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Conceptual and numerical models describing 
reaction fronts in soils 

 

Brantley S.L., Ketchum B. 
Earth and Environmental Sciences Institute, Penn State University, Univ Pk, PA 16802, USA 
 
 
Soil profiles are characterized by horizons of distinctly weathered parent material. These 
layers, sometimes discrete, sometimes diffuse, indicate spatially variable yet persistent 
environments characterized by biogeochemical dissolution and precipitation reactions. Some 
of these reaction fronts can be modeled as a function of depth using simple analytical 
expressions based on 1-D models incorporating fluid flow and mineral reaction. Modelling the 
full suite of multicomponent, multiphase reactions requires the use of reactive transport 
codes capable of incorporating chemical speciation, kinetics, fluid flow, and other 
phenomena.    
 
Soil horizons are differentiated by a number of qualities including color, texture, root 
abundance, and friability which can be well described in the field. Socially and economically 
important characteristics such as soil fertility and drainage can often be gauged by these 
basic field observations of soil horizon properties. The modeling of reaction fronts in soils 
must be reconciled with the qualitative, yet information-rich, concept of soil horizonization.  
 
For a soil that weathers isovolumetrically, element concentrations remain approximately 
constant with depth unless processes such as dissolution, precipitation, biotic 
uptake/release, or dust input changes the profile. In contrast, for soils that expand or contract 
during weathering, the characteristic signatures of dissolution, precipitation, dust input, biotic 
uptake or release can only be seen if elemental concentrations are first normalized by the 
concentration of an immobile element.  The parameter τ has been defined to normalize 
elemental concentration data to account for volume changes in the soil (Brimhall and 
Dietrich, 1987): 
 

, ,
,

, ,

1j w i p
i w

j p i w

C C
C C

τ ≡ −          (1) 

 
Here, C refers to concentration of immobile (i) or mobile (j) elements in weathered (w) or 
parent (p) material. 
 
We identify five characteristic endmember elemental weathering profiles for soils that can be 
treated as 1D systems: i) depletion profiles exhibiting depletion at the top grading to parent 
composition at depth (e.g. Na); ii) immobile profiles exhibiting parent composition at all 
depths (e.g. Ti often shows such a profile); iii) dissolution-precipitation profiles exhibiting 
depletion at the top and enrichment at depth that grades into parent composition; iv) addition 
profiles that show enrichment from external inputs at the top, grading to parent composition 
at depth (e.g. Mn); v) biogenic fronts exhibiting enrichment at the top underlain by a depleted 
zone that grades downward to parent composition (e.g. K). Of course, fronts can also 
represent mixtures of these individual types, or can document other phenomena such as 
groundwater input.  
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Depletion fronts (Fig. 1) are the result of the depletion of a soil constituent at the surface of a 
soil. Such fronts are generally indicative of mineral dissolution. Specific conditions that favor 
the development of a depletion front include an element present in a readily soluble mineral 
and sufficient drainage and fluid flow to cause significant elemental transport.  
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Figure 1. Smectite dissolution in a soil 
on shale in Central Pennsylvania. The 
amount of smectite present in the soil 
was based on a normative analysis of 
the elemental composition of each soil 
horizon (Cohen and Ward 1991). Tau 
was calculated for smectite assuming 
that quartz was immobile. 
 

 
Figure 1 shows a reaction front in smectite for a Central Pennsylvanian soil profile. For soils 
that are not experiencing significant erosion, reaction fronts such as that shown in Figure 1 
move downward with time at a rate defined as the weathering advance rate (White, 1995).  
Such profiles have been termed quasi-stationary (Lichtner, 1988) because the shape of the 
profile remains constant while the entire profile moves downward.  For soils experiencing 
erosion, a true steady state profile can be developed if the weathering advance rate equals 
the erosion rate. 
 
Immobile fronts characterize elements that are neither dissolved nor added to the profile. Zr 
(zircon), Ti (rutile, anatase), Nb (columbite, tantalite) are often residually enriched in wea-
thered parts of the soil profile as other more soluble and mobile constituents are depleted 
(Fig. 2). Under some conditions such as colloidal transport or chelation or where these 
elements are found in more reactive minerals, these elements may migrate within a profile. 
However, often these elements and their minerals can be used as a reference frame to which 
the mobility of other elements can be compared (Brimhall and Dietrich 1987; White 1995).  
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Figure 2. Relative immobility of Nb and Zr 
with respect to Ti in a Ti-normalized tau plot 
of Nb and Zr for a central PA soil. 
 

 
Dissolution-precipitation fronts (Fig. 3) are characterized by a zone of depletion near the 
surface, underlain by a deeper zone of precipitation/accumulation. An example of a 
dissolution-precipitation front is the downward vertical movement of salts into a Bk- or Bkm-
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horizon in arid climates. The E-Bs, E-Bt sequence common in forest soils is another example 
of such a front where conditions at the top of a soil profile favor mineral dissolution, and less 
acidic conditions lower in the profile favor the precipitation of secondary minerals (Fig. 3).  
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Figure 3. A dissolution-precipitation front 
in a Northern Michigan Spodosol. Losses 
of Fe in the upper 30 cm are evident in 
the E horizon, the Bs horizon shows net 
accumulation of Fe, and Fe remains 
constant below the upper C-horizon 
boundary. 
 

 
In addition fronts, inputs such as dust to the soil profile leave a distinctive weathering 
signature. Dust can be of environmental importance: in extremely weathered soils in Hawaii, 
dust may be the only source of plant nutrients (Kurtz et al., 2001). Dust can also add 
contaminants to a soil: e.g., in Pennsylvania, the weathering front of Mn on weathering shale 
(not shown) looks distinctly like an addition front, perhaps resulting from contaminated dust 
contributions to the soil.   
 
Biogenic profiles are hypothesized to sometimes characterize elements such as K that are 
important as nutrients. Such elements can show characteristic depletion at depth and 
enrichment in the soil surface and plant litter layer.  Such profiles can be explained if plants 
or fungi secrete organic ligands through roots at depth to dissolve primary minerals.  If the 
released nutrients are taken up by roots, utilized in biomass, and recycled in the upper layers 
of the soil, then a biogenic profile will result.   
 
Through iterative comparison of reaction fronts observed in the field and analytical equations 
derived to describe such fronts in one-component one-phase systems, conceptual models 
are being generated to explain these fronts. These simple models are being compared to 
modeling using 1-D reactive transport codes incorporating multiple phases and components 
(e.g. Steefel 2001).  The use of such models allows interpretation of reaction kinetics as 
recorded in soil profiles.  
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Soil system modelling and generation of field 
hypotheses 

 

Phillips J.D. 
Tobacco Road Research Team, Department of Geography, University of Kentucky, Lexington, KY  
40506-0027, U.S.A. 
 
 
The relationship between soil modelling and field pedology is recursive. The theory 
underlying the models, and the mechanisms and phenomena included, are (one hopes) 
derived from or grounded in field evidence. Field data are then used to test, calibrate, and 
refine models. The models themselves are then often used in experimental or predictive 
modes to test hypotheses not feasible to examine via field or laboratory methods. One often -
overlooked relationship between models and field studies is the use of models to generate 
field-testable hypotheses unrelated to the model itself - propositions derived from model 
outputs or implications, the testing of which provides pedologic insight independent of the 
model and its underlying assumptions.  
 
This paper provides an illustrative example using the SRPIT (Self-Reinforcing Pedologic 
Influences of Trees) model developed by Phillips and Marion (2004). The SRPIT model 
resulted in a specific hypothesis related to the relationship between tree growth and 
establishment, soil thickness, and soil deepening at the base of the regolith. Preliminary 
results of the field tests are presented. The case study illustrates an incremental, recursive 
relationship between field evidence and qualitative soil system models.  
 
Pedology and soil geomorphology studies on sideslopes of the Ouachita Mountains, 
Arkansas, USA, commencing in 2001 revealed a great deal soil variability within small (0.127 
ha) relatively uniform plots. This spatial variability is manifest both in pedodiversity (four to 10 
different soil series in a single plot) and variation in soil properties such as depth to bedrock. 
The variability is generally unrelated to measurable variations in parent material, topography, 
vegetation, or other factors. A qualitative asymptotic stability model previously applied to 
subtropical Ultisols suggested that dynamical instability and chaos might be responsible for 
the variation. This led to specific analyses of field data to test this general hypothesis, which 
in turn showed that instability and chaos are present (Phillips and Marion, 2005).  
 
Indications of dynamical instability in pedogenesis and regolith evolution triggered 
speculation and eventually hypotheses about specific mechanisms leading to the high level 
of local pedological variability. From the literature and field observations the SRPIT model 
was developed. This model, as applied to the study area, is based on four premises derived 
from field observations and the forest ecology literature: 
 
1. Trees may locally deepen the soil by root exploitation of bedrock joints and fractures, with 
subsequent accelerated weathering, followed by excavation of bedrock in uprooting events 
or infill of tap root cavities as stumps decay. 
 
2. Tree seedling establishment in rocky soil locally displaces surface rock fragments away 
from the growth site as the tree grows. 
 
3. Tree establishment is favored by thicker soil, lower rock fragment content, and nutrient-
rich microsites. 
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4. Microsites formerly occupied by trees provide favorable sites for future tree establishment 
due to locally thicker soil, nutrient enrichment due to stump decomposition or litter 
accumulations in tree throw pits, and displacement of rock fragments.  
 
A signed digraph model of the interrelationships between tree establishment, rock fragment 
content, and soil nutrients was developed and found to be dynamically unstable and chaotic. 
These results suggest that over multiple generations of forest some microsites are likely to 
be repeatedly occupied by trees, resulting in divergence into relatively tree-rich, rock-
fragment-poor and tree-poor, rock-fragment-rich patches. This is contrary to the common 
assumption in modeling forest pedology and biogeomorphology of random tree 
establishment within a stand, such that any location has an equal probability of tree 
establishment, and given sufficient time the entire forest floor is affected.  
 
One implication of the SRPIT model in the Ouachitas, given root penetration below the 
regolith, is that soil underneath trees should be systematically thicker than at other sites. This 
can be expressed as a new variant of the SRPIT conceptual model, shown in figure 1. 
 

Tree establishment
   & growth Soil thickness

Site index
positive

negative

 
 

Figure 1.  Qualitative relationships between trees, soil thickness, and site index. 
 
The site index is used by foresters as an indication of growth potential for a given tree 
species. The index is in part a function of soil thickness, accounting for the positive links in 
Figure 1 from thickness to site index, and from site index to tree establishment and growth. 
The positive arrow from trees to soil thickness are associated with the processes described 
above. The negative self-effects for each component reflect other factors that influence or 
limit tree germination and productivity, soil and regolith deepening and/or upbuilding, and site 
index. Figure 1 can be translated into an interaction matrix: 
 

 Tree Soil Site index 
Tree establishment  
& growth -a11 a12 0 

Soil thickness 0 -a22 a23
Site index a31 0 -a33

 
Table 1.  Interaction matrix. 

 
The interaction matrix is a Jacobian of the set of nonlinear equations describing the 
interactions among the components. The characteristic polynomial is 
 
λ3 + [(−a11) + (-a22) + (-a33)] λ2 + (a12a23a31) + (−a11) (-a22)(-a33) = 0. 
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The λ are the complex eigenvalues of the matrix, the real parts of which are the Lyapunov 
exponents. Dynamical instability and deterministic chaos are present if any λ > 0. According 
to the Routh-Hurwitz criteria, all λ< 0 if and only if all the coefficients of the equation are 
negative, and the Hurwitz determinant is negative. Stability is thus dependent on whether the 
self-reinforcing effects of the tree-soil-site index loop are stronger or operate more rapidly 
than the self-limiting loops.  
 
At the scale of the Arkansas study plots, the external factors limiting vegetation success, soil 
thickness, and site index should be minimally variable, indicating that  
 
(a12a23a31) > (−a11)(-a22)(-a33), 
 
thus violating the Routh-Hurwitz criteria, indicating instability and chaos. This result implies 
divergent evolution, such that over time, on average, the difference between soil thickness of 
tree-rich and tree-poor microsites should increase. At any given time, soil under trees should 
be systematically deeper than elsewhere within the plot or stand.  
 
It is not feasible to excavate live trees, so this hypothesis was tested by excavating rotted 
stumps. While numerous organic-rich depressions thought to be stump holes are present at 
the sites, only locations with a recognizable stump, a remnant bark rink, or unequivocal wood 
fragments were used. Depth to bedrock (Cr or R horizon) was determined by augering 
through the stump or stump hole. Depth to bedrock was also determined immediately 
adjacent to the stump at the same elevation (e.g., the adjacent sample was not up or 
downslope of the stump).  
  
Of the 83 suitable stump sites found, soil was deeper under the stump in 76 cases. There 
was a statistically significant difference between stump (mean = 70 cm) and adjacent (mean 
= 45.4 cm) sites. The difference was greater on soils overlying shale vs. sandstone, and 
underneath pine vs. hardwood stumps, apparently reflecting the lower resistance of the shale 
to root penetration, and the generally deeper taproots of the pines.  
 
Beyond whatever contributions to pedology, soil geomorphology, and forest ecology these 
ongoing studies have made, there are also practical applications. The results are being used 
in U.S. Forest Service ecosystem management and restoration programs. The pragmatic 
implications for soil survey and mapping are indicated by the 2006 meeting of the Arkansas 
Association of Soil Classifiers, which will focus on effects of floralturbation on soil 
morphology, using the Ouachita studies and field sites as the exemplar.  
 
Overall, the results illustrate several important points. These include: 
 
• A need to (attempt to) integrate pedological, ecological, and geomorphological processes in 
soil and regolith modelling. 
 
• A critical role for biomechanical effects of trees in forested soil landscapes, implying a need 
to incorporate these effects in pedological models or to at least be aware of such influences 
in interpreting model results. 
 
• Affirmation that steady-state equilibrium models based on interactions between soil 
thickness, weathering, and topography may not apply in many forest environments, and that 
such models are in essence special cases of a more general soil thickness model. 
 
• The relationship between field pedology and modelling transcends model development, 
testing and calibration. 
 

 9



Workshop on modelling of pedogenesis, October 2-4, 2006, Orléans France 

• Models can be an important source of field-testable hypotheses, the testing of which 
provides pedological insight independent of the model itself.  
 
• Robust, phenomenological qualitative models have an important role in pedology and soil 
morphology. Because such models are often developed directly from field observations, they 
are particularly useful in generating empirically-testable theories and propositions. While 
qualitative models are inferior for some purposes due to their lack of specificity and precision, 
for other tasks they are superior due to their robustness and independence of particular 
parameterizations or solution schemes.  
 
 
References  
Phillips, J.D. and Marion, D.A., 2004. Pedological memory in forest soil development.  Forest Ecology and 
Management 188: 363-380.  
Phillips,J.D. and Marion, D.A., 2005. Biomechanical effects, litholological variability, and pedodiversity in 
some forest soils of Arkansas. Geoderma 124: 73-89. 
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Models for pedogenesis 

 

Minasny B.1, McBratney A.B.1, Salvador-Blanes S.2
1 Faculty of Agriculture, Food & Natural Resources, The University of Sydney, NSW 2006, Australia 
2 Faculté des Sciences et Techniques, Parc de Grandmont, Tours, France. 
 
 

Introduction 
How does soil form, how does it evolve, where does it come from and how long does it take 
to reach this state?  
 
The aim of this paper is to review and formulate quantitative models for soil formation, not 
conceptual models. This paper mainly deals with long term processes that directly lead to 
development or evolution of soil. 
 
In their earliest form, quantitative models mainly took on an empirical approach, relating soil 
information to soil processes, such as soil organic matter production and decompostion, 
mineral dissolution etc. Jenny (1941) described the soil as a function of state factors: climate, 
organisms, relief, parent materials and time. He formulated equations to describe single 
factors as functions of soil properties. However, the state-variable equation is impossible to 
solve and a single factor can only be defined by keeping the other factors constant. This led 
to the development of empirical models to describe pedogenesis, such as climofunctions, 
biofunctions, topofunctions, lithofunctions, and chronofunctions (Yaalon, 1975), and the 
seeking for field situations with characteristics where one of the state-factors varies and the 
remainders are constant.  
 
In soil science, mechanistic models for soil formation are still in the early development. 
Attempts have been made to formulate mechanistic models for profile development, the 
profile model is then coupled with a slope evolution processes forming an integrated model 
(Kirkby, 1985). Most of the pedogenetic models considered the chemical reactions and 
physical processes in the soil at a single location in a landscape or at a horizon or a pedon 
scale. These models are an integration of sub-models, such as mineral dissolution, ion 
exchange, adsorption, speciation, complexation and precipitation, soil organic matter 
decomposition, water and solute movement, and heat and gas transport (Hoosbeek and 
Bryant, 1994). These models calculate the chemical changes and material fluxes in a one-
dimensional profile.  
 
In the fields of geology and geomorphology, mechanistic models describing slope 
development have been developed (Ahnert, 1977; Willgoose et al., 1991). Models in 
geomorphology usually simulate the evolution of a landscape by the processes of erosion 
and deposition. However conceptual theories tell us that the direction and rate of geomorphic 
processes are strongly influenced by soil properties and vegetation. Heimsath et al. (1997) 
proposed a mechanistic model for soil formation across a landscape incorporating soil 
production and transport. They verified their model with field data from the Tennessee Valley.  
 
Minasny and McBratney (1999, 2001) presented a basic mechanistic model that considered 
soil formation spatially at the catena to landscape scale. They presented a numerical study 
and showed the numerical application of the model. In this paper we present an improved 
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model for soil formation in the landscape considering the soil weathering processes and soil 
transport processes. We also introduce a soil profile model which will be incorporated in the 
landscape model to realistically simulate soil formation. 
 

The model 
The model for soil formation in the landscape is based on mass balance, where the change 
in soil thickness over time depends on the processes of: (1) the formation of soil from 
physical weathering of bedrock, (2) the loss of materials by chemical weathering and (3) the 
transport of soil by erosion. Soil formation depends on the rate of breakdown or weathering 
of the underlying parent materials under physical, chemical and biological processes. The 
continuity equation for the soil development over time is formulated as:  

r
s

s

h e q
t t

ρ
ρ

∂ ∂
= − ∇

∂ ∂
 (1) 

where h is the thickness of soil, 
e
t

∂
∂

 is the rate of bedrock weathering,  ∇  = partial derivative 

vector over x and y,  qs  is the flux density (transport of soil material),  ρs is the density of soil 
and ρr is the density of rock.  The main processes driving the soil formation are weathering of 
bedrock ( e t∂ ∂ ) and transport processes (qs).  
 

Weathering processes  
• Physical and chemical weathering of bedrock 
Physical weathering of bedrock to form soil materials has been studied by Heimsath et al. 
(1997). Results have shown the exponential decrease of weathering rate with increasing soil 
thickness. Ahnert (1977) and Heimsath et al., (1997) suggested that the rate of physical 
weathering of bedrock (∂e/∂t) can be represented as an exponential decline with soil 
thickness: 

0 exp( )e P k
t

∂
= −

∂ 1h  (2) 

where P0 [m  year-1] is the potential (or maximum) weathering rate of bedrock and k1 [year-1] 
is an empirical constant. Heimsath et al., (1997) called this a soil production function. The 
reduction of weathering rate with thickening of soil is related to the exponential decrease of 
temperature amplitude with increasing depth below the soil surface (Ahnert, 1977), and also 
the exponential decrease in average water penetration (for freely-drained soils). Parameters 
P0 and k1 therefore are related to the climate and type of parent materials. Heimsath et al. 
(1997, 2000, 2001) found the value of P0 ranges from 0.08 to 2.0 mm year-1 for sites in 
Northern California, and 0.05- 0.14 mm year-1 for sites in Southeastern Australia. Meanwhile 
values of k1 do not vary significantly, ranging from 2 – 4 m-1

. 
 
A number of landscape evolution models have adopted the so-called ‘humped’ model (e.g., 
Ahnert, 1977; Cox, 1980; Carson and Kirkby, 1972; Dietrich et al., 1995). This model dates 
back to G.K. Gilbert (1877) (Dietrich et al., 1995). The weathering rate decreasing 
exponentially with increase thickness of soil, corresponds to the exponential decrease of 
temperature amplitude. When the soil is thick, the long residence times of water would allow 
thermodynamic equilibrium with the minerals, and weathering rates will be slower. There is 
an intermediate or critical thickness (hc) where soil can hold enough water and the chemical 
weathering is most effective. A criticism for this model is that it assumes free drainage and 
does not taken into account the position in the landscape, i.e. a soil with an optimum 
weathering rate at hc always has a maximum rate because the ‘optimal’ presence of water 
regardless whether it is on a flat, in a depression (where water accumulates) or a sloping 
position. We present a continuous function which describes this weathering process: 
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[ ]( )0 1 2exp( ) exp( ) a
e P k h k h
t

∂
= − − − − +

∂
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where k1 is the weathering rate constant when , and kch h> 2 is the rate when , and Pch h≤ a 
is the weathering rate at steady-state [m year-1] with condition k1 < k2. The critical thickness 
where weathering is optimised is given by: 
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c

k k
h

k k
=

−
.    (4) 

 
Figure 1 shows Eq (3) with P0 = 0.25 mm y-1, k1 = 4 m-1, k2 = 6 m-1 and Pa = 0.005 mm y-1 
with critical thickness hc at 20 cm. As a comparison, we plotted the weathering rate data 
measured using cosmogenic nuclides from sites in south-eastern Australia published by 
Heimsath et al. (2000, 2001).  
 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Soil Thickness (m)

S
oi

l w
ea

th
er

in
g 

ra
te

 (m
m

/y
)

h c

 
Figure 1. A “humped” model for the soil weathering function (Eq. 3). The exponential function (Eq. 2) 
is from Heimsath et al. (2000). Dots/ symbols represent cosmogenic nuclides estimated weathering 
rates from sites in South-Eastern Australia (Heimsath et al., 2000, 2001).  
 

Transport processes  
The transport of soil material can be modelled as the following processes: 
 
• The diffusion process, formulated as: 
      (5) Dq D= S
where: 
qD : volume of material that flows across an area per unit time by diffusive transport 
[m2 year-1], D : diffusivity [m2 year-1], S: slope gradient. The diffusive transport simulates slow 
mass movement or creep of soil materials moving downhill by the force of gravity. This model 
also called linear transport is the oldest and has been the most widely used in landscape 
evolution models. 
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• The overland water erosion process, where the transport is proportional to local water 
discharge and slope. It is defined as: 

m n
A Aq K A S=   (6) 

where: 
qD : erosion flux [m2 year-1], KA : water discharge [m2 year-1], A is upstream catchment area, 
m and n are empirical parameters, with 1.0 ≤ m ≤ 1.8 and 0.9 ≤ n ≤ 1.8, with the best single 
combination of values being m = n = 1.4 (Prosser and Rustomji, 2000). It is originally 
developed for fluvial transport. This model simulates wash processes (Kirkby, 1985; 
Willgoose et al., 1991).  
 
• Soil thickness dependent flow (Braun et al., 2001) 

p q
H Hq K h S=    (7) 

qD : erosion flux [m2 year-1], KH : transport coefficient [m2 year-1], h is soil thickness, p and q 
are empirical parameters. Braun et al. (2001) suggested p = 1.67 and q = 0.5 analogous to 
Manning’s equation for open channel flow. They showed that this model better captures 
spatial variations of soil thickness on hillslopes. An increasing flux with increasing soil 
thickness is hypothesised due to increased porosity and bioturbation.  
 
Figure 2 shows the 3 transport processes (Eqns. 5, 6, and 7) acting on a landscape with 
initial uniform soil thickness. 
 

 
Figure 2. Simulated soil thickness redistribution in a landscape with an initial uniform soil thickness 
and transport due to: (a) diffusion, (b) overland flow, (c) soil thickness dependent flow, (d) combination 
of the three processes. 
 

Soil horizon formation 
The weathering and transport models still consider soil as a layer of uniform materials. Here 
we attempt to present a profile model simulating soil profile development considering the 
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physical and chemical weathering of the minerals. This model will be incorporated in the 
landscape model.  
 
Most of the quantitative soil profile models focus on distinct chemical, physical or 
mineralogical processes. They isolate these mechanisms, effective in highlighting 
characteristic soil processes. But they generally do not provide a description of the soil from 
a pedologic perspective.  We also face with difficulty as number of requirements must be met 
to adequately describe the total soil system.  
 
The profile model is designed as follows: a given thickness of soil material (called a layer) is 
released through physical disintegration of bedrock. The regolith layer is then subjected to 
physical and chemical weathering creating a particle size distribution and chemical 
composition with time. The main processes of weathering are: 
 

a – Physical weathering 
The physical weathering consists in breaking a given mineral particle into smaller particles. 
The model considers the physical disintegration based on the model of Legros and Pedro 
(1995). 
 

b – Chemical weathering 
The primary minerals released from the physical weathering will undergo chemical 
weathering. The chemical weathering is modelled according to White et al. (1996) which is 
expressed by the reduction in the size of the minerals: 

Δm = m (1-kr SA Δt)  (8) 
where m = mass of materials (kg), kr = weathering rate constant  (kg m-2 year-1) and SA = 
specific surface area (m2 kg-1). Weathering constants can be found in literature (White et al., 
1996) but the rate can be highly variable depending on environmental conditions. Primary 
minerals are then subjected to weathering into secondary minerals according to known 
chemical weathering pathways.  
 

c – Reorganisation process 
Apart from weathering, soil materials reorganise within the profile and also lateral transport of 
materials down the slope. Within profile, bioturbation is a main factor as a result of 
earthworm/ant/termite activity, and results in the detachment, transport, sorting and 
deposition of material, both within the soil mantle and on its surface. Bioturbation results in 
the homogenisation of the topsoil, and material transport between the subsoil and the topsoil. 
This transport results in the appearance of surface casts, that are made of particles that are 
less than 2 mm in size. We model this process as removals of a given proportion of the fine 
fraction (< 2 mm) of soil from each layer in the subsoil, and that amount is added to the 
topsoil layer that is considered to be homogenised. The probability of bioturbation is 
modelled as an exponential decrease with soil depth which depends on a rate constant kb: 

P = exp(-kb h)    (9) 
This simple in-situ, soil-profile model with 3 major pedogenic processes: physical and 
chemical weathering, and bioturbation, is able to simulate the formation of soil horizons, and 
stone line. The evolution of soil properties at each layer, particle size, bulk density, 
mineralogy, elemental composition, strain, can be tracked through time. 
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Integrative long time scale geological, geochemical, 
and isotopic modeling in desert regions during 
global cooling and hyper-aridity: An example of the 
reverse effects of global warming 

 

Brimhall G.H. 
Department of Earth and Planetary Sciences University of California, Berkeley California, USA 94720-
4767 
 
 
There is presently much concern about the possible impact of global warming on human 
activity and on the environment. It is useful to put these scenarios in the context of 
geological trends which are towards cooling rather than warming. In fact, it has been 
proposed by Ruddiman (2005) that the actual impact of anthropogenic activity over the past 
8000 years has been to reverse what would have been our next Ice Age. Glacial/interglacial 
periods have been attributed to Milankovitch Cycles of three superimposed frequencies 
involving eccentricity, axial tilt, and precession of the earth’s orbit causing cyclical changes in 
the amount of solar radiation during the year and over time. Over long time scales of millions 
of years, the Tertiary Period (63 Ma to present) has been characterized not by warming but 
by global cooling of some 10 degrees C (Zachos et al., 2001). In the Tertiary small 
ephemeral polar ice sheets appeared at the start of the Oligocene (33 Ma), again at the start 
of the Miocene (24Ma), and later with the growth of the East Antarctic and West Antarctic ice 
sheets at 12-14 and 5 Ma respectively at the start of the Miocene and Pliocene epochs. The 
Holocene and Pleistocene glacial and interglacial cycles are short term high frequency 
variations near the end of this long term cooling trend.  
 
This talk presents examples of our research on near surface environments including soils 
and ore deposits and relates metal migration to some of these climatic controls on sea level 
eustacy, stream incision, landscape evolution, and ground water table fluctuation. In 
particular we describe hydro-chemical effects caused by a Miocene age climatic transition to 
the present hyper-arid conditions of the Atacama Desert of Chile and onset of glacial 
conditions in polar regions when the East Antarctic and West Antarctic ice caps developed at 
12-14 and 5 Ma respectively. This transition to cool hyper-aridity with attendant low sea 
levels has relevance to global warming research today by representing the natural impacts 
of the trend opposite to global warming; that of global cooling. The likely consequences of 
anthropogenic global warming in coastal regions is inundation of densely-populated and 
intensively developed agricultural land as polar ice caps undergo melting and ocean volume 
increases. Increasingly, the fringes of presently arable lands are where expansion of 
cultivation occurs today and is expected to accelerate in the future as population growth and 
globalization of export markets continue to drive demand for cropland development. These 
areas are highly susceptible to climate change affects. This study explores the impacts of 
natural ocean volume decrease and in so doing we explore geochemical behavior and 
determine if the effects are in anyway symmetrical or asymmetrical with respect to global 
warming and cooling trends. 
 
Our studies of surface process geochemistry follow a common sequence: (1) charac-
terization of mineral distribution by mapping and if possible by quantitative methods, (2) use 
of 3-D GIS systems to describe geo-spatial concentration patterns of chemical elements 
today, (3) chemical mass balance modeling to infer closed and open system aqueous fluxes, 
(4) geo-chronology to deduce the evolution of states in the past, (5) correlation of processes 
with known paleo-climatic events, and (6) simulation by kinetic and fluid flow modeling if 
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tractable with current capabilities. Recent advances we have made in some of these six 
steps are highlighted for studies in Chile and the U.S.  
 
Visual characterization by traditional mapping methods has been based on paper and pencil 
mapping or core logging. Use of pen tablet PC slate computers and the GIS computer 
program we developed called GeoMapper has transformed geo-spatial characterization into 
a more efficient process that can use information technology and digital instrumentation to 
great advantage. Digital base maps include ortho-photograph images, satellite images, and 
a variety of geophysical and geochemical maps (Brimhall and Vanegas, 2001; Brimhall et 
al., 2002). Portable computers supported by GPS and lasers for positioning allows us to use 
hyperspectral methods to characterize dominant mineralogy on the ground or from the air 
(Montero et al., 2005). Quantitative Rietveld X-ray diffraction Refinement following use of 
new mineral separation techniques has proven to be a valuable asset in characterization of 
reactive sulfides in surficial hydrochemical systems.  
 
Three-dimensional GIS computer programs are now commonly used in mining to model 
distribution patterns of chemical elements over entire ore deposits enclosing 10 or more km3 
and many thousands of transition metal assays. We describe use of the Vulcan program to 
model chemical fractionation induced at a paleo- ground water table redox boundary at El 
Salvador Chile.  
 
Mass balance analysis was also performed using Vulcan by programming composition/ 
volume/density mass balance equations derived previously (Brimhall et al., 1985; Alpers and 
Brimhall, 1989). Computation of 3-dimensional fluxes revealed the fact that exotic Cu-Mn-Co 
deposits were connected to the main El Salvador deposit along regional scale faults that had 
controlled fluid flow during supergene leaching and enrichment events in the Miocene (Mote 
et al., 2001A). Radiometric 40Ar39Ar dating of alunite, jarosite, and Cu-wad showed this 
ground water transport to have occurred in the Miocene as the paleo-ground water table 
descended during sea level descent caused by onset of glacial conditions and growth of 
polar ice caps (Alpers and Brimall, 1988; Mote et al., 2001B).  
 
In order to understand the surface processes and landform evolution after the porphyry 
copper deposits were chemically-enriched in the Miocene, we applied cosmogenic nuclide 
exposure age dating to quartz-rich rocks exposed on the earth’s surface (Nishiizumi et al., 
2005). Our results show that the oldest landforms we studied are extensive alluvial fans 
referred to as "Atacama gravels” deposited in response to the uplift and erosion of the 
Andean Mountain chain. These Atacama gravel alluvial surfaces (denoted at sampling sites 
73 and 74 in Fig. 1) have the longest exposure to cosmic rays on the Earth’s surface outside 
of Antarctica and have the lowest erosion rates as determined by cosmogenic nuclides, 
analyzed to date. The oldest cobble has a model surface exposure age of 9 Myr, based on 
combined measurements of cosmogenic 10Be, 26Al, and 21Ne concentrations. 
 
Cobbles from the alluvial fans are eroding much more slowly than both the surrounding 
steep mountainous bedrock surfaces and the incised river drainages down cut through the 
fans where recent agriculture has developed. The survival of these old gravel surfaces in this 
geographic area is made possible by the attainment of hyperarid conditions in the Atacama 
desert. This desiccation resulted from global climatic cooling about 15 Myr ago associated 
with the formation of the Antarctic ice cap combined with the rain shadow effect caused by 
uplift of the Central Andes and the northern propagation of a cold littoral current along the 
west coast of South America (Alpers and Brimhall, 1988). The regional ground water table 
descended episodically during desiccation events as major gorges were down cut from the 
Pacific Ocean establishing new river long profiles recognized today as deep gorges 
occupied by minor intermittent streams. The landform features observed presently in the 
Atacama Desert have markedly different ages and erosion rates. Some landforms are 
fossils, others are active during rare rain events and related hillslope debris flows. 
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Figure 1. Landsat Thematic Mapper Satellite Location map for the area studied in northern Chile. 
Locations 73 and 74 are cosmogenic isotope exposure age sampling sites of the Atacama gravels 

and site 72 is the floor of a recent ephemeral stream bed. 
 
Because of their high permeability to infiltration, the Atacama gravels, are remarkably stable 
and, despite the inevitable erosion that is detectable using cosmogenic nuclides, 
undoubtedly bear considerable resemblance to conditions as they existed in the Miocene. 
Over geologic time, the Atacama landscape is evolving in such a manner as to erode the 
higher bedrock ridges relative to the more stable, but topographically lower depositional 
surfaces through which clastic detritus now travels episodically along the floors of incised 
drainage systems leaving the older permeable alluvial fan surfaces largely intact as 
widespread remnants of a Miocene fossil landscape now serving as recharge areas where 
the unconformity at their base directs saturated ground water flow.  
 
This sequence of near surface processes and dynamics of orogenic (mountain building) 
uplift described above is modeled in a broader longer term context of the geological history 
of the Andes region in which we show our recent animation model of West central South 
America from Early Jurassic to Late Miocene (206 to 2 Ma) condensed to about two minutes 
of human time (Arcuri and Brimhall, 2002). The development of the Andean-type subduction 
continental margin is shown in our animation to be more complex than commonly 
understood. Marine back-arc sedimentary basins (Fig. 2) and marine regressions and 
transgressions occur that have major implications for later exposure history and near surface 
geochemical processes including supergene enrichment of magmatic-hydrothermal copper 
ore deposits and involvement of chloride in hydrochemical systems (Arcuri and Brimall, 
2003). Regional geological evolution was dominated by the back-arc basin which separated 
the Jurassic coastal volcanic belt from Permian-Triassic basement rocks to the east, (Fig. 
2A). During the early Jurassic, a shallow marine depositional environment existed in this 
basin, accumulating thick sequences of siliciclastic sediments with interbedded carbonates. 
Numerous transgressive-regressive events occurred throughout the Jurassic, but the most 
extreme occurred at approximately 152 ma, (Fig. 2B). 
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Figure 2. Figure from Arcuri and Brimhall (2002) shows a series of cross sections which run from east 

to west across northern Chile at 22° 16’ S latitude, (7,538 km UTM). 
 

At this time a large marine regressions isolated the back-arc basin from the Pacific Ocean. 
Evaporations of this stranded body of salty sea water led to the basin-wide deposition of vast 
quantities of evaporite minerals such as gypsum and halite. These evaporite minerals were 
later buried under sediments deposited in the upper Jurassic after a marine transgression 
had reconnected the basin with the ocean (Fig. 2C). With time, sediment accumulation filled 
the basin and the depositional environment turned from marine to continental. In the lower 
Cretaceous, (Fig. 2D) siliciclastic and volcanoclastic sediments were deposited over the 
entire Jurassic sequence. The first of three major uplift phases, the Peruana uplift phase 
occurred at approximately 90Ma, (Fig. 2E). Compression is associated with the east-dipping 
subduction of the Nazca plate beneath the South American plate. This compression 
reactivated the eastern, basin-bounding fault in a reverse motion, bringing the Jurassic 
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sediments to the surface. Compression and uplift had ended by the Paleocene, (Fig. 2F). 
The second uplift phase was the Incaica, which occurred during the Eocene at 
approximately 40 Ma, (Fig. 2G). Once again, compression from the west associated with the 
subduction zone caused reactivation of the basin-bounding fault in a reverse motion. A 
series of intrusives were focused along the eastern fault, or west fissure as it is known today 
utilizing this fracture as a conduit for magmas. Supergene enrichment, (Fig. 2H) of the 
porphyry copper ore bodies began in the middle Miocene at 15 to 19 Ma, (Mote et al.., 
2001). Regional uplift coupled with erosion exposed lower Jurassic sediments as well as the 
intrusive bodies to oxidation. Meteoric water from precipitation mobilized salts from the 
Jurassic sediments and incorporated them into the supergene enrichment process. This 
chloride is involved in the oxide zone atacamite (Cu4Cl6(OH)6,) mineralization at the 
Radomiro Tomic Cu deposit. Further uplift, (Fig. 2I) associated with the Quechua uplift 
phase at 12 Ma released more chloride from Jurassic sediments responsible for the later 
atacamite mineralization in overlying gravels.  
 
Geochemical and isotopic analysis indicate that the source of chloride involved in the 
atacamite mineralization at Radomiro Tomic is from Jurassic sediments (Arcuri and Brimhall, 
2003). Main oxide zone mineralization has the signature of upper Jurassic sediments, 
whereas the mineralized gravel has a sedimentary halite appearance. The mechanisms by 
which this chloride was introduced appears to be that chloride was mobilized from the 
sediments by meteoric fluids when uplift exposed evaporite-bearing lithologies. 
Understanding the source of chloride involved in the atacamite mineralization allows us to 
determine past climatic and tectonic events which formed not only this deposit, but affected 
the entire Calama region. 
  
Finally, reversing the impact of the cooling trends we have studied to global warming, we 
explore futuristic scenarios that could conceivably be induced by rapid global climate change 
in regions of the earth that are presently poised between being marginally-arable and 
inhospitable desert conditions and are hence, most susceptible to the effects of global 
warming. Northern Chile, between the cities of Vallenar and Copiapo to the north, are 
examples where agriculture has developed in sinuous valleys supplying water by ground 
water pumping and drip irrigation. Export crops include grapes and kiwi fruit. Land use and 
soil evolution are now complexly linked in such areas yet the potential for change is not 
understood. Northern Chile provides an example of such an evolving land use area where 
cultivation at the southern edge of the Atacama Desert succeeds under present climatic 
conditions at least in the short term although rare but recurrent El Nino and La Nina events 
can rapidly change rainfall and temperature conditions. Agricultural practices in such areas 
are particularly susceptible to modification if climatic conditions change rapidly outside of the 
expected range of rainfall variation in terms of mean annual rainfall, intensity, and duration of 
dry intervals. This assertion is based on understanding the genesis and age of the present 
landforms in the Atacama Desert, their natural hydrological controls, and potential for 
modification of arable land surfaces which could disrupt natural and anthropogenic balances. 
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Modelling basaltic weathering: insights from Ca/Na 
and Mg/Na elementary ratios of dissolved and 
suspended river loads 

 

Goddéris Y.1, Dessert C.2
1 LMTG, Observatoire Midi-Pyrénées, CNRS, Toulouse 
2 IPGP, Paris, France 
 
 
Weathering of basaltic rocks exposed at the Earth surface is an important component of the 
global carbon cycle because their dissolution rate is about 8 times faster than the dissolution 
rate of granitic rocks (Meybeck 1987; Louvat and Allègre 1997; Louvat and Allègre 1998; 
Dessert et al., 2001). Indeed, dissolution of basaltic rocks account for about 30 % of the total 
CO2 consumption through silicate rock weathering (Dessert et al., 2003). Furthermore, 
intense weathering of fresh basaltic surfaces in the direct aftermath of major magmatic 
eruptions in the geological past have a major impact on the long term climatic evolution of 
the Earth (Dessert et al., 2001; Wallmann 2001; Goddéris, Nédelec et al., 2003). 
Understanding the Earth climatic evolution at the million year timescale thus requires the 
knowledge of the climatic dependence of basaltic weathering on climate (Walker et al., 
1981). 
 
Based on a compilation of  field study data, Dessert et al. (2003) have defined a 
mathematical relationship linking continental mean annual runoff, mean annual air 
temperature, and CO2 consumption through basaltic weathering  
 

( )TRf fCO ××= 0642.0exp44.323
2

 
 
where fCO2 is the consumption of atmospheric CO2 through basaltic weathering in mol/km2/yr, 
Rf is the mean annual runoff (mm/yr) and T the mean annual air temperature (C). Such 
parametric law allows calculating, for any climatic conditions, the response of basaltic 
weathering. The validity of such law is heavily dependent on the interpretation of the field 
data, since they assume that the HCO3

- concentration in river draining basaltic 
monolithological catchments is directly associated to the dissolution of the minerals 
constitutive of the basaltic rocks. Surprisingly, the Ca/Na and Mg/Na elementary ratios 
display relatively high values compared to the elementary ratios derived from shield rock 
weathering. This is particularly the case for rivers draining the Deccan traps. 
 
The Deccan volcanic province is located in the western and central part of India. These traps 
form a high plateau with an average elevation of 750 m. Today, western India is exposed to a 
monsoonal climate. The most humid period, between June and September, witnesses the 
major part of annual rainfall, with a maximum in July (1150 mm). The rivers sampled are 
located in the north part (Dessert et al., 2001) and were collected during July 1998. 
Discharges during the monsoon represent 80% to 95% of the annual discharge of the 
Narmada and the Tapti rivers respectively (Borole et al., 1982). The mean runoff is around 
460 mm/yr. The temperature is relatively high with an annual mean value of 27 °C.  
 
The Deccan basalts were erupted around the Cretaceous Tertiary boundary, 65.5 Ma ago. 
They have a present-day volume of ~ 106 km3 and cover an area of ~ 5 × 105 km2. The total 
initial volume of lava may have reached 3 ~ 106 km3 (Courtillot et al.. 1986). Therefore, some 
two thirds of the initial basalts must have disappeared in the last 65 Myr. The thickness of the 
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basalts varies from ~ 200 m or less in the east to ~ 2000 m in the west and consists of a 
series of lava sequences. The basalts are mainly of tholeiitic composition and contain 
primarily phenocrysts of plagioclase and clinopyroxene, altered olivine and glass, and apatite 
in the groundmass. The basaltic sequences are separated in some instances by lateritic soil 
horizon (Widdowson and Cox 1996). Black coloured vertisols with abundant smectite and 
lateritic carapaces (coastal area) dominated soils.  
 
Basaltic weathering in the Deccan area is characterized by dissolved riverine load Ca/Na 
ratio from 0.4 to 2.2, and Mg/Na from 0.2 to 1.1 while the silicate end member defined by 
Gaillardet et al. (1999) displays elementary ratios respectively close to 0.35 and 0.24. This 
might be interpreted as a possible contribution of carbonate weathering, thus questioning the 
role of basaltic weathering on the global carbon cycle and climate evolution. Indeed, if the 
high apparent weathering rate of basaltic rocks is related to extremely fast dissolution of 
disseminated calcite, consumption of atmospheric CO2 by basaltic rocks might be much 
lower than previously expected, since carbonate rocks dissolution do not consume 
atmospheric CO2 at the million year timescale (Walker et al., 1981; Goddéris and François 
1995). However, the question whether these high elementary ratios may be characteristic of 
basalt dissolution is still open. 
 
Furthermore, elementary ratios (Ca/Na and Mg/Na) of the river suspended loads display 
values far above the elementary ratios of the basaltic bedrock which displays Ca/Na and 
Mg/Na ratios of respectively about 3 and 2). The question whether this is the result of an 
element fractionation through weathering processes between the dissolved and suspended 
load, or whether this is the consequence of a non steady state weathering regime due to 
anthropogenic agricultural activities is not solved (Vigier et al., 2005).  
 
We propose to investigate the question of the high values of the elementary ratios of the 
dissolved and suspended load of rivers draining basaltic area through numerical modelling. 
Answering this question required the modelling of the weathering reactions, of the time 
evolution of the soil solution compositions and of the mineralogical composition of the 
weathering profile, integrated over 103 to 104 years. Weathering models that can be applied 
in the natural environments do not consider the change in the mineralogical composition. 
They generally assumes that the soil profile (from the surface down to the bedrock) can be 
described as a superposition of boxes in which the mineralogical composition is prescribed 
and held constant (Sverdrup and Warfinge 1995; Warfinge and Sverdrup 1998; Holmqvist 
2001; Alveteg and Sverdrup 2002; Goddéris et al., 2006). This approach is fully justified for 
short term simulations (101 to 102 years) when mineralogical composition does not evolve 
significantly.  
 
We use a modified version of the WITCH model by introducing a time evolution of the 
composition of the primary and secondary mineral phases in the each soil layers. WITCH is a 
numerical model developed to describe the weathering processes in the natural environment 
at the small catchment scale. It has successfully reproduce the chemistry of the soil solutions 
and of the main stream of a small granitic catchment located in the Vosges Mountains, 
France (Goddéris et al., 2006). Dissolution of primary and secondary minerals is described 
through kinetic laws derived from transition theory concept (Eyring 1935). Overall dissolution 
rates RS are assumed to be the sum of H+, OH-, H2O and organic ligands promoted 
dissolution:  
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where A stands for the mineral reactive surface (m2/m3 of soil), ki and Ea
i are the dissolution 

rate constant and the activation energy for the i species promoted dissolution, and ai and ni 
stand for the activity of species i and the order of reaction with respect to i, respectively, and 
finh describes the inhibiting effect of aqueous species on mineral dissolution. In this study Al3+ 
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is considered as the main inhibiting species and the expression of finh has been derived from 
Oelkers et al. (1994), Schott and Oelkers (1995), and Devidal et al. (1997). No provision has 
been made for a possible catalysis of dissolution rates by CO2 aqueous species since 
Golubev et al. (2005) have recently shown that these species have no direct effect on silicate 
dissolution rates. The consequence of departure from equilibrium on mineral 
dissolution/precipitation rate is accounted by the (1-Ωs) term where Ω stands for the solution 
saturation index with respect to the particular solid and s is a stoichiometric number. 
Dissolution or precipitation occur depending if this function is positive or negative. WITCH 
does not include a nucleation model, and precipitation rate is assumed to be proportional to 
the reactive surface area of the mineral, an input parameter calculated from the observed 
relative abundance of minerals in each soil layer, and from the soil texture. The WITCH 
model includes kinetic laws for 32 minerals. Improvements of this first version of WITCH 
include the calculation of the amount of each mineral (secondary and primary) in three soil 
layers. “Production” of mineral within each soil layer occurs through the slow downward 
movement of the soil column within the bedrock as a result of the chemical denudation 
calculated by WITCH, and through secondary phase precipitation, while removal of minerals 
occurs through the weathering reactions and ascent of minerals due to the general slow 
downward movement of the soil column (Fig. 1). The mineralogical composition of the 
bedrock is assumed to be basaltic, without the presence of trace calcite. 
 

 
Figure 1. Model description. Chemical signature of the dissolved load is calculated as the chemical 
composition of the water draining the soil column down to the bedrock. Suspended load signature is 
calculated as the mineralogical composition of the top soil layer submitted to prescribed mechanical 
erosion. Prescribed climate is the present day mean annual climate, but can be change in sensitivity 

tests. 
 
The model is first run so that steady state is approached, meaning that the mineralogical 
composition of each layer as well as the chemical composition of the soil solutions tend 
towards steady state. Regarding the elementary ratios of the dissolved load, these 
preliminary results suggest that high Ca/Na and Mg/Na ratios are compatible with the 
assumption that calcite do not contribute to the weathering (Fig. 2), confirming that basaltic 
rock dissolution is a major component of the long term CO2 cycle. Sensitivity tests to the 
mechanical erosion rate and to the presence or not of trace calcite will be presented. 
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Figure 2. Elementary ratios of the dissolved and suspended loads calculated for a long term run of the 

WITCH model, and compared to available data. The blue square stands for the initial ratios of the 
dissolved loads, at the beginning of the run, and then drifting towards the green square. 
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Modelling the genesis of Luvisols in late Weichsel 
loess  

 

Finke P. 
Department of Geology and Soil Science, University of Ghent, Krijgslaan 281 B9000 Ghent Belgium 
 
 
Many soils in the western European loess belt have in common (i) a parent material 
deposited in the late Weichsel period (up till about 15,000 BP), (ii) a mineralogical 
composition with some 10-15% calcium carbonate, some 12-18% clay minerals dominated 
by montmorillonite and most of the silt-sized fragments dominated by quartz minerals. As far 
as soil genesis is concerned, there are often indications of decarbonisation followed by clay 
migration. Clay migration may no longer be an active process in semi-natural environments, 
when pH drops to levels at which Aluminium and Iron enter the soil solution and keep the 
clays flocculated, while in agricultural environments liming may have favoured a re-start of 
clay migration, often in combination with organic materials. Knowledge as summarized above 
has come from mineralogical and soil chemical analysis and is supported by soil 
morphological observations. Most of the underlying processes are now understood quite well 
and can be modelled. 
 
Decarbonisation is driven by CO2 production in the soil and a precipitation surplus. Rates of 
decarbonisation were approximated as 2.5 mol CaCO3/m2, year at a precipitation surplus of 
1000 mm/year (Egli and Fitze, 2001), which translates to approximately 1/3 mm of loess soil 
depleted of CaCO3 yearly in western European circumstances. Carbonate chemistry is part 
of quite a number of soil chemistry models. 
Clay migration or, more generally, the migration of soil colloids is progressively better being 
understood as the combination of the effects of film straining, air–water interface capture and 
soil-water interface deposition. The effect of ionic strength on the thickness of double layers 
contributes to the air-water interface and soil-water interface capture, as does the type of 
colloid. Recently, DeNovio et al. (2004) formulated an advection-dispersion equation for soil 
colloid transport and elaborated on its terms, thus outlining a model for soil colloid transport 
in the unsaturated zone. 
 
The formulation of a model incorporating unsaturated flow, soil and colloid chemistry and 
transport should therefore theoretically allow for the reconstruction of the formation of 
Luvisols. This study is a first attempt. 
The proposed model starts from an existing soil chemistry model LEACHC (Hutson and 
Wagenet, 1992), simulating unsaturated water flow by a finite difference approach to the 
Richards’ equation and solute transport by the Convection Dispersion Equation. The model 
also includes carbonate chemistry and sorption of cations to the exchange complex. The 
intention is, to couple this model to a colloid transport model based on the Denovio paper on 
a yearly basis, both models sharing the LEACHC hydrology. Each timecycle, also the effect 
of (i) bioturbation in the topsoil, (ii) changed porosity near the CaCO3 dissolution front and (iii) 
clay eluviation and illuviation on bulk density will be simulated. Simulated bioturbation will via 
partial mixing affect the distribution of soil components in the next timecycle. The effect of 
changes in porosity and clay content on soil physical characteristics relevant to water flow 
will be accounted for by a module that re-estimates on a yearly basis these characteristics by 
pedotransfer functions. Boundary conditions will be generated on reconstructed climate date 
from the early Holocene to present. 
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The paper will show the first results of this attempt to model the genesis of Luvisols. Focus 
will be on the simulation of decalcification in combination with bioturbation. Special attention 
will be devoted to the calibration of the model, since only the start situation (C-material of the 
loess) and the current situation are available for reference. 
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Modelling long term in-situ soil profile evolution 

 

Salvador-Blanes S.1, Minasny B.2, McBratney A.B.2
1 Laboratoire GéEAC, UPRES-EA2100 - Faculté des Sciences et Techniques - Parc de Grandmont - 
37200 Tours, France.  
2 Faculty of Agriculture, Food and Natural Resources - Mc Millan Building A05 - The University of 
Sydney - NSW2006, Australia.  
 
 
Models of soil genesis are of great importance in assessing the effects of global change on 
ecosystems. Most models of pedogenetic processes account for chemical reactions and 
fluxes at the horizon scale and are difficult to extrapolate to the landscape scale. Regolith 
formation at the catena and landscape scale, represented by the evolution of soil depth 
through time, has been recently modelled (Minasny and McBratney, 2001). Improvements to 
this model require further development of the evolution of the soil material released by the 
bedrock. The aim of this study is a first attempt to further develop this model at the profile 
scale by taking into account soil-forming processes such as the physical and chemical 
weathering of primary minerals, as well as bioturbation. The model is programmed in Fortran. 
It results in the creation of soil horizons and allows quantification of the evolution of the 
particle size, mineralogy, bulk density (and thus porosity), and to a certain extent the 
chemical composition along the soil profile. 
 
 
The structure of this 1D model results in considering the soil profile as the sum of a given 
number of ‘layers’. Loose material, representing a ‘layer’ with a thickness dei, is released at 
each time step i by the bedrock. This loose material is supposed to be made of an 
assemblage of coarse fragments. The quantity of loose material released by the bedrock 
decreases exponentially with increasing soil depth (Minasny and McBratney, 1999). At the 
final time step ntime, loose material of layer 1 released at time step 1 will be ntime.dt years 
old, dt being the duration of a time step, soil material of layer i released at time step i will be 
(ntime-i).dt years old. The model calculates the evolution of the so called ‘loose material’ of 
each layer, taking into account both the physical and chemical weathering, as well as 
translocation processes, as detailed below. 
 
The weathering of the coarse fraction is considered as a physical weathering process only. 
This coarse fraction is composed of an assemblage of rock fragments, i.e. pieces of rock that 
are an assemblage of minerals. These rock fragments are broken down into smaller 
fragments according to a first order kinetics reaction. The smallest rock fragment size fraction 
is supposed to break into 2 mm particles that become readily available to chemical 
weathering in addition to the physical breakdown. These 2 mm particles are supposed to be 
individual mineral particles.  
The weathering of these particles follows a similar model as the one developped by Legros 
and Pedro (1985). The intensity of both physical breakdown and chemical weathering is 
adapted to the nature of the mineral species. The physical breakdown of the mineral particle 
is a function of its nature its size, and its depth in the soil profile. The chemical weathering 
consists in calculating for each horizon and each time step the mass of a given primary 
mineral that is weathered and whenever it is the case the number of moles of secondary 
minerals formed according to known chemical weathering pathways. The primary mineral 
weathering rate for a given mineral is calculated as the product of the reaction rate constant 
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kr (mole.cm-2 mineral.s-1) and the surface area Sa (cm2 mineral. m-2 soil) of the mineral 
considered (e.g. White et al., 1996). The equation states that the more surface area is 
available for weathering, the more quantity of mineral will be weathered. Reaction rate 
constants can commonly be found in the litterature, but have to be used with great care, 
owing to the way they were determined. 
Running the model considering only physical and chemical weathering of the coarse and fine 
fractions of the soil leads to a profile development that does not express any horizonation, 
but a progressive increase in weathering towards the surface. The horizonation process can 
only be happening if the model takes into account either addition/removal of particles to/from 
the profile, or the translocation of particles within the profile (Phillips, 2004). We focused in a 
first approach on bioturbation processes, considered as a major translocation process (Paton 
et al., 1995). The model is programmed in that way that it leads to the removal of a given 
proportion of the fine fraction of soil from each layer in the subsoil, that amount being added 
to the topsoil layer, that is considered to be homogenised through bioturbation (Müller-
Lemans and van Dorp, 1996).  
 
Finally, as the soil forms, each layer is subjected to increased weathering that results in a 
loss of chemical elements, whereas bioturbation leads to a removal of soil material from 
subsoil to topsoil layers. Both these processes tend to result in the collapse of the subsoil. 
Conversely, the arrangement of soil particles into peds causes the dillation of the soil. As a 
result, the thickness of each layer will change with time. All layers are subject to 
collapse/dillation. In order to take these changes into account, the bulk density and thus 
porosity of these layers is modelled. 
 
The model has been applied on data taken from a study on soil weathering on meta-gabbro 
(Schroeder et al., 2000). It results in the genesis of a stone-layered soil that accords with 
mechanisms of soil development recently described by Johnson et al. (2005). 
 
This simple model can be improved on many aspects : the processes are modelled very 
simply and could be further detailed. Other important factors of soil genesis, such as organic 
matter, have to be implemented. Finally, the model will have to be implemented at the 
catena, then at the landscape scale. 
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Modelling subsoil bulk density increase of Australian 
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In the Western Australian wheatbelt, the soils are predominantly strongly weathered and 
have poor physical properties for crop growth. Many of the fine textured subsoils have 
undesirable structural characteristics, the majority is sodic, highly dispersive and poorly 
permeable, and bulk densities greater than 1.7 g cm-3 are common at maximum swelling. 
This study aims at showing that the high bulk densities in clayey subsoils can have resulted 
from a process involving cycles of shrinking and swelling and the infilling of the vertical crack 
network of the subsoil with topsoil. 
We examined dense low activity clay soils (Grey clay soils) in Western Australia in which the 
dominant physical feature of the subsoil was coarse prismatic structure. The prisms were 
approximately hexagonal in horizontal section with an average side length of 0.66 m. The top 
of the prisms reached to within approximately 0.07 m of the soil surface, their sides 
becoming indistinguishable below approximately 0.9 m. The vertical faces of the prisms were 
coated by material similar in composition to the topsoil and separated from it by a transition 
material of intermediate composition. Soil within the prisms had a bulk density at maximum 
swelling which reached a maximum of 1.86 g cm-3 in the upper subsoil, between 0.07 and 
0.15 m depth.  
We developed a model based on the hypothesis that the high bulk density have developed 
as a result of a simple three stage process: (1) soil shrinkage as the profile dries over 
summer leading to widening of cracks between prismatic peds, (2) infilling of cracks by 
detached topsoil which adds to coating thickness and (3) swelling during the winter, now 
partially restricted by coating material, leading to compression of the prismatic peds.  
 

A

YT XT

B XY

A

YT XT

B XY

 
Figure 1. Sampling design showing the location of samples in the tilled layer A, the coating X of which 
the thickness is TX, the transitional zone Y of which the thickness is TY and bulk soil B in the subsoil. 
 
The model considers that the subsoil can be described as a succession of layers, every layer 
having two coatings X and Y at one of its ends comprising different mixtures of materials A 
(surface soil) and B a given horizon in the subsoil (Fig. 1). Then: 

ABX uCtCC += ,    (1) 
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ABY wCvCC += ,    (2) 
With:     ,  (3) t u+ = 1

v w+ = 1,  (4) 
where , , and  are the clay contents of the materials A, B, X and Y respectively, 
t and u are the ratios of material B and A respectively in material X, and v and w are the 
ratios of material B and A respectively in material Y. Then by combining Equations (1) and 
(2) then Equations (3) and (4) we obtain the following relationships: 

AC BC XC YC
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= ,     (5) 
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−
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= ,     (6) 

According to that model, the thickness of material X is  and it results from the mixture of a 
thickness  of material B with a certain amount of material A. Thus: 

XT
'

BT

X*
B

*
X'

B T
D
DtT = ,     (7) 

with  and  the field bulk density of the material B and coating X at maximum swelling, 
respectively. Following the same reasoning, we can write: 
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with  the thickness of material Y,  the thickness of material B which has been mixed 
with material A to give the coating Y and , the bulk density of the coating Y. Thus the 
width of the crack (W

YT "
BT

YD
crack) which has been filled by pure material A is given by the following 

relationship 
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and by using Equations (5), (6), (7) and (8) we obtain 
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Results showed that the development of the very dense upper subsoil can be indeed 
explained by that model developed on the basis of the geometry of the peds and their 
coatings (Bruand et al., 2001). Results showed also that the coating process that is 
responsible for the very dense upper subsoil has occurred under native vegetation but is 
much more active when the land has been used for agricultural and pastoral activities as 
indicated by thicker sandy-clay coatings on the vertical faces of prisms and the higher bulk 
densities in the subsoil (Buand and Gilkes, 2002). Finally, the mean bulk density was 1.71 
and 1.86 g/cm3 at 20–25 cm depth under native vegetation and crop respectively. Thus, the 
kinetics of the process modelled was strongly increased when the land has been used for 
agricultural and pastoral activities. 
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Pedological differentiation and its link to hydrological 
behaviour of a hydromorphic loamy soil cover in the 
Western Parisian Basin, France 
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The geological stratification of the plateau of Alluets-le-Roi (Yvelines) is typical of the 
Parisian Basin. A 2m-thick loess deposit covers a buhrstone clay bed called “Argiles à 
Meulières” that crowns the sands and sandstones of the “Sables de Fontainebleau” 
formation. The “Argiles à Meulières” clay bed constitutes a discontinuous aquitard, on which 
a temporary perched water table may be formed. The purpose of the study was to 
characterise the hydrodynamic behaviour of this vadose zone and its linkage to the 
pedogenetic evolution of the originally-carbonated loess. 
The dynamics of the temporary perched water table was monitored by 16 piezometers 
spread on a 80-m long, 10-m large, 2-m deep area of a cropped field (Fig. 1). Piezometric 
domes appear straight under local topographic depressions (about 40 cm variation in 
altitude) identified by a detailed DEM of the area. Field observations showed runoff 
concentration and preferential infiltration in these depressions. The temporary perched water 
table flows out laterally to draining windows or channels located within the clay bed (Fig. 2), 
and recharges the underlying sand aquifer. The lateral extension between the refill and 
discharge zones is around 40-m. 
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At topographic domes, LUVISOLS-RÉDOXISOLS (soil profiles 1 and 2) can be observed in 
which temporary saturation leaves redox reddish-brown mottles and iron-manganic 
concretions. Under the topographic depressions, pedogenetic evolution is more intense with 
glossic, drained, albic LUVISOLS-RÉDOXISOLS DÉGRADÉS (soil profiles 3 and 4). On a 40-m 
transect, the lateral differentiation of the soil cover was related to the development and 
persistence of the perched water table. Prolonged saturation is known to induce iron 
reduction and clay mobility. Profiles 3 and 4 were indeed depleted in iron and clay relative to 
Profiles 1 and 2. Tension infiltrometer measurements showed that the near-saturated 
hydraulic conductivity of the BTg horizons of Profiles 1 and 2 were not different from that of 
Profiles 3 and 4. So the water regime seemed to be more related to the permeability of the 
“Argile à meulières” rather than to the intrinsic evolution of the soil profile. 
 

 
 
A quasi-continuous 2D-distribution of the ground resistivity was obtained by a geoelectrical 
exploration (standard Wenner) along the transect. The apparent resistivity map related well 
with the pedological differentiations observed within the transect (Fig. 3). The limit between 
the eluviated “E” horizon and the illuviated “BT” horizon, which was deeper in LUVISOLS-
RÉDOXISOLS DÉGRADÉS, could be matched with the 60 Ω.m resistivity value. 
The fact that the soil cover differentiation seemed to be related to its hydrology provides here 
a good opportunity to test models of pedogenetic evolution. Rates of iron and clay 
exportation could be related to climate and vegetation history. However, some knowledge of 
the initial properties of the soil materials would be needed and could be obtain by in-depth 
chemical and mineralogical analysis (such as isoquartz balances). 
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Introduction 
Pedogenetic processes that redistribute soil elements over time have been considerably 
investigated and clearly identified. Nevertheless, the quantification of their respective 
influences on element redistribution is still poorly known, while soil protection requires 
extensive knowledge of their long-time depending evolution. The quantitative redistribution of 
elements is of prime importance in polluted soils, since the long-term environmental hazards 
depend on their potential mobility and biodisponibility, thus speciation. Among the elements 
frequently encountered in polluted soils and exhibiting a well-established phytotoxic nature, 
zinc is of great concern. Nevertheless, pollutions are too recent to observe or even predict 
the long-term behavior of zinc in polluted soils. 
An alternative approach is to study paleosoil developed on natural geochemical anomalies. 
Indeed, such paleosoils display zinc concentrations equivalent to those of polluted soils with 
the advantage to involve long pedological time of contact between the elements and the 
different soil phases. Our study aims at quantifying the long-term redistribution of zinc during 
the pedogenesis of a soil developed upon a natural geochemical anomaly. We first 
determined zinc speciation both in the parental material and in the solum, then quantified 
redistribution by mass balance calculations. This approach permits to estimate Zn outputs or 
inputs in the solum and to quantify its redistribution along the profile and among the different 
mineral phases. 

Material and methods 
The studied site is located on the northeastern sedimentary margin of Morvan Mountain 
(Burgundy, France). It lies on a Sinemurian aged limestone platform that underwent 
mineralization events during the Lias at the origin of its high contents in Zn, Fe and Mn 
notably. The soils developed upon this carbonated platform are rich in the <2 µm particle-
size fraction and exhibit numerous Fe-Mn concretions within the whole profile. The sampled 
solum exhibits the following horizonation from top to bottom: A, E, Bd (degraded B horizon), 
BP (phosphate nodule bearing horizon), Bc (Fe-Mn concretion-rich horizon) and C-horizon 
developed in a water table, particularly rich in the <2 µm particle-size fraction. The A- to BP-
horizons derive from the autochthonous weathering of the Lotharingian aged limestone, the 
BP-horizon being inherited from the phosphate nodule bearing bed at the base of this 
buildup, while the Bc- and C-horizons derive from the weathering of the Sinemurian aged 
limestone (Baize and Chrétien, 1994). Four main pedogenetic processes occurred in the 
solum during pedogenesis: decarbonatation, succession of oxidative and reductive condi-
tions (past and present), eluviation and weathering (Baize and Chrétien, 1994). The mineralogy 
and the chemistry of the parental limestones and of the different particle-size fractions of 
each horizon of the solum were determined. Sequential extractions (adapted from Gupta and 
Aten, 1993 ; Hall et al., 1996 ; Benitez and Dubois, 1999), performed on bulk fractions, were 
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particularly focused on the extraction of Zn bound to Fe and Mn-oxides. Mass balance 
calculations were performed using Ti and Zr as cross-references (Brimhall et al., 1991). 

Results 
Zinc distribution in the parental limestones 
In both the Lotharingian and the Sinemurian aged limestones, Zn occurs at low concentration 
in the carbonated matrix probably in association with phyllosilicates (kaolinite and 
interstratified). The most important Zn concentrations are found in association (i) with both Fe 
and S (as a mix of pyrite and sphalerite) in spots included in the carbonated matrix of the 
Sinemurian aged limestones or (ii) with Fe (as goethite) in the phosphate nodules of the 
Lotharingian aged limestone. 

Zinc distribution in the solum 
Zinc concentration in the bulk fraction increases with depth, with a peak in the BP-horizon 
and an abrupt increase in the C-horizon. The main Zn bearing particle-size fraction is the <20 
µm one, especially the <2 µm one which consists, in decreasing order of contribution, of 
kaolinite, interstratified phyllosilicates, quartz, Fe- and Mn-oxides. Phosphate nodules 
(mainly apatite) and Fe-Mn concretions (mainly goethite, ferrihydrite and Mn-oxides including 
birnessite), are responsible for the important Zn fraction bound to the >500 µm particle-size 
fraction. In the phosphate nodules, Zn is associated with goethite grains scattered or 
amassed in the matrix, but is absent from the matrix. Sequential extractions show that Zn is 
essentially associated to amorphous and crystallized Fe-oxides (ferrihydrite and goethite) 
and to phyllosilicates (kaolinite and interstratified) along the whole profile. Nevertheless, the 
extremely high Zn concentration in the C-horizon is related to an abrupt increase of Zn 
contents in Mn- and amorphous Fe-oxides, Mn-oxides (including birnessite) displaying an 
extreme Zn enrichment. 

Zinc mass balance calculations 
Mass balance calculations show Zn losses in the A- to Bd-horizons and Zn accumulations, 
slight in the BP- and Bc-horizons, but important in the C-horizon. 

Conclusion 
The pedogenesis, through eluviation, oxido-reduction and weathering, may have 
impoverished in Zn the top solum, with an almost disappearance of the most easily 
extractable phases containing zinc, which is now bound to stable phases. In the BP- and Bc-
horizons, Zn accumulation is small but important redistributions occurred, especially due to 
the alternation of oxidative and reductive conditions that permit the coprecipitation of Zn with 
goethite and ferrihydrite. Zinc is now partly accumulated in the C-horizon where Zn is bound 
to more easily extractable phases. 
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Latosols are deeply weathered soils characteristic of the moist tropics. Many Latosols have 
kaolinitic horizons overlying more gibbsitic ones (Lucas, 1989), for which there has been no 
satisfactory pedological explanation and why they have often been considered as a 
sedimentary succession. Several hypotheses to explain this phenomenon were expressed: 
biogeochemical recycling of Si by the forest (Lucas et al., 1993) or the activity of termites 
(Volland-Tuduri, 2005). The objective of this study is to model the development of Latosols of 
the Brazilian Central Plateau considering the respective effect of parent material, time or 
biological activity. This plateau is constituted of the two main geomorphic surfaces: the South 
American surface (Suface I) and the Velhas surface (Surface II). In the Central Plateau, the 
Latosols can be identified as Red Latosols (~28%), Yellow Red Latosols (~10%) and Yellow 
Latosols (~2%), (Reatto et al., 1998; Embrapa, 1999).  
 
Ten Latosols (L) developed in different parent materials were selected along an 
approximately 350 km long regional toposequence across the South American surface (L1 to 
L4) and Velhas surface (L5 to L10) (Fig. 1). The Latosols L5 and L6 were located on the 
upper Velhas surface, L7 and L8 on the intermediate Velhas surface, and L9 and L10 on the 
lower Velhas surface. Samples were collected in the diagnostic horizon (Bw) of these 
Latosols. Basic soil characteristics were determined on the air-dried <2 mm material 
according to the Brazilian standard procedures, (Embrapa, 1997). The chemical composition 
of the < 2 mm and < 2 µm fraction was determined after fusion with lithium metaborate. The 
mineralogical composition of the < 2 mm and < 2 µm fraction was determined using X-ray 
diffraction.  
 
First results showed that the Latosols L1 to L4 from the South American surface, whose 
parent materials were originated from lateritic crusts and saprolites of detritic and mafic 
granulite rocks, were gibbsitic Latosols. These Latosols were characterized by a kaolinite/ 
(kaolinite+gibbsite) ratio < 0.5. The kaolinite content ranged from 20 to 41 g.kg-1, the gibbsite 
content from 44 to 63 g.kg-1, the goethite content from 8 to 17 g.kg-1 and the hematite content 
from 0 to 20 g.kg-1. The Latosols (L5 to L10) from the Velhas surface, whose parent materials 
originated from colluvial pediments and saprolites of pelitic rocks, were kaolinitic Latosols. 
They were characterized by a kaolinite/(kaolinite+gibbsite) ratio > 0.5. The kaolinite content 
ranged from 40 to 65 g.kg-1, the gibbsite content from 18 to 37 g.kg-1, the goethite content 
from 0 to 9 g.kg-1 and the hematite from 8 to 20 g.kg-1.  
 
Further analysis will consist in establishing a more detailed description of the < 2 µm 
mineralogy by using high resolution transmission electron microscopy and selective chemical 
dissolutions. Indeed, 2:1 clay minerals were recognized in similar Latosols by Vollant-Tuduri 

Session 1 – Examples of long term pedogenesis – poster 39



Workshop on modelling of pedogenesis, October 2-4, 2006, Orléans France 

(2005) and their presence in the Latosols studied remains to be established. Then, the 
geochemical composition and associated mineralogy of the diagnostic horizons will be 
discussed according to the characteristics of the parent material (chemical composition, 
mineralogy, density). Finally, we will develop a model based mainly on the age of the Latosol 
and the characteristics of the parent material that will account for the current characteristics 
of Latosols of the Central Brazilian Plateau. 
 

 
 
Figure 1. Position all sampling of the 10 Latosols (L) in each geomorphic surface in the regional 
toposequence of Central Plateau – Brazil. 
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Rate of soil formation is the difference between the rates of weathering and of mechanical 
erosion. When considering autochthonous surface formations, soil is simply derived from the 
underlying parent material. Weathering acts at the interface between parent rock and alterite, 
referred to as the weathering front, while mechanical erosion acts at the soil surface. Soil and 
alterite occupy the space and time between those two fronts. The transformation of alterite 
into soil occurs at the interface between those two volumes, i.e. the pedoplasmation front. 
This latter transformation is mainly due to bioturbation, swelling / shrinking, and occurs in the 
vadose zone, as root penetration stops at the  permanently saturated zone. When 
considering subautochthonous formations, lateral flow of solid matter must be considered, 
that either erodes or deepens soil. For allochthonous materials, new material is added and 
preceding materials are buried.  
Different processes can be defined, rock weathering, pedoplasmation, soil erosion, soil 
burial. Estimating rates for these processes imply to define initial and final states or steady 
states for them, and to obtain geochemical tracers for the progression of these processes. 
The following considerations are based both on field studies, geochemical analyses and 
modelling. Numerous references can be found in the reviews quoted hereafter.  
 
Estimation of the rate of weathering 
Weathering leads to the formation of characteristic soil minerals, mainly clay minerals and 
iron and manganese oxides, ("plasma") while the rock structure is kept ("isalterite"), while soil 
structure replaces rock structure when isalterite is transformed into soil. Accordingly, 
weathering front is equivalently referred to as alteroplasmation front. The rate of weathering 
can be derived from the geochemistry of soil solutions and modelling of the reactions that 
occur in soil and alterite, that is from the mass balance of dissolution of primary minerals and 
newformation of secondary minerals. From simulation models of granite weathering in the 
Vosges, the time necessary to completely dissolve the minerals contained in 1 m3 of granite 
is obtained as: 300 000 yrs for quartz, 170 000 yrs for biotite, 43 000 yrs for albite and 
41 000 yrs for anorthite, K-feldspar remaining protected by the weathering of other minerals. 
Weathering is considered to be complete when all plagioclase feldspars have disappeared, 
as they amount to 50 % of rock volume. The depth of progression of weathering is then 
obtained as 1 m per 43 000 yrs, i.e. 23 µm/yr and the mass balance is as follows, on an 
annual average per m-2, that initially contain 61 mg rock: 35 mg of granite are dissolved; 14 
mg of dissolved matter are evacuated in drainage water, while 21 mg of newformed minerals, 
goethite and kaolinite precipitate and 26 mg of residual minerals remain, quartz, K-feldspar 
and biotite, as physically divided, partly dissolved tectosilicates and transformed 
phyllosilicates (true vermiculite).  
From the average apparent density of soils, it appears that the volume created by dissolution 
can accommodate newly formed soil minerals, so that rock structure can be kept.  
From the mass balance and hydrolytic reactions, the protons resulting from the dissociation 
of CO2 are obtained and the flux of CO2 trapped from the atmosphere by weathering of 
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continental rocks is obtained as about 3 g C m-2 yr-1, half of which equilibrate Ca2+ and Mg2+ 
and will thus be removed partly as CaCO3 and MgCO3 precipitate in the sedimentary basins. 
 
Estimation of the rate of mechanical erosion and of soil burial  
Mechanical erosion occurs generally at the soil surface, or at the limit between A and B 
horizons, unless the whole soil is removed by catastrophic events. Cosmogenic nuclides can 
be used to estimate rates of erosion, burial, bioturbation and mass flow or to discriminate 
between allochthonous and autochthonous origins of surface materials. As the use of 
cosmonuclides gives rates integrated on several thousands of years, the comparison with 
mass balances on experimental watersheds leads simply by difference to the anthropogenic 
erosion.   
In situ produced cosmogenic nuclides, especially 10Be, 26Al and 36Cl can be used for dating of 
geomorphologic markers such as surface of alluvial deposits, channels, glacial moraines and 
fault planes. Stratigraphic correlations can then be obtained in continental areas and related 
to climatic changes. When these markers are shifted by tectonic activity, rates of tectonic 
deformation can be constrained, which must be accounted for understanding landscape 
evolution. 
For mechanical erosion, the rates obtained are 2 ± 0.3 µm/yr on the stable west-african 
shield, from 2.5 to 9.0 ± 0.5 µm/yr on the amazonian shield. On slopes in Puerto-Rico a rate 
of ∼ 43 µm/yr was obtained, while the present erosion rate is ∼ 75 µm/yr, which gives an 
estimation of anthropogenic impact as ∼ 22 µm/yr (+ 50 % increase). 
On quartz veins, both allochthony could be demonstrated and an average of collapse of soil 
structure of 35 % measured, while the lateral burial of the "stone line" could be estimated as 
occurring at the rate of 66 ± 6 µm/yr.  
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The characteristics of several pedons developed from sandy dunes in Oleron Island (France) 
were studied. The observed soils range from Arenosol on recent dunes close to the 
coastline, to well developed microPodzol (E, Bs and C horizons) on older dunes at about 400 
m from the coastline. The intermediate stage shows organic horizons (Ah and C horizons), 
but no eluvial horizons. Due to a rapid migration of dunes, the duration of pedogenesis has 
been confined to the last centuries giving rise to soils of various ages, with podzolization 
being the major soil-forming process. This multi-scale approach combines a spatial study (at 
the dunes scale) and a detailed multi-element analysis on profile scale. Clay minerals in the 
< 2 µm and in the < 0.1 µm fractions were examined using X-ray diffraction and 
decomposition of the XRD-patterns and IR spectroscopy. Total chemical analyses of 
separate fractions were performed using SEM-EDX. The CEC, C content, as well as 
extractable aluminum and iron (DCB and ammonium oxalate) were investigated by ICP-AES 
on fine earth. The spatial distribution of soil properties versus the mean age of soils was also 
examined. 
 
All samples had about 2 % of the < 2µm fraction, and 98 % of sand, with silt being negligible. 
The soil pH in H2O varied between 8.5 (C horizon) and 4.5 (E horizon). The CaCO3 content 
was 10 % in the C horizon and less than 1 % in the eluvial horizon. The XRD diagrams from 
the < 2 µm fractions appear to be identical for all the C horizon (Fig. 1). They showed the 
presence of chlorite, micaceous clay minerals and kaolinite. Other reflections indicate quartz, 
calcite and feldspars. In the E horizon, the observed mineralogical changes with increasing 
soil development followed the scheme: 

micas/illite + chlorite   →   illite ± illite-smectite mixed-layer   − − → smectite. 
Aluminium and Fe released by weathering are probably complexed by organic matter and 
translocated deeper in the profile in the Bs horizon. 
 
Preliminary results on the spatial distribution of soil properties did not show the link between 
soil development and the age of the dunes, but rather to the age of the tree (Pinus pinea and 
Quercus ilex) plantation that were firstly established in 1850 to protect the dunes against 
erosion. 
 
In perspective of modeling pedogenesis this chronosequence provides valuable information 
to investigate the effect of time on soil development, and more specifically on the evolution of 
clay mineralogy, since soils present a strong differentiation over short distance, the other 
factors being constant. Indeed, the parent material is nearly homogenous and very simple, 
the climate is the same and the vegetation also, whereas only the soils’ age vary. Thus 
combination of data on mineral evolution and the time of pedogenesis should allow to 
estimate kinetics of mineral weathering in natural conditions.  
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Figure 1. XRD patterns of clay fractions of the soils sampled at increasing distance from the coastline. 
E, Bs and C refers to the different horizons;  AD : air dried; EG : ethylene glycol. 
 

 44 



Workshop on modelling of pedogenesis, October 2-4, 2006, Orléans France 

 

Alpine soil evolution during the Holocene 
reconstructed by sediment record: evidence of long-
term processes and effect of disturbances  

 

Mourier B.1,2, Poulenard J.1, Carcaillet C.2, Faivre P.1
1 Laboratoire CARRTEL (UMR 42), Université de Savoie, 73376 Le Bourget du Lac, France 
2 Centre de Bio-Archéologie et d’Ecologie (UMR 5059), Institut de botanique, 34090 Montpellier, 
France 
 
 
Within the framework of modelling pedogenesis, the time required to initiate and complete 
pedogenetic processes remains largely to be researched. The rate and intensities of 
pedogenesis vary as a result of substrate and environmental properties. Under temperate 
climate, major processes of soil evolution act slowly and continuously. Moreover, 
disturbances (man-induced, natural) might strongly affect vegetation cover and soil evolution. 
Disturbances are considerate to have brutal consequences on soil evolution by changing 
pedogenic pathways (Barrett and Schaetzl, 1998).  
One of the limiting factors for assessing pedogenesis is the absence of continuous soil 
evolution records on long time scale. Some soil features, formed under earlier 
circumstances, may be relict but are deteriorating or degrading under current conditions. 
Only well-dated chronosequences can reveal the time needed to reach particular stages of 
soil development and the effect of disturbances on soil genesis (Egli et al., 2001). To get 
around this limitation, we attempted to use the chemistry of Holocene sediment records to 
infer soil development within a lake's catchment. Such chemical stratigraphy approach has 
been largely used by palaeoecologists (Mackereth, 1965; Engstrom and Wright, 1984; Hu et 
al., 1993; Willis et al., 1997; Ewing and Nater, 2002), and can be directly compared with the 
reconstruction of vegetation. In this study, we propose a conceptual model to define the 
timing of stages of alpine soil development following the last deglaciation. 
 
A multi-proxies analysis based on charcoal and geochemical datasets was performed on 
lacustrine sediments to reconstruct fire history, erosion intensity, vegetation changes and soil 
dynamics. Sediments were extracted from a pond situated in the subalpine belt at 2020 m asl 
in the Maurienne valley (Alps, Savoie, France). High-resolution analyses of the 4-m length 
core were carried out to detect erosion based on loss-on-ignition (LOI) and magnetic 
susceptibility (MS). The chronology was secured by AMS 14C and 210Pb measurements. Soil 
development and dynamics were reconstructed using different geochemical measurements 
both on present-day soils as references and on selected sediment depth. Common soil 
extractions of Fe, Al and Si (pyrophosphate, citrate-bicarbonate-dithionite and ammonium 
oxalate), total analyses (major and trace-elements) were chosen to be applied to both lake 
sediments and present-day soils.  
The base of the chronology is dated from 8995 cal yr BP. The sedimentation rate varies 
between 0.5 and 1.6 mm yr-1. LOI and MS highlight a significant change of sedimentation at 
6595 cal yr BP. Detritical materials resulting from soil erosion dominate the oldest sediments, 
whereas peat-origin organic materials characterize the youngest sediments. The duration of 
the transition from a lake system to a peated-lake system is estimated to ca. 350 years.  
 
The elemental composition of lake sediments is divided into an allogenic fraction, formed 
outside the lake, and an authigenic fraction, formed within the lake. The geochemical 
analysis was restricted to elements only present in the allogenic fraction and which not 
participate to any significant extent in redox-dependent reactions and biological processes. 
Evidences of materials strictly derived from soil ((hydr)oxides, Al(Fe)-humus complexes, 
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clay) are recorded in the sediment as attested by selective chemical extractions commonly 
used in soil science and scanning electron microscopy. We divide the core into zones owing 
to proxies’ trends. Geochemical techniques used in soil science (Total Base Reserve, Fe and 
Al selective extraction, REE rock normalised) were applied on sediment records. High 
influxes of inorganic silicate minerals are proxies of physical weathering of silicate minerals 
from nutrient-poor soils. Large amount of Fe citrate-bicarbonate-dithionite is independent of 
the other inorganic elements and traces the podzolization process.  
 
We interpret the geochemical records in terms of soil installation and soil evolution. The 
record of soil development includes an early period of base cation leaching (inferred to 
lithosols and leptosols) followed by a gradual acidification from cambisols to podzols. Then, 
the high charcoal and geochemical influxes suggest a disturbed period. Comparing with 
modern soils, the geochemistry of sediments indicates a change in dominant soil genesis 
process with a drastic decrease of podzolization on pasture areas. One of the triggering 
mechanisms responsible of this ecosystem evolution is the modification of the fire frequency. 
We suspect that vegetation, affected by changes in fire frequency resulting from anthropic 
land-use changes, is the ultimate cause of mountain soil dynamics. 
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KINDIS and KIRMAT: two geochemical codes for 
water-rock interaction simulation and modelling of 
soil formation under weathering conditions 

 

Fritz B., Clément A. 
Centre de Géochimie de la Surface (CGS, CNRS - University Louis Pasteur) 1 rue Blessig, 67084 
Strasbourg Cedex, France  
 
 

Introduction: Water – rock interaction studies and modelling  
Water Cycle and thermodynamic disequilibrium  
The general water cycle on the surface of the Earth generates, through water-rock interaction 
processes, chemical reactions due to a partial state of disequilibrium between interacting 
"primary" mineral phases and solutions. This is true for the inorganic part of the system, but 
also for the organic phases. The formation of soil is a direct consequence of this 
disequilibrium of the water-rock systems near the surface of the Earth.  
 

Weathering processes and modelling 
Under weathering conditions, the  infiltration of surface waters through soils, to regoliths and 
aquifers and finally to deep rock reservoirs creates reactive water-rock systems out of 
thermodynamic equilibrium : most of the rock-forming minerals, like silicates from granitic or 
sedimentary rocks are formed in P-T conditions very different from surface conditions, and 
the dilute solutions produced by rains and infiltrations are not in thermodynamic equilibrium 
with the minerals but generally largely under-saturated. The compositions of spring waters 
outcropping from aquifers or deep wells, after water-rock interactions, clearly show that these 
conditions are responsible for chemical reactions between the dilute reactive solutions and 
the rock- and soil-forming minerals. These reactions correspond to dissolution and 
precipitation processes combined with ion exchanges and or adsorption processes. The 
geochemical study of this general problem has promoted various geochemical modelling 
approaches of these complex systems. Initially, these approaches were essentially based on 
the thermodynamic effects of disequilibrium states and on the consequent natural tendencies 
of systems to recover a general equilibrium : mass balance equations and Mass Action Law.  
 

Modelling open systems  
This approach, mostly inorganic, has been progressively completed by combining the effect 
of fluid transfers in natural systems and the consequence of fluid/rock interactions, and by 
adding the organic/inorganic interface. This lead to the so-called transport - reaction "coupled 
models ". Rock systems are more or less porous and permeable, and allow fluids to circulate 
and to react with minerals along their pathway : these reactions modify the reactor and the 
fluids. In this evolution of models the major result is to be able to reproduce the cumulative 
effects of reactions in open systems on long term. This is crucial while quite all natural 
systems behave as open systems and if knowing the kinetics of specific local chemical 
reactions is one important thing, the time dependence of rocks and fluids evolutions at large 
scale is the real challenge. 
However, this coupling procedure is not so simple. Even if uncertainties concerning solubility 
products of minerals and dissociation constants of aqueous species, particularly under 
increasing temperatures and pressures and in concentrated solutions or brines did affect the 

Session 2 – Sub session Coupled modelling particles-transfer - Keynote 47



Workshop on modelling of pedogenesis, October 2-4, 2006, Orléans France 

precision and accuracy of models in the purely thermodynamic approach, this was nothing 
compared to the uncertainties related to the kinetic approach of rocks - solutions interactions.  

Modelling complex mineral phases  
In geochemical models the chemical reactions are often represented by oversimplified terms, 
which may not allow to take into account accurately crucial complex phases like multi-
components clay minerals. Specific developments of the modelling have been made in that 
field and provide tools very useful when considering soil formation and evolution. 
 

Experimental or field validation of models  
In this general approach, in relation with modelling, experimental research remains essential, 
before being able to predict the time and space dependence of natural water-rock systems. 
These experiments are necessary at different scales ranging from the thin section scale to 
the size of watersheds or geological reservoirs. In the latter case, one would speak of natural 
analogues. 
This challenge stimulates very interesting researches if one tries to always combine the three 
aspects of the scientific approach: field work, experimental research and theoretical 
approach.  
 

I / From thermodynamic to kinetic models: the code KINDIS (KINetic DISsolution) 
Static and dynamic models  
The static models only consider the thermodynamic state of a water-rock system : they 
detect the undersaturation or oversaturation with respect to minerals, partial pressure of 
gases in equilibrium with the solutions. They clearly identify the chemical potential of a 
system combining minerals + solution at given (P,T) conditions. They are therefore very 
useful to describe the possible chemical dynamics of such systems. The aqueous speciation 
calculation should be considered as a necessary complement to the analytical approach of 
natural solutions in soils, wells, springs: it is the first step of any calculation. It is an 
application of the Mass Action Law to aqueous species to calculate the molalities, activity 
coefficients and activities of all species as well as the ion activity products of minerals and 
the gas fugacities.  
The dynamic models try to predict the possible evolution of a given system due to the non-
equilibrium state detected by the static model : feed-back effect of the possible dissolution of 
minerals for which the solution is under-saturated, and/or the precipitation of minerals for 
which the solution is oversaturated. In these models the non-equilibrium is the driving force 
of the system for chemical and mineralogical evolution. 
Another driving force may be related to (P, T) variations, which induce solubility variations 
and therefore variations of the saturation states with respect to minerals of a given solution in 
a natural system. One may also consider the consequence of water uptake in the solution by 
evaporation as another reason for evolution.  
The two codes described in our approach belong to a serie of codes initiated since more than 
thirty years ago by the “school of Berkeley” for geochemical codes (PATH1, Helgeson et al., 
1971) like EQ3/EQ6, Wolery, 1979, PHREEQE, Parkhurst et al., 1980, DISSOL, Fritz, 1975, 
1981 ; GLASSOL, Grambow, 1987. They use mainly the updated data base of  SUPCRT92 
(Johnson et al., 1993).  
 
This talk is not a review of all methods proposed recently but will focuse on two of our codes.   
 

The Code KINDIS  
The KINDIS code (KINetic DISsolutions), (Madé, 1991 ; Madé et al., 1990, 1994) was 
developed from a the thermodynamic model DISSOL and has been used later as the base 
for the  development of the coupled model KIRMAT (KInetic of Reactions and MAss 
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Transport which maintains all the geochemical “power” of the KINDIS model. This type of 
kinetic model can be considered as a necessary first step of modelling before any model 
coupling transport and reactions. 
 The code KINDIS combining the thermodynamics of equilibrium and the kinetics of reactions 
out of equilibrium allows to calculate (at a given temperature between 0 and 300°C) the 
reaction pathway of a water-rock system using the TST (Transition State Theory) for the 
dissolution of minerals (pH effect and first order kinetics with respect to chemical affinity) and 
an empirical law for crystal growth. It may also use more recent kinetic models like those 
used by Goddéris et al. (2006). KINDIS may consider about 30 chemical elements, 150 
aqueous species, redox couples, gases (CO2, O2, H2). Activity coefficients are calculated by 
an extended Debye-Hückel law. The model is therefore not adapted for brines when Pitzer’s 
type model are required. About 200 minerals are described in the data base (composition, 
morphology, volume, kinetic rate laws if available). Ideal solid solutions can be used to 
represent complex mineral phases and particularly clay minerals (Tardy et Fritz, 1981; Fritz, 
1981, 1985). This is particularly useful for describing the cation exchange in soils.  
 
The major steps of any calculation with KINDIS are the following ones: 
- description of the initial composition of the mineral and aqueous phases and physico-
chemical conditions (P, T, Eh, pH). 
- calculation of the initial chemical speciation and initial saturation state  for each considered 
mineral phase: this defines the initial disequilibrium and chemical potential of the system for 
evolution by dissolution/precipitation (“static” model).  
- calculation of the perturbation of the initial state by dissolution and/or precipitation under 
kinetic control of some mineral phases (“dynamic”) model). 
The resolution method in KINDIS is an explicit one step method (Taylor series expansions of 
the derived functions of the system). The time step is calculated explicitly. With this method 
there are some numerical risks and possible oscillations. The Newton-Raphson method 
would solve these processes in an implicit way and would be more stable. 
Gases are considered either in closed system with respect to the solution (at a given partial 
pressure) or in open system: in that case the fugacity is just calculated as an equilibrium 
value with the solution depending on the ion activities (i.e. H+, HCO3

- for pCO2 ; H+ and pe- 
for pO2 or pH2). This allows to represent the Eh-pH conditions of the weathering systems in 
near surface conditions.  
 

Water-Rock Interaction models and complex mineral phases (oxides, silicates, clay minerals) 
the solid solution model  
The code KINDIS benefits from our effort to better represent complex mineral phases in 
order to take into account their important ability to vary their chemical composition during 
formation or evolution, as a consequence of the changing aqueous chemical composition of 
natural fluids. This is  true even for mineral phases as simple as oxides or carbonates but 
becomes crucial for more complex phases like silicates and particularly clay minerals, formed 
as alteration products, during weathering and soils formation. The approach of defined 
mineral compounds, as we applied for a first approach of diagenetic transformations (Ben 
Baccar and Fritz, 1993 ; Ben Baccar et al., 1993) is therefore not sufficient and one needs to 
apply more sophisticated models like solid solutions for simulating clay minerals. This 
allowed also to trace, in the modelling, Sr isotopic signatures in the weathering of granitic 
rocks (Fritz et al., 1992; Richard, 1993; Probst et al., 2000) or for smectite-illite 
transformations (Blanc et al., 1997). 
We have applied the concept of solid solution in order to solve this problem in both the 
geochemical code KINDIS (Madé et al., 1994) and the coupled transport/reaction model 
KIRMAT (Gérard et al.,1998 a,b). Clay minerals, in particular, are represented by generalized 
n-end-member solid solutions. These tools are able to produce mineral phases as solid 
solutions of n-end-members, at equilibrium with the aqueous reaction phase or under kinetic 
control if rate laws are available from experimental approach, or can be estimated (Munier et 
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al., 2004). This possibility to model complex phases is of major interest for describing in the 
models the clay phases appearing in weathering processes and particularly important in 
soils. This was shown for the weathering of basaltic rocks under tropical climate (Bret et al., 
2003 ; Hoareau et al., 2005). 
 

Nucleation and growth processes: a need for a more sophisticated approach for minerals 
produced as microsize particles  
If one considers mineral phases produced as microsize particles, our approach led us to 
reconsider the problem of crystal growth modelling for these particular phases. It appeared 
that it was no longer possible to simply consider both the thermodynamic approach of the 
problem, with an equilibrium condition for precipitation of clay particles, or the kinetic control, 
out of equilibrium without describing explicitly the nucleation and growth processes. It 
seemed necessary to combine both approaches with a more thorough description of 
nucleation and growth processes. This is now under development in a cooperative program 
between geochemists and physicists (Noguera et al., a and b, in revision) and the code 
NANOKIN is now available for simulating the nucleation of nanoparticles combined with their 
redissolution or growth on long term. This tool will be particularly useful for simulating the 
growth of particles between the nano- and the micro-size. 
 

II / From kinetic to coupled models: the code KIRMAT (KInetic of Reaction and MAss 
Transport) 
An original way to develop the modelling has been found by extending a geochemical model 
to water circulation instead of introducing geochemical reaction terms in a hydrological 
model. 
KIRMAT was developed to simulate the interactions between solution and minerals in open 
systems: it is a reactive transport or hydro-chemical code (Gérard, 1996 ; Gérard et al.,1996, 
1998 a,b). The mass transport phenomena through the total connected porosity of a water-
saturated porous medium are solved over one spatial dimension (1D). 
 

porous rock system 

Nodes

..Input 
flow 

Output 
flow 

31 2 n

 
An explicit or forward time scheme is computed, using the finite difference method. The finite 
difference expression of the partial derivative equations may be either centered or upstream 
weighted. This allows KIRMAT to model all the hydrodynamic conditions from the pure 
advection to pure diffusion. Mass transport and geochemical flux are solved simultaneously 
in a one-step algorithm. 
The code is able to quantify the reactive mass transport through a double porosity medium in 
which the flow porosity (filled with free water) and the diffusion porosity (filled with stagnant 
water) are considered as two distinct sub mediums. 
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Model description 
The Eulerian thermo-kinetic hydro chemical code KIRMAT has been developed from the 
single reaction path model KINDIS by keeping all its geochemical formulation and its 
numerical method to solve chemical equations. The irreversible kinetic driving force is 
explicitly calculated and the sequence of partial equilibrium state is determined from the 
second order Taylor series expansions. 
Solute transport is added to kinetic dissolution and/or precipitation reactions. A chemically 
controlled time step allows preserving accuracy of the calculations. Its value is chosen 
inversely proportional to the largest of the first derivative variations among all the solute 
concentrations.  
The set of equations is integrated along one direction with the classical finite difference 
approximation method. An explicit scheme and a one-step algorithm are used to solve 
simultaneously the chemical and the conservative transport mass balance equations. The 
second-order truncation error, or numerical dispersion, may be removed by subtracting its 
predicted value from the physical dispersive flux expression. This correction improves the 
numerical results. However, the explicit finite difference scheme requires the maximum time 
step to be limited by the following convergence criteria: 

numL DD
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−
Δ

≤Δ *
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          (1) 
Where Dnum stands for the numerical dispersion and λ is a constant (≤ 0.5). Pure advective 
transport needs to respect the less constraining Courant criterion: 
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Short Mathematical description 
At each node we have the following accumulation model with the given variables: 

D : hydrodynamic dispersion tensor (L2T-1) ; D*L : coeff.of longitudinal hydrodynamical dispersion 
(m2 T-1) ; D : coefficient of effective diffusion (m2 T-1) ; me: molality of element e (moles per kg H2O -1) 
Nk : set of minerals controlled by the local equilibrium ; Nm : set of minerals controlled by kinetic 
reactions 
U : Darcy velocity (LT-1) ;Vk : molar volume of mineral k (m3 T-1) ;αL : coefficient of longitudinal 
Dispersivity 
αjk: number of moles of j in mineral k ;  : rate of precipitation or dissolution of mineral m per unit of 
the rock and fluid system ;ϕ’

mΞ
k : volume fraction of mineral k per volume unit of fluid; ω flow porosity of 

the rock control volume ; ψj total concentration (in mole per water mass or volume) of the j primary 
aqueous species. 

ω
φ g : geochemical flow per unit of total rock volume (mole L-3 T-1). 
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At time t, the accumulation (Δm /Δt) in the solution contained in the node M is given by: e

111 −−− +−=Δ nnnem φφφ        .).().(Δ geochOUTtranspINtranspt (3) 

where e represents a chemical eleme
roximated by finite differences: 
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or in in a centered scheme: 
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his KIRMAT model is being intensively applied to different systems like:  

e of the system is 

of a saline pollution in the aquifer of the Rhine Valley. In 

ng for applying KIRMAT to systems like 

Conclusion 
ical modelling tools are very useful for better understanding the evolution of 

ld not be considered as “wonderful black boxes” for predicting the 

ystems in soils, disturbed or not, by 

h may have generate the mineralogy of soils; 
 

T
- behaviour of clay barriers for nuclear waste storages. In that case the siz
small (metric size) but the time scale considered is too long for experimental approach 
(10 000 to 100 000 years). The modelling is necessary for safety assessment studies 
(Montes et al., 2005 ; Marty, 2006); 
- modelling of the reactive transport 
that case the size of the systems is quite large (about 100kms) and the time scale is shorter 
(about tens to hundreds of years).  
The results already obtained are very encouragi
watersheds with soils-solutions interactions.  
 

The geochem
water-rock systems  under weathering conditions : they help to predict the type of minerals 
which may precipitate as soil-forming minerals ; they may also help to predict the evolution of 
soil systems in natural conditions and also under disturbed conditions as due to 
anthropogenic influences. 
However, these tools shou
evolution of natural systems versus space and time. They are essentially complementary 
tools in the general approach of geochemical systems: 
- for detecting the major tendencies in present day s
anthropogenic activity (pollutions, uses…) 
- for reconstructing the paleo-systems whic
- for the interpretation of experimental data and for extrapolating to geological time scale; 
These modelling approaches still need a lot of experimental and field validations.  
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The formation of a soil profile in parent material is the result of a multitude of complex, 
interactive physical, chemical, mineralogical, geological, and biological processes. Important 
processes are speciation, transport and sorption of elements and particles. These processes 
have an influence on the precipitation and dissolution of minerals which is the main process 
for pedogenesis on the long term scale. The concentration of the different soil elements 
determines the saturation index of parent materials and drives their dissolution and the 
formation of secondary minerals. Some elements play also a role in the solubility or 
precipitation of organic ligands or the flocculation of clay particles. Changes in the chemical 
composition or pH of the soil solution may impact the retention of elements on organic matter 
or iron oxides and also affects the saturation index of minerals. Simulation of these and 
related processes requires a coupled reactive transport code that integrates the physical 
processes of water flow and advective-dispersive solute transport with a range of 
biogeochemical processes. 
 
Recently, a new comprehensive simulation tool HP1 (HYDRUS1D-PHREEQC, Jacques and 
Šimůnek, 2005) was developed by coupling the HYDRUS-1D one-dimensional variably-
saturated water flow and solute transport model (Šimůnek et al., 1998) with the PHREEQC 
geochemical code (Parkhurst and Appelo, 1999). The HP1 code incorporates modules 
simulating (1) transient water flow in variably-saturated media, (2) heat flow, (3) transport of 
multiple components, and (4) mixed equilibrium/kinetic geochemical reactions. The program 
numerically solves the Richards equation for variably-saturated water flow and advection-
dispersion type equations for heat and solute transport. The flow equation incorporates a 
sink term to account for water uptake by plant roots. The heat transport equation considers 
transport due to conduction and convection with flowing water. The solute transport 
equations consider advective-dispersive transport in the liquid phase. The program can 
simulate a broad range of low-temperature biogeochemical reactions in water, soil and 
ground water systems including interactions with minerals, gases, exchangers, and sorption 
surfaces, based on thermodynamic equilibrium, kinetics, or mixed equilibrium-kinetic 
reactions. The program may be used to analyze water and solute movement in unsaturated, 
partially saturated, or fully saturated porous media.  
 
HP1 is specifically developed for simulating water flow, transport and geochemical reactions 
in environmental soil quality problems. However, due to its generic nature, it is also suitable 
for modelling pedogenesis processes on short time scale for which kinetic processes are 
crucial. 
 
HP1 has been tested for a number of applications with other (less general) models (reported 
in Jacques and Šimůnek, 2005). Several studies dealing with typical coupled transport 
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phenomena demonstrated  HP1’s capabilities for environmental problems such as transport 
of heavy metals (Zn2+, Pb2+, and Cd2+) subject to multiple cation exchange reactions,  
cadmium leaching in acid sandy soils, and transport of organic contaminants such as TNT or 
PCE and its degradation products through soil. 
 
We present here one example simulating the long term transient flow and transport of major 
cations and heavy metals in a soil profile under atmospheric boundary conditions. Two types 
of geochemical reactions are taken into account (Fig. 1): (i) equilibrium aqueous speciation 
reactions (e.g. complexation reactions between Cd and Cl), (ii) and cation exchange 
reactions of both the major cations and the heavy metals.  
 
The problem involves the transport of major cations (Na, K, Ca, and Mg) and heavy metals 
(Cd, Zn, and Pb) in a 1-m deep multi-layered soil profile subject to atmospheric boundary 
conditions. Soil hydraulic and physical parameters of the dry Spodosol (Fig. 2) located at the 
“Kattenbos” site near Lommel, Belgium were taken from Seuntjens (2000, Tables 3.1 and 
7.1). The cation exchange complex was assumed to be associated solely with organic 
matter. The cation exchange capacity hence is directly related to the amount of 
exchangeable protons on the organic matter, taken to be 6 meq/g of the organic matter. To 
account for an increase in the cation exchange capacity with increasing pH, the approach of 
Appelo et al. (1998) was followed. The total exchange capacity was divided into six sites, 
each having a different selectivity coefficient for the exchange of protons. Cations exchanged 
on the cation exchange complex were H+, Na+, K+, Ca2+, Mg2+, Cd2+, Pb2+ and Zn2+. 
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Figure 1. Schematic overview of the processes considered in the 
simulations. 

Figure 2. Soil profile with organic 
matter content (after Seuntjens, 
2000). 

 
The upper boundary condition (precipitation and evaporation) was defined using 
meteorological data from the Brogel station (Belgium) for a period of 10 years (1972-1981). 
Element concentrations in the precipitation (incoming water) were obtained from Stolk (2001) 
for station 231 located in Gilze-Rijen (the Netherlands) close to the Belgian border. The 
composition was based on the average of 13 measurements during 1999 (Table A5 in Stolk, 
2001). The initial water content was estimated by assuming a constant flux of 0.1206 cm/day 
(corresponding to the long term actual infiltration rate). Initial concentrations of Na, K, Mg 
were assumed to be equal to the concentration in the precipitation, while initial 
concentrations of Ca, Cd, and Zn were obtained from Seuntjens (2000). Pb concentrations 
were arbitrarily set to be 20 times smaller than the Zn concentrations (no data available). The 
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simulation was carried out using the following numerical guidelines: a spatial discretization of 
1 cm, a performance index of 0.1, and a maximum time step of 0.125.  
 
Two-dimensional time-depth plots are shown in Figure 3 for the top 7 cm (the A horizon) for 
the water content, pH, mass of Cl (mmol / 1000 cm³ soil), and mass of aqueous Cd (mmol / 
1000 cm³ soil). The alternation between precipitation (wet conditions) and evaporation (dry 
conditions) as dictated by the atmospheric boundary conditions clearly affected the dynamics 
of the water content (Fig. 3a), including upward flow of water during the dry periods (not 
shown). The flow dynamics in turn significantly influenced the geochemistry near the soil 
surface. The most mobile elements, such as Cl and the monovalent cations (H+, Na+) moved 
upwards during the evaporation periods, leading to higher concentrations near the soil 
surface (e.g., Cl in Fig. 3b). The increased proton concentration (induced by the lower water 
content and the supply from deeper horizons in the soil profile) produced lower pH values 
near the soil surface during the summer periods with their lower water contents (Fig. 3c). The 
pH in actuality may have been affected also by soil carbon dioxide concentrations, which 
usually change in response to the biological activity and moisture status of the soil (Šimůnek 
and Suarez, 1993). This process, however, was not considered in our simulations here. 
Although upward flow during the summer had almost no effect on the total amount of heavy 
metals near the soil surface (results not shown) due to the low mobility of these elements, 
the concentrations of these elements did vary significantly during the various seasons. 
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Figure 3. Space-time plots of (a) water content, (b) amount of Cl (mmol / 1000 cm³ soil), (c) pH, and 
(d) amount of aqueous Cd (mmol / 1000 cm³ soil) in the A-horizon (0 – 7 cm depth). 
 
 
Because of lower water contents, concentrations of all aqueous species and elements 
increased significantly during the summer periods. The changing aqueous concentrations in 
turn also caused changes in the cation exchange equilibrium by promoting monovalent 
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cations to sorb on the cation exchange complex. The lower cation exchange capacity 
(defined here as the amount of deprotonated sites) during summer (lower pH) implied the 
presence of fewer sorption sites for the other cations. The increased supply of monovalent 
cations due to upward water flow during summer further increased competition for the 
sorption sites, leading to relatively more sorption of the monovalent cations and higher 
concentrations of divalent cations and heavy metals in the soil solution. Another important 
process is the complexation of the heavy metals with Cl. Because of the presence of relative 
stable aqueous complexes (e.g., CdCl+), the amounts of Cd, Pb, and Zn will increase when 
Cl concentrations are high (i.e., during summer periods). Figure 3d shows the amount of Cd 
in the aqueous phase. Differences in the amount of aqueous Cd between the summer and 
winter periods are more than two orders of magnitude. Since water contents are lower during 
summer, the differences in the concentrations will be even larger. Similar, but less distinct, 
patterns can be observed also deeper in the soil profile (results not shown here). 
 
As is illustrated, there is a strong interaction between water flow, water content, geochemical 
conditions (e.g. pH), speciation and mobility. For example, aqueous concentrations of the 
heavy metals increase significantly during summer near the soil surface. In other words, 
transient flow conditions also influence the bioavailability of heavy metals, since uptake 
processes by plants and soil micro-organisms are often concentration dependent (i.e., 
passive uptake of solutes together with uptake of water by roots, as well as active uptake 
which can be simulated with HP1 using Monod or Michealis-Menten kinetics). Moreover, the 
high heavy metal concentrations occur during periods with the highest (micro)biological 
activity during the year (the summer months). HP1 hence is thus a very useful tool for 
evaluating the effects of atmospheric boundary conditions on the long-term bioavailability 
and leaching of heavy metals in and from soils. While not further addressed here, such 
evaluations possibly could also account for the transport of colloids such as micro-
organisms, humics or fulvics. 
 
HP1 is a strongly process-based code allowing the user to define multiple (geochemical) 
processes occurring at the same time and place or to define different processes occurring at 
different times or places. Although originally developed for environmental problems, HP1 is 
also suitable for modelling pedogenesis processes. However, given the large complexity of 
the code (with respect to input requirements (especially parameters for the mechanistic 
description of processes, but also initial and boundary conditions), process description and 
computational time), the main contribution of HP1 is for short time scale modelling (decades). 
A current application of HP1 was on U leaching for a period of 200 years from a agricultural 
field (Jacques et al., 2006). Longer periods will be difficult to handle with respect to the 
computational times, especially when kinetic reactions are considered. Given the generic 
nature of the PHREEQC subcode in HP1, HP1 is able to incorporate the effect of straining 
and filtration on the transport of colloids by user-defined kinetic reactions. However, the 
subcode HYDRUS-1D is already updated with options for colloid transport, and an updated 
HP1-version is also available on request. 
 
HP1 is free software. Information on how to obtain HP1 can be found on www.sckcen.be\hp1  
or by contacting one of the authors of this paper.  
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Introduction 
Subsurface colloids transport in soils occurs at several spatial and temporal scales. Solid 
phases that can be released as colloidal particles are clay minerals, oxides and 
oxyhydroxides of Fe, Al and Mn, silica, carbonates, natural organic matter and micro-
organisms. Flowing water is the vector of colloidal transport and this aqueous solution is the 
mean of biological and chemical reactions. 
So, colloidal transport takes place in complex, heterogeneous porous media (natural soils) 
and involves numbers of time dependant biological physical and chemical mechanisms. As a 
function of the observation timescale some of these mechanisms become predominant 
others insignificant. Pedogenesis and facilitated transport of contaminants spread over the 
soil surface are extreme examples of timescale dependant mechanisms. Cultivated soils with 
ploughing are intermediate cases. 
The global model results in the aggregation of the different relevant processes. Due to the 
complexity of the geometry of the pore network and the heterogeneities (flow and chemistry) 
it is not possible to model all the processes at this scale. The macroscopic model used to 
describe colloidal behaviour in porous media must only take into account the mechanisms 
that dominate the transport at the scale of the problem (time and space) with relevant 
parameters. This choice is based on the fine knowledge of the biological, physical and 
chemical processes that occur at the pore scale and their controlling factors. 
Our aim is to review the basic identified processes of colloidal transport and to present the 
up-to date corresponding models. These mechanisms are studied at a local microscopic 
scale (pore, solid/fluids interfaces). We first present the microscopic description of the 
different mechanisms from the simplest and the extensively described (water saturated soils, 
abiotic colloids) to the more complicated and realistic cases (unsaturated soils). Then we 
mention other processes like biotic colloids behaviour, soil structure changes and colloids 
nature evolution.  
Finally, the coupling of transport and biological, physical and chemical reactions is done at a 
macroscopic scale where the soil is considered as an equivalent homogeneous media 
(Representative Elementary Volume). This approach is based on mass balance and the 
mechanistic expressions of the different fluxes (convection, diffusion, dispersion, release, 
deposition, attachment …). 
 
 

I. Descriptions at the microscopic scale 
For modelling colloidal transport through soils, it is necessary to take into account the water 
flow and geochemistry, and the colloid nature. We will then discuss how these points are 
taken into account in models.  
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1 - Saturated porous media 
The mobility of particles in saturated subsurface zone has been intensively studied, 
especially, the chemically and hydrodynamically induced release/deposition processes and 
the stability of dispersed colloidal particles and their transport in the porous medium: 
aggregation, sedimentation, interception, diffusion (McCarthy and Zachara, 1989; Ryan and 
Elimelech, 1996; Kretzschmar and Schäfer, 2005; Kretzschmar et al., 1999 ; Sen and Khilar, 
2006 ; van der Lee et al., 1994). 
 
- To describe the equilibrium state under static conditions, we present the DLVO theory 
which describes the net effect of attractive and repulsive forces on the interactions between 
the surfaces of colloids and the aquifer grains (Israelachvili, 1992 ; McDowell-Boyer, 1992 ; 
Elimelech and O’Melia, 1990a). Then, emphasis will be placed on the factors that affect this 
equilibrium state (pH, ionic strength, size of colloids, surface properties of colloids and 
collectors) and the difficulty to identify and quantify some of these factors. 
 
- Under flowing conditions, hydrodynamic forces generally promote colloid detachment from 
collector surfaces. Flow velocity, and the existence of velocity gradients and boundary layers 
also strongly influence the colloids interception processes (Chinju et al., 2001 ; Dahneke, 
1975). Blocking effects in the porous network will be considered. 
 

2 - Partially saturated porous media 
We address recent advances in the understanding of colloid transport through partially 
saturated porous media (DeNovio et al., 2004 ; Kretzschmar et al., 1999 ; McCarthy and 
McKay, 2004). Special emphasis is placed on features of the vadose zone that distinguish 
colloid transport in unsaturated media from colloid transport in saturated media (the presence 
of air-water interfaces, rapid fluctuations in pore water flow rates and chemistry). Indeed, in 
unsaturated porous media sorption of colloids at the air-water interface is recognized as the 
mechanism for controlling colloid retention and mobilization. Specific interactions at the air-
water-solid interfaces have also been observed (Corapcioglu and Choi, 1996 ; Saiers and 
Lenhard, 2003 ; Gao and Saiers, 2004 ; Crist et al., 2004).  
 

3 - Other mechanisms 
Another class of particles including viruses and bacteria, called biocolloids, also fall into the 
colloidal size range. Because they are living organisms, biocolloids transport in the 
subsurface is more complex than in the case of mineral colloids. Not only are they subject to 
the same physicochemical processes but also to a number of strictly biological processes 
(Sen et al., 2005). For example we can mention the development of biofilms and their own 
reactivity and stability or the existence of bacteria that have their own mobility (Muris et al., 
2005).  
Additional mechanisms that occur at different temporal and spatial scales like precipitation-
dissolution of colloidal particles, erosion, or porosity and permeability variations due to 
colloids mobility will be mentioned. An illustration concerning preferential flow through 
macropores will be given (Rousseau et al., 2004).  
 
 

II. Descriptions at the macroscopic scale 
At macroscopic scale, physical and chemical heterogeneities make even more complex the 
use of pore scale descriptions.  
 
Colloidal transport modelling, as solute transport modelling, is based on mass conservation. 
Fluxes of matter are described by the advection-dispersion equation. The release and 
attachment of colloids are included in the equation by the addition of source and sink terms. 
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These additional terms are expressed as a function of flow velocity, ionic strength, pH, 
collector and colloid surface properties and time for kinetic processes (Sen and Khilar, 2006; 
Massei et al., 2002; Elimelech and O’Melia, 1990b; Ryan and Elimelech, 1996; van der Lee 
et al., 1994). From a methodological point of view, we try to identify the predominant 
mechanisms involved in the transport of colloids by the use of timescales (Gaudet and 
Vauclin, 2006, Szenknect et al., 2005). 
Last, we point out the difficulties related to the up scaling of the descriptions made at the 
microscopic scale to the observation scale: soil profiles, field studies (Ryan and Elimelech, 
1996). 
 

Conclusion 
To conclude on modelling, we can say that there are different methods to determine the 
domain of validity of the chosen model. The first approach is to proceed to a theoretical 
analyse of the physical mechanisms. An example of such work is given by Auriault and Adler 
(1995) who have treated the problem of dispersion in porous media by multiple scale 
expansions. An other way consists in a numerical analyse of the sensibility of the model to 
each parameter. The detection of insensitive parameters or on the contrary predominant 
parameters contribute to simplify the model and to identify the predominant mechanisms. 
Finally, the reliability of the model must be evaluated with experimental results obtained 
under conditions different as the fitting conditions. 
This exercise of validation is actually possible for short term mechanisms (facilitated 
transport of contaminants), difficult but maybe feasible for the evolution of anthropogenic soil 
submitted to agricultural practices (to the timescale of ten years), and extremely questionable 
for pedogenesis (except for very special situation). 
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Modelling of soil landscape genesis – an outline for 
hummocky glacial landscapes 

 

Sommer M., Gerke H.H., Deumlich D.  
Institute of Soil Landscape Research, ZALF, Müncheberg (Germany) 
 
 
There is a strong need for understanding soil landscape development over time. This is not 
only due to a principal scientific interest - stepping forward from pedon scale to the soil 
continuum in landscapes -, but also to understand causes and driving factors of patterns and 
the coupled actual processes in soil landscapes (Sommer, 2006). However, in landscapes 
showing a long history of land use, e.g. in Central Europe, we have to face one major 
constrain for any analysis and modelling – the discontinuous course of pedogenesis. Simple 
functional, mathematical approaches must fail in modelling these situations. In our poster we 
would like to present and discuss an outline for handling this constrain in hummocky, 
formerly glaciated landscapes. 
 
Our primary working hypothesis is that the actual soil pattern in hummocky landscapes of 
formerly glaciated terrains is a result of the influence of state factor “man” during the last 60-
80 years. In this period a massive intensification of land use has taken place, esp. due to the 
higher degree of mechanization (tillage), drainage efforts and field size. From these facts we 
hypothesize soil erosion (water & tillage) in that period to be the most prominent process for 
recent soil pattern. Nevertheless, erosion processes worked and work spatially distributed, 
which means (i) with different intensities according to terrain parameters, topsoil properties, 
farming practices etc., and (ii) starting at different (spatially distributed) stages of 
pedogenesis in soil landscape. Therefore, actual soil patterns are only understandable by 
looking at two major periods (at least) – one is characterize by a dominance of “progressive” 
pedogenesis (in terms of Johnson & Watson-Stegner, 1987) and lasts for almost the entire 
Holocene. The result is a spatially distributed initial state for the second one, which is 
“regressive” and lasts only for 60-80 years. Both periods require different modelling 
strategies, esp. discretisation in time. 
 
We would like to present a concept for a “time split modelling” approach. The general 
framework consists of a coupled water flow and solute transport model consisting of a 2D 
horizontal surface and a 3D subsurface model component. Water budgets will be calculated 
on an annual basis by using all existing proxies for reconstructed regional climate change 
during the Holocene (upper boundary condition). Information from larger scale geo-
hydrological models will be used to provide the (deeper) sediment-dependent distribution of 
hydraulic properties and of the regional groundwater table (lower boundary condition). The 
effects of smaller-scale temporary groundwater tables and temporary water storage in wet 
depressions on soil landscape genesis are considered in the variably-saturated soil model 
and by landscape topography information. The amount of percolating water has to be 
modelled spatially distributed, mainly as a function of the linked information of terrain 
parameters with parent material pattern. Both of which are taken from recent data bases 
(DEM 5, geological maps, EMI). Vertical and horizontal flow paths indicate locations of 
preferred leaching and soil development. Water contents will be used for defining the 
conditions for chemical reactions. Pedochemical processes to be included are 
decarbonatization and silicate weathering with simple geochemical approaches (equilibrium 
chemistry). Clay translocation with a consequence of lowered permeability in subsoil should 
be introduced as an external information from chronosequence knowledge.  
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Succession of vegetation should be implemented from geoarchive analysis as well. Special 
emphasis must be given to the change in land use from forests to arable land (historical 
analysis). However, we neglect the (anthropogenic) erosion for this period due to low degree 
of mechanization as well as small field sizes. As an output we expect spatially distributed 
topsoil textural properties as well as depths to C horizons. This output will be used as an 
input of the module for the second period. Here we intend to use dynamic EROSION-3D 
model (Schmidt et al., 1996). EROSION-3D uses physically based approaches allowing for 
adequate representation and quantitative estimation of erosion and deposition, both, for 
single events with high time resolution as well as time sequences. For this period of 
regressive pedogenesis (last 60-80 years) weather informations as well as land use practices 
and changes are well documented. Simulation runs can be performed on this data base. 
 
Calibration and validation of the model will be done by an explicite soil pattern analysis of 
single, well known fields. Here different non-invasive methods are applied and combined with 
ground truth data in a multidata fusion approach (Sommer et al., 2003). Experiments at 
landscape scale (initial pedogenesis in an poured small catchment), GIS-based analysis of 
historical aerial photographs as well as mass balance calculations at pedon scale 
(“normative” profiles under long-term forest, radionuclide approaches for quantification of 
tillage erosion) will further improve the modeling approach. 
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Using compositional change with depth in soil 
profiles and current Na flux to estimate current 
chemical weathering of base cations in forest soils 

 

Ouimet R., Duchesne L. 
Direction de la recherche forestière, Ministère des Ressources naturelles et de la Faune du Québec, 
Complexe scientifique, 2700, Einstein St, Quebec, QC, G1P3W8 Canada 
 
 

Introduction 
There is a growing body of evidence that some forest soils have been experiencing depletion 
of available base cations, particularly Ca, in Northeastern US and Eastern Canada, mainly 
on the basis of nutrient mass balance studies conducted at the watershed scale (Watmough 
et al., 2005). Along with watershed monitoring studies, evidence is accumulating that reveals 
increased forest soil acidification in northeastern North America. Many forest ecosystems in 
these regions have been experiencing mineral nutrient deficiencies and health problems, 
which can be qualified as a new historical phenomenon. This phenomenon is thought to be 
due partly to depletion of soil available base cations. 
Mineral weathering, along with atmospheric deposition, are the only long-term “net” sources 
of base cations to terrestrial ecosystems. Other ecosystem sources (throughfall leaching, 
organic matter mineralization in the forest floor and in the mineral soil, root exudation, and 
soil desorption) are only base cations being recycled within the ecosystem through the so-
called “biogeochemical cycle”.  
 

A new method to estimate current weathering rates (WR) of soils 
In the search of estimating WR of forest soils, we devised a new method to estimate it by 
calculating their individual compositional trends (CT) using simple elemental compositions 
obtained from all soil profiles and current Na fluxes. In the CT method, elemental 
compositions are transformed in relative concentrations in the range 0< x <1 in the simplex 
SD dimensional space; here, x represents element relative composition (Ca, Mg, K, and Na) 
in the S4 dimensional space. Thus, the statistical treatment of data follows the analysis of 
compositional data (Aitchison, 1986). Derivation of CT is explained in details by von Eynatten 
et al. (2003). Briefly, CT is determined by an initial composition a (relative composition of 
unweathered soil horizon) and a unitary composition p (predicted relative composition of 
weathered soil horizons), which define the direction of the weathering trend (L(a;p)). For 
three forest soils under study, we used the relative elemental composition of the C horizons 
(geometric average) as initial composition a, assuming that the soil parent material 
composition was homogeneous. The linear CT was calculated by the following formula (von 
Eynatten et al., 2003): 

1
1vclrp −=   (1) 

where v1 is the first unitary eigenvector obtained from noncentral principal component 
analysis of the vector clr(x1) – clr (a),…, clr(xn) – clr(a), where x is defined above, indices 1 
to n represent the horizon number, and clr represents the centered logratio transformation 
from the simplex space SD to the real space RD, given by clr(x) = log(x/g(x)) for each x in SD. 
The variable g(x) is the geometric mean of the components of the composition x. The inverse 
x-1 of a composition x = (x1,…, xD) is given by the composition C(1/x1,…, 1/xD) where C 
denotes the closure operator, i.e. each component of the vector is divided by the sum of all 
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its components. The p vector was estimated, including total analyses obtained by 
concentrated H2SO4 digestion from all soil profiles (Orthic Podzols, glacial tills, n = 4 to 10 by 
site) from three forest sites located on the Canadian Shield (mainly granitic gneiss (Ouimet 
and Duchesne 2005)).  
According to the theory, the change of composition is directly proportional to the ratio pj/pr, 
since change in relative composition of soil horizons is assumed to be mostly a linear 
process. Thus, the release rate for a given element j through chemical weathering would be 
equal to the inverse of the ratio pj/pNa · Na released from soils. We used the average Na 
currently released from soils, estimated from Na concentration below the solum and runoff, to 
estimate base cation weathering rates, assuming Na released = Na weathering because Na 
is not strongly involved in ecosystem internal dynamics. The values obtained would thus 
represent chemical weathering averaged over the Holocene, but adjusted for current Na 
release conditions. The estimated weathering rates would thus apply for the present 
conditions.  
 

Results 
The compositional linear trends explained between 60 and 92% of element composition 
variability in soils within each site (Table 1). The p vectors indicate that Na and K are 
relatively more recalcitrant elements than are Ca and Mg, having the highest values for the 
three sites. As a result, all ratios pj/pNa will be lower than one, meaning that the proportion of 
all elements considered should decrease relative to Na in these soil profiles in the course of 
the weathering process (with the exception of K at the LCW site). 
Compared to other intensive input-output balance (IOB) methods, the CT method yielded 
very good estimates for WRK and total WR of base cations. WRMg from CT compared 
favorably to IOB in site 2 only. In the two other sites, WRMg from CT was 3.75 times greater 
than from IOB. WRCa from CT was consistently lower than from IOB by approximately 30%. 
 
Table 1. Unitary composition p, proportion of total variability (r2) captured by the compositional linear 
trend of the four components (Ca, Mg, K and Na), unitary composition pj relative to Na, and estimated 
current Na, Ca, Mg, and K weathering rates (WRj, mmol (+) m-2 yr-1). 
 
Site nz pCa pMg pK pNa r2  pCa/pNa pMg/pNa pK/pNa WRNa WRCa WRMg WRK

1- LCW 51 0.2339 0.0983 0.3403 0.3276 0.82 0.7139 0.3000 1.0388 10.2 14.3 34.0 9.8

2- LLW 15 0.1190 0.1558 0.3401 0.3851 0.60 0.3089 0.4045 0.8832 9.0 29.1 22.2 10.2

3- LTW 16 0.2251 0.0999 0.3037 0.3713 0.92 0.6063 0.2691 0.8181 13.8 22.8 51.3 16.9
zNumber of soil horizon samples used in the computations. 
 
Although the combined CT – Na flux method appears to have great potential to estimate 
current soil weathering rates, more testing needs to be done to unfold the limits and accuracy 
of the method. 
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Impact of anthropogenic materials and humid-dry 
periods alternation on the evolution of soils of the 
city of Marrakech 

 

El Khalil H.1,2, Schwartz C.2, Boularbah A.1, Kubiniok J.3, Watteau F.2, Villemin G.2
1 Université Cadi-Ayyad, Faculté des Sciences et Techniques Marrakech, Laboratoire de Bio-
surveillance de l’Environnement BP 549, M-40000, Guéliz, Marrakech, Morocco 
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cedex, France 
3 Universität des Saarlandes, Physische Geographie und Umweltforschung Postfach 151150, D-66041 
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Soils in peri-urban and urban areas are poorly known and are often strongly modified by 
agricultural, urban, industrial, traffic and/or military activities. These activities can introduce 
various anthropogenic materials (e.g. plastic, glass, paper, fabric, wood, bones, paints, 
metals, ceramics, building materials, urban and industrial wastes, composts, sludges) and 
organic and/or mineral pollutants into urban soils. Therefore, the technogenic compartment 
can represent a substantial part of urban soils, distinguishing them from natural soils and 
potentially modifying their pedogenesis. For example, the coarse fraction is usually neglected 
in soil analyses and it can nevertheless have a significant effect on the concentration of 
metals in the urban soil solution. This coarse fraction is made up of the natural elements and 
of technologic elements constitutive of Technosols which have variable capacities to release 
or adsorb trace elements. At the same time, climatic conditions and their variations are 
known as a main factor of pedogenesis and can have a strong impact on the mobility of 
metals.  
 
We study the evolution of technogenic materials which make up anthropogenic soils 
(Technosols) by sticking closely to a hierarchical organisation and by modelling the early 
pedogenetic processes from the perspective of predictive pedology. Therefore, the study of 
the pedogenesis of Technosols involves hierarchical organization of factors (e.g. flora, fauna, 
organo-mineral soil constituents, technological material, pollutants) which have preponderant 
effects on the functioning and particularly the structural organisation of Technosols and on 
element availability. The present work is focussed on urban and peri-urban soils of the city of 
Marrakech (Morocco) considering their technological constituents and their contribution to 
the mobility of toxic metals. The scientific goal is a preliminary description of the variability of 
urban Technosols and of their technogenic constituents, which may be used as a basis to 
answer questions relating to their evolution such as the influence of technogenic materials in 
the development of aggregates, and the effects of aggregation on the availability of pollutants 
and nutrients. Modelling is thus envisaged to predict the impact of pedogenetic processes on 
Technosols’ capacity to support plant cover and thereby to ensure its food function. Based 
on the identification of significant reactive compounds, a set of reactive mechanisms are 
chosen and implemented in an existing computer code: MIN3P (Mayer, 1999; Mayer et al., 
2002). Both water and solute transport are modelled and results are compared to lab 
measurements. 
 
Average samples were constituted out of 60 technological coarse materials separated from 
urban soils sampled in the city of Marrakech to quantify their contribution to the enrichment of 
the soil solution by metals. Extractable metal concentrations from 3 fractions of soils (<2mm, 
>2mm natural and >2mm technogenic) were measured to establish a model connecting the 
content of anthropogenic elements and the availability of metals. The effect of the alternation 
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of humid and dry periods on the evolution of the metal mobility in some selected urban soils 
was assessed using selective water extractions and microbiologic bioassays. 
 
Experimental results show the variation of quantity and quality of the anthropogenic fraction 
of urban soils according to their current use. The percentage of technogenic elements 
increases while approaching the centre of the historic city, reaching 14% in highly modified 
soils (anthrosols). The fine soil has the main contribution to the metal enrichment of the soil 
solution. The natural coarse fraction has the highest contribution to copper mobilisation. The 
technogenic fraction of soils contributes remarkably to the metal concentrations in soil 
solution in the most anthrosols. The water extractable metal concentrations of average 
samples of these anthropogenic substrates shows that elevated metal concentrations are 
released by bones, wood, plastic and fabric or paper. This property can by explained by their 
organic composition. The microscopic observations of the finest fractions underline the 
presence of fragments of different anthropogenic elements. Elevated proportions of these 
technologic fragments are also observed in the most anthropised soils.  
 
These results confirm that anthropisation causes a wide spatial diversity of soils in urban and 
peri-urban environments. It introduces technogenic elements in soils that have an impact on 
the availability of metals and probably on the biological functioning of soil. Our results help us 
to establish a model to estimate the metal concentrations in urban soil solutions according to 
their content in anthropogenic elements. 
 
 
Acknowledgements 
The authors acknowledge with gratitude the assistance received from the Morrocan-French 
Action Intégrée n°MA/04/105F.  
 
References 
Mayer K.U., 1999. A numerical model for multicomponent reactive transport in variably saturated porous 
media. University of Waterloo, Waterloo, Canada. 
Mayer K.U., Frind E.O., Blowes D.W., 2002. A numerical model for the investigation of reactive transport in 
variably saturated media using a generalized formulation for kinetically controlled reactions. Water Resour. 
Res. 38:1174–1194. 
 

 70 



Workshop on modelling of pedogenesis, October 2-4, 2006, Orléans France 

 

A conceptual model for A-horizon pedogenesis in an 
agricultural hedgerow landscape 
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Hedgerow network landscapes or « bocage » are present in a large part of western Europe. 
These contexts of agricultural landscapes in temperate climates are characterized by a 
complex soil organisation. The most systematic effect of hedges on soils, is a thickness 
increase of the A horizon uphill from hedges due to colluvial deposition, attributed to an anti-
erosive effect of hedges (Carnet et al., 1979; Walter et al., 2003). This modification of soil at 
slope scale is tied to modifications of soil properties in the vicinity of hedges (Baffet, 1984; 
Lal, 1989a, b; Salvador-Blanes et al., 2005). 
The aim of this paper is to propose a conceptual model of A horizon pedogenesis in a 
hedgerow network landscape, based on results from field data, spatial-temporal modelling 
and soil dating. We conducted a field survey in a historically documented area (Cattedu, 
2001) to establish a 3D map of the pedological cover, to quantify spatial variations of soil 
horizon geometry and properties (soil horizon thicknesses, soil organic carbon, C/N ratio) 
within the landscape in relation to anthropogenic landscape structures. Relative and absolute 
dating techniques (Cs-37; C-14) were used to analyse the dynamics of the processes 
underlying the soil evolution. These results were finally compared to those of a spatial-
temporal modelling (Follain et al., 2006) based on a mechanistic model (Minasny and 
McBratney, 1999, 2001) simulating quantitatively soil thickness evolution according to 
different land use and management scenarios. 
 
Results showed a clear difference in spatial distribution depending on horizon type: 
i) variations of A horizons were well correlated to hedge position with a gradual increase of 
horizon thickness from top-slope to hedges uphill position, ii) the distribution of E, B and C 
horizons appeared unrelated to hedges and linked to Quaternary aeolian loam deposits. This 
modification of top-soil geometry significantly increases soil carbon stocks at landscape 
scale: in a 20 m neighbourhood of the hedges. The use of dating techniques showed a clear 
dependence between spatial soil organisation and actual or past hedgerow network patterns. 
Cs-137 spatial patterns indicated that modern erosion effectively occurred, but its magnitude 
was unable to explain the whole soil accumulations of organo-mineral horizons whose 
median age was estimated to be latter than 1600 year AD for A-horizons and latter than 1000 
year AD for transition horizons. Modelling approaches based on material transport by erosion 
and diffusion processes show that landscape structures modify soil distribution and 
landforms. By favouring soil storage in uphill positions and soil erosion in downhill positions, 
hedges instigate within-field soil redistribution and limit soil export. 
Integration of all these results enables us to suggest a conceptual model of organo-mineral A 
horizon pedogenesis, which has 3 main processes: (i) a local effect of hedges which 
increases local carbon inputs; (ii) an anti-erosive effect; (iii) a mixing effect of the soil profile 
due to increased biological activity. 
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The conceptual model for A-horizon evolution in a hedgerow network landscape is composed 
of 5 different states: 

(1) The initial state of the system [Pre-Holocene]: the bedrock is a granodiorite, dated 
at 580 Ma (pre-Cambrian), overlaid by reworked Weichselian aeolian loam (Le Calvez, 1979; 
Lautridou, 1985). In this representation, aeolian deposition fill concave relief of the upper 
regolith surface and offsets topographical fluctuation of the regolith roof. This state is also 
defined by the beginning of actual pedogenesis (Holocene) (Van Vliet-Lanoë et al., 1995). 

(2) Biostasy period [Holocene] and development of A-horizon: the establishment of a 
forest cover allows the constitution of a carbon stock distributed between: (i) organic 
horizons, (ii) organo-mineral horizons and (iii) deep soil burial in windfall area. At this same 
time, the differentiation of mineral horizons is set up under the influence of pedogenetic 
process (Van Vliet-Lanoë et al., 1995), associated to the development of soil hydromorphy 
under topographic control. During the Holocene the geomorphological evolution of the 
system is stable with a small erosion-sedimentation budget (Heulluin et al., 1991). 

(3) Human activities - disturbance of the system [Neolithic-present]: first human 
activities appeared during the Neolithic era, but significant human occupations are observed 
at Early middle ages (Cattedu et al., 2001; Marguerie et al., 2001) and characterized by 
establishment of the first bocage and work of the top-soil layer. These tillage activities are 
definitely responsible for a homogenisation and a thickening of the organo-mineral horizons. 
Agricultural activity and the associated amendments increased the pH values of these very 
acid forest soils. This effect associated to an increase of the trophic resources favored the 
intensification of biological processes. 

(4) Reorganization of the system [Early Middle-Age-present]: major changes 
presented in the 3rd state are responsible for soil redistributions under control of physical 
processes (water erosion), a mixture and a displacement of soil horizons due to biological 
processes. In this landscapes, hedges favoured soil accumulation (Pappendick et Miller, 
1977; Carnet et al., 1979; Walter et al. 2003; Salvador-Blanes et al., 2005) and modification 
of soil properties (ex: local input of organic matter) (Baffet, 1984; Lal, 1989a,b; De Jong et 
al., 1995; Kang et al., 1998; Hien, 2001; Walter et al., 2003; Salvador-Blanes et al., 2005; 
Follain, 2005) in hedges neighbouring. 

(5) Current state: human disturbance are characterized by a decrease of hedge 
density, which induces an increase of drainage area and modifies soil erosion processes. 
Intensification of agricultural land use changes the biological activity. 
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Determination of model substrates for the study of 
the pedogenesis of Technosols 

 

Lefort C., Schwartz C., Florentin L., Gury M., Morel J.L. 
INPL(ENSAIA)/INRA, Laboratoire Sols et Environnement, BP 172, F-54505 Vandœuvre-lès-Nancy 
cedex, France 
 
 
Soil anthropisation, which affects urban, industrial, agricultural and even forest environments, 
is an increasing phenomenon. Physical, chemical and biological properties of anthropogenic 
soils are increasingly modified by human activities. Because of their variable and intense 
use, soils are often contaminated by organic and/or metallic pollutants, inducing risks for the 
environment. Vegetation growth is an aim for town planners in parks (decorative plants), 
along streets (trees) or on vegetalised traffic circles. But risk is as much as important that, 
even in urban, suburban and industrial sites, soils can be used to produce food (e.g. in 
private and market gardens or from peri-urban agriculture) and can affect human health. 
 
Nevertheless, highly anthropised soils are not very often studied even if their function of 
growth media for vegetation is not negligible. The evolution of their characteristics and of 
their functioning depending on time, weather and vegetation is poorly known. Many of them 
are young soils, in that way that they are modified by human activities and continuous 
addition of exogenous materials. Development of a predictive pedology, able to describe soil 
processes and to pattern evolutionary parameters, needs experimentation and modelling. 
Because of the large number of man-made materials and highly anthropised soil profiles, it is 
necessary to work on selected model materials which are representative for materials 
occurring in anthropogenic soils.  
 
As a response to the limited nature of the knowledge on Technosols, we have been 
progressively developing, since 1993, a methodology for the study of strongly anthropised 
soils, by proposing an adaptation of standard pedological approaches. This has allowed to 
build up a database of contrasted anthroposols (355 surface soil samples collected from 315 
various highly anthropised sites under actual forest, agricultural, urban, military or industrial 
land use) and to propose a typology of strongly anthropised soils, including Technosols. The 
scientific goal of this work is then to define representative Technosols and technogenic 
model materials, which will be used as a basis to answer questions relating to their 
pedogenetic evolution.  
 
In the database, the different samples are organised into groups characterised by, on the 
one hand agronomic soil parameters (pH, CEC, clay content, organic carbon content, 
organic nitrogen content, carbon nitrogen ratio, CaCO3 total content and available P2O5 
content) and on the other hand two parameters specific for Technosols : (1) metallic pollution 
parameters (total content of Cd, Cu, Ni, Pb and Zn) and (2) indicators of human activity such 
as content of transported material, of material transformed – created – modified by man, 
coarse (>2mm) material content and physical fertility indicators (e.g. compaction or sealing). 
 
A principal components analysis (PCA) and a cluster analysis of Technosols and selected 
analytical parameters allow us to determine model substrates representative of strongly 
anthropised soils. We have compared 200 natural surface soil samples (agricultural and 
forest soils) and highly anthropised surface soil samples with a PCA using soil agronomic 
parameters. The global position of natural soils is not distinct from the position of highly 
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anthropised soils. Whatever, the heart of each type of soils is concentrated on different 
zones. Only a few natural soils (rendzines, calcareous soils and podzols and acid soils) are 
located near to the heart of highly anthropised soils. This is due to their high content of sandy 
elements and/or organic carbon. In the representation of individuals with agronomic soil 
parameters including metallic pollution natural soils and highly anthropised soils are clearly 
distinct. The area of natural soil is smaller and included in the wider area of highly 
anthropised soils. This is due to the high heterogeneity of anthropised soils, some of them 
being mainly physically modified and others impacted by pollutants. 
 
The difference between “natural” and “highly anthropised” soils is highlighted by the 
multicomponent statistical analysis. Inside of the group of highly anthropised soils, it is 
possible to discriminate contrasted subgroups. Model substrates are selected out of 
contrasted uses and for the presence of specific technogenic materials. The pedogenetic 
evolution of those model substrates is studied. Modelisation is thus envisaged in order to 
predict the impact of pedogenetic processes on Technosol’s capacity to support plant cover. 
Based on the identification of significant reactive compounds, a set of reactive mechanisms 
will be chosen and implemented in an existing computer code: MIN3P (Mayer, 1999; Mayer 
et al., 2002). Both water and solute transport in selected materials and soils will be modelled 
and results compared to lab or field measurements (column, lysimetric plots). 
 
 
Acknowledgements: This project is supported by the GISFI program. 
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Modelisation of Albeluvisols evolution in response to 
subsurface drainage using mass balance 
calculations 
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Introduction 
Artificial drainage modifies water movement in both direction and velocity, inducing a 
gradient in water flows and in waterlogging conditions perpendicularly to the drain. Over time, 
this gradient may affect pedogenesis. In Europe, Albeluvisols cover 15 % of the soil 
resource. They are old soils whose pedogenesis is driven by a combination of argilluviation 
and redox processes that result in the horizonation A/E/Bt with deep tonguing of bleached 
soil material of the E-horizon into the illuvial Bt-horizon (Jamagne 1978; Pedro et al., 1978; 
Dreissen et al., 2001). For convenience, this complex mixture of bleached E- and ochre Bt-
horizons is hereafter called the E&Bt-horizon. In this horizon, the relative abundance of the 
bleached and of the ochre pedological volumes is known to evolve in space according to the 
local hydrodynamic conditions (Nicole et al., 2003). In addition, numerous Albeluvisols have 
been recently drained for cropping. 
Over time, drainage may impact the relative abundance of the pedological volumes cons-
tituting the E&Bt-horizon as a function of the distance to a drain. This study aims at modelling 
the recent human-induced evolution of the E&Bt-horizon of Albeluvisol in response to its 
artificial drainage by comparison to their long term formation prior to artificial drainage using 
a mass balance model. For this, we quantified changes in the chemical composition and the 
quantity of the soil volumes constituting the E&Bt-horizon with the distance to the drain.   
 

Material and method 
The studied Albeluvisol was drained by subsoiling 16 years before the present study. A 4 
meters long trench was dug perpendicularly to a drain. The E&Bt-horizon consisted of a 
juxtaposition of 4 types of volumes: i) white-grey and pale-brown silty volumes, ii) clayey and 
Fe-rich ochre volumes and iii) numerous black concretions or impregnations. Four decimetric 
soil monoliths were sampled in this horizon at 60, 110, 210 and 400 cm from the drain. For 
convenience, these monoliths were named monolith 60, 110, 210, and 400.  
The relative abundance of the different pedological volumes was quantified by image 
analysis based on their colour. The 4 pedological volumes were manually sorted and were 
analyzed for the fraction <2 µm (called lutum) and Fe contents, respectively used as 
indicators of argilluviation and redox processes. The Quartz content (Qz) was also measured 
and used as reference for performing mass balance calculations. Mass balance calculations 
were performed according to Brimhall et al., (1991) and Egli and Fitze (2000) model. This 
model is based on the principle of the overall mass conservation of any chemical element, j. 
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    V is volume in cm3,  ρ is bulk density in g cm-3, and Cj is chemical concentration of element 
j in weight percent. The mj, flux indicates the mass of element j introduced into or out of the soil 
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system. The subscript ref refers to the soil volume taken as a reference and w to the 
weathered product.  
 

Quantification and characterization of the pedological volumes 
In the E&Bt-horizon, the relative abundance of the white-grey, the pale-brown and the black 
volumes decreased as the distance to the drain increased while that of the ochre volumes 
decreased. Further than 2 meters from the drain, the amounts of the different pedological 
volumes did not significantly change. The lutum and Fe contents decreased for a given 
distance to the drain in the order ochre > pale-brown ≥ white-grey. They increased in the 
different pedological volumes from 60 cm to 210 cm from the drain. From 210 to 400, the 
lutum and Fe contents did not significantly change for a given pedological volume. The 
similar amounts of each pedological volume as well as similar lutum and Fe contents in the 
monoliths 210 and 400 suggested that they were not impacted by soil drainage and were 
thus considered as references. 
 

Processes respectively responsible for long term pedogenesis and drainage-induced 
lateral differentiation  
We concluded from these results on the processes responsible for the present differentiation 
of the E&Bt-horizon that:    
1. the monoliths 210 and 400 were only derived from the vertical differentiation. This vertical 

differentiation consisted in a progressive transformation of the ochre soil volumes due to 
argilluviation and redox processes into: on one hand the pale-brown and then the white-
grey impoverished pedological volumes and on the other hand the accumulation black 
pedological volumes. 

2. from this particular state, a lateral differentiation due to the artificial drainage superposed 
to the vertical one leading to changes of both the quantity and the quality of the different 
pedological volumes. This differentiation is limited to the first two meters from the drain. 
The processes involved in this lateral differentiation were shown to be the same than 
those involved in the vertical one. However, the kinetic was more rapid.  

 

Mass balance modelling of the pedological evolution of the E&Bt-horizon 
According to the previous model of the E&Bt-horizon formation, we model: 
- the long term pedogenesis by performing, for the unaffected positions, mass balance 
calculations considering the ochre volumes as parent material and the other ones as 
weathered material.  
- the impact of drainage by performing mass balance calculations considering the different 
volumes of the unaffected positions as parent material and those of the other positions as 
weathered material. 
Results indicated that the lutum and Fe losses resulting from the vertical and the lateral 
differentiation of the E&Bt-horizon were of the same order of magnitude. 
 

Conclusion 
Our work thus clearly evidences that human practices may have a significant and irreversible 
impact on soil evolution. Moreover, 16 years of artificial drainage were sufficient to induce a 
local differentiation of the E&Bt-horizon with a magnitude comparable to several thousands 
of years of pedogenesis. The soil evolution may hence be more rapid than commonly 
thought. 
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Ten-year forest soil physico-chemical response to 
application of acidifying or alkalizer compounds 
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Complexe scientifique, 2700, Einstein St, Quebec, QC, G1P3W8 Canada 
 
 

Introduction 
Evidence of accelerated soil base cation depletion in forests of eastern North America is 
raising from soil resampling and watershed monitoring studies. The main cause of this 
phenomenon has often been attributed to acid deposition brought by long-range transport of 
atmospheric pollutants. On poorly buffered soils, northern hardwood stands receiving high N 
and S depositions have low productivity and higher frequency and severity of decline 
symptoms. 
A fertilization trial was initiated in 1990 in order to verify the short- and longer term effects of 
acid, neutral, and basic fertilizers on soil properties.  
 

Method 
Experimental application of six acidifying, neutral, or alkalizer compounds was made in two 
northern hardwood stands with very distinct levels of soil base saturation (BS) in order to 
assess the response of soil physico-chemical properties in the short (three) and longer term 
(ten years). The rate of application was adjusted so the acid neutralizing capacity (ANC) of 
the compounds would represent about 20, 10, 0, -10 or -20 times (-16, -8, 0, 8, or 16 keq 
ANC ha-1) the amount of acidity brought by the annual atmospheric S+N wet deposition in 
southern Quebec in the early 1990’s. The two soils were Orthic Podzols (Spodosols) derived 
from glacial tills of distinct lithology. The first site was much more fertile in terms of mineral 
base cation availability and alkalinity than the second site. In 1989, soil base saturation (BS) 
at the first site was 88.5 ± 1.1 and 29.9 ± 2.4% for the forest floor and the first 20 cm of 
mineral B horizons, respectively, compared to means of 58.0 ± 1.9 and 2.8 ± 0.1%, 
respectively, for the second site. 
 

Results 
The ANC treatment gradient influenced the main indicator variables of acidification in the 
forest floor (soil saturation in Ca, base and acid cations, BS, but not pH) at the two sites, their 
values increasing (decreasing for acid cations) along the ANC gradient in both the short (1-3 
yrs) and longer term (10 yrs). No short term effect of the ANC gradient was recorded for the 
first 20 cm of the mineral B horizon at the two sites. However, after 10 yrs, soil BS was 
changed at both sites, following treatment levels of ANC. 
The effects of positive ANC treatments (liming) on soil saturation in Ca in the B horizon were 
still noticeable after 10 years, however marginally, at the two sites, showing a linear 
relationship between soil Ca saturation values and positive ANC treatments (Fig. 1). 
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Discussion 
 
At the poorest (2nd) site, the application of 16 
kmol ha-1 equivalent of H+ decreased the 
forest floor BS and Ca, and increased H+Al 
after ten years. Assuming an average forest 
floor thickness of 8 cm and a bulk density of 
0.12 g cm-3, these changes would 
correspond to a net base cation (mostly Ca) 
loss of about 1.3 kmolc ha-1 (-13%) and a 
greater gain of acidity of about 2.7 kmolc ha-1 
(+83%) in the forest floor. On the contrary, 
with the liming treatment, adding 16 kmolc 
ha-1 of ANC increased the forest floor BS 
and Ca, and decreased H+Al after ten years. 
These changes would correspond to a net 
base cation (mostly Ca) gain of about 1.6 
kmolc ha-1 (+15%) and a loss of acidity of 
only 0.1 kmolc ha-1 (4%). 
 
Because of the discrepancies between base 
and acidity loss/gain through the ANC 
treatments, the results suggest that two 
ongoing processes have proceeded, at least 
partially independently: 1) acid saturation/ 
loss of soil through acid inputs, and 2) base 
cation depletion/ replenishment from the soil, 
probably mostly through leaching/inputs. 
 
These observations could be useful for 
modelling the magnitude of soil response to 
changing acidity of inputs through 
fertilization, liming or acid deposition.  

Figure 1. Change in saturation in Ca (SCa), 
saturation in acidity (SH+Al), and base saturation 
(BS) of the forest floor (FF), and BS of the first 20 
cm of the mineral horizon at the poor forest site 
in response to the ANC gradient ten years after 
treatment application.  

 

Vertical bars show ± 1 standard errors. 
 
 

Conclusion 
The experimental results support the hypothesis that acidifying agents such as atmospheric 
acid deposition can cause forest soil base cation depletion and acidification within ten years, 
and that the phenomenon may be reversible by adding alkalizers. 
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Critical linkages of long-term soil experiments with 
pedologic modeling: A call for a new decades-scale 
pedology 

 

Richter Jr D. de B. 
Duke University, Durham, North Carolina 27708-0328 USA 
 
Soils are non-linear systems that result from high-order biogeochemical interactions. As 
such, observations of their decadal dynamics is critical to pedological modeling. Pedological 
models can be linked to long-term soil experiments (LTSEs) to maximize the values of both. 
 
Some of society’s most pressing scientific questions involve the Earth’s soil. These questions 
combine basic and applied soil science and ask how and indeed whether humanity can:  
- sustainably double food production in the coming decades?  
- quantify global soil C cycling to better understand the role of soil in the global C cycle?  
- improve soil-management control over nutrient cycling and drainage water quality? 
 
Because soils have thresholds and feedbacks with lag-times that play out over years and 
decades, direct soil observations in long-term soil experiments (LTSEs) are key to 
developing concepts and models to improve the science of decades-scale pedology, a 
critical science in this era of global change, but one that is not yet well advanced (Richter and 
Markewitz, 2001). LTSEs that illustrate linkages with pedologic modeling are used to address 
the three questions posed above.  
 

LTSEs and Modeling Sustainability of Soil Productivity 
We use rice yields in Asia to demonstrate the significance of linking LTSEs and agro-
pedological modeling. Several dozens of rice LTSEs are scattered across Asia, the 
significance of which is hard to overestimate. These experiments and associated models 
have implications for several billion Asians who rely on rice as a dietary staple, but also for 
soil-environmental interactions affected by 150 million ha of intensively grown rice.   
 
Recent modeling and meta-analyses of results from rice LTSEs have produced some 
alarming findings (Tirol-Padre and Ladha, 2006). Double-crop (rice-rice and rice-wheat) and 
triple-crop rice LTSEs show significant declines in yields. Though causes are being studied, 
declines appear related to redox processes, N deficiencies, toxicities, and changes in 
climate. 
 

LTSEs and Modeling Global-Soil Carbon Cycling 
How accurately contemporary fluxes between soil C and atmospheric CO2 can be estimated 
is one of science’s major challenges (Houghton, 2003). LTSEs and organo-pedological 
models contribute directly to such estimates (Smith et al., 1997), yet we have only begun the 
research to explore these fundamental relations between the atmosphere and the 
biogeosphere.  Figure 1 illustrates the dual nature of land-use change vis CO2 and thus the 
role of LTSEs and models in improving estimates of C fluxes from local to global scales.  
 
Despite the enormous release of soil and ecosystem C from deforestation (5.7 Pg y-1), 
terrestrial ecosystems as a whole appear to be a sink for 0.7 Pg C y-1 (Fig. 1). Estimates 
have several major sources of uncertainty (IPCC, 2001; Schimel et al., 2001; Houghton, 
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2003), and LTSEs and associated models can greatly improve quantification of the dual 
nature of C fluxes following land-use change (Smith et al., 1997). 
 

 
 
 
Figure 1. Global C budget for the 
1990s (Houghton 2003, pers. 
commun.). The redidual terrestrial C 
sink is estimated by difference of 
sources and sinks.  
Citations: a Houghton (2003) and 
pers. commun.; b Prentice (2001);  
c Plattner et al. (2002) 
 

  

 

 
 
 
 
 
 
 
Figure 2. Wheat grain 345 at 
Broadbalk compared with annual 
SO2 emissions in the UK, illustrating 
ecosystem cycling of pollutants 
(Zhao et al., 2003) 
 

 
 

LTSEs and Modeling Soil-Chemical Contamination  
To demonstrate the importance of linking LTSEs and decade-scale chemi-pedological 
models, we use the example of acidic atmospheric deposition.  During the 1970s and 1980s, 
S and N pollutants increased greatly in European and North American atmospheres, and 
pollutant effects on soil acidification were highly controversial and difficult to quantify in part 
due to the notable absence of LTSEs in non-arable soils. No doubt, the complexity of soil 
buffering and Al chemistry challenged researchers in assessing acid deposition’s effects on 
soil, but not a small hindrance was that there were so few direct observations of soil 
acidification (from LTSEs) to compare results of soil chemistry models, concepts, and short-
term experiments (Ruess and Johnson, 1986; Johnson and Lindberg, 1992).  
Most unfortunately, the research programs mobilized in North American and Europe to study 
effects of acid deposition on forests, soils, and natural waters, left little in the way of a 
network of LTSEs that can today quantify recovery from acid deposition, and also be used to 
estimate changes in soils and ecosystems in relation to a wide range of environmental 
issues.  Ironically, several LTSEs (Fig. 2) made incredibly significant contributions to our 
understanding for how intimately soil chemistry and function are associated with atmospheric 
processes (Palmer and Driscoll, 2002, Zhao et al., 2003).   
 

Conclusions 
Linkages of pedological models and LTSEs can greatly boost the value of both activities and 
advance a new decades-scale science of pedology. 
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Human activities (e.g. agriculture, industry or urbanism) induce soil degradation but also 
creation of new soils containing pedological, geological and/or man-made materials. 
Moreover, the coverage of the “newly called” Technosols (Rossiter, 2004; Lehmann and 
Spaargaren, 2005) continuously increases. However, the genesis of those soils, developed 
on non traditional substrates and largely due to intensive human activity, is poorly studied. 
The work presented here looks into the early pedogenic evolution of constructed soils with 
the aim of building a model of their pedogenesis. 
 
In the context of the development of an innovative process of reclamation of degraded sites, 
three constructed soils are studied. They are made of histi-technic materials (compost and 
paper sludge) and of one spoli-technic material (thermally treated industrial soil). These 
materials are associated in a pilot-scale set-up of in situ lysimetric plots (10 x 10 m). 
The field experimental set-up is located in north-eastern France on the site of a former 
coking plant. These plots are dug in the original earth and isolated by geomembrane barriers 
(Fig. 1). A network of drains connected to stainless steel tanks enables the sampling and 
analysis of the leaching water. Leachates and rain water are collected and analysed for their 
major ion (ionic chromatography) and total heavy metal content (ICP-AES). Pedological pits 
(depth 120 cm) are periodically dug in order to realise an exhaustive description of the 
pedological parameters of the reconstituted soils and to collect samples of the materials.  
 

  

Meteorological
parameters

System water balance

Regular sampling

Leachate analysisPedogenic evolution

Pedological observations

Modality I Modality II

Meteorological
parameters

System water balance

Regular sampling

Leachate analysisPedogenic evolution

Pedological observations
Meteorological

parameters

System water balance

Regular samplingRegular sampling

Leachate analysisPedogenic evolution

Pedological observations

Modality I Modality II

 

 
 
 
 
 
 
 
 
Figure 1. Pilot scale soil reconstitution 
process: modality I (compost over 
thermally treated industrial soil) ; modality II 
(compost over thermally treated industrial 
soil mixed with paper sludge). 
 

 
Thus, our objectives are to monitor the early pedogenic evolution on short time scale by:  
-  evaluating and measuring the reactivity of the constructed soils under natural 
environmental conditions;  
- describing the evolution of the structure in these soils from the scale of aggregates to 
the whole soil profile; 
- predict the particle and solute transport using the MIN3P computer code.  
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The methodology is based on both a field approach and an adaptation of the classical 
pedological tools of description. Based on the identification of significant reactive 
compounds, a set of reactive mechanisms are chosen and implemented in an existing 
computer code: MIN3P (Mayer, 1999; Mayer et al., 2002). Both water and solute transport 
are modelled and results are compared to lab or field measurements (column, lysimetric 
plots) (Fig. 2). 

 
Figure 2. Zinc (left) and nickel (right) concentration in leachates of an in situ constructed soil. 

 
Due to the properties of the components of the constructed soils (especially paper sludge) 
the first major pedogenic process measured is a limited but continuous decarbonatation. 
Results also illustrate the development of sub-horizons inside the pedons and a global 
compaction of all the soils. Finally, a description of the evolution of the aggregation 
mechanisms is realised thanks to particle size and density analysis that illustrates the 
evolution of the structure. 
Major evidences that constructed soils go through early pedogenic evolution processes are 
highlighted with this work. Furthermore, an analogy can be done between Technosols and 
natural soils. Indeed, this study indicates for example, that similar mechanisms and 
processes occur in Rendzic Leptosol and constructed soils. 
 
Our main outlook is now to focus on the modelling of the pedogenesis of Technosols - with 
the example of constructed soils -. Based on the comparison between in situ monitoring and 
lab-scale experiments under forced conditions, the experimental simulation results will lead 
to the achievement of a mechanistic model. Inherited from the approach of “Pédologie Expé-
rimentale” (Pedro, 1964), our model will help to reproduce and to predict particle and solute 
transport as well as parent material alteration (Scholtus, 2004) in constructed soil profiles.  
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Introduction 
Trace elements (TE) solubilization in the soil by organic compounds found at the rhizosphere 
is one of the main mechanisms increasing TE mobility in the soil and their uptake by plants. 
Despite it is not directly linked to pedogenesis, the relation between these root exudates and 
metals is one of the major pedological process. This process is difficult to model and has 
reactional constants for organic compounds poorly documented. Once the chemical 
composition of these root exudates is identified, these substances can be synthesized in the 
laboratory and then used as an extractant able to evaluate TE quantities available to the 
plants on the same way the chemical extractants do. The prediction of TE plant availability 
thresholds in sewage sludge-treated soils in a single extraction is seldom successfully 
achieved and depends on the soil and the sewage sludge properties, as well as on plant and 
environmental factors.  
This work used information from kinetic studies as well as modeling (with Visual Minteq) to 
assess TE extractability by organic acid mixtures in a sewage sludge-treated Oxisol. The 
method of TE extraction proposed in this work tries to mimic the rhizosphere environment by 
using both mono and divalent ions, different organic acid compositions and several 
successive extraction kinetics to assess the total TE “availability” that should be achieved 
after several plant growths in the same spot until that “available” fraction is depleted.  
 

Material and methods 
This study used samples from a Dark Red Dystroferric Latosol treated with a sewage sludge 
applied and mixed to this soil during 5 consecutive years at a rate of 34800 kg ha-1 year-1, 
with a total of 150,529 kg ha-1.  
Batch experiments were equilibrated with background solutions containing 4 mmol L-1 CaSO4 
+ 0.5 mmol L-1 NaCl to match the sewage sludge-treated soil main matrix. On the first batch 
experiment, two grams of the sewage sludge-treated soil (air-dried-wt. basis) were mixed 
with 20 mL of the complete organic acids solution (COAS) composed of 10 organic acids 
found in the maize (Zea mays L.) rhizosphere. A total of 10 extractions were performed every 
24 hours between each extraction for the metal dissolution kinetics studies. Zinc and Cd 
concentrations were determined at COAS concentrations of 0, 1, 10, and 100 mmol L-1. On a 
second batch experiment, one and a half-grams of the sewage sludge-treated soil (air-dried-
wt. basis) were mixed with 30 mL of the modified organic acids solution (MOAS, 50 and 
100 mmol L-1) composed by 9 organic acids found in the maize rhizosphere. A total of 15 
extractions were performed, every 24 or 48 hours between each extraction for Zn, Cd, Ni, Cr, 
and Cu dissolution kinetics studies. 
The experiment with plants was performed in a greenhouse in which plants were grown in a 
nutrient solution-irrigated sand media with or without sewage sludge-treated soil.  
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The data from batch and plant experiments were fitted to the first order kinetics model [Ct = 
Co (1 – e-kt)] and kinetic parameters for Zn, Cd, Ni, Cr, and Cu were compared. The Visual 
Minteq program was used to describe the amount of TE bound to each organic acid used on 
the mixtures, and its interaction with the background solution. The thermodynamic data for 
this speciation was obtained from several works.  
 

Results and discussion 
Results from the kinetics (Fig. 1) and the speciation showed that Cd and Zn played opposite 
roles into the COAS. The first is weakly complexed (27% by acetate as a main ligand as 
pointed out by Visual Minteq calculations) while the second is strongly complexed (96% by 
lactate as a main ligand). For this reason, the Zn ultimate metal release (Co) values due to 
the first order dissolution reaction from the 1, 10, and 100 mmol L-1 of COAS presented the 
same magnitude. The Co for Cd was different for each one of those concentrations of COAS.  
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Figure 1. Cadmium (a) and zinc (b) extraction from the biosolid-treated soil by the complete organic 
acid mixture kinetics in three concentrations (1, 10, and 100 mmol L-1) (Co denotes the trace element 
concentration at the COO- concentration, Ct). Values between parentheses are the standard error (n = 
4). The first order kinetics equation [exponential rise to a maximum, Ct = Co (1 – e-kt)] was used to fit 
the data.  
 
The second essay revealed that the difference between Co values for the 24- and 48-h 
extraction times was small. Thus, a 24-h time is enough for each extraction. Zinc and Cr 
extracted by MOAS (100 mmol L-1) showed Co values of the same order-of-magnitude (118 
and 93% of the Co recovered by plants, for Zn and Cr, respectively) of those obtained by the 
extraction kinetics with plants. For the other studied elements (Cd, Cu, and Ni), the first order 
model did not fit correctly to the plant experiments data, thus not allowing a comparison 
between kinetics and plant recovery.  
 

Conclusions 
Besides suggesting an extraction procedure for TE in sludge-amended soils, this study 
showed that the distinctive TE behavior with respect to its extractability by root exudates 
could be explained by the differential TE affinity for the organic compounds presented in the 
plant rhizosphere. This affects not only TE uptake by plants, but also its fate in the soil 
environment. 
The modeling of TE dissolution and complexation processes by solutions such as that found 
on rhizosphere of plants is an important tool for research on pedogenetic processes and 
biological functions of soils (under natural and human-affected conditions). 
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Introduction 
Ferralsols are highly weathered soils characteristic of the moist tropics. Many Ferralsols have 
kaolinitic horizons overlying more gibbsitic ones (Lucas, 1989), for which there has been no 
satisfactory pedological explanation. This has often been considered as resulting from 
sedimentary succession. However, studies of Ferralsols in the Manaus region of Amazonia 
showed that the kaolinite-over-gibbsite profile was developed in situ (Lucas et al., 1986; 
Lucas, 1989). Lucas et al. (1993) and Rose et al. (1993) found that the forest recycles 
significant quantities of chemical elements, particularly Si and Al, and suggested that the 
stability of the kaolinite in the upper part of the profile was caused by this. To understand the 
processes Cornu et al. (1998) determined an annual balance of the transfer of dissolved Si, 
Fe and Al by rain, throughfall, stemflow, soil water and groundwater runoff in an Amazonian 
Ferralsol. They concluded that the inputs of dissolved Fe, Al and Si to the topsoil were small 
but not negligible and that the balances of the elements in the upper soil horizons have to 
take into account translocation of dissolved elements in the slowly percolating water. 
In order to achieve this we build up a soil column experiment considering suction at the 
column base in order to collect the slow percolating waters. This experiment was coupled 
with geochemistry modelling. With this approach we attempt to model the stabilities of the 
mineral phases kaolinite and gibbsite.  
 

Material and Methods 
Site description 
The studied soil, located 50 km southwest of the city of São Paulo, Brazil, is developed from 
a mica-schist bedrock and is composed of three main horizons: a brownish-coloured A 
horizon, a yellow B horizon, and a very thick, reddish-coloured C horizon. The regional 
climate is subtropical, with a wet and cool season, and a dry and hot season.  

Experimental design 
The experiment was performed on unsaturated and undisturbed soil columns (Fig. 1). Three 
columns were built as described in table 1. In order to simulate the suction applied by the 
deeper horizons on the upper ones, water tension was applied to each column base at field 
capacity level (pF = 2). Soil samples from each horizon were chemically and mineralogically 
(X-ray diffraction) analysed according to standard protocols.  
Daily rain events were simulated over a two-month period with doubly deionised water. The 
rainfall levels were chosen as averages for "effective rainfall". Drainage water was collected 
daily and analysed for total concentration of the major and minor anions and cations (ICP-
OES and ICP-MS), as well as total dissolved carbon (TOC analyser). 

Thermodynamically modelling approach 
A thermodynamic model MINTEQ (version 2.5 2006) was used to calculate the soil solution 
speciation for each column (1, 2, and 3). The possibility of metal complexation in soil solution 
by dissolved organic matter (DOM) was assessed with two different DOM modelling 
approaches: the Gaussian (Grimm et al., 1991) and the Nica-Donnan model (Benedetti et al., 
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1995). Values of site density in both models (∼6 mmolc/g) are in agreement with those 
adopted in a previous work on thermodynamic equilibrium used in the same context (Cornu 
et al., 1997). An approximation of the Si concentration in soil solution was made based on a 
previous study (Cornu et al., 1997). Three Si/Al ratios were used: 1, 2 and 6. The 
thermodynamic constants for the mineral phases (Gibbsite log k = 8.205, Kaolinite log K = 
7.410, Quartz log K = - 3.999) were taken from Trolard and Tardy (1987, 1989) and Ambrosi 
(1990). 
 
 
 
 
 
 
 
 
 
 
 

Horizon Column 
number 

Total length
(cm) A B C1

1 17 x   
2 35 x x  
3 60 x x x 

 

 
Table 1. Description of the columns  
1The C-horizon was artificially located under 
the 35 first centimetres of the soil. 

Figure 1. Column setup 

 

Results and Discussion 
Modelling results showed that Al speciation in solution varied according to the type of the 
DOM model used. The Nica-Donnan model predicted a smaller Al complexation (31 and 
38%) with organic matter than the Gaussian model (67 and 75%) for columns 1 and 3, 
respectively, which showed higher concentrations of total dissolved Al in solution (14.6 and 
13.0 μmol/L). For small Al concentrations (column 2 = 0.12 μmol/L) DOM complexes account 
for almost the entirely total dissolved Al as predicted by the Nica-Donnan model (99%) when 
compared with de Gaussian model (82%).  
Due to differences between DOM modelling, we analyse the stability of the mineral phases 
using either the total dissolved Al concentration or the Al concentration free from 
complexation by DOM (calculated by the Gaussian and the Nica-Donnan models). Values of 
water pH for the 3 columns were all in an acidic range (<5).  
Results from different simulated scenarios for the Si/Al ratio indicated that the soil solution 
collected from column 1, which corresponds to the A horizon, could be oversaturated with 
respect to either gibbsite or kaolinite, with the last phase being possible only at the highest 
Si/Al ratio (Fig. 2). For column 3 – all three horizons – the soil solution could be either close 
to equilibrium or undersaturated with respect to gibbsite or kaolinite depending on the Si/Al 
ratio as well as on the percentage of Al-DOM complexes predicted by the different DOM 
modelling approaches used in this study. Undersaturation is expected in column 2 – which 
has the lowest total dissolved Al in the solution – regardless of the formation of Al-DOM 
complexes. 
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Figure 2. Thermodynamic equilibrium of the soil solution with respect to the main Al and Si bearing 
mineral phases of a Brazilian ferralsol under three simulated scenarios of Si/Al ratios in solution. 
 

Conclusion and perspectives  
The thermodynamic modelling used in this study provided a realistically approach on the 
stability of kaolinite and gibbsite in this ferralsol. We underline the importance of choosing the 
model for DOM complexation. It takes a role in the amount of Al-DOM complexes content, 
which in turns may or may not allow the formation of the different solid phases.  
These preliminary results are encouraging to simulate the geochemistry and water transfer 
interaction along the one dimensional column by using inverse modelling and a coupled 
transport model. 
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Interest of application of geomodelling to soils 
“Soils and waters are essential components of ecosystems and resources for the whole of 
mankind [...] and a commodity to be preserved for future generations”. (Catizzone, 1998). 
Soil water interactions must now be modelled on the basis of different physical, chemical and 
biological processes at both short (1 yr) and long time (104 - 106 yrs) scales.  
The difficulty is that those processes are of different kinds, that the geometry of structures 
interacts with fluid movements (air and water) and with chemical reactivity between soil 
components and water. Modelling must then take into account soil heterogeneity in 
landscapes.  
Since 30 yrs, petroleum geologists have faced similar difficulties and designed models to 
cope with heterogeneous structures, different kinds of data and time-evolving processes in 
such complex systems as sedimentary basins submitted to tectonics and fluid circulations. 
This method is known as geomodelling, which was defined by Mallet (2002) as follows: 
"geomodelling consists of the set of all mathematical methods allowing modelling the 
topology, the geometry and the physical properties of geological objects in a unified way 
while taking into account any type of data related to these objects."  
gOcad, which was used in this study, is one of the leading software packages employed in 
geomodelling. It is the result of numerous cooperative efforts, and is hereafter applied for the 
first time to soil modelling.  
 

Methodology  
gOcad is able to build up, visualize and edit topographical and geological data in different 
object classes, e.g. points, lines, surfaces, volumes, wells ... The modelling engine for this 
software is based on the interpolation algorithm Discrete Smooth Interpolator (DSI) (Mallet, 
1989, 1992, 2002). This interpolation algorithm respects soft and hard constraints in order to 
fix points, lines, surfaces, regions or properties at specific x-, y-, z- coordinates. Specialized 
tools include GEODATA, which allows the user to export self-defined data sets under 
different file formats, MAPINFO which builds up digital model from maps and SURFER 8 
which takes into account the spatial variability of parameters.  
 

Application to modelling of soil processes 
gOcad is able to integrate the different data relevant to the factors of soil formation, even for 
polycyclic soils and paleosols, either static or dynamic data: (i) climatic data; (ii) geological 
maps, digital elevation model, geophysical data, cross-sections, layer boundaries and fault 
traces; (iii) soil maps, and hydrological and physical soil properties (porosity, transmissivity, 
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permeability); (iv) water analyses in different times (pH, temperature, redox potential, 
electrical conductivity); (v) piezometric data, location of drills; (vi) agronomic data, water 
requirements of crops; (vii) social data such as the distribution of the population.  
Flows of fluids can be modelled to give a representation of the transfers of water and solutes 
from soils and rocks, which can be used at short time scale to give the changes in water 
quality and quantity, and at long time scale to simulate weathering and soil evolution.  
 

Results 
The set of data came from Ivory Coast in the Korhogo region, a complex region on fractured 
crystalline rocks, schists, granites and granitoids, submitted to long time weathering under 
different climates. The grid size results from a compromise between an adequate 
representation of geology and soils and a manageable size. As a first step, the introduction 
of data in gOcad leads in this work, to a 3-D representation of: (i) solid volumes: soil 
horizons, surface formations such as lateritic duricrusts, mottled clays, granitic arenas, 
parent rocks; (ii) boundaries between these volumes, including faults; (iii) circulating fluids: 
groundwaters.  
 

Perspectives 
The extension to 4-D requires the parametrization of the time-dependent processes, and is at 
present in progress, as concerns interactions between waters of different origins and 
compositions and the solid phases, either by dissolution or by precipitation of secondary 
minerals. 
gOcad appears thus as a promising tool for modelling soils, waters and landscapes.  
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Human activities and climate change are acting as factors that affect soil evolution 
(pedogenesis). Their consequences are however poorly known and quantified. To be able 
to predict soil evolution in the future as a function of different climate scenarios and 
systems of land use management, modelling approaches are necessary. Different types of 
models can be used. The emphasis of the workshop was on deterministic and/or 
mechanistic models, distinguishing long (103-104 years) and short (101-102 years) time 
scales into two sessions (oral presentations, posters and discussions). 
 
Session 1: Modelling pedogenesis on long time scale 
For the long time scale, some models exist that for example focus on the understanding of 
major processes of soil formation resulting in actual soil three-dimensional spatial 
distributions through mass balance approaches. 
 
Session 2: Modelling pedogenesis on short time scale 
For the short time scale, various models that are mainly used in environmental 
considerations could be used to predict recent pedogenesis. These approaches consist for 
example of water flow models coupled with particle and solute transport. The use of 
geochemical models, like PhreeQc, MINTEQ, etc., allows kinetic approaches to soil 
processes to be used. Indeed in most temperate soils, equilibrium rarely occurs.  
 
This workshop allowed discussions of the advantages and limits of the different 
approaches that have been compared only rarely with real cases. This symposium 
gathered scientists coming from different disciplines including geology, hydrology, water 
chemistry and soil science. 
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