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SUMMARY

Iron crusts (hardened plinthite or laterites) are commonly
found in Burkina Faso. In the research area three levels of
iron crusts are found. Furthermore granodiorite is found at
the so0il surface. The granodiorite is thought to be the parent
material, because areas of slightly weathered granodiorite
were found in the subsoil of the middle iron crust. Micromor-
phological observations confirm that the material at the three
levels of iron crusts is derived from the granodiorite.

At the middle iron crust the profile consists of white sandy
loam to sandy clay loam with yellow and red to yellowish red
mottles. With decreasing depth the area covered by mottles
increases, by an increase in their size, suggesting growth of
mottles. Locally the red or the yellow mottles are dominant.
In the upper part of the profile reddish brown iron nodules
are found. The top of the profile consists of an iron crust.
The iron crust is red, reddish yellow and black and has har-
dened on exposure. Field observations make clear that the iron
crust consists of two clearly separated layers. The lower part
seems to have formed in situ whereas the upper part consists
of cemented iron gravel.

Micromorphologically the granodiorite consists of guartz mine-
rals, alkali feldspars, green hornblendes, biotite and opaque
iron minerals. Iron-bearing minerals like hornblendes, biotite
and opaque iron minerals are found in a clustered distribution
pattern.

Micromorphological observations of the samples of the middle
iron crust suggest that, upon weathering of the granodiorite,
a yellow saprolite is formed, consisting of clay booklets and
angular quartz grains. When the granodiorite weathers the
alkali feldspars are transformed into clay booklets, probably
kaolinite. Mineralogical analysis confirm the presence of much
kaolinite in all samples except for the granodiorite and for
slightly weathered granodiorite.

Due to periodically hydromorphic processes a white saprolite
and orange red iron nodules are formed. The transition from
iron nodules to white saprolite is diffuse, suggesting an in
situ formation. Appreciable amounts of iron-bearing minerals
are found in the iron nodules whereas such features oc-
casionally occur in the white coloured saprolite. Iron-bearing
minerals, which were found in a clustered distribution pattern
in the parent material, seem to act as cores around which iron
formation occurs. When hydromorphic processes proceed, when
going up in the profile, the area covered by iron nodules in-
creases and different areas grow together. Quartz minerals are
locally enclosed by iron. Weathering of the gquartz minerals
results in the formation of rectangular voids. A framework of
iron remains.

Field observations, suggesting a difference between the two
layers of the middle iron crust, are confirmed by micromor-
phological analysis. A red clayey material found in the lower
part of the iron crust is not found in the upper part. The red
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material is thought to have covered the yellow saprolite. At
the moment only pieces of the red material are present. No
continous layer is found suggesting that the majority of the
red B horizon has eroded. After erosion, the upper part of the
iron crust must have formed. The upper part of the iron crust
consists of spherical, sharply bounded iron concretions.
Quartz or other primary minerals are hardly found present. The
sharply bounded iron concretions are supposed to be detrital
coming from adjacent areas.

In the profile locally clay coatings are found, which are oc-
casionally covered by lime. The presence of lime can be the
result of either termite activity or capillary rise.

Field observations suggested the highest elevated iron crust
to consist of a similar profile as the middle iron crust.
However, instead of white sandy loam (which was predominantly
found at the middle iron crust), red sandy loam to clay was
found. Micromorphological and field observations reveal that
the highest elevated iron crust is more heavily impregnated
with iron, which makes it hard to distinguish mottles. At the
foot of the highest elevated iron crust micromorphological
observations revealed the presence of a heterogeneous yellow-
red soil material and dark red, sharply bounded iron gravel of
alternating mineralogical composition and size. Both heteroge-
nous fabric and sharp bounderies suggest it to be detrital
coming from higher altitudes. The highest elevated iron crust
is formed in situ. At lower altitudes however in situ material
can be covered with detrital.

Field observations do not distinguish whether the lowest iron
crust, which is rather thin, is formed in situ or is formed
due to cementation of iron gravel from higher altitudes.
Micromorphological observations revealed that both processes
took place.

Field- and micromorphological observations, in combination
with chemical analysis, revealed that six processes took place
in iron crust formation in the following order:

Loss of Na, 0, K,0, BaO, CaO, MnO and MgO, ferralitisation,
ferrolysis, iron accumulation, clay illuviation and translo-
cation of lime.

Graphical presentations of the four major elements SiO,, TiO,,
Fe,0, and Al,0, can be used to determine the age of every iron
crust in the area. These graphs reveal the absolute amounts of
different elements in the profile. As different crusts occur
at different locations in the graph, the relative age of each
crust could be determined in this way.

Furthermore these figures reveal the absolute amounts of SioO,,
Al,0, and Fe,0, that leached from or accumulated in the profile.
The extend of iron accumulation suggests that iron transport
must partially and may totally originate from adjacent (topo-
graphically higher) areas. Laterites (iron crusts) may also
have been formed as a precipitates (from underlying horizons)
Oor as a residuum (from overlying horizons).
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1 INTRODUCTION

In the eigthteenth century the existence of a rather soft and
iron-rich building material was reported for the first time.
The material was soft while excluded from air but hardened
upon exposure to the atmosphere. In 1807 Buchanan started to
use the term laterite (latericius L. = brick) for this materi-
al. In India he found laterite overlying granite. The granite
was full of cavities and pores, and contained a very large
guantity of iron in the form of red and yellow ochres.

At the moment the term laterite is commonly used for "highly
weathered red subsoil or material, rich in secondary oxides of
iron, aluminium, or both, nearly devoid of bases and primary
silicates, and commonly with quartz and kaolinite..." (Bates
and Jackson, 1980).

Laterite is of interest because of its importance as a source
of economically important metals and because it is difficult
to grow crops on.

Laterite is found in tropical areas with pronounced wet and
dry periods. It is assumed that not the 1lithology but the
micro environment determines laterite development, because in
certain areas the presence of certain parent material stimula-
tes the formation of laterite whereas in other areas the same
parent material declines its formation (McFarlane, 1976). The
micro environment is determined by a combination of factors
such as climate, topography, 1lithology, porosity and grain
size distribution. A relation with the 1lithology is often
expressed by less clear accumulations than those of iron and
aluminium e.g. accumulations of trace elements or heavy mine-
rals.

Differences in parent material result into different types of
laterite. A granodiorite parent material will result in a
ferruginous laterite (Aleva, 1994).

The process of laterite formation is still not clear. Three
theories have been developed to explain its development being:

1. Laterite as a residuum. By alternating hot and cold
and wet and dry periods, weathering of the parent material
takes place. Bases and silica leach out resulting in a relati-
ve accumulation of iron and aluminium. This accumulation will
take place at the bottom of the solum. The 2zone overlying
laterite acts as a source. When this 2zone is only thin this
cannot totally explain for the formation of the 1laterite.
Especially in a static profile the iron source is limited.

2. Laterite as a precipitate. The presence of a pallid
zone supports the concept of laterite as a precipitate. The
upward movement of aluminium and iron is caused by water table
fluctuation or capillairy rising. Both mechanisms are however
limited to a narrow horizon. By fluctuating groundwater tables
over the year, iron precipitates in the top of the fluctuation
zone. Iron can originate from the pallid zone underlying the
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laterite or from a distant source. When laterite is present on
unweathered rock or when the pallid 2zone is of unsufficient
depth this cannot totally explain the formation of the lateri-
te.

3. Laterite consists of cemented weathering products of
higher located laterite, the so-called detrital laterite. This
is also called false laterite and is found on lower topograp-
hical levels than the true laterite (Grandin, 1976).

Formation of iron crusts is wusually, by soil scientists,
restricted to one of these processes. McFarlane (1976) argues
that laterite probably is formed by a combination of above
mentioned processes in a static or a downward moving profile.

De Swardt (1964) distinguished two types of laterite in both
west and east Africa. " The older is a primary deposit which
now forms cappings on erosion remnants and is now separated
from the lower laterite by a scarp. The younger is composed
largely of rewoked material from the older formation which has
been cemented to hard pavement".

This research is focussed on an area close to Kaya (Sanmaten-
ga) in the north-east of Burkina Faso (formerly Upper Volta)
in West Africa. In the research area three levels of laterite,
rich in secondary iron, occur. The presence of laterite re-
sults into bad agriclutural conditions in large areas. In this
paper the term ’‘laterite’ or ‘iron’ crust is used for this
ferrugineous material.

Research questions:

* Which processes have successively occured in the
research area (based on the theory of
McFarlane)?

* Did upward movement of iron occur and is this
accompanied by a downward movement of the profile?

* Has laterite been formed as residuum, precipitate or as
false laterite?

Laterite caps are present at different 1levels. Of all these
levels undisturbed samples were collected.

* Is it possible to detect from these samples whether the
laterite in the lower elevated caps has formed out of
weathering products of higher elevated caps?

* Did laterite formation stop at higher locations and are
they now only subject to erosion?

* The middle iron crust in the research area clearly
consisted of two separated layers. In the upper part
iron concretions have been molded together. Did these
two layers form in a different way?

Fieldwork in 1994 revealed that lime is present in the area.
* In which horizons is it found?
* Which process is responsible for the lime accumulation?






2 MATERTAT. AND METHODS

2.1 Fieldwork and sampling

The studied area is located near the village of Kaya (Sanma-
tenga) in the North-east of Burkina Faso (formerly Upper
Volta) in West Africa. In this area Antebirrimian and Birrimi-
an crystalline formations with strongly weathered plateaus are
found. Most of these plateaus are covered with hardened iron
(laterite) crusts.

In the research area three levels of iron crusts are present.
The iron crusts are presented in Figure 2.1.

An outcrop of granodiorite, assumed to be the parent material,
is found in the valley.

- — - . —— - ——

Figure 2.1: Picture of the research area taken from the
highest elevated iron crust. Clearly visible
are the outcrop of granodiorite (1), the middle
one of the iron crusts (2) and the eroded iron
gravel (3). Furthermore the lowest elevated
iron crust is visible (4).

At the highest iron crust two pits were described and sampled
(no 6 and 7) in a mini catena. At the middle crust, once again
in a mini catena, another four (no 2, 3, 4 and 5) profiles
were described and sampled, of which of the first two at
opposing sites. In the lowest crust no profile was dug and
only surface samples collected.






Pit 1, also described and sampled, is located in the centre of
the valley where the parent material emerges. Finally some
samples were collected from iron crusts in the surrounding
area. A cross-section of the research area, with the location
of the sampling sites and altitudes, is presented in Annex II.
The lowest iron crust is not found in the cross-section.

¥
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Figure 2.2: The lowest elevated iron crust

Not having to dig a very deep profile pit and still being able
to study the genetical processes over a deep stretch of soil,
use was made of the steep slope at the middle crust by digging
four pits (2, 3, 4 and 5) close to each other. These pits were
dug up till the depth of weathered granodiorite and the eleva-
tion of the surface of each description site was measured with
a real time kinematics GPS.

Profile descriptions, according to the Guidelines for soil
description (FAO, 1990) and making use of the Munsell soil
color charts (1975), are presented in Annex III.

2.2 Polarizing microscope observations

Undisturbed soil samples were obtained from the research area.
The soil was in a dry state when sampled. The samples were
impregnated according to the method of Miedema et al. (1974)
to preserve the mineralogical composition and field structure.
The thin sections were observed under a polarizing optical
microscope.
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Thin section descriptions were made according to Bullock et
al. (1985). Use was made of MacKenzie and Guilford (1980) for
recognizing minerals under the microscope.

2.3 Chemical analyses

After sampling, the disturbed samples were grinded for chemi-
cal analyses.

Mineralogical analysis were performed by X-ray diffraction,
sampling period 2,5 hours, using a CEA 15 film. Glycerol was
used for sticking the soil sample to the film.

Main (Al, Ca, Fe, Mg, Mn, Si and Ti) and trace elements (Ba,
Coj,t CE L Cu T Gal v Lar N, NaP S pHENSRL NS = SV SR Znis and i Z e ) were
detected by rontgen fluorescency. Grinded samples were put in
a stove at a temperature of 100°C. After drying, the samples
were cooled and sampled weight was determined. The samples
were then ignited in an oven at 900°C. The difference in
sample weight is the loss on ignition.

Signals from rontgen fluorescency were transformed to element
concentrations by comparison with standards.
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3 RESULTS OF FIELDWORK AND SAMPLING

Soil decriptions are presented in Annex IIT.

Field observations showed in situ formation of the middle and
highest elevated iron crust. The middle iron crust consisted
of two clearly separate layers. The upper part consisted of
cemented iron gravel whereas the lower part revealed in situ
formation. The 1lowest elevated iron crust showed to be a
combination of in situ formation and deposition and cementati-
on of iron gravel from higher altitudes.

During the field descriptions, it became clear that strong
variations in weathering stage occur within small distances,
especially at the middle crust. To capture as many of these
variations, both opposing faces of pits 2 and 3 were descri-
bed. This resulted in 6 sampling sites (2A, 2B, 34, 3B, 4 and
5) at the middle iron crust.

Although the parent rock was not reached, the oftenly found
slightly weathered granodiorite makes its presence in the
subsoil of sites 2A, 2B, 3A, 3B, 4 and 5 very likely.
Considering the fast retrograding erosion, it is also likely
that the iron crust, now covering site 2A, also used to be on
top of sites 2B, 3A, 3B, 4 and 5. Therefore the colluvial
material, now covering these sampling sites, is expected to of
recent origin.

Finally, by making use of the GPS-data, the observations of
the 6 sampling sites were combined with those of site 1 to
construct the theoretical profile description from parent rock
to iron crust, given below.

I At the bottom of the profile the parent rock, granodiori-
te, is found.

&L The parent rock is covered by a horizon of slightly
weathered material. The original granodiorite structure
can be recognized but the material has become softer.

IITI White (brighter than 10YR8/1) sandy loam to sandy clay
loam; hard when dry, sticky and very plastic when wet;
very few to many, fine to coarse mottles, red (2.5YR5/8)
to yellowish red (5YR5/8) and few to many, fine to coarse
mottles, yellow (10YR8/8 and 10YR7/8). With decreasing
depth, the amount and size of the red to yellowish red
and yellow mottles increases, locally the reddish or the
vellowish mottles are dominant; very few, fine iron
nodules that are reddish brown (2.5 YR4/4) nodules, at
the outside and red, yellow and black at the inside;
locally very few, very fine, black (N2/) iron manganese
nodules; no biological activity i.e. termite activity,
worm casts or roots are found present.

Ry White (brighter than 10YR8/1) sandy loam to sandy clay
loam; hard when dry, firm when moist, slightly sticky and
plastic when wet; common to many, medium to coarse, red
(2.5YR5/8) and yellowish red (5YR5/8) to strong brown
(7.5YR5/6) and very fine to coarse, many to abundant,
yellow (10YR7/8), light red (2.5YR7/8) and reddish yellow
(7.5YR6/8 and 5YR6/8) to brownish yellow (10YR6/8) mott-
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les. By an increase in their size, the area covered by
mottles increases with decreasing depth, suggesting
growth of the mottles; very few to common, fine to medium
nodules that are reddish brown (2.5YR4/4) at the outside
and red, yellow and black (N2/) at the inside. With
decreasing depth the amount and size of nodules increase.
In this horizon 1locally biological activity (termites,
worm casts and roots) is present.

\Y A red (10R4/6), reddish vyellow (5YR7/6) and black iron
crust, hardened on exposure to the atmosphere.

Ambrosi et al. (1986) (and Ambrosi and Nahon (1986)) also made
a description of a lateritic profile in the Diouga area (13°-
46’N 0°6’W) in the Northern part of Burkina Faso.

The presence of 6 layers is given although the parent rock and
the greenish layer were not reached.

I Parent Rock

1d Greenish layer

III Mottled clay layer

Iv Soft nodular iron crust
v Hard nodular iron crust
VI Pebbly ferruginous layer

Little differences between both profile descriptions are
found, probably due to the gradual boundaries between hori-
zons.

The greenish layer, described by Ambrosi et al., is thought to
consist of smectite. A similar layer is absent in the Kaya
research area. The only smectite found, are traces just below
the soil surface at sampling site 3B (See mineralogical data,
Annex VI). However, in 1993, green soil material, consisting
of weathered greenschist, a Birrimian rock, and containing
smectite clay minerals, was found in the vicinity of the re-
search area (Elkenbracht et al, 1994).

Ambrosi et al. described the mottled layer as "a horizon were
kaolinite domains are dominant in the bottom but toward the
top the ferruginous spots or nodules get progressively more
numerous and develop at the expense of the grey kaolinitic
matrix". Furthermore they described a soft nodular iron crust.

In the Kaya research area two separate layers could be din-
stinguished. First a mottled horizon, equivalent to the lower
part of the mottled clay layer described by Ambrosi et al..
Second a nodular horizon, equivalent to the higher part of the
mottled clay layer and soft iron crust described by Ambrosi et
UL o

Ambrosi et al. distinguished a soft nodular iron crust, a hard
nodular iron crust and a pebbly ferruginous layer. These were
not found in the Kaya area. In the Kaya area the iron crust
presented in Figure 3.1 was covered with an iron crust which
seemed to consist of detrital coming from higher altitudes.

13






PEBBLY FERRUGINOUS

LAYER
IRON CRUST HARD NODULAR IRON
CRUST
SOFT NODULAR CRUST
MOTTLED
LAYER WITH IRON
NODULES
MOTTLED CLAY
LAYER
MOTTLED SANDY LOAM
LAYER
WEATHERED PARENT GREENISH CLAYEY
MATERIAL LAYER

PARENT MATERIAL
PARENT MATERIAL

Figure 3.1: Profiles of lateritic soils. Left profile found
in the Kaya area. Right profile found at Diouga
by Ambrosi et al. (1986).

Field observations show that the highest elevated iron crust
differs from the middle one. Differences are mainly caused by
soil colour. The white colour is not found at the sampling
sites 6 and 7. A red (2.5 YR4/8) sandy loam to clay is pre-
sent. No mottling is seen but iron nodules are found. The red
colour suggests strong iron impregnation, which masks the
presence of mottles. Again in situ formation is suggested.

The lowest elevated iron crust was only sampled superficially
so no profile description could be made.
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4 RESULTS OF POLARIZING OPTICAI. MICROSCOPE OBSERVATIONS

Field observations suggested in situ formation of at least the
middle and the highest iron crusts but no sound prove was
found. Furthermore, gravelly (iron) detrital derived from
upslopes seemed to be present both at the highest layer of the
middle crust and at the lowest iron crust (cemented gravel).
Polarizing optical microscope studies were made to unravel the
sequence of processes in the three iron crusts.

Regarding the sampling spots, all samples were devided into
three groups. The first group represents the middle iron
crust, the most intensively sampled. As mentioned before, the
samples from the granodiorite and weathered granodiorite were
added to this series.

In the second and third series the highest and lowest elevated
iron crusts are described. Thin section descriptions are
presented in Annex V.

Individual samples of iron crusts, collected from outside the
study area, could not be taken into account because no series
with succesive degrees of weathering could be made. The Howe-
ver, their chemical data turned out to be usefull.

4.1 The parent rock and middle iron crust

As described above the parent rock consists of granodiorite.
The granodiorite is made up of quartz, alkali feldspars, green
hornblendes, biotite and opaque-iron minerals (see Figure 4.3;
horizon 1I). Concentrations of iron-containing hornblendes,
biotite and opaque-iron minerals are located in a clustered
distribution pattern.

The fresh granodiorite is covered with a saprolite, developed
out of the rock. All minerals in the saprolite are partially
or totally weathered. Alkali feldspars demonstrate dotted
alteration and the weathering voids are filled with secondary
material. Hornblendes display irregular alteration. The weat-
hering voids are partially filled with iron.

Biotite shows linear alteration (exfoliation) and the weathe-
ring voids are partially filled with dark red iron compounds.
Quartz minerals are hardly affected. Original rock structures
are not present so the current weathering is not iso-volume-
tEien
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Figure 4.1: Iron-bearing minerals in a clustered distribu-
tion patttern present in the parent rock. Plane
polarized light (PPL); 1lcm = 540un.

The saprolite 1is devided into a white and yellow coloured
saprolite.

The white saprolite is found overlying the weathered granodio-
rite (see Figure 4.3; horizon II). The coarse fraction (> 5Sum)
consists of angular quartz grains (up to 1 cm) and clusters of
opaque-iron minerals. Many quartz grains are cracked and fall
apart into small angular particles. The majority of the fine
material (< 5um) is white and consists of continuous oriented,
laminated clay booklets. Based on the internal morphology it
is assumed to consist of kaolinite booklets (Bullock et al.,
1985). The presence of kaolinite is supported by mineralogical
analysis (see Annex VI). Abundant, small (< 3um), dark grey
grains are present giving the fine material an impure charac-
ter. The grains reflect blue in incident 1light. The clayey
material is thought to be the result of weathering of alkali
feldspars, originally present in the parent rock. Clay pseu-
domorphs after biotite grains are present. No iso-volumetric
structures are found.

Two types of clay coatings are distinguished.

I Impure, pale yellowish to white clay coatings (grainy
coatings) in voids and as fragmented coatings. They show
little birefringence and demonstrate a blueish reflection
in incident light. The grainy character and its blueish
reflection both in groundmass and pale yellowish clay
coatings suggest the occurence of ferrolysis (Brinkman,
19..). Similar phenomena are described by Brinkman et
al., 1973). Because coatings are affected by ferrolysis,
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clay illuviation must have been active before ferrolysis
started. Clay illuviation suggests a climate with a
distinct dry season, whereas ferrolysis suggests season-
ally wet soils.

II Limpid vyellowish clay coatings predominantly in voids.
The vyellow colour indicates that the coatings contain
iron. As the coatings are not grainy they have not been
subject to ferrolysis, indicating that they were formed
after the process of ferrolysis. Ferrolysis must be a
fossil process at this depth.

Orange red iron nodules are present (see Figure 4.3; horizon
II) with a diffuse transition to the white saprolite, sugge-
sting in situ nodule formation. In the nodules appreciable
amounts of opaque iron minerals, iron-rich claypseudomorph
after biotite and hornblende are present, whereas such featu-
res occasionally occur in the white coloured saprolite. The
formation of the diffuse iron nodules might have taken place
around the clustered iron-rich minerals, using the altered
iron-rich minerals as cores around which iron accumulation
occurs. It is assumed that the nodules are formed due to
periodical hydromorph processes.

Iron nodules grow together upon proceeding of the hydromorphic
processes and quartz particles are enveloped by iron. Upon
weathering of the quartz particles rectangular voids are
formed and filled with iron compounds.

With decreasing depth a yellow saprolite occurs (see Figure
4.3; horizon III). It consists predominantly of clay-sized
material with many clay booklets, probably formed by weathe-
ring of alkali feldspars. In this fine textured groundmass big
quartz grains (up to 1 cm), totally weathered biotite and
hornblendes as well as fresh opaque iron minerals are present.
However, dquartz minerals are hardly affected by weathering.
Micromorphological observations indicate +that the yellow
saprolite is built up exactly like the white saprolite but the
fine material of the yellow saprolite contains some homogene-
ously distributed iron.

Yellow and white saprolite can be found next to each other.
With decreasing depth the amount of the yellow saprolite
increases. Both observations suggest better drainage conditi-
ons in the yellow saprolite.

Yellowish limpid clay coatings are found in the yellow sapro-
lite.
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Figure 4.2: Occurence of iron accumulated around the clus-
ters of iron-rich minerals as found in the
parent rock. Different iron-rich areas have
grown together, enveloping quartz grains. Upon
ongoing weathering and cracking of the minerals
iron compounds filled up the cracks. Weathering
proceeded and some parts of the original quartz
grain totally disappeared. Crossed polarized
light (XPL); lcm = 400um.

Field observations show that the iron crust at the surface of
this site consists of two clearly separate layers. Micromorp-
hological observations of the lower demonstrate that it mainly
consists of yellow saprolite with traces of white saprolite.
Furthermore aggregates, consisting of fine (50-150um) quartz
particles and reddish clay material, are observed (see Figure
4.3; horizon IV). The scattered occurence of individual small
quartz grains in the reddish clay groundmass suggests that the
original primary minerals are totally weathered and transfor-
med to clay. As a result the quartz grains are residual enri-
ched and mechanically fall apart into smaller constituents.
Many fragmented, limpid, red, clay coatings (papules, Brewer,
1964) are present in the red aggregates. They are absent in
both white and yellow saprolite suggesting that clay illuvia-
tion has taken place before the internal fabric of the ground-
mass has been disturbed by physicogenic or biogenic processes
and that these aggregates are inherited.
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With decreasing depth a third type of clay coatings is found:
IIT Limpid red clay coatings. Locally these red coatings can
be covered with the previous mentioned (II) yellow coatings.
This sequence of coatings can be found both in the yellow and
white saprolite as well as between the yellow saprolite and
red material. This indicates that red coating-formation star-
ted after formation of yellow and white saprolite and after
the incorporation of red aggregates. In addition this indica-
tes that the red coatings were formed before the yellow coa-
tings were deposited. Finally it indicates that red coatings
have been formed after the process of ferrolysis ended, so it
confirms that ferrolysis is a fossil process.

In situ reddish clay coatings are present in cracks, which
form the boundary between red aggregates and yellowish sapro-
lite. This indicates that red papules in the red soil are
older than the in situ red coatings.

It is speculated that the reddish soil aggregates are remnants
of a red soil, originally overlying the yellow saprolite and
formed from that saprolite due to tension in the soil materi-
al, resulting in fine quartz grains and fragmented clay coa-
tings.

The upper part of the iron crust mainly constists of spheri-
cal, sharply bounded iron concretions (concentric internal
fabric) (see Figure 4.3; horizon V). Occasionally quartz or
other primary minerals are present. Intergranular voids be-
tween the concretions are partially filled with iron. These
observations confirm the field hypothesis that the iron crust
consists of two layers which genetically differ. The lower
part is considered a remnant of a reddish soil of unknown
thickness overlying the yellowish saprolite and genetically
related with this saprolite. The majority of the reddish soil
has been eroded because in the field the red soil material was
not observed as a continuous soil horizon but as remnants in
the yellowish saprolite. Micromorphology confirms these obser-
vations. After erosion of the red soil, iron concretions
(gravel) has been deposited on the remnants of the red soil.
It is speculated that the iron gravel originates from older
iron crusts, present at higher elevated positions in the land-
scape.

Occasionaly, next to the yellow and white saprolite, a brown-
red clayey material with a different b-fabric is found. It
contains small quartz grains and micas. It contains organic
matter resulting in a different colour. It has a granular
microstructure. This material is supposed to originate from
biological activity e.g. termite or worm activity.

In situ lime accumulations are present in cracks in the yello-
wish and white saprolite and also occur on yellowish clay
coatings. Locally lime accumulations are found in voids in the
red material. Observations indicate that the lime formations
occur after formation of both saprolites and red soil aggrega-
tes and after all clay illuviation processes. It appears to be
the youngest phase of soil formation. The origin and genesis
of the secondary lime cannot be deduced from micromorpholo-
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ment.

observations. From chemical analyses it is concluded
the granodiorite is the source of secondary lime enrich-

Hor. V: Upper part of the iron crust with
inherited spherical, sharply bound iron
gravel and intergranular voids filled with
SO,

Ho®: S

a yellow saprolite, traces of a white sa-
prolite and the presence of a red soil
aggregates with red fragmented clay coa-
tings. Presence of in situ limpid red clay
coatings.

IV: Lower part of the iron crust with

HERE

subject to ferrolysis) and yellow saprolite
with limpid yellow clay coatings. With de-
creasing depth more yellow saprolite. Pre-
sence of iron nodules. Locally termite
activity and lime are present.

IITI: White saprolite (occasionally

Homl:

coatings locally subject to ferrolysis and
limpid yellow coatings not subject to fer-
rolysis.

Presence of iron nodules.

I1I: White saprolite with dusty clay

Hor. I: Parent rock (granodiorite).

Figure 4.3: Micromorphological description of the middle

iron crust

Micromorphological observations indicate that the following

soil forming processes have taken place succesively.

1 Isovolumetric weathering of ©primary minerals in the
granodiorite and formation of secondary minerals (clay-
pseudomorphs after primary minerals, mainly feldspars);
forming the yellow saprolite.

2 Occurence of hydromorphic processes in the porous zones
of the yellow saprolite, resulting in the formation of
white zones.

3 Clay illuviation in more porous zones in the white sapro-
lite leading to coating type I.

4. Occurence of ferrolysis in the white saprolite and forma-
tion of iron nodules around existing iron cores.

5 Formation of red soil material from the yellow saprolite
and overlying the yellow saprolite.

Gz Clay .4lluviation. and .  rabifaction win. the, red .soil .and
formation of red coatings.

7 c Fragmentation of coatings and formation of papules.
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8h Transportation of red soil aggregates into the yellow
saprolite.

9 Clay illuviation and formation of red and yellow clay
coatings respectively type III and II.

10. Erosion of the red soil horizon

11. Deposition of detrital iron gravel.

12, “Accumulationofslimes

4.2 The highest elevated iron crust

The highest elevated iron crust consists of two materials:

1 A dark red saprolite with big quartz grains (600-800um),
clay pseudomorphs after biotite and iron pseudomorphs after
hornblendes. The saprolite is partially iso-volumetric weathe-
red and is totally impregnated with iron. With increasing
depth the saprolite-like structure disappears. Dark red iron
nodules are found, in which angular shaped cavities occur
occasionally containing quartz grains. Such quartz grains are
generally smaller than the cavities indicating a pellicular
alteration which means that weathering affected the outer
margins of the quartz. It is wunlikely that this phenomenon
resulted from thin section preparation because the outer
bounderies of the quartz grains are smooth. Occasionally
quartz grains have completely disappeared. A frame work or
iron remains. This indicates that dissolution of quartz mine-
rals continuous after impregnation with iron.

acd: A light red clayey soil material. Saprolite structures
are absent. The light red material dominantly consists of clay
booklets, probably derived from totally weathered feldspars,
and furthermore consists of biotite and quartz grains. The
clay booklets are smaller than those found in the dark red
saprolite. Few quartz grains are found, with smaller sizes
than those observed in the dark red saprolite. With decreasing
depth the soil material becomes more reddish.

Obviously both materials have the same mineralogical composi-
tion (quartz grains and micas) indicating a similarity in
respect to parent material. Based on the differences in size
of the primary and secondary minerals, and on the differences
in internal fabric, the light red material is thought to be
more strongly weathered.

It is concluded that the highest iron crust is formed in situ.
Iron-rich nodules are formed in the same way as those present
in the middle iron crusts. The iron-rich nodules are usually
accompanied by a material with the same composition of primary
minerals. However the degree of weathering is different. Both
materials have been derived from the same parent material
(granodiorite). Differences in macroporosity of the rock
causes preferent waterways which in turn cause different
degrees of weathering at macro and micro scale.
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Also at the foot of the highest elevated iron crust samples
were taken (no. 6). Optical studies reveal that the samples
differ from the material described above. Instead it showed a
groundmass consisting of:

I Dark red, sharpley bounded iron gravel of alternating
mineralogical composition (in terms of amounts of biotite and
quartz) and size (50um-2cm).

IT A heterogeneous yellow-red soil material, between the
iron gravel, with big quartz minerals (300um). In this soil
material, layers of pure iron compounds are found.

The different internal fabric of iron gravel, their angular
shape and its sharp bounderies, indicate that the material
found in this thin section has not been formed in situ.

The heterogeneous yellow-red material is impregnated and
cemented by iron and overlies a groundmass where iron gravel
is commonly found. The dark red iron gravel has a similar b-
fabric as the dark red iron nodules in the dark red saprolite
found at the top of the iron crust.

Spherical to elipsical, white, clay aggregates are found. This
white material is grainy and reflects blue under incident
light, indicating that this material may have been subject to
ferrolysis. Small (50um) quartz grains are found in the clayey
material. Within the white aggregates, red iron droplets in
alternating amounts are found and iron is also surrounding the
aggregates. It seems that erosion material, consisting of the
white saprolite and quartz grains, is cemented by iron. The
cause of the white saprolite transport is not exactly known.
The spherical to elipsical shape suggests both biological
activity (termites) and erosion (at heigh altitudes) and
deposition (at lower altitudes).

It is concluded that in situ material at the foot of the iron

crust can have be covered by detrital material consisting of
iron gravel from heigher altitudes.

4.3 The lowest elevated iron crust

The lowest elevated ironcrust consists of:

I A white saprolite consisting of white clay-booklets and
coarse quartz grains (250-500um). In the white saprolite light
yellow coatings are found. Both saprolite and light yellow
coatings are subject to ferrolysis. Locally aggregates of
white saprolite are found.

11 A yellow saprolite consisting of clay booklets and coarse
quartz grains (up to 500um). Locally aggregates of vyellow
saprolite are present.

ITT Dark red ferric nodules. Occasionally the dark red ferric
nodules seem to be formed in situ i.e. micromorphological
observations make clear that the ferric nodules and the adja-
cent saprolite have the same mineralogical composition regar-
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ding clay booklets and size of quartz grains. The transition
from the dark red ferric nodules to the white saprolite is
diffuse. However dark red ferric nodules with a sharp trans-
ition to the saprolite are found indicating that these ferric
nodules are detrital.

iv Iron gravel with a b-fabric differing from the ferric
nodules and the saprolite described above. The transition
between iron gravel and adjacent material is sharp.

Micromorphological observations indicate both in situ formati-
on of the lowest elevated iron crust and inheritance of featu-
res described above. Dark red ferric nodules seem to be formed
in situ when mineralogical composition stems with the minera-
logical composition of the white saprolite and when the trans-
ition between both materials is diffuse.

Aggregates of white and yellow saprolite and dark red ferric
nodules with sharp transitions to the adjacent material seem
to be inherited from higher altitudes. The locally found sharp
edged ferric nodules also suggest an inherited origin.

The process of in situ crust formation is similar to that in
the middle crust, as described in 4.1. Furthermore, detrital
derived from higher altitudes seems to deposit dominantly at
locations rich in iron.
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5 CHEMICAI. RESULTS

After substracting the weight percentage of the loss on igni-
tion from the data obtained by rontgenfluorescence, these data
are recalculated again to 100%, as follows:

100/(W, — W,) (§B15)
in which:
W, = the sum of the weight percentages of all elements and

W, = weight percentage of the ’‘loss on ignition’

The corrected chemical data are presented in Annex VII A (main
elements) and VII B (trace elements).

All concentrations are expressed as percentage of the total
weight, assuming all elements to be present as oxides.

The weight percentages of four major elements (SiO,, TiO,, Fe.,O,
and Al,0,) are presented in Figures 5.1-5.6, and are discussed
below.

In the granodiorite and the slightly weathered granodiorite
besides the above mentioned elements Na,0, K,0, BaO, MgO, MnO
and CaO are found in significant amounts. These elements are
hardly found in the other samples.

Field and micromorphological observations indicated the 1local
presence of lime throughout the sampling sites 2A, 2B, 3A, 3B,
4 and 5 at the transition from red iron mottles or nodules to
the white clayey material. Due to the size of the soil samples
these 1locally high 1lime concentrations are reduced to the
extend that the chemical data do not show the presence of
lime. However it becomes clear that the granodiorite must be
the origin of the local lime enrichment.

In the following paragraphs the terms absolute and relative
enrichment or accumulation mean:

Relative enrichment or accumulation: increase in weight per-
centage of an element due to a nett loss of other elements.
Absolute enrichment or accumulation: increase in weight per-
centage of an element due to an influx of the element from
adjacent areas.

The parent material, granodiorite, indicates a rather homoge-
neous occurence of TiO0,%. Micromorphological studies revealed
nearly only in situ pedogenetic processes, meaning no mechani-
cal redistribution of TiO,. As TiO, is also considered rather
inert, i.e. neither subject to eluviation nor illuviation, the
ratio of an element weight% : TiO,% in this case indicates
whether absolute or relative enrichment of that element has
taken place. An increase in the ratio suggests an absolute ac-
cumulation, a decrease a nett leaching. An increasing TiO,% is
explained by relative enrichment.
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In the discussion of the figures five different processes are
recognized. The processes of iron- and clay illuviation and
ferrolysis have already been observed during the micromorpho-
logical studies. Chemical data expressed leaching of Na,0, K,O,
BaO, MnO, MgO and CaO and the process of ferralitization. The
effects of these five processes on the change in weight per-
centages of the four major elements are given in Table 5.1.

Table 5.1: The effects of various processes on the
concentration of aluminium, iron and silicium
and titane oxides in the soil.

PROCESS Al1,0.% | Fe,0,% | Si0,% | Ti0,%
Leaching of Na,0, K,0, BaoO, +/= +/~- +/- +/-
MnO, MgO and CaO

Ferralitization +/~ +/=- - +/-
Ferrolysis - - +/- +/=
Iron illuviation -/~ + -/- ~-/=
Clay illuviation + -/- - -/-

+ absolute enrichment

absolute loss
relative enrichment (loss of other elements)
relative loss (enrichment with other elements)

i
.../_

i nn

Information on sample numbers, sample site and altitude of
sampling are presented in Annex IV. Sample numbers increase
with increasing altitudes.

5.1 Fe, 0, versus TioO,

The weight percentages of Fe,O, versus TiO,, after correction
for loss on ignition are found in Figure 5.1.

25



.S SEL SR el LGz g iy T M T e S




70 36
-
60 \\\\:f
31
-
34
50 33 3
m
D \
- 2
g 40
48
O
Al
(¢h]
LS 30
20 30
10
2
w
0
05 155 215 35
a1l 2 3
‘ TiO2(%)
Figure 5.1: Weight percentage Fe,O0, versus weight
percentage TiO,
sl Fe 0, versus TiO, in the highest elevated iron crust

The x-coefficient of the regression line (see Figure 5.1) of
the samples 32, 33, 34, 35 and 36 is =-39.7, indicating an
increase of the Fe,0,-content with a decreasing TiO, content.
All calculated x-coefficients can be found in Annex VIII. When
moving up in the iron crust, e.g. from sample 32 to 36, the
TiO, weight percentage decreases.
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Table 5.2: Weight percentages TiO, and Fe,0, in sample 36
and sample 32

TiO,% | Fe,0,%

Sample 36 ALtk 67 .47
Sample 32 2.41 42.32

Assuming no absolute accumulation or leaching of TiO,, the
decrease of the TiO, weight percentage must have been caused by
a nett accumulation of other elements, resulting in an increa-
se of the total weight. The found decrease of the TiO.,% indica-
tes an increase of the total weight by 33.15%, as calculated
in equation (5.2).

——==== = —-—=- 3 = absolute increase = 33.15 (5152}

Assuming no accumulation of Fe,0,, the weight percentage of
Fe,0, would decrease to 31.78%, see equation 5.3.

————————— = —————————- = 31.78% Fe,0, (5.3)
100+33.15 2541 /1.81

However, the Fe,0,% increases, so absolute accumulation of Fe.,O,
must have taken place. Assuming only accumulation of Fe,0,, the
Fe,0, weight percentage should increase from 42.32% (sample 32)
to 56.69% (sample 36), see equation (5.4):

42.32+33.15
----------- * 100% = 56.69 Fe,0.% (5.4)
100+33.15

However, in sample 36 a Fe,0,% of 67.47 was found. So, next to
an accumulation of Fe,0,, other elements must have leached out.

5.1.2 Fe,0, versus TiO, in the middle iron crust

The x-coefficient of the regression line of the Fe,O0, and TiO,
concentrations of samples 20, 21, 23, 24, 26, 27, 28, 29, 38,
39, A and B is 173,8. Contrary to the highest elevated iron
crust, an increase in the TiO, weight percentage is accompanied
by an increase of the Fe,0, weight percentage.

When getting closer to the surface of the crust, from sample
21 to sample 29, the TiO,% increases slightly. Again assuming
no nett loss or accumulation of TiO,, the increase of TiO,%
must have been the result of a nett loss of other elements.
The decrease of the TiO, weight percentage from 1.36 to 1.50
indicates a nett loss of 9.33% in total weight (equation 5.5).
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Table 5.3: Weight percentages TiO, and Fe, 0, in sample 29
and sample 21

TiO,% Fe,0.%
Sample 29 15150 28.61
Sample 21 1.36 g2
Ti0.:
1L 85 8550
———— = - a = -9.33 (5.5)
100+a 100

When no absolute accumulation of Fe,0, takes place, this loss
of other elements results in an increase of the Fe,0,% from
9.52% to 10.50% (equation 5.6). However, in sample 29 a Fe,0,
weight percentage of 28.61% was found, again indicating an
absolute accumulation of iron.

———————— * 100 = 10.5% Fe,O, (5.6)
100-9.33

BI1=13 Fe,0, versus TiO, in the mottled zone of the middle
iron crust

The x-coefficient of the regression line (Fe,0,% versus TiO0,%)
offthelisampilie SEESVNRGH SRS 8NGO SR ARI SR 1020 ST AT a1 67,070 1 8
19, 22, 25 and 37 is 31.37 indicating an increase of the Fe,0,%
with an increase of the TiO,%. The coefficient is smaller than
the coefficient found with the data discussed under 5.1.2,
i.e. the delta Fe,0.,% : delta TiO,% does not increase as fast
as above. Indicating a less pronounced Fe,O, accumulation.

Table 5.4: Weight percentages TiO, and Fe,O, in sample 17
and sample 8.

Tio,% | Fe,0.%

Sample 17 096 8.04

Sample 8 0.85 4.41

The increase of the TiO,% from 0.85 to 0.96 suggests a nett

loss of 11.46 in total weight (equation 5.7).

————— = === g = -11.46% (57

This loss in total weight would result in an increase of the
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Fe,0, weight percentage from 4.41% to 4.98% (equation 5.8).
However, a Fe,0,% of 8.04 was found. So, next to a loss of
other elements, an absolute accumulation of Fe,0, must have
taken place.

4,41
————————— * 100 = 4.98% Fe,0, (5.8)
100-26.09

5.2 AT, O, versus TiO,
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Figure 5.2: Weight percentage Al1,0, versus weight
percentage TiO,.
Bl Al,0, versus TiO, in the highest elevated iron crust

The x-coefficient of the regression line of the Al,0.% and the
TiO,% of samples 32, 33, 34, 35 and 36 is 14,68%. When moving
to the surface of the iron crust, a decrease of the Ti02% is
accompanied by a decrease in the Al,0, weight percentage.
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As decribed for Fe,0, versus TiO,, the decrease in TiO, weight
percentage (between sample 32 and 36) is the result of a nett
increase in total weight of 33.15% (equation 5.2).

Table 5.5: Weight percentages TiO, and Al,0, in sample 36
and sample 32.

Ti0,% | A1,0,%

Sample 36 1.81 1578

Sample 32 2.41 255D

Assuming no leaching of Al,0,, the nett increase in total
weight would lead to a decrease of the Al,0, weight percentage
from 25.15% to 18.89% (equation 5.9). However, an Al,0, weight-
percentage of 15.78% was found, indicating leaching of Al.O,.

250015
————————— * 100% = 18.89% Al.0, (569))
180 Q=3 SE TG
S22 Al,0, versus TiO, in the middle iron crust

The x-coefficient of the regression line of the Al,0,% and the
TiO,% of samples 20, 21, 23, 24, 26, 27, 28 and 29 is =-37.10,
i.e. an increase in TiO,% and a decrease in Al,O,.

Table 5.6: Weight percentages TiO, and Al,0, in sample 29
and sample 21.

Tio,% | Al,0,%

Sample 29 1T.50 24.79

Sample 21 1L 85 30.54

Assuming no absolute accumulation or leaching of TiO, a nett
loss in total weight of 9.33% (equation 5.5) is calculated
between sample 21 and 29.

Because the Al1,0, weight percentage decreases, whereas the
TiO,% increases, there must have been loss of Al,0,, due to
leaching.

5.2.3 Al,0, versus TiO, in the mottled 2zone of the middle
iron crust

The x-coefficient of the regression line of the A1,0.% and the
Tio.% of sawples 6, 8; 9, 10, 13,04, 16, 17, 22 and 25 is
34.88. So an increase in the TiO,% is accompanied by an increa-
se in Al,0,%. The increase in TiO,%, between the samples 8 and
17, results from a loss of total weight of 11.46% (equation
Bni? s
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Table 5.7: Weight percentages TiO, and Al,0, in sample 17
and sample 8.

P50,% 4 'Al,0,%

Sample 17 0.96 26.67

Sample 8 0.85 SEOINS S

Assuming no leaching of Al,0, this would result in an increase
in the Al,0, weight percentage from 19.83 to 22.40% (equation
5.10). A weight percentage of 26.67 was found for Al,0,, in-
dicating absolute accumulation of Al,O,.

fEOINSE
————————— * 100% = 22.40% Al.O, (5.10)
106=11".46
5.3 SiOo, versus TiO,
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Si0O, vs TiO, in the highest elevated iron crust

The x-coefficient of the regression line of the Si0,% and the

TiO,% of samples 32,
TiO, is accompanied by a decrease in SioO,.
the total weight has increased with 33.15%

833,

34,

35 and 36 is 24.96. A decrease in
As described above,
(equation 5.2). The

increase is caused by leaching of Al,0, and absolute accumula-
tion of Fe,0,.

Table 5.8:

Weight percentages TiO, and SiO, in sample 32
and sample 36.

TiO,% | Si0.,%
Sample 36 1L L 14.79
Sample 32 2.41 £40) o 2

Assuming no loss of SiO,, the increase in total weight would
result in a Si0,% of 22.75 (equation 5.11). However, a weight
percentage of 14.79 was found, indicating leaching of SioO,.

_________ * 100 = 22.75 SiO.
1100 LB 3RS

{501

BB SiO, vs TiO, in the middle iron crust

The x-coefficient of the regression line of the Si0,% and the
Tio,% of samples 20, 21, 23, 24, 26, 27, 28, 29, 38, 39, A and
B is -105.51. The negative x-coefficient implies an increase
in TiO,% accompanied by a decrease in Si0,%. The increase of
TiO, (between sample 21 and sample 29) suggests a loss in total
weight of 9.33% (equation 5.5).

Table 5.9:

Weight percentages TiO, and SiO, in sample 29
and sample 21.

Tio,% | Si0,%
Sample 29 |1.50 | 44.79
Sample 21 |1.36 | 57.69

With no accumulation or leaching of Sio,,

the loss in total

weight would result in a relative increase of SiO,. However,

the Si0,% decreases, due to leaching.

SiO, vs TiO, in the mottled zone of the middle iron
crust

5353

The x-coefficient of the regression line of the Si0,% and the
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Tio,% of samples 8, 9, 10, 14, 16, 17, 18, 22, 25 and 37 is =
63.79. When moving closer to the surface the TiO,% increases
and the Si0,% decreases. As described above this increase in
TiO,% from 0.85 to 0.96 is the result of a nett loss in total
weight of 11.46% (equation 5.7)

Table 5.10: Weight percentages TiO, and SiO, in sample 17
and sample 8.

Ti0. %= S100%

Sample 17 | 0.96 | 63.91

Sample 8 @15185 74.48

Assuming no leaching or absolute accumulation of SiO,, the loss
in total weight would result in an increase of the S5io0,%.
However, the Si0,% decreases, indicating leaching of SiO,.

5.4 Si0, versus Al.0,
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it el SiO, vs Al,0, in the highest elevated iron crust

The x-coefficient of the regression line of the Si0,% and the
ALLO . THof nsamplestiio 4133 "I 34 355 and Y 36olie 0,57 - Both the
weight percentage of SiO, and the weight percentage of Al,O,
decrease when moving higher up in the profile.

The graphs SiO, versus TiO, and Al,0, versus TiO, indicated
leaching of both SiO, and Al,0, when moving up in the highest
elevated iron crust.

The x-coefficient indicates that the dependent wvalue (Al,0,)
lowers with 0.57 when the independent value (SiO,) lowers with
1 i.e. SiO, leached more than Al.0,.

5154722 SiOo, vs Al.,0, in the middle iron crust

The x- coefficient of the regression line of the Si0.,% and the
Al 0.% . of samples 20, 21, 23, 26, 27, 28, 29 and 307is 0:23
i.e. when the Si0.% decreases with 1 the Al,0, decreases with
0.43. When going up in the profile from sample 21 to 29, the
TiO,% increases, indicating a loss in total weight. Both Al,0.%
and SiO,% decrease, probably due to leaching. The leaching of
Al,0, is less severe than that of SioO,.

5423 Sio, vs Al1,0, in the mottled zone of the middle iron
crust

The x-coefficient of the regression line of the Si0.,% and the
Al1.,0.% of samples 8, 10, 13, 14, 16, 17, 18, 19, 20, 22, 24 and
25 is -0.63. When moving to the surface of the iron crust the
Si0,% decreases and the Al,0,% increases. The increase in TiO,%
between sample 8 and 17 is explained by a loss in total weight
of 11.46% (equation 5.7). As described above, the Al,0.% incre-
ases due to absolute and relative enrichment. As a loss in
total weight would have resulted in an increase in Si0,%, SiO,
must have leached out.

5.5 Fe O, versus SiO, and Fe, 0, versus Al.0,
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S Bat Fe,0, vs SiO, and Fe,0, vs Al.,0, in the highest

elevated iron crust

When moving up in the highest elevated iron crust the Fe,0.%
increases and the weight percentages of both Al,0, and SioO,
decrease. This is explained by an absolute accumulation of
Fe,0, and nett loss, by leaching, of Al,0, and SiO..

The x-coefficient of the regression line of samples 32, 33,
34, 35 and 36 of the Fe,0,% versus the Si0,% is -1.35, that of
the Fe,0,% versus the Al.,0,% is -6.68.

A set increase in Fe,0, is accompanied by a Fe,0,/1.53 decrease
in SiO, and by a Fe,0,/2.68 decrease in Al.,0,.

5055 2 Fe,0, vs SiO, and Fe,0, vs Al,0, in the middle iron
crust

The x-coefficient of the regression line of Fe,0,% versus Al,O

o
3%
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of samples 124, 23, 26, 27, 28, 29 and 30 is: ~3.25 ‘and'the X=
coefficient of Fe,0.% versus SiO,% -1.50. This indicates that a
loss in total weight between sample 21 and 29 resulted in an
increase in the TiO,%.

Both graphs show that this loss is the result of leaching of
Al,0, and SiO,. Because both graphs have a negative x-coeffi-
cient the x-coefficient is a measure to compare the degree in
leaching of Al,0, and SiO,. Both x-coefficients suggest more
severe leaching of SiO, than Al,0,. A change in Fe,0, with 1
results into a change in Si0,% of 1/-1.5 and Al,0, of 1/-3.25.

5.5.3 Fe,0, vs SiO, and Fe,O, vs Al,0, in the mottled zone of
the middle iron crust

The x-coefficient of the regression line of Fe,0,% versus Al,0,%
of samples 8, 10, 13, 14, 16, 17, 18, 19, 20, 21, 22, 24 and
25 is 0.51 and the x-coefficient of the regression line of
Fe,0,% versus SiO,% -0.338, indicating an increase in Al,0, and
a decrease in SiO, when Fe,0, increases.

It is not possible to use x-coefficients as a measure to
compare the degree of absolute leaching or accunulation.
Negative and positive x-coefficients cannot be compared wit-
hout a prior correction of the weight percentages for relative
accumulation, due to loss in total weight.

5.6 CHEMICAL RESULTS OF THE HIGHESTS ELEVATED TRON CRUST

Samples 32, 33, 34, 35 and 36 were collected from the highest
elevated iron crust in the research area. Chemical data of the
four major elements (TiO,, SiO,, Al,0, and Fe,0,) indicate ab-
solute accumulation of Fe,0, and leaching of SiO, and Al,O,.
Leaching of SiO, seems more severe than leaching of Al.0,. The
accumulation of Fe,0, more than compensates for the loss in
Sio, and Al,0,, resulting in a nett increase in total weight.
Calculation of the increase of Fe,0, and the loss of SiO, and
Al,03 assume no absolute accumulation or leaching of TioO,.

Table 5.11: Weight percentages TiO,, SiO,, Al,0, and Fe,O, in
sample 32 and sample 36.

Tio,% | Si0,% | A1,0.% | Fe.0.%

Sample 36 | 1.81 14.79 578 67.47

Sample 32 | 2.41 S(0) 2C 25585 42.32

L@
The accumulation of Fe,0, and leaching of both SiO, and Al.O,
results in an increase of the total weight of 33.15% (equation
5.12%

B8/






————— = ST e T (5.12)

Fe,O,:
The absolute accumulation of Fe,0, resulted in an increase of
the total weight with 47.52% (equation 5.13).

42.32+b  67.47
——————— = ————— b=t 52 (5-13)

SHl@N:
The leaching of SiO, resulted in a decrease in total weight of
10.60% (equation 5.14).

30.29+c  14.79
e . c = -10.60 (5.14)
138515 100

Al.0;:
The leaching of Al1l203 resulted in a decrease of the total
weight with 4.14% (equation 5.15).

25.15+d  15.78
e = e d = -4.14 ((B=ilby

Loss in SiO, and Al,0, suggest ferralitization, ferrolysis and
clay eluviation, next to absolute iron enrichment.

When the changes with regard to the granodiorite are cal-
culated the succesive processes become more clear. The grano-
diorite contains 0.61% TiO,, 63.21% SiO,, 15.99% Al,0, and 5.01%
Fe,0,. Calculations were performed in the same manner as shown
above, however the starting point was the granodiorite (con-
stant TiO, % = 0.61).

Table 5.12: Loss or accumulation of SiO,, Al,0, and Fe,O, (in
weight percentages) in the samples 32 and 36
with regard to the parent material (sample 1).

sio, Al,0, Fe,O,

sample 36 =5 8928 = BOTE6T =Pl o V&)

sample 32 =55 ,54 =) &2 =55 70

When going up in the iron crust more SiO, and Al,0, has leached
(ferralitisation, clay eluviation and ferrolysis more severe).
Furthermore more iron accumulates when going up in the profi-
le. The possible origine of this iron will be discussed below.
Figure 5.7 shows the three iron transport mechanisms which
have been suggested by McFarlane (1976).
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Figure 5.7: Three suggested processes of iron crust for-
mation (after McFarlane, 1976).
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Process A:

Iron might originate from the horizon originally overlying the
iron crust (an overhead pedogenetic source). Goudie (1973)
stated that the 1laterite horizon should be thin when it is
supposed to have formed as a precipitate (development in
relation to the water table). However in this case the iron
crust is rather thick (10-15 m).

Process B:

Upward transport of iron, originating from the granodiorite by
fluctuating groundwater tables cannot totally explain the iron
crust formation, because the Fe,O0,-content in the parent mate-
rial is low whereas enormous absolute Fe,0, accumulations are
calculated.

Furthermore the iron must have been transported over a dis-
tance of more than 10-15 m. Capillary rising or fluctuating
groundwater tables cannot explain transport over such a dis-
tance.

However both process A and B can partially explain the forma-
tion of the highest elevated iron crust. Furthermore a third
mechanism of iron crust formation is suggested.

Process C:

The enormous iron accumulation suggest iron transport from
topographically higher places in the landscape. Iron can be
transported as iron gravel or dissolved. Micromorphological
and field observations make clear that the highest elevated
iron crust mainly is formed in situ and does not contain iron
gravel (only at the foot of the iron crust, Jjust below the
surface, few iron gravel is found). Consequently the iron must
have been transported while being dissolved. So topographical-
ly higher elevated iron sources must have been present. At the
moment the iron crust is one of the highest elevated points in
the area (relief inversion).

The process of dissolved iron transport might have been accom-
panied by the upward movement of iron at very small distances.

Samples 30 and 31 were also collected from the highest eleva-
ted iron crust. The two samples were collected from the second
horizon of sampling site 6 at the foot of the iron crust.
Chemical data of both samples show enormous differences with
samples 32, 33, 34, 35 and 36 and among themselves. The diffe-
rences suggest both samples are detrital and redistribution
has taken place.

Sample 30: the SiO, and Al.,0, weight percentages are too high
and the TiO, and Fe,0, weight percentages too low when compared
with other samples from the highest elevated iron crust. The
chemical content suggests that the original material has not
been subject to Si0O, and Al1,0, leaching and Fe,0, accumulation
or other processes must have taken place as well. Because the
sample was taken at the foot of the iron crust it might have
been subject to clay illuviation and Fe,0, leaching. Presence
of organic matter might have caused this leaching.
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Sample 31: the Si0,% and Fe,0,% do not differ from the samples
32, 33, 34, 35 and 36. The Al,0, is too low and the TiO, is too
high. Assuming no absolute accumulation or loss of TiO, the
high TiO.% must have been caused by the loss of other elements.
There seems to be an enormous loss in Al,0,. The origin of this
loss is not known.

5.7 CHEMICAI. RESULTS OF THE MIDDLE IRON CRUST

The samples 20, 21, 23, 24, 26, 27, 28, 29.

Assuming no absolute accumulation or leaching of TiO, the total
weight has decreased causing a relative increase of the TioO,
weight percentage. This slight decrease in total weight is
thought to be caused by leaching e.g. of SiO, and Al,0,. Howe-
ver, the enormous increase of the Fe, 0, weight percentage
cannot completely be explained by leaching of other elements.
Absolute accumulation of iron also must have taken place
because leaching of other elements would only result in an
increase of the Fe,0, to 17.32%.

Table 5.13: Weight percentages TiO,, SiO,, Al.0, and Fe.,O, in
sample 29 and sample 21.

PI0NE | SiaT® Ao e 0
Sample 29 |1.50 |44.79 |24.79 |28.61
Sample 21 |1.36 |57.69 |30.54 |9.52

As described above the slight increase of the TiO, percentage
is thought to be caused by a slight decrease in total weight.
An accumulation of Fe, 0, and leaching of SiO, and Al,0, is
thought to be the cause of the decrease in total weight. The
total weight decreases to 100-9.33 = 90.67%.

@)
B, 361 sTARGH
S = m——— e =I=OnR 3% (B3 16])
100+a 100
Fe,O,:
9.52+b 28.61
------- = —m——— bre doaos (5.57)
90.67 100
SHO.%
57.69+c  44.79
Ermetin = oatioa c =-17.08% (55189
90.67 100
N0 5
30.54+d  24.79
——————— = —m—em d = -8.06% (5 . 195
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Loss is SiO, and Al,0, indicates both ferralitization, clay
eluviation and ferrolysis. Increase in Fe,0, is caused by
absolute iron enrichment.

Differences in SiO, (%), Al,0, (%) and Fe,0, (%) in the samples
21 and 29 with regard to the parent material are found in
table 5.14.

Table 5.14: Loss or accumulation of SiO,, Al.,0, and Fe,O, (in
weight percentages) in sample 21 and sample 29
with regard to the parent material (sample 1).

sio, Al1,0, | Fe,0,

sample 29 | -45.0 =85 L 6162

sample 21 | -37.34 =229 -0.74

The distance between sample 21 (363.50-364.00) and sample 29
(365.50-366.00) is about 2.5 m. This small distance (thin iron
crust) could explain laterite formed as a residuum or laterite
formed as a precipitate. As mentioned before, the granodiorite
containes 0.61% TiO, and 5.01% Fe,O,. Assuming a constant TiO.,%,
it becomes clear that upon weathering sampling point 21 showed
an absolute loss in Fe,0,, although the relative amount Fe.O,
increased. The loss in iron could have been the result of an
upward iron transport, which could also explain the absolute
iron accumulation at sampling point 29.

The accumulation at sampling point 29 could however also be
the result of a downward process originating from an overlying
source or topographically higher sources. Whereas the 1loss
found at sampling point 21 can be explained by a downward iron
transport to the underlying pallid zone.

Again a third mechanism of transport of iron from adjacent
areas might have been present. Micromorphological observations
revealed transport of iron gravel but dissolved iron might
also have been transported.

As the distances are not as large and the amount of iron
transported not as big as found in the highest elevated iron
crust, the contribution, of the overlying and underlying hori-
zons to the Fe,0, is probably bigger.

Sample 24 differs slightly from the other samples. The TiO, :
Al,0, ratio is in agreement with the ratio found in the other
samples on the regression line. The Si0,% however is too high
and the Fe,0,% is too low, indicating a less severe accumulati-
on of iron and less severe leaching of SioO,.

The samples A, B, 38 and 39 consist of too low weight per-
centages of Al1,0, and TiO,. The Si0,% is too high and the Fe,0.%
can be either too high or too low. When the TiO,% is put in a
graph against the Si0,% or Fe,0,% the samples are located on
the extention of the regression line. It is unknown why the
samples occasionally are on the regression line of the other
samples and occasionally differ. It must be noticed that the
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samples 38, 39 and A and B are not taken from the middle
crust.

5.8 CHEMICAL. RESULTS OF THE MOTTLED ZONE OF THE MIDDLE
TRON CRUST

The samples 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 22 and 25.

Table 5.15: Weight percentages of SiO,, TioO,, Al,0., and
Fe, 0, in sample 17 and sample 8.

Sio,% | Tio,% | A1,0.% | Fe,0,%

Sample 17 | 63.91 0.96 26.67 8.04

Sample 8 74.48 0.85 ILC} &3] 4.41

Between sample 8 and sample 17 the TiO,% slightly increases
indicating a minute decrease in total weight. As described
before an absolute accumulation of Fe,0, and Al,0, and leaching
of SiO, is supposed to have taken place.

PI0) 8
0.85 0.96
----- = ——— a = -11.46 (5.20)
100+a 100
Fe,O,:
4.41+b  8.04
———— e = B = 271 (5.21)
88.54 100
85103
74.48+c  63.91
——————— = e c = -17.89 (5.22)
88.54 100
Al.0,:
19.83+d 26.67
——————— = e d = 3.78 (5.23)

A decrease in total weight is caused by leaching of SiO, and
absolute accumulation of Fe,0, and Al,0,. Leaching of SiO, is
explained by ferralitization. Increase in Fe,0, is caused by
absolute iron enrichment. Absolute Al,0, enrichment is a nett
result of accumulation by clay infilling and probably a SiO,-
loss by ferrolysis.
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Table 5.16: Loss or accumulation of SiO,, Al1.,0, and Fe,O, (in
weight percentages) in sample 17 and sample 8
with regard to the parent material (sample 1).

Si0x Al 0w allePe:os

sample 17 | -22.60 0896 0.10

sample 8 =8 7E SHET.6 -1.84

The absolute iron accumulation between sample 8 (altitude
361.37m) and 17 (362.54m) is small (2.7% see equation 5.21).
Table 5.16 shows sample 8 has lost weight with regard to the
parent material. The small distance (+ 1.2m) combined with an
accumulation of a small amount of iron and the loss of iron in
sample 8 suggests the upward transport of iron (from sampling
point 8 to 17). However accumulation from an overlying source
(residuum) or transport from adjacent areas is also possible.

Samples 5, 6, 7, 11 and 12 differ from the other samples on
the line regarding TiO, and Fe,O, (too high) and SiO, and Al.,O,
(too low). These samples might have been subject to more
severe leaching of Al,0, and SiO, and more severe accumulation
of Fe,0, compared with the overlying iron crust.

When comparing sample 7 with samples 5, 6, 11 and 12, small
differences, attributed to differences in 2A1,0,%, are found.
The Al,0.,% of sample 7 is too low if compared with samples 5,
6, 11 and 12. This lower Al1,0,% can be the result of a more
severe leaching of Al,0, or less severe clay illuviation.

44






6. CONCI.USIONS

In the research area three levels of iron crusts are present.
Field and micromorphological observations show the largely in
situ formation of the highest elevated and middle iron crust.
The lowest iron crust is formed due to a combination of in
situ formation and the deposition and cementation of iron
gravel eroded from higher elevated iron crusts.

Field observations also show that the middle iron crust con-
sists of two clearly separated layers. The lowest layer is the
result of in situ formation. The highest layer consists of
iron gravel inherited from higher altitudes.

At the foot of the highest iron crust also some detrital from
higher altitudes is found.

Granodiorite is found at the surface in the research area. The
granodiorite 1is thought to be the parent material which is
confirmed by field- and micromorphological observations. Field
observations display freshly weathered granodiorite at the
sampling sites at the middle iron crust. Its presence is not
shown, during field observations, at the highest elevated iron
crust. This probably is the result of the severe iron impreg-
nation, because micromorphological observation reveal the
mineralogical composition of the original granodiorite and the
saprolite in both middle and highest elevated iron crust are
alike. The iron impregnation which is found at the highest
iron crust, masks the presence of these freshly weathered
granodiorite structures or mottles.

Micromorphological observations make clear that the presence
of granodiorite is important for the formation of laterite in
the research area, because clusters of iron-rich minerals are
found in the parent material. These clusters act as cores
around which iron mottles are formed. Upon hardening iron
concretions are formed.

Chemical observations show that upon weathering the parent
material first looses soluble oxides 1like MgO, Na,0, K,0, CaoO,
MnO and BaO. These soluble oxides are only found in the grano-
diorite and in the freshly weathered parent material.

When weathering proceeds a nett loss of SiO, is found. The
hardly soluble SiO, will only 1leach during extremely wet
periods when enormous amounts of water percolate through the
soil.

Micromorphological observations show that this ferralitisation
process is succeeded by the process of ferrolysis. Ferrolysis
takes place under alternating wet and dry conditions. At the
moment, in most of the samples, ferrolysis is a fossil pro-
cess, because ferrolysis is not found in clay- or lime coa-
tings, so must have preceeded these processes.

Ferrolysis is followed by iron accumulation. Furthermore clay
coatings are found. Part of these coatings are subject to iron
impregnation, so during and after iron accumulation and im-
pregnation, clay illuviation took place.
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The enormous iron accumulation which is found when going up in
the highest elevated iron crust together with the thickness of
this iron crust (>10m) indicates iron transport from adjacent
areas. The underlying or overlying horizon can never totally
explain this enormous iron accumulation. Iron can be transpor-
ted from distant sources either as iron gravel or as dissolved
iron. Since micromorphological and field observations suggest
largely in situ formation (hardly any transported and cemented
iron gravel), iron 1is probably dissolved and transported.
Besides the above described mechanisms, the iron crusts may
have been formed as a precipitate and/or a residuum.

The middle and lowest iron crusts are thinner and therefore it
is possible to explain the iron accumulation in the crust to
originate from overlying or underlying sources. Micromorpholo-
gical observations however also display iron accumulation from
adjacent areas, by transport of iron gravel.

The most recent process taking place in the iron crusts is the
accumulation of lime, because it covers the clay coatings.
Field observations show its very 1local presence, usually at
the transition of white groundmass and iron mottles. Chemical-
ly a high lime is only found in the parent material, so the
granodiorite is the source of the lime transport. Its presence
is probably not shown in the other samples because only very
locally lime concentrations were high, and the sample size
reduced the locally high concentrations. Lime is transported
either by termite activity, capillairy rising or both.

Assuming the TiO, to be homogeneously distributed in the parent
material, the in situ formation of the iron crusts and as-
suming the TiO, to be chemically inert, the TiO,-concentration
should be constant in every sample. From this, absolute loss
or accumulation of SiO,, Al,0, and Fe,0,, when going up in a
profile, was calculated.

The extent of each process can not be calculated because
several processes occur at the same time.

The graphs Al,0, versus SiO,, Fe,0, versus Al,0, and Fe,0, versus
Si0o, reveal the relative age of each iron crust in the research
area. Plotting data of samples of other iron crusts in the
province of Sanmentenga could reveal the genesis of the land-
scape.
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ANNEX TTT: SOIL PROFILE DESCRIPTIONS

Sampling site 1

0-15cm; altitude 359.66m-359.81m
Reddish yellow (7.5YR6/8) sandy loam; no mottling; very
hard when dry, friable when moist, sticky and plastic
when wet; few fine pores; abundant, medium to coarse,
hard, iron nodules that are reddish brown (2.5 YR4/4) at
the outside and red, yellow and black at the inside, and
very few, fine, hard, black (N2/) manganese nodules;
biological activity present; abrupt and wavy boundary.

15-24cm; altitude 359.58m-359.66m.
Red (2.5YR5/6) 1loamy sand; no mottling; dominant fine
rocks; very hard when dry, friable when moist, non sticky
and non plastic when wet; common, very fine pores; no
nodules; abrupt and wavy boundary.

24-40cm; altitude 359.42m-359.58m.
Granodiorite rock.

Sampling site 2A

0-259cm; altitude 364.04m-366.63m.
Red (10R4/6), reddish yellow (5YR7/6) and black (N2/)
iron crust; abrupt and smooth boundary.

259-313cm; altitude 363.50m-364.04m.

White sandy 1loam (brighter than 10YR8/1) with many,
coarse, orange (2.5YR7/8) and many, coarse, bright yello-
wish red (5YR5/8) mottles; slightly hard when dry, fria-
ble when moist, slightly sticky and very plastic when
wet; common very fine pores; few, medium hard iron nodu-
les that are reddish brown (2.5YR4/4) at the outside and
red, yellow and black at the inside; biological activity
present; diffuse and irregular boundary.

313-399cm; altitude 362.64m-363.50n.
White sandy loam with common, reddish yellow (7.5YR6/8),
common, medium, bright yellowish red (5YR5/8) and very
fine black (N2/) mottles; hard when dry, firm when moist,
non sticky and slightly plastic when wet; common, very
fine pores; no nodules; biological activity present.

Sampling site 2B

0-43cm; altitude 363.09m-363.52m. Colluvium
Reddish yellow (5YR6/6) sandy loam; no mottling; very
hard when dry; sticky and plastic when wet; many very
fine pores; very few, medium, iron nodules that are
reddish brown (2.5YR4/4) at the outside and red, yellow
and black at the inside; abrupt and wavy boundary.

43~110cm; altitude 362.42m-363.09m.
White (brighter than 10YR8/1) sandy 1loam; abundant, very
fine reddish yellow (5YR6/8) mottles; hard when dry, firm
when moist, sticky and plastic when wet; very few, medium
pores; common, medium, soft, iron nodules that are
reddish brown (2.5YR4/4) at the outside and red, yellow
and black at the inside.






ANNEX TTT: SOIL_PROFILE DESCRIPTIONS

Sampling site 3A

0-25cm; altitude 362.54m-362.79m. Colluvium
Yellowish red (5YR5/6) sandy loam; no mottling; very hard
when dry, firm when moist, slightly sticky and very
plastic when wet; many very fine pores and very few fine
pores; dominant, fine to medium, hard, iron nodules that
are reddish brown (2.5YR4/4) at the outside and red,
yellow and black at the inside; abrupt and wavy boundary.

25-120cm; altitude 361.59m-362.54m.

White (brighter than 10YR8/1) sandy loam with many,
brownish yellow (10YR6/8) and common strong brown (7.5YR-
5/6) mottles; hard when dry, firm when moist, slightly
sticky and plastic when wet; common, very fine pores and
very few, fine pores; between 96 and 98cm a layer of
slightly flat and subangular, hard iron nodules that are
reddish brown (2.5YR4/4) at the outside and red, yellow
and black at the inside; biological activity present.

Sampling site 3B.

0-9cm; altitude 362.39m-362.48m. Colluvial material.
Reddish yellow (7.5YR6/6) sandy loam; no mottling;
slightly hard when dry, slightly sticky and plastic when
wet; many very fine pores; many fine to medium hard iron
nodules that are reddish brown (2.5YR4/4) at the outside
and red, yellow and black at the inside; abrupt and wavy
boundary.

9-35cm; altitude 362.13m-362.39m.
White (brighter than 10YR8/1) sandy clay 1loam; many,
fine, yellow (10YR7/8) and very few, very fine, yellowish
red (5YR5/8) mottles; very hard when dry, slightly sticky
and very plastic when wet; common very fine pores; no
nodules; biological activity present; diffuse and wavy
boundary.

35-80cm; altitude 361.68m-362.13m.

White (brighter than 10YR8/1) sandy clay loam with many
very fine, yellow (10YR7/8) and yellowish red (5YR5/8)
mottles; very hard when dry, slightly sticky and very
plastic when wet; few very, fine pores; common, fine to
medium, hard iron nodules that are reddish brown (2.5YR4-
/4) at the outside and red, vyellow and black at the
inside; biological activity present; clear and wavy
boundary.

80-100cm; altitude 361.48m-361.68m.
White (brighter than 10YR8/1) sandy clay loam with many,
fine, yellow (10YR7/8) and very few, very fine, yellowish
red (5YR5/8) mottles; very hard when dry, slightly sticky
and very plastic when wet; few, very fine pores; no
nodules.


http://361.48m-361.68m
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Sampling site 4.

0-65cm; altitude 361.84m-362.49m.
White (brighter than 10YR8/1) sandy clay loam with com-
mon, medium, red (2.5YR5/8) mottles; very hard when dry,
sticky and very plastic when wet; common, very fine
pores; very few, fine, hard iron nodules that are reddish
brown (2.5YR4/4) at the outside and red, yellow and black
at the inside; biological activity present; diffuse and
wavy boundary.

65-79cm; altitude 361.70m~361.84m.

White (brighter than 10YR8/1) sandy clay loam with very
few, medium, red (2.5YR5/8) mottles; very hard when dry,
sticky and very plastic when wet; few, fine pores; common
to many, medium, hard iron nodules; very few, fine iron
nodules that are reddish brown (2.5YR4/4) at the outside
and red, yellow and black at the inside; gradual and
smooth boundary.

79-120cm; altitude 361.29m-361.70m.
White (brighter than 10YR8/1) sandy clay loam with com-
mon, coarse, red (2.5YR5/8) and yellow (10YR8/8) mottles:;
hard when dry, slightly sticky and very plastic when wet;
common, very fine pores; very few, fine iron nodules that
are reddish brown (2.5YR4/4) at the outside and red,
yellow and black at the inside.

Sampling site 5

0-13cm; altitude 361.46m-361.59m.
Reddish yellow (5YR6/8) loamy sand; no mottling; soft to
slightly hard when dry, slightly sticky and slightly
plastic when wet; many, very fine pores and very few,
fine pores; abundant, medium, hard iron nodules that are
reddish brown (2.5YR4/4) at the outside and red, yellow
and black at the inside; abrupt and smooth boundary.

13-61cm; altitude 360.98m~361.46mn.
Pink (7.5YR7/4) sandy loam; no mottling; hard when dry,
slightly sticky and very plastic when wet; common, very
fine pores and very few, fine pores; abundant, medium,
hard, iron nodules that are reddish brown (2.5YR4/4) at
the outside and red, yellow and black at the inside;
gradual and smooth boundary.

61-100cm; altitude 360.59m-360.98n.
White (brighter than 10YR8/1) sandy loam with many, red
(2.5YR5/8) and few, yellow (10YR8/8) mottles; slightly
hard when dry, sticky and plastic when wet; very few,
fine pores; very few, very fine, black (N2/) iron and
manganese nodules.


http://361.70m-361.84m
http://360.59m-360.98m
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Sampling site 6.

0-74cm; altitude 369.76m-370.50m.
Yellowish red (5YR5/8) sandy loam; no mottling; very hard
when dry, sticky and very plastic when wet; very few,
fine to medium and many, fine pores; dominant, medium to
coarse, iron nodules that are reddish brown (2.5YR4/4)
at the outside and red, yellow and black at the inside;
biological activity present; clear and wavy boundary.

74-110cm; altitude 369.40m-369.76m.
Yellowish red (5YR5/8) sandy loam; no mottling; very hard
when dry, sticky and very plastic when wet; very few,
fine to medium pores; common, medium, hard iron nodules
that are reddish brown (2.5YR4/4) at the outside and red,
yellow and black at the inside.

Sampling site 7.

0-230cm; altitude 378.58m-380.88m.
Red (10R4/6), reddish vyellow (5YR6/6) and black (N2/)
very hard, iron crust; abrupt and wavy boundary.

230-340cm; altitude 377.48m-378.58m.
Red (2.5YR4/8) clay; hard when dry, very firm when moist;
few, medium pores; abundant, hard iron nodules that are
reddish brown (2.5YR4/4) at the outside and red, yellow
and black at the inside; diffuse and smooth boundary.

340-420cm; altitude 376.68m-377.48m.
Red (2.5YR4/8) clay; hard when dry and very firm when
moist; few, medium pores; dominant, hard, iron nodules
that are reddish brown (2.5YR4/4) at the outside and red,
yellow and black at the inside.


http://369.40m-369.76m
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ANNEX IV: INFORMATION ABOUT SAMPLING
no. | Site | altitude thin remark
section
number
1 1 350.57 95026 | granodiorite
= 1 359.62 95001 saprolite
r 1 359.65 95027 | saprolite
243 {41 359.70 95036 saprolite (2) and coluvial material (3)
4 not exactly known | - altitude lower than sample 5
5 5 360.80 95035 deepest diagnostic horizon
6 4B 361.17 95033 first diagnostic horizon
7 5A | 361.23 95031 2nd diagnostic horizon: presence of
concretions
8 4B | 361.37 95034 first diagnostic horizon
g 3B | 361.66 95021
10 | 4A | 361.69 95032
118 |I3A |31361773 95018 granite weathering
125 [13B {36173 95020
13 | 3A | 361.83 95017 presence of iron concretions
14 | 3A | 362.22 95016
15 | 3B | 362.24 95019
16 | 2B | 362.54-362.93 95023 | granite weathering
17 | 2B | 362.54-362.93 95022 same altitude and site as sample 16
18 | 2A | not exactly known | - infilling of a wormcast
19 | 2A | 363.81 95006
20 | 2A | not exactly known | - iron from hydromorphic feature
21 | 2A | not exactly known | - infilling of a root cast
2A | 363.50-364.00 95007 | next to granite weathering
22 | 2A | 363.50-364.00 95008 granite weathering
23 | 2A | 364.30-365.00 95003 | lowest layer of the middle iron crust
24 | - not exactly known | - lowest layer of the middle iron crust







ANNEX 1V: INFORMATION ABOUT SAMPLING
25 not exactly known | - lowest layer of the middle iron crust
26 not exactly known | - middle iron crust; (organic matter)
27 not exactly known | - middle iron crust; (organic matter)
28 not exactly known middle crust; (organic matter)
29 not exactly known middle crust; (organic matter)
29" | 2A | 365.50-366.00 95002 | highest layer of the middle iron crust
30 (6 369.40-369.76 - second diagnostic horizon
31 |6 369.40-369.76 95040 second diagnostic horizon
32 |6 369.76-370.50 95029 first diagnostic horizon
33 |7 376.68-377.48 95015 third diagnostic horizon
34 |7 377.48-378.58 95014 second diagnostic horizon
35 7 378.58-380.88 95013 first diagnostic horizon
36 95030 | on top of the highest elevated iron crust
< 7 95037 | under the lowest elevated iron crust
38 359.28 95038 the lowest elevated iron crust
39 359.28 95028 the lowest elevated iron crust
A 354.57 95042 laterite taken outside the research area
B 357.80 95041 laterite taken outside the research area
C 361.17 95043 laterite taken outside the research area
D 95039 laterite taken outside the research area
Samples
1-3  parent material and saprolite

4-29
30-36
37-39
A-D

middle one of the iron crusts
highest elevated iron crust
lowest elevated iron crust
samples from laterite taken outside the research area







ANNEX V: THIN SECTION DESCRIPTIONS

The thin sections are described in the following order. At
first the sampling sites 1 (granodiorite), 2, 3, 4 and 5 (the
middle one of the iron crusts) are described, starting with
the lower altitudes. As described in the results, the grano-
diorite is assumed to be the parent material but is not found
at the sampling sites 2, 3, 4 and 5. The samples taken from
the different sampling sites are alternated because altitudes
are used to make a ranking. Sampling point and altitude are
described.

Afterwards, samples taken from the highest and lowest iron
crusts are described. Field observations suggested presence of
chalc in some samples. Finally descriptions of thin sections
consisting of chalc are found.

No chemical analysis are made from the samples accompanied by

de

Parent material and the middle one of the iron crusts.

Sample 1; thin section number 95026.
Sampling site 1; altitude 359.57m.

This granodiorite is thought to be the parent material. It was
found just under the soil surface.

The following primary minerals are found: dquartz, amfiboles
(hornblendes), micas (sericite and a lot of biotite), feld-
spars (like microcline and anorthoclaas) and opaque iron-rich
minerals. Iron-bearing minerals i.e. biotite, hornblende and
opaque iron minerals, are found in a clustered distribution
pattern.

Sample 1*; thin section number 95001.
Sampling site 1; altitude 359.62m.

This sample is taken from the horizon overlying the original
granodiorite.

Again minerals 1like quartz, hornblende, biotite (and other
micas), feldspars and opaque iron minerals are present.
Physical and mechanical weathering occur. The structure is
dense but there is no isovolumetric weathering.

A dotted weathering is seen in alkali feldspares. The horn-
2blendes demonstrate irregular alteration. Biotite shows a
linear alteration and the weathering voids are partially
filled with dark red iron compounds. The precence of a sharp
knife-like weathering pattern of hornblendes suggests in situ
weathering. The quartz minerals are hardly affected.
Iron-bearing minerals are found in a clustered distribution
pattern. Vughs and channels are present. Coatings of dusty
clay (40-50 pum) are found along the wvughs and channels and
minerals.






ANNEX V: THIN SECTTON DESCRIPTTIONS

Sample 1*; thin section number 95027.
Sampling site 1; altitude 359.65

This sample is also taken from the material overlying the
granodiorite. See thin description sample 1", thin section
number 95001.

Sample 3; thin section number 95036.
Sampling site 1; altitude 359.70m.

This sample is taken at the transition from the weathered
granodiorite to the colluvial material overlying the weathered
material. This thin section seems only to consist of colluvial
material. There are rounded minerals (weathered quartz, plagi-
oclases and biotites) which are distributated homogeneously in
a soil material. Suggesting the material has been transported.
An iron nodule is also present. There is an abrupt transition
from iron nodule to the groundmass, also suggesting the nodule
has not been formed in situ.

It is assumed that this material has not been formed as a
result of in situ weathering of the parent material (granodio-
rite).

Sample 5; thin section number 95035.
Sampling site 5; altitude 360.80m.

In this thin section 2 saprolites are present.

i A white saprolite. The fine material consists of clay
booklets. These booklets look like kaolinite booklets which is
confirmed by mineralogical analyses. The clayey material is
probably arosen from weathering of alkali feldspars.

In the clayey material linear weathered and ironed biotites
and strongly weathered hornblendes are found. Quartz minerals
are cracked and fall apart into smaller parts. In the white
saprolite pale yellow impure clay coatings are found.

i3 Yellow saprolite. Micromorphological observations demon-
strate that the yellow saprolite is built up exactly like the
white saprolite. The difference is the randomly impregnation
of iron in the yellow saprolite and the presence of pale
yellow clay coatings in the white saprolite.

In this thin section the white saprolite is predominantly
present. The yellow saprolite is especcialy found together
with clusters of iron-bearing minerals.

The yellow saprolite is limpid, the white saprolite is grainy,
and reflects bluish in incident light. In the white saprolite
pale yellow dusty clay coatings are found, which are also
reflecting blue in incident 1light. This proces has been des-
cribed in Brinkman (1970 and 1979) and Brinkman et al. (1973)
and 1s called ferrolysis. In the following thin sections the
above describe observations are called ferrolysis.

Because the pale yellow coatings have become grainy these
coatings must have been formed before the process of fer-
rolysis has started.

No limpid yellow coatings are found.
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ANNEX V: THIN SECTION DESCRIPTIONS

Iron-bearing minerals are found in a clustered distribution
pattern. Biotites weather and are filled with iron. The forma-
tion of amorphous iron nodules is starting at the iron-bearing
minerals.

Secondary chalc is absent.

Sample 6; thin section number 95033.
Sampling site 4B; altitude 361.17m.

A large part of the thin section consists of white saprolite
but occasionally yellow saprolite with large amounts of bioti-
te occur. Both saprolites are found next to each other. No
isovolumetric weathering. The white saprolite is grainy and
impure pale yellow clay coatings are found. Both saprolite and
coatings are subject to the process of ferrolysis. The process
of the formation of iron-rich nodules has started but is not
fulfilled.

Absence of red coatings and limpid yellow clay coatings.

Sample 7; thin section number 95031.
Sampling site 5A; altitude 361.23m.

The thin section consists of white saprolite and a lot of
iron-rich nodules. Furthermore traces of yellow saprolite are
present.

The white saprolite is subject to ferrolysis. A lot of large
minerals are present. Yellow clay coatings are found accom-
panied by impure clay coatings, demonstrating absence of
ferrolysis. The yellow coatings are not subject to ferrolysis
as well. Ferrolysis is not an ongoing proces at this depth.

In the yellow saprolite, red coatings are found, which are
locally covered with impure yellow coatings suggesting the
latter are younger. In situ yellow coatings are also found.

Sample 8; thin section number 95034.
Sampling site 4B; altitude 361.37m.

Dominantly white and traces of yellow saprolite are present.
Although the amount of yellow saprolite seems to increase when
compared with the thin sections described before. In the white
saprolite few pieces (papules) of pale yellowish impure clay
coatings are found. Both features are subject to ferrolysis.
Few secondary chalc is found.

An iron nodule is found and it seems that more nodules are
being formed by the process as described above.

Red clay coatings are absent.

Sample 9; thin section number 95021.
Sampling site 3B; altitude 361.66m.

The white saprolite and the yellow saprolite are present in
almost the same amounts. Furthermore a brown-red material,
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ANNEX V: THIN SECTION DESCRIPTIONS

with a different b-fabric is present, although it accounts for
only a small part of the thin section. The material consists
especially of clay, fine quartz (50-60um) and broken red clay
coatings (papules). Concentration of biotite and fine material
has taken place. Furthermore some organic matter is present.
The microstructure is granular with compound packing voids and
vughs as dominant voids. It is assumed that the brown-red
material is formed by means of termite activity, and in fol-
lowing thin section descriptions it will be called termite
material. Together with the termite material, secondary chalc
is found along pores and in the groundmass. Termites might
concentrate secondary chalc, but the accumulation of chalc can
also be the result of cappilairy rising.

In the white material again in situ and fragmented (papules)
pale yellow coatings are present. Both pale yellow coatings
and the white saprolite are subject to ferrolysis so coatings
must have been present before the process of ferrolysis star-
ted. Thin red clay coatings are also found in the white mate-
rial, 1locally overlying the pale yellow coatings. They are
limpid suggesting that ferrolysis is a fossil process at this
depth, because the process did not affect them.

In the yellow saprolite also yellow coatings are found.

Sample 10; thin section number 95032.
Sampling site 4A; altitude 361.69m.

The thin section consist dominantly of white saprolite and
traces of yellow saprolite are present. Iron-rich nodules and
pale yellow coatings (in situ as well as fragmented) are
found. The pale yellow coatings as well as the white saprolite
groundmass are dgrainy, suggesting both are subject to ferro-
lysis. The pale yellow coatings must have been formed before
the process of ferrolysis has started.

Biological activity is locally present (stritubules formed by
termite activity). Both in the termite groundmass and along
the termite material secondary chalc is found, concentrated by
termite activity or by capillairy rising.

Iron-bearing minerals are found in a clustered distribution
pattern. Iron seems to concentrate at these iron-rich mine-
rals. The iron-rich areas increase and flow together (someti-
mes around the mineral still present). In this thin section a
red nodule is formed around a quartz mineral.

In situ limpid red and yellow clay coatings are not observed.

Sample 11; thin section number 95018.
sampling site 3A; altitude 361.73m.

White saprolite dominates but yellow saprolite is also pre-
sent. The white saprolite is grainy and therefore suggested to
be subject to ferrolysis. Evidence of the presence of ferroly-
sis is also found in the in situ pale yellow clay coatings.

In the white saprolite also limpid yellow clay coatings are
locally present and they are not subject to ferrolysis. They
must have been formed after the process of ferrolysis has
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stopped. This means ferrolysis is a fossil process at this
depth.

Similar striotubules as found in 95032 are present.

Small iron nodules are present and nodules are also formed.
Presence of secondary chalc.

Sample 12; thin section number 95020.
Sampling site 3B; altitude 361.73m.

A white saprolite and yellow saprolite are present. Both
saprolites are found next to each other, without a separation
by coatings. There 1is slightly more white saprolite than
yellow saprolite. Furthermore termite activity is seen. In the
termite material secondary chalc is found, suggesting con-
centration of chalc by termites. A lot of secondary chalc also
found along pores and in the white saprolite suggesting cap-
pilairy rising.

Pale yellow coatings in situ as well as fragmented (papules)
are found in the white material. The pale yellow coatings and
the white saprolite are subject to ferrolysis. In the white
saprolite also limpid yellow coatings are found, which are not
subject to ferrolysis. The coatings must have been formed
after the process of ferrolysis has ended suggesting fer-
rolysis is a fossil process at this depth.

The yellow material is occasionally coarse. Limpid yellow clay
coatings are present in the yellow saprolite.

Again iron-rich nodules are found.

Sample 13; thin section number 95017.
Sampling point 3A; altitude 361.83m.

Predominantly termite material is present, but traces of
yellow and white saprolite are also found. In the yellow and
white saprolite 1limpid yellow clay coatings (in situ) are
present. In some occasions the yellow clay coatings are cove-
red with chalc. Absence of limpid red in situ coatings.
Termites seem concentrate fine material and probably secondary
chalc. The microstructure is granular and it consists of com-
pound packing voids and vughs.

Absence of in situ clay coatings in the termite material in
contradistinction to the biological material 1in sample 14
(thin section number 95016). It suggests that biological
activity was still present after the formation of 1limid red
and limpid yellow coatings had stopped.

Sample 14; thin section number 95016.
Sampling site 3A; altitude 362.22m.

Both white and yellow saprolite are found. The yellow saproli-
te is much more fine than the white saprolite. In the yellow
saprolite biological activity (striotubules) is present and
could explain why this material is much more fine.

In the white saprolite (white coatings) as well as in the
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ANNEX V: THIN SECTION DESCRIPTIOQONS

yellow saprolite (yellow coatings) in situ claycoatings are
present suggesting biological activity has happened before the
precipitation of clay.

In some occasions white (pallish) coatings overlay the yellow
clay coatings. That doesn’t appeal to the theory because that
means they are younger.

In the white saprolite locally ferrolysis is found. The pale
yellowish coatings are present but are much more white than
usual.

The red pappules are not present in the yellow saprolite.
Furthermore there are dusty yellow clay coatings.

Absence of secondary chalc.

Sample 15; thin section number 95019.
Sampling site 3B; altitude 362.24m.

Termite activity is alternated with the white saprolite. 1In
both materials secondary chalc is found. It suggests chalc
accumulation due to termite activity and capillairy rising.

In the termite material, in situ some impure clay coatings are
found.

In the white saprolite 1limpid, yellow coatings as well as
impure pale yellow coatings are present. The pale yellow
coatings as well as the white saprolite groundmass are subject
to ferrolysis. Because the coatings have a grainy appearance
they must have been formed before the process of ferrolysis
has started.

Red clay coatings are absent.

The transition between iron nodules and white saprolite is
sharp suggesting no in situ formation of the nodules.

Sample 16; thin section number 95023.
Sampling site 2B; altitude 362.54-362.93m.

Presence of white saprolite, few yellow saprolite and few
termite material.

The biotites in the white saprolite are impregnated with iron
but the process of formation of iron nodules is less pronoun-
ced as seen in 95022.

Red clay coatings are found and yellow clay coatings can
overly the latter.

Ferrolysis again is found in the white saprolite but not
extreme.

Secondary chalc is observed.

Sample 17; thin section number 95022.
Sampling site 2B; altitude 362.54-362.93m.

The thin section consists mostly of white saprolite and termi-
te material and very few yellow saprolite. A 1lot of iron
filled clay pseudomophs often biotite is present.

Iron nodules, having diffuse transitions to the groundmass,
are formed is situ.
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In the white saprolite red clay coatings (in situ) are found.
Yellow clay coatings occasionally overly the red coatings.
Secondary chalc is found especially along pores but also in
iron nodules. This chalc might have been concentrated by
capillairy rising and/or termite activity.

Ferrolysis seems to be present although not extreme.
Micromorphological observations of sample 17 and saple 16 make
clear that both thin section resemble but differ in the amount
of termite material and development of iron nodules.

Sample 19; thin section number 95006.
Sampling site 2A; altitude 363.81m.

Both yellow and white saprolite are present. Furthermore a red
clayey material is present. In this material small rounded
homogeneously distributed quartz minerals are found and frag-
mented red clay coatings (red papules).

In the white material pale yellowish papules are found. These
papules are grainy. It is assumed that these pale yellow clay
coatings which are found in the white material are similar to
the red clay coatings present in the red material. The yellow
material 1is probably excluded from the formation of these
claycoatings due to preferent waterways.

Afterwards the structure collapsed and the coatings in the
white material were exposed to the process of ferrolysis and
became grainy. Both white saprolite and pale yellow coatings
were subject to ferrolysis.

Traces of ferrolysis in the yellow and the red material are
absent.

The red material is situated along the yellow material.

In the red material, yellow and white saprolite and between
those three materials red clay coatings are present. These red
coatings can be covered with yellow clay coatings. Both coa-
tingstypes must have been deposited after the structure col-
lapsed and also after the process of ferrolysis has ended
because they are formed in situ and are not grainy.

The material does not display isovolumetric weathering.

Sample 21*; thin section number 95007.
Sampling site 2A; altitude 363.50m-364.00m.

The yellow and white saprolite are present. The saprolite is
accompanied by the red material as described in sample 19.
Termite material is also found.

Furthermore this thin section consists of secondary chalc.
Secondary chalc is found in the saprolite and termite mate-
rial. Suggesting the concentration by termites as well as
capillairy rising.

It seems that the structure has been altered by termite ac-
tivity. The secondary chalc is also attacked by termites. It
is speculated that termites select certain parts of the sapro-
lite (especially small quartz grains and small papules) and
chalc.

Furthermore iron-bearing minerals are found in a clustered
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distribution pattern and impregnated with iron. Iron nodules
are starting to form.

Sample 22; thin section number 95008.
Sampling site 2A; altitude 363.50m-364.00m.

The yellow and white saprolite are observed. Termite material
is also present. In the saprolite aggregates with soil are
found as impurities.

Although ferrolysis is taken place in the white saprolite it
is not extreme, as shown in its grainy appearance.

Red iron nodules are starting to form. Although this sample is
found at the same altitude as sample 21* at the same sampling
site, both samples differ substantially. In this thin section
red material as described above is absent.

Red clay coatings are found. Yellow clay coatings can overly
the red coatings. Both yellow and red coatings are weak grai-

ny-

Sample 23; thin section number 95003.
Sampling site 2A; altitude 364.30m~-365.00m.

The middle ironcrust consists of two clearly separated layers.
This sample is taken from the lower part.
This lower part seems to differ from the upper part of the
ironcrust.
There are two different groundmasses:

A yellow material consisting of clay booklets.

A red groundmass with very few small quartz minerals.
Iron filling (in matrix) has taken place and iron coatings are
present. Furthermore fragmented red and yellow clay coatings
(pappules) are found.
In the red material as well as in the yellow material and
between both material red clay coatings are found. The coating
can be covered with yellow claycoatings suggesting the latter
is formed after the red coatings were present.
Micromorphological observations suggest the original structure
consisting of a red groundmass overlying a yellow material
collapsed. After the structure collapsed clay coatins were
formed.

Sample 29*; thin section number 95002.
Sampling site 2A; altitude 365.50m-366.00m.

The middle one of the ironcrusts consists of two clearly
separated layers. This sample represents the upper part of the
middle one of the iron crusts.

Rounded aggregates of especially yellow saprolite but also of
white saprolite. The yellow and white saprolite seem to con-
sist of claybooklets. In the yellow saprolite areas heavily
impregnated with iron are found. Occasionally the iron impreg-
nated areas consist of angular cavities. Quartz grains seem to
have disappeared from the cavities.
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Along the aggregates layers of pure iron are found. The pre-

sence of rounded aggregates suggests it 1is detrital from
higher altitudes.

The highest elevated iron crust

Sample 31; thin section number 95040.
Sampling site 6; altitude 369.76m-370.50m.

The groundmass consists of:

i Dark red angular iron gravel (50um-2cm) of alternating
composition regarding primary minerals (amount of totally wea-
thered partially ironed clay pseudomorphs after biotites and
quartz grains). Occasionally quartz grains are totally weathe-
red and have disappeared. An iron framework remains.

ii A heterogeneous material consisting of aggregates. A
yellow-red material with clay infillings and big quartz mine-
rals (300um). In the small aggregates iron gravel is found.
Furthermore layers of pure iron with strong birefringe are
found suggesting a continuous support of iron.

Both the heterogeneous internal fabric between the nodules and
the angular broken nodules itself, suggest that the material
found in this thin section is detrital. The different materi-
als are impregnated and cemented by iron.

Sample 32; thin section number 95029.
Sampling site 6; altitude 369.40m-369.76m.

This thin section consists of an iron nodule. Nodules are
commonly found in the diagnostic horizon. The nodules displays
the presence of many angular cavities in which quartz minerals
can be present. The quartz minerals are usually smaller than
the cavities. This is probably not the result of thin section
preparation because the surface of the quarz minerals is
usually smooth. It seems that the quartz minerals are starting
to weather. Occasionally the quartz minerals have totally
disappeared and a framework of iron remains. Locally the
cavities are filled with clayey material. Occasionally pieces
of quartz minerals are found in the clayey material.
Furthermore small (20-500um) white sperical to elipsocal ag-
gregates are present. The aggregates consist of small (50 pm)
quartz minerals and a grainy white clayey material. The white
clayey material reflects blue when incident light is used. It
is subject to ferrolysis.

The aggregates are surrounded by dark red iron and within the
aggregates iron droplets, in alternating amounts, are found.

It is speculated that erosion material of white saprolite and
quartz grains is cemented by iron. It is not known why the
white saprolite has been deposited at this place. It might be
detrital but the aggregates could also be the result of biolo-
gical activity.
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Sample 33; thin section number 95015.
Sampling site 7; altitude 376.68m-377.48mn.

i Dark red iron nodules, big (600-800 um) quartz grains
and totally weathered, clayed and iron impregnated clay pseu-
domorphs after biotites are observed. Weathering is isovolume-
txic.

Locally frameworks of iron are found. It it suggested that
quartz grains which must have been present (angular cavities)
have disappeared by weathering.

ii Aggregates of a light red clayey material consisting
of clay booklets smaller sized than those found in the dark
red nodules. Occasionally big quartz grains are found. There
are less quartz grains and the quartz grains are smaller than
those found in the dark red iron nodules.

In the intergranular cavities limpid to impure caly coatings
are found. The majority of the coatings found are formed in
situ.

Both material have the same mineralogical composition (quartz
grains and micas). Between both material sharp boundaries are
found.

Sample 34; thin section number 95014.
Sampling site 7; altitude 377.48m-378.58m.

i Dark red saprolite with big quartz grains (600-700um),
clay pseudomorphs after micas and ironed hornblendes are
present. Internal fabric in terms of presence of partially
isovolumetric weathering are observed suggesting this is the
saprolite. The saprolite has been heavily impregnated with
iron
Along the surface of the nodule a grey clayey material which
seems to have been unironed is present without an isovolume-
tric saprolite structure.

ii Light red clayey material with a granular microstruc-
ture suggesting biological activity. No iso-volumetric weathe-
ring. Locally big quartz grains are found. Presence of small
kaolinite booklets. Orange red dusty clay fillings. Compound
packing voids and vughs.

Dark red saprolite and light red clayey material have the same
mineralogical composition. It 1is speculated that both mate-
rials have the same origin. In the light red material weathe-
ring has been more strongly proceeded.

Sample 35; thin section number 95013.
Sampling site 7; altitude 378.58m-380.88m.

Two materials are present:

i A red/yellow material which consists mainly of iron and
locally of clayey soil material. A booklet structure is found
in this clayey material. Furthermore iron frameworks are
found. Quartz grains seem to have disappeared which resulted
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into the formation of angular cavities. No isovolumetric
weathering structure is seen in this saprolite. The saprolite
is not as red as the saprolite found in the underlying hori-
zons.

ii Red so0il material. Locally a granular microstructure
is found and between the granules, clay infillings are pre-
sent. The soil material is more red than the soil material
found in the underlying horizons.

Sample 36; thin section number 95030.
Sampling point; on top of the highest ironcrust in the sam-
pling area; altitude not exactly known.

Presence of yellow saprolite consisting of clay booklets and
clay pseudomorphs after biotites. In the vyellow saprolite
locally red areas consisting of ironed saprolite are present.
The red areas seem to have the same composition. Claybooklets
are also present and no quartz grains are found. Micromor-
phological observations in terms of mineralogical composition
suggest in situ formation of red areas of ironed saprolite.
The yellow saprolite is locally heavily impregnated with iron.

The lowest elevated iron crust

Sample 37; thin section number 95037.
Sampling point; the lowest elevated iron crust; altitude not
exactly known.

Three materials are observed:

A A white saprolite with a groundmass of fine, white grainy
clay in a booklet structure. Pale yellow grainy clay coatings
are observed suggesting that the pale yellow coatings as well
as the white saprolite are subject to ferrolysis.

e Ferric nodules. The ferric nodules consist of the same
amount of quartz minerals as found in the white saprolite.
Furthermore structures of clay booklets with weathered and
ironed biotites and coarse quartz grains are found. Again the
weathered biotites seems to form cores were iron is deposited.
Micromorphological observations in terms of internal fabric
suggest in situ formation of ferric nodules resulting in an in
situ formation of the iron crust.

iii Iron gravel with a b-fabric differing from the ferric
nodules and the white saprolite described above. The tran-
sition between iron gravel and the adjacent material is sharp.
Regarding different b-fabric and sharp edges the iron gravel
seems to be detrital supplying from higher altitudes.
Micromorphological observations suggest both in situ formation
and inheritance of the lowest elevated iron crust.
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Sample 38; thin section number 95038.
Sampling point; the lowest elevated iron crust; altitude not
exactly known.

Abundant iron compounds are found in this thin section. Two
materials are distinguished.

i Aggregates of white saprolite consisting of grainy clay
booklets and coarse (250um) quartz grains. Presence of pale
yellow grainy clay coatings. Both pale yellow coatings and
white saprolite are subject to ferrolysis.

ii Aggregates of yellow saprolite with c¢lay booklets and
coarse quartz grains.

The aggregates are covered with iron coatings

Furthermore presence of in situ red and yellow saprolite.

Presence of both round aggregates consisting of saprolite and
red and white saprolite suggests in situ formation as well as
presence of detrital. In situ formation as well as inheritance
of the lowest elevated iron crust is suggested.

Sample 39; thin section number 95028.
Sampling point; the lowest elevated iron crust; altitude not
exactly known.

Two materials are distinguished

i A white saprolite consisting of grainy clay booklets,
coarse gquartz grains (200-500um) and 1light yellow papules.
Both saprolite and papules are subject to ferrolysis but not
extreme. Furthermore presence of in situ impure pale yellow
clay coatings.

$.q Dark red ferric nodules consisting of clay booklets and
weathered and ironed biotites. Presence of quartz grains up to
500-600um.

The transition between the dark red ferric nodules and the
white saprolite is sharp and covered with pure iron. The sharp
transition suggests an inheritance of the ferric nodules.

Samples containing chalc

Sample 40*; thin section number 95009.
Sampling point soil surface; altitude not exactly known.

This material was found at the soil surface and is probably
deposited at the surface when research was done last year.

This thin section consists mostly of secundary chalc, quartz
and a few hornblende. Iron is visible along cracks. The origi-
nal red material is seen next to the chalc. This chalc may be
impregnated with iron. At a high pH the iron will deposit.
Also chalced micas are found.

The weathering of the original rockstructure will take place
at low pH-values. The presence of chalc will result in high
pH~values. This means that at first the rock structure is
weathered. During this period these minerals are kept in place
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by e.g. clay. Later the clay and the weathered minerals must
have been impregnated with chalc.

Sample 41*; thin section number 95010.
Sampling point soil surface; altitude not exactly known.

This material was found at the soil surface. It is assumed
that this material is deposited at the so0il surface by means
of human activity.

A saprolite consisting of quartz and a fine groundmass of
clayey material. Chalc is found impregnated in weathered
quartz grains and feldspars. Clay infilling are observed along
pores. These clay coatings are heavily impregnated with iron.
On this red clay coatings, a yellow clay coating is visible.
This layer is covered by a chalc coating.

Impregnation with chalc seems to succeed weathering of the
original granodiorite. Weathering is fulfilled when the pH is
low and the pH increases when chalc is present.
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ANNEX VIITA: CHEMICAL RESULTS: MAIN ELEMENTS

Sio2 Tio2 Al203  Fe203 MnO MgO Ca0l Na20 K20 P205 BaO

1 63.21 0.61 15.99 5.01 0.08 2.90 4.45 4.81 2.67 OISR RON O
2 65.00 0.61 18.97 5.32 0.05 1.88 2.43 3.02 2.54 0.03 0.12
3 79.20 0.66 U7 5.91 0.08 0.48 0.32 0.17 1.30 0.03 0.04
4 58167 1813 16.55 22.48 0.10 0.11 0.01 0.04 0.22 0.06 0.03
5 63.34 1.02 21551 13,15 0.52 0.16 0.01 0.04 0.30 0.08 0.17
6 6557, 0.92 22.32 10.74 0.07 0.13 .22 0.04 0.23 0.04 0.03
7 62.14 1.16 18.56 18.12 0.04 0.09 0.01 0.04 0.13 0.04 0.03
8 74.48 0.85 19.83 4.42 0.01 0.12 0.08 0.04 0.41 0.02 0.03
9 64.40 0.94 24.01 10.06 0.01 0.26 0.27 0.04 0.23 0.03 0.03
10 69.05 0.92 22.33 7.03 0.20 0.18 0.15 0.04 0.26 0.03 0.08
11 64.01 1.09 22.10 11.62 0.37 0.23 0.19 0.04 0.40 0.07 0.08
12 60.18 118 21.31 16.48 0.24 0.26 0.10 0.04 0.30 0.08 0.10
13 68.37 0.86 2278 7.74 0.06 0.12 0.02 0.04 0.24 0.03 0.03
14 68.84 0.93 22.36 6.73 0.11 0.29 0.43 0.04 0.41 0.02 0.03
1.5 7 0.79 14.79 5.49 0.06 0.49 0.60 0.04 0.71 0.02 0.03
16 64.69 1201 25.40 8.47 0.15 0.12 0.08 0.04 0.21 0.05 0.03
17 63.91 0.96 26.67 8.04 0.16 0.11 0.09 0.04 0.20 0.07 0.04
18 72:50 0.93 20.20 4.29 0.07 0.34 iIN18 0.04 0.59 0.05 0.03
19 65.36 0.83 25.38 8.16 0.02 0.08 0.12 0.04 0.21 0.08 0.03
20 57.13 1.38 29.74 10.44 0.03 0.25 0.31 0.28 0.41 0.06 0.03
21 57.69 1.36 30.54 952 0.03 0.18 0.20 0.09 0.35 0.06 0.03
22 66.90 0.95 24.78 7.32 0.04 0.07 0.01 0.04 0.20 0.06 0.03
28 47.89 1.48 25.95 24.83 0.06 0.04 0.01 0.04 0.01 0.07 0.03
24 58.68 1.39 29.09 10.28 0.03 0.22 0.11 0.04 0.29 0.04 0.03
25 61.44 1.05 27.93 9.36 0.03 0.09 0.08 0.04 0.20 0.03 0.08
26 48.72 1.47 27.08 22.66 0.09 0.09 0.01 0.04 0.10 0.08 0.08
24 44,79 1.50 24.79 28.61 0.25 0.14 0.02 0.04 0.08 0.08 0.08
28 53.28 1.43 28.72 16.51 0.05 0.10 0.03 0.0s Q815 0.05 0.03
29 47.11 1.42 25.51 26.00 0.06 0.07 0.01 0.04 0.02 0.10 0.03
30 51.76 1.67 27.80 18.81 0.04 0.04 0.01 0.04 0.07 0.11 0.03
31 24.17 3.48 17.46 54.93 0.04 0.08 0.01 0.04 0.00 1.01 0.03
32 30.29 2.41 25.15 42.32 0.03 0.03 0.01 0.04 0.00 0.24 0.03
33 28.55 2.10 23.73 47.18 0.03 0.06 0.01 0.04 0.00 0.22 0.03
34 26.10 2.28 22.59 50.35 0.03 0.04 0.01 0.04 0.00 027 0.03
35 11959 2.05 19.96 47.18 0.04 0.05 0.01 0.04 0.00 0.45 0.03
36 14.79 158l 15.78 67.47 0.06 0.11 0.06 0.04 0.00 0.45 0.08
37 67.16 0.95 20.47 10.97 0.02 0.12 0.01 0.04 065 0.02 0.03
38 42.91 1:53 20.43 34.90 0.33 0.08 0.01 0.04 0.00 0.10 0.03
39 40.08 1.54 17.49 40.57 0.22 0.12 0.01 0.04 0.08 0.10 0.08
A 41.79 1.48 16.95 39.12 0.52 0.11 0.01 0.04 0.08 0.13 0.09
B 41.18 1.50 22.01 35.07 0.10 0.13 0.06 0.04 0.02 0.20 0.03
C 4433 - i.21 23.37 31.30 0.08 0.06 0.01 0.04 0.00 0.06 0.03
D 35.34 2l 18.26 44.19 0.11 0.15 0.01 0.04 0.00 0.22 0.03

All expressed as weight percentage
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Ba Co Cr Cu Ga La Nb
1 92485 29.06 elil  2gis 2505 < 11.02
2 1212.15 14.47 52,70 5580 29.97 < 13843
BN 57 N6 15,78 61.01 3892 22.09 < 2524
4 47952 2795 37953 5698 27.95 37.683 2258
5 179641 29.40 94,72 86.01 30.48 < 2286
6 389.34 = 95.42 8335 31.81 31.81 18.64
7 149.05 15.01 189.79 6755 31.10 26.81 30.02
S 103 88 =< 57.36 35718 130,30 = 2Rl
9 < = 80.97 4547 31.06 < 18.86
10 777.%4 < 60.43 50.54 30.77 <He01.98
11 1022.83 150.35 113.04 93.28 32.92 < 18.66
12 1099.99 83.78 16973 53.31 31.55 29.38 26.11
13 138.44 13.29 56.48 3544 31.01 < 2518
14 37796 81.54 5620 4848 31.96 < 23.14
I5EENGE36.63 < 4732 26.89 2366 21.51 33.34

16 517.43 111.11 68.63 65.36 33.77 2288 18.52
178527191 6340 61.17 57.84 3670 20.02 16.68

18 226.40 < 43,96 3956 2638 20.88 39.56
19  177.62 14.43 57.73 58.84 3330 29.97 17.76
20 < < 93.61 5126 37.89 34,55 30.09
21 74.13 < 81.99 46.05 39.31 50:548 8 30,33
22 2als - TELElE 87.44 4759 34.31 7.7l 12.17
23 < < 268.27 5299 35.833 3974 20.98
24 143.37 < 101.93 47.04 4032 2688 31.36
25 162.52 < 62.77 63.89 3587 43.71 20.17
26 < <= 226.48 48.21 37.00 24.67 2242
27 <ENA 4850 807 OS5 28 39.91 8215 2. 72
28 = = 147.72 36.08 37.21 20.30 27.06
29 = 14.47 28823 6566 38.95 40.06 20.03
30 117.82 < 298399 50.65 3744 7157 40.74
31 < 33866 94937 32090 2443 6995 18.88
32 < 11148 617.00 2759 38.63 268.21 27.59
38 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
34 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
35 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
36 < 588.96 534.20 284.98 21.28 < <
37 166.41 = 96.80 51.12 28.28 = 19.58
38 613.12 84.61 461.49 3846 29.67 < 2417

39 1407.78 136.87 571.37 83.64 3259 2281 18.47
A 1337.64 13453 498.74 4922 2953 1750 24.06

B 597.05 10575 413.09 9033 31.95 < 2423
C < 5096 320.15 4099 31.02 < 23.26
D < 18251 1528.96 12022 4153 37.16 13.11

< lower than detection limiet
n.a. not analysed

All expressed in parts per million (ppm)






ANNEX VIIB:
Ni Pb
1 10220 14.08
2 66.14 16.53
3 4839 19.99
4 2150 39.78
5 39.19 78.39
6 40.58 29.61
7 2895 30.02
8 41.18 1948
9 4658 17.75
OSN30 96 8N SON/T
TR 51ES8 M52/ 68
12 4461 50.05
18 43.19 15.51
14 3857 39.67
15 4625 2043
16 66.45 23.97
17 46.71 18.91
18 19.78 17.58
9681838 87
20 36.78 28.40
21 3482 24.71
22 78.58 12.17
239 B7ZNER 533
24 38.08 2464
25 38.11 2242
26 23,55\ 4373
270 823,288045'45
28 2594 2594
29 2671 37.84
SORNED 753 3354
31 14.43 66.62
32 1766 77.26
33 n.a. n.a.
34 n.a. n.a.
35 n.a. n.a.
36 < 4247
37 3481 18.49
38 2857 4175
39 2498 66.26
A 30.62 48.12
B 34715888 55
C 2548 38.77
DR 535585902
<

(=Y
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Rb
75.15
65.10
52.59
15.05
20.69
13.16
10.72
20.56

<
<
2{895

17.41
12.18
19.83
27.96
10.89
12.23
28.57

16.72
14.60
12.17
14.56

13.45
14.41

A AN ANA

n.a.
n.a.
n.a.

25.02

<

12312

Sr
855.71
645.86
151.47

39.78

8593

59.22

41.82

55.19

86.51

78.01

69.14

87.04

40.98

90.36
138.74

54.47

51.16
156.06

49,96
139.31
116.81

34.31

37.54

80.65

49.32

34,76

8326

51.87

43.40

55.05

32.20

52.98

n.a.
n.a.
n.a.

24.59

50.03

21.98

40.19

27.34

53.98

11555

15.30

lower than detection limiet
not analysed

V -
98.20
3)i0lisiy
109.39
318.25
210.13
199.61
295!95
140.69
167.48
156.03
234.86
258.95
140.66
170.80
122.61
194.99
17017
50157
148.76
277.50
272.94
115717
384.19
282.26
202.87
381.21
454.55
293.19
393.95
409.60
1724.41
960.26
n.a.
n.a.
N.a.
1015.87
174.03
468.08
569.19
507.49
499.01
363.35
859.02

All expressed in parts per million (ppm)

Zn

72.14
83.70
1578

42.46
25,22

36.60

48.29
18.50
24.37
24.24
33.34
38.13
34.48

44.40

44.27

=L
ABAAAANAD DD AAAANAAAAARARA

=)

B
N

&
@

747
182.36
187.04
BES15il
358.03
263.47
298.31
486.81
419.91
256.21
28NS
280.95
353.61
265.81
349.31
494,73
296.30
255.81
626.44
230.91
455.81
417.84
229.11
327.89
481.63
379.96
393.54
349.22
429.63
308.26
616.60
278.70
392.94

n.a.

n.a.

n.a.
139.70
312.16
408.75
278.08
323.74
358.01
386.62
228.42
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Figure 5.1:

CALCULATION OF VARTIOUS CORRELATIONS

Fe, 0, versus TiO,

Samples: 32, 33, 34, Samples: 32, 34, 35 and 36
35 and 36

r* = 0.824 r? = 0.986

x-coefficient = -39.67 x-coefficient = -40.95

constant = 137.70 constant = 142.23

Samples: 20, 21, 23, 24, 26, Samples: 5, 6, 7, 8, 9, 10, 11,
2T 2y BEy Sig, SE N 28 T3 R (VAR (5650 157888 128 SO Fk
and B 225082 58 ancNs7

B =N0E821 B 0645

x-coefficient = 173.82 x—-coefficient = 31.37

constant = -228.27 constant = -20.95

Figure 5.2: Al.0. versus TiO,

Samples: 32, 33, 34, 35 Samples: 32, 34, 35 and 36
and 36

= 0,822 r? = 0.991

X-coefficient = 14.68 x—-coefficient = 15.16

constant = -9.82 constant = -11.53

Samples: 20, 21, 23, 24, Samples: 20, 21, 23, 24, 26,
26,27,28 and 29 27, 28, 29, 38, 39, A and B

r? = 0.75 r2 = 0.68

xX—-coefficient = =-37.10 x-coefficient = -65.51

constant = 80.68 constant = 120.25

Samples: 6, 8, 9, 10, 13, 14, Samples: 6, 8, 9, 10, 13,
16, 17, 19, 22 and 25 14, 16, 17, 22 and 25

i7e — (0] 5 ChikE] L=t 0RV/59

x-coefficient = 22.80 x-coefficient = 34.88

constant = 2.76 constant = -8.97

Samples: 5, 8, 11, 12, Samples: 5, 8, 11, 18, 37 and C
18, 37 and C

r? = 0.818 r2 = 0.985

x-coefficient = 8.75 x-coefficient = 10.63

constant = 12.25 constant = 10.53
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Figure 5.3: Sio, versus TiO,

Samples: 32, 33, 34, 35 Samples: 32, 34, 35 and 36
and 36

r* = 0.775 r? = 0.992

x-coefficient = 24.96 x-coefficient = 25.91

constant = -29.24 constant = -32.61

Samples: 20, 21, 23, 26, 27, Samples: 21, 21, 23, 24, 26,

28, 29, 38, 39, A and B 27, 28, 29, 38, 39, A and B
B =8 ). 831 Ge =08 15
x-coefficient = ~-98.55 x-coefficient = -105.51
constant = 191.62 constant = 202.09

SEnellEEs B,y By Yo B, ©p i, akbil - il 1l
ISP 6P 1875 8N 188 VRN O D D0 2 5 i ¢l NS 7.

r: = 0.523

x—-coefficient = ~-28.53

constant = 93.78

Sampilie s ARSI IO AP 16 Samples: 5, 6, 7, 11 and 12
W7, A8, 2, 25 ekl 37

r? = 0.710 r? = 0.742

x-coefficient = -63.79 x-coefficient = -17.65

constant = 127.45 constant = 81.90

Figure 5.4: Sio, versus Al.O,

Sampilles s 25 MR SFa3 AT 3 5 Sampilfe s:382 08 32 1V M2 38R 65,
and 36 27, 28, 29 and 30

r? = 0.980 BEE=m0L 976

x-coefficient = 0.57 x-coefficient = 0.43

constant = 7.92 constant = 5.52

Samples: 20, 21, 23, 26, 27, Samples: 8, 10, 13, 14, 16, 17,

2is 28y B, =2, (@ Eiael B 18, 19, 20, 22, 24 and 25
r? = 0.975 r2 = 0.979
x-coefficient = 0.53 x-coefficient = -0.63

constant = 0.24 constant = 65.94
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ANNEX VITT:

Figure 5.5:

CAL.CULATTION OF VARTOUS CORRELATIONS

Fe,0, versus SioO,

Sampilie SEERSIIPEES 3 iEa 1S5 Samples: 23, 26, 27, 28,
and 36 29 and 30

r? = 0.982 r? = 0.992

x-coefficient = -1.53 x-coefficient = -1.46

constant = 90.22 constant = 94.45

Samplllesiiie2 80 60 W 275 82 S 20N IS ampilie st 1 ER0I3 WD 6E D78,
805 38, 39 A BhCiand D 28, 29 and 30

r> = 0.963 r? = 0.997

x-coefficient = -1.69 x-coefficient = -1.50

constant = 106.20 constant = 96.18

Samples 8, 10, 13, 14, 16, Samples: 5, 6, 7, 9, 11 and 12
L e oS 0D B o e a2 b

r: = 0.917 &2 = (1), ik

x-coefficient = -0.34 X = -1.45

constant = 29.92 constant = 105.30

Figure 5.6: Fe,O0, versus Al.,O,

Samples: 32, 33, 34, 35 and 36

r> = 0.989

x-coefficient = -2.68

constant = 110.78

SevgellaEs 210, 23, 26, 27 Samples: 21 231,26, 27, 28,
28, 29 and 30 28529V 3 0N BB ERand s b

r* = 0.990 r? = 0.988

X-coefficient = -3.25 x-coefficient = -2.76

constant = 109.40 constant = 95.86

Samples: 8, 9, 10, 13, 14, Samples: 8, 10, 13, 14, 16,
1, 7, &g, 8, 20, 2, W7, g, e, &b, 21, 279,
22, 24 and 25 24 and 25

r: = 0.743 r* = 0.879

x-coefficient = 0.49 x-coefficient = 0.51

constant = -4.38 constant = -5.07
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Datum: 07-10-92 -
Onderwerp: aanvraag voor impregnatie
Gebied: Niger-Sahel

Project: Hapex Sahel

Aanvrager: D. Legger.

Gaarne de volgende monsters inpregneren voor micromorfologisch onderzoek.
Het gaat doel is:
-na te gaan of het moedermatriaal op diverse plekken in het
karteringsgebied in Niger gelijk is en waaruit dat matriaal dan bestaat
(Monsters 1-11)
-de Tlocatie van het vrije ijzer te bepalen. De uitkomst hiervan zal
gebruikt worden voor correlaties met reeds bepaalde di-electrische
waarden (monsters 12- 20);
-het bestuderen van verschillende soorten korsten om een indruk xte
krijgen van hun ontstaan (monsters 21-31)

g% In vallei bij FB, vlakbij market

2 Bij oase, geel gesteente

31 »s »s > gebleekte klei

4. . s , zand steen met kleine Fe mineralen

b Bij oase, getseente met grote Fe en Mn mineralen

6: Kaoliniet/gibbsiet achtige dagzoming bij N-plateau,poppetjes

0y In gulliecomplex tussen N plateau en punt 6

8z Verhard plinthiet op plateau

9 Geler verhard plinthiet op plateau

10:  Terrasrest langs weg bij hut A, rood

Ll 22 7 589 28 Xy ) A: wit

12:  gravell gravel D-site

13 3 centrum open plek Z van zuidplateau

14:  2q rand e

15: 4g open plek in tigerbush bij monster 12

16: |\ hg op piedmont van zuidplareau (transect peter 2)

17 gold2 mix  degr. bush, men monster

18: file 15 duin 1-6 oranje-bruin zand rand helling duin Z van FB
19:  file 10 duin 1-1 bij monster 19

20: 79 wit zand bij markt FB (transect)

21l: V[ Tileyid zuiden FB wit zand uit dal

297 11 LR klei met veel Fe

23 N\LE klei met veel Fe

24: k19 pied 1-5 rode kleikorst piedmont Z plateau

257% /39 centrum open plek Z van Z-plateau

263} k22 pied 1-17 bruine korst met zand piedmont Z plateau
el:)| k26 korst met o.m. bij FB, file uit refl. metingen

28: «\ 12 korst onderaan s woongebied bij degraded b.g., van hydro
-29: k2 rode korst met klei in groene plek spotbeeld bij A
30: - r4 TER korst van FB

31: < r8 krul korst in tiger bush

32:0F kB niet te Tlezen

33: % k20 pied 1-4 groen algkorst met rood en bruin piedmont Z plat.
34: k30 krulkorst op plateau tiger bush

Dick Legger
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