically oriented sand column at steady flow rates. The collected 

effluents were measured for turbidity, particle size distribution, pH, EC and bromide 

concentration. The measured turbidity was converted to the concentration using a 

linear relationship obtained between turbidity (NTU) and colloid concentration 

(mg/L). After the completion of the experiments, the packed sand column was 

carefully cut into 1 cm layers and amount of colloid deposited in each layer was 

measured. A mass balance was finally conducted using effluent concentration data 

and final spatial data of the deposited colloids in the sand column. Detailed 

experimental procedures and protocols were explained by Sharma et al. (2010).  

 

Results and Discussion 

Characteristics and stability of suspended soil-colloids 

Figure 1 shows characterization of the two applied colloids in terms of surface charge 

and stability. The zeta potential increased (became less negative) with decrease in pH 

due to the charge neutralization (Fig. 1a) and the change was significant for VAS 

colloids than RYS colloids. Based on the observed zeta potential, VAS colloids were 

dominated by pH-dependent surface charge, while RYS colloids were dominated by 

less pH-dependent or permanent surface charge. The RYS colloids exhibited slight 

decline in its stability with decrease in pH, whereas VAS colloids showed a significant 

decline in stability with decrease in pH as well as increase in time due to coagulation 

of colloids. The particle size distribution of suspended soil-colloids as illustrated in 

368



 
 

Fig. 1c showed significant difference in particle size due to coagulation at 48 hours 

for VAS colloids but no difference in particle size was observed at 48 hours for RYS 

colloids. Based on these results, VAS colloids were pH-dependent and less stable in 

favorable conditions for attachment (e.g. at low pH conditions), as compared to RYS 

colloids.  

 
 

Fig.1. Characterization of variably-charged colloidal suspensions (CSs) of volcanic 

ash soil (VAS) and red-yellow soil (RYS). (a) zeta potential change with pH is shown 

at a given time (0 hours), (b) relative turbidity change in stationary time under 

different pH conditions is shown as a function of time, (c) cumulative particle size 

distributions of VAS and RYS colloids is shown at given times. 

 

Column experiments 

 

 
 

Fig. 2. (a) Deposition profiles and (b) estimated deposited mass fractions for VAS 

colloids and RYS colloids through Narita and Toyoura sands at natural and low pH 

conditions. 

 

Figure 2 shows the deposition profiles (obtained from column experiments) and 

estimated deposited mass fractions (calculated by subtracting eluted mass fraction 

from unity) for VAS colloids and RYS colloids through Narita and Toyoura sands at 
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natural and low pH. At natural pH, VAS colloids were deposited more than RYS 

colloids (Figs. 2a and 2b). The deposition profiles in Fig. 2a also indicated the 

reversible attachment/detachment as a dominant colloid deposition mechanism 

under unfavorable conditions. A significant amount of both VAS and RYS colloids 

were retained in both Narita and Toyoura sands at low pH and their depositions were 

dominated by the depth-dependent straining mechanism except for RYS colloid in 

Narita sand. The results clearly indicated that at low pH, the charge neutralization 

between colloids particles occurred resulting in coagulation of particles. The 

coagulated larger colloidal particles were strained in the pores of sand grains, 

resulting in greater deposition. Since VAS colloids were dominated by pH-dependent 

surface charge, the transport and deposition of VAS colloids was affected more than 

RYS colloids with decrease in solution pH. The greater deposition of RYS colloids in 

Toyoura sand at low pH was mainly attributed to surface charge dependency of 

Toyoura sand with change in pH.     

 

Conclusion 

The transport and deposition of variably-charged colloids were highly influenced by 

the surface charge characteristics of the suspended soil colloids coupled with the 

change in solution chemistry. Higher deposition was observed for decreasing pH and 

for soil-colloids dominated with pH-dependent surface charge i.e. VAS colloids. 

Decreasing solution pH enhanced charge neutralization of colloid particles and sand 

surfaces due to particle-particle and surface-particle interactions, hereby increased 

deposition, which was mainly controlled by the depth-dependent straining.     
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Introduction 
The nature of infiltration into water repellent soils is highly nonlinear and dynamic.  
These systems pose substantial challenges to meaningful measures of hydraulic 
properties over space and time. Large gaps remain in our fundamental 
understanding of dynamic repellent soil hydraulic properties and our ability to 
simulate and predict system behaviours in naturally occurring water repellent soils 
(Bauters et al., 2000). In this study (Beatty, 2009; Beatty and Smith, 2010) we have 
used tension infiltrometers to maintain a constant negative water pressure at the 
surface of naturally water repellent soil materials to facilitate the investigation of 
dynamic changes in wettability and its resultant effects on unsaturated flow. We 
compare and contrast the observed behaviours with infiltration into hydrophilic soil 
and discuss limitations of extending hydrophilic hydraulic functions and concepts to 
hydrophobic soils.  
 
Methods and Materials 
All soil materials used were collected from a wildfire site in northern Ontario, 
Canada ~1.5 years post-fire. “Undisturbed” organic surface materials (approx. 2cm or 
4 cm thick) expressing varied burn characteristics were placed in columns (Fig. 1) 
above homogenized loam textured hydrophilic B horizon mineral soil material.  
 
 
 
 
 
 
 
Fig. 1. – Laboratory setup – (Left) 1D vertical infiltration under constant tension   (-
2cm); (Right) Moisture Content Sensors  in 1D vertical column.  

Two column designs were used. Most experiments involved measuring infiltration 
over time from a tension disc infiltrometer (Decagon Devices) on a non-
instrumented column (Fig 1, left). Two similar experiments in a larger diameter 
column involved measuring infiltration over time from a tension infiltrometer (Soil 
Measurement Systems) on a column with ECH2O Moisture Probes read using a 
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Em50 Logger (Decagon Devices) (Fig 1, right)). In the larger column experiments the 
tensions at the surface were set slightly higher (i.e. approx. -4.6cm) to account for the 
contact sand layer and thicker organic material layer, thereby preventing positive 
pressures at the textural boundary between the surface layer and the underlying 
loam mineral layer. 
 

Results and Discussion 
Figures 2 and 3 show cumulative infiltration versus time and infiltration rate versus 
time results for the homogenised loam textured hydrophilic mineral B material.  
These plots express classical hydrophilic soil infiltration behaviours and provide a 
qualitative and quantitative reference for direct comparison and contrast with the 
other materials. They are consistent with and can be fit with classic infiltration 
theories.  
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Fig. 2. - Cumulative Infiltration vs. Time for Mineral B Horizon material  
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Fig. 3. - Infiltration Rate vs. Time for Mineral B Horizon material (MO) 
 
Figure 4 shows cumulative infiltration versus time results for Mineral B material 
(same MO data as Fig 2); Hydrophilic Char over Mineral B (COM) which expresses 
the same behaviour as MO; and a range of hydrophobic materials over Mineral B 
(MOM; BOM) which express very different behaviour including differing curvature 
and substantially longer times to imbibe the same amount of water. 
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Fig. 4. Cumulative Infiltration versus Time for a number of materials. 
 
It can be instructive, particularly relative to hydrophilic materials, to plot infiltration 
data as cumulative infiltration versus the square root of time. Figure 5 is such a plot 
including a range of organic cap materials of varying burn conditions.  It includes 
hydrophilic mineral B material (same MO data as Fig 2);  hydrophilic Char over 
Mineral B which expresses the same behaviour as MO;  with the rest being various 
hydrophobic materials over Mineral B which express very different behaviours with 
differing curvature and substantially longer times. This repellent behaviour 
expressed in Fig 4 and Fig 5 is a result of contact angle dynamics and dynamic 
fractional wettability which cannot be described using classic infiltration theories.  
 

  
Fig. 5. Cumulative Infiltration versus Square Root of time for a number of materials.  
 
Figure 6 shows volumetric water contents over time within the repellent organic cap 
material as well as within the underlying hydrophilic mineral B along with the 
corresponding infiltration rate through the surface of the column (same experiment 
as “exp #1” in Fig 4 and “inst-1” in Fig 5). There is a delay of nearly 2.5 hours over 
which time the test behaves similarly to a lower hydraulic conductivity hydrophilic 
material – it is only after this time that dynamics then appear to be expressed in the 
infiltration rate data. The relatively long duration (7 hours) of this experiment is also 
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noteworthy. The long slowly increasing moisture contents within the organic layer 
are a direct expression of how a repellent layer may express complex dynamic 
hydraulic properties. 
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Fig. 6. Moisture Content and Infiltration Rate versus time for Hydrophobic Material 
over Mineral B 
 
Summary  
Infiltration under constant tension (negative applied water pressure) at the surface 
was used in this systematic laboratory study of soil water repellency to effectively 
focus on dynamic changes in wettability. Similar experiments with ponded 
infiltration (positive pressures) would fail to provide data affording the same level of 
insight. These experiments (conducted in conjunction with our other work on these 
materials) have expressed a highly complex interplay of contact angle dynamics 
(whereby specific surfaces change contact angle over time) and dynamic fractional 
wettability (which is to say the relative proportions of the soil surfaces which would 
be classified as, e.g., severely repellent, repellent, slightly wettable, or highly 
wettable, shift over time).  The observed behaviours would not be easily captured in 
numerical simulations, particularly using simple scaling relations of hydrophilic 
hydraulic functions. This will be addressed more completely within the presentation.         
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Summary 

Ethylbenzene is an essential aromatic hydrocarbon in the petrochemical industry. It 

is included in a set of compounds named BTEX, extremely common in contaminated 

soils and aquifers. 

This work reports the study of bioremediation (BR) of soils with different contents of 

water and organic matter contaminated with ethylbenzene that were previously 

remediated by soil vapor extraction (SVE). 

 

Introduction 

Benzene, toluene, ethylbenzene and xylenes, commonly referred as BTEX, are critical 

monoaromatic environmental contaminants worldwide. These compounds can cause 

serious environmental and health problems because they are frequently found, alone 

or together, at hazardous waste sites, connecting soil and groundwater. Several 

technologies have been developed to control/reduce these contaminations. The 

choice of the most appropriate remediation technology, the estimation of the 

respective remediation time and efficiency are key parameters for the success of a 

remediation action (Albergaria, 2003). SVE is one of the most used remediation 

technologies in the past twenty years. To enhance this kind of remediation, SVE 

coupled with BR could be a solution in some cases because BR offers the potential to 

remediate contaminated soil and groundwater without the need for excavation, and 

with low remediation costs. At both cases, soil parameters such as NOM and SWC 

influence the processes. The NOM content is one of the most important parameter 

because of its impact on the adsorption phenomena that influence the mobility and 

availability of contaminants in soil. SWC is the other parameter that strongly affects 

the remediation time and efficiency, due to its influence on contaminant availability 

and soil permeability, (Harper et al., 1998). Previous results within this project 

(Soares et al, 2010) showed that in both humic and sandy soils contaminated with 

benzene, SVE, just by itself, achieved the clean up goals imposed by Spanish 
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Legislation (1.0 mg kg-1) (Real Decreto, 2005)  in 65% of the remediation experiments 

performed. In the remaining cases, BR was implemented and showed to be efficient 

to finalize the remediation process. The combination of these technologies makes use 

of the quickness and high efficiency of the early stages of the SVE and the low cost of 

BR to achieve the clean up goals. 

 

Materials and Methods 

Soils 

Sand was collected at a depth of 3 m in different places of a beach and the humic soil 

was collected in a forest at a depth of 1-2 cm. Both samples were obtained from the 

region around Porto, Portugal, and were stored in appropriate vessels. Table 1 shows 

the results of the characterization of those soils. The first and second subscripts of Px,y 

indicates, respectively, the contents of water and NOM. 

 

Table 1. Soil physical and chemical properties (from Soares et al., 2010). 

Soil 

Apparent 

density  

(g cm-3) 

Particle density  

(g cm-3) 

Porosity 

(%) 
pH SWC (%) 

NOM content 

(%) 

P1,4 1.1 2.9 62 6.5 0.72 4.0 

P2,14 1.0 3.1 68 6.1 2.5 14 

P4,24 0.9 3.3 73 5.8 4.3 24 

 

BR experiments 

The BR experiments were preceded by degradation studies in order to evaluate the 

capacity of the soil microorganisms (native or in consortium with other inoculated 

microbes) to biodegrade the ethylbenzene. These tests were conducted in Erlenmeyer 

flasks containing 30 g of P2,14 soil (native or sterilized, with or without inoculated 

microorganisms), mineral nutrients (MinE, 10 mL kgsoil
-1), water (to produce a SWC 

of 20%) and ethylbenzene (100 mg kgsoil
-1). The inoculated microorganisms were: 

Labrys portucalensis strain F11, Pseudomonas fluorescens strain PFST, 

Pseudomonas stutzeri strain OX1 and Pseudomonas putida strain KT2440. 

 

The BR was considered finished when the remaining level of contamination in the 

soil reached the legal limit (100 mg kgsoil
-1). To identify this point, columns were 

prepared with sterilized soils (soils P2,14 and P4,24 sterilized by autoclaving) 

contaminated with 100 mg kg-1 of ethylbenzene. These experiments were performed 

in stainless steel columns containing four sampling ports (one in the base of the 

column and at the others located 5, 10, and 15 cm above the base). To evaluate when 

equilibrium was reached, the concentration of the contaminant in the soil gas phase 

was monitored over time in the four sampling ports. After the establishment of the 

equilibrium in the column, the concentration of ethylbenzene in the gas phase of the 

soil was 3.7 mg L-1 for soil P2,14 and 5.0 mg L-1 for soil P4,24. When these levels were 
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reached during the monitoring of BR performed with the contaminated soils, the 

process was considered finished. It was defined that BR would be implemented in 

those cases where, after SVE, the remaining level of contamination in soil was above 

150 mg kg-1 of contaminant. Within the interval of 100-150 mg kg-1 it was defined that 

the prolongation of SVE could be the best option to conclude the remediation.  

 

Results and discussion 

The results obtained in the degradation studies show that in all the experimented 

conditions, except for the sterilized condition, presented similar capacity to degrade 

the ethylbenzene present in soil (Fig. 1.). According to this, the utilization of the 

native microorganisms present in the soil to degrade the ethylbenzene was chosen. 

Though this, the inoculation of microorganisms to the soil is avoided. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Biodegradation tests. 

 

As stated before, the BR experiments were performed in those cases where the 

remaining level of contamination in soil after SVE was above 150 mg kg-1 soil. The 

soils where this occurred were soils P2,14 with two levels of ethylbenzene (235 and 335 

mg kg-1) and P4,24 with four levels of contamination (154, 438, 591 and 744 mg kg-1). 

The monitoring of the BR processes in these experiments is presented in Figure 2, for 

soils P2,14 and P4,24 respectively.  

 

 
 

Fig. 2. Monitoring of the bioremediations performed in column with P2,14 soil a) and 

P4,24 soil b). 

377



Figure 2a shows that in soil P2,14 the BR managed to achieve the defined clean up 

goals at both ethylbenzene concentrations. Figure 2b presents different results. The 

experiment with the lowest level of contamination (154 mg kgsoil
-1) easily and rapidly 

reached the legal limit, but in the other experiments, after an initial decrease in the 

concentration of the contaminant due the establishment of the new equilibrium of the 

contaminant in the soil, no degradation of ethylbenzene was observed. This seems to 

indicate that these concentrations were affecting microbial activity and inhibiting the 

bioremediation process. To confirm if this behavior was not due the lack of oxygen in 

the soil matrix, after the 600 h time point, air was injected directly at different levels 

of the soil column, but no improvement was observed on the process.  

 

Conclusions 

It is proved that the utilization of BR to complement SVE can be adequate to reach 

the clean up goals. The experiments performed allowed to conclude that: (i) native 

microorganisms seemed to have nearly the same degradation behavior than 

inoculated microorganisms; (ii) concentrations of ethylbenzene in soil above 438 mg 

kg-1 showed to be inhibitory to microbial activity; (iii) BR proved to be an efficient 

remediation technology to treat soils contaminated with ethylbenzene, however could 

be inadequate if a fast remediation is required. 
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Summary 
The use of locally available and economically affordable hydrophobic materials for 
the design of a landfill final cover can enhance its performance. In the present study, 
the effects of hydrophobic organic matter contents on the water repellency of the 
hydrophobized sands were investigated. Secondly, the time dependency of the sessile 
drop contact angle was determined. The degrees of water repellency of 
hydrophobized sands were assessed using the water drop penetration time test 
(WDPT), the molarity of ethanol droplet test (MED) and the sessile drop method 
(SDM). Water repellency category of the hydrophobized sands showed strong 
repellency at an oleic acid content of 0.25 g kg-1 to 5 g kg-1. Directly measured contact 
angles using the SDM were in good agreement with indirectly obtained contact 
angles using the MED test. The contact angle decreased exponentially and almost 
reached apparent equilibrium after 25 minutes of the soil-water contact time.   
 

Introduction 
Alternative soil-based covers for landfills such as evapotranspirative covers, 
composite geomembrane liners and capillary barriers are commonly recognized as 
useful and interesting technical-solutions for landfill final cover systems. However, 
the material used for constructing of these capping layers is expensive and not 
affordable by developing countries. In developing the concept of “hydrophobic 
capillary barriers”, this manuscript discusses the development of possible technique 
to enhance the impermeable properties of capillary barriers, which consists of 
turning the coarse grain surface of subsoil water repellent by mixing it with low-cost 
and locally available hydrophobic material.  The efficiency of water repellency 
techniques is commonly defined as the ability of soils to resist water infiltration. 
Composition and content of the soil organic matter affects water repellency (Wallis 
and Horne, 1992). Soil water repellency is an important soil property that varies with 
soil-water contact time. The relationship between the soil organic matter 
composition and soil physical properties like water repellency is largely unknown. 
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The specific objectives of this study were to  i) to assess the effect of water repellency 
of hydrophobized sands mixed with oleic acid, and ii) to find the time dependency of 
the contact angle measured from SDM. 
 
Materials and methods 
Toyoura sand with the particle size fractions ranging from 0.02 mm to 0.42 mm was 
used as the base material to prepare the hydrophobized sands. Physical properties 
and experimental conditions are shown in Table 1. Oleic acid (molecular weight 
282.46; Kanto Chemical Corporation, Tokyo, Japan) was used as the hydrophobic 
organic compound.  Oleic acid was chosen because it is a common mono-unsaturated 
omega-9 fatty acid found in various animal and vegetable sources (Gunstone, 2004). 
The molecular structure of oleic acid is shown in Figure 1. Samples were prepared by 
mixing the sand thoroughly with hydrophobic organic compounds and storing it at a 
constant room temperature (20oC) for 48 hours to equilibrate it. Sands with oleic 
acid (OA) contents of 0.25, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 g kg-1 were used 
for assessing the repellency. 
 
Table 1. Physical properties and experimental conditions for hydrophobized sands 

 

 

Fig.1 Structure of Oleic acid (OA) 
 

Water repellency test 
The degree of water repellency of the samples mixed with oleic acid was assessed 
with the water drop penetration time test (WDPT), the sessile drop method (SDM) 
and the molarity of ethanol droplet (MED) test. The WDPT is simple and rapid 
method. It involves placing small drops of distilled water onto the soil surface and 
recording the time taken for the water droplet to infiltrate the soil. Five categories of 
repellency were distinguished (Bisdom et al., 1993): Class 0, wettable or non-water 
repellent (WDPT <5s); class 1, slightly water repellent (5-60s); class 2, strongly water 
repellent (60-600 s); class 3, severely water repellent (600-3600 s); extremely water 
repellent (greater than 3600 s). The MED test likewise estimates the liquid surface 
tension, but using an aqueous ethanol droplet that can infiltrate the soil in 10 
seconds (Roy and McGill, 2002). The equation in Roy and McGill (2002) was used to 
convert molarity into surface tension and the equation in Carillo et al. (1999) to 
convert surface tension into apparent contact angle. The third method used for 
assessing the contact angle was SDM. The sessile drop contact angle was measured 
by sprinkling the hydrophobized sand onto the adhesive tape, which was fixed on a 
glass slide. Deionized water was placed on the sand surface and horizontal view 

Soil 
Average diameter, 

D50 
Soil Particle 

density 
Bulk 

Density  Porosity   
  mm g cm-3 g cm-3 cm3 cm-3 

Toyoura sand 0.21 2.64 1.58 0.4 
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micro-photographs taken with a digital microscopic camera at different intervals and 
the contact angle measured.  
 

Fourier Transformed Infrared (FTIR) Spectral Studies  
The FTIR spectra were recorded in the transmission mode on a Nicolet 6700 
spectrometer with a resolution of 4 cm-1. The analyses were performed with 1.0, 2.5, 
5.0, 7.5, 10.0 and 15.0 g kg-1 hydrophobized and bare toyoura sand.  The FT-IR 
spectra were analyzed at only two adsorption bands that indicate the hydrophobic 
(CH-) and hydrophilic (CO-) functional groups. The hydrophobic A band occurs at 
2800- 3020 cm-1 and the hydrophilic B band at 1620-1740 cm-1.  
 

Results  
Effect of hydrophobic organic matter on water repellency 
The water repellency for hydrophobized sand samples with increasing oleic acid 
contents ranging from 0.25 g kg-1 to 6 g kg-1 was measured and the results are shown 
in Figure 2. We observed that, the contact angle and apparent contact angle 
measured with the MED and SSD methods increased sharply when the oleic acid 
content varied from 0.25 g kg-1 to 1 g kg-1, but then started to decrease with further 
increase in concentration. Contact angles measured using the SDM methods were in 
good agreement with those measured with the MED test above 90o. Likewise, the 
WDPT test also produced a pattern similar to the MED and SSD methods. A mixed 
sample of 1g kg-1 reflects the strong repellency. The repellency increased rapidly with 
increasing additional repellent chemicals, until a monolayer coverage of the sand 
surface was achieved (Fink, 1970). 

 
Fig.2 (a) Effect of increasing oleic acid content on WDPT and contact angle and (b) 
Contact angle as a function of soil-water contact time in hydrophobized sands. 
 
Time dependence of the contact angle 
Figure 2b) shows the contact angle as a function of the soil-water contact time in 
hydrophobized sands. The contact angles of the samples were initially found to be 
greater than 90o and decreased exponentially with contact time. The contact angle 
almost reached apparent equilibrium after 25 min of the soil-water contact time. A 
contact angle initially greater than 90o decreased to less than 90o within about 30 s. 
Soils can absorb the water while being hydrophobic (Dekker and Ritsema 1996) 
because of the presence of hydrophilic functional groups in organic matter.  
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Fourier Transform-Infrared Spectra 
Fig. 3 shows the comparison of infrared spectra of different oleic acid treated and 
untreated sands and the effect of increasing oleic acid contents on the A/B ratio. 
According to the FT-IR spectra, the peak area increased with increases in the oleic 
acid content.  The A/B ratio exhibited a rapid increase with increasing oleic acid 
content from 0 to 1 g kg-1, while the increase in A/B ratio was low from 1 to 6 g kg-1 
mixed sample.  This supports the actual water repellency trend shown in Fig. 2 (a) up 
to 1 gm/kg hydrophobized samples.  

 
 
Fig. 3 a) Fourier-transformed infrared spectrum of oleic acid treated and untreated 
toyoura sands; b) Effect of increasing oleic acid content on A/B ratio.  
 
Conclusion 
Water repellency of hydrophobized sand samples with different oleic acid contents 
was quantified using the MED, SDM and WDPT methods. The hydrophobic organic 
matter content was found to be the most important factor affecting water repellency. 
Water repellency categorization shows the hydrophobic sands as strongly repellent at 
oleic acid contents between 0.25 g kg-1 to 5 g kg-1. The contact angle decreased 
exponentially with the soil-water contact time and reached an apparent equilibrium 
after approximately 25 min.  
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Summary 
Solution pH and the presence of more than one ion species influence equilibrium and 
kinetic sorption data.  This study investigates the effect of pH and competition 
between ions on adsorption capacity and initial sorption rate on cocopeat.  An 
increase in pH leads to a rise in both adsorption capacity and sorption rate while the 
presence of more than one metal ion in a solution results to competition which 
decreases adsorption capacity and sorption rate. 
 

Introduction 
Adsorption studies have shown that coco peat can effectively bind lead and copper 
ions (Conrad and Hansen, 2007; Ong, 2010; Quek, et al., 1998).  However, these 
researches have not investigated how pH and the presence of other ions affect 
equilibrium and kinetic data.  Although the impact of pH on the results of 
equilibrium studies involving lead and copper adsorption on coco peat has been 
studied, there is currently no data showing how pH affects kinetic data.  Similarly, 
batch adsorption studies of lead and copper on coco peat involve only single-solute 
systems.  Actual wastewaters often contain more than one metal ion, which could 
influence the adsorption behavior of the other metals present as a result of 
competition.  The results of this study are valuable for future adsorption researches 
and in the design of adsorber systems. 
 

Materials and Methods 

Coco peat 
Coco peat was obtained from Soriano Fiber Integrated Corporation, a coco fiber 
processing plant in Sariaya, Quezon, Philippines.  The collected sample was passed 
through sieve # 10 (2 mm.) to remove large fibers and other impurities. 

Chemicals 
AAS standard solutions of Pb(NO3)2 and Cu(NO3)2 were used as stock solutions for 
lead and copper, respectively.  The working solutions were prepared by diluting the 
stock solution with deionized water.  The pH was adjusted using dilute solutions of 
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HNO3 and NaOH.  Binary-solute systems were prepared by mixing lead and copper 
solutions in a 1:1 volume ratio. 
 

Batch adsorption studies 
Batch experiments were conducted by mixing 100 mL metal solution and 0.100 g 
coco peat in a 250 mL Erlenmeyer flask.  The solutions were placed in an orbital 
shaker at 150 rpm and withdrawn after a specified contact time.  The resulting 
solution was filtered and the filtrate was analyzed for metal concentration using a 
Flame Atomic Absorption Spectrophotometer (AAS). 

 

Kinetics studies 
Using initial metal concentrations of 50 ppm, batch experiments were performed 
using the following contact times: 10 minutes, 30 minutes, 60 minutes, 120 minutes, 
240 minutes, 360 minutes and 1080 minutes.  The effect of pH was studied by 
performing kinetic studies using pH 2.5 and pH 4.  Kinetic data were fitted to pseudo-
first order and pseudo-second order kinetic models. 

 

Equilibrium Studies 
Using the equilibrium time obtained in the kinetic studies, equilibrium data was 
generated by varying the initial metal concentrations.  The concentrations used were 
10, 20, 30, 40 and 50 ppm.  pH values of 2.5 and 4 were used.  The data were fitted to 
Langmuir and Freundlich isotherm models. 

 

Results and discussion 
Fig  1.a and 1.b show the adsorption behavior of lead and copper on coco peat.  The 
amount of metal removed increased over time ultimately reaching a constant value 
indicating that the process has reached equilibrium.  This point is chosen as the 
equilibrium time for the succeeding equilibrium studies. 

 

For lead, equilibrium time ranged from 4-6 hours while it ranged from 2-6 hours for 
copper.  The highest amount of metal removed at equilibrium (or the equilibrium 
adsorption capacity) is for a single-solute solution at pH 4.  The adsorption capacity 
is reduced in a binary-component solution and at a lower pH.   
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Fig. 1.  Determination of equilibrium time for a) Pb and b) Cu solutions 

 

Equilibrium data fitted more satisfactorily to Langmuir than to Freundlich isotherm 
model indicating that the adsorption of lead and copper on coco peat follows 
monolayer coverage.  A comparison of monolayer adsorbent capacities (Table 1) show 
that the capacity increases with an increase in pH and is reduced when there is more 
than one ion in a solution.  A binary-component solution of copper at pH 2.5 does not 
fit to either Langmuir or Freundlich isotherm model.   

 

Table 1.  Monolayer adsorbent capacities of single and binary-component solutions 
of Pb and Cu at different pH 

Metal ion Monolayer adsorbent capacity, Qm (mg g-1) 

 pH 2.5 pH 4 

Pb (single) 9.58 39.68 
Pb (binary) 4.61 18.21 
Cu (single) 1.64 13.18 
Cu (binary) - 7.40 

 

 

The kinetic data fitted well to pseudo-second order kinetic model but not to pseudo-
first order kinetic model.  There is neither observable trend nor significant difference 
in the pseudo-order kinetic constant with a change in pH or with the addition of 
another ion (Table 2).  The initial adsorption rate, however, shows a considerable rise 
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with an increase in pH, both for lead and copper.  The presence of more than one ion 
reduces the initial adsorption rate.  

 

Table 2.  Pseudo-second order kinetic parameters of single and binary-component 
solutions of Pb and Cu at different pH 

Metal ion Initial adsorption rate, h 
(mg g-1 min-1) 

Kinetic constant, k2 
(g mg-1 min-1) 

 pH 2.5 pH 4 pH 2.5 pH 4 

Pb (single) 1.15 37.453 0.011 0.026 
Pb (binary) 0.40 5.988 0.028 0.02 
Cu (single) 0.017 9.217 0.006 0.06 
Cu (binary) - 2.84 - 0.056 

 

Conclusions 
The initial pH of a solution as well as the presence of more than one ion affects 
adsorption capacity and adsorption rate.  An increase in pH leads to higher 
adsorption capacity and initial adsorption rate due to less competition with H+ ions 
and a more negative adsorbent surface.  Due to competition between ions for 
adsorption sites, the existence of more than one metal ion in a solution reduces both 
adsorption capacity and initial adsorption rate. 
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Summary  

The amount of CO2 transported to the groundwater in agricultural systems is a function 

of crop type, irrigation amounts and liming additions. In the present study, the potential 

of aquifers for carbon storage shall be investigated through examination of the carbon 

dynamics in the root zone and the main factors controlling dissolution and transfer of 

CO2 by the soil water and further into the aquifer. Preliminary results from the 

establishment of soil mesocosms designed for investigation of the above research 

question are presented.  

 
Introduction 
In the past 250 years the atmospheric concentration of CO2 has increased by 38% (WMO 

2009). Emissions of greenhouse gases like CO2 cause climate changes such as sea-level 

rise and increases in global surface temperatures (Rosenzweig, Casassa et al. 2007). One 

of the ways to mitigate climate change connected to increased atmospheric CO2 levels is 

to increase the amount of carbon stored in soil (C sequestration) (Janzen 2004).  

The amount of CO2 dissolved into soil water is strongly dependent on pH, rendering the 

chemistry of the soil of investigation for C storage important. To determine which soil 

layers should be included in the mesocosms, the exchanger composition (CEC) was 

determined for each layer. Prototype mesocosms were constructed and infiltration 

patterns were verified. Retention curves under different hydraulic regimes were 

obtained to assure a sufficient amount of air-filled pore space for plant growth.  

 

Materials and methods  

Construction of mesocosms 

Mesocosms (Plexiglas, D:200 mm,  L:800 mm) were filled with a Danish heath soil from 

Vovlund that was sieved to 5 mm grain size. Soil was laid into the mesocosm in 2-cm 

increments and a weight which weighted slightly more than tare of the soil at a given 

depth was added to each layer for 10 seconds. Samplers for measurement of PCO2 
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(Accurell® PP tubes), water content (ECHO Em50 Device, Decagon®) and for water 

extraction (Rhizon Flex, Rhizosphere Research Products) were inserted at 15, 35 and 65 

cm´s depth for future CO2 monitoring. A fine plastic net (pore size: 27 µm) was inserted 

at 18 cm depth to hinder roots of crops to be planted from penetrating the A horizon (0-

28 cm depth). A groundwater table was established at 75 cm depth and was kept at 

constant height using a water lock. 

 

Infiltration through mesocosms 

Infiltration on dry soil was assessed visually under dripping of a steady flow of water 

onto the mesocoms.  

 

Determination of CEC 

5.0 g of air-dried soil from horizons A, B1 (28-50 cm), B2 (51-93 cm), and C (93-205 cm) 

were weighted off into Falcon tubes. The soil was extracted with 1 M NH4Cl, using a 

sediment to extractant ratio of 1:10. Extraction was carried out twice in order to ensure 

complete exchange of cations. After extractant addition, the sediment- extractant 

mixture was centrifuged at 3000 pm for 20 minutes (Heraeus Instruments, Megafuge 

1.0). The fluid was carefully removed using a syringe and filtered using 0.45 µm filters 

(Minisart). The pH of the extractant was measured before and after extraction.  

The sediment was suspected to be in equilibrium with Al(OH)3. For determination of the 

amount of Al in solution prior to extraction (i.e. the amount that could contribute to a 

lowering in pH of the extractant prior to extraction) the dried soil was concentrated with 

ethanol, using the same sediment to extractant ratio of 1:10. All extracts were analyzed 

for cations with ICP-IOS. 

 

Results and discussion 

Infiltration through packed mesocoms 

Infiltration through packed columns did not show side-wall flow and proceeded fairly 

equal throughout the cross section of the mesocosms as long as the infiltration flow was 

kept sufficiently low to assure that column surfaces were not saturated. Infiltration 

around the root net was delayed were the net did not adhere tightly to underlying soil 

but effects were evened out few cm’s below the net (not shown). 

 

Retention in soil 

The retention profiles at downward water movement and no water movement 

(equilibrium) were similar (Fig.1). Under both hydraulic regimes an air-filled pore 

volume of 10-20 vol.% which is needed for unrestricted plant growth (Bunt 1988) was 

present in the upper 28 cm (pF 1- 1.4) where roots are allowed to grow .  
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Fig. 1: Retention of soil water in constructed mesocosms from 10 to 70 cm 
depth (pF 1 -1.85) at equilibrium (no water movement) and at downward 
water movement. 
 

CEC 

The exchanger composition at different depths for the Vovlund soil is shown in Fig. 2. 

Extraction with NH4Cl removed Na, K, Mg, Ca and Al. Ca is the dominant cation in the 

topsoil but is likely replaced by Na at 70 and 93 cm depth (samples need to be re-run). In 

the C horizon (125 cm, Fig.2) Al partly replaces Na. The amount of Al in solution prior to 

extraction was negligible. However, during extraction pH dropped from 4.8 to 4.55 in 

the C horizon, indicating precipitation of Al(OH)3 according to Equation 1.  

 

                      (1) 

 

If the drop in pH can be subscribed to equilibration with gibbsite, then the amount of Al 

on the exchanger at 125 cm depth is really 24.5% higher than quantified by ICP-OES. 

Most importantly, the drop in pH affects the carbonate chemistry of the subsoil. CO2 

dissolved in soil water in the Ca2+-rich topsoil enters the subsoil as HCO3
- which raises 

the pH of the groundwater causing precipitation of gibbsite (Equation 1). The 

simultaneous decrease in pH of the soil water under mixing with the acid groundwater 

causes partial degassing of CO2 (results confirmed by the groundwater model 

PHREEQC). Hence, the chemistry of the C horizon is crucial in the determination of the 

CO2 storage potential of the Vovlund aquifer.  
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Fig.2: CEC in soils from Vovlund as determined by NH4Cl 
extraction. Results for Na at 70 and 93 cm depth were 
omitted.  
 

Conclusion 

Infiltration experiments showed acceptable infiltration patterns without side-wall flow. 

An air-filled pore space of 10-20 vol.% could be achieved even at downward water 

movement. The decrease in pH under cation extraction indicates that the sediment is in 

equilibrium with Al(OH)3. Due to the strong effects of pH on carbonate chemistry, the C 

horizon was critical for determination of a realistic potential for CO2 storage in the 

aquifer at Vovlund.  
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Summary 

Recent technological advances and steadily increasing computational capabilities led 

to the development of a new generation of benchtop X-Ray Micro-Computed 

Tomography (M-CT) systems with maximum resolution and image quality 

comparable to synchrotron M-CT. The objective of the presented study was to 

evaluate and optimize an advanced, high-resolution benchtop M-CT system for 

quantification of phase distributions in artificial and natural porous media. Effects of 

metal filters and various acquisition parameters (i.e. total rotation, rotation step, and 

radiograph frame averaging) on image quality and acquisition time were evaluated. 

Impacts of sample size and scanning resolution on CT-derived porosities and pore-

size distributions are illustrated. Advanced three-phase segmentation is discussed. 

 

Introduction 

X-Ray Computed Tomography (CT) provides an excellent non-invasive means for 

characterization and quantification of soil structure and for studying dynamic pore-

scale processes. Over the last decade soil science research saw a surge in standard 

X-Ray CT and Microtomography (Micro-CT) applications. A thorough search of the 

ISI Web of Knowledge database revealed that within the last 5 years (2oo5-2009) 

more referred manuscripts on X-Ray CT applications in soil science were published 

than throughout the prior 25 years (1980-2004) (Vaz et al., 2011). Synchrotron-based 

Micro-CT systems are currently considered as the state-of-the-art technology for 

porous media research. High energy x-rays generated in synchrotron beam lines are 

monochromatic and can be modulated. The excellent resolution of a few microns 

allows quantifying inter- and partial intra-aggregate soil porosity. However, there is a 

tradeoff between achievable resolution and observable sample size; only very small 

samples (i.e. a few millimeters) can be scanned if the maximum resolution (e.g. 1 

micron) is desired. Another restriction of synchrotron tomography is the limited 

availability of synchrotron facilities and beam time that needs to be split among a 

rapidly increasing number of research teams. In many cases there is not sufficient 

time for proper system adjustments and instrument calibration, which, in many 

cases, leads to unsatisfactory results. Latest-technology benchtop Micro-CT scanners 

provide a viable alternative to synchrotron Micro-CT. In fact, benchtop scanners are 

more flexible with regard to observable sample volumes and achievable maximum 
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resolutions. They allow visualization and characterization of samples ranging from a 

few centimeters to a few millimeters in diameter with maximum resolutions within 

the range of 100 microns for larger samples to 0.5 micron for mm-sized samples. 

Such Micro-CT systems were only recently introduced for soil science and 

geomaterials research (e.g. Carminati et al., 2009; Elliot and Heck, 2007).  

 

Evaluated Benchtop Micro-CT System 

Motivated by recent advancements in Micro-CT, a SkyScan® 1172 benchtop Micro-

CT system (SkyScan, Belgium) was evaluated and calibrated for quantifying 

porosities and pore-size distributions of natural soils. In addition, the capability to 

discriminate dense metal oxide particles was evaluated. The evaluated scanner relies 

on cone beam geometry and comprises a tungsten x-ray microfocus tube with < 5 

micron focal spot and a sealed, fully distortion corrected, air-cooled, 10Mp, 12-bit 

CCD camera that is fiber-optically coupled to a Gd2O2S scintillator. During image 

acquisition the sample may be stepwise rotated over 180° or 360°, resulting in 16 bit 

shadow projection images (radiographs). A modified Feldkamp cone-beam algorithm  

with post-alignment, smoothing and beam hardening and ring artifact corrections is 

used to reconstruct 2-D cross-sectional images or 3-D volume data from shadow 

projections. Obtained data can be stored in either 8-bit BMP or 16-bit TIFF formats. 

 

Observed Samples and Scanning Procedure 

Undisturbed, 20-cm cubes of two Brazilian Oxisols were extracted from the surface 

soil of the Embrapa Southeast Cattle Experimental Farm in São Carlos City, Brazil. 

After air-drying at room temperature for 30 days the cubes were cut in half. From the 

first half undisturbed cylindrical subsamples of different sizes were extracted from 

the center and shaped with a putty knife for CT scanning and physical analyses (Vaz 

et al., 2011). All samples were initially scanned rotating them stepwise by 0.3° over 

360° (1200 steps). Within each rotation step 15 shadow projections (frames) were 

obtained and averaged. To evaluate scan quality, additional tests with different filters, 

frame averaging numbers (5, 10 and 20) and 180° total rotation were performed. The 

reconstructed, cross-sectional grayscale images were stored in 8-bit BMP format and 

converted to binary format using a manual, global, 3-D segmentation method 

(Kravchenko et al., 2009). A simple voxel counting algorithm was used to determine 

sample porosities from 3-D, binarized volume data. Estimates for pore size 

distributions were obtained with the help of mathematical morphology operations 

(Vogel and Roth, 2001). 

 

Results and Discussion 

Best image quality was achieved when: (1) an aluminum/copper filter (0.5/0.04 mm 

thickness) was positioned between sample and x-ray detector and; (2) the sample was 

rotated 360º in 0.3º steps; and (3) the number of averaged projections per rotation 

step was larger than 15 (Vaz et al., 2011). As with all CT systems there was a tradeoff 

392



between maximum observable sample volume and achievable resolution. Even for 

soil samples scanned at the highest considered resolution of 3.7 μm (1.0 μm is the 

maximum achievable resolution) it was apparent that CT derived porosities vastly 

underestimated physically measured values. A resolution of 3.7 μm is by far not 

sufficient to recover micropore space from CT-data. However, it was found that 

scanning soil samples of various sizes at different resolutions provided valuable 

information. At the centimeter scale (2-cm and 4-cm diameter samples) large 

macropores can be clearly resolved and at the millimeter scale intra and partial inter-

aggregate pore space can be visualized (Vaz et al., 2011). In addition, micro computed 

tomography allows distinction of dense mineral particles such as iron, titanium, 

manganese oxides or other heavy metal particles such as vanadium, cobalt, nickel, 

copper and zinc can be distinguished from slightly attenuating elements and minerals 

present in soils (e.g. C, O, Na, Mg, Al, Si, P, S, K, Ca, silicon and aluminum oxides).  

 

Ongoing Work and Outlook 

We are currently working on optimization of scanning procedures and segmentation 

algorithms for multiphase systems. Initial results for natural soils and glass beads are 

very promising. Reconstructed grayscale image quality for 3-phase systems was 

excellent and comparable or even better than the quality of images emanating from 

monochromatic synchrotron x-ray micro tomography. Best image quality was 

achieved when with an aluminum/copper filter positioned between sample and x-ray 

detector. The maximum achievable resolution in standard scan mode was 1 m for a 

sample with 6-mm diameter. This is comparable to synchrotron Micro-CT. In dual-

image camera shift mode (camera offset) a sample of about 12-mm diameter may be 

scanned at 1 m resolution. Excellent contrast between aqueous and gaseous phases 

was achieved when a 1% sodium iodine solution or tab water were used (Fig.1). Many 

synchrotron-based studies use up to 12% potassium iodine solutions to achieve good 

contrast. At these high concentrations liquid properties are likely altered (i.e. surface 

tension and contact angle), hence it is questionable if high concentrated potassium 

iodine can be used as proxy for water, which is the liquid of interest in most studies. 

Advanced Bayesian image classification algorithms using Markov Random Fields 

(MRF) (Iassonov et al., 2009) can be directly applied to segment reconstructed 

multiphase images (Fig.1), eliminating the need for dual-energy or wet/dry scans and 

associated image alignment and “subtraction analysis” that are commonly applied in 

synchrotron Micro-CT. To speed up segmentation of large 3-D datasets (i.e. 4000 x 

4000 x 1000 voxels) we are implementing the MRF algorithm in CUDA™ to run on a 

NVIDIA® Tesla™ desk side GPU computing systems (e.g., D870 with 2 GPUs, 3Gb 

dedicated memory, 860 GFLOPS). With NVIDIA CUDA™ SDK (NVIDIA, 2007), the 

GPU parallel processing power can be utilized within a C language environment and 

interfaced with a user friendly MATLAB GUI via MEX functions. 
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Fig. 1. Reconstructed grayscale images of glass beads (a) and a natural aggregated 

soil (b) partially saturated with 1% sodium iodine. Associated segmented images are 

shown at the right. The glass beads and soil samples were scanned at 6 m and 3 m 

resolution respectively.  
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Summary 

Testing of a capacitance sensor for soil water content determination in a cultivated 
Spodosol had an accuracy within ±2% volumetric water content (VWC) for the top Ap 
and Bhs soil horizons and local calibration was not needed. However, for the Bs and C 
horizons below 50 cm depth, the accuracy of the instrument was improved from ±3% 
VWC to ±0.1% VWC when a local calibration was applied.   

Introduction 

The application of capacitance and TDR probes for field and laboratory estimation of 
soil water content has now been widely accepted (Skierucha et al 2008). Both 
capacitance and TDR probes measure the dielectric permittivity of the soil and estimate 
the volumetric water content, VWC, within ± 3% using an empirical calibration equation 
(Topp et al 1980).  

Ground water recharge fluxes based on soil moisture dynamics require a time series of 
water content measurements distributed throughout the unsaturated zone. Therefore, 
site specific calibration of capacitance and TDR probes is desirable to avoid 
accumulation of unnecessary large measurement errors over time. 

In this presentation, a site specific calibration of a capacitance probe will be presented 
for conditions when the default (Topp et al, 1980) equation gives an accuracy ≥3% VWC.  
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Materials and Methods 

A Capacitance probe (5TE Decagon sensor) was calibrated with soil samples from a 
Spodosol with yearly crop rotations. Each soil sample was air dried and passed through 
a 2mm sieve.   

Air dried and presieved soil samples were weighed to be later packed to 1,65 g/ cm3 in a 
2164 cm3 cylinder.  Before packing the soil, 100-150 cm3 of demineralized water was 
added to the sample and mixed thoroughly until a homogenous mixture was obtained. 
Then, the wet soil was packed into the cylinder until half full (6 cm core height) and the 
capacitance probe (5TE Decagon sensor) was placed horizontally across the soil surface.  
Then, another 6 cm of wet soil was packed on top of the capacitance probe until the 
cylinder was fully packed (12 cm core height) as depicted in figure 1.  Then, a 
measurement was made with the capacitance probe and a volumetric sample of 25,33 

cm3 was taken from the soil core. The volumetric sample was oven-dried at 105℃ for 24 

hours to determine the reference soil VWC. 

   

Figure 1. Placement of capacitance sensor and volumetric sampler for water 
content calibration in repacked soil cores. 

The soil core was emptied in a bucket where another 100-150 cm3 of water was added 
and mixed thoroughly to continue with the next calibration point.  This protocol was 
repeated 5 times for a 5 point calibration equation for each soil sample as recommended 
by the probe manufacturer (Decagon Devices, Inc). 

Results and discussion 

The instrument accuracy for determination of soil water content in figure 2 was 
satisfactory (≤ ± 2% VWC) for the top soil horizons, i.e., the Ap horizon from 0-0.28 m 
and the Bhs horizon from 0.28-0.5 m depth. However, for depths > 0.5 m 
corresponding to soil horizons Bs(0.5-0.93 m) and C (>0.93 m), applying the default 
(Topp 1980) equation consistently overestimated the soil water content by about 3% as 
shown in figure 2.  A different linear regression improved the water content estimation 
for depths> 0.5 m to an accuracy of ± 0.1% VWC (see figure 2). 
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Raw dielectric output counts (5TE Decagon sensor) 

Figure 2 . Water content calibration of a capacitance probe with volumetric 
samples of a disturbed packed Spodosol  

 

Conclusions   

 The capacitance probe (5TE sensor, Decagon Inc.) required a specific linear 
regression for depths below 50 cm depth 

 For the surface soil above 50 cm depth, the default Topp equation was accurate 
within ±2% VWC and site specific calibration was not required. 
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Summary 
The dispersibility of a soil is a very informative parameter when assessing the risk of 
erosion, and estimating the risk of colloid-facilitated transport from the root zone. 
Using laser diffraction for measuring colloid dispersion, as opposed to the more 
classical 24-hr shaking, provides us with a fast and easy method of producing highly 
reproducible results. The method provides us two indexes of dispersibility, measured 
colloids at a certain time and a release rate, which can be related to soil properties. 
 
Introduction 
A soils ability to disperse and thereby be susceptible to loss of fine particles is a 
valuable parameter when predicting erosion risk (Miller & Baharuddin, 1986). 
Dispersibility is related to colloid-facilitated transport of strongly sorbing 
compounds (de Jonge et al., 2004); making the dispersibility a valuable tool in 
assessing the leaching risk of e.g. P and PAH’s to the ground water or tile drains. A 
wide range of parameters control the dispersibility of a soil, including soil water 
content, clay content, carbon content, and Fe and Al content (Brubaker et al., 1992; 
Igwe et al., 2009; Pojasok & Kay, 1990; Seta & Karathanasis, 1996). A common 
method of measuring the content of water dispersible colloids is by shaking end-
over-end for 24hrs in de-ionized water (Seta & Karathanasis, 1996). Using laser 
diffraction provides us with an efficient tool for measuring short-term colloid 
dispersion and kinetics as a function of time, with high reproducibility and minimal 
of sample handling. The dispersibility measurements provide us with two indexes, 
colloids released at a given time and the rate of dispersion with time. 
The current study focuses on laser diffraction as a method of measuring colloid 
dispersion. We relate the dispersibility measurements to soil properties. 
 
Methods and Materials 
The samples were collected at the Bad Lauchstädt long-term static fertilizer 
experiment which is located in Germany at longitude 118530E and latitude 518240N. 
The soil is classified as a Haplic Phaeozem (WRB) and is a silt loam (USDA). The 
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field experiment was established in 1902 and animal manure (AM) has been applied 
in 3 rates of 0, 20 and 30 t ha-1 every 2 years. Within each AM treatment mineral 
fertilizer has been applied in different combinations, including: none and NPK. In 
the spring 2008 we sampled the six combinations of manure (M) and mineral 
fertilizer in a winter wheat crop (M0-, M0+, M2-, M2+, M3-, and M3+). No field 
replications were available. Bulk soil was collected from the 8 – 15 cm layer of each of 
the six plots and air dried in a ventilated room, crumbling the soil by hand by gently 
inducing brittle fracture along natural planes of weakness when at maximum 
friability. When air dry the soil was fractionated further using the roller method 
(Hartge, 1971) and divided into four aggregate size fractions; 16 – 8 mm, 8 – 4 mm, 4 
– 2 mm, and 2 – 1 mm, through a nest of sieves.  
 
Colloid dispersion 
Colloid dispersion, measured as the < 2 µm fraction in volume per cent, was obtained 
from particle size distribution curves measured on a Malvern Mastersizer 2000 
(Malvern Instruments Ltd.) in combination with the Malvern Hydro MU wet 
dispersion unit. The dispersion unit was set at 1800 rpm to keep all particles 
suspended during measurement, which also provided the energy input for 
dispersion. The Malvern Mastersizer 2000 uses a λ = 660 nm laser beam in 
conjunction with a λ = 430 nm light source, enabling a measuring range from 0.02 
µm to 2000 µm. Soil aggregates, 1 – 2 mm, re-saturated and equilibrated at a matric 
potential of – 100 cm H2O on tension tables, was used for experimentation. o.25 g 
soil aggregates was added to the dispersion unit containing 800 mL of artificial 
rainwater (0.012 mM CaCl2, 0.15 mM MgCl2 and 0.121 mM NaCl; pH 7.82; EC 2.24 x 
10-3 S m-1), and then continuously measured for 15 min, giving one complete texture 
analysis every minute. Six replicates of each sample were made. 
 
Results and discussion 
The dispersion data was evaluated using the Mie theory, noting that Mie theory is 
less accurate for non-spherical and non-homogenous particles. The other commonly 
used alternative for evaluating diffraction patterns, the Frauenhofer model, is less 

Table 1. Selected properties of the used soil. Clay content (not shown) does not vary 
significant between the plots and is ~ 0.25 kg kg-1. 

 Org. C CEC Fe Al SA (EGME) 
 [kg kg-1] [meq 100g-1] [kg kg-1] [kg kg-1] [m2 g-1] 

M3+ 0.0237 213.9 1442.1±14 985.3±11 47.2±0.8 
M3- 0.0222 226.2 1454.1±11 1082.5±1 43.7±0.3 
M2+ 0.0218 212.5 1510.2±16 1065.3±11 48.6±1.4 
M2- 0.0201 215.4 1303.2±8 979.9±11 47.5±1.0 
M0+ 0.0182 196.1 1532.3±58 1163.1±83 49.8±0.4 
M0- 0.0153 190.3 1509.2±6 1102.7±12 54.3±1.0 
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accurate for particles < 10λ (Deboer et al., 1987), which makes it unsuitable for the 
present study. When calculating particle size distribution using Mie theory the result 
is highly dependent on the refractive index (RI) used, which depends on the 
mineralogical composition of the soil. Soil minerals commonly have RI’s ranging 
between 1.48 and 1.71. In the evaluation of the present data a slightly low RI of 1.5 
was used to counteract the inherent underestimation of non-spherical particles by 
laser diffraction (Eshel et al., 2004).  

Selected properties of the differently managed Bad Lauchstädt plot is shown in table 
1.  Using Laser Diffraction to measure clay dispersion gives closely spaced data points  
describing the dispersion kinetics of a short-term dispersion experiment (Figure 1A) 

 

  
Fig. 1. Average released colloids (< 2 µm) as a function of time for moist soil (A). 
Measured colloids at 3 min (•) and release rate using a log time scale (x) (B). *** 
denotes P<0.001. 

  
Fig 2.  Regression coefficients for t < 8 min as functions of Al (A), Fe (B), and CEC 
(C). All parameters being indirect drivers of dispersion. 
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as a function of time and treatment/soil parameters, as opposed to the more classical 
24h end-over-end shaking (Seta & Karathanasis, 1996). This enables us to desribe 
structural stability as clay dispersion to a given time (e.g. 3 min) and as a dispersion 
rate (the slope of the regression between clay dispersion and time in a log scale), 
Figure 1B. For times < 8 min clay dispersion is correlated to log(time) with r2 = 0.99. 
The data shows a clear distinction between the different treatments and both the 
dispersion at 3 min and the slope is significantly different across the gradient. 
However, data suggest that the initial wetting/dispersion of the aggregates is very 
important, and gives rise to the main part of the difference. This very short-term 
process can unfortunately not be further investigated with the current experimental 
setup. Organic carbon, as shown in figure 1B, is not the sole driver for structural 
stability and additional controlling drivers is plotted in figure 2, but these do not 
explain the data as well, used as single parameters. 
 
Conclusion 
Applying laser diffraction to measure colloid dispersibility we have a fast, easy and 
highly reproducible method, using relatively low energy input. A further advantage of 
using this method is that it requires no sedimentation time and a minimal soil 
handling prior to measuring. The method offers two dispersion indexes to be 
evaluated as a function of basic soil parameters. 
For the Bad Lauchstädt gradient organic carbon seems to be the main single driver of 
dispersion, with Al and Fe not present in adequate amounts to impact dispersion.  
In addition to the data from Bad Lauchstädt samples from LTRAS (Long-Term 
Research on Agricultural Systems) at UC DAVIS will be analyzed as described.  
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Summary 
The range of microbial motility is drastically reduced with minute changes in surface 
hydration and reflects a more severe constraint than concurrent changes in nutrient 
diffusion fluxes or connectivity of liquid filled elements. We established a hybrid 
model capable of spatially and temporally resolving of nutrient fields and explicitly 
tracking motions and life history of individual microbes growing on partially 
hydrated surfaces. We study the magnitude of hydration induced diffusion and 
motility constraints on bacterial community evolution on partially hydrated soil 
surfaces. At the onset of desaturation (relatively high values of matric potential), 
nutrient diffusion range is often smaller than connected liquid cluster sizes or 
motility range and thus giving rise to  conditions for species coexistence. In contrast, 
coexistence is jeopardized and lost under wet conditions, where  hydration enabled 
diffusion range may exceed both motility and connectivity ranges, thereby conferring 
biological advantage to  competitive species and resulting in competitive exclusion.  
 
Introduction 
Species competition is recognized as a key factor shaping microbial community 
structure, and may subsequently influence species coexistence and community 
diversity (Chesson, 2000; Hibbing et al., 2010). Within spatial linear resource 
limitation environments, species coexistence may arise only at fluctuations that 
create spatial and temporal niche opportunities (Chesson and Huntly, 1997), whereas 
those with greater fitness characteristics within a single niche outcompete others. 
Dechesne et al. (2008) demonstrated the importance of nutrient diffusive properties 
to the fate of microbial consortia evolution within partially saturated porous media. 
Microbial motility has long been argued as another major factor for survival and for 
small scale biodiversity maintenance of ecosystem (Reichenbach et al., 2007); 
however, only recently crucial mechanisms regulating microbial motility on partially 
hydrated rough surfaces have been explored by Wang and Or (2010). They 
demonstrated how surface roughness and water configuration conspire to impose 
capillary and viscous constraints affecting microbial motility, and defined a 
surprisingly narrow range of hydration conditions where motility confers ecological 
advantage on natural surfaces. Yet the qualitative and quantitative understanding of 
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how these essential environmental variables assemble and shape species competition, 
and consequently influence microbial diversity remain sketchy.  
 
Methods 
We developed a  hybrid model coupling Individual-Based Modeling (IBM) (Kreft et 
al., 1998) approach with Reaction-Diffusion Method (RDM) (Golding et al., 1998) for 
spatially and temporally resolved quantification  of microbial life. The model enables 
systematic quantification of combined spheres of influence of physiochemical and 
diffusional heterogeneity at microscale, and variations in surface hydration on 
microbial motility, growth, and species coexistence on rough surfaces. On partially 
hydrated rough surfaces, microbial motion becomes restricted due to physical 
constrains caused by thin water films and disconnected water-filled pore clusters. 
The primary impacts of such constraints have been succinctly lumped into functions 
of cell size and effective water film thickness, and are used for adjusting individual 
cell motility (Wang and Or, 2010), 

0( )M C

M

F F FV V
F

λ− −
= ,              (V = 0, for Fλ+FC >= FM)                                                       (1) 

where V and V0 (μm/s) are cell velocities in thin water film and bulk water, 
respectively, FM, Fλ, and FC are the maximum propulsion force, the viscous force 
opposing motion associated with cell-wall hydrodynamic interactions, and the 
capillary pinning force, respectively. 
 

  
Fig. 1. (A) A conceptualized rough surface, consisting abstracted roughness 
element as a channel of triangular section with depth H and spanning angle α, R is 
cell radius and r(μ) is radius of meniscus curvature determined by ambient matric 
potential, μ; and (B) cell motility in roughness channels [from Wang and Or, 2010] 

 
We study the magnitude of hydration induced diffusion and motility constraints on 
microbial coexistence between two competing species on rough surfaces, similar to 
resource and dispersion limitations in other ecological fields (Hibbing et al., 2010). 
 
Results and discussion 
The dynamics of surface hydration modifies  water content retained within rough 
elements (bonds) of the surface roughness network, resulting in variations in 

A B 
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hydraulically connected water clusters available for diffusion and motility (see Fig. 
1A, a sketch of rough surface), which consequently modify apparent nutrient 
diffusive flux (expressed as effective diffusion coefficient) and microbial motility (Fig. 
1B). Under wet conditions (high matric potential values), the more competitive 
species (sp1) grows and expands rapidly and gradually dominates the landscape (Figs. 
2A and 2C). In contrast, substantial coexistence of two competing species are 
obtained under drier conditions, although both microbial strains experience 
significant suppression of growth rates and population sizes (Figs. 2B and 2D), 
consistent with reported experimental observations (Dechesne et al., 2010).  
 

  

  
Fig. 2. Simulated microbial colony growth patterns at 70 hr after inoculation under -
0.5 (A) and -2 kPa (B); and microbial population growth curves under -0.5 (C)  and -
2 kPa (D). Grey and black spots represent a more competitive microbial strain (sp1) 
and a relatively less competitive strain (sp2), respectively, shaded areas mark one 
standard deviation with three replicated simulations 
 
Wet conditions sustain a hydraulically connected liquid field that supports both 
ample nutrient diffusion and significant microbial motility. These conditions are 
advantageous for more competitive microbes resulting in competition exclusion of 
other species (Hibbing et al., 2010). Drier conditions limit nutrient storage and 
diffusion and both microbial species experienced nutrient-limited growth at similar 
growth rates. Concurrently, reduced water amount also restrict cell motility and 
colony expansion must rely on slower expansion processes such as cell shoving 
(Dechesne et al., 2010; Wang and Or, 2010). These are in agreement with analytical 
predictions by using a new developed coexistence index (CI) defined as the ratio of 
motility range to diffusion range and hydraulically connected cluster size capable of 
quantification of microbial species coexistence with surface hydration conditions. 

A B 

C D 
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For mildly dry conditions (relatively high values of matric potential) diffusion range 
is smaller than motility and connected cluster sizes (CI>1) resulting in conditions for 
species coexistence. In contrast, coexistence is jeopardized and lost below critical 
threshold (CI<1), where  hydration enabled diffusion range may exceed both motility 
and connectivity ranges, thereby conferring biological advantage to competitive 
species and resulting in competitive exclusion.  
 
Conclusions 
We established a hybrid individual-based model to study the combined roles of 
hydration induced diffusion- and motility- constraints on microbial community 
evolution on partially hydrated rough surfaces. For mildly dry conditions, nutrient 
diffusion range is smaller than connected cluster and motility sizes (coexistence 
index, CI>1) resulting in conditions for species coexistence. In contrast, coexistence 
is jeopardized and lost under wet conditions, in which hydration enabled diffusion 
range exceeding motility and connectivity ranges (CI<1), confers biological 
advantages to more competitive species, resulting in competitive exclusion.  
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Summary 
Three agrosystems, with different clay contents, were studied in order to test the 
hypothesis that characterization of microaggegates in terms of size, composition and 
stability, would be useful to link biological activity of rhizosphere to physical soil 
parameters such as soil stability. For this, we used an approach combining soil 
fractionation and examination of microsites by transmission electronic microscopy. 
Results show that 0-20 !m aggregates including root and microbial residues are 
highly involved in the soil structural stability, which according to land use can affect 
soil functioning. Thus, microaggregates can be considered as key elementary units to 
follow cropping practices. 
 
Introduction 
Soil structure is controlled by the combined physical, chemical and biological 
interactions occurring between soil constituents (Gobat et al., 1998). It is one of the 
main determinants of the turn over of organic matter in soils (Kahle et al., 2003) and 
thus can be considered as a key for understanding soil bio-functioning. Roots are 
known to significantly contribute to soil organic matter and also to act as binding 
agents in soil aggregates (Six et al., 2004). It is why we are interested in studying the 
impact of roots, and more largely the impact of the biological activity in the 
rhizosphere on the genesis and evolution of organo-mineral associations in soils.  
Silt-sized organo-mineral fractions are usually considered as the most reactive 
because of their high contents of organic carbon, the resistance of organic matter 
against biodegradation and their large adsorbing capacity (Balabane and Plante, 
2004; Hassink, 1997; Six et al., 2004). Ranjart et al. (2001) also showed in their 
literature review that microaggregates are the most favourable habitat for bacteria in 
most soil types. So, we chose to specify the aggregation dynamic at ultrastructural 
scale by the in situ visualization of soil microsites. For this we used an approach 
combining soil fractionation and morphological characterization by transmission 
electronic microscopy (TEM). This allows the in situ assessment of the origin, nature 
and biodegradation state of the organic matter associated to the mineral particles 
within microaggregates (Watteau et al., 2006). In this study, we present some results 
obtained on different cultivated topsoils, for which the working hypothesis was that 
characterization of microaggegates in terms of size, composition and stability, would 
be useful to link biological activity of rhizosphere to physical soil parameters such as 
soil stability.  
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Materials and methods 
Soils 
Three agrosystems are chosen because of the gradient of clay content they present 
(Table 1): (1) a temperate coarse-textured maize-cropped soil of the LCSA 
experimental site near Grenoble (Watteau et al., 2006) (2) a temperate maize-
cropped silt loam soil from the experimental farm of La Bouzule (Schwartz et al., 
2006) and (3) a vertisol of south-eastern Martinique presenting a high sensitivity for 
erosion and used for intensive vegetable cropping (Blanchart et al., 2000).  
 
Table 1. Physical and chemical analysis of the topsoils 

Topsoils LCSA site Bouzule site Martinique site 
Clay (<2 !m) (g/100g) 20 34 70 
pH 6.3 7.6 6-6.5 
Organic C (g/100g) 1.2 1.7 1.4 to 4 

 
Granulo-densimetric fractionation 
Granulo-densimetric fractions of soil were obtained from the <2-mm soil particles 
obtained by dry sieving of fresh soil (Watteau et al., 2006). Two procedures of 
granulo-densimetric fractionation involving various dispersion agents were used: a) 
fractionation with water, and b) fractionation using Na+-resin, considered as an 
efficient treatment for soil disaggregation and clay dispersion (Churchmann et al., 
1997). These two treatments enable us to preserve organo-mineral associations, those 
obtained by Na+-resin presenting larger binding strengths and being considered as 
more stable than those obtained with WF. 
 
Ultrastructural characterization by TEM 
!"##"$%&'%(#)*+,-%+$%*&-,)., ."*%,'))&-,-/$0#%1,1"'%2&#3,)*,&4%,$/"5%,0#/*&-,and small 
subsamples of the 2-20 !m and 0-2 !m fractions resulting from both water or Na+-
resin fractionation were fixed in osmium tetroxide by a method that preserves the 
pre-existing organo-mineral associations (Villemin and Toutain, 1987). Osmium-
fixed samples were dehydrated in graded acetones, and embedded in epoxy resin 
(Epon 812) until complete polymerization (16 h at 60°). Ultra-thin sections (thickness 
of 80-100 nm) were cut with a diamond knife on a Leica Ultracut S ultramicrotome 
and examined in a JEOL EXII transmission electron microscope operating at 80 kV. 
 
Results and discussion 
Impact of root on the genesis of microaggregates (LCSA site)  
Results showed that water-stable microaggregates of the (2-20 !m) fraction are more 
numerous, more stable and contain more organic carbon in the soil adhering to roots 
(SAR) than in the “non-rhizospheric soil” (Watteau et al., 2006). The ultrastructural 
study of the root/soil interface showed the root degradation by soil microorganisms 
and the incorporation of root organic matter in 2-20 !m microaggregates (Watteau et 
al., 2006). Roots clearly generate stable microaggregates. But if cell wall residues and 
bacteria were frequently observed in (2-20 !m) microaggregates of SAR, the organic 
matter involved in the aggregates of the non-rhizospheric soil corresponded to more 
recalcitrant nature (polyphenolic susbtances) and to bacterial residues. Thus these 
results underlined the in situ genesis and evolution of organo-mineral associations 
due to the biological activity in the rhizosphere and specify the soil carbon dynamics. 
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Involvement of plant and microbial organic matter in the stable (0-20 
!m) aggregates (Bouzule site) 
In this soil also, 2-20 !m organo-mineral fraction is predominant and a large 
proportion of 0-20 !m fraction is associated with coarser ones (Table 2). 
 
Table 2. Particle size distribution (PSD) and weight distributions of water-stable 
(WF) or Na+resin-stable (RF) organo-mineral fractions (g/100g).  

Fractions 200-2000!m 50-200!m 20-50!m 2-20!m 0-2!m 
PSD       9.1 5.4 14.4 36.9 34.2 
WF 12.7 ± 1.1 9.4 ± 1.1 16.6 ± 0.4 49.2 ± 0.9 12.1 ± 0.5 
RF 11.8 ± 1 5.4 ± 1.1 11.2 ± 0.4 44.5 ± 1 27 ± 0.5 

 
More, 60% of soil carbon is contained in the 0-20 !m fraction. TEM examination 
showed that this fraction contained minerals (clays, iron oxides, quartz…), free 
particulate organic matter and also microaggregates. Among them, we distinguished 
different types: those involving organic matter from plant and microbial origin (type 
1), those for which no particulate organic matter can be easily visualized (type 2) and 
bacterial aggregates (type 3) (Figure 1). 
 

     
Fig. 1. Typology of 2-20 !m microaggregates: type 1 (5.4), type 2 (5.6), type 3 (5.7). 
b:bacteria; c:clay; ex: bacterial exopolymer; pr: parietal residue; m: mineral.  
 
Biological aggregates (types 1 and 3) accounted for half of microaggregates in this 
fraction in terms of observation frequency. But the proportion of these biological 
aggregates is two times more important in the 0-2!m fraction obtained by resin 
fractionation compared to water fractionation, respectively 15.6 and 7.3%. This agrees 
with the C amounts of these fractions, respectively of 2.6 and 2%.  
These results underline that organic matter from plant and microbial origin are 
involved in the most stable organo-mineral associations in fine fractions. Usually, 
organic matter contained in fine fractions is defined as humified or colloidal. But a 
pool of these organic matter still corresponds to “young” and particulate organic 
matter, contributing to soil stability. 
 
Biological microaggregates responsible of soil stability (Martinique) 
In the agricultural vertisol, the 3 types of water-stable 2-20!m aggregates, were also 
observed and their frequency evaluated. Their relative distributions varied as a 
function of land use (e.g. market gardening/fallow) and were linked to the measured 
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erosion of these soils (Blanchart et al. 2000). Indeed, the proportion of bacterial 
aggregates and aggregates with plant fragments was shown to be positively linked to 
C content and percentage of >500mm water-stable macroaggregates in the fallow 
situation, contrary to microaggregates containing highly degraded organic matter 
which were predominant in the intensive culture situation. 
 
Conclusions 
Examination of soil structure at microscale allows us to specify the nature and the 
degradation state of organic matter involved in the stable microaggregates. Biological 
activity bound to the degradation of roots, linked to the soil clay content, really 
impacts on the formation of stable organo-mineral associations. Microaggregates can 
be considered as key elementary units to follow cropping practices. More generally, 
such information (size, typology and stability) on microaggregates should help to 
improve the knowledge concerning soil aggregation and soil carbon dynamics, and 
also models related. 
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Summary 
Gas exchange through the compacted final cover soil at landfill sites plays a vital role 
for emission of greenhouse gases, and the fate and transport of toxic landfill gases. 

This study investigated the effects of soil type, compaction (dry bulk density, ρb) and 
particle size fraction on   soil-gas diffusivity (Dp/Do, ratio of gas diffusion coefficients 
in soil and free air) and air permeability (ka) for differently compacted final cover soil 
samples from two landfills in Japan and Sri Lanka. Results showed higher Dp and ka 
values for the coarser fraction (< 35 mm) as compared with the finer fraction (< 2 
mm) at similar air-filled porosity. Moreover, a large effect of compaction was seen for 
both Dp and ka for the coarser particle size fraction, and only a smaller effect for the 
finer particle size fraction. Based on the normalized relationships between measured 
Dp, ka and air-filled porosity, predictive power-law models for Dp and ka models (with 
power-law exponents M for the Dp model and P for the ka model) were developed. 

The model parameters, M and P, were correlated linearly to ρb values. 
 
Introduction 
Greenhouse and toxic gases are mainly produced under oxygen-limited (anaerobic) 
conditions and can subsequently emit to the atmosphere through the landfill final 
cover soil. Therefore, the landfill final cover should be designed to promote gas 
(oxygen) exchange between the atmosphere and waste layer to maintain aerobic 
conditions in the solid waste layer (Moon et al, 2008), while also assuring an 
adequate hydraulic performance. Bulk density, particle size fraction, and pore 

structure parameters including air-filled and total porosities (ε, φ) and pore 
connectivity-tortuosity are strongly affecting the soil-gas transport parameters.  
Hamamoto et al. (2010) investigated D /D  p o and ka in differently compacted sandy 
landfill final cover soils, observing a linear increase in D /D  p o and non-linear increase 

in ka with increasing ε in highly compacted soil.  Chamindu et al. (2010) suggested 
that soil compaction more than soil type was the major control of D /D  and to some 
extend also of k .  Hamamoto et al. (2009) investigated the effect of particle size 

p o

a
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distribution on gas transport parameters in sandy soils, and reported enhanced 
D /D  and k values for coarser sands (higher average particle diameter, D ) 
suggesting that larger pore networks became available for gas transport with 
increasing D .  In this study, the objectives were: (i) to measure the D /D  and k  as 

function of ε for differently compacted landfill cover soils; (ii) to modify recent 

models for D /D  and k by considering the model parameters as a function of ρ .

p o a 50

50 p o a

p o a  b

 
Materials and methods 
The two considered waste landfill sites are located at Saitama prefecture in Japan and 
Maharagama in Sri Lanka.  
 
Table 1. Composition and physical properties of final cover soils 
Landfill site Particle size fraction (%) Particle 

density 
EC 

 Gravel Sand Silt Clay 
 

( > 4.75 
mm) 

(4.75-
0.075 
mm) 

(0.075-
0.005 
mm) 

(<0.005 
mm) 

Soil 
texture 

ρs (g 
cm-3) 

pH 

(mS m-

1) 

Saitama 
(Japan) 

36 42 13 9 Silty 
sand 

2.66 5.4 32 

Maharagama 
(Sri Lanka) 

10 40 35 15 Silty 
sand 

2.77 5.6 27 

 
Compaction, sample preparation and measurements 
Compaction tests were performed for soil samples at different water content using 
modified (MP-ASTM D 1557-07) and standard (SP-ASTM D 698-07) Proctor 

methods. Additionally, hand-compacted (HAC) samples with ρb = 1.40, 1.55, 1.60 and 
1.70 g cm-3 were prepared at different moisture contents. Sample preparations for the 
Saitama landfill and the Maharagama samples were followed by Hamamoto et al, 
(2010) and Wickramarachchi et al, (2010), respectively. 
 
Models applied 
Simple power-law models for both D /D  p o and ka were applied:  
                         (1) 
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where, Dφ is gas diffusion coefficient at ε = φ, φ is total porosity, kapF4.1 is ka at pF 4.1, 

εpF4.1 is soil-air content at pF 4.1, and M and P are model parameters. 
 
Results and discussion  
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Fig. 1(a) and 1(b) show the measured gas transport parameters as a function of air-
filled porosity. The variation was larger for ka than for Dp/Do as a function of soil-air 
content, suggesting more profound effects of soil compaction and particle size 
fraction on ka as compared to Dp/Do. Fig. 2(a) and 2(b) show the normalized gas 
diffusivity as a function of normalized soil-air content for the coarser and finer 
fractions, respectively. For the coarser fraction, higher compaction gave higher 

Dp/Dφ with increasing ε/φ suggesting that highly compacted coarse soils create less 
tortuous gas pathways as soon as the pore water drains. However, the compaction 
effects for the finer fractions were not so clear and the values of M were within a very 
narrow range. The same tendencies were seen for air permeability (Fig 2(c) and 2(d)), 
but with higher variation in data.  
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Fig.1. (a) Gas diffusivity, (b) Air permeability as function of soil-air 
content. 
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Fig.2. Normalized gas diffusivity at total porosity, (a) for coarser and (b) 
finer fractions and normalized air permeability at pF4.1, (c) for coarser 
(d) for finer fractions, respectively 
 
Table 2 shows the developed relationship of model parameters with dry bulk density 
based on Japanese landfill soil for both fractions. Sri Lankan data are also included in 
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fig2 (b) and 2(d) and fitted M & P values are shown in brackets at the end of the each 
relationships in Table 2. The fitted M values were 1.71 and 1.64 for dry bulk densities 
of 1.60 and 1.88 g cm-3. The correspondent P values were 1.25 and 1.60. Further, the 
calculated M and P values (based on M & P relationships) for SL soils were 1.65, 1.65, 
1.26 and 1.45 respectively for finer fraction. 
 

Table 2. The relationships of M and P with dry bulk density (ρb)  

Model Parameter Coarser fraction Finer fraction 
M M = -2.01ρb +4.80  M = 0.0072ρb +1.64 (1.71, 1.64) 
P P = 5.95ρb – 8.35 P = 0.70ρb + 0.14 (1.25, 1.60) 

 

Conclusions 
Higher Dp and ka values were obtained for the coarser fraction as compared to finer 
fraction at similar air-filled porosity. Effect of compaction was large and significant 
for coarser than finer fraction. The soil type exhibited fewer effects on Dp and ka. The 
calculated values of M and P from the equations were well matched with the fitted 
values for Sri Lankan soils     
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growth inhibition of bacteria and protozoa 
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Summary 
Maximum chemical activity of polycyclic aromatic hydrocarbons (PAH) has been found to 
be a good determinant of inhibition of invertebrates and cell lines. We tested the 
hypothesis that maximum chemical activity of PAH, rather than their hydrophobicity (Log 
KOW), determines growth inhibition of soil bacteria and protozoa. This was tested by 
passive dosing of soil bacteria and protozoa with PAH. A silicone based system was used to 
ensure maximum and constant chemical activity during the experiment. Growth inhibition 
of pure cultures of bacteria and protozoa growing on nutrient media and inactivated 
bacteria, respectively, were tested. 
The results showed that growth inhibition of soil bacteria and protozoa correlated 
significantly to maximum chemical activity of PAH. Furthermore, difference in growth 
inhibition among tested organisms was observed: soil protozoa were more sensitive to 
PAH than soil bacteria that also showed varying inhibition. This observation may have 
effects on food web interactions in PAH contaminated soil. 
 
Introduction 
The effect of polycyclic aromatic hydrocarbons (PAH) on soil organisms is affected by a 
whole range of factors, an important one of them being the availability. Reichenberg and 
Mayer (2006) suggested using the chemical activity of hydrophobic compounds as a 
measure of bioavailability. Recently, the maximum chemical activity of individual PAH has 
been found to correlate with inhibition and toxicity of springtails (Mayer and Holmstrup 
2008), daphnia (Smith et al. 2010a) and a range of cell lines (Smith et al. 2010b).  
 
In the complex ecosystem in soil toxic effects of PAH, microbial mineralization of PAH, 
and possible differential effects of PAH on different organisms may importantly affect the 
soil food web. Hence, knowledge of effects of PAH on individual soil organisms is 
important knowledge for risk assessment of soil contaminated with PAH.  
 
The objective of this study was to test the hypothesis that maximum chemical activity of 
polycyclic aromatic hydrocarbons (PAH) determines growth inhibition of two important 
groups of soil organisms: bacteria and protozoa. This was tested by challenging two 
bacteria and two protozoa individually during growth with a range of PAH at maximum 
chemical activity administered by passive dosing using the silicone poly(dimethylsiloxane) 
(PDMS).  
 
Materials and Methods  
Organisms 
Two bacteria were tested: Pseudomonas fluorescens DR54 which is a potential microbial 
pest control agent producing surfactants and isolated from barley rhizosphere, and 
Sinorhizobium meliloti DSM30135 which is a root nodulating bacterium that can fix 
nitrogen. Both bacteria were grown in Lukas minimal salt medium with 8 mM glucose, and 
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for S. meliloti also FeSO4 was added to the growth medium. The growth was measured as 
increase in absorbance at OD420nm. 
Two protozoa were tested: Cercomonas longicauda which is a bacterial feeding flagellate, 
and Acanthamoeba castellanii ATCC50373 which is a bacterial feeding amoeba, both 
isolated from soil. Both protozoa were grown on the bacterium Enterobacter aerogenes 
which in advance was killed by heat-inactivation. Protozoan growth was observed as 
increase in number during repeated direct counting in microscope. 
 
Polycyclic Aromatic Hydrocarbons (PAH) 
 
Table 1. Maximum Chemical activity and logKow of the tested PAH 

PAH Chemical activity logKow 
Acenaphtylene 0.288 3.47 
Naphthalene 0.286 3.33 
Acenaphtene 0.208 4.20 
Phenanthrene 0.186 4.57 
Fluoranthene 0.144 5.23 
Fluorene 0.129 4.32 
1-Methylphenanthrene 0.109 4.91 
Pyrene 0.057 5.13 
Anthracene 0.013 4.68 

 
Degradation capacity of bacteria 
The ability of P. fluorescens DR54 to metabolize and grow on substrate with PAH as the 
only carbon sources was tested in a microtiterplate assay using the respiration indicator 
WST-1 as described by Johnsen et al. (2002). All the PAH compounds were tested except 1-
ME-phenanthrene. Mycobacterium sp. LB501, known to degrade anthracene, was used as 
positive control.  
 
Growth inhibition in presence of PAH 
Growth of bacteria was tested in 120 ml serum bottles with 25 ml Lucas medium with 8 
mM glucose and at maximum chemical activity of 9 individual PAH which was 
administered by silicone tubes of 1.3 cm and 0.40 g, loaded with PAH and with 3 glass 
beads inside to ensure settlement at the bottom. The serum bottles were closed with teflon 
sealing, incubated at 25°C at 250 rpm in darkness. The bacterial growth was measured by 
increase in absorbance at OD420nm in 1 ml subsamples. 
 
Growth of protozoa was tested in 96-well microtiter plates in presence of 4 individual 
PAHs at maximum chemical activity, administered by a small silicone tube (20-25 mg) in 
each well and the heat-killed food bacteria E. aerogenes. The silicone tubes were placed 
upright so the protozoa were counted in the void of the tubes and the plates were incubated 
at 15°C in the dark. The number of protozoa was counted for up to 12 days using a 
microscope. Pilot testing showed that the silicone tubing in itself did not affect protozoan 
growth. 
 
Silicone tubes for both experiments were loaded with the PAH to maximum chemical 
activity in a saturated methanol solution as described by Smith et al. (2010).  This 
administration of PAH ensured maximum chemical activity in the growth medium 
throughout the experiment. 
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Results 
Pseudomonas fluorescence DR54 was not able to grow solely on any of the tested PAH 
compounds (data not shown). The bacterium grew well on the artificial medium with 
glucose and within 10 hours the maximum absorbance was reached. The growth was not 
significantly inhibited by the 9 individual PAHs but rather stimulated (Fig 1a). As expected 
Sinorhizobium meliloti DSM30135 grew much slower on the artificial media with glucose 
and after 10 days the maximum absorbance was still not reached (Fig 1b). Acenaphtene 
and naphthalene significantly inhibited growth while the remaining PAHs had no effects. 
Hence, the PAHs with higher maximum chemical activity had very different effects on the 
growth of these two bacteria while the PAHs with lower chemical activity had no effect. 

 

Figure 1. Growth curves of the bacteria Pseudomonas fluorescens and Sinorhizobium 
meliloti, the flagellate Cercomonas longicauda and the amoeba Acanthamoeba castellanii 
in the presence of PAH with different maximum chemical activity. 
 
Both protozoa, the flagellate Cercomonas longicauda and the amoeba Acanthamoeba 
castellanii, grew well on the inactivated food bacteria Enterobacter aerogenes with 
Acanthamoeba growing slower than Cercomonas (Fig 1 c-d). Both protozoa were inhibited 
by the PAHs in the following increasing order: pyrene, fluoranthene, fluorene, and 
phenanthrene. These two protozoa reacted rather similar to the 4 tested PAHs. 
 
The inhibition of growth rates of both bacteria and protozoa correlated with the maximum 
chemical activity and showed poor correlation with solubility and log Kow. 
 
Discussion 
Generally, P. fluorescens is known as an r-strategist able to metabolize a range of 
hydrocarbons and able to grow at many different conditions. In contrast, S. meliloti needs 
specific growth conditions and is well adapted to growth in symbiosis with plant roots 
during formation of root nodules and fixing nitrogen. The lack of inhibition of even the 
PAH with high chemical activity of P. fluorescens DR54 compared to S. meliloti DSM30135 
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may be due to higher metabolic versatility by the pseudomonad. No degradation of the 
PAH was detected by the P. fluorescens despite higher maximum absorbance indicated 
this. 
 
In contrast, the single celled larger protozoa showed growth inhibition of the four tested 
PAH that did not inhibit growth of the bacteria. The growth inhibition of the PAH 
correlated positively to the maximum chemical activity. The springtails tested by Mayer 
and Holmstrup (2008) were even more sensitive. This could indicate a trend of higher 
organisms being more sensitive.  
 
The higher growth inhibition by PAH of the flagellate and amoeba, being bacterial 
predators, compared to the bacteria, being protozoan food, might have consequences for 
food web interactions in the soil ecosystem.  
 
Conclusion 
Growth inhibition of soil bacteria and protozoa correlated significantly to maximum 
chemical activity of PAH. 
 
Difference in growth inhibition among tested organisms (two soil bacteria and two soil 
protozoa) showed that protozoa are more sensitive to PAH than bacteria. This observation 
may have effects on food web interactions in PAH contaminated soil. 
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Summary 

Soil is an extremely heterogeneous environment containing a mosaic of microhabitats, 

even at the very fine scale. Whether organisms inhabiting distinct microhabitats in soil 

can interact depends on how well these habitats are connected. In this study, we sought 

to examine how the connectivity between microhabitats can affect bacterial interactions. 

We conducted a series of microcosm experiments introducing competing bacterial 

strains into artificial soils in which the connectivity was varied by the geometry of the 

pores and the matric potential. Results show that the competing strains could not co-

exist in an unstructured environment, yet could co-exist in a spatially structured 

environment, suggesting that isolation at the small-scale can affect the establishment 

and maintenance of soil-borne bacterial communities.  

 

Introduction 

Soil habitats are extremely heterogeneous and are inhabited by a tremendous number 

and diversity of microorganisms. Although recent studies have provided insight into 

some primary drivers of soil-borne microbial community structure, little is known about 

how the physical structure of soil influences the establishment and maintenance of 

microbial diversity. The geometry of soil pores, as well as the water content of a soil, has 

a large impact on the delivery of water, gases, nutrients, and other chemicals, thereby 

influencing the connectivity between microhabitats. The connectivity relates to the 

probability that organisms inhabiting distinct microhabitats can interact. However, it 

remains unclear how bacterial interactions are affected by the structure of soil. The 

degree of biotic interaction between microhabitats may have a direct impact on the 

structure of microbial communities. 

 

Materials & Methods 

In this study, we tested the hypothesis that micro-scale spatial isolation of bacterial 

species within a soil matrix allows for the co-existence of otherwise competing species. 
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We did this by conducting a series of microcosm experiments using artificial soils of 

different structures and matric potentials. The artificial soils were characterized by 

determining the water release curves, which defines the relationship between the soil’s 

matric potential and the water content of the soil, as well as by micro-CT scans, which 

visualize the 3D microstructure of the soil and provide information on pore size 

distribution, pore geometry, and connectivity. 

As a model interaction, we inoculated antagonistic strains into the disparately structured 

microcosms, as well as an unstructured environment. The killer strain produces a toxin 

that kills the sensitive strain. However, the price of toxin-production is a slower growth 

rate in relation to the sensitive strain, which gives the sensitive strain an advantage in 

colonizing new microhabitats. The competing strains were followed in time, and 

population densities tracked by specific plate counting and qPCR.  

 

Results & Discussion 

The killer and the sensitive strains were found to be unable to co-exist in the 

unstructured environment. However, results of the experiments in artificial soils showed 

that both strains could co-exist in structured environments over a period of 17 days, and 

that population dynamics of the two strains depended on soil conditions. These findings 

indicate that spatial isolation at the micro-scale provided by soil structure and low 

matric potential can reduce competition, thereby allowing the co-existence of these 

otherwise antagonistic strains.  

 

Conclusions 

These results suggest that micro-scale spatial structure in the environment may play an 

important role in the establishment and maintenance of soil-borne microbial diversity. 
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Summary 
As systems are reduced in size down to micrometer scale, dominance of surface 
tension and viscous forces rather than gravitational force leads to fluid transport 
phenomena that are distinctly different from those we observe in the macroscopic 
world. In this work, fluid transport patterns in open capillary channels with a range 
of opening sizes (0.6 to 3.0 mm) were visualized through a laser scanning confocal 
microscope using fluorescent latex particles (1.1μm) as fluid tracers. A velocity 
profile from the middle of each channel was recovered from images at Darcy’s flow 
rate ~0.50 mm s-1. All these profiles exhibit partially mobile air-water interfaces 
indicating a partial-slip boundary condition instead of a full-slip or no-slip condition. 
Navier-Stokes equation, applied to simulate the observed fluid behavior, was solved 
for three types of air-water interface boundary conditions, which are expressed in 
interfacial mobility form, stress form and slippage form. The solutions were fitted to 
experimental data to obtain, respectively, interfacial mobility M, shear stress τ, and 
slip length b. These results show that both interfacial mobility and slip length 
decrease while shear stress increases as channel width decreases at the same Darcy 
velocity. Our study suggests that the boundary condition at the air-water interface in 
the capillary channel is partially mobile, and the effect of channel size should be 
considered in the governing parameters of the interface. The result provides an 
example of distinct transport phenomena from macroscale and reveals the dominant 
role of surface tension at the microscale. The interaction between air and water 
phases, encountered in topics such as bubbles/droplets, surface roughness, fluid 
control using patterned surfaces, etc., may need to be revised. Microscale 
measurements of interfacial properties coupled with mechanistic interpretation may 
provide link with relevant macroscale flow behavior in porous media. 
 
Introduction 
Microfluidics has received dramatic attention recently, since the fabrication 
technology, availability of measuring transport phenomena and detecting small 
quantities make it possible to be widely applied in material processing, analytical 
chemistry, biology and medicine. Micrometric fluid flows in porous media reveal 
fascinating behavior where surface tension and viscous forces rather than gravity and 
inertia dominate and transport phenomena are distinctly different from macro-scale 
observations (Atencia and Beebe, 2005; Beebe et al., 2002; Gad-el-Hak, 1999; Stone 
et al., 2004). 

The objectives of this paper are (1) to measure flow velocity profiles in open capillary 
channels and quantify effect of channel size on the profiles; (2) to determine proper 
boundary condition at air-water interface and obtain and evaluate interfacial 
properties from measured velocity profiles. 

Materials and methods 
Microchannel 
In this study, we used 5 open microchannels made of borosilicate glass with 
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rectangular cross sections, the inside dimensions are 0.60×0.42mm, 0.80×0.56mm, 
1.00×0.70mm, 2.00×1.60mm, 3.00×2.80mm (width × height). The open length of all 
channels is 40mm in longitudinal direction and is long enough to fully develop the 
flow. 
 
μ-PIV Experiments 
The fluid in experiments was 1mM electrolyte (NaCl+NaHCO3) seeded with 1.1μm 
diameter fluorescent particles (Molecular Probes Inc., Eugene, Oregon). The particles 
were carboxylate-modified, yellow-green, surfactant-free latex microspheres, with the 
mass density of 1.055g/cm3, close to neutrally buoyant tracers that faithfully follow 
the flow field. Concentration of colloids was 2ppm (2.8×106 particles/ml). We 
conducted a series of experiments under Darcy’s velocity of ~0.50mm/s for each 
channel. Series of images along the z-axis were captured by confocal μ-PIV system. 
The flow velocity field was determined using the particle tracking software ‘Volocity 5’ 
(Improvision Inc.), based on analysis of each particle under recording. 
 
Theoretical modeling 
We modeled flow through microchannel following the approach by Lazouskaya 
(2006). Navier-Stokes equation was employed to be the governing equation as: 

                                                                                                     (1)  

Dimensionless variables were introduced, u = -vμ/a2(dp/dz), x=x/a, y=y/b.  
On the microchannel walls, the no-slip condition was imposed as u=0. Three 
boundary conditions that can describe the partially mobile air-water interface are 
listed as below: 
First, the interfacial mobility (M) form is borrowed from foam drainage.  

                                                                                                                                          (2) 

where / , called interfacial mobility, is the reciprocal of Boussinesq number, 
describing the ratio of interfacial viscous force and bulk viscous force. It comes into 
the boundary condition satisfying the force balance, which is surface viscous 
dissipation and bulk shear stresses acting on the surface. M�0 represents a rigid 
surface and M�∞ means a full mobile surface (Koehler, 2002).  
The second form is to apply a uniform shear stress () at the air-water interface.  

;                                                                                              (3) 

Third, Navier slip boundary condition, first proposed by Navier, characterizes the 
solid water boundary by a slip length b, a constant of proportionality between the 
velocity and its tangential derivative at the interface: 

|                                                                               (4) 

The analytical solution of PDE was derived with each boundary condition by using 
dimensionless variables. 
 
Results and discussion 
All velocity profiles exhibit a partial slip (rather than full-slip or no-slip) boundary 
condition at air-water interface (Fig.1). All three types of partial-slip BCs from the 
literature fit the experimental data well, allowing fitting of relevant parameters. By 
analyzing the dimensionless numbers (Table.1), capillary number is very small, 
indicating the dominant of surface tension in the system. It can be seen from the 
fitted parameters (Table. 2) that both interfacial mobility and slip length decrease 
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b a 

d c 

while shear stress increases as channel width decreases at the same Darcy velocity. 
Interfacial constraints imposed by surface forces modify its properties and impart 
certain rigidity as evidenced by the relatively strong curvature in the cross section 
and reduced mobility at the surface.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
Fig.1. Experimental and theoretically 
fitted velocity profiles in the middle 
line of the channels (Darcy’s velocity: 
~0.5mm/s, plotted from AWI to 
bottom channel wall).  

Table 1. Dimensionless numbers 
Channel 
width a 
(mm) 

Darcy 
velocity  v 

(mm/s) 
    

0.6  0.462  0.276  1310  6.60×10
-6

  3.961  

0.8  0.482  0.384  1366  6.89×10
-6

  3.068  

1.0  0.494  0.492  1400  7.06×10
-6

  1.465  

2.0 0.463  0.921  1312  6.62×10
-6

 1.017  

3.0 0.579 1.727 1640 8.27×10
-6

 0.778 

e 
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Table 2. Fitted parameters 

Channel 
width 
(mm) 

Darcy's 
velocity 
(mm/s) 

Water 
height 
(mm) 

 
Satu-
ration 

 

M fitting τ fitting b fitting 

M 
Pressure 

drop 
(N/m2) 

τ 
Pressure 

drop 
(N/m2) 

b 
Pressure 

drop 
(N/m2) 

0.6 0.462 0.30 0.714 0.252 -53.5 0.104 -55.2 0.028 -53.4 

0.8 0.482 0.36 0.643 0.326 -37.5 0.086 -38.6 0.037 -37.4 

1.0 0.494 0.45 0.643 0.682 -19.8 0.082 -20.3 0.078 -19.7 

2.0 0.463 0.90 0.563 0.983 -6.90 0.077 -6.80 0.112 -6.80 

3.0 0.579 1.20 0.429 1.285 -3.60 0.062 -3.70 2.948 -3.60 

          
 
Conclusions 
In contrast with stress-free surface flow at the macroscale, air-water interface in 
microchannel flow exhibit limited mobility. Interfacial constraints imposed by 
surface forces modify its properties and impart certain rigidity as evidenced by the 
relatively strong curvature in the cross section and reduced mobility at the surface.  
The result provides an example of distinct transport phenomena from macroscale 
and reveals the dominant role of surface tension at the microscale.  The interaction 
between air and water phases, encountered in topics such as bubbles/droplets, 
surface roughness, fluid control using patterned surfaces, etc., may need to be revised. 
Microscale measurements of interfacial properties coupled with mechanistic 
interpretation may provide link with relevant macroscale flow behavior in porous 
media. 
 
 
References 
Atencia J., Beebe D.J. 2005. Controlled microfluidic interfaces. Nature 437:648-655. 
Beebe D.J., Mensing G.A., Walker G.M. 2002. Physics and applications of 

microfluidics in biology. Annual Review of Biomedical Engineering 4,261-286. 
Cottin-Bizonne C., Jurine S., Baudry J., Crassous J., Restagno F., Charlaix E. 2002. 

Nanorheology: An investigation of the boundary condition at hydrophobic and 
hydrophilic interfaces. European Physical Journal E 9,47-53.  

Gad-el-Hak M. 1999. The fluid mechanics of microdevices - The Freeman Scholar 
Lecture. Journal of Fluids Engineering-Transactions of the Asme 121,5-33. 

Lazouskaya V., Jin Y., Or D. 2006. Interfacial interactions and colloid retention 
under steady flows in a capillary channel. Journal of Colloid and Interface Science 
303,171-184. 

Manor O., Vakarelski I.U., Stevens G.W., Grieser F., Dagastine R.R., Chan D.Y.C. 
2008. Dynamic Forces between Bubbles and Surfaces and Hydrodynamic 
Boundary Conditions. Langmuir 24,11533-11543.  

Stone H.A., Stroock A.D., Ajdari A. 2004. Engineering flows in small devices: 
Microfluidics toward a lab-on-a-chip. Annual Review of Fluid Mechanics 36,381-
411. 

 
 
 

426




	CESARProceeding_TilTryk.pdf
	31_O_Erwin_Klumpp.pdf
	References

	22_P_amingarbout.pdf
	Amin Garbout (1), Lars J. Munkholm (1), Søren B. Hansen (2)

	43_O_Eugenio_Periago.pdf
	Introduction
	Influence of adjuvants on adsorption

	Particulated formulations
	Adjuvants
	Cosolvency and competitive sorption
	Amphiphiles
	Hemimicellization
	Hydrophilic linkers and sorption in the soil organic matter


	11_O_James_Smith.pdf
	Fig. 2. - Cumulative Infiltration vs. Time for Mineral B Horizon material 
	Fig. 5. Cumulative Infiltration versus Square Root of time for a number of materials. 
	Fig. 6. Moisture Content and Infiltration Rate versus time for Hydrophobic Material over Mineral B

	FlyerMerging2011.pdf
	Merging_flyer_2011
	Merging_2011





