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Abstract
Purpose Constructed soils are Technosols resulting from
the deliberate combination of various artefacts. Similarly to
natural soils, technogenic parent materials are transformed
by pedogenic factors contributing to their evolution. This
work was conducted to study the first stages of the
pedogenesis of constructed soils.
Materials and methods Two soils were constructed in
lysimetric plots (10 × 10 m) using an engineering process by
the combination of paper-mill sludge, thermally treated soil
material and green waste compost. Evolution of the soil profiles,
composition of soils and leachates were studied for 3 years.
Results and discussion A strong evolution of the profiles
was observed over the 3 years with rapid changes in the
number and characteristics of the horizons. Significant
changes in chemical weathering (decarbonatisation) and
physical status (aggregation), i.e. processes similar to those
occurring in natural soils were observed. Other processes
specific to the technogenic materials were recorded, e.g.
massive dissolution of gypsum or drainage of constitutive
water. Apart from constructed Technosols classification,
prediction was made on their future pedogenic evolution.
Conclusions Constructed Technosols made of finely divided
reactive organic and mineral compounds were observed to

evolve quickly. Evidences of original pedogenic processes
have been highlighted that could be considered as a general
diagnostic characteristic of Technosols. Finally, some consid-
erations about the application of the World Reference Base
for Soil Resources to the classification of Technosols are
proposed, taking into account some aspects of their pedogen-
esis that have been highlighted by our work.
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1 Introduction

Agriculture, industry and urbanisation induce soil degrada-
tion through dramatic physical, chemical and biological
transformations but also create new soils characterised by
the presence in various proportions of pedological, geological
and technogenic materials. Soils developed on non-traditional
substrates and largely due to intensive human activity are now
referenced as Technosols in theWorld Reference Base for Soil
Resources (WRBSR; Lehmann 2006; Lehmann and Stahr
2007; IUSSWorkingGroupWRB 2006; Rossiter 2007). They
are composed of various materials, some of which have no
equivalent in nature: technogenic materials, i.e. artefacts.

Following the definition by Simonson (1959), pedogen-
esis can be classically described as a group of processes of
addition, loss, transformation and translocation undergone
by an in situ material. The nature, intensity and kinetics of
the soil-forming processes are governed by the imbalance
between soil parent materials and their environmental
factors (Pedro 1964). Both natural and artificial soils are
submitted to these environmental factors. However, the
composition of the organic and mineral phases of techno-
logical materials, their structure and texture, the energy
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input (e.g. excavation, transportation, crushing, mixing and
compaction) may cause original pedogenic processes. The
passive soil-forming factors defined by Jenny (1941) are
clearly distinctive for Technosols. The parent material is
usually deeply marked in its composition by human activity
(agricultural wastes, urban wastes, building materials,
industrial by-products; Hiller 2000; Lefort et al. 2006;
Lorenz and Kandler 2005; El Khalil et al. 2008). Their (1)
lithological properties (e.g. extreme pH values, great
abundance of calcareous materials, large amounts of
organic matter; Bradshaw 1983; Beyer et al. 1996; Lemaire
and Rossignol 1999; Lorenz and Kandeler 2005; Morel et
al. 2005), (2) hydrological characteristics (extreme perme-
ability, permeable material or paved surface; Nehls et al.
2007), (3) high porosity (i.e. high specific surface) and (4)
high temperature and albedo system (Farouki 1986;
Baumgartl 1998; Schleuß et al. 1998) cover wider ranges
than natural substrates. The pedogenic processes of Tech-
nosols have been so far little studied (Payet 2001; Schwartz
et al. 2003; Monserié et al. 2009; Badin et al. 2009;
Zanuzzi et al. 2009). It has mainly been observed that their
transformation is much faster than natural soils and mostly
conditioned by the installation of the vegetation (penetration
of roots, exudation of organic compounds, water withdrawal;
Scalenghe and Ferraris 2009; Scholtus et al. 2009).

This work was undertaken to study the early pedogenesis
that affects constructed soils (Séré et al. 2008), as relevant
examples of Technosols. The aims were to identify the
pedogenic processes, then to evaluate their intensity and
kinetics and eventually to compare them with natural soil
evolution. Constructed soils were also named after the
World Reference Base for Soil Resources (IUSS Working
Group WRB 2006).

2 Materials and methods

2.1 Parent materials

Three different artefacts were used: (1) a green waste
compost (g.w. compost) mainly composed of urban tree and
grass cuttings, licensed under NF U 44-051 standard; (2) a

paper-mill sludge (p.m. sludge), which is a by-product of
the paper industry, referenced in European Waste List
(EWL) as “de-inking sludges from paper recycling”; (3) a
thermally treated industrial soil (treated soil) excavated
from a former coking plant site initially heavily polluted
with polycyclic aromatic hydrocarbons, referenced in EWL
as “solid wastes from soil remediation containing danger-
ous substances”.

Materials were analysed for agronomic parameters
(Table 1). Methods used were similar as for natural soils:
texture (three size fractions without decarbonatisation;
NF X 31-107), pHwater (ratio soil/solution=1/5; NF ISO
10390), organic matter and organic C (oxidation by heating
at 900°C under O2 flow), total N (Kjeldahl mineralisation;
NF ISO 11261), total CaCO3 (reaction with HCl and
measurement of the volume of CO2 evolution with a
Scheibler device; NF ISO 10693; AFNOR 2004). Analyses
were carried out by the certified laboratory of INRA
(Laboratoire d’Analyse des Sols, INRA, Arras). Quality
controls for soils, sludges and water samples were assessed
by the French Committee of Accreditation.

The main crystallised mineral phases were characterised
with X-ray diffraction and scanning electron microscope
(SEM S2500 Hitachi) coupled with energy dispersive X-ray
analysis (EDS Noran Vantage; Table 2).

2.2 Experimental setup

A field experiment was set up on the experimental site of
the French Scientific Interest Group –Industrial Wasteland
(GISFI; http://www.gisfi.fr), Homécourt, North-Eastern
France. The climate is continental with a mean rainfall of
760 mm year–1 and a mean temperature of 10°C (extreme
values: 38°C to –22°C). Two basins were constructed
(surface, 10 × 10 m; thickness, 1.5 m), and their bottom
were lined with geomembrane barriers (high-density poly-
ethylene, 2 mm). Both plots were equipped with a drainage
network (polyvinyl chloride plastic pipe) at their bottom
and connected to stainless steel tanks to collect drainage
water.

In December 2003, they were filled with layers of
technogenic parent materials to build two constructed soil

Table 1 Chemical composition of the parent materials

Granulometric fractions (g kg–1) pH Organic matter C/N Calcite Gypsum

<2 µm 2–50 µm 50–2,000 µm g kg–1 g kg–1 g kg–1

Green waste compost 254 311 435 8.6 376 20 115 ND

Paper-mill sludge 244 687 69 7.9 251 27 478 ND

Treated soil 49 131 820 9.0 94 97 245 3.8

ND non-detected
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profiles. They represented two different modalities of
constructed soils with different levels of functionalities for
derelict lands reclamation. Profile T was a basic reclamation
engineering process (treated soil+compost), whereas profile
P was designed in a pedological engineering approach with
reasoned mixing and superposition of materials (Séré et al.
2008). In the following text, considering the construction
process as a pedogenic factor, the term ‘horizon’ will be used
instead of ‘layer’. From bottom to top, Profile T (75-cm
depth) was filled with (1) a 65 cm-horizon of thermally treated
industrial soil and (2) a 10-cm upper horizon of green waste
compost (Fig. 1a—t0). From bottom to top, Profile P
(115 cm depth) was filled with (1) a 25-cm horizon of pure
paper-mill sludge, (2) a 80-cm horizon of treated soil and
paper-mill sludge mixture (1:1 volumetric ratio), and (3) a
10-cm horizon of green waste compost (see Fig. 1b–t0).

The surface was initially left unplanted, and spontaneous
plants were allowed to develop (Chenopodium album,
Taraxacum officinale, Cirsum vulgare). After a 1.5-year
period, rye grass (Lolium perenne L. var. Tove) and alfalfa
(Medicago sativa var. Europe) were sown on both plots
(seed densities of 240 and 200 kg ha–1, respectively), as

they illustrated revegetation practice. These species were
selected for their complementary nitrogen fixation, rooting
and soil covering. No irrigation was applied.

2.3 In situ description, measurements and characterization

Campaigns were driven each year in May from 2004 to
2006 by digging a pit (1-m2 surface area) on each plot. The
soil profiles were described. Horizons were identified
according to their colour (Munsell code) on dried samples;
structure (form of aggregates), biological activity and root
development were observed. The redox potential was
determined in situ with a redox combination electrode
(MC201Au-8). Bulk density was estimated from the
volume and weight of the total soil material excavated
from the pits. For each horizon (or sub-horizon), three sub-
samples were collected to form a mean sample analysed for
pHwater, organic C, total N and texture (same protocols
than Section 2.1). Water content of soil samples was
measured by weight difference after 16-h drying at 105°C.

Water-retention data were determined on a pressure plate
apparatus for two water potentials (–10 and –15,800 kPa)

Major mineral phases (≥2%) Minor mineral phases (≤2%)

Green waste compost Quartz; calcite Feldspaths

Paper-mill sludge Calcite; dolomite Kaolin; talc

Treated soil Silica; calcite Gypsum; iron oxides (unidentified)

Table 2 Mineralogy of the
parent materials

Fig. 1 Evolution of the
constructed soil profiles over
time; a profile T; b profile P
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according to the methods described by Bruand et al. (1996).
Available water storage (AWS), i.e. water disposable for plant
growth, has been calculated by the following equation:

AWS ¼ Wfc�Wwpð Þ
where AWS represents the available water storage (gramme
per 100 g), Wfc is the water content at field capacity
(gramme per 100 g; water potential –10 kPa) and Wwp is the
water content at permanent wilting point (gramme per 100 g;
water potential, –15,800 kPa).

Available water content (AWC), i.e. quantity of water
disposable for plant growth in the soil, has been calculated
by the following equation (Cousin et al. 2003):

AWCi ¼ AWSi di thi

where AWCi represents the available water quantity of
horizon i (millimetre per centimetre), AWSi is the available
water storage of the horizon i (gramme per 100 g), di is
bulk density of the horizon i (gramme per cubic centimetre)
and thi is the thickness of the horizon i (centimetre).

Soil aggregation was assessed by observation at ultra-
structural scale of fine fractions (<2 mm) of the different
horizons. For this, samples were fixed in osmium tetroxide,
then dehydrated in graded acetones, and embedded in
epoxy resin (Epon 812) until complete polymerisation.
Then, ultra-thin sections (80–100 nm) were cut with a
diamond knife on a Leica Ultracut S ultramicrotome,
stained with uranyl acetate and lead citrate and examined
in a JEOL 1200 EX II transmission electron microscope
operating at 80 kV (Villemin et al. 2007).

Both the volume and composition of representative
aliquots of drainage water collected and homogenised in
the tanks were monitored monthly (as a function of
rainfall). Samples were filtered at 0.45 μm and analysed
for pH and major ion (notably Ca2+, Mg2+, SO4

2–)
composition by ionic chromatography (Dionex). In addition
to that analysis, HCO3

– was calculated to reach chemical
charges equilibrium.

3 Results

3.1 Profile description

Both soils exhibited a reduction in volume over the 3 years.
Profile T shrank from a 75-cm depth at 6 months to a 69-cm
depth at 30 months (see Fig. 1a). Profile P lost 13 cm
during the same period (from 115 to 102 cm; see Fig. 1b).
Bulk densities of the parent materials of the constructed
soils were low compared to natural soils (≤1 Mg m–3).
Increase in the bulk density was recorded in all horizons
(Fig. 2), except in the paper-mill sludge horizon. The

most significant increase was observed in the treated
industrial soil/paper-mill sludge mixing horizon of profile
P (0.7 Mg m–3 after 6 months to more than 1 Mg m–3 after
30 months).

The constructed soil profiles showed clear evidence of a
rapid development of new horizons that can be visually
distinguished according to their colour (Table 3) and to
the root density. Profile T (see Fig. 1a) was originally
composed of two horizons, which resulted from the
superposition of different parent materials. After 30 months,
a sub-horizon appeared between 15 and 35 cm. It was
characterised by a higher root density as well as by a more
brownish colour (10YR 3/2) than deeper in the profile
(2.5Y 3/1; see Table 3). Profile P was made of three
constitutive horizons (see Fig. 1b). After 6 months, four
different horizons were observed. An additional horizon
was observed after 18 months of evolution. Indeed, a
temporary stagnic horizon appeared, characterised by the
accumulation of stagnant water above the paper-mill sludge
horizon, inside the treated soil/paper-mill sludge mixing.
Some isolated grey–blue spots (<2% of the total surface)
were visible that were associated to this water-saturated
episode. It disappeared after 30 months, and four horizons
again were recorded. Roots penetration increased with time
from the soil surface. Earthworms and rodent burrows were
present in the upper parts of the profiles from the 18-month
campaign.

3.2 Structure and aggregation

Soils structure also showed a strong evolution. In profile T,
the structure evolved slowly from particular (or structureless)
at the origin to granular (or crumbly) with small aggregates
(1 mm) in both green waste compost and the upper part of the
treated soil horizon. The structure of the bottom part of the
treated soil did not evolve significantly. In profile P, a granular
structure’s evolution was also observed in green waste
compost. In the mixed material (treated industrial soil/
paper-mill sludge), the original structure was blocky–granular
(>10-mm diameter) and evolved to a very distinct granular
structure (5-mm diameter), especially in the upper part of the
horizon. The pure paper-mill sludge horizon evolved from an
original blocky–granular structure to a prismatic structure
(50–100 mm).

TEM observations conducted on soil samples collected
after 30 months of evolution highlighted soil aggregation.
Examples of aggregates were visualised as bacterial
aggregates in the compost (Fig. 3a): Bacteria-producing
exopolymers were surrounded by fine mineral particles and
also as close associations between mineral particles of the
treated soil and cellulosic fibres of the paper-mill sludge
(see Fig. 3b).
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Colour/Munsell code

6 months 18 months 30 months

Profile T Green waste compost 10YR 2/2 10YR 2/2 10YR 3/3

Treated soil 7.5YR 2/1 10YR 2/1 10YR 3/2

2.5Y 3/1

Profile P Green waste compost 10YR 2/2 10YR 2/2 7.5YR 3/2

Treated soil/paper-mill sludge mixing 2.5Y 4/1 7.5YR 4/2 10 YR 5/2

2.5Y 6/2 10YR 4/3 2.5Y 4/2
2.5Y 3/3

Paper-mill sludge N 8/0 2.5GY 8/1 7.5Y 8/1

Table 3 Evolution of the colour
of the constructed soil horizons
(dried samples)

Fig. 2 Evolution of water
content; available water storage;
bulk density of a profile T,
b profile P
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3.3 Water status

Considering that the climatic conditions were similar before
each campaign, it is possible to compare qualitatively the
measurements. The water contents were constantly lower in
profile T than in profile P for all horizons (see Fig. 2). In
profile T, the water content was always higher in the
compost horizon than in the treated soil horizon. On the
contrary, in the profile P, the water distribution was located
mainly in both the upper part (the compost horizon) and the
lower part (the paper-mill sludge horizon) of the con-
structed soil.

Taking into account the whole soil thicknesses, the AWC
was significantly lower in profile T (12 mm cm–1) than in
profile P (26 mm cm–1). AWS was similar for both green
waste compost horizons and varied only slightly with time
(35% to 39%; see Fig. 2). It was constant and very high in
the paper-mill sludge horizon (>55%). It has decreased in
treated soil horizon from profile T (18% to 12%) and
treated soil/p.m. sludge mixing horizon from profile P (30%
to 18%); this can be correlated with the increase of the bulk
densities.

There was a continuous and significant increase of the
redox potential in both soil profiles (Fig. 4). After
6 months, reducing conditions (–37.5 mV) were detected
in the treated industrial soil horizon of profile T which
disappeared after 30 months of evolution. In profile P,
significant differences were noticed between the upper sub-
horizon and the lower sub-horizon of the treated soil/paper-mill
sludge mixing.

3.4 Chemical weathering

All parent materials were calcareous, and their pH was
alkaline (see Table 1). In profile T, pH decreased with time
in the compost (8.6 to 8.1), contrary to the treated soil
horizon which exhibited an increase in pH (9.0 to 9.4; see
Fig. 4a). This sensible increase could be either explained by
the exposition of new mineral phases (e.g. CaO) or by a
sampling bias. In profile P, loss of alkalinity was observed in
the upper horizon of compost (8.6 to 8.0); in the other
horizons, the pH varied perceptibly with a small decrease in
the lower part of the mixing horizon (8.5 to 8.3; see Fig. 4b).

Breakthrough curves of the major elements in the drainage
water of profile T showed a simultaneous decrease in SO4

2–

and Ca2+ concentrations from 25 to about 10 meq L–1

Fig. 4 Evolution of redox potential and pH of a profile T, b profile P

Fig. 3 Microscopic structures (TEM) on profile P material sampled
30 months after soil construction in, respectively, a g.w. compost and
b treated soil/p.m. sludge mixing
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until 120 L m–2 (Fig. 5a). Then, until 240 L m–2, SO4
2–,

HCO3
– and Ca2+ concentrations remained steady at around

10 meq L–1. In profile P, a concentration peak of HCO3
– and

Ca2+ reaching 105 meq L–1 above calcite solubility was
observed in the first 70 L m–2 (see Fig. 5b). Then, an
increase in the output of SO4

2– and Mg2+ followed with the
next 100 L m–2. In the end, all ion concentrations decreased,
especially SO4

2–. The concomitant outputs of SO4
2– and

Ca2+ indicated gypsum (CaSO4) dissolution, whereas the
coupled output of HCO3

– and Ca2+ was dissolution of calcite
(CaCO3). The mass balance calculations on the two profiles
indicated that 0.05% of the total calcite in profile T and
0.35% in profile P had been dissolved, and Gypsum
dissolution reached 5% in both soil profiles (see Table 2).

The leachates from profile P, notably in the first 70 L m–2,
were very loaded in soluble ions. The very high concen-
trations in Ca2+ and HCO3

– with significant amount of Mg2+

attest of the presence of a complex equilibrium between
different carbonated minerals, with complex reprecipitation
kinetics inside the soil. Our assumption is that this chemical
composition resulted of the drainage of constitutive water
that was already present in the parent materials (especially
paper-mill sludge) before the soil construction.

4 Discussion

4.1 Early pedogenesis of constructed Technosols

Constructed soils are the result of a deliberate combination
of materials to create specific soil functions. Such raw
materials undergo strong transformations during the early
stages. The resulting soil profiles exhibit two distinct
phases of pedogenesis, as shown by our work. During the
first phase, the technogenic parent materials are subjected
to dramatic physical and chemical changes such as
compaction, evacuation of constitutive water and intense
weathering of soluble minor minerals. The reactions taking

place during this early period of soil life have a distinctive
feature, due to the anthropogenic origin of the materials that
have no strict equivalent in natural soils. The second phase
is characterised by pedogenic processes similar to those
happening in natural soils, in similar pedoclimatic con-
ditions, i.e. the dominant chemical reaction of decarbona-
tisation and the bio-physical reaction of the formation of
aggregates. Indeed, significant evolutions of the macro-
structure, the water-retention properties as well as the
evidence of a micro-structuring have been highlighted.

The work was based on an in situ lysimetric experiment
to study the evolution of the constructed soils under
conditions as close as possible to the reality of the
implementation of the technology. No repetition was done
considering the large size of plots (100 m2). The time of
study (3 years) could be considered as short, but general
trends of evolution have been highlighted. However,
additional studies are of course needed to understand the
further evolution of the constructed Technosols. Another
point would be to take into account the role of parameters
such as biological factors (plants, soil fauna).

All observed pedogenic processes are characterised by
fast kinetics and high intensity, a situation probably caused
by the fine division and the high specific surface area of the
materials favouring a strong mineral weathering (Anderson
et al. 2002). For example, weathering rates of calcite were
higher in the constructed soils under a continental climate—
around 240 g m–2 year–1—than in the calcareous parent
rocks, e.g. from 10 g m–2 year–1 in chalk rock under the
same climatic conditions to 200 g m–2 year–1 on a würmian
calcaric terrace under humid mountain climatic conditions
(Duchaufour 1983). Beside physical changes (compaction
and water drainage), other processes were recorded leading
to the multi-scale structuring of the constructed soils. It is
noticeable that such a pedogenic process as aggregation
resulted from both a natural factor as the biological activity
(Morel et al. 1991) and an anthropogenic factor like the
initial parent materials' settlement and the particle mixing.

Fig. 5 Evolution of the compo-
sition in major elements of the
leachates from a profile T,
b profile P
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Intrinsic reasons relating to the artefacts’ origin of the parent
materials inevitably induce a remarkable intensity in the
pedogenic processes of constructed soils. Disequilibria
between the parent materials and the environmental forcing
factors that lead to an internal chemical response induced a
high-energy state of the constructed soil system, as
suggested by Chadwick and Chorover (2001).

4.2 Classification of constructed Technosols

Using the new WRBSR (IUSS Working Group WRB
2006), profile T is classified as Spolic Folic Technosols
(Calcaric), due to the presence of treated soil as an
industrial waste and the content of calcite (2.5%). Green
waste compost horizon is less than 20 cm thick; it is
therefore named ‘folic’ instead of ‘garbic’. The profile P is
classified as Spolic Garbic Hydric Technosols (Calcaric)
due to the presence of treated soil, the content in green
wastes compost and paper-mill sludge as organic waste
materials and the water-retention properties of the paper-
mill sludge at its bottom; its content in calcite is >2%. In
both cases, the suffix Gypsiric could not be used as they
contain less than 5% of gypsum.

Considering the stagnic episode during the second
campaign, profile P could have been temporarily named
Spolic Garbic Endostagnic Hydric Technosols (Calcaric).
Taking into account the significant organic matter mineral-
ization and global evolution in the compost horizon (Séré
2007), it can be considered that the garbic origin of the
material will quickly be undetectable. This will lead to a
fast evolution (within 10 years) of profile P to Spolic Folic
Hydric Technosols (Calcaric). Step by step, the technic
properties of the different artefacts will less and less
influence the pedogenic evolution. Furthermore, our assump-
tion is that later, constructed soils' pedogenesis will bring
them to acquire characteristics and properties of natural soils
such as Cambisol. It can be assumed that—in about a
century—the constructed Technosol will become with time a
Technic Cambisol, considering that evidences of the anthro-
pogenic origin of the parent materials could still be visible.

5 Conclusions

Constructed soils clearly appear to be relevant examples of
the recently created reference Technosol. Soils are four-
dimensional natural bodies with the key characteristic of
spatio-temporal variation in state properties and processes
(Sommer 2006) and so are constructed Technosols. The
results suggest that they are submitted to a dynamic
evolution as far as transfer by leaching, aggregation,
organic matter transformation and mineral weathering are
concerned. Some pedogenic processes appear to be similar

to what happens in natural soils like aggregation and
decarbonatisation. On the other hand, some processes are
different and characteristic of Technosols such as the initial
hydric drainage and the significative dissolution of gypsum.
In all cases, the kinetics of the reactions is very fast, and
this is explained by the disequilibria between the artefacts
and the environmental conditions. Constructed Technosols
are extreme examples of Technosols; however, such a
distinctive and dynamic evolution could be considered as a
diagnostic characteristic of this soil reference.

The classification that has been developed for Technosols
is mainly based on criteria such as the nature and origin of the
artefacts or technogenic parent materials. On contrary to the
classification of natural soils and horizons, this choice was
made, in a certain way, to the detriment of genetic criteria. Our
work showed that it was difficult to take the genetic into
account because of the fast pedogenic evolution of young
Technosols—considering pedological time scale. Indeed, the
results presented here illustrate the fact that in constructed
Technosols, a pedoclimax could not be reached in the early
stages. The present classification of Technosols is hardly able
to describe the precocious evolution already observed: the
plurality of origin and composition of the parent materials
(garbic, spolic, calcaric) as well as its evolving properties
(hydric, stagnic). These examples speak in favour of a more
dynamic approach. Finally, concerning their further evolution,
one can formulate the hypothesis that, in certain cases
(permeable environment, development of vegetation and
biological activity), Technosols might only be a step in the
evolution of anthropised soils to becoming natural soils.

Acknowledgements This project is supported by the GISFI
programme (www.gisfi.fr); it was financed by the Etat Français
(ANRT), Région Lorraine (CPER), ADEME and received technical
support from Etablissement Public Foncier de Lorraine and Arcelor-
Mittal Real Estate France. The authors wish to thank Stéphane Colin,
Alain Rakoto and Jean-Claude Bégin for their precious technical help.

References

AFNOR (Association Française de Normalisation) (2004) Evaluation
de la qualité des sols volume 1: méthodes d’analyse chimique.
Association Française de Normalisation, La Plaine Saint-Denis
Cedex, p 461

Anderson SP, Dietrich WE, Brimhall GH Jr (2002) Weathering
profiles, mass balance analysis, and rates of solute loss: linkages
between weathering and erosion in a small, steep catchment.
Geol Soc Am Bull 114:1143–1158

Badin AL, Méderel G, Béchet B, Borschneck D, Delolme C (2009)
Study of the aggregation of the surface layer of Technosols from
stormwater infiltration basins using grain size analyses with laser
diffractometry. Geoderma 153:163–171

Baumgartl T (1998) Physical soil properties in specific fields of applica-
tion especially in anthropogenic soils. Soil Till Res 47(1–2):51–59

Beyer L, Cordsen E, Blume HP, Schleuß U, Vogt B, Wu Q (1996) Soil
organic matter composition in urbic anthrosols in the city of Kiel,

J Soils Sediments (2010) 10:1246–1254 1253



NW-Germany, as revealed by wet chemistry and CPMAS 13C-
NMR spectroscopy of whole soil samples. Soil Technol 9:121–132

Bradshaw AD (1983) The reconstruction of ecosystems. J Appl Ecol
20:1–17

Bruand A, Duval O, Gaillard H, Darthout R, Jamagne M (1996)
Variabilité des propriétés de rétention en eau des sols: importance
de la densité apparente. Etude et Gestion des Sols 3(1):27–40

Chadwick OA, Chorover J (2001) The chemistry of pedogenic
thresholds. Geoderma 100:321–353

Cousin I, Nicoullaud B, Coutadeur C (2003) Influence of rock
fragments on the water retention and water percolation in a
calcareous soil. CATENA 53(2):97–114

Duchaufour P (1983) Pédologie 1. Pédogénèse et classification, 2nd
edn. Masson, Paris, p 491

El Khalil H, Schwartz C, Elhammiani O, Kubiniok J, Morel JL,
Boularbah A (2008) Contribution of technic materials to the
mobile fraction of metals in urban soils in Marrakech (Morocco).
J Soils Sediments 8(1):17–22

Farouki OT (1986) Thermal properties of soils, vol 11. Trans. Tech.
Publications, Clausthal-Zellerfeld, p 136

Hiller DA (2000) Properties of Urbic Anthrosols from an abandoned
shunting yard in the Ruhr area, Germany. CATENA 39(4):245–266

IUSS Working Group WRB (2006) World reference base for soil
resources 2006. A framework for international classification,
correlation and communication, 2nd edn. World Soil Resources
Reports, 132, pp 145

Jenny H (1941) Factors of soil formation: a system of quantitative
pedology. McGraw Hill Book Company, New York, p 281

Lefort C, Schwartz C, Florentin L, Gury M, Morel JL (2006)
Determination of model substrates for the study of the pedogenesis
of Technosols. Workshop on modelling of pedogenesis, pp 75–76

Lehmann A (2006) Technosol and other proposals on urban soils for
the WRB (World Reference Base for Soil Resources). Int
Agrophys 20:129–134

Lehmann A, Stahr K (2007) Nature and significance of anthropogenic
urban soils. J Soils Sediments 7:247–260

Lemaire F, Rossignol JP (1999) Stress factors related to urban soils.
Acta horticulturae 496:347–351

Lorenz K, Kandeler E (2005) Biochemical characterization of urban
soil profiles from Stuttgart, Germany. Soil Biol Biochem 37
(7):1373–1385

Monserié MF, Watteau F, Villemin G, Ouvrard S, Morel JL (2009)
Technosol genesis: identification of organo-mineral associations
in a young Technosol derived from coking plant waste materials.
J Soils Sediments 9:537–546

Morel JL, Habib L, Plantureux S, Guckert A (1991) Influence of maize
root mucilage on soil aggregate stability. Plant Soil 136:111–119

Morel JL, Schwartz C, Florentin L, de Kimpe C (2005) Urban soils.
In: D Hillel (ed) Encyclopedia of soils in the environment, vol 1–4.
Elsevier, Oxford, pp 202–208

Nehls T, Hartstock S, Stoffregen H, Wessolek G (2007) Stability of
preferential flow paths in paved urban soils. Geophys Research,
Abstracts 9

Payet C (2001) Les végétaux comme facteur d’évolution des boues
urbaines en stockage prolongé, Mémoire de Thèse de doctorat en
Sciences Agronomiques, INPL, pp 145

Pedro G (1964) Contribution à l'étude expérimentale de l'altération
géochimique des roches cristallines. Centre National de Recherches
Agronomiques, pp 345

Rossiter DG (2007) Classification of urban and industrial soils in the
World Reference Base for Soil Ressources. J Soils Sediments
7:96–100

Scalenghe R, Ferraris S (2009) The first forty years of a Technosol.
Pedosphere 19(1):40–52

Schleuß U, Wu Q, Blume HP (1998) Variability of soils in urban and
periurban areas in Northern Germany. CATENA 33(3–4):255–
270

Scholtus N, Leclerc-Cessac E, De Donato P, Morel JL, Simonnot MO
(2009) Eluto-frontal chromatography to simulate chemical
weathering of COx by low-molecular-weight organic compounds
and early pedogenesis processes. Eur J Soil Sci 60(1):71–83

Schwartz C, Florentin L, Morel JL (2003) Impact d’activités militaires
de la première Guerre Mondiale sur la qualité des sols. INPL
(ENSAIA)/INRA, pp 28

Séré G (2007) Fonctionnement et évolution pédogénétique de
Technosols issus d’un procédé de construction de sol. Mémoire
de Thèse de doctorat en Sciences Agronomiques, INPL, pp
227

Séré G, Schwartz C, Ouvrard S, Sauvage C, Renat JC, Morel JL
(2008) Soil construction: a step for ecological reclamation of
derelict lands. J Soils Sediments 8(2):130–136

Simonson RW (1959) Outline of a generalized theory of soil genesis.
Soil Sci Soc Am Proc 23:152–156

Sommer M (2006) Influence of soil pattern on matter transport in and
from terrestrial biogeosystems—a new concept for landscape
pedology. Geoderma 133:107–123

Villemin G, Watteau F, Morel JL (2007) La visualisation et la micro-
analyse des composts en microscopie électronique: une clef pour
la qualité, la fabrication et l’utilisation des composts. Techniques,
Sciences et Méthodes 5:67–78

Zanuzzi A, Arocena JM, van Mourik JM, Faz Cano A (2009)
Amendments with organic and industrial wastes stimulate soil
formation in mine tailings as revealed by micromorphology.
Geoderma 154:69–75

1254 J Soils Sediments (2010) 10:1246–1254


	Early pedogenic evolution of constructed Technosols
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Parent materials
	Experimental setup
	In situ description, measurements and characterization

	Results
	Profile description
	Structure and aggregation
	Water status
	Chemical weathering

	Discussion
	Early pedogenesis of constructed Technosols
	Classification of constructed Technosols

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


