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Stellingen 

1. De veronderstelling dat "neoformed clay coatings" schaarse verschijnselen zijn in 
bodems, blijkt voor vulkanische gronden onjuist te zijn. 

Bullock et al., 1985. Handbook of soil thin section description. Waine research publications, 
Albrighton, UK. 

2. De eis: aanwezigheid van 1% "clayfilms" om een argillic horizon te onderscheiden 
zal moeten worden herzien omdat geen rekening wordt gehouden met het kunnen 
voorkomen van kleinieuwvormings coatings . 

Soil Survey Staff, 1992. Keys to soil taxonomy. Pocahontas press, Inc. Blacksburg, Virginia. 

3. Verwering van primaire mineralen en vorming van secundaire mineralen bepalen in 
sterke mate het verloop van de voortschrijdende bodemvorming in vulkanische 
gronden. 

4. Optisch identieke, isotrope Al/Si coatings kunnen een verschillende chemische en 
mineralogische samenstelling hebben ten gevolge van verschillen in micro 
omgevingsfactoren. 

dit proefschrift. 

5. Micromorfologie en in-situ submicroscopie blijken onmisbaar te zijn in verwerings en 
nieuwvormingsstudies in vulkanische gronden. 

dit proefschrift. 

6. Het voorkomen van 2:1 phyllosilicates in vulkanische gronden ontwikkeld onder 
ferralitische omgevingsfactoren kan verklaard worden door overerving uit 
hydrothermaal beïnvloed moedergesteente. 

dit proefschrift. 

7. Imogolite zal meer aangetoond kunnen worden, als (schijnbaar) amorf materiaal in 
slijpplaten wordt geïsoleerd voor transmissie elektronen microscopic 

dit proefschrift. 

8. Micro omgevingsfactoren kunnen tot op het nanometer schaalniveau de verwering van 
primaire en de vorming van secundaire mineralen bepalen. 

dit proefschrift. 

9. Om verwerings- en nieuwvormingsverschijnselen in bodemhorizonten van vulkanische 
gronden juist te kunnen interpreteren is bestudering van het moedermateriaal en de 
saproliet essentieel. 

dit proefschrift. 
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10. Cementatie van bodemhorizonten in vulkanische gronden kan het gevolg zijn van het 
voorkomen van amorfe Al/Si coatings. 

11. De micromorfologie zal zich zo min mogelijk moeten bedienen van uitgebreide 
beschrijvingen en onbegrijpelijk jargon. 

12. De wetenschappelijk onderzoeker moet leren leven met onzekerheid. 

13. Creativiteit en nieuwsgierigheid vormen de basis voor het doen van onderzoek. 

14. De uitspraak "De kalkoen en de poelier praten samen over het kerstdiner" geeft 
beeldend weer dat de huidige democratische bestuursstructuren van de LUW een 
personele reorganisatie dreigen te laten verzanden. 

15. Meer beleid, minder faculteit. 

Stellingen behorend bij het proefschrift "Aspects of mineral transformation during weathering of volcanic material. 
The microscopic and submicroscopic level". Toine Jongmans, 2 september 1994. 



ABSTRACT 

Mineral transformation at the earth surface is a complex process. In volcanic éjecta, such 
transformations tend to be fairly rapid. Many weathering studies on volcanic materials have 
been carried out at different scales of observations, mostly using bulk samples. However, to 
get a proper understanding of the mechanisms of weathering of primary minerals and 
formation secondary minerals it is necessary to obtain data of undisturbed material at the scale 
of observation that micromorphology and submicroscopy deal with. Weathering studies at 
the micrometre scale with help of micromorphology showed the heterogenous character of 
mineral weathering and the co-existence of different secondary minerals. 
The main objective of papers in this thesis was to characterize and explain alteration of 
primary minerals and formation of secondary minerals at the particle level in volcanic soils 
in relation to (micro) environmental conditions. 
Thin sections of volcanic soils were studied by micromorphology, and relevant features were 
characterized chemically and mineralogically by submicroscopical methods performed on 
(un)disturbed samples isolated from thin sections. 
Mineral transformations were studied both on sites in the temperate humid zone and in the 
humid tropics. 
In a chronosequence of Quaternary terraces of the Allier in France, micromorphological and 
sub microscopical analyses showed: 
- Alteration of basaltic particles leads to clay formation whereas weathering of granite 
fragments contributes to the sand fractions. 
- A relative increase in the contents of Ti, Al, and Fe and a decrease of K, Na, Ca, and Si 
occur in weathering rinds of basalt pebbles. Differences in weathering intensity are 
predominantly a function of chemical composition of the basalt rather than a function of time. 
- A mass balance calculation carried out on an isovolumetric, altered basalt pebble with a 
fresh core, and on an enclosed, genetically related neoformed clay coating showed that all 
elements, except Fe were leached from all weathering rinds. Only Si, Al and some Ca were 
found in the clay coating, and part of the Al was derived from an external source. 
- Isotropic and anisotropic coatings occur in a Paleosol in an older terrace. 
Micromorphological observations demonstrated that such coatings are genetically related. The 
isotropic coating consists of allophanic material with minor amounts of 2:1 phyllosilicates, 
whereas the anisotropic types consist of 2:1 phyllosilicates only. Both types result from 
recombination of trachytic weathering products under restricted leaching conditions during 
coating formation. 
- Micromorphological observation demonstrated three types of coatings in two Planosols in 
two older terraces. Isotropic and anisotropic, translucent materials occur locally within one 
coating, suggesting a genetic similarity. These coatings are due to secondary mineral 
formation, The third type, anisotropic dusty clay coatings clearly resulted from clay 
illuviation. Cluster analyses reveal that the coatings of the same type were chemically more 
alike than different coatings in the same profile. About 83% of the grouped samples were 
classified correctly as either isotropic and anisotropic weathering coatings or anisotropic 
illuviation coatings. 

A technique is described to isolate undisturbed microparts of pedofeatures from thin 
sections. Such microparts can subsequently be analysed by Transmission Electron Microscopy. 
This technique allows performance of micromorphological, mineralogical and chemical 
analyses on one undisturbed micro sample at micrometre to nanometre scales. 



Isotropie coatings in the C horizon of a young Hapludand in Guadeloupe and in the 
C and R horizons of an old Hapludand in Costa Rica, both developed on andesitic volcanic 
materials were allophanic. Isotropic coatings present in the Bw horizons of both soils contain 
allophane and imogolite. The Al/Si molar ratios in the coatings in the Bw horizons are higher 
than those in the coatings of the C and R horizons. Anisotropic coatings are wholly gibbsitic 
and occur only in the Bw horizon of the older Costa Rican Hapludand. The gibbsitic coatings 
show a gradual transition to isotropic coatings and both types looks alike in plane polarized 
light suggesting a genetic relationship. The allophane coatings resulted from initial weathering 
of the parent materials, whereas the gibbsite coatings represent the ultimate stage of secondary 
mineral formation. The differences in chemical and mineralogical composition of the coatings 
are thought to be the result of different leaching conditions at the macro and micro scale. 

2:1 Phyllosilicates in Hapludands on Holocene andesitic beach ridges in Costa Rica 
occur as clay pseudomorphs after primary minerals. They are inherited from hydrothermally 
altered parent material from which the beach ridges were derived, and are not due to post 
depositional soil formation. Weathering and biological activity affect the clay pseudomorphs 
which leads to clay-sized particles consisting of 2:1 phyllosilicates. They are incorporated in 
the allophanic groundmass that results from actual soil formation in the Hapludands. 

Isotropic coatings also found in a West Java (Indonesia) Oxisol on andesitic volcanic 
parent materials are probably due to weathering of airborne ash additions. The coatings 
recrystallize to anisotropic coatings suggesting a neoformed genesis. Both types of coatings 
appear to be common in three andesitic catenas in Indonesia. The amount of coatings and 
the crystallinity tend to increase as the dry season become more pronounced. The anisotropic 
coatings can easily be confused with illuviation coatings. 
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CHAPTER 1 

GENERAL INTRODUCTION 



GENERAL INTRODUCTION 

Weathering can be defined as the ensemble of processes by which primary minerals are 
destroyed, and either disappear or are transformed into more stable secondary minerals 
(Delvigne, 1965; Delvigne and Stoops, 1990). Weathering transforms rocks to soil material 
which can be penetrated by plants and organisms and which can be used by men for 
agricultural purposes. Knowledge of mineral weathering and of formation of secondary 
minerals is essential for (i) a proper understanding of global bio-geochemical cycles, (ii) the 
rate of soil formation versus soil erosion, of plant nutrition, (iii) composition of ground- and 
surface waters, and (iv) the rate of buffering of acid substances from anthropogenic 
deposition. 
Weathering of primary- and formation of secondary minerals is dominant soil forming 
process in materials which contain appreciable amounts of easily weatherable minerals. Most 
rocks and sediments contain weatherable primary minerals. Chemical, mineralogical and 
physical properties of soils formed on such parent materials are largely determined by the 
amount, nature, and distribution of the secondary minerals. 

Differences in scales of observation. 
In a review paper on quantitative modelling of pedogenesis, Hoosbeek and Bryant 

(1992) distinguished various levels of organisation relevant to pedology: molecular 
interactions, peds/aggregates, soil horizons, pedons, polypedons, catenae, and soil regions. 
Objects at each of these levels of organisation can be regarded as a system, each of which can 
be seen as combinations of subsystems at lower levels or as a subsystem at higher levels. 
Weathering processes of primary- and the formation of secondary minerals can be studied at 
different levels of observation, varying from the global to the submicroscopic level. Each 
level needs to be studied at a relevant scale of observation, which in turn determines the 
required analytic techniques and sampling strategies (Fig. 1). 
Most research on weathering at the scale of a watershed, or a soil region, deals with 
quantitative determination of element transfer (mass balance studies) and weathering rates of 
rock-forming silicate minerals. Examples of such studies are e.g. Paces (1968, 1985). He 
measured elemental budgets in small, well defined watersheds in Central Europe and calculate 
rates of weathering and of erosion as influenced by acid emission and agricultural action. 
Velbel (1985) studied geochemical mass balances and weathering rates in forested watersheds 
in the USA to establish the rate at which the weathering front penetrates in fresh rock. He 
concluded that the observed values agree with the "average" denudation rate for the southern 
Appalachians. Such studies are carried out at a high scale of observation whereby even 
macroscopic spatial variability (m. to km.) is lumped or "averaged". Such studies cannot 
explain the mechanism of weathering and neoformation at the level of individual minerals. 
The same is true for studies of mineral weathering and formation of secondary minerals at 
the catena and pedon level, where the processes are related to the soil forming factors rock 
composition, topography, hydrology or climate (Chartres and Pain 1983; Mizota et al. 1988; 
Wada et al. 1989; Quantin et al. 1991). Such studies are based mainly on chemical and 
mineralogical data obtained from bulk samples of soil horizons and/or rocks, and yield general 
information about relationships between the soil forming factors and the gross rate of mineral 
weathering and the nature of secondary minerals formed. However, soils and rocks are 
heterogeneous in chemical and mineralogical composition, internal fabric, and porosity, and 
present a variety of micro-site conditions. Hence, there is no one-to-one relationship between 
soil forming factors and the nature of weathering and secondary mineral formed: different 
rates of weathering and different types of secondary minerals can be observed in different 
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micro environments in the same pedon (Meunier, 1983). As a result, soil profile studies 
based on bulk samples with respect to chemistry and mineralogy do not give direct 
information about the actual nature of weathering and secondary mineral formation at the 
mineral-grain level. Yet it is at this level that elements are liberated, start to migrate, and are 
regrouped into secondary materials. Pertinent information about those matters must be 
obtained at the level of observation that micromorphology and submicroscopy deal with. 
Numerous studies with respect to weathering and neoformation of minerals have been carried 
out at the microscopic/ submicroscopic level in rocks, saprolites and soils. (Asamada, 1988; 
Delvigne, 1965; 1983; Delvigne et al. 1979; Nahon and Colin 1982.; Berner and Scott, 1982; 
Nahon 1991). These studies are based on observations obtained by optical and 
submicroscopical techniques performed in-situ. The essential advantage of such methods is 
that data are obtained about the size, shape, arrangements and composition of the individual 
constituents i.e. the primary and secondary minerals ( e.g. Chapter 2.4, 3.1 and 3.2). Such 
studies have demonstrated the heterogeneous character of mineral weathering and the 
coexistence of different secondary minerals at the micro scale. In addition, relicts of 
secondary minerals in soils deposited with the primary minerals, or formed under paleo-
climates can more easily be recognized by microscopical and submicroscopical methods than 
by studying bulk samples. E.g. the occurrence of 2:1 phyllosilicates in volcanic soils has often 
attributed to in situ pedogenic processes or to rejuvenation as a result of aeolian addition (e.g. 
Mokma et al. 1972). However in chapter 3.4 we demonstrate that in Andisols on andesitic 
beach ridges in a perudic climate such phyllosilicates are derived from hydrothermal alteration 
of primary minerals in the volcanic parent rock from which the parent material of the 
Andisols was derived. So observations at a more detailed scale of observation are required 
for correct interpretation of data derived from bulk samples. The microscopic and sub-
microscopic level of observation provides a better insight in the nature of weathering and 
neoformation mechanisms. The knowledge on mineral dissolution, element migration and 
regrouping of elements in secondary materials obtained at the microscale help to understand 
weathering mechanisms and can be incorporated in studies of weathering and neoformation 
at higher levels of observations. Chapter 3.1 and 3.2 reveal that neoformed coatings have 
different chemical and mineralogical composition if the micro-environmental conditions are 
different. Theories based on bulk data concerning formation and occurrence of allophane, 
imogolite and neoformed clay can be rejected, confirmed or adapted. Chapter 2.1 shows that 
weathering of basaltic fragments led to formation of clay, whereas weathering of granite 
fragments dominantly contributed to formation of sand in a Quaternary terrace sequence rich 
in volcanic fragments. Such data can be obtained only from micromorphology and 
submicroscopy. In addition, this study illustrates how these techniques provide different levels 
of detail about soil development in young and old terraces, making micromorphology an 
indispensable tool to unravel the complex story of pedogenesis of, particularly, the old soils. 

Methods and objectives 
Site conditions like climate, parent material, vegetation, drainage and age influence 

the rate of weathering of primary minerals and the mineralogy of the neoformed minerals. 
(Lowe, 1986; Parfitt and Kimble, 1989; Wada, 1989). Internal mineral factors and external 
environmental conditions may control weathering and neoformation on soil properties. To 
study these effects at the mineral level, micromorphology of undisturbed samples provides 
fundamental support (Meunier, 1983). Effects of alteration in relation to structural, chemical 
and physical discontinuities of the mineral itself and external micro- environments can be 
studied in-situ in thin sections of undisturbed soil samples. In addition, the amount, 
morphology and distribution of the secondary minerals can be examined. 
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Micromorphology itself has limited possibilities for chemical and mineralogical 
characterization of (partly) altered primary minerals and secondary minerals. For correct 
interpretation of the nature of the secondary minerals, the chemical and mineralogical 
composition of individual grains must be studied simultaneously. Scanning Electron 
Microscopy with Energy Dispersive X-Ray Analyzer (SEM-EDXRA, e.g. Bisdom et al. 1990) 
is a widely used technique to characterize the chemical composition of features observed in 
uncovered thin sections. 
Verschuren (1976) and Beaufort et al. (1983) introduced microdrilling in uncovered thin 
sections to sample micro quantities of material for mineralogical analysis with the help of 
Step scan X-ray diffraction (Meunier, 1983). We used the same technique to determine the 
mineralogical composition of secondary minerals. 

Transmission electron microscopy can also be applied in determination of 
mineralogical and chemical composition and the size shape and arrangements of individual 
constituents at the nanometre level (Bisdom et al. 1990). However, this technique requires 
ultra thin samples (50 nm) of uniform thickness to avoid artificial contrasts, and it is therefore 
not directly applicable to uncovered thin sections. Bresson (1981) used ion-milling to prepare 
such ultrathin sections for TEM, but the technique is not easily applicable and has 
disadvantages such as producing variable thickness. In the absence of a direct method to 
characterize the mineralogy of undisturbed features in thin section at the nanometre scale, we 
combined optical microscopy and TEM studies performed on ultra thin, undisturbed micro 
parts isolated by micro-drilling in uncovered thin sections (van Oort et al. 1994). This 
combination of techniques provided a possibility to determine, in-situ, size, shape, 
arrangements, and chemical and mineralogical composition of individual constituents. 

All papers in this thesis are dominantly performed at the optical (urn) and 
submicroscopical (u-nm) scale of observation and deals with mineral transformation of 
individuals constituents in soils on volcanic materials. In some papers we extrapolate the 
results of these microstudies to soil formation at the pedon or catena level of organization 
(Hoosbeek and Bryant, 1992). 

The major goals of the studies being reported in the following chapters are: 
i) To characterize the nature of weathering of primary minerals and their secondary products, 
and to unravel the impacts of these processes on soil development in chrono-sequences and 
poly genetic soils. 
ii) To set up quantitative weathering studies at the mineral level. 
iii) To test the hypothesis that coatings observed by microscopy consist of different secondary 
minerals, and to characterize their chemistry and mineralogy in relation to their morphology, 
iv) To establish the genesis of such coatings, in relation to micro-environmental conditions 
that may control their chemistry and mineralogy. 
v) To demonstrate the value of microscopical and submicroscopical studies of the parent 
material of volcanic soils for a good understanding and correct interpretation of the genesis 
of secondary minerals. 

The outline of this thesis 
This thesis consists of papers that have been published or will be published in 

international journals. Combination of such papers in one volume implies some duplication, 
especially in the method and reference sections. At the same time it reveals the development 
of the research. In the first stage research was focused on aspects of weathering of primary 
minerals and rock fragments; submicroscopical techniques except for SEM-EDXRA were not 
used. Later, we focused the research on formation of secondary minerals by using 
submicroscopy. 
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Chapter 2 deals primary with weathering of primary minerals. 
Paper 1 describes soil formation in a Quaternary Allier terrace sequence in France as a 
function of soil age. It is shown that alteration of basalt fragments led to clay formation, 
whereas alteration of granitic fragments contributed to the sand fraction. The occurrence of 
isotropic and anisotropic neoformed clay coatings is reported. Their chemical and 
mineralogical composition is further described in chapter 3 and 4. 

In paper 2, alkali basalt weathering in a number of the Allier terraces of the chronosequence 
was studied by means of the isovolumetric method and the Ti-constant method in order to 
quantify compositional changes as a result of weathering. 

In paper 3, a mass balance was set up to quantify the output of elements from an 
isovolumetric weathering rind of a basalt pebble from an older Allier terrace and the input 
of elements in a neoformed coating enclosing the pebble. 

In paper 4, the use of transmission electron microscopy in studying clay micro fabrics isolated 
from thin sections is discussed. A technique is described to isolate undisturbed microbodies 
of neoformed clay from thin sections, which can further be used for TEM analyses. Examples 
are presented to illustrate the usefulness of the method. 

Chapter 3 contains all papers focused on formation of secondary minerals 
In paper 1, of this chapter, isotropic aluminosilicate coatings in an Andisol under perudic 
conditions are studied. In-situ submicroscopical analyses demonstrate different chemical and 
mineralogical composition of the coatings in relation to site conditions as a result from 
different leaching conditions. 

In paper 2, the morphology, chemistry, mineralogy and genetic relationship of allophane, 
imogolite and gibbsite neoformed coatings in an Andisol developed in an andesitic lava in 
Costa Rica is discussed. Differences in coating composition are the result of different leaching 
conditions at the pedon and the micrometre level of organisation. 

In paper 3, amorphous and crystalline coatings in a buried paleosol in an older Allier terrace 
in France are shown to be genetically related . In-situ submicroscopical analyses indicate that 
restricted leaching conditions and the composition of the primary minerals control the 
chemical and mineralogical composition of these coatings. 

Paper 4 show that the parent material rather than in situ soil formation, is the source of 2:1 
phyllosilicates in Andisols developed on Holocene andesitic beach ridges in Costa Rica, under 
current perudic climatic conditions. 

Chapter 4 discusses two possible ways of formation of clay coatings: illuviation or in-situ 
weathering. 
Paper 1 deals with the presence of amorphous clay coatings and their recrystallization to 1:1 
phyllosilicates in a lowland Oxisol and other Andesitic soils in Indonesia. The differences 
between microscopically similar but genetically different coatings, those consisting of 
secondary clay formed in situ and those formed by clay illuviation is discussed. 

In paper 2, The occurrence of three types of coating was reported in an older endmember of 
the Allier terraces. The hypothesis 
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that these coatings differed chemically and mineralogically was tested. In addition, their 
genesis is discussed. 

Justification of the autorships and co-authorships of the papers 
Different techniques and soil data are used in the topics of the papers involved in this 

thesis. My expertise is mainly in the field of soil morphology and micromorphology. Others 
contributed to the thesis which appears from the multiple different co-authors in six papers, 
and my co-authorship in five other papers. 
Paper 4.1 was mainly written by T. C. J. Feijtel. I was involved in defining the research 
problem, and in the micromorphological characterization and interpretation of the types of 
coatings that were distinguished. In addition T.C.J. Feijtel carried out the chemical and 
particle size class interpretation in chapter 1.1. 
Paper 2.2 was mainly written by E. Veldkamp; my contribution was focused on the 
micromorphological and mineralogical aspects of the research topic. Furthermore, he prepared 
the mass-balance calculations and the sensitivity analyses in paper 2.3. 
The technique discussed in chapter 2.4. was developed jointly by F. van Oort and myself. F. 
van Oort performed the interpretation of the TEM analyses in the other chapters. 
I. Staritsky carried out the estimation of the areas of distinguished zones in paper 2.3. 
Paper 4.1. was mainly written by P. Buurman. My contribution to this paper comprises the 
identification of the problem the study deals with, and the micromorphological and mineral 
aspects in terms of characterization and interpretation. 
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CHAPTER 2 

WEATHERING OF PRIMARY MINERALS 

2.1 Soil formation in a Quaternary terrace sequence of the Allier, Limagne, France. 
Macro- and micromorhology, particle size distribution, chemistry. 

Geoderma, 49:215-239 (1991) 

A.G. Jongmans, T.C J. Feijtel, R. Miedema, N. van Breemen and A. Veldkamp. 
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ABSTRACT 

Jongmans, A.G., Feijtel, T.C.J., Miedema, R., van Breemen, N. and Veldkamp, A., 1991. Soil forma­
tion in a Quaternary terrace sequence of the Allier, Limagne, France. Macro- and micromorphol­
ogy, particle size distribution, chemistry. Geoderma, 49: 215-239. 

Soil formation in a terrace chronosequence of nine gravelly Quaternary terraces was studied, based 
on macro- and micromorphological, mineralogical, chemical, and physical characteristics. 

Based on textural characteristics, the C horizon of the youngest soil appears to be representative for 
the parent material of lower B and C horizons in the youngest soils, and of all horizons in older soils. 
The parent materials contain a volcanic and a granitic component. 

With increasing age of soils, the following stages of soil formation were observed: Holocene soils on 
lowest terraces show evidence for mixing of sedimentary layers by biological activity, resulting in 
texturally homogeneous A and B horizons. In the absence of periglacial processes, soil formation in 
Holocene and in Late Pleistocene terraces took place under continuously well-drained conditions. 

Late Pleistocene soils on higher terraces show effects of clay illuviation, with prominent weathering 
features in A horizons. 

Middle and Early Pleistocene soils on the highest terraces were influenced by periglacial conditions 
and display effects of various cycles of soil forming processes alternated with periglacial processes, 
increasing in complexity with age. Weathering of all minerals except quartz, neoformation of clay, 
and clay illuviation has resulted in distinct differentiation between sandy A and E horizons and a 
clayey B horizon. Periglacial processes during the Quaternary, weathering, clay formation and clay 
illuviation have caused a considerable compaction and decreased water permeability. This has re­
sulted in imperfect drainage, now reflected by abundant, locally cemented, iron and manganese oxide 
segregations in the surface horizon, typical for surface water gley with evidence of ferrolysis. Ferro-
lysis, the increased weathering of clay under influence of alternating oxidation-reduction in the sea­
sonally waterlogged surface soil, may have further contributed to the marked textural change between 
A and E versus B horizons. Easily weatherable minerals, observed in strongly leached surface layers 
of older end-members of the terrace sequence might be attributed to aeolian volcanic inputs. 

The Holocene and Late Pleistocene soils are intensively used as arable land, as a result of the con­
tinuously well-drained conditions. On account of the poor drainage, the Middle and Early Pleistocene 
soils are used mainly for grassland and forest. 
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INTRODUCTION 

Terrace sequences are particularly suitable for pedological studies because 
differences in soil development can be related to the factor time (Stevens and 
Walker, 1970). With increasing terrace age, the soils have been longer influ­
enced by soil forming processes. Many terrace soil sequences, however, are 
not simple chronosequences (Chartres, 1980). Changes in environmental 
conditions like climate, vegetation and geomorphological processes over time 
influenced the nature and intensity of soil formation. 

Before drawing definite conclusions about soil changes in chronosequ­
ences, the degree of uniformity of the parent materials needs to be estab­
lished. Several sedimentological parameters describing the particle size dis­
tribution have been proposed to characterize the conditions under which soil 
materials were deposited (Barshad, 1967; Griffiths, 1967; Langohr et al., 
1976). The particle size distributions and elemental chemical properties 
within and between soil profiles can provide valuable information about geo-
genetic and pedogenetic processes (Langohr et al., 1976; Torrent and Nettle-
ton, 1979;Chittleboroughetal., 1984). 

Many pedogenetic studies of Quaternary soil sequences illustrate polycyclic 
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Fig. 1. Location of the sampling units in the Limagne Rift Valley. 
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soil development with increasing age of the soils (Bornand, 1978; Chartres, 
1980; Macaire, 1986; Chittleborough et al., 1984 ). We investigated nine grav­
elly Quaternary Allier terraces in the Limagne Rift Valley, Massif Central, 
France (Fig. 1 ). Field observations revealed the following changes in soils of 
increasing age: 

( 1 ) increasing abundance of quartz and flint fragments and decreasing 
amounts of fresh granitic and volcanic fragments in A and E horizons; (2) 
vertical textural differentiation between sandy topsoils and clayey B hori­
zons; (3 ) decreased biological activity and development of compacted B ho­
rizons; (4) the presence of many hard Fe-Mn concretions in albic E horizons, 
and vertical greyish tongues in underlying B horizons. 

In a previous paper, Feijtel et al. (1988) described and discussed the gen­
esis of Planosols in two older end-members of the Allier terrace sequence. 

The goal of the present study is to assess the nature, intensity, mutual rela­
tionships, and the chronology of processes involved in the soils of the Allier 
terrace sequence by means of macro- and micromorphology, particle size dis­
tribution, and chemistry. 

MATERIALS AND METHODS 

Geology and soil site conditions 

The terrace sequence comprises nine gravelly terrace levels (Fl through Fz) 
of the Allier in the Limagne Rift Valley formed from the Plio/Pleistocene to 
the Holocene period (Bouillet et al., 1972; Le Griel, 1983; Raynal, 1984; 
Pastre, 1986) (Fig. 1, Table 1). 

Tertiary deposits consisting of sands, clays, marls and limestone underlie 
the 5 to 15m thick terraces. Predominantly granite rocks of the Hercynic 
basement border the Limagne Rift Valley (Autran and Peterlongo, 1980). 
Tertiary and Quaternary volcanic deposits are present in and around the Lim­
agne Rift Valley (Camus, 1975). All nine terraces contain various amounts 
of granite and volcanic fragments; limestone fragments are absent. Periglacial 
features like cryoturbation and frostwedges (French, 1976) were observed in 
excavations in several older terraces of the sequence. 

All profiles are situated in a flat to almost flat position. Younger soils (PI 
through P4 ) are well-drained and intensively used as arable land. The older 
soils (P6 through P9 ) are imperfectly drained and show seasonally wet A and 
E horizons and moist B horizons in late winter and spring, and are under 
grassland or forest. Soil P5 has intermediate characteristics, shows some evi­
dence of imperfect drainage, and is used both as arable land and grassland. 

Macro- and micromorphological methods 

Based on field studies we selected from each terrace level (Fl through Fz) 
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TABLE 1 

Age, altitude, horizon development and classification of terraces and soils. 

Profile 

PI 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

p9 

Terrace 

Fz 

Fyz 

Fy 

Fx 

Fw 

Fv 

Fu 

Ft 

Fl 

Age 

Holocene 

Holocene 

±13.000" 

±30.000" 

0.5 m.y.c 

1.0m.y.c 

1.3m.y.c 

1.7m.y.c 

±2.4m.y.d 

Altitude pr. 
riverbed3 

(m) 

0 

n.d. 

8 

8-20 

32-45 

60-70 

70-80 

90 

100 

Horizon 
development 

A-Bw-C 
no-tc 
A-Bw-C 
no-tc 
A-Bt(90cm)-C 
mod-tc 
A-Bt(150cm)-C 
mod-tc 
A-Eg-Btg(4m) 
str-tc; a-tch 
A-Eg-Btg(4m) 
str-tc; a-tch 
A-Eg-Btr (n.d.) 
str-tc; a-tch 
A-Ems-Btg (4 m) 
str-tc; a-tch 
A-Bh-Eg-Btg(n.d.) 
str-tc; a-tch 

Classification 
(FAO, 1988) 

Eutric Cambisol 

Eutric Cambisol 

Haplic Luvisol 

Haplic Luvisol 

Eutric Planosol 

Eutric Planosol 

Dystric Planosol 

Dystric Planosol 

Dystric Planosol 

"According to Bouillet et al. (1972). 
"According to Raynal (1984). 
cAccording to Pastre (1986) ( million years ±0.1). 
dAccording to Le Griel (1983). 
no-tc=no textural contrast; mod-tc=moderate textural contrast; str-tc = strong textural con­
trast; a-tch=abrupt textural change; n.d. = not determined. 

one representative soil profile. In addition to bulk samples for various anal­
yses, a continuous sequence of undisturbed samples was taken for prepara­
tion of thin sections (10x10 cm2) from each profile. Sampling and descrip­
tion of soils were done from pits and excavations. Soils were described and 
classified according to FAO ( 1977 ) and FAO (1988), respectively. Thin sec­
tions were prepared according to Fitzpatrick (1970) and described using the 
terminology of Bullock et al. ( 1985 ). Nature and amount of some important 
mineral grains and rock fragments were quantified by point counting of 500-
700 points (ignoring both the < 20 um fraction and voids), giving a standard 
deviation of < 4% with 95% confidence limits (Van der Plas and Tobi, 1965 ). 
Similarly, quantification of illuviation clay coatings was carried out by point 
counting of 800 points, yielding a standard deviation of 2% at 95% confi­
dence limits. 
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Particle size distribution analysis 

Particle size distribution analysis was performed on duplicate samples of 
each horizon after sieving over a 2 mm sieve, removal of organic matter with 
30% H202 and of carbonates with 0.2M HCL. Fractions > 2 mm were col­
lected and weighed to determine the gravel content. The sand fractions > 50 
Urn(2000-1000,1000-600, 600-420, 420-300, 300-210, 210-150, 150-105, 
105-75, 75-50 urn) were collected by sieving on a Fritsch Analysette shaking 
apparatus. Fractions <50 um (50-32, 32-16, 16-8, 8-2, 2-0.2 um) were 
determined with the pipette method after adding 4% sodium hexametaphos-
phate and 1% sodium hydroxide. The <0.2 urn fraction was collected through 
centrifugation as follows: after shaking a suspension of the fraction < 50 urn 
and 1 hour of sedimentation, 200 ml of the supernatant suspension was pi­
petted into a centrifuge tube of 380 ml. Samples were centrifuged at 2500 rpm 
for the appropriate time to permit settling of fractions > 0.2 p.m. 

Chemical/mineralogical analysis 

Clay fractions, (0.2-2 urn), fine clay ( <0.2 urn), and fine earth fractions 
( < 2 mm ) were used for total analyses of major and minor elements by X-ray 
fluorescence on Li2B407 glass disks. The fractions <0.2 urn, < 16 urn, and 
< 50 urn of selected samples were analyzed similarly. The X-ray fluoresence 
system was calibrated using USGS geochemical standards as listed by Abbey 
(1980). 

The clay fraction was dispersed by NaOH at pH 7-8. The elemental com­
position of the non-clay fraction was estimated from the clay content and the 
elemental compositions of fine earth and clay fraction, respectively (Bar-
shad, 1967). Calculations of the mass fraction of elemental oxide compo­
nents in % (EO) were performed according to: 

EO non-clay = ( EO soil X 100 — EO clay X % clay ) / ( % non-clay ) 

Soil pH ( 1:2.5 in water and 0.01M CaCl2 ) was determined by glass electrode; 
"free" Fe203 was extracted by Na-dithionite-EDTA at pH 4.5 (Begheyn, 
1980). Exchangeable bases and CEC were determined by the modified Bas-
comb method according to Gillman (1979). 

X-ray diffractograms were made of Mg-saturated clay samples before and 
after glycerol solvation, and of K-saturated clay after heating to different tem­
peratures. Estimates of the relative amount of the different clay minerals 
present range from traces ( ± ) to dominant ( + + + + -I- + ). 
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RESULTS 

Macromorphological data 

Classification of soils, horizon development, age and terrace altitude with 
respect to the present-day riverbed are given in Table 1. Major macromor­
phological characteristics are shown in Table 2. With increasing age, soil col­
ours in B horizons change from homogeneous brown to mottled grey, struc­
tures from subangular blocky to prismatic, consistence from friable to 
extremely firm, and worm activity decreases. PI and P2 are texturally ho­
mogeneous soils down to 70 cm, with undisturbed sedimentary sand and gravel 
layers below 70 cm depth. All soil horizons contain fresh volcanic and granite 
fragments. 

Soils P3 and P4 differ from PI and P2 mainly by some textural differentia­
tion between A and B horizons. Sedimentary stratification is absent in the 
upper 100 cm. 

Soils P5 and P9 have a prominent textural contrast between sandy A and E 
versus clayey B horizons. Quartz, quartzite and flint occur in surface horizons 
increase in abundance with age, while contents of volcanic and granite frag­
ments in A, E, and upper B horizons decrease with age ( Table 2 ). Most of the 
granite fragments are friable, volcanic fragments are soft and show light grey 
coloured weathering rinds. Prominent iron and manganese mottling is pres­
ent in albic E and greyish B horizons ( 10YR 5/2 to 5Y 7/2; Table 2). In P6 
and P8 the Fe and Mn compounds are cemented. B horizons have vertical 
greyish-white tongues along weakly developed prismatic ped faces, that are 
lined with Fe oxides, and at some distance of the tongues, Mn oxides. 

Physical data 

Comparative particle size distribution index 
The degree of uniformity of the parent materials was tested using a com­

parative particle size distribution index (CPSD; Fig. 2). The index is based 
on the method to superpose two particle size histograms, in order to measure 
the degree of similarity between them (Langohr et al., 1976). We used the 
CPSD index to compare all samples with the parent material of the youngest 
profile PI, indicated as profile 1 horizon No. 5 in Fig. 2. The degree of simi­
larity between samples is expressed by the proportions of the matching parts. 
This allows for a so-called linkage grouping in which the indexes are ranked 
in descending order. The CPSD index was calculated for all 15 particle size 
classes, between 0.2 and 2000 um (Fig. 2A) and for a limited data set involv­
ing the fractions between 50 and 600 um only (Fig. 2B). Regardles of the 
data-set used, there appears to be a fairly good similarity between all samples 
from C and/or lower B horizons (horizon Nos. 4 and 5 ). Particle size distri-
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Fig. 2. Comparative particle size distribution index for the complete and a reduced data set. 

bution of A, E, and upper B horizons in the older soils (profiles 6 to 9, horizon 
No. 1 to 3), differed considerably from that in the subsoil of profile 1 (hori­
zon No. 5), as evidenced by CPSD indexes between 32 and 60 for the 0.2 to 
2000 urn fraction. By using the 50 to 600 um fraction, the CPSD index dem­
onstrated values between 50 and 80. The greatest textural difference was found 
between the subsoil and surface horizons of profile 1 (CPSD index from 20 
to 40). 

Fine clay to total clay ratios, distribution and weathering of gravel 
As soils get older, ratios of fine clay to total clay increase up to 0.8 and 

maxima shift to greater depth in the profile with increasing age (Fig. 3A, B). 
Volcanic and granitic gravel (2 mm-7.5 cm) contents are high in the C 

horizon and lower B horizons of the youngest soils PI through P4, and the 
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Fig. 3. Fine clay/total clay ratios with depth ( A, B ), and gravel content with depth (C, D). 

older soils P6 through P9 (Fig. 3C, D). The older soils contain much gravel 
in the A and E horizons too, but this consists mainly of quartz, quartzite and 
flint. 

Bulk densities 
The average bulk densities in the B horizons of the nine profiles are for the 

PI and P2 soils 1.3-1.5 g/cm3, for P3 and P4 1.2-1.5 g cm3, and for P5 to P9 
1.7-1.9 g/cm3, respectively. 

Chemical and mineralogical data 

Geochemical variability of sediments 
A principal component analysis was performed on the geochemical com­

position of the soils. In the fine earth fractions three factors accounted for 
more than 82% of the total geochemical variance (Table 3). The first factor, 
explaining 54% of the total variance, was strongly correlated with CaO, MgO, 
Na20, Ti02 and to a lesser extent with A1203. The second principal compo­
nent has a strong correlation with K20 and Si02. Similar results were ob­
tained when considering the non-clay fractions in order to account for possi­
ble interferences due to clay neoformation and clay illuviation (Table 3 ). The 
first factor then explains 62% of the total variance. 

Selected chemical and mineralogical data 
Selected chemical and mineralogical properties are given in Table 4. The 
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TABLE 3 

Rotated factor patterns and regression for fine earth and non-clay geochemical fractions, 
respectively. 

Fine-earth Non-clay 
rotated pattern rotated pattern 

Variable 
Si02 

Ti0 2 

A1203 

Fe203 

MnO 
MgO 
CuO 
Na20 
K20 

Variance (%) 

F-l 
-0 .42 

0.83 
0.68 
0.66 
0.10 
0.87 
0.89 
0.82 

-0 .01 

explained by each factor 
53.9 

F-2 
0.77 

-0 .37 
-0 .28 
-0 .46 
-0 .03 
-0 .29 
-0 .12 

0.30 
0.99 

16.4 

F-3 
-0 .03 

0.18 
-0 .18 

0.45 
0.98 
0.09 
0.14 
0.20 

-0 .06 

12.1 

F-l 
-0 .67 

0.87 
0.93 
0.64 

-0 .04 
0.85 
0.90 
0.86 

-0 .16 

62.2 

F-2 
-0 .54 

0.35 
-0 .07 

0.66 
0.72 
0.33 
0.28 

-0 .09 
-0 .84 

16.7 

Multiple regression analysis of principal components: 
Factor-1 fine-earth = 1.02-0.32 AGE+ 0.18 HORIZON « 2 = 0.80** 
Factor-1 non-clay =0.98-0.33 AGE+0.21 HORIZON R2 = 0.S2** 

surface horizons of the P1 through P4 soils are slightly acid, while in the lower 
horizons the pHH2o values increase to about 8. A and B horizons of the older 
profiles are moderately to strongly acid. An exception is P6 which has rela­
tively high pHH2o values. 

The average CEC of the B horizons in the PI through P4 soils is 728 ± 166 
(mmolc/kg clay). The average CEC of the Eg+Btgl and the Btg2 in the older 
soils P5 to P9 is 422±67 and 557±60, respectively. The base saturation is 
high in the P1 to P6 soils, but decreases in the A, E, and upper B horizons of 
the older series. 

The average of free iron content in the PI through P4 soils is 2.7%±0.5 
without any depth trend. Higher free iron values, 5.2%± 1.9, occur in the Eg, 
Ems and/or Btg horizons of the soils older than P4. 

In the fine earth, Si02 contents increase with age, while the inverse is true 
for MgO and CaO. In soils older than P3, Bt horizons show the lowest Si02 
and the highest A1203 and Fe203 contents of all horizons, corresponding to 
higher clay contents. 

The clay fraction of the youngest soils PI and P2 contains mainly kaolinite 
and illite, with little smectite and vermiculite. 

Smectite contents are low in the A and E horizons of the soils older than 
P4, and decrease with soil age in these horizons. Chlorites are present in small 
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amounts in the A horizons but are nearly absent in all underlying B horizons. 
Crystallinity of clay minerals was generally low, as indicated by XRD peak 
widths, especially in the upper horizons. Btg horizons of the soils older than 
P4 have lower contents of kaolinite and illite and higher contents of smectite. 

Micromorphological data 

In Table 5 major micromorphological properties are summarized. Three 
major groups of soils could be distinguished: 

Group I, Profiles PI and P2 
Sponge microstructure dominates, with many channels and interconnected 

vughs in the B horizons. 
All soil horizons contain unweathered volcanic and granitic fragments, al­

kali feldspars, plagioclase, pyroxene, and hornblende. Olivine grains demon­
strate pellicular alteration, part of the biotite grains are exfoliated and iron-
stained. 

Group II, Profiles P3 and P4 
Microstructure, voids, and mineralogical composition of the single and 

compound mineral gains are rather similar to those in group I. Partly weath­
ered volcanic fragments with frayed surfaces occur, in particular the < 200 
urn fraction. Concentration of volcanic fragments increase with depth (Fig. 
4 ). Isotropic, colourless, pendent coatings, with sizes up to 300 urn, identified 
by SEM-EDXRA as silica coatings were found at depths below 150 cm. 

Microlaminated, orange yellow, limpid and dusty, strongly oriented coat­
ings and infillings up to 500 urn thickness, and with silty impurities up to 20 
urn in diameter (type a coatings) occur in B horizons (Fig. 5). The internal 
fabric of the coatings varies from parallel to convolute and cross-laminated. 
The profile clay illuviation index (Miedema and Slager, 1972) is 200% cm 
for the P3, and 1100% cm for the P4 soil, respectively. This index is defined 
as the sum of the percentages illuviated clay in each horizon and the horizon 
thickness, and expressed in per cent cm. Relatively few fragmented clay coat­
ings occur. 

Group III, Profiles P5 through P9 
Crack microstructure with few skew and craze planes (Brewer, 1964) is 

dominant in B horizons. Excrement infillings are absent in these horizons 
(Table 5). 

Fresh volcanic fragments predominantly consist of basalt with olivine and 
pyroxene phenocrysts and many small opaque iron minerals ( < 20 urn ). Vol­
canic fragments are absent in the A horizons, their content in E and B hori­
zons decreases with increasing soil age, while quartz contents in A and E ho­
rizons show an inverse relationship with depth and age. Granite fragments 
occur in the A horizon of P5, but are almost absent from A horizons of older 
soils, while the contents increase with depth in all older soils. Many volcanic 
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Fig. 5. Micromorphological quantification of clay illuviation type a coatings and limpid and 
dusty parts of type b clay coatings. 

fragments have lost their original internal fabric and subrounded shape, and 
exhibit compressed structures and irregular shapes, suggesting fragmentation 
and deformation. The original nature of these fragments is still recognizable 
from the presence of clustered opaque iron minerals (Fig. 6, II). Totally al­
tered fragments, with frequently well-developed b-fabrics, have become parts 
of the fine material (clay fraction), intensively mixed with coarse quartz, al­
kali feldspars and altered granite fragments. The granite fragments display 
irregular linear alteration and iron staining, predominantly along the micas. 
Alterated granite breaks up into the elementary constituents quartz, alkali 
feldspar, biotite and muscovite as single mineral sand grains (Fig. 6,1). Sin­
gle mineral grains of biotite, plagioclase, olivine, brownish hornblende and 
pyroxenes > 200 um are absent in A and E horizons. Alkali feldspars exhibit 
pellicular irregular and crossbanded alteration patterns especially in A and E 
horizons. Many biotite and some muscovite grains show (thick) pellicular 
and parallel banded alteration patterns in B horizons. Their original interfer­
ence colours shift to pale yellow and biotite grains appear to have partly 
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