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Preface

This volume contains refereed papers presented at the IX International Working Meeting on
Soil Micromorphology organised under the auspices of Subcommission B of the International
Society of Soil Science. The meeting was held in July 1992 in Townsville, Queensland,
Australia and was the first meeting of the subcommission to be held not only in the southern
hemisphere, but also in a tropical environment. That this was the first meeting of the
Subcommission to be held in Australia was also surprising, given the major contribution of Roy
Brewer and Jim Sleeman to the development of the discipline over the last 40 years.

In the years since Brewer's seminal work on micromorphological description and
terminology (Brewer, 1964) micromorphology has seen several significant advances. Whilst
much of the early work was conducted in Europe by Kubiena and his colleagues and then in
Australia by Brewer and others, micromorphology was also adopted as a significant
pedological tool in the USA and Canada as detailed by Wilding (1990) in the preface to the
proceedings of the VIII International Working Meeting. During the last two decades there has
been a shift in emphasis of much micromorphological research, with a move away from
developing guidelines for description and classification of microstructure, fabric and
pedological features towards applications of micromorphology. These applications cover a
considerable range of pure and applied research endeavour and applications ranging from
pedogenesis to engineering. This shift in emphasis is apparent in the present volume, which
contains sections focusing on the contribution of micromorphology to studies on soil genesis,
paleosols, soil biota, soil structural measurement, soil management and crusted and indurated
soils.

In my view, whilst we will still need to update nomenclature from time-to-time, the
increasing emphasis on micromorphological applications is very timely. It will help
demonstrate to both scientific colleagues and to users of scientific information that
micromorphology is a dynamic discipline which can help provide answers to some of the major
environmental, engineering and scientific challenges facing the world today. Applications
documenting soil structural changes following cultivation or other land use practices, water
flow pathways in the soil and underlying rocks and microelement and pollutant contamination
issues are just some of the areas in which micromorphological and electron microscope
techniques can contribute to solving specific problems. With the increasing use of powerful
computing and image analysis techniques further opportunities exist to shed new light on both
these new problems and older issues relating to weathering and soil genesis.

As current Chairman of the Subcommission and in my role of Chairman of the Organising
Committee of IWMSM 92, there are several agencies and people who are owed thanks for
their assistance with sponsorship and conference planning and management. These include the
Australian International Development Assistance Bureau, whose generous sponsorship enabled
several scientists from developing tropical countries to attend the meeting and present their
work. I also owe a large debt of thanks to all the meeting organising committee in both
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Townsville and Canberra and in particular to the editors of this volume, Anthony Ringrose-

Voase and Geoff Humphreys, who have turned out a polished product. I would also like to

thank Ethel Ringrose-Voase and Claudia Camarotto for assistance with final manuscript
preparation and all who reviewed manuscripts.

Colin J. Chartres

Canberra, March 1994.
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Micromorphology of soils of the humid tropics*

G. Stoopsl, V. Marcelino!, S. Zauyah? and A. Maas3
Universiteit Gent, Belgium
2Universiti Pertanian Malaysia
3Universitas Gadjah Mada, Yogyakarta, Indonesia

ABSTRACT

Stoops, G., Marcelino, V., Zauyah, S. and Maas, A., 1994. Micromorphology of soils of the humid tropics. In:
A.l. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in Management and
Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia, July 1992
Developments in Soil Science 22, Elsevier, Amsterdam, pp. 1-15.

Apart from volcanic or tectonically rejuvenated areas, most soils of the humid tropics are
formed on materials preweathered during earlier geological periods. The characteristics of
these soils are determined mainly by the type and degree of weathering, the depth of the
subsequent erosion and the present position in the landscape. On the basis of three soil
sequences the relationship between the micromorphological characteristics of parent material,
saprolite, eluvial, colluvial and alluvial soils is discussed, as well as the genesis of the soil
material (pedoplasmation) and subsequent changes.

The first sequence is situated in Rwanda and illustrates soil formation in pre-weathered
material and in its erosion products. The second sequence is a typical example of a recent
incision of an old erosion surface in Zaire; the last sequence, from Indonesia, illustrates the
influence of the degree of weathering in volcanic ash soils.

Where possible, soils from the tropics (e.g. podzols, andosols) are compared in terms of
their micromorphological characteristics with equivalent soils of temperate regions in order to
deduce their differentiating characteristics.

INTRODUCTION

In the tropical belt a wide range of climatological, geological and geomorphological
sitmations can be found, including humid, semi-arid and arid environments as well as
mountainous areas. This paper deals only with the micromorphological characteristics of
lowland soils in the humid tropics.

A review of the micromorphological literature of the last decade shows that few new
relevant research results on tropical soils have been published in international journals, except
for petrographic studies on weathering and laterites (e.g. Nahon, 1991)

The typical characteristics of most tropical soils are not only related to the hot and humid
climate in which they occur, but also to the geomorphological history of these areas. Soils of

*Publication n® 92/049 of the International Training Centre for Post Graduate Soil Scientists, Gent, Belgium.
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the humid tropics occur mainly on old geomorphological surfaces, or are developed in
materials derived from their erosion, thus in both cases from a pre-weathered material
Therefore the characteristics of most typical tropical soils (e.g. Oxisols and Ultisols) are
determined rather by the nature of the saprolite than by the present climate and the parent
material. By contrast, in the temperate areas geomorphology is strongly influenced by the
different glaciations during the Quaternary: most old surfaces have disappeared or were
covered by loess or glacial material. As a result the present surface is formed mainly of fresh
rock or recent erosion products and/or glacial loess, derived from the physical disintegration of
fresh rocks. Moreover, weathering is relatively slow in these regions, and the soils are forming
in fairly fresh material during the first cycle of chemical weathering.

The difference between tropical and temperate areas is further enhanced by the fact that in
many cases the geological history is quite different for a large part of the humid tropics and is
situated on old continental shields (e.g. Central Africa, Brazil, Australia), which were not
influenced by the Alpine orogeny. As a consequence much older surfaces are preserved in the
tropics and therefore older saprolites too.

Although those soils of the humid tropics that are not formed on pre-weathered materials,
such as those found in the mountains or on Holocene volcanic ashes, have more characteristics
in common with the soils of temperate regions, they nevertheless have some specific features
related to the high rate of weathering. The absence of frost and the intensive biological activity
are examples. After dealing with the formation of soil material, the influence of the above
mentioned pedogenic factors on the micromorphological characteristics of tropical soils will be
discussed on the basis of the study of three sequences from different regions together with
some other isolated observations.

FORMATION OF SOIL MATERIAL

In temperate, and especially in arid areas, little difference exists between the composition of
the parent material of a soil and the rock from which it was derived, because saprolites are very
thin or non-existent. This is not the case in the tropics: here the actual soil is mostly separated
from the original rock by a thick saprolite layer, which is thought to result from intense
weathering during former geological times. Therefore, the saprolite, not the underlying rock,
has to be considered as the soil parent material. In the case of Si-oversaturated (acid) rocks
this saprolite layer may be many meters thick, whereas it is generally thin or even absent on
neutral or Si-undersaturated (basic) rocks. The transformation of saprolite to soil material,
called pedoplasmation by Flach et al. (1968), is an essential part of soil formation in the
tropics.

In a complete weathering profile, formed on a single geological material, four different
zones can thus be considered from bottom to top:

(i) the fresh rock; its upper boundary is the weathering front,

(ii) the saprolite, result of weathering, mainly during an older geological period (referred
hereafter as paleoweathering); the rock fabric is preserved, although all rock forming minerals
may be pseudomorphosed to clay and/or sesquioxides (gibbsite, goethite, hematite); its upper
boundary is the pedoplasmation front;

(iii) the undifferentiated soil parent material, with no evidence of soil forming processes,
except for bioturbation and pedogenic weathering; rock fabric is lost, apart from some isolated
relicts, but some megastructures (e.g. pegmatite veins) may remain visible and the new fabric is
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characterized by a homogeneous distribution and a random orientation of the rock minerals
and weathering products; its upper boundary is the front of pedogenesis;

(iv) the pedogenic soil material, with evidence of pedogenic differentiation (e.g. illuviation,
structure, hydromorphism, humification).

The complete profile is observed, in general, on deeply weathered, rather oversaturated
rocks (phyllite, sandstone, granite, gneiss). Weathering profiles may be more complicated, e.g.
when the geological material is not homogeneous (lithological discontinuity) or when layers of
lateritic gravel occur within the profile (Stoops, 1967). They may be simpler when one or more
zones are missing, e.g. on neutral or undersaturated rocks (basalt, gabbro, amphibolite,
peridotite) the pedoplasmation front may practically coincide with the weathering front and in
conditions of restricted drainage the front of pedogenesis may extend below the
pedoplasmation front, and mottles are formed in the undisturbed saprolite.

When the solum is very deep, most factors of pedoplasmation related to climate (wetting
and drying, freezing and thawing) can be ruled out, and bioturbation remains the most active
factor. This is corroborated by micromorphological observations. From a micromorphological
point of view pedoplasmation is characterized by the destruction of the saprolite fabric, as seen
by the disappearance of stratification, foliation and clayey pseudomorphs, resulting in the
homogenization of the material, the formation of a clayey weathering product (argillization)
and a generalized colouration by oxyhydrates. This means that a redistribution and
recrystallization of the oxyhydrates has taken place. The first traces of
bioturbation/pedoplasmation appear as channels filled with a mixed saprolite material with a
crescentic fabric. As their number increases they become interconnected, isolating the spots of
in situ saprolite, until finally only a few isolated remains of saprolite dispersed through a more
or less uniform material may be observed. The complete homogenization and argillization of
the material and the uniform reddish or yellowish colouration, typic for oxic materials (Stoops,
1983; Rodriguez-Rodriguez ez al., 1988), is only achieved after many cycles of bioturbation
(Stoops, 1991).

According to Zauyah (1986) three types of pedoplasmation may be distinguished: (i) the
continuous pedoplasmation, forming the upper limit of the saprolite, result from the total
disintegration of the rock fabric and homogenization of the material, (ii) the linear
pedoplasmation, penetrating decper in the saprolite along zones of weakness (e.g. former
fissures, diaclases, biochannels), as a result of a better drainage and therefore stronger
leaching, resulting in an increased rate of weathering, and (iii) the less important punctual
pedoplasmation, caused by the disintegration of pseudomorphs, forming isolated patches of
micromass within the saprolite.

The different processes contributing to pedoplasmation are not yet truly understood, and
the influence of pedoplasmation on the physical and chemical characteristics of the material is
not well documented. Further experimental work is required on this topic.

SEQUENCES

Three sequences will be discussed, each serving as a central theme for discussing soils in a
larger regional context.  Sequence A is situated in Rwanda and illustrates the
micromorphological characteristics of soils formed in pre-weathered material and in its erosion
products. Sequence B is a typical example of a recent incision of an old erosion surface in
Lower Zaire: the top of the sequence is formed in an old saprolite and the lower part on fresh
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1440m

Fig. 1. Topographic position of the profiles of the soil sequence from Akagera National Park
(Rwanda), between Kizirakome hill (left) and Kashinuika hill (right). The vertical scale of the
profiles (at the right) is exaggerated with respect to that of the relief. Profiles 1 - 6 and 9 - 12
are Ustults developed in the cover, 7 is a Torrert and 8 a Quartzipsamment. The full line gives
the observed position of the stone line, the dotted line the suggested.

rock (the contrast between soil material on fresh and preweathered rocks is striking). Finally,
sequence C from Indonesia illustrates the influence of the degree of weathering on volcanic ash
(here the characteristics of tropical soils not influenced by old pre-weathering can be studied).

The results presented below are based on microscopic studies of thin sections, supported by
physical, chemical and mineralogical analyses. Whenever necessary, the method used to obtain
a given information is indicated, e.g. (XRD) for X-ray diffraction analysis.

Sequence A: soils on saprolite and colluvium

The sequence is located in the Akagera National Park in the North Eastern corner of
Rwanda (Chutatis, 1984). The average rainfall varies from 1,000 to 1,400 mm and the dry
season lasts 2 to 3 months. The soil temperature regime is isothermic and the soil moisture
regime is ustic. The sequence comprises soils from a valley bottom (at 1340 m), two slopes
(the top of the hills being situated at 1,445 and 1,440 m) and a foot slope (Fig. 1). The profiles
on the slopes are classified as Ustults (1 - 6, 9 - 13), the one on the valley bottom (7) as a
Torrert (7) (Black Tropical Soil) and the one on the foot slope (8) as a Quartzipsamment. The
substratum is Precambrian metamorphosed (gneissic) granite.

A similar sequence, from the same region also developed on gneiss, was studied by Oyinlola
(1988). The micromorphology of many isolated soil profiles has been studied by the senior
author in the framework of the "Projet Carte Pédologique du Rwanda".

On the basis of micromorphological characteristics three different soil materials and one
rock type are recognized on the slopes. From the bottom to the top of the profiles they are:

a) A saprolite derived from weathered gneissic granitc containing quartz, feldspar and
biotite, partially weathered to kaolinite. Although the rock structure is still preserved, the
influence of soil formation is recognizable by the illuviation of limpid, yellowish clay
(kaolinite); this is especially obvious in the weathered perthites (Fig. 2a and b). Pedoplasmation
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Fig. 2. Akagera National Park.

(a and b) Saprolite: parallel banded weathering of perthite (top) and biotite (right), with partial
preservation of the rock structure. Infillings of strongly oriented illuvial kaolinitic clay in the
weathered feldspar and between the quartz grains (center). PPL and XP. (¢ and d)
Pedoplasmated material overlying the saprolite: high amount of coatings and infillings of
strongly oriented kaolinitic clay (low interference colours). Fragments of weathered perthite
are still present (top right). PPL and XP.

seems to be provoked by a collapse of the saprolite fabric mainly due to dissolution of the
feldspar.

b) The saprolite is overlain by a completely pedoplasmated material with evidence of soil
formation. Porosity (observed in thin sections) is low and consists mainly of channels and
vughs. The coarse material is composed of poorly sorted quartz in some cases, or of a mixwre
of quartz, weathered feldspar and muscovite in other cases. The yellowish to reddish brown
speckled micromass (kaolinite) is homogeneous and has a speckled b-fabric when only quartz
is present and speckled and weakly striated when feldspar and mica are both present. Small
amounts of plinthitic hematite (as defined by Schmidt-Lorenz, 1978) are observed. The c/f
related distribution is porphyric. Remarkable is the abundance of coatings and infillings of
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Fig. 3. Akagera National Park.

(a) Flocculated aspect of the micromass in some parts of the cover. PPL. (b) Opaque
micromass and clay coatings in the sandy materials at the footslope. (¢ and d) General aspect
of the groundmass of the black clayey soil from the valley. Note presence of numerous
phytoliths (all fine sand and silt particles visible) and the granostriated b-fabric. PPL and XP.

strongly oriented yellowish limpid clay, up to 25% by total volume (Fig. 2¢ and d). The
thickness of this material may reach more than 3 m.

A variant of this fabric, found in the stone line, contains coarse polycrystalline quartz grains
frequently with hematite inclusions in cracks and concavities (called runiquartz by Eswaran et
al., 1975) and laterite nodules.

¢) A thick layer or "cover" with a weak granular, crumb or blocky microstructure forms the
upper part of the profiles. The coarse material consists of poorly sorted quartz (with
runiquartz) and many phytoliths. The yellowish brown to brown, speckled and dotted
micromass (kaolinite) has an undifferentiated to weakly speckled b-fabric. It often has a rather
flocculated (floccules of 50 um diameter) appearance, due to small changes in optical density
(Fig. 3a). Plinthitic hematite occurs in the groundmass. Although no clay coatings are present,
fragments of oriented clay are commonly observed. Roots and partly humified organic material
occur near the surface too.
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The profile on the valley bottom has a subangular blocky microstructure with vughy and
channel intrapedal microstructures. The coarse material consists of poorly sorted grains of
quartz, rare microcline, and a high amount of phytoliths (Fig. 3c and d). The homogeneous
micromass is a brown to yellowish gray clay (mixture of kaolinite and swelling mixed layers),
dotted or speckled, rarely limpid, with a striated (random, parallel, grano- or poro-striated) b-
fabric. Locally, coatings and infillings of illuviated yellowish gray kaolinitic clay (as deduced
from its low interference colours) occur in channels, but are partly deformed by stress.

On the footslope of the hill a rather sandy material occurs. An intergrain microaggregate
structure, mixed with a bridged grain and a pellicular grain structure is observed throughout
the profile. The coarse material consists of poorly sorted quartz grains and many phytoliths.
The micromass consists of a dark brown to black clay composed mainly of quartz and small
amounts of kaolinite (only in the deepest layer do some smectites occur) (XRD). Few
laminated coatings of yellowish gray clay are observed; in the deeper part of the profile they
commonly appear to be opaque (Fig. 3b).

The profiles on the hill top and on the higher slopes have developed in the residue of a
truncated saprolite, as evidenced by the large amount of laterite fragments in the stone line on
the slopes and the fact that the stone line reaches the surface on the hill top. As a result of the
decreased depth of the soil, the pedoplasmation front coincides with the front of pedogenesis,
which is shown by the massive invasion of the saprolite by clay coatings. The in situ soil
material, overlying the saprolite and sometimes more than 3 m thick, is characterized by an
enormous clay illuviation, reaching up to 25% by volume.

The profiles on the slopes can be interpreted as truncated profiles, overlain by a stone line
and a "cover”. The latter is generally more than one meter thick on the upper slopes, increasing
to more than four meters on the lower slopes. It corresponds to the material in which the
actual soil profile (according to most classifications) develops. The presence of runiquartz in
this layer points to a material derived, at least partially, from the destruction of older surfaces
(Eswaran et al., 1975). This is corroborated by the presence of plinthitic hematite (Schmidt-
Lorenz, 1978). The abundance of phytolites throughout the layer suggests that it corresponds
to a surface accumulation. The speckled and dotted micromass and the absence of a well
developed b-fabric is characteristic for such materials. This means that in these Ultisols all
micromorphological characteristics of Oxisols are present, except the dominance of fine
granular microstructure and the cloudy limpidity.

Surface wash of this material, especially the clay and the lighter constituents, provided the
material in which the Black Soil developed, as proved by the very high amount of phytoliths
found throughout the profile. Reducing conditions caused the iron oxyhydrates to be removed
(even from the runiquartz) and a partial transformation of kaolinite to smectite took place. In
similar soils in the Akagera National Park, calcite nodules are commonly found. This material,
although strongly transformed, still bears the imprints of the ferrallitic weathering: no
weatherable minerals in the coarse fraction, no silt fraction and a very homogeneous
micromass. These soils are covered by a thin layer of material identical to the "cover" found on
the slopes.

The sandy material at the foot slope is clearly a product of the selective accumulation of the
coarse fraction of the slope deposits, rather than an alluvial material (no allochthonous
minerals, angular to subangular grains). In a geochemical and micromorphological study of an
Oxisol-Spodosol sequence in Amazonia, by Bravard and Righi (1989 and 1990) it is suggested
that the sandy texture of the soils on the valley bottoms is not due to a difference in parent
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Saprolite

Green schist

~————+ 300 m

Fig. 4. Topographic position of the profiles of the soil sequence from the Lower Zaire. Profile
1: Ustoxic Dystropept; profile 2: Typic Ustropept; profile 3: Typic Ustropept; profile 4: Lithic
Troporthent.

material but is a result of a pedogenic process causing cluviation and destruction of the clays
which are abundant in the Oxisols on the slopes. A similar genesis can be postulated for the soil
on the footslope of the Rwanda sequence: the opaque aspect of the fine material in the
micromass and clay coatings, and its relative depletion of phyllosilicates (the fine material is
essentially composed of quartz and few kaolinite (XRD) in the middle and lower part of the
profile), can be the result of ferrolysis, as stated by Brinkman (1970). In contrast to the
observation by Bravard and Righi (1990) and Chartres (1987), no clear textural differentiation
was found in the profile, and the grainy coatings were often covered by hyaline, yellowish
brown clay coatings. The latter feature suggests that the hydromorphic conditions, responsible
for the ferrolysis and the disappearance of the oxyhydrates and the runiquartz, is a
paleofeature. This is in agreement with the topographical position of the profile which is above
the present valley floor (terrace 7).

Similar sandy materials in the same area often give rise to very deep podzolic soils with B-
horizons characterized by a chitonic related distribution, tending to close porphyric in deeper
horizons. The grayish, grainy isotropic micromass also becomes darker with depth.
Superimposed upon these materials sepia brown strongly oriented clay coatings occur; their
specific colour points to a high content of amorphous organic substances. Over these coatings
isotropic iron hydroxides were later deposited. Most probably, the processes of clay illuviation,
ferrolysis and deposition of amorphous and cryptocrystalline material alternated.

Comparable horizons of sandy podzols from the tropics and temperate and cool regions
have similar micromorphological characteristics (De Coninck and McKeague, 1985), apart
from the ferrolysis. The only difference is the absence of weatherable minerals, as both
ferrallitic weathering and podzolization have depleted the material. When observed by SEM,
the sand grains often show strong corrosion. In temperate regions such extremely weathered
sands are found only as polycyclic sediments, and therefore composed only of well rounded
grains.
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Ortstein layers composed predominantly of isotropic iron oxyhydrates, (without organic
material) were sometimes observed in such materials. This feature is most probably not related
to podzolization, but rather to oxido-reduction phenomena.

The micromorphological aspects of these lowland podzols are quite different from those of
the highland podzols found in the tropics. A few Troporthods studied in the highlands of
Burundi showed a granular microstructure in the A horizons, becoming angular blocky in some
B horizons. Enaulic related distributions grade into close porphyric ones; in one profile also
chitonic related distributions are observed. The micromass is composed of dotted dark brown
clay with undifferentiated b-fabric. Phytoliths are common. Some relict gibbsite nodules are
observed as well as nodules composed of limpid reddish isotropic material with shrinkage
cracks (probably Ortstein fragment). The micromorphological aspects of these soils resemble
very much those of Oxisols, except for the high content of organic matter and the absence of
hematite. Although having a lower organic matter content, they are similar to the loose spodic
horizons of the temperate areas as described by De Coninck and McKeague (1985). These
common aspects could probably be attributed to the high biological activity in all these soils.

Sequence B: soils on a recently incised surface

The relatively recent (about 10,000 years BP) and deep incision of the Zaire river in the
Lower Zaire resulted in the exposure of the different saprolite layers and even fresh rock,
followed by soil formation. The sequence discussed here is situated near Matadi (Zaire), and
comprises soils developed on the upper slope of a laterite capped plateau, in the lower part of
the saprolite and on the fresh rock (Fig. 4). The geological material is a greenstone rich in
epidote, zoisite, actinolite, containing also biotite, magnetite and quartz (De Coninck et al.,
1986).

The average precipitation in this region amounts to 1,100 mm; during the long and the short
dry season there is practically no rain. The mean annual temperature is 24°C, with a monthly
maximum of 31°C in the rainy season, and a monthly minimum of 15°C in the long dry season.
The temperature regime is isohyperthermic, the soil moisture regime ustic.

The soil on the upper slope (Ustoxic Dystropept) has a clay fraction containing exclusively
kaolinite and goethite (XRD). It has a granular microstructure, typical of Oxic materials
(Stoops, 1983) and many granular infillings of biopores (Fig. 5a). The coarse material consists
of quartz (partially runiquartz with hematite inclusions), opaques and laterite fragments. The
micromass is very homogeneous, contains numerous grains of plinthitic hematite (Schmidt-
Lorenz, 1978) and has an undifferentiated to very weakly striated b-fabric (Fig. Sb). There are
no specific pedofeatures.

The clay fraction of the soil developed on the middie slope, in the lower saprolite (Typic
Ustropept) consists mainly of kaolinite, swelling mixed layer clays (chlorite-vermiculite) and
goethite (XRD). The subsurface horizons have a porous or angular blocky microstructure. The
coarse material consists of epidote, zoisite, feldspar, quartz and rock fragments; the speckled
yellowish brown micromass in the upper layers is rather homogeneous and has a strongly
speckled b-fabric; in the lower part it is less homogeneous (Fig. 5c) and has a short striated b-
fabric. Pedofeatures are restricted to impregnated iron nodules. Plinthitic hematite is present,
although not as much as in the profile on the upper slope.

The profiles formed at the expense of the fresh rock (Typic Ustropept and Lithic
Troporthent) have a clay fraction dominated by chlorite-vermiculite mixed layer and smectite
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Fig. 5. Lower Zaire.

(a) Ustoxic Dystropept: homogeneous groundmass, granular infillings and laterite fragment
(left); PPL. (b) As above: crescent striated b-fabric; XP. (c) Typic Ustropept: channel
structure, heterogeneous groundmass; note the presence of rock fragments; PPL. (d) Lithic
Troporthent: heterogeneous micromass; coarse, unsorted grains of epidote, zoisite and
actinolite (note high relief); PPL.

clays (XRD). Both profiles have a blocky structure. The coarse material consists mainly of

epidote, zoisite, few actinolite and quartz grains (Fig. 5d). The grayish to reddish flecked

micromass has a speckled limpidity and mosaic speckled to short striated b-fabric. No plinthitic
hematite was seen.

Based on this sequence and observations made on a large number of soils from the Lower
Zaire by the author and co-workers, the following characteristics can be identified for soils
over neutral or Si-undersaturated rocks:

- Soils formed on young geomorphological surfaces directly on weathering rock contain high
amounts of weatherable minerals; these minerals have no hematite or goethite inclusions; a
close porphyric related distribution is observed, the micromass has a micro-heterogeneous
aspect, a rather pronounced striated b-fabric and a generalized deep red or brownish red
staining developing early. The front of pedogenesis coincides with that of pedoplasmation.
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G. Pangrango
3019m

Ciputat

Fig. 6. Topographic position of the profiles of the soil sequence from western Java: Pl:
Eutrorthox, P2: Typic Eutropept, P3: Typic Humitropept, P4: Andic Humitropept.

Compared to temperate soils on similar materials these recent tropical soils contain a higher
quantity of micromass, which is in addition more reddish coloured and has a less flocculated
aspect; in temperate soils the porphyric related distribution is also less evident (observations
by the authors).

- Soils formed on the lower parts of the saprolite still contain weatherable minerals, but their
micromass is more homogeneous and the b-fabric less well expressed.

- Soils formed at the expense of the upper saprolite do not contain weatherable minerals and
have a pronounced porphyric related distribution, tending to an open type. The micromass
is characterized by a high degree of homogeneity, a red brown colour, a cloudy limpidity
and a very weakly developed or undifferentiated b-fabric, i.e. all characteristics of an oxic
material.

Sequence C: soils developed on pyroclastic materials

The sequence is situated in the region of Bogor and Jakarta in Java (Indonesia) and
comprises four profiles developed on andesitic pyroclastic deposits (Astiana, 1982), and
located at an elevation between 140 and 900 m (Fig. 6). The rainfall varies with altitude and
the dry season is less than 3 months in the area. Mean monthly maximum and minimum
temperatures range between 31.7 - 34.6°C and 20.4 - 23.4°C for Jakarta. The sequence
consists of the following soils (Soil Survey Staff, 1975):

Eutrorthox (elevation 140 m, precipitation 2,636 mm, isohyperthermic; clay fraction

containing mainly halloysite);

Typic Eutropept (clevation 320 m, precipitation 4,422 m; isohyperthermic; clay fraction

containing mainly halloysite, with traces of swelling clay and gibbsite);
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Typic Humitropept (elevation 450 m, precipitation 4,422 mm, isohyperthermic; clay fraction

consisting mainly of halloysite, with relative large amounts of cristobalite); and

Andic Humitropept (clevation 900 m, precipitation 3,344 mm, isohyperthermic; clay

fraction containing mainly halloysite).

The profile containing the most weathered material, the Oxisol, has a crumb and fine
granular microstructure. The coarse material is rare, and consists essentially of gibbsite
pseudomorphs after feldspar. The fine material is a cloudy, brownish red speckled clay with an
undifferentiated, locally circular striated b-fabric. Pedofeatures are restricted to nodules of
gibbsite and iron oxyhydrates.

Goenadi and Tan (1989) described in the same area red Hapludults and Paleudults which
differ micromorphologically from the red soils discussed here, by the presence of feldspar and
volcanic glass in the coarse fraction and a B horizon with blocky microstructure and clay
coatings and infillings.

In the Typic Eutropept a crumb microstructure is still dominant, but a moderately
developed blocky microstructure is also observed in the B; horizon. The coarse material of the
subsurface layers contains only a few remnants of plagioclase and mainly gibbsitic
pseudomorphs; the upper horizon contains hypersthene, plagioclase and volcanic glass,
pointing to a rejuvenation by volcanic ash fall. The yellowish brown (brown in the top layer)
micromass has an undifferentiated b-fabric; pedofeatures are restricted to gibbsite nodules, and
a few gibbsite ped-coatings in the deeper parts.

The Typic Humitropept has a granular microstructure, except for the deeper horizons,
where a tendency to blocky microstructure is observed. The coarse material contains
plagioclase and pyroxene; the yellowish brown micromass has an undifferentiated b-fabric. In
the deeper part of the profiles gibbsitic pseudomorphs after feldspar are common, and even
some gibbsite coatings occur.

The Andic Humitropept has a granular microstructure, with many biopores, infilled by
granular material, and a blocky microstructure in the IIB, horizon. The coarse material
contains essentially fresh plagioclase, augite and hypersthene. The micromass has mainly an
undifferentiated b-fabric, locally weakly granostriated. Clay coatings are observed throughout
the profile; in the IIB, horizon gibbsite pseudomorphs occur.

From this sequence a few conclusions can be drawn:

- a granular structure is found in the most weathered, as well as in the least weathered
materials. Only in some medium weathered horizons, belonging to buried profiles, a
tendency to a blocky microstructure is observed.

- the b-fabric is undifferentiated (except for, locally, a few weak striations) in all horizons of
the profiles. There may be some relation with the halloysitic composition (XRD) of the clay
fraction.

- the occurrence of gibbsite coatings, especially in the less weathered materials, proves that
mobility of Al occurs in the early stages of weathering.

DISCUSSION AND CONCLUSIONS

The first two soil sequences, formed on plutonic and metamorphic rocks, illustrate the
influence of pre-weathering and "cover”-formation on the micromorphological characteristics
of tropical soils.
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In the Akagera sequence the importance of the cover is very clear: all present soils have
formed in the cover (on the slopes), or on material derived from it (foot slope and valley
bottom). The material of the cover is characterized by a high degree of weathering, a lack or
very low amount of silt, a remarkable homogeneity, a practically undifferentiated or weakly
developed b-fabric and the omnipresence of phytoliths. Traces of decomposed lateritic layers
are present as lateritic nodules, runiquartz (Eswaranan et al., 1975) and plinthitic hematite
(Schmidt Lorenz, 1978). Some of these characteristics are inherited from the layers underlying
the stone-line: same mineralogical composition, homogeneity and weakly developed b-fabric.
The cover originates most probably from the underlying material through biological activity
(termites) and colluviation. During these processes the features related to the tremendous clay
illuviation, characteristic for the zone below the stone line, were completely destroyed and the
present environment of the cover seems not to be suitable for a new phase of clay illuviation.
This high amount of clay illuviation, found in many profiles on gneiss and granite in Rwanda,
was not always observed in similar profiles of Lower Zaire, Ivory Coast etc.

The material of the clayey soil in the valley was originally similar to that of the cover (same
coarse components, presence of phytoliths). As a result of different pedogenic processes other
micromorphological characteristics developed: absence of lateritic material (removed by
reduction of the iron oxyhydrates) and a better developed b fabric (caused by the synthesis of
smectitic clays and the absence of iron oxyhydrates in the micromass).

Also bearing some of the characteristics of the cover are the sandy soils on the footslope:
strongly weathered grains derived from granite and large phytoliths. By contrast, the
micromass has a totally different aspect: it is locally practically opaque, probably as a result of
depletion and destruction of phyllosilicates by ferrolysis, leaving only a micromass of fine
quartz, and sometimes TiO, minerals. This characteristic of the micromass is also observed in
giant podzols of the tropical lowlands.

The highland podzols have, apart from the higher organic matter content, many
characteristics in common with the cover material, such as a granular microstructure and
undifferentiated b-fabric.

The sequence in the Lower Zaire has one profile formed in the cover, with characteristics
comparable to those described for Rwanda, one formed directly on the saprolite and two on
fresh rock. Those formed on fresh rock miss several of the characteristics of the cover: many
weatherable minerals and silt sized grains are present, the groundmass is less homogeneous and
has a better expressed b-fabric. At the same time they differ from temperate soils by having a
higher clay content and a reddish colour.

Comparing the two sequences, the most striking difference between soils developed in the
cover is the colour: yellow for the soils on granite, red for soils formed on green schist.

The sequence in Java illustrates that on loose neutral or undersaturated pyroclastic material
under tropical conditions a red material with stable micromorphological characteristics is
formed and only slightly influenced by a further evolution of the soil. The high homogeneity,
the undifferentiated b-fabric and the granular structure are common characteristic of all these
red soils. Only the amount of weatherable minerals, the presence of in situ formed gibbsite
coatings and the absence of a cloudy limpidity allow it to be distinguished from less evolved
profiles and the oxisol.
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Biogenic opal as an indicator of mixing in an Alfisol/Vertisol
landscape

J.L. Boettinger
Department of Plants, Soils, and Biometeorology, Utah State University, Logan,
UT 84322-4820, USA

ABSTRACT

Boettinger, JL., 1994. Biogenic opal as an indicator of mixing in an Alfisol/Vertisol landscape. In: A.J.
Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in Management and
Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia, July 1992.
Developments in Soil Science 22, Elsevier, Amsterdam, pp. 17-26.

Biogenic plant opal distribution and soil morphology were studied to assess the degree of
mixing that has occurred in typical red Alfisol and black Vertisol pedons and at the boundary
interface between these soils. The contrasting red and black soils are primarily residual,
forming on a pediplane-like surface in a highly variable metamorphic and igneous rock complex
of subhumid and seasonally dry tropical north Queensland, Australia. Opal phytoliths were
concentrated in the surface soil horizon of the low-activity Alfisols, whereas phytoliths
occurred throughout the solum of the high shrink-swell Vertisols. Phytolith presence in the
lower solum of profiles sampled at the red - black boundary did not correspond completely
with morphological evidence of mixing such as slickensides and pockets of different-coloured
soil material in the subsoil matrix. This lack of correspondence probably indicates that
although shear failure and slickenside formation may be occurring in the lower solum, phytolith
mixing does not occur unless desiccation cracks extend into the surface soil material.

INTRODUCTION

Contrasting red and black soils (Alfisols and Vertisols, respectively) occur on a gently
undulating residual landscape in the seasonally dry tropics of northeastern Queensland,
Australia. The boundary between the low-activity red soils and the high shrink-swell black
soils occurs over horizontal distances of as little as 3 m. Detailed studies of soil boundaries are
rare, thus a trench was excavated to examine soil morphology and soil mixing along this
boundary. This paper reports on the vertical distribution of biogenic plant opal (phytoliths) as
an indicator of soil mixing, and relates this evidence to the pattern of soil morphology at the
field scale. Phytolith surface micromorphology is used to indicate relative residence time of
phytoliths in these soils.
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Table 1

Selected morphological properties of the profiles exposed in the Alfisol - Vertisol boundary. The profile at
0.0 m is at the red Alfisol end of the exposed boundary whereas the profile at 6.0 m is located at the black
Vertisol end. The greatest morphological change occurs between 1.5 and 3.5 m.

Horizon Depth Munsell Colour Remarks
cm dry (d), moist (m), mottles (mot)
0.0m
A 0-11 SYR3/4d,5YR3/3m -
BAt 11-25 25YR4/4d,25YR 3/4m -
Btl 25-35 2.5YR 4/6 d,m -
B2 35-46 2.5YR 3/6 d,m -
BCt 46-65 2.5YR 4/6 d,m -
Crt 65-83 10YR 5/8 d, 4/6 m; 2.5YR 5/6 films Weathered andesite rock
05m
(Very similar to 0.0 m except that weathered granodiorite gneiss composes Crt layers).
1.0m
(Very similar to 0.0 m except that weathered granodiorite gneiss composes Crt layers).
1.5m
A 0-12 5YR3/4d,5YR32m -
BAt 12-25 25YR 4/4d,m -
Bt 25-51 2.5YR 4/6 d,m; 10YR 5/6, 4/4 mot 2.5YR ped centers
Btss 51-80 2.5YR 4/6 d,m; 10YR 5/6 mot Slickensides at _68 cm
Crt 80-89 2.5Y5/44d,2.5Y 5/4m Weathered porph. andesite
2.0m
A 0-14 SYR3/4d,5YR 32 m -
BAt 14-31 SYR 4/6 d,m -
Bt 31-45 5YR 4/6, 10YR 4/4, 4/6 m Mottled
Bssl 45-69 10YR 3/3,7.5YR 4/4 m Mottled, slickensides
Bss2 69-87 7.5YR 4/4, SYR 4/4, 10YR 4/3m Mottled, slickensides
Crk 87-92 5Y 5/2, 10YR 3/3m Weathered andesite and gneiss
25m
A 0-16 10YR 4/3d; 10YR 3/3, 32 m -
BAt 16-28 SYR 5/6 d, 4/6 m; 10YR 4/3d, 3/3 m -
Btl 28-40 5YR 5/6 d,m; 10YR 5/4 d, 4.4 m mot Redder matrix, ped interiors
B2 40-60 SYR 5/6 d, 4/6 m; 10YR 5/6 m mot Redder matrix, ped interiors
Biss 60-75 5YR 5/6, 10YR 5/4, 5/3, 7.5YR 5/6 m Slickensides, soil mixing
Bss 75-90 10YR 3/2d, 3/1 m; 7.5YR 4/4 m mot Slickensides in upper part
BCk 90-95 variegated, 10YR 5/3 d, 10YR 4/3 m Grades to weathered gneiss
3.0m
A 0-21 10YR 4/24d,3/2m; 7.5YR 5/6 d, 4/4 m -
Bt 21-40 10YR 3/3 d,m; 7.5YR 4/6 d,m Soil mixing, pockets
Bssk 40-75 10YR 3/2 d, 10YR 3/1 m; mottles Slickensides, mixing
BCk 75-84 25Y6/44d;25Y5/4m Grades to weath. andesite
35m
A 0-19 10YR 3/24d, 10YR 2/2 m Vertical cracks to 71 cm
Bw 19-30 10YR 3/2d, 10YR 3/1 m "
Bss 30-53 10YR 3/2 m; 7.5YR 4/4, 4/6 mot Slickensides, mixing
Bssk 53-73 10YR 3/1d,m Red soil in black ped-67 cm
BCk 73-80 2.5Y 6/44d,2.5Y 5/4m Clay and weath. andesite
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Table 1 continued

Horizon Depth Munsell Colour Remarks
cm dry (d), moist (m), mottles (mot)
4.0m
A 0-17 10YR 3/2d, 10YR 22 m -
BA 17-34 10YR 3/1 m; 7.5YR 4/4 mot. Soil mixing
Bss 34-52 10YR 3/1 m; 10YR 4/3 mot Pockets of higher chroma soil
Bssk 52-72 10YR 3/14, 10YR 3/1 m Slickensides
BCk 72-78 5Y 6/3, 10YR 3/1d; 5Y 4/3, 10YR3/1 m Clay and weath. andesite
4.5m
A 0-16 10YR 3/14, 10YR2/1m -
Bw 16-37 10YR 3/1d, 10YR 2/1 m Many pressure faces
Bssk 37-77 10YR 3/1d, 10YR 2/1 m Slickensides
BCk 77-79 2.5Y4/2d,2.5Y32m Clay and weath. dike rock

5.0m 5.5m 6.0m
(Very similar to 4.5 m except that slickensides and wedge-shaped aggregates become more strongly expressed
towards 6.0 m).

MATERIALS AND METHODS
Field Investigations

The red - black (Alfisol - Vertisol) complex occurs on a very gently undulating upland, or
pediplane, about 70 km southeast of Townsville, northeastern Queensland, Australia. The
soilsare formed in a highly variable metamorphic and igneous rock complex. The dominant
rocks on the study area were identified as granodiorite gneiss and andesite. The climate of the
study area is warm, subhumid and seasonally dry, with precipitation occurring primarily as
monsoonal rains during the summer months. The mean annual precipitation in Clare, located
about 4 km west of the study area, is 906 mm, and the mean maximum and minimum
temperatures for Clare are 29.1°C and 17.9°C, respectively (Reid and Baker, 1984).
Vegetation on the landscape is typified by a low open eucalyptus woodland associated with a
tussock grassland. The red and black typical pedons on the landscape are classified as fine,
mixed, hyperthermic Udic Paleustalfs and fine, montmorillonitic, hyperthermic Typic
Haplusterts, respectively (Soil Survey Staff, 1992).

A typical Alfisol (red) pedon and a typical Vertisol (black) pedon derived from each of the
dominant rock types (granodiorite gneiss and andesite) were sampled and characterized. A
6 m long trench was excavated with a backhoe to expose the boundary transition between
representative Alfisol and Vertisol soil bodies. Detailed soil morphology was described at
every 0.5 m horizontal interval to depths up to 1 m for both faces of the exposure. Field
morphological evidence of shearing (slickensides) and mixing (e.g. differently coloured soil
material in cracks, smeared along slickensides and incorporated into peds) were noted. Five
profiles exhibiting the greatest amount of morphological change between the Alfisol and
Vertisol were sampled (at 1.5, 2.0, 2.5, 3.0 and 3.5 m from red to black soil) and described.
In addition, genetic horizons at about the 50 cm depth from the profiles at 0.0, 0.5, 1.0, 4.0,
4.5, 5.0, and 6.0 m were sampled and described.



20 J.L. BOETTINGER

]

Fig. 1. Photograph of the center of the 6 m-long Alfisol - Vertisol boundary, from about 1.0 m
(right) to 4.0 m (left). The end member Alfisol is at 0.0 m, about 1 m beyond the right
photograph margin. The end member Vertisol is at 6.0 m, about 2 m beyond the left
photograph margin. Soil depth is less than 1 m to saprolite. Arrow indicates slickenside plane
exposed in the profile at 2.5 m.

Laboratory Investigations

The presence or absence of opal plant phytoliths was used to assess the extent of mixing in
the soils of the Alfisol - Vertisol boundary. Soil samples were fractionated into size separates
after the removal of carbonates (Jackson, 1979), organic matter (Lavkulich and Weins, 1972),
and free Fe-oxides (Holmgren, 1967). Coarse silt (20-50 um) grains were immersed in oil with
a refractive index of 1.544 on a glass slide. The grain mounts were observed with a
petrographic microscope, using crossed polarized light with the first order red plate inserted.
Phytoliths were not classified, but general and surface morphology were noted. At least 1000
grains were counted per horizon. Maximum relative abundance equals about 1% of the total
number of grains counted.

RESULTS AND DISCUSSION
Soil morphology

Results of detailed morphological descriptions are summarized in Table 1. The excavation
between the red Alfisol and black Vertisol bodies exposed a series of profiles that were in
transition between the end member soils (Fig. 1). From the Alfisol towards the Vertisol, the
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Fig. 2. Dissecting microscope photomicrograph of a pocket of yellow soil (arrow, enclosed
within dotted line) in a ped of dark brown soil from the Bss (75-90 ¢m) horizon of the profile
at 2.5 m.

B horizon colours change from 2.5YR to 2.5YR with 10YR mottles, to SYR with 10YR
mottles, to 10YR with 7.5YR mottles , to 10YR with low values and chromas.

From Alfisol to Vertisol, slickenside shear planes first appear in the Btss horizon at 51-80
cm in the profile at 1.5 m (Table 1). The size and abundance of slickensides generally increase
towards the Vertisol. The slickensides tend to be associated with 10YR colours (Table 1),
presumably because soil horizons dominated by 10YR colours have more smectite and organic
C than those with 2.5YR and 5YR colours (Boettinger, 1992).

Physical mixing of a redder (2.5YR to SYR) material into the darker (10YR) material in the
slickenside zones is evident in the exposed profiles at 2.5 through 4.0 m (Table 1). Mixing
evidence includes reddish soil material in vertical desiccation cracks (profiles at 3.5, and 4.0);
reddish soil material, which had apparently migrated into the subsoil via a crack, smeared along
slickenside shear planes (profiles at 3.5 and 4.0 m); and pockets of redder and yellower
(7.5YR) material enclosed in peds found in the slickenside zones (profiles at 2.5, 3.0, 3.5, and
4.0 m). In the profiles at 2.0 through 4.0 m, physical mixing in the form of yellower material
enclosed in a darker ped, was observed with a dissecting microscope (e.g. Fig. 2).

Opal Phytoliths

In the typical Alfisol (red) pedons derived form both granodiorite gneiss and andesite, opal
phytoliths are abundant in the 20-50 pm fraction of the A-horizons at the soil surface (Table 2,
Fig. 3A). Phytolith morphology includes rods from fundamental cells, fan-shaped bulliform
cells, shield-shaped trichrome cells, dumbbells from silica cells, and helical xylem elements
(cf. Drees et al., 1989). In the BAt horizon of the Alfisols, immediately below the A horizon,
and in the underlying subsurface horizons, there are practically no phytoliths (Fig. 3B).
Considering that biomass turnover of grasses and deposition of eucalyptus leaves occurs
mainly at the soil surface and in the surface horizon, subsequent phytolith accumulation is
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Table 2
Relative abundance of opal phytoliths in the coarse silt (20-50 um) fraction of the typical Alfisol and
Vertisol pedons.

Pedon Horizon Depth (cm) Phytolith Abundance
Alfisol - Gneiss A 0-11 XXX
BAt 11-31 tr
Bt, BCt, CBt, Crt 31-100 --
Vertisol - Gneiss A 0-10 XXX
Bw 11-28 XX
Bss 28-46 XX
Bssk 46-76 XX
BCk 76-90 X
Crk 90-108 --
Alfisol - Andesite A 0-10 XXX
BAt 10-28
Btl1, Bt2, BCt, Crt 28-95 --
Vertisol - Andesite A 0-13 XXX
Bss 13-48 XX
Bssk 48-87 XX
BCk 87-104 tr
Crk 104-115 tr

XXX = most abundant; XX = abundant; X = less abundant; tr = trace amounts.

expected to be in the surface soil. Therefore, the concentration of phytoliths in the surface
horizon and the apparent lack of phytoliths in the subsoil of the Alfisols indicate that these soils
do not undergo extensive physical mixing.

In contrast to the Alfisols, the typical Vertisol pedons exhibit a more uniform vertical
distribution of opal phytoliths (Table 2). Although the 20 - 50 pm-sized phytoliths were most
abundant in the A horizons at the soil surface, phytoliths were present throughout the Vertisol
solum. The presence of phytoliths in the subsoil of the Vertisols is interpreted to be a result of
physical soil mixing. Phytolith distribution in relation to soil morphology observed at the field
and meso scales can be invoked to explain the process of phytolith incorporation into the
subsoil. Surface soil material containing phytoliths falls down vertical desiccation cracks
during the dry season. The phytolith-bearing material is then incorporated into the soil mass:
cracks close upon wetting and soil swelling, mass movement occurs along slickenside shear

Fig. 3. Photomicrographs of coarse silt (20 - 50 pm) fractions viewed under cross polarized light with
the first order red plate inserted. A) Isotropic opal phytoliths from grasses appear transparent with
high relief in contrast to the birefringent crystalline silicates in the A horizon of the typical Alfisol pedon
derived from granodiorite gneiss. B) Only a trace amount of opal phytoliths (arrow) can be found in
the underlying BAt horizon of the same pedon. C) Photomicrograph of the coarse silt (20 - 50 pm)
fraction separated from the Bssk horizon (38-79 cm) of the profile at 5.5 m. Note extensive pitting of
the phytolith surface (arrow).
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Table 3
Relative abundance of opal phytoliths in the coarse silt (20-50 um) fraction of the profiles sampled from
the exposed Alfisol - Vertisol boundary. See Table 1 for horizon depths.

Profile Horizon Phytolith Abundance
0.0m Bt2 --
0.5m Bt2 --
1.0m Bt2 --
1.5m A XXX
BAt
Bt through Crt --
2.0m A XXX
BAt
Bt1 through Crk --
25m A XXX
BAt tr
Bt1 through BCk --
30m A XXX
Bt tr
Bssk tr
BCk --
35m A XXX
Bw tr
Bss tr
Bssk tr
BCk --
40m Bssk X
45m Bssk X
50m Bssk X
55m Bssk XX
6.0m Bssk XX

XXX = most abundant; XX = abundant; X = less abundant; tr = trace amounts.

failure planes, new cracks form upon drying and the process is repeated. The mixing of
phytoliths into the subsoil is accounted for by the combination of the pedoturbation model and
the soil mechanics model of Vertisol genesis described by Wilding and Tessier (1988).

The presence of opal phytoliths in the lower solum of the profiles exposed in the boundary
is interpreted as an indicator of soil mixing, given the different vertical phytolith distributions in
the contrasting Alfisols and Vertisols. The relative distributions of opal phytoliths in the
profiles of the exposed Alfisol - Vertisol boundary are summarized in Table 3. Phytoliths are
present in the lower solum of the profiles exposed in the boundary from 3.0 to 6.0 m. In these
profiles, the relative abundance of phytoliths in the lower sola (as determined in the genetic
horizons sampled at about 50 cm depth) increases from trace amounts in the subsoil of the
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profiles at 3.0 and 3.5 m, to higher amounts in the profiles at 4.0, 4.5, and 5.0 m, to the
relatively highest amounts in the Vertisol end member at 6.0 m. The increase in the relative
abundance of phytoliths from transitional soil to end-member Vertisol indicates the increasing
degree to which the soils have been mixed.

In the typical Vertisol pedons and in the end-member Vertisol profiles sampled from the 6
m-long trench, the opal phytoliths found in the lower part of the solum are more pitted and are
apparently more weathered than the majority of the phytoliths in the A horizons (Fig. 3C). The
higher degree of phytolith weathering in the lower solum probably indicates that the rate of
incorporation of surface soil material, which contains a greater abundance of relatively fresh
phytoliths, is slower than the rate of phytolith accumulation in the surface soil. If the rates of
phytolith accumulation and mixing were similar, they should be uniformly distributed
throughout the depth of the Vertisol solum and they should exhibit a similar degree of
weathering,

Implications for Soil Genesis

The distribution of opal phytoliths throughout the sola of the typical Vertisols indicates that
these soils are subject to physical mixing, which ultimately results in the incorporation of
significant amount of surface soil material into the subsoil, in this seasonally dry and subhumid
tropical climate. In contrast, red Alfisols do not experience much physical mixing, evinced by
the lack of phytoliths in the subsoil. In the profiles exposed at the Alfisol - Vertisol boundary,
relative phytolith distribution within profiles indicate that soil mixing has occurred in the
profiles at 3.0 through 6.0 m. Mixing based on phytolith content is minimal in the profiles at
3.0 and 3.5 m, greater in the profiles at 4.0, 4.5, and 5.0 m, and is greatest near the Vertisol
end-member at 6.0 m. Mixing based on the presence of slickensides and reddish soil
incorporated into peds and smeared along shear planes is minimal in the profiles at 1.5 and
2.0 m, greater in the profiles at 3.0, through 4.5 m, with near-typical Vertisol morphology
occurring in the profiles at 5.0 and 5.5 m. There is a lack of complete correspondence between
phytolith presence in the subsoil and morphological evidence of mixing in the subsoil. This
lack of correspondence probably indicates that phytolith mixing does not occur in soils that do
not crack to the soil surface, even though some shear failure may be occurring in the lower
solum.

Although the phytoliths have been interpreted as indicators of relative extent of soil mixing,
the actual rates of soil mixing, or the rates of soil evolution have not been assessed, except that
phytolith accumulation is probably more rapid than phytolith mixing into the lower solum.
Further research on phytolith stability and experiments on the present day rates of mixing and
mass movement must be determined before actual rates of soil mixing and genesis can be
assigned.
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ABSTRACT

Ould Mohamed, S. and Bruand, A., 1994. Morphology and origin of secondary calcite in soils from Beauce
France. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in
Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia,
July 1992, Developments in Soil Science 22, Elsevier, Amsterdam, pp. 27-36.

Secondary calcite in soils was studied with optical and scanning-electron microscopes. The
observations support a biological origin for the needle and micro-rod calcites: (i) needle calcite
forms within mycelian strands; (ii) micro-rods are calcified bacteria that grew in the organic
matter of mycelian hyphae; and (iii) needle calcite with a high surface roughness originally had
a smooth surface that was subsequently covered by calcified bacteria. As for the rhombohedral
and spindle calcites, the observations confirm their non-biological origin. Finally, serrated-
edged needle calcite results from the partial dissolution and reprecipitation of needle calcite.

INTRODUCTION

Secondary calcite is known from a wide variety of soil materials and its origin has frequently
been discussed in the literature. Certain secondary calcite, like rhombohedral calcite, is now
considered to result from physico-chemical processes (Durand, 1979; Dever et al., 1983), but
other types of calcite crystals may have had a biological origin, like the subrounded sparitic
calcite crystals that result from root-cell calcification (Klappa, 1979; Ducloux and Butel, 1983;
Jaillard, 1984). Nevertheless, the origin of many types of secondary calcite, like needle and
micro-rod calcites, is still debated, and physico-chemical and biological processes have been
proposed, alone or combined (Verges et al., 1982; Ducloux and Butel, 1983; Phillips and Self,
1987). The aim of this paper is to contribute to the discussion of the origin of secondary calcite
in soil, by studying the morphology of secondary calcite and its location in different types of
soil material.

MATERIALS AND METHODS

The soils studied are located in Beauce, south of Paris, France (Fig. 1a). They developed on
a lacustrine limestone (Miocene) that was cryoturbated in its upper part during the ice age
(Menillet, 1980; Ould Mohamed, 1991). Morphological field studies showed three superposed
units from the soil surface downward (Fig. 1b): (i) a Cambisol consisting of clayey-loam
materials, in which the main pedological evolution is a decarbonation of the upper horizons and
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Fig. 1. a) Location of the site and b) schematic diagram of the profile showing the three
superposed units: the Cambisol with the A, B and K horizons; the cryoturbated unit with the
IIC,, IIC,, IIC; and IIC,; and the fragmented powdery limestone with the M;, M, and M,
horizons.

the formation of a calcareous crust (K horizon) at its base; (it) a calcareous and loamy material
resulting from Quaternary cryoturbation; and (iii) a fragmented powdery limestone with fine
ovoid fragments that become scarce with depth.

Samples were collected from horizons in these three units and were impregnated with
polyester resin that was diluted with styrene monomer (30% volume). Thin sections, 6.8 x 14
cm and 4.5 X 6 cm in size, were prepared respectively for optical and scanning electron
microscopy (SEM). In the latter case, the thin sections were automatically polished with
diamond grains (0.3 um in size) sprayed on polishing sheets and coated with carbon prior to
SEM observation in the backscattered-electron mode.

Some samples were collected for SEM observation on aggregates in the secondary-electron
mode.
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RESULTS
Needle calcite

Needle calcite was originally termed pseudomycelium by Kubiena (1938), but other terms
include "lublinite” (Stoops, 1976) or "whisker crystals” (Calvet, 1982). Needle calcite has been
observed in many geological units (James, 1972; Knox, 1977; Klappa, 1980; Ducloux and
Butel, 1983; Wright 1984) and soils (Bocquier, 1973; Durand, 1979; Bruand 1980, Verges et
al., 1982; Phillips and Self, 1987; Kaemmerer et al., 1991). Such needle calcite is elongated in
shape, but shows different types of morphology at high magnification.

Needle calcite occurs in all sampled horizons except in the A horizon. In the B horizon
calcite needles are 10 - 60 um long and 1 - 3 um wide, and their number increases with depth.
They are mainly located along the walls of cavities and around calcareous pebbles at the
bottom of the B horizon, but they are not observed within the common wbular voids. In the K
horizon, needle-shaped calcite is mainly located within both cavities and voids resulting from
the packing of limestone pebbles (Fig. 2 a, b, ¢ and d). The needle-calcite fabric shows square
or circular mesh-structures called 'alveolar texture' (Esteban, 1973) or 'bird-nest fabric' (Ould
Mohamed, 1991) (Fig. 3a and b). Generally, needle calcite is associated with both micro-rods
and calcified biological filaments, as will be discussed later. At high magnification, needle
calcite shows a large range of morphology according to its surface roughness (Fig. 3¢, d and ¢)
and the shape in cross-section (Fig. 3c). The cross-section may be disc-, cross- or dumbbell-
shaped and would correspond to a single needle, or to the association of two or four needles,
respectively, as earlier discussed by Verges et al. (1982).

In cryoturbated horizons, needle calcite fills the numerous voids due to gravel packing
(Fig. 3f). The needles are longer (10 - 100 um long and 1 - 3 um wide) than in the B and K
horizons, and they generally have smooth surfaces (Fig. 4a). A few long fibre calcites are
observed (> 150 um long) but, unlike the 10 - 60 um long needles, they are curved (Fig. 4b).

In the powdery limestone, needles are mainly located in large voids that result from ovoid
fragment packing. There is no difference in morphology from the needles described in the
cryoturbated unit, except that needles in the limestone show smoother surfaces.

Serrated-edged needle calcite

Serrated-edged needle calcites were first described by Stoops (1976), who showed that
needle- and fibre-calcite crystals, known earlier as "lublinite", consist of short, individual,
stacked crystals with parallel c-axes, forming a needle or fibre shape. Serrated-edged needle
calcite was identified subsequently by several authors (Verges et al., 1982; Phillips and Self,
1987), but individual crystals were not identified. In the samples studied, serrated-edged needle
calcites are mainly observed in the cryoturbated unit, where they are located along the walls of
packing voids. A few serrated-edged calcite needles are also seen in the K horizon. Two types
are distinguished: (i) long and fine serrated-edged needle calcite (10 - 100 um long and 1 -3
m wide) with smooth or slightly rough surfaces, and single or coalesced forms that occur
throughout the cryoturbated unit and in the K horizon (Fig. 4c); (i) short and wide serrated-
edged calcite needles (10 - 25 um long and 4 - 6 pm wide) in IIC, that have a morphology
similar to the needle calcite studied by Stoops (1976), consisting of single crystals with parallel
c-axes (Fig. 4d).
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Fig. 2. Observations with optical microscope in cross polarized light: a, b, ¢ and d) needle
calcite in the K horizon; e) spindle calcite in the M5 horizon and f) thombohedral calcite in the
M; horizon.

Micro-rod calcite

Micro-rod calcite was described by Verges et al. (1982), Ducloux and Butel (1983) and
Phillips and Self (1987). The micro-rods are 1 - 3 um long and 0.1 - 0.5 um wide, and were
observed in the B, K and IIC,; horizons where they are usually associated with needles (Figs
3d, e, and 5a). At high magnification, needles with a high surface roughness appear to be partly
formed by micro-rods. In the K horizon micro-rods fill the voids, creating bonds between
needles.

Cualcified filaments

Calcified filaments 5 - 10 um in external diameter were reported by many authors (Durand,
1979; Bruand, 1980; Klappa, 1980; Calvet, 1982; Ducloux and Butel, 1983; Phillips et al.,
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Fig. 3. SEM Observations in the secondary-electron mode: a) needle calcite showing circular
meshed structures in the K and b) IIC, horizons; c) needle calcite with a smooth surface (1) in
the B horizon; and d and e) with a high surface roughness (2) in the K horizon; and f) needle
calcite wrapping calcareous pebbles of the IIC, horizon.

1987). They are present in the K horizon and the cryoturbated unit (Fig. 4e and f). The size
and morphology of the calcite crystals forming their walls are close to those studied by Phillips
et al. (1987). In the K horizon, smaller calcified filaments were found. They are 1 - 2 yum in
external diameter (calcified micro-filaments) and their walls are partly made of micro-rod
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Fig. 4. SEM observation in the secondary-electron mode: a) long needles in the IICs; and
b) IIC, horizon long; ¢) fine serrated-edged needle calcite in the IIC4 horizon; d) short and

wide serrated-edged needle calcite in the IIC 4 horizon and e and f) calcified filaments (3) in the
K horizon.

calcite (Fig. 5a and b). Their central void is 0.5 - 1 pm in diameter and many of these voids are
shown in backscattered-electron mode in thin section (Fig. 5¢ and d).
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Fig. 5. SEM observation: calcified micro-filaments (4) and micro-rods (5) in the K horizon (a,
b, ¢ and d). The micrographs ¢ and d were obtained in the backscattered-electron mode on a
thin section, and show a close association of rounded voids (6) needle calcite (7) and micro-
rods which corresponding to the fuzzy grey zones (8).

Rhombohedral and spindle calcites

Rhombohedral crystals were studied by Durand (1979) and Dever et al., (1983).
Rhombohedral (30 - 50 pm long and 15 - 20 um wide) and spindle (100 - 200 um long and
10 - 15 pm wide) calcites are observed in the Ms horizon, where they are mainly located in
narrow planar voids (Fig. 2e and f). Some spindle calcite is also seen in the IIC; horizon.

DISCUSSION

Calcified micro-filaments, 1 - 2 um in diameter (Figs 4f and 5b), and filaments, 5 - 10 pum in
diameter (Fig. 4¢), respectively correspond to individual hyphae and mycelial strands as earlier
shown by Callot et al. (1985a), Phillips et al. (1987) and Phillips and Self (1987). Calcite
crystals radiating from a central hollow are sufficiently developed to be easily seen around
strands and individual hyphae (Figs 4f and 5b). Backscattered-electron scanning images (BESI)
show numerous small rounded voids, 0.5 - 1.5 pm in diameter in the K horizon (Fig. 5¢ and d),
which correspond to the central hollow of micro-filaments. BESI also show the close
association of these voids with micro-rod and needle calcites (Fig. 5¢). Individual micro-rods
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are too small to be distinguished on the BESI, but they correspond to the grey zones between
calcified micro-filaments and needle calcite. The micro-rods are easily seen in the secondary
electron mode (Figs 3d and ¢ and S5a), but their association with micro-filaments cannot be
seen as the latter are covered by micro-rods. Micro-rod calcite is assumed to be the remains of
rod-shaped calcified bacteria that developed in the organic matter of the hyphae, as proposed
by Phillips and Self (1987) and according to the work of Boquet et al. (1973). These authors
obtained micro-rod calcite corresponding to calcified bacteria from in vitro experiments with
soil bacteria.

For needle calcite, Callot et al. (1985b) showed that needles are closely related to fungal
hyphae, and proposed that needle differentiation takes place within such hyphae. Phillips and
Self (1987) published SEM observations that strongly support this hypothesis. We did not
observe the filament structures made of needle calcite that are reported by Callot et al. (1985b)
and Phillips and Self (1987), but we did observe many needle calcite crystals that are wrapped
by micro-rods (Fig. 3d and ¢). The bacterial action causing lysis of the hyphae walls might
explain the disorganization of filament structure and the large number of needle-calcite crystals
covered by micro-rods.

The close association between calcified micro-filaments, needle calcite and micro-rods in the
K horizon, is assumed to result from the development of fungal hyphae at a depth where the
CaCO; concentration in soil solution is high. Fungal hyphae concentrate CaCO; around
individual hyphae and within hyphae in the mycelial strands. Bacteria developing in the organic
matter of the hyphae release needle calcite from mycelial strands, explaining the infilling of
pores by micro-rod and needle calcite, and the resulting cementation of the K horizon.

The long and fine serrated-edged needle calcite (Fig. 4c) presumably resulted from a
secondary evolution of needle calcite by partial dissolution and reprecipitation. Such serrated-
edged calcite does not show any intermediate facies with the single micro-rods, indicating that
the differentiation between serrated-edged and needle calcites is primarily governed by
physico-chemical processes. On the other hand, the short and wide serrated-edged needle
calcite, whose needles consist of individual rthombohedric crystals (Fig. 4d), may have had a
non-biological origin. Rhombohedral calcite is interpreted as resulting from the slow
crystallization of calcite in a pure super-saturated CaCQO; solution (Durand, 1979; Dever et al.,
1983), which is consistent with the location of rhombohedra in small voids, as indicated above.
The spindle calcite that is seen in both small and large voids can be interpreted as resulting
from faster super-saturation of the solution than was the case for rhombohedra.

CONCLUSION

Our observations of secondary calcite show that needle and micro-rod calcites probably
resulted from mycelial hyphae activity. Micro-rods are calcified bacteria, which developed in
the mycelial strands and individual hyphae of fungi. Needles are formed within hyphae in the
mycelial strands, as proposed by Callot et al. (1985a and b) and Phillips and Self (1987).
Assuming that such hyphae concentrate calcium carbonate, the lysis of hyphae walls would
form needle calcite covered by micro-rod calcite. On the other hand, the individual fungal
hyphae concentrate calcium carbonate on their outer walls and give empty calcified micro-
filaments. Calcified micro-filaments and needle calcite could also have formed from various
fungi that behave differently when exposed to varying CaCO; concentrations.
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Rhombohedral, spindle and serrated-edged calcites are interpreted as being indirectly or not
at all related to biological activity. Dissolution and reprecipitation phenomena and super-
saturation conditions explain the variations in morphology. The location of rhombohedral and
spindle calcites in soil pores is consistent with the physico-chemical conditions required for
their formation.
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ABSTRACT

Wieder, M., Sharabani, M. and Singer, A., 1994. Phases of calcrete (Nari) development as indicated by
micromorphology. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies
in Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville,
Australia, July 1992, Developments in Soil Science 22, Elsevier, Amsterdam, pp. 37-49.

A calcareous crust of 1 to 2.5m thickness, known locally as Nari, often covers the chalky
hills of semi-arid and arid areas of Israel. The formation of this crust has been attributed in the
past to upward water movement from the water table or to descending water during the course
of pedogenesis. A comparative study of this phenomena in arid and semiarid areas, sapported
by micromorphological analysis, has shown that the Nari develops within the host chalky
material or calcareous sandy material and not in the soil material. Three phases have been
distinguished in the formation of the Nari: (i) a subterraneous phase when Nari developed
below a soil cover, (ii) a surface phase when Nari developed after the erosion of the soil
material, and (iii) an alteration phase. During the subterrancous phase pedogenic, biogenic and
hydrological factors induce morphological differentiation in the host material. Characteristic of
the subterraneous phase is the presence of a discontinuous layer of blocky fragments
disintegrated in situ from the top part of the upper layer. The broken fragments are covered
with a dense thin brown crust, 1 cm thick, produced by roots and subsurface water flow. This
crust does not have an intemal laminar structure. The main development of Nari occurs during
the surface phase without pedogenic involvement. The morphological differentiation of a Nari
profile shows a surface with a laminar crust produced by lichens which trap airborne dust
particles. This crust overlies a very hard consolidated upper layer formed by direct
precipitation and recrystallization processes and a lower, moderately indurated layer, with platy
structure produced by subsurface water flow. The third alteration phase is characterized by the
formation in the upper part of the hard layer of a mosaic like layer consisting of dark reddish
brown zones of intercalated laminar crust fragments and light white zones of host material.
During this phase the lower platy layer weathers forming large solution pockets. Consequently,
the upper hard layer often collapses into large blocks.

INTRODUCTION

A particular type of calcrete called "Nari" occurs locally in the semiarid region of Israel, an
area that is subjected to continuous dust deposition. It is widespread in the semiarid areas on
porous calcareous substrates, particularly on chalk and calcareous sand. A typical developed
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Nari profile has a depth of about 1.5 - 2.5 m and
is divided into three layers: a laminar crust,
capping the Nari, a hard upper layer of about 1 m
thickness termed upper-Nari, which overlies a
softer, partly indurated layer termed lower-Nari
(Yaalon and Singer, 1974). In more arid or in
more humid areas the Nari is shallower and less
developed. The origin of the Nari has been the
considered by others. According to Goldberg
(1958), Nari was considered to be a product of
diagenetic changes caused by capillary water rise
from the water table. Later the Nari was thought
to have a pedogenic origin. Thus, Yaalon and
Singer (1974) considered the Nari as an indurated
petrocalcic horizon formed by carbonate infilling
and recrystallization of the host material, whereas
Dan (1977) considered the Nari as a secondary
carbonate segregation in soil material, following
the morphogenetic sequence of Gile et al. (1966).
In a recent study Verrechia (1990) concluded that
Nari is an alteration product which formed
previously in the soil material in which Bca
horizon and argillic features are preserved.

To help resolve these differences a detailed
comparative study was initiated in different
climates and host materials. The first part of the
study, based on field observations and
micromorphological characteristics, is presented
here.

Three representative profiles were described and sampled. Two of them in the semiarid
Judean foothills (Fig. 1), one on Eocene chalk of the Zora Formation (Buchbinder, 1969) near
Bet Guvrin (BG) and the other on calcareous sand of the Pleshet Formation near Kefar
Menachem (KM). The mean annual rainfall is about 400 mm at both sites. The third profile is
situated in the arid area of the northern Negev on Eocene chalk near Shivta (SH) with a mean

annual rainfall of 150 mm.

METHODS

The profiles were described in the field at exposed sites after mechanical cleaning. Thin
sections were prepared after polyester resin impregnation. The terms used in descriptions are
from sedimentary petrography and from Brewer's (1964) nomenclature. Values of 14C for
dating and stable isotopes of 13C and 180 were determined at the Weizmann Institute, Israel.
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Fig. 2. a) Morphological characteristics of the Shivta Nari

A. laminar-like crust B. broken fragments in situ
C. initial upper-Nari D. lower-Nari E. bedrock
b) Morphological characteristics of the Bet Guvrin Nari
A. mosaic layer B. upper-Nari C. lower-Nari D. bedrock
RESULTS

Macroscopic characteristics

Profile SH
(Fig. 2a). The landscape is slightly undulated with a continuous shallow, desert, skeletal soil
consisting of fragments derived by disintegration of calcareous bedrock and mixed with fine
material of eolian origin overlying Eocene chalk.
0-40cm:  Surficial, skeletal material mixed with calcareous yellow-brown loessial material
with an abrupt lithic transition.
40-55cm:  Blocky in situ fragmented layer. The size of the blocks is 10 - 20 cm and some
are capped by a dense brown thin layer 0.5 cm thick.
55-80 cm:  Moderately indurated layer which consists of plates about 20 ¢cm thick.
80-100 cm: Soft platy structure 1 - 2 cm thick.
100 cm+:  Massive chalk.
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Profile BG

(Fig. 2b). The landscape of the surrounding area show large expanses of exposed Nari on
chalk with some brown soil material, mainly of eolian origin, accumulated in pockets.

0-1 cm: Dense, brown, laminar layer showing alteration features of biogenic dissolution
and exfoliation.

2-30cm:  Strongly indurated layer which consists of white zones and brown zones, 1 - 5 cm
thick, showing a mosaic-like fabric.

30-80 cm:  Strongly consolidated hard layer.

80-110 cm: Moderately indurated platy nodular structure 2 - 5 cm thick.

110-140 cm: Soft platy structure, 1 - 4 cm thick.

140 cm+:  Massive chalk.

The overall thickness of the upper-Nari is 80 cm and that of the lower-Nari is 60 cm. The
lower-Nari frequently shows signs of strong alteration due to intensive dissolution in the form
of large cave-like pockets. Without solid support from below, the upper-Nari collapses into
large blocks.

Profile KM
Large exposed Nari surfaces on calcareous sand or on calcareous sandstone. Soil material
occurs in some pockets.

0-2 cm: Well developed laminar crust.
2-40 cm:  Strongly indurated mosaic-like fabric composed of brown and white zones of 5
cm thick.

40-80 cm:  Strongly indurated homogeneous layer.
80-120 cm: Slightly indurated platy structure 1 - 5 cm thick.
120 cm+:  Loose to partly consolidated calcareous sand.

Fig. 3. a) Microfabric of the upper initial Nari of Shivta profile. The rock fabric with
Foraminifera is well preserved (crossed polarized light, XPL)

b)Microfabric of the laminar-like crust of the Shivta Nari. From the right upper corner to
the left down corner the following zones occur: (a) a soil fabric rich in decomposed
roots. (b) soil fabric without root remnants. (c) a transition dense layer to the rock
fabric. (d) rock fabric (plane polarized light, PPL)

¢) Microfabric of the platy structure of the Shivta Nari (PPL)

d) Microfabric of the mosaic layer of Bet Guvrin Nari. Note lichen remnants on the right
side (characteristic to the brown zone) and Foraminifera fossils on the left side
(characteristic to the white zone) (XPL)

¢) Microfabric of sparitic cementation in the mosaic layer of Bet Guvrin Nari (XPL)

f) Microfabric of the laminar crust of the Kefar Menachem Nari with laminae of lichen
remnants (XPL)

g) Microfabric of the Kefar Menachem upper-Nari with micritic calcite crystals and
oriented clay in the cracks (right edge) (XPL)

h) Microfabric of the host material of Kefar Menachem Nari. Note the large quartz
grains (Q), mollusk fossils (F), pellets (P) and large calcite crystals (C) (XPL)
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Micromorphological Characteristics

Profile SH

40-55 cm:

55-80 cm:

80-100 cm:

100 cm+:

The blocky units show a chalky rock fabric which consist of micritic crystals and
large rounded grains of Foraminifera (Fig. 3a). The matrix is free of organic
remnants. The thin dense brown layer consists of three zones (Fig. 3b). The outer
zone shows a brown plasma which includes silt sized grains, mainly quartz and
some hornblende and plagioclase grains. The plasmic fabric is calciasepic. Many
decomposed organic remnants occur, probably originating from decomposed
roots. This zone passes gradually into a middle zone with a similar microfabric
but with less decomposed root remnants. The third zone is dense and represents
the transition from the soil fabric to the rock fabric. The microfabric of the thin
layer differs from that of the laminar crust of the exposed Nari and, therefore, it is
defined as a laminar-like layer.

Similar to the layer above. It has a chalky fabric but with some narrow cracks
oriented parallel to the surface. Brownish spots occur within some of the cracks.
A chalky fabric with a more greyish color which indicates a higher content of
organic components. Many laterally oriented voids of about 50 - 300 um width
occur (Fig. 3c). Alongside the planes the color is lighter.

Typical chalk fabric with a dark-grey color.

Profile BG

0-1cm:

2-30 cm:

30-80 cm:

80-110 cm:

110-140 cm:
140 cm+:

Brownish micritic fabric with laminae of decomposed lichens. On calcrete this
fabric is due to lichen stromatolites (Klappa, 1979a). Silt-sized quartz grains of
eolian-dust origin frequently occur in the material. Dissolution voids, partly filled
by sparry calcite crystals, appear in the crust.

Two different zones are recognized. A brownish zone in which silt-size grains
and lichen remnants are included and a greyish zone which shows remnants of
Foraminifera (Fig. 3d). Directly precipitated sparite crystals occur along many
planes (Fig. 3e¢) and convolute fabric often occurs in association with biogenic
root channels. A rock nodular fabric, formed by disintegration, occurs in both
zones.

The fabric is micritic with some altered Foraminifera grains. Convolute fabrics
occur with root channels. Recrystallized spars and microspars occur in some
voids and the micritic fabric shows areas of darker and lighter zones.

Greyish micritic fabric with more Foraminifera than in the upper layer and it is
also less altered. In lateral oriented planes recrystallized microspars occur. Along
the planes the micritic fabric has a lighter color.

Like the above layer

Dark greyish micritic fabric rich in organic matter and Foraminifera grains.

Profile KM

0-2 cm:

In the upper part has a dense micritic fabric, with many partially decomposed
lichen laminae and silt-size grain inclusions (Fig. 3f); in the middle part. A gradual
transition to a zone with more sandy grains occurs in the middle part. A
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convolute fabric, caused by root penetration occurs below the crust in the lower
part.

2-40 cm:  Micritic fabric with very few sand sized, quartz grains. In the brownish zones
lichen remnants and silt-size quartz grains occur.

40-80 cm:  Micritic fabric with very few sand-size grains and micritic zones free of sand-size
grains (Fig. 3g). In some laterally-oriented planes well oriented clay deposition
has occured.

80-120 cm: Microsparitic fabric with many sand size grains.

120 cm+:  Sand size grains with carbonate fossils and pellets. The packing voids between
grains are partly filled by sparry calcite crystals (Fig. 3h).

Carbon isotopes

14C values and stable isotopes of profiles SH and BG are presented in Table 1. There is no
great age difference between the two profiles or between the layers. 13C is highly depleted in
profile BG which was located in the semiarid climate but not depleted in profile SH, which had
an arid climate and scarce vegetation. In the deep bedrock of profile BG, where the roots do
not penetrate the 13C represents the background value inherited from marine deposition
conditions.

PHASES OF NARI FORMATION AND DISCUSSION
Subterraneous phase

Numerous field observations indicate that when Nari occurs below a continuous soil cover
it is relatively shallow and undeveloped if the climate is arid or semiarid whereas, when
exposed, Nari crusts are thick and well developed. Some particular characteristics of the
former case, i.e. Nari-below-soil cover, should be emphasized. The main feature is an in situ
discontinuous layer of broken fragments (Fig. 2a) that is often covered by a thin, dense brown
layer. The break-down of these fragments occurred along zones of weakness following plane-
surfaces that developed during partial induration of the upper part of the rock.

The thin, dense brown layer is a characteristic feature also and results from dissolution, by
root activity, and subsequent cementation at the soil-rock interface. This layer is defined as
laminar-like because macroscopically it is very similar to the laminar crust of exposed Nari.
The microfabric of the moderately indurated layer shows a slight micritic recrystallization of
older, dissolved micritic material. This change is indicated by the light color and the absence of
dark grey color caused by organic matter preserved from the original deep seated mud (Folk,
1965). The foraminifera are only slightly altered (Fig. 3a) and convolute fabrics do not appear,
as in the case of the indurated petrocalcic horizons in Texas (Rabenhorst and Wilding, 1986),
presumably because the water regime is less favorable for root penetration. Cementation
caused by large calcite crystals was not observed and it seems that the elimination of the
organic matter by carbonate recrystallization favored improved binding among the partly
recrystallized micritic grains. The microfabric suggests that the moderate induration is the
result of alteration of the host material rather than by translocation of secondary carbonates.

Another characteristic is the thin platy structure below the moderately indurated layer.
Water penetrating through the cracks of the upper layer changes the flow direction in the
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Table 1
14C ages and stable isotopes of two Nari profiles
Profile Layer 14C age 13C 180

BG Laminar crust 22,200 -8.11 -3.30
BG Upper-Nari 26,400 -1.97 -3.60
BG Lower-Nari 24,500 -7.07 -4.30
BG Bedrock >50,000 -0.18 -0.30
SH Laminar-like crust 25,900 -0.27 -3.16
SH Upper initial Nari 29,500 -0.48 -4.35
SH Lower-Nari -0.34 -5.44
SH Bedrock >50,000 +0.29 -4.62

impermeable chalky material to a lateral flow which in turn induces a platy type structure. A

very similar situation was reported previously (Wieder and Lavee, 1990).

In view of these findings the stages of Nari formation during the subterraneous phase could
be reconstructed as follows (Fig. 4):

Stage 1. Soils develop and by biophysical alteration of chalk an A/C type soil results (Pale
Rendzina in the semiarid climate and Brown Lithosol and Desert Lithosols in the
arid climate). Rock fragments occur in the soil material.

Stage 2. Soil solution penetrating into the rock causes slight induration by carbonate
recrystallization and cementing processes.

Stage 3.  The trend at this stage is the differentiation, with depth, of the host material which
leads to the appearance of an initial Nari profile. This stage is represented by the
following layers downwards:

(i) A dense, discontinuous brown laminar-like crust (E) 5 - 10 mm thick at the soil
rock interface.

(i) A layer of blocky in situ disintegrated fragments (Fo) 10 - 20 cm in size,
consisting of an upper moderately indurated material.

(ili) A dense moderately indurated, massive layer (F) which occasionally cleaves
horizontally into thick plates 10 - 25 cm thick.

(iv) A soft layer, built of thin horizontal plates (G) 0.5 - 2 cm thick. The
differentiation took place simultaneously over about 30,000 years (Table 1).

Thus for the development of the subsurface Nari phase below a continuous soil cover, the
following can be concluded: (1) the Nari is not the result of pedogenic translocation, (2) the
Nari is not formed by secondary carbonate segregation in soil material, and (3) the Nari is an
alteration product and can be defined as a petrocalcic horizon formed by alteration in which
biogenic and hydrologic factors are involved.

Surface phase

Following exposure Nari develops specific characteristics. The laminar crust consists of
decomposed laminae of lichens, and the organic-rich cryptocrystalline laminae are considered
to be calcified lichens (Klappa, 1979b). Lichen metabolism requires sunlight, and this means
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that for about 22,000 years the laminar crust must have remained exposed and not covered by
soil material. Hence, during this period of exposure the differentiation of the Nari cannot be
considered as pedogenic. Eolian dust is trapped by lichens and thus most of the insoluble
residue of the laminar crust is contributed by the deposited silt-size grains.

An important characteristic is the continuity of the Nari surface in the form of massive
blocks and cementation of the smaller fragments or blocks. The intensive cementation occurs
after exposure and not before. This feature adds to the basic characteristic of the upper-Nari,
namely its very high degree of induration. According to the micromorphological evidence, the
main processes which lead to induration were micritization by dissolution and recrystallization
of the host material. The process can be easily followed in the case of profile KM developed on
calcareous sandstone. Following micritization the sand grains disappear almost completely
(Fig. 3g versus Fig. 3h). Possibly, displacement is involved also during the recrystallization to
small crystals (Wieder and Yaalon, 1974). Following all stages of micritization it is clear that in
this case the convolute fabric is only partly due to micritization. The convolute fabric is
biogenic in nature (Danin et al., 1987) and its appearance depends on the intensity of root
activity. In the chalky host material micritization is associated with the elimination of organic
matter that was preserved in the chalk from the original deep sea, mud material. Large crystals,
showing recrystallization features, occur mainly in cracks.

The next characteristic feature is the platy structure of the moderately indurated lower-Nari.
The platy structure is caused also by subsurface water flow. The water comes from the
surrounding area by runoff and not from a soil solution in the upper surface soil. The
descending water flow through the Nari imports carbonate from an external source (Yaalon
and Singer, 1974) and this enhances the alteration process. Such a translocation is not
pedogenic, even in the case of transported colloidal clay which can be deposited in cracks of
the Nari (Fig. 3g). Bliimel (1982) proposed in such cases to use the term "per descensum”
without the term "pedogenic”.

Based on the above characteristics, a model for the surface phase formation can be
presented (Fig. 4). The first stage is represented by surface erosion of the soil material which
covered original upper-Nari. Erosion also removed the upper blocky fragments. The second
stage operated over a long period and led to an increase in thickness of the initial Nari, from
about 50 - 80 cm to 1.5 - 2.5 m. Differentiation is gradual and simultaneous in all the layers
and results from various factors. The laminar crust is produced by biogenic alteration, the
upper-Nari mainly by chemical alteration and the lower-Nari by hydro-physical alteration. The
result of the differentiation is a thicker profile with better expression of the characteristic
features of all layers. The laminar crust is not the last stage of the induration process as
proposed by Gile et al.(1966) for its age is no more advanced than that of the other layers
(Table 1).

It can be concluded that the surface phase does not have a pedogenic component and the
main development during this phase is produced by alteration of the host material in which
biological, chemical and hydrological factors are involved.

Alteration phase

In this phase well developed Nari has been subjected to alteration by weathering. Alteration
features can be observed in all layers. The laminar crust of well developed Nari displays
feaures of dissolution, disintegration and exfoliation. The lichens built the crust at a stage when
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the substrate was softer. Later, when a high degree of induration was attained, the lichens
provoked biogenic alteration. The disintegrated laminar crust fragments are gradually
imbedded into the upper part of the Nari to about 30 cm depth and become strongly cemented.
As a result of this incorporation, the fabric of the top part of the upper-Nari changed to a
mosaic-like fabric. The dark-brown to reddish-brown zones show a fabric similar to the laminar
crust with silt-size grains and decomposed lichen remnants.

Within this phase weathering is best developed in the lower-Nari. The material contains
large and small pores which, together with the available water, create optimal conditions for
weathering. The carbonates from this layer are subjected to strong dissolution and the residual
material is released. Material from eolian dust and from other released residual material
accumulates in some pockets. Intensive alteration leads to the formation of very large solution
pockets below the upper-Nari. The large dislocated blocks in the area are the result of this
weathering. Detailed data about the weathering process will be published elsewhere.

The model of Nari alteration is presented in Fig. 4. There are two main stages. In the first,
the formation of the mosaic layer and partial alteration of the lower-Nari prevail. In the second
large cave-like pockets are formed associated with collapse of the upper-Nari into large blocks.

Goudie (1983), in a comprehensive review on calcrete, presented various pedogenic and
non-pedogenic models of calcrete formation. In the present study the subterraneous phase is in
good agreement with the pedogenic in situ model. This model was adopted by Blank and
Tyner (1965) and Rabenhorst and Wilding (1986). The surface phase, however, is not in
agreement with other published models. Bliimel (1982) presented a model based on a
subterraneous stage and a subaerial stage. The subterraneous stage is formed by carbonate
translocation from eolian dust into granitic sands and basaltic debris free of carbonates. Bliimel
considers the subterraneous stage as having formed in semihumid conditions with a dry season
with an annual rainfall range of 300 - 600 mm and the subaerial stage formed in arid and
semiarid conditions with 100 - 300 mm annual rainfall. The assumption of this model is that in
an arid environment the soil cover is eroded and subaerial weathering in arid conditions
generates the formation of the upper indurated crust. These postulated environmental
conditions are very different from the models presented here. In our situation the Nari is better
developed between 400 - 500 mm rainfall and less developed in the arid regions both below
soil cover or when exposed. In the more humid areas exposed Nari prevails whereas in the arid
areas subterraneous Nari dominates. This is the reverse of postulated by Bliimel (1982). The
laminar crust of the exhumed calcrete is considered by him as being produced by runoff
whereas in our case it is a product of lichen growth, Verrechia (1990) considers the Nari a per
descensum Bca horizon which was eroded but is still partly preserved within it. In this study no
evidence was found for an eventual Bca segregation in a former soil.

The impact of possible climatic changes during the development of the Nari should be taken
into consideration also. It is known that fully developed Nari requires semiarid conditions
(Yaalon and Singer, 1974). Therefore, the presence of well developed Nari in the semiarid area
of Israel suggests that only slight climatic fluctuations occurred throughout the late
Pleistocene. This is consistent with stable isotope data from loess-derived paleosols reported
by Goodfriend and Magaritz (1989), who found that the climatic fluctuations during the late
Pleistocene did not exceed 100 mm mean annual rainfall. Furthermore, the low values of 13C in
profile SH could not have occurred if there had been abundant vegetation during the
development of the Nari. Finally, these results indicate that the climatic fluctuations during the
late Pleistocene did not include a moist phase.
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CONCLUSIONS

Three phases are involved in the development of Nari: a subterraneous phase, a surface
phase and an alteration phase. Each of these phases has specific characteristics allowing their
identification. The Nari is the result of subterraneous pedogenic alteration and surface non-
pedogenic alteration of the host material. The main development of the Nari takes place during
the surface phase.
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ABSTRACT

Suddhiprakam, A. and Kheoruenromne, 1., 1994. Fabric features of laterite and plinthite layers of ultisols in
northeast Thailand. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies
in Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville,
Australia, July 1992. Developments in Soil Science 22, Elsevier, Amsterdam, pp. 51-64.

A study of fabric features of laterite and plinthite layers of Ultisols in northeast Thailand
was conducted on samples collected from five soil profiles including two Typic Plinthustults,
two Typic Plinthaquults and a Petroferric Haplustult. Petrographic (thin section) and scanning
electron microscopic (SEM) analytical techniques were employed in the study. X-ray
diffraction (XRD) analysis was also used to identify mineral components of the samples.
Petrographic analysis of plinthite layers of the Plinthustults has revealed a fabric having mainly
a ferri-argillan groundmass embedded with impregnated nucleic nodules of iron oxides,
subangular quartz fragments and some vughs. Material interpreted to be lepidocrocite exists in
the samples as dark orange patches in the fabric groundmass. Argillans occur on pore walls,
rock fragment surfaces and some nodule surfaces. For laterite layers of the Plinthaquults and
Petroferric Haplustult, some differences in the fabric components was noted among profiles.
Relationships of coarse and fine materials in the fabric range from open to close spacing of
skeleton materials embedded in the groundmass, inclusive of the nodules of iron oxides. The
nature of the nodules ranges from impregnated nucleic to concentric and concentric nucleic.
Other minerals identified include hematite and goethite. Scanning electron microscopic
analysis of the samples has revealed distinctive forms of goethite, hematite, quartz, kaolinite
and possibly lepidocrocite. Based on the morphological features and mineral assemblages in
these laterite and plinthite layers their profile types and mode of formation can be
differentiated.

INTRODUCTION

Northeast Thailand lies between latitudes 14°10' and 18°10" North, and between longitudes
101°30' and 105°40' East. Physiographically, it is a platean underlain by various clastic
sedimentary rocks including sandstone, siltstone and shale. This entire northeast plateau is
separated into two broad basins by the Phu Pan mountain range. The upper basin is called the
Sakon Nakhon basin and the lower one is generally known as the Khorat basin. Elevation in
this region, excluding high hills and mountains, ranges between 150 and 250 m (a.s.l.); being
highest in the western fringe and descending towards the northeast and east.



52 A. SUDDHIPRAKARN AND I. KHEORUENROMNE

104° 104°
N Ja N
L ¢ FD,
0 20 40 km R
| =8 S — ] Ji 4 \
)
0 { ? \
18 ¥ EV e A o
i Nong ~rf = A 183
Khais == i \"fg ~\‘ r*_‘:: Y
D AR A Y
P3 T | T 0 %
P2 S | Y \ Yﬁ_
D e RN
[s y A mn L/ e
1 ‘l\ 1 T Enws fozs ':I AT - Nakhon
ans ﬁ:(tj g Sz Phanom
Wl T | L
' il ,
EW&J R =S !
Sakon Nakhon'y! /l
Nong m §
L 17° Lake i 179
103° 104°

Fig. 1. Location map of the Sakon Nakhon basin and sampling sites. Shaded area indicates
Uldsols with laterite or plinthite layers, P1 and P2 are Plinthustults, P3 and P4 are
Plinthaquults and P35 is a Petroferric Haplustult.

The area is subject to a tropical savanna (Aw) broad climatic regime (Koppen, 1931) having
a long and pronounced dry season. Mean annual rainfall varies from approximately 1,000 mm
in the west to 1,800 mm in the northeast and east. Land use of the area, at present, is
characterized by remnants of deciduous forest, upland field crops of mainly cassava and
sugarcane and transplanted rice on the lowlands. The most extensive soils found in the area
are Ultisols (Kheoruenromne and Kesawapitak, 1989; Moncharoen et al., 1987). Plinthustults,
Haplustults and Plinthaquults which have plinthite and hardened (petro) plinthite (ferricrete or
laterite) layers in their profiles are quite extensive in the Sakon Nakhon basin, bordered by the
Mekong river. This area has a mean annual rainfall of approximately 1,400 mm and a mean
temperature of 28° Celsius. The objectives of this paper are to discuss (i) some features of the
laterite and plinthite layers in these soils that have been used to differentiate them, and (ii)
elucidate their genesis and stages of development.

MATERIALS AND METHODS

Ultisols in the study included two Plinthustults (P1 and P2), two Plinthaquults (P3 and P4)
and a Petroferric Haplustult (P5). Their locations are shown in Fig. 1.

Field studies included the morphological analysis of soil profiles from the surface down to
the saprolite or to a depth of 3.5m. Disturbed (39 samples) and undisturbed (24 samples) soil



Table 1

Morphology of Ultisols with plinthite or laterite layer in Sakhon Nakhon Basin, Northeast Thailand.

Horizon Depth Colour; Mottles  Texture Consistence pH  Other Features
(cm) Structure (1:1 H,0)
P1 (Typic Plinthustult)
A 0-5 10YR6/4 SL sbk SH, S, SS/SP 7.0 Few iron oxide nodules; clear; smooth boundary
Btc 5-17 10YR6/8, 10YR7/1 GSL sbk H, Fri, SS/SP 5.5 Common iron oxide nodules; clear and smooth boundary
L1 17-35/38  10YR6/4 EGSCL  sbk Moderately packed, 5.5 Irregular shaped nodules and concretions (0.4-1 cm)
partially cemented embedded in matrix; clear and smooth boundary
L2  38-70/78 10YR7/1, 10R3/4 VGC sbk Strong and partially 5.5 Common iron oxides nodules and concretions (0.3-0.7 cm);
cemented abrupt and wavy boundary
L3 78-128 10YR7/1; 715YRS/S, C sbk F, S/P 5.5  Zone of sesquioxides and clay separation with common
10R4/8 irregular shaped nodules and concretions (0.3-0.7 cm); clear
and smooth boundary
S 128-180 2.5YR4/8 Saprolite rs F 5.5 Bedding of sandstone
P2 (Typic Plinthustult)
A 0-3/4 7.5YR4/6 SL sbk S,V Fri, SS/NP 6.0 Few nodules and concretions; clear and smooth boundary
Bt 4-12 10YRS5/8 L sbk SH, Fri, SS/SP 6.0  Few nodules and concretions (0.3-0.5 cm); abrupt and smopth
boundary
Btc  12-30/40 10YR6/8 GL sbk F, SS/SP 5.5 Manganocretes mixed with iron oxide nodules; clear and wavy
boundary
L1 40-50 10YR5/8, 10R3/2 EGCL  sbk Moderately weakly and 5.5  Irregular shaped hardened sesquioxides (1-2 cm) mixed with
partially cemented manganiferrous nodules; abrupt and smooth boundary
L21 50-80/90 10YR7/4,2.5YR4/6 EGCL  sbk Moderately strongly and 5.5  Few manganiferrous nodules mixed with sesquioxide nodules
partially cemented and concretions (0.2-0.4 cm); clear and wavy boundary
L22 90-105/110 10YR7/1,10R3/3, VGCL sbk Moderately weakly 5.5 Common semi-platy to subrounded iron and aluminum oxide
10YR6/8 cemented, argillaceous nodules and concretions (0.3-2 cm); clear and wavy boundary
and ferri-argillaceous
cementation
L3 110-200 10YR7/1; 7.5YRS/8 C sbk F, S/P 5.0 Common partially hardened iron oxide nodules (0.5-1 cm) of
irregular shape; abrupt and smooth boundary
S 200-240 10R4/8, 10YR7/1  Saprolite rs F 5.5 Highly weathered red siltstone mixed with clay
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P3 (Typic Plinthaquulit)
A 0-10 10YR6/4 GSL sbk SH, VR, NS/NP 6.5 Common subrounded concretions (0.2-0.5 cm); clear and
smooth boundary
Bcl  10-40 10YR6/3 GSL sbk SH, V. Fri, NS/NP 6.5 Common subrounded concretions (0.4-1 cm); clear and
smooth boundary
Bc2  40-70/75 10YR6/2 VGSL  sbk VH, Fri, SS/NP 6.0  Many concretions of various sizes; abrupt and wavy boundary
L1  7590/100 10YR7/6 EGCL m Moderately weakly 6.0 Few manganiferrous nodules mixed with many subrounded
packed and irregular shaped hardened iron-aluminum oxide
concretions (1-1.5 cm); abrupt and wavy boundary
L2 100-190/100 10YR7/4 EGL m Very strongly cemented 6.0  Practically consisting of semi-platy hardened vermicular iron-
aluminum oxide concretions and nodules (2-4 cm), massively
cemented; abrupt and wavy boundary
L3  200-260/270 10YR7/1; 10YR7/8 EGCL m Moderately cemented 6.0 Many irregular shaped concretions (2-8 cm) embedded in clay
matrix; clear and wavy boundary
Pc  270-295 10YR7/1 EGCL  sbk F, SS/Sp 6.0 Many irregulur shaped iron-aluminum oxide concretions and
nodules (2-3 cm); clear and smooth boundary
M 295-320 10YR7/1; 10R3/3, CL sbk SF, SS/SP 6.0 Few irregular shaped iron-aluminun oxide concretions and
10R4/8 nodules; clear and smooth boundary
P 320-350 10YR7/1; 10R4/8, SiL sbk SF, SS/Sp 6.0  Semi-massive clay layer
10R6/8
P4 (Typic Plinthaquult)
Ap 0-10 10YR4/4 GSL sbk Fri, SS, SP 6.5 Common rounded iron-aluminum oxide concretions (0.2-0.4
cm); abrupt and smooth boundary
Bc 10-15 10YR4/3 EGSiL  sbk Fri, SS/SP 7.0 Many rounded iron-alumium oxide concretions (0.2-0.4 cm);
clear and smooth boundary
L1 15-30/45 10YRS5/4, 10R5/8, EGSL  sm Loosely packed, 7.0 Many rounded and subrounded hardened iron-aluminum oxide
10R3/2 partially cemented concretions, some enriched with manganese 0.2-4 ¢cm mainly;
abrupt and wavy boundary
L2 45-50/55 2.5Y6/4,5YR3/3, EGC m Moderately strongly 6.0 Many rounded and subrounded iron-alumium oxide
2.5YR4/8; 7.5YRS/8 cemented concretions (0.3-0.6 cm) with few aggregates of 1-2 cm,;
abrupt and wavy boundary
P 55-75/80 5Y7/1; 7.5YR4/8 C m F, S/P 6.0 Common rounded and subrounded iron-aluminum oxide

concretions, some enriches with manganese (<0.3 cm); clear
and wavy boundary
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S1 80-90 5Y7/1,2.5YR4/8, SiC m F 6.0  Many fragments of highly weathered siltstone; clear and
10R4/6, 7.5YR5/8 smooth boundary
S§2  90-125 5Y7/1,2.5YR3/6  Saprolite rs F 6.0  Moderately weathered siltstone with bedding
P5 (Petroferric Haplustult)
Ap  0-5/10 10YR7/3; 7.5YRS5/8 SiL abk-sbk- VH, Fri, SS/NP 6.5  Streak mottles; clear and wavy boundary
sm
Bw  10-20/40 10YR6/1 Sil sbk VH, Fri, SS/NP 6.5 Common trace of dead roots; few rounded concretions
(0.4 cm); abrupt and wavy boundary
L2 40-75/90 7.5YR5/8,7.5YR4/6,- m Strongly cemented 7.0  Massively cemented hardened iron-aluminum oxide and
5YRA4/8, 10R3/4 manganiferrous concretions; clear and wavy boundary
L3  90-102/110 10YR7/2; 2.5YR4/8,- sm Partially but mainly 7.0  Platelike and irregular shaped concretions and nodules
10YRS/6, 2.5YR3/0 strongly cemented (mainly 0.4-1 cm); abrupt and wavy boundary
Pcl  110-125 10YR7/1 EGC sm Moderately cemented 6.0  Ootithic iron-aluminum oxide concretions (0.2-0.4 cm); clear
and smooth boundary
Pc2  125-150 5Y7/1; 7.5YRS/8 GC m F,S/P 6.0  Few irregular shaped hardened iron-aluminum oxide
concretions (0.2-0.4 cm); abrupt and wavy boundary
P 150-190 5Y7/1; 10YR6/8  SiC sm F, S/P 6.5 Common cracks and few iron-aluminum oxide concretions
(0.2-0.4 cm); abrupt and smooth boundary
S1 190-225/230 5Y7/2; 2.5YR4/6  Saprolite rs F 6.5  Patches of iron oxide concentrations; clear and wavy boundary
S2  230-245 5Y772 Saprolite rs F 6.5 Bedding of sandstone
Texture C = clay SiC = silty clay GSiL = gravelly silt loam
L = loam SiL = silt loam VGCL = very gravelly clay loam
CL = clay loam GSL = gravelly sandy loam VGSL = very gravelly sandy loam
SL = sandy loam VGC = very gravelly clay EGSL = extremely gravelly sandy loam
GC = gravelly clay EGC = extremely gravelly clay EGCL  =extremely gravelly clay loam
GL = gravelly loam EGL = extremely gravelly loam EGSiL = extremely gravelly silt loam
EGSCL = extremely gravelly sandy clay loam
Structure sbk = subangular blocky sm = semi-massive 1s = rock structure
abk = angular blocky m = massive
Consistence Fri = friable VH = very hard NS = nonsticky
V.Fri = very friable S = soft SS = slighty sticky
H = hard F = firm NP = ponplastic
SH = slightly hard VF = very firm Sp = slightly plastic
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samples, including laterite or plinthite, were collected from each genetic horizon for laboratory
analysis. Results of 14 samples of laterite and plinthite layers are reported in this paper.

Laboratory work included mineralogical analysis and fabric analysis of each sample in
triplicate. Mineralogical analysis employed the use of powder XRD of oriented clay samples
on glass slides and disoriented powder samples of laterite or plinthite materials in an Al-holder
(Jackson, 1969; Whittig, 1965) using Shimadzu XRD model XD-5A. Fabric analysis consisted
of two parts: (i) a study of thin sections of impregnated samples using a petrographic
microscope (Brewer, 1964), (ii) using a Jeol SEM model JSM-35CF with samples being gold
coated and mounted on a stub with silver paint.

RESULTS AND DISCUSSION
Field Morphology and Profile Models of Ultisols with Laterite or Plinthite Layers

Results of the study of field morphology (Table 1) revealed that all of these soils have the L
layer at a shallow depth (<1 m). Soil horizons above the L layer include A or Ap, Bw or Bt,
and Bc or Btc. Most of these soils have a loose laterite layer (L1) on top of the main laterite
or plinthite layer (L2). Clay coatings occur in the Bt and Btc horizons of these soils indicating
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their relatively well developed stage of soil formation (Buol et al., 1989). The L layers in these
soils are of variable thickness and most of the soils have a saprolite layer at a shallow depth (<2
m) (Fig. 2).

The nature of the L layers in these soils varies. For Pl and P2 the main L layers fit the
definition of plinthite in Soil Taxonomy (Soil Survey Staff, 1975, 1990) and laterite as
described in earlier studies (Alexander and Cady, 1962; Gidigasu, 1976; Goudie, 1973;
McFarlane, 1976; Sivarajasingham et al., 1962). The layers have a massive appearance. A
major part of each layer is composed of clay patches mixed with nodules and concretions of
concentrated iron oxides with some manganese oxides. These nodules and concretions are
linked or cemented by iron oxides mixed with clay to form various network patterns.
However, any cementation is weak because the layers can be cut with a spade. The clay matrix
in the L2 layers of P1 and P2 generally has high chroma (>4). The L2 layers in P3 and P4 have
a similar appearance to those of P1 and P2 but are relatively harder, particularly in P3. Their
clay matrix has a low chroma (<2) and they have some mottles with high chroma indicating
episodic wet and dry conditions in the soil profile. The L2 layer in PS is a massive, hardened
plinthite with few clay patches. Both the nodules and concretions and the cementing materials
in the layers are hardened and cannot be cut by a spade in the field. The L2 layers in PS have
red and reddish brown colours.

From the schematic profiles shown in Fig. 2 it is evident that four of these five profiles
(except P3) have L1 layers (loose laterite layers) and Btc or Bc layers. The presence of these
layers indicates both erosion and deposition of materials while the absence of them (as in P5)
indicates only erosion of the surface. Since erosional features on the surface of the L2 layers
are so pronounced it is apprarent that they mark a discontinuity or unconformity in these
profiles.

Mineralogy of Laterite or Plinthite Layers

Results obtained from XRD analysis of the clay fraction of L layers of these soils are
summarized in Table 2. For P1, P2 and P3, kaolinite and sometimes illite are the major clay
minerals with the former dominating. This is usual in well developed soils in the tropics
(Sanchez, 1976). The presence of illite suggests the influence of water transported materials
and is consistent with the presence of loose transported laterite layers in these soils. Traces of
smectite, vermiculite and chlorite occur in P1 and P2. Though their quantities are very small
their presence suggests the continuation of weathering processes within the laterite or plinthite
layers. The presence of lepidocrocite in P1 and gibbsite in P2 suggests a drier moisture regime
in P1 (Schwertmann, 1988). The general mineral assemblage in P3 is similar to that in P2.
However, the absence of weatherable minerals such as smectite, chlorite and feldspar indicates
a more advanced stage of weathering and soil formation in P3 (Buol et al., 1989). Traces of
quartz in the clay fraction of most L layers in these soils conform well with results of other
studies of soils in Northeast Thailand (Sindhusen, 1984; Suddhiprakarn et al., 1985) where an
abundance of sandstone-derived materials is present. For P4, the mineralogy of the clay
fraction presents a different picture. Moderate amounts of illite, along with the thick L1 layer
indicate the strong influence of alluvium in the present day environment. This profile occupies
a lower part of the landscape and has been more influenced by seasonal waterlogging for a
long period each year. This condition appears to retard the formation of kaolinite (Buol et al.,
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Table 2
Mineral composition of the clay fraction in the laterite or plinthite layers.
(IS clay=Interstratified clay, 1+1.4 nm).

Horizon  Depth (cm) Mlite Vermiculite IS clay Feldspar Gibbsite Hematite
Kaolinite = Smectite Chlorite Quartz Goethite Lepidocrocite

P1 (Typic Plinthustult)

L1 XX XX tr tr - tr tr tr tr - tr -
L2 38-70/78 XXX XX tr tr - tr tr - tr - tr -
L3 78-128 XX XX tr tr - tr - tr - - tr -
P2 (Typic Plinthustult)

L1 40-50 XX XX - tr tr tr tr - tr tr - -
L21 50-80/90 XXX XX - tr tr tr tr - - tr - -
L22 90-105/110 XXX XX - tr tr tr tr tr tr tr - -
L3 110-200 XX XX - tr tr tr tr tr tr tr - -
P3 (Typic Plinthaquult)

L1 75-90/100 XXX tr - tr - tr tr - tr tr - -
L2 100-190/200  xxxx tr - X - tr tr - tr tr - -
L3 200-260/270 xxxx X - tr - tr tr - tr tr - -
P4 (Typic Plinthaquult)

L1 15-30/45 X XX - tr - tr tr - tr - - -
L2 45-50/55 X XX - tr - tr - - - tr - tr
P5 (Petroferric Haplustult)

L2 40-75/90 Massive laterite horizon

L3 90-102/110 Mainly cemented and pisolitic laterite horizon

xxxx = dominant (>60%) xxx = large (40-60%) xx = moderate (20-40%)

X = small (5-20%) tr = trace (<5%) - = notdetected

1989). The L layers in PS5 are consolidated without a free clay fraction. They indicate a long
period of exposure in the past (McFarlane, 1976).

The silt fraction of the L layers of these soils contains much quartz. Other minerals in this
fraction are present in very small quantities. They include feldspar, mica, goethite, hematite
and kaolinite. Traces of hematite occur in all L layers of P2. However, the presence of
feldspar and mica in the L layers indicates a relatively immature weathering status and the
influence of alluvium in their formation.

The mineral composition of nodules or concretions in the laterite and plinthite layers of
these soils is given in Table 3. Only three major minerals occur consistently in these lateritic
materials. They are quartz, goethite and hematite. Even in the hardened L layers in PS5,
moderate amounts of quartz exist. From Table 3, a generalization can be drawn that the
typical mineral composition of the lateritic nodules and concretions in this region should
consist of quartz, goethite and hematite in approximately equal amounts. In drier conditions,
with some loss of water, the nodules and concretions would become aged and their mineral
composition would evolve to have more hematite than goethite (Fitzpatrick, 1987). The aged
nodules or concretions may have more hematite than goethite whereas under moister
conditions more goethite and less hematite occur. The amount of quartz varies from place to
place and with the development stages of the laterite or plinthite layer.
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Fabric Features of Laterite and Plinthite Layers

Micromorphological features in thin section

Fig. 3 illustrates features of the undisturbed fabric of laterite or plinthite layers in some of
these Ultisols. In the L1 layer of P1 (Fig. 3A), the fabric features show impregnated nucleic
nodules, ferri-argillan groundmass, subangular quartz grains in the nodule and large voids
(vughs). This kind of fabric, with nodules of various shapes embedded in the clay-iron oxide
groundmass, indicates the unconsolidated nature of the layer. Actually, lateritic nodules, which
account for approximately 25% by volume in L1, are partially cemented. In the L2 layer of P1
the lateritic nodules account for approximately 50% by volume and though they are generally
cemented, they are not hard. The fine earth in the matrix comprises clay and a small amount of
fine grained quartz with approximately 5% clay coatings on pore walls. Iron oxide coatings on
quartz grains generally act as the cementing material of the lateritic nodules. In the L3 of P1,
partial leaching is quite evident being indicated by the pale brown colour of the clay matrix. In
this layer, fewer iron oxide nodules occur. The iron oxide coating around quartz grains
indicates in situ weathering. The orange colour of the iron oxide accumulations in these layers
may be lepidocrocite.

Fabric features in the L layers of P2 are similar to those of P1. L1 consists mostly of loose
lateritic nodules with a very small amount of cemented materials and with a similar fabric to
that of L1 in P1. In L21, lateritic nodules are abundant. They are partially compacted and
partially cemented by clay and iron oxides and also have layered features which indicate flow in
the matrix. Most lateritic nodules (>50% by volume) are nucleic ferruginous nodules of
reddish brown to dark brown colour. Cementing materials are composed of silt-sized quartz
embedded in a matrix of clay and iron oxides. Ferri-argillans are also present. In L22, most of
the fabric shows similar features to that of L21 but only about 50% by volume of the lateritic
nodules are cemented. The fabric of this L22 layer is shown in 3B. It consists of impregnated
shale that is rich in iron oxides, nucleic nodules, ferri-argillan cementing material and
subangular quartz grains. This kind of fabric is typical of the major plinthite section of P1, P2
and P3. The cementing materials have considerable contents of iron and manganese oxides but
the degree of hardening in most cases is not sufficient in natural field conditions to form
massive hardened plinthite or laterite layers. However, upon exposure due to forest clearing or
erosion of the overburden materials the hardening process can proceed rapidly. Ironstone
gravels and boulders in the vicinity of these pits support this interpretation. The L3 layer in
some of these profiles can be characterized by a light coloured clay matrix with some high
chroma iron oxides and ferri-argillans. Lateritic nodules are also present in low amounts in this
layer which is considered a transitional zone in the profile.

The degree of sphericity of the nodules and concretions in the L1 layers varies and it
probably depends mainly on the transportation of these materials before redeposition to form a
layer of loose lateritic materials. Fig. 3C shows the fabric features of L1 in P4. Embedded in
the groundmass of clay and iron oxides is a concentric nodule with a high degree of roundness.
However, subrounded quartz fragments occur inside the nodule. This profile appears to
consist of appreciable quantities of water transported materials. As a consequence the lateritic
nodules or concretions in the L1 layer of this soil are generally spherical.

The fabric of the laterite and plinthite layers in P5 as shown in Fig. 3D is very similar to that
of P2. It is composed mainly of concentric nucleic nodules and subangular quartz, but with
hardened cementing materials. This type of fabric represents a hard plinthite layer (laterite) or
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Table 3

Mineral composition of nodules or concretions in laterite or plinthite layers.

Horizon Depth (em) Quartz Feldspar Goethite Hematite Mica
P1 (Typic Plinthustult)

L1 17-38 XX - tr XX -
L2 38-70/78 XXX tr tr X tr
L3 78-128 XXX - - tr tr
P2 (Typic Plinthustult)

L1 40-50 X - X X -
L21 50-80/90 XX - X X -
122 90-105/110 X - tr X -
P3 (Typic Plinthaquult)

L1 75-90/100 X - X X -
L2 100-190/200 X - X X -
L3 200-260/270 XX - X XX -
P4 (Typic Plinthaquult)

L1 15-30/45 tr - XX X tr
L2 45-50/55 X - XX X -
P5 (Petroferric Haplustult)

L2 40-75/90 XXX - X X -
L3 90-102/110 XX - X X -
xxx = large (40-60 %) XX = moderate (20-40 %) X = small (5-20 %)

tr = trace (<5%) - = notdetected

ironstone. Its presence indicates that erosion occurred in the area in the past and the plinthite
layer has hardened irreversibly as a result.

Scanning electron microscopic features of minerals

Some results of SEM study of minerals in the laterite or plinthite layers of these Ultisols are
summarized in Fig. 4. Major minerals in these laterite or plinthite layers are goethite, hematite,
quartz, kaolinite and with some material interpreted as lepidocrocite. Goethite in these layers
takes many forms, including poorly developed plates and granular or lenticular aggregates.
Figs 4A and 4B illustrate lenticular goethite in P3 (Plinthaquult) and PS5 (Petroferric
Haplustult) respectively. The difference in size and form of this lenticular goethite is
interpreted as being determined by available moisture within each environment. The larger size
and better defined form in P3 is due to moister conditions favoring the stability of goethite.
The form of goethite in Fig. 4B is grading towards the form of hematite shown in Fig. 4C.
Hematite in the form of botryoidal columns is very characteristic of all profiles. Forms of a
mineral interpreted as lepidocrocite in Pl is shown in Fig. 4D. It has a poor platy form
resembling goethite. However, further studies are needed to verify the habit of this mineral in
lateritic profiles. It should be noted here that P1 is under a remnant of dry dipterocarp forest
with drier climatic conditions than the other profiles. Forms of kaolinite in P1 and quartz in P2
are shown in Figs 4D and 4E. The tabular form of kaolinite and sharp-hexagon edge of quariz
are readily recognizable under the electron microscope (Fig. 4F). Their presence also indicates
conditions of stability in the soils.



LATERITE LAYERS IN THAI ULTISOLS 61

3A 5
e

w2 .~

g

Fig. 3. Petrographic micrographs of laterite or plinthite layers of Ultisols in Northeast Thailand. A) Fabric of
L1 in P1: 1=impregnated nucleic nodule; 2=ferri-argillan groundmass; 3=subangular quartz grain in nodule
and 4= vugh (plane light). B) Fabric of L22 in P2: l=impregnated shale fragment rich in iron oxides;
2=nucleic nodule; 3=ferri-argillan cementing materials and 4=subangular quartz (plane light). C) Fabric of L1
in P4: 1=concentric nucleic nodule and 2=subangular quartz fragment in nodule (crossed polarized light). D)
Fabric of L2 in P5: 1=concentric nucleic nodules; 2=subangular quartz and 3=channel (plane light).
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Fig. 4. Scanning electron micrographs of major minerals in laterite or plinthite of Ultisols in
Northeast Thailand: A) lenticular goethite in P3; B) lenticular goethite in P5; C) botryoidal
columns of hematite in P2; D) possible platy lepidocrocite in P1; E) tabular sheets of kaolinite
in P1; F) hexagonal edges of quartz in P2. (A-E: bar=1 pm; F: bar=10 um).
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CONCLUSION

Based on the profile features, mineral assemblages, fabric features and forms of minerals in
their laterite or plinthite layers, these soils can be grouped into four profile types.

The Type I profile includes the two Plinthustults of P1 and P2. It illustrates a profile of
mature development on relatively well-drained undulating terrain at a higher elevation (180 -
190 m a.s.l). Pedogenic processes are active and weatherable minerals are still present.
Plinthite fabric in the profile consists of cemented nucleic nodules of iron oxides and patchy
accumulations of kaolinite. The lateritic nodules are composed mainly of quartz, goethite and
hematite in relatively equal proportions. The Type II profile is characterized by the
Plinthaquult (P3), an old and well differentiated profile on moderately well-drained terrain
showing a more complete lateritic horizonation. It developed on a gently undulating surface
connected to the area of Type I profile but at a lower elevation (170 m a.s.l.) and a lower
position in the same landscape continuum. It contains a mature and thick layer of a harder
plinthite with less kaolinite. ~The proportions of quartz, goethite and hematite are
approximately equal throughout the semi-hardened plinthite layer. The fabric of laterite or
plinthite also has similar features to that of Type I, but the main laterite or plinthite layers are
generally hard. The Type I profile is the shallow Plinthaquult of P4. It occupies a lower part
of the landscape, i.e. a depression area at lower elevation (160 m a.s.l.). It is characterized by
having a thick layer of loose laterite nodules and concretions, and a thin layer of weakly
recemented lateritic nodules and concretions, showing a degree of vertical sorting, resting
unconformably on an in situ pallid zone derived by weathering of clastic sedimentary rock.
The lateritic nodules and concretions generally have equal proportions of quartz, goethite and
hematite but the soil matrix also has substantial amounts of illite. The profile has poor internal
drainage though it is well developed.

The Type IV profile is markedly different from the others. It is represented by the
Petroferric Haplustult (P5) occupying a gently undulating plain at higher elevation (190 m
a.s.].) and with obvious evidence of past severe erosion. Its laterite layers have hardened
completely forming a hardpan near the soil surface. The laterite layer has equal proportions of
quartz, goethite and hematite. The fabric features in the laterite layer are no different from
those of Types I and II but the entire layer has hardened.
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ABSTRACT

Brimhall, G.H., Compston,W., Williams, 1.S., Reinfrank, R.F. and Lewis, C.J., 1994. Darwinian zircons as
provenance tracers of dust-size exotic components in laterites: mass balance and SHRIMP ion microprobe
results. In: AJ. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in
Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia,
July 1992, Developments in Soil Science 22, Elsevier, Amsterdam, pp. 65-81.

At the lateritic bauxite deposit at Jarrahdale, Western Australia we quantify
micromorphological evidence of an excess cumulative detrital soil component and relate its
presence and accommodation in the subsurface to the combined effects of long-term, eolian
deposition and progressive, dilational mixing induced by biological activity. The subsurface
entry mechanism involves a repeated sequence of void space creation through root decay,
detrital translocation, pore infilling, and renewed root growth. This process is evident as a
multitude of oriented, geopetal, microsedimentary pore deposits cross-cutting still older in-
filled voids along arcuate, concave-up unconformities observed in ultra-thin (5-micron)
sections. Tubular root voids controlling invasive translocation penetrate even the most
indurated of duricrusts and hence provide effective pathways for detritus to descend from the
surface down to the top of saprolite. In comparison to this detrital transport, we show that in
situ residual enrichment, viewed conventionally as the principal mechanism of bauxitization,
dominates only the lowest, most primitive part of the soil above bedrock where tubular voids
are uncommon. The horizontal interface separating detrital (plus minor residual) and purely
residual components below is critical to mapping and understanding the exposure level of
laterite profiles. This two-part soil package, previously referred to by Ollier and Galloway
(1990) as detrital ferricrete overlying saprolite, was interpreted by them as being subdivided by
a sedimentary unconformity. However, we conclude that the Jarrahdale lateritic bauxite has no
unconformity but instead is differentiated internally into a composite but continuous
biomechanical system with two distinct compartments defined by the penetration depth of
exotic detritus mixed into the subsurface by pedoturbation and bioturbation. While the upper
bio-active part is contaminated by surficial detritus and biochemically-cycled components like
carbon and sulfur, the lower cell receives only organic acid decay products. We integrate these
micromorphologic features of the soil profile with their broader geological context by
application of SHRIMP ion microprobe zircon geochronology which is a new, preferred



66 G. BRIMHALL, W. COMPSTON, 1. WILLIAMS, R. REINFRANK AND C. LEWIS

technique in provenance studies. This proved the exotic character of detrital zircons and also
established preliminary age constraints on their ultimate provenance. From comparison of ages
of rounded zircons in bauxite with dated in-place zircons in bedrocks exposed regionally, we
infer the detrital source regions to be disrupted kaolinitic-laterite mantles developed earlier on
eroded paleo-orogenic mountain belts surrounding the Yilgarn and/or younger sedimentary
basins containing kaolinitic erosional detritus.

INTRODUCTION

The purpose of this paper is to interpret micromorphological evidence of exotic cumulative
soil components in lateritic bauxite deposits which is inconsistent with the prevailing view of a
simple in situ residual origin. Rather than fuel continued debate over merits of conflicting
models of residual versus transported detrital origin, we set out here instead to apply definitive
new analytical methods to determine where, how and why either or both of these contrasting
enrichment mechanisms occur. The techniques we employ to resolve these issues involve both
elemental and isotopic mass analysis and in combination afford unique capabilities of first
discerning and then quantifying the effects of these discrete processes. We measure the mass
contribution of the detrital laterite component by elemental mass balance and constrain its
provenance using isotopic tracers. These new techniques make it possible to unequivocally
differentiate detrital additions (aeolian, colluvial and alluvial) from residual components. Thus
we can begin to integrate complex small-scale microscopic soil features with the broader long-
term geological context of surficial transport processes in cratons. Here, processes occurring at
ground level uniquely reflect subdued peneplained landscapes where erosion is minimal and the
biota inevitably plays an important role in development of a composite weathering mantle by
complex internal ordering at the interface of the biosphere with the geosphere.

ANALYTICAL STRATEGY AND FIELD SITE SELECTION

We have applied elemental mass balance and isotopic methods to the Jarrahdale lateritic
bauxite deposit in the Darling Range of Western Australia (Fig. 1). This deposit has been
studied by Sadleir and Gilkes (1976), Smurthwaite (1990) and Anand et al., (1991) and
besides excellent mineralogical profile descriptions, offers the potential advantage of having
developed locally over a late Archean (2.6 Ga) granitic parent material making it possible to
eliminate its variability as a cause of diversity in soil profile characteristics or a significant
factor in its pedogenic evolution. Although a lingering controversy persists as to the igneous
or sedimentary character of the parent material (Grubb, 1971) this issue is resolved here in a
later section.

Analytical sequence

Using fresh granitic gneiss parent material exposed in a deep rail cutting as the state of
comparison, we proceed through a sequence of analytical steps in a well-proven mass balance
strategy (Brimhall and Dietrich, 1987; Brimhall ez al., 1988, 1991, 1992). First, volume change
induced by weathering and pedogenesis is determined directly rather than assuming an
isovolumetric process. Second, using the calculated volume changes or strains, we determine
the absolute chemical gains and losses of elements in individual samples of the
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Fig. 1. Location map of Jarrahdale lateritic bauxite deposit in Western Australia in the Darling
Ranges near Perth at the western edge of the late Archean Yilgam Craton. Ancient, now
eroded, Pinjarra, Albany-Fraser, Patterson and Arunta orogen mountain belts are shown
modified from Myers (1990) and Trendall (1990) in relation to the Perth sedimentary Basin
(Trendall and Cockbain, 1990). The Leeuwin Complex, interpreted here as the principal source
of rounded exotic zircons in the Jarrahdale bauxite, is shown on the southwest comer of
Australia within the Pinjarra orogen.
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porous medium. From these true transported mass profiles we evaluate each zone of mass
accumulation. For those with a related zone of depletion, local profile-scale migration is
inferred. Zones of accumulation lacking internal source regions require influx from external
sources. Thirdly, we evaluate the total enrichment factor of each element in terms of
component enrichment mechanisms: residual accumulation, deformation and transport. Finally,
SHRIMP (sensitive high-resolution ion microprobe) (Compston et al., 1984) zircon dating is
used to verify the identity of the parent material, establish its upward continuity and to
constrain the provenance of dateable exotic detrital minerals associated with aluminous and
ferruginous detritus shown by mass balance to have been derived from sources external to the
profile.

Incompleteness of the in situ residual and detrital origin models

Basically three laterite genesis models have been advanced that differ principally in the
mode of accumulation of aluminous and ferruginous minerals and in the interpretation of the
relevant parent material. These models can be categorized as (1) in situ residual enrichment of
granitic gneiss parent material, (2) detrital transport and (3) weathering of sedimentary parent
material rather than granitic gneiss. Each of these models, while making important advances in
understanding bauxite genesis, are incomplete and leave essential features of the profiles
unexplained. The prevailing in situ residual model of the genesis of the Jarrahdale bauxite
deposit (Sadleir and Gilkes, 1976; Davy, 1979, Smurthwaite, 1990; and Anand et al., 1991)
cites the similarity between chemical, mineralogical and physical characteristics of bauxite
including textures and structures with specific underlying igneous rocks (generally late
Archean granites or more rarely younger dolerite dikes of the Yilgarn Craton). Ollier and
Galloway (1990), addressing laterite genesis in general, prefer a strict detrital origin of
ferricrete occurring above saprolite and interpret the contact as being a depositional
sedimentary unconformity of presumably-transported material overlying an indigenous
substrate.

An alternative and controversial weathering model invoking an arkosic fluviatile
sedimentary parent material instead of local granitic gneisses, was proposed by Grubb (1971)
to explain the presence of a rounded abraded suite of heavy accessory minerals (zircon, rutile,
ilmenite, monazite and tourmaline) in the uppermost zones of certain bauxites, including
Jarrahdale. This interpretation of Grubb's "mineralogical anomalies” was refuted by Baker
(1972), Sadleir and Gilkes (1976) and also Davy (1979). Davy (1979), who while also favoring
a residual weathering mechanism, pointed out that the origin of the exotic accessory minerals
and the means of their incorporation into the "caprock" had not been clearly identified. Davy
also pointed out that windblown materials would be expected over the expanses of the Yilgam
under desert conditions inferred earlier by Killigrew and Glassford (1976).

MASS BALANCE STUDIES

By making the first application of mass balance techniques fully-integrating chemical
composition with physical properties and volume change (Brimhall et al., 1985; Brimhall and
Dietrich, 1987) to the Jarrahdale bauxites, Brimhall et al. (1988) were able to use chemical
elements as geochemical tracers which reveal their own history of transport. Thus, effective
discrimination between residual accumulation and transport was made possible. This study of
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Fig. 2. (A) Comparison of clear rounded exotic Darwinian zircons (top) with cloudy euhedral
indigenous zircons (bottom) from the Jarrahdale bauxite. (B) Example of a modern root
occupying an older void in which detrital translocation occurs.

Jarrahdale reconciled several features of the previously contradictory interpretations and
showed that the widespread but vertically-localized surficial detrital suite of accessory
minerals, including rounded zircon (Fig. 2A), was in fact introduced from the top of the profile
possibly after eolian transport responsible for grain abrasion. The decreasing abundance of the
detrital suite with depth does not support Grubb's contention that it is derived from a fluviatile
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Fig. 3. A) Vertical distribution of zircon types in relation to laterite zones showing number of
grains in each type recovered from about 20 g samples using heavy liquid separation methods.
B) Zirconium concentration profile based on XRF analysis of pressed pills showing influence
of exotic zircons. C) Dry bulk density (g/cm?), porosity and grain density profiles (g/cm3).

deposit. Instead, Brimhall er al. (1988) showed that size sorting of grains through pores of
decreasing size with depth lent additional support to the exotic contamination hypothesis. The
mechanism whereby foreign material made its way into and through soil columns was shown
further to be controlled by translocation through tubules provided by decayed roots (Fig. 2B)
(Brimhall et al, 1991 and 1992). Hence, exotic detritus is excluded from entering the
submicroscopic pore system of the basal clay after passage through the pisolitic gravel, massive
hardcap and blocky hardcap zones (Fig. 3A). With this interpretation, debate over in situ
versus detrital origin became unnecessary as both processes were proven to occur but to
dominate differentially with depth within the same profile for reasons governed by complex
interfacial activity of biological and geological systems perturbed by major additions of detrital
material.

Volumetrics of weathering

Explicit mass balance composition/density/volume relations were applied to chemical and
physical data on Jarrahdale (Figs 3B and 3C). The central goal was to characterize the
transport, deposition and deformation processes responsible for the formation of a multitude of
oriented, geopetal, microsedimentary pore deposits cross-cutting a sequence of still older
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Fig. 4. A) Oriented ultra-thin section 5 um thick showing in-filled pore with clay skins in
blocky hardcap beneath open pore lined with chemical precipitates. B) Strain profile computed
using zirconium concentrations corrected for the presence of rounded zircons (3B). Initial
volume change is collapse related to desilication as feldpars weathered at the bedrock/saprolite
interface. Expansion from this collapsed state occurs in the blocky hardcap and pisolitic
gravels by macro-pore infilling and accretionary growth respectively. C) Absolute transported
mass gains and losses for Si, Fe and Al. Note the accumulation of Al within the blocky hardcap
for the same sample shown in Fig. 4A. Minor Si accumulation is evident at very top of profile,
perhaps related to eolian quartz or phytoliths. Si analysis is by XRF of fused glass plate and Fe
and Al are by AAS. D) Residual enrichment factor compared with overall enrichment factor
showing residual effects account for only one-third of total Al enrichment.
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in-filled voids along arcuate concave-up unconformities that were observed in ultra thin (5 p)
sections (Fig. 4A).

A Zr mass balance-based strainometer was used for the most basic component in the
analytical strategy. Volume change during weathering, £,, , (Fig. 4B) was computed using:

Vw_vP:Z“i—-lzp_p_C_’?ri_l (1)
Vp Vp pw C Zr,w

€zrw =

This method uses Zr as an immobile reference eclement after correcting its total
concentration for introduced morphologically-distinct rounded zircon to yield C*7, . Symbols
V and p refer to volume and bulk dry density, and subscripts p and w refer to parent material
and weathered samples respectively. Our technique has similarities to other approaches as
reviewed recently by Moran et al., (1988) which use zircon as an index of volume change.
However, unlike these other studies we are not limited by the assumption of no loss of zircon
and through SEM morphology and quantitative modal analysis, the movement of zircon into
the soil profile is evaluated. Furthermore, after heavy liquid separation is used to concentrate
zircons quantitatively, we measure modes of morphological groups of zircon using a
computer-assisted line integration counting method which is statistically more accurate than
point counting (Brimhall and Rivers, 1985).

Mass gains and losses

After determining volume changes, evaluation of absolute mass gains and losses during
weathering, §;,, for an element, j, are computed using Eq. 2 where m;4,/V, is the overall
difference in mass of element j between a modemn sample in the deformed weathered state and
its parent material per cm3(Brimhall et al., 1992).

5 - mM; flux - prwcj,w _ ppcj,p :(

M, Vo100 100

PwCiw PpCip
100 100

€zrm +1) @)

In Fig. 4C showing results for Si, Fe and Al, a value of Sj,w equal to 0 signifies no transport
and indicates that only residual and deformational effects have occurred while a positive value
proves accumulation by transport. A negative value shows the amount of removal. Notice that
there are no source regions internal to the weathering profile for the excess transported Al and
Fe evident in the blocky hardcap and pisolitc gravels. Both these elements were introduced
from above the present soil profile. The in-filled pore, rich in gibbsite from the blocky hardcap
shown in Fig. 4A, is depicted again by a large rounded symbol on the Al profile line in Fig. 4C
to demonstrate the correspondence of micro-structure with dilation and Al accumulation by
transport.

Correlated mass accumulation and inflation

The basal clay unit, developed by incongruent dissolution and desilication of feldspars (Fig.
4C), is in a highly collapsed state representing the primitive condition of in situ weathering
from which all the upper zones have evolved. In contrast, the pisolitic gravels and blocky
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hardcap zones have experienced volumetric expansion related to the excess mineral volume of
introduced detrital Al and Fe species by pore infilling and accretionary growth mechanisms
respectively. The entire weathering column is however developed from a single continuous
permeable medium which is differentiated internally by migration through the variably-
permeable porous medium.

Contribution of residual in situ processes to ore-grade Al enrichment

The individual contributions of in situ residual and transported Al to the total concentration
are distinguished by use of the enrichment factor which is the ratio of the Al concentration in a
weathered sample divided by the concentration in the parent material (Eq. 3).

)] )

Closed Open

System System
Catw =p_p£ 14 10064, ,, =p_p 1 14 1008 4;,, 3)
CAl,p Pw Ve CAl,ppp Pw (EZr,w + 1) CAl,ppp

Terms 1 and 2 in Eq. 3 represent these two distinct contributions to the enrichment factor
and are referred to here as the "closed” and "open" system parts. Term 1 describes the
enrichment of Al as an immobile element. It is a product of p,/p,, the pure residual enrichment
factor multiplied by a second factor, 1/€,,, +1) which is the same as the volume ratio, V,/Vw-
Residual enrichment results from simple removal of mobile elements with a corresponding
reduction in bulk density and a corresponding increase in porosity (Brimhall and Dietrich,
1987) with volume change expressed by a separate factor. Term 2 gives the transported part
of the enrichment factor. Notice in Eq. 3 that the residual factor affects even the transported
component. An important conclusion of this analysis at Jarrahdale is that in situ residual
concentration of Al given as p,/p,, accounts for only one-third of the total enrichment with the
remaining two-thirds being due to transport (Fig. 4D).

Inferred composition of exotic detritus

It is evident from Fig. 4C that the detrital contaminant enriching the bauxite to several times
residual levels is a chemically-mature, previously weathered suite rich in aluminum and to a
lesser extent iron, but is surprisingly quartz deficient. A likely source of such fine-grained
argillaceous material is older deeply weathered terrains disrupted by uplift, erosion and
ablation. More than 60 km east of the Darling Scarp, the lateritic cover has been partially
stripped exposing the lower kaolinite-rich zone referred to as a semi-stripped etchplain by Finkl
(1979) and Hocking and Cockbain (1990). These source regions are probably similar to
regions described in South Australia by Milnes ez al. (1985) supplying highly kaolinitic clastic
material in the Eromanga Basin. This erosion and sedimentation history is interpreted as
involving repeated exhumation and re-burial processes. The morphodynamic pattern is referred
to as the "cratonic regime" by Fairbridge and Finkl (1980) where poly-cyclic topographic
inversion results from escarpment retreat.
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Profile evolution above and below the midprofile boundary

We have shown that under the influence of surficial deposition, the bauxite profile has
evolved as a unit and has become differentiated into two principal parts comprising a
composite but continuous system with an intemnal boundary. The lower part of the weathering
system was shown to be a primitive basal residual clay regime developed in situ from
weathering of bedrock. The contaminated system near surface slowly transforms the primitive
basal saprolite or clay zone system by bioactivation, a process involving translocation of
indigenous and foreign detritus through open and connected root tubules (Brimhall et al., 1991
and 1992). The base of the upper system is defined essentially by the average depth of root
penetration which limits the depth of translocation and hence bioactivation. Since root tubules
penetrate even the most indurated of hardcaps and can be maintained in an open state by roots,
this subsurface evolution proceeds even within and beneath duricrusts.

The subsurface acquisition mechanism proceeds by repeated cycles of void space creation
by root decay and pore infilling, followed by renewed root growth evident in the numerous
oriented, geopetal, microsedimentary pore deposits. Spatial accommodation of this excess
volume of exotic detritus is through deformation developed by episodic root growth stresses
causing an incremental dilational mixing which progressively inflates the soil (Brimhall et al.,
1991, 1992). We infer that this dilational mixing mechanism defines and is an integral part of
the upper portions of lateritic weathering systems developed on rocks exposed on tectonically-
stable cratons where low erosion rates ensure local retention of the clay and iron oxide
products of weathering.

With these conclusions, we interpret the mid profile boundary of lateritic bauxites at
Jarrahdale not as an unconformity separating two distinct materials, the overlying one having
been deposited on top of the other by superposition as described by Ollier and Galloway
(1990) for laterites elsewhere, but rather as simply being the internal boundary recognized here
separating the basal clay system from the superadjacent zone of bioturbation and dilational
mixing. Instead of stratigraphic superposition (Finkl, 1980) and aggradation above the exposed
surface, we interpret the detrital deposition to occur within a continuum by migration down
into and through the laterite rather than accumulate on top of it. We do not refute that
unconformities do exist in laterites, but show that at least in the profile studied here, the rate of
deposition of detritus must not have exceeded the capacity of bioturbation to accommodate the
excess mass in the subsurface. Unquestionably, more rapid deposition of eolian detritus can
literally bury laterites as in the migration of sand dunes.

Additional evidence against the midprofile boundary being an unconformity at Jarrahdale is
that parent materials, differing greatly in composition and mineral assemblages, can survive and
impart their character throughout the laterite profile even into surficial pisolites with little
lateral dispersion (Sadleir and Gilkes, 1976). This occurs even with intense contamination,
physical mixing and deformation within the upper soil system. Vivid examples of these effects
are: the higher abundance of quartz in pisolites over granites in contrast to those over dolerites
(Smurthwaite, 1990), lateritic enrichment of gold over primary mineralization (Davy and El-
Ansary, 1986; Brimhall et al., 1991), and geological mapping of inferred bedrock contacts on
the basis of laterite features (Smurthwaite, 1990).
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SHRIMP ION MICROPROBE ZIRCON STUDIES

While mass balance results allow unique inferences to be made about the involvement of
pedogenic material from sources internal or external to the existing weathering profile, one of
its limitations is that it does not discriminate between parautochthonous material translocated
downward by regolith reduction into the existing soil column and truly allocthonous material of
external derivation. The mineral zircon serves as a tracer useful in resolving this dilemma and
has been used elsewhere in provenance studies in sedimentary rocks with unparalleled success.
The utility of zircon stems from the fact that it is not only a chemically resistant mineral
surviving pedogenesis but it is also dateable. Upon formation, its crystal structure accepts
uranium substituting in small quantities (generally less than several thousand ppm) for
zirconium. The uranium undergoes decay to radiogenic lead. An additional advantage is that
during its original growth, zircon tends to exclude common (mostly non-radiogenic lead)
thereby facilitating accurate U-Pb dating and minimizing the magnitude of the necessary
corrections.

Ireland (1992) showed that not only can individual zircon age components be dated, but the
relative proportions of age components of crustal sources may be determined. Previously,
zircon occurring in Jamaican bauxites was studied successfully using fission track ages to
demonstrate that bauxite formed by lateritic weathering of volcanic ash (Comer et al., 1980).
Our SHRIMP dating of zircons here, however, is focused on verification of the proposed
exotic character of the rounded zircons and associated aluminous material.

To resolve this issue, we apply the SHRIMP to (1) check the continuity of the granitic
gneiss parent material, (2) verify the foreign character of the abraded mineral suite by using
zircon as a datable pathfinder mineral, and (3) provide some constraints on the provenance of
the complete exotic suite including its aluminous components.

SHRIMP capabilities and analytical conditions

Using the SHRIMP it is possible to determine Pb-U and Pb/Pb ages as well as elemental
concentrations of U and Pb rapidly on individual zircons as small as 50 pm in diameter and to
do so on sufficiently large numbers of grains as to generate population statistics useful in
provenance analysis. Efficiency was improved in this study by automatic peak centering of the
204pp peak on Zr,0, and 207Pb and 298Pb on 206Pb. This helped to reduce analysis times while
U, UO and ThO peaks were centered independently. We performed five scan sets on rounded
zircons and seven scan sets on euhedral zircons using the following counting times: UO* for 2
seconds; 238U+ for 5 seconds; 204Pb, 206Pb, 208Pb and background for 10 seconds; and 207Pb
for 40 seconds. A secondary beam current of 3 nanoamps was normal. A 572 Ma gem-quality
zircon from Sri Lanka analyzed conventionally with solid source mass spectrometry was used
as a standard. Standards have been 208Pb corrected and unknowns 204Pb corrected using
Broken Hill composition lead.

Continuity of the granitic gneiss parent material

We first established the age of the granitic gneiss parent material by probing 33 fresh
untransported euhedral zircons (Fig. 5A). Although generally discordant, their age is clearly
late Archean near 2650 Ma (Fig. 6A). In comparison, analysis of 44 weathered



76 G. BRIMHALL, W. COMPSTON, 1. WILLIAMS, R. REINFRANK AND C. LEWIS

3000
C 0.60 - 87 Clear Rounded 2800
| Isotopically-concordant 2600
0.50 | "Darwinian” Zircons
: 2400
2200
0.40 - 2000
wD L 1800 7
o
0.30 1 1600
s 1400
g:\. [ 1200
& 0.20 |
_900
0.10
k400 l
A ] i 1 2 1 i 1 i 1 . | P 1 i 1 L 1 L J
0'000 2 4 6 8 10 12 14 16 18 20
207py; 25y
B 0.60 3000
’ " 44 Weathered Euhedral Zircons
From Jarrahdale Lateritic
0.50 | Bauxite Deposit, W. A. 2500
0.40 L
> 2000
] V.
5 o030 L
o Ve
N
0.20 Hooo 7 Discordant
zZircons
010 |
0.00 w0 1 ¢ 0 4 b o4t oa 011 a 14
2A07ppy 235y
A oso WeT® sooo
" T 33 Fresh Euhedral Zircons poe ' o ()
Beneath Jarrahdale Lateritic pra L
0.50 | Bauxite Deposit, W. A. 2500_ %
oo
804\ 0.40 | 2000 7, A
re] ;7
’
o0 | 2
N ’
0.20 hooo .’
Discorcant
0.10 Zircons
000 Lo v v,
0 2 4 6 8 10 12 14 1 18 20
A7pyy 235

Fig. 5. SHRIMP data showing "Concordia" plot of A) 33 fresh unweathered euhedral zircon grains
occurring at depth in the gneissic granite parent material. B) 44 weathered euhedral zircons in the
bauxite. C) 87 rounded abraded exotic Darwinian zircons falling on or near "Concordia" indicating
closed 238U-206ph and 235U-207Pp systems. Ages fall into several groups between 500 to 2900 million
years (Ma).
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Fig. 6. A) 207Pb/206Pp age histogram of fresh euhedral zircons and B) weathered euhedral
zircons. 207Pb/206Pb ages approach the ages of zircons unaffected by Pb loss as they do not
rely on either Pb or U concentrations and instead use only Pb isotope ratios. Unstable high U
and Th zircons with alpha track damage of the crystal structure appear to be missing in the
weathered zircon population (B). C) 238U-206Ph age histograms of rounded exotic Darwinian
zircon grains showing four age populations.

zircons, spanning the bauxite profile from immediately above the fresh gneiss to within a few
centimeters of the surface, have a similar age and a discordancy pattern indicative of either
recent lead loss or uranium gain without fractionation of isotopes (Figs 5B and 6B) as do the
fresh unweathered zircons of the bedrock (Figs 5A and 6A). These two features strongly
suggest upward continuity of Archean bedrock granitic gneiss parent material through what is
now the bauxite profile and establish continuity of the gneiss parent material.

The age histogram for the weathered euhedral zircons (Fig. 6B) appears skewed towards
older ages. We interpret this to be due to an absence of grains younger than 2600 Ma (a few
grains do occur and have high U) having become more susceptible to breakdown because of
their more metamict (alpha decay)-damaged character. We conclude that this is evidence of in
situ selection of low U rounded grains and their preservation even within the weathering
profile.

Exotic character and provenance of rounded zircons

Our main objective of dating rounded zircons in the bauxite was to test the hypothesis
advanced by Brimhall et al., (1988) that the abraded mineral suite was exotic. The secondary
objective was to constrain possible source regions. Eighty seven clear rounded (abraded)
zircons contained in the upper 2.2 meters of bauxite were analyzed (Fig. 5C). From the surface
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downward, these rounded zircons decrease in abundance in relation to weathered euhedral
zircons which increase (Fig. 3A). Within the hardcap (duricrusts), rounded zircons are
subequal in number to local weathered euhedral (unabraded) zircon but below, in the saprolite,
they are essentially absent. Beneath the saprolite only fresh euhedral zircons occur in the
granitic bedrock.

Our SHRIMP data show that in contrast to cuhedral zircons, rounded zircons are distinctly
concordant (Fig. 5C). Their low uranium content indicates that survival of only the most
robust, unmetamict grains are left since they are relatively undamaged by alpha particle
radiation effects. As observed with the euhedral grains (Fig. 6B), this selection process may
actually begin in the subsurface in the source region but undoubtedly occurs during eolian grain
impact and abrasion during eolian transport episodes. Because of the remarkable survival of
this robust mineral fraction during weathering, erosion, transport and redeposition, we refer to
these isotopically-concordant rounded grains as "Darwinian zircons" in deference to Darwin's
recognition in 1846 of the importance of atmospheric transport of land-derived dust to long-
term offshore sedimentation.

An age histogram (Fig. 6C) reveals four well-defined age groups with modes near 700,
1150, 1700, and 2600 to 2750 Ma contributing 39%, 30%, 6% and 24% each to the total
number of rounded zircons. Hence, the youngest age group, 700 Ma is by far the dominant
contaminant of the lateritic bauxites followed by the 1150 and 2600-2750 Ma age groups.

Constraints on possible source regions of these detrital zircons are made using published
compendia of major Australian Precambrian orogenic provinces (Page et al., 1984) but
principally from more recent published and unpublished mapping in Australia and Antarctica
where age assignments have been based upon reliable conventional solid source (U/Pb and
Rb/Sr) mass spectrometry or SHRIMP (U/Pb and Pb/Pb) geochronlogy (Shaw et al., 1984;
Nelson et al., 1989; Wilde and Murphy, 1990; McNaughton and Goellnicht, 1990; Goellnicht
et al., 1991; Young and Black, 1991; Sheraton et al., in press).

We have interpreted the provenance of the 700 Ma zircons as shown in Fig. 6C as having
come principally from the Leeuwin complex southwest of the Jarrahdale bauxites (Fig. 1). The
Darling Fault separates the Pinjarra Orogen containing the Leeuwin Complex from the Yilgarn
Craton to the east and formed the eastern margin of a major rift zone by which Greater India
was split from Australia and the western margin of Australia was defined (Veevers and
Cotterill, 1978; Myers, 1990). Most of the rocks formed in collisional tectonic regimes and
were accreted to the Yilgamn craton with the most recent collisional episode inferred to be near
0.75-0.65 Ga old. Leeuwin Complex rocks are intensely-deformed and consist of granite
metamorphosed to granulite facies grade and include granulite, granite gneiss, and lesser
anorthosite occurring as remnants of anorthosite-gabbro intrusions. The Pinjarra Orogen, while
appearing as only a small potential source region, is a small fragment of a much larger plate
(Wilde and Murphy, 1990).

The subordinate source regions are interpreted as being the orogens surrounding the
Yilgarn Craton on its southern, eastern and northern, and/or sedimentary sequences of
intermediate age containing detritus derived from them. The 1150 Ma group is interpreted as
having a principal source in the Albany-Fraser Orogen in Australia and Bunger Hills of East
Antarctica as is the minor 1700 Ma age component. The 2600-2750 Ma age group we assign
to transport of material derived directly from the local surrounding Yilgarn block of granites
and granitic gneisses.
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CONCLUSIONS

In cratons, because of long-term tectonic quiescence over periods on the order of billions of
years, uplifted regions are levelled and erosion eventually becomes sufficiently slow that the
products of weathering accumulate in deep soil columns. Continued weathering produces a
nearly indestructible, chemically-mature, eclectic continental residuum composed of (1) local in
situ residual products of weathering and stable accessory minerals, (2) local detritus accessed
by regolith reduction from above a present exposure by escarpment retreat and topographic
inversion, and (3) admixed exotic minerals derived from several distant weathered source
regions elsewhere.

The regional topographic levelling process may be dominated by redistribution of this
eclectic mixture in contrast to earlier mass removal in outflowing rivers when topographic
gradients may have been higher. During the cratonal stage of soil evolution, deposition of a
previously minor dust component may become a significant contributor to mass accumulation
in the evolving continental residuum. It can serve to dilute indigenous elemental abundances
although metal anomalies in the parent material still persist into the regolith and may even be
concentrated by regolith reduction. While lateritic terrains may appear static in comparison to
landscapes with greater relief and dust deposition may seem an inconsequential process, slow
transmigration by escarpment retreat, colluviation, topographic inversion and regolith
reduction (Ollier and Galloway, 1990; Brimhall, et al., 1991) eventually desegregates even the
most indurated duricrusts. By these mechanisms thorough mixing of both local and exotic
detrital components occurs through repeated exposure to the rigors of the surficial
environment.

Repeated re-introduction of this eclectic, chemically-mature suite back into the porous
subsurface occurs through pathways open for translocation provided by connected pore
networks in the loose pisolitic gravels and the tubular cavities below exploited and maintained
by roots. Faunal burrows, transport and dissaggregation of termite mounds provide further
mixing processes. /n situ residual weathering is only the first step in this evolution. Sources
and mechanisms of accommodation of this indigestible excess mass directly influence the fabric
of cratonal soils and reflect complex interfacial activity of biological and geological systems
perturbed by major additions of exotic material.
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Iron oxides in iron-rich nodules of sandy soils from Alberta (Canada)
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ABSTRACT

Arocena, J.M,, Pawluk, S., and Dudas, M.J. 1994, Iron oxides in iron-rich nodules of sandy soils from Alberta
(Canada). In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in
Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia,
July 1992, Developments in Soil Science 22, Elsevier, Amsterdam, pp. 83-97.

A large proportion of Fe oxide in some Alberta soils is "naturally concentrated” in the form
of nodules. An in situ investigation of these nodules was carried out through X-ray
microdiffraction and electron microscopy to study the spatial distribution, mineralogy and
micromorphology of the common Fe oxides.

The typical X-ray microdiffraction patterns of the nodules consist of several smooth and
continuous Debye Scherrer rings. This indicates that within the 50 um collimation of the
microcamera, the normally large (100 - 300 pm) Fe nodule is a conglomeration of very fine
particles of Fe oxide minerals in random orientation. Goethite was the most common Fe oxide
with morphologies ranging from "flake-like” crystals about 2 um wide, 1 pum long and 0.25 pim
thick, "block-like" crystals about 2 x 2 x 4 um and aggregates of fine crystals. The Al for Fe
substitution, calculated from the c-dimension, ranged from as low as 2 to as high as 28 mole%
Al. The low amount of Al for Fe substitution usually occurred in the C and Ae horizons while
highly substituted goethite was found in the B horizons. Goethite was also present in
association with hematite and/or lepidocrocite in some of the nodules in the B and C horizons.
Other minerals identified in the nodules were quartz and various phyllosilicates. The presence
of ferrihydrite in the bulk samples of the sola is suggested by the high Feo/Fed ratio.

The variety of Fe oxide associations within the sola reflects the variable environmental
conditions that existed during their formation (e.g., goethite with hematite is typical for well-
drained conditions while the formation of goethite and lepidocrocite association is common in
reductomorphic environments). The different degree of Al for Fe substitution in goethite even
within the same horizon, probably reflects the influence of variation in microenvironments.
The in situ approach used in this study and the resolution achieved is considered an
improvement over the conventional use of bulk samples analysis where the average value is
determined and the heterogeneity within the horizon is often not established.

INTRODUCTION

Apart from the high pigmenting ability of Fe oxides, the presence of Fe-rich nodules in
many sola indicates its importance in most pedogenic studies. The nature of iron oxides
reflects the "environmental conditions under which they formed" (Schwertmann and Taylor,
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1989). For example, the extent of Al for Fe substitution in goethite is related to the activity of
Al in the environment (Fitzpatrick and Schwertmann, 1981; Schwertmann et al., 1987).

Most mineralogical investigations of soil Fe oxides usually start with concentration
techniques such as magnetic separation (Schulze, 1988), ore separation (Schwertmann et al.,
1987), chemical treatment (Norrish and Taylor, 1961) or particle size and density separation
(Jackson, 1969). It should be realized, however, that a large proportion of Fe oxide in soils
are "naturally concentrated" in the forms of mottles, nodules, or coatings and through in situ
investigation, concentration is not necessary. Investigation in situ also provides important
information such as spatial distribution and avoids the "averaging" effects of concentration
procedures where one normally obtains the "mean information" about the different Fe oxides
phases present as nodules, mottles or coatings.

In situ investigation of soil Fe oxides has been attempted previously mainly through
selective dissolution in thin section (e.g., Bullock et al., 1975; De Geyter et al., 1982) where
the mineralogical composition is correlated to differential solubility by specific extractants.
This technique has proven useful in the study of the spatial distribution of ferrihydrite based on
its preferential dissolution with acid ammonium-oxalate although not when the ferrihydrite was
present with siderite and vivianite because these Fe minerals are also soluble in acid
ammonium-oxalate.

The objective of this study was to characterize the mineralogy of Fe-rich nodules in sandy
soils from Alberta. X-ray microdiffraction methods were employed to assist in the in situ
characterization of these materials. This technique has been successful in the study of
serpentine minerals (Wicks and Zussman, 1975) and selected pedological features in some
Alberta soils (Brewer and Pawluk, 1975; Pawluk, 1983).

MATERIALS AND METHODS
The study area, Fe extraction, and microscopy

The three sandy soils used for the study are situated at 1,150 m a.s.l in the Wildhay
benchland near Hinton, Alberta (pedon 1: 53°4624 + 15"N, 117°37'37 £+ 30"W; pedon 2: 53°
44721 + 15"N, 117°39'11 + 30"W) and at 850 m a.s.l. in the Alberta plateau benchland along
the Forestry Trunk Road (pedon 3: 54°31'32 + 15"N, 118°9'57 + 30"W). The pedons are
classifed as transitional between Luvisolic and Podzolic orders in the Canadian system of soil
classification (Canadian Soil Survey Committee, 1978). The field morphological descriptions
for each pedon are described in Arocena et al. (1992).

Soil samples of about 5 kg were collected and subsequently air-dried and passed through a
2 mm sieve for bulk chemical analyses. The amounts of various forms of free Fe were
measured by extracting the soil with dithionite-citrate-bicarbonate (Mehra and Jackson, 1960),
sodium-pyrophosphate (McKeague, 1967) and acid ammonium-oxalate (Schwertmann, 1964).
The extracts were analyzed for Fe by atomic absorption spectrophotometry. Total carbon was
determined using a carbon analyzer and total Fe was determined following the microwave
dissolution technique outlined by Warren et al. (1990).

Three soil monoliths, measuring 6 X 8 X 24 cm taken from each profile, were impregnated
with electrical resin and 30 pum thick 8 X 5 cm thin sections were prepared and described
following the methods and terminologies of Brewer and Pawluk (1975), Brewer (1976) and
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Bullock et al. (1985). Morphometric analysis of the distribution of the nodules was conducted
using a computerized image analysis system. The sub-microscopic morphology and the
amounts of Fe and Al in selected Fe-rich nodules were determined with the aid of a scanning
electron microscope (SEM) equipped with an energy dispersive X-ray analyzer.

X-ray microdiffraction and Al for Fe substitution in goethite

In situ mineralogical determination of Fe-rich nodules was conducted by removing portions
of the thin section containing the nodule of interest from the glass slide. Mounted glass slides
were heated at 80°C for 10 minutes and thin sections were peeled while hot with a razor blade.
The peel was then mounted on a transmission type microcamera (Chesley, 1947) equipped
with a 50 um collimator. Alignment of the sample with the collimated X-ray beam was
achieved by ensuring that the light from a petrographic microscope passed through the 50 pm
aperture and illuminated the nodule of interest. The camera was attached to a X-ray generator.
The unit was equipped with an Fe filter and was operated at 30 kV and 20 mA to generate Co-
Ko radiation. The X-ray diffraction pattern composed of several Debye Scherrer rings was
recorded on a 35 x 40 mm photographic film after exposure times of 8 - 12 hours.

The strong, spotty, and discontinuous Debye Scherrer ring produced by the d;y; reflection
of quartz (Qtz) in almost every nodule examined provided the internal standard for the
determination of the exact specimen-to-film distance, a critical factor in the calculation of the
d-spacings. The distance was calculated from the geometrical arrangement of sample, film and
Qtz d;; reflection (Fig. 1). The corrected distance (D) is given by:

_ L _ L
2tan31.066° 1.204

where, L = diameter of Qtz d, ring and 31.066° = Bragg angle of Qtz d;,; for Co Ka.

The corrected D is used to determine the Bragg angle corresponding to the diameter of
each Debye Scherrer ring recorded from the diffraction of a particular lattice of the unknown
Fe oxide. The use of Qtz djy; ring as an internal standard enabled accurate measurements of
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Table 1
Total and free iron contents of the soil materials.
Sample Fe, Fe, Fey Fe, (Fer.q) Feyopa Fe,q
(g kg1 soil)
Pedon 1
Ae 0.2 0.5 0.6 2.4 1.8 0.17 0.83
Bfj 23 9.0 11.9 13.6 1.7 0.24 0.76
Bt 0.9 50 8.2 11.0 2.8 0.39 0.62
Ci 0.2 0.9 3.5 29.9 26.4 0.74 0.26
Pedon 2
Ae 0.4 0.5 0.6 43 3.7 0.17 0.86
Btf 4.4 11.5 15.1 22,6 7.5 0.24 0.76
Bij 1.4 5.6 7.9 16.0 7.1 0.22 0.71
IIC1 1.4 3.6 5.6 18.3 12.7 0.36 0.63
Pedon 3
Ae 0.2 0.7 0.9 2.3 1.4 0.22 0.83
Btf 33 9.6 143 14.9 0.6 0.32 0.67
Cl 0.5 1.0 4.7 10.9 6.2 0.79 0.22
Fe, pyrophosphate extractable Fey dithionite-citrate-bicarbonate extractable
Fe, ammonium-oxalate extractable Fe, total dissolution

d-spacings and the calculation of unit cell parameters for goethite using the Applemans and
Evans computer program for indexing powder patterns and refining unit cell parameters by
least square procedures as adapted to personal computers by Benoit (1986). The Al for Fe
substitution based on the measured c-unit cell dimension was estimated using the relationship
mole%o Al = 1730 - 572 c-unit cell dimension (Schulze, 1981).

Iron nodules around 100 pm in diameter and 10 pg in weight collected from bulk samples
by density separation were also exposed to X-ray microdiffraction similar to the nodules in thin
section. Fig. 1 showed the location of the sample in the camera. Selected nodules from B
horizon were likewise subjected to infrared analysis using a FTIR spectrometer in which the
pellets were prepared from a 1:300 mixture of sample and KBr.

RESULTS AND DISCUSSION
Distribution of Fe and Fe nodules

The total free Fe (Fed) and the pyrophosphate extractable Fe (Fep) show maximum values
in the B horizons and lowest values in the Ae horizons (Table 1) which is characteristic of Fe
accumulation in Spodosol profiles (McKeague et al., 1983). The amount of oxalate
extractable Fe (Feo) in the B horizons is more than double that in the Ae horizons and is
additional evidence for the presence of a spodic horizon (ICOMOD, 1990). The high Feo/Fed
ratios within the solum of all the pedons suggest that most of the free Fe is present as less-
ordered Fe oxyhydroxides (Schulze, 1981; De Geyter ef al.,1982). The ratio is about twice
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Table 2

Frequency, size of and area occupied by Fe nodules.

Parameter Ae B C
Frequency (#/100 cm2) 300 1200 2500
Range in size (x100 cm?) 3-27 5-56 2-10
Mean size (x100 cm?) 4.0 5.0 1.0
(standard deviation) 0.4) 0.4) 0.1
Area occupied by nodule (%) 14 58 27
Number of nodules measured 34 119 254

that of (Fed-Feo)/Fed, a ratio taken as the measurc of crystalline free Fe. The higher
proportion of total Fe (Fet) over Fed in the C horizons reflects the presence of magnetite,
unweathered Fe-containing silicates and probably some lithogenic hematite which is claimed to
resist extraction with dithionite-citrate-bicarbonate (Campbell and Schwertmann, 1984).

The Fe nodules investigated are mostly the typic type (Bullock et al., 1985) characterized
by a round shape and undifferentiated internal fabric. The distribution of the nodules within
the profile indicates an accumulation of Fe in the B horizon as suggested by the occurrence of
an average of 12 nodules (= 0.005 cm? size) in every cm? area in the thin section of B horizon
and an average of 3 nodules (= 0.004 cm? size) in a similar area in the Ae horizon (Table 2).
Moreover, the Fe nodules occupied a smaller portion (14%) of the total area in the Ae
horizons when compared to the B horizons where nodules occupied about 58% of the area.
The large area occupied by the nodules in the latter is attributed mainly to the accumulation of
free Fe but also includes weathered mineral grains that are completely coated with Fe
oxyhydroxides. The Fe nodules in the C horizon are numerous at about 25 nodules per cm?
but are small in size (= 0.001 cm?) and are probably inherited. The wide range in sizes of the
nodules in the B horizons suggests a history of Fe oxide formation. The small nodules
probably represent the unaltered allogenic iron nodules similar to those present in the C
horizons. The big nodules may have started forming early in the genesis of the soils and
continued up to the present day.

Occurrence and morphology of Fe oxide minerals

The presence of ferrihydrite in the bulk samples of the sola of all the pedons is suggested by
the high Feo/Fed ratio (Table 1) because neither Fe carbonate nor Fe phosphate is present in
the samples (De Geyter et al., 1982). Ferrihydrite is also found to be thermodynamically stable
as indicated by the positive values for the saturation index (SI) based on Fox (1988):
S1 =log(a(Fe3*)(a(OH))2-35)/10g10-31-7 where a(Fe3*) and a(OH) measured in natural solution
(Arocena, 1991). Saturation index values of zero, positive and negative denote equilibrium,
oversaturation (stability) and undersaturation (instability) with respect to the mineral of
interest, respectively. The Ae horizons (§/=2.9 - 5.6) show higher ST values compared to
those for B horizons (S/=0.6 - 2.0).

The X-ray microdiffraction pattern shown in Fig. 2 is typical for all the nodules and consists
of smooth and continuous Debye Scherrer rings and indicates that within the 50 pm
collimation of the microcamera, the normally large (100 - 300 um) Fe nodule is actually a
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Fig. 2. Typical example of X-
ray microdiffraction pattern of
Fe-rich nodules. The strong,
spotty and discontinuous Debye
Scherrer ring is the quartz djg;
spacing and the remaining
smooth and continuous rings
are for iron oxides and
associated phyllosilicates.

conglomeration of very fine particles of Fe oxide minerals in random orientation (Cullity,
1959). In addition, the strong, spotty and discontinuous reflections around 0.334 nm is the
djp; spacing of ubiquitous quartz. The presence of quartz suggests it plays a role in the
formation of the nodules. It is proposed that the larger quartz grains, evident from their spotty
reflections, attracted the very fine Fe oxide particles through van der Waals attraction onto
quartz surfaces and thus initiated the accumulation of Fe oxides into nodules. Quartz grains
frequently showed etched and altered surfaces which would facilitate the adsorption and
binding of colloidal iron oxyhydroxides.

Goethite was the most common Fe oxide and was usually the sole Fe oxide mineral in
nodules throughout the soil sola. Some samples of goethite appear to have "flake-like" units of
about 2 pm wide, 1 um long and 0.25 pm thick (Figs 3D, 3F, 3G and 3H). A vertical cut
through these flakes resembles the "fan-like" morphology reported earlier for goethite in
Belgium (Stoops, 1983). Block-like crystals of about 2 im x 2 um x 4 pm are also observed
(Figs 3A, 3B and 3C). The surfaces of these goethite specimens are smooth and free of
etching and corrosion indicative of their neosynthesis. A portion of the nodules however,
shows neither the "flake-like" nor the "block-like" morphologies but appears as aggregates of
fine crystals of goethite (Figs 3C, 3D and 3E). These randomly oriented aggregates of
goethite are probably the major contributors to the smooth and continuous Debye Scherrer
rings of the in situ XRD patterns.

In a few cases, goethite is present in association with hematite in the same nodules in the B
and C horizons (Fig. 4A). In such associations, the estimates of the G#/Gt+Hm ratios (Boero
and Schwertmann, 1989) is higher in the B horizon (0.61) compared to C horizon (0.37)
(Table 3). The high amount of goethite in the B horizons can be attributed to several factors
such as the "anti-hematitic" effect of the high organic carbon content in the B horizons where
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Fig. 3. Scanning electron micrographs of the different morphologies of goethite. (A and B) "block-like" crystals (C) "block-
like" crystals and aggregates (D) aggregates and "flake-like" crystals (E) close-up micrograph of aggregates (F) close-up
micrograph of "flake-like" crystals and (G and H) "flake-like" crystals.
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Fig. 4. In situ X-ray microdiffraction patterns of the different Fe oxides (A) goethite in
association with hematite (B) hematite (C) goethite in association with phyllosilicates and (D)
goethite in association with lepidocrocite. Quartz is present in almost every nodule.

the organic ligands effectively tie up the Fe3* such that its concentration is rendered below the
solubility product for ferrihydrite, a necessary precursor for hematite formation (Schwertmann
and Taylor, 1989; Cornell et al., 1989). Another factor is the high free Al content that results
from the accumulation of weathering products in the B horizons as compared to C horizons
(Table 3). Moreover, complexing of Al by organic acids decreases the polymerization of
hydrous-aluminum species, leaving more Al available for other reactions (April and Keller,
1990) such as Al for Fe substitution during goethite formation. It should be mentioned that the
reported values for carbon and Al are given for bulk samples of the horizons and not for
individual nodules; however, the values are thought to be reliable expressions of the differences
between microenvironments where the nodules formed. The competitive formation of goethite
and hematite is also affected by soil temperature, soil pH, moisture and rate of release of free
Fe (Schwertmann and Taylor, 1989).

Other nodules in the B horizon are composed of goethite in association with lepidocrocite
(Fig. 4D). The formation of lepidocrocite is often associated with reductomorphic
environments (Pawluk, 1971; Campbell and Schwertmann, 1984). In contrast, Tarzi and Protz
(1978) reported the occurrence of lepidocrocite in well-drained Ontario soils developed on a
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Table 3
Carbon and aluminum contents, Gt/(Gt+Hm) ratio and Al for Fe substitution in the B and C
horizons.

Sample Carbon Ald Gt/(Gt+Hm) Al subs
(g kg1 soil) (mole %)

B horizon 5.1 8.3 0.61 28

C horizon 1.8 0.5 0.37 12

Ald dithionite-citrate-bicarbonate extractable

Gt/(Gt+Hm) goethite and hematite present in same nodule

granite and granite-gneiss. Lepidocrocite in those soils may be relicts of a previous reducing
environment. The presence of high Al activity is also reported to favor the formation of
goethite over lepidocrocite (Schwertmann and Taylor, 1989).

Goethite is also associated with 2:1 phyllosilicates as indicated by the reflections around
1.378, 0.712 and 0.441 nm (Fig. 4C). Hematitic nodules (Fig. 4B) observed in the Ae
horizons have weathered surfaces and edges and are believed to be the remnant of allogenic
hematite or the authigenic hematite formed early in the genesis of these soils which are now no
longer stable.

The calculated SIs for hematite, goethite and lepidocrocite show that these oxides are
unstable in the Ae horizons (SI<0) but not in the B horizons (SI>0) (Arocena, 1991).

Aluminum for iron substitution in goethite

One of the properties of goethite that is most sensitive to conditions of formation is the Al
for Fe substitution (Norrish and Taylor, 1961; Fitzpatrick and Schwertmann, 1981; Schulze,
1984) where the Al is present as an elemental constituent in the solid solution series between
the isomorphs goethite and diaspore (Yapp, 1983). The smaller radius of A3+ (0.053 nm)
compared to Fe3* (0.065 nm) cause the linear decrease of the unit cell parameters according to
Vegard's rule (Cullity, 1959). In this study, there is a positive linear relation (r=0.951)
between the Fe/Al weight ratio determined by energy dispersive analysis and the measured c-
axis (Fig. 5) which is consistent with the findings of Schulze (1984). The c-axis dimension
appears to be a good measure of Al content in goethite (Schulze, 1984). The correlation
between the Fe/Al weight ratio and the unit cell volume is slightly lower (r=0.718) than the
relation to c-axis dimension.

The Al for Fe substitution (mole% Al) calculated from the c-dimension ranged from as low
as 2 to as high as 28 mole% Al (Table 4), indicative of the solid solution series involving
goethite and diaspore. For discussion purposes, the substitution was grouped into <15 mole%
Al ("low goethite") and >15 mole% Al ("high goethite"), similar to the division used by
Fitzpatrick and Schwertmann (1981). The substitution in the Ae and C horizons is limited to
low goethite with values from 2 to 14 mole% Al. In the B horizon, substitution ranged from
low (2 mole% Al) to high goethite (28 mole% Al). The proportion of high goethite in B
horizons accounts for about 38% of the nodules (Fig. 6).

The low goethite phase was observed in the Ae, B and C horizons and probably represents
the original goethite present in the parent material or the goethite formed early in the genesis of
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Fig. 5. The positive linear relationships between the measured c-axis, the calculated cell
volume and the Fe/Al weight% ratio of goethite.

these soils. The high goethite phase probably represents the pedogenic goethite that resulted
from the weathering and reorganization of earlier formed goethite as a result of concurrent soil
processes characterized by high Al activity in the soil solution. In the reorganization of
goethite, the low goethite can provide the seeding effect (Schwertmann, 1988) for the
recrystallization of weathered goethite to form the larger and highly substituted pedogenic
goethite. The presence of high goethite is also suggested by the wide separation at about 96
cm! of the IR absorption bands observed for 8OH at 893 cm-! and of TOH at 797 cm'!
(Schwertmann et al., 1987) in goethite from the B horizons. The high goethite is most often
associated with the 2:1 phyllosilicates and is similar to some of the goethite in Finland
(Schwertmann et al., 1987).

Implications to soil heterogeneity and pedogenesis

The occurrence of several Fe oxide associations within the sola points to the various and
changing conditions that existed during their formation. The association of goethite with
hematite is typical for well-drained conditions while the formation of goethite and lepidocrocite
association is common in reductomorphic environments. The presence of hematitic nodules in
the Ae horizons is interpreted to represent the region of less aggressive conditions in the
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Table 4
Unit cell parameters and Al for Fe substitution in goethite.
Cell dimension (nm) Al-subs

Sample a-axis b-axis c-axis (mole %)

Ae horizon
311BFe 0.46063 0.99615 0.30185 343
41Fe 0.45897 1.00020 0.30215 1.70
41HFe3 0.45796 0.98631 0.30074 9.76
41HFe4 0.45498 0.99360 0.29997 14.14
41-3 0.45773 0.98646 0.29994 14.38
414 0.45657 0.98142 0.30006 13.68
41-6 0.45538 0.99125 0.30043 11.56
41-7 0.45921 0.99157 0.30042 11.60
41-2¢ 0.45980 0.99235 0.30098 8.40
41-1 0.46428 0.93635 0.30090 8.82

B horizon
312A 0.45840 0.99291 0.30035 11.99
312RCO 0.46400 0.98512 0.30046 11.70
34HFe2 0.46084 0.99461 0.29986 14.81
34HFel 0.46292 0.99140 0.30028 12.39
34HFe3 0.45957 0.98389 0.29833 23.56
MATIIN 0.46695 0.99168 0.30127 6.76
MAT20UT 0.46683 0.98588 0.30043 11.50
42-4 0.46251 0.99160 0.30170 4.29
42-3 0.46614 0.98868 0.29985 14.89
42-5 0.45910 0.99543 0.29965 15.99
422HFe 0.45959 0.99045 0.30111 7.63
422HFel 0.46316 0.99645 0.29997 14.19
422HFe5 0.45882 0.99042 0.30158 4.95
423103a 0.46207 0.99993 0.30105 7.97
423103b 0.46031 0.98983 0.29889 20.36
312Nod5 0.46076 0.99679 0.30208 2.10
312Nod1 0.45809 0.99254 0.29754 28.05
312AB2 0.45946 0.99957 0.29957 16.46
4221 0.46092 0.98922 0.29839 23.19
422-3 0.46444 0.98106 0.29955 16.56
422-5a 0.460392 0.98743 0.29990 19.49

C horizon
45HFe5 0.45564 0.99399 0.30174 4.03
45HFe6 0.46240 0.98723 0.30038 11.83
45Fe 0.46193 0.99270 0.30115 7.45
320Fe 0.46004 0.98951 0.30006 13.66
46Fe4 0.45897 0.98752 0.30034 12.06
46Fe5 0.45564 0.99399 0.30174 4.03
46Fe6 0.46240 0.98792 0.30038 11.82
46Fel 0.46447 0.98986 0.30019 12.90
46-2 0.45766 0.99546 0.30170 4.29
46-5 0.45748 0.98589 0.30050 11.15
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Fig. 6. Class distribution of the degree of Al for Fe substitution in goethite in the various
horizons. The low goethite has substitution of <15 mole% Al and the high goethite has >15
mole% Al

eluvial horizon although the high degree of crystallinity in most of the allogenic hematite can
also be a factor in its stability.

The identification of different degrees of Al for Fe substitution in goethite within the same
horizon is considered an improvement on the conventional use of bulk samples where the
average value is determined (Schwertmann and Taylor, 1989) and the heterogeneity within the
horizon is often not established. In the B horizon, the wide range of Al for Fe substitution (2
to 28 mole% Al) suggests the existence of various microenvironments and temporal changes
where Al activity (Campbell and Schwertmann, 1984) and the amounts of organic ligands
differ widely. For instance, the high goethite may have formed in an environment of high
biological activity such as in the indurated nodules in the B horizon where the fungal
population was found to be higher than that in the matrix (Arocena and Pawluk, 1991).

The nature, occurrence and characteristics of Fe oxides also provide information about the
pedogenesis of these soils. In the early stage of soil formation, where mineral weathering is
dominated by the dissolution of Fe-bearing minerals like olivines, high amounts of Fe3* and
low amounts of A13* are released into the soil solution and lead to the the possible formation of
hematite and goethite, and particularly low goethite. With time, most of these Fe minerals are
weathered and the dissolution shifts to the Fe and Al containing silicates. The chemistry of the
soil solution at this point is different from the early stage because it has high amounts of Al as
well as Fe. High concentrations of organic acids resulting from increased vegetative growth
and decomposition is another characteristic of the soil solution. These conditions are
conducive to the formation of high goethite. The formation of large goethite nodules can be
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the result of the dissolution of the earlier formed small goethite nodules and their subsequent
recrystallization although cumulative crystallization may also be a cause.

The dominance of goethite over lepidocrocite suggests the prevalence of an oxidizing
environment in the pedogenesis of the soils which may be expected in a coarse textured well
drained soil. Reductomorphic conditions necessary for the formation of lepidocrocite is likely
to occur only under certain microenvironmental conditions such as the interphase between the
spongy LFH layer and the Ae horizon, or some isolated period of flooding, during the period
of soil genesis.
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ABSTRACT

Arocena, .M., Landuydt, C., De Geyter, G. and Stoops, G., 1994. Iron-rich peds near a volcanic mudpool, Mt.
Makiling (Philippines). In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology:
Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville,
Australia, July 1992, Developments in Soil Science 22, Elsevier, Amsterdam, pp. 99-105.

Samples of peds around a volcanic mudpool of the solfataric Mt. Makiling in the Philippines
were investigated to determine the nature of selected minerals with emphasis on the formation
of iron oxides. The results of mineralogical and micromorphological studies show that iron
oxides crystallize to hematite in the mudpool edges and to goethite further away from the pool.
These oxides occurred as coatings, infillings and nodules. Other secondary minerals formed
include alunite, sulfur, opal and kaolinite. The acidity produced from present-day solfataric
activity of the volcano is believe to be the driving force in most of the observed mineral
transformations.

INTRODUCTION

Mt. Makiling, a solfataric volcano (14°08'N, 121°11'E) lies on the western belt of
Quaternary volcanism associated with the tectonics of the Manila trench in the Philippines. Its
volcanic ejecta belong to a calc-alkali suite composed mainly of andesite with small
proportions of dacite and basalt dated between 0.18 to 0.51 million years BP (Bureau of Mines
and Geosciences, 1981). Related to this volcanism is solfataric activity as indicated by the
occurrence of a number of mudpools, fumaroles, and hot springs scattered around the volcano.
An area near a mudpool on the eastern side of the mountain, at 27 m elevation, was selected
for the study. The objective of the study was to describe the micromorphology and to
characterize the minerals with emphasis on the formation of iron oxides in the vicinity of the
mudpool.

MATERIALS AND METHODS

Iron-rich surface soil peds were collected from the mudpool area of Mt. Makiling.
Sampling distances from the pool were set arbitrarily and coincide with the color gradation of

* Contribution from the International Training Centre No. 092/055.
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Table 1
Location, redness index, pH, iron and mineralogical analyses of peds from the mudpool of Mt.
Makiling (Philippines).

Samples

P20 P21 P22
Distance from pool 0 50 100
edge (m)
Redness Index 2 4 0
pH 3.5 4.7 4.7
Feo (%) 1.34 0.38 0.61
Fed (%) 21.53 19.42 14.53
Feo/d 0.6 0.02 0.04
XRD* Kt, Gt, Hm, Qtz, S  Kt, Gt, Hm, Qtz, Al  Kt, Gt, Hm, Qtz, Al
Hm/Hm+Gt 0.70 0.37 0.34

*Kt-kaolinite; Gt-goethite; Hm-hematite; Qtz-quartz; S-sulfur; Al-alunite

the peds starting from yellow (10YR 3/4; sample P22 at 100 m away from the edge of the
pool), to yellowish red (7.5YR 6/6; sample P21 at 50 m away from the edge of the pool), and
to red (2.5YR 5/8; sample P20 at the edge of the pool). Brief descriptions of the samples with
the calculated redness rating according to Torrent ez al. (1983) are given in Table 1.

Thin sections were prepared from polyester resin-impregnated peds and described according
to the terminology of Bullock et al. (1985). Iron, both from ground samples and uncovered
thin sections, was extracted using acid ammonium oxalate (Schwertmann, 1964) and
dithionite-citrate-bicarbonate (DCB) (Mehra and Jackson, 1960). In situ extraction of iron
was carried out according to the technique proposed by Arocena et al. (1989). "Feo" and
"Fed" designate the oxalate and DCB extractable iron, respectively.

The mineralogy of randomly oriented ground samples of the bulk material was investigated
by a Philips X-ray diffractometer using Co-Ka (40kV and 20mA). Infrared (IR) spectra of the
samples were determined from pellets prepared by 1:400 soil to KBr ratio. Differential thermal
analysis (DTA) was employed in sample P22 to identify whitish concretions at heating rate of
10°C per minute. Heavy minerals were separated using heavy liquid and quantified, where
possible, by point counting under a polarizing microscope.

Iron oxide mineralogy was investigated using X-ray diffraction. The amounts of hematite
and goethite were estimated from their prominent peak heights; the intensity of Gt d;;; was
multiplied by 1.25 and the Hm d;;, by 1.41 as suggested by Boero and Schwertmann (1989).
The morphology and chemistry of iron accumulation in sample P20 were studied using a
scanning electron microscope with energy dispersive X-ray analyzer (SEM-EDS).

RESULTS AND DISCUSSION
Iron content and iron minerals

Table 1 shows that all the samples contain high amount of free iron (Fed) with values
ranging from 14.53% (P22) to 21.53% (P20). The oxalate extractable iron (Feo) is of minor
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Fig. 1. Infrared spectrum of sample (P20)
containing Fe oxides as revealed by the IR
absorption for vibrational mode of Fe-
containing groups at 400-700 cm! and the O-

H bending vibration at 795 and 890 cm-!
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importance in all samples, showing the dominance of crystalline iron minerals. X-ray
diffraction patterns show distinct reflections at 0.418 , 0.269 , 0.245 nm for goethite and at
0.270, 0.252, and 0.169 nm peaks for hematite. Infrared spectrum of the samples in Fig. 1
showed a strong IR absorbance at 400-700 cm! indicating the presence of vibrational mode of
Fe-containing groups. Adsorption is strong at 470 and 540 cm! and confirms the presence of
hematite identified from XRD results. The presence of goethite is also confirmed by its O-H
bending vibration at 795 and 890. Moreover, optical investigations also revealed that
interference color of these oxides are in the second order red comparable to those of goethite
and hematite.

The ratio Hm/Hm+Gt (Table 1) is higher in P20 than in P21 and P22 and indicates the
dominance of Hm in the mudpool itself. This is consistent with the findings of Schwertmann
(1985) stating that Hm formation is favored at higher temperature. The temperature near the
pool could reach about 90°C and is significantly higher than in the area 50 m away from it. The
high redness index of P20 (Table 1) also points to dominance of Hm (Torrent et al., 1983).

Table 2 shows the properties of these oxides. They accumulate in a variety of forms such
as nodules, infillings and coatings. Radiating pattern of hematite coatings in sample P20 is
shown in the SEM micrograph (Fig. 2). Free iron can also impregnate the whole groundmass
(P20). In situ iron removal effectively removed these oxides and revealed the secondary
blocky structure. The infillings are quite dense especially along planar voids that they
completely mask the microstructure. Infillings can also occur in association with opal. The
nodules are mostly typic about 0.2 mm in diameter.
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Table 2
Micromorphology of the iron-rich peds from the mudpool of Mt. Makiling (Philippines).
Samples
P20 P21 P22
Microstructure vughy angular blocky sub-angular to angular
blocky
Porosity (%) 25 15 15
C/F limit (ratio) Sum (1:9) Sum (2:8) Sum (3:7)
C material* Qtz, Op Qtz, Gl Qtz, Opl, Gl, rock
fragments
F material similar among the three samples: clay, Fe-oxide
Related distribution heterogenous, (some open porphyric open porhyric
parts open porphyric)
Pedofeatures (similar among samples: Fe nodules, infillings, and coatings; clay
coatings and infillings and opal accumulations)
nodules of sulfur nodules of alunite
Organic material (none observed) root fragments plant remains

*Qtz-quartz; Op-opaque; Gl-volcanic glass; Opl-opaline materials

The iron is derived from the breakdown of silicate minerals, and perhaps some volcanic
glass, that are exposed to an aggressive weathering environment in the mudpool and its
surrounds. Oxidation of H,S results in acid formation, creating a very low soil pH favorable
for the release of iron.

Mineralogy

Powder diffraction patterns obtained from bulk samples reveal the presence of kaolinite,
quartz, goethite and hematite. Infrared spectrum shows the presence of O-H bending vibrations
in 1630 and 3420 cm™! wavenumber regions that relate to water associated with the kaolinite
structure. The Si-O absorption band at around 1010 cm-! also indicates the presence of
kaolinite. Thin sections show that the clays form part of the groundmass and accumulate as
coatings and infillings. /n situ removal of the iron, shows clearly that whenever these clays are
present in the microstructure, they are situated along the edges of the blocks and have
extinction lines parallel to the planar voids. Dessication of the percolating water carrying the
peptised clays may have caused the orientation (Theochrapolus and Dalrymple, 1987) and the
formation of the cracks. Clay also occurs associated with other pedofeatures such as void
infillings in the iron-oxide and alunite nodules.

In P20, the weak reflections at 0.47, 0.38, 0.33 and 0.32 nm are interpreted to be due to
elemental sulfur. The hand specimen shows scattered yellowish accumulations which are
indicative of the presence of sulfur. The precipitation of sulfur requires a very high total sulfur
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Fig. 2. Scanning electron micrograph of
the radiating pattern of hematite
accumulation (with the arrow) as coatings
on voids in sample P20.
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Fig. 3. X-ray diffraction pattern of randomly oriented powder sample of P21 showing the
presence of alunite group of minerals (the units in nanometer).

supply, a low pH and an intermediate Eh. These conditions are satisfied in the study areas
where emission of H,S gas is constantly occurring due to the solfataric activity that initiates
aggressive chemical weathering of the minerals, particularly silicates. In P20, sulfur
accumulations may result from the incomplete oxidation of this gas into the mudpool. The
intensive weathering has resulted in a very low reserve of weatherable minerals and high free
iron content. The soil parent material represented by sample P22 contains augite (48%),
homblende (18%), hypersthene (16%), staurolite (13%) and opaques (18%). The same heavy
minerals occur in insufficient abundance for quantitative estimate in sample P21, and only
opaques were separated from P20 at the pool edge.

Another secondary mineral observed as whitish nodules (in P21) has XRD pattern shown in
Fig. 3. It has well defined XRD reflections at 0.30, 0.50, 0.35, 0.23, 0.19, and 0.18 nm which
are attributed to the member(s) of the alunite group, a series of basic sulfates with alunite,
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AFe;(50,),(OH), and jarosite, AAl3(SO4),(OH)4 as end members, where A can be K, Na, Pb,
NH,, Ag or B (Stephen et al., 1988; Brophy, et al., 1962, 1965). Using the lattice-variation
diagram of Brophy et al. (1962), the measured unit cell dimension a (a=4d;,40) is 0.699 nm
and corresponds to AVAl+Fe ratio of 0.96. This indicates the predominance of alunite.
Endothermic peaks at 538° and 755°C on the DTA pattern further support the presence of
alunite. X-ray fluorescence analysis of the nodules also show the presence of S, K, Al and iron
which are the main constituents of the mineral. Silica was also detected together with traces of
P and Ca.

The main rock type in the study area is andesite (Bureau of Mines and Geosciences, 1981),
and is the necessary starting materials (mainly feldspars) required for the formation of alunite.
The formation of alunite from feldspars is well documented (e.g., Harvey and Vitaliano, 1964;
Holler, 1967) and the proposed reaction can liberate silica. In the mudpool sample we did find
porous opaline accumulations and locally silicified plant fragments with distinct cellular
structure. In acid sulfatc soils where similar silicate weathering takes place under acid
conditions, jarosite is usually present and occasional concentrations of secondary silica and
opal-C are observed (van Breemen, 1979).

CONCLUSIONS

Chemical, mineralogical and micromorphological results suggest that an aggressive chemical
weathering of the primary ferro-magnesian minerals of the andesitic parent material is the
principal soil forming process in the arca. The high soil acidity caused by the oxidation of the
H,S gas, high rainfall and warm temperatures in the area provide the main driving forces to the
weathering process. Intense weathering of minerals is suggested by the high amount of free
iron and opaque minerals, low amount of weatherable minerals, neoformation of alunite, opal
and elemental sulfur. Free iron crystallizes to hematite in the mudpool edges and to goethite at
greater distance away from the mudpool.
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ABSTRACT

Koppi, A.J. and Klessa, D.A. 1994. Light and electron microscopy studies of uranium distribution in the
regolith at Koongarra, N.T. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology:
Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville,
Australia, July 1992. Developments in Soil Science 22, Elsevier, Amsterdam, pp. 107-115.

Autoradiographs of thin sections from the M2 core in the regolith (about 25 m thick) of the
Cahill Schist Formation at Koongarra, Northern Territory, revealed that relatively large
amounts of U as an o-particle emitter occurred in Fe-rich and Mn-rich areas. Electron
microprobe analysis (EMA) and X-ray maps showed that within the Fe-rich areas (< 60% Fe),
U (< 4%) is associated diffusely with Fe. Within Mn-rich areas there were smaller areas with
high concentrations of U (£ 17%) in intimate association with Ce (< 61%). XRD of Mn-rich
areas at 10 m depth identified the Mn mineral as lithiophorite and this was confirmed by EDS
on the SEM. The lithiophorite crystals have a prismatic morphology. The Ce/U association is
in the form of balls (1 — 2 um diameter) consistent with a mixture of microcrystalline Ce and U
oxides as identified by electron diffraction.

INTRODUCTION

The geology of the uranium deposit at Koongarra (225 km east of Darwin in the Northern
Territory of Australia) has been extensively described (Foy and Pedersen, 1975; Snelling,
1980a and 1989) together with uranium minerals in the unweathered quartz-chlorite-schist of
the Cahill Formation (Snelling, 1980a and b). Secondary uranium mineralisation is present
from the surface to the base of weathering, approximately 25 m depth, and forms a tongue-like
body of ore material, dispersing laterally about 80 m from the primary zone.

During weathering, uranium distribution follows the formation of various iron phases.
Oxides of iron and manganese appeared to dominate scavenging of radionuclides (Edghill,
1991) and a large proportion of total U is associated with various Fe-rich phases in the
weathered zone at Koongarra (Nightingale, 1986). At the nearby Ranger deposit, U is
concentrated in iron minerals (Davey and Gray, 1986). Mn is a well-known scavenger of
numerous trace elements (McKenzie, 1975 and 1989).

The purpose of this study was to examine the nature and role of Fe- and Mn-rich areas in
the mobilisation and retardation of naturally occurring U in the weathering environment at
Koongarra. This paper presents the association of U with Fe, Mn, P and Ce in an intact drill
core (labelled “M2” in the drilling program) from the regolith. The location of relatively high U
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concentrations associated with Fe and Mn in thin sections were defined by o-track
autoradiography prior to further detailed analyses.

MATERIALS AND METHODS

Samples (about 120 x 80 x 50 mm) for thin sections (ultimately, 100 mm X 65 mm X 25
um) were cut from intact drill cores, air-dried at 30°C and impregnated under vacuum with a
low viscosity equal volume mixture of Modar 835S polyester resin (ICI) and acetone. After
evaporation of the acetone (about 15 days at 20°C), resin polymerisation and curing was
accomplished by 7-5 kGy v-irradiation (5°Co) (Gray, 1986). Thereafter, thin sections were
prepared from the hard block in the usual manner (FitzPatrick, 1984).

Autoradiographs (to locate the U-rich areas) were prepared from the thin sections using
Tastrak film (diethylene glycol bis (allyl carbonate) polymer) as a solid state nuclear track
detector. The film was etched in 6-25 M NaOH for 6 hours at 75°C (Gray, 1986). Areas with
high o-particle emission were almost always opaque in transmitted light and therefore were
also examined in reflected light whereupon the black Mn-rich material could be distinguished
from red or yellow Fe-rich areas.

To locate the U and ascertain its chemical associations, representative high o-particle
emission areas from each thin section were studied using an ETEC Autoprobe (electron probe
microanalyser) operated at 15 kV accelerating voltage and a beam current of 50 nA. Elements
present were identified qualitatively by energy dispersive spectrometry (EDS) and measured
quantitatively by wavelength dispersive spectrometry (WDS). Analyses were corrected for
matrix effects (atomic number (Z), absorption (A) and fluorescence (F)) using a standard ZAF
routine (Reed, 1975). The spatial association of elements was determined from X-ray maps.

Mn-rich areas contained the greatest accumulation of U, thus the crystal form and
composition had to be ascertained. Mn-rich areas were therefore hand-picked from a sample at
10 m depth and examined on a Philips 505 SEM with an EDS detector and multi-channel
analyser (MCA). The picked samples were ground and also examined by X-ray diffraction on a
Philips X-ray diffractometer, and by electron diffraction on a Philips EM 430 300 kV
transmission electron microscope (TEM) with EDS detector and Tracor Northern 5500 MCA.

RESULTS

The association of high density o-tracks with red-brown or yellow Fe-rich, or black Mn-rich
material was limited in distribution and often confined to infilled pores, cracks, or lined
fractures within the weathered rock. Rarely was localised high density o-particle emission
sourced to remnants of primary minerals.

Fe-rich areas

Most of the high density a-tracks associated with the iron-rich areas in the core samples
were yellow under reflected light indicative of a goethite dominant phase. Elemental X-ray
maps of a typical area from 21 m depth (Fig. 1) show a clear spatial association of U, Fe and P.
(In the centre and bottom left of this figure, the occurrence of two bright areas containing U, P
and Th indicates the presence of rarely encountered remnant monazite.) When the microprobe
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Fig. 1. X-ray maps of U, P, Fe and Th from a goethite-rich area at 21 m depth. Arrows
indicate remnant monazite. The width of each photograph is 125 um.

data of the Fe-rich zones from 17, 21 and 25 m depths are combined, Fe (<60 %) is positively
(P< 0.001) correlated with U (£ 4%), and P (£ 1.5 %) is not correlated with either U or Fe.
The U concentration is relatively low (< 4 %) and appears to be distributed throughout the
secondary Fe depositions in a diffuse fashion. This suggests an adsorption process of UO,2*
onto oxy-hydroxide surfaces. This adsorbed U would become progressively occluded as
further Fe is deposited or as the crystalline structure of these Fe minerals transform whilst
aging. This would account for the strong extractant required to remove U from the weathered
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Fig. 2. Back-scattered electron image of a Mn-
rich area at 8 m in the M2 core showing discrete
small bright U-rich areas (arrowed). The width
of the photograph is 500 pm.

material as part of a sequential extraction procedure as reported by Edis (1991). Uranium is
unlikely to replace Fe in the crystal structures of Fe-minerals (Gerth, 1987).

Mn-rich areas

Fig. 2 shows a typical back-scattered electron image of a black, opaque Mn-rich area at § m
depth associated with relatively high o-emissions. The U was found to be localised within the
many small bright areas shown in this figure and not throughout the Mn area. X-ray maps
(Fig. 3) show that the Mn and U are in juxtaposition and that the U is intimately associated
with Ce. Microprobe data gave U concentration up to 17% and Ce up to 61% and a strong
correlation of the two elements. In these Mn-rich areas, U concentrations were always
associated with Ce. Where Ce and U occur together, Fe seems to play no role (Fig. 3).

Fig. 4 shows a SEM secondary electron image of a Mn-rich area from 10 m depth that had
been treated with 20% hydrogen peroxide for 2 hours to remove amorphous coatings.
Prismatic rods and smaller (1 — 2 um) individual balls or clusters of balls can be seen. A typical
EDS trace of the rods (Fig. 5) shows them to be Mn- and Al-rich and devoid of U and Ce.
X-ray diffraction indicated lithiophorite ((Al, Li) MnO, (OH);). A typical EDS trace of the
balls (Fig. 6) showed them to be dominated by Ce and U. Other elements are also present on
the trace probably because of the small size of the balls relative to the area of X-ray detection.

The Ce/U balls have a composition different to that of published U or Ce containing
minerals (Frondel, 1958; Vlasov, 1966; Cordfunke, 1969) and have an almost fixed Ce:U ratio
(7:1 - 9:1). TEM electron diffraction investigations of a ground sample from 10 m depth
revealed that the composition of the Ce/U balls is consistent with a microcrystalline mixture of
Ce and U oxides.
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Fig. 3. X-ray maps of Mn, U, Ce and Fe from a Mn-rich area at 17 m depth. The width of each
photograph is 625 pm.

DISCUSSION

At the scale of the light microscope, U (indicated by the a-tracks) was observed in thin
section to be in intimate association with Fe and Mn accumulations. Electron microprobe
analysis (1) confirmed the presence of the U in these zones, (2) quantitatively showed that U
concentrations were much greater with Mn associations than with Fe and (3) revealed that Ce
was always present in appreciable quantities in association with U and Mn but never with U
and Fe. X-ray maps showed the intimate spatial relationship of U and Fe and revealed that Ce
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Fig. 4. Scanning electron photomicrograph of a Mn-rich area from 10 m depth in the M2 core
showing rods of lithiophorite ((Al, Li) MnO;, (OH);) crystals and balls of intimately mixed
Ce/U oxides. Scale bar is in 10 um sections.

and U were spatially inseparable and in juxtaposition to Mn. The SEM showed that the Mn
was in the form of rod-like lithiophorite crystals, and that the Ce and U were together in the
form of small (1 — 2 pm) balls attached to the mineral surfaces. EDS confirmed that the balls
were composed dominantly of Ce and U, although it was impossible to obtain an analysis of
the balls exclusively because of their diminutive size (small amounts of Si, Al, Mn and P were
usually also detected). Electron diffraction and EDS on the TEM showed the chemical purity
of the Ce/U balls and that their diffraction pattern was consistent with a microcrystalline
mixture of Ce and U oxides.

The phase of U, Fe, Mn and Ce in the regolith depends on the prevailing Eh-pH conditions.
As Eh rises, U, Fe, Mn then Ce become oxidised progressively in accordance with the
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Fig. 5. Typical EDS of the Mn rods shown in Fig. 4. The Al and Mn peaks confirm the
presence of lithiophorite (Li is not detectable by this technique). U and Ce were not detected;
the peak to the left of the main Mn peak is also Mn.
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Fig. 6. Typical EDS of the Ce/U balls shown in Fig. 4. Two overlapping peaks of U and the Ce
triplet of peaks (the main peak and two to the left) are shown.
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electrochemical series (Weast, 1981). Oxidised forms of Fe (IIl), Mn (IV) and Ce (IV) are
insoluble. However, under certain conditions of Eh and pH, Fe and Mn are present as oxides
or oxy-hydroxides while U (VI) and Ce (III) are soluble. U (VI) will exist as such under
conditions normally encountered in the regolith. In the shallow groundwaters of the Koongarra
regolith, the chemical conditions (pH 5-5-7; Eh 100400 mV, (Australian Nuclear Science and
Technology Organisation ANSTO, 1992) permit Ce to occur as either Ce (III) or (IV) whereas
Mn will be reduced (Brookins, 1988).

Manganese oxy-hydroxides have a high sorption capacity for heavy metals in the weathering
environment (McKenzie, 1989). Oxidised Mn (lithiophorite) was found in veins and fissures
indicating that these localities were more aerobic than the measured Eh of the groundwater and
that the lithiophorite provided a surface for the sorption of Ce and U from solution. The
marked seasonality of the rainfall in the northemn part of Australia produces large changes in
the depth to groundwater in the region. Consequent alternating reducing and oxidising
conditions about the solid Mn surfaces would permit regular partial dissolution and
mobilisation of the Mn, U and Ce thereby facilitating the growth of Ce/U balls containing large
amounts of Ce and U (£ 17%). Indeed, the lithiophorite surfaces may act as a catalyst for the
agglomeration of Ce and U oxides.

Under the prevailing conditions in the Koongarra regolith, iron oxy-hydroxide surfaces
clearly behave in a different manner to those of Mn. U concentrations associated with Fe were
always found to be lower (< 4%) and without Ce. In the absence of adsorbed Ce, it seems that
a mechanism does not exist for increasing the U concentration upon partial dissolution of the
Fe minerals in response to seasonally changing redox conditions.

CONCLUSIONS

In the M2 core from Koongarra, uranium concentrations were associated mainly with Fe
and Mn oxy-hydroxides. With Fe, U was present apparently as surface adsorption; within Mn-
rich areas (containing the rod-shaped Mn mineral, lithiophorite), relatively large concentrations
of U were associated with Ce in balls on mineral surfaces. The Ce/U balls appear to be a
microcrystalline mixture of Ce and U oxides.
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ABSTRACT

Vepraskas, M.J., Wilding, L.P. and Drees, L.R., 1994. Aquic conditions for Soil Taxonomy: concepts, soil
morphology and micromorphology. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 117-131.

Agquic moisture regimes have been redefined in Soil Taxonomy and are now called aquic
conditions. The new system uses micromorphological concepts to define macroscopic
indicators that show that a soil has been saturated and reduced. Aquic conditions are defined
on the basis of three criteria which must be documented separately: saturation, reduction, and
redoximorphic features. Saturation must be confirmed by using piezometers or tensiometers to
record water table levels to a depth of 2 m. Reduction implies that reduction of Fe occurs.
This can be confirmed by using dyes or Pt microelectrodes. No minimum period of reduction
is required. Low (< 2) chroma colours and mottles have been replaced in Soil Taxonomy by
redoximorphic features which are features formed by the reduction, translocation, and
oxidation of Fe and Mn compounds. Three major groups of redoximorphic features have been
identified: redox concentrations, redox depletions, and reduced matrices. Within the first two
groups there are several specific kinds of features that will be discussed. The redox depletions
and concentrations have been defined on the basis of micromorphological concepts, but
features were named using terminology of the new Soil Survey Manual. Description of
redoximorphic features can be done with the naked eye or a hand lens, and should emphasize
the relationship of the features to macropores. The descriptions should identify where
oxidation and reduction occur in the soil horizon, and show how water and air move through
the horizon during both infiltration and drainage. Additional research is needed in order to
utilize more fully redoximorphic features in defining aquic conditions. Ways must be found to
identify relict features. The relation of the abundance of features to lengths of saturation and
reduction are not well understood and require more work. Models should be developed that
describe formation of redoximorphic features on the bases of fundamental physical and
chemical processes. Such models should enable us to estimate rates of formation of
redoximorphic features and to better understand their genesis.
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INTRODUCTION

The aquic soil moisture regime that is used in Soil Taxonomy pertains to soils that are
saturated with water and chemically reduced such that the soil water contains no dissolved
oxygen (Soil Survey Staff, 1975). At the suborder level of the classification, soils that have an
aquic moisture regime are saturated and reduced from the soil surface to a depth of 2 m. If
used at the subgroup level, only the lower soil horizons need to be saturated and reduced.

While the aquic moisture regime is defined on the basis of saturation and reduction, the
occurrence of these phenomena often cannot be verified before a soil is classified. Instead, soil
colours are used to infer that the soils are saturated and reduced at some time during the year,
unless the soil has been artificially drained. Generally, low (< 2) chroma or grey colours are
used as indicators of saturation and reduction, but in some soils hues of 2.5Y or 5Y are used
when high chroma mottles are present.

The aquic moisture regime can be applied to all soil orders and it may be the most widely
used moisture regime of those defined in Soil Taxonomy. Since it was originally defined, it has
become clear that the aquic moisture regime is not precisely defined and an unequivocal
identification of it in the field has been difficult (Bouma, 1983; Wilding and Rehage, 1985).
The International Committee on Aquic Moisture Regime (ICOMAQ) has been examining the
limitations of the aquic moisture regime since 1978 and has suggested improvements. Its final
recommendations were made in 1991 and took effect in 1992 (Bouma, 1991; Soil Survey
Staff, 1992). The modified aquic moisture regime has been named aquic conditions.

The purpose of this paper is: 1) to describe the requirements for aquic conditions; 2) to
discuss the micromorphological aspects of aquic conditions and 3) to identify topics where
more micromorphological research is needed to further improve the identification of soils with
aquic conditions.

This paper will discuss the classification of hydromorphic mineral soils. Organic soils will
not be considered because aquic conditions do not have to be confirmed for the Histosols as
defined in Soil Taxonomy. Excellent reviews of the micromorphology of organic soils are
available elsewhere (Fox, 1985; Bouma et al., 1990). The term aquic conditions has a well-
defined meaning which pertains only to Socil Taxonomy. It is not a general term for
hydromorphic soils. Recent comprehensive reviews on the micromorphology of hydromorphic
soils are also available (Stoops and Eswaran, 1985; Bouma et al., 1990).

AQUIC CONDITIONS

Aquic conditions must be identified by determining three separate properties for every soil:
duration and depth of saturation; occurrence of Fe reduction and presence redoximorphic
features. These three properties must be measured to make certain that saturation and
reduction do occur in a specific soil series at some locations. Once duration of saturation and
occurrence of reduction have been determined at one site, the data can be extrapolated to other
soils of the same series using redoximorphic features. This approach calibrates the
redoximorphic features of each soil series to specific periods of saturation in particular and
ensures that the features are not relict.
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Saturation

A horizon is saturated when the soil water pressure is zero or positive (greater than
atmospheric pressure). Water will run into an unlined auger hole when a horizon is saturated,
but piezometers or tensiometers should be used to evaluate saturation.

Three different types or patterns of saturation were defined:

1. Endosaturation - occurs in soils having permanent water tables. The soil is saturated in all
horizons that lie between the upper boundary of saturation and a depth of 2 m.

2. Episaturation - occurs in soils having perched water tables. The soil is saturated in one or
more horizons that overlie one or more unsaturated horizons within a depth of 2 m from the
surface.

3. Anthric saturation - occurs in rice paddies. This is similar to episaturation with the
difference being that saturation is produced by controlled flooding for wetland rice.
Saturation can occur at any time during the year, not just during the growing season or

when soil temperatures exceed biological zero.

Reduction

The definition of aquic conditions requires the reduction of Fe rather than simply oxygen.
Any method that shows Fe (II) is present is considered suitable for assessing reduction.
Reduction can be measured using Pt microelectrodes. Critical oxidation-reduction potentials
(Eh values) needed for Fe reduction are pH dependent and should be determined from an Eh-
pH diagram (Collins and Buol, 1970). Two dyes, potassium ferricyanide and o o' dipyridyl,
can also be used in the field to confirm that Fe reduction has occurred (Childs, 1981). No
minimum time period for reduction is required. Reduction must only be confirmed once, using
either dyes or electrodes.

Redoximorphic Features

"Mottles and low chroma colours" will be replaced in Soil Taxonomy by redoximorphic
features which are formed by the reduction, translocation and oxidation of Fe and Mn oxides.
"Mottles" technically could consist of carbonates or organic stains which are not indicative of
saturation and reduction.

Redoximorphic features were defined for the most part using micromorphological concepts.
Most of the features are pedofeatures that were formed by either the concentration or removal
of Fe or Mn oxides. The features are visible to the naked eye or using a hand lens such that
they can be described by soil mappers in the field. It was assumed that thin sections would not
be used routinely to identify or describe redoximorphic features, and that microscopic
examination of features was also not practical.

New terms were invented to name redoximorphic features. The new terms conform to
those already in use in the new Soil Survey Manual (Soil Survey Staff, 1993). They are also
simple and descriptive so that they can be easily remembered by soil mappers who have widely
different backgrounds and training. A new terminology also had to be used because some
pedofeatures (e.g. coatings and hypocoatings of Bullock et al., 1985; cutans and subcutans of
Brewer, 1976, or orthocutans and metacutans of Brewer and Sleeman, 1988) were simply
considered as one kind of feature (pore linings) if they could not be distinguished except by
microscopic examination.
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Categories of Redoximorphic Features

Three major categories of redoximorphic features were defined: 1) redox concentrations,

2) redox depletions and 3) reduced matrices. The first two categories consist of pedofeatures

that micromorphologists will recognize, while the third category has no micromorphological

counterpart.

1. Redox Concentrations are zones of apparent concentration of Fe-Mn oxides. Three types
of redox concentrations are recognized:

a) Nodules and concretions (Fig. 1A) are firm irregularly-shaped bodies with diffuse
boundaries when formed in situ, or with sharp boundaries after transport or
pedoturbation. The terms nodules and concretions are considered to be two names for
the same feature, because the concentric banding of concretions may not always be
visible to the naked eye or when a hand lens is used.

b) Masses (Fig. 1B) are soft bodies within the groundmass whose shape is variable.

¢) Pore linings (Fig. 1C) are zones of accumulation along pores which may be either
coatings on the pore surface or impregnations of the matrix adjacent to the pore. They
include coatings and hypocoatings (cutans and neocutans) because both features can
form around aerated macropores. Pore linings do not include quasicoatings (Bullock et
al., 1985) which are considered Fe masses.

2. Redox Depletions are zones of low (£ 2) chroma where Fe-Mn oxides alone have been
removed, or where both Fe-Mn oxides and clay have been removed. Two basic kinds of
redox depletions are recognized:

a) Iron depletions (Fig. 2A) are zones which contain low amounts of Fe and Mn oxides, but
have clay contents similar to that of the adjacent matrix. These features have been called
albans and neoalbans when they were found around macropores (Veneman et al., 1976).
They may also be found within the matrix. When the entire matrix is low in Fe (i.e. is an
Fe depletion) this can be described as an Fe depleted matrix.

b) Clay depletions (Fig. 2B) are zones which contain low amounts of Fe, Mn and clay.
They have also been called "neoskeletans”. These are believed to only occur along
macropores.

3. Reduced Matrices are soil matrices that contain reduced or ferrous Fe. Such matrices may
have a low chroma in situ, but the hue or chroma will increase when a sample is exposed to
air. The change in colour should occur within 30 minutes of a freshly broken surface of a
field-moist sample being exposed to air. The change in colour occurs because Fe (II) in the
matrix is being oxidized to Fe (III).

Description of Features

Descriptions of redox concentrations and redox depletions should identify type, colour and
abundance. Whether the features lie along macropores or within the matrix must also be
described. For reduced matrices, the time required for the colour change to occur can be
noted.

Exceptions

When nodules or concretions are the only redoximorphic features present, they should be
considered relict features which are not representative of current conditions. These features
are resistant to decomposition and may be more properly considered as gravels rather than
redoximorphic features. Organic stains also should not be considered to be redoximorphic
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Fig. 1. Examples of redox concentrations: A) Fe-
Mn nodule seen in thin section (plane light), B) Fe
masses seen in a pit wall, and C) pore linings seen
in thin section (plane light). Scale bars represent
2 mm in A, 50 mm in B, and 4 mm in C.

Fig. 2. Examples of redox depletions: A) Fe
depletions (ID) occur around ped surfaces and root
channels in this horizontal section, and B) clay
depletions (CD) along prismatic ped surfaces. Scale
bars represent 150 mm in A, and 50 mm in B.
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features. It has been suggested that features having both values and chromas of less than 4 not
be considered a redoximorphic feature.

INTERPRETATIONS OF REDOXIMORPHIC FEATURES

During the field testing of the proposals for aquic conditions, it was found to be impossible
to define characteristic sets of redoximorphic features that clearly identified endosaturation
separately from episaturation (Hudnall et al., 1990; Wilding and Griffin, 1990).  Despite
reports to the contrary (e.g. Blume and Schlichting, 1985; Bouma et al., 1990), the same kinds
of features were found to occur with either type of saturation. Part of the reason for this is
related to how the different kinds of saturation are defined. For example, perched water tables
develop on top of slowly permeable layers when surface water infiltrates, moves downward in
the soil, and accumulates on top of the slowly permeable layer. Blume and Schlichting (1985)
suggested that in these cases redox depletions will develop around macropores while redox
concentrations develop within peds or in the groundmass away from the macropores. When
the impermeable layer is within 2 m of the soil surface, the soil will have episaturation by
definition. However, if the slowly permeable layer occurs below a depth of 2 m, the soil will
have endosaturation by definition. The same pattern of redoximorphic features would be
expected in either case because in both instances surface water flows downward along
macropores which terminate on top of the slowly permeable layer. Because of such problems,
redoximorphic features must be interpreted as indicators of where reduction and oxidation
occur within a soil horizon rather than as indicators of the kind of saturation that occurs.
Redox depletions generally show where reduction occurs, while redox concentrations show
where oxidation occurs within horizons. The relationship of redox depletions to redox
concentrations can then be used to indicate how water and air move through the macropores
and matrix of a soil horizon.

Such interpretations should be based around our concepts as to how specific features form.
The simplest cases occur where macropores are well-defined and stable because features that
form around the macropores can increase in size from one year to the next around the same
macropore. In cases where macropores are not stable, such as in sandy soils or horizons
having much biological activity, the distribution of redoximorphic features may appear to be
random with regard to root channels, structural planes and matrix.

Formation of iron and clay depletions

Formation of these two features is similar and the two kinds of redox depletions may occur
within the same or adjacent horizons. Field studies of the features indicate that they are best
expressed in dense horizons having a low saturated hydraulic conductivity (Daniels et al.,
1968; Ransom et al., 1987; Vepraskas and Wilding, 1983a). They are found in the horizons
that perch water (Blume and Schlichting, 1985).

Roots growing along a structural crack or channel provide the energy source (organic
matter) needed by microbes for Fe-reduction (Fig. 3). When the root dies and the macropore
is filled with water, bacteria will consume the root tissue and utilize oxygen in the water if soil
temperatures are above biological zero. During this process, Fe (III) in the soil along the
channel will be reduced to Fe (II). The dissolved Fe (II) ions may move into the matrix where
they can be oxidized (if air has been entrapped) to form a redox concentration which may be a
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Fig. 3. Schematic illustration showing the formation of
redox depletions. The process begins with: A) a
decomposing root lying in a channel. B) When the
channel fills with water, Fe in soil along the channel is
reduced when the root's decomposition occurs
anaerobically. The reduced Fe (II) may diffuse into the
soil matrix. An Fe depletion occurs along the channel
when enough Fe has been lost to produce a color
chroma of 2 or less. C) Iron masses form when the Fe
(D) in the matrix oxidizes to Fe (III). The loss of Fe
makes clay along the channel dispersible, and water
moving along the channel may illuviate this clay to a
lower horizon. D) Clay depletions form where the clay
has been removed.

Clay coatings
in lower horizon

mass of Fe oxides or a nodule. The newly formed bleached layer along the void is a redox
depletion, specifically a Fe depletion. The Fe depletion differs from the soil matrix primarily in
its lower content of Fe and Mn.

Removal of Fe oxides may make the clay in the Fe depletion dispersible. During movement
of water along the macropore, clay may be removed and eluviated to a lower horizon (Wilding
and Rehage, 1985). The feature which has had its clay removed is a clay depletion. Often,
grey clay coatings occur in horizons below those with clay depletions.

Because of the need for an energy source to enhance reduction, it appears that Fe depletions
and clay depletions will form along macropores such as root channels and ped surfaces where
roots grow. Iron depletions may also form within the soil matrix if carbon-rich waters flow
through the soil matrix and produce reducing conditions there.
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Formation of redox concentrations

Pore linings
These occur along ped surfaces and root channels (Fig. 4). Pore linings form when reduced
Fe and Mn ions diffuse toward aerated macropores and then oxidize and precipitate adjacent to
the macropores. They are also found along or on the roots of plants such as rice, that can a
lower Eh value than will Mn (Collins and Buol, 1970). Therefore, pore linings may appear to
- consist of clearly separated Mn oxides and Fe oxides.aerate their roots and adjacent soil
surfaces in saturated soils (Fisher and Stone, 1991). If both Fe and Mn are in solution, the Fe
tends to oxidize and precipitate first because it will oxidize at a lower Eh value than will Mn
(Collins and Buol, 1970). Therefore, pore linings may appear to consist of clearly separated
Mn oxides and Fe oxides.

Masses, nodules, and concretions

Formation of these features in situ is not well understood. The features are similar and
differences between masses and nodules or concretions may depend on how fast air penetrates
into a reduced horizon. It has been proposed that when a horizon that is saturated and reduced
drains, masses will form when the air penetrates into the horizon quickly (Blume and
Schlichting, 1985). Nodules and concretions may form when air penetrates slowly into the wet
matrix containing Fe (IT) and Mn (II).

Interpretations for water movement

Movement of water within horizons, at the scale of peds and macropores, can sometimes be
traced or inferred from the relationship between redox depletions and redox concentrations. In
general, it can be assumed that water has moved from redox depletions into or toward redox
concentrations. Inferring movements between or among horizons may be difficult except
where the same features extend across horizons.

Inferring the movements is simplest when redoximorphic features show a consistent
relationship to the soil structure and macropores. For redoximorphic features to have a
consistent relationship to macropores (e.g. redox depletions occur only along ped surfaces) the
macropores must be stable and spaced widely enough that redoximorphic features along
adjacent macropores do not overlap. Basic principles will be illustrated with four examples. In
all cases, the redoximorphic features are assumed to be contemporary.

Example 1: Redox depletions occur around macropores, and redox concentrations occur

within the matrix (Fig. 2A).

This arrangement of redoximorphic features indicates that water infiltrates the horizon along
macropores and reducing conditions develop within the macropores. Air can be entrapped
within the matrix, in part because water-filled macropores surround an air-filled matrix.

As noted earlier, this morphology occurs in soils with perched water tables, and is found
within and above the slowly permeable horizon that is perching water. Thus, this morphology
pattern can occur in dense horizons whose matrix has a low saturated hydraulic conductivity.
The morphology is found with either episaturation or endosaturation depending on whether the
perching layer lies above or below a depth of 2 m. Detailed descriptions have been given by
Fanning and Fanning (1989, mottling model II), Vepraskas and Wilding (1983a), and Blume
and Schlichting (1985) among others.
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Fig. 4. Different hydrologic
settings that create a pattern
of redoximorphic features
where redox concentrations
occur around macropores
and redox depletions occur
within the matrix:
A) capillary fringe of a water
table; B) stratified sediments
having different pore sizes
and C) saturated soils having
plants with aerated roots.

Example 2: Redox concentrations occur around macropores, redox depletions occur

within matrix.

This arrangement of redoximorphic features indicates that the matrix is wet for periods long
enough for reducing conditions to be maintained within the matrix. The macropores are
aerated while the matrix is reduced. The movement of water and reduced substances is from
the matrix toward the macropores. Horizons with this morphology may be unsaturated or
saturated. Unsaturated horizons are found in at least two cases (Figs 4A and B). The horizon
can be saturated and still have aerated macropores if plants grow in the saturated horizon and
transport air to their roots (Fig. 4C). This morphology has been found with episaturation,
endosaturation and anthric saturation.

Example 3: Redox depletions and concentrations have no consistent relationship to

macropores.

This example can be found in sands or materials with small aggregates where macropores
such as channels or planes are either not stable or are relatively small and closely spaced such
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that water and air movement into the horizon does not follow the same macropores after each
infiltration event. Water and air may also move through both macropores and matrix. This
pattern of features is difficult to interpret except to say that reduction and oxidation occur at
different locations throughout the horizon over time. This example may occur with either
episaturation or endosaturation.

Example 4: Redoximorphic features have a distribution that combines two of the three

examples.

The above examples are idealized versions of well-recognized morphological patterns. Soils
can have one horizon with one type of pattern of features that is overlain or underlain by a
horizon containing another type. This has to be expected and, therefore, it is important to
describe the features individually and not try to expect "sets" of features to occur throughout
the soil.

RESEARCH NEEDS
Relationships of the abundance of features to lengths of saturation and reduction

Redoximorphic features form by reduction and oxidation of Fe and Mn. Therefore, the
abundance of redox depletions for example, is generally related to how long a soil is reduced
(Moorman and van der Wetering, 1985). Feature abundance is not directly related to how
long a soil horizon is saturated (Vepraskas and Wilding, 1983a). Vepraskas and Guertal
(1992) compared the abundance of clay depletions found in five different soils to periods of
saturation and reduction. These redoximorphic features were selected because they were
clearly identified in each study and their abundance was measured. Data came from different
investigators, but in general the abundance of clay depletions ranged from 18 to 79% (by
weight) for the different soils. All horizons were found to be saturated for up to 6 months
during some years. During "dry" years they were saturated for 3 months or less. Clearly, the
length of time a horizon was saturated could not be predicted by measuring the abundance of
redox depletions along macropores. It was noted, however, that in the horizon with the fewest
clay depletions (18%) the oxidation-reduction potential measurements (Eh values) showed Fe
reduction was occurring for less than 1 month during the year of measurement, while the
horizon with the most clay depletions was reduced for up to 4 months of the year. The data
were not extensive nor complete across broad soil regions, but they do suggest that the
abundance of redox depletions will be more closely related to how long soils are reduced
rather than how long they are saturated.

It has also been found that in some landscapes horizons can be reduced without being
saturated (Vepraskas and Wilding, 1983b). Alternatively, other landscapes have been found
where soils may be saturated and not reduced (Daniels and Buol, 1992; Griffin et al., 1992).
More work needs to be done showing how the abundance of redox depletions is related to
periods of saturation and Fe reduction. Studies should consider different landscape positions,
because it appears different relationships will be found at different positions.

Relict redoximorphic features

A major problem that remains unsolved is how to identify relict redoximorphic features.
Whenever redoximorphic features are described for determining aquic conditions it is assumed
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that the features represent current conditions of saturation and Fe reduction. Unfortunately,
there is no known way to ensure that the features being described represent contemporary
conditions unless saturation and reduction have been determined to occur.

Micromorphologists must determine if it is possible to identify relict redoximorphic features
using simple techniques that can be used in the field by soil scientists. Work on this topic
indicates that several feature characteristics show promise for determining whether features are
relict or contemporary:

1. Feature boundary characteristics

Fe-Mn nodules and concretions that are actively forming in sifu probably have irregular
surface outlines and gradual or diffuse boundaries with the soil matrix. In some cases these
diffuse boundaries may be described as haloes or glaebular haloes (Bullock et al., 1985;
Brewer and Sleeman, 1988). Nodules or concretions that are not forming currently tend to
have smoother more rounded outlines, sharp boundaries with the matrix, and may show many
grains protruding from the surface. Such nodules may be dissolving, particularly when they
occur in eluvial E horizons. Dissolution should smooth the nodule surface, create sharp
boundaries, and cause included grains to protrude.

2. Relation to macropores

Some features only form along macropores. For example, clay depletions have been
described as forming along stable macropores through which roots repeatedly grow. Clay
depletions that represent current conditions must occur along macropores, and must not be
overlain by Fe-rich clay coatings which indicate that Fe is not being stripped from around the
macropore any longer (Rehage, 1985; Vepraskas and Guertal, 1992).

3. Feature colour

Redox concentrations generally consist of the Fe minerals goethite, lepidocrocite,
ferrihydrite or jarosite. These Fe minerals can form through oxidation of Fe (II) (Schwertmann
and Taylor, 1989). Redox concentrations should not consist of hematite. Hematite has been
associated with hot, dry climates where periodic saturation and reduction have not occurred
recently (Schwertmann and Taylor, 1989). Because each type of Fe oxide mineral has a
characteristic range of hues, the colours of features might be used to identify those that could
be contemporary from those that are probably relict. Examples of diagnostic hues, values, and
chromas are given in Table 1, and were developed by personal communication with Dr. R. W,
Fitzpatrick.

4. Skeleton grain inclusion

A micromorphic aid to determining whether a redox concentration has formed in place is to
determine whether the size, shape, mineralogy and abundance of occluded skeleton grains is
similar to that of the host matrix. If not, then it is probable that the concretion or nodule is
allogenic rather than authigenic. Further, evidence of transport of a concretion from external
soil or geological environments may be present in the form of beveled or truncated zones of
the concretion (Wilding et al., 1983). In this case the growth pattern will be continuous over
part of the concretion but will be abruptly interrupted over another portion of it.
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Table 1.
Colour characteristics of relict and contemporary redox concentrations (R.W. Fitzpatrick,
personal communication).

Fe Mineral Hue
Relict Redox Concentrations
Hematite 10R, 5R, 2.5YR
Contemporary Redox Concentrations
Ferrihydrite 5YR
Lepidocrocite 7.5YR
Goethite 7.5YR, 10YR
Jarosite 2.5Y

Rates of feature formation

As noted earlier, the mechanisms by which most redoximorphic features form is relatively
straightforward. Vepraskas and Bouma (1976) reproduced some mechanisms in laboratory
experiments to show quickly how different kinds of features form. A reasonable next step is to
begin to develop simple mathematical models to help understand how fast features form in the
field and to identify the most important variables that govern feature formation. Vepraskas and
Guertal (1992) proposed a simple model for the formation of an Fe depletion along a root
channel. Their results showed that the Fe loss from the depletion would most likely occur by
diffusion rather than mass flow. The time required to form an Fe depletion that was 2 mm
thick varied from < 1 year to more than 100 years depending upon how long reducing
conditions occurred within the channel and how much Fe was in solution each day. These
results are encouraging, but much more work needs to be done. Rates of formation of
redoximorphic features will be influenced by how fast Fe oxide minerals can be dissolved by
reduction reactions, and how fast Fe (II) can be transported through the soil and oxidized.
Factors affecting the dynamics of reduction reactions include the specific types of Fe minerals
present in the soil parent material, the amount of Al substitution in the Fe minerals, crystal size
and surface area, and the amount and kind of organic material present (Wilding and Rehage,
1985). The dynamics of some of these reactions have been quantified by Ahmad and Nye
(1990) and Kirk et al. (1990).

Redoximorphic features found under anthric saturation

Aquic conditions include anthric saturation which is found under controlled flooding for rice
production. The redoximorphic features that have been discussed were not tested for rice
paddies. While there is no reason to expect different kinds of features will be found under
anthric saturation than have been identified for endosaturation and episaturation, this should be
confirmed.
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CONCLUSION

Micromorphology has made a large contribution to the development of the definition of
aquic conditions. Most of the newly defined redoximorphic features have been studied
intensively by micromorphologists. All indications are that these features are going to be
quickly adopted by field soil scientists for immediate use. This again confirms that
micromorphological concepts can be widely used at the macroscopic level, particularly where
simplified terms are substituted for the standard micromorphological terms.

While micromorphologists can be proud of this contribution, more work needs to be done.
There is presently no reliable way to identify relict redoximorphic features. Our understanding
of how Fe masses, nodules, and concretions form is sketchy at best. Probably most important,
the relationship of the abundance of redoximorphic features to the specific lengths of time
horizons are saturated and reduced is not known for different landscapes or landscape
positions. Micromorphologists are well-positioned to address these problems. To do so, they
must recognize that quantitative data are needed and that the conditions under which features
form must be documented. Description of features are useful only if feature abundance and the
length of time horizons are saturated and reduced are known.
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ABSTRACT

Curmi, P., Widiatmaka, Pellerin, J. and A. Ruellan, A, 1994. Saprolite influence on formation of well-drained
and hydromorphic horizons in an acid soil system as determined by structural analysis. In: A.J. Ringrose-
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A landscape unit was studied on both macroscopic and microscopic scales - emphazising the
3-D relationships between horizons - to understand soil distribution and their genetic and
functional relationship.

On a granitic saprolite with a silty loam cover in the Armorican Massif (France),
associations of Dystrochrepts, Hapludalfs and Glossaqualfs had developed. Structural analysis
of a landscape unit showed these soils form two types of pedological system. In this paper,
only systems of one type are studied. They occur upslope and along the slope and associate
well drained and hydromorphic soils.

In these systems, the following features occur: 1) Thickness of the loamy layer varies
independently of topography. 2) Clay migration takes place in this loamy layer. When the layer
is thin, clay accumulation forms banded horizons a few centimetres thick within the saprolite,
whereas, when the layer is thick enough, clay accumulation develops a textural B horizon
inside it. 3) Granite saprolite has sandy and clayey facies which are probably of lithological
origin and have an inverted inclination compared to the topographic slope. 4) The distribution
of clayey facies of the saprolite induces development of local perched water tables. 5)
Groundwater emergence transforms the upper loamy horizons from their base by
hydromorphic and degradation processes.

INTRODUCTION

In the Armorican Massif (France), associations of soils referred to as "Alocrisols",
"Luvisols" and "Luvisols-Redoxisols Degrades”, according to the Pedological Reference Base
(AFES., 1992) (Dystrochrepts, Hapludalfs and Glossaqualfs, Soil Survey Staff, 1975), are
commonly observed in the loamy layer on granite, schist or sandstone (Curmi, 1979a; Roussel,
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1980, 1983; Al Siddik, 1983). A landscape unit was studied to understand the distribution of
soils and their genetic and functional relationships - emphazising geometric relations between
horizons - on both macroscopic and microscopic levels.

MATERIAL AND METHODS

The "la Touche" site, near Quintin (Cotes d'Armor, France) is on a granitic saprolite with a
silt loam cover. Mean annual precipitation is about 1000 mm with a regular distribution and
mean annual temperature is 11°C. This site was selected after a 1:25000 soil survey of the
whole watershed (600 ha) (Buson, 1982), because of the occurrence of hydromorphic soils
spotted along the slope. A 3 ha area was studied which extended from a plateau, down a 6°
convex slope, where hydromorphic soils appear locally, to a flat narrow thalweg. In this area,
14 pits were dug along 2 toposequences and 150 auger holes were made. Distribution of these
punctual observations (Fig. 1c) was not done following a regular or stochastic grid but focused
on the boundaries between horizons to better analyse their geometry (Boulet et al., 1982,
1989; Ruellan et al., 1989).

Bulk samples were collected from the main horizons for physicochemical and mineralogical
analysis. A Siemens diffractometer was used to determine the mineralogy of the clay fraction
(prepared according to Robert and Tessier, 1974). Large thin sections (160 x 90 mm)
impregnated with polyester resin after dehydration by acetone exchange (Delaye, 1984) were
performed on each horizon. Thin section descriptions were made using Bullock et al. (1985)
terminology.

RESULTS AND DISCUSSION

Structural analysis of the landscape unit shows these soils may be distinguished according to
two types of pedological systems (Fig. 1a). The first type includes upslope and slope systems
and consists of both well drained and hydromorphic soils. The second type is a colluvio-alluvial
system which occurs downslope and is characterised by hydromorphic soils and locally by
histic horizons. In this paper, only systems of the first type are considered.

Systems of the first type consist of two domains: a well drained domain and a hydromorphic
and degraded one (Fig. 1a). Twelve horizons were identified and labelled according to the
Pedological Reference Base (AFES, 1992). The symbols used were the following: L (from
French Labouré) for ploughed horizons, S (from Structural) for cambic horizons, E for eluvial
horizons, BT for illuvial horizons, FEm (from pétro-ferrique) for horizons cemented by iron, C
for saprolite, -al (from aluminique) for dystric properties, -a for albic properties, -t for
evidences of clay accumulation, -d (from dégradé) for bleaching and tonguing features, -g for
pseudogleyic features, -G for gleyic features and -o for oxidized macropores in gleys. Their
respective distribution in relation to topography is established. Analytical data and mineralogy
of the clay fraction for most horizons are given in Table 1.

The well drained domain

In this domain, the granitic saprolite (Ct) is sandy. Over the saprolite, the silty horizons of
the Alocrisol and the Luvisol occur and consist of a yellowish brown microgranular Sal
horizon (Fig. 2d), a yellowish brown polyhedral E horizon and a reddish brown BT horizon.
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Fig. 1. Vertical and horizontal representation of the soil cover: a) vertical cross section;
b) relative inclination of horizons in relation to topographic slope; ¢) location of profile pits

and auger holes, and extension of BT horizon in relation to topography; d) map of relative
extension of IICGo in the top 1.2 m and Btgd horizons.
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Table 1
Physico-chemical data and clay fraction mineralogy of the main horizons
Horizon Particle size analysis pH CEC Base Clay fraction mineralogy”
% sat.
clay silt. sand Hy0 meq/ % Q K M VM V1 V2 N C
{2um 2-50pm 50-2000 100g
um soil
Sal 79 574 347 58 71 39 4 2 3 2 - 2 - 1
E 82 7710 148 61 35 59
BT 164 696 140 51 76 54 3 4 3 2 1 2 -
Ct 12 63 925 50 68 10 2 4 3 1 2 2 -
Ea 51 516 433 62 52 67 4 2 2 1 - 3 -
BTgd 131 663 206 57 47 72 4 3 2 2 1 3 - -
JINY 245 302 453 51 94 82 3 4 2 2 - - 3 -
ICGo 256 324 420 41 59 39 2 4 1 1 - 1 2 -

*Mineral codes: Q, quartz; K, kaolinite; M, mica; VM, interstratified mica/vermiculite; V1, s.s.
vermiculite; V2, hydroxyaluminous vermiculite; S, smectite; C, chlorite. Abundance (X-Ray):
1, rare, to 4, very abundant.

Thickness of the loamy layer and BT occurrence

A survey of the area shows that the BT horizon occurs when the thickness of the loamy
layer is more than 0.5 m (Fig. 1a, positions 3 and 6) and that the thickness of the loamy layer
varies independently of topography (Fig. 1c)

Clay migration

Coatings of illuvial clay developed in subhorizontal bands (several centimeters thick) in the
upper part of the Ct saprolite (Fig. 2a). These coatings occurred within the well drained
domain even under Alocrisols (Curmi, 1979a and b; Aurousseau et al., 1985).

Therefore, clay migration takes place in the whole well drained domain. When the loamy
layer is thin, clay accumulation forms subhorizontal bands within the Ct saprolite whereas a
textural BT horizon (Fig. 2c) develops inside the loamy layer when it is thick enough. The
morphological expression of the clay migration appeared to be lithodependent.

Transition between the two domains

Distribution of saprolite and upper horizons

Granitic saprolite shows different sandy and clayey facies which are probably of lithological
origin. In the clayey saprolite, a IICGo horizon has a c/f ratio of 40/60 with a predominant
cross striated weathering micromass (Fig. 2b). The boundary between these sandy and clayey
facies has an inverted inclination compared to the topographic slope (Fig. 1b). Moreover, in
the above silty horizons, hydromorphic and degradation features appear successively,
emphazised by the development of a BTgd horizon at the base of the BT and then of an Ea
horizon at the base of the E horizon.



SAPROLITE INFLUENCE ON HYDROMORPHIC HORIZON FORMATION 137

Relative distribution of clayey saprolite and BTgd horizon

There is a good correlation between the distributions of clayey saprolite, IICGo, in the top
1.2 m of the surface and development of a BTgd horizon in the loamy layer (Fig. 1d). The
clayey saprolite extends upslope or along the extension of BTgd horizon.

This distribution suggests that the clayey facies of the saprolite induce development of local
perched water tables. Groundwater emergence transforms the upper loamy horizons from their
base by hydromorphic and degradation processes.

The hydromorphic and degraded domain

Clay migration and chronology of hydromorphic processes

In brown mottles in the BTgd horizon iron concentrations overlie clay coatings. In grey
mottles, there is no secondary accumulation of clay or iron (Fig. 2g). Iron redistribution related
to hydromorphism is therefore more recent than clay migration.

Absolute oxide concentrations (Bog ores)

Absolute iron and manganese concentrations occur over limited areas (50 m2) downslope of
the clayey saprolite (IICGo). These oxide concentrations cement Ea (Fig. 2h) and BTgd
horizons into FEm horizons. This horizon is called "grison" locally and seems similar to the
"bog ores” of the Belgian Campine area (Landuydt, 1990). In addition to greater impregnation
and extension of brown and black mottles, fan-like goethite crystals (Fig. 2i) and black
manganese coatings line the pores (Curmi et al., 1994). This absolute concentration may be
due to groundwater emergence from the gley clayey saprolite (IICGo) which is rich in ferrous
iron that precipitates in more oxidizing conditions near the surface.

Development of degradation processes

Grey mottles in the Ea and BTgd horizons have a monic fabric of silt-size quartz with a
scarce, pale speckled micromass (Fig. 2e). The transition between brown and grey mottles in
BTgd horizon is produced by the decrease in micromass and its bleaching and the break up of
clay coating over 50-100 pm (Fig 2f). This suggests that the monic fabric of silt-size quartz
results from a relative accumulation of resistant particles. Moreover, loss of the clay fraction is
accompanied by an evolution in its mineralogy. When comparing Sal and BT to Ea and BTgd
clay fractions, quartz and hydroxyaluminous vermiculite increase whilst kaolinite or micaceous
clay decrease (Table 1). Therefore, degradation processes in these soils involve weathering of
clay minerals, shown by the decrease of kaolinite and micas and the increase of residual quartz,
and the aluminisation of clay, shown by the increase of hydroxyaluminous vermiculite
(Aurousseau, 1990; Aurousseau and Curmi, 1992).

This degradation successively transforms BT and E horizons from their base and occurs in
acid and reducing conditions. This is in contrast to the degradation process following intense
clay translocation and soil acidification (De Coninck & Herbillon, 1968; Jamagne, 1973;
Chartres, 1987; Ransom et al., 1987), and may correspond to the "hydromorphic degradation”,
of Eimberck-Roux (1977) which " ... results in a gradual and ascending destruction of the BT
horizon".
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Fig. 2. Micrographs of the main horizons. Bar=250 pm. a) Ct sandy saprolite, thick clay coatings
between grains (PPL); b) IICGo clayey saprolite, cross striated b-fabric of micromass (XPL); ¢) BT
horizon, silty clay coatings in channels and vughs (PPL); d) Sal horizon, compound packing voids
between granular and intergrain microaggregate structure (PPL); e) Ea horizon, monic fabric of silt-size
quartz. with a scarce speckled micromass (XPL); f) BTgd horizon, transition between bleached and
brown mottles (PPL); g) FEm horizon, absolute iron accumulation in a Btgd matrix (PPL); h) FEm
horizon, absolute iron accumulation in an Ea matrix (PPL); i) Fan-like goethite crystals lining large
channels (PPL).
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CONCLUSIONS

The importance of the characteristics and distribution of deep saprolite horizons on genesis
and water behaviour of superficial loamy horizons was shown by structural analysis of a
landscape unit. The nature, distribution and boundaries between different volumes were studied
at various scales. At the microscopic scale, the boundaries studied were between different
fabrics. At the macroscopic scale, they were: (1) between organizations, (2) between horizons,
(3) between horizons and topographical slope on 2-D transects, and (4) between pedological
volumes in a 3-D context. This allowed identification of pedological systems and therefore the
understanding of the different organizational levels of the pedological cover. This approach
demonstrates that the transformation of the upper loamy horizons by hydromorphic and
degradation processes originate in the lower clayey saprolite.
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ABSTRACT

Curmi, P., Soulier, A. and Trolard, F. 1994. Forms of iron oxides in acid hydromorphic soil environments.
Morphology and characterization by selective dissolution. In; A.J. Ringrose-Voase and G.S. Humphreys
(Editors), Soil Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on
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Amsterdam, pp. 141-148.

Spatial distribution, pedological and chemical characteristics of some oxide concentrations
were studied using selective dissolution on both thin sections and bulk samples. The reagents
used for selective dissolution were citrate-bicarbonate (CB) and dithionite-citrate-bicarbonate
(DCB). At each stage of the reaction, the nature and amount of the dissolved elements were
determined by spectrophotometry and remnant oxides by optical microscopy and X-ray
diffraction (XRD).

Selective dissolutions on bulk samples of the different pedofeatures confirm the
observations on thin sections. Four categories of iron compounds were defined with respect to
their differential solubilities: (i) iron complexed by citrate without reduction, (ii) "amorphous”
iron forms, (iii and iv) more or less crystallized iron oxides. The different pedofeatures can be
classified according to the relative importance of these categories depending on the degree of
hydromorphism.

INTRODUCTION

Some elements such as iron and manganese play an important part in the expression of the
hydromorphic and degraded morphological features. Thus, the study of these oxide
concentrations constitutes an important step in understanding the genesis and the current
behaviour of hydromorphic soils. A previous study (Maitre, 1991) made on an acid pedological
system showed variations in the bulk composition of free water and in the behaviour of
dissolved iron in different hydromorphic horizons. Therefore it becomes necessary to link these
results with the nature of the solid compounds and the hydrological behaviour of the system.

The main goal of this work was to study the spatial distribution and the pedological and
chemical characteristics of oxide accumulations using kinetic selective dissolutions on bulk
samples and thin sections. These pedological features were observed in a landscape unit
described by Curmi ez al. (1994) in terms of the mineral constitution and spatial organization
of the soils and the quality of the free waters (Maitre, 1991),
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Fig. 1. Black coatings in FEm horizon. Thin section treated with DCB.
a) untreated; b) after 45 minutes. Bar = 100 um.

MATERIALS

The soils are developed in a loamy cover overlying a granite saprolite. They change over a
short distance from Alocrisol (AFES, 1992) (Dystrochrept, Soil Survey Staff, 1975) upslope to
Luvisol-redoxisol degrade (Glossaqualf) downslope. Samples were taken from connected
horizons in the same pedological system in contrast to many others studies on iron compounds.
Our in situ observations indicate that different iron forms distributed in different pedological
volumes can be distinguished. Coatings localized around root channels were observed in
gleyed clayey saprolite with a grey or blue matrix (IICGo). Other quasicoatings (Bullock et al.,
1985) around root channels and diffuse mottles in the groundmass were sampled in the IISg
prismatic clayey horizon. Finally, different pedological features were distinguished in a FEm
horizon (AFES, 1992) with absolute iron accumulation, which occurred locally above a clayey
saprolite of limited spatial extent.

METHODS

Selective dissolution of the iron compounds was applied with control of the concentrations
versus time. The two chemical reagents used were dithionite-citrate-bicarbonate (DCB) and
citrate-bicarbonate (CB). The DCB reagent (Mehra and Jackson, 1960) combines the strong
reductive action of dithionite with the strong complexation capacity of the citrate anion. This
allows dissolution of iron mineral forms excluding iron bonded by the crystal lattices of
silicates. The CB reagent (Jeanroy et al., 1991) allows only dissolution by complexation. It
extracts iron available without reduction, i.e. adsorbed or lightly complexed on minerals. These
selective dissolution procedures make it difficult to identify the mineralogical structure of the
iron minerals but permit distinction of several categories of different reactivity (Borggaard,
1988).

To take into account the behaviour of each selected location, we combined bulk samples
and thin sections to monitor dissolution kinetics and accompanying optical changes like
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Arocena et al. (1989). Thin sections without cover ships were used to observe the behaviour
of the different pedological features during treatment in relation to the horizon organisation
(Bullock et al., 1975). Well defined time durations were used to give control at each step of
the dissolution. Optical observations were made after each treatment. Thin sections were
immersed in CB, then in DCB reagent, at room temperature, for periods ranging from 10
minutes to 150 hours. Additional data were obtained on the composition of some features by
microprobe analysis.

Small bulk samples were taken from selected features in situ in order to concentrate the
features. Selective dissolutions were carried out for 1, 2, 4, 48 and 150 hours. After each
extraction, chemical analyses of the solution allowed distinction of various categories of iron
forms. In the same way, the crystalline minerals present in the samples were recognized by X-
ray diffraction. In addition, a control of the dissolved part of the crystallized minerals was
attempted by differential X-ray diffraction (Schulze, 1981).

RESULTS
Uncovered thin sections

Hydromorphic horizons (IICGo and 11Sg)

Two kinds of pedological features in these horizons were studied. Quasicoatings around
root channels impregnated the matrix and were 1 to 2 mm thick. They were occasionally
bordered with a darkened edge and separated from the root by a bleached zone. Rusty mottles
formed from diffuse iron in the groundmass were approximately equidimensional and more
clayey than the contiguous bleached zones. Although these two features were morphologicaly
different, they showed similar dissolution behaviour. In both cases, all the iron was extracted
after 150 hours of DCB treatment, but none after 150 hours of CB treatment.

Nodular horizons (FEm)

Under the optical microscope, black void coatings with mamillated boundaries were
identified. Microprobe analyses showed high amounts of manganese (between 40 to 70%).
Dissolution of these sites occurred very rapidly after only 45 minutes of DCB treatment
suggesting that the coatings are poorly crystalline (Fig. 1).

In addition, large formations of goethite crystals were observed filling up some pores. These
coatings occurred as acicular fan-shaped aggregates radiating out from the pores (Landuydt,
1990). Several layers of aggregates can overlap one another. Although well crystalline, these
goethites are completely dissolved after 150 hours of DCB treatment. Nevertheless, an
isotropic "print" is still visible using an optical microscope (Fig. 2).

Other data obtained by microprobe analyses of such goethites (Fig. 3) show the occurrence
of iron, silicon, aluminium and phosphorus. The distribution maps show that silicon and
aluminjum are associated and that phosphorus is associated with iron (Fig. 4). From similar
situations, Jonasson et al. (1988) has suggested that this phosphorus is adsorbed on the iron
oxide surfaces. Distribution maps of silicon and aluminium are complementary to those of
phosphorus and iron. This indicates that alumino-silicate clays overlie fans of goethite.

Besides these two kinds of pedological features, the thin sections also showed brown and
black mottles of variable sizes between mm?2 and cm2. Their dissolution behaviour is a function
of their colour. Like the black coatings, the black mottles dissolved rapidly within one hour.
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Fig. 2. Aggregates of radiating acicular goethite. Thin section treated with DCB. Progressive
discoloration of the mineral. a) untreated; b) after 4 hours; ¢) after 150 hours. Bar = 100 pum.

Fig. 3. Backscattered
electron micrograph of
aggregates of radiating
acicular goethite from the
FEm horizon. Bar = 20um.

Dissolution of the brown mottles was slower but complete after 150 hours of DCB treatment.
This made it possible to observe the spatial distribution of iron and manganese oxides (Arocena
et al., 1990). The CB treatment did not induce any modification to thin sections in any of
above cases.

Bulk samples

Data obtained from the bulk samples (Table 1) confirmed the results deduced from the
uncovered thin sections (Trolard et al., in press). They indicate that the different pedofeatures



IRON OXIDES IN ACID HYDROMORPHIC SOILS 145

Fig. 4. Element maps of Fe, P, Si and Al in the aggregates of goethite shown in Fig. 3. Bar =
20 pm.

ranked according to decreasing resistance to dissolution: rusty coatings around root channels
from the IICGo blue gleyey saprolite (sample 1) > rusty coatings from the IICGo grey gleyey
saprolite (sample 2) > rusty quasicoatings (sample 3) and iron from groundmass (sample 4)
from the IISg clayey pseudogleyey prismatic horizon > black nodules in FEm horizon (sample
6) > ochre nodules in FEm horizon (sample 5).

DISCUSSION

The use of both DCB and CB reagents with kinetic control and X-ray diffraction makes it
possible to distinguish four categories of different reactivity (Table 2). The first includes
adsorbed or complexed iron extracted by citrate without reduction (CB treatment). The second
category corresponds to "amorphous” iron forms, These forms are rapidly dissolved by DCB
reagent within a few hours. The third category is composed of crystalline forms identified by
XRD which are dissoved after 150 hours of DCB treatment The last one is composed of
crystalline forms identified by XRD which resist DCB treatment. Thus, with the blue or grey
gleyey saprolites (IICGo) are associated high amounts of adsorbed and complexed iron soluble
without reduction, "amorphous” or poorly crystallized oxides available after reduction and well
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Table 1
Dissolved iron fraction per total amount of iron (%) after 150 hours of treatment.
Pedofeatures Horizons CB DCB
L. rusty coatings blue IICGo 9.1 56.2
2. rusty coatings grey IICGo 10.9 69.0
3. rusty quasicoatings IISg 1.6 74.5
4. diffuse mottles IISg 1.2 74.8
5. black nodules FEm 2.8 79.0
6. ochre nodules FEm 1.9 81.8
Table 2
Partition of the solid forms of iron in various features.
Pedofeatures Horizons Iron Forms
Complexed by "Amorphous” Crystallized goethite
citrate without dissolved undissolved
reduction by DCB treatment (150h)
1. rusty coatings blue ICGo + 0
2. rusty coatings grey IICGo * *
3. rusty quasicoatings I1Sg + ++ . 0
4. diffuse mottles 1ISg
5. black nodules FEm
6. ochre nodules FEm * SR * 0

Legend: decreasing abundance (+++), (++), (4); absence (0)

crystallized goethites, dissolution-proof. With the prismatic clayey horizon (IISg) are
associatied low amounts of adsorbed and complexed iron available without reduction,
"amorphous" or poorly crystallized oxides and crystallized goethites available with reduction.
With the FEm horizon are associated adsorbed and complexed iron available without
reduction, high quantities of "amorphous” or poorly crystallized iron and manganese oxides
and crystallized goethites highly soluble with reduction.

CONCLUSION

In these acid hydromorphic environments where constituants and organisation vary over
very short distances within horizons, it is important to work at the microsite scale on thin
section. Thus, it is possible to study pedofeatures associated with porosity, where constituants
are in contact with circulating solutions. When the soil environment favours reduction,
amorphous and well crystallized solid iron forms are dominant together with adsorbed or
complexed iron, whereas, when oxidation is favoured, large amounts of amorphous or poorly
crystallized iron minerals are observed.
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ABSTRACT

Tucker, R.J., Drees, L.R. and Wilding, L.P., 1994, Signposts old and new: active and inactive redoximorphic
features; and seasonal wetness in two Alfisols of the gulf coast region of Texas, U.S.A. In: A.J. Ringrose-
Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in Management and Genesis. Proc.
IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia, July 1992. Developments in Soil
Science 22, Elsevier, Amsterdam, pp. 149-159.

Two Alfisols, an Aquic Paleudalf (Katy soil) and a Plinthic Paleudalf (Wockley soil) were
examined to see if redoximorphic features were relict or contemporary. Currently there is little
information available about distinguishing between these features. Relict features included: Fe-
Mn nodules which had sharp boundaries to the matrix or were covered by clay coatings;
mangans, skeletans and colour depletion zones which did not relate to current voids.
Contemporary features included: macroscopic sand-silt coats on ped faces, nodules undergoing
dissolution as shown by sand grains protruding from the nodules, and diffuse boundaries to the
matrix; pore linings, patches of iron, and soft agglomerations of iron. Relict and contemporary
features could occur in the one horizon. Saturation was more pronounced where nodules were
dissolving and sand-silt coats were evident. However, nodules were also dissolving in areas
with little saturation, suggesting that rare very wet periods may contribute more to the
saturation and reduction.

INTRODUCTION

It is a recurring desire to predict wetness in soils just by looking at them. Precise universal
predictions of where, when, and for how long water tables will be found would make life a lot
easier for soil surveyors and their clients. Alas, we must shuffle back into the shadows of
conjecture, best-bets and probability, using the imperfect signs at our disposal.

Yet, having recognised the limitations now arms us for objective approaches to solving the
riddles. We report here on efforts to relate features in soils, marked by water tables and
seasonal wetness, to observed conditions; concentrating on micromorphology of these
features. The presence of active and inactive features in a pedon can tell us about the pattern
of water movement within it - and challenge our expectations of what the water does once it
arrives.
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Fig. 1. Location of Katy and Wockley Soil Research Sites, Harris County, Texas, USA.

Seasonal wetness in soils refers to the complete saturation of soils on a periodic basis. This
may indeed be "seasonal" but often relates to less frequent events. Seasonal wetness and
saturation have been inferred from soil morphological features which result from reduction
processes induced by anaerobic respiration of bacteria which become active in saturated anoxic
soil. These "redoximorphic features" develop if chemical reduction occurs, and manganese
and/or iron are reduced, mobilised, translocated and concentrated. For reduction to occur,
there needs to be saturation, anaerobic conditions and sufficient organic matter. The
movement and loss of iron, translocation and precipitation may be over distances as short as a
ped or several metres within a profile. Redoximorphic features consist of:

s reduced matrices (completely saturated and reduced zones which are pale in colour, but

regain colour on exposure to air if sufficient iron is retained in the matrix);

s redox depletions (zones depleted of Fe-Mn minerals or clay); and

s redox concentrations (concentrations of Fe-Mn minerals as nodules, concretions, pore

linings, soft masses or coatings on pores, voids and ped surfaces; and soft masses).

Soil colours can relate to all three types of redoximorphic features, because the iron
minerals haematite and goethite are the main soil-colouring minerals. Haematite imparts
reddish colours and goethite yellow to brown colours (Barrén and Torrent, 1986). Loss of
these iron minerals results in paler colouration.
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Apart from observing morphological features induced by reduction, there are few means of
deducing that saturation has occurred. Saturation without reduction is caused principally by:
influxes of oxygenated water, inhibition of bacterial action through lack of organic matter or
low temperature, high pH and high carbonate content.

Soils which have been reduced considerably in the past may show all the evidence of
redoximorphic processes. However, reducing conditions may not be occurring at the present,
and the redoximorphic features are relics from a previous climatic era. Monitoring and
modelling are then needed to discover whether or not the features have relevance. Difficulty is
also encountered when active features are superimposed on relict features. (Vepraskas and
Wilding, 1983; Vepraskas et al., 1994).

Currently, there is little information available on gauging whether redoximorphic features
are relict or contemporary. Two sites in the Gulf Coast region of Texas, USA, whose soil
morphology suggested that they are subject to seasonal wetness, were selected for monitoring,
characterisation and detailed microscopic examination. Part of this exercise was to see if
observed redoximorphic features are relict or contemporary.

MATERIALS AND METHODS

Two sites were established in Harris county, Texas, (Fig. 1). One site was on Katy fine
sandy loam soil which classifies as a fine-silty, siliceous, thermic Aquic Paleudalf (Soil Survey
Staff, 1992). The surface horizons are fine sandy loams from 57 to 66 cm. Subsoils are grey
clay loams, with red and/or yellow mottles, to 205 cm, overlying grey sandy clay loam with
yellow mottles to 345 cm. This grades into grey fine sandy loam to loam fine sandy horizons
to 500 cm, in turn overlying red clay with grey mottles. Traces of carbonate occur at 275 -
245 cm and 560 - 610 cm. The other site was on a Wockley fine sandy loam soil; a
fine-loamy, siliceous, thermic Plinthic Paleudalf. It qualifies as a plinthic subgroup because of
the presence of 10% plinthite in the Btv horizon. The surface horizons are fine sandy loams
and depth to the Bt horizons usually varies from 40 to 53 cm but is occasionally 100 cm. The
surface soils overlie a grey fine sandy loam BE horizon with yellow mottles, then a series of
mottled grey and yellow sandy clay loam to clay loam subsoils to 400 cm, which overlie grey
and red silty clay buried soils. High contents of iron nodules are found in the upper Bt
horizons.

Both soils formed in fluvio-deltaic sediments ranging in age from 150,000 YBP (Katy site)
to 2 million YBP (Wockley site) (Aronow, 1990). Mean annual rainfall in the vicinity of the
Katy site is 1046 mm; and near the Wockley site is 1035 mm. Rainfall is rather uniform
throughout the year, but May and September usually have higher rainfalls. Land use at the
Katy site is currently pasture, but was formerly farmed. At the Wockley site, the land is used
for row-cropping and occasional grazing, but was previously used for rice cultivation.

At each site, soils were described as per routine soil survey procedures from a pit dug to
2 m and a single 5 cm core beyond 2 m; and then sampled for laboratory characterisation and
micromorphology. Thin sections for most major horizons were prepared from samples which
were impregnated with a polyester resin diluted 2:1 with acetone. Horizontal and vertical thin
sections were cut from the blocks and described according to Brewer (1976). Replicated
piezometers and tensiometers were installed at 25, 50 and 100 cm at each site. Replicated
piezometers were also installed at 200 cm depth and single piezometers to 5.9 m at the Katy
site and 7.5 m at the Wockley site. Each piezometer had an intake zone of 15 cm at the base.
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Field measurements collected on a bi-weekly basis included rainfall, soil moisture tension
and depth to free water in the piezometers. A water table was considered to be present when
water levels in replicate piezometers were within 15 cm of each other. At particular depths,
the soil was considered to be "saturated" if water was present in all three piezometers at that
depth and soil moisture potentials (from tensiometers) were = 0 kPa. Soil redox potentials
(Eh) and soil pH (1:1) were measured when soils were either saturated or near-saturated, or on
other occasions as required, using a freshly-extracted soil core. The onset of reduction was
determined by comparing Eh - pH values against redox stability diagrams. Readings
commenced on December 30, 1988, and are continuing to be read at the Wockley site. Data
collection ceased at the Katy site on November 15, 1991.

RESULTS AND DISCUSSION
Macroscopic Redoximorphic Features

Katy Site

The Katy soil has chromas of 2 or less through most of the solum, either as matrix or mottle
colours. In the subsoils, 57 - 610 cm, these low-chroma colours all have values of 6.
Vepraskas et al. (1994) point out that values >4 are required to distinguish redoximorphic
colours from organic colouration. High-chroma mottles occur in association. Pale (10YR
7/2-3) sand-silt coats are evident in the field in the Btgl - Btg4 horizons, 57 - 205 cm. A few
ironstone nodules were found in the Btgl horizon, 57 - 84 cm, and Mn/Fe Mn stains appear in
the 2C horizons, 500 - 610 cm. The sand-silt coats in the Btg horizons strongly suggest
contemporary reduction and thus saturation.

Wockley Site

The Wockley soil has chromas of 2 and values of 5-6 in the BE and upper Bt horizons, as
well as high-chroma mottles {10YR 5/6-8), iron nodules and plinthite. In the horizons below,
high-chroma matrix colours and low-chroma mottles occur. Distinct iron-manganese stains
were observed in the Bt6 horizon, 300 - 370 cm.

Current estimates of wetness for the soil series as a whole suggest that perched watertables
should be expected between 0 and 75 cm in the Katy soil for December and January and
between 0 and 60 cm in the Wockley soil from November to March (Wheeler 1976).

Microscopic Redoximorphic Features
Details are given in Tables 1 and 2 for Katy and Wockley soils respectively.

Katy Site.

Ferrans in the E horizon of the Katy soil (Table 1) suggest recent mobilisation of iron;
otherwise these features would be lost because of pedoturbation. The stripping of colour from
the E horizon (Fig. 2A) further suggests that there has been active reduction. In contrast, Fe-
Mn nodules have abrupt boundaries suggesting stability, since nodules alone are now being
interpreted as relict features (Vepraskas et al., 1994). The smooth sides of the nodules in this
case most likely result from movement of soil around the nodules after formation, and lack of
active accretion or dissolution.
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Active dissolution of Fe-Mn nodules in the Btg1-Btg4 horizons of the Katy soil is suggested
by the presence of ragged to diffuse boundaries to the matrix. Accretion of mobilised iron is
suggested by the few soft masses of iron (Fig. 2B) and by ferrans lower in the Btg horizons
(Table 1). However some nodules in these horizons show no signs of activity. The specimen
in Fig. 2C is surrounded by a thin argillan, which is indicative of stability. If the nodule were
dissolving, then there should be some evidence of iron spreading into the argillan and the
matrix. Further, if iron was being lost through the argillan, there should be evidence of loss of
volume due to removal of iron, such as formation of a cavity between the argillan and the
nodule; stripped skeleton grains or a discontinuous broken argillan, None of these are
apparent. On the other hand, evidence for the active accretion of iron is also lacking since the
argillan has not been impregnated or covered with iron nor destroyed through a build up of
iron on the surface of the nodule. Argillans covering nodules then imply either that they
protect the nodule or that the nodule has not experienced fluxes of reduced water since being
covered by the argillan.

Cutans of iron and manganese lower in the profile, weak nodules and iron impregnation
(Table 1) result from the oxidation of Fe-Mn from reduced water. Some of these features are
relict, as they do not relate to current voids. The red and grey colouring in the 2C horizons
would have resulted from historic uneven reduction, with the grey areas being depletion zones
(Fig. 2D). These are traversed by a contemporary void which has been in place for some time,
shown by the presence of void argillans.

Wockley Site

In the Wockley soil, ferrans, neoferrans and nodules with diffuse boundaries in the E
horizon demonstrate active dissolution, movement and re-oxidation of iron (Table 2, Fig. 2E
and F). Similar features have been recorded in the BE horizon. With depth, there are fewer
ferrans and some nodules become covered with argillans (Fig. 2G) or protected by thick plugs
of clay (Fig. 2H). However there is also evidence of nodules disintegrating in the Bt horizons
(Table 2). In the lower Bt horizons and the 2C horizon, the ferrans, neoferrans and mangans
demonstrate the re-oxidation of iron and manganese. The compound ferrans/ferriargillans
indicate deposition of iron following illuviation of clay, and suggest recent reduction and re-
oxidation.

Rainfall, Soil Water Levels, and Saturation

Dry conditions in 1988 proceeded the observation period, with rainfalls 40 - 60% of mean
annual rainfall at nearby weather stations. In 1989 and 1990, rainfalls at the sites were
between 85 and 101% of mean annual rainfall. By contrast, in 1991, rainfalls were higher with
record or near-record rainfall in January, April and December. At the Katy site, the total
rainfall for 1991 up to the end of observations was over 17% above the annual mean, while the
total for 1991 at the Wockley site was 33% above the mean. The durations of saturation
which resulted from water tables in the soils are presented in Table 3.

Katy Site

In the Katy soil water tables were often present between 50 and 100 cm and rarely at 50 cm
or less (Table 3). Water never showed in all three 200-cm piezometers at the same time. This
shows that water tables did not occur at 200 cm and that water perching above 200 ¢cm drains
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Table 1
Active and inactive microscopic redoximorphic features in Katy Soil, Bear Creek, Harris Co, Texas.
Horizons Active features Inactive features
Ap, 0-10cm Few very fine Fe-Mn nodules.
E, 35-57cm Few metavughs with vugh ferrans; Common Fe nodules with abrupt
common Fe nodules with abrupt boundaries to matrix.
boundaries.
Btgl-Big4, Common Fe-Mn nodules with ragged to Nodules lower in horizons covered
57-205 cm diffuse boundaries; common planar voids by ferriargillans.

with few ferrans; common metavughs with
common ferrans

Bikg, Accumulations of iron in some areas. Common Fe-Mn nodules (probably
205-275 cm protected by argillans).
BCg-Cgl Few ferrans and neoferromangans in BCg;
275 -345cm some iron accumulation and occasional,

weakly developed nodules.
2Css-2Ckss, Common void mangans, few void ferrans;  Common, very fine, irregular
500-610 cm neoskeletans along some voids. glaebules of Mn; quasi-mangans

and quasi-skeletans which do not
relate to voids; depletion colours
which do not relate to current voids.

via specific pathways to greater depths. No water was observed in the single deep piezometer,
showing that water tables did not exist at depth, and that the drainage paths did not intercept
this particular piezometer. Water is probably perching in the Btgl-Btg3 horizons (57 -
170 cm).

Wockley Site

At the Wockley site, water was found mainly between 100 and 200 cm (Table 3). Water
was sometimes found at the 100 cm level, and rarely between 10 and 50 cm (Table 3). Water
was found in the single deep piezometer in one series of consecutive sampling periods. Water
levels had parallel response patterns to those of the 200 cm piezometers, though they occurred
at greater depths and showed a time lag; indicating a draining regime. Uneven water levels
were also detected in the piezometers, with plots of water levels indicating draining of water
along specific pathways, and sometimes a rising watertable. Water is perching on a restrictive
layer below 200 cm, probably the BtS horizon (250- 300 cm) and/or the Bt6 horizon
(300-370 cm).

Reduction

Redox potentials (only measured in early 1990) showed that in both soils, reducing
conditions for manganese were prevalent whenever the Katy soil was saturated; and in both
soils even when the soils were below saturation. The potential for reduction of manganese is
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Table 2
Active and inactive microscopic redoximorphic features in Wockley soil, near Hockley, Harris Co.,
Texas
Horizons Active features Inactive features
Ap, 0-11 cm. Few fine to large Fe-Mn nodules.
E, Common vugh ferrans and neoferrans; few
22-45 cm. medium Fe-Mn nodules; common large
Fe nodules with occluded quartz grains.
Protrusion of skeleton grains into matrix
and diffuse boundaries of nodules indicate
loss of iron.
BE, Common meta channels and vughs with Very few strong continuous
45-73 cm. ferrans, weak neoferrans and quasiferrans;  ferriargillans embedded in nodules.
many Fe-Mn nodules with occluded quartz
grains; sharp to diffuse nodule boundaries
with protruding skeleton grains.
B, Common vugh ferrans, neoferrans and Many small to large Fe-Mn nodules
73-96 cm. quasiferrans. Some nodules showing with occluded quartz grains;
evidence of degradation with iron ferriargillans covering some
spreading into the matrix. Portions of nodules, especially on under-
matrix pale (grey material) and devoid of surface.
iron straining.
Bt1-Bt2, Common ferromangans. Some nodules Many Fe-Mn nodules with occluded
96-188 cm. appearing to disintegrate in grey areas of ~ quartz grains; clay plugs covering
matrix. nodules.
B3, Common void ferromangans and mangans; Many Fe-Mn nodules with occluded
188-224 cm. common vugh ferrans and neoferrans; quartz grains; some sharp
common to many quasiferrans; few vugh boundaries, but without quartz
mangans and neomangans; diffuse grains protruding into matrix.
boundaries to some nodules.
Bt4-Bt6, Many neo/quasiferrans; many strong Clay plugging in Bt4 horizon
224-370 cm. continuous ferrans; common compound probably covers some nodules.
ferrans / ferriargillans or
ferrans / neoferrans; few Fe-Mn nodules
with diffuse boundaries in Bt6 horizon.
2C2-2C3, Common planar voids with continuous
400-600 cm. ferrans and quasiferrans; accumulation of

Fe-Mn in red isotic zones with diffuse
boundaries to matrix; few channel
ferrans/neoferrans in 2C3.

limited as low levels of dithionate-citrate extractable Mn are present in the soils, and there
would be limited movement of Mn under sub-saturation. Mangans have only been recorded at
depth (Tables 1 and 2).
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Redox potentials showed that, in early 1990, iron was never reduced in either soil
However, reduction was nearly achieved in the E horizon of the Katy soil on one occasion.
With greater degrees of saturation shown later in 1990 and in 1991, reduction most likely
would have occurred, particularly in the E horizon.

DISCUSSION

Both active and inactive redoximorphic features occur in the Katy soil and the Wockley soil.
Dissolution of Fe-Mn nodules is prevalent in the upper Btg horizons of the Katy soil and in the
Bt horizons of the Wockley soil. The macroscopic sand-silt coats in the Btg horizons of the
Katy soil also demonstrate active stripping of Fe on the larger ped faces. Other active features
are mainly pore linings and relate to the re-oxidation of Fe-Mn following reduction and
movement. Inactive redoximorphic features are mainly nodules with abrupt boundaries to the
matrix or covered by clay coats or clay plugs. These can occur in the same horizons as active
features. There are also some relict coloured redox concentrations and depletions which do
not relate to contemporary voids.

The higher frequencies of saturation recorded (Table 3) correspond to some extent with
active dissolution of nodules in the upper Btg horizons of the Katy soil, around 100 cm, and in
the Bt3-Bt6 horizons of the Wockley soil, around 120-300+ cm (assuming saturation also
occurs below 200 cm). However, active dissolution of nodules higher in the Wockley soil does
not relate so well to the lower frequency of saturation measured at 50 cm (Table 3).

There is some uncertainty about the degree of iron reduction associated with the saturation
given in Table 3. Reduction seemed more likely to occur in the E horizons of the Katy soil,
going on what little Eh data is available. However, active dissolution and stripping of iron is
apparent in the B horizons. In these horizons, iron reduction is more likely to occur along root
channels and ped faces where organic matter is present. This would not have been detected in
Eh measurements because they were made in the matrix of the soils. At the moment this can
not be verified. However, water draining into and perching in these horizons could introduce
accessions of organic matter which would be readily consumed under anoxic saturated
conditions.

A causal relationship should not be unequivocally drawn between the saturation in Table 3
and the active redoximorphic features. Observations of extremely wet events which have
subsequently occurred in 1992 and 1993 are still being evaluated. These events may have a

Fig. 2. Micrographs of: A) Katy E horizon, 35-57 cm, showing coarse texture and clean sand
grains (loss of Fe); crossed polarised light (XPL); B) Katy Btg2 horizon, 84-120 cm, showing
diffuse nodule/soft mass; Plane polarised light (PPL); C) Katy Btg3 horizon, 120-170 cm,
nodule protected by argillan (arrowed); PPL; D) Katy 2Css horizon, 500-560 cm, showing
relict redox depleted zones (d) which do not correspond with contemporary void; XPL;
E) Wockley E horizon, 22-45 cm, showing void ferran (arrowed); PPL; F) Wockley E horizon,
22-45 cm, showing nodule with diffuse boundary (d) and protruding sand grains (p); PPL;
G) Wockley Btv horizon, 73-96 cm, showing nodule covered by thin clay coating; XPL;
H) Wockley Bt2 horizon, 127-188 cm,showing nodule in void plugged with illuviated clay (i);
PPL.
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Table 3
Proportion of time that Katy and Wockley soils were saturated, between December 1988 and
January 1992.

Site and Duration of Observations  Proportion of time soil was saturated at depths of:
Ocm 10cm 25cm 50cm 100cm 200 cm

Katy Site

30 December 1988 -15 November 1991 nil nil 1% 4% 19% nil
Wockley Site

30 December 1988 -9 January 1992 nil 1% 1% 1% 6% 19%

Notes: 1. Proportion calculated from observations of watertables at 14 day intervals.
2. Saturation in the matrix at 25, 50 and 100 cm confirmed by tensiometers.
3. The proportion of time saturated at the Katy site is underestimated in relation to
the Wockley site because significant rainfall and hydrologic events occurred
between 15 November, 1991 and 9 January 1992.

greater effect on saturation and reduction than those reported here. In particular, longer
periods of saturation in the surface may have induced greater reduction in the upper parts of
the profiles, which will have had a greater effect on redoximorphic features.

Ponding of water for rice culture at the Wockley site in the past could have enhanced the
potential for the reduction through higher saturation and the contribution of organic matter
thereby causing the development of some contemporary redoximorphic features in the
Wockley soil. However, this does not explain the similar features seen in the Katy soil where
no rice has been grown.
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ABSTRACT

Wagner, D.P. and Rabenhorst, M.C. 1994. Micromorphology of an aquic paleudult developed in clayey,
kaolinitic, coastal plain sediments in Maryland, USA. In: A.J. Ringrose-Voase and G.S. Humphreys
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Fundamental to understanding the genesis of a soil formed in clayey sediments is the ability
to distinguish properties attributable to pedogenesis from those essentially inherent to the
geologic material. The Christiana soil examined in this study is developed in reddish (2.5YR)
Cretaceous sediments in which free Fe oxides are abundant (>4%); concentrations of
weatherable minerals are low and mostly kaolinitic clay comprises nearly 40% of the parent
material. Although the soil is classified as a Paleudult, common field and laboratory techniques
did little to confirm the identification of argillic horizons. Clay films are not readily discernible
in field examinations of upper subsoil horizons, and fine clay/total clay ratios do not vary
appreciably throughout the solum. However, other features such as strong structural
development, a thick solum, and pronounced Fe losses from ped faces are suggestive of an
advanced stage in soil genesis. In an effort to reconcile these seemingly discordant traits,
micromorphology was employed. Thin illuvial clay coatings were identified to a depth of 3 m,
with maximum expression in the lower Bt and upper BC horizons (120 - 220 cm).
Continuously oriented argillans occur principally on or near well defined channels or ped faces
presumably due to the dense nature of the clayey parent sediments (bulk density 1.7 to 1.9). In
addition, roots were concentrated in these interpedal voids and gray redox-induced Fe oxide
depletions were confirmed in them. Although the soil has been classified as a Paleudult, these
diagnostic propertics may have been largely inherited from the highly weathered and clayey
parent material, rather than forming through intense and prolonged pedogenesis.

INTRODUCTION

This paper presents findings from two investigations. These comprise a broad
reconnaissance study of reddish Cretaceous clay soils (Wagner, 1976) as well as follow-up
efforts undertaken in 1991-92 that were directed specifically toward the micromorphology of a
representative Cretaceous clay soil. Although an interpretation of soil genesis was among the
principal goals of the initial characterization effort, the highly weathered nature of the parent
material rendered the findings inconclusive. Examination of micromorphology was not
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Fig. 1. Outcrop belt of Lower Cretaceous sediments defining the western limit of the
Maryland Coastal Plain; metamorphic crystalline rocks of the Piedmont occur to the west.
The deposits run through Washington, DC and near to Chesapeake Bay (CB). After Glaser
(1969).
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attempted in the earlier study, but was undertaken in the follow-up investigation in an attempt
to more fully decipher the weathering history of a Cretaceous clay soil.

SOILS

Soils developed from reddish clays of Lower Cretaceous age are widespread throughout
western portions of Maryland's Coastal Plain. Among the oldest of the unconsolidated
deposits forming the Coastal Plain in the Mid-Atlantic region of the United States, Cretaceous
sediments adjoin much more ancient metamorphic rocks of the Piedmont along an arc known
as the "Fall Line". Historically important in the development of several major East Coast
cities, this line marks the landward extent of navigable waters where flow patterns shift from
sluggish Coastal Plain estuaries to tumbling, rock strewn rivers of the Piedmont. Despite these
differences in geology and hydrology, upland landscapes on opposing sides of the line are
markedly similar and display little topographic variation to distinguish the two physiographic
provinces. Fig. 1 shows the distribution of Cretaceous sediments defining the western margin
of the Coastal Plain.

Clayey Cretaceous sediments are considered to have been laid down in a fluvial-deltaic,
subtropical environment in which clayey deposits were accumulated in shallow back swamp
basins (Groot and Penny, 1960; Glaser, 1969). Much later Plio- Pleistocene fluvial systems
then produced a discontinuous veneer of sand and gravel over much of the Coastal Plain
(Schlee, 1957; Cooke, 1958), and these deposits, often partially reworked during the
Holocene, commonly account for lithologic discontinuities in the upper levels of soils
otherwise formed in Cretaceous clay sediments.
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Cretaceous clay strata are fine-textured, dense, extremely acid (pH 4.5) and intensely
weathered. The sediments typically contain about 40% clay and 35% silt, and have bulk
densities ranging from 1.7 to 1.9 (Wagner, 1976). Mineralogical composition tends to reflect
sediment source areas. As determined by mineralogy of gravel deposits, the headwaters of the
Lower Cretaceous deltaic complex were mostly in the adjacent Piedmont, and less commonly
extended to the more distant Appalachian Mountains (Cleaves, 1968; Glaser, 1969).
Therefore, mineralogy of finer textured strata would presumably tend to resemble the
predominant soils of the Lower Cretaceous Piedmont.

Some similarities between Piedmont and Cretaceous clay soils exist even today. Although
most contemporary Piedmont soils are loamy-textured, clay mineralogy of the predominantly
schist-derived soils is, like Cretaceous clays, dominated by mica and kaolinite. In addition,
landscapes in both areas are likely to have similar weathering histories. Since the region is
nearly 200 km south of the glacial boundary, soil ages could potentially extend well into the
Pleistocene. However, Cretaceous clays are much more weathered than modermn Piedmont
soils. Even though both are reddish in colour, Cretaceous clay soils are more red (2.5YR
versus 7.5YR) and have an average free Fe oxide content of about 4.5%, which is two to three
times higher than most Piedmont soils. Also, whereas modern Piedmont soils may have
combined feldspar and muscovite contents as high as 15 to 20%, weatherable mineral contents
well below this level are more typical for Cretaceous clay deposits. Feldspars and muscovite
account for about 6% of the silt fraction, but fall to less than 2% in the sand fraction
(Rabenhorst, 1991).

Given the inherent properties of Cretaceous clay parent materials, pedogenic assessments of
soil age and degree of development can rely on few of the normal developmental benchmarks.
Such features as high clay content, low weatherable mineral content and high Fe content are
characteristic properties of the sediments even before the initiation of soil genesis. These
common indices demonstrate the degrees of soil development in both Piedmont and more
coarse-textured Coastal Plain soils of the region. However, in the absence of discernible
differences between sola and clayey parent materials, they do not adequately assess soil
formation in previously weathered, fine-textured sediments.

Cretaceous clay soils such as the Christiana series are mainly classified as Paleudults due to
uniform high clay content with depth. A Kandiudult classification would also be possible, but
implications of extreme age and more intense weathering suggested by these great taxa may be
inconsistent with the genesis of these soils. If some of the Cretaceous clay soils are indeed of
extreme age, then indicators must be sought of prolonged weathering, other than those
discussed above.

METHODS

A number of the reported results are taken from the Wagner (1976) study of Cretaceous
clay soils. In that study soil profiles or parent materials were examined at 58 locations
throughout the Cretaceous belt (Fig. 1). Laboratory analyses were focused primarily on five
representative Christiana pedons to determine their main physical, chemical and mineralogical
properties.  From the five pedons analyzed in detail, one was chosen for the
micromorphological analyses reported herein. The pedon, originally described and sampled in
1974, was re-sampled and a revised description compiled in 1991 (Table 1).
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Table 1.
Description of a Christiana soil profile located in Beltsville, Maryland. The soil was classified
as a clayey, kaolinitic, mesic Aquic Paleudult.

Horizon Lower Description
depth, cm

A 5 Very dark gray (10YR 3/1) to very dark grayish brown (10YR 3/2) fine sandy loam; weak,
fine granular with weak, medium platy structure in the lower part of the horizon,; friable;
abrupt smooth boundary.

E 20  Yellowish brown (10YR 5/4 and 10YR 5/6) fine sandy loam; weak, medium to coarse platy
structure; friable, clear, smooth boundary.

BE 32 Strong brown (7.5YR 5/6) to yellowish red (SYR 5/6) loam; common medium and fine

yellowish brown (10YRS/6) mottles; weak, medium to fine subangular blocky structure;
friable, clear, smooth boundary.

2Bt1 58  Yellowish red (5YR 4/6) clay loam; many medium distinct reddish brown (2.5YR 4/4),
common medium distinct brown (7.5YR 5/4), and few fine distinct yellowish red (SYR
5/8) mottles; moderate, medium subangular blocky structure; firm; thin patchy clay films
on ped faces; clear, smooth boundary.

2Bt2 80  Reddish brown (2.5YR 4/4) and red (2.5YR 4/6) clay; 5% fine distinct yellowish red (SYR
5/8) and strong brown (7.5 YR 5/8) mottles on ped faces; 15% medium and large
prominent pinkish gray (7.5 YR 7/2) and light gray (10 YR 7/1) mottles on ped faces and
root channels in ped interior; moderate to strong medium and coarse prismatic parting to
moderate medium subangular blocky structure; very firm; thin, nearly continuous clay
films on ped faces; gradual boundary.

2Bt3 102  Reddish brown (2.5YR 4/4) and red (2.5YR 4/6) clay; 25% prominent mottles of pinkish
gray (7.5YR 7/2), light gray (10YR 7/1) and light reddish brown (5YR 6/3) mainly along
ped faces; moderate coarse prismatic structure parting to moderate, medium to coarse
subangular blocky and weak, medium and coarse platy structure; firm; thin nearly
continuous clay films; gradual wavy boundary.

2B¢4 140  Red (2.5YR 4/6) clay; common prominent mottles of pinkish gray (7.5YR 7/2) to light gray
(10YR 7/1) along ped faces, and common distinct mottles of strong brown (7.5YR 5/8) and
yellowish red (SYR 5/6); moderate to weak, coarse and very coarse prismatic structure,
parting to moderate to weak, medium and fine subangular blocky and weak, medium platy
structure; firm; moderately thick continuous reddish brown (SYR 4/4) clay films on ped
faces; gradual, wavy boundary.

2BC1 220  Red (2.5YR 4/6) ped interiors with reddish brown (2.5YR 4/4) faces; common large
prominent light gray (10YR 7/1) mottles on ped faces; moderate to strong medium and fine
subangular blocky structure with some moderate medium prismatic structure; very firm;
common thin continuous clay films on ped faces; approximately 15% comprised of gently
dipping (10%) bands of light gray (10YR 7/1) very fine sandy loam with few fine and
medium distinct brown (7.5YR 5/4) and yellowish red (SYR 5/8 and 5YR 4/6) mottles;
common continuous yellowish red (SYR 5/6) clay films on ped faces; wavy diffuse
boundary.

2BC2 300  Fifty percent of horizon: red clay loam with colours and properties similar to horizon
above; fifty percent of horizon: light gray (10YR 7/1) very fine sandy loam, the latter with
approximately 40% yellow (10YR 7/6) mottling and 2% yellowish red (SYR 5/8) and
strong brown (7.5 YR 5/8) clay films.
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Fig. 2. Micrograph of the Bt4 horizon showing depletion of Fe oxides from a 1 mm zone at the
ped face with Fe-rich materials remaining in the interior of the ped; note the presence of
laminated illuvial clay coatings exterior to the zones of Fe depletion; frame length Smm:
a) plane polarized light; b) cross polarized light.

Particle size analyses were determined using the pipette method following dispersion with
sodium hexametaphosphate. Free Fe oxide was measured using a dithionite-citrate-
bicarbonate extraction. Elemental analyses of coarse and fine silt fractions were determined by
X-ray fluorescence spectroscopy. Oriented air dried clods were impregnated under vacuum
using a 60:40 mixture of polyester resin:styrene. After 2 weeks, the plastic was hardened using
SMrads of vy radiation. Owing to the high density and low conducting porosity of the clayey
samples, they were not well impregnated. Therefore, the cut blocks were surface impregnated
with an epoxy resin to obtain an impregnated zone of sufficient thickness for thin section
preparation.

RESULTS

The description of the Christiana soil profile given in Table 1 reveals several major features
typical of soils formed in Cretaceous clay sediments. Upper horizons in these soils are often
formed in a veneer of coarser materials that is occasionally thick enough to influence the
taxonomic classification of the soil. In this case a sandy surface mantle constituting the upper
32 cm of the profile is readily distinguishable from the underlying Cretaceous clay. The 2Btl
horizon beneath the surficial sands is partially influenced by mixing of the clay and overburden,
but below this horizon's lower boundary at 58 cm depth the profile is entirely within
Cretaceous clay.

Other than the fine textures of Cretaceous clay soils, perhaps the next most characteristic
feature is the predominantly red (2.5YR 4/6) colour. Red colours typify subsoil horizons as
well as deep sediments of the substrata, but, in striking contrast to the red matrix colour,
prominent light gray (10YR 7/1) mottling is present in most soils. This mottling is normally
concentrated along ped faces in the solum (Fig. 2). When gray colours are present in the
substrata, they appear to be related to sediment rather than pedologic structure (Table 1, BC2
horizon). The light gray ped faces are apparently caused by localized reduction and loss of Fe
in the solum and correspond to major avenues of root penetration (providing a C source for
microbial reduction of Fe). In most soils the Fe stripping results from reducing conditions of
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Fig. 3. Micrograph of the upper BCl
horizon showing zones of redox depletion
which do not appear to be related to soil
structural features; these are interpreted as
inherited from the time of deposition or
post-depositional diagenesis; frame length
5 mm; plane polarized light.

an epiaquic nature. Deeper in the soil, irregular zones of Fe oxide depletions (or absence)
were identified which showed no relation to soil structure (Fig. 3). These gray zones are
interpreted to be inherited from the time of deposition or during post-depositional diagenesis.

Free iron, with an average concentration of 4.7%, is abundant in the Cretacecous clay
portion of the subsoil, and on a whole soil basis is nearly constant with depth. Iron is not,
however, uniformly distributed within soil structural units. Analyses of samples separately
collected from gray prism faces, red ped interiors well removed from faces, and brownish rinds
transitional between the bleached faces and ped interiors, revealed Fe concentrations ranging
from 0.32% to 5.48% and 2.53%, respectively (similar to Fig. 2). The data demonstrate a
progressive loss of Fe from ped faces. Since the ped interiors away from the gray faces exhibit
relatively uniform red colouration, there is little to indicate that localized reprecipitation
occurs. The pedon appears to be undergoing a net loss of Fe.

The solum described is deep, extending beyond 3 m, and is somewhat thicker than the
average Cretaceous clay soil. Field evidence of soil development at such depth relies mainly on
structure and the presence of ped coatings tentatively identified as clay films. Very thin and
superimposed against a clayey fabric, clay films are not readily verifiable in the field. Those
most discernible are often at levels above Cretaceous clay horizons in coarse-textured surface
mantles that have sufficient thickness and age to support argillic horizon development. Fig. 4
shows the cumulative distribution of particle size fractions with depth. The lithologic
discontinuity at 32 cm depth as well as the zone of mixing extending to 58 cm are well marked
by sand contents five to ten times higher than that of the underlying Cretaceous clay.
Cretaceous clay materials normally have sand contents of less than 20%, with most of the sand
concentrated in the very fine and fine fractions. Interestingly, the lowest 2BC2 horizon is
distinctly higher in sand content, demonstrating that, even though this horizon is undoubtedly
formed in Cretaccous materials, stratigraphic variability is a nearly unavoidable complicating
factor in the interpretation of Coastal Plain soil genesis.

The distribution of clay content with depth again clearly defines stratigraphic changes in the
profile, but within the 162 cm Cretaceous clay increment encompassing the 2Bt2 through
2BC1 horizons, clay content varies only slightly. Discounting differences attributable to either
the upper lithologic discontinuity or the deep stratigraphic variability, no subsoil horizon in the
Cretaceous clay shows a sufficiently high comparative clay increase to qualify clearly as argillic
according to Soil Taxonomy (Soil Survey Staff, 1992). In addition, the fine clay content, even
when compared in ratio with total clay, is virtually unchanged throughout the Cretaceous clay
portion of the profile and does not indicate sufficient illuviation to document an argillic
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Fig. 4. Cumulative weight distribution of particle size fractions with depth in the Christiana soil
profile derived from a thin (30 - 60 cm) mantle of sandier material overlying clayey Cretaceous
sediments.

horizon. However, the pedon does meet textural requirements for a Paleudult because total
clay content does not decrease from the maximum by more than 20% within 1.5 m of the top
of the field-described argillic horizon. Micromorphological examination did reveal common
illuvial clay coatings throughout the argillic horizon. The clay coatings were usually restricted
to ped faces or occasional intrapedal conducting voids. They were commonly thin (<0.2 mm)
(Fig. 5) although in portions of the lower Bt horizon, some laminar clay coatings were
observed up to 0.6 mm in thickness (Fig. 2). These observations confirm that illuvial
processes have been somewhat active during the pedogenic history of this soil. However, the
magnitude of this process seems much less than might be expected for a clayey Paleudult with
mixed mineralogy.

Elemental analyses of silt fractions were found to be inconsistent indices of soil weathering.
As shown in Fig. 6, the profile distributions of Zr, Ca, K, and Ti in the coarse silt fraction
provide mixed results. Whereas the upper discontinuity is readily apparent, the only
weathering trends indicated in the Cretaceous clay are suggested by the distributions of K and



168 D. P. WAGNER AND M. C. RABENHORST

Fig. 5. Micrograph of a gray sandy stratum
from the lower BC2 horizon showing thin
(50 - 75 pm) well oriented coatings of
illuvial clay lining pores; frame length
1.2 mm; circularly polarized light.

possibly Ti. Very low concentrations of Ca in these sediments may largely preclude any utility
for Ca in this approach, and interpretations of K and Ti should be tempered with other findings
by Wagner (1976). In that study of five Christiana profiles, no single elemental trend was
consistently suggestive of deep weathering in all of the profiles. Most elemental distribution
patterns were either erratic or even contrary to normal weathering trends. By and large, these
appear to be better related to stratigraphic variation than to deep pedogenic weathering.

CONCLUSIONS

Clayey sediments of Cretaceous age are a widespread soil parent material along the western
border of Maryland's Coastal Plain. These kaolinitic-illitic sediments were apparently derived
from the erosion of soils in the adjacent Piedmont and are inherently highly weathered.
Although commonly overlain by thin surficial mantles of much younger and more coarse-
textured deposits, the major features of the Cretaceous sediments include clay textures, red
colours, high Fe oxide contents and very low concentrations of weatherable minerals.

The main characteristics of the sediment similarly account for the dominant properties of
soils formed in Cretaceous clay, but obvious pedological features are also exhibited by these
soils that occupy landscapes potentially dating to the Pleistocene. Field features described in a
Christiana soil include soil structure extending to depths of up to 3 m, thin ped coatings later
confirmed to be of illuvial origin and prominent gray mottling derived from the reduction and
loss of Fe from ped faces. Some of the Fe oxide segregations appear to predate pedogenesis
and were probably associated with the original parent material. The soil is classified as a
Paleudult due to uniform clay content with depth, but this was due primarily to the highly
weathered and clayey nature of the parent material, rather than intense and prolonged
pedogenesis.
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ABSTRACT

Elless, M.P. and Rabenhorst, M.C. 1994. Micromorphological interpretation of redox processes in soils derived
from triassic redbed parent materials. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
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There are problems assessing the degree of wetness of soils derived from certain red parent
materials because they resist formation of field-identifiable redoximorphic features. Such soils
occur within the Triassic Culpeper Basin, found in the Piedmont physiographic province of the
Mid-Atlantic region of the USA. A micromorphological examination of soils along two
topohydrosequences within this area was conducted to evaluate microscopic redoximorphic
features. Distinct nodules of iron and manganese oxides were observed in the Ap horizons of
somewhat poorly and poorly-drained soils. Redox driven depletions of iron oxides commonly
occurred behind (subjacent to) argillans in horizons associated with a seasonally high water
table. Within the better-drained soils, the iron oxides appeared to remain more evenly
dispersed throughout the matrix. However, segregation of manganese oxides as stains
occurred within the matrix or upon shale and sandstone fragments in the lower solum of the
better-drained soils. This indicates that the redox conditions in these horizons become
sufficiently reducing to mobilize manganese but not iron.

INTRODUCTION

There are problems assessing the degree of wetness of soils derived from certain red
(2.5YR to 5YR 3/4 or 4/4) parent materials because they resist formation of field-identifiable
redoximorphic features. The inhibition of gleying of red Trassic sediments was recently
demonstrated in a three-month incubation study involving red C-horizon material derived from
red shale and using glucose as a C source for microbes (G. Niroomand and J.C.F. Tedrow,
pers. comm., 1991). The inhibition of such soils and sediments against the formation of
distinct redoximorphic features may lead to erroneous interpretations for a variety of purposes.

In Maryland, such red sediments occur in the Triassic Culpeper Basin. This basin is one
member in a series of Triassic-aged basins which occur in the Mid-Adantic region of the USA
(Fig. 1). These basins formed as a result of tensional forces created during the breakup of the
supercontinent Pangaea II at the start of the Triassic Period (Levin, 1978). Alluvial sediments
subsequently infilled each basin, resulting in the occurrence of sandstones, siltstones, and
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Fig. 1. Location of Triassic basins occurring along the Mid-Atantic region of North America
and location of sample sites (FC and MC) within the Culpeper basin of Maryland. (After Levin
1978).

shales. A reconnaissance survey showed the dominant geologic parent material of this basin
was dusky red (2.5YR to SYR 3/4 or 4/4) shales with lesser amounts of fine-grained
sandstones.

Because the development of redoximorphic features appears to be inhibited in these soils,
the objective of this research is to determine the nature of redox-driven pedogenic processes
from examination of microscopic features.

MATERIALS AND METHODS

Two representative topohydrosequences (THS) were selected for study within the Triassic
Culpeper Basin in Maryland. One THS was located in Montgomery County (MC) and the
other THS was located in Frederick County (FC)(Fig. 1). Along these THS, eleven pedons
were examined. Each pedon was classified according to Soil Taxonomy (Soil Survey Staff,
1990). Detailed soil descriptions are given in Elless (1992). Field moist Munsell colours were
recorded for soil matrices, mottles and coatings. Precipitation for both sites is evenly
distributed throughout the year in this region. However, a "wet" season is noted during winter
and early spring when precipitation exceeds evapotranspiration.
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Table 1.

Classification and landscape element of each pedon of both topohydrosequences.
Pedon Landscape Element Classification®
MC5 Summit coarse-loamy Alfic Hapludult
MC4 Upper Backslope fine-loamy Aquic Fragiudalf
MC3 Lower Backslope fine-loamy Aeric Fragiaqualf
MC2 Footslope fine-loamy Typic Fragiaqualf
MClI Toeslope fine-loamy Typic Ochraqualf
FCS Summit fine-loamy Ultic Hapludalf
FC4 Upper Backslope fine-loamy Typic Eutrochrept
FC3 Lower Backslope fine-loamy Aquic Hapludult
FC2 Footslope fine-loamy Aquic Fragiudalf
FC1A Lower Footslope fine Aeric Fragiaqualf
FC1 Toeslope fine Ultic Ochraqualf

*All soils have mixed mineralogy and occur in the mesic soil temperature regime.

To determine the hydrological status of soils along each THS, a combination of both open
boreholes and water table wells was installed near to where each pedon was described and
sampled. Water table levels were recorded in each well on a biweekly basis from September 1,
1989 to August 31, 1991.

Undisturbed, oriented clods were sampled from each horizon in every pedon. Following
air-drying, oriented clods were impregnated under vacuum using a 60:40 polyester:styrene
mixture. After 1-2 weeks, the impregnated clods were hardened using a 5 Mrad dose of y-
radiation. Horizontal and vertical thin sections were prepared and described according to
Bullock et al. (1985). Other laboratory determinations included particle-size analyses by the
pipette method (Gee and Bauder, 1986) and extraction of Fe/Mn oxides using both sodium
dithionite citrate buffer (DCB) (Kittrick and Hope, 1963) and acid ammonium oxalate in the
dark (Schwertmann, 1964). Iron and manganese were determined in all extracts by atomic
absorption spectroscopy.

RESULTS AND DISCUSSION
Soil Classification and Hydrology

The classification and landscape element of the soils along both THS are given in Table 1.
These soils tend to be high base-status soils and are generally fine-loamy to fine within the
particle size control section. With the exception of pedon FC4, argillic horizons were observed
in all pedons of both THS. Internal drainage is restricted during the "wet" season in more
poorly-drained soils of each THS either by argillic horizons or fragipans which commonly
occur. This seasonal perching of the water table promotes the development of redoximorphic
features above these water-restricting layers.

Results of the hydrological investigation demonstrate similar hydrological characteristics
among the more poorly-drained pedons of the FC site (FC1 and FC2), namely a high frequency
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of upper sola saturation and a long duration of the water table within their profiles (Fig. 2). As
expected, the hydrology of the better-drained pedons (FC3, FC4, and FC5) show a lower
frequency of saturation in the upper sola and a shorter duration of the water table within the
profile of these soils. Similar results were observed for the MC site pedons. Perched water
tables (overlying argillic horizons and/or fragipans) were observed during the monitoring of the
wells, particularly during the warmer and drier portions of the "wet" season.

Redox Depletion Features

Low chroma (< 2) mottles and low chroma matrix colours (gleying) were observed mainly
in the soils in lower landscape positions or in lower soil horizons. Grey (2.5Y 5/2) prism faces
are commonly observed in fragipans and argillic horizons which retain reddish colours of the
parent materials in the prism interiors. As expected, these depletion features contain less Fey
and Mny than the redox concentration features (Table 2). The iron oxides which remain are
rather poorly crystalline (Fe /Fey=0.27). In the field, clay films (2.5Y 6/2 to 5Y 6/1) were also
observed along the same grey prism faces in B horizons. Therefore, there was a question as to
whether the grey colours on the ped faces were due to a redox-induced depletion of Fe oxides
from the red hematitic soils or whether the grey colours were simply due to the illuviation of
grey clays which previously had been depleted in Fe. Fig. 3a shows a section through a ped
face from an argillic horizon. The ped interior remains pigmented with Fe oxides but has been
depleted in Fe oxides around the exterior of the ped. Also in this Fe-depleted zone, illuvial
clay coatings have been identified which are relatively low in Fe oxides. This indicates that the
grey ped faces have in fact been altered by reduction and depletion of Fe oxides and are not
simply the result of illuvial coatings of grey clay. These depleted zones, however, are rather
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Table 2
Mean and standard deviation (sdv) values for iron and manganese in redoximorphic features of
various colours collected from soils of both topohydrosequences.

Feature Fey Fe, Mny Fey/Fe4 Colours
g/kg
Fe/Mn Nodules mean 97.9 29.7 396 032 N2/0
(n=9) sdv 32.6 92 153  0.10
Black Stains mean 27.3 4.6 86 017 N2/0-N3/0
(n=4) sdv 8.4 1.8 32 022
Brown Redox  mean 249 2.6 0.0 0.08 10YR-7.5YR hues and
Concentration  sdv 16.5 3.6 0.1 0.07 chroma >3

Features (n=19)

Red Redox mean 30.2 22 02 007 5YR-25YR hues and

Concentration  sdv 143 L5 0.4 004 chroma>3

Features (n=19)

Redox Depletion mean 104 1.7 0.0 0.27 varying but typically grey or

Featureas (n=19) sdv 7.3 2.1 0.1 0.52 pale brown with yellowish hues
(7.5YR - 5Y) and/or chroma <3

thin and rarely exceed 0.5 mm in thickness. Further confirmation that the hematite within these
soils does become reduced is found in Fe oxide depleted exteriors of shale fragments (Fig. 3b).

Redox Concentration Features

Three types of redox concentration features were observed in these soils, namely rounded
Fe/Mn nodules, high chroma (24) matrices and mottles, and black Mn stains and hypocoatings.
The rounded Fe/Mn nodules were observed in the somewhat poorly to poorly-drained pedons
(MC1, MC2, MC3, FC1, FC1A, FC2) where reducing conditions frequently occur. The
nodules occurred primarily at the Ap/Bt boundary at depths ranging from 22 to 25 c¢m in
pedons MC1, MC2, and MC3 and from 25 to 33 cm in the pedons FC1, FC1A and FC2.
These nodules exhibited a black colour (N 2/0) and varied in both size (0.5 to 10 mm in
diameter) and abundance (up to 10% by horizon volume). Although these nodules may be
interpreted as relict features which had formed in the B horizon and are now lag gravels, the
current hydrological/morphological characteristics of both THS also favour the development of
such nodules. The underlying argillic horizon perches the water table within the OM-rich
plough layer during a saturation episode. The restricted drainage is thought to induce
reduction of the metal oxides and mobilization of the Fe and Mn, while at the same time
preventing the mobile metals (especially Mn) from being leached from the system. Therefore,
the reduced iron and manganese are vulnerable to reoxidation and reprecipitation during the
next drying episode. Successive wetting/drying episodes apparently cause segregation and
favour formation of such nodules. The formation of Fe/Mn nodules has been reported under
similar situations of restricted internal drainage conditions over other types of parent materials
(Schwertmann and Fanning, 1976; Richardson and Hole, 1979).
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Fig. 3. Micrographs (plane polarized light; frame lengths 2.5 mm except 3b which is 1.2 mm) of:

a) ped faces in an argillic horizon (Bt2, 54-74 cm) of pedon FC1A showing lighter zone of Fe oxide depletion
adjacent to the ped faces;

b) Fe oxide depletion from the outer rim of a shale fragment in the 2Bx horizon (74-158 cm) of pedon FC1A,

¢) typic orthic Fe/Mn nodules from the Ap horizon of pedon MC2 showing undifferentiated internal fabric and
protruding framework sand grains;

d) dark shale fragments from the Ap horizon (0-19 cm) of pedon FC4, which can be confused in the field with
orthic nodules, showing absence of framework sand grains;

€) Mn hypocoatings adjacent to ped face in the 2BCt1 horizon (110-132 cm) of pedon FCS5;

f) black Mn coatings along conducting channel which has been coated with laminated illuvial clay in 3BC2
horizon (132-158 cm) of pedon FCS5.
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The nodules possessed very high levels of DCB extractable Fe (Fey) and Mn (Mny) (Table
2). They also had high oxalate extractable iron (Fe,) and Fe/Fe, ratios, which indicates that
the iron oxides are poorly crystalline, probably due to their development under alternating
wet/dry conditions and the higher organic matter content in the horizons where they form. The
nodules were typic and possessed an undifferentiated fabric. They were interpreted to be orthic
because the distribution of sand-sized framework grains within the nodules was the same as
that in the surrounding matrix (Bullock et al., 1985) (Fig. 3c). In addition, framework grains
were observed protruding from the edges of the nodules, which would have been unlikely to
survive transport. Features which appear similar by field examination were observed in the A
horizons of better drained soils. However, when examined in thin section, it was evident that
these dark coloured, sand-sized features lacked the framework sand grains of the surrounding
matrices and were in fact Fe oxide-rich shale fragments rather than redox-induced
concentrations of Fe and Mn (Fig. 3d).

Other redox concentration features include: a) high chroma (= 4) mottles in a brown or grey
matrix, b) high chroma matrix which contains low chroma mottling, and c) black, neutral-hued
manganese stains. In this order, these three features are commonly observed in the toeslope,
backslope, and shoulder positions in both THS, respectively. In horizons with a low chroma
matrix which overlie a water-restricting layer (i.e. gleyed argillic horizons overlying red
fragipans in pedons MC1, MC2, and FC1), brown or red high chroma mottles typically occur
in the ped interiors. Because conditions which favour pedogenic hematite formation, such as
pH 7 to 8 (Schwertmann and Taylor, 1989), are absent within these soils, the red and brown
mottles represent remnants of formerly coloured matrices rather than metal oxide
concentrations formed from the reprecipitation of previously reduced iron in a more
oxygenated zone. Soils with brown or red matrices and low chroma mottling typically occur in
those horizons which experience saturation/reduction episodes too limited to cause gleying of
the horizon (i.e. fragipans having gleyed prism faces in pedons MC3, MC4, FC1A, and FC2).
Black Mn stains typically occur in the lower sola of the better drained (moderately well) soils
(pedons MC4, FC3, and FC4). This indicates that the redox conditions in these horizons
become sufficiently reducing to mobilize Mn but not Fe. These three types of redox
concentration features had similar levels of Fey (Table 2). The black Mn stains possessed
higher Fe  levels which resulted in a higher Fe /Fey ratio. Significant Mny levels were found
only within the black stains.

The Mn stains may also exist as hypocoatings on ped faces and occur commonly in lower
horizons where solubilized Mn moves toward the ped surface through moisture or diffusion
gradients (Fig. 3e). Fig. 3f illustrates the accumulation of Mn oxides as coatings which have
been subsequently covered by illuvial clay. This suggests that the mobilization of Mn may
occur early in the genesis of these soils, prior to the transport and accumulation of clay during
argillic horizon formation.

CONCLUSIONS

Experience of field soil scientists and recent experimental work has shown that soils formed
in the red Triassic parent materials are less apt than other soils to express redox-induced low
chroma colouring. While low chroma colours do not form as readily, this study has identified
redox segregations in soils formed in these parent materials. In the more poorly drained soils
these features occur principally as orthic typic nodules and as Fe depletions near conducting
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voids. In better drained soils, Mn coatings and hypocoatings are common in lower horizons
where Fe does not seem to be mobile. Additional correlative work is necessary in order to
properly interpret the hydrology of these soils from the redox-induced segregations.
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ABSTRACT

Condron, M.A. and Rabenhorst, M.C., 1994. Micromorphology of spodic horizons in a Psamment - Aquod
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Elsevier, Amsterdam, pp. 179-186.

Micromorphological features were examined in soils with spodic horizon characteristics
along two topo-hydrosequences on the coastal plain of Maryland, U.S.A. The soils were
classified according to Soil Taxonomy as (siliceous, mesic,) Typic Quartzipsamment, Typic
Endoaquod, and Typic Alaquod. Better drained soils showed evidence of clay translocation in
B and BC horizons through thin clay coatings on grains and in voids. Somewhat poorly
drained transitional soils contain polymorphic organic-sesquioxide material in the voids of the
spodic horizon. The upper zone of spodic horizons in the very poorly drained soils had
enaulic-gefuric related distribution with aggregates of organic material in the voids; the lower
zones had gefuric-chitonic related distribution with cracked monomorphic coatings on grains.
Weak clay orientation around grains in some spodic horizons implies that podzolization took
place after an earlier episode of clay translocation.

INTRODUCTION

On the Coastal Plain of Maryland, U.S.A. soils with spodic horizon morphology have
formed in late Pleistocene or early Holocene dune deposits in areas which have seasonally high
water tables.

A study of the genesis of spodic horizon formation was undertaken in soils along two topo-
hydrosequences in the Pocomoke State Forest on the coastal plain of the Delmarva Peninsula
in Eastern Maryland, U.S.A (Fig. 1). The study area has a humid temperate climate with an
annual rainfall of 1250 mm per year and an average annual air temperature of 13.7° C. The
predominant vegetation is Loblolly pine (Pinus taeda) with a greenbrier (Smilax rotundifolia)
understory.

Soils with spodic horizons have been studied extensively and a combination of chemical,
morphological and microscopic features have been used as criteria to classify spodosols.
Sodium pyrophosphate extracts humic and fulvic acids and organic aluminum complexes.
Ammonium oxalate extracts aluminum and iron organic complexes and poorly crystalline
minerals. The optical density of oxalate extracts (ODOE) at 430 nm (Daly, 1982) is an
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Fig. 1. Locations of study area and sampling sites in Maryland, U.S.A.

indicator of translocated organic material. Dithionite citrate bicarbonate (DCB) is used as an
extractant of organically complexed iron and aluminum, amorphous aluminosilicates and
noncrystalline hydrous oxides. Another procedure, NaF pH is used to estimate the presence of
paracrystalline and noncrystalline materials in the soil. NaF pH > 9.4 is considered a strong
indicator that amorphous material dominates the exchange complex. The main features
which have been noted in micromorphological studies of spodic horizons are monomorphic, a
continuous mass with uniform colour and density, and polymorphic, a discontinuous mass with
variable colour and density. Cracked coatings found on grains in spodic horizons are
considered to be composed of translocated organic matter, aluminum and iron. Another
feature often found in spodic horizons is a pellety microstructure (McKeague et al., 1983;
McSweeney and FitzPatrick, 1990).

This paper, which is part of a larger study of pedogenic processes in soils along two topo-
hydrosequences, focuses on the micromorphological features of the soils and their varying
degrees of spodic horizon expression.

METHODS
Site Description and Sampling

A topographic transect representing the soil morphology and sequence of drainage classes
at one of the study sites is shown in Fig. 2. Chemical data from three pedons at both sites are
given in Table 1. These pedons were chosen because each represents the different degrees of
spodic horizon development found in the toposequences, ranging from no expression to
strongly expressed. They also represent a range of drainage classes from excessively drained in
the summit position to very poorly drained in the depressional footslope position.

Transects were run along two topo-hydrosequences in the Pocomoke State Forest,
Maryland. Groundwater monitoring wells made of perforated PVC pipes (7.6 cm diameter)
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Fig. 2. Locations and classifications of three pedons along the transect at Study Site 2, Atlantic
Coastal Plain, Maryland, U.S.A.

were placed along the transects, and the depth of the ground water from the soil surface was
measured using a weighted wire connected to an electronic multitest meter. Pits were opened
adjacent to five wells at Site 1 and four wells at Site 2, and the pedons were described and
sampled using standard SCS procedures (USDA Soil Conservation Service, 1992).

The relation between landscape position and water table depth appears to be an important
influence on the formation of spodic horizons in the soils at both sites. The soil in the highest
landscape position is at the summit of a dune formation. The water table is deeper than 159
cm in this soil, and there is no evidence of spodic horizon development. In both transects
spodic horizon morphology starts to appear in the lower landscape positions where the water
table comes closer to the surface (29 - 48 cm). The most strongly expressed spodic horizons
are in the lowest landscape positions (depressional footslope) where the water table is at the
soil surface or above during the wet season (Condron, 1990).

Analytical Methods

Thin sections were prepared from air dried, undisturbed clods and were described according
to Bullock et al. (1985). A 60:40 solution of Castolite and styrene was used to impregnate the
clods which were then hardened using 5§ Mrad of gamma radiation. Sections were cut from the
clods, mounted on glass slides with epoxy and ground to approximately 30 microns.
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Table 1
Chemical data from three pedons representing different degrees of spodic horizon expression,
Atlantic coastal plain, Maryland.

Horizon Depth Fed Fep Feo Ald Alp Alo Ct Cp ODOE pH

(NaF)
(cm) (g/kg)
Tyic Quartzipsamment, Site 2
Oe 1-0
Al 0-9 04 02 02 01 02 01 73 11 0010 7.70
A2 920 16 06 05 03 05 04 42 14 0008 8.12

BAl 20-44 22 07 04 08 08 09 22 08 0.013 9.70
BA2 4469 30 07 03 06 06 05 22 08 0017 6.9
Bw 6998 45 11 05 08 26 08 1.0 06 0020 9.12
CB1 98-149 10 02 01 01 04 02 03 02 0011 1795
CB2 149-194 12 03 01 01 05 03 03 03 0.008 8.05
Cl 194249 12 03 01 01 03 02 03 03 «0.00 8.00

C2 249-284 10 02 01 01 03 02 00 03 0.007 8.10
C3 284-313 13 04 04 01 03 02 04 03 0009 820
C4 313354 11 04 03 01 03 02 02 03 0008 8.20

Typic Endoaquod, Site 2
Oe 4-0
A 0-7 13 08 12 03 04 03 119 26 0.047 775
Ap 7-15 1.8 12 18 07 11 07 11.8 49 0083 8.10
Bh 1526 33 24 28 32 48 45 134 7.7 0.136 11.05
Bs 2639 42 24 29 21 30 36 48 28 0.032 10.65

BCl 3953 32 1.7 19 13 18 18 16 08 0012 970
BC2 5391 66 29 11 19 55 10 12 04 0011 955
Cl1 91-105 04 02 01 00 01 00 00 0.0 0.007 8.05

Typic Alaquod, Site 1

Oe 6-0

A 022 03 02 02 03 06 04 211 72 0014 695
E 22-50 00 00 00 00 00 00 18 10 0.008 770

Bhl 50-58 01 01 01 27 44 32 354 257 0801 7.82
Bhsm 5881 01 02 02 48 75 55 280 250 0.748 11.14
Bh2 81-114 01 00 00 07 37 08 95 177 0221 17.65
Bh3 114-164 00 00 00 04 08 05 62 55 0110 795
Bhs 164-209 00 00 00 04 07 05 42 42 0.101 845
Bs 209-254 00 00 00 06 08 07 42 44 0132 933
BC 254290 00 00 00 02 06 04 1.8 22 0.040 9.05

Samples for chemical analyses were air dried, crushed and passed through a 2 mm sieve.
Organic C was measured by dry combustion. Fe and Al were extracted using sodium
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pyrophosphate (Method 6C5, USDA Soil Conservation Service, 1992), dithionite citrate
bicarbonate (Fanning et al., 1970) and ammonium oxalate (McKeague and Day, 1966), and
measured by atomic absorption spectroscopy. Pyrophosphate C was determined with a
Dohrmann Carbon Analyzer. Duplicate extractions of each sample were made and reported as
averages. Optical density of oxalate extract (ODOE) was read with a spectrophotometer
(Method 87, USDA Soil Conservation Service, 1992). Whole soils were treated with NaF to
estimate the presence of paracrystalline and noncrystalline materials in the soil (Method 8Cld,
USDA Soil Conservation Service, 1992).

RESULTS
Psamments

The soil in the summit position, a Typic Quartzipsamment (Soil Survey Staff, 1992), has a
thin A horizon which, in thin section, has gefuric related distribution with few organic
aggregates in voids and on mineral grains. Fungal hyphae and root tissue are present. Quartz
is the dominant mineral with a few weathered grains of microcline and plagioclase. There is no
evidence of spodic horizon development, but there are indications of clay illuviation. In the B
horizon the related distribution is chitonic with thin clay coatings occurring on sand grains
(Fig. 3a). The upper walls of the voids are more thinly coated than the lower walls and a few
voids have crescentic coatings. Although field observations suggested this profile has a Bt
horizon, particle size analysis revealed that the clay increase in the horizon was insufficient to
be an argillic horizon.

Endoaguods

The soil in the lower backslope position (a Typic Endoaquod) is an example of a transitional
soil which has a weakly expressed spodic horizon. In the field the spodic horizon was seen to
be thin, though continuous, with some reddish, brittle zones. Fe and Al are present in
measurable amounts in all three extractants, and pyrophosphate-extractable C is greatest in the
spodic horizon. The micromorphology of the A horizon is similar to that in the soil on the
summit position, but the related distribution and other features of the B horizon are
characteristic of spodic horizons. The upper part of the B horizon has enaulic related
distribution with polymorphic material forming intergranular aggregates in voids and
occasionally coating grains. The related distribution pattern in the lower zone of the spodic
horizon is chitonic. Organic material appears as coatings (not cracked) around grains rather
than as aggregates.

Alaquod

The soil in the depressional footslope position (a Typic Alaquod, Soil Survey Staff, 1992) is
very poorly drained and has an umbric epipedon with an organic carbon content almost triple
the amount in the surface horizon of the excessively drained Typic Quartzipsamment. In thin
section the A horizon has enualic related distribution with aggregates of black polymorphic
organic material in the voids and as coatings on some grains. The E horizon is grayish and
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Fig. 3. Micrographs of: a) Typic Quartzipsamment, Bt horizon, showing crescentic coatings in
voids; plane polarized light (PPL); b) Typic Alaquod, E horizon, showing weathered feldspar
grain; PPL; c) Typic Alaquod, Bh horizon, showing pellety microstructure; PPL; d) Typic
Alaguod, Bhsm horizon, showing cracked coatings on sand grains; PPL; e) Typic Alaquod,
Bhsm horizon, showing weakly oriented clay around sand grains; crossed polarized light; f)
same frame as e) showing complex organic coating with oriented clay; PPL.

very distinct from the surface and spodic horizons with speckled amorphous organic material
forming braces between some grains in thin section. The A and E horizons contain weathered
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feldspar grains with cross banded and cross linear alteration which illustrate that weathering of
the mineral has taken place and suggest the loss of structural aluminum from the upper
horizons of the soils (Fig. 3b). X-ray diffraction of the sand and silt fractions in these horizons
showed the presence of potassium feldspar (orthoclase and microcline) and, in lesser amounts,
albite (Condron, 1990). The micromorphological evidence of feldspar weathering in
conjunction with an earlier study (Condron 1990) supports the hypothesis that weathering of
feldspar in the surface horizons is a source of the Al accumulated in the spodic horizon.

The micromorphology of the spodic horizons differs between the upper and lower horizons.
The upper Bh horizons have enaulic-gefuric related distribution with polymorphic organic
matter in the voids ("pellets") and as coatings on grains (Fig. 3c). This black isotropic material
has a globular to blocky shape with rough surfaces, and ranges in size from 40 - 160 p. This
part of the spodic horizon has more organic C than in the surface horizons and the proportion
of organic C that is pyrophosphate extractable is greater than in the surface horizon, indicating
that organic matter translocation may be taking place. The lower zones of the spodic horizon
are characterized by gefuric-chitonic related distribution with cracked monomorphic coatings
on the grains (Fig. 3d). In addition to polymorphic and monomorphic coatings, some of the
sand grains in the upper and lower parts of the spodic horizon have compound coatings of clay
and monomorphic material. Striated clay is moderately oriented around sand grains with
monomorphic coatings occurring outside the clay (Fig. 3¢ and f).

DISCUSSION

The presence of pellets in spodic horizons has been reported by others (Flach, 1960;
DeConinck and McKeague, 1985). In the past Soil Taxonomy (Soil Survey Staff, 1975) has
used the presence of "pellets of coarse silt-size or larger” as a criterion for spodic horizon
identification. McSweeney and FitzPatrick (1990) pointed out that the criterion lacked the
specificity to distinguish pellets associated with spodic horizons from other types of pellets,
such as concretions or biological features, and suggested that cracked coatings are more
suitable than pellets for identification of spodic horizons. Cracked monomorphic coatings are
thought to be evidence of translocated organic matter (De Coninck and McKeague, 1985)
and/or amorphous Al-Si complexes (Farmer et al., 1984).

The results of pHy,p indicate the presence of paracrystalline or noncrystalline Al/Fe
minerals in the spodic horizons of the soils studied. A pHy,f >9.4 can indicate the presence of
aluminum hydroxide groups (Wada, 1980) either as organic aluminum hydroxide or allophane-
imogolite complexes. The predominance of pyrophosphate extractable aluminum coupled with
the virtual absence of extractable Si (Condron, 1990) suggests that amorphous aluminum
organic complexes, rather than Al-Si compounds, form in these soils. This evidence and the
presence of weathering feldspar in the surface horizons of all soils along the transects suggest
that accumulations of aluminum in the spodic horizons may be due to movement of soluble
organo-aluminum complexes within pedons (Condron, 1990).

In a discussion of compound coatings in spodic horizons, De Coninck and McKeague
(1985) proposed that the compound coatings may be formed in separate illuvial events. Silt
and clay and/or illuvial clay from the E horizon can become more or less oriented on the sand
grains in the spodic horizon. In a later episode, organo-metal compounds accumulate as
monomorphic coatings around the previously translocated silt and clay. A similar model could
be used to explain the formation of spodic horizons in the soils of this study. The moderately
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oriented clay in the spodic horizons implies that clay translocation took place prior to
podzolization and the formation of the monomorphic outer coatings.

CONCLUSIONS

In this landscape, spodic horizons form in low-lying areas and are most strongly expressed
in the lowest landscape positions. They are characterized by accumulations of amorphous
aluminum-organic complexes. Cracked coatings and polymorphic material ("pellets”) in the
spodic horizons are similar to micromorphological features reported in other studies of
spodosols. The presence of compound coatings, however, suggest that clay translocation took
place prior to the process of podzolization in these soils.
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ABSTRACT

Bronger, A., Bruhn-Lobin, N. and Heinkele, Th., 1994. Micromorphology of paleosols - genetic and
paleoenvironmental deductions: Case studies from central China, south India, NW Morocco and the Great
Plains of the USA. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies
in Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville,
Australia, July 1992, Developments in Soil Science 22, Elsevier, Amsterdam, pp. 187-206.

Paleosols are grouped into relict and buried soils. Buried soils in loess are mostly truncated
and recalcified. Micromorphology can distinguish between secondary and, if still present,
primary carbonates and therefore can be used to separate pedogenic from postpedogenic
processes. This has some very important paleoclimatic implications. In addition,
micromorphology can be used to identify clay illuviation which allows, under certain
restrictions, additional paleoenvironmental inferences. This method, together with (clay)
mineralogical investigations, is used as the basis for deducting a detailed climatic history of the
last 2.5 Ma, including the interglacials, from a loess-paleosol sequence in central China.

Relict micromorphological features occur in semiarid tropical Alfisols with distinct kaolinitic
clay maxima in the Bt horizon. These include runiquartzes with hematitic infillings and some
hematitic iron concretions or kaolinized feldspars, biotites and homblendes, which are viewed
as cvidence of a more humid climate probably dating back to the Neogene. In contrast, the
accumulation of secondary carbonates refers to the present day climate. This result implies that
the efficiency of weathering under a tropical climate is often overestimated. In the central and
northern part of the Great Plains of the USA, many soils such as Borolls, Ustolls and even
Aridisols have subsoils enriched with 220% clay. This Bt horizon is referred to genetically as a
horizon of clay illuviation, or an argillic horizon. However, micromorphological evidence from
over 20 principle soil series, does not indicate clay illuviation. Additional investigations of the
quantitative composition of the primary and clay minerals show that the main cause of the clay
maximum in the subsoil is a lithologic discontinuity in the parent material. Selected soils of the
short-grass prairic with much higher clay contents in the B horizons are polygenetic soils or
paleosols in the sense that the subsoils are the result of much older soil forming processes
probably occuring during a period with moister climate.
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INTRODUCTION

The term paleosol is used either for a soil "formed in a landscape of the past” (Ruhe, 1956;
Yaalon, 1971) or formed under changing environmental conditions, especially climatic and
associated changes. According to these definitions paleosols can be grouped into buried or
fossil soils and relict soils. Relict soils began forming when soil forming conditions were
different from those of the present but are still close enough to the surface to continue
developing today. Difficulties connected with this definition, notably the problem of a minimum
age limit, are discussed in a previous paper (Bronger and Catt, 1989). On the other side, there
is a considerable measure of agreement over what is meant by a fossil soil. It is a soil buried by
younger sediment sufficiently thick that any subsequent pedogenesis has not affected its entire
thickness or, therefore, the buried soil. But difficulties can remain in separating the two groups
of paleosols such as the buried Holocene soil in the Loess Plateau in central China (to be
discussed later).

Micromorphology can give important information on the genetic and paleoenviromental
interpretation of buried and relict soils. However, many open questions remain and this paper
only focuses on some of them. Special attention is drawn to the use of Soil Taxonomy, first
because this classification is used as an international reference system in many countries where
relict soils are widespread, mainly in the tropics and subtropics. Second, Soil Taxonomy has
strong genetic implications because many of its diagnostic horizons are thought to be the result
of soil genesis (Smith, 1983). Out of this complex we focus our attention mainly on the argillic
horizon which is referred to genetically as a horizon of clay illuviation (Soil Survey Staff, 1975,
1990; Smith, 1983). This process can be unequivocally demonstrated by micromorphology and
allows, with some restrictions, certain paleoenvironmental conclusions. For further genetic and
paleoclimatic interpretations of buried and relict soils, mineralogical investigations, especially
of clay, are necessary to indicate the nature and intensity of weathering. Therefore, additional
(clay) mineralogical results are given in some of our examples. Excluded in this paper are
micromorphological aspects of many other important paleopedological features such as various
duricrusts in relict soils or lithified and metamorphosed paleosols (Retallak and Wright, 1990).

BURIED OR FOSSIL SOILS
General remarks

This section focuses on paleosols developed from loess because loess-paleosol sequences
can provide detailed records of Pleistocene climatic changes. As such they are well studied and
several recent comprehensive articles, with extended references, can be cited e.g. for the
central part of the USA (Olson, 1989), UK (Catt, 1988, 1989), Italy (Cremaschi, 1987),
Central Europe (Semmel, 1989; Bronger and Heinkele, 1989b; Smolikova, 1990) and central
China (Bronger and Heinkele, 1989a; Heinkele, 1990; Guo et al., 1991).

It is often difficult to classify buried soils genetically for paleoclimatic deductions. First, they
are mostly truncated (see above), and second, several important diagnostic features which can
be recognized in modern soils, e.g. chemical properties, have disappeared or have been
changed because of postpedogenic alteration of the paleosols. One example is the progressive
decomposition of organic matter with advancing age not only during the Upper Pleistocene
(Bronger, 1966, 1974) but also in the Early Holocene (Bronger and Heinkele, 1989a). This
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prevents designating most buried Chernozems (see below) as Mollisols after the Soil
Taxonomy. Another example in loess areas is that all fossil soils are more or less recalcified
from the overlying loess. Thus, in contrast to modern soils, pH or base saturation values,
although published until recently (Guo et al., 1991), are of little use. It is therefore necessary
to study the sequence of processes in buried soils to provide information about pedogenesis as
well as diagenesis. Micromorphology is of special significance, for it provides a complete view
of soil development through different stages even in polygenetic pedocomplexes (Kubiena,
1959, 1964; Smolikova, 1967, 1971, 1990; Bronger, 1969/70, 1976) and often reveals the
effects of post-pedogenetic processes after burial. Micromorphology can, for example,
distinguish between secondary carbonates and, if still present, primary carbonates. Secondary
carbonates occur as fine calcite concentrations in voids (micrite and microsparite after Courty
et al., 1987), as accumulations of coarse calcites in root channels, or as calcite needles in finer
pores (Figs 1a-c: see also Bronger, 1966, Photos 9-12 and 1976, Photos 10, 18, 19; Bronger et
al., 1987; Bronger and Heinkele, 1989a, Fig. 9; and Wieder and Yaalon, 1982). However,
individual carbonate clasts, irregularly distributed in the soil matrix, can be regarded as primary
(¢f. Bronger, 1976, Photos 9, 17 and 23). This genetic distinction between carbonate
constituents is of special importance, because one can distinguish between Degraded
Chernozems and Chernozems with the presence of primary carbonates, the latter developing in
a shorter time and under a drier climate (see below).

Furthermore, micromorphology makes it possible to demonstrate the process of clay
illuviation unequivocally. This soil forming process takes place in the pH range 4.5 - 6
(0.1IM KClI or CaCl,) in climaphytomorphic soils (Schroeder, 1984) in a plateau position far
above the groundwater table and without the influence of Na* ions. It is associated with a
temperate climatic belt and forest vegetation under a udic soil moisture regime but not under
steppe vegetation with a ustic soil moisture regime (for definitions see Soil Survey Staff, 1975,
pp. 51-57). This regular relationship has been found in many Holocene loess soils in east
Central Europe, in the western part of the Central Lowlands and in the Great Plains of the
USA (Bronger, 1976, pp. 35-106; 1991). Even when the illuviation argillans (Brewer, 1964;
Bullock et al., 1985), as unequivocal signs of clay illuviation, are transformed by changing
environmental conditions in buried or relict soils, they remain visible as a very stable element of
the fabric. For example, they are even found in the excrements of earthworms (e.g. Zachariae,
1964; Bronger, 1976, Photo. 3; Catt, 1989, Photo. 1A) and in "FlieBerde" (geliflucted soil)
material from a buried Mid-Pleistocene Udalf (Bronger, 1969/70, Fig. 2A and B; Catt, 1989,
Photo. 1: B-D). Other features of illuvial clay may be less clear for interpretations are often
subjective (McKeague, 1983; Bullock and Thompson, 1985; Bronger 1991, p. 44). However,
it is necessary to separate the basically climatogenic process of clay illuviation (in the form of
illuviation argillans) from the process of argillipedoturbation (in the form of oriented
birefringence, see Fig. 5d), which is predominantly a lithogenic process determined by the soil
material (Bronger, 1977) especially in vertic soils sensu lato.

Buried Holocene soils in central China

For paleoclimatic deductions from buried soils (see above), the comparison with the
climaphytomorphic Holocene soil of the specific area is necessary. The difficulties both in
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Fig. 1. a) Calcite needles and larger clastic calcite with soil aggregates partly impregnated with
micritic calcite are forms of secondary carbonate in the Ahb horizon of a buried Holocene
Chernozem near Luochuan in the Loess Platean of central China; crossed polarised light
(XPL); frame width (FW) 1.33 mm. b) Micritic and microsparitic calcites, with needles in
voids or around aggregates occur as secondary carbonates in the Ahb horizon; Same soil as a).
XPL; FW 1 mm. ¢) Clastic carbonates mainly in the coarse silt fraction in a root channel, a
kind of macroscopically visible pseudomycel in the AC horizon; Same soil as a); XPL;
FW 3 mm. d) Traces of illuviation argillans in the fine spongy fabric of the lower soil of the
S1-pedocomplex in the Potou section near Luochuan, Shaanxi, China (¢f Fig. 3). Plane light
(PL); FW 1.33 mm.
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separating the two groups of paleosols and also the use of soil classification systems, notably
the "Soil Taxonomy", can be demonstrated by the buried Holocene soils near Luochuan in the
Loess Plateau of central China (¢f. Introduction). These soils on the relatively small loess
plateaus called "yuans" (the remnants of the now dissected loess platean) were previously
named "yellow" and "black loessical soils" with "carbonates present throughout the profiles”
(Zhu et al., 1983). Our investigations (Bronger and Heinkele, 1989a; Heinkele, 1990, pp. 14-
48) showed that a soil with the typical horizon sequence Ahb (45 - 100 cm) - AC (100 - 120
cm) - Ck (>120 c¢m), probably truncated, is buried by an anthropogenic Ap horizon. It consists
of a mixwre of loess, farmyard manure and other residues containing pieces of brick and
charcoal, placed on top of the soil as a fertilizer over a period of about one thousand years.
Until recently the Ap horizon (10YR 6/4, when dry) of this area was considered in the chinese
literature (Liu et al., 1985, p. 53) to have originated from the accumulation of young Holocene
airborne dust and not by human activity. Our micromorphological investigations of four
selected pedons showed that the Ahb horizons (10YR 4/3 to 5/3, when dry) had a fine, spongy
fabric rich in aggregates and voids which is a result of high biological activity and is typical of a
steppe soil. This microstructure was apparent in the Ap horizon too, but was less well
expressed. The Ap horizon still contained primary carbonates but not so the Ahb horizon. This
indicates that the carbonate content results from recalcification of the overlying Ap horizon
(Figs 1a and b). Guo et al. (1991) has come to a very similar conclusion regarding the genesis
of a Holocene soil in the Xifeng area which has the same soil moisture regime (cf. Fig. 2). The
Ahb horizon of one of the selected Holocene pedocomplexes contains traces of illuviation
argillans in thin seams along a few pores, indicating that clay illuviation had just started before
burial. However, the very small amounts do not justify its designation as an argillic horizon.

To summarize, the pedogenesis of the lower part of this polygenetic soil ("SO-complex”)
was formed in the Early and Middle Holocene under a natural tall grass steppe (Zhu et al.,
1983; Liu, 1985, pp. 146 and 224; Walter, 1974, Nat. Atlas P. R. China, 1984, Map 15). This
resulted in a Degraded Chernozem with an Ah-AC-Ck horizon sequence, comparable with a
Hapludoll in the Soil Taxonomy, and probably close to the udic/ustic boundary. After burial by
the Ap horizon, decomposition of this soil's organic material started and it was also recalcified
from the overlying material. The classification of these polygenetic soils, particularly according
to the Soil Taxonomy, is inadequate from a genetic point of view. Although the Ah-AC-Ck
horizon sequences have typical features of a steppe soil (e.g. thickness of the remaining Ah
horizon, structure, microfabric, colour and krotovinas) they no longer meet the requirements of
Mollisols because of the low organic carbon content. Accordingly they must be classified as
Eutrochrepts. In some places the overlying Ap horizon exceeds 50 ¢cm and these soils are
Plaggepts. In which direction soil development would have continued without man's activity
must remain an open question. Would soil development have remained at the stage of a
Hapludoll or proceeded towards an Argiudoll? However, the present day soil moisture regime
after the Newhall Simulation Model (Van Wambeke, 1985) is still "typic udic”, without any
water surplus during the year (cf. Fig. 2).

Buried Pleistocene soils in central China

The loess-paleosol sequence below the described Holocene SO-pedocomplex in the well
known Potou section near Luochuan extends through the entire Pleistocene back to 2.5 Ma in



192 A. BRONGER, N. BRUHN-LOBIN AND TH. HEINKELE

200 a2z Luochuan d=1150 [ 25 2007 =562 Xifeng d= 1200 [ 25
£ b = 640 . 8 = 250 o £ b = 609 8 = 250 G
E . 1=30 o £ =83 . f=18 -
z c=92 . 20 g z € . 20 g
<] e o * 2
£ E
£ EoE 3
a 4 4
é . . - 15 é é’ . 15 é
[e] o
: 3
g * . 10 g 10
émo é 100 -
£ -5 = s
[ L[] a,

E o
o FO
50 50
.
L]
. . .5 -5
0 K\‘ T T T T T T T T 71 10 0 -10
t 2 3 4 5 6 7 B8 9 10 11 12
MONTH

Solil moisture regime

(aher Van Wambeoke 1986): _ Water deficit a = Annual precipitation (mm)
. : b = Annual potential evapotranspiration {mm)
Typic Udic BRL] Water surplus
¢ = Annual mean temperature ( C)
® @ o ¢ Temperalure 7777} water utitization d = Aliitude (m)

+—+—+—% Polential evapotranspiration
A-A--A--4 Precipitation

—————— Actual evapotranspiration N Water recharge

e = Available waler capacity (mm)

1 = recorded years

Fig. 2. Climatic data and soil water balance at Luochuan and Xifeng, Loess Plateau of central
China.

a much more complete sequence than any known from Europe or North America.
Micromorphological investigations in particular allow reconstruction of the genesis of the
paleosols or pedocomplexes and, therefore, provide specific information regarding the
paleoclimate, notably the interglacial periods (Fig. 3; see Bronger and Heinkele, 1989a;
Heinkele, 1990). The last four paleosols represented by the two soils of the "S1" pedocomplex,
the upper soil of the "S2" pedocomplex and the "S3" are genetically comparable to the natural
Holocene soil in that they have a fine, spongy fabric and are rich in aggregates and voids,
because of high biological activity. They are also free of primary carbonates. Thus these
paleosols indicate a climate similar to that of the Holocene with a tall grass steppe vegetation.
The lower soil of the "S1" pedocomplex shows traces of illuviation argillans as does one of the
Holocene pedons mentioned above (Fig. 1d). The paleosols "S6", the "S11" and "S13", the
latter two being older than the Brunhes/Matuyama boundary, are also free of primary
carbonates and developed under steppe vegetation. The fine, spongy fabric is even preserved
below the "S13" at 74 m depth (Heinkele, 1990, Photo. 3) which corresponds to an
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age of about 1.2 Ma according to paleomagnetic investigations (Heller and Liu, 1982, 1984).
In contrast, the "S4", the three paleosols of the "S5"-complex, the "S7", the two soils of the
"S8"-complex, the uppermost soil of the "S9" and the "S10" have a much denser fabric with
very few aggregates though some conductive channels occur. Only the Bt horizon of the "S4"
and the uppermost soil of the "S5"-complex reveal distinct illuviation argillans though there are
fewer in the former than the latter, whilst in the lower soil of this pedocomplex there are very
few. All other Bt horizons (in a genetic rather than a diagnostic sense, Soil Survey Staff, 1990,
pp. 413 and 419) are free of illuviation argillans. The most pronounced micromorphological
features are illustrated in Bronger and Heinkele (1989a, Figs 4-9) and Heinkele (1990, Photos
1-8). Nevertheless, these paleosols must be regarded as forest soils with a much denser fabric
and very few aggregates presumably because of less biological activity. This compares to the
fine, spongy fabric rich in aggregates and pores typical of steppe soils. The forest soils indicate
more moist and somewhat warmer interglacials than the Holocene. On this basis it is difficult
to understand why most of the paleosols in the loess profile in Xifeng with a similar soil
moisture regime of today ("typic udic", c¢f. Fig. 2), were classified by Guo et al. (1991) as
"Kastanozems" according to the FAO system (FAO-Unesco, 1974). It is stated that
"humification is relatively weak in most of the paleosols" because the "summer temperature
was too high for humus accumulation” (Guo et al., 1991, p. 101). Furthermore, the authors
stressed "that the lower humus contents in the paleosols are unlikely to be explained only by
the humus decomposition as the time goes on" (p. 101). In all of the subtypes of their
Kastanozems "a dense steppe was dominant during the soil formation" and in two of them
("Chromic luvic" and "Luvic Kastanozem") the steppe vegetation was "replaced during a short
humid climatic optimum by forest cover" (p. 106). The concept of a Kastanozem, however, is
that of a soil developed in a short grass steppe (or short grass prairie) and with an aridic soil
moisture regime in the sense used in the "Soil Taxonomy" without a continuous vegetation
cover,

For further genetic and paleoenvironmental interpretation of buried soils, and also of relict
soils, mineralogical, especially clay mineralogical investigations, are necessary to indicate the
nature and intensity of weathering. This provides data to distinguish relict from recent soil
forming processes.

RELICT SOILS

A relict soil contains two or more sets of properties which can be related to different
combinations of soil forming factors through sets of often incompatible soil-forming processes.
Incompatibility of processes implies two or more environmentally different periods of soil
development (Bronger and Catt, 1989).

In contrast to most mid-latitude regions large areas in the tropics are covered with very old
soils, often with deep weathered profiles, dating back to the Tertiary (Schmidt-Lorenz, 1986).
During soil development over such a long period, the soil forming factor of climate, and with it
vegetation, must have changed considerably, especially in the present day semiarid tropics.
However, not very much is known regarding the polygenesis of the soils in these climatic
regions, especially of the Alfisols (Allen and Fanning, 1983). The micromorphology of the
main soils in tropudic climates, notably the Ultisols and Oxisols, is better known and includes
some discussion of their relict features (Fedoroff and Eswaran, 1985; Stoops and Buol, 1985;
Stoops, 1989).
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Fig. 4. a) Strongly weathered hornblendes in a secondary CaCQO5; accumulation. CrkB horizon
of an Aridic Rhodustalf (Patancheru I Soil); PL; FW 3.33 mm. b) as a); XPL. ¢) Weathered
biotites with secondary CaCO; accumulation mainly in the lower right part; Crk horizon of a
Typic Ustropept (Palathurai Soil); PL; FW 2 mm. d) Strongly weathered biotite and
homblende with small illuviation argillans inside the minerals; CrB horizon of an Udic
Rhodustalf (Palghat Soil); PL; FW 2 mm.

"Red Soils" in south India

In India, tropical Alfisols, the so called "Red Soils", cover an area of about 720,000 km?
(Krantz et al., 1978) mainly in the southern part. Most of them are classified as Udic, Typic
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and Aridic Rhodustalfs according to the Soil Taxonomy which reflect, the present day climate,
notably rainfall. Most Alfisols from south India are formed in saprolitically weathered
“Peninsular Gneiss". As a fragment of the old Gondwana continent, the southern part of the
Indian plate crossed the equator to reach its present day position in the Miocene. According to
paleomagnetic data (Klootwijk and Peirce, 1979; Somayajulu and Srinavasan, 1986; Molnar,
1986) the whole of the Indian plate was probably subjected to a hot, wet tropical climate for
about 15 - 20 million years. Due to northward drift beyond the equatorial zone most of the
Indian subcontinent became drier. This effect was fortified by the uplift of the West Ghats since
the late Tertiary (Kale, 1983) as major parts of south India are now in the rainshadow of this
mountain range.

A climatic sequence of nine Alfisols and Ultisols, where possible Benchmark soils (Murthy
et al., 1982), representing rainfall conditions from 2500 mm/year (10 humid months) to 590
mm/year (1 humid month) were investigated (Bruhn, 1990; Bronger and Bruhn, 1989, Figs 2-
10, Photos 1-8). The results show that only soils with a base saturation <35% display recent
weathering features. A Typic Rhodudult and a neighbouring Typic Hapludox from the humid
West Ghats (10 humid months) show evidence of recent deep weathering, i.e. low base
saturation, gibbsitisation of plagioclase, kaolinization of biotite, boxwork-pseudomorphs of
weathered almandine and hypersthene. The soils formed in this highly preweathered material
are kaolinitic with various amounts of gibbsite. These soils seem to be in equilibrium with the
recent climatic environment, so they are not paleosols although they are quite old and may be
polygenetic.

The climatic threshold for sufficient leaching capacity of recent weathering is about 2000
mm rainfall (about 6 humid months). In a Udic Rhodustalf no gibbsites are formed anymore
but deep weathering results in the formation of kaolinites and 2:1 clay minerals occur in the
solum. Below the 2000 mm threshold in two Typic Rhodustalfs, one of them close to an Aridic
Rhodustalf, the base saturation of the saprolite increases as do the amounts of 2:1 clay minerals
in the saprolite and the soil. No fresh weathering features on micas and feldspars are visible.
Despite the decreased weathering intensity, a broad spectrum of weathering features is present
in the soils, e.g. kaolinized biotite flakes, boxwork of strongly weathered hypersthene, garnet
or homblende and single quartz grains with hematitic fillings ("runiquartz” of Eswaran et al.,
1975; Eswaran, 1979; Schniitgen and Spith, 1983; Stoops, 1989). These features, including
the juxtaposition of kaolinites and illites with no intergrades obviously do not fit into the recent
soil environment. In two Aridic Rhodustalfs pedogenic kaolinites still dominate. However, in
these two soils and in a Typic Ustropept we found increasing amounts of smectite, illite-
smectite intergrades and illite. This succession of clay minerals seems to reflect a process of
climatic desiccation in the past. In the present day climate illites are being formed, but
smectites and mixed-layer minerals are apparently relict features. In three soils secondary
calcite has accumulated in the saprolite and lower B horizons. In contrast to the kaolinites this
carbonate accumulation is good evidence for a significant change of the soil environment (Figs
4a-c).

Most of the soils we studied are classified as Rhodustalfs due to an often distinct clay
maximum in the Bt horizons (c¢f. Bronger and Bruhn, 1989, Figs 4-8) which implies clay
illuviation as a dominant soil forming process (Soil Survey Staff, 1975, p. 19). However, only
in the Udic Rhodustalf under 2115 mm rainfall is clay translocation an intense and recent
process. In two other soils argillans with lower birefringence can be found in very small
amounts (c.1%) (Fig. 4d, see also Bronger and Bruhn, 1990, Photos 1 and 2). In all other soils
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Fig. 5. Clay mineral composition of a Typic Rhodoxeralf. a) Sidi Chaffi/Rabat, Morocco:
b) Tal'at Ach Chwar/Rabat, Morocco.

the b-fabric is mainly granostriated with almost no illuviation argillans. Two explanations are
possible. First, reworking into the matrix may have destroyed the argillans and, second, the
increase in clay content in the profiles could be due to higher in situ clay formation in the Bt
horizons. On this basis a new concept of defining Alfisols was proposed as soils with
significant clay formation expressed by an increase in clay of >10% from the C to the Bt
horizon (Bronger and Bruhn, 1990).

Relict features in soils of the western Mediterranean area

Within the Mediterranean climatic region red soils, i.e. Terra Rossa-Rhodoxeralfs, occur
over a broad lithologic spectrum, but mainly on carbonatic rocks. A xeric soil moisture regime
(winter moisture surplus and summer drought) leads to the bright red soil colour (hue < 5YR)
and a distinct argillic horizon. Due to their patchy distribution in the Mediterranean landscape
as well as their frequently truncated character they are often considered to be relict soils
(Kubiena, 1970, p. 174; Fanning and Fanning, 1989, p. 286). According to Kubiena (1970)
precipitation in the Mediterranean today is not sufficient to form these soils, although Meyer
and Kruse (1970) were able to show that rubification, due to iron release from carbonate
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solution, was the only significant pedogenic process in Pleistocene coastal dunes in Morocco.
Based on extensive investigations on Terra Rossas, in eastern and southern parts of Spain,
Skowronek (1978) concluded that rubification and strong mineral weathering including the
formation of 2:1 clay minerals but not kaolinites was in equilibrium with the Holocene climate.
On the other hand Bronger et al. (1983; 1984) have shown that all mineralogical properties,
except the formation of hematite, of a Terra Rossa karst pocket infilling in Slovakia were
inherited from travertine of Pliocene age.

Another example, as to whether Mediterranean Terra Rossas are relict or modern soils, is
given by Bruhn-Lobin and Bronger (1991). Pliocene (Moghrebien) to Mid- or even Late
Pleistocene beach ridge complexes around Rabat/Morocco, running parallel to the present
coast, are covered by red Mediterranean soils ("Formation rouge"). The beach ridge complexes
with eolian and marine sedimentary cycles were studied by Gigout (1958), Choubert and
Faure-Muret (1959), André and Beaudet (1967, 1980), Beaudet (1969), Stearns (1978),
Weisrock (1980), Lefevre et al. (1985) and Aberkan (1987). Recently, some of these
Pleistocene eolian sequences were dated (Briickner et al., in press). The Terra Rossas are not
only intensively rubified (about 2.5YR) but also strongly weathered. The calcarenites display a
mineral composition of quartz, plagioclase, pyroxenes, micas, chlorites and magnetite in the
fractions >2 um; and illites, vermiculites and smectites in the clay fractions. With depth the
weatherable minerals decline and the clay content increases markedly showing a dominantly
kaolinitic mineralogy (cf. Fig. 5a and b). The pedogenically formed kaolinites are mostly of a
disordered structure (DMSO-test) and low crystallinity with some halloysite. Soil
micromorphology indicates that in these soils clay illuviation is a significant process, but the
clay is usually translocated into the carbonatic Bk or R horizon, forming well developed
illuviation argillans around solution channels (Fig. 6a) and ped surfaces. Only a few soils show
distinct illuviation argillans in the Bt horizon, like in a Typic Rhodoxeralf in Sidi Chaffi, about
15 km east of Rabat. Here the maximum clay illuviation is in the red-yellow mottled Btg2
horizon, displayed by large, mostly well laminated illuviation argillans (Fig. 6b). Others,
however, are already aged in most parts (Fig. 6¢). The amount of clay illuviation is less in the
Btg3 and even less in the Btg4 horizon, as indicated by rapidly decreasing amounts of
illuviation argillans, although the clay content increases markedly with depth (cf. Fig. 5a). The
Typic Rhodoxeralf is superimposed by a 60 cm thick dune sand (A horizon, Fig. 5a). Its lower
part contains artefacts and was recently TL-dated at 20-22 +2ka (Briickner et al., in press).
Most other soils despite often having a distinct clay maximum in the B horizon, like in Tal'at
Ach Chwar about 15 km south of Rabat (Fig. 5b), have only traces of illuviation argillans, if
any. Probably argillipedoturbation has reworked them into the matrix which often exhibits a
cross-and grano-striated b-fabric. A very weakly rubified Rendzina (7.5YR 3/2 when dry) on
top of the second youngest beach ridge complex about 10 km southwest of Rabat and 2 km
east of the coast shows no micromorphological evidence of clay illuviation even though the Ck
horizon underneath has a TL-age of >100ka (Briickner et gl., in press). With respect to our
results the Terra Rossas in this area are relict polygenetic soils.

Relict features in soils of subtropical and temperate regions in the USA

Nettleton et al. (1989) summarize concepts and ideas regarding recent and relict features in
soils of subtropical regions of the United States and present new results for five selected soils
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Fig. 6. a) Iluviation argillans, mostly laminated in a solution channel surrounded by secondary
micritic calcites in the CkB horizon of a Petrocalcic Rhodoxeralf south of Rabat/Morocco; PL;
FW 2 mm. b) Large illuviation argillans, mostly well laminated; Btg2 horizon of a Typic
Rhodoxeralf, Sidi Chaffi, east of Rabat/Morocco; PL; FW 3mm; ¢) Large illuviation argillans,
mostly aged although laminations occur in small areas;. Darker parts rubified, lighter parts
yellow; same horizon as b); PL; FW 3.3 mm. d) Conductive channel, free of any illuvation
argillans; oriented birefringence, probably caused by argillipedoturbation in a "Bt" horizon of
an Abruptic (Aridic) "Argi"boroll (Shaak series, Montana, USA, c¢f. Bronger, 1991, Fig. 10);
XPL; FW 1.33 mm.
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on geomorphic surfaces of Middle Pleistocene to Pliocene age. Examples of relict features or
relict horizons, related to a much more humid environment in the past, are: plinthite in a
Plinthic Kandiudult in North Carolina, petrocalcic horizons in a Typic Paleorthid in southern
Nevada and argillic horizons in an Aridic Paleustalf on the High Plains of Texas, in a Typic
Haplargid in Arizona and in an Abruptic Durixeralf in southern California. The strongly
developed argillic horizon in the last soil contains in its lower part a distinct Btqm (duripan)
horizon. The source of the silica cement is thought to be the result of weathering of feldspar
and other minerals to kaolinite during a long time span in more humid environments of the
past. The feature that best supports these conclusions is the movement of pedogenic
carbonates and clays to a depth that extends well below the depth of wetting expected in the
present day dry xeric, aridic and ustic soil moisture regimes. It may, however, be added that
the strong increase of clay content in the Abruptic Durixeralf from 11% in the A horizon to
37% in the Btl to 60% in the Bt2 horizon could be the result of a distinct lithologic
discontinuity also. This soil is one of the examples where the concept of "argillic horizons
without clay skins" (Nettleton et al., 1969) was developed.

In the central and northern part of the Great Plains Borolls, Ustolls and even Aridisols with
a >20% higher clay content in the subsoil are widespread. This "Bt" horizon is considered to
be one of clay illuviation, or an argillic horizon. However, from the micromorphological study
of about 300 thin sections (Bronger, 1978, 1991), it was concluded that the clay maximum in
more than 20 widespread soil series could not be explained properly by clay illuviation. The
soils examined in this study were from uneroded stable surfaces and included Typic and Aridic
Argiborolls, Udic, Typic and Aridic Argiustolls and Ustollic Haplargids, which were all free of
Na+* ions. Only traces of illuviation argillans could be detected in a few Bt horizons, though
oriented birefringence can often be observed and is probably caused by argilliturbation
(Fig. 6d) especially in subsoils with high clay content rich in smectites (Bronger, 1991,
Figs 7-15). Additional investigations of the quantitative composition of the primary and clay
minerals, including the fine-clay fraction (<0.2 pm) of nine selected soils showed that the cause
of the clay maximum in the subsoil was most likely in a lithologic discontinuity in the parent
material. This is demonstrated by the extremely variable content of quartz, which is a stable
mineral in the temperate climatic zone. At least four soils of the short-grass prairie with a much
higher clay content in the Bt horizons are polygenetic soils or paleosols in the sense that the
subsoils are the result of much older soil forming processes which probably occurred during a
period of moister climate.

DISCUSSION AND CONCLUSION

Buried soils in loess are mostly truncated and recalcified. Micromorphology can distinguish
between secondary and, if still present, primary carbonates and therefore can be used to
separate pedogenic from postpedogenic processes having important paleoclimatic implications.
Second, micromorphology can confirm the process of clay illuviation which allows, under
certain restrictions, paleoenvironmental conlusions. In the temperate climatic belt this soil
forming process is associated with a forest vegetation and udic soil moisture regime and not
with a steppe vegetation and ustic soil moisture regime in the sense of the Soil Taxonomy.
Therefore, micromorphology together with (clay) mineralogical investigations allows, for
instance from the loess-paleosol sequence in central China (Fig. 3), the deduction of a detailed
climatic history over the last 2.5Ma. In particular, specific information on the
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paleoenvironment of the interglacial periods can be deduced. In this sense micromorphology is
much more than a tool (Wilding, 1990).

An open question remains as to why illuviation argillans, as based on present day
knowledge from loess profiles in China and in Central Europe (Bronger, 1966, 1969/70, 1976)
are well expressed in forest soils in the Brunhes chron but hardly visible in the Matuyama
chron, although the illuviation argillans are a very stable element in the fabric. This observation
may indicate that illuviation argillans, especially when laminated, are rather young, as in the
relict Petrocalcic Rhodoxeralf (Fig. 6a) or visible almost only in the upper Btg horzon in the
Typic Rhodoxeralf (Fig. 6b). In most relict Terra Rossas illuviation argillans are almost absent
perhaps because these soils may date back to the Matuyama chron. Paleomagnetic
investigations are required to provide information on the approximate age of these soils. In
relict Rhodustalfs in semiarid south India, with a distinct clay maximum in the Bt horizon
pedogenesis occurred in a much more humid climate probably dating back to the Neogene.
Only a Udic Rhodustalf, with 5 - 6 humid month, displays laminated illuviation argillans in its
upper part as a recent process. On this basis, Bronger and Bruhn (1990) redefined Alfisols to
include soils with significant clay formation expressed by an increase in clay content of >10%
from the C to the B horizon. According to this definition, Alfisols can easily be separated from
the Inceptisols and even the Brown Forest Soils as the higher weathering intensity in the mid-
latitudes would fit into this concept.

The genetic classification of more than 20 widespread soil series with a much higher clay
content in the "Bt" horizon in comparison to the A horizon in the Central and Northern Great
Plains of the USA as Argiborolls, Argiustolls and Haplargids revealed only traces of illuviation
argillans, if any, and must be reconsidered. The micromorphological and clay mineralogical
investigations show that it is not sufficient merely to identify an increase in clay content of
220% to designate a horizon genetically as an argillic horizon resulting from the process of
clay illuvation.
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ABSTRACT

Kemp, R.A,, Jerz, H., Grottenthaler, W. and Preece, R.C., 1994. Pedosedimentary fabrics of soils within loess
and colluvium in southern England and southern Germany. In: A.J. Ringrose-Voase and G.S. Humphreys
(Editors), Soil Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on
Soil Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 207-219.

The necessity of accounting for not only pedogenic, but also sedimentary, geomorphic and
diagenetic processes when attempting to interpret buried soils within aeolian and colluvial
sequences is demonstrated by reference to three sites in England and Germany.
Micromorphology has underpinned these detailed studies and helped to unravel complex
pedosedimentary and diagenetic relationships. The buried soil at Northfleet (England) formed
over a significant period of time at a stable landsurface in a parent material containing
transported relicts of an older soil. Many of its most notable characteristics reflect processes
active at the time of, or subsequent to, burial. The vertical succession of Late-Glacial colluvial
materials at Ventnor (England) represents a single thick accretionary soil, although a laterally-
extensive, well-developed humic horizon over a metre below the present surface relates to a
period when conditions temporarily favoured establishment of a more stable landsurface. The
buried pedocomplex at Attenfeld (Germany) is interpreted in terms of at least two phases of
pedogenesis preceded, separated and postdated by sediment deposition. Insufficient
thicknesses of material were deposited during the middle sedimentary phase to isolate the
underlying soil horizons from effects of pedogenesis associated with the next major stable
landsurface. A buried welded soil therefore has eventuated.

INTRODUCTION

Vertical stacks of pedogenically-altered units within sedimentary sequences in mid-latitudes
are frequently interpreted as representing ‘stable’ phases of soil formation interspersed with
'unstable' phases of sediment deposition (Morrison, 1978). This model has led to the
widespread use of buried soils as stratigraphic units representing regionally-extensive
depositional hiatuses (e.g. Rose et al., 1985; Liu Tungsheng et al., 1985). Valuable
information has been derived from such buried soils on environmental conditions during
periods of geological time unrepresented within the depositional record.
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The polycyclic nature (Duchaufour, 1977) of some buried soils has provided the basis for
relatively complex reconstructions of palacoenvironmental change within ‘'soil-forming
intervals', notably across interglacial/glacial transitions (e.g. Federoff and Goldberg, 1982;
Kemp, 1987a). Difficulties in ascertaining and interpreting the environmental significance of
buried soils, whether monocyclic or polycyclic in terms of climatically-induced pedogenic
pathways, are often a consequence of complications brought about by diagenetic changes (e.g.
compaction or groundwater reactions) after burial (Catt, 1990; Retallack, 1990) or
geomorphic modifications before (complete) burial. Erosion, for instance, frequently results in
profile truncation and hiatuses within the pedosedimentary record and/or mixing and
deposition of transported soil material within covering sediments (Thompson and Smeck,
1983; Kemp, 1987 a and b).

The notion of landscape 'stability' with complete cessation of erosion and deposition
processes during 'soil-forming intervals' represented by the buried soils, although attractive in
principle, is frequently difficult to accept. Periodic or continual additions of thin layers of
alluvial, colluvial or acolian sediments may lead to accretionary soils with pedological features
extending throughout much of the vertical column (Catt et al., 1987; Catt, 1990; McDonald
and Busacca, 1990). Some entire loess, colluvial and alluvial sequences therefore may be
considered as pedocomplexes (Kukla, 1977; Kraus and Bown, 1986). Even when mature (non-
accretionary) soils do form, subsequent phases of sedimentation are often insufficient to bring
about true burial and isolation from the effects of pedogenesis associated with the next major
'stable’ landsurface (Catt, 1990). Overlapping or ‘'welded’ soils (Ruhe and Olson, 1980) then
eventuate within the sequence, characterised by complex depth distributions of superimposed
pedological features (Federoff and Goldberg, 1982; Cremaschi et al., 1990).

Field work by itself is often unable to unravel the types of complexities discussed above:
micromorphology is increasingly being used to aid the interpretation. This paper aims to
illustrate the usefulness of the technique in elucidating pedosedimentary and diagenetic
histories of buried soils within colluvial and aeolian sequences by reference to three current
studies in England and Germany (Fig. 1).
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Fig. 2. Schematic summary of the main sequence of pedosedimentary and diagenetic events
responsible for the buried soil at Northfleet. A) Deposition of silty ‘solifluction’ sediments.
B) Soil formation. C) Truncation and deposition of sandy alluvium. D) Slumping or loading of
alluvium into soil: mobilisation of iron oxides by groundwaters. Original thickness of sandy
alluvium is unknown due to its partial removal by archaeologists earlier this century.

METHODS

The basic stratigraphy at each site had been established by previous fieldwork. Undisturbed
blocks were removed in Kubiena tins from relevant units within the vertical successions:
sampling intervals varied between 0.1 and 0.4 m. Blocks were acetone-dried, impregnated with
polyester resin and made into thin sections (70 X 50 mm) according to standard techniques
(Lee and Kemp, 1992). Thin sections were described using the terminology of Bullock et al.
(1985). The proportion of thin section area covered by illuvial clay was estimated by
comparison to point-counted reference thin sections (Murphy and Kemp, 1984).

NORTHFLEET

The existence of a soil developed in calcareous solifluction deposits infilling a river channel,
and buried beneath fluvial sediments containing molluscan and mammalian assemblages
characteristic of a temperate environment, was first noted at Northfleet in Kent, U.K. (Fig. 1)
by Burchell (1957) and Zeuner (1959). Kemp (1991) re-examined the buried soil,
concentrating particularly on its micromorphology, and was able to demonstrate a more
complex pedosedimentary history than envisaged by earlier workers (Fig. 2).
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The silty parent material contains a series of discontinuous, sorted fine- and coarse-textured
lamellae (Figs 2A and 3A) in which rare, rounded, fragmented clay coatings are embedded
(Fig. 3B). These features indicate that the sediment was at least partially derived from a soil
elsewhere and transported to the present location by water, possibly by sheet or overland flow.
The lamellae become increasingly disrupted and eventually cannot be recognised towards the
top of the soil, a depth distribution attributable to the effects of pedoturbation processes
associated with a single landsurface that was stable for a substantial period of time (Fig. 2B).
During this 'soil-forming interval’, the upper horizons were decalcified and some of the solute
reprecipitated lower down in the form of calcitic hypocoatings and coatings around channels.

The re-establishment of a river channel led to truncation of the soil and deposition of fluvial
sediments (Fig. 2C). Silty clay coatings, which postdate the calcitic features in the soil (Fig.
3C), probably accumulated relatively rapidly at this stage due to infiltration of suspended
sediment load and/or translocation of slaked soil material. The boundary between the soil and
covering sediments is very irregular (Fig. 2D) with structures not dissimilar to those attributed
to cryoturbation elsewhere by Van Vliet-Lanoe (1988). The absence of associated cryogenic
features and the temperate nature of the molluscan fauna in the overlying sediments, however,
provide no justification for invoking a periglacial formative environment at this stage. A more
plausible interpretation for the structures is that they are diagenetic, formed by slumping or
loading of the sandy alluvium into the underlying saturated, fine-textured soil (Fig. 2D). Post-
burial processes are also largely responsible for the reddish (SYR) hues of the upper horizons
of the soil. Initially interpreted as evidence for intense in situ weathering 'in a climate
somewhat warmer than at present' (Zeuner, 1959, p. 165), the colours are clearly associated
with ferruginous segregations which are frequently superimposed on calcitic and silty clay
coatings (Fig. 3D) and extend across the boundary between the truncated soil and burying
sediment (Fig. 2D).

In summary, the buried soil at Northfleet has a more complex history than initially
conceived. Formed over a significant period of time at a stable landsurface, yet in a parent
material containing transported relicts of an older soil, many of its most notable characteristics
appear to reflect processes active at the time of, or subsequent to, burial.

VENTNOR

A laterally-extensive section at the base of a dry valley near Ventnor on the Isle of Wight,
UK (Fig. 1) consists of a clearly-defined pale brown (10YR 6/3) 'humic' soil horizon up to 35
cm thick developed within, and covered by, poorly sorted colluvial sediments derived primarily
from the local chalk bedrock. A radiocarbon date of 11690 + 120 BP from charcoal within the
humic horizon is comparable to that obtained from buried soils within dry valley colluvial
sequences in Kent (Preece, 1991). These dates correspond to the so-called 'Allerod interstadial'

Fig. 3. Photomicrographs from thin sections at Northfleet. Plane polarized light. Scale bar:
0.25mm. A) Fine- and coarse-textured lamellae towards base of buried soil. B) Fragmented
clay coating (arrowed) embedded within fine-textured lamellae. C) Calcitic hypocoating
around a channel postdated by a partial infilling of silty clay. D) Ferruginous segregation
postdating a calcitic hypocoating and a silty clay infilling,
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of the Late-Glacial when there was a period of regional landscape stability of sufficient
duration to allow soil horizonation to develop.

Micromorphological analysis confirms the pedogenic origin of the humic horizon at
Ventnor: its colouration is due to concentration of organic components, mainly cell residues,
amorphous fine material, punctuations and groundmass pigments (Fig. 4A). Additionally there
are numerous biological channels, many of which contain calcitic root pseudomorphs or faunal
excrements coated by (microbially-formed?) needle fibre calcite (Fig. 4B). Nodules of
interlinked, euhedral microsparite and sparite crystals (Fig. 4A) are also prevalent: these bear
close resemblance to those apparently produced in the calciferous gland of earthworms (Bal,
1977).

Similar biological features, although less numerous, occur at all levels within the sequence.
Some of these features above the humic horizon could have been eroded from the soil upslope,
and transported, mixed and deposited within the colluvial material. Their presence below along
with the ubiquitous in situ calcitic concentration and depletion features (Fig. 4C), however,
suggest that the complete Late-Glacial sequence should be considered as a single thick
accretionary soil. Increments of colluvial material would have been periodically added to the
surface whilst the soil was continuing to form (Fig. 5). Micritic, speckled/impure clay coatings
(Fig. 4D) on clast and void surfaces throughout this accretionary soil therefore formed during,
or just after, colluvial events by rapid vertical migration of mobile slurries or suspensions of
clay and very fine silt. The accretionary soil 'grew upwards’ without developing discrete
horizons (Figs 5A,, 5A,,, and 5C,), except during the Allerod when conditions favoured
establishment of a more stable landsurface. The dominance of pedogenic over geomorphic
inputs during this period of relative landsurface stability encouraged the formation of a discrete
‘humic' horizon (Fig. 5B). The subsequent deterioration in environmental conditions after the
interstadial led to renewed accretionary pedogenesis and burial of the horizon (Fig. 5C,).

Molluscan evidence at this and other sites (Preece, 1991) indicate that climatic conditions
were not constant during the Late-Glacial. Rates, if not types, of soil processes presumably
varied in response to these changes. The fact that the molluscan data appear to provide a
relatively continuous record of environmental change during this time period is in itself
independent confirmation of the accretionary nature of the soil. Molluscan species typical of
Mid-Holocene environments (Preece, unpublished data) occur in the sediments immediately
above those attributable to the Late-Glacial. The absence of intervening Early Holocene
sediments is presumably due to erosion between the Late Glacial and Mid-Holocene (Fig. 5D).
The A, B, BC and C horizons of the well developed soil at the present surface extend through
the Holocene into the Late-Glacial materials (Fig. SE). It is therefore difficult to differentiate
between some of the Post- and Late-Glacial pedological features. On this basis, it could be
argued that the ‘humic’ horizon at Ventnor is not a ‘buried' soil in the strictest sense (Catt,
1990), but that it is part of a vertical sequence representing a single complex soil with

Fig. 4. Photomicrographs from thin sections at Ventnor. PPL: plane polarized light; XPL.:
crossed polarized light. Scale bar: 0.25 mm. A) Amorphous organic fine material (black) and a
nodule of interlinked, euhedral calcite crystals (arrowed). PPL. B) Needle fibre calcite on
surface of excrements. XPL. C) Calcitic depletion hypocoatings along planar void and vugh
surfaces. XPL. D) Micritic, speckled/impure clay coating on surface of chalk clasts. PPL.
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Fig. 5. Schematic summary of the main sequence of pedosedimentary events responsible for the accretionary
soil profile at Ventnor. A) Weak pedogenesis simultaneous with deposition of colluvial sediments leading to the
formation of an accretionary soil. Ap and Apyp represent arbitrary moments in time during this stage
illustrating the ‘upward growth' of the soil. B) Establishment of a stable landsurface and development of the
‘humic' horizon. C) Renewed accretionary soil development. Cp represents an arbitrary point in time during
this stage. D) Truncation of accretionary soil. E) Deposition of colluvial sediments, establishment of a stable
landsurface and soil development.

transported, accretionary and welded (Ruhe and Olson, 1980) components. Such a conclusion,
however, should not reduce the important stratigraphic significance attached to this regionally-
extensive soil horizon.

ATTENFELD

A series of buried interglacial and interstadial soils have been recognised within thick
sequences of loess and solifluction deposits on low-angled interfluves in the Bavarian Alpine
Foreland of Germany (e.g. Brunnacker, 1964). Thin sections from some of the soils at a few
sites contain disrupted argillic fabrics indicative of complex pedogenic and environmental
histories (Léger, 1987). A new exposure at Attenfeld, north-west of Munich (Fig. 1), consists
of over 85 m of loess and solifluction deposits overlying Tertiary sands (Jerz and
Grottenthaler, in press). Three soils occur within the Quaternary sediments, the oldest
developed in "pre-Riss solifluction deposits" derived primarily from loess (Loess Loam A and
Loess Loam B) or Tertiary sands (reworked Tertiary deposits) (Fig. 6). This basal soil is truly
‘buried’ in the sense that it was covered by sufficient thickness of material to isolate it from
subsequent pedogenesis (Catt, 1990). There is no evidence for appreciable diagenetic
alteration, whilst any weak accretionary pedological depth functions, which might have
developed particularly during incremental loess accumulation, were masked and nullified by
more intense pedogenesis associated with long-term landsurface stability. This buried soil at
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Fig. 6. Schematic summary of the main sequence of pedosedimentary events responsible for the buried
pedocomplex at Attenfeld. A) Deposition of solifluction deposits (reworked Tertiary deposits and Loess Loam
A, establishment of a stable landsurface and soil development. B) Truncation, deposition of Loess Loam B,
establishment of a stable landsurface and soil development. Pedogenic activity extended throughout the Loess
Loam B and into the underlying truncated soil developed in Loess Loam A. C) Truncation and deposition of
units of calcareous loess. Pedogenic processes associated with major phases of landsurface stability between

deposition of the different loess units did not extend into the truncated pedocomplex.
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Attenfeld, however, is in many respects more complicated than the examples previously
discussed from Northfleet and Ventnor. Detailed descriptions of thin sections throughout the
unit have highlighted complex depth functions of total illuvial clay contents (Fig. 7) and
individual or superimposed pedofeatures. Careful consideration and interpretation of these
patterns have allowed a detailed pedosedimentary history to be reconstructed (Fig. 6).

Deposition of the reworked Tertiary deposits and Loess Loam 'A' was followed by a 'stable'
landscape phase of sufficient duration for a well-developed soil to form (Fig. 6A). Fine, coarse
and silty clay was translocated from the surface horizons along channels and planar voids into
the subsoil: the lower peak in the illuvial-clay depth function (Fig. 7) is largely attributable to
this phase. Many of the textural coatings, particularly in the upper parts of this illuvial horizon,
were subsequently disrupted by freeze-thaw activity. Supporting evidence for such a cryogenic
environment is provided by the remnants of a sorted platy structure and granular aggregates
(Fig. 8A) which are similar to those reported forming at the present in the Arctic by Van Vliet-
Lanoe (1985, 1988). At some stage during this first phase, drainage deteriorated to such an
extent that iron and manganese were redistributed and concentrated in the form of
superimposed ferrimanganiferous mottles and nodules within the upper parts of the
argillichorizon (Fig. 6A). Renewed geomorphic activity then led to truncation of the soil and
deposition of the Loess Loam B (Fig. 6B).

The second phase of soil development associated with a new landsurface (Fig. 6B) was
characterised by further translocation of fine, coarse and sometimes silty clay. Maximum
illuviation was at the level of the upper peak shown on the illuvial clay depth function (Fig. 7),
although fine clay also accumulated lower down within the Loess Loam A and reworked
Tertiary deposits. Recognition of these undisturbed limpid clay coatings are important with
regards to the proposed pedosedimentary sequence as they are superimposed upon, and thus
clearly postdate, the disrupted argillic and Fe/Mn-impregnated fabric of stage A (Fig. 8B).
Ferrimanganiferous nodules and concentration or depletion mottles also developed higher up
the profile within the Loess Loam B during stage B (Fig. 6B). Major cryogenic disruption in
the upper part of the soil resulted in fragmentation and deformation of clay coatings, fracturing
and rounding of aggregates and formation of reverse-sorted cappings (Figs 8C and 8D).

Truncation of the soil, and possible mixing and redeposition of remnants of eluvial and
illuvial horizons, was followed by deposition of over 5 m of calcareous loess. The present
surface soil and two buried soils are developed within this aeolian unit (Jerz and Grottenthaler,
in press). The basal part of the loess is not decalcified, however, and contains no
micromorphological evidence of significant pedogenic alteration. It can be concluded,
therefore, that the pedocomplex developed in solifluction deposits was effectively buried by the

Fig. 8. Photomicrographs from thin sections at Attenfeld. PPL. Scale bar: 0.25 mm.
A) Clustering of rounded aggregates and fragmented clay coatings in part of pedocomplex
developed in Loess Loam A. B) Clay coatings and infillings (arrowed) postdating Fe/Mn-
impregnated fabric in part of pedocomplex developed in Loess Loam A. C) Reverse-sorted
capping comprising rounded sand-size aggregates overlying progressively smaller aggregates
and grains in part of pedocomplex developed in Loess Loam B. D) Melange of rounded
aggregates, fragmented clay coatings, nodules and coated grains in part of pedocomplex
developed in Loess Loam B.



218 R.A. KEMP, H. JERZ, W. GROTTENTHALER AND R.C. PREECE

loess and isolated from the major effects of soil processes associated with subsequent
landsurfaces (Fig. 6C).

SUMMARY AND CONCLUSIONS

These selected examples from England and Germany have demonstrated the potential role
and value of micromorphology in helping to reconstruct the succession of pedogenic,
geomorphic, sedimentary and diagenetic processes responsible for buried soils within colluvial
and aeolian sequences. Such an approach complements, but clearly does not replace, detailed
field-based studies.
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ABSTRACT

Miicher, H.J. and Coventry, R.J., 1994. Soil and landscape processes evident in a hydromorphic grey earth
(Plinthusalf) in semiarid tropical Australia. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 221-231.

This micromorphological study supports previous field-based conclusions for polycyclic soil
and landscape processes operating in profiles from a toposequence of red, yellow, and grey
earth soils (Paleustalfs, Plinthustalfs, and Ochraqualfs) at Torrens Creek, North Queensland.
These processes have resulted in hydromorphic grey and yellow soils lying upslope of a well-
drained red earth.

The focus of this paper is on the grey earth component of the soil sequence which
demonstrates the main clements of the genesis of the toposequence by displaying clear
evidence of sedimentary layering, and of episodic soil development in superimposed slope
deposits. Our pedogenetic interpretations have been derived from studies of the distribution
and degree of development of a range of soil micromorphological features, including:
preserved fragments of an original red or brown s-matrix, biological features (especially
termite-produced pedotubules), yellow or grey mottles indicative of redoxymorphic conditions,
iron-manganese nodules, illuviated clay, sand laminae, charcoal, and fragments of weathered
sandstone.

There are indications of red soils forming initially in the lower layers of the soil profile.
Subsequent hydromorphism led to reducing conditions with the mobilisation of iron and clay in
the development of pseudogley features. Iron segregation and biological (termite) activity
increased towards the surface in each of the three superimposed soils evident within the
studied grey earth profile, in which evidence of alternating periods of oxidation and reduction
are preserved in ferriargillans and argillans respectively.

Strong clay illuviation in the grey earth, after the original red soil development, suggests
significant climatic change over the period during which the soils formed in the successive
slope deposits.
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Fig. 1. Location of the Torrens Creek area with respect to the annual rainfall over Queensland.
Data from the Commonwealth of Australia, Bureau of Meteorology (1977).

INTRODUCTION

Red, yellow, and grey earth soils (Stace et al., 1968) or Oxic Paleustalfs, Plinthustalfs and
Ochraqualfs (Soil Survey Staff, 1975), are widespread in the semiarid tropics of northern
Australia. They are non-calcareous, and have massive structure, earthy fabric, mineralogy
dominated by quartz, kaolin, iron oxides and oxyhydroxides, low natural fertility, and gradual
texture changes through the sola of most profiles (Coventry, 1982).

Coventry (1978, 1982) found that grey and yellow earths (profiles usually less than 1.5 - 3
m deep with varyingly abundant mottles and ironstone gravels), have formed in erosional parts
of the study area near Torrens Creek, Queensland (Fig. 1) on broad low ridges, where
weathered bedrock lies close to the surface. The red earths (much thicker sola, 5 m to > 20 m)
have formed in the lower, depositional parts of the landscape. Relationships between soils,
landforms, and isotopically-dated basalt flows suggest that soil forming processes have been
active in the region since the Mid to Late Tertiary (Coventry, 1978; Coventry et al., 1985).

There are few field macroscopic indicators of the pedogenetic processes that are currently
active in these soils or have contributed to past phases of soil formation. Nevertheless, our
study of the micromorphological features of one of these soils, a grey earth profile, has
revealed clear evidence of redoxymorphic, illuviation, and biological (termite) processes
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operating in a superimposed sequence of colluvial slope deposits that constitute the parent
materials of the soil.

An aridic soil moisture regime prevails in the semi-arid tropical study area. The mean
annual rainfall of 585 mm at Torrens Creek falls in a marked wet season between December
and April. There is no month in the year when the mean rainfall exceeds the potential
evapotranspiration, which implies that a water surplus in the soil profile should not, therefore,
occur. Nevertheless, hydromorphic grey and yellow earths occur in positions upslope of well-
drained red earths. The hydromorphism results from contrasting, shallow groundwater soil
hydrologies, which have been monitored and interpreted by Coventry and Williams (1984) and
Williams and Coventry (1979, 1981).

MATERIALS AND METHODS
The Soil

The grey earth soil of this study (Profile T222) is located 19 km east of Torrens Creck and
280 km southwest of Townsville, Queensland (Fig. 1). The soil lies near a broad ridge crest
with a slope of less than 1%. It is underlain by poorly sorted, coarse grained, quartzose
sandstone of Triassic age (the Warang Sandstone; Evans, 1980) which contains minor beds
and lenses of quartzitic conglomerate.

The main features of the field morphology of the soil are summarised in Table 1; a full
profile description and particle size analysis are given in Coventry and Fett (1982, pp. 50-52).
The soil is classified as a grey earth (Stace et al., 1968), Gn 2.85 (Northcote, 1979),
Plinthustalf (Soil Survey Staff, 1975), and as a Grey Petroferric Kandosol (Isbell, 1993).

Soil samples and their description

Undisturbed samples from 10 cm diameter soil cores provided almost continuous, vertical
thin sections, 6 X 5 cm, down the grey earth profile to weathered bedrock. Thin sections were
described using the terminology of Brewer (1976) and Brewer et al. (1983), supplemented by
Barratt (1969) and Miicher et al. (1981).

The main micromorphological features of Profile T222, and of its component soils and
sedimentary layers, are also summarised in Table 1. The sedimentary units that constitute the
weathered sandstone and the successive, superimposed slope layers have been numbered
starting at the surface with 1.

Full descriptions of each thin section are available from the authors on request. In the
following descriptions, the colours of features have been observed in plane polarised light;
those observed in incident reflected light are indicated in brackets.

DESCRIPTION AND INTERPRETATION

The grey earth (Profile T222) is a polygenetic soil consisting of 5 successive sedimentary
layers and 3 superimposed soil profiles (Table 1). In the following section, the soil profile has
been described systematically from the base of the profile up to the ground surface so as to
observe the nature of the soil parent materials and their progressive modification by
pedological processes.
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Fig. 2. Thin section micrographs. All frame lengths are 7.2 mm. a) Redeposited brown (red brown)
ferric nodule above a brown one of different composition surrounded by brown (grey) matric fecal
pellets in the reduced, grey soil matrix. Incident reflected light; thin section 10; horizon 3Cch; mean
profile depth 81 cm, b) Oxidised brown (red and brown in incident reflected light) matrix preserved as
vein-like patterns within the left part of the photomicrograph and extending towards and above a brown
ferric nodule that is embedded in the pale brown (grey), reduced soil matrix. Incident reflected light;
thin section 14; horizon 4Bich; mean profile depth 117 cm. ¢) Brown ferric nodules formed in situ in
the soil matrix that have been partly reduced at the rims forming pale brown (yellow in incident
reflected light) haloes in a reduced, grey matrix; gravel-sized fragment of polycrystalline quartz in
centre of photomicrograph. Plane light (IN); thin section 13; horizon 4Bicb; mean profile depth 110
cm. d) As for (a), incident reflected light. e) Thick, light brown (grey), channel argillan. Plane light
(IN); thin section 22; horizon 5Bi(r)b; mean profile depth 185 cm. f) Loosely packed aggrotubule
produced by termites and containing a rootlet fragment within the denser, reduced pale brown (grey) soil
matrix, Plane light (IN); thin section 10; horizon 3Cch; mean profile depth 100 cm.
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Sedimentary Units 5 and 4 (170 - 83 cm; Table 1)

The lowest unit, 5, is a poorly sorted, fine sandy material indicating a weathered sandstone
provenance. However, there are a few indications of reworking of the weathered sandstone in
this unit. They include lithorelicts with an iron-impregnated sandstone fabric, mainly
composed of polycrystalline quartz up to 6 mm in diameter, and several kinds of ferric
glacbules. The glaebules are thought to be redeposited because of their sharp boundaries, and
their contrasting lithologies (differences in size distributions and mineralogy of included
particles), and their different colours in incident light (Fig. 2a). Other ferric nodules have
clearly formed in situ in the soil matrix and have undergone subsequent reduction as shown by
the yellow rims and haloes surrounding them (Fig. 2c, 2d).

Unit 4 differs from the underlying layer in that it has a greater number and variety of
redeposited ferric nodules, lithorelicts of increased size and number, and its grey matrix
contains more argillicol than below.

Pedogenesis in Units 5 and 4

Soil formation proceeded in Units 4 and 5 by three successive stages of reduction,
pseudogley, bioturbation and oxidation to produce horizons recognised as 5Bt(r)b and 4Btcb
(Table 1).

The first phase of pedogenesis developed primarily as a red soil with little evidence now
preserved of clay illuviation and ferran development. Remnants of the oldest, red soil are
recognised in the field often as brown to red "mottles”, and in thin sections as brown to red-
brown (red) matrix; they diminish in numbers up the profile.

The second phase of pedogenesis in Units 4 and 5 is characterised by strong reduction
accompanying pseudogley development and intense clay illuviation. A consequence of the
reducing conditions was the change in the brown to red-brown matrix in incident reflected light
from the unaltered central parts of "mottles” to yellow and grey colours at their edges (Fig.
2b). These hydromorphic processes were accompanied by strong clay illuviation giving rise to
light coloured and pale brown (grey) argillans in the reduced areas (Fig. 2e), and brown to
red-brown in the similarly coloured soil matrix.

Two phases of clay illuviation are evident from the intersecting relationships within the
cutans (Fig. 3a and b). Separate phases of oxidation and reduction are recorded in the red and
brown colours of the oxidised soil matrix and illuviated clay features and in the paler, yellow
and grey colours of the reduced areas (Fig. 3¢ and d). The reduction started from planes,
cracks and channels and developed into the surrounding matrix. The original brown mairix is
reduced from about 60% of Unit 5 to less than 5% by volume of the upper part of Unit 4.

The third stage soil formation occurred under aerobic conditions in which a part of the
reduced soil matrix was oxidised again. Very thin ferrans have formed in microcracks of the
illuviation argillans. In incident reflected light they are bright red and less yellow, resulting in
the formation of brown "matrix" or brown mottles.

Evidence for bioturbation processes is restricted to the grey, reduced parts of the s-matrix,
particularly in the upper part of 4Btcb horizon. Loosely packed aggrotubules showing
infillings of rounded to subrounded soil aggregates, probably the results of termite activity,
were derived from grey, yellow and red matrix materials (Fig. 2f). The fine granular structure
of the aggrotubule fillings supports the suggestion of termite activity (Fitzpatrick, 1984).



226 H.J. MUCHER AND R.J. COVENTRY

Table 1
Soil properties and inferred pedological processes, grey earth (Profile T222)

MICROMORPHOLOGICAL DESCRIPTION AND INTERPRETATION

FIELD DESCRIPTION Soil  Properties of Micromorphological Inferred
Horizon* Sedimentary Characteristics of Soils  Pedological

Layers** Processes

A1 (0 - 10 cm): Dark greyish Ocm Unit 1: Silt -fine  Very little plasma; packing Minor

brown (10YR 4/2m); sandy loam; 1Al  sand surface seal, voids (<0.3mm) abundant; accumulation of

gravel is rounded ironstone ts: 1,2 ferric glacbules and charcoal fragments; some organic matter;

nodules and quartz pebbles (5-15 lithorelicts. granotubules; some matric weak soil

mm); massive; earthy fabric; 15cm  Gravel=12-25%; faecal pellets; few biological activity.

hard-setting surface; abundant 1A2  Sand =90%; channels.

rootlets; pH=6.5; clear change to:  ts:3 Clay=4-7%.

A2 (10 - 60 cm): Very pale 22 cm  Unit 2; Many ferric Little plasma; packing Weak soil

brown (10YR 6/3m); loamy sand  2Ccb  glaebules and voids common; silt biological activity

to sand; gravel as above; massive; ts: 4 -7 lithorelicts. cappings on coarse grains;

sandy fabric; rootlets common; Gravel=65-76%, channels; aggrotubules;

pH=5.8 - 6.7; gradual change to: Sand = 85-90%, mullicol and organic faecal

Clay = 3 - 9%. pellets.
A3 (60 - 65 cm): As above but 60 cm  Unit 3: Mainly TOP OF A TRUNCATED, BURIED SOIL

texture increasing with depth to  3B(t)cb reworked ferric Few argillans; many Strong soil
sandy clay loam; gravel mainly ts: 8  glacbules. aggrotubules in sandy biological activity
ironstone nodules; massive; 70cm  Gravel=80%, matrix; little plasma; (termites)
sandy fabric; pH=6.2; diffuse 3Ccb Sand = 80%, compound packing voids
change to: ts: 9,10 Clay = 16-25%. between glacbules.
B2 (65 - 120 cm): Light 83cm  Unit 4: Similar TOP OF A TRUNCATED, BURIED SOIL
yellowish brown (2.5Y 6/4m) 4Btcb toUnitSbuthas 1. Thin, red-brown ferrans 1. Oxidation
with red (2.5YR 4/6m) mottles ts:11-14 more abundant and in microcracks in pale
that increase in size and number smaller, redepositedargillans. 2. Bioturbation in
with depth; light - medium sandy ferric glaebules 2. Loose aggrotubules; loose areas
clay; gravel as above with few with contrasting  mullicol; faecal pellets. (termites,
rounded quartz pebbles (50 mm); colours, fabrics, and3. Pale argillans in reduced earthworms)
massive; earthy fabric; lower lithologies. areas; brown argillans in
boundary irregular and broadly Gravel=53-75%, red-brown soil matrix. 3. Clay illuviation.
tongued between 108 cm and 120 Sand = 50-70%, 4. Brown and red-brown
cm; pH=3.5; clear change to: Clay = 36-41%. matrix of mottles with pale 4. Reduction.

and yellow edges.
C (120 - 198 cm): Strong brown 120 cm  Unit 5: Redeposited 1. Thick, brown argillans - 1. Strong clay
(7.5YR 5/6m), red (10R 4/6m), 5Bt(r)b weathered some covering pale illuviation;
and light grey (10YR 7.5/1m) ts:15-22 sandstone with argillans; red ferrans in  reduction; minor
subhorizontal mottles 10 - 30 mm siliceous pebbles  microcracks in grey oxidation.
wide; light sandy clay; gravel is and reworked ferric argillans; few
mainly quartz (10-50mm) with glacbules. aggrotubules. 2. Oxidation and
minor ironstone nodules;massive; Gravel=34-51%, 2. Pedorelicts of original iron mobilisation;
earthy fabric; pH=6.0-6.4; clear Sand = 55-68%,  red soil with few ferrans  little clay
change  very hard, conglo- Clay =29-39%. preserved as areas of illuviation.
meratic sandstone at 198 cm. brown or red "mottles”.

* Depth (cm) of upper boundary of the soil horizon; soil horizon nomenclature from McDonald e al. (1990);
"ts" indicates thin section number,
** Gravel content as wt % of whole soil; sand (0.02-2 mm) and clay (<0.002 mm) as wt % of <2 mm fraction.
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An increasing number of pedotubules, mullicol, and mullicol fecal pellets, produced by earth
worms, occur in the upper part of Unit 4 where bioturbation increases so strongly that only
about 10% of the matrix material has been left unmodified. This suggests that a former A
horizon was once not far above the now-truncated surface of Unit 4.

The bioturbation occurs only in the grey matrix material, implying that the soil animal
activity was largely restricted to the reduced parts of the soil profile. The end product of such
bioturbation is the development of an intersecting set of aggrotubules which give the soil a
loose fabric (Fig. 3e and f).

The original soil, preserved in the lowest part of the studied profile, was truncated by
erosion at what is now the top of the 4Btcb horizon at a depth of 83 cm.

Sedimentary Unit 3 (83 - 60 cm; Table 1)

The parent material of Unit 3 differs significantly from that of Unit 4 below. It consists of
70 - 80% redeposited ferric nodules and concretions up to 25 mm in diameter with a silty
argillaceous matrix in between the glaebules. The soil matrix was probably derived from a
reduced, pale-coloured soil that had a low clay content and contained little illuviated clay. The
sediment is poorly sorted and appears to have been deposited by turbulent overland flow.

Pedogenesis in Unit 3

The style of soil formation within the second of the superimposed soils of the studied profile
resembles that of the soil in Units 4 and 5 below, but is much more weakly developed.

The fine matrix of the soil has been almost completely biologically reworked by termites
into aggrotubules. The increasing number and size of macrovoids in the upper part of the unit,
has resulted in a high water infiltration capacity for the soil. The small component of the fine,
grey matrix material that has not been biologically reworked (< 5% by volume of Unit 3)
shows evidence for reduction, and also very few illuviation argillans in the 6 cm thick 3Bc(t)(r)
horizon. Reduction phenomena that have formed in situ were only observed in the weakly
developed 3Bc(t)(r) horizon. These features include ferric glacbules whose colour varies in
incident reflected light from red-brown interiors to yellow near the rims; they are surrounded
by grey, reduced matrix material.

The second soil, limited to Unit 3, has been truncated by erosion at 60 cm at the top of what
is currently the 3B(t)(r)cb horizon.

Sedimentary Units 1 and 2 (60 - 0 cm; Table 1)

The colluvial material of Unit 2 differs from Unit 3 below in the composition, size, and
number of ferric glaebules, and has a more abundant fine and coarse sand matrix with little
argillicol; aggrotubules are less abundant and are difficult to identify, The unit was probably
deposited under less turbulent conditions than those prevailing for deposition of the underlying
sediment.

Unit 1 is very similar to Unit 2 but has less frequent and smaller ferric glaebules of different
composition, more lithorelicts, and a compact sand matrix that comprises up to 90% of the
layer.
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Fig. 3. Thin section micrographs. All frame lengths 7.2 mm. a) Strong clay illuviation giving
rise to two generations of pale brown (grey) argillans in the soil matrix whose colour varies
from dark brown (yellow, at left edge), to brown, and yellow (grey; at right edge) as a
consequence of variable iron reduction. Plane light (IN); thin section 18; horizon 5Bi(r)b;
mean profile depth 153 cm. b) As for c¢), incident reflected light. ¢) Several phases of
reduction of dark brown (orange) ferriargillans to yellow argillans within an extensive void
infill. The variably reduced soil matrix is preserved as speckled remnants. Plane light (IN);
thin section 15; horizon 5Bt(r)b; mean profile depth 129 cm. d) As for ¢), incident reflected
light. €) Channel with dark brown (light brown) mullicol plaster (upper right) crossing an
aggrotubule of termite origin in reduced pale brown (grey) soil matrix. Plane light (IN); thin
section 13; horizon 4Btcb; mean profile depth 110 cm. £) As for 3(e), incident reflected
light.
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Pedogenesis in Units 1 and 2

The third and uppermost of the superimposed soils within the studied profile formed within
Sedimentary Units 1 and 2. It is characterised by a very sandy fabric with the accumulation of
a little organic matter in the upper part of the 1Al horizon, and the formation of a few silt/clay
cappings over lithorelicts and ferric glacbules. Soil biological activity was largely restricted to
the formation of a few channels, aggrotubules, and granotubules, and the production of a few
mullicol matric fecal pellets and very fine brown organic fecal pellets, produced by worms,
collembola, and/or enchytrae.

The horizon between depths of 10 cm and 65 cm, designated A2 in the field (Table 1) could
be interpreted to indicate a thick zone of apparent eluviation within the profile. However, this
is inconsistent with the underlying thin illuviation horizon 3B(t)(r)bc (Table 1). The relatively
thick zone of apparent eluviation is probably the result of a combination of the following
factors: an originally low content of clay in the colluvial deposits of Units 1 and 2 that,
themselves, were probably derived from pre-existing A2 soil horizons; and any remaining clay
in the sediments may have been eluviated in vertical or lateral directions. The thick apparently
"eluviated” horizon is therefore best regarded as a 2Ccb horizon (Table 1).

Soil Porosity

The greatest porosity in the soil profile is 15 - 30% by volume and occurs in Units 1 to 3.
As a result of crust formation in the upper parts of the 1A1 and 2Ccb horizons, there are less
voids. The porosity is less than 13% in the lower Units 4 and 5. The water storage capacity of
the profile above 83 cm reaches a maximum of 0.21 m3/m? but, below this depth, does not
exceed 0.09 m3/m?2.

If the soil were to hold the annual rainfall of the Torrens Creek area of 500 mm, it would
need a porosity of 0.5 m3/m2. This implies that the profile saturation is mainly the result of the
lower water storage capacity of the underlying, reduced soil below 83 cm depth. This is in
agreement with the averaged duration of profile saturation for the grey earth of more than 9
weeks below 60 cm (Coventry and Williams, 1984).

CONCLUSIONS

The grey earth profile is a polygenetic soil profile consisting of 5 successive sedimentary
layers and 3 superimposed soil profiles. The paleosols were truncated to varying extents after
each phase of soil formation, but none of the original A horizons of the paleosols have been
identified.

The characteristic grey colour of this soil profile in the lower part, below 83 cm, is the result
of reduction by pseudogley of a former red soil. In the upper part of the profile, above 83 cm,
the grey colour has mainly been inherited from the source areas of the colluvial material and, to
a much lesser extent, to reduction in situ. The profile saturation is mainly due to the high
infiltration capacity of Units 1 to 3 and the low water storage capacity of the polygenetic red
soil in Units 4 and 5 below.

Interpretation of the distribution and degree of development of micromorphological features
has provided clear evidence for sedimentary layering, and of episodic soil development in the
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superimposed slope deposits. Soil forming processes have proceeded intermittently in the
deposits and have been interrupted by phases of landscape instability and erosion.

The polygenetic grey earth profile is characterised by five unstable periods with colluviation
and deposition of slope deposits as an active force. A stable period with weathering and soil
formation followed the deposition of Sedimentary Units 4, 3, and 1. Biological activity has
kept pace with the colluviation processes and has destroyed any original sedimentary
structures.

Each soil carries an imprint of the red soil development as the first stage of pedogenesis in
the oldest (i.e. lowest) slope deposits. This original red soil was progressively modified by
processes of reduction and pseudogley that were marked by the segregation and mobilisation
of iron and clay in the soil. Pale-coloured soil features such as reduction mottles and argillans
developed. Alternating periods of oxidation were recorded by the deposition of redder mottles
and ferriargillans, often in transecting relationships with the older reduction features.

Subsequent biological activity, and very limited clay illuviation, increased the porosity and
permeability of the soil. These processes have played a major role in developing the present
hydraulic characteristics of the soil. Consequently, it is possible to relate very closely the
observed field saturation behaviour and distribution of aecrobic conditions in the sequence to
the degree of modification of the soil fabric by soil animals, particularly termites.

The fact that the original red soil has been so strongly reduced in the grey earth soil profile
suggests that there has been a significant increase in profile hydromorphy with the passage of
time. Strong clay illuviation in the soil profile, after the prior red soil development, also
suggests significant hydromorphic change over the period during which the profile's constituent
soils formed, and were buried by successive slope deposits. The most reasonable explanation
for these phenomena is a climatic change, perhaps towards more humid conditions, since soil
forming processes began operating in this area (i.e. since the Mid-Miocene; Coventry et al.,
1985).
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ABSTRACT

Thompson, C.H., Bridges, E.M. and D.A. Jenkins. 1994. An exploratory examination of some relict hardpans
in the coastal lowlands of southern Queensland. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors),
Soil Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 233-245.

An exploratory examination of samples from six exposures of relict hardpans has been made
using simple laboratory tests, optical microscopy and SEM equipped with an energy-dispersive
X-ray. Five of the hardpan sites are associated with rivers upon an old coastal plain; their
relationships to the present streams, land surfaces and overlying soils implies that these
hardpans formed before the streams responded to the low sca levels of the Pleistocene; so a
Pliocene age is inferred. One of the hardpans has formed in Pleistocene dune sands of the
Cooloola coastal sandmass and underlies Holocene dunes and soils.

The lack of dispersion during 48 hours immersion in either H,O or N HCl indicates that the
induration is not due to particle packing alone, that the materials are cemented, and that the
cement is not CaCO;. Two samples gave a positive response to the rapid test for allophane
indicating the presence of an imogolite/ allophane complex. SEM photomicrographs show an
amorphous material blanketing the skeletal quartz grains as well as fine grains in the matrix.
However, microprobe analysis of this material shows that strong Si peaks are always
accompanied by Al and, in the case of the Cooloola sample, with Al in excess of Si. Thus,
deposition of amorphous Si as a coating upon, or laminated with, kaolinite clays appears to
form the cementing agent in four samples and an imogolite/allophane complex is involved in
the other two.

The pans underlic a range of contemporary soils - red podzolic soils, red earths, gleyed
soloth and solodic soils - and contribute to problems of land use. Obviously, they restrict both
vertical drainage and rooting depth. On the coastal plain, where the hardpans are less than 2 m
below the surface, their presence contributes to salinisation and solonization of the soils.
Knowledge of the cementing mechanism, and the environmental conditions which promote its
development would help to throw light upon past climatic conditions.
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INTRODUCTION

In Australia, and many other countries, soils with lower horizons hard enough to withstand
a blow with a hammer occur. Such hardened or cemented horizons in or below the soil profile
are referred to as 'hardpans or pans' (McDonald et al., 1984). Although much speculation has
taken place about the mechanism causing the hardening, it remains far from clear what
processes are involved and what environmental conditions are necessary for these features to
develop. The aim of this paper is to use micromorphological techniques in combination with
simple laboratory tests in an attempt to find an answer. The investigation reported here is
concerned with an exploratory examination of six samples of hardpans from three different
environments within the coastal lowlands of southern Queensland, between Gympie and
Bundaberg (Fig. 1). Several kinds of hardpans have been observed during soil surveys in the
coastal lowlands. Some are associated with remnants of soils and landforms of Tertiary age;
others have formed in Quaternary deposits and soils. Apart from the geological descriptions of
the Elliott Formation (Ridley, 1957; Ellis, 1968; Robertson, 1979) to the north of Howard,
there are no other published data characterising the hardpans affecting soils in this section of
the coastal lowlands of southern Queensland. The nearest studies of somewhat similar
hardpans are those of Van Dijk and Beckmann (1978) west of Toowoomba in southern
Queensland, and Chartres (1985) in north-western New South Wales. Of these, there appear to
be closer affinities between the Yuleba hardpan (Van Dijk and Beckmann, 1978) and the
materials we have investigated in the Cherwell, Isis and Gregory Rivers area, north of Howard.

Of the six sites sampled, two are associated with an ancestral (Pliocene) Mary River - one
from an old alluvial fan, graded to the ancient river alluvium and the other in saprolite
underlying deposits interpreted as ancient river alluvium. Both of these sites show evidence of
intense weathering (lateritization) and the development of pans before the Mary River cut its
present inner valley in response to the low sea levels of the Pleistocene. Three sites are
associated with the short coastal Cherwell, Isis and Gregory Rivers and are exposures of a very
extensive hardpan underlying the soils of a large part of the adjacent coastal plain. This
hardpan has formed in Tertiary alluvium which is regarded by geologists as a southern
extension of the Elliott Formation. Since the hardpan developed, the area has been strongly
eroded, covered by a veneer of younger sediments and the present streams have cut through
the hardpan to underlying country rock.

At one of the sites, Cooloola, south of Rainbow Beach, a hardpan has been exposed by both
wind and water erosion of the high coastal dunes. This pan has formed in Pleistocene aeolian
sands and extends under Holocene dune sands. It is rather different in character and is not as
strongly indurated as the other pans.

METHODS

The six pans were examined and sampled in road cuttings at: 1) Bell's Bridge, 2) Owanyilla,
3) Cherwell River, 4) Isis River, 5) Gregory River, and 6) Cooloola Ledges (Fig. 1). Freshly
broken samples were taken from large blocks for description and analyses. Other samples were
ground to < 2 mm for determination of field pH (Raupach and Tucker, 1959) and response to
allophane test (Fieldes and Perrot, 1966). Two pieces, of approximately 2 or 4 cm size, from
each sample were tested for dispersion in demineralized water or N HCI over 48 hours.
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Small subsamples from each site were coated with carbon and examined in a scanning
electron microscope equipped with an energy dispersive X-ray analyser (SEM-EDXRA).
Qualitative chemical analysis by X-rays was achieved using the LINK 290 system. Duplicates
from some subsamples were set in Metsett SW, polished and given two coats of carbon before
analysis at 30 kV using a JEOL 35C scanning electron microscope. Uncovered thin sections,
30 pum thick, were prepared from resin-impregnated samples (acetone-diluted "crystic" styrene
system) and examined by normal polarising microscope techniques, supplemented where
necessary by phase contrast (Leitz Heine) and UV-autofluorescence (Leitz Hg lamp; 5 mm
BG12/K530 filtres). Selected areas from these sections were then examined under a Hitachi
$520 SEM fitted with a LINK QX2000I/LZA detector system. XRD traces were obtained for

the powdered samples using Feg, in a Philips 1140/1048 system.
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Fig. 2. SEM micrographs of: the: a) and b) Bell's Bridge hardpan; ¢) and d)Owanyilla hardpan; e) Cherwell
river site; f) hardpan at the Isis river site; g) bardpan at the Gregory river site; h) hardpan at the Cooloola
Ledges site. Scale bar: 100 pm a, ¢, d, e, g; 10 um b, f, h,



RELICT HARDPANS IN COASTAL LOWLANDS OF QUEENSLAND 237

The soils overlying the hardpans were classified by inspection and extrapolation of chemical
data from similar soils nearby and have been provisionally classed according to the Australian
Great Group scheme (Stace et al., 1968) and Soil Taxonomy (Soil Survey Staff, 1990).

DESCRIPTION OF MATERIALS STUDIED
Bell's Bridge - western side of road cutting, near Gympie

Sample 1 is from an old fan alluvium derived from the sedimentary rocks of the underlying
and adjacent Permian Tamaree and nearby Rammutt Formations (Runnegar and Fergusson,
1969). The old fan alluvium is, in the lower part, interleaved with ancient (Pliocene) alluvium
of an ancestral Mary River and both occupy a high terrace level relative to the present stream
(Bridges et al., 1990). A red podzolic soil (Ultic Paleustalf) overlies the hardpan which is
underlain by coarsely mottled light grey and red clays. The soil and hardpan materials have
been strongly weathered to depth, and the reticulate coarse mottles of both hardpan and clays
implies oscillating conditions of oxidation and reduction in the past, and is interpreted as the
impress of lateritization during the late Tertiary.

Field morphology

The indurated layer is 1 - 2 m thick, approximately parallel to and 1.5 - 2 m below the
surface. It is confined to the fan alluvium and does not extend into the soils overlying Rammutt
shales. The hardpan in coarsely mottled brownish grey (10YR 5/1 to 6/1), reddish brown
(5YR 4/6) and brown (10YR 4/4) with light grey (5Y 7/1) or grey-brown (SYR 5/2) colouring
along fracture lines. It contains numerous subangular and angular clasts of green shale,
siltstone, silicified argillite, greywacke and quartz 2 - 80 mm across. The material is massive,
very hard, requires hammer blows to break it and fractures along the coarser gravel margins. It
is moderately acid, does not disperse during prolonged soaking in water or N HCl and is
unresponsive to the allophane test.

Micromorphology

Low SEM magnification (30 kV x 200) images recorded for the Bell's Bridge samples show
a characteristic cellular appearance with frequent pores (Fig. 2a). At higher magnifications (30
kV x 1000) samples have grain surfaces which appear to be strongly coated with an
amorphous material and there is much bridging between grains (Fig. 2b). With a polished
sample, quartz grains with a conchoidal fracture can be seen to be set in a matrix which has a
stronger X-ray fluorescence from silicon than aluminium. The micro-probe shows the
consistent presence of both silicon and aluminium peaks showing that the cementing matrix of
the bridging material could be a clay mineral (Fig. 3a). Even at the highest magnification
available, it was not possible to see whether the silicon and aluminium are present as a clay
mineral, or as a combination of clay mineral and amorphous silica.

Owanyilla - western side of road cutting near Maryborough

Sample 2 is from an irregular hardpan exposed adjacent to and downslope of a red earth
(Kandiustalf), formed in a (Pliocene) alluvium of an ancestral Mary River and occupying a high
terrace level relative to the present stream. The hardpan is associated with the underlying rocks
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Fig. 3 a) Microprobe trace of the Bell's Bridge hardpan; b) Microprobe trace of the Owanyilla
hardpan; ¢) Microprobe trace of the Cooloola Ledges hardpan.
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which appear to be strongly weathered tuffs or tuffaceous siltstones of the Cretaceous
Grahams Creek formation of Ellis (1968). It appears that the hardpan has been exposed by
truncation and may underlie the red earth on the crest, as well as a red podzolic soil (Durustalf)
on the upper slope.

Field morphology

The indurated layer is very light grey (2.5Y 7/2) with coarse reticulate red-brown
(2.5YR 4/8) or dusky red (2.5YR 4/2 to 5/2) mottles. When fractured it is seen to have red-
brown lines (1 mm or less) forming a fine network and lining fine pores. Old 8 - 10 mm
channels with very light grey vermiform casts and finer 4 - 6 mm channels with red-brown clay
coatings and vermiform fill are evident through the mass and indicate that the material was
once soft and easily penetrated. The indurated zone requires hammer blows to shatter it and
breaks with a very irregular fracture which, under the hand lens, has a fine lumpy appearance.
The material is strongly acid, does not disperse during prolonged immersion in water or N
HCI, but in some parts gives a weak or moderate response to the allophane test.

Micromorphology

In thin section, the fabric of this sample tended to be composed of poorly sorted 20 -100pum
quartz grains, but mica and fine cherty fragments also occur. The matrix forms over 80% of
the the sample, comprising a fine (5 - 10 um), dense quartzose intergrowth with linear cracks
and rare irregular vesicles. Some cracks appear to be infilled with a mosaic of finer material
with low positive relief and low birefringence. Some smaller voids contained dusty argillans
(Bullock et al., 1985). XRDA of polished surfaces again gave very weak traces dominated by
quartz, but microanalysis of crack infillings revealed Al and Si in a ratio comparable to that of
kaolinite. Analysis of the argillans gave similar results.

Under the SEM, at low magnification, a cleanly broken fragment of this pan was seen to
have a well-developed "honeycomb" morphology; structure with cells 40 - 50 um across (Fig.
2c). A similar structure has been described by FitzPatrick (1984) as "egg box" morphology. At
high magnification (30 kV x 1000) this structure appears to be formed of small particles of
weakly crystalline or amorphous material building-up into ridges about 10 um wide.
Elsewhere, similar honeycomb morphology merges into a cradle-shaped hollow of amorphous
material which presumable held a larger quartz grain (Fig. 2d).

Analysis by micro-probe shows a strong silica peak with a clear, but partly obscured,
aluminium peak (Fig. 3b). Examination of a polished sample revealed the larger silica grains to
be embedded in a densely packed matrix of fine crystalline material which responds equally
well to silicon and aluminium when subject to X-ray fluorescence. Thus, there appears to be a
strong case for the presence of kaolin in the cementing material. Except for the Cooloola
sample, this was the only one to have a weak response to the allophane test which implies that
the bonding agency could in part be an aluminivm silicate complex of the allophane group
(possibly imogolite or proto-imogolite, Farmer et al., 1980) and probably relates to a volcanic
origin of part of the underlying parent material.

Cherwell, Isis and Gregory River sites

The hardpans at sites 3, 4 and 5, sampled from the banks of the Cherwell, Isis and Gregory
rivers, have several features in common. They occur on the coastal plain (about 30 m a.s.1.) to
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the north of Howard (Fig. 1), occupy a terrace level well above the floodplains of the present
streams, extend laterally between the streams, and are regarded by geologists as silicified beds
of a truncated southern extension of a local sequence of Tertiary sediments (Elliott Formation),
described as consisting of sandstone and siltstone with some conglomerate and shales (Ridley,
1957; Ellis, 1968). To the north of Howard, it is represented by thin (<6 m thick)
discontinuous outliers between the coastal streams. Ridley (1957) recorded it in the Gregory
River area, 'as very much like a type of siliceous hardpan, 2 - 3 feet below the surface' and, at
the Isis River crossing, as ‘undoubtedly sandstone'. He noted that the sandstone was frequently
mottled and where exposed weathers irregularly forming a large cellular pattern.

The relationship of the hardpan to the present streams and the surficial deposits of the
coastal plain is evident at Gregory River crossing (Fig. 4). Here the river has cut through the
hardpan and underlying sediments to flow over Cretaceous country rock, but old channels cut
through the hardpan have been filled with clay alluvium, and both channel fill and hardpan are
covered by a thin veneer of sandy alluvium. The hardpan is about 2 m thick and is underlain by
sandy clays with gravel lenses. The gravels appear to be bedload sediments of the formative
stream and contain clasts that may be related to the Permian and Mesozoic rocks in the
headwaters of the stream to the west.

Field morphology

The Cherwell hardpan, sample 3, is exposed where the Cherwell River has cut through the
old coastal plain to the underlying Cretaceous country rock. The indurated material extends
laterally beneath gleyed soloth and solodic soils (Glossic Natraqualfs or Aquic Natrustalfs and
also appears to underlie earthy yellow podzolic soils (Kandiustalfs) of the slightly higher and
better drained parts of the old coastal plain. The Cherwell hardpan is brownish grey (10YRS5/1
to 6/1) with coarse brown (10YR4/3) and dark reddish brown (5YR4/4) mottles. It is massive,
very hard, requires hammer blows to shatter it and breaks with a highly irregular and rather
wedge shaped fracture. Under a hand lens most of the freshly fractured faces appear as a
brownish grey amorphous mass with few sand grains evident i.e. most of the grains and pores
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of the sandstone appear to be blanketed by the hard amorphous material which may be
secondary silica. Some old fracture lines are also evident, distinguished by few very fine plant
roots and thin grey-brown coatings along the partings. Occasional 5 mm channels with grey-
brown (10YRS/2) vermiform fill have been observed in places. The material is mildly acid,
does not disperse during prolonged immersion in water or N HCI and does not respond to the
allophane test.

The Isis hardpan, sample 4, exposed on the high southern bank of the rivers is brownish
grey (10YRS/1) with coarse pale yellowish brown (2.5Y6/4) and brown (7.5YR5/6) mottles. It
is similar in hardness and fracture to the samples from Cherwell River but under a hand lens it
is much more porous with many sand grains evident (i.e. fabric of sandstone), including a few
lithic grains, but some areas are denser, and completely amorphous. No channels or vermiform
fill were observed in the samples.

The Gregory hardpan, sample 5, is light grey-brown (10YR6/2) with coarse grey-brown
(10YRS/3) and brown (10YR5/8) mottles. The material is very similar to that of the Isis River
with similar fabric evident under a hand lens. Thin brown coatings line what appear to be old
fracture lines but no old channels with vermiform fill were observed. The material is
moderately acid, does not disperse during prolonged immersion in H,O or N HCI and is
unresponsive to the allophane test.

Micromorphology

At low and medium magnifications 30 kV x 300-500) the individual grain boundaries of the
Cherwell sample within a broken fragment of this pan are not clearly visible (Fig. 2e). Crystals
appear to have an overgrowth of amorphous material and in places, a transition towards the
honeycomb pattern of morphology seen in the Owanyilla sample. Examination of bridging
material from the Cherwell sample with the micro-probe indicates a strong silica peak with a
less obvious aluminium peak to its left. When examined by X-ray fluorescence, polished
samples indicate widespread presence of silicon, obvious in the larger quartz grains, but a
response to aluminium also occurs throughout the matrix. X-ray fluorescence examination of
the brown mottles show a strong coincidence of iron and silicon in the matrix material.

With a polished sample of the Isis hardpan, the coated nature of the interstitial grains may
be seen and in places the X-ray fluorescence displays a significant response to barium and
sulphur, the latter implying some residual presence of material accumulated in evaporative
conditions. These coatings give a strong response to silicon with X-ray fluorescence, but
aluminium also gives a widespread signal. Although individual grains of quartz can be
distinguished, they appear to be extensively coated with secondary material giving smoothed
outlines to the grains (Fig. 2f). Pore spaces between the grains are rare. Examination of
fracture surfaces on a subsample of the Gregory hardpan showed larger quartz crystals set in a
matrix of smaller, more angular grains. In places, there is evidence of extensive coating of
amorphous material, covering matrix and larger quartz grains alike (Fig. 2g). Examination of
this bridging material by the electron microprobe reveals a strong silicon peak with minor
amounts of aluminium and iron.

This hardpan has been recorded during soil surveys on the plain both north-east and south-
east of the Gregory River site, near Childers, at 75 cm under a gleyed solodic soil (Typic
Natraqualf). Here the pan was described as a light brownish grey with yellow-brown mottled
silica pan with occasional channels with 3 - 5 mm vermiform fill.
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Cooloola Ledges - eroded track bed in high dunes near Wide Bay

The hardpan from Cooloola Ledges, site 6, exposed in the bed of a track in high dunes near
Wide Bay, has formed in Pleistocene dune sands at 120 m a.s.l, in the Cooloola sandmass,
south of Rainbow Beach. It is exposed where vehicular/water erosion has cut through the old
dunes to the indurated layer. To the south it extends under Holocene dune sands in which
podzols (Quartzipsamments and Troporthods) have formed.

Field morphology

The indurated layer is a very pale brown (10YR 8/3 to 8/2) massive, fine to medium
grained, sandy material. It breaks readily with a hammer blow to an irregular fracture. Under a
hand lens, the fracture surface shows clean quartz grains set in a fine matrix; there is an
occasional dark fine grain of a heavy mineral (ilmenite or rutile) but very few fine pores are
evident. The matrix material appears to fill all of the voids between the grains and looks like
precipitation between, rather than around, grains. There is much evidence of grains plucked
out of the matrix during fracture.

Micromorphology

Examination of thin sections revealed a well-sorted sand with rounded grains (50 - 250 pm)
of quartz embedded in a uniform matrix of low positive relief and effectively isotropic between
crossed polars. Distinctive rounded voids were present with diameter of 100 - 200 pm. Phase
contrast was required to bring out any detail, but viewed under UV the matrix is strikingly
autofluorescent in pale green, suggestive of ‘active’ aluminium. XRDA of both surface and
powdery matrix gave very weak traces with only traces of kaolinite and gibbsite being
detectable in addition to quartz. These properties are consistent with those of an allophanic or
imogolitic material.

SEM examination of a polished sample shows fine amorphous fill between the quartz grains
and no evidence of pores (Fig. 2h). X-ray fluorescence of the matrix shows approximately
equal amounts of aluminium and silicon. This is confirmed by micro-probe analysis which
shows strong peaks for aluminium and silicon and virtually nothing else (Fig. 3c).

DISCUSSION

The relict nature of the pans along the coastal streams (sites 1 - 5) is clearly evident from
their relationships to the present streams, land surfaces and overlying soils. These imply that
none of these hardpans are currently forming and that all have been inherited from pre-
Pleistocene environments. The reticulate mottling of the pans, particularly those along the
Mary River implies a past history of repeated reduction and oxidation (seasonal saturation) so
the pans may represent part of a mottled zone formed during lateritization and since hardened.
The presence of fine cylindrical channels with vermiform fill in samples from Owanyilla,
Cherwell River, and north-east of Gregory River indicate that these materials were once soft
and easily penetrated sediments.

The large erosion channels through the hardpans and underlying materials seen at
Owanyilla, near Maryborough, and at the Gregory River) and the sharp boundaries between
the hardpan and clayey channel fill indicate that hardening occurred before the downcutting of
the streams in response to the low sea levels of the Pleistocene. On this basis, the formation of
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the hardpans along the coastal streams is seen to pre-date the Pleistocene and to be most likely
of Pliocene age.

Although different grain sizes are clearly evident and their packing probably contributes to
the overall resistance of the six hardpans to deformation, the lack of dispersion during 48 hours
immersion in H,O or N HCI shows that they are not "densipans” (Smith et al., 1975) and that a
cementing agency other than calcium carbonate is involved. The lack of dispersion also points
to a bonding agent other than clay because most clays tend to swell and so disrupt the sample
when wetted. The lack of response to sodium fluoride in the allophane test (other than in the
samples from Owanyilla and Cooloola) indicates that the bonding agent in the hardpans is not
an amorphous aluminium silicate complex of the imogolite/allophane group; conversely the
positive response of samples from Owanyilla and Cooloola Ledges implies that such a
compound is present. The presence of an imogolite/allophane complex in the sample from
Cooloola Ledges is not surprising, given its known association with podzol development
overseas (Farmer et al., 1980; Childs et al., 1983) and Australia (Skjemstad et al., 1992) and
the opportunity in high Pleistocene dunes for allophanic material to move and separate at
considerable depth below giant podzol profiles. However, a weak response to the sodium
fluoride test in the Owanyilla sample was unexpected. It is possible that the "egg box"
structure may relate to the volcanic origin of the underlying parent material, although this is
doubtful. The positive response to NaF allophane test, indicating an imogolite/allophane
complex in mottled zone material is certainly surprising and difficult to explain other than it has
been inherited from the parent rocks below depths affected by lateritization.

Examination of the SEM images from both fracture and polished surfaces of the samples
show considerable variation in the micro-morphology of the matrix and cementing materials in
the hardpans. In all cases, an amorphous (at the micron level) material rich in silicon appears to
coat both the larger quartz grains and the finer grains of the matrix, given a visual impression
of melted candle wax poured over them. All samples showed coatings and fillings of
amorphous material that gave a strong silicon peak, but the evidence also indicated the
presence of kaolinite. Only the Owanyilla sample showed a strong development of the egg box
structure. Other elements are present in much smaller amounts and do not appear to influence
induration except perhaps in some of the iron-rich red or yellow patches. The trace from the
micro-probe shows that the silicon is always accompanied by aluminium in the coatings
although in some cases, e.g. Cooloola Ledges, aluminium may be in excess of silicon.
However, only at the Owanyilla and Cooloola Ledges is the aluminium and silicon likely to
have formed an imogolite/allophane complex. Presumably the cementing agent at the other
sites, is fine-grained kaolinite, possibly accompanied by silica. It will require a greater order of
resolution at the submicron level to resolve this question satisfactorily.

None of the pans could be regarded as classical 'grey billy' or silcrete of inland Australia
because of their greater porosity, lower hardness, and different fracture. The pans associated
with the old terrace of the Mary River (sites 1 and 2) have reticulate red mottling and occur in
what appear to be lateritized profiles. They could be regarded as ‘weakly silicified mottled
zone' of a laterite profile as described by Connah and Hubble (1960) and their apparent pre-
Pleistocene age would lend some support to this. The hardpans under the coastal plain (sites 3,
4, 5) are similar in colour, and their associations with younger soil mantles and ancient
remnants, to the Yuleba hardpan of central southern Queensland (Van Dijk and Beckmann,
1978). However, they differ in thickness and local undulations. For example, the Yuleba
hardpan may vary 1 - 50 cm in thickness over 5 m laterally with marked undulations and
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discontinuities. None the less, similarity in field relationships and bonding materials
(dominantly clay mineral with some silicon) points to contemporaneous development.
Similarity between these pans and those described in north-west New South Wales (Chartres,
1985) is less evident although again silica with some clay is scen as the cementing materials.

The hardpan in the sand dunes (site 6) is most interesting in that Al-exceeds or equals Si
(Fig. 8b) and the SEM micrograph shows that the space between the quartz grains is
completely filled with amorphous material. This is identified as imogolite/allophane complex by
the NaF test, consistent with its strong autofluorescence. The lack of voids other than vesicles
in the matrix implies precipitations from solution between rather than around the coarser
grains,

Zabowski and Ugolini (1992) have shown that mineral stability is influenced by seasonal
changes. In the sub-alpine podzol studied, they found that the soil solution remained
unsaturated with respect to silica throughout the year. However, as the content of soil water
dropped in summer, leaching losses are minimised and equilibrium conditions are approached.
At the same time, it was observed that the clay minerals, smectite and kaolinite together with
amorphous silica were being formed in the E horizon. Lower in the profile, the soil solution
becomes saturated with kaolinite and leaching losses are limited by the presence of imogolite
and quartz. Although the soil studied by these researchers occurs in a different environment,
they have shown that further investigations into the stability of minerals in different soil
environments could help provide an answer to the questions which have begun to be addressed
in this paper.

Although the pans have developed in and persisted from an earlier environment, they affect
the soils of the present land surface and where they occur at depths of < 2 m, need to be
recognized in soil classification. The Australian great groups described by Stace et al. (1968)
do not mention pans in the red podzolic, red earth, soloth or solodic soil groups, and no
provision for pans has been made in Gn2, Dr or Dy categories of A Factual Key (Northcote,
1979). Presumably the pans at Sites 1, 3, 4 and 5 meet the criteria of a duripan in Soil
Taxonomy (Soil Survey Staff, 1990) and where the pans are within 100 ¢cm of the surface the
soils should be classified as Durustalfs.
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ABSTRACT

Wehmueller, W.A ., Ransom, M.D. and Nettleton, W.D. 1994. Micromorphology of polygenetic soils in a small
watershed, north central Kansas, U.S.A. In: AJ. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 247-255.

The Konza Prairie Research Natural Area (KPRNA) in north central Kansas is the largest
parcel of native, tallgrass prairic preserved for ecological research in the U.S. The
micromorphology of three polygenetic soils (designated as Pedons 6, 8, and 9) from a 125 ha
watershed within KPRNA was examined as part of a larger study of soil genesis and
geomorphology. The objectives of this study were to use micromorphology to: (1) evaluate
the parent material stratigraphy; and (2) investigate processes of clay illuviation, and calcium
carbonate and gypsum accumulation. The study area has a mesic temperature regime, and the
moisture regime is transitional from udic to ustic. Pedon 6 occurred in a small depression
along a summit (bench) position and classified as a Typic Natrustoll. Pedon 8, on a shoulder
of an interfluve, was a Udertic Argiustoll. Pedon 9, a Udertic Paleustoll, was on a summit
position along the interfluve. All three pedons developed in a thin mantle of Wisconsin loess
overlying welded paleosols formed in hillslope sediment (colluvium) over residuum from
Permian cherty limestone. The Bt horizons that were formed in loess and hillslope sediment
exhibited skel-masepic and lattisepic plasmic fabrics indicative of high shrink-swell activity.
Muvial void argillans were occasionally found in abundance. Clusters of pedogenic, lenticular
gypsum were identified in the paleosol formed in hillslope sediment on the summit and summit-
depression. The horizons in which gypsum occurred also had high contents of exchangeable
Na. For Pedons § and 9, the paleosol developed in cherty limestone residuum was truncated
and well developed with continuous, thick illuvial ferriargillans. The extent of weathering
observed in this paleosol suggests a longer period of soil formation than that of the composite
modemn soil and paleosol formed in hillslope sediment,

INTRODUCTION

The Konza Prairie Research Natural Area (KPRNA) is a 3400 ha native, tallgrass prairie in
north central Kansas that is preserved for long term ecological research (Fig. 1). It is part of
the International Network of Biosphere Reserves. Soils on the Konza Prairie and throughout
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s R ) Fig. 1. Location of the Konza Prairie Research
OB Natural Area. The darker shaded portion of
Kansas is the Bluestem Hills land resource
area.

the surrounding Bluestem Hills area of Kansas are developed in a variety of parent materials
including loess, residuum from Permian shale and cherty limestone, colluvium, and alluvium.

As part of an investigation of a 125 ha watershed within KPRNA by ecologists,
geomorphologists, and pedologists, a detailed soil map, made at a scale of 1:2000, and
transects within the watershed were used to select nine pedons for soil characterization and
micromorphological analyses. These pedons represented typical landscape positions and
included soils formed in various parent materials in the watershed. In the present paper, we
will report results for three pedons occurring on the summit and shoulder positions. These
soils formed in multiple parent materials and have more complex stratigraphy of parent
materials than recognized by the existing soil survey (Jantz et al., 1975), which was made at a
scale of 1:24,000. According to Jantz et al. (1975), soils on summit and shoulder positions in
the watershed developed in residuum or sediments from clayey shales. Therefore, the
objectives of this paper were to conduct soil characterization and micromorphological
investigations of selected pedons from summit and shoulder positions to (1) evaluate parent
material stratigraphy and (2) investigate processes of soil genesis, especially clay illuviation and
calcium carbonate and gypsum accumulation.

The 125 ha watershed is within the Bluestem Hills land resource area of the Central Great
Plains region (Soil Conservation Service, 1981). In the watershed, elevations above sea level
range from 364 to 432 m. The climate is continental with a normal annual precipitation of 800
mm and a mean annual air temperature of about 13°C. The moisture regime is transitional
from udic to ustic.

METHODS

Field investigations made during the soil survey of the watershed were used to select three
representative pedons from summit and shoulder positions. At each site, a 1 X 2 m pit was
excavated to bedrock in order to describe and sample the pedons. Samples were collected
from each horizon and analyzed for routine soil characterization and clay mineralogy by the
methods described by the Soil Survey Laboratory Staff (1992). For thin section analysis,
undisturbed, oriented clods from selected horizons were collected, air-dried, and impregnated
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with polyester resin. Horizontal sections from each clod were mounted on 27 x 46 mm
petrographic slides and polished to an approximate thickness of 30 pm. The thin sections were
then described using the nomenclature of Brewer (1976).

RESULTS AND DISCUSSION
Soil Classification and Parent Material Stratigraphy

Table 1 shows selected soil characterization data for the study pedons. Pedon 9 is a fine,
montmorillonitic, mesic Udertic Paleustoll.  This pedon contained high contents of
exchangeable Na (Table 1), but it was too deep in the profile to meet natric horizon
requirements (Soil Survey Staff, 1992). The summit on which this pedon occurred was the
highest topographic position in the watershed. This summit is on a broad interfluve with a
thicker loess mantle than the other two pedons. Field observations and laboratory data
(including clay mineralogy and clay-free particle size distribution data that are not shown)
indicate lithologic discontinuities at 58 and 107 cm. The upper 58 cm was identified as loess
based on the high silt and low coarse fragment content (Table 1). According to Ruhe (1984),
the loess mantle across the eastern part of Kansas and Nebraska is Wisconsin (Peoria), and the
maximum age of soils developed in this material is about 14,000 years. The material from 58
to 107 cm was identified as colluvium or hillslope sediment as defined by Daniels and Hammer
(1992). The upper horizon of this material from 58 to 71 cm exhibited an increase in coarse
fragment content (Table 1) and contained a stone line. Transect work showed that this
hillslope sediment could be traced across most of the erosional landscape of the small
watershed. The high content of chert fragments and high clay content suggests that the
material from 107 to 148 cm was formed in residuum weathered from the underlying cherty
limestone. A strongly-developed paleosol with continuous ferriargillans occurred in this
material.

Pedon 6 was classified as a fine, montmorillonitic, mesic Typic Natrustoll. This pedon had a
natric horizon (Soil Survey Staff, 1992) as indicated by (i) exchangeable Na percentages 215
(Table 1) within 40 cm of the upper boundary of the Btnl horizon, (ii) columnar structure in
the Btn horizons, and (iii) sufficient clay increase for an argillic horizon. This pedon occurred
in a small, irregularly shaped depression on the summit of a bench that was topographically
about 25 m lower than the summit of Pedon 9. The upper 43 cm was identified as Wisconsin
loess based on the high silt content and low content of coarse fragments (Table 1). The
material from 43 to 73 cm was identified as hillslope sediment similar to that of the second
parent material of Pedon 9. The material from 73 to 77 cm was identified as residuum
weathered from the underlying limestone. Particle size distribution on a clay-free basis (data
not shown) also supports the identification of the lithologic discontinuities.

Pedon 8 occurred on a shoulder slope below the summit of Pedon 9 and was classified as a
clayey-skeletal, montmorillonitic, mesic Udertic Argiustoll. At this location, the interfluve is
more sloping and narrower than that of Pedon 9. The upper 18 cm was identified as Wisconsin
loess based on high silt content and low content of coarse fragments (Table 1). The second
parent material from 18 to 37 cm was identified as hillslope sediment based on subrounded
coarse fragments that were mostly chert. An abrupt boundary at 37 cm marked the top of a
truncated paleosol formed in residuum similar to the paleosol developed in residuum in
Pedon 9. The limestone and chert fragments in the 3Bt horizon were less angular than those in
the 2Bt horizon and were coated with thick, continuous ferriargillans.
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Table 1
Selected physical and chemical characterization data for the study pedons.

Horizon Depth  >2mm Sand Silt Clay COLE! pH  Elec. Na Sat- Ext.2
(cm) % (% (%) (%) (cm/cm)1:1H20 Cond. uration Fe
mmhos/cm (%) (%)

Pedon 6 (Summit-depression)

A 0-9 0 7.7 640 283 - 56 137 1 0.9
Btnl 9-20 0 63 S51.1 426 003 64 0.69 10 1.1
Btn2 20-31 0 48 461 49.1 0.11 78 1.17 16 1.2
Btknl 31-42 1 45 515 440 013 82 236 27 1.1
2Btkn2 42-57 1 94 487 419 009 82 423 35 1.2
2Btkny 57-73 <1 60 478 462 014 78 848 36 1.3
3Bkn 73-77 39 312 378 310 012 83 774 45 0.3
3R 77-80 - - - - - - - - -
Pedon 8 (Shoulder)

Al 0-9 2 11.1 600 289 - 6.3 - <1 1.0
A2 9-18 9 10.8 531 36.1 004 538 - <1 1.2
2Btl 18-28 6 10.0 465 435 - 5.9 - <1 1.5
2B12 28-37 19 9.0 451 459 0.06 6.0 - <l 1.6
3B13 37-66 84 157 332 511 - 6.0 - <l 1.6
3Bt4 66-79 10 46 326 628 0.14 7.1 - <1 2.2
3Bt5 79-90 8 34 264 702 - 7.5 - <1 2.2
3R 90-93 - - - - - - - - -
Pedon 9 (summit)

Al 0-10 0 72 668 260 004 63 073 1 0.8
A2 10-17 <1 65 629 306 004 56 - 3 0.9
Btl 17-33 <1 37 474 489 010 69 0.53 6 1.2
Bt2 33-41 <1 28 541 431 009 76 090 8 1.1
Btkl 41-58 3 48 593 359 006 82 085 10 1.0
2Btk2 58-71 7 7.1 60.8 32.1 - 82 129 17 1.0
2Btky 71-86 3 9.1 566 343 006 76 573 20 1.2
2Bt1 86-97 4 90 519 351 008 77 506 20 1.4
2Bt2 97-107 12 105 468 427 009 77 3.63 23 1.5
3Bt3 107-127 58 11.0 348 542 - 7.7 3.17 26 1.7
3Bt4 127-148 75 38 271 69.1 - 77 134 17 1.6
3R 148-150 - - - - - - - - -

ICOLE=Coefficient of Linear Extensibility (Soil Survey Staff, 1992).

2Extractable in Na citrate-dithionite.

N.B. Gravel fraction (>2mm) on a whole soil basis. Sand, silt and clay content as a proportion
of the fine earth fraction (<2mm).
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Clay Movement and Orientation

All three pedons have complex, welded paleosols (Ruhe and Olson, 1980). The depth
distribution of clay in Pedon 6 is bisequal with maxima in both the loess and the underlying
hillslope sediment (Table 1). Pedon 9 had maximum values in clay content in the Btl horizon
of the loess and the 3Bt4 horizon developed in cherty limestone residuum. In contrast, the
loess mantle for Pedon 8 was much thinner, and the clay content increased uniformly with
depth. All three pedons exhibited vertic characteristics and high COLE values (Table 1).

The paleosol formed in residuum of Pedons 8 and 9, which exhibited clay contents of about
70% (Table 1), contained common papules of weathered biotite and omnisepic and lattisepic
plasmic fabrics. Such features are common in soils with vertic properties (Nettleton and
Sleeman, 1985). Chert fragments in the paleosol were rounded with thick ferriargillans on all
surfaces and in cavities (Fig. 2A). Dithionite-citrate extractable Fe (Table 1) was higher in the
paleosol suggesting that it was more weathered than the modern soil developed in the
overlying parent materials. The lack of an A horizon, abrupt textural difference, and change in
fabric to skel-masepic plasmic fabric in the lower horizon of the hillslope sediment suggests
that the paleosol developed in residuoum for Pedons 8 and 9 was truncated before deposition of
the hillslope sediment.

The residuum of Pedon 6 was much thinner and higher in carbonate than the residuum of
Pedons 8 and 9. This residuum is from the Schroyer Limestone, which is less cherty and more
resistant to weathering than the Florence Limestone (Jewett, 1941) underlying Pedons § and 9.
The strongly-developed paleosol observed in Pedons 8 and 9 may not have been as strongly
developed at this location. Alternatively, the paleosol formed in residuum for Pedon 6 may
have been truncated before deposition of the overlying hillslope sediment.

The hillslope sediment in Pedon 9 had distinct argillans in the 2Bt2 horizon (Fig. 2B).
Although this horizon had high shrink-swell potential and a COLE of 0.09 (Table 1), stress had
not been sufficient to disrupt the argillans. At this depth, the soil may not dry enough to
experience the full range of linear extensibilities that disrupt argillans as reported by Nettleton
et al. (1969). The upper part of the hillslope sediment (e.g. the 2Btk2 horizon) had fewer
illuvial argillans and exhibited increasing amounts of stress-oriented features including areas of
lattisepic plasmic fabric.

The horizons formed in hillslope sediment of Pedons 6 and 8 also exhibited illuvial argillans.
For all three pedons, clay illuviation in the hillslope sediment could have occurred before or
after deposition of loess. For Pedons 6 and 9, the sequence of clay illuviation into the hillslope
sediment can be determined using micromorphology. The hillslope sediment of these two
pedons contained argillans superimposed with pedogenic carbonate and gypsum (Fig. 2C),
which probably originated during the weathering of the Wisconsin loess. This indicates that
clay illuviation occurred in the hillslope sediment before deposition of Wisconsin loess. Since
the loess mantle of Pedon 8 is so thin, determining the sequence of clay illuviation into the 2Bt
horizon is difficult.

Occasional argillans in voids and channels provided evidence of clay illuviation in the upper
argillic horizon formed in loess in Pedons 6 and 9. In addition to these illuvial argillans,
embedded grain argillans were also observed in the upper argillic horizon. These grain
argillans were thin, exhibited a rather diffuse boundary, and coated the grains with uniform
thickness on all sides. Such grain argillans may result from stress rather than illuviation
(Rabenhorst and Wilding, 1986; Ransom and Bidwell, 1990).
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Fig. 2. Thin section photomicrographs of the study pedons. Crossed-polarized light: A) Chert
fragments (cf) in the 3Bt3 horizon of Pedon 8 with thick argillans (a) on surfaces and in
cavities. Bar scale=200 um. B) Thick ferriargillans (a) on the wall of a vugh in the 2Bt2
horizon of Pedon 9. Bar scale=500 um. C) IDluvial argillan (a) superimposed with pedogenic
gypsum crystals (g). Bar scale=200 um. D) Clusters of lenticular gypsum crystals (g) in the
2Btkny horizon of Pedon 6; plasmic fabric is lattisepic in the surrounding s-matrix. Bar
scale=200 pm. E) Accumulations of gypsum (g) and micritc (m) in the 2Btky horizon of
Pedon 9. A ferriargillan (a) is also evident on the wall of the void. Bar scale=200 pm.
F) Crystic plasmic fabric of the 3Bk horizon of Pedon 6 showing highly weathered limestone
fragments (1) within micrite-rich fabric. Bar scale= 500 pum.

CaCO, and Gypsum Accumulation

Gypsum clusters occurred in the 2Btky and 2Btkny horizons of Pedons 9 and 6,
respectively. This gypsum was in the form of lenticular-shaped euhedral grains (Fig. 2D),
which according to FitzPatrick (1984) and Porta and Herrero (1990), are characteristic of
pedogenic gypsum. The parent material for both horizons containing gypsum was hillslope
sediment. Nettleton et al. (1982) found that gypsum accumulates in soils near the maximum
depth of wetting in semiarid soils. Pedogenic gypsum typically forms in soils where there is
minimal water movement through the soil profile because of low precipitation or because of
slowly permeable subsoils (Allen and Hajek, 1989). In Pedons 6 and 9, gypsum occurred at
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about the same depth and in proximity to a lithologic discontinuity that would restrict water
movement. Dispersion caused by the high Na contents in these two horizons may be
responsible for restricting water movement that caused gypsum accumulation. Marine shales
and mudstones are interbedded with the limestone in the area (Jewett, 1941) and are the most
probable source of Nat and SO4% in these pedons. We believe the source of Ca2* and CO52-
was the weathering of the overlying Wisconsin loess that was probably calcareous when first
deposited.

Pedon 8 did not exhibit any gypsum accumulation, and the exchangeable Na content was
low in all horizons. This pedon was more freely drained because of the large amount of coarse
fragments in the 2Bt horizon developed in hillslope sediment; it also occurred on a more
sloping shoulder slope and had a much thinner loess mantle than the other two pedons.

Pedons 6 and 9 exhibited pedogenic CaCO; accumulations in the horizons containing
gypsum (Fig. 2E) as well as in the horizon above. The carbonate forms included neocalcans
and micritic nodules and accumulations. In the horizon formed in residuum in Pedon 6, the
carbonate morphology was more complex (Fig. 2F). Crystic plasmic fabrics, abundant micrite,
limestone fragments coated with micritic calcans, and void neocalcans suggest that much
dissolution, redistribution, and reprecipitation of carbonate had occurred (Sobecki and
Wilding, 1983; West et al., 1988). Pedon 8 contained pedogenic carbonate in the 3Bt5
horizon in the form of soft masses as a weathering rind between the peds and limestone
fragments.

CONCLUSIONS

The three pedons contained sufficient oriented clay to meet the requirements of an argillic
horizon. Pedon 6 also had enough exchangeable Na for a natric horizon. All three pedons are
polygenetic in that the modern soil development extends through the loess into the underlying
material. Pedons 8 and 9 had a paleosol developed in residuum that exhibits lattisepic and
omnisepic plasmic fabrics. The plasmic fabrics, high clay content, and higher extractable Fe
suggest a long period of soil development. Horizons formed in the hillslope sediments had
patchy illuvial argillans. Argillans superimposed with pedogenic carbonate and gypsum in the
upper part of the hillslope sediments of Pedons 6 and 9 suggest they are being recharged with
carbonate from the loess. Pedon 8 was more freely drained; carbonate and gypsum did not
accumulate in the hillslope sediment of this pedon. Pedon 6 did not have the strongly
developed paleosol in residuum. Because the limestone beneath this pedon was more resistant
to weathering, the strongly-developed paleosol may not have formed, or it may have been
truncated before deposition of the hillslope sediments.
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ABSTRACT

Capo, R.C., 1994. Micromorphology of a Cambrian paleosol developed on granite: Llano Uplift region, Central
Texas, U.S.A.. In: AJ. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in
Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia,
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The micromorphology, mineralogy and geochemistry of a Cambrian paleosol developed on
Grenville-aged granite in Central Texas suggest that pedogenic processes similar to modem
ones were active before the advent of vascular land plants. The clay-rich horizon of the
weathering profile exposed along Squaw Creek has cutans (argillans, ferrans and ferri-
argillans) and well developed scpic plasmic fabric (vosepic, skelsepic and masepic).
Development of the profile resulted in depletion of alkalis and alkaline earths, FeZ+, Mn and Si,
and enrichment in Fe3*, Cu and Zn. Comparisons with modern soils suggest that expanding
clays were present during formation of the profile, and support other evidence for a hot
semiarid climate in parts of equatorial coastal Laurentia during the Middle Cambrian.

INTRODUCTION

Two of the most difficult aspects of studying pre-Quaternary soils are recognition and
accurate age determination of preserved weathering profiles (Yaalon, 1971; Holland and
Zbinden, 1988; Retallack, 1988). The Squaw Creek Paleosol (SQP) is part of a
stratigraphically well constrained weathering profile developed on Precambrian granite in
Texas over 500 Ma ago. The SQP provides a record of the terrestrial environment during the
Cambrian and also provides a rare opportunity to study surficial weathering processes in the
absence of vascular plants, which were not present on land until mid-Ordovician time, and
which are a major factor in soil-forming processes today.

GEOLOGIC AND GEOMORPHIC SETTING

The Llano Uplift region in Central Texas, U.S.A. is an exposure of Paleozoic and Grenville-
aged Precambrian rocks rimmed by the Cretaceous Edwards plateau. Large granite plutons
were intruded into the area ~1.1 Ga ago; this was followed by regional uplift, exposure and
erosion. During the Cambrian, the landscape was dominated by granite inselbergs; local relief
exceeded 250 m. This irregular surface was then buried by the tidally influenced or estuarine
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sediments of the Riley Formation as seas transgressed over the Texas craton in the Late Middle
Cambrian, ~520 Ma (Barnes and Bell, 1977).

The weathering profile is exposed along Squaw Creek in Mason County at the southwestern
rim of the uplift (Barnes and Bell, 1977). The parent material is a buried exfoliation dome of
pink Town Mountain granite (1.06 Ga; Garrison et al., 1979; Walker, 1992) that forms a 6 m
escarpment. The overlying Hickory Sandstone Member of the Riley Formation, a beige
kaolinitic coarse sandstone, forms a prominent ledge 4 m high. The contact appears as a
distinct recess between the two lithologies. Alteration of the granite increases upward toward
the Cambrian nonconformity, and white-mottled, deep red in situ paleosol material caps the
profile. Reworked and stratified material of a similar nature is deposited nearby along one
flank of the dome. In other outcrops of the Cambrian-Precambrian contact in the area, no
paleosol material is preserved; this is not surprising, since there were no vascular plants to
anchor soil material to the granite domes. The in situ Squaw Creek paleosol was probably
preserved due to its location in a shallow depression on top of a dome, which protected it from
the influx of external material and prevented it from being completely eroded.

METHODS

Samples were chipped from the outcrop with rock hammers and chisels and selected to
avoid contamination from modern surficial weathering, as exemplified by the thin yellow-
orange coating of limonite on the exposed outer surface of the profile. Modal abundances
were determined by standard point-counting techniques. Clay minerals were identified by
XRD of oriented clay mounts according to the methods described by Carroll (1970). Major
element oxide and trace element abundances were obtained by wet chemical analysis and
inductively coupled plasma atomic emission spectroscopy analysis. Biotite and plagioclase
compositions were determined by electron microprobe (Capo, 1984).

THE SQUAW CREEK WEATHERING PROFILE

In both its physical and micromorphological aspects, the SQP exhibits a gradual change
from the Cambrian-Precambrian contact downward to the unweathered parent granite. A zone
of relatively fresh granite at the base of the profile is transitional into an intensely altered
oxidized horizon, which grades upward into a laterally discontinuous, 1.5 m thick horizon
characterized by angular blocky peds, a deep red clay-rich matrix, iron and clay coatings, and
white mottles of kaolinite and Ti-oxide. The deep purple-red (7.5R 4/3) color and induration
of this horizon contrasts with the orange to brown color and uncemented nature of modern
soils developed on the Town Mountain granite, but such a color is not unusual for sediments of
Paleozoic age (Folk, 1976; Folk and Patton, 1982).

This clay-rich horizon is abruptly truncated by the basal Hickory Sandstone, which
constrains a Cambrian minimum age for the soil. Thin bands of red material similar to that in
the clay and iron-oxide horizon are entrained within the sandstone; this is evidence that this
material was unconsolidated and present prior to deposition of the sandstone, and that the
profile observed is not simply the result of post-depositional burial diagenesis. In addition,
thicker and more extensive deposits of stratified reworked material (pedolith) are found nearby
along paleoslopes and between corestones.
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Micromorphological evidence for the pedogenic origin of the SQP includes the development
of plasmic fabric, coatings of clay and Fe- and Ti-oxides around grains and along voids, and
shrink-swell textures. Spallation of quartz grains has occurred and some shifting of grains is
evident, but the preservation of delicate textures and grain relationships rules out wholesale
compaction and post-burial deformation. The chemical trends in the weathering horizon are
similar to trends observed in modern soils developed on granite. The constancy of immobile
elements such as Zr and Ti between parent material and soil argues that the profile has not
been strongly affected by an influx of allochthonous material. Work by Maynard (1992)
suggests that the Ti/Zr ratios of in situ soils do not deviate by more than 40% from their parent
material values; Ti/Zr ratios of the SQP and of the stratified soil material deposited nearby are
within 10% of the fresh granite. In addition, there is no evidence of external addition of K by
metasomatism or of significant Fe loss, which often alter ancient paleosols (Holland and
Zbinden, 1988).

DESCRIPTION OF THE PALEOSOL

Having established a case that the SQP is in fact an ancient soil, it is useful to identify the
horizons in analogy with modern soils. The assignment of soil horizon names to these zones is
based on the criteria and terms for paleosols discussed in Retallack (1988);
micromorphological terminology is based on Brewer (1964).

R horizon

The pink coarse-grained microcline perthite granite of the R horizon near the base of the
exposed profile contains ~40% euhedral perthite, 15% euhedral plagioclase (An 10-23), 33%
anhedral quartz, 5-8% biotite and 4-6% chlorite, sericite, kaolinite and accessory zircon and
apatite. Plagioclase shows minor vacuolization and alteration to clay, although microcline is
quite fresh. Albite stringers within perthite are turbid, and all plagioclase crystals exhibit some
alteration, particularly along twin planes and within calcic cores, probably enhanced by
dissolution features present in the grains prior to subaerial exposure.

C horizon

About 3 m below the unconformity, numerous fractures subparallel to the surface cut across
grain boundaries. This is probably due to biotite weathering and laterally confined expansion
(Folk and Patton, 1982). Biotite exhibits bloating, fraying and expansion along the edges of its
basal cleavage planes, and shows replacement by Fe and Ti oxides, chlorite, kaolinite and illite
(Fig. 1). In the indurated and oxidized C horizon 1.5 - 2 m below the unconformity, secondary
clays and iron oxide increase to ~35%. Numerous white kaolinite pseudomorphs after
plagioclase are present in this horizon, but plagioclase is completely absent. Much of the
biotite is intensely altered, which may have been the source for iron oxides that stain nearby
microcline perthite grains. The breakdown of albite stringers in the perthite left behind
lenticular islands of more resistant microcline which are surrounded by clay and Fe-oxides
(Fig. 2). Even quartz shows signs of weathering by dissolution and spalling.
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Fig. 1. Photomicrograph of biotite (plane
polarized) from the lower C horizon. Note
fraying along edges; bloating occurs
between basal planes due to replacement by
kaolinite (white) and hematite (black).
Length of bar = 0.5 mm.

Fig. 2. Photomicrograph (crossed polars)
from oxidized C horizon.  Microcline
“"islands” (cross-hatched twinning) are
surrounded by kaolinite (white) and
hematite (black). Length of bar = lmm.

B horizon

Original granitic textures are obliterated in the ~1.5 m thick, indurated but friable argillic B
horizon, which consists of ~50% porphyroskelic primary residual quartz (0.5-12 mm long), 3%
biotite and 47% authigenic clays and Fe- and Ti-oxides. Clay minerals present include illite
(~2-3%) and kaolinite (~30%); expandable clays such as smectite were not found in XRD
analysis. The increase in modal abundance of quartz suggests a net volume loss as feldspars
(absent in this horizon) were replaced by clay and oxides. This horizon contains common
white kaolinitic mottles with dark green biotite centers (2-6 mm total diameter) in a dark red
clay and iron oxide matrix, which tends to break into slickensided medium angular blocky
peds. Micromorphologic features diagnostic of soil development such as sepic plasmic fabric
and cutans (Brewer, 1964; Retallack, 1988) are present. Numerous cracks and veins outline
ped surfaces. Stress cutans are also present and are associated with the slickensides visible in
hand sample. The texture is porphyroskelic (quartz grains float in a clay-rich matrix).

Within peds, iron oxide and birefringent clay as well as combinations of both coat residual
grains (ferrans, argillans, and ferri-argillans) and line planar voids (Fig. 3). Authigenic clay and
hematite are also draped around or forcing apart fractured primary quartz grains and
crenulated biotite flakes. Packing between grains is loose; there appears to be displacive
growth of clay and hematite cement between fractured quartz grains (Fig. 4). Patches of
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Fig. 3. Photomicrograph of plasmic fabric
in the B horizon (crossed polars). Matrix
consists of kaolinite, illite and hematite.
Patches of birefringent clay (illite) are
oriented within the matrix and along planes
oriented at 30° to each other (masepic
fabric).  Note birefringent clay lining
fracture at upper right (vosepic fabric).
Length of bar = 0.1 mm.

Fig. 4. Photomicrograph of porphyroskelic
texture in the argillic B horizon (plane
polarized). Hematite (black) coats skeletal
quartz grains. Note glaebules of kaolinite
surrounded by hematite (lower right),
spalling of quartz crystals, and
displacement of grains by clay. Length of
bar = 1 mm.

birefringent clay (sericite/illite) within the matrix show a parallel orientation. Clusters of
vermicular kaolinite glacbules ~1 mm in diameter are surrounded by dark red hematite. They
are similar in size and shape to the microcline islands of the C horizon; however, in this
horizon, all feldspar is absent. This suggests that the texture formed as the result of
replacement of microcline. The lenticular shapes may also be a relict of clay expansion.

Surprisingly, intensely weathered and crenulated biotite is still preserved. Its color change
from black to greenish or reddish brown in this horizon represents loss of Fe2+ and Ti%+ during
weathering. It has also undergone a 7% loss of K,O and 23% loss of MgO. The biotite is
invariably surrounded by a thick cutan of clays and oxides which probably formed an
impermeable barrier that inhibited cation exchange and prevented further degradation (Bohn et
al., 1979; Nahon, 1991).

No organic A is observed. Although vascular plants would not make their appearance on
land for another 100 Ma, terrestrial cyanobacteria (blue-green algae) and other bacteria had
evolved by the Cambrian (Margulis, 1982) and could have affected surficial weathering
processes. The hematite of the paleosol is distinctive in that it is very fine grained (0.2-0.5
um). Other workers have suggested that aging of sediments would result in the dehydration
and recrystallization of amorphous oxides into crystals which coarsen with time (Folk, 1976;
Walker, 1976). Residue from Fe-oxidizing bacteria may have prevented grain coarsening since
organic material inhibits the crystallization of Fe-hydrates (Duchafour, 1982). However, if a
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discrete zone of organic-rich material was present in the SQP, it was eroded during or prior to
the deposition of the Hickory sandstone.

Pedolith

The sampled pedolith material was found 10 m laterally and downslope from the B horizon.
It is very similar in color, composition and induration to the in situ B horizon, but is stratified.
In addition, the orientation of the matrix is disrupted; many fine spalled quartz fragments have
been separated from their parent grains. Clay is oriented only within small (<2 mm) domains.
Another difference is the absence of birefringent argillans, slickensides and biotite; mottles are
similar in size to those of the B horizon, but consist solely of white kaolinite and leucoxene.
The B horizon was subject to the same burial history as the pedolith; this supports the origin by
pedogenesis rather than by post-burial compaction or diagenesis of those features present in
the B horizon but absent in the pedolith. They were probably disrupted or removed due to
exposure and winnowing when the soil washed downslope prior to burial by the Cambrian
sandstone. Transport was most likely not more than a few tens of meters, since delicate quartz
shards and some small-scale soil fabrics (sepic plasmic fabric) are still intact.

GEOCHEMISTRY

Major and trace element patterns within the profile and pedolith correspond to the variation
in mineralogy and follow the trends observed for modem weathering profiles (Wahlstrom,
1948; Harriss and Adams, 1966; Nesbitt et al., 1980). In the B horizon, when normalized
relative to TiO,, alkalies and alkaline earth elements are depleted by 30 to 99%, water is
enriched, and ferric iron is enriched at the expense of ferrous iron, relative to the parent
granite; total iron is highest in the upper part of the profile. Over 90% of the Na and Ca were
removed with plagioclase breakdown in the C horizon. K depletion is less marked until the B
horizon where microcline disappears; Mg decrcases also, reflected in the decrease in MgO in
the biotite. Mg and K were probably first incorporated into 2:1 clays such as illite or smectite;
with increased leaching these cations would be removed as clays degraded further into more
stable 1:1 clays such as kaolinite. Si is depleted by ~20% and Al by ~25% between the parent
and the B horizon. Although feldspar makes up ~55% of the parent granite and is absent in the
B, some of the silica and alumina released by feldspar breakdown was retained in the soil by
the formation of secondary clays.

DISCUSSION AND CONCLUSIONS

Central Texas (part of Laurentia) was located within 600 km of the equator during the
Middle Cambrian, and ventifacts, sand dunes, evaporite pseudomorphs and fresh feldspar in the
Riley Formation suggest hot and semiarid conditions at this time (Scotese et al., 1979;
Chafetz, 1980). Modern soils developed on granitic parent material in semiarid to arid
environments are usually dominated by expandable clays such as smectite (Barshad, 1966;
Tardy et al., 1973). Angular blocky peds and slickensides, which are observed in the Squaw
Creek Paleosol, are commonly associated with soils with expandable clays (Buol et al,. 1980).
Although illite is still present in the SQP, no other 2:1 clays were identified. This may be
related to the intensity and length of time involved in weathering; clays such as smectite are
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unstable and over time would recrystallize to 1:1 clay such as kaolinite. The textures observed
in the transition from fresh granite to soil strongly suggest that some of the clay in the argillic
B horizon formed in situ. However, optically-oriented clay coatings in voids within peds and
around grains, as well as the gains and losses of cations provide evidence that some physical
and chemical illuviation has also taken place.

The suggested weathering history for the Squaw Creek Paleosol is as follows: Soil formed
on the irregular, weathered surface of the Precambrian granite, in a hot, semiarid tropical
environment. Plagioclase weathered first, followed by microcline, which resulted in the
formation of expandable clays, with subsidiary illite and kaolinite. Biotite breakdown resulted
in the formation of Fe and Ti-oxides and clay. Over the next 103-106 years, increased leaching
led to the decomposition of 2:1 clays to form stable kaolinite. Porphyroskelic primary quartz
and biotite remained in a matrix of clay and sesquioxides. Some soil material washed
downslope and was redeposited nearby (with loss of biotite in the process). Erosion and burial
followed as the Cambrian seas transgressed over the craton. Reddening deepened and
induration increased as iron oxides dehydrated and recrystallized.

Textural, mineralogical and chemical variations within the Squaw Creek Paleosol indicate
that Cambrian weathering and soil-forming processes were similar to modern ones, despite the
absence of vascular land plants. Pedogenic features of the paleosol are consistent with their
development upon granite in an arid or semi-arid tropical environment.
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West, L.T. and Rutledge, EM., 1994, Micromorphological evaluation of loess deposits and paleosols on
Crowley's Ridge, Arkansas, U.S.A. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 265-276.

Three loess deposits, Peoria associated with late Wisconsin glaciation, Roxana associated
with middle Wisconsin glaciation, and Loveland/Sicily Island associated with Illinoian or early
Wisconsin glaciation, are generally recognized within the lower Mississippi River Valley of the
U.S.A. At localized sites within the region two additional silty deposits, designated as
Crowley's Ridge and Marianna, have been observed underlying the loess deposits. These
deposits have particle-size properties typical of loess and have been assumed to be loess. Their
sporadic occurrence, however, precludes tracing the deposits across the landscape to evaluate
thickness and particle-size characteristics that would provide firm evidence of eolian
deposition. The objectives of this study were to evaluate micromorphological properties of the
Crowley's Ridge and Marianna deposits at a site on Crowley's Ridge to determine if they were
similar to those of the overlying loess deposits and to evaluate relative development of Bt
horizons among the deposits. The site was described and sampled to 17.5 m from three 65 mm
diameter continuous cores. Undisturbed samples were collected from the interior 30 mm of
one core, impregnated, and thin sections prepared by standard techniques. All horizons within
the Crowley's Ridge and Marianna deposits had <10% sand and relative proportions of silt
fractions were uniform throughout each deposit indicating no coarse stratification. Relatively
unweathered horizons from all deposits had close porphyric related distribution patterns with
thin clay coatings on coarse grains. Other microfabric features were also similar among the
deposits and no evidence of fine stratification that would suggest alluvial deposition was
observed in thin sections from these horizons. The surface soil and paleosols at the surface of
the Loveland/Sicily Island, Crowley's Ridge and Marianna deposits had illuvial clay coatings on
planar voids and channels. Structural development and amount and thickness of the illuvial
clay coatings indicated that the paleosols in the Loveland/Sicily Island and the Crowley's Ridge
loesses had undergone similar amounts of development which appeared to be greater than that
in the surface soil. The paleosol in the Marianna loess had the weakest development.
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INTRODUCTION

Crowley's Ridge is a long and narrow ridge standing 30 to 60 m higher than the surrounding
lowlands that extend from southeastern Missouri through much of eastern Arkansas (Fig. 1).
The core of this ridge is composed of Tertiary-aged, unconsolidated Coastal Plain sediments
left behind as the ancestral Mississippi and Ohio Rivers formed the lowlands on either side of
the ridge (Fisk, 1951). Only during the mid to late Pleistocene did the Mississippi River divert
eastward and join the Ohio River at its current location north of Crowley's Ridge. Thus,
during much of the Pleistocene, active floodplains were available on either side of Crowley's
Ridge to serve as source areas for loess deposits.

Loess has been recognized on Crowley's Ridge since the late 1800's (Call, 1891), and
numerous workers have since observed and described the loess on this ridge (Wascher er al.,
1947; Leighton and Willman, 1950; West et al., 1980). Each of these reports described at least
three loess deposits on Crowley's Ridge; a thick surficial deposit containing the modem soil, a
thin middle deposit with weak soil development, and a thick third loess with a well-developed
paleosol. West et al. (1980) determined that the source area for the upper two loesses was in
the lowlands east of Crowley's Ridge, and the third deposit had source areas in the lowlands on
both sides of the Ridge. Though the terminology was different, both Leighton and Willman
(1950) and West et al. (1980) correlated these loesses with those in the midwest U.S.A.: the
upper loess as Peoria Loess (late Wisconsin age), the middle loess as Roxana Silt (mid to late
Wisconsin age), and the third loess as Loveland Silt (Illinoian age).

In addition to the threc loesses commonly identified on Crowley's Ridge, a fourth silty
deposit has been described on Crowley's Ridge and at other locations within the Lower
Mississippi Valley (Leighton and Willman, 1950; Miller et al., 1986; McCraw and Autin,
1989). Miller et al. (1986) have termed this fourth silty deposit "Crowley's Ridge Loess." At
one site on Crowley's Ridge (Fig. 1; site CS04 of West et al. (1980) herein referred to as the
Bledsoe Section), a fifth silty deposit is present which has been termed "Marianna Loess"
(Miller et al., 1986; McCraw and Autin, 1989). Both the Crowley's Ridge and Marianna
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deposits commonly contain buried soils and have low sand contents and other characteristics
typical of loess deposits. Neither deposit, however, has been identified at enough locations to
determine particle-size and thickness relationships with distance from a source area that would
provide firm evidence of a loessial origin. Establishment of such relationships is unlikely
because of deep burial and isolated occurrence of the deposits. Thus, this study was initiated
to (1) compare the micromorphological characteristics of the Crowley's Ridge and Marianna
deposits at the Bledsoe Section on Crowley's Ridge with those of the overlying loess deposits
in order to elucidate their mode of deposition (loess or alluvium), and (2) to compare the
relative degree of development of the paleosols in each deposit at this site.

METHODS AND MATERIALS
Field Methods

The Bledsoe Section is located on the westemn edge of Crowley's Ridge (Fig. 1). This site
was described from the surface to 17.5 m from three relatively undisturbed, continuous 65 mm
diameter cores using standard terminology (Soil Survey Staff, 1951). Bulk samples were
collected by horizon for particle size and chemical analysis. Horizons thicker than 40 cm were
sub-sampled. Intact core samples about 10 cm long were collected from selected horizons for
thin section preparation and evaluation.

Laboratory Methods

Particle-size distribution was determined by the hydrometer method described by Day et al.
(1956). In addition to expressing the particle-size data on a fine-earth basis (<2 mm), the data
were converted to a clay-free basis to reduce effects of pedogenic clay translocation on
particle-size distribution (Kellogg, 1962). Abrupt changes in clay-free silt separate distribution
were interpreted as evidence for a change in loessial parent materials (West et al., 1980). The
outer 1-2 cm of the intact core samples were removed to avoid material that may have been
disturbed during sample collection, and the remaining central part of the sample was
impregnated with epoxy resin. Thin sections (0.03 mm thick) were prepared by standard
techniques (Murphy, 1986) and evaluated for microfabric and pedological features.
Terminology used to describe microfabric and other features was that of Bullock et al. (1985).
No evidence of disturbance from sample collection was observed in any of the thin sections.

RESULTS AND DISCUSSION
Differentiation of Deposits

Morphology, clay distribution, and clay-free particle-size distribution indicated that five silty
deposits were present at this site. Below the surface soil, three buried soils with soil structure
and evidence of clay translocation were observed (Table 1). Associated with each of these
buried soils was a pedogenic clay maximum (Fig. 2). The lowest of the paleosols had two clay
maxima at 11.5 and 13.5 m (Fig. 2) suggesting that two soils in two separate deposits may be
present. Lack of any other evidence of a lithologic discontinuity between these two clay
maxima and the relatively minor changes in clay content led to the interpretation that only one
deposit was present.
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Table 1
Abbreviated description of Bledsoe Section.

Horizon Depth, cm Color  Texture!Structure?2  Clay Films

Ap 0-13 7.5YR3/2,5/6 sicl 2mgr & sbk

Bt 13-46 7.5YR4/4 sicl  2msbk medium continuous

Bix 46-160 7.5YR 4/4 sii  Impr- 2mabk medium discontinuous

BC 160-221 7.5YR 4/4 sl Imsbk

C 221-292 10YR 4/4 sii ma

2Ab 292-389 7.5YR 4/4 sii  ma & lesbk

3BAtb 389-417 5YR4/4 sii  Impr- 2msbk thin patchy

3Btbl 417-472 5YR 4/4 sicl  2mpr - 2mabk thick continuous

3Btb2 472-599 7.5YR 5/6 si  1mpr-2mabk thin to medium discontinuous;
clay in pores

3BCtb 599-650 7.5YR 5/6 sl lepr few clay lined pores

4Ab 650-676 7.5YR 5/6 si  ma few clay lined pores

4BAtb 676-704 7.5YR 5/6 sii  lcsbk thin patchy clay films

4Btb 704-864 S5YR 5/6 sicl  1mpr - 2mabk medium to thick discontinuous

4Ctb 864-1003 7.5YR 6/6 si ma common clay lined pores

SAb 1003-1029 10YR 6/3 sii  1mpr common clay lined pores

5Btb 1029-1234 10YR 6/4, 6/6 sii  1mpr thin discontinuous; clay lined
pores

5Btgb 1234-1325 10YR 6/2 si  1mpr-2mabk common clay lined pores

5Bgbl  1325-1732 2.5Y7/2 sii  Impr few black concretions

6Bgb2  1732-1758 2.5Y 7/2 si  1mpr

ITexture abbreviations: sil = silt loam; sicl = silty clay loam; sl = sandy loam.

2Structure abbreviations are: 1 = weak; 2 = moderate; m = medium; ¢ = coarse; gr = granular;
sbk = subangular blocky; abk = angular blocky; pr = prismatic; ma = massive; i.e. 2mpr -
2msbk = moderate medium prismatic parting to moderate medium subangular blocky
structure.

This sequence of horizon development and clay distribution suggests that the silty materials
at this site are the product of at least four episodes of deposition separated by periods of soil
development. The relative amount of clay increase in Bt horizons of the paleosols and the
presence of clay films suggests that these periods were relatively long or that soil development
progressed at a rate greater than that currently observed.

At 2.9 m, an abrupt color change was observed, and the color, structure, and other
properties of the materials between this depth and the subjacent 3Btb horizon suggest that
these materials could be the A and upper B horizons associated with the paleosol. An abrupt
change in dominant clay-free silt fraction from medium to coarse silt at 3.9 m indicates,
however, that the materials between 2.9 and 3.9 m comprise a separate deposit. This
interpretation agrees with other reports on Crowley's Ridge of a thin loess subjacent to a thick
surface loess and overlying a paleosol in a thick third loess deposit (Wascher et al., 1947;
Leighton and Willman, 1950; West et al., 1980).
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Fig. 2. Clay distribution and clay-free silt separate distribution with depth. PE = Peoria Loess,
RX = Roxana Silt, LS = Loveland/Sicily Island Loess, CR = Crowley's Ridge Loess, MA =
Marianna Loess; MSI = 0.005-0.02 mm silt separate, CSI = 0.02-0.05 mm silt separate.

West et al. (1980) correlated the surface, middle and lowest of the upper three deposits at
this site as Peoria Loess, Roxana Silt, and Loveland Silt respectively. No radiocarbon dates
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were available for any of the loesses at that time. Thus, the correlations followed those of
earlier workers in the region (Leighton and Willman, 1950) and the terminology used in the
midwest U.S.

Subsequently, at a site on Crowley's Ridge, Canfield (1985) reported thermoluminescence
(TL) dates of 19,200 £ 2,650 years for the base of the Peoria Loess, 45,600 * 9,000 years for
the base of the Roxana Silt, and 85,300 x 7,200 years for the lower part of the Loveland Silt.
The dates for the upper two loesses support their correlation as Peoria Loess and Roxana Silt.
The date for the lowest deposit, however, suggests that the deposit may be early Wisconsin
rather than Ilinoian and thus, would correlate with the Sicily Island Loess identified in other
parts of the Lower Mississippi Valley (Miller et al., 1985, 1986; McCraw and Autin, 1989).
However, a data of 111,550 £ 11,600 years was obtained for this deposit using total bleach TL
methodology (Canfield, 1985), and an Illinoian age was also suggested by amino acid ratios
from gastropod shells. Because of conflicting ages for this deposit, it is currently referred to as
Loveland/Sicily Island Loess.

The fourth silty deposit at this site, Crowley's Ridge Loess, has been reported to occur at
other locations on Crowley's Ridge and at other sites in the Lower Mississippi Valley. This
deposit has been dated at a site near Vicksburg, Mississippi as 125,000-135,000 BP (Johnson
et al., 1984) and is considered to be Illinoian in age (Miller et al., 1985, 1986; McCraw and
Autin, 1989). The fifth silty deposit, Marianna Loess, has only been identified at the Bledsoe
Section, and though no dates are available, this deposit was considered to be early to middle
Pleistocene in age (Miller et al., 1986).

Depositional Mode

All five silty deposits at the Bledsoe Section were high in silt, had <10% sand, lacked any
evidence of textural or color stratification, and generally had properties typical of loess
deposits in the region. Even though Crowley's Ridge and Marianna deposits have
morphological and particle-size properties typical for loess, additional evidence is needed to
confirm this mode of deposition. On a Pleistocene terrace in the lowlands west of Crowley's
Ridge, silty deposits with properties typical of loess did not conform to expected relationships
with distance from a proposed source area and were identified as silty alluvial deposits (West
and Rutledge, 1987). The upper three loess deposits, however, provide a benchmark to which
the macro and micromorphological properties of the Crowley's Ridge and Marianna deposits
can be compared to evaluate their depositional mode: loess or silty alluvium.

The C horizons of the Peoria Loess and the BC horizons of the Loveland/Sicily Island
Loess were friable silt loam textured and massive or had weak very coarse prismatic structure
(Table 1). These horizons had close porphyric related distribution patterns, primarily simple
packing voids, and little evidence of pedality (Fig. 3A and C). The 2Ab horizon in the Roxana
Silt had more evidence of structure, but otherwise was similar to C horizons of the other

Fig. 3. Thin section micrographs of least weathered horizons of each deposit; A) C horizon of
Peoria Loess; B) 2Ab horizon of Roxana Silt; C) 3BCtb horizon of Loveland/Sicily Island
Loess; D) 4Ctb horizon of Crowley's Ridge Loess; E) 5Btgb horizon of Marianna Loess;
F) 5Bgb horizon of Marianna Loess; Crossed polarized light; Bar length 1 mm.
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loesses (Fig. 3B). No evidence of color or textural stratification was observed in any of these
horizons either at a macro scale or in thin section. If it is assumed that these characteristics are
typical for loess in the region, then the presence of similar macro and micromorphological
characteristics in the slightly weathered horizons in the subjacent Crowley's Ridge and
Marianna deposits can be interpreted as indicating a loessial origin.

The C horizons of the Crowley's Ridge deposit were similar to C and BC horizons of the
Peoria and Loveland/Sicily Island Loesses. These horizons were silt loam textured, friable and
massive (Table 1). Related distribution patterns for these horizons were close porphyric with
primarily simple packing voids (Fig. 3D). The C horizons in the Crowley's Ridge deposit were
described in the field as having thin clay films in coarse pores (Table 1), and illuvial clay
coatings were observed in coarse vughs (channels) in thin section. No evidence of
stratification was observed either at a macro or micro-scale that would indicate deposition as
alluvium or water reworking of a loess deposit (Miicher and De Ploey, 1977, 1984). Because
of the similarities both macromorphically and micromorphically between C horizons of the
Crowley's Ridge deposit and C horizons of overlying loess deposits, the Crowley's Ridge
deposit is interpreted to be loess.

No C horizons were present in the Marianna deposit. Even though all horizons were
weathered, zones in many of the horizons did not appear to have been appreciably modified by
pedogenic processes and were used as comparators to C horizons of the overlying loesses.
These zones had close porphyric related distribution patterns similar to that of the overlying
loess deposits. No evidence of vertical stratification was observed (Fig. 3E and F). Because
of the similarity of the microfabric of these lesser weathered zones to unweathered horizons of
overlying loess, and the other properties of the deposit (high silt, low sand and friable
consistence), this deposit is also interpreted as loess.

The lower horizons (5Btg and 5Bgb) of the Marianna deposit were gleyed, and coarse
zones depleted in clay and Fe could be observed both macromorphically and in thin section. In
addition, circular bodies suggestive of coarse channels occurred occasionally in these horizons
and appeared to be infilled with coarser silt than that in the groundmass (Fig. 4E). The origin
of these bodies is unclear, but they may represent biological channels that were infilled with
coarser silt than that in the groundmass.

Thin zones with a concentration of weakly-striated clay, either surrounding infilled channels
or occurring as elongate bodies (Fig. 4F) were also observed in these horizons. The origin of
these zones cannot be conclusively determined from available data, but one hypothesis is that
they were illuvial clay coatings on channel walls and ped faces that have been disrupted by
reduction and deep burial. If the clay in these zones was illuvial, the degree of pedogenesis
associated with clay translocation and processes that have subsequently altered the illuvial clay

Fig. 4. Thin section micrographs of Bt and Bg horizons; A) Btx horizon of surface soil,
showing clay coating (arrow); B) 2Ab horizon of Roxana Silt, showing thin clay coating
(arrow); €) 3Btbl horizon of Loveland/Sicily Island Loess, showing clay coating (arrow);
D) 4tb horizon of Crowley's Ridge Loess, showing clay coating (arrow); E) 5Btb horizon of
Marianna Loess, showing apparent filled channel with thin clay coating on channel wall
(arrow); F) 5Bgb horizon of Marianna Loess, showing concentration of weakly-striated clay
(arrow); crossed polarized light; Bar length 0.5 mm.
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coatings would most certainly have altered the microfabric of the horizon and destroyed any
stratification that may have been present in the original unaltered deposit. Thus, identification
of this deposit as loess is tenuous.

The Bgb horizons of the Marianna also had vertically oriented zones (or pockets) with a
slightly greater concentration of subrounded fine sand grains than was present in the
groundmass. These zones of slightly elevated fine sand may be due to admixing of sand from
underlying sandy Coastal Plain deposits during deposition or by burrowing fauna after
deposition. However, no evidence was observed that these zones of higher sand were due to
alluvial deposition.

Relative development of paleosols

The paleosols in the Loveland/Sicily Island and Crowley's Ridge Loesses had the highest
clay contents and reddest colors of the soils in this section (Table 1; Fig. 2). These buried soils
also had the thickest and most abundant illuvial clay coatings of the soils (Fig. 4A, B, C, D and
E). The surface soil had slightly higher clay contents and more abundant clay coatings than
were observed in the Marianna paleosol (Table 1; Figs 2, 4A and E). The paleosol in the
Roxana Silt had the lowest clay contents and least abundant clay coatings of the soils in this
section (Fig. 4B).

As indicators of soil development, these propertics suggest that the paleosols in the
Loveland/Sicily Island and Crowley's Ridge Loesses have undergone similar amounts of
pedogenic development, and that development in these paleosols was greater than that in the
surface soil. Similarly, the surface soil exhibits greater development than the Marianna
paleosol. The buried soil in the Roxana Silt was the least developed of the soils in this section.

Relative degree of soil development does not always correspond to length of time that the
material was exposed at the surface. In addition to time, soil development is a function of
temperature, rainfall, and other climatic factors, and these factors may not have been similar
during each interglacial stage. Norton ef al. (1988) suggested that weak development in
Roxana Silt may be related to a cold dry climate rather than short time of exposure.

Thickness of Bt horizons was similar in the surface soil, the Loveland/Sicily Island paleosol
and the Crowley's Ridge paleosol. Again, this may not be related to the degree of pedogenic
development as erosion and loss of material from the paleosols before burial cannot be
evaluated. The paleosol in the Marianna Loess was the thickest soil in this section (7.0 m).
Such a thickness is greater than would be expected for a soil with relatively weak development
under current climatic conditions. Even if soil development was proceeding at a greater rate
than today while this deposit was exposed, greater amounts of clay translocation than that
observed would be expected to correspond to this depth of weathering. One hypothesis for the
thickness of the soil in the Marianna deposit is that it is composed of two soils in two deposits
that became merged as the soil in the upper deposit developed. The double clay maximum and
differences in properties between 5Btb and 5Bgb horizons could be interpreted as supporting
this hypothesis (Fig. 2). Alternately, the overly thickened soil could have developed if
deposition was slow and occurred over a long period during which soil development
proceeded at a rate similar to the deposition rate.
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CONCLUSIONS

Morphology, clay distribution and clay-free silt distribution indicated five silty deposits were
present at the Bledsoe Section on the western margin of Crowley's Ridge in Arkansas. The
upper three deposits are relatively continuous across Crowley's Ridge, have been shown to
have particle-size relationships with distance from source areas expected of loess, and have
been correlated from top to bottom as Peoria Loess, Roxana Silt, and Loveland/Sicily Island
Loess. The lower two deposits have been correlated as Crowley's Ridge Loess and Marianna
Loess. Relatively unweathered horizons from these lower two deposits had low sand contents,
massive or weak structure and porphyric related distribution patterns similar to unweathered
horizons in overlying loess deposits. These similarities and lack of evidence of stratification
lead to the interpretation that these deposits were also loess.

Maximum clay contents and thickness and abundance of illuvial clay coatings suggested that
the paleosols in the Loveland/Sicily Island and Crowley's Ridge Loesses were the most
developed soils in the section. The surface soil was less developed than these paleosols but
more developed than the paleosol in the Marianna Loess. The Roxana Silt had the least
pedogenic development.
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Mineralogical, chemical and micromorphological analyses of several samples from the
Lower Cretaceous of southern Isracl indicate that they are all Oxisols that developed under
terrestrial tropical conditions. The very low ratio of silica versus sesquioxides and the high
proportions of kaolinite and hematite indicate advanced soil weathering. The soil material of
the alluvial-derived paleosols is rich in fine- to coarse quartz grains; whereas those intercalated
within basalt flows originated from the parent rock under relatively stable conditions.

The alluvial Oxisols contain several ferruginous, massive, brick-like pedogenic siliceous
plinthites with a high proportion of fine-grained quartz in the clay fraction, which was probably
inherited from the parent sediment, although some if it might be authigenic. Where exposed it
is extremely hard and forms a ledge with a dark carapace.

Since the paleosols are rich in hematite, and without gibbsite, they were apparently formed
under tropical conditions with periodic short dry seasons in the outer tropical belt.

INTRODUCTION AND GEOLOGICAL BACKGROUND

Makhtesh Ramon is a large elongated erosive cirque which developed on the crestal area of
one of the central Negev anticlines (Fig. 1). It exposes Triassic to Lower Cretaceous rock
units which are bounded by cliffs of Upper Cretaceous carbonates. Within this sequence soils
developed under seemingly different environmental conditions and some of them have been
studied by Singer (1975), Goldbery (1982) and Buchbinder and Le Roux (1990). The present-
day climate in the Negev is that of a dry desert.

The Lower Cretaceous in Makhtesh Ramon (Hatira Formation) is a dominantly siliciclastic
sequence, 220 m thick, consisting of continental sediments, occasionally intercalated by partly
carbonatic marine tongues. In the eastern part of Makhtesh Ramon the lower part of the
Hatira Formation, the very distinct Red Valley Member consists of 20 - 30 m thick variegated
silty clays interspersed with siliceous-ferruginous crusts. Well-preserved leaves and trunks of
fossil plant remains (e.g. Weichselia reticulata) are abundant throughout the section. Baer et
al. (1989) suggested that the parent material of this section was actually basic pyroclastic or
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Fig. 1. Makhtesh Ramon. Location map and sampling sites.

volcanic rocks, whereas Ben-David and Goldbery (1990) interpreted it as bleached red clays
which may originally have been low-energy overbank deposits that underwent lateritization.

The Red Valley Member passes laterally westward into a continental, fluvial sandstone unit
and an overlying marine intercalation which consists of fossiliferous shale, siltsone and
dolomitic sandstone of Late Barremian (?) to Early Aptian age (Zuweira marine tongue). The
latter is overlain by thick basalt flows (Ramon Basalt) dated 118 Ma BP, which are separated
by paleosols.

The present study deals with the nature of the paleosols comprising most of the Red Valley
Member and those within the Ramon Basait and their paleoclimatic implications.

MATERIALS AND METHODS

Six types of material were studied. Two samples (LK-1,2) were taken from the earthy
intercalations within the basalt flows. Both consist of angular to subangular, blocky, reddish
brown material sampled in the western part of Makhtesh Ramon (Fig. 1). Four other samples
are from the Red Valley Member of the Hatira Formation in the eastern part of Makhtesh
Ramon. These include: an extremely hard dusky red homogenous material (LK-3), red
material with white-greyish mottles and gypsum efflorescences (LK-4), a hard crust (LK-5)
and a moderately indurated red material (LK-6). In order to avoid the effect of present-day
climatic conditions, the samples were collected from the inner non-weathered zone, after
removing the outer exposed surface. Sample LK-4, however, still bears modern gypsum
efflorescences.

The samples were impregnated with polystyrene and thin sections (7 x 5 cm) were prepared
in duplicate and described according to Brewer (1964).

The chemical analyses were carried out by melting with lithium-metaborate and determined
by ICP-AES. Na,O and K,0 were determined by AAS. The mineralogy was determined using
a Phillips X-ray diffractometer with Cu Ko radiation.
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Fig. 2. Micrographs in plane polarized light of : a) weathered basalt fragment (left side) in
LK-1; b) coarse quartz grains in the basalt-derived soil, LK-2; ¢) microfabric of the plinthite
crust (LK-3) showing a porphyric fabric of iron impregnation, salt and fine quartz grains
d) microfabric of iron seggregation in LK-4.

RESULTS
Micromorphological characteristics

Ramon Basalt Paleosols
LK-1: The plasma is red with iron oxyhydrate inclusions. The plasmic fabric is asepic,
with some vughs and short narrow craze planes. There are a few skeleton grains of iddingsite,
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strongly weathered basalt rock fragments (Fig. 2a), and many small papules of weathered
primary minerals. The related distribution is argillamatric.

LK-2: The plasma is red with iron oxyhydrate inclusions. Frequently coarse quartz (ca. 1
mm) grains occur (Fig. 2b) with some strongly weathered basalt fragments. The plasmic fabric
shows a striated masepic and mosepic pattern. Voids appear as skew planes. Some iron
hypocoating occurs beside the grains.

Red Valley Member Paleosols

LK-3: The plasma is dark red to black ferruginous. More than 60% of the material
consists of silt and very fine (ca. 0.1 mm) quartz grains (Fig. 2c¢) which displays a porphyric
fabric. There are also a few unidentifiable, strongly weathered primary minerals and coarse
quartz grains. The voids are filled with iron oxyhydrates.

LK-4: The plasma is red and yellow-brown. The latter color corresponds to the white-
greyish spots and represent iron depleted zones. The skeleton grains comprise very fine quartz
and some silt. The plasmic fabric is asepic to isotic. Voids are mainly skew planes. Many iron
oxide nodules occur (Fig. 2d) and there are very few illuviation argillans.

LK-5: The fabric is similar to LK-3. Some vugs of surface weathering occur.

LK-6: The plasma is mainly ferruginous, mostly dark red with some yellowish-brown
zones. Juxtaposition of yellow-brown to red and black material is present. The skeleton grains
consist of silt and very fine-grained quartz. Some large (0.3 mm) quartz grains are of the
runiquartz type (Stoops and Buol, 1985). There are some vughs and narrow planes. Silica
coats some of the voids (quartzan).

Chemical and Mineralogical Data

The chemical results are presented in Table 1 and the mineralogical results in Table 2 and
Fig. 3 (sample LK-5 was not analyzed).

Besides iddingsite, which replaces olivine, and the absence of quartz grains in the clay
fraction of the basalt-derived samples, there is no difference between the mineralogy of the
latter and that of the alluvial-derived paleosols. Most samples have a very low
silica/sesquioxides ratio and kaolinite and hematite are the dominant minerals. The amount of
kaolinite in LK-3, however, is low. Unlike the other samples, LK-3 contains quartz in the clay
fraction and has a high amount of silica and low amount of alumina (Table 1).

DISCUSSION

The microfabric of the samples studied shows features which are characteristic of soils in
the tropical belt, and the chemical and mineralogical composition likewise corresponds to
highly weathered conditions. The micromorphological features reflects the different local
environmental conditions in which each of the soils were formed.

LK-1 has a typical Oxisol fabric with an argillamatric related distribution (Eswaran, 1972),
i.e. a highly weathered soil material in which the plasma dominates and with very few skeletal
grains present. The plasmic fabric in LK-1 is weakly expressed, which is typical of Oxisols
(Stoops and Buol, 1985).
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Table 1
Chemical Composition of the Lower Cretaceous Paleosols (by weight %).

LK-1 LK-2 LK-3 LK-4 LK-6
Si0, 31.0 35.5 65.5 34.0 27.0
Al O, 243 25.5 5.8 280 220
Fe,04 27.0 225 16.0 16.6 22.0
TiO, 44 39 6.3 53 43
CaO 0.7 0.2 0.9 <0.1 0.2
MgO 0.6 0.1 0.2 0.4 1.1
MnO 0.1 0.08 0.04 0.04 0.05
P,04 0.3 - 0.1 04 0.7
Na,O 04 0.8 0.1 1.9 1.2
K,0 0.1 <0.1 0.1 <0.1 <0.1
SO, - - 0.8 0.4 0.5
LOI 9.6 9.9 38 12.6 12.6
Total 98.5 98.6 99.7 99.8 99.2
Si0,/Al,04 1.27 1.39 11.0 1.21 1.22
Si0,/Al,03(Mol.) 2.26 2.36 18.6 2.07 2.14
Si0,/Sesquioxides 0.60 0.73 32 0.76 0.52
SiO,/Sesq.(Mol.)  1.20
Table 2
Relative Mineralogical Distribution of the Clay Fraction of the Lower Cretaceous Paleosols.

LK-1 LK-2 LK-3 LK-4 LK-6
Kaolinite ++++ ++++ + ++++ ++
Anatase ++ + ++ ++ +
Hematite +++ +++ +++ +++ ++++
Quartz - - +++ - ++
Halite - - - ++ ++

Legend: ++++ (>50%); +++ (20-50%); ++ (<20%); + (<5%); - (<2%)

This is not the case with the LK-2 paleosol, which has a birefringent plasma. A similar fabric
sometimes occurs in tropical soils (Bennema et al., 1970) during an early stage of pedogenesis.
The birefringence is probably due to the poor drainage conditions which often prevail in
weathered basalt substrates. The birefringence can be easily seen in this basalt-derived paleosol
due to the absence of continuous iron oxide segregation, which would normally mask the other
plasmic features. Possibly the iron segregation in these relatively shallow basalt-derived
paleosols is inhibited compared to the deep tropical soils.

The main difference between the LK-1 and LK-2 samples is that the former was developed
from pure basalt parent material whereas the latter was formed from two different parent
materials - from a weathered basalt and from an overlying sandy alluvium veneer. The alluvial
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character is expressed by the large quartz grains which occur in the material (Fig. 2b). The
weathering process of the two basalt-derived soils was associated with strong kaolinite
reformation from plagioclase (Singer, 1973).

The paleosols of the Red Valley Member originated in the weathering of alluvial sediments,
as indicated by the appearance of runiquartz (Stoops and Buol, 1985) which is characteristic of
transport of the sandy material. Such grains have features with inherited fill which does not
correspond to any material of the surrounding environment. Desilification of the clay minerals
led to a relative accumulation of iron and strong iron impregnation. Indeed, all samples exhibit
strong iron accumulation on the clay minerals, which can be seen under condensed light. LK-6
represents a moderate stage of iron segregation, preliminary to plinthite formation. In addition
to iron segregation random depletion of iron occurred in LK-4 as evidenced by the light
mottles.

A very intensive accumulation of iron led to the formation of plinthite (LK-3) in which the
amount of the clay minerals and alumina content is Jow (Tables 1 and 2). Such an accumulation
is characteristic of residual plinthite (McFarlane, 1976). The higher amount of titanium in the
plinthite also supports its residual origin. The possibility of the formation of plinthite by
capillary seasonal fluctuation from a high water table is, in this case, less feasible since the
substrate is a permeable sand which presumably avoids water accumulation close to the
surface. Moreover, the high degree of crystallinity of the kaolinite points to good drainage
conditions (Craig and Loughman, 1964).

Polyphase features as usually found in tropical soils were not observed in any of the studied
samples. Even the plinthite crusts, which are usually very complex in this local environment,
have a homogeneous pattern of iron impregnation. No concretions or pisolites, which are often
found in oxisols, were identified. The monogenetic appearance of the local plinthites is
attributed to the preservation of the paleosols under cover of the overlying sediment.
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Consequently they were not subjected to surface erosion and weathering processes,
particularly during the Tertiary, as is the case in Africa and Australia.

PALEOLATITUDE IMPLICATIONS

Segalen (1971) has classified the warm humid areas of the world into three zones, namely,
equatorial, tropical and subtropical, according to the global distribution of diagnostic minerals.

The equatorial zone is characterized by soils with a high amount of gibbsite and geothite, in
which hematite is lacking since a short annual dry season is required for its accumulation. The
studied paleosols, therefore, were not formed in this climatic zone.

The conditions best fitting the Negev paleosols are found in the tropical zone, which is very
humid but has relatively short annual dry season. These conditions favour hematite release and
plinthite formation (D'Hoore, 1954). The very high rate of weathering as expressed by the very
low silica/sesquioxides ratio and the main micromorphological features suggest that the
Makhtesh Ramon paleosols were located during Early Cretaceous times closer to the
equatorial zone, within the limit of 10° paleolatitude.

The fern Weichselia, found in the Red Valley Member, was distributed in a belt about 30°
wide on either side of the paleoequator during Early Cretaceous times (Barnard, 1973). In
various reconstructed paleogeographic maps, based on paleomagnetic data (e.g. Smith et al.,
1973), the Negev is located some 5° away from the paleoequator. Hence, both the
paleobotanic and paleomagnetic models support the interpretation deduced from the
micromorphology of the Negev paleosols.

CONCLUSIONS

The unconsolidated terrestrial material of the Lower Cretaceous Red Valley Member and
the basalt-derived materials from the same period are paleosols. They were formed during a
tropical climate with a short annual dry season.

Kaolinitization was very intensive in all the paleosols. In the alluvial-derived paleosols iron
segregation was stronger than in the basalt-derived paleosols, leading to pedogenic monophase
plinthite formation. Where exposed, the plinthite appears in the landscape in the form of a
"carapace”.
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ABSTRACT
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Optical studies of a middle Pleistocene Allier river terrace in France reveal the occurrence
of isotropic non-laminated coatings and anisotropic non-laminated coatings with a stipple-
speckled b-fabric in a buried paleosol, rich in trachytic pumice fragments. Optical and scanning
clectron energy dispersive X-ray analyses (SEM-EDXRA), in situ microdrilling for step scan
X-ray diffraction, and transmission electron microscope (TEM) analyses of undisturbed parts
of the coatings were used to establish their chemistry, mineralogy and internal microfabric.
Micromorphological observations indicate that both coatings are genetically identical. Both
kinds were formed by clay neoformation rather than by clay illuviation. The isotropic type
consists of amorphous material with a low molar AUSi ratio, and is the first step in clay
neoformation. These coatings contain minor amounts of 2:1 clay. The anisotropic type is
formed by recrystallization of isotropic coatings, and consists of unoriented domains of 2:1
clay. The formation of the coatings and their typical chemical and mineralogical characteristics
are due to: (1) weathering of trachytic pumice fragments, and (2) occurrence of restricted
leaching conditions during coating formation.

INTRODUCTION

Non-crystalline material, appearing as neoformed coatings and infillings, is produced upon
weathering of volcanic components in the middle and early Pleistocene Allier river terraces
(Jongmans et al., 1991). The occurrence of isotropic non-crystalline coatings under different
climatic conditions in soils developed in parent material containing pyroclastic components has
been reported previously ( e.g. Dalrymple, 1964; Chartres et al., 1985). Recrystallization of
such coatings was reported by Buurman and Jongmans (1987) in soils with pyroclastic
components from Indonesia. Veldkamp and Jongmans (1991) studied the occurrence and
weathering of pumice clasts in a paleosol found at 5 m in depth in the middle Pleistocene
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Allier terrace deposits, and observed partially altered trachytic pumice fragments together with
isotropic and anisotropic coatings. In the present paper the morphology, chemistry, and
mineralogy of these coatings are studied, to determine their genesis and relationships. Micro
fabrics of the coatings were examined by transmission electron microscope (TEM) to assess
the distribution pattern of the individual clay domains. Together, these analyses should provide
some insight into the formation of these coatings in relation to the environmental conditions of
the paleosol.

SOIL SITE CHARACTERISTICS

The paleosol is approximately 1 m thick, grey (10YR 5/1) and consists of cryoturbated sand
and clay bodies (Veldkamp and Jongmans, 1991). The clayey parts show a distinct angular
blocky structure, whereas the sandy parts are structureless and massive. Soft, white (10YR
8/2), rounded, trachytic pumice fragments (up to several mm, Al/Si ratio = 0.36) and fresh and
partially weathered volcanic and granitic fragments are present. Many biogenic channels occur,
surrounded by a clear porostriated birefringent fabric. Cryoturbation features, pedal structures,
and channels are absent in the 4 - 5 m thick gravel sediment that overlies the paleosol. A
stratified gravel deposit with a firm consistence, as a result of close packing of different grain
sizes, underlies the paleosol.

ANALYTICAL METHODS

Undisturbed samples (8 X 8 cm) from the sandy and clayey parts of the paleosol, and the
directly adjacent underlying and overlying sediments were taken, and thin sections were made
according the method of FitzPatrick (1970). For thin section description the terminology of
Bullock et al. (1985) was used. In situ microchemical analyses on isotropic and anisotropic
coatings were performed in uncovered thin sections with a Philips scanning electron energy
dispersive X-ray analyser (SEM-EDXRA). Four coatings of both kinds were analysed, and five
block (12 um?) analyses were made of every coating (n=20). The peak to background heights
of the EDXRA signal were linearly transformed to element percentages by comparison with
standard minerals of a known chemical composition, analysed in the same measurement.
Isolation of microquantities of coatings from uncovered thin sections was performed with a
microscope-mounted drill (Verschuren, 1978), and X-ray diffraction patterns of this material
were obtained by step scan X-ray diffraction (SSXRD) (Meunier and Velde, 1982).
Undisturbed sections of 50 nm thickness, cut from undisturbed fragments (100 pm?) of both
coating types were prepared according the method of van Oort et al. (1990), and analysed with
a Philips 420 TEM. A Link AN 10000 EDS analyser permitted microchemical analysis.

RESULTS

Micromorphological observations show that isotropic (A) and anisotropic (B) coatings
(Fig. 1) are found in the paleosol, and in the upper part of the underlying sediment. They are
absent in the overlying deposit. Coatings are common around partially altered pumice
fragments. The pale yellow, isotropic coatings are unoriented and non-laminated. Locally,
anisotropic spots occur with a weak stipple-speckled b-fabric. Anisotropic coatings are
unoriented, non-laminated, pale yellow, and display a stipple-speckled b-fabric. Both variations
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Fig. 1. Micromorphological characterization of: I) and II) the isotropic coatings (label A) and
II) and IV) the anisotropic coatings (label B) in I) and III) crossed polarized light (XPL) and
) and IV) plane polarized light (PPL).

frequently occur within one coating and cannot be distinguished in plane polarized light. They
may be weakly impregnated by ferruginous hypocoatings. Muscovite grains (10 X 3 pm) are
sometimes enclosed in both types. Fig. 2 shows the results of SSXRD of both coating types.
Anisotropic coatings show a clear broad peak at 1.9 nm (expanded smectite) and small peaks
at 1 nm (mica) and 0.7 nm (kaolinite/halloysite). No peaks occur in the diffractogram of the
isotropic coatings.

Table 1 shows SEM-EDXRA analyses of the isotropic coating (A) and anisotropic (B)
coatings. Mg, Ca, and K contents are very low in the isotropic type. Ca and K tend to be
higher in the anisotropic type but concentrations are still low. Some coatings contain minor
amounts of Ti. Al is slightly lower in the anisotropic type B, while Si and Fe are somewhat
higher. The molar Al/Si ratios in both coating types are lower than normal allophane values;
type B has the lowest value.

Fig. 3 shows the TEM images of the studied coatings. In Fig. 31 the isotropic coating (A)
consists of amorphous material with some randomly distributed 2:1 clay-domains. The
anisotropic coating (B in Fig. 3II) consists of randomly distributed domains of 2:1 clay. High
resolution lattice-fringe imaging (Fig. 3III and IV) reveals basal spacings of 1.4 nm.
Microchemical analyses of individual clay-domains in the anisotropic type B show high Si and
low Al contents and an inverse relationship between Al and Fe (Fig. 3V).
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Fig. 2. Step scan X-ray diffractograms (Co-Kol radiation) of microquantities of the isotropic
(A), and anisotropic (B) coatings obtained by microdrilling.

Table 1

SEM-EDXRA analyses of isotropic coatings (A) and anisotropic coatings (B) (wt%; N=20).
coating A coating B t value significance

Mg 0.06 £ 0.06 1.86 *

Al 53+0.8 41+09 4.56 *ok

Si 124+ 14 143+22 -3.23 **

K 0.004 +0.1 0203 -1.81 *

Ca 0.6+04 1.1 +£0.2 -3.39 *ok

Fe 7.2+1.2 9.6+ 1.8 -5.84 ok

AV/Si molar 0.5 0.3

* %k Significant at P <0.05 and 0.01, respectively

DISCUSSION

The presence of isotropic (A) and anisotropic parts (B) within one coating and their
similarity in plane polarized light indicate that they are genetically related. The limpid texture
and non-laminated internal fabric of the coatings, and the occurrence of types A and B within
one coating suggest that A and B are due to clay neoformation rather than clay illuviation.
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Fig. 3. TEM observations of undisturbed parts of: I) the isotropic coatings (A) showing
allophane (a) and smectite (Sm); II) the anisotropic coatings (B); III) and IV) the anisotropic
coating (B) by high resolution lattice-fringe imaging; V) micro-chemical analyses of clay
domains in the anisotropic coatings.

Moreover, clay illuviation coatings should be anisotropic because they always consist of
crystalline clay minerals, while an isotropic character points to amorphous material (Bullock et
al., 1985). SSXRD shows that the isotropic type A is X-ray amorphous, while TEM
observations demonstrate occurrence of small amounts of 2:1 clay domains in an amorphous
groundmass. Anisotropic coatings B predominantly consists of crystalline 2:1 phyllosillicates.
TEM analyses show absence of preferred orientation patterns between the clay domains, which
is in agreement with the micromorphologically observed stipple-speckled b-fabric. This
suggests that the precipitation of the amorphous, isotropic coatings is the first step, and
recrystallization of these coatings to anisotropic coatings is the second step in clay
neoformation. The isotropic coatings may be allophane-like, although they are relatively rich in
silica. Parfitt and Kimble, (1989) reported Al/Si ratios of allophane are usually around 2, but
variations may occur between 0.5 and 4. These values are strongly influenced by the chemical
composition of the parent material and its resistance against weathering, and the prevalent
leaching/drainage conditions (Parfitt, 1989; Singleton er al.; 1989). As a result, the weathering
of trachytic pumice fragments (AL/Si ratio 0.36) in the paleosol, and restricted leaching
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conditions during coating formation are thought to be the main sources of large amounts of
liberated Si, resulting in formation of Si-rich allophanes and subsequent formation of 2:1 clay
minerals rich in Si. After burial of the paleosol, the coatings were preserved.

Both coating types have a relatively high Fe content, probably due to iron impregnation, but
partial incorporation of variable amounts of iron in the smectite lattice cannot be excluded. The
observed muscovite in type B may explain the 1.0 nm diffraction peak, and are parts of the
adjacent parent material mixed in the gels during transport. The difference between the SSXRD
diagram and TEM images, as shown by the measured basal spacings of the smectite, might be a
result of the use of acetone during sample preparation (swelling), and/or high vacuum used
during TEM analysis (partial collapsing).

CONCLUSIONS

Weathering of trachitic pumice under restricted leaching conditions in a Quaternary river
terrace in France resulted in the formation of optically isotropic allophanic coatings with a
AV/Si ratio up to 0.5. With time, these coatings may partially crystallize to anisotropic coatings
consisting predominantly of randomly distributed smectitic clay domains. Although such
coatings may still form in similar environments they are believed to be preserved by burial in
the case reported here.
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Pontnewydd Cave is one of only two Lower Palaeolithic hominid sites in the U.K. dating to
the temperate Oxygen Isotope Stage 7 (c. 225 ka). Fossiliferous beds occur within a thick
sequence of "debris slide" sediments and include a thin stratum distinguished by its yellow
brown pigmentation and originally interpreted as an interglacial soil transported into the cave.
Detailed mineralogical analysis of sand and clay fractions has clarified the provenance of the
sediments and confirmed the relatively strongly weathered nature of this stratum.
Micromorphological analysis revealed weathered clasts, a distinctive "pellety” microfabric and
also distinctive orange-brown isotropic cutans overlain by later argillans. Microchemical
analysis using EDXRA showed the cutanic material to be a Ca-Fe phosphate with a
composition approaching that of the mineral calcioferrite (Ca,Fe,[PO4]3(OH).7H,0); its
origins could be traced back to a progressive alteration of fossil bone in the overlying horizons,
and probably involved translocation as a colloid. Whilst conclusions as to the pedogenic
origins of this stratum remain the same, care must clearly be taken in the interpretation of
pigmented horizons in archaeological contexts involving original bone material. The distinctive
nature and composition of the cutanic material opens up a new area of phosphorus
geochemistry in archaeological sites.

INTRODUCTION

Evidence for the earlier periods of human activity diminishes progressively, and
consequently achieves greater significance, with age. This is especially so for the Lower
Palaeolithic in a glaciated terraine such as the British Isles where succeeding phases of glacial
and interglacial conditions lead to the disturbance and/or removal of evidence by erosion or to
its burial by deposition; survival and discovery tend to rest on special circumstances. To
enhance our knowledge about early man and his environment it is therefore necessary that,
once identified, the maximum information is gleaned from such deposits, and soil mineralogy
and micromorphology have the potential to play important roles in this process (Bullock, 1985;
Jenkins, 1985).
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This paper will illustrate the problems and contributions of such techniques by reference to
the interpretation of deposits in Pontnewydd cave, an important Lower Palaeolithic hominid
site in North Wales (Green, 1984). Here initial interpretation of the sequence of dominantly
glacially derived strata was influenced by the orange-brown pigmentation of one stratum
which was interpreted as arising from intense weathering and related to interglacial
pedogenesis (Jenkins, 1984).  Subsequently, more detailed micromorphological and
microchemical analysis has shown that this first interpretation was somewhat naive. The story
is more complicated, involving translocation and redeposition of phosphate in an unusual Ca-
Fe form, which in turn opens up an interesting area of soil chemistry. The palacoenvironmental
conclusions, however, remain essentially the same.

The archaeological context

To explain the context for this micromorphological study it will be necessary to give a brief
description of the sites. The cave at Bontnewydd is exposed half way up a steep valley side
cut into Carboniferous Limestone by the river Elwy. It is a fragment of a phreatic tube some
50 m long left by the progressive downcutting of the river, and truncated by cliff recession.
However the entrance was apparently favoured for habitation by Lower Palaeolithic man
whose remains have been discovered in deposits carried deeper into the cave and thus
protected from subsequent phases of glacial erosion. Preserved by these special circumstances
the site is therefore unique in Wales, and one of the few to have been identified in upland
Britain (Fig. 1). The cave was well known for its fossil bones in the last century, having been
examined by Boyd Dawkins in 1874, but because of its significance it has recently been
subjected to a detailed and intensive re-examination by Stephen Green of the National Museum
of Wales (Green, 1984; Greene et al., 1989). This report forms one component of that inter-
disciplinary programme of research.
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Fig. 2. Composite section of deposits in Pontnewydd Cave (after Green, 1984).

Excavation in the cave has revealed a complex sequence of deposits mostly thought to have
been slumped in from the cave entrance by debris flow (Collcutt, 1984). The stratigraphy is
summarised in Fig. 2 and commences with a basal sequence of brown (10YR 5/3) Sands and
Gravels up to 3 m thick which is barren with respect to fossil bone or artefacts. This is
succeeded by the thin (<0.5 m) loamy Intermediate Beds, distinguished by their dark yellowish
brown colour (10YR 5/6-5/8) and carrying a few artefacts together with fauna (wood mouse,
bear, roe deer, beaver, etc.) indicative of warm, open woodland conditions: in places silty
deposits at the top of the underlying Sands and Gravels have also been stained a distinctive
brown (7.5YR 5/4). These Intermediate beds are capped by stalagmites which began to form
¢. 225 ka ago, and they pass up into the brown (10YR 5/3) Lower Breccia which carries the
bulk of the artefacts together with faunal remains (hyaena, Norway lemming, Northern vole,
etc.) indicative of a cool, open steppe environment. Overlying these beds is a sequence of
brown/light brown (10YR 5/3 - 7.5YR 6/4) clays, sands, breccias and silt beds, including intact
and fragmented stalagmitic floors: they are thought to be Late Devensian and Postglacial and
contain only the occasional derived artefact.

The artefacts recovered from the Intermediate Beds and Lower Breccias number several
hundred. They are dominated by handaxes and the products of a "Levallois" technology. The
human remains discovered in the recent excavations comprise mostly teeth and jaw fragments
derived from at least one adult and two children, and show features ("taurodontism" of the
teeth) characteristic of early Neanderthals. These remains have been dated to around 200 -
225 ka BP by U-Series techniques applied to stalagmites which seals the deposits (Schwarcz
and Ivanovich: in Green, 1984) and by Thermoluminescence of both stalagmites and of a burnt
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flint core (Debenham and Huxtable: in Green, 1984), a date consistent with the archaeological
interpretation. The relevant sequence of beds has therefore been tentatively correlated with
oxygen isotope stages 7c (Intermediate - warm), 7b (Lower Breccias - cool) and 7a (stalagmite
seal - warm) possibly corresponding to the penultimate interglacial (Green et al., 1989). This
site with human remains is thus the earliest in Wales and one of only two in Britain, the other
being at Swanscombe.  Any information relating to the palacoenvironment that can be
obtained by analysis of the deposits therefore assumes importance, and in particular from the
nature of the yellow-brown Intermediate Beds.

MATERIALS AND METHODS

During archaeological excavation, loose sediment samples were collected for laboratory
analysis from several sections exposed in the cave, and in particular from a 3 m deep fissure
some 5 m in from the entrance ("deep sounding") and from a 1.5 m section (Site D) a further 5
m into the cave passage. The latter included a conveniently compact and strongly pigmented
section through the "Intermediate Complex” ("buff-orange"; 10YR 5/6-5/8) selected for
micromorphological study. The fine sand and clay fractions (<2 um esd.) were separated and
analysed by the usual techniques of optical microscopy, XRDA and SEM/EDRA, and chemical
analyses (differential extraction of Al, Fe and Mn, pH, % CaCOj;, etc.) were also carried out by
routine procedures which, although referred to below, are to be described in detail elsewhere.

Routine sampling for micromorphology of the loose, stony material proved impossible by
use of the "kubicna tin". An intact monolith some 20 cm deep had to be sculpted and encased
in plaster-of-paris before it could be extracted. This was air-dried, impregnated with an
acetone-diluted monostyrene system and a series of large and small uncovered thin sections
prepared. For more detailed optical and SEM/EDXRA examination, slides were cleaned
ultrasonically and polished successively with 6, 3 and 1 um diamond pastes. Slides were
examined optically under temporary oil-mounted cover-slips on a Leitz Ortholux- pol using
also UV fluorescence (Hg-lamp with 5 mm BGI12 exciter filter and K530 barrier filter).
Samples selected for SEM/EDXR analysis were first photographed, then trimmed down to a
1.5 cm square from the slide, cleaned ultrasonically in ether and coated with carbon. They
were then examined in a Hitachi S520 Microscope fitted with a LINK QX2000-I sysiem (LZ4
detector), the selected areas located, and elemental X-ray spectra and distribution maps
obtained. A preliminary analysis was made on 5 point samples and also by scanning over 10
20 x 30 um homogenous areas for 50sec (realtime) at 14 kV beam voltage. The method was
calibrated for P, Ca, Fe, Si, Al and K from a sequence of prepared FePO,/CaHPO /kaolinite/
muscovite standards abutting the sample. These produced smooth curves for Ca, P, Si., Al and
K but not for Fe, and for this reason only "semiguantitative" values are quoted at this stage.

RESULTS
Mineralogy

In order to establish the provenance of the sequence of sediments, quantitative heavy
mineral and clay mineral analyses were made on 10 strata, and the morphology of individual
species examined by SEM. Only a summary of these data will be presented here as a detailed
account will be presented clsewhere. Variation in heavy mineral assemblages can be linked
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Fig. 3. Bone in a thin section of the Lower Breccia showing (f) fresh clear birefringent,
fluorescent fragments, and (a) altered, isotropic, and weakly fluorescent fragments; as seen:
(left) in plane polarised light, (centre) between crossed polars, and (right) using UV-
autofluorescence.

with recognisable sources. The Basal Sands and Gravels are dominated (80-90%) by a pale
chlorite characteristic, together with minor tourmaline, of the Silurian mudstones of Hiraethog,
15 km to the west. These are accompanied by small amounts of clinopyroxenes, amphiboles
and clinozoisite from the igneous rocks of the Snowdonian Mountains a further 40 km to the
west. The Intermediate Beds show a change to minimal Silurian material (chlorite <0.1 - 30%)
which is replaced by resistate minerals (zircon, rutile, tourmaline, garnet efc.) typical of the
Carboniferous strata outcropping along the coast immediately to the north, together with
traces of Triassic-derived glacial material from the Irish Sea further to the north indicated by
the presence of staurolite and kyanite. In the overlying strata (Breccias, Upper Sands and
Gravels, etc.) there is an admixture of these materials with the Silurian again assuming
importance (chlorite 41 - 77%).

There is therefore a change of provenance from local sources to the west in the basal beds
to local and extraneous sources to the north in the Intermediate Beds and back to a mixture in
the upper strata. The Intermediate Beds appear to have derived mainly from material on the
landsurface to the north of the escarpment, probably by temperate slope processes
supplemented by aeolian deposition, whilst the beds above and below reflect the influence of
Lower Palacozoic outcrops to the west, consistent with local glaciation. A change of
environment is also distinctly apparent in the greater degree of etching seen by SEM in the
more susceptible mineral species (i.e. chlorite and clinopyroxene) from the Intermediate Beds,
consistent with temperate (interglacial) as compared to glacial conditions. The same trends are
seen in the inherited mineralogy of the clay fractions where Silurian sources are represented by
hydrous mica and chlorite (together with derived vermiculite and inter-stratified material),
while Carboniferous sources contribute hydrous mica and kaolinite. The Intermediate Beds are
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PV

Fig. 4. Vertical section through Intermediate Beds showing very fine "pellety” fabric, and clasts
with cracks (c) and weathered rims (w).

marked by an assemblage depleted of chlorite and vermiculites but with smectites making an
unusual appearance. Overall the impression therefore remains of these fossiliferous Beds being
derived from a more weathered terraine, consistent with selective destruction under
interglacial conditions, rather than of an unaltered assemblage inherited under glacial
conditions.
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A conscious search was made by magnetic fractionation and by DXRDA for crystalline iron
hydroxides/oxides, but no particular concentration was found in the Intermediate Beds whose
distinctive pigmentation is therefore ascribed to amorphous materials. A search was also
made for pollen and, in the light (SG<2.3) 20 - 200 pm fraction, for opaline silica bioliths but
none was detected, although the alkaline environment (pH 28) would mitigate against their
preservation in these deposits.

Micromorphology

A progressive trend was observed on passing down from the Lower Breccias into the
underlying Intermediate Beds and "purple-stained" beds (SYR-7.5YR 5/4) below. In the
Lower Breccias the numerous rounded shale and sandstone fragments are supported in a
matrix with a relatively uniform, strongly developed, very fine to fine granular microstructure,
with simple and complex packing voids. The groundmass shows a uniform speckled b-fabric
("silasepic”) with a related distribution ranging from enaulic to porphyric (Bullock et al.,
1985). A feature of this horizon is the presence of numerous small bone fragments. Some of
these are relatively unaltered, being a pale brown, and retaining a vesicular structure. They
display a weak birefringence (length fast), and show strong green autofluorescence in UV
(blue - BG12) light. These grade progressively into less well defined orange brown fragments
which are structureless, isotropic and showing no autofluorescence (Fig. 3).

On passing down into the Intermediate Beds certain trends are apparent (Fig. 4). Firstly,
the rounded shale fragments display a more obvious bleached weathering rind, up to 2 - 3 mm
thick, and are occasionally fragmented, whilst identifiable bone fragments are absent.
Secondly, the fine granularity (500 pm) of the microfabric breaks down into ultrafine granules
(50 um) whilst there is an increasing chitonic character to the related distribution which, in
places, takes the form of distinct silt cappings. Rare pedofeatures in the form of discrete
uniform grey silty coatings also occur.

At the base of the Intermediate Beds these trends are accentuated and, in particular, there is
a development of a distinctive pattern of coatings. This starts with uniform typic coatings 50 -
200 pm thick of a transparant orange brown material on voids and in aggregates, sometimes
infilling the voids, giving a chitonic/gefuric character to the related distribution. The material
shows distinctive shrinkage cracks, and is mostly isotropic but sometimes develops a weak
streaky birefringence (length-slow) (Fig. 5). In a few places this is overlain by a sharply
defined grey brown silty argillan up to 500 pm thick, which may show weak micro-lamination;
it displays strong aggregate birefringence (length-slow) and even, on occasions, a distinct
pleochroism in a shade of brown. It is, however, the nature of the underlying orange
“colloidal" coating which is of particular interest, since it is presumably an important
contributor to the distinctive colour of these deposits. Samples were therefore prepared for
microanalysis by EDXRA in the SEM.

Spectral analysis of the material indicated its composition to be dominated by Ca, Fe and P.
These elements are accompanied by minor but variable amounts of Si, Al and K which were
interpreted as associated clay (hydrous mica). No other elements (Mg, Na, Ti etc.) were
detectable except occasionally for S which is atributed to the impregnating resin. The spatial
distribution of elements in relation to matrix, Ca-Fe-P cutan and argillan is illustrated in Fig. 6.
For the "semiquantitative” EDXRA, spots (5) and areas (10) in the colloid were selected as
far as possible on the basis of minimal birefringence to reduce the effect of possible dilution by
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Fig. 5. Orange brown cutan (c) in a thin section from the base of the Intermediate Beds
showing, in plane polarised light (left) the distinctive cracking, and between crossed polars
(right) its essentially isotropic nature.

clay minerals. Nevertheless, K, Al and Si were present in all the analyses in proportions that
were generally consistent with small amounts of hydrous mica (£10%), supplemented
occasionally with quartz. To obtain an estimate of the possible composition of the colloid, an
average was taken of the five analyses with maximal values for P and minimal values for
Si+Al+K (the latter equivalent to some 5% of hydrous mica - 0.6% K). These values indicate
a relatively narrow range of Ca:P:Fe for the 15 analyses (ie. 1.00(6=0.10):1:1.26(06=0.50)) and
are given below in Table 1 together with those of some known Ca-Fe phosphates and also one
K (4.4%)-Ca-Fe phosphate (Lindsay and Vlek, 1977). From this it would appear that the
material is a Ca-Fe phosphate which approaches the composition of the mineral calcioferrite,
but possibly with lower hydration.

The composition of other components was also checked by EDXRA. That of the brown
matrix underlying the orange cutanic material was, predictably, dominated by Si, Al, Fe and K
with detectable Ca, Na, Mg and Ti; P however was present only in trace amounts or not
detectable. The composition of the silty argillan overlying the orange cutanic material was
dominated by Si, Al and K in proportions that suggest hydrous mica with minor quartz; again,
P was not detectable.
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Fig. 6. X-ray images for P, Fe, Ca, Si, Al and K in an argillan/colloid cutan at the base of the
Intermediate beds.

DISCUSSION

The initial purpose of this study was to obtain information relevant to the origin of the
Intermediate Beds. The problem is one of distiguishing features within the sediments that
survived from their original subaerial environment (pedogenic?) from those that were
developed after deposition within the cave (diagenic). From the former it may prove possible
to diagnose the external palaco-environment, whilst the latter may have developed at any point
over a long period of changing conditions. Arising from this study, the translocation of
phosphate subsequently became a feature of specific interest. These two aspects will be
discussed in turn.

Palaeo-environmental considerations

The Intermediate Beds are distinguished by their colour which was initially attributed to
some form of ferric oxide/hydroxide and thus to an increased degree of oxidation/weathering.
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Table 1
Chemical composition of the colloidal coatings

wt. %
Ca Fe P

Average of 5 "semiquantitative" EDXRA analyses

of colloid with highest P and low Si/AI/K 14.5 20.0 14.5

(analysis with highest P and low Si/AVK 150 215 17.5)
(Hydroxyapatite Ca;[PO,4]3(OH) 399 - 18.5)
Xanthoxenite CayFe,[PO,4]4(OH),.3H,0 216 151 168
Calcioferrite Ca,Fe2[PO,4]5(OH).7TH,0 129 181 150
Mitridatite Ca,Fe;[PO,4]3(OH),.2H,0 133 28.0 150
(Fe-englishite™ K,Ca,Feg[PO,]3(0OH),(.9H,0 9.0 258 13.9)
(Fe-crandallite™ CaFe,[PO,4],(OH)5.H,0 80 336 124
(Fe-foucherite™ CaFey[PO4],(OH)4.7H,0 56 313 8.7)
Borickite CaFes[PO,],(OH),;.3H,0 53 373 8.3
Richellite CasFe,([PO,4)g90H);,.nH,0 5 20 12
Dufrenite CaFe4[PO4]4(OH)¢.2H,0 45 376 139
Eguéite CaFe 4[PO,4],((OH)4.21H,0 1.9 365 329
(Strengite FePO,.2H,0 - 299  341)

() Ca and Fe end members
(*) theoretical Fe end members of Ca-Al/Fe phosphates

This is certainly confirmed in an increase from 0.9% to a peak of 4.9% for dithionite-
extractable iron in these Beds, but no concentration of specific iron minerals (e.g. haematite)
was detectable by enhanced XRD techniques that could be specifically linked with more
extreme weathering regimes. Nevertheless, after taking account of possible differences in
provenance, the inherited mineral assemblages would suggest a greater intensity of prior
pedogenic weathering in these Beds, and this is supported by the degree of etching on
susceptible mineral species such as chlorite and clinopyroxene. The disappearance of unstable
chlorite and vermiculite from the clay fraction, together with the appearance of smectites, adds
further weight to this interpretation.

Micromorphology revealed well developed rinds to the rounded clasts in the Intermediate
beds again indicating strong weathering prior to deposition. Some of these had been fractured
in situ, suggesting thermoclastic processes following deposition; this feature was also
recorded by Collcutt (1984) who noted its increase upward through the sediment column.
The sediments also displayed a distinctive pellety fabric which is reminiscent of those of
podzolic Bs horizons (Clayden, 1970) such as occur in upland Wales today. It would be
surprising if such a pedogenic fabric were to survive any prolonged transportation into the cave
system, and indeed the structure of present-day Bs material can be seen to be susceptible to
rapid destruction by reduction of the iron under wet conditions. Alternatively this distinctive
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microfabric could have been generated differentially within one stratum of the sediments
within the cave, presumably in the period immediately after emplacement and prior to
deposition of the overlying Lower Breccias. Post depositional modification certainly did occur
in the Intermediate Beds. This is evident from the cappings of fine granular material on the
clasts in the Intermediate Beds, and from the two phases of cutans to be seen below, the silty
argillans indicating a phase of illuviation of fine sediment that succeeded one of colloidal
material; the latter certainly involved some chemical redistribution and will be discussed further
below.

On balance, however, it seems probable that the Intermediate Beds originated as strongly
weathered soils in the immediate vicinity of the cave entrance, possibly from the cliff top above
as suggested by their particular heavy mineralogy. This would correspond to pedogenesis
during the penultimate Interglacial suggested by dates from these deposits. The contemporary
soils of the same parentage at this altitude are brown earths rather than podzolic (Ball, 1960)
implying that the environment was the result of stronger weathering than that of today. This
conclusion is thus essentially the same as that reached in the initial study.

Nature of the cutans

The orange brown (7.5YR 5/8) isotropic cutans that occur at the base of the Intermediate
Beds raise separate and interesting problems. The material exists as a distinctive and sharply
defined illuviation pedofeature whose distribution contributes to the orange tinge in these beds.
A first problem is that of composition, and a second that of origins. As to composition it
would appear from initial EDXRA that a mixed 1:1 Ca-ferric phosphate is involved. It is
relatively uniform and mostly isotropic with distinctive shrinkage cracks and presumably was
an amorphous colloid. There are birefringent streaks and although these might be interpreted
as the development of a crystalline Ca-Fe-P phase, they could also arise from occluded hydrous
micas which would account for the persistent traces of Si, Al and K that were detected.
Further characterisation will first require physical concentration of the pure material from the
deposit followed by full chemical analysis, XRDA, SAED, IRA, etc.: this is planned.

The source of this material is not difficult to identify. The overlying strata are rich in bones
as reflected in their very high P contents (3 - 4% P as compared to 0.1% in the sediments
above and below). The bone fragments are identifiable in thin section where a progressive
transformation from fresh pale to amorphous orange brown material can be observed: this is
the most likely source. The P and Ca may then have been translocated after release from
hydroxyapatite (or dahlite) into ionic solution with subsequent readsorption onto "active" ferric
hydrous oxides in the horizon below to give the Ca-Fe-P material analysed. However, in view
of (i) the observed alteration of bone to orange material in the source beds, (ii) the narrow
range of composition of the cutans and their possible incorporation of hydrous mica, and (iii)
the lack of P in the matrix which would have resulted from diffusion, it seems more likely that
a discrete Ca-Fe-P colloid was translocated.

Translocation appears to have occured as a single event, and to have been followed by an
abrupt change to clay illuviation during a wet phase following deposition of later sediments.
The conditions under which formation, translocation and deposition (flocculation) of such
colloids might occur are difficult to define. At present the sediment column has a pH in the
range 8.4 - 8.9, characteristic of CaCOj; buffered systems and consistent with the presence of
later stalagmitic deposits in the overlying beds, but pH may well have been lower immediately
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following deposition of the bone rich beds. Further chemical and experimental studies will be
needed to resolve this process.

There have been numerous studies reported on phosphate chemistry. These relate to both
to fertiliser practices in soils (e.g. Lindsay et al., 1989) and also to bone in archaeological
contexts (e.g. Price, 1989), although the latter are concerned rather specifically with the
diagenic changes in intact bone that are relevant to dating or to the interpretation of the
individuals diet. The particular phenomenon of Ca-Fe-P translocation observed in this
micromorphological study does not appear to have been recorded. Nevertheless, the same
orange brown (7.5 YR 5/8) colloidal infilling of voids is, in hindsight, also familiar from the
separate study of thin sections of sherds from cinerary urns. It is now intended to investigate
these features by EDXRA to see whether they too comprise a Ca-Fe-P rich material,
representing the last chemical vestiges of the original occupant of the urn.  However, in the
broader context of investigating archaeological deposits, it is clear that care must be taken to
avoid the simplistic interpretation of colour in terms of only pedogenic ferric hydrous oxides
which was originally made in this study.
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ABSTRACT

Wieder, M., Adan-Bayewitz, D. and Asaro, F., 1994. Source materials, micromorphology, and the provenance
of the storage jars from Roman Galilee. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 307-316.

Identifying the local origins of common household pottery, an important objective in the
study of archaeological ceramics, is one of the most elusive goals of pottery analysis. Chemical
analysis has been used effectively for localizing origin when appropriate reference material,
such as waste from pottery manufacture, is available. In most instances, however, such material
is not available, and there is no indication, other than sheer quantity, of the provenance of the
wide array of wares recovered from any one excavation. The goal of the present study was to
characterize and determine the provenance of the common storage jars of Roman age from the
Galilee and Golan. Analysis of the storage jars by neutron activation distinguished a number of
distinct chemical compositional groups, but a specific provenance could be assigned to only
two of those groups.

Micromorphological investigation of these storage jars showed, on the one hand,
characteristics common to certain vessels, and, on the other, their distinguishing features. The
source of the soil material used to make the jars was from different soil types, and the kinds
and quantities of temper added were found to be related to the respective soil types. The
largest amount of temper, of mostly calcarcous material, was added to Grumusol type soils of
the Galilee and Golan. A small amount of calcareous material was added to kaolinitic Terra
Rossa soils, while both calcareous material and sand were added as temper for storage jars
made from smectite-rich Terra Rossa and Grumusolic Terra Rossa soil material. Storage jars
made from Rendzina soil types, in contrast, contained sufficient calcareous material, which
served as natural temper. Identification of the soil material and the nature of the added temper
in each case, enabled the assignment of a relatively limited geographical procurement area for
each of the analyzed storage jars.

INTRODUCTION

In previous studies on common pottery of the Roman period from Galilee and Golan,
micromorphological analysis indicated that local soil materials were used in their manufacture
and the principal soil types used were identified. It was found that for certain pottery groups
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Fig. 1. Map showing regions and sites mentioned in text.

temper had been added while others lacked additional temper (Adan-Bayewitz and Wieder,
1992; Wieder and Adan-Bayewitz, 1993).

Subsequent examination of the various functional vessel types and of other Galilean and
Golan pottery of the Roman period showed that the common storage jars of this region could
be distinguished by a variety of temper-adding practices. These jars were therefore selected for
further study, with a twofold purpose: firstly, to determine the soil types from which the
storage jars were made and the relationship between these soils and the kind and amount of
temper added and, secondly, to provide supplementary data to those obtained from chemical
analysis by neutron activation on the provenance of the storage jars.

METHODS

Thin sections were prepared from thirteen storage jars recovered from six archaeological
sites in the Galilee and the Golan (Nahif, Rama, Hazon, Gamla, Hammath Tiberias, and
Shikhin, see Fig. 1; the identification of the Shikhin site is in Strange, et al., in press) and
analysis was performed in the same manner as for micromorphological analysis of soil
materials. Although pottery preparation induced changes in the original microfabric of the soil
materials, the method developed by Brewer (1964) could be effectively adapted for the
description of the pottery samples, bearing in mind changes resulting from manufacturing
processes. The soil groups were defined according to the Israel soil classification (Dan et al.,
1972) and the American soil taxonomy (Soil Survey Staff, 1975). Thin section descriptions are
presented in Table 1.

The chemical compositions of the storage jars were determined using neutron activation
analysis (Perlman and Asaro, 1969). The chromium abundance in Standard Pottery has been
revised downward by 11.4% (Alvarez et al., 1982, p. 887, Table 1), while the ytterbium
abundance has been revised upward by 5.7% (Asaro et al., in press). Cr and Yb abundances
obtained at The Hebrew University and the Lawrence Berkeley Laboratory before the
corrections have been modified accordingly.
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Table 1
Thin-section description of representative storage jar samples,
Sam- Plasma Skeleton Plasmic  Voids Temper  Related Other
ple characteristics  grains fabric distribution (%) features
378 grey Qs (F) isotic Vs; Pn chalky P=50;S =20
Pand H material V=10; T=20
R); C(C)
327 grey Qs (F) isotic Vs; Pn calcareous P =50;S =20
PandH material of V=10; T=20
R) fine crystals
547  black Qs (F) isotic VES chalky P = 30-35; Diag.

material S+T=5-10; V=60
535 reddish brown A, ILP, asepic Vsto VS  calcareous P=30;S=10

homogeneneous  and B material V=10, T=50
Ot C);
QS (R)
33 red and Qs (F) asepic Vs; VEs calcareous P=50; S =20-25
homogeneous material V=20-25T=5
52 red and Qs (F) asepic Vs; VEs small P=52;8=20 Ir. Nod.
homogeneous amountof V=25;T=1-3
calcareous
material
305 redhomogeneous Qs (F)  asepic Ves; Pn chalky P=55,S=10 1.
QS (O material V=15;T=20
307 red homogeneous Qs (F) asepicto  Vs;Pn chalky P=50,8=5-10 1.
QS (O) mosepic material V=25T=15-20
310  brown Qs (P asepic Vsto VS; calcareous P=50;S =30 S. Nod.
homogeneous QS (B Pnto PW  material V=15,T=3-5
311  brown Qs (F asepic Vs; Pn calcareous P=50;S=15 S. Nod.
homogeneous Qs (O) material V=10;T=25
306 verydarkbrown Qs(F) isotic Vs; VEs; Pn calcareous P =50; S =20 S. Nod.
(edges), darkred QS (0O)  (edges) material vV=20,T=10
(core) asepic to
isotic (core)
309 dark brown to dark Qs (F) asepicto Vs calcareous P=50;S=15 S. Nod.
red QS (O) isotic material V=25-30;T=5-10
34 red (edges), dark Qs (F) calci-asepic Vs; Pn natural P=40; S = 25-30
grey (core) calcareous V= 10; T = 20-25

material (natural)

Legend:

Skeleton grains: Qs = quartz grains of silt size; QS = quartz grains of sand size; P = plagioclase; I = iddingsite;
H = hornblende; A = augite; C = calcite; B = basalt fragments. F = frequent; C = common; O = occasional;
R = rare

Voids: Pn = short narrow planes; PW = wide planes, Vs = small vughs; VS = large vughs; VEs = small
vesicles; VES = large vesicles.

Related distribution: P = plasma; S = skeleton; V = voids; T = temper.

Other features: IIl. = clay illuviation remnants; S. Nod. = brown or dark brown soil nodules with silt grain
inclusions; Diag. = diagenetic features of wavy extinction; Ir, Nod. = pedogenic iron nodule remnants.
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Table 2

Compositional and micromorphological grouping of sampled pieces

Sample Site Recovered Chemical Micromorphological Group
No. Compositional Group

378 Gamla Shikhin (1) Grumusol

327 Hammath Tiberias Shikhin (1) Grumusol

547 Shikhin Shikhin (1) Grumusol

535 Gamla Gamla storage jars (2) basalt-derivedGrumusol
33 Rama Storage jar 1 (3a) kaolinitic Terra Rossa
52 Hazon Storage jar 1 (3a) kaolinitic Terra Rossa
305 Nahif Nahif (3b) Galilean Terra Rossa
307 Nahif Nahif (3b) Galilean Terra Rossa
310 Nahif Nahif (4) Grumusolic Terra Rossa
311 Nahif Nahif (4) Grumusolic Terra

306 Nahif Nahif (4) Grumusolic Terra Rossa
309 Nahif Nahif (4) Grumusolic Terra Rossa
34 Rama Storage jar 1 (5) Rendzina

CHEMICAL COMPOSITIONAL GROUPS

Based on compositional data, the thirteen storage jars studied by micromorphological
analysis were assigned to four distinct chemical compositional groups, called Shikhin, Nahif,
Storage jar 1, and Gamla storage jars (see Table 2). Mean abundances for 18 elements of each
of the four compositional groups are given in Table 3, Columns 1 and 3-5. The data for only a
representative part of the Shikhin chemical compositional group, Shikhin 1, is shown in
Column 1 (see Adan-Bayewitz and Perlman, 1990). Chemical elements that distinguish these
groups include Cr, Hf, La, Lu, Th, U, Yb and the abundance values for additional chemical
elements obtained by X-ray fluorescence by Robert D. Giauque, Lawrence Berkeley
Laboratory further distinguish the Shikhin and Nahif groups.

The abundances of individual pieces in each compositional group, together with a statistical
treatment of the data and a typological and chronological discussion of the jars, will be
presented in separate studies.

REFERENCE MATERIAL AND PROVENANCE

Chemical analysis can be effectively employed for determining pottery provenance when
appropriate reference material such as waste from pottery manufacture (i.e. ceramic "wasters")
is available. When the chemical composition of the pottery matches that of the reference
material it shows that the pottery was made from the same raw material and suggests a locale
of manufacture for the vessels. In some cases, a match in chemical composition with reference
material has made it possible to assign a site-specific manufacturing provenance for certain
ceramic wares (Adan-Bayewitz and Perlman, 1985; 1990; Adan-Bayewitz, 1993). For most
wares, however, adequate reference material is not available and there is no indication, other
than limited information on the distribution of the vessel types, of the provenance of the wide
array of pottery recovered from any one excavation.
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Table 3*
Element abundances of storage jar compositional groups and storage jar waster

Shikhinl group Storage jar waster  Nahif group Storage jarl  Gamla storage

abundances ADAN-547 group jar group

38 samples 1 sample 9 samples 3 samples 2 samples
Ca% 8.0 +2.0 - - 102 *1.4 7.1 £0.8 180 £25
Ce 107.1 %7.1 99.5 *1.0 1094 £7.8 117.1 5.2 403 *28
Co 29.6 %45 270 = 3 267 £2.0 32,1 x22 21.8 %21
Cr 188.6 *11.8 1720 =*1.7 202.0 9.5 2329 £I11.0 1053 =1.1
Cs 2.67 +£0.28 285 £ .06 3.24 +0.35 3.23 +£0.30 1.07 +£0.07
Eu 2.07 £0.08 203 £ .03 2.38 £0.19 2.56 £0.05 1.11 £0.01
Fe% 5.70 £0.21 5.60 £ .06 6.19 +£0.29 6.35 £0.21 4.07 £0.04
Hf 11.37 £0.87 11.07 £ .15 8.65 £0.74 11.17 £0.60 3.49 £032
La 450 *19 446 = 5 514 %32 582 z£l1.1 20.1 0.4
Lu 0.63 +0.03 062 + .02 0.68 +0.05 0.85 +£0.04 0.273 004

Na% 0.32 £0.07 0.288 +.006 0.25 £0.06 0.24 £0.03 0.32 +£0.08

Sc 18.78 £0.63 1838 = .18 20.86 +1.25 21.66 £0.44 12.11 £0.30
Sm 8.35 +£0.32 8.12 + 08 9.36 £0.69  10.19 +0.24 3.81 £0.04
Ta 1.75 £0.09 1.70 = .04 1.83 £0.11 1.90 +£0.05 0.71 £0.02
Th 1090 £0.41 10.834 = .11 11.40 £0.60  12.06 £0.28 3.66 £0.05
Ti% 0.82 20.05 - - 0.82 £0.07 0.79 £0.04 0.53 £0.03
U 3.91 £0.57 347 £ .05 5.87 £0.77 5.97 £0.75 4.53 146
Yb 4.59 +£0.26 433 + .12 493 +0.36 6.11 +0.05 1.96 +£0.08

*All elements are in units of parts-per-million unless indicated by the % sign. Entries after
signs are measurement errors (one sigma value) for 1 sample or standard deviations for
multiple samples. Column 1 contains selected pottery pieces from 15 sites in Galilee and the
Golan. Column 2 is a storage jar waster recovered at Shikhin. Columns 3 and 4 each include
selected storage jars from two Galilean sites, while column 5 contains storage jars from Gamla.

In the present study, the available reference material made it possible to assign a site-
specific provenance to one of the compositional groups (at Shikhin, see Fig. 1), and to suggest
a likely provenance for another (at Nahif). Reference material for the Shikhin group included
kiln wasters recovered at Shikhin and pottery vessels of limited distribution. The chemical
composition of one of these wasters, the warped handle of a storage jar, is given in Table 3,
Column 2. Comparison of these data with those of Shikhin 1 (Table 3, Column 1) shows a
close match. Additional evidence for the site-specific provenance of this group is provided in
rabbinic texts of the Roman period (Adan-Bayewitz and Perlman, 1990). A provenance at
Nahif could be suggested for the Nahif group, whose composition is shown in Column 3, on
the following evidence. Two pottery kilns were unearthed in archaeological excavations at
Nahif which shows that pottery was made at that site. Second, storage jars of distinct form and
decoration were the most common single vessel type recovered in the excavations of these
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kilns (Vitto, 1986); and all six analyzed storage jars of this type from Nahif match in chemical
composition.

For two other compositional groups, (i.e. Storage jar 1 and the Gamla storage jars),
reference material was not available and the only indication of the source of this pottery was
limited evidence on the distribution of the vessel types, the three pieces of Storage jar 1 were
all found in the same vicinity (Table 2), and the Gamla storage jars are the most common
storage vessels in early Roman contexts at that site. It was thought that identification of the
soil materials and the nature of the temper added for the manufacture of each of these wares
might enable the assignment of a relatively limited procurement area for the raw materials used
to make these two compositional groups, and also shed further light on the manufacture of the
Shikhin and Nahif groups.

MICROMORPHOLOGY

The thirteen analyzed storage jars could be assigned to five distinct micromorphological
groups based on the soil types from which the vessels were made.

1. The Grumusol group (Vertisols) includes samples 327, 378 and 547. This soil type
commonly occurs in the valleys of Galilee. The intensive shrinking and swelling of this soil
material requires the addition of a large amount of temper to make it more suitable for
pottery making. This temper was added in the form of calcareous material of Eocene chalky
origin which occurs in the vicinity of Shikhin (Sample 378, Fig. 2a), or Miocene lacustrine
calcareous material mixed with chalk, occurring in the eastern Lower Galilee (sample 327).
Sample 547, a storage jar waster, was subjected to very high temperatures resulting in: (a)
numerous very large vesicles, and (b) zones with strongly oriented clay fabric similar to
sediments subjected to diagenesis; the oriented clay shows striated orientation and wavy
patterns.

2. The basalt-derived Grumusol group (Chromoxererts) includes sample 535. This soil type
occurs in the southern Golan. A very large amount of calcarcous temper (i.e. about 50%)
was added for the manufacture of this group despite the many basalt fragments found in the
soil material which act as natural temper (Fig. 2b). The combination of the smectite clay
mineral with a large amount of iron oxides probably necessitated large amounts of temper.
It is noteworthy that no temper was added in the manufacture of cooking ware from basalt-
derived soil material (Adan-Bayewitz and Wieder, 1992).

3. The Terra-Rossa group (Rhodoxeralfs; Xerochrepts). Most of the moderately deep soils that
developed on hard limestone or on dolomitic limestone in the Galilee are Terra-Rossa soils.
These soils contain a large amount of silt-size grains from airborne dust. The microfabrics of
these soils show some variation according to depth and lithology and these can be
considered as subgroups. On hard limestone red Terra-Rossa soils develop with kaolinite as
the dominant clay mineral, while on dolomitic limestone reddish brown Terra Rossa soils
develop with smectite as the dominant clay mineral (Koyumdjisky, 1972). Ceramic
manufacture depends much on the occurrence and ratio of these two minerals.

Samples 33 and 52 represent the former case (kaolinitic Terra Rossa; micromorphological
group 3a), with a very small amount of added calcareous temper. Near Kefar Hananya in
the Hananya Valley a rare Lower Cretaceous outcrop occurs. The limestone residue of this
geological formation releases the kaolinite found in this soil material. It is noteworthy that
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Fig. 2. a) Microfabric of pottery sample
378, of the Grumusol group, showing silt-
size grains and Foraminifera fossils. b)
Microfabric of pottery sample 535 showing
basalt fragment and calcareous temper.

¢) Microfabric of pottery sample 310
showing large sand grains. d) Soil nodules
(the dark zones) characteristic of the
Grumusolic Terra Rossa group e)
Microfabric of pottery sample 34, of the
Rendzina group, showing microcalcites
dispersed in the plasma.

cooking vessels prepared from soil material from the vicinity of Kefar Hananya do not
contain added temper (Adan-Bayewitz and Wieder, 1992).
Samples 305 and 307 represent the latter case (smectite-rich Galilean Terra Rossa;
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micromorphological group 3b), with a larger amount of added temper, including both
calcareous material and a small amount of sand from the central coast of Israel. Smectite-
rich Terra Rossa soils commonly occur throughout the Galilee.

4. Grumusolic Terra Rossa group (Vertic Rhodoxeralfs). These are deeper soils occurring on

the lower part of slopes. The high deposition rate of the soil material has prevented the
development of typical Grumusol soil. The smectite clay mineral is dominant, however, and
this soil material therefore requires added temper for pottery making. Both calcareous
material and sand were added to this soil for the manufacture of storage jars. Samples 310
and 311 are characteristic of this group: Sample 310 contains less calcareous material but
more sand (Fig. 2¢) while sample 311 contains more calcareous material and less sand.
Furthermore, soil material appears as small nodules that contain only silt-size grains (Fig.
2d), was also added to the material used to make this group. This soil, apparently added to
improve the quality of the raw material, may have come from the vicinity of the kaolinite-
rich Lower Cretaceous outcrop mentioned above. Samples 306 and 309 that are classified
with this group also contain such nodules.
The microfabric of the pottery specimens to which calcareous material and sand were added
is similar to the Brown Grumusolic soil type that occurs in the semiarid area of southern
Isracl. Grumusols of the Sharon region along the central sea coast of Israel (about 45 km
southwest of Shikhin) to which a small amount of calcareous material is added are quite
similar as well. Distinguishing between these different materials presents a considerable
challenge to the soil micromorphologist for it is necessary to become familiar with all the
soils of the area when evaluating the relationship between ancient pottery and soil materials.
The microfabric of pottery made from Terra Rossa soil material includes very large
limestone fragments with opaline silica inclusions as characteristic features of this soil
material. Brown Grumusolic soil material, on the other hand, does not include limestone
fragments. The sand grains in the pottery, however, are similar to sand grains from the
central coast of Israel. It is likely, therefore, that the small amount of added sand was
brought to the Galilee.

5. The Rendzina group (Rendolls). Characteristic of the Rendzina soils of Isracl are fine
microcalcite grains dispersed within the plasmic fabric (Fig. 2¢). This soil is suitable for
pottery making providing that it does not contain too much calcareous material. The
carbonate in the soil material acts as natural temper. Sample 34 represents this group. The
Lower Cretaceous outcrop in the Hananya Valley is partly soft limestone upon which
Rendzina type soil locally appears. These soils are very similar to Terra Rossa soils
developed on hard limestone of the Lower Cretaceous, the two differing mainly in
calcareous material content.

THE RELATIONSHIP BETWEEN SOIL TYPES AND TEMPER

The amount of temper added to soil material for the manufacture of the Galilean and Golan
storage jars of the Roman period was found to depend on the properties of the individual soil
material. The greatest amount of temper, in the form of calcarcous material, was added to the
Grumusol soil types particularly Grumusols developed on basalt. Storage jars made from Terra
Rossa soils had less temper when kaolinite was present in the soil and more temper when
smectite was the dominant clay mineral. Vessels made from Grumusolic Terra Rossa and
smectite-rich Terra Rossa soils contained two kinds of added temper, sand as well as
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calcareous material. Both types of temper were apparently needed and were added in varying
proportions. Finally, additional temper was not needed in storage jar manufacture from
calcareous Rendzina soils.

The common cooking pots of this region and period, in contrast with the storage jars, do
not contain added temper; the rock fragments and silt-size quartz grains naturally present in the
soils used to made these cooking wares serve as natural temper, preventing cracking from
shrinkage, and additional temper was not needed (Adan-Bayewitz and Wieder, 1992).
Differences in the functional requirements of these wares, and the fact that Galilean and Golan
cooking and storage wares of known provenance were made by different manufacturers using
different raw materials (Adan-Bayewitz and Perlman, 1990), may help to explain these
different tempering practices. This topic warrants further study, however.

It should also be noted that the intended primary function of the storage jar may have
influenced tempering practices. Jars used as containers for olive oil, for example, may have
required a different kind of temper than those used for wine, while a different fabric, perhaps
requiring little or no temper, may have been adequate for solid foodstuff such as grains and
legumes (Landgraf, 1980, p. 80). Storage jars were often reused, however, so the relationship
between the fabric and the function of these vessels is not easily investigated, even when the
contents of a jar are preserved or are otherwise attestable (Adan-Bayewitz and Perlman, 1990,
p. 171).

THE PROVENANCE OF THE STORAGE JARS

Identification of the soil types used to make the Gamla storage jar and Storage jar 1
compositional groups makes it possible to suggest raw material procurement areas for these
two pottery compositional groups. The basalt-derived Grumusol soil material
(micromorphological group 2) from which the Gamla storage jars were made occurs in the
southern Golan, in the vicinity of Gamla, while the calcareous temper added in large quantity
to this soil material is also available in the same area. It should be noted that the large quantity
of added calcareous material dilutes considerably the abundances of all measured chemical
elements (except for calcium) in the Gamla storage jar group.

The three vessels of the Storage jar 1 compositional group were made from kaolinitic Terra
Rossa (micromorphological group 3a) or Rendzina (micromorphological group 5), which are
two very similar soils that differ mainly in calcareous content. These two similar materials
cannot be separated by neutron activation analysis. A source, in the vicinity of the Lower
Cretaceous outcrop near Kefar Hananya, can be suggested for both soil types.

Micromorphological analysis has also shed light on the ceramic resources used to make the
Shikhin and Nahif pottery compositional groups. Grumusol soils, occurring in the valleys of the
Galilee, along with added calcareous temper, also locally available, served as raw material for
the Shikhin group.

The vessels of the Nahif compositional group were all made from the same parent material,
Galilean Terra Rossa (micromorphological group 3b) and Grumusolic Terra Rossa
(micromorphological group 4), both of which contain smectite as the dominant clay mineral.
Additional s0il material added to some of the Nahif jars may have come from the vicinity of the
Lower Cretaceous outcrop near Kefar Hananya. Micromorphological analysis has shown that
all storage jars of this compositional group contain as added temper both locally available
calcareous material and a small amount (about 1 - 5%, except for sample 310 which contains
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about 15%) of quartz sand from the central coast. Both of these added materials are essentially
sterile to neutron activation analysis. This practice of adding marine sand as temper was found
to distinguish the Nahif compositional group from all other analyzed storage jar compositional
groups of the Galilee and Golan. This evidence from thin-section analysis, therefore, further
supports the archaeological and compositional evidence for a distinct manufacturing center for
this group.
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ABSTRACT

Stoops, G., 1994. Soil thin section description: higher levels of classification of microfabrics as a tool for
interpretation. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in
Management and Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia,
July 1992. Developments in Soil Science 22, Elsevier, Amsterdam, pp. 317-325.

The current internationally accepted systematic terminologies for soil thin section
descriptions are restricted to the lowest fabric members. Comparing and evaluating these
descriptions is difficult and time consuming. Therefore a need is felt for a classification of
higher levels of soil fabrics. In this paper an attempt is made to develop a higher level
classification.

The nature of the constituents, comprising both the mineralogical composition (e.g. a
granitoidic mineral association) and its geological origin (weathering residuum, alluvium) is the
first of the three basic criteria used. A second is grain size distribution (as evaluated in thin
sections) which is related to parent material, weathering stage, classification and fertility of the
soil. Similar classes are necessary for organic material when dominant. The third, but most
important criterium are the features (including both pedofeatures and fabrics of the
groundmass), grouped in significant natural combinations, called "formations”. Features which
occur as an overprint on those of the main genetic processes form a "syndrome”. The relative
importance of these criteria depends upon the type of soil material. Additional characteristics
are expressed as "phases". Based on these criteria types of soil material are named using
specific composed terms.

It is not possible to classify all soil materials in a simple system, but it is believed that the
most important and most frequent materials can be easily characterized this way.

INTRODUCTION

During the short history of soil micromorphology, two different ways of thin section
description have been promoted: a morphoanalytical and a morphogenetic (Stoops and
Eswaran, 1986).

The morphogenetic system of Kubi€na (1948, 1953) is more synthetic than analytic for it is
based upon some specific aspects of the groundmass and other selected features. In this system
a name is given to the whole fabric (e.g. Rotlehm, Braunlehm, Braunerde, Iwatoka Rotlehm,

* Publication n°92/050 of the International Training Centre for Post Graduate Soil Scientists, Gent.
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Moder, Mor). This name reflects, in the opinion of Kubiéna, the position of the material in his
evolutionary genetic system. The system, therefore, can be applied only to a limited number of
soil materials described in the works of Kubiéna (mainly temperate and some tropical soils, but
not arid soils). The use of these terms directly implies a unique genetic interpretation, which
may or may not correspond to the ideas of the user and to reality. For these reasons, the
system has not been used since the end of the sixties.

In a morphoanalytical system, in contrast, the fabric of the soil is analyzed, starting from its
lowest level, i.e. dealing with the basic components of the soil such as mineral grains, clay
matrix, plant remains, nodules and coatings. Examples of such systems are those of Kubi€éna
(1938), Brewer (1964), Bullock er al. (1985), FitzPatrick (1984) and partially Brewer and
Sleeman (1988). A description made according to these systems gives a simple enumeration of
morphological characteristics that appear unrelated in many cases. Such descriptions are time
consuming and frustrating, both to prepare and to read, and therefore lessen the impact of
micromorphology in soil characterization and classification. These systems, however, have
been an essential step in the development of more synthetic micromorphological systems and
will remain necessary for a complete fabric analysis of known materials, and for the first
analysis of new materials.

As mentioned before, the existing morphoanalytical systems deal with the lowest level of
classification of soil fabrics and were most useful for genetic purposes (including the study of
the impact of cultivation and soil management on fabric). They are also useful in providing
insight into the diversity of soil materials and into the relation between some specific features.
It is now an opportune time to establish higher levels of classification, thus allowing soil
scientists to characterize the essential micromorphological aspects of a soil thin section by a
few terms, rather than by lengthy description. This can be compared to the difference between
describing a profile horizon by horizon, or by giving it a name according to an accepted
classification system. Care should be taken, however, to make such a micromorphological
classification morphosynthetic and not morphogenetic, although genetic considerations may be
used in elaborating it. A first attempt to such a system was proposed by Brewer (1964) in his
basic structure, but it did not become popular as it consists merely of an accumulation of terms
of the lowest level of classification (e.g. channeled agglomeroplasmic s-matrix). For the same
reason, and because of the complicated artificial terminology, a new attempt (Brewer, 1983
and Brewer and Sleeman, 1988) has met with limited success.

In this paper an attempt is made to propose principles for a higher level classification of soil
microfabrics and a few examples are used to illustrate this. The units for this type of
classification should not be an enumeration of observations, rather it should represent the
concept of "Gestalt" (i.e. the configuration of phenomena so integrated as to constitute a
functional unit with properties not derived from the summation of its parts of that soil
material). It should be emphasized, however, that this is only a first approximation, which
probably will be developed and refined later. The system has to be elaborated separately for the
different soil materials that need to be distinguished and it should be sufficiently flexible to
include new data. It, therefore, cannot be comprehensive from the beginning. The main
objective of this paper is to open a discussion on this topic. All names used in the examples are
therefore tentative.

Apart from a function in communication, the system is also a tool to assist observation for it
creates the need to recognize systematically the relationship between different features and
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other fabric elements, not only on the scale of a thin section, but on the scale of a worldwide
variety of soils.

CRITERIA OF CLASSIFICATION

Although micromorphology as such deals only with morphology, including fabric, it is clear
that composition plays an important role in distinguishing different soil materials also, e.g. in
the case of a calcic or gypsic horizon. Therefore this classification should be considered as
micropedological, rather than purely micromorphological.

According to the experience gathered at the International Training Centre for Post Graduate
Soil Scientists in Gent (Belgium), three factors dominate the micropedological aspects of a
soil: grain size distribution, nature of the constituents and features (including both
pedofeatures and fabrics of the groundmass). Which one is dominant depends upon the type of
soil material. This situation is comparable to that of Soil Taxonomy where some soils are
grouped according to climate (Aridisols), others according to diagnostic horizons (Alfisols),
others according to the epipedon (Mollisols) and still others according to parent material
(Andisols).

Grain size distribution

The importance of grain size distribution in soil fabric has been emphasized by Eswaran and
Banos (1976) in their paper on related distributions. According to our experience the
micromorphological expression of an argillic horizon will be quite different in a sand than in
loam or clay material. The same is true for the spodic horizon, which does not occur in clays,
and the oxic horizon, which does not exist as such in sands.

Essentially five types of grain size distribution should be taken into account: gravel, sand,
silt, clay and loam. An additional one reflecting the reality of specific soils can be added also
viz. "loess".

Gravely, sandy, silty and loess-like materials are characterized by the presence of a
microscopically visible, inherent microporosity, resulting from the packing of the grains (simple
packing pores), which makes them different from the other materials (loam, clay), in which
such a porosity does not exist.

The large inherent porosity in coarse sand and gravel may give rise to special fabrics. The
introduction of a gravel class is necessary because it quite often contains specific features, such
as gypsum or calcite pendants, or clay cappings.

Estimation of textural classes in thin sections involves identification of the grain size,
frequency and sorting. A material will be considered as sandy or silty when the majority of the
grains is respectively larger or smaller than 50 um, and simple packing voids are preserved.
The term clay refers to materials mainly composed of particles not recognizable as individuals
in thin sections; packing pores are not visible. Loam is used to indicate mixtures of sand, silt
and clay with no simple packing pores visible. The term loess will be used here to indicate a
very well sorted material of coarse silt or fine sand size, with simple packing pores, either of
eolian origin or not. For the gravel it is of primary importance that packing pores should not be
filled by finer particles and in the latter case terms such as gravely sand, gravely loam ezc.
should be used. Special textural classes, for micromorphological uses only, are suggested in
Fig. 1. This may not be completely satisfying to all workers but a more suitable proposal can
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Fig. 1. Proposed textural classes.

only be obtained after a systematic, and probably experimental study of the relationship
between textural classes and microfabrics.

Tentatively, sand, silt and clay could be delimited according to the U.S.D.A. wriangular
textural diagram: "sand" would correspond then to sand, loamy sand and sandy loam, "silt" to
silt and silt loam, and "clay” to clay, all the other classes being grouped as "loam". According
to the 1.S.S.S. system "sand" would correspond to sand, loam sand, sand loam and loam, "silt"
to silty loam and silty clay loam and "clay" to heavy clay.

The grain size classes refer essentially to the actual groundmass of the soil. For example, a
soil material will be called sandy, even if all packing voids are filled by illuvial clay, newly
formed calcite or amorphous organic material. This means that pedofeatures are not taken into
consideration and this approach implies the adoption of a genetic interpretation from the
beginning. Textural classes as described will therefore, in many cases, not always correspond
to the textural classes determined on bulk samples by routine methods.

Nature of the constituents

This item deals essentially with the nature of the groundmass, especially that of the coarse
material. Several criteria have to be taken into consideration: the mineralogical nature of the
constituents, their relationship to rock types and their origin (e.g. eluvium of magmatic or
metamorphic rocks, colluvium or sedimentary material).
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As far as mineral grains and rock fragments are considered, the following scheme is
proposed :

Monomineralic: The name of the mineral is given in its adjective form such as quartzitic,
calcitic, vitric. Example: quartzitic sand in the E horizon of a Podzol, vitric silt in an
Andisol.

Mineral associations: In weathering profiles, or colluvia, or alluvia derived from a single
geological material, specific mineral associations may be observed: e.g. granitoidic, (quartz,
alkali-feldspar, biotite and/or muscovite, a few grains of zircon and tourmaline). Other
examples are gneissic (similar to granitoidic, except for the type of quartz and fabric),
dioritoidic, gabbroidic, phyllitic, andesitic (see textbooks of petrography). Combinations of
associations are also possible, e.g. granitoidic-vitric. A distinction between grains derived
from metamorphic and from plutonic rocks is not always easy, nor relevant. The names of
large groups of plutonic rocks (e.g. granitoid) seem therefore the most suitable to use
(terms according to Streckeisen, 1976).

Polymictic: a mixture of minerals of different origin. Within this class it is useful to distinguish
between a calcareous and a non-calcareous subclass, based on the presence of carbonaceous
minerals in the dominant size fraction.

Three classes of weathering are proposed: (i) strongly weathered when only quartz and
more resistant minerals are preserved; (i) moderately weathered when the most unstable
minerals (e.g. calcite) have disappeared, the metastable minerals show evidence of weathering;
and (iii) fresh when minerals show practically no chemical weathering.

The origin of the material may result from in sifu weathering, indicated by the prefix orthic
(e.g. moderately weathered orthic dioritoidic sand, i.e. a sand composed of quartz, partly
weathered plagioclases and amphiboles or pyroxenes), or transported, indicated by the prefix
anorthic (e.g. a fresh anorthic granitoidic sand means a sand composed of unweathered but
transported grains of quartz, alkali-feldspar, biotite and/or muscovite).

In a similar way different types of organic components can be distinguished on the basis of
structure and degree of humification.

Features

The concept of features, as used here, includes both pedofeatures and fabrics of the
groundmass. In principle, these ideas can be expressed in two ways; single features or
significant combinations of features. In order to reduce the number of variables in descriptions
the latter has been adopted for this is also closer to the aim of expressing the "Gestalt” of the
material. Such a combination of features is called a "formation" (i.e. a persistent body of soil
with a common genetic background). Formations are defined both by a combination of features
present, and by their degree of development. In many cases, the latter can be indicated by the
prefix eo- (early, i.e. weakly developed), no prefix (normal development), hyper- (strongly
developed) and holo- (the soil material consists practically only of the feature or combination
of features). Quantitative limits have yet to be elaborated. Two examples help to illustrate this.
In the first an eocalcic horizon represents the first stage of pedogenic calcite precipitation in a
soil material - a loamy material with calcite hypocoatings and diffuse impregnative nodules are
observed and the soil material mostly has a channel or vughy or weakly pedal microstructure.
The second example is a beta-argillic formation (observed in beta-horizons, Bartelli and Odell,
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1960) which has, typically, a channel microstructure, important coatings of limpid strongly
oriented fine clay, that is undisturbed by stress and locally has more organic-rich illuviations.

Whereas the type and degree of development of features determine the formation, their
specific characteristics determine the subformations. For example, an eogypsic formation in
loamy materials comprises the early stages of gypsum deposition in a soil which is
characterized by gypsum infillings in voids (mainly channels). The material has mostly a vughy,
channelled or weakly developed pedal structure. Due to biological activity some of the infilling
material may be mixed with the groundmass since isolated gypsum crystals may be observed in
the groundmass. The morphology of the infillings determines the subformation such as
lenticular (loose, lenticular gypsum crystals) or petric (compact xenotopic gypsum infillings)
(Stoops and Poch, 1994).

For each formation and subformation a typic description has to be made of the typic
features or combinations of features; atypic features, such as the presence of biocalcite in an
eogypsic horizon, are not part of its definition. If observed frequently, an additional
subformation could be made.

Features which occur as an overprint on those of the main genetic processes are called a
syndrome. This term was used by Buol and Eswaran (1978), but in the meaning comparable to
"formations” in this paper. A common example of a syndrome is the hydromorphic one such as
an argillic formation (coatings and infillings of strongly oriented fine clay) with an eoaquic
syndrome  which means that some manganese hypocoatings and diffuse nodules are
superposed on the fabric, and that the chroma of the groundmass is not affected by reduction.
Another example is that of the holoargillic formation (all pores filled with illuvial clay) where a
vertic syndrome is quite often observed, shown by the stress deformation of the coatings and
infillings, and a well developed striated b-fabric in the groundmass.

When the relative importance of two or more superposed processes cannot be separated
clearly, different authors will provide different names, depending on which association of
features is considered as determining the formation and which belongs to the syndrome. In
such cases the choice will be influenced by the experience and interest of the describer. One
must be aware that only a perception of reality is provided. Later it may be necessary to add a
key (e.g. argillic keys out before hydromorphic).

Other characteristics

This new system makes it possible to express, in a relatively short way, a number of
micromorphological aspects of the soil. The system can be extended in future by adding criteria
to express other properties besides those implicit in the name, e.g. the degree of pedality,
relative importance of constituents compared to adjacent horizons, intensity of processes etc.

TERMINOLOGY

As mentioned earlier, the classification systems takes into account the following elements in
order of importance: features, grain size distribution, composition and other criteria.

The features determine the formations, subformations and eventually the syndromes which
result from pedogenic processes. For the same process different formations can be
distinguished, depending upon the degree of evolution. For example, eogypsic (< 10%
gypsum), gypsic (10 - 60%), hypergypsic (60 - 90%) and hologypsic (> 90%) (Stoops and
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Characteristics Name and level

thin clay coating eoargilic formation

——— impregnative nodule  eoaquic syndrome
of Iron hydroxides
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Fig. 2. Example of a loamy (texture), quartzic (phase), microlaminated (subformation)
eoargilic formation with eoaquic syndrome.

Poch, 1994). In a similar way eoargillic, argillic, hyperargillic and holoargillic can be
recognized (compare for instance with classes of clay illuviation proposed by Miedema and
Slager, 1972). The subformations are determined by specific characteristics of the features, e.g.
in the case of gypsic the crystal morphology and in the case of argillic by the internal fabric
and/or mineralogy of the illuviation features.

Features of a relatively less expressed or superimposed processes are introduced as a
syndrome though in theory practically all formations can be syndromes also. For example,
hydromorphic features reflecting the main pedological processes active in a material will be
called a formation; the same features occurring as an overprint on clay illuviation features are
considered as a syndrome. The same criteria and terminologies are used in both cases, e.g. an
eoaquic (syndrome) argillic formation (Fig. 2). Conflicting situations may arise when both
processes interact such as when an argillic formation in strongly hydromorphic conditions gives
rise to a fabric which is much more than just a superposition of mottling over clay illuviation.
In this case a specific hydrargillic formation has to be considered.

The grain size distribution determines the texture as the impact of a process can be quite
different depending upon the texture of the parent material. For example, in a sandy or gravely
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eoargillic formation the illuviated clay occurs only as grain coatings but in a loamy eoargilic
formation it can occur as pore coatings only.

The composition of the material determines the phase. In many cases the phase may seem
less important to many soil scientists, but such a view is countered by the following example. A
gabbroidic (phase), sandy (texture), eoargillic formation compared to a quartzic, sandy,
eoargillic formation will have a much higher nutritive reserve, and most probably a different
genesis. In the first case, clay may be formed in the profile by weathering of plagioclases and
pyroxenes. In the second case, clay must be supplied from another source.

CONCLUSIONS

The outline of a higher level classification system for micromorphological aspects of soil
materials is presented. The system is based mainly on three criteria: features, resulting from
the principal active pedogenic processes which determine the formation and subformation;
grains size distribution of the parent material which determines the texture; and composition of
the detrital material which determines the phase. Features of less pronounced processes
appearing as an overprint on the fabric are called syndromes.

The author is aware that this proposal is a first approximation and requires considerable
discussion and testing. Formations and subformations are yet to be defined and a concise
description of the (combination of) features is required. This future research must take into
account the texture from a wide range of soils from all over the world. In particular an
adequate terminology has yet to be developed for humus materials.

It is not possible to create from the beginning an all encompassing classification of all
materials, and it is questionable if this is even necessary, since it would complicate the system.
If the majority of soil materials can be classified using this new system it will be a great help to
soil science. Moreover, the author is convinced that the elaboration of such a higher level
classification of microfabrics of soils will not only contribute to easier description, comparison
and classification of soil materials, but also to more systematic study and cataloguing that will
serve micromorphology and soil science in general. "Language is indeed the first step in
scientific endeavour" (Nietzsche).
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ABSTRACT

Stoops, G. and Poch, R M., 1994, Micromorphological classification of gypsiferous soil materials. In: A.J.
Ringrose-Voase and G.S. Humphreys (Editors), Soil Micromorphology: Studies in Management and
Genesis. Proc. IX Int. Working Meeting on Soil Micromorphology, Townsville, Australia, July 1992,
Developments in Soil Science 22, Elsevier, Amsterdam, pp. 327-332.

The present approach to soil thin section description, based on a morpho-analytical study,
deals with the lowest level of classification of materials, i.e. with the basic components of the
soil and their fabric. The relation of such descriptions to soil characterization and classification
is difficult and therefore a higher level of classification, using a more morpho-synthetic
approach, is necessary to obtain insight into the diversity of soil materials and in the
relationships between some specific features. An application of these new concepts to
gypsiferous soils is presented.

The micromorphological characteristics of gypsiferous soil materials have several features in
common which often appear together and can be related to genetic, climatic and plant growth
conditions. For these reasons an attempt has been made to classify the materials in terms of the
proposed criteria.

Initially, materials are classified according to their volumetric gypsum content. A further
subdivision depends on the shape and appearance of gypsum and the composition of the
micromass. The main crystal habits of gypsum in the soil (lenticular, fibrous, microcrystalline)
and the degree of intergrowth are taken into account. Finally the particle size class and
hydromorphic or decarbonation features are also considered.

INTRODUCTION

This paper is an example of the classification of microfabrics of Stoops (1994), applied to
soils with gypsum.

The process of gypsification, or progressive enrichment of gypsum in the soil, has been
recognized as such by several researchers (Barzanji and Stoops, 1974; Herrero et al., 1992),
consisting of the crystallization of gypsum in pores and subsequent mixing within the gypsum-
free groundmass. This process gives rise to soil materials with increasing amounts of gypsum
showing characteristic fabrics, depending on the particle size distribution and structure
characteristics of the host material. The last stage consists of horizons made almost completely
of sand-sized lenticular gypsum crystals, which correspond to hypergypsic horizons (ICOMID,
1989; Eswaran and Zi-Tong, 1991). In other cases, when the soils are formed on gypsum rock,
in margins of playa-like enviroments or in some gypsum desert crusts another type of
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Table 1.
Micromorphological classification of gypsiferous materials.
Formation Subformation Phase Syndrome
Eogypsic lenticular calcareous decarbonated
petric non-calcareous hydromorphic
fibrous
Gypsic lenticular
petric id. id.
fibrous
Hypergypsic lenticular
petric id. id.
microcrystalline
Hologypsic lenticular
microcrystalline
petric

Texture: sand, silt, loam, clay, gravelly.

hypergypsic horizon consisting mainly of silt-sized microcrystalline gypsum may occur
(Warren, 1982; Watson, 1988; Herrero et al.,, 1992). Higher degrees of crystal intergrowth
leading to cementation, decarbonatation of the gypsum-free groundmass, or hydromorphic
features are phenomena frequently encountered in these materials.

The micromorphological classification presented here takes into account all of these factors
in a hierarchical way, classifying them into formations, subformations, texture and phases.
Other processes recognized as overprints are designated as syndromes.

THE CLASSIFICATION SYSTEM

The proposed classification system is summarized in Table 1 and additional details are
presented below.

Formations

Materials (whole thin sections or parts of it) are first classified into formations according to
their gypsum content, since this is a parameter that is associated with other characteristics. The
presence of gypsum restricts the range of possible formation processes of soil to certain
genetic conditions and it constitutes a major constraint for plant growth. Furthermore it can be
correlated with the results of chemical analyses.

The indicated percentages of gypsum are given in volume, i.e. surface estimations over the
area of the thin section occupied by solid material. It is a direct estimator of the bulk content of
gypsum in the soil.

Eogypsic gypsum content <10%
Gypsic gypsum content 10-60%
Hypergypsic gypsum content 60-90%

Hologypsic gypsum content >90%
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The criteria for these limits are:
10%: A smaller content is considered not to affect the plant growth.
60%: Limit for the Hypergypsic Horizon (ICOMID 1989) although it is referred to as a weight
percentage by that committee.
90%: Separates hypergypsic materials from pure gypsum crusts.

Subformations

Subdivision of formations depends on the morphology of the gypsum.

Eogypsic:
Lenticular:
Petric:
Fibrous:

Gypsic:
Lenticular:

Petric:

Fibrous:

Hypergypsic:
Lenticular:

Petric:

Microcrystalline:

Hologypsic:
Lenticular:

Microcrystalline:

Petric:

Infillings and/or coatings of loose lenticular crystals, coarse to fine
sand in size; occurs in channels and chambers or as poikilotopic
aggregations of gypsum and sand (Fig. 1a).

Infillings of pores by xenotopic/hypidiotopic gypsum intergrowths
(Fig. 1b).

Fibrous gypsum (satin spar) occurs as continuous infillings in planar
voids (mainly in clayey soils).

Idiomorphic/hypidiomorphic lenticular gypsum is found in channels,
chambers and fissures, as infillings and/or coatings, and also in the
groundmass; irregularly distributed. Some regions of the groundmass
may show isles fabric (Herrero et al., 1992) ie, fragments of
groundmass, deformed by biological activity, completely surrounded
by loose gypsum. Gypsum crystals often have a crescent, bow-like
distribution. Nests of celestite needles may be found (Fig. 1c).

As above, but with xenotopic/hypidiotopic crystal intergrowths. In the
case of gravels they may form pendants of xenotopic lenticular gypsum
“in palisade” (Fig. 1d).

As for eogypsic (Fig. le).

As for Gypsic, but isles fabric (Herrero et al., 1992) more developed.
Microcrystalline gypsum (silt size) may be found as nodules or
infillings (Fig. 2a).

As for gypsic, but with more gypsum. Microcrystalline gypsum may be
present as nodules or infillings (Fig. 2b).

Silt-sized microcrystalline gypsum constitutes most of the thin section,
appearing as faint yellow masses in PPL and almost isotropic in XPL.
The isotropic quality is due to the presence of low amounts of very fine
dispersed insoluble material and to the superposition of the smail
crystals (Fig. 2c).

Sand-sized lenticular gypsum, idio- or hypidiotopic, predominant in the
thin section (Fig. 2d).

Silt-sized microcrystalline gypsum predominant (Fig. 2e).

Gypsum crystals, mostly sand size, are hypidio- or xenotopic, forming
frequent intergrowths (Fig. 2f).
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Fig. 1. a) Lenticular Eogypsic, loam, calcareous (Spain); b) Petric Eogypsic, loam, calcareous
(Spain); ¢) Lenticular Gypsic, loam, calcareous (Spain); d) Petric Gypsic, loam, calcareous,
decarbonated syndrome (Syria); and e) Fibrous Gypsic loam, non-calcareous (Egypt). Frame
length 10.3 mm.
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Fig. 2. a) Lenticular Hypergypsic, sand, calcareous (Spain); b) Petric Hypergypsic, non-
calcareous (Syria); ¢) microcrystalline Hypergypsic, sand, calcareous (Spain); d) Lenticular
Holoypsic, sand (Syria); e) Microcrystalline Holoypsic, loam (Spain); and f) Petric Hologypsic
(Syria). Frame length 10.3mm.
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Texture

The nomenclature for texture classes as suggested by Stoops (1994) may be applied. It can
be used for the groundmass in the case of eogypsic and gypsic, and for a whole range of
materials, including gypsum crystals, in hypergypsic and hologypsic types. It gives a better
approximation to field texture than laboratory results. Moreover, in these cases an indication
of the texture of the gypsum-free material would not have any meaning.

Especially in the eogypsic and gypsic materials, a clear difference can be observed between
clayey and loamy texture at one side and sandy at the other. In the former gypsum crystallizes
in the biopores forming rather pure crystals, whereas in the latter larger crystals are found in
the packing pores, often enclosing the sand grains (poikilotopic crystals).

Phases

Calcareous: The gypsum-free groundmass consists of a mixture of micritic calcite,
clay and silt. The coarse elements are often polymictic.
Non-calcareous:  Micritic calcite is missing.

Syndromes (tentative)

Hydromorphic: Nodules, hypocoatings or punctuations of Fe-oxihydroxides,
intercalations or hypocoatings of Fe-depleted groundmass.
Decarbonated: CaCOj-depleted patches of groundmass, as intercalations or

hypocoatings, showing stipple-speckled or granostriated b-fabric.
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ABSTRACT

Delvigne, J.E., 1994. Proposals for classifying and describing secondary micro-structures observed within
completely weathered minerals. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
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A specific and concise terminology does not exist for describing, at the scale of the optical
microscope, the micromorphology of secondary structures derived from complete weathering
of primary minerals in the weathering mantle. Some attempts have been made to classify
partly-weathered mineral structures in which both residual and supergene products are
considered. Such classifications, however, remain unsatisfactory. To fill this gap, the author
proposes a coherent series of new terms composed from Greek and Latin roots commonly
used in Earth Sciences. Definition, description and explanation of proposed terms are given
and illustrated by some natural examples of weathering structures.

The author proposes the replacement of the formerly used, ambiguous and restrictive word
pseudomorph by the more general and broader term alteromorph. Subclassifications are made
according to geometrical criteria based on the extent of preservation of the original shapes.
The alteromorphs are subdivided into iso-, meso- and katamorphs, complemented by more
specific terms such as pseudo-, crypto-, echino-, and phantomorphs. According to increasing
importance of secondary intramineral voids, the alteromorphs are subdivided into holo-, poro-
and koilomorphs. The complementary distribution of voids and solid within the poromorphs is
responsible for their further subdivision into either, alveoporo-, phylloporo- and
retiporomorphs where the void distribution is the easiest key for classification or, into botryo-,
glomero- and septomorphs where the solid phase microstructure is responsible for the
differential criteria. Alteromorphs having complex mineralogy can be classified according to
genetic criteria into polygenic or polyphased alteromorphs. The term cumulomorph is
restricted to initially porous alteromorphs whose residual porosity is infilled by further
accumulated materials of allochtonous origin.

INTRODUCTION

The term pseudomorph is commonly used when a primary mineral, identified by its specific
shape, is replaced by a secondary mineral (or by an aggregate of secondary minerals) with
preservation of the characteristic shape of the former whatever the mineralogical and chemical
composition of the latter. According to the etymology of the term (from Greek yevdng =
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wrong, which is not what it seems to be, and nopen = shape) and according to the above
definition, the term pseudomorph should be used only when an automorphous (from Greek
0VTOG = own, particular, from it self) primary mineral, with characteristic and well developed
crystalline faces, is weathered and replaced by secondary material, with preservation of the
shapes and outlines of the automorphous primary mineral.

Automorphous (or euhedral) rock-forming minerals are generally very rare and their
weathering does not play an important role in the bulk rock transformation. Most primary
minerals exhibit poorly developed crystalline faces and their shapes are uneven and not
characteristic. These are Xenophormous minerals (from Greek Eevog = foreign). In most
cases, the use of the term pseudomorph is thus wrong, improper or excessive for describing the
secondary products derived from xenomorphous primary minerals. Under these conditions, it
is necessary to define a new terminology. On one hand, it should be strongly related to the
observed micromorphological structures and shapes and, on the other hand, it should be based
on generalities, particularities or restrictions capable of specification, in a concise and
unequivocal way. The micromorphological aspect of the internal secondary materials, whatever
their origin, complexity, history or later evolution is central to this. The aim of this paper is to
propose such a system of classification.

THE PRESERVATION OF SHAPES AND VOLUMES

The general term Alteromorph (from Latin alter = other and from Greek pop@n = shape) is
proposed for all cases of transformation of primary minerals into secondary products which
result in distinct bodies. They are limited by more or less conspicuous, generally inherited,
outlines and identified by recognizable internal microstructures and by specific mineralogical
content, whatever may be the extent of preservation of the original shapes and volumes. This
definition excludes forms and entities which are the result of the infilling of the genetically
independent external voids such as open fractures, vesicles and other voids of pedological or
biological origin.

Alteromorphs do not always exactly exhibit the shapes, sizes and volumes of the replaced
primary minerals (Fig. 1a). According to the preservation extent of these original features,
terms such as isomorphous, mesomorphous and katamorphous alterations were proposed
(Stoops et al., 1979). Using the same etymological roots and maintaining the content of the
definition given by these authors, three new terms are proposed :

Isomorph (from Greek 160¢ = similar, and popen = shape) (Fig. 1b) which corresponds to
the result of a transformation with preservation of external outlines and sizes of the primary
mineral or, at least, with modification imperceptible at the scale of the optical microscope. The
isomorphs are the main structural components of isalterites (Chatelin, 1974).

Mesomorph (from Greek pecog = middle) (Fig. 1c) where the general shape of the original
mineral is preserved but with modifications to its size in one, two or three dimensions. Non
equant modifications in one or two dimensions may introduce perceptible and measurable
deformations of the secondary structures. They are frequently observed in the weathering of
some groups of minerals such as, for example, the phyllosilicate group.

Katamorph (from Greek xoto = downward) (Fig. 1d) when the alteromorph is completely
distorted under the influence of external processes such as fracturing, dislocation, swelling and
shrinkage, dissemination, assimilation and pedoturbation. QOutlines are no longer clear nor
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continuous but the position of the original mineral is still recognizable. Katamorphs are
frequently observed in alloterites (Chatelin, 1974) and their importance increases towards the
pedological horizons.

SPECIFIC CASES

An additional four particular cases of alteromorphs are frequently observed whose patterns
are strongly related to this first level of classification. Four specific terms are proposed.

Pseudomorph (from Greek wevdng = wrong) (Fig. le) is a particular case of alteromorph
resulting from the isomorphous weathering of a euhedral mineral exhibiting well developed and
characteristic crystalline faces. Pseudocubic crystals of goethite after pyrite, or iddingsitized
euhedral crystals of olivine in a basaltic rock, are fairly common examples of pseudomorphs.

Echinomorph (from Greek ex1vog = urchin) (Fig. 1f) is a particular case of mesomorphous
weathering in which part of the secondary material, mainly smectitic clays, protrude outside the
original mineral outlines by infilling radiating intermineral fractures opened by internal swelling
of the secondary mineral phase. Infillings of nontronitic clays expelled outside an alteromorph
after pyroxene are commonly observed within the adjacent intermineral fractures.

Phantomorph (from Greek @ovtoouo = phantom, ghost) (Fig. 1g) is a particular case of
katamorphous weathering in which traces of secondary products or structures, with irregular
or diffuse outlines, are observed within a matrix with which they contrast by their colour,
density, crystallinity, shape or internal structure. The original limits are no longer recognizable
because they are progressively shaded off and assimilated by the surrounding matrix. Thread-
shaped or foliated relicts after micas or septaric structures after feldspars, wholly embedded in
an hematitic or gibbsitic matrix, commonly observed in old iron-crusts and bauxites, are good
examples of phantomorphs.

Kryptomorphs (from Greek xpumtelv = to hide, to mask, to conceal) result from an
assemblage of adjacent isomorphs whose individual original limits, although maintained, are no
longer clearly identified under the microscope, because all the primary minerals composing the
assemblage are weathered together into similar secondary minerals which do not exhibit
particular characteristic nor specific crystalline orientation. This case is frequently observed in
monomineralic and agglomeromineralic rocks but it appears also when different associated
primary minerals are weathered into the same secondary products: both olivine and pyroxene,
in a doleritic rock, can be replaced by iron oxihydrates alteromorphs and sanidine; plagioclase
and nepheline, in alkaline rocks, can be weathered into gibbsitic complex secondary structures
in which internal limits of each primary mineral component have become indistinct.

COMPLETE ALTEROMORPHS

The previous proposals by Stoops et al. (1979) and Bullock et al. (1985) are quite
satisfactory for describing partially developed alteromorphs (classes of alteration 1, 2 and 3) in
which recognizable primary mineral residues are still embedded within secondary products, but
these authors have not proposed a way of describing the completely developed alteromorphs
(class of alteration 4). The following new proposals are an attempt to fill this gap and to
facilitate the micromorphological descriptions of isalteritic and alloteritic weathered materials.
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PRIMARY MINERAL

Fig. 1 : Schematic sketches of the
most commonly observed secondary
microstructures formed in the wholly
weathered primary minerals.
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Alteromorphs exibit regular or itregular internal structures that are independent of the
degree of preservation of the shape and size of the original primary minerals. These structures
are closely related either to the dissolution processes, which determine the volumes of
secondary products and complementary secondary voids, or related to the internal patterns of
primary structures (fractures, cleavages, twinning, etc.) which influence both the weathering
progression into the primary mineral and the micromorphology of the secondary products.

The wholly developed alteromorphs can be classified, first according to the total volume of
the secondary voids whatever their distribution and organization and second, according to their
inherited or neoformed internal structures which control the complementary distribution of the
solid neoformed phase and the residual voids.

Holomorph (from the Greek o0Aog = whole, complete and popon = shape) (Fig. 1h)
corresponds to an alteromorph in which the volume of the secondary minerals is apparently
equal to the original volume of the replaced mineral. The volume of the secondary voids is not
discernible at the scale of the optical microscope and the secondary solid phase exhibits a dense
and homogeneous aspect. Holomorphs correspond generally to peripheral centripetal
weathering patterns in poorly cleaved and unfractured minerals. They form also when drainage
conditions do not cause lixiviation of the original soluble constituents. For example, complete
weathering of olivine or pyrite grains, and pyroxenes under low leaching conditions, induces
the formation of dense, non porous, holomorphs composed of iddingsite, goethite and
smectites respectively.

Koilomorph (from the Greek xolAog = empty, hollow and popen = shape) (Fig. 1j),
corresponds to an empty alteromorph, without any secondary mineral. It results from
weathering of a very soluble mineral (e.g. calcite) or by slow and congruent dissolution of a
less soluble mineral (e.g. quartz) exposed to intense leaching conditions. The external outlines
of koilomorphs are generally well preserved because they are composed of outlines of adjacent
mineral grains. Koilomorphs may contain small quantities of residual or newly formed minerals
corresponding to primary mineral inclusions or to insoluble impurities originally contained
within the solubilized host mineral.

Poromorphs (from the Greek ounopot = pores and popon = shape) (Fig. 1i) form a group
of alteromorphs, transitional between the two former extreme cases, in which the ratio of
discernible voids is important compared with the volume of newly formed minerals. This word
is used to introduce the next items, (Figs 1k-p). Depending on the complementary proportions
of the solid phase and included voids, poromorphs can be described either according to the
void pattern, if these are few or small within an important continuos solid phase, or according
to the solid phase pattern if its volume is smaller or equal to that of the voids.

Phylloporomorph (from the Greek @uAALov = sheet) (Fig. 1k): the volume of the voids is
somewhat smaller than that of the solid phase. The pores are elongated, planar and parallel,
continuous and their distribution is regular. They are very often interconnected with the trans-
and intermineral porosity and can consequently be filled up by allochtonous deposits. This
particular foliated microstructure is frequently observed either in weathered sheet silicates, or
in alteromorphs in which well oriented secondary smectitic clays are the main constituents.
This kind of porosity can also result from the artificial shrinkage of a foliated secondary phase
during the preparation of the thin section.

Alveoporomorph (from the Latin alveolus = alveolus, cell, small cavity) (Fig. 11). The
volume of the discernible voids, at the scale of the optical microscope, is considerably smaller
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than that of the solid phase and its distribution is generally irregular and random with uneven
shapes (circular, lenticular, denticulated) and is located within an abundant, continuous solid
phase. These pores generally result from weathering, under average leaching conditions, of
uncleaved and unfractured minerals and represent the final stage of evolution of perinuclear
and interplasmamineral pores (Bisdom, 1967) appeared in partly weathered minerals. This
internal porosity is generally not connected to intermineral porosity and, consequently, is rarely
filled up by later deposits of allochtonous origin. This intramineral porosity can also result from
later degradation and solubilisation of the secondary solid phase itself.

Retiporomorph (from the Latin reticulum = network) (Fig. 1m) is a kind of alteromorph in
which voids are distributed according to a tridimensional network of planar open fractures,
exhibiting constant or hierarchized thickness, which divide the solid phase into polyhedral
isolated volumes. This particular microstructure is the result of the natural dehydration,
shrinkage and partition of an originally continuous and homogeneous hydrated solid phase. For
example, nepheline can be replaced, during the first step of weathering, by an homogeneous,
continuous, isotropic phase which later divides into isolated polyhedral volumes by the
formation of a reticulated polygonal network of shrinkage fissures.

Botryomorph (from the Greek Botpug = grape, cluster) (Fig. In) is a kind of alteromorph
whose internal microstructure is determined by the distribution of the solid components
although the volume of voids may still be important. The isolated and well formed secondary
crystalline components are homogeneously distributed in the whole alteromorph. They are
stacked side by side, such as in a cluster, leaving between them small interstitial interconnected
voids morphologically similar to packing voids. For example, the complete weathering of a
felspar grain can produce a botryomorph in which isolated kaolinite booklets are clustered in
such a way that they leave between them small polyhedral "packing” voids.

Glomeromorph (from the Latin glomerare = to agglomerate) (Fig. lo) is a kind of
alteromorph somewhat similar to the previous one but in which the volumes of voids are more
important because the individual crystals of supergene origin show a tendency to agglomerate
together into small compact and irregular areas separated by large interconnected vughs.
Within the solid volumes, the individual crystals are assembled into a poreless microgranulated
structure. The weathering of felspar, under strong leaching conditions which promote marked
lixiviation of the original chemical components, provides a good example of a glomeromorph
composed of agglomerated gibbsite crystals associated with large interconnected vughs.

Septomorphs (from the Latin septum, pl. septa = partition, compartment) (Fig. 1p) are the
most characteristic and frequently observed alteromorphs, mainly in lateritic isalterites. The
secondary minerals are distributed in banded structures between which empty, isolated
polyhedral voids are enclosed. The layout of these banded structures is influenced by the
regular (cleavage and twinning planes) or irregular (fissures and cracks) discontinuities which
have controlled the first step of the weathering in the pre-existing primary mineral. The
orientation of the elementary monocrystals, which compose a septum, can be uneven and, in
this first case, this lack of preferential optical orientation is observed in all septa and through
the whole septomorph. Their orientation can be also perpendicular to the middle plane of the
septum. Their orientation can also be controlled by the crystalline orientation of the primary
mineral itself and, in this case, all secondary crystals of a given septomorph are extinguished
simultaneously under crossed polars. The first two cases are commonly observed in gibbsitic
septomorphs after feldspars whereas the third case is more frequently observed in ferruginous
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septomorphs derived from weathered pyroboles. The thickness of the septa is generally
proportional to the original insoluble sesquioxide content of the primary mineral (Delvigne,
1965). The progressive thickening of the septum is the result of nanotransfers of chemical
elements over very short distances, from the isolated primary remnants to the growing
secondary crystals (Nahon and Bocquier, 1983).

According to the original network of fissures, cracks, cleavages and other preferential
directions pre-existing in the primary minerals, and according to the previous classification of
partly weathered minerals (Stoops et al., 1979), the septomorphs can be described as :

Irregular Septomorphs; when the septa arrangement is uneven without any particular
distribution or orientation and it is controlled by the fissure and crack patterns appearing in the
uncleaved primary mineral. These discontinuities commonly correspond to trans- and
intramineral fissures. A continuous polygonal and peripheral septum generally surrounds the
septomorph and corresponds to the intermineral suture planes. This kind of irregular
septomorph is frequently observed in alteromorphs after olivine or garnet and, generally, after
other uncleaved but fractured primary minerals.

Regular Septomorphs; when the septa are clearly oriented parallel to the cleavage planes of
the primary mineral. According to the orientation of these planes with respect to the plane of
the thin section, a single network of parallel or a double network of crossed cleavages may
appear. This can be further subdivided into an Orthogonal network (in the case of pyroxenes
and alkaline feldspars) and into a Crossed network (in the case of amphiboles). It is obvious
that more complex septomorphs may be formed, for example, by combination of irregular
fractures and regular cleavage networks.

All these structures correspond to the so-called "boxwork structures”. They are well
supported by a strong tridimensional network of stable secondary minerals, mainly
sesquioxides. Most of these septomorphic structures are mechanically and chemically resistant
and can persist in alloterites and even in soil horizons or within ferruginous and bauxitic
duricrusts. At these different levels of weathering, the intersepta porosity can be filled by later
crystallization or deposition of solubilized or transported material coming from long distances
(from upper horizons or from upper parts of the landscape).

THE COMPOSITE ALTEROMORPHS

The composite alteromorphs are composed of two or more associated secondary minerals
(or secondary solid phases) of hypogene and/or supergenc origin. The primary mineral
remnants, temporarily maintained within the alteromorph, are not taken into account for the
definition of this kind of microstructure. The composite character of these alteromorphs is
independent of their external shapes and internal morphology but the orientation pattern of one
component with respect to the other can be uneven, parallel or crossed, whereas, the
concentration pattern within the alteromorph, can be uniform, clustered, peripheral, central or
otherwise. The composite alteromorphs can originate from polygenic or polyphased processes.

Polygenic alteromorphs (Fig. 1r) are formed in two or more successive steps, very often
according to different alteration processes, of hypogene and/or supergene origins, though
separated in time. During the first step, alteration has not transformed the whole primary
mineral and, during the second step, the primary remnants are transformed into different
secondary minerals without affecting the first formed secondary products. For example: (1)
during a first step, an olivine crystal has been partly altered to serpentine (hypogene alteration)
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whereas, later, during the second step, the olivine remnants are replaced by iddingsite (deuteric
process) without any modification of the first formed serpentine; (2) during a first step, a
feldspar grain has been partly replaced by inclusions of sericite and zoisite (hydrothermal
process) whereas during a later weathering process, the felspar remnant is weathered to
kaolinite without modifying the internal inclusions; (3) a pyroxene grain is partly weathered
(supergene process) to a banded structure of smectite enclosing weathered pyroxene remnants
which will later be weathered into iron oxyhydrates whereas the smectitic component is
temporarily maintained in the composite alteromorph.

Polyphased alteromorphs (Fig. 1q) are formed during a single step of hypogene alteration
or of supergene weathering (they are monogenic alteromorphs), but the result consists of an
association of two or more secondary products due to exsolution processes or to gradual
transformation processes. Generally the internal distribution of the neoformed products is not
uneven but exhibits an organized and hierarchized structure as one of the two secondary
components is always situated close to the eventual primary remnants whereas the other
secondary components are always more distant and separated from them by the first one. For
example (1) supergene weathering with an exsolution process such as weathering of an
aluminous hornblende to a septomorph composed of goethitic septa covered by small isolated
crystals of gibbsite; (2) supergene weathering with a gradual transformation process such as a
plagioclase (Plg) grain, partly transformed to optically isotropic secondary material (IM) which
progressively evolves into gibbsite (G) crystals, while plagioclase residues convert to isotropic
material. In this case, the alteromorph after plagioclase is successively composed of (Plg +
M), (Plg + IM + G), (IM + G), (G). Such polygenic or polyphased alteromorphs, when not
carefully observed in thin section, may induce false interpretations concerning the nature of the
weathered primary mineral or concerning the chronology of its alteration steps (Delvigne,
1965).

WEATHERING AND ACCUMULATION

All porous and empty alteromorphs can be later infilled by further crystallizations, or
deposits of allochtonous origin, coming either from adjacent weathered minerals by
transmineral diffusion of elements, or from the upper parts of the profile or landscape by long
distance transport processes. Situated in absolute accumulation sites, these partly or
completely filled, but initially porous alteromorphs are Cumulomorphs (from the Latin
cumulare = to accumulate) (Fig. 1s). These cumulomorphs are polygenic alteromorphs (two
successive steps of supergenic processes). The accumulated minerals are generally quite
independent upon the secondary products which constitute the reception structure although,
under certain circumstances, both materials can be constituted by similar mineral species. For
example, gibbsitic septomorph after feldspar whose residual voids are later filled up by a
second generation of gibbsite of allochtonous origin.

Authigenic and allogenic materials occurring in a given cumulomorph generally exhibit
rather different microstructures. Allogenic transported material forms complete or crescentic
coatings whose individual particles are parallel to the walls of the former voids: discordance of
the optical and crystalline orientations result between authigenic and allogenic materials.
Allogenic crystallizations from solubilized material grow outwards perpendicularly to the walls
of voids and frequent concordance of the optical and crystalline orientations between both
crystal generations is observed. In the latter case, if both generations of crystals are built up of
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the same mineral species, it may be difficult to distinguish the cumulomorphic character of the
observed alteromorph. Some frequently occurring examples include: koilomorph after quartz
which is later filled up by gibbsite in a bauxitic horizon; gibbsitic septomorph after felspar filled
up by clay coatings in a ferrallitic soil; and gibbsitic glomeromorph after felspar filled up latter
by iron oxyhydrates in a ferruginous duricrust.

CONCLUSIONS

The above proposed classification of alteromorphs is independent of the mineralogical
composition of both primary and secondary materials. It has several entries. According to the
aim of the micromorphological descriptions, the alteromorph can be successively subdivided
according to following criteria:

- Geometric criteria essentially based on the extent of conservation of shapes and sizes of the
primary minerals. To this first criteria corresponds a simple classification into iso-, meso-
and katamorphs to which are added specifically new coined terms of pseudo-, echino-,
phanto- and cryptomorphs.

- Microstructural criteria, based on the related and complementary distribution of the
secondary solid products and of the associated residual voids: no apparent pores
(holomorph) or none or very little solid material (koilomorph). Between these two extreme
cases, the poromorphs exhibit an important solid volume and a subordinate but structured
pore volume (alveoporo-, phylloporo- and retiporomorphs} whereas very porous
alteromorphs are classified according to the structural patterns of the solid phase (botryo-,
glomero- and septomorphs).

- Genetic criteria based on history and on the mineral content of composite alteromorphs. They
are either polygenic or polyphased alteromorphs. Initially porous alteromorphs, whose
residual porosity is infilled by further accumulated material of allochtonous origin, are
cumulomorphs.

New terms have been composed from Greek and Latin roots commonly used in Earth
Sciences and their use should not introduce any difficulty because they are simple and often
self-explanatory. Concerning the composite alteromorphs with complex origin, it seems
unnecessary to introduce new terms: the qualifying words such as polygenic or polyphased are
sufficient.

Mixed roots among the proposed new terms can be combined for describing particularly
complex alteromorphs. Only the infillings of allochtonous material within porous alteromorphs
are sufficiently frequent to justify the use of the new term cumulomorph.
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ABSTRACT
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An investigation was conducted to study differences in related distribution patterns (NRDP)
of selected tropical soils derived from dacito-andesitic tuffs. Samples were taken from genetic
horizons of two Andosols, a Hapludult and a Haplorthox, for thin section, chemical and
mineralogical analyses. The Andosols were strongly acid soils, had high organic matter
contents, and exhibited CEC's ranging from 21.9 to 39.8 cmol+kg'l. The clay fraction was
dominated by allophane and imogolite. The Hapludult and Haplorthox were very strongly to
strongly acid soils. They were low in organic matter content, and CEC ranged from 9.4 to 19.0
cmol+kg™! in the Hapludult, and from 7.5 to 9.5 cmol+kg! in the Haplorthox. Kaolinite and
sesquioxide minerals were major clay minerals in the soils. Some proto-imogolite was detected
in the BC and C horizons of the Hapludult. In terms of NRDP, the two Andosols were
characterized by porphyric to porphyri-phyric fabrics. A strongly developed granular structure
was noticed, showing features of a congelic SRDP (specific related distribution pattern).
According to the c/f relation, these soil fabrics were open porphyric RDP's, It was concluded
that the Andosols fabric was formed under the influence of high humic matter content, and
micro-organisms activity. Such a fabric created a microclimate more humid than the climate
above the soil surface. This is one of the reasons why Andosols were frequently oversaturated
with water without causing poor drainage conditions. In contrast, the dense fabric in the Bt
horizon of the Hapludult was expected to affect drainage and water percolation.

INTRODUCTION

Large areas in Sumatra and Java, Indonesia, are covered by volcanic ash and tuff from
Pleistocene volcanic eruptions. Depending on local conditions, this volcanic ash has given rise
to the development of a variety of soils. At altitudes above 600 m a.s.l. Andosols have formed,
whereas below 600 m a.s.l. Latosols occur on volcanic ash (Dudal and Supraptohardjo, 1961,
1975), though some Andosols have been reported in the lowlands of Indonesia (Tan, 1960,
1984). These Latosols are now classified as Ultisols and Oxisols in the American system.

The micromorphology of Ultisols and Oxisols has recently received considerable research
attention (Fedoroff and Eswaran, 1985; Stoops and Buol, 1985). A review of the earlier
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research on micromorphology of Oxisols was reported by Buol and Eswaran (1978) and
Stoops (1983). Such studies have shown that soil fabrics can be used for the identification of
argillic and oxic horizons in Ultisols and Oxisols, respectively. In particular, the
micromorphological criteria for identifying an oxic horizon were reported by Buol and
Eswaran (1978), and Paramananthan and Eswaran (1980). However, Stoops and Buol (1985)
indicated that only oxic soil constituents, and not oxic horizons, could be identified by
micromorphological methods.

Although data have started to accumulate recently, comparatively less is known on the
micromorphology of Andosols. The term Andosols is used here as in the FAO-Unesco soil
classification. Kawai (1969) has reported that Andosols in Japan exhibited blocky and loose to
fine grained porous soil fabrics. According to Pain (1971), isotic plasmic fabrics were
indicative of soils derived from volcanic ash (Kandepts) in Papua New Guinea. Such a fabric
was reported to be associated with allophane-organic matter complexes (Chartres ef al., 1985).
More information appears to be needed on the micromorphology of Andosols in other regions.
It is expected that differences in properties between Andosols, Ultisols and Oxisols will be
reflected in the nature of soil fabrics. In addition, most of the fabric analyses of Oxisols and
Ultisols were from soils not derived from volcanic ash (Bennema et al., 1970; Eswaran, 1972).
Therefore, this investigation was conducted to (i) study differences in NRDP between
Andosols, Ultisols and Oxisols, derived from volcanic ash, in Indonesia, and (ii) determine their
mineralogical and chemical properties.

MATERIALS AND METHODS

The soils used in this investigation included two Andosols, a Hapludult and a Haplorthox,
representing two dark coloured and two red coloured soils, respectively. The soils are derived
from dacito-andesitic tuffs from Pleistocene eruptions of the volcanos in West Java. The
mineral composition of the tuffs are mostly andesitic with slight dacitic properties. One
Andosol was located at 600 m a.s.l. on the slope of the Salak volcano near the village Ciapus,
and is referred to as Andosol/Ciapus. The area has a mean annual precipitation of 4880 mm,
and a mean annual temperature of 20°C (Schmidt and Ferguson, 1951). Vegetation in the area
is composed of clove trees (Syzygium aromaticum (L.) Merrill and L.M. Terry) and grasses
(Paspalum spp.). Another Andosol, referred to as Andosol/Pengalengan, is located in a tea
(Cameliia sinensis (L.) O. Kuntze) plantation at 1500 m a.s.l. on the slope of the Wayang
volcano near the town Pengalengan. The area has a mean annual precipitation of 2564 mm, and
a mean annual temperature of 18°C. The Hapludult was selected in an oil palm (Elaeis
guineensis Jacq.) plantation near the town Rangkasbitung at 100 m a.s.l. The region has a
mean annual rainfall of 2842 mm, and a mean annual temperature of 26°C. The vegetation
underneath the oil palm consists of grasses (Imperata cylindrica (L.) Rausch, and Paspalum
spp.). The Haplorthox is located at 50 - 100 m a.s.l. near the town of Depok under grasses
(Paspalum spp.). The mean annual rainfall is 3130 mm with a mean annual temperatureof
26°C.

Samples were taken from genetic horizons for thin section, chemical and mineralogical
analysis. Thin sections were prepared using the technique of Fitzpatrick (1980), by which
drying of the samples was avoided and the water replaced with acetone prior to impregnation.
Thin sections showing artifical cracking, as noted by Chartres et al. (1985) because of drying,
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Table 1
Physico-chemical properties of the soils.
Sand Silt Clay pH Corg CEC Base sat.
20.005mm  0.005- <0.002mm  H,O KCl
0.002mm
% % cmol+/kg %
Andosol/Ciapus
Ap 15.6 62.5 219 49 4.7 15.2 26.4 79
Bw 13.0 68.5 18.5 4.8 4.5 13.5 209 4.1
C 12.0 72.8 15.2 53 5.0 4.1 - -
Andosol/Pengalengan
Ap 42.6 33.2 24.2 471 4.5 134 24.4 -
Bw 324 43.9 25.2 49 4.5 33 234 -
Hapludult
Ap 20.4 28.4 51.1 3.8 35 2.0 9.4 6.2
Bt 15.4 247 59.9 3.6 34 1.0 19.0 42
C 28.1 31.2 427 4.0 3.5 0.2 213 33
Haplorthox

Ap 13.0 12.2 74.8 49 4.0 1.7 10.6 7.0
B 12.8 4.8 82.4 4.8 37 0.6 12.3 8.5

were discarded. Fabric analysis was done by employing the normal related distribution pattern
(NRDP), specific related distribution pattern (SRDP; Eswaran and Banos, 1976), and the c¢/f
related distribution pattern concept (c/f RDP; Stoops and Jongerius, 1975). Organic C was
determined by the Walkley-Black method (Nelson and Sommers, 1982), and pH was measured
in water and KCl suspensions using a soil/solution ratio of 1:1 (McLean, 1982). Exchangeable
bases and CEC were determined by the neutral 1 M NH,OAc method (Jackson, 1958). Particle
size distribution analysis was conducted by the centrifugation procedure (Jackson, 1956), after
ultrasonic dispersion at 20 kHz and 125 W for 30 minutes. It is thought that this method
ensures complete dispersion. Clay was collected and extracted for allophane and imogolite
(Yoshinaga and Aomine, 1962). Identification of clay minerals was performed by x-ray
diffraction (XRD) analysis and transmission electron microcoscopy (TEM) including EDAX
(energy dispersive analysis by X-rays; seec Goenadi and Tan, 1989, 1991).

RESULTS AND DISCUSSION

The Andosols were strongly acid soils, with loam to silt loam textures (Table 1). They have
high organic matter contents, and exhibit CEC's ranging from 20.9 to 26.4 cmol+kgl. The
Hapludult and Haplorthox were very strongly to strongly acid soils, with clayey textures.
These soils were low in organic matter content. The CEC ranged from 9.4 to 21.3 cmol+kg!
in the Hapludult, and from 10.6 to 12.3 cmol+kg-! in the Haplorthox. The base saturation in all
profiles was very low, which is an indication of the drastic leaching attributed to the very
humid condition.
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Fig. 1. A) TEM micrograph of imogolite in the clay fraction of Andosol/Ciapus. B) Elemental
composition of an imogolite strand as determined by EDAX, showing and AlSi ratio of 2:1.
The presence of Cl is attributed to the NaCl used in the extraction method.

Allophane and imogolite were the dominant clay minerals in the Andosols (Fig. 1). The
fibrous strands of imogolite varied in diameter from 0.010 to 0.015 pum (Goenadi and Tan,
1991). Elemental analysis of the imogolite strands by EDAX yielded a composition with an
Al/Si ratio of 2:1, which was within the limits of imogolite clays. Allophane and imogolite were
also detected in Andosols of the Bukit Tungul volcano north of the city of Bandung (Chartres
and Van Reuler (1985). This Andosol is located at 100 km east from the Ciapus/Andosol.
Kaolinite, halloysite, iron oxide minerals and gibbsite were the major clay minerals in the
Hapludult and Haplorthox (Goenadi and Tan, 1991). Some fibrous clay was detected in the BC
and C horizon of the Hapludult (Fig. 2). It was closely associated with allophane, and exhibited
a structure characteristic of an imogolite-allophane mixture called proto-imogolite (Yoshinaga
and Aomine, 1962).

In terms of the c/f RDP, all the soils were characterized by an open porphyric fabric (Table
2). However, when projected in the NRDP triangle, different types of soil fabrics are inferred.
The Andosol/Ciapus had a porphyri-phyric NRDP, whereas the fabric of Andosol/Pengalengan
was porphyric in nature (Fig. 3). The plasmic fabrics in Andosols noted by Chartres ez al.
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Fig. 2. TEM micrograph of proto-
imogolite in the BC horizon clay of the

Hapludult.

Table 2.
Summary of soil fabric analysis.
Soil NRDP RDP SRDP

Eswaran & Banos Stoops & Jongerius  Eswaran & Banos
Andosol-Ciapus Porphyri-phyric Open porphyric Congelic
Andosol-Pengalengan  Porphyric Open porphyric Congelic
Hapludult Plasmi-porphyric to  Open porphyric -

Porphyri-plasmic
Haplorthox Plasmic Open porphyric Agglutinic

(1985), and the high clay content resulting in the development of Bt horizons in the Bukit
Tungul Andosol (Chartres and Van Reuler, 1985) are exceptions rather than the norm in
Andosols. The Hapluduit exhibited a plasmi-porphyric to porphyri-plasmic NRDP. Only in the
C horizon, where the fabric skeleton is at a minimum, does a porphyric NRDP occur. The
solum of the Haplorthox was characterized by a plasmic NRDP, because of the high plasma
content. Typical examples of the NRDPs discussed above are shown in Fig. 4A to D. The
Andosol fabric (Figs 4A and 4B) was strongly influenced by the high humic matter content. It
exhibited a strong granular structure, which was attributed to the activity of soil organisms,
such as earthworms. These organisms contributed to aggregation of the large amounts of silt
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with humic matter and plasma, resulting in formation of features of a congelic SRDP. Such a
fabric would be formed only if the NRDP was in the phyric category, and the plasma was high
in amorphous clays (Eswaran and Banos, 1976). Due to the extremely high humic matter
content, the resulting soil fabric had a very high water holding capacity, high porosity and rapid
internal permeability. In contrast, the fabrics of the Hapludult and Haplorthox (Fig. 4C and D)
were affected more by a high plasma content. Fabric skeletons were at a minimum, and only
the initial development of granular structures was noticed. In the Oxisol fabric, the plasma
aggregated together with sand and silt to form granular structures with features characteristic
of an agglutinic SRDP (Eswaran and Banos, 1976).

CONCLUSIONS

In conclusion, it can be stated that the c¢/f RDP approach is too coarse in that discrete
differences in soil fabric cannot be recorded. On the other hand, the NRDP concept appears to
be more capable in detecting detailed differences. In terms of NRDP, the Andosols were
characterized by a porphyric to porphyri-phyric fabric, and the Hapludult by a plasmi-porphyric
to porphyri-plasmic fabric, which are NRDP intergrades. The Haplorthox was distinguished by
a plasmic soil fabric. The high humic matter and amorphous clay content, together with high
activity of micro-organisms, contributed towards formation of the Andosol fabric with its high
water holding capacity and porosity. Such a fabric is the reason for Andosols becoming
frequently oversaturated with moisture without causing the development of poor drainage. On
the other hand, the high plasma and low organic matter content in the Hapludult are conducive
to the formation of a dense fabric. This has affected water percolation, especially in the Bt
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Fig. 4. Thin section micrographs (magn. 30x; plane polarized light.): A) A horizon of
Andosol/Ciapus; B) A horizon Andosol/Pengalengan; C) Bt horizon of Hapludult; and D) B
horizon of Haplorthox.

horizon, where signs of some mottling indicate the presence of impeded drainage. This was not
a serious problem in the Haplorthox because aggregation of plasma into granular structures,
forming features of an agglutinic SRDP, maintains a permeable characteristic.
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ABSTRACT

Chadwick, O.A. and. Netdeton, W.D, 1994. Quantitative relationships between net volume change and fabric
properties during soil evolution. In: A.J. Ringrose-Voase and G.S. Humphreys (Editors), Soil
Micromorphology: Studies in Management and Genesis. Proc. IX Int. Working Meeting on Soil
Micromorphology, Townsville, Australia, July 1992. Developments in Soil Science 22, Elsevier,
Amsterdam, pp. 353-359.

The state of soil evolution can be charted by net long-term volume and elemental mass
changes for individual horizons compared with parent material. Volume collapse or dilation
depends on relative elemental mass fluxes associated with losses from or additions to soil
horizons. Volume collapse occurs when minerals are weathered followed by leaching of
clements, volume dilation occurs when carbon or other elements are introduced into a horizon
in greater abundance than loss through weathering and leaching. For selected soil parent
materials, the related-distribution-pattern of plasma and skeleton grains provide a parallel
description of these pedological changes that can be quantified through image analysis. Here,
we investigate relationships between chemical/mineralogical and micromorphological measures
of volume change during pedogenesis. For coarse-textured, arkosic, fluvially laid parent
materials, fabrics progress from monic to porphyric related-distribution-patterns as new
elements are introduced into a horizon or as secondary products form due to primary mineral
weathering. Porphyric related-distribution-patterns evolve from single-space to open with
increasing dilation or collapse, because in either case plasma is augmented relative to skeleton
grains. Since coarse-textured soils evolve to the same fabrics under differing intensities of
additions from external sources and accumulation of weathering products, a true understanding
of the state of soil evolution implied by observation and classification of fabric properties
requires quantification of both net volume change and net mass change during soil
development.

INTRODUCTION

In microscopic studies of soil, the relationship between fine and coarse constituents (i.e.
plasma and skeleton grains) is termed 'related-distribution-pattern' (hearafter shortened to
RDP) and is accorded special importance (Kubiena, 1938; Brewer, 1964; Brewer and Pawluk,
1975; Stoops and Jongerius, 1975; Bullock et al., 1985). In essence, micromorphologic
classification schemes recognize that plasma may fill voids between skeleton grains, coat
grains, or compose the matrix within which skeleton grains are distributed. RDPs are useful
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for studying soil evolution where parent material composition, grain size, and mode of
deposition are kept constant. In this case, it is desirable to relate changes in RDPs to
quantitative measures of soil development.

Evolution of RDPs from parent material to soil horizon implies changes in soil volume
caused by the combined effects of pedogenesis (Brewer, 1964; Stoops and Jongerius, 1975;
Bullock et al., 1985). Thus, a quantitative measure of volume change between parent material
and the horizon being described microscopically has special interest (Haseman and Marshall,
1945; Brewer, 1964; Brimhall and Dietrich, 1987; Chadwick et al., 1990; Brimbhall et al.,
1992). In an ideal situation, we should be able to ascribe a volume-change value to the RDP
described for each horizon. If this is possible, soil fabric observation would provide a
visualization of a quantified value and would be a more robust tool in studying soil genesis.
Here, we investigate the possibility of developing quantitative relationships among RDPs,
plasma content, and volume change in coarse-textured, arkosic, fluvially laid parent material
that has evolved to form soil horizons.

METHODS

We selected examples from soil profiles whose characterization database resides in
previously published papers or in the USDA National Soil Survey Laboratory (referenced by
laboratory number in Table 1). Samples were selected to represent a range of horizon types,
but are not inclusive; results are presented as an example of our approach that is constrained by
a specified set of initial conditions. Standard procedures were used for chemical and physical
characterization and preparation of thin sections (USDA Soil Conservation Service, 1992).
RDP descriptions follow the classification of Stoops and Jongerius (1975) and Bullock et al.,
(1985). Areas of skeleton grains (> 50 um in diameter), plasma and void space (> 50 pum in
diameter) were measured for five fields in thin sections using an Olympus C-2 Image Analyser!
and arc reported as a mean. The coefficient of variation ranges from 10 - 40% for skeleton
grains.

We quantify volume change (strain) in soil (g;,,) by identifying bulk density (p,,) (g cm3)
and the mass of an immobile component (C;,,) (wt.% or ppm) in a soil horizon and compare it
with bulk density (p,,) and the mass of an immobile component (C; ;) in the soil parent material
as follows (Brimhall and Dietrich, 1987; Brimhall et al., 1992):

i = Polip -1 Eqn. 1
' pwci,w

Positive volume changes represent dilations; negative volume changes represent collapse.
Collapse occurs when the increase in concentration of an immobile element (C;,,) caused by
loss of mobile constituents is not exactly compensated by an inversely proportional decrease in
bulk density (p,,) due to increasing porosity. This formulation is derived under the constraints
of mass conservation in deformable media and is functionally similar to one derived by Brewer
(1964, p. 81).

! Given for the convenience of the reader and does not imply endorsement by JPL or USDA-SCS.
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Table 1
Related Distribution Patterns, Strain, and Areal Measurements for Soil Horizons Plotted in Fig. 1.
Related Eiw? Area3(%) Horizon  Reference
Distribution Skeleton Plasma Void
Patterns! Grains Space
MN 0 42 R 58 [parent Chadwick et al., 1990
material]
GF 0.2 16 73 11 2Bsl Pedon 1 — Merritts et al., 1991
EU 0.2 20 68 12 2Bsl Pedon 1 — Merritts et al., 1991
CT 0.4 43 48 9 ABs Pedon 1 — Merritts et al., 1991
EU-CT 0.5 37 53 10 2Bsl Pedon 1 — Merritts et al., 1991
PS 0.2 32 68 — Al Pedon 4b — Merritts et al., 1991
PD 0.1 17 83 — A2 Pedon 4b — Merritts et al., 1991
PD 0 12 88 — AB Pedon 4b — Merritts et al., 1991
PO -0.2 7 93 — Bwl Pedon 4b — Merritts et al., 1991
PS 0.3 30 70 —— Bw3 Pedon 4b — Merritts et al., 1991
PO 0.1 6 94 —— ABI Chadwick et al., 1990
PD 0.3 12 88 — Bw Chadwick et al., 1990
PD -0.3 13 87 — Bt Chadwick et al., 1990
PS -0.3 18 82 — Bt Chadwick et al., 1990
PO -0.2 8 92 — Bo2 Chadwick et al., 1990
PS 0.1 14 86 — Al 118 ka Soil, Fig. 1 — Brimhall et al., 1992
PS -0.1 18 82 — Bw 118 ka Soil, Fig. 1 — Brimhall et al., 1992
PS -0.3 19 81 — BC 118 ka Soil, Fig. 1 — Brimhall et al., 1992
GF 0 43 46 11 C 118 ka Soil, Fig. 1 — Brimhall ez al., 1992
PD 1.1 14 86 —— K22m  Soil Number 3 - Gile et al., 1965
PS 0.3 29 71 — B2 Lab Number 81P4572
PO 1.2 10 90 —— Btl Lab Number 64658
PO 2.0 3 97 — Bt2 Lab Number 64651
PO 0.7 15 85 — B2 Lab Number 66727
PD 2.2 13 87 — Bt2 Lab Number 66649
PS 04 30 70 — B2 Lab Number 40A1794

IMN = Monic; GF = Gefuric; EU = Enaulic; CT = Chitonic; PS = Single-Space Porphyric;
PD = Double-Space Porphyric; and PO = Open Porphyric.

2¢, ,, calculated using Eqn. 1.

3 Cross-Sectional area of thin section.

In these calculations, we use either the mass of Zr as an immobile element, or for selected
soils from the NSSL database, the mass of the medium sand size fraction. We evaluated the
validity of immobility assumptions on a case-by-case basis.
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Fig. 1. Relationship among volume change (g;,,), soil plasma, and related-distribution-patterns
(RDPs) for soil horizons listed in Table 1. RDP abbreviations are: MN=monic, EU=enaulic,
CT=chitonic, GF=gefuric, PS=single-space porphyric, PD=double-space porphyric, PO=open
porphyric. Shaded areas and arrows are explained in the text.

RESULTS

We classified RDPs, measured areas of fabric components in thin sections, and calculated
volume change (g;,,) for 26 horizons (Table 1), and plotied each RDP into a graphical field
defined by the numerical volume change and % plasma (Fig. 1). The graph is separated into
four regions (dashed lines) defined by collapse or dilation along the x-axis which is controlled
by the net mass loss or gain within each horizon and the change from skeleton supported
matrix to plasma supported matrix along the y-axis which is interpreted from the RDPs. By our
selection criteria, all soil parent material has monic RDP and zero volume change; they evolve
in the direction of increasing plasma with either positive or negative volume change.

The RDPs plot into four overlapping fields shown as shaded areas in Fig. 1. Enaulic (EU),
chitonic (CT), and gefuric (GF) RDPs (stippled field) range from 0 to 50% dilated and contain
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40 to 70% plasma. Single-space porphyric (PS) RDPs (vertical dashes) range from 30%
collapsed to 50% dilated and contain 70 to 85% plasma. Double-space porphyric (PD) RDPs
(left slant lines) range from 30% collapsed to 100% dilated and contain 80 to 90% plasma.
Open-space porphyric (PO) RDPs (right slant lines) range from 20% collapsed to over 200%
dilated and contain 85 to 95% plasma.

Essentially, each of the fields in Fig. 1 represents stages of plasma accumulation along
different soil evolutionary trajectories. We interpet the processes involved in plasma
accumulation based on the observation that dilation results from net mass addition to soil
horizons and collapse results from net mass loss from soil horizons (Brimhall and Dietrich,
1987; Chadwick et al., 1990; Brimhall et al., 1992; Merritts et al., 1992). We infer that as
these soils evolve from a monic starting point, they gain plasma forming either enaulic,
chitonic, or gefuric RDPs where voids are infilled and/or skeleton grains are coated (path I,
Fig. 1). In this case, plasma is derived from external inputs such as organic carbon and from
weathering of nonresistant minerals. In humid environments, the coatings are usually composed
of iron and aluminum oxides, and organic compounds; in arid environments, they are usually
composed of calcite or gypsum (Chadwick and Nettleton, 1990). Though excluded by our
selection criteria, we note that E horizon formation occurs through a reversal of path 1.

There are three possible evolutionary pathways leading from the RDPs defined by plasma
coatings on skeleton grains or plasma infillings (EU, CT, GF) to the more plasma-rich fields
shown on Fig. 1. They are defined by the balance between leaching of elements that results in
net mass loss, and external inputs of elements into the soil column that results in net mass gain.
Where weathering of minerals, leaching of mobile elements, and accumulation of the less
mobile elements as plasma is the dominant pedogenic process (path II, Fig. 1), soil horizons
collapse even as plasma is accumulating. Along path II, the single-space, double-space, and
open porphyric RDPs result from mass transfer between the skeleton and plasma fractions of
the s-matrix. At the opposite extreme, where weathering and leaching are less important than
external inputs such as silicate and carbonate dust or calcium in rainwater (path IV, Fig. 1), soil
horizons may more than double in volume as plasma from external sources is incorporated by
deformational mass transport (Brimhall et al., 1992). The double-space and open porphyric
RDPs result from floating of skeleton grains in the increased plasma (a generalization of the K-
fabric concept (Gile ez al., 1965). Commonly, where external inputs are balanced partly by
leaching losses (path III, Fig. 1), soil horizons are slightly dilated even though much plasma has
accumulated. Along path III, the single-space, double-space, and open porphyric RDPs result
from both accumulation of externally derived plasma and weathering derived plasma.

DISCUSSION AND CONCLUSIONS

The relationship between RDPs and volume change is summarized by the diagrams in
Fig. 2. Two diagrams are shown, one for cases where cohesive forces dominate and the other
case where adhesive forces dominate. Cohesive forces occur in humid environments when
covalently bonded silica, iron, aluminum, and organic matter form the non-silicate clay portion
of the plasma and adhesive forces dominate in arid environments when ionically bonded salts
form the non-silicate clay portion of the plasma (Chadwick and Nettleton, 1990). The
diagrams show the progression of fabrics from monic (the orthogranic of Brewer and Pawluck,
1975) to open porphyric. In the cohesive case, the progression is through gefuric and chitonic
to close porphyric, whereas, in the adhesive case the progression is through enaulic and
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Fig. 2. Relationship of soil fabrics to soil volume changes where either cohesive or adhesive
forces dominate.

gefuric-chitonic to close porphyric. The enaulic to close porphyric pathway occurs in the
adhesive case because irregularly shaped aggregates first accumulate in the spaces between
grains. In this case, continued plasma addition fills the spaces that develop between grains
such that former grain-to-grain contacts are forced apart to produce a close porphyric RDP.
None of the categories defined by Bullock et al., (1985) describe this intermediate class very
well. It best fits the plectic class of Brewer and Pawluck (1975).

Progressive filling of inter-skeleton grain voids by plasma drives an inward movement along
the discs in Fig. 2 and produces small dilations. Once soil evolution produces a plasma
supported matrix, the same sequence of fabrics can develop from either dilation or collapse as
shown by progression from single-space to open porphyric along both ends of the orthogonal
line through the discs. Thus, while it is possible to relate RDPs to quantitative volume change
and plasma content, it is not possible to develop a cause and effect relationship between these
measures of soil evolution. To relate RDPs, volume change, and soil plasma uniquely, it is also
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necessary to calculate net mass-balance change during soil evolution (see Chadwick et al.,
1990).
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ABSTRACT

Neitleton, W.D., Brasher, B.R., Baumer, O.W. and Darmody, R.G., 1994. Silt flow in soils. In: A.J. Ringrose-
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Silts and very fine sands, although considered to be skeleton grains, behave as soil plasma
when they are moved and reorganized or concentrated in soil crusts, fragipans, and buried
paleosols. We investigated the sizes of the voids through which the silt and very fine sand have
moved and infer conditions responsible for formation of silty pedogenic features such as
pedotubules and silt and very fine sand cutans. Soils which have both argillic horizons with
illuviation argillans and underlying horizons with the silty pedogenic features were selected
from Indiana, Illinois, Missouri, and Idaho. The average minimum diameters of these features,
measured by image analysis, were 0.074 mm for voids with illuviation argillans and 0.402 mm
for the silty pedogenic features. Most of the silty pedogenic features are striotubules. The
voids, and former voids, are all < 3 mm in diameter and water flow in them theoretically has
been mostly laminar. Under special cases, such as rapidly wetting of dry soil, the draining of
saturated soil, or thawing of frozen soil, silty pedogenic features form as a result of
detachment, transport, and deposition of silt and very fine sand. The deposition process is
favoured by pore size discontinuities, low Ca and Mg content, low Fe content of prism
coatings, high silt content, low aggregate stability, and by low organic carbon content.
Because of the accumulated, silty pedogenic features most of the horizons have the lowest
total porosity and the highest ratio of pores filled to those drained at 0.03 MPa. Besides
producing root restricting horizons in soils and impeding drainage in tile lines and septic tank
drain fields, silt and very fine sand movement and accumulation are involved in subsurface
tunnel erosion or piping.

INTRODUCTION

Plasma as defined by Brewer and Sleeman (1960) includes colloidal-size mineral and
organic material, as well as relatively soluble material not bound up in skeleton grains. Plasma
is capable of being moved, or has been moved and reorganized or concentrated by soil forming
processes. Silt, although not of colloidal size and subsequently excluded from plasma by
Brewer (1976, pp. 11-12), is reported to have moved in the formation of surface crusts in soils
(Falayi and Bouma, 1975; Boiffin and Bresson, 1987; Arshad and Mermut, 1988; and West et
al., 1990), in vesicular layers (Sullivan and Koppi, 1991), in cryoturbated features such as silt
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cappings and distorted horizons (Tamnocai and Valentine, 1989; Romans et al., 1966; Catt,
1989; Bronger, 1969/1970), in fragipan horizons (Carlisle, 1954; Nettleton et al., 1968; Miller
et al., 1971; De Kimpe and McKeague, 1974; Fitzpatrick, 1974; Van Vliet and Langohr, 1981;
Anderson and Darmody, 1989; and Habecker et al., 1990), and in buried paleosols (Ransom,
1984; Ransom et al., 1987; and Fedoroff et al., 1990; Thompson, 1986; Thompson and
Smeck, 1983).

In this paper we investigate the size of the voids through which clay and silt move in soils
and infer the kind of water movement responsible for formation of the silty pedogenic features.

METHODS AND MATERIALS

Fifteen soils with argillic horizons and underlying Btx horizons with pedotubules, or other
evidence of silt and very fine sand movement were selected. Fragipans were recognized in
some of them and all of them formed in loess over paleosols. The soils occur in Indiana,
Illinois, Missouri and Idaho in association with other loessial soils that have argillic horizons,
but do not have Btx horizons or fragipans (see the review by Franzmeier et al., 1989). These
associated soils formed in deeper loess or in loess over calcareous till. The soils selected in
Indiana and Illinois formed in Peorian loess over Illinoian paleosols which formed in drift or
pedisediment. The soils in Missouri were formed in loess over paleosols which had developed
in moderately weathered local colluvium from limestone and dolomite. The soil from Idaho
was formed in loess over a paleosol which had developed in loess also. Eluvial horizons
formed at the loess paleosol boundaries in each of the soils.

Unoriented thin sections of pairs of horizons from each soil were mounted on 27 X 46 mm
glass slides. The pairs included a Bt horizon with mostly illuviation argillans in voids in the
overlying loess and a Btx horizon with mostly pedotubules in the underlying paleosol. These
features were studied with the Cue-2 Image Analysis System!. The smallest Martin's radius
from the shape analysis was used to estimate the minimum diameter of the voids and
pedotubules. The smallest radius was recorded because it is a measurement not influenced by
the orientation of the thin section. Ten voids with argillans or 10 pedotubules were selected by
transecting and were analyzed for each of the two horizons. In all 300 observations were
made, 150 in each kind of horizon.

The soil characterization data were obtained by methods described in Soil Survey
Investigations Report No. 42 (USDA Soil Conservation Service, 1992) and identified herein by
codes. The pore volume ratio was calculated from the volume of pores filled at 0.033 MPa
divided by those drained at this suction. Statistics were performed using SAS (1988).

RESULTS

The minimum diameter of the voids and pedotubules ranged in size from a few micrometers
up to slightly more than 1 mm (Fig. la and Table 1). Two diameters dominated, one at
0.080 mm and the other at 0.320 mm. About half of the voids with illuviation argillans had
minimum diameters of <0.065 mm (Fig. 1b).

10lympus Corporation, 4 Nevada Drive, Lake Success, NY 11042-1179, U.S.A. Name and address of
manufacturer is given for the convenience of the reader and does not imply endorsement by the USDA Soil
Conservation Service.
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Table 1.
Some statistics for the minimum diameter of voids with illuviation argillans and those with
pedotubules in the horizon-pairs of the fifteen soils.

Diameter of the features, mm

Variable N Minimum Maximum Mean Std. dev.
Voids with 150 0.004 0.332 0.0735 0.0541
illuviation argillans

Pedotubules 150 0.030 1.035 0.4032 0.2378

Difference Std. error of
of means difference

Difference 0.3288* 0.0209

*A t-test shows this difference has a t-ratio of 15.72 and is significant at the 0.01% level (SAS
Institute, 1988).

The average minimum diameter, 0.074 mm (Table 1), shows that the distribution is skewed
toward the smaller diameters. About half of the pedotubules had silt and very fine sand filled
voids, with a minimum diameter of < 0.350 mm (Fig. 1c). The average minimum diameter,
0.402 mm, showed that this distribution was also skewed towards the smaller diameters.
Selected characterization data for the horizon-pairs of the fifteen soils are shown in Table 2.

Some of the silt flows are coatings along void channels or on coarse fragments and consist
of finely stratified silts and clays with a few very fine and fine sands like the one in Fig. 2.
Most, however, are striotubules. Figs