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FOREWORD 
Soils having some form of laterite within the rooting zone are 

highly important in the world, especially in tropical cOlmtries. 
Buried relIcs of such formations can be seen in present temperate 
areas that were tropical long ago. More important, under favorable 
conditions, the processes that lead to laterite formation influence 
soil materials in warm-tempernte and subtropical regions, such as the 
southern part of the United Stat~s and especially Hawaii and Puerto 
Rico. But to understand the processes most clearly they should be 
studied in the Tropics. :F,ortunately, the authors have had opportu
luties to do this in tropi()J,~ :A.frica. 

. Although most soil scientists regard laterite as a material, not 
itself n. kind of soil, forms of it are COllllllon in many kinds of soil. 
These laterite materials influence the behavior 01 the soils under 
different management systems. Their presence must be taken into 
account in soil classitication and its interpretation. 

Perhaps the most dramatic soils with laterite are those having 
layers of doughy laterite underneath a leached upper soil. Typically 
these are what :r have called ordinary Ground-'Water Laterite soils. 
They develop on old tropical landscapes tmder the influence of a 
fluctuating water table that lies within a foot or two feet of the sur
face in the wet season and at several feet, or even many feet, beneath 
the surface in the dry season. 'While protected by the surface soil, 
the doughy laterite is soft and can be cut into bricks or other forms 
with a .heavy knife. After exposure to wetting and drying, these 
harden irreversibly to good building stones. 

If natural erosion due to uplift or stream trenching removes the 
surface soil, the doughy laterite hardens into dense crusts. With 
further uplift the crusts may be broken and thrust up as hills. Or 
they may be covered with ash or windblown fines and a new soil 
formed over them. The possibilities of different soils with great 
or little influence of laterite are nearly infinite. 

Accelerated erosion of the surface soil above the doughy laterite 
can expose it to hardening. Although soil scientists have not under
stood the process f01' very long, many cultivators along tIle :Malabar 
Coast of southetn India-where the geologist F. Buchanan first 
named this material "laterite" in 1807-have known this fact for 20 
centuries or more. Gently sloping areas of such soils have been used 
with good success for many generations under mixed cultures of 
useful palms, trees, vines, and food crops. Clean cultiyation for even 
a few yeal"S would have ruined them. Where roads have been built 
from lowland to highland, the faces of the road cuts have hardened 
to a dense rock-a kind of ferroconcrete. 

In parts of 'West Africa, removal of the thin forest for the cultiva
tion of cotton or peanuts increases the drying of the doughy laterite 
enough to harden it under the very feet of the farmer. Even without 
thill11mg by erosion or blowing, the soils lose their productivity. 
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But less dramatic jorms of lateritcare also important to soil use 
in our country and elsewhere. To be able to predict how laterite 
and soils with laterite in them will beha,ve, and to classify them, we 
need to understand the processes of laterite formation and hardening~ 
Such understanding requires study over the wide range of t.he oc
currence of lat'-\rite-formingprocesses under different, combinations 
ofpl\rent material, relief, climate, vegetation, and geomorphic 
change.

In this bulletin data are set forth from studies of soils in widely 
separated places. The results and conclusions have already advanced 
our understll.nding of soils in our southern States and in Hawaii and 
Puerto Rico. 'Va hope this work may lead to jurther study and 
understanding of soils with laterite and to improvements in thmr rec
ognition, cla'dSification, and long-time productive use. 

CUA,m.ES E. KELLOGG 
AssisiantAdminutrator for Soil Survey 
Soil OOllservation Service 

Acknowledgment is mnde to Mnrlin G. Cline, professor of soils, Cornell Uni
versity,!or suggestions thnt clarified some 0[ the interpretations. 
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'G,ENESIS AND HARDENING 

OF LATERITE 


IN SOILS 


DISTRIBUTION AA'D IMPORTANCE OF LATERITE 

Laterite is a highly weathered material rich in secondary oxides of 
iron, aluminum, or both. It is nearly void of bases and primary sili
cates, but it may contain large amounts of quu,rtz and kaolinite. It 
is either hard or capable of hardening on exposure to wetting and dry
ing. ,Except hardening, all these characteristics are possessed by some 
soIls or soil-forming materials. In the past the term "laterite" has 
been used in many ways, but it is now generally accepted as a name for 
a material whose composition and properties are within the limits 
described. 

Interest in laterite developed among soil scientists and geolo~ists be
cause it is a common material, it is a hindrance to agriculture ill many 
places, and some varieties have economic value as iron and aluminum 
ore and as building material. Laterite is of theoretical interest because : 
of its mode of formation and because of its potential as n. stratigraphic 
marker and as a possible indicator of past climate and physiography. 

Laterite can be sn.id to be an end product, or extreme example, of 
processes taking place over a large part of the en.rth's surface. True 
laterite itself interferes with land use in Airica, India, and elsewhere 
in the Tropics. The soil materials having some of the same character
istics, or which have been affected by some of the sn.me processes, 
extend over most of the Tropics and into In.rge parts of the temperate 
zones. The weathering products of some of the basic n.nd granitic 
l'ocks of the Piedmont of southeastern United States are indistinguish
able from those of similar rocks in parts of Africa. Most of the soils 
of the middle and upper Atlantic and Gulf ConstalPlain contain iron
stone pebbles and lenses formed by iron-segregation processes similar 
to those by which laterite forms. Laterite and materials related to it 
occur in 'Washington, Oregon, and California. The soils of Hawaii 
and Puerto Rico have been influencfld bv weathering processes akin 
to those that form late,rite and there are some areas of true laterite. 

Although laterite itself is a problem to agriculture only in the 
Tropics, the processes of weathering that lead toward a material like 
that from which laterite forms are widespread. Hence, study of 
the end product, or of the best expression, of the process provides the 
best opportunity to learn about its nature and course. The presence, 
appearance, and behavior of iron compounds in soils has been one of 
the most used, but least understood, criteria ::for classifying soils and 
studying their genesis. Iron compounds are a major cause of soil 
color; they affect soil structure, playa part in plant nutrition, and can 
be indicators of J?ast and present condItions of weathering and drain
nge. The behaVIOr of aluminum is of nearly equal importance and 
has been receiving much attention in recent years. 
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This bulletin reports the field observations of laterite in West 
Africa made in 1951 by Technical Mission 4:7 of the Organization for 
European Economic Cooperation (OEEC). It o:lso summarizes the 
results of the physical, chemical, and mineralogical analyses, and the 
studies of the mICromorphology of the samples collected by the mis
sion. Information about the organization of the mission is given in 
the appendix. 

The results of the laboratory study of the sat.'].pIes collected by the 
mission demonstrate the effectiveness of combinmg chemical, X-my 
diffraction, and differential thermal analysis techniques· with direct 
observation~ on m~neralorgy an4 micmmorph~]ogy obtaine~l from a 
study of thm sections. The mICromorphological observatIOns were 
especially effective in bringing together, tmderstanding, and inter
preting the bulk chemical and mineralogical data. They form the 
basis of one of the important original contributions of the investiga
tions-the significance of the fact that a small change in the arrange
ment and crystallinity of iron oxide could change a soillike mnterml 
to a hard crust. The location of the components could be observed 
directly and in many specimens minor components and subtle differ
ences of great importance were detected. The color plates included 
in this bulletin illustrate the wide range of features observed in thin ' 
sections of laterite as well as the most pertinent observations and con
clusions of the study. 

This study has provided basic data about the origin, formation, rmd 
stability of the crystalline minera.l forms ofiron and aluminum oxides 
under natural subaerial conditions. In addition, the investigations 
have led to increased appreciation of the importance of amorphous 
and finely divided, or mIcrocrystalline, materials. Amorphous sub
~tances are difficult to determine quantitatively, but we do know that 
they are present in large quantities in some weathered materials, that 
they can move and crystallize in a short time, and that they are often 
associated as coatin!!'S with silicate clays. The study has provided 
information that in~icates that in some types of laterite hardening 
may involve only small changes in crystalhnity in a small part of the 
total mass. ThiS suggests that measures to prevent laterite forma
tion, or even to reverse It, may be feasible. 

FlELD OBSERVATIONS OF LATERITE IN WEST AFRICA 
The ferru~inous crusts seen by the OEEC Mission in West Africa 

can be claSSIfied in four geomorphic categories: (1) High-level, or 
peneplain, ferruginous crusts; (2) foot-slope, or colluvial. seep
cemented ferruginous crusts; (3) high water table, or low-level, fer
ruginous crusts; (4) residual crusts oth~r than the old-peneplain 
types. These same categories have been used by other ·workers. 

The high-level ferruginous crust occurs as a capping on high ridges 
and on peneplain fragments in all the cOlmtries visited. There are 
rerni1!lnts from the nothern edge of the rain forest to a great distance 
11orth. The mission did not get as far north as these remnants extend 
but observed the southern extremity of the phenomenon in several 
places~ This crust would seem to be part of the capping of an ancient 
peneplain that extends over much of 'West Africa. Du Preez (1949) 
reports that it is buried under Chad sediments of post-Eocene age. 
He postulat.es the age of the peneplain as early as the late Tertiary 
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period. In 0. given locali~the ferruginous-capped peneplain remnants 
are all at the same general level. Over a larger area they nave a slope. 
In Ghana, for example, they slope to the south. In the J os 11refJ of 
Nigeria they slope mostly to the west,but .some are tilt.ed lit various 
angles. Some of these crusts were derived from basalt flows that 
overlie old a.lluvium. The basalt has completely.d.ecomposed, and the 
resulting weathered material has been let down unevenly. At one 
place visited by the mission, a ridge had broken; one end had been 
tilted, and the other end remained horizontal. 

In gen~TaI, the thickness of the old-peneplain ferruginous crusts 
in 'Vest Africa is related to the iron ricluwss of the rock underlying 
them. In a given region a crust from basll.It may be 10 meters thick 
and one from granite, only 1 or 2 meters. In such places it is assumed 
that the d(\composition of the rock furnished the iron from which the 
crust was formed. In other places it is obvious that the kind of rock 
underlying the crust could not have furnished the iron required to 
form the crust . .An example of this is on the old-pene:plain remnants 
on both sides of the Niger River at. Gayu.. Here the ferruginous crust 
directly overlies an iron-poor sandstone. The crust incorporates many 
large, water-worn quartz gravels and must have been formed from 
terrace mnJerials; the cementing i!'on came in solution from elsewhere. 
If their area is lIu'ge, these old-peneplain ferruginous crusts are 

usually dense and very hard. If their aren. is very small, they may be 
relatively soft and mostly decomposed. They may be vesicular, or 
they may be dense and have a pisolitic or oohtic structure. 

The foot-slope, or colluvial, ferruginous crusts ware formed by the 
cementation of colluvial material that commonly eQntained :fragments 
of crust broken from a peneplain crust at a higher level. The matrix 
is an iron-oxide cement. Part of the iron may have com.e from the 
decomposition of weatherable minerals, including iron oxide, in the 
colluvlUm. Usually, however, a major part of the iron-oxide cement 
has come in solution from upslope. The crust on top the ridge has 
been broken up by solution and precil)itation, and the iron }ms been 
transferred to the foot of the slope. Commonly, the foot-slope crusts 
have as much as 6 percent slope. ~\.s the crust was built up by seepage 
waters. running over the suriace, a characteristic layering that IS 
parallel to the surface of the crust developed. In many places the 
crust can be split along these planes. 

These foot-slope crusts are of more recent origin than the old-pene
plain crusts. In many places they are being formed now. In other 
places they are breakin~ up because the existmg drainage is becoming 
mcised in accord with a lower base level. 

The low-level ferruginous crust observed in West Africa is being 
formed in valleys where the water table is high at least part of the 
year. Iron may be brought in by the ground water, or it may be only 
locally translocated by fluctuations in the water table. Where the 
stream level has been in its present position for a considerable amount 
of time, the crust is thick and hard; but where the stream level has 
been recently established, only soft iron concretions are present. This 
kind of crust may become more widespread if irrigation is extended, 
especially in the broader valleys. 

A fourth kind of ferruginous crust was seen at Conakry, Guinea; 
north of Abengourou, Ivory Coast; at Djougou, Dahomey; and near 
ElisabethvilIe, Republic of the Congo. These occurrences are re
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Inted to the distribution of a particular kind of rock and to an environ
ment in which weathe.6ng produces an iron-rich clayey .materiul that 
is nearly impervious. Because of its physical condition, this material 
is saturated with water during the wet season, providing an environ
ment in which iron and other elements are soluble. If this iron-.rich 
clayey material is exposed, it changes to a hard crust. The thick
ness and the distribution of such crusts depenel mainly on the min
eralogicp,l composition of the rocks from wInch they are derived and 
have little .relation to topography. In some places these crusts lie 
under Pleistocene deposits; elsewhere they are exposed at the surface, 
indicating that they mll,y be formed under a range of climatic 
conditions. 

Crust Formation 

Although the processes of accumul(ttion and segregation of iron to 
form crusts cannot be fully determined by field observation, a munber 
of features can be studied and related to each other. 

Three basic conditions must be met before enough iron oxide accumu
lates or segregates to form a crust. 

The first is an adequate supply of iron. If the parent material is 
sufficiently rich in iron, a crust may form without additions of iron 
from outside sources; iron enricllment takes pla.ce because other 
constituents are removed. A good example is the crust :formed from 
the very basic rock at Conakry, Guinea, which cOlltains almost all 
the original iron ancl aluminum; the other constituents, which made 
up four-fifths of the original rock mass, ha.ve leached away. Iron 
may be mobile but here It is less so than the other elements. In a 
few places near Mamou, Guinea, a dolerite had weathered directly 
to a ferruginous crust with no intermediate soft material, but this is 
unusual. The removal of the nonferrous constituents of rocks must 
ultimately lower the land. Where removal is uneven, sinkholes like 
those in limestone country are formed. If the country rock is poor 
in iron, either no crust is formed or the crust is very thin unless iron 
is brought in in solution from outside the area. 

A second condition is that of alternating wet and dry seasons. Our 
observations led us to believe that wet and clry seasons of about equal 
length favor crust formation. If either season is shortened, the seg
regation of iron oxide is reduced. Thus at N zerekore, Guinea, the dry 
season seems to be too short to permit crust formation, and to the 
north at Kankan the wet season is too short. The amount of rain 
Teqllired during the wet season for crust formation depends on both 
the topography and the nature of tJle surface material-the zone 
of iron segregation must be kept saturated. 

A third condition generally necessary for iron segregation and ac
cumu1ation is a Telatively flat land surface. An actual high water 
table does not seem to be required, but the zone of segregatIOn must 
be continuously saturated for appreciable periods. TIns condition 
is attained on a level area that is not too permeable to water, at a foot 
slope where there is seepage, or in a place where there is a fluctuating 
high water table. 

Probably a principal factor involved in the mobilization and move
ment of iron oxide from one 10G.'ttion to another, as in seep cementa
tion, is decomposing organic matter. Organic complexes form that 
are stable in solution lmtil they come into contact with air and the 
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organic portion .is decomposed ·by microorganlfollls. Thus vegetation 
.is an .important factor in the breakup of crusts~ 'and its decomposition 
products 'are .important in the mobilization of iron and in the conse
quent .formation of new crusts. 

The HardeningPro(~ess 
From data obtained at Conakry, Guinea, .it appears th!;tt the hard 

crust and the soft material below it have the same chemicnl composi
tion. They differ only in crystal size and in content of uncombined 
water. At.Nzerekore, Guinea, data W~.l:e obtained on the time required 
to form a hard. crust. ·Wetting Itnt.1 drying for a period of 15 years 
caused a hard, slaglikecrust, 1 to 2 CID. thick, to be formed. The 
same material used in the walls of a house, continuously dry for the 
same lleriod, was still soft enough to be scratched with a thumbnail. 
Thus It would seem that the hardening process is one of solution and 
crystal growth. 

In another location in Guinea, between Dalaba and Mamou, a road 
cut had been made several years earlier through soft iron-rich ma
terial. One face of the cut was exposed to the drying action of the 
sun and the other face was shaded. The face in the Still had hardened 
to a cFust; t~e shaded face remained moist and soft and had vegetation 
growlllg on It. 

The field observations indicate that exposure of soft "laterite" IDIl,te
rial to wetting and drying leads to crust formation. The principal 
iactors that accelerate the hardening process are erosion and the re
moval of forest cover. The two, of course, are often closely related. 
The mission could not determine how dense a cover or what depth 
of soil are required to prevent hardening in any given area; this would 
require specific field experiments over a period of time. The preven
tion of llardening .is important in connection with some of the plans 
for mechanization of agriculture that have been contemplated in 
Ghana and Nigeria. 

The faces of borrow pits and road cuts give ample evidence that 
certain clayey, iron-rich, soft materials become rocklike if exposed. 
So far as we could see, vegetation is the only agent that can prevent 
or I'everse this hardening process. Trees and other perennial woody 
plants are most effective. Some forestry experiments in Guinea, 
Dahomey, and Nigeria indicate that some crusts in well-drained posi
tions can be broken up by the roots and litter of trees, perhaps aided 
by the change in microclimate. TillS leads to a solubilization and 
movement of iron, probably in a complex with orgrtlllc matter. The 
iron thus mobilized may be carried downslope in seeping water and 
contribute to the formation of tt new crust in lower lying alluvial soils. 
This possible hazard should be considered .in connection with the 
reforestation of sloping areas above good alluvial farlnland, such as in 
the Fouta-Djallon area in Guinea. 

Efforts to break up a crust will have little purpose, however, unless 
some plant nutrients are present within the crust or in the underlying 
material. Many of the residual crusts-;vould be of no value if disinte
grated because they would supply nothing to the plttnt. 

Checking the formation of laterite crusts is only one phase of the 
management of the soils in 1Vcst Africa. Laterite formation and its 
reversal are closely tied up with the control of erosion and with 
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reforestation. In some places potential laterite-crust soils can be 
used in some kind of agriculture or forestry, but in other places the 
land may have no agricultural value. 

INTERPRETATIONS AND CONCLUSIONS 

The sites and samples described, analyzed, and discussed in this 
bulletin show that materials identified in the field as laterite have a 
wide range of occurrences and of morphological, chemical, and miner
alogical characteristics. The hard crusts and other forms of laterite 
were derived from coarse- and line-grained basic rock (dtmite, norite, 
diabase, basalt) and from granites, sericitic schist, and colluvial and 
sedimentary deposits. They were formed in many different physi
ographic situations. But the common features found in the variety 
of samples and environmental conditions point to interpretations and 
conclusions about the conelitions in which laterite forms, the material 
in which it forms, the development of hardness, and the prevention or 
reversal of hardening. 

Other publications have appeared that contain data, interpretations, 
and discussion based on some of the samples and sites considered in 
this bulletin. D'Hoore (1954:) and ~Iaignien (1958) discussed iron 
accumulation and crust development. Alexander, et al. (1956) pre
sented a digest of conclusions about the mineralogical composition of 
laterite and the hardening and softening processes. The review by 
Sivarajasingham et al. (1962) includes data and interpretations by 
the authors of this bulletin applied to the broad, general subject of 
laterite. :Much of the euscusslOn of theory and basic principles is 
available in these papers. None, however, has includeel all the chem
ical and mineralogical data, micromorphological observations, or data 
on the soil samples collected by the mission. 

Composition of Laterite 

Laterite, as ineucated by these African samples and others, ranges 
in its chemical and mineralogical composition from specimens that 
are almost pure iron o~"ide in the form of goethite and hematite, such 
as those from site 1, Guinea, and sites 2 and 3, Ivory Coast, to bauxitic 
materials like the sample from site 2, Guinea. TIle silica content may 
be high if the silica is in the form of quartz; some laterites are quartz 
sands cemented with relatively small amotmts of goethite or hematite. 
Kaolinite is the only silicate mineral in significant quantities. Alu
minum varies in amOtmt and is present in gibbsite ~),lld boehmite. 
:Many laterites, however, contain no free aluminum minerals. A 
variety of other primary and secondary minerals is present in laterites 
including the inert, resistant group, but they are minor, accidental, or 
otherwise nondiagnostic. 

Free iron oxide in various forms is the eliagnostic compound com
mon to all laterites and is the substance ma,inly responsible for hard
ening. The amount and the morphology of the aluminum minerals 
provides valuable information about the origin and genesis of the 
material and in some places aluminum minerals contribute to dense
ness and hardness, but aluminum compounds are not so consistently 
associated with laterite formation as iron minerals. 
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Many laterites1 especially the soft types that can be cut for build
ing blocks, contam significant amounts of their iron, aluminum, and 
silica in amorphous or microcrystalline forms. Methods for determin
ing such materials are usually indirect, but in many specimens ex
amined. in which the iron content is high no crystalline iron minerals 
could be detected by our methods and m other specimens the crystal
line lfl.4?-erals seemed to accOlUlt for only a fraction of the total iron. 

l\lorphology of Laterite 
.As seen in thin section, laterite is as varied in structure as in com

position, but the different types can be classified according to their 
micromorphology . 

Many of the ltLterites formed residually by the weathering of a rock 
in place have pseudomorphic rock structure. '1'11e rock minerals have 
been replaced by goethite, hemn,tite, or gibbsite, and cleavage :planes, 
twinning planes, and crystal outlines have been preserved. This type 
of weathering seems to occur most commonly in basic rocks as illus
trated by the materia1s ncar York, Sierra Leone (site 2A, pI. I, 0) ; 
near Oonakry, Guinea (site 1, pI. I, D) ; at Mamou, Guinea (site 4, 
pI. I, A, B) ; and at Hoss (site 3), Nigeria. Some of these pseudo
morphic laterites have enough pore space to indicate that all the iron 
and aluminum came from the original rock. Others are densely im
pregnated and must have received some iron from outside sources. 

Residual laterites derived from granite also retain structural fea
tures I'elated to the rock or at least to the kaolinitic saprolite that is the 
usual weathering J)l'oduct of g:mnite in the Tropics. ]:{ough outlines 
of grain boundanes, iron-oxiae pseudomorphs after amphiboles and 
PYI'oxenes, coarse l(ltOlinite after mica,finer kaolinite books .and 
vermicular aggregates after feldsl)n.r, and spacing of quartz grains are 
all evidence of direct relation to the rock. Many of the laterites that 
had been quarried for building material (the Buchanan laterite) are of 
this type, such as those at Samarll (site 1), Nigeria, and at Nzerekore 
(site 10), Guinen . 

.A type of laterite structure that is somewhat more disorganized 
than those previously discussed has structural features resemblin~ 
those of soils. The structural units are like soil peds. Relics of old 
clay skins are present, and the mn,trix has a clay arrangement similar 
to that in some tropical soils. This type of structure is present in 
laterite derived from the residual weathering of rocks and in that 
formed in sedimentary or colluvial materials. The materials from 
sites neal' Bondoukou (site 7), Ivory Ooast, and at site 5, Nigeria, con
tain such features. 

One structural extreme is the laterite composed Jargely of pisolitic 
bodies more or less closely packed in a matrix. TIllS type is com
monly high in iron minerals but may also c0l1btin a sizable proportion 
of aluminum-hydrate minerals. Kaolin is absent or present only in 
traces. The pisolitic laterite forms from a va,riety of parent ma
terials but most commonly from fine-grn.inecl basic rocks, such as the 
peneplain crust at Bondoukou (sites 2 and 3) ,Ivory Ooast. Observa
tions inclicate tllat the pisolites generally are formed early in the 
places in rock that are most susceptible to weathering. Early forma
tion is indicated by the presence of such mn,terials as unweathered 
muscovite crystals, schist fragments, or gibbsite-filledl'elics of feld
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spar crystals, which are sealed up and protected within the pisolites ill 
several very old laterites like the one at Djougou (site 1), Dahomey. 
Once formed, they are stable and subject only to dehydration. Both 
pisolites and matrix may have formed ill a much more hydrous condi
tion-even a gellike condition-for this type of laterite usually con
tains featur.es caused by shrinkage and features caused by rhythmic 
precipitation. Pisolitic laterite is generally very hard and dense. 
Gibbsite, if presen~, has the aspect of ·a late formation, for it fills the 
spaces leit by shrmkage. It IS of mterest to note that most of the 
occurrences of boehmite were ill this type of laterite. 

Piso1ites, concretions, or definite separate bodies are present in most 
laterites. In adJition to the true round pisolites with concentric 
structure, there are bodies of various sorts in which a particular kind 
of mineral 01' mineral mixture has been segregated. These bodies .have 
definite structural boundaries,· skins, or external layers that demar
cate them from the rest of the structure, or they have a more densely 
impregnated,or differently impregnated, zone that is continuous with 
the external matrix. Some of those seen are pure goethite, some are 
pure gibbsite,some are amor~hous, and some consist of unidentifiable 
mixtures of clay-size iron nimerals. They show evidence of several 
modes of origin in additiou to that of condensation of a gel, such as in 
the true pisolitic laterite. Some are pseudomorphs after rock min
erals-gibbsiteaiter pla.gioclase, goethite after olivine, kaolinite aiter 
mica. Others are pore fills or fills into weak or open spaces. Others 
have no ex,Phtnation to be obtained by study of micromorphology. In 
some laterItes formed from material reworked by erosion or bycollu
vial action, some of the bodies identified as concretions have an ex
ternal Ol'igirl, i.e., they are fragments of an older crust. 

The development of some of these structures and the identity and 
arrangement of the minerals is more fully discussed in the next section. 

Genesis and Hardening 

Chemical composition alone, or even chemic!:ilil;nd mineralogical 
composition together, does not explain many of the hard laterites. 
Many "lateritic soils" that remain soit and earthy have the same com
position as laterite that hardens and even the same composition as 
some hard crusts. In some series of samples the difference between 
the soit or transitional material and tlle hardened crust derived from 
the same material js small. These general observations suggest that 
hardness, or the ability to harden, is as much a matter of the arrange
ment of components as of the kind of components . 

.A. material must be present that can be a precursor of laterite. .A. 
simple illustration is a quart.z sand that can be infiltrated intermit
tently by iron-bearing drainage water. Since the specific surface is 
small, a relatively small amount of iron can cement SUell a material 
into a hard, lateritelike condition. 

Materials containing a large amOlmt of fine material, especially 
clay, and a variety of minerals are less simple to explain. In gen
eral, a material must develop that has a high free-iron-oxide content 
l'elative to the total specific surface. D'Hoore (1954:) and Fripiat 
and Gastuche (1952) called attention to the fact that thin layers of 
iron oxide, probably microcrystalline goethite, are adsorbed on kaolin
ite crystals. Such adsorbed iron is immobilized so far as contribut
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ing to ha.rdening. ~dditionsof iron in excess of the amount that 
can be adsorbed. on mineral surfaces jdestruction vf the other min
erals, usually kaolinite, leaving the ironmineralsj or the local move
ment and rearrangement of the iron oxides establish ,conditions 
appropriate for laterite formation, 

The ingredients .of laterite are the result of weatherin,,·, In some 
conditions, basic ~ocks weather directly to a material that has .the 
composition of laterite-silica and bases al'e lost and iron and alumi
num, 01' one or tlle other a10ne, remain. Some of the laterites reported 
in this bulletin probably were formed in this wlty by immediate'weath
er!ng. Th~ same rocks under dffferent conditions and rock~ .con
ta1ll1ll'" a WIder assortment ofnunerals Illay weather to a mIxture 
of oxieaes and amorphous material or of oxides and cl!!y minerals. 
Harrison (1933), Alexander et nl (1941, 1956), and Cady (1951, 
1960) }lave discussed examples of various types of early weathering. 

The feldspar in the diabase from sit.e 4: at Marr.:.ou, GUllletl, wenthers 
to gibbsite, Md n mixture of nmorphous materinl consisting of iron, 
aluminum, silica, nnd wnter l'eplnces the fel'l'omacrnesian mineral. 
Tllltt gibbsite is abundu,nt is sllOwn by nIl the llliner:5ogical methods, 
but only traces of kaolin and goethite could be detected by X-rny 
diffractIon and differentiu'} thermala.nnlysis. '1'he groundlllass 00
tween the gibbsite crystals is isotropic. '1'11e hard outside crust con
tains detectable kaolinite, goethite,nnd hematite (pI. I, A and B). 

In other mnterials descrIbed in tlus bulletin, Jmolinite is the early 
dominant crystl1lline weatllering product; examples are the sam'p'les 
from sites 1 and 5, Nigeria, and sample 1 from site 101 Guinea. GIbb
site is not necessnrily a llrecursol' of kaolin. A,rainlll these sam'ples, 
crystu,lline iron-oxide mlllerals either were not 8etected or were llldi
cated in amOlUlts too SIllnll to account for more than a small fraction 
of the iron oxide determined by chemical analysis. 

Although Interite can be formed directly as a first product of 
weathering, more commonly some further chan~es are necessary. All 
tlle kaolin-rich materials and even some of the IllB'h~gibbsite materials, 
such ns those previously described, either remam Its saprolite 01' de
velop into friable soils unless iron oxide is added from external 
sources or unless environmentnl conditions cause additional weather
ing or readjustment of the components in the material itself. Alumi
nous laterites OOCUl', for example the bauxite at site 21 Guinea, but 
from the data in this bulletin and in the literature CIted, it seems 
t1ll1t iron is the important agent of hnrdening, especially of rnpid 
hnrdening on exposure. 

The most consistent and probably the most significant characteristic 
of hard laterite crusts, as contrastecl with related soft mnterials or with 
friable materials of similar chemical composition, is "'reater crystal
linity and mOre continuity of the crystalline phase olthe iron-oxide 
minerals. Data from aU the sites at wluch paired hard and soft 
materials were studied (site 1).,Da.homey; sites 1 and 5, Nigeria j site 7, 
Ivory Coast j sites 4: and 10, uuinea) and observations from the hard 
crusts in general show that the hard materinls contain measurably 
important amounts of crystalline goethite and usually of hematite as 
well. These minerals coat channel walls, pores, and nodules. In 
some samples the iron minerals permeate a matrix of kaolin, and in 
some old,· very hard laterites they make up the bulk of the specimen. 
The .result is a network of crystals knitted together to form a rigid, 
hard framework. 
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The .role 01 the amorphous ormicr®rystalline oxides produced by 
weathering is her:e most active. These substances have· enormous 
specific .surlac~ andean go into solution-more readily than .the well
crystallized mmerals; they can also move as sols or gels to the places 
where they develop the crystalline framework. . 

Alternate wetting and drying, perhaps accompanied by local reduc
tion and reoxidation, is believed to be the main cause of the movement \ 
and recrystallization of the iron. Hardening is .nearly always accom- t 
panied by a loss of kaolinite. A dec;rease in the amount of kaolinite ~ 
may indicate the addition orjron from an outside SOUI:ce, but evidence ' .. 
for the dest,ruction of kaolinite, based on thin-section observations! is 
abundant. Kaolinite books,accordionlike aggregates, or soilhke 
iron-stained masses of kaolinite make up a large part of the soft ma
terials. The hard crusts formed from these materials contain .much 
less of the organized, well-crystallized kaolinite. The closer spacing 
of the quartz grains indicates collapse and loss. .Decomposing 
kaolinite, accompanied by free gibbsite, was observed in partially 
hardened materials from several sites. 

The effect of alternate wetting and drying alone, with no external 
additions of iron or no effect of organic matter, is shown by the 
hardening of the ornamental ball at site 10, Guinea. The soft laterite 
in the walls under the eaves of the house was from. the same source as 
the ball but, when the samples were taken in 1951, the walls were still 
soft. In the ball exposed to wetting and drying for 15 years, some 
important changes had taken place. The amount of kaolin had 
decreased and that of goethite, hematite, and gibbsite had increased. 
Iron oxide had moved from the matrix to the channel walls and to the 
exterior shell. Thus some parts had become harder than the original 
material, but some parts may have become softer. 

In summary, enrIchment in iron is required to produce a material 
that will harden. If the material is coarse textured, not much en
richment is required; the finer textured the material, the greater the 
accumulation of iron required. Accumulation may result from the re
moval of other constituents, it may come from outside sources in 
seeping ground water or through vertical eluviation, or it .may be 
caused by local rearrangement within the material itself. In many 
places all three processes may be acting. Many of the characteris
tics of the laterIte that results are the same, whichever process is 
dominant. 

The resulting laterite may be a solid mass of iron oxide or a cel
lular, or network, arrangement with mixed hard. walls and soft chan
nels, or it may consist of nodules, pisolites, or concretions. There 
are: (a) volumes high in iron because clay has been removed and 
iron has remained; (b) volumes high in iron because clay has been re
moved in adjacent volumes, releasing the iron to move into the 
nodule or wall; and (c) volumes high in iron because of the movement 
of iron without the destruction or movement of clay. 

Hardening seems to involve two processes in addition to either 
gross or local enrichment-crystallization and dehydration. Iron
oxide minerals crystallize into continuous aggregates or networks. 
Clay may be present, but free crystalline goethite, and in many places 
hematite, is characteristic of most hard laterites. DehydratIon is 
also a factor in the development of hard crusts. The oldest, hard
est crusts are high in hematite, and they contain boehmite if free 
alumina is available. 
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A. Guinea Isite 41 Plain light SOX 8, Guinea (site 4) Crossed nicols lOX 

D, Guinea (site 1) Plain light SOXC
f 

Sierra Leone (site 2) Crossed "itoh SOX 

Plate i. Relict structures in laterite: A. We<>thered diabase; gibbsite lIight colored, lath 

shaped) replocing feldspar; iron oxide and amorphous material (dark brown) after fer

romasnesian minerai. S, Outer rim of small boulder in same material, showing loss of 

gibbsite, collapse of structure, ond accumukltion of iron oxide; black grains are magnetite. 

C, Gibbsite pseudomorph after plagioclase in weathered gabbro, surrounded by dense im

pregnation of iron oxide. 0, Replacement of serpentine by geothite (yellow); opaque 

stringers are probably hematite; trace of gibbsite near lower boundary. 



At Guinea (.Iife to) Plain light lOX Bf Nigeria hite lJ Plain light lOX 
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C, Guinea (site 10) Plain light lOX Croned nitoh lOX 

Plate II. Saprolite and soil/ike materials that harden: A, Material used for building; some 

segregation of iron around pores and channels evident; angular white areas are quartz 

grains; vermicular kaolin aggregates present in lower pari of field. S, Coarse k<lolinite in 

granite saprolite (lower right); iron impregnation just beginning at margin and along chan

nel; upper left is a mass of soil malerial in a channel. C, Material similar to A but finer 

grained with less coarse kaolinite. D, Iron segregation beginning in material similar to Ai 

red areaS in .upper part are areas of iron accumulation; I<lte gibbsite, presumably derived 

from decomposing kaolin, accumulating in pores; yellow kaolin day skin in center• 



A, Nlgl!ria (site l' Crossed nicols 50X B, Nigeria Cdte 1) Plain light lOX 

Ct Nigeria (site 5) Plain light lOX Of Nigeria lsite }) Plain light SOX 

Plate III. Processes an:! structures: A, Decomposition of kaolinite to release free iron and 

form secondary gibbsite. gibbsite between leaves of kaolinite "book" and in pores and 

adjoining channels; dark-brown areas are mixtures of clay and iron oxide that are amorphous 

or have ve,y low birefringence_ B, Impregnation of soil like material by local rearrange

ment of iron; iron oxide seems to be moving from paler colored ~reas at top. C, Impregnation 

of weathered perthite {bottoml; impregnation of fine-grained kaolinite lupper halfl; channel 

lined with iron-stained cloy across center. D, Impregnation of nodule in place with ac

companying collapse of exterior material; close spacing of quartz grains shows advanced 

stag" of process in B. 



A, Guinea I.it. 101 Plain light SOX B, Guinea (site 101 Crossed nicols SOX 

C. Ivory Coa.t [.lte 71 Plain light SOX Or Ivory Coast (site 71 Crossed nieols SOX 

Plale IV. Processes and struclures; hard lalerile: A and B, Structures formed by hardening 

in place 10rIK/mental balll; iron oxide Idark brown) segregated in!o spots and accumulated 

as pore and channel linings; networks of crystalline material surround impregnated mottles 

and run Ihrough matrix; yellow birefringent material in channel probably recently precipi

tated; few gibbsite aggregates in center. C and 0, Struclures developed by combination of 

wealhering and enrichment from outside by seep<lge; some similarity to A and B but ball 

structure and cryslalline goethite coatings better developed; open p~res lirregular white 

Oreas in C) indicate some loss of clay and condensation of remaining material. 



A, NigeriQ (site 1, Crossed oleols lOX B, Guinea (site 1j Crossed nieols lOX 

C, Guinea (site 10) Plcri" light SOX 0, Dahomey fsite 11 Crossed· nieols sox 

Plate V. Structures in hard laterite: A, Hard laterite formed in place; impregnated nodule, 

collapsed zones, and laminated fhick channel walls that have coalesced; la)le, feature 

impa:ts great rigidity. B, Balls, p,...umably from gelatinous mater:al, coated and braced 

by continuous coatings of well-crystallized goethite; light granular material Ipale bluel is 

gibbsite, which may be later than the goethite. C, Rearrangement and segregation of iron; 

material similar to plate IV, A and B; dark bodies on left may coolesee into hard nodule; 

scgregatron less advanced in part ali right, D, Dense impregnation showing nets of cryslal

line material (boltom and upper leftl; note penetration of iron oxide into fractures in quartz. 



A, Guinea hite 1) Plain light lOX Sf Guinea hite 11 Crou~d nicols lOX 

C, Nigeria (site. 3) Crossed nkols 50X OJ Ivory Coast (sHe 7) Plain light SOX 

Plate VI. Iron oxide in hard laterite: A and B, Replacement of olivine in weathering of 

dun it,,; iron mineral (goethite) accumulated first in cleavage cracks in crystal; note con

tinuous crystalline nelwork; bright pore fillings in B are late gibbsite. C, Skin and pore 

filling of goethite in very.hard laterite from basalt; most of sample is hematite (dark red); 

this structure indicates solution and reprecipitation of iron oxide. Dr Heavy impregnation; 

excess iran accumulating as goethite (granular material in pores and oblong channel 

segment in centerl; enrichment from outside by seepage. 



-Anctent hard 10Ie"1.8 (Wesl mounloinl-, 

Plate VII, A. Photograph of landscape near Bondoukou, Ivory Coast, showing terrain and 

location of several sites. Thick old-peneplain crust caps the hill, or west mountain, site 2. 

The barren areas are underlain by younger crusts formed from iron translocated by seeping 

water. The picture was taken from the laterite-capped hill, or east mountain, at site 3. 
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plate VII, B. Schematic cross section of the valley near Bondoukou, Ivory Coast, showing site 

locations and crust areas in relation to topography. 
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Reversal or .1Iardeningand Soil Formation 
A thick laterite crust usually is so resistant to erosion, to solution, 

and to decomposition that it is a relatively permanent feature of the 
landscape. According to Du Pl'eez(}~49}, many of the laterite
c~pped peneplain l'~mnants in West ~rica .date back to .mid-Tertiary 
tIme. Borne were formed at low posItIOns lD the landscape and now, 
because of their resistance to breakdown, are the caps of mesalike 
llills (lnndscape inversion, Bonnault, 1938). 

Hard, thick crusts 1ik~ those on the hilltops at Bondoukou, Ivory 
Coast, are eroded only by mechanical disintegration, nnd they collapse 
at the ed~es ns the underlying softer material is cut back. Boulders 
and l'ubble work their way down the slopes. In mixed material, for
est vegetation may become established on the slopes. The products 
of decomposing vegetation, together with the Jarger moisture supply, 
decompose the luterlte fragments still further. Bloomfield (1953, 
1955) has shown that iron, and to some extent aluminum, can be 
brought into solution readily andis translocated by complexing (che
lation) with organic matter. 

If the hardening process consists mainly of the crystallization of 
amorphous oxides and of dehydration, it might be expected that lat
m'ire would be softened when these processes are reversed and that 
a soil could be formed from tl degraded 1ttterite. 

The sel'ies of boulders from site2.A, Sierra Leone, shows that soften
ing by rehydration occurs. The softest specimen was from the bed of 
all intermittent stream, and vegetation was growing over it. Miner!L1
ogicn.l and chemic,tl studies show the changes in composition to be 
sma.ll, although the boulder is much softer than the other boulders. 
There is u. decrease in gibbsite, an increase in iron oxide, and a small 
increase in kaolin ovel' that in the hard boulder, 

The micromorphological changes, however, are significant. Here, 
as in llllrcIenin/!, there is a rearrangement OT the iron oxide-parts are 
denser and more hClwily impregnated and zones near pores are paler 
and 10,,"el'in il'on. The leaching out of gibbsite has increased porosity. 
The incrcase in kaolin may have been cltUsecl by the reaction of silica 
in the watcr with alumina in the dissolved gibbsite, but some of the 
increase is l~rom the soillike materia.! that was washed into pores. 

Rehydration is indicated also by the disappea.rance of boehmite, 
~nd by the reduction in hematite in the soils and laterite at sites 5, 
6., and '7, I vory Coast. These soils contain material der.ived from the 
peneplain-remnant crust, which is high in hematite and boehmite. 
As the iragments moved clown the slope, the free al uminum mir.emls 
apparently were lost and some of the hematite was rehydrated. 

Samples OT some soils over laterite, which contain coarse fragments 
of the, underlyi~lg crust, were studied, Several samples were sepa
rated mto TractlOns OT less than 2 mm, and greater than 2 mm., and 
the frnctiOl1s were analyzed mineralogically and chemicaUy. The 
coarse fractions are very similar to the underlying crust, but in most 
of these soils the fine fractions contain more silica and, in some soils, 
more calcium, magnesium, potassium, and sodium than either the crust 
itself 01' the ernst fragments, Petrographic examination commonly 
shows the presence OT minern.ls in the sand and silt fractions that are 
absent in the crust, 

AU the soils o\'er a disintegrating crust show additions of wind
blown, water-transported, or colluvial external material. In the soils 
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at some sites this transported .material is a minor part of the soil and 
is present only ill the surface horizon. 

For a crust to break up, however, it seems that some overlay or addi
tionalmaterial that can supply nutrients and hold water for v~geta
tion is almost ;essential. The composition of the crust itself is impor
tant. A crust that contains only irou and aluminum oxides :furnishes 
no plant nutrients and has a low water-holding capacity. Crusts that 
contain kaolinite 110ld some water, andmost of them have soft channels 
that can be penetrated by roots. A few laterites contlLill encapsulated 
weatherable minerals such as. mica and :feldspars and, if broken up, 
might support vegetation as well as many soils in the Tropics. 

The establishment of vegetation is an imllortant :factor in breaking 
up laterite crusts and in reversing hardenmg. Rosevear (1942) re
ported a measurable reversal of hardening under a teak planting :in 
about 16 years. Softening is caused by reduction and chelation by 
organic matter, by the physical action of roots, and by the prevention 
of extremes of drying and l1igh temperature. 

Little specific information.on the reversal of hardening is available. 
The information obtained on the caUf:l"S of hardening, however, indi
cates the direction in which research can be oriented. 

The data, observations, and interpretations show that it may be 
entirely feasible to prevent the hardening of laterite that is still soft 
if some control of land use is possible. Soils containing layers that 
may harden can be recognized. .Most such soils in an Imdisturbed 
condition are forested and have surface horizons that wi'ti not harden. 
Maintenance of cover) particularly forest, helps to prevent erosion 
and protects against exposure to high temperatures and drying. It 
may be necessary to keep steel> areas in forest, but carefully managed 
agriculture may be possible ill places. 

REVIEW OF THE LITERATURE 
Soil scientists have long been interested in the genesis of laterite and 

inits relation to agriculture. Because some laterIte and closely related 
materials have economic val ue as ores of iron and aluminum, geolo~ists 
have also published much on laterite, particularly about the high
aluminum varieties, some of which can be classed as ba.uxites. Thus a 
large amount of literature on laterite and subjects related to it has 
accumulated. Prescott and Pendleton (1952), Bonifas (1959) l Si
varajasingham et al. (1962), Lake (1890), and Allen (1952) have 
discussed general principles, occurrences, and the processes of forma
tion and have reviewed the earJier laterite and bauxite literature from 
several continents. These reviews indicate the wide variety ofprob
lems and aspects involved in a study of laterite and show that these 
problems were well .recognized by a large number of early 
investigators. 

The term "laterite" was introduced by Buchanan (1807) as a name 
for a soft ferruginous rock that was quarried in southern India for 
building blocks. A.ccorcling to Buchanan, the rock hardened quickly 
to form a material superior togoocl bricks in both strength and im
permeability to water. The conditions for 11arc1ening, or the time re
quired, were not recorded. For a long time, most of the descriptions 
of laterite were given by geologists working in India. A wide variety 
of materials has since been called laterite by workers in many coun
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tries, and there has been a great deal of disagreement about the ,range 
of materials to be covered by the term with I'espect to composition, 
mode of formation, and position in the landscape. 

Bauer (1898), studying samples from the Seychelles, was the firstto 
recognize that laterite contains uncombined Al!!Oa in a hydrated form 
and called attention to its compositional similarity to bauxites. Soon 
D:fter the pUblication of Bauer's paper, )Varth and Wa~~ (1903) p!lb
lished data that they had accumtdnted on the compositlOnof IndIan 
laterites. Some of these laterites are low in aluminum oxide but high 
in iron oxide. Others have a very high aluminum-oxide content and 
a relatively low ir.on-oxide content. There are all degrees of composi
tion between these extremes. In that paper emphasis was placed on 
the high-aluminum laterites,perhaps because oftheirpotent,al as 
aluminum ores. -

One point on which nearly [1,11 workers agreed is that true laterite 
contains only a small amount of combined silica. .Materials with a 
moderate to high combined-silica content were given qualifying names 
to distinguish them from true laterite. Other definitions and .restric
tions appeared in the litemture. Evans (1910) would not call a ma
teriallatel'ite if all the aluminum had been removed, and Fermor 
(1911) and Holland (1903) wOttldnot call a material laterite if all 
the iron had been removed. Harrison (1910) broadened the definition 
of laterite to inulude earthy, iron- and aluminum-.rich materials that 
do not 11arden. Mter 1900, data and opinons about mineralogical 
el'itel'ia began to appear, particttlarly in 111e works of I ..acroix (1914), 
Fermor (1911), and .Harrison (1910). . 

Fox (1936) reported on the composition of laterites taken from 
Buchanan's original site. Contrary to the opinion generally .ex
pressed in the literature, these laterites contain very little uncombined 
Al20 a aIlCI a large amount of kaolinite. Exclusive of qua.rtz, titanium 
oxide, and partially decomposed feldspar,the compOSItion of the two 
best builcling materials in. one section examined corresponds to a min
eral content of 45 percent kaolin, 1 t05 percent gibbSIte, and 29 to 37 
percent goethite. Accorcling to Martin and Doyne (1927), such ma
terials would not be classed as laterite. They suggested that the 
degree of "latel'ization" should be based entirely on the Si02-A120 3 

ratio and thn.t iron oxide should not be considered. If 
The mode of formation of laterite has been the subject of as many 

disagreements as its .nature and composition. This is not surprising 
since the term came to include such a wide variety of, materials. 

An excellent summary of the various views on laterite formation 
expressed before 1890 is given by Philip Lake (1890) in the appendix 
to his report on the geology of South Malabar. Babington (1821), 
Benza (1836), Clark (1838), Smith (1840), Wingate (1852), Kelaart 
(1853), Blanford (1859), Buist (1860), King and Foote (1864,1876), 

McGee (1880), and King (1882) all attribute laterite, or the litho
marge that forms laterite on exposure, to residual formation in place 
from the underlying rock. On the other hand, Buchanan (1807), 
Cole (1836),Ne~bold (18!l6) ,King and Foote (1864), Wynne (1872), 
and Theobald (1873) recognize laterite as being derived from de
trital or sedimentary materials or as being formed by other than resi
dual weathering, although not, necessn.rily exclusively so. Voysey 
(1833) and Blanford (1859, 1879) attribute laterite formation to the 
weathering of recent muddy eruptions or of volcanic ash. Mallet 
(1881) suggested that laterite was formed in lakes. 
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Holland (1903) su~gested that laterization is a tropical disease 
caused bymicroorgamsms to which even the rocks are not immune. 
Simpson (1912) suggested that the surface crusts of laterite are ef
florescences deposited fI'om ascending ground waters. 

There has always been a strong geomorphologic bias in the de
scriptions of the occurrence and distribution of laterite. Early 
writers described the laterites of India as "high level" and "low level," 
depending on whether they occurred on a h1gh-Iying peneplain rem
nant or on the terraces or river bottoms below. Lake (1890, p. 33) 
used the following simple descriptive classification for the laterItes in 
MoJabar, India. 

Group Nature o! .the lat6rUe OriDin 
Plateau laterite_______ . Vesicular_____________ Nondetrital 
Terrace laterite________ PeUety _______________ . Detrital 
Valley laterite_________ Partly vesicular______. PartlY.nondetrital 

Partly pellety_____ . ___. Partly detrital 

More elaborate schemes of classification have been published by 
D'Hoore (1954), Maignien (1958), and Du Preez (1949). The ex
treme range in age of laterites and the phenomenon of landscape in
version make the use of these more elaborate schemes dependent on 
knowledge or hypotheses about the mode ·of formation or accumula
tion of sesquioxides and about the geomorphic history of the land
scape inwhich laterites occur. 

SITE DESCRIPTIONS .AND LABORATORY RESULTS 
The different sites in the countries of West Africa visited by the 

mission are described in the following pages. The laboratory studies 
of the samples collected include mechanical and total chemical analy
ses, .mineralogical determinations by X-l'ay diffraction and differential 
thermal analysis, and thin-section studies ofmicromor~hology. 

The presentation of the basic data and interpretatlOns tollows the 
itinerary on the map, plate VIII (fa.cing p. 11). Some of the sites 
are closely relnted by locality, landscape, or geology, such as those 
in the Ivory Coast. Many sites, however, are single examples of a 
kind of laterite or of a soil related jn some way to laterite. Most of 
the sites illustrate several processes or features related to weathering, 
iron movement, laterite morphology, composition, and hardening. 

In the following list the samples are grouped according to their 
properties and the types of phenomena .represented. This grouping is 
not intended as a classification of laterite but as a guide to enable the 
reader to locate data on materials of particular interest to him. The 
categories used in the grouping have different degrees of significance. 
Some samples may appear more than once if they illustrate more than 
one phenomenon of weathering, hardening, or breakdown. The 
grouping is based on both field observations and results of laboratory 
determinations. 

Old crusts d·arived from basic rocks. They are highly weathered, dehydrated, 
and dense. Samples from site 2A, Sierra Leone; site 1, Guinea; sites 2 and 
8, Iyory Coast; and site 3, Nigeria. 

Old crusts and other hardened laterite derived from granitic saprolite or schist. 
Samples from site 1, Dahomey; sites .2 and 10, Guinea; and sites 1, 2, and 5, 
Nigeria. 

Crusts and accumulations .in foot-slope positions derived from colluvial and 
alluvIal materIal. They usually contain detritus 'from old laterite, and iron 
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laadded ~y 1M!e}le1(e. Theymaybeformmc curiently. Samples from site 
5, :GuiDea; 81te 7, Ivory Coast ; 'and .sites6 and 8, Niceria jand sample GF-'3
~GuiDea. 

Orusts and accumulations in low-level positions, cbiefty in alluvium. They are 
cemented by lron 'from streams. or .area1fected bya water table. Samples from 
site 3, .SierraLeone j site 6, Guinea; and the Republic of the Congo. 

8llgbtIy cemented soUscontainiDg laterite detritus .and .ln1luencedlly seepage. 
Samples from site 1,Sierra Leone; site 5, Ivory Coast; and site 7, Nigeria. 

Soils .over decomposing laterite crust. TheY contain broken-up crust fragments
but are ln1luenced by transported 1JDe materilli. Samples .from sites 1 and '2, 
SlerraLeone; site 2, Dahomey; sites 1, 8,and 9, Guinea; site 1, Ghana; Ilnd 
site I, Ivory Coast. 

Soils, mostly latosolic, some of which contain detrital laterite fragments. 
Samples fram site 7, GuiDea; sites 4 and 6,Ivory Coast; and site 4, Nigeria. 

Harde~ sequences. Samples from site lO,Guinea; site 7,Ivory 'Coast; and 
sites 1 and 5, Nigeria. 

Softening sequences. Samples from site 2A, ,Sierra Leone, and site S, GuiDea. 
Illustrations of the role of weathering. Samples from sites 4 .and 10, GuiDea, 

and sites 1 and 5, Nigeria. 

Laboratory Methods 

The laboratory methods were the standard methods used in the sOil 
survey laboratory of the Soil Conservation Service. The N a2COa
fusion ,method as outlined by Robinson (1930) was used to determine 
Si02, F8:!Os, Al20 a, Ti02 , CaO, MgO, and ignition loss. The HF
H 2SO. digestion procedure of Shapiro and Brannock (1956) was 
used for MnO, P 2 0 6 , Na20, and K 20. Flame photometry was used 
to determine Na20 and K 20, and P 20 5 andMnO were determined 
colorimetrically. Robert F. Dever, Roy S. Clarke, Jr., and Clifford 
H. Simonson made the total chemical analyses. 

,Particle-size distribution was determined by the procedure ofKi1
mer and Alexander (1949). Exchangeable cations and other soil
characterization analyses were by the methods described by Peech and 
others (1947). These soil analyses were ,made chiefly by EdwoodJ. 
Pedersen and Marthe Birdsall. 

The X-ray diffraction data were obtained from randomly oriented 
powder mounts with a Geiger counter spectrometer, using iron K
alpha .radiation. The differential thermal analysis procedure was 
similar to that described by Hendricks and Alexander (1939). Lynn 
D. Whittig performed many of these analyses and contributed much 
to their interpretation. 

Thin sections were made of repre&mtative blocks, or clods, that 
had been impregnated under vacuum with a polystyrene resin. Cut
ting and grindiIlg were by standard procedures except that many of 
the specimens were nearly opaque and had to be ground thinner than 
usual. The thin sections were made by William F. Holton, who also 
.assisted with the other mineralogical analyses. 

Sierra Leone 

Dixey (1920) gave a good description of the occurrence and nature 
of laterite in the vicinity of Freetown, Sierre Leone. The country 
rock is mostly a medium-grained norite. The steep terrain prevents 
the accumulation of an appreciable depth of weathering products on 
the main mountain mass. Around the periphery, however, there isa 
small coastal plain and some colluvial foot slopes. Here laterite is 
well developed to a considerable depth. 
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Sites 1, 2, and2A. are near York. south of Freetown. The physio
gra.phic position is that of.a bench, or terra.ce, above the sea and at t.he 
foot of the mountain that mll.kes up the greater part of the Freetown
York peninsula. Site 1 is a pit of the GeologIcal Survey of Sierra 
Leone, located in a woods at the lower edge of an old field. Site 2 is 
110 feet from site 1 and 70 feet from the edge of an old field. Site 
2A. is in the bed of an intermittent stream, 75 feet lower than and 
200 yards away from site 1. . 

Sites land 2 
The soil in the woods was much more friable and less cemented than 

that in the abandoned field. Samples were taken for comparison of 
the upper horizons at the two locations. The field description of the 
profile at site 1, which is covered by a dense, young forest of mixed 
trees, follows. 
SL-1-1 (51907); 10YR 4/3 .dry; granular, gritty, heavy loam; many roots. 

0-10 em. 
SL-1-2 (51908); Laterite crust trom whieh some iron has been moved down

10-58 em. ward; the crust has apparently been softened by the action 
of plant roots and by other pedogenic factors. 

SL-1-3 (51909); Very hard. iron-rich horizon; few roots. 
58-80 em. 

SL-1-4 (51910); Less hard than horizon above; appears to be less rich in 
80-370 em. iron oxide. 

SL-1-5 (51911); Soft mottled material; contains iron- and aluminum-rich 
37.0-420 em. segregations that have not become hard. 

The field description oithe profile at site 2 follows. 
SI.-2-1 (51912); Ap; 10YR 4/2 dry; gravelly; gritty, sandy loam or loam; 

<F9 cm. fine granular structure; many roots. , 
, 

SL-:2-2 (51913); Ap; 10YR 4/4 dry; sandy loam that contains much grit and 
9-23 em. coarse sand; not so granular as horizon above; many roots. 

SL-2-3 (51914); 10YR 5/6 dry; gravelly loam; many roots; some weak, 
23-40 cm. granular structure. 

SL-2-4 (51915); Bard laterite erust.; few roots. 
40 cm. + 
Table 1 shows the chemical composition of the samples from site 1 

and table 2, the chemical composition of those from site 2. The analy
sis for SL-l-1 is of the fine earth (particles less than 2 mm.in diame
ter) ; the other analyses in table 1 are of the whole laterite or soil 
material. Table 2 shows the composition of the fine earth and of the 
coarse fraction of the first three horizons of the profile; the composi
tion for SL-2-4 is of the whole hard laterite. 

Samples from horizons 1 and 5 of profile 1 and from the first three 
horizons of profile 2 either were soft or contained sufficient fine ma
terial to permit organic carbon and nitrogen determinations (tables 
1 and 2) and mechanical analysis. Orgamc carbon is relatively high 
in the fine earth of these samples, which makes up only 19 to 40 per
cent of the whole horizons. 'rhe carbon-nitrogen ratio is near 15 in 
all the horizons. The particle-size distribution is shown in table 3 
even though most of the coarse fragments are laterite aggregates 
rather than solid mineral grains. 
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TABLJ: I.-Ohemical composition of material j1.om, site 1, Sierra Leone 
[Leaders indicate determination not made] 

'Field and laboratory Nos. and depth in em. 

Ooustituent 
Slr-l-l Slr-I-2 Slr-I-3 Slr-l-4 Slr-1-5 
(51907) (51908) (51909) (51910) (51911) 

0-10 10-58 58-SO 80-370 370-420 

Perunt Percent Percent Percent PercentSiO,_,________________________ 21. 05 3. 60 7.62 6. 50 7. 76TiO,:..________________________ 1.86 1.55 1.98 1.,28 3.00AhO.________________________ 
30. 17 46. 55 23. 60 44. 32 44. 95Fe,O.________________________ 
26. 99 ,22.36 51.37 27.38 21.41MnO________________________ .03 .01 .02 <.01 .05OaO __________ , _______________ .17 .40 .57 .73 .15MgO________________________

l',O_________________________ .19 <.01 <.01 <.01 .17 
.03 .07 .06 .08 <.01NaaO________________________ .02 .14 . (}8 .18 <.01 
.15 .10 .19 .12 .05,p,~-------------------------Ignition loss __________________ 18.73 25.20 14. 39 19.78 22. 78 

Total__________________ 
99. 62 99. 99 99. 89 100.37 100. 32 

Other determinations: 
H,O loss at 110° C. 

percent__ I. 79 .81 1. 66 3.91 1. 09pll______________________ 
4.7 -------- -------- -------- 5.8 

Organic carboll ___ percent__ 4. 65 .10-------- -------- -------.-
Nitrogen_________percent__ 1 .,28 .007C/N_____________________ -.------- -------t------17 15-------- -------- -------.-

The chemical analysis of the samples from site 1 (table 1) shows a 
zone of iron-oxide enrichment at a depth of 58 to 80 cm. (SL-l-3). 
Presumably, this enrichment has occurred at the expense of the over
lying horizons. The fifth horizon (SL-l-5), 370 to 420 cm., is mod
erately soft and contains no hard segregations, but its composition 
is not significantly different from that of the horizon immediately 
above it. 

X-ray and differential thermal examinations (table 4) indicate that 
all hom:ons except the iron-cemented horizon (SL-I-3) are princi
pally gibbsite with 10 to 20 percent kaolin and some crystalline goe
thite. Quartz is abundant in the uppermost horizon (SL-l-l). More 
goethite was indicated in horizon SL-l-3 than in the horizons above 
and below it. 
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TABLE 2.-0hemical composition of material from site ~, Sierra Leone 
[Leaders indicate determination not Ihade] 

Field and laboratory NOB. and depth iu cm. 

Constituent 81-2-1 (51912) 0-9 8L-2-2 (51913) 9-23 I8L-2-3 (51914) 23-40 
81-2-4 
(51915)

-----.-----1-----,----1----.,----140+(rock) 

Fine I CoarSe I Fine I Coarse I Fine I Coarse 
earth J Fraction 2 earth 1 Fraction' carth 1 Fraction J 

Ptrettlt Ptrcent Percent Ptrcent 1 Ptrcent Ptrcent Ptrettl!8i0 _____________________________________ ---- 39.07 
2 8.76 37. 80 3.32 37.73 2.93 1. 82

Ti0 _____________________ ._______ ~ .• _ ___ ___ __ _ _ 3. 45 
2 2.27 3.03 2. 52 3. 30 1. 98 3.32AJ,03_ _ _ __ ______ _____ ____ __ __ ______ ___ ____ _ _ _ 26. 48 30.57 26. 38 29. 30 27. 93 32. 31 33. 22 

F~03_ __ ____ ___ ____ __ _ _____ ___ ___ ___ ___ __ __ _ _ 14. 18 43.08 16.57 48.68 15. 12 45.52 42.63MnO _ _ _ ___ ___ ____ _ _ __ _____ __ _ _ ___ _ _ _ _ _ _____ _ . 02 .01 .01 .01 .02 <.01 .02 
CaO_________________________________________ <.01 <.01 <. 01 <.01 <.01 ~.Ol .18 

<.01 <.01 <.01 <.01 .01 .30 
<.01 <.01 <.01 <.01 <.01 .30Nn 0 _ __ __ __ __ __ ___ _____ __ ________ __ ____ ___ __ <. 01]t2~~~~~===================================== ~:g~2 <.01 <. 01 <.01 <.01 <.01 . 13 

P20~_____ ___ _______ ____ __ ___ ___ __ ___ __ ______ _ . 19 .45 .15 .H .08 .51 .31
Ignition 105s_ __ ___ __ _ ______ __ _ _ __ __ __ __ __ __ _ _ _ 16. 67 15.45 16. 29 15.52 15. 86 16. 37 18.31 

TotaL ___ _____ ___ ___ ___ ______ ____ ____ __ 100. 06 99. 76 99. 62100.59 I 100.23 I 100.04 100. 54 

Other determinations: 
Organic carbon ___________________ percenL_ 4.06 ---------- 4.26 ---------- 3. 14 __________ __________ 
Nitrogen_________________________ percenL_ __________ .28 __________ .20 ____________________.28 

15
CJN ____________________________________ _ 
pH ______________________________ .. ______ _ 

5.1 1 1 
========== ----~~---- ========== ----~~---- ========== ========== 

I Particles less than 2 mm. in diameter. 
, Particles more thlin 2 mm. in diameter. 



___________________ 

TABLE 3.-Particle-size distribution of material from sites 1 and ~, Sierra Leone 

Size cluss and purticle diallletcr in mm. Other classes 

Field and laboratory Nos. Depth Very Me- Fine Very 
in cm. coarse Coarse dium sand fine Silt Clay 0.02- >2 

sllnd sand sund (0.25- sand (0.05- «0.002) 0.002 mm. 
(2-1) (1-().5) (0.5- 0.1) (0.1- 0.002) mm. 

0.25) 0.05) 

Perctnl Pncrnl Pncrnl Ptrctnl Ptrcrnl Ptrcrnl Ptrcrnl Percenl Percrnl 
SIr-l-l~51907) 0-10 4.8 6.5 8. 9 18.4 4.0 19.9 37. Ii 13.5 60
SL-1-5 ___________________51011~ 370-420 16.0 17.6 7. 0 O. 4 5. 0 16.0 28..1 10.3 -------SL-2-1 (51912 ___________________ 0-0 12. 7 9. 2 6. 6 11.7 3.0 20. 5 36. 3 15. 5 76
SL-2-2(51913) ___________________ 0-23 6. 7 7. 0 6.4 12.3 3. 4 23.2 41.0 17.2 81
SL-2-3(51914) ___________________ 23-40 6. 8 5.2 4.5 9. 8 3. 2 30.1 40. 4 23.0 81 


= 




----------
------------

-------------
------------

----------
----------

------------
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TABLE 4.-Mi'fl.eralogical composition of material from Sie1'1'a Leone 

[Percentages bllSed on differential thermal analysis. Relative amounts bllSed on X-ray diffraction; x indicates detected; xx, moderate 
amount; xxx, abuudant; and xxxx, dominant. Leaders indicate that mineral WIlS not detected) 

Site, field, and laboratory Nos. Kaolin Boelnnitc Gibbsite Goethitt) Quartz Helnatite 

Site 1: Percent 
S1.,-1-1 (51907)______________________________ x ___________ _ 35 x xxSL-1-2 (51908) ___________________________________________________ _ -----------65 x xS1,-1-3 (51909) ___________________________________________________ _ -----------

20 xx X x
S1...l-1 (519JO)______________________________ x ___________ _ 
 55 x x
SL-I-5 (51911)______________________________ x ___________ _ 
 65 X x 

SL-~-1 (51912) ___ --- --- --- _-- ---- -- _-- -- ____ 1_ ---------1 x 35 x x ... -------- ... --S1 

Site 2: 

...2-2 (51913)______________________________ x x 30 x X

81...2-3 (51914)______________________________ x x 20 x x x
SL-2-'-4 (51915) _________ .__________________________________________ _ 


Site 2A: 
45 xx x 

45 xx x XSL-2A-l (51916) - - -------- - ---- -- -- - - -- - - - - -SL-2A-2 (51917)____________________________ -- - -----7 -,--- --- - ----_x ___________ _ 
 40 xx X
SL-2A-3 (51918)____________________________ x ___________ _ 30 xx :i[X 

Site 3: 
SL-3-1 (51919)______________________________ 10 1___________ _ 
 5 x xxx X
SL-3-2 (51920)______________________________ x ___________ _ x xx xx 



The surfaco material, at least in part, is of different origin than 
the second and third horizon8---'-probably the quartz had been blown 
in from the nearby beach. SJ:;-1~2 and SL-l-3 are both hard, but 
the harder layer (SL-l-3) .has the higher concentration of goethite. 
The softer of the two layers, 10 to 58 cm., has more gibbsite,65 
percent. It would seem that llere we may have a partial mantle on 
an older, degrading laterite. The second horizon, 10 to 58 cm., is 
bein~ leached of iron. 'rhe third horizon, 58 to 80 cm., either is the 
origmal crust that has not brnm alt.ered much as yet or is being ce
mented by iron moving in from the horizons above. The dense forest 
may be contributing to the breakdown of the crust. 

Chemical analysis and microscopic examination of the samples from 
the l)rofile at site 2 show that the gravel is inherited from the crust, 
whereas some of the finer material .has come from an outside source. 
Table 2 shows that the fine earth is much higher in silica than the 
coarser skeleton, which consists principally of 1mI'd laterite pieces. 
The higher silica content is due largely to qlUl.l:tz of unknown origin 
but probably from an overwash of siliceous material. ObservatIOn 
by petrographic microscope shows that the fine earth (particles <2 
mm. in diameter) contains a large amount of sand- lmd silt-size pri
mary quartz. 

SL-2-4, which corresponds most nearly in depth and consistency 
to SIr-I-3, also has the highest concentro.tion of goethite in the pro
file. The gibbsite concentration, howe.ver, is more than twice that 
in the comparable sample from site 1. The presence of boehmite in 
the th,ree upper horizons of this profile su~gests that boehmite can 
be forn~ed from gibbsite by prolonged deslccation. 

Site 2A 

Field descriptions of the three samples taken in the ravine at site 
2A. follow. 
SL-2A-l (51916) Very hnrd laterite boulder. 
SL-2A-2 (51917) Lnterlte boulder not so hard as boulder above. 
SL-2A-S (51918) Boulder that hus been softened by the action of vegetlltion

and water ; ferns and other vegetation grow in and around 
it; roots abundant throughout. 

The chemical composition and the calculated minemlogical com
position of the three boulders is shown in table 5. 'With disinte~m
tion, there is an increase in the proportion of silica and iron OXIde. 
A. decrease in combined water accompanies the loss of gibbsite !lnd 
its possible partial conversion to .kaolin. 

The following paragraphs give the results of thin-section studies of 
the three boulders. 

SL-2A-I 
Gross.-Overall, the material is dense and dark colored. It is com

posed of irregular-shaped, concretionlike bodies that are black through 
dark brown, red, bright red, and yellow to almost white in a blotchy
looking, irregular matrix that is brown ochre in color. 

ilfioro.-T11e material appears to be mostly isotropic, but there is a 
moderate amount of segregated gibbsite (10 to 15 percent or more of 
the area of the section). Most of the gibbsite is pseudomorphic after 
feldspar-the shape of the feldspar crystals is observable as are the 
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TABLE 5.-0hemical cmnposition and calculated mineralogical oom
position of three laterite boulde'rs from site 2A, Sierra .Leone 

SL-2A-l SL-2A-2 SL-2A-3 
Constituent (51\Jl6) (51917) (51918) 

Hard Medium Soft 

Percent Percent PereratSiO ____________________________________ 2. 69 
Ti0z____________________________________ 2.32 5.90 8. 76 

2 3.12 1.84Ab03________ .--_______________.________ 39. 50 35.83 28. 90 
FIl203___________________________________ 34.61 35.88 44. 75 
MnO___________________________________ .01 .03 .04CaO _______________ - ______.______ ________ . 17 

<.01 .17 
A-IgO___________________________________ <.01 .12lC 0____________________________________ <. 01 <.01 
Jqa2 0___________________________________ <. 01 <.01 <.01 

2 <.01 <.01P205_______._____________________________ .01 
.03 .03Ignition loss__________________ .___________ 20.48 19.00 15.58 

1--------1--------·1-------TotaL_________.___________________ 99.79 99. 79 100.09 
1====1H 0 loss at 1100 C_ ______________________ 1. 19 

2 l. 13 1.45 
Miner,al (calculated): ,lCaohn____________.__________________ 4 13 19Gibbsite_ ___________________________ 45 40 30Goethite___________________ .________ 27 29 25 

Hematite____________________________ 10 10 .22Quartz________ .--_ __ ________________ 1 0 0Boehmite____________ -_________ _____ 10 5 2 
TiO,________________________________ 2 3 2 

1--------·1--------1-------
TotaL____________________________ 99 100 100 

cleavage and twinning planes, as shown in plate I, C. Alteration to 
gibbsite invaded the feldspar along these lines and spread out into the 
whole crystal. In some of these pseudomorphs there is opaque or 
isotropic red material within the network of gibbsite. There are also 
spherulites and Othel' irregular masses of gibbsite, but most of the 
gibbsite is in the psendolUQrphs; some is in vermicular nets that 
wander for some distance. 

Other crystaLline (birefringent) material includes a small amOlmt 
of gOP.thito or iron-sta.ined kaolin in oriented films in various arrange
ments. Some is in !1 regular gridlike arrangement-possibly as a 
ferromagnesian mineral pseudomorph. Some has a wavy, banded 
structure suggesting wet flow or precipitation or coagulation from a 
gel or sol. Some is alined around what may be filled pores. 

There are a few reel crystals with straight extinction, which could 
be goethite pseudomorphs after a pyroxene. Goethite. also occurs in 
stringers, bUilds, and pore linings. .A few quartz grains are present, 
which seems to be accidental since most of the grains are loose III holes. 

The bodies that appear as concretions, or at least segregations, are 
of several kinds: (1) gibbsitic concentrations and pseudomorphs; 
(2) c1ay-ferric oxide concentratjons and goethite, which also show 
structure as if inherited from ferromagneslall minerals or feldspars; 
and (3) unorganized balls that are not much different from the matrix 
except for density of color. Few of the concretions have any skin or 
concentric-ring structure, but scattered concretions seem to ha.ve a 
nucleus. 
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The matrix is almo.st featureless. In places it has It little flo.wlike 
structural banding, but it. lsmo.stly iso.tro.pic, sprinkled with small 
gibbsite aggregutes. 

The o.~·ganizutio.n, o.r strunture, present is mo.stly in the co.nCretio.Il
like parts. 

SL-2A-2 
G'ross.-The material is mo.ttled reddish and yeHo.w o.chre und co.n

tains numero.us large ho.les several millimeters acro.ss. There are very 
few definite co.ncretio.nllke bo.dies-the denser o.ppearin~, red parts 
are il"l"eO'ular blo.tches o.r in bands. In so.me places the aense, red o.r 
yello.wis~l material is co.ncentruted aro.und the 1)o.res and has It banded 
o.r ring structure. 

Mic1"o.-It Wo.u1d be hard to. say whether this material wus o.nce the 
same us SL-2A-l; if so., there must have been much rearrangement. 
Gibbsite pseudo.mo.rphs after feldspar are co.mmon, but there IS mo.re 
gibbsite in small granules and in ro.unel, mdiaJ1y crystallized bo.dies 
than in SL-2A-l. Extended stringers o.r nets o.f gibbsite are lacking; 
almo.st all the gibbsite is in equidllnensio.llal masses. There is little 
o.riented clay, tho.ugh so.me o.ccurs in a few gr.-antlles and in co.ncentric 
bands nro.und so.me o.f the Po.res. N o.t t1U these bands nre o.riented
mo.re co.mmo.n is alt()l·nllting light nncl dense, amorpho.us-Io.o.king ma
terial thnt pro.bably is micro.crystnlline, uno.rientecl ~eo.thite. There 
I.tre .few well-crystallized geo.thite pseudo.mo.rphs. .Altho.ugh quartz 
is mo.re co.mmo.n than in SL-21.\'-1, it is still SCltl"Ce and appeltrS to. be a 
Inter additio.n. .:No.ne o.f these samples co.nbtins eno.ugh quartz to. be 
significnnt in It gro.ss minertllo.gical analysis. 

The mnterinl appears to. have been mo.ved o.r reltl"ranged allpreci
ubly, as evi.denced by the lack of nny pltrticuhtr o.rder o.r o.rgalllzatio.n 
except fo.r the large-senle baneling ill phces and the concentric rings 
aro.un(l Po.res. 'J.'here is little difference between the dark-red nnd the 
yello.wish pnrts except that gibbsite seems to. be a little mo.re abundant 
m the yello.wish parts, nnd the latter may sho.W mo.re features indicat
ing mo.vement. 

SL-2A-3 

Gross.-The materiltl is do.miunnt1y red mo.ttled with dark red and 
yello.w. There are htrge Po.res and ho.les in the hand specimen, but 
few were present in the fmished sectio.ns. Almo.st all the sectio.n 
appears to. be co.ncretio.ns. 

Micro.-There are fewer gibbsite pseudo.mo.rphs after feldspar than 
in the o.ther two. specimens, and many o.f them nrc chewed and ro.unded 
o.n the edges, Qt. ragged. Most o.f the gibbsite is in n~gregates, which 
are mo.stly small and scattered. Less gibbsite can be seen than in 
SL-2A-l and SL-2.A.-2. 

The sectio.ns are mo.re soillike and mo.re\'nriable than tho.se fro.m 
the o.ther two. bo.ulders. A grenter pro.Portion o.f their m·ea shows 
o.riented, iro.n-stained kao.lin. Some o.f this kao.lin is in bands like 
clny skins nI"o.llnd the harder lo.oking' parts i so.me is alo.ng whnt may 
have been pores o.r cracks. :Most o.f it is in It so.rt o.f rough bo.xy, o.r 
reticulate, arrangement with several patterns superimpo.sed, each o.f 
which may extinguish separateJy between cro.ssed nico.ls. 

Altho.ugh the!"e is mo.re quartz than i.n SL-2A-l and SL-2A-2, it is 
no.t co.mmo.n. :Mo.st o.f it appears to. have been washed o.r mo.ved in. 
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One section includes material that very evidently llad been washed 
into a. hole. In this material there are some fresh. plagioclase grains. 
Quartz seems to be a little more common in the lighter colored, kao
linitic areas. 

Of the dark-red, intermedia.te-red, pale-red, and yellow areas, the 
darker red are most concretionlike; the lighter colored are more like 
the matrix in general. The boundaries between the two kinds of 
materials are marked by alternating dense and light bands with no 
orientation. 

One feature that may have some meaning in regard to the relative 
softness is that the dense, dark-red parts ap,pear to have been invaded 
by the lighter colored, less opaque materlal. This appears to be 
alteration since the bOlUldary is diffuse and islands of dark Illd are 
within the lighter colored material. 

In the lighter colored parts there are bands and .nets of oriented 
kaolin mixed with the yellow variety of goethite. It may be that 
some kaolin is present throughout and that leaching of the excess 
iron makes the kaolin more visible and the material softer. There 
is less gibbsite in the lighter colored parts than in the dark-colored, 
clense parts. 

There has been much sorting and segregation of materials: some 
parts are light colored and open, and some are very dense and dark 
colored. There has been ttll increase in porosity. Probably the de
crease in A120 3 results from the removal of gibbsite, leaving the pores 
open. Gibbsite seems to be less common near cracks and openings. 
Possibly iron remains in the dense, opaque bodies because it is in the 
form of hematite. 

It is unlikely that three boulders could have been selected that 
had exactly the same origin, since they must llave moved a consider
able distance down the mountains. A reasonably similar origin is 
indicated, however, by their chemical composition and by the thin
section studies. 

Under the influence of moisture and vegetation, some of the gibbsite 
may be dissolving and reacting with silica, which is in solution in 
the seepage and stream waters that wet the bou1c1er periodically, to 
form kaolin. A1so, some of the iron oxide is being rehydrated, and 
the whole is becoming more soillike. Some of the increase in silica 
and Imolin comes from the soillike material that has been washee} into 
the pores. 

It is interesting to note that SL-2~t\.-1 is so hard that a heavy 
hammer is needed to crack it, whereas SL-2A-3 is readily cut with 
a shovel and serves as an excellent medium for the roots of various 
kinds of plants. 

Site 3 

Site 3 is near the new wharf in tlle Freetown harbor. Here a 
laterite crust apparently had formed. from a sandstone. Samples of 
tho sandstone and of the laterite crust were taken. They are
SL-3-1 (51919) Sandstone with red matrix at 15 feet. 
SL-3-2 (51020) Hard. laterite crust at 13 feet. 

It was considered doubtful that there is any relation between the 
crust and the material overlying it, but it seemed probable that the 



crust was derived from the sandstone with some added :iron brought
in by seepage water. Mineralogical examination (table 4) shows 
the sandstone to contain about 10 percent kaolin, 5 percent gibbsite, 
small amounts of goethite and hematite, and abundant quartz. The 
crust shows quartz, hematite, and 1 percent gibbsite as crystalline 
materials. 

The laterite crust contains more hematite and less gibbsite and 
kaolin than the sandstone. Dixey (1920) called attention to the 
laterite crusts formed from ferruginous sandstone in the coastal plain 
area oi Sierra Leone. 

Guinea 

In 1914. Lacroix published an accolmt oi the occurrence and nature 
of laterite in Guinea (then French Guinea). Because the journal in 
which his observations are recorded did not have a wide cITculation, 
Lacroix s~gested that Fermo.l' (1915) publish a summary of this 
work in ueological Magazine (Great Britain). Lacroix defined 
laterite broadly to include all the products of rock decomposition 
that are rich in ahuninum and iron oxides and from which the 
alkalies, calcimn, magnesium, amI silica present ill the fresh rock 
have been more or less completely eliIllll1ated. He recorded the 
laterite OCC1ITrenCes, made careful geological observations, and col
lected samples for chemical and lllinernlo~ical s.tudies. J\lIany of 
his laterites are similar to those reportoo in this bulletin. His 
minemlogical observations and chemical analyses are generally in 
good agreement with thefindil1gs reported here. 

D'Hoore (1954) included descriptions of several Guinea sites and 
samples from them in his treatIse on the accumulation of free 
sesquioxides in t.ropical soils. ~In.ignien (1958) also based a consider
able part of his study of the czd1'(J};8enumt of soils in Guinea on some 
of the same sites reported here. He included a number of sites not 
seen by other members of the OEEC Mission. The Guinea sites 
reported by D'IIoore, however, were seen by all members of the 
OEEO Mission except Bloomfield. j\lIaignien emphasizbdthe for
mation of the hard crusts or GldrCUl8e8, whereas D'Hoore stressed the 
processes of accumulation of iron and aluminum oxides. 

Site 1 

Site 1 is 27 kilometers from Conakry on the road to Kindia in a 
small forested area that had been pl'otected from fire for 10 years and 
now is covered by a dense bush vegetation, 20 to 30 feet in height. 
There is a small amolmt of soil over the hard laterite that was derived 
from dunite, which is the common cOlmtry rock in this area. 
'Whether the soil was actually derived from the lmderlying crust or 
whether it was washed from higher ground into the wooded area is 
notknown. The field clescription oithe soil follows. 
GF-l-l (51921); 2.5 YR 2/4 dry; somewhat granular clay loam. to loam; 

0-25 em. underlain immediately by .hard laterite crust. 

Samples of the soil,the altered crust, ancl the hard crust were 
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collected. Data obtained in the physical ,and chemical analyses of 
the soil are given inthe following list. 
Size class and parti<:le diameter: Percm' 

Very coarse Sllnd (2.{}-1.0mm.) ___ _ ____________________ -------- 14.5 
Coarse sand (1.~.5 mm.) ________ _____________________________ 6. 8 
Medium sand (0.5-0.25 Ulm.)____________________________________ 3.2 
l!'ine Sllnd (0.25-0.1 mm.)_____________________________________ 4.8 
Very line sand (0.1-0.05 mm.) _________________________________ .. 2.1 
Silt (0.05-0.002 llllll.)___________________________________________ 17.9 
Clay «0.002 llllll.) _____________________---_____________________ 50. 7 
International silt (0.02-0.002 llllll.) ______________________________ 14.1 
:>2,mm_________________________________________________________ 32 

Exchangeable cations: Mcq./100 g••011 
CIL.__________________________.__________________________________ 0.1 
Mg________-____________________________________________________ .8 
~u_____________________________________________________________ .1 
K_____________________________________________________________'- .1 
1I______________________________________________________________ 25.7 

Other determinations:pH____________________________________________________________ 5.1 
Orgnnic carbon_________________________________________parcenL_ 3. 12 
.Nitrogen __________________________________ .. ____________llcrCel1\;_., .20 
Oarbon-nltrogen rntlo__________________________________________ 16 

~fineralo(J·ical examination of the soil sample (table 6) shows 15 
percent gibbsite, 10 percent kaolin, abundant goethite, amodernte 
amoUllt of hematite, and a small amount of quartz. TIle hig-h goo
tIlite and hematite content sug~est thnt the decomposing laterIte con
t;ributed part of the soil matel"lal, but the qua.rtz and kaolin jndicate 
an additional source. 

Examination of thin sections of the hard underlying crust pro
vides informntion about the processes of rock weathering and indura
tion. The clunite rock from which this material was derived is the 
same as, or very similar to, that from the iron mines at Conakry re
ported by D'Hoore (1954, table IX, p. 56). The observations from 
the petrographic examination of thin sections of the hard crust 
follow. 

G'ro88.-The material is dense. brownish red to brown, and mottled. 
There are some bright-red and 'some black pore lininl;{s. 

MiC1'o.-This material has a complex structure, wl11ch varies con
siderably fromplnce to place in the sections. It is porous-the paler, 
redder parts have numerous small pores and tlle denser, darker parts, 
fewer but larger pores. ~fany of the pores .have angular sides and 
regular arrangement as if the iron-rich material between them fol
lowed the clen.vage, or fracture, of the olivine grains. This sort of 
patteI:ll is common throughout, but the angles differ depending on 
the way the crystal re.lic was cut. This structure is shown in plate 
VI, .A and B. There are a number of fairly intact,rectanguJar 
crystal shapes that could be olivine or pyroxene relics. Some of the 
olivine may have been altered to serpentine; .replacement of this mate
rial by goethite is shown in plate I, D. 

TIns structure shows that there has been .little change in volume. 
Dunite is very high in iron-possibly 30 percent as FeO in olivine 
plus the iron in accessory minerals. '~Thether, if the pore space equals 
Si02 + ~IgO, the remainder contains enoug-h iron to cause cementa
tion in place without the addition of any Iron from outside sources 
is. doubtful, but not much additional iron would be needed. Pore 
space is almost 50 percent in some areas. 
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iOutside the crystal-pseudomo~h networks described, there is a 
globular structure that looks as if it had once been gellike and con
sists of close-packed irregular globules that .have little intel'llal struc
t.Ul'e. In much of this matrix no large pores are visible, but the net
workstructUl'e .is there and is visible in polarized light; the small 
pores present are filled with less organized, gellike materlal. 

Because of the fine grain size, little of the latter .material can be 
identified by microsco~e. There aX"e a few small quartz grains. 
There is no kaolin, but 111 most of the crystal-pseudomorph networks 
and elsewhere, such as around pores, in cracks, and in coawlgs on 
the ball lmits, the mineral shows oriented, a~.gregll.te birefringence.
It Ims a mriform .red or orange color with little, if any, banding, 
howaver, and has a moderately lrigh refractive index and birefrin
gence; it probably is goetlrite or a lnixture of goethite and hematite . 
.Most of the larger pores are lined with ll. continuous, prominent COll.t
lllg of well-crystallized goethite. Plate V, B, shows the ball struc
ture and the crystalline goetlrite coatings. 

Gibbsite is visible, totamlg It few percent. It is concentmted .in 
limited areas along cracks and in pores near cracks, lllClicating late 
ll.rrival. X-ray diffraction and di:fi'erential thermal analysis show 
ll. high goethite content, a small amount of hematite, and 15 percent 
gibbsite. 

The initial weathering resulted in a complete removal of essentially 
all elements eX0tlpt iron llndllluminum. The iron was deposited as 
iron oxide in the cleavage cracks in the olivine crysta,ls. The con
tinuity of the threads of crystalline goetlrite gives the rock its llard
ness. A good description of rock wef.l.thering and crust formn.tion 
in this locality was given by Bonifas (1959). In some ways the soil 
anel the laterite at tIllS site i'esemble the Nipe soil of Puerto Rico and 
its associated laterite. 

Site .2 
Site 2 is on the top of a plateau remnant a few kilometers southwest 

of Kindia. The samples that show the initiation of the formation 
of pisolitic segregations III a sericite schist (GF-2-1, 51922.A.) were 
taken at the third meter from the surface in a hole that had been made 
in prospecting for aluminum ore. The weathered schist samples 
(GF-2-1, 51922B) were taken at appro~-:imately the same depth. Ob
servations of thin sections of these samples follow. 

GF-2-1 (51922A) 

Gross.-Concretionary bodies of irregular shape that tend to be 
rounded are ,,-:ithin a light-colored matrix (pinldsh-buff). They are 
separated by the matrix and are not touching. The matrix seems to 
be spongy and has many small, rOlUld holes. The concretions vary 
in color and structure-clark red and almost opaque, paler red with 
banded structure, yellowish pink with mottles inside, pink or yellow 
with red skin, and white with red b(Lnds and mottles; some consist 
of round, white or light-colored bodies cemented by a dark-red matrix. 

Micro.-Gibbsite seems to be domin(Lnt. The matrix between the 
concretions and parts or an of some concretions are gibbsite. 

The matrix is almost colorless by transmitted light and consists 
mostly of aggreg(Ltes of unorganized, fine gibbsite crystals «10 
microns) . In places there are aggregates of coarser crystals that are 
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TABLE 6.-Mineralogical compo8ition of samplet from Bitea in Guinea~ 
[Percentages based on differential thermal analysis. Relative amolints based on X-ray diffraction; x indicates detected; xx, moderate 

amount; xxx, abundant; and xxxx, dominant. Leaders indicate that mineral was not detected] 

Site, field, and laboratory Nos. Kaolin I Boehmite GibbSite Goethite Quartz Hematite I Feldspar 


Sitel: Percent l'trcen'
I _________ _GF-l-1 (51921) SoiL________________________ 10 1_________ _ 15 xx xx x~ 1 
Lateriw ________________________________________ _ 15 xxxx x 


Site 2: 

GF-2-1A (51922A) ______ -- --- -- --------- --- _1 _____ ----- x 80 x

GF-2-lB (51922B) ___________ .. ______________ x 30 ---------- xx ~ c=====__ _

Site 3: GF-3-1 (51923)____________________________ _ x 1_________ _5 x 5
GF-3-2 (51924) ____________________________ _ 20 , _________ _ ~ I______ --~- x _________ _

5 
Site 5:

GF-5-1 (51927) Exterior_____________________ 1 5 , _________ _ x xxxInterior____________________ _ :r. I x 1---------x ___________________ _x x xx xx 

Site 6: 


GF-6-1 (51928) Exterior ____________________ _ x , _________ _ X ,__________ 1_________ _x xxxxInterior ____________________ _ X •__________ _________ _ 
x ,_________ _

1 xx xxxx 

Site 7:
GF-7-1 (51929) ____________________________ _ X 1__________ 1_________1__________ _ xxx xGF-7-2 (51930) ____________________________ _ 5 xx xxGF-7-3 (51931) ____________________________ _ xx , _________ _5 xx 
Site 8: GF-8-1 (51932) ___________________ ..: ________ _ 15 5 x xxGF-8-2 (51933) ____________________________ _ 30 x x x xxGF-8-3 (51934) _________ '- __________________ _ ---------

30 x x x xxGF-8-4 (51935) _________________________ '" __ _ ---------25 20 x x 

Site 9:
GF-9-1 (51936) ____________________________ _ 25 x :'t xxGF-9-2 (51937)<2 mm_____________________ _ ---------- ---------- ---------35 li" x xx>2 mm_____________________ _ ---------- ---------- ---------10 x xx x xGF-9-3 (51938)<2 mm_____________________ _ ---------- ---------

40 x x xx>? mm_____________________ _ ---------- ---------- ---------15 x xx x xGF-9-4 (51939)<2 mm_____________________ _ ---------40 x x xx>2 mm_____________________ _ ---------- ---------- ---------
15 x xx x

GF-9-5 (51940) ____________________________ _ 25 x t x x 
. Site 10: GF-I0-1 (51941) ___________________________ _ 40 3 x xx ---------- ----------GF-I0-2 (51942) ________ '- __________________ _ ---------

15 xx30 ---------- xx x ---.------



not distinguishable by ordinary light. These have various shapes
lenticulart 'round, .and linear,aswell as random, indefinite patches. 
Thematnx has round holes, .someof which are.empty, others lined 
·with.coarse gibbsitecrysWs, and some completely -filled with 'the 
con-rse crystals. A few :ronnd, yellow or brown~stamedpatches seem 
;to be incipientpisolites. 

Opaque, dark-red to almost black concretions are least common. 
All other concretions have some kind of visible structure. Ingeneral 
there is no vestige of the original rock or mineral structure In the sec
tions, but a few concretions contain an angular, .roughly prismatic 
hagment that may be altered rock and some concretions have a thin, 
layered banding that may have come from the parent schist. The 
concretion-withm-concretion structure is most common and resembles 
a sack of onions. Concretions generally have a skin, or boundary, 
inside of which is an assemblage of round bodies. Some of the in
terior pisolites ihave.a structure of alternate dense and light rings, 
some of which are little iron-oxide bands. Some pisolites are com
pletely structureless. Some have a nucleus of crystalline gibbsite and 
others, a nucleus of iron oxide. Except for the nuclei, most of these 
pisolites appear to be amorphous. Most of these agglomemtionsof 
pisolitesare light colored but a few alocmore or less impregnated with 
FezOs. 

Other concretions are similar to thematrix-fine-grained gibbsite 
that is somewhat impregnated with iron oxide and has a skin, or coat
ing, of iron oxide. Many of the concretions have a rather complex 
structure-alternate, irregular bands of pure crystalline gibbsite and 
iron..;impregnated .material. There is some isotropic material in holes 
and channels, which has a gel or a rhythmically precipitated struc
ture like Liesegangrings. 

Some quartz grains are sprinkled about generally. Most of them 
are loose in holes, which is difficult to explain since many of these 
holes seem to be pores that lead nowhere. Either the quartz is sec
ondary or weathering, followed by dehydration, has caused the matrix 
to shrink away from the quartz grain. 

GF-2-1 (51922B) 

Gross.-The material is mostly pale red mottled with various shades 
of red; some mottles are .almost white. 

Micro.-As seen under low power, the material is fine grained and 
rather uninteresting. Under high power, considerably more detail 
can be seen. On the whole, there is no suggestion of any schist struc
ture. In a few of the densest concretions, there is a lIttle tendency 
toward a Jayered, or bandefl, structure. Except for these dense con
cretions with definite boundaries, most of the structure is a sort of 
mottling. The main mass seems to consist of very small gibbsite 
crystals. Within this matrix is an irregular network of iron impreg
nation; in some places the network is just a ffim bounding areas, but 
in other places it spreads out into a sizable patch that is blotchy and 
contains dense balls. 

Gibbsite is fotmd as large crystals in radial aggregates in pores and 
as coatings on walls of cracks, but many pores are empty. It is easy 
to see the relation between this specimen and bauxite. The main dif
ference is that in this weathered schist the components have not been 
segregated into definite pisolitic bodies. 
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No loose quartz pins we~ found in pores as in theprevi?us 
sample. Three sections contam no quartz whatever, but one sectIon 
has a large numberof large, ragged quartz grains. These. grains show 
some arrangement in bands but are not elongated or disto.rted. The 
cut may have been made in the wrong direction, however, to show the 
lamination of the schist. Most of the substance between the quartz 
grains looks like. kaolin, but there is also some gibbsite, .someamor
phous material, andaJittle distorted. and weathered mica. 

The information .Obtained fr.Om the...~ thin-secti.On studiessh.Ows 
that pis.Olites comp.Osed .Of gibbsite .Or .Of gibbsite and ir.On .Oxide can 
f.Orm directly within the weathing products .Of a schist by aggl.Omera
tion and segregation .Of material. '.rhe result can be likened t.Onn ad
vanced f.Orm .Of m.Ottling. It is not necessary that the pisDlites be 
f.Ormed by filling a .hDle Dr by mechanical rDu.nding, altliough some 
may have been formed by these methods. .Deep bDrmgs thr.Ough the 
schist layers show that iron has penetrated the underlying sandstone 
to a cDnsiderable depth. 

Site 3 
Two rock samples were taken at this site at Tianguel-BDri-one at 

the water's edge (D'Hoore 1954, photD 13) and the .Other at a higher 
point, just beneath the hard crust where water was seeping out. The 
fielcl descriptions follDw. 
GF-3--1 Crust at the edge of the water; in the field this was considered are

hydrating rock. 
GF-3--2 Crust being currently formed at tb,e underside of the upper hard crust 

(also shown in picture by D'Hoore). 

The laboratory studies were undertaken tD determine the validity of 
the field observations and tD compare the mineralogical composition .Of 
the two rocks. Mineralogical analysis (table 6, p. 28) shows similar 
amounts of hematite, goethite, and gibbsite. Sample GF-3-1 shows 
quartz by X-ray analysis but samJ>le GF-3-2 dDes not. GF-3-2 con
tains mDre kaolin than GF-3-1. GF-3-1 contains some boehmite but 
GF-3-2 does not. Because this small valley is being filled, the re
hydrating crust, GF-3-1, is .Older than the fill above it. The boehmite 
is probably inherited frDm the .Old crust farther up the slope (D'Hoore 
1954, fig~ 13). 

The observations of the. thin sections follow. 

GF-3-1 

Gross.-The material is br.Own, reddish brown, and yellow and is 
mottled or concretionary with some dark-brown t.O black concreti.Ons. 
Otherwise, there is no particular pattern or structure except that the 
intermediate light colors seem tD be the matrix and the very dark, the 
cDncretiDns. There are SDme pDres and hDles. 

Micro.-The crystalline (anisDtrDpic) minerals present are gDethite, 
probable hematite, gibbsite, quartz, and some kaDlin. Dense, dark, 
concretiDnlike bDdies are hDmDgeneous and well impregnated and CDn
tain few Dr no hDles. The few holes cDntain aggregates .Of gibbsite. 
M.Ost.Of the gibbsite aggregates have nD regular shape.Or arrangement, 
but some are radial spherulites and some ara long stringers filling 
cracks. There is little visible, organized gibbsite .Outside these dark, 
dense bodies, whichprobably are detrital fragments of an old crust. 
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The rest of the material varies ,in density and color but tends to be 
spongy~open, andsoillike. One has the nnpression that the. denser 
concretIons are decomposing, since there are some intermediate~brown 
and red concretions that have a definite boundary of criented clay and 
goethite and contain gibbsite aggregates like those already described, 
~hich are light, tran~luc~nt, and clayey for. the most part but have 
Islands of dark, heavilyuupregnated materIal. Many of these con
cretions are darker in the center than at the edges. There are some 
small, yellowish concretions that appear to be fine-grained goethite. 

:Much of the area of the sections seems to be clay. Oriented films of 
iron-stained kaolin or of goethite and kaolin are common j most .are 
fine, some are in a boxy network, and some line pores. Small, rOlmd, 
sand-size aggregates that have an oriented outer surface of clay or 
goethite are common. Large areas of the slides consist of those aggre
gates, packed very densely together in some places and rather open 
and spongy in others. The overall color of such areas is bright red. 
Some moderately thick, oriented clay skins are present locally around 
pores and as u coating on some of the concretionlike areas. 

Other paler .l·ed to ye1low areas that show no organization appear to 
be fillings. They are birefringent and, in many places, contain quartz 
and little flecks of gibbsite in addition to clay. 

Quartz is common in some areas and is absent in others. Quartz 
probably is associated with the late-filled holes. 

This material must be very variable because some sections show the 
clayey, red component and no gibbsite. ~Iost of the gibbsite seen was 
in two sections and most of the quartz in the other two. N o relation 
between quartz and gibbsite is implied. 

GF-3-2 

Gross.-The material is opaque and has a dark-brown overall color 
with yellow streaks, or channel fills, and some mottling of darker 
bl'O"m, red, light brown, and yellow. 

Micro.-Structure is complex in detail. Although gibbsite crystals 
in colorless aggregates are not abundant totally, they are sprinkled 
throughout most of the sections. There are a very few large, round 
aggI'egates of pure gibbsite. A little gibbsite is in pore linings or 
cracks, and there are a few large, yellowish, concretionlike bodies that 
seem to be gibbsite and clay. The better organized gibbsite seems to 
be in the darker, denser, more heavily impregnated parts as in GF
3-1. 

Most of the specimen seems to be crystalline. Some degree of bire
fringence is observable almost everywhere except in the dense, opaque 
parts where thickness of the section limits visibility. 

There are dark~red and dark-brown areas that evidently are more 
heavily impregnated but do not seem to be concretions or .fragments of 
old crust, since they do not have a regular shape or very definite bound
aries~ The boundaries between these heavily impregnated areas and 
the matrix commonly are interfingered. 

The intermediate-red areas apparently are kaolinitic and have much 
oriented, red clay, which is organized in networks, around pores, as 
skins around balls, and some as thick clay skins along cracks and chan
nels. Some patches contain large books and vermicular aggregates of 
kaolin, which resemble mica. 
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The darker areas show some of the-same structure, especially that of 
ball-like aggregates with skins, but are more porous and contain more 
gibbsite. Perliaps here kaolin ha.s decomposed, iron has been released, 
and free gibbsite accumulated. In these areas especially, but also 
elsewhere, there are aggregates and pore fillings of very highly :bire
:fringent, red, well-crystallized goethite. 

'l'he specimen contains many channels .filled with soft yellow ma
terial. One channel is prominent in ona of the thin sections. The 
channel lining is oriented material that.probably is clay .cemented by 
goethite. The filling has a bubbly or frothy appearance-light-col
ored areas, roughly round .in shape, are outlined by dark rims and 
may be insect or worm casts. Few of these areas show any orienta
tion or organization of the clay as skins. or nets. One might con
clude that the channel has been filled and that .impregnation has 
begun. The channels contain numerous sand-size quartz grains. 
Quartz is scarce elsewhere. 

D'Hoore (1954) gives a good description of this site together with 
pictures and diagrams. The petrographic observations and mineral
ogical data support the thesis that GF-3-1 contains material from 
an old crust that is rehydrating and that GF-3-2 is from material 
currently being impregnated by deposition from seepage waters. 
Thus, at this site, we have an old crust that is becoming more soft and 
soillike while a new crust is forming above it. 

Site 4-
Site 4 is on a ridgetop in an experimental reforestation area a few 

miles north of Mamou. The sprmgs that are the source of the Sen
egalBiver are in this area. . 

A diabase rock and its surrounding shells ol saprolite was selected 
for a study of the primary decomposition of the rock, of the Iorma
tion of a weathered shell, and of the later collapse of this shell and 
the formation of ferruginous .knobs and kaolinItic clay. This rock 
weathers in an unusual tetrahedral form rather than as round boul
ders. Surrounding a tetrahedron of unweathered diabase are tetra
hedral shells of saprolite of about equal thickness. Surrounding the 
whole is a shell of hard laterite (fig. 1). 

Mineralogical examinations and chemical analyses were made of 
the fresh rock and ol the altering rock sudace, the weathered tetra
hedral shells, and the exterior crusts. Petrographic observations of 
the thin sections follow. 

GF4-I, FRESH ROCK 
Gross.-The rock is pale green in section and very fine grained to the 

naked eye. 
Micro.-This is a typical diabase-feldspar laths and irregular

shaped, pale-green grains of augite between the laths. The propor
tion of feldspar and augite seems to be equal. Along the edge of the 
rock the augite has been altered and shows some brown staining, 
which indicates oxidation and release of iron oxide. About 5 per
cent of the sample is magnetite, evenly distributed. 

GF-4-I, ALTERED SHEIL AND EXTERIOR CRUST 

Gross.-The material is smooth, fine grained, and reddish brown 
with dark-brown, regularly spaced bands parallel to the surface of the 
unweathered rock core. 
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Knobs 


Fresh Rock 

.FIGUBE 1.-Sketch of weathered diabase fragment with saprolite shells and ex
tedor laterite coating, showing the location of some of the Bubsamples analyzed 
from site 4, Mamou, Guinea. 

Micro.-The feldspar laths have been replaced by gibbsite. The 
shape of the laths has not been precisely maintained, but the general 
size and shape of the feldspar crystals is recogruzable. Between 
these lath-shaped gibbsite aggregates, which occupy the original po
sition of the augite, is an isotropic, reddish-brown, claylike material 
that could not be identified. by mIcroscope. Not all the laths are com
pletely filled with gibbsite, and the proportion of visible gibbsite to 
the brown, claylike materIal decreases outward by about one-third. 

Plate I, A, shows the gibbsite replacements after feldspar and the 
isotropic interstitial material. 

The bands appear to be collavsed zones where the gibbsite content 
is very low and the high-iron mterstitial material has accumulated. 
The sections tend. to separate along the bands, indicating that the 
bands are weak planes or actual openings. The separated shells curl 
away from the core, indicating greater shrinkage in the outer, por
ous material than in the high-iron band material proper. 

The outer crust is similar to the bands. The gibbsite content de
creases in the outermost shell, and little gibbsite is visible in the crust 
itself. The diabase-replica structure is gone. The laths have col
lapsed, but the brown-clay and iron-oxide material remains. It has 
been altered slightly; birefringence indicates that some of the iron 
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oxide has become better crystallized. Magnetite is still present but 
the grains are closer together, a further indication that collapse has 
occurred and that the outer cJ.:ust is not an added coating from an 
exterior source. The removal of gl.·bbsite and the collaJlse and accu
mulation of the other material in the bands .and outer shell is. shown in 
plate I,B. 

Ohemical compositiO'n.-The chemical composition of the fresh rock, 
of scrapings from the fresh rock, of three layers of the weathered 
shell, and of the hard laterite knob is shown in table 7. The analysis 
of the scrapings from the surface of the rock, as well as the thin
section observations, indicates that conversion of ferrous iron to .fer
.ric iron is one of the first reactions. Layer 6, which is adjacent to the 
fresh rock, is completely weathered.; no bases remain and four-fifths 
of the silica has been lost. Layers 6, 9, and 11 are remarkably similar 
in composition. In the exterior CnIst, however, there has been a rel
ative loss of Al20 a and a gain of 8i02 and Fe:!03; there 11as also been a 
loss of combined water. 

TABLE 7.-0hemical composition of selected subsamples from site 4
at Mamou, Guinea 

[Leaders indicate not detected] 

Field and laboratory Nos., and subsample 

Constituent 	 GF-4-1, 51925 GF-4-1, 51926 

Rock S.urface 	 No.6 No.9 No. 11 Exterior 
(shell) (shell) (shell) knobs 

Percmt Percmt 	 PerctTIt Percent Percent Percent
Si0

2
___ • ________ 54.0 45.3 10.8 10.1 9.45 16.4 

Ti02 ____ • ______1. 2 2.1 2.0 2.1 2.0 1. 8 
AbOJ___ .. __ _______ 15.0 9.4 37.4 38.0 37.5 23.5 
FelOJ____ . ________ 1.8 23.3 29.4 28.9 30.3 45.0 
FeO___ _ ___ _____ 8.9 <.5 <.5 ________ <.5 <.5 
MnO____ .. ________ .18 .26 .05 .06 .05 .05 

• ___CaO__ .•. 0. ___ 9.3 5.6 <.1 <.1 <.1 <.1 
MgO____ . _____ 5.7 7.7 <.1 <.1 <.1 <.1 
K 

2
0 __ . __ .. _______ .95 1. 0,1 .15 .15 ________ <.1 

Na 0 __ .... __ ._____ 2.4 .52 <.1 <.1 ________ <.1
2P20S_____ ,.____ _ _ .05 .08 .31 .26 .17 .17 

Ignition loss.__ ____ .2 5.1 20.4 20.8 20.8 13.3 
I-------I------I-------I------·I------I~-------

TotaL___ ___ 99.7 100.4 100.5 100.4 100.3 100 .. 2 

Table 8 shows the .results of the differential thermal analysis and 
X-ray diffraction for four of the weathered layers and for the asso
ciated exterior hard laterite. Gibbsite is the dominant crystalline 
clay mineral. Only the, outer layer and the exterior knobs show an 
appreciable amount of kaolin. In these outer samples, where the 
kaolin content is appreciably higher than in the inner layers, the 
gibbsite content is low and the iron-oxide minerals are relatively 
important components. 
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TABLE 8.-MineralogicalcompoBition of selecte.d IfUbsampZes from 

Bite 4 at Mamou, Gu·inea 


[Percentages based on differential thermal analysis. Relative amo.unts based on 
X-ray diffraction; x indicates detected; x.'(, moderate amount; xxx, abundant; 
and x."x.'(, dominant. Leaders indicate that minerlll was not detected] 

Mineral No.6 No.9 .No. 11 Exterior 
shell shell shell knobs 

Kaolin_______________ percent__ 3 3 5 25 
Gibbsite______________ percent__ 
Goethite _______________ -______ 

45 
x 

55 
x 

60 
xx 

5 
:xxx 

Quartz_______________________ x x x
Hematite___ ._.____________________________________.________ 

x 
x 

The form of the 8i02 'iil the weathered materials is not eusily de
termined, but it most likely occurs as kaolin and allophane. The 
chemical composition of layers 6, 9, and 11 and of the laterite corre
sponds to the following calculuted mineralogical composition: Layers 
6, 9, and 11-22 percent kaolin, 45 percent gibbsite, und 32 ~ercent 
goethite; the laterite h."llobs-35 percent kuolin, 15 percent glbbsite, 
and 50 percent goethite. 

1\:ao1111, however, was not identified in more than trace amounts in 
either the X-ray or differential thermal examinations. Although the 
X-ray and differential thermal data indicate It very small amount 
of quartz, this does not account for even a small fraction of the 
10 percent of 8i02 shown by analysis. It is probable that material 
that has tho composition of kaolin is present, but it has not crystal
lized into kaolin lattices that can be identified quantitatively by 
X-ray lmel differential thermal procedures. A low-temperaturr dndo
therm on the therll1ltl analysis pattel'l1s suggests that allophanelike 
material may be present. 

The weathered shells around the fresh rock in place were intact 
and showed no shrinkuge cracks or distortions. There was a small 
amolmt of shrinkage in drying. Volume-weight measurements on the 
fresh rock gave a value of 2.95 grams per cubic centimeter. Measura
ment of the volume weight of weathered layer 6 gave a value of 1.2 
grams per cubic centimeter and that of layer 9, a value of 1.5 grams 
per cubic centimeter. .A. larger block of the wcathered saprolitic rock, 
which extends over the thi.ckness of several layers, glwe avalue of 1.34: 
gL'ams peL' cubic centimeter. 

The data in table 7 indicate a constant ratio between the iron- and 
aluminum-oxide values in the rock and in ] ayers 6, 9, and 11. This 
indicates a 11igh probability of little or no loss of either; losses in 
consistently equal proportions are most unlikely, considering the dif
ferent solubilities and the chemical behavior of tIle elements involved. 
If theL'e has been no loss or gain in A12 0 3 and Fe~03 and if the 

ori~inal-rock volume 1UlS not been distorted, volume-weight values 
can be reaclily calculated. Assuming AI~03 constant and no volume 
change, the volume weight, for layers 6, 9,ancl11 is 1.18, 1.17, and 1.18 
respectively: a similar assumption for Fe20a gives values of 1.18, 1.19, 
and 1.14 in the same order. If allowance is made for some shrinkage 
when the samples were air-dried, these values are not out of line with 
the measured values of 1.2 and 1.5 given previously. 
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Casual examination of the differentia.! thermal curvos and the 
analytical data might suggest a resilication of gibbsite in the laterite to 
form kaolin, but 0. far simpler explanation is possible. The calculated 
mineralogical composition given on page 35 shows that goethite and 
kaolin are in the same proportion to each other in the weathered layers 
between the laterite Iilld the rock and in the laterite. A simple loss by 
solution of 79 percent of the gibbsite contained in layers 6, 9, and 11 
would result in the compositlOnfound in the laterite. This agrees 
with .morphological observations. That there is an increase in crystal
linity of the kaolin and the iron-oxide minerals is shown by both 
X-ray and differential thermal procedures. Although enough mate
rial was not available to measure the volume weight, the laterite aJ?
pears to be dense in comparison with the weathered layers between It 
and the fresh rock. 

The thin sections also indicate colla.{lse, destruction of the rock
.replica structure, and removal of gibbSIte to be the cause of the in
crease in kaolin und iron and of the hardening of the outer shell 
(pl.I,B). 

Site 5 
A small fragment of laterite was collected on the surface of a long 

lateritized slope at Tianguel-Bori, upslope from site 3, because it had 0. 

thick, hard crust around it that appeared to Imve been precipitated 
on the outside of the rock. Two questions were asked. Flrst, did the 
iron in the crust come from inside the laterite rock itself or from an 
outside source 1 Second l .what is the mineralogical composition of the 
precipitated, hard outer layed The material resembled thick desert 
varnish like that on rocks exposed in desert regions; where exposed 
to the air, it had the same characteristic smooth, glossy surface 
appearance. 

The outer hard layer (GF-5-1, 51927) was chipped off and 
analyzed. The chemical composition is given in the following list. 
Consti tue:nt : PeromtSiD. ____________________________ 7.8~______________________________ 

TiD, (contains some vanadium) _________________________________ 1.0 
Al.o. __________________________________________________________ 22..1 
Jr~OI __________________________________________________________ 56.1 
}lnO ___________________________________________________________ .05 
KID _________________________________________~_________________ . ·19 
~n!O ~___~_____________________________________________________ .1 
P.O. ___________________________________________________________ .08 
Ignition loss ____________________________________________________ 13.2 

Total ________________________________________--------------__ 100.5 

This chemical composition corresponds to the following mineralogi
cal composition: Quartz, 8 percent; goethite, 62 percent; gibbsite, 13 
percent; and boehmite, 16 percent.

X-ray examination and differential thermal analysis of this crystal
line exterior material show that it is mostly goethite, with some gibb
site and a small amOtmt of kaolin and qUH,rtz. The interior material 
contains more gibbsite, some boehmite, and a moderate amount of 
goethite, but almost no kaolin. 

The rock and the lmrcl outer crust were examined in thin section. 
The petrographic t'Jservations follow. 

Gross.-The material is rather dense and mottled yellowish red to 
dark red. 

36 



Micro.-The interior has a complex structure with severn'! striking 
ieatUl'eS. It contains no visible quartz. It is made up mostly of 
concretionary bodies closely packed in a matrix. Most of these con
cretions have definite smooth boundaries, but their shape ranges from 
round to oblong. Their interiors have veIY. well preserved .rock or 
saprolite structure, probably gabbro, with gibbsite and goethite pseu
domorphs after the feldspar and pyroxene and even some mica pseu
domorphs. A few grains of unweathered muscovite are present. 
Some concretions consist of well-developed, vermicular masses of 
kaolin packed in a dense, iron-impregnated matrix. 

Outside the concretions is a mass of yellowish-red to orange-red, 
highl} birefringent material showing parallel alinement of crystallites 
as thick skins around the concretions and as ch!lnneliillings. Some of 
this material may be iron-impregnated kaolin, but most of it is 
goethite. There are bright-red, strongly birefringent, goethite pore 
fills. . 

The interior of the fragment collected contains the biggest and best 
developed gibbsite or bOehmite crystals seen in any sample in this 
study. They resemble feldspar pseudomorphs, but they .fill cracks, 
pores, Ilnd channels in such Il way that they must be secondary late 
deposits. 

The external coating is truly extemal and came from a quite 
different source, for it contains quartz. It penetrates reentrants and, 
except for the quartz, is in some places almost like the goethitic matrix 
between. the concretions. There is, however, a sharp, though weak, 
boundary between the interior and the coating. The coating is 
banded, roughly parallel to the surface of the interior. .Banding is 
shown by the parallel orientation of the goethite crystals, by the alter
nating heavy and light impregnation, and by the concentration and 
position of the quartz grains. Quartz is more common in some layers 
than others j . furthermore, elongate grains are laid .longitudinally. 
The coating has irregular shrinKage cracks, some of which are empty 
and some filled with iron oxide. 

There are some spots of quartzy fill inside the piece that are not 
connected with the coating; these spots probably are cross sections of 
!\ deep reentrant. 

In summary, the desert varnishlike crust is an externally derived 
material, as shown by the presence of foreign minerals and by its 
morphology as seen in thin sections. The extemal coating may have 
been picked up as the frngment worked i~s ~ay down the sloJ.le. As 
will be shown later (sample GF-10-2), slmllar surface depOSIts may 
result also from materials derived from within the rock. 

Site 6 

Site 6 is at the foot of a dam that forms a fish pond. Here a sand· 
stone that forms the bottom of the streambed was being impregnated 
by overflow from the pond and by seep water from the surrounding 
higher land. The surface of the sandstone had taken on the appear
ance of laterite, and. we thought .it desirable to determine the chemical 
and mineralogical composition of the impregnated rock and of tltB 
overlying laterite crust (table 9). 

Calculations from the chemical analyses inclicute the following 
mineralogical composition of the laterite crust: Goethite, 58 percent; 
kaolin, 15 percent; gibbsite, 15 percent; Ti02, 1percent.j and quartz, 
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TABLIl 9.---'OhemicaZ compositiO'n of impregnated rock and Zaterite 
crust from Bite 6 (GF--6-1, laboratory No. 519~8),G-uinea 

Constituent 
Impregnated
rock (some Laterite 

quartz 
removed) 

crust 

Sio,____________________________________________ _ Pment Percent 
TiO, _______________ ••• _________________________ • 84.0 12.6 

.3 .9 
AI20,__.._____ -------- _----.- --- -- -- ___ -- _____ ---- 3. 3 19.9 
:F'e20l_ -- --", ---- ____ ------ -. -- _____ .- -- -------._- 9. 57 51. 8 
~n02-•• ---------------- _______________________ _CaO___________________________________________ _ <.01 .01 
~gO__• ____________ • ______________________ • ____ _ <.1 <.1 

<.1 <.1 
P20~-- .•------------------- ____________ ,, _______ _ .01 .06JgnitionJoss. ____________ • ______________________ _ 2. 5 14.6 

Total____________________________________ _ 
99.7 99.9 

H 0 loss at 1100 C______ • _________________ • ______ _ 
2 .35 3. 0 

1 percent. The composition of the nonquartz fraction from the in
terior impregnated rock is very similar. 

X-ray and differential thermal analyses of the crust (table 6) indi
cate the presence of a large amount of goethite a small amount of 
kaolin, less than 5 percent quartz, and some gibbsite. Gibbsite was 
not quantitatively indicated by differential thermal analysis, becallse 
it was obscured by the lal'O'e goethite endotherm. 

It is interesting to note tllat goethite, kaolin, and gibbsite are form
ing in and un the sandstone from materials dissolved or suspended in 
the seep and overflow ~water of the stream. 

The mineralogical composition of this precipitated surface~ laterite 
crust is similar to the exterior crust on the fragment at site 5. Again 
goethite is the principal component. 

Sites 7 aDd 8 
Site 7 is on a terrace of the Tinlcisso River, 18 kilometers east of 

DaboIa on the road toward Kouroussa. The site is in a cultivated 
field !L short, clistl1.nce from the road. A brief description of the 
profile follows. 

GF-7-1 (51929) j Structureless saudy loam: 10YR 7/1. 
(}-2i:i cm. 

GF-7-2 (51930) j Structureless sandy loam j 10YR 6/4 j a little finer textured 
~25-55 cm. thun lnyer allove. 

GF-7-3 (51931); Light sandy clay loam; mottled; 10YR 8/1 and 5Y 5/8 j .no 
55 cm. + concretions in the profile. 

The parent material is derived from granite. 
The particle-size distribution, base-exchange properties, organic 

carbon, nitrogen, and pH vnJues for this profile and the profile at site 
8 are shown in tables 10 and 11. 

Estimates based on difTerential thermal analysis and clay content 
indiclLte that about one-third of the clay frnction in the second horizon 
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TABLE 10.-Pm·ticle-size distribution of material from sites '7 and 8, Guinea 

Other classesSize class aud particle diameter in mm. 

Depth Very Mcdium Fine VerySite, field, and laboratory Nos. 0~02-in cm. coarse Coarse sand sand fine Silt Clay 
sanJ (0.5- (0.25- sand (0.5- «0.002) 0.002 >2mm.sand mm.(2-1) (H).5) 0.25) 0.10) (0.1- 0.002) 

0.05) 

Perctflt Percent Percent Percinl Perc..' Site 7. soil on terrace: Ptrctnl Percent Percinl PerCint 
7.4 13.0 0GF-7-1 (51929) __ ~ ________ 0-25 2. 9 15.3 10. 9 22. 2 12. 7 28. 6 

14. 8 14.0 0Gli'-7-2 (5HI30) ___________ 25-55 4.7 14.4 8. 8 17. 1 10. 5 29.7 
15.4 13. 5 0Gli'-7-3 (519311 _____• _____ 55+ 7.8 20. 7 10. 2 12.8 6. 5 26. 6 

Site 8, soil resiflual from laterite: 
OF 8-1 (51932) ___________ 0-]5 11.8 5. 1 4.7 13.5 6. 4 24. 9 33.0 12.3 63 
GF-8-2 (51933) ___________ 15-40 3.1 1.8 1.3 4. 4 3.0 Ii. 1 69.3 9.6 23 

1.6 3. 9 2. 7 14. 8 67.0 8.6 56
GF-8-3 (51934) ____ ------- 40-75 6.8 3.2 
GF-8-4 (51935) ___________ 75-80 24.0 14. 5 5.9 9.1 5. 8 15. 2 25.5 9. 2 12 

~ 
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TABLII 11.-0ation-emohange data lor material /romsites 7 and 8, Guinea 

Exchangeable cations Cation- Degree ofSite, field, and exchange base pH Organio Nitrogenlaboratory Nos. capacity saturation carbonCa Mg K Na H 

Site 7, soil on terrace: Meg./lOO,. Meq./lOOg. M~lOOg. M~lOOg. Meg./lOOg. Meq./lOOg. PercentGl!~-7-1 (51929)----- 1.2 1.0 0.1 0.1 2.5 
PerUfit Percetlt

4.7 48 5. 5 0.44 0.04GF-7-2 ~519~0)----- .3 .4 <.1 <.1 4.3 5. 0 14 4. 6 .24GF-7-3.51931) _____ .03.8 1.0 <.1 <.1 2. 3 4.1 44 5. 3 .12 .02Site 8, soil residual from 
laterite: 

GF-8-1 (51932~ _____ 2.1 1.8 <.1 <.1 11.0 14. 9 26 5. 6 2.15Glt'-8-2 (51933 _____ .14.2 .6 <.1 <.1 14.6 15.4 5 4. 6 1. 20 .08GF-8-3 ~519~4)----_ .2 .4 <.1 <.1 13. 1 13.7 43 4.8 .84 .09GF-8-4 519ii5)----- .2 .6 <.1 <.1 6.1 6.9 12 5.3 .20 .04 

C/1'. 

11. 
8. 
6. 

15. 
15. 
9. 
5. 

o o 
o 

4 
o 
3 
o 



(GF-7-2) and about one-fourth of that in the third horizon (GF-7-3) 
'is kaolin. Feldspar is moderately abnndant in all horizons of this 
relatively young soil. 

Site 8 1S 11 kilometers west of Kankan. The soil was formed by the 
weathering of lateritized granite. The profile description follows. 
GF-8-l (51932); Granular, gravelly clay lonm; 7.5R 8/4; many plsolltes and 

0-15 em.; A plant .roots. 
GF-8-2 (51933); 

15-40 em.; En 
BIO<'ky clay 
pisolltes. 

loam or clay; 10R4/6; many roots and 

GF-8-3 (51984); 
40-75 em.; &. 

Clay; lOR 4/6; less blocky tban layer above; mnny roots. 

GF-8-4 (51935); Red, mottled, rotten granite .fragments and pisoUtes. 
75-80 em.; 0 

This could be a monogenetic profile, but some transported material 
may have been added in the upper part of tIle profile. The amount 
of gibbsite decreases greatly from GF-8-4 to GF-8-3 (table 6) !md 
then is about the s~e throug}lOut the rest of the profile. 'Fhe kaolin 
content of thetwoillldc1lehorlzons (GF-8-02 and GF-8-3) 1S the same 
and is slightly higher than that of the surface horizon and that of the 
dee-pest horizon. Quartz is much more abundant in the upper two 
horlzons than in the lower two. The amonnt of hematite is greater 
in the upper three ho.rizons than in the fourth. 

Some of the gibbsite could have been dissolv~ and combined with 
free silica to form kaolin, or gibbsite could have been dissolved and 
either reprecipitated in the lower part of the solum or leached out 
entirely. In the absence of thin sections, it is difficult to determine the 
fate of the gibbsite r.nd the relative importance of losses and additions. 

Site 9 
Site 9 is 19 kilometers west of Damaro on the road toward Beyla. 

This is an old stream terrace that had hardened and then was broken 
up by lowered stream drainage and by the action of the rain forest that 
had been cut off a few generations ago. There was one tree Toot, 
8 inches in diameter, near the pit but no sign of the old stump. The 
soil description follows. 
GF-9-l (01936) ; Heavy clay loam; 2.5YR 3/2; .loose and granular. 

0-20 cm. 

GF-9-2 (51937) ; Heavy clay lonm; 2.oYR 3/4; many very heavy pisolltes 
20-40 cm. amI laterite fragments. 

GF-9-3 (51938) ; Henvy clay loam; !!.5YR 4/4; 'Illostly pisolltes andfrag
4~0 cm. mentsirolll decompOSing laterite crust. 

GF-9-4 (51939) ; lliocks of .laterite from decomposing old crust; .2.5YR4j4; 
~OOcm. rootspenetrnte soil in cracks between blocks. 

GF-9-5 (51940) ; Hard laterite crust; 2.5YR 4/G. 
00 cm. + 
The data in table 12 indicate that the chemical composition of the 

fine earth and that of the coarser fragments is about the same in each 
horizon. The differences to be. noted could .result from the loss of 
most of the iron oxide by solution in drainage water and from the 
addition of some SiO, from seeI?age water and runoff. Differential 
thermal D:nd X-ray.data (table 6) indicate that 35 ~o 40 p~rcent of the 
fine fraction of hOrlzons (iF-9-2 through G F -9-4 1S kaolin and that 5 
to 10 percent is gibbsite. The coarser fraction contains only 10 to 
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TABLE 12.-01LemicaZ composition of the fine earth 1 and coarse fraction 2 of m,aterial from site 9, Guinea 

Field and laboratory NOB. and depth in cm. 

GF-9-1 
Constituent (51936) 

0-20 
GF-9-2 (51937) 20-40 GF-9-3 (51938) 40-60 GF-9-4 (51939) 60-90 GF-9-5 (51940) 90+ 

<2mm. <2mm. >2mm. <2 mm. >2mm. <2mm. >2mm. <2mm. >2mm. 

Sio 
2 
____________________ 

Ti0 
2 
____________________ 

Ah03 ___________________ 
Fe 

2 
03___________________ 

1I1nO ___________________ 
CnO____________________ 

1I1~0-------------------_ 
K 20 __ -- --- --- _-- ---
Na20 __ -----------------P 

2 
O, ____________________ 

Ignition 1055 _____________ 
TotaL ____________ 

H 20 loss at 110° C _______ 

Percent 
49. 42 

2. 00 
22. 42 
13.46 

.06 
<.01 

. 1 
<.01 
<.01 
<.01 
12.39 
99.85 
4.13 

Perctnt 
47. 50 
2.05 

25. 03 
13. 25 

.02 
<.01 

.4 
<.01 
<.01 

.12 
11. 90 

100.27 
1. 29 

Ptrcent 
14. 72 

1. 26 
15.36 
58.96 

.03 
<.01 

.6 
<.01 
<.01 

.12 
9.26 

100.31 
1. 16 

Percent 
42. 65 
2.03 

24. 36 
18. 29 

.02 
<.01 

.4 
<.01 
<.01 

.05 
12.44 

100. 24 
1. 66 

Perctnt 
13.40 
1.26 

15. 95 
58.93 

.03 
<. 01 

.3 
<.01 
<.01 

.12 
10.00 
99. 99 

1. 28 

Perctnt 
41. 78 
2.15 

26. 86 
16.97 

.01 
<.01 

.7 
<.01 
<.01 

.12 
11.93 

100. 52 
1.48 

Ptrrtnt 
12.94 

1. 26 
17.23 
58.03 

.03 
<.01 

.6 
<.01 
<.01 

.12 
10, 18 

100. 39 
1. 24 

Perctnt 
40. 42 
1.83 

26.52 
19.65 

.05 

.15 
<.01 

.17 
<.10 

.23 
11.27 

100.39 
2, 32 

Percent 
14. 09 
1.25 

18. 29 
57. 39 

; 02 
.12 
.26 
.16 
.07 
.06 

9.01 
100. 7 

1.69 

1 Particles <2 mill. in diameter 
2 Particles >2 mm. in diameter 



:25 percent kaolin and SInallamQunts of .gibbsite. The 'fine fraction 
in all the horizons contains several times as much quartz as the coarse 
fraction. The coarse fraction in all the horizons contains ·moderate 
amounts of goethite and hematite; ·the fine fraction contains minor 
amollntsof these minerals. In weathering, silica .has been added and 
iron lost. Bases are almost completely lacking in both the coarse 
;fraction.and the fine fraction. 

The sand and silt are mostly quartz, but nothing about the grains 
su~gests that the quartz is secondary. Tourmaline, zircon, sphene, 
ana u. few grains of feldspar, mica, and ferromagnesian minerals such 
as epidote are also present. Perhaps as much l1s.5 percent of the fine 
sand and silt is plu.nt opal, which in a sense is secondu.ry silica. There 
is not much free quartz in the coarse fraction; oply a "detected" 
amount is shown by X-ray. But some of the free quartz could .have 
come from the breakdown of the crust; there seems to be a gap in the 
particle-size distribution-some very coarse, ragged grains and much 
very fine sand and coarse silt. The coarse grains may have been 
weathered out of the crust fragments as iron was leached out, kaolin 
l'eleased, and the finer sizes of quartz and other assorted minerals were 
blown or washed in. In summary, tIllS soil is partly derived from the 
breakdown of the.crust, but the mineralogical composition of the sand 
and silt suggests that some of the fine earth came from other sources. 

Additional chemical data and the particle-size distribution for the 
samples from site 9 are given in tables 13 anclH. 

TABLE l3.-0hemical datct for the fine earth 1 from th1'ee horiz01UJ at 
site 9, Guinea 

Field and laboratory NOB. and 
depth in em, 

Determination 
GF-9-1 GF-9-2 GF-9-3 
(51936) (51937) (51938) 
0--20 20--.40 40--00 

pH_____________ ". ___ _ _ __ ___ • __ • _______ 4. 5 5. 0 5. 1
Organic carboll ____ ••. _. _________percent__ 2. 76 1.91 1.38Nitrogen________________ . _______percent__ .15 .12 .lO
Carbon-nitrogen ratio___________ " __________ 18 16 14 
Cation-exchange capacity____ __ meq./lOO g__ .25 20 17 
Exchangeable cations: 

Ca_____ •• _.. ___ . __ .. ____meq./IOO g__ 1. 3 0.8 0.5Mg_____________________meq./100 g __ 1. 1 .2 .2N a_.__ . __________ ... ___ __ meq./I00 g__ <.1 <.1 <.1K ______ . _____ .• '_.' _____meq./lOO g __ <.1 <.1 <.1H ____________ " ____ _____meq./IOO g__ 22. 3 19.5 16.4 

I Particles <2 mm. in diameter. 

Site 10, Nzerekore 

Sample GF-10-1 was tu.ken from a quarry that had been used as 
a source of building material for a house some 15 years before our 
visit. The quarry was said to have provided low-grade-laterite build
ing material, or material not rich enough in iron to llarden well and 
qUIckly. The best material that we could get from the quarry did 
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TABLE 14.-Particle-size di8tribution of material from site 9, Guinea 

Size cla,ss and particle diameter in mm. Other classes 

Field and laboratory Nos. pepth 
mcm. 

Very 
coarse 
Band 
(2-1) 

Coarse 
sand 

(1-Q.5) 

Medium 
sand 
(0.5
0.25) 

Fine 
15and 
(0.25
0.1) 

Very 
fine 

Band 
(0.1
0.05) 

Silt 
(0.5

0.002) 

Clay 
«0.002) 

0.02
0.002 
mm. 

>2mm. 

OF-9-1 ~51936) _______________ 
OF-9-2 51937) _______________ 
OF-9-3 (51938) _______________ 

0-20 
20-40 
40-60 

Percent 
3. 8 
3.0 
7.2 

Percent 
2. 8 
2.1 
2. 8 

Percent 
3.0 
2. 2 
1.9 

Percent 
6. 3 
4.5 
3.7 

Percent 
3. S 
3. 2 
2.5 

Percent 
21. 8 
17.2 
13.5 

Percent 
58. 5 
67. 8 
68. 4 

Percent 
14.8 
11.5 
9. 5 

Percent 
26 
56 
73 
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not look as if it would make a building material at all, although 
apparently it is so used. The second sample, GF-I0-2, was a rounded 
omamentalball taken. from a pedestal in the.rock garden near the 
house. The ball was of the same material that was used in construct
ing the house and was said to have come from the same quarry as 
GF-I0-1. 

The walls of the house were protected from .rain by wide over
hanging eaves, and the laterite building blocks w{Jre still soft enough 
to be cut by a thumbnail, 15 years after construction. In contrast, 
the ball that had been on It pedestal in the yard for 15 years in rain 
and sun-about 70 inches annual precipitation-was very hard and 
required a moderate blow with a hammer to break it. 

Table 15 gives the chemical composition of the sample from the 
quarry and of three samples taken from the laterite rock that had been 
on the pedestal in the yard. A hard crust had developed on the outside 
of. the ball, and channels had opened up in the interior. Evidently 
there had been a general reduction in volume and a migration of iron 
oxide to the surface and to the channel linings. Because organic 
matter could not be a factor in any changes in this rock, only solution 
and precipitation from rainwater could be involved. 

X-ray and differential thermal data (table 6) show that kaolin is 
much better organized in the quarry sample than in the interior of 
the pedestal rock. The pedestal rock contains several times as much 
gibbsite as the quarry sample and more goethite and hematite, but 
its kaolin content is lower. 

TABLE I5.-0hemical composition and calculated mineralogical 
composition of material from site 10, Guinea 

Constituent 

SiOz_________ .._---- _-- ---- ----TiO _________________________ 
z 

AhO~-------------------------
FezOI______ -- ___ ---.- -- -- ___ ---MnO____________ . _____________ 
K,O_______________________.___ 
N a 0 _________________________
PzO,2 _________________________ 
Ignition 1055_____________ .,_____ 

TotaL__________________ 

Minerals (calculated): 
Sluartz-------------------Kaolin ___________________1 
Gibbsite __________________ 
Goethite__________________ 

Soil from 
Pedestal rock, GF-10-2 (51942) 

~arry
G -10-1 Exterior Interior Channel 
(51941) crust channel 

wall 
fill 

Ptrcmt Ptrcml Percent PtrClllt 
64.1 43.9 31.0 48. 8 

.4 .7 .7 .6 
18. 2 18. 4 20.1 18.7 
9.94 26.9 36.5 22.8 
.01 .03 .02 .04 
.15 <.1 .10 <.1 
.1 <.1 <.1 <.1 
.02 .05 .06 .03 

7.4 10. 0 11.0 8.9 

100.2 100.0 99.5 99.9 

48 27 15 33 
35 35 35 35 

7 7 10 7 
11 30 I 41 25 



GF-lo-'l 
Six good 5e(!tions of the quarry rock were examined. The observa

tions follow. 
Gro88.-The material is mostly medium red with yellow patches 

and a 'few black patches. The clear, angular areas are quartz grains; 
there. are few pores or holes, and the specimen look like weathered 
granite. 

Micro.-The material seems to be generally homogenous. Between 
the uniformly distributed, angular quartz grains of various size: 
from very fine sand to at. least 2 mm.-is a mass of fine and coarse 
kaolin. The size of the oriented aggregates of kaolin ranges from the 
limit of visibility to 0.5 mm. or more. There are some large books 
and vermicular aggregates, some of which are large enough to resemble 
mica. Gibbsite is identifiable in seams in the quartz grains and in 
the lighter colored kaolin aggregates. 

The iron content does not see.m to be 11i~h enough to cause harden
ing, unless some of the kaolin decomposed. to release surface iron or 
unless some iron came in from an outside source. 

Iron staining or iron impregnation of the kaolin matrix varies some
what, giving a mottled appeamnce. Some light-yellow spots contain 
almost no iron, but a few spots are very dark and heavily impregnated. 
In general, there appears to be little iron oxide tllat is not in the form 
of a stain, or coating, on kaolin. ': 

There are few orIented skins that bound definite areas as soil aggre
gates. Clay skins of dark-red, iron-~taine~, fil:e clay are in pores and 
cracks, and some wander for a conSiderable distance from fine open
ings to larger openings. In some areas, the clay-skin material com
pletely infiltrates patches of wen-crystallized kaolin. Kaolin clay 
skins, gibbsite coatrngs, and local iron-oxide impregnation are shown 
in plate il, D. 

The coarser kaolin is organized in the same pattern in both the 
nonimpregnatedmatrix and the densely impregnated mtltrix, and 
the same pattern extends across the diffuse boundaries. In places 
the kaolin lIas the rectangular bOA-Y, reticulate arrangement noted in 
other specimens. 

This specimen looks like the typical saprolite derived from granite 
that was observed by the junior author in other localities in Africa and 
Southeastern United States. General views of the structure of GF
10-11\re shown in plate II, A and C. 

GF-I0-2 

Six fairly good sections of material from the pedestal rock were 
examined. The observil,tions follow. 

(h·o88.-This material is much like the quarry rock (GF-IO-l) 
except tllat it is darker reel and slightly more uniform. 

Mioro.-If the parent material of this rock was exactly the same 
as that of the quarry rock, which is doubtfu1, some profound c11ltnges 
have taken place. There are no large kaolin aggregates such as books 
and vermicular aggregates. Small oriented chips of kaolin are pres
ent but scarce, and some areas contain oriented crisscross nets. There 
may be more of this structure that is so masked by iron oxide as to be 
unidentifiable. Even the thinnest parts of the sections are almost 
opaque. 
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Most of the ~tions consist of dark-,red and medium-red matecial 
that varies in translucency. It is somewhat clayey, but it is heavily 
imp~gnated with iron oxide. In .manyplaces the lDlpregnated mate
rial has an irreO'ular blotchy patte1:n---clrregular shapes that have 0. 

dark illteriorfad'ing toward the edges--Qr a ball pattern with oriented 
clay or goethite on the surfaces. Some crevices and pores and even 
large patches are lined with or are :full of, yellow to pale-red crystal
line material that has high birefrin~ence and presumably is goethite. 
Some areas that have rather defimte boundaries are paler and less 
impregnated with iron, show no organization, and must be channel 
fillmgs. A and B, 1?late IV, show the ~atchy impregnation and 0. 
channel wall lined WIth crystalline goetlute. G, plate V, shows local 
accumulation of iron oxide, presumably .resulting from the. loss of. 
kaolin. 

There seems to be a greater concentration of quartz-more grains 
'p~r unit area-and more small-size gru.ins than in GF-I0-1. Most of 
the quartz grains in GF-10-1 are large. The greater quartz content 
per unit area. and the disorganization and fine size of the kaolin, as 
co.mpared with that of GF-I0-1, indicate th.e possibility that kaolin 
has been decomposed with some loss in volume and with the accumula
tion of free iron. 

The mineralogical analysis (table 6) indicates 0. loss of kaolin and 
an.increase in gibbsite. Kaolinite books were observed in which gibbs
ite was intedeaved ,villl kaolinite Ilnd was collecting around the 
edges of the books. The loss in volume takes place by the develop
ment of channels, with the interchalUlel parts becoming denser and 
highet· in iron. 

The data and the petrographic observations of the materials from 
this site indicate that, when luterite is used for building material, it 
does not harden mainly by drying as frequently suggested. The 
process is more complex and consists of the destruction of some min
erals, of collapse and. channel development, and of the migmtion of 
free iron oxide and its crystallization mainly on channel and voiel 
walls und outer surfaces. These changes can occur in 0. short time and 
Ilre brought about by repeated wetting and drying. 

Ivory Coast 

All the sites in the Ivory Coast stuelied in detail anel all the samples 
taken are from the general vicinity of Bondoukou. A discussion of 
the role of laterite in determining relief in the area to the north anel 
west of Bondoukou Wl\s presented by Bonnault (1938). D'Hoore 
(1954) also discussed this locality in considerable detail. 

This area was of particular interest to the OEEC Mission because 
laterite occurs in a variety of topographic positions. All these later
ites are related. The old-peneplain remnants of laterite are the source 
of the iron oxide that cements and enriches the younger laterites in 
lower topographic positions. Some of these lower lying laterites 
also arc beginning to break up and serve fiS sources of iron :for still 
younger laterites at still lower levels. These processes are undoubt
edly active at the present time. Particular emphasis is given in this 
bulletin to a laboratory study of these laterites of various ages in order 
to lUlderstand the processes involved in the translocation of material 
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from one ,geomorphic position to another. The diagrams in plate 
Vil,A and B show the terrain and the relationship of the sites to the 
landScape. 

Site 1 
Site 1 is 21 kilometers west of Bondoukou, near the villageof Sapia.

A question was raised regarding the amount and the nature of the clay 
in the soil and its possible relation to the hard laterite that lies be
neath the soil material. The site is in a flat place in the saddle of a 
diabase ridge. Field descriptions of the samples :follow. 
CI~-l (1:I19ol..3); Granular. friable material; 5Y 8/8; consists mostly of 

Chl1:1 cm: coarse partiCles. 
CI-J,.,..2 (1:11944) ; Underlying hard laterlte; the soil may have been blown in 

ll'f cm. + or washl!d in from higher land and certainly.has received 
seep water from the surrounding higher land. 

The particle-size distribution of the material from CI-1-1, (}-15 
cm., is given in the following list. 
Sl:~e class and particle ",iameter: P.cett' 

Very coarse sand (2-1 mm.) ______________________________________ 17.8 
Coarse sand (1-0.5 mm.)___________________________________________ 4.8
Medium sand (0.1:H);25 mm.) _______________________________________ 2.1 
Fine sand (0.25-0.1 mm.) __________________________________________ 4.S 
Very flne sand (0.1-0.05 mm.) _____________________________________ 8.4 
Silt (0.()""o>-O.002 rum.) ______________________________________________ 25.1 
Clay «0.002 mm.) _______________________________________________ 48.5 
Fine slIt (0.02-0.002 mm.) __________________________________________ .16.5 
Gravel (>2 mm.) _________________________________________________ 85.0 

The cation-exchange data. for the fine earth «2 rom.) are given 
in the following list. 
Exchangeable cations:Ca __________________________________________________ meg./100 g. 5.2 

Mg _________________________________________________ meg./100 g. .4 
K ___________________________________________________ meg./100 g. .4 
Na __________________________________________________ meg./100 g. .1 
B _______________________---------_________-----------meg./l00 g. 24;1 

Oation-e:xchange capacity__________________________________ -Dleg./IOO g. SO.1 
Degree of base saturation_____________________________________percent IG.9 

Table 16 gives the total chemical composition of the material from 
site 1. The mineralogical composition is shown in table 17. 

Of the total soil, only 15 percent is less than 2 mm. in diameter, 
but ~3 percent of this fine earth is clay. Petrographic examination 
shows that the sand and silt contain muscovite and feldspar as well 
as a great deal of coarse-grained quartz. Estimates of the compo
sition of the clay fraction, calculated from the chemical composition, 
show that it is about 30 percent kaolin, 25 percent quartz, and 15 
percent crystalline i1;on oxides; 30 percent could not be identified and 
is probably amorphous material. The cla,y has a relatively high ex
change capacity. The coarse fraction of the soil consists of laterite 
fragments and pisolites that are similar to the underlying hard later
ite (01-1-2). Quartz is relatively scarce in these fragments and in 
the lmderlying laterite. The alkali and. alkaline-earth content of 
the fine earth in the soil is high compared with that of the laterite 
(table 16). 

The addition of material from an outside source is a certainty here. 
The large amounts of quartz and weatherable minerals show that at 
least part of the soil was derived from transported material. The 
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TAIILII 16.--..:0htJmical comp08ition 01 material from Bite 1, /?"0171 O0a8t 
[Leaders indicate that determination was not made] 


Field and laboratory Nos. 


CI-l-l CI-1-2 
Constituent (51943) 

0-15 cm. 
Fine earth 
(>2 mm.) 

(51914) 
Underlying'
degraded 
laterite 

crust, 

Ptrcellt Ptrte1lt 
Si02_____ --- -------------------------- ----- --- 44. 06 14.21Ti02_______ _________________________________ _~ 

1.31 .77AI 0 ___________ -- ____________________________ _ 
2 J 18. 95 17.66 

------------ ____ 18.04 57. 08Fe20l_____________________________________ , __ -- ---- ---------------------_~lnO 

CaO _________________________________________ _ .27 .08 
.31 .06 
.23 .05 
.39 .07N 820 ___________________________ " _______ • ____._~~'b~==================:========:===========:=
P 06__________________________________________ .66 .10 

2 .16 .16Ignition loss_, _________________________________ _ 15. 61 9.81 
TotaL ______________ • __ ••______________ _ 

99.99 100.06 
H 0 Joss at 1100 C _____________________________ _ 

2 4. 51 1.55 
Other determinations: pH___________ __________________________ _~ 

Organic carbon ____________________percenL_ 5.4 -----------5.6 ------------Nitrogen __________________________ percent__ .33C/N_____________________________________ _ ----------,-
17.2 -----------

soil is probably an over wash deposit eroded from slopes on both 
sides of the site. The laterite fragments in the soil may have come 
from the edges of the laterite crusts on the ridgetops, and the un
weathered mmerals, from freshly exposed mutet·iaI on the s10pes. 

Site 2 

Site 2 is on the west mountain near Boudoukoll shown in D'Hoore 
(1954, photo 35) and in plate VII, A and B, in this bulletin. The 
sample is from !\, very old, residual, oolitic laterite crust that is 
about 10 meters thick. The underlying rock is a, diabase. The later
ite crust (01-2-1, 51945) has the following chemical composition. 
Const!tuent : PercentSIO= _________________________________________________________ 1.18 

TIO. ___________________________________________________________ 1.76 
~1203 _____________________________________-----------___________ 30.46 
~e.0. _________________________________________________------___ 53.52 
Ignition loss _________________________________________________ 12.75 

Total ________________________________________________________ 90.67 

This chemical composition corresponds to a mineml content of 
gibbsite, 25 percent; boehmite, 17 percent; goethite, 16 percent; and 
hematite, 39 percent. X-ray and differential thermal analysis (table 
17) indicate traces of quartz, some goethite, a moderate amount of 
boehmite, abundant hematite, and 25 percent gibbsite. 
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TABLE 17.-M1'neralogical composition of samples from sites 1 to 7, /v(lry Ooast 

[Percentages based on differential thermal analytlis. Relative amounts based oli X-ray diffraction; x indicates detected; xx, moderate 
amount; xxx, abundant; and xxxx,dominunt. Leaders indicate that minerul was not detected) 

Site, field, and laborntory Nos. Kaolin I Boehmite I Gibbsite I Goethite Quartz I Hematite I Anatase 

Site 1: PerCtTI! Percent x 1_________ _CI-l-l (51943) 5 xx xx _________ _CI-l··2 (5194·1) ~ _ • 15 x X 
Site 2: 

CI-2-1 (51945) _ . xx 25 X x xxx 
Site 3: 

X 1_________ _CI-3-1 (51946) xx 10 XXX 
Site 4: 

CI-4-1 (51947) 30 xx XX xX I __________ t ... _ ... ______ _ 

Site 5: 10 ,___ .. ____ _0I-5-1 (519-18) 5 x xx xXX 1_________ _
CI-5-2 (51 (149) 25 X xx 
Cl-5-3 (511)50) ....• _•.• __ ._ ......... ___ _ 30 X xx X X 
cr-5-4 (,'jI95l) ... __ ". __ ••••. _...... . 30 X xx X ,_________ _ 

XX 1__________ 1_________ _Cr-5-5 l51952) 30 
Site 6: 

CI-6-1 (511153) __ • __ • __ .• ____.". ____ _ 20 ,__________,..• _______ ,_________ _ xx X 

Cl-6-2 (5195-1' 20 x xx xx X
-~ -...... -"'" .. --~ x ,_________ _ ---------CI-6-3 (519551 25 _. -. '-----1 xx X X 
CI6-~ (51956) 30 xx x 
CI-6-5 (51957) 25 xx X xx -----.-----

Site 7: 
Ct-7-J (51958) 20 t------ X xx X xx ---------Cl-7-2 (51959) 40 x xx x 
CI-7-3 (51960) 30 X X X X 



The petrographic observations of thin sections follow. 
Gross.-Dark-red, brown, or black pisolites with darker skins are 

sc~tt~red throughout !l lighter bl'Ownish-red matrix. 
,iJ/zcl"o.-AlI the sections are nearly opaque; not much structure can 

be seen even in the thinnest parts of the sections. There is some 
variation in the pisolites. The black pisolites are usually the small
est; they are dense and opaque l\.lld very heavily impregnated. Oth
ers that are neatly black show radial and circumferentiul shrll~kage 
cracks, which generH.lly n.re packed with crystalline gibbsite or boehm
ite. Other pisolites appen.r to be spongy, n.nd all the holes are full 
of gibbsite. In general throughout the sections, all the pores and 
holes are full of gibbsite or boehmite. In pln.ces the crystals are 
unusually large, and these In.rge crystn.ls may be boehmIte. Most 
of the plsolites ha,'e a dense skin, outside of which are small cracks 
that seem to be filled with looser material. The red matrix also 
is dense but shows a loose, spongy structure in places. Except t.he. 
cracks filled with aluminum mlnemls, there are no structures that 
indicate flow or movement. 

In the very thinnest parts of the sections, it appears t.hat the 
stt'uctUl'e consists of al!;r;\Ost opaque, dark-red balls, which are rather 
uniform in size, packed in a somewhat less opaque, red matrix. The 
difference between the denser pisolites and the matrix seems to be 
in the proportion of balls to matrix and in the density of the balls. 
In very thin sections, it appears that most of the red substance is 
birefringent; it is goethite· or hematite. 

The evidence of shrinkage al"Ound and in the pisolites indicates 
their formation in the wet, 01' gel, state. The late segregation and late 
movement of gibbsite in solution is indicated by its presence in aU the 
holes and cracks. 

Site 3 

Site 3 is on the east mounta.in in the Bondoukou locality. The 
laterite (CI-3-1, 51!)4G) is the same a~e as the sample fI'om the west 
mountain and was derived from similar rocks. The two mountain tops 
are at the same elevn.tion, and the laterite caps are of similar thickness. 
No chemicnJ analysis was made of this sample, but X-my and differ
ential thermal analysis (table. 17) show detectable goethite, a moderate 
amount of boehmite, Itbundant IH'matite, 10 percent gibbsite, and no 
quartz or kaolin, Observations of thin sections follow. 

(h'o88.-Rl1ther dense and opaque, pale-red to red pisolites are in a 
dark-red matrix. The pisolites have a dal~k boundary that grades in 
density to the outside matrix. 

illic7'o.-The minerals gibbsite or boehmite, goethite, and hematite, 
can be identified. :Much of the matrix is nearly opaque, 'Where tmns
hlcent, it shows no birefringence; hence it is either amorphouc:; or very 
fine grained. A few spots and channels or pores have fills that have 
aggregate birefringence and. a flow stmcture. 

The bodies that appear to be concretions are made up of gibbsite 
and vttrious amonnts of iron oxide; some are almost pure gibbsite. 
The iron oxide is in separate patches that generally have rather uni
form distribution and uniform size. These bodies appear to be former 
holes that became filled with !l. very hydrous, iron-oxide gel that shrank 
on dehych'ation, The aluminum minerals, gibbsite and boehmite, 
moved in later. 
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Where the specimen is not so densely impregnated as to be opaque, 
the structure consists mostly of closely stacked balls that are only 
slightl. y more dense than the. matrix and have fairly sharp boundaries 
but no skins or internal structure. Between these balls is 0. generally 
structureJ.essmatrix that shows. aggregate birefringence in places. 
Larger interstices are .filled with free gibbsite. There are very few 
empty pores. In J.Dany places it }ook~ as .if there had been shrinkage 
and subseQuentiillmg of cracksw1.th gIbbSIte. 

Some of the concretions have a stacked~ball structure within them, 
but shrinkage is indicated by numerous cracks, as if. their interiors 
had once consisted of a very hydrous gel. Some concretions are I)blong 
.rather than round; these may be iillings in a crack or channel. 

One can be fairly sure that this laterite was formed in place. The 
concretions are true pisolites and Dot recemented fragments of another 
crust. 

The dark, heavily impregnated rims surrounding the pisolites are of 
interest. The boundary between pisolite and rim is sharp j here im
pregnation is dark and heavy, becoming less hell.vy away. There is 
some faint, diffuse banding-laminated, pale-l'ed layers between the 
dark, almost opaque bands. In a way this suggests that iron oxide 
was drawn out of the pisolites rather thll.n precipitated around them. 
On the other hand, jf the pisolites shrank just after aluminum was 
I\dded or possibly when gibbsite changed to boehmite, there would 
would have been some crncks and open spaces into which the iron
oxide~wllter gel could hll.ve migrated. There are a few pore and chan
nel fills of well-crystallized goethite, which indicates that some late 
solution and .rearrangement of the iron tOOte place. 

The Iaterite,crust samples from sites 2 and 3 are similar in min
eralogical composition; they Itave a lligh concentration of l1ematite 
and contain a considerable amount of gibh~ite and boehmite. In these 
very old laterites in which leaching and dessication have been extreme, 
the end products of weathering usually include more of the nonhy
drated, or at least the less hydrated, oxides of iron and aluminum. 
Although boehmite is usually associated with hydrothermally altered 
deposits, it may be formed from gibbsite by dehydration over a long 
period of time. 

Site 4 

Site 4 is in afield that has a slope of about 20 percent" The shn1low, 
red, colluvial soil had been gathered into hills to grow yams. It 
appeared to be much more productive than other soils in this general 
area. The field was only partially cleared. A single soil sample 
(OI-4-1) was taken. 

The particle-size distribution of this soil sample is given in table 18, 
some chemical properties in table 19, and the mineralogical composi
tion in table 17. 

This nne-textured soil isrslro.tive1y high in kaolin n.nd Quartz but 
contains less boehmite and hematite than the crust on the ridgetop. 
Gibbsite and goethite were not detected in the soil. It appears that 
this relatively fertile soil is being formed by the current weathering of 
dolerite. The presence of hematite and boehmite shows that some 
material came from the higher lying laterite. Since goethite and gibb
site must have been deposited along with hematite and boehmite in 
this colluvial position, their absence in the soil indicates that they llRve 
been removed by solution or have been cOllverted to some other com
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TABLl!I 18.-Particle-awe di8tribution. 0/ material/rom aite& 4-, 6, and 6, Ivory Oo(Ut 

Size class and particle diameter in mm. Other classes 

Site, field, and labomtory Nos. 
Depth 
in em. Very 

coarse 
Band 
(2-1) 

Coarse 
saud 

(1-0.5) 

Medium 
saud 
(0.5
0.25) 

Fine 
Band 
(0.25
0.1) 

Very fine 
saud 
(0.1
0.05) 

Silt 
(0.05
0.002) 

Clay 
«0.002) 

0.02
0.002 
mm. 

>2mm. 

Site 4:
CI-4-1 (51947) ____________ -------

Per""t 
6. 2 

Percent 
3.3 

Percent 
1.4 

Per"nt 
2.5 

Percent 
2. 9 

Percent 
32.0 

Percent 
51. 7 

Percent 
24. 4 

PmftaI 
12 

Site 5: 
CI-5-1 (51948) ____________ 
CI-5-2 (51949) ____________ 

CI-5-3 (51950~------------CI-5-4 (51951 ____________ 
CI-5-5 (51952) ____________ 

0-20 
20-40 
40-68 
68-105 
105+ 

3. 1 
6.9 
7. 8 
9. 0 
3.1 

2.2 
3.2 
3.4 
5.7 
2. 8 

.8 
1.0 
1.4 
2. 5 
1.4 

1.8 
2. 0 
2. 6 
4. 4 
3.0 

3. 2 
3.5 
3. 7 
5. 2 
3. 9 

29. 1 
31. 4 
27.3 
25.8 
27.9 

em. 8 
/>2.0 
53. 8 
47. 4 
57. 9 

21. 0 
22. 3 
20.0 
17. I) 
19.4 

7 
8 

21 
9 
2 

Site 6: 
CI-6-1 (51953) ____________ 
CI-6-2 (51954) ____________ 
CI-6-3 (51955) ____________ 
CI-6-4 (51956) ____________ 
CI-6-5 (51957) ____________ 

0-20 
20-38 
38-70 
70-110 

110-130 

8. 7 
5.7 
3.0 
3.9 

12. 4 

6. 0 
3. 9 
2. 3 
2. 5 
4.5 

2. 5 
2.0 
1.1 
1. 2 
1.7 

4.6 
3. 6 
2. 2 
2. 2 
2. 4 

3. 8 
3.1 
2. 3 
2. 3 
2.1 

25.2 
18.4 
15.6 
17.5 
14. 2 

49. 2 
63.3 
73. 5 
70.4 
62. 7 

16.9 
12.3 
10.4 
11.7 
9.4 

13 
17 
4 
4 

72 
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TABLE 10.-0hemical data and cation-exchange data for material from tite~ 4, 5, and 6, Ivory Ooast 

ExchangeablecatioDS Cation- Degree 
Site, satnpl!), and hlboratory Depth in cxchan~e of base pH Or~anic Nitrogen C/N

Nos. cm. capacity satura- carbon 
Ca Mg K Nil. H tion 

."'q., Meq., ,\fe'T.' ,\(eq., ,\feq., Ntg.,
Site 4: 100 U. 100 U. 100 U. /()O O. 1000. 100 u. Percellt Ptrcfl\t Percent 

C1-'1-1 (51947) _________ 10. 2 3.8 0.2 10.3 24. 5 58 6.1 2.58 0.166 15. I!---------- <0.1 
Site 5: 

C1-5-1 (51948) _________ 0-20 3. 9 1.8 <.1 <.1 8. 2 13.9 41 6. 3 .49 .04 12. a
CI-5-2 (51949) _________ 20-40 2. \l 1.4 <.1 <.1 7. 5 11.8 36 5.7 . 16 .025 6. Ii
CI-5-3 (51950) _________ 40-08 3..1 1.3 <.1 <.J 6. 7 11. 1 40 5.. 1 . 17 .03 5. 7
CT-5-4 (51951) _________ 68-105 3.u 1. 4 <.1 <.1 7.0 11. 4 39 5. 8 .10 .02 5.0
0[-5-5 (51952) _________ 105+ 2.9 1.4 <.1 <.1 7.5 11.8 36 5. 7 .13 .02 6. I! 

Site 6:
CHH (51!l53) _________ 0-20 12.4 4.3 <.1 <.1 10. 3 27.0 62 6.2 2.52 . 14 18. (] 
C[-(>-2 ~51\)54)--------- 20-38 7. 4 3.1 <.1 <.1 10.2 20. 7 51 6.0 1. 06 .106 10.0
CI-6-3 51955) _________ 38-70 6. 2 2.7 <.1 <.1 10.7 19.6 45 6.0 .74 .09 8. 2
CI-6-4 (51056) _________ 70-110 5.2 2. 2 <.1 <.1 8.8 16.2 45 5. 9 .45 .06 7.5
CI-6-5 (51057) _________ 110-130 2. 7 .6 <.1 <.1 10.3 13.6 2,1 5. 8 .30 .001 7. 5I 



pounds by chemical reaction. It is possible tll!l.t gibbsite has been 
dissolved and combined with silica to form kaolin and that goethite 
has been l'Cmoved in the leaching ground waters to contribute to the 
currently forming, low-J.ying hterite. However, the kaolin could have 
been formed directly by weathering of the underlying .rock or llave 
been blown or washed in as aggregates along with the qun.rtz. 

TIle source of the quartz is lUlknown. Quartz could ha ve come 
directly from veins in the dolerite rock, it could be secondary, or it 
could be wind borne, which is more probable. The high-lying laterite 
crust on the l'idge above has a thin coyer of siliceous wiud-deposited 
material. 

The chemical data show that this is young soil material that llas a 
high cation-exchange capacity and a relatively high degl'eeof base 
saturation. The cltrbon-nitrogcn ratiols rather narrow for a soil 
developed under forest vegetation. ErCi\-\ioIl o(!ontrol would be apri 
mary problem if this relatively fertile soU is cultivai.ed. There were 
no evidences of current lateritic cementation of any kind in this soil 
material. On the contrary, the evidence indicates degradation of the 
laterite fragments that have come down from the slopes above. The 
origin and some of the characteristics of this soil are similar in many 
respects to those of the soil at site 1. 

Sites 5 and 6 

Sites 5 and 6 are at the lowest part of the tra.nsect between the two 
laterite-capped ridges. The soUs represent the most recently deposited 
materials at the foot of the slopes and the material brought down by 
the small intermittent stream that runs between the two ridges. 

l.~he samples from site 5 were taken from the place where the stream 
runs when there is water flowing. This site is 225 meters lower than 
the ridge crests on either side. The materials are porous, and the 
stream shifts so much that one can hardly say that there is a streambed. 
Currently this site is the lo:west point in the transect, ancl seepage water 
from the higher lying ground must pass through this area. We 
thought thnt some information on the current deposition of iron oxide 
might be obtained from samples taken at this site. The .field descrip
tion of the soil profile at site 5 follows. 
01-5-1 (51948) ; Clay loam to elllY; dusky red (lOR 3/4) finel some yellow 

0-20 em. (2.;:iY 7/G); contains much fe.rnl!~inous gravel and some 
well-rounded quartz gravel. 

C1-5-2 (51949) ; C1IlY with sllme colors as horizon above; some iron-oxide 
2{}-40 cm. concretions; horizon is somewha.t harder thfin the one 

above. 

C1-5-3 (51950) ; Clny; red (7.5R 3/G) Ilnd yellow (2.5Y S/S); the yellow 
40-{lS cm. 	 spots are a bit gray in places; the boun<1aries between 

lII:ellS of different color are more definite than in the two 
horizons nhove; some soft iron concretions that were 
formed .in place. 

CI-5-4 (51951) ; Clay; horizon is more brittle than horizon above; the few 
68-105 em. 	 iron concretions are softer than those in horizon above; 

there is more grny in the light-colored spots, which are 
more like veins or .lilies and are not well rouuded. 

CI-5-5 (51952) ; Clay; dusky red (lOR 3/4) find ye1!o\\' (2.uy S/8) ; ligbt
105cm.+ c(llored IlrefiS fire veins. yellowisb gray ill color; no con

cretions but some Quartz gravel. 
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The uppennost .horizon has weakly developed, subangular .blocky 
structure. Thereat ofthepl()file is somewhat compact, and the third 
horizon (Cl";5-3) is the hardest. 

For comparison,the samples from site·6 ""2re taken at a position 
110 meters east of .site 5 and 4 meters higher. The site is.in a ctilti
vatedfield that :has been taken oyer by grass (bnpe1'ata uylindrica) 
.andyoung trees (Damella oliveri, Entenda sp.and Oomoritum sp.). 
The field description of the soil profile at site 6 follows. 

CI-6-1 (51003) ; Heavy silty clay loam; dusky red (lOR 8/2) ; weak gran
~20 em. ular structure. 

CI-6-2 (51954) ; Silty clay; dusky red (7.5R 8/4); compound structure
~cm. granular, 1.mm. in dIameter, and angular nut, 1 em. ; .hor.\

zon .more plastic than horizon above. 

CI-6-8 (51005) ; Sllty clay; dark red (7.5R 8/6) ; structure similar to that 
88-70 em. of 01-6-2 but .not so strongly devel()ped; more plastic than 

01-6-2. 

01-6-4 (51956) ; Silty clay; red (7.m 4/8) ; very weakly developed angular 
70-110 em. or blocky structure (polyhedral to Aubert); less plastic 

than horizon above. 

01-6-5 (51957) ; Gravelly sllty clay; dark red (7.5R 8/6) and yelJowspots 
110-180 em. (5YR 6/8). 

Two thin sections of CI-5-2, which had some small pisolites, were 
examined. The observations follow. 

G-ro88.-Dark-:red to dark-brown, smallpisolites, 1 to 2 mID•.in di
ameter, are scattered in a lighter colored matrix. 

Micro.-The sections are sprinkled with small,. angular quartz 
grains of silt and fine sand size. Otherwise they show various degrees 
of impregnation with iron oxide. There are some oriented clay films 
and pore and crack fills that look like iron-stained kaolin. 

The dark, heavily impregnated bodies are not pisolites fonned in 
place. Some are rOlmded, but most of them are irregular; they seem 
to have no internal stmcture. They contain fewer quartz grains than 
the matrix and some contain none. They appear to btl detrital frag
ments of a fonner old crust. 

In most of the rest of the sections some structural organization can 
be seen-that of soil surrounding the crust fragments. Balls and 
other aggregates that are held together by a reticulate network of 
oriented day films commonly have thick skills of oriented clay or are 
impregnated around the edges with iron oxide. The clay films are 
in pores and surround some of the opaque crust fragments. There 
are some patches of small ag~regates that show the Dright~red color 
and high .refractiye index ana bIrefringenceof~oethite and some 
large patches of the same material precipitated m the soil matrix. 
These aremottles thatmay become concretions. 

Some of the concretionary fragments may contain traces of very 
fine gibbsite, but most of them are composed of goethite and hematite. 
The old crust fragments seem to be breaking down, and some of the 
iron :released is recrystallizing elsewhere as goethite. 

The particle-size distribution (table 18, p. 53) indicates some degree 
of stratification in the profiles at both sites. An the 11Orizons .havea 
high clay content. It is not certain that the larger percentages of 
clay in the 38 to 110 em. depth at site 6 can be interpreted as a textural 
B horizon. It :is possible that the lligher clay content is due in part 
to stratification. Some clay movement, however, is indicated by the 
oriented clay films observed in the thin sections. 

56 



The chemical data ;(table 19,p. 54) indicate that thesetwos6ils are 
not highly leach~, which reflects the contribution of materials from 
areas such as site 4. The mineralogical data (table 17,p. 50) in
dicate ,that kaolin is the princiJ?al clay mineral. In 01...;5-,5 no 
crystalline oxides of hoon or alummum wererecogniz~. This does 
not indicate an absence of iron oxide, however, for this horizon has 
a red c~lor; much of the iron may be in an amorphous, or very poorly 
crystalhzed, form. 

The thin-section studies show that fragments of the old, higher 
lying Cl'ustsare rehydrating and breaking up. At the same time, in 
other parts of the same horizon, goethite IS being. segregated and 
deposited and kaolin is being organized into oriented1ilms. 

TIle complete lack of boehmite and tlle relatively small amounts of 
hematite and gibbsite show that the late.dte-crust fragments reaching 
the lower part of the transect have been chemically altered. Whether 
boehmite and gibbsite have been lost by solution in .the drainage waters 
is Ilot l'elldily apparent. That iron oxide is beingrehydmted and is 
mobile is indIcated, but how much is being lost isnot known. 

Site 7 

Site 7 is between site 5 and the west ridge on which was the old 
laterite crust, or site 2. The elevation is 35 meters higher than the 
surface of site 5 and 200 meters lower than I3ite 2. :According to 
D'Hoore (1954), this intermediate-level.laterite is a typical example 
of "absolute accumulation." The lll.terite at this site is certainly 
younger than that at site 2 !lnd older than those at sites 5 and 6. 
Study of the samples was expected to explain the processes involved 
in the iron enrichment of the colluvial parent material and in the 
llardening of the surface llOrizon. A pit was dug at the lower edge of 
the laterite crust, the overall slope of which is about 7 percent. Field 
descriptions oftl1e samples taken from this pit follow. 
01-7-1 (51958) ; Hard laterite ernst of cemented colluvial material; 

0-180 em. lamhmted, pnrtieularly.near the surface. 
01-7-2 (51959) ; Softlaterite beneath the hard upper crust. 

180-180 em. 
01-7-3 (51000) ; Sample was taken ata depth of 200 em. ; soft, nonlndurated, 

180 em. + elnyey material. 

The area between site 7 and the low point of tlle transect,site 5, 
has an average slope of 13 percent and consists of cleepand friable 
soils. These soils contain laterite fragments that weJ'e broken oft' the 
edge of the crust here at site 7. 

TIle chemical anr(lysis of the three samples collected at site 7 is shown 
in table 20, together with the calculated mineralogical composition. 
Results of X-ray and differential thermal examilll1tions are given in 
table 17, p. 50. 

The cllemical composition as determined and the millel·11.10gical 
composition as calculat.ed are remarkably similar in nIl three sample8. 
The X-rny and differentiul thermal data agree with these findings 
except that they indicate more kaolin in 01-7--:2 thnn in the other 
horizons. Some of the alumina may be in an amorphous form. The 
presence of appreciable amounts of quartz, detected by X-r~~ di~
fraction and seen in the thin sections, shows that less of the silIca IS 
actually in kaolin than the calculation would indicate. Boehmite 

57 

http:calculat.ed


TABLE 20.-0hemical compo8ition and calculated mineralogical com
position of material /'romsite 7, Ivory Ooast 

Field and laboratory Nos. and 
depth in em. 

Constituent 

Total____________________________ _ 

CI-7-1 
(51958) 
0-130 

Ptreent 
21. 54 
1.20 

19.99 
45. 88 
10.97 

99.58 

1. 88 

50 
33 
16 
0 
1 

100 

CI-7-2 
(51959) 
130-200 

Ptretflt 
25.07 

1. 43 
19.34 
43. 62 
10. 50 

99.96 

2. 14 

49 
36 
11 
2 
1 

99 

CI-7-3 
(51960) 
200+ 

57 
31 

6 
4 
1 

99 

was not detected in any of the three samples by any of the methods. 
A trace of gibbsi te is present in CI-7-1. 

Thin sections of all three samples were studied, and the observations 
follow. The samples are described in order of increasing hardness. 

CI-7-3 

Gross.-Overall, the material is red and brownish red mottled with 
small, yellow and bright-red mottles. Some weak, or incipient, 
pisolites seem to be forming. 

M'icro.-The structure is very complex. Most of the arear:':the sec
tions shows birefringence; some of the birefringent materialiooks like 
iron-oxide-stained kaolin, but a substantial part of it is very red, has 
high birefringence, and may be goethite or hematite. Quartz grains 
that are generally angular and of medium-sand and fine-sand size are 
scattered through the sections, but they are scarce. 

Three or four heavily impregnated, almost black, concretionlike 
fragments are present. These could be fragments of the old crust. 
They are porous hl1t contain no quartz or gibbsite. 

The specimen is porous, and most of the pores are empty. The 
main feature is a mass of iron-stained kaolin, which is organized into 
little flakes and networks that are visible in polarized light. In some 
areas the kaolin has a reticulate pattern. In some of these reticulate 
areas and in other separate areas, the clay and iron oxide are in a 
regular circular pattern as boundaries of round aggregates. Most of 
these round agfITegates are more densely impregnated (redder) than 
the matrix outside, and many have a dark, almost opaque rim. Some 
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large,do.rk·red .areas are made up of t.hese balls of various size closely 
packed. In the paler areas the red balls are widely spaced in 0. matrix 
of yellow, claylike material. The red, translucent, l>irefdngent ma
terIal (goethite or hematite) is in the red balls and lines some of the 
pores and cracks. 

Cracks and pores are lined with prominent, thick clay skins and 
goethite coatings. Some of these coatingu are red stained, but most 
are pale yellow to orange. Associated with many of the coatings is 
a layer of isotropic material, high in iron, on the side away from the 
void wall, which indicates either the late movement of iron in gels or 
in solution or the weathering of kaolin and the residual accumulation 
of the iron oxide that formerly coated the clay. 

There are no concretions that seem to be formed in place, but the 
dense structure of the clay balls describedcnuld indicate the forma
tion of incipient concretions. Some areas in the sections are almost 
soillike, but iron seems to be accumulating either by moving in from 
above or by the weathering of clay. 

CI-7-2 
lh·o88.-The material is too broken up for accurate description ..It 

seems to be similar to01-'T-3 but is a little darker colored. 
Micro.-The material in the sections resembles 01-7-3. A large 

part consists of nets of small flakes of oriented, iron-stained clay. 
Much of this oriented clay surrounds balls of more densely impreg
nated material. More impregnation, and heavier impregnation, IS 

apparent, and the dense areas, or incipient concretions, hav:e more 
definite bOlmdaries than in 01-7-3. Many of the densely impregnated 
roundish aggregates have enlarged or coalesced. 

In general the material is less well organized than that in 01-7-3. 
There are fewer areas of clay and goethite skins, although these skins 
are fairly common and are large and pronounced in places, usually 
the lighter colored, less dense parts. There is more quartz per unit 
area than in 01-7-3, and some pockets contain more quartz than the 
average matrL.'{. The greater amount of quartz and the broken-up 
a,ppearance of the clay nets and clay skins suggest that there has been 
some decomposition of kaolin, resulting in a loss in volume and in the 
release of iron from a surface-adsorbed form to a free form. 

Some pore linings and crack fillings and some other spots consist 
of highly birefringent, red, goethite aggregates. A higher proportion 
of the void coatings consists of goethIte than in 01-7-3, where most 
of them appear to oe kaolinitic. 

oand D, 1?late IV, show the patchy impregnation, some loss of clay, 
the possible Incipient concretion formation, and the oriented networks 
and coatiugs of iron-stained kaolin and goethite. Similar features 
are present in 01-7-1. 

CI-7-1 
lh·o88.-The materirtl consists of dark-red and yellowish"red mottles 

of about equal area and size. There are a few pale-yellow and very 
dark brown, smaller bodies. The mottles have thm, dark-colored 
boundaries. 

Micro-The material resembles 01-7-2 and 01-7-3. Nothing in the 
sections looks like fragments of the old crust. Part of the material 
has a matrix of laminated clay, hut some of it looks amorphous or is 
very fine grained. Quartz grams are about as abundant as those in 
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01-7-3 andCI-7-2, but the distribution is locally patchy ;8ome areas 
have only a. few grains, hut patches with numerous. grains are more 
common. 

The main matrix inmost of the sections has less visible orient~d, 
birefringent material than tho matrix in the other two horizons. It 
is less porous, has a hi~her refractive index, and is more densely im
pregnared than that.in 01--7--3 and CI-7-2. 

The red areas are more continuous and more extensive than those 
in the two deeper samples. They are translucent and show some 
oriented clay nets; some show the 0011 pattern. The yellow areas 
seem to be more clayey than the red parts and have the boxy net 
pattern but no balls. The high refractive index, however, indicates 
a high iron content in the yellow mat~rjal, which is commonly well 
packed and free of pores. Some of the ext~nsive yellow areas contain 
Irregular, dense red islands, t',specially near the edges. There are a 
few heavily impregnated areas and definite concretions that are al
most opaque and probably formed in place. 

Clay skins composed of iron-oxide-stained kaolin are much less 
common than in C1-7·-2 and 7--3. Instead, a large proportion of the 
channel and J)ore linings consists of well-crystallized goethite, as 
shown in plate VJ,D. 

The chemical, mi.neralogical, and micromorphological studies of 
these three samples illustrate several processes responsible for harden
ing. Very few fragments of older laterite were found in the samples; 
hence, most of the iron must have been brought in as solutions or as 
gels in seeping water. Much local movement and readjustment of 
clay and iron oxide has occurred. Iron oxide has been concentrated 
in mottles nnd patches mid in pores, and it coat~ walJ of cracks and 
channels as well-crystllllized goethite and hematite. The amount of 
free crystalline iron oxide increases with increasing hardness. 

Some destruction and SQme rearrangement of kaolin has taken 
place. The destruction of clay can set free the iron oxide adsorbed 
on the clay particles so that it cnn recrystnllize ns an iron mineral. 
Some iron is nIso released concurrently with the movement of kaolin. 
The source of tJle iron probably was external, nnd hnrdening is caused 
by the concentrntion of iron minotoals in voids nnd in other places 
where they contributo rigidity end by tIle increase in cryst.'tlline, over 
amorphous, forms of iron oxide. 

As pointed out by D'Roore, the sites in the Bondoukon locality 
illustmte well the migration of iron from th high-lev('l 1:tterite of 
Tertinry age to younger laterites at successbely lower levels. Some 
iron comes down the slope in laterite fragment,,, broken from the 
edges of the peneplain crust, and some iron dissolves from the crust, 
and fragments anf! moves in solution. The relative import.ance of 
these two modes of transport must depend on local erosion and drain
age conditions. Crnst frngments are abundant in some of the lowest 
lying laterites in the transect, but the addition of iron in solution 
seems to have been most important at site 7. Some of the fra!!ments 
at lower levels may have coml'> from ernsts at intermediate levels, such 
as aI-I-I, rather thnn from the o]el mountnintop crnsto 

Solution seems to have completelv removed the alnminnm minemls 
or to have converted them to rrmornhous material. Gibbsite anf! 
boehmite are nbundant in the old hilltop cr11st, hilt. no boehmite and 
only tmces of gibbsite were c1etec/;ecl in any of the lower soils or 
laterites. ~ 
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Ghana (Gold Coast) 
Samples were taken from a site 53.5 miles west of Tamale on the 

road to Damongo. The primary question that was raised concerned 
the relation be.tweeu the upper and lower parts of the profile at this 
site. Some held the opinion that there is evidence of wind shifting 
since the landscape has a somewhat dunish character and in a few 
areas, where vegetation has been destroyed, the upper horizon has 
been removed ·by wind action, exposing the iron-rIch horizon. A 
secondary question concerned the role of termites in forming laterite 
by the selective removal of material for the construction of their 
mounds. The vegetation is open forest. A few termite.mounds are 
scattered over the landscape. . 

Field descriptions of the samples follow: 

G0-1-1 (51961); 5YR 6/2; fine sandy loam; weak, granular structure. 

0-10 cm. 


00-1-2 (51962) ; 5YR 7/3; sandy loam; very little structure. 

10-30 cm. 


00-1--3 (51963) ; Ferruginous gravel; mostly iron-oxld~oated schist frag
30-80 em. ments but a few quartz gravels. 

00-1-4 (519&!) ; Rotten schist. 

80-00 cm. 


These samples were taken in the bank of a road-material borrow pit. 
'There exposed for It few years, horizon GC-l-4 becomes a very hard 
laterite crust. Nearby, a sample was taken from a termite mound 
(GC-1-5) for comparison with the soil horizons. 

The particle-size distribution for the soil profile is shown in table 
21. The termite-mound materials were cemented; hence, the particle
size distribution was not determined. Ohemical data for the pl'ofile 
are given in table 22. Mineralogical data are shown in table 26, 
page 67. 

The upper two horizons are dominantly quartz. No other crystal
line material was detected by X-ray or differential thermal analyses. 
The two lower horizons also contain much quartz and, in addition, 
contain crystalline iron oxide in the form of goethite. Hera, it is very 
evident that hardening is a function of the crystalline goethite. 

GC-1-5 

A thin-section stuely was made of the material from the termite 
mound (GG-I-5). The observations follow. 

Gross.-The material is pale brown flecked with dark-brown and 
opaque spots. 

M·iaro.-Quartz gru.ins are distributed throuB'hout. The range in 
size is from 0.5 mm. through silt size. One-thIrd to one-half of the 
large and medium grains are rounded. The overall distribution is 
uniform, but there are pockets and channels where large, uniform 
grains are concentrated and other spots and channe1s where the fine 
Iterstitial material is concentrated. 

Except for obvious channels, the structure is very c10se packed. 
There are a few particles that look like weathered schist, a few 

fragments that look like laterite-crust fragments, and some patches or 
fragments of reddish, orientecl clay. There certainly :is no relation 
between the structure of this termite mound and the structure of later
ite, as some writers have proposed. 
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TABLE 21.-Partiele-aize distribution 01 materiaZ from lite 1, Ghana (Gold Ooast) 

Size class and particle diameter in mm. Other classes 

Field and laboratory Nos. pepth Very Coarse Medium Fine Very 
10 cm. coaNe sand sand sand fine Silt Clay 0.02

saud (1-0.5) (0.5- (0.25- sand (0.05- «0.002) 0.002 >2mm. 
(2-1) 0.25) 0.1) (0.1- 0.002) mm. 

0.05) 

Percenl Peranl Perct'" Peret.nt Ptranl PtTanl PtTunl PerCtnl PtTcentGC-l-l (51961~ _______________ 0-]0 O. 5 2; 7 12.3 2S. 7 17.6 30. 1 S. .1 13 . .1 1GC-J-2 (51962 ____ • __________ 10-30 2.5 4.9 .16.1 29. 5 14. 9 23.S S. 3 10.4 3GC-1-3 (51963) ________ ... ______ 30-S0 14. 0 17.3 12.3 16.2 8. 2 20.9 11. 1 13.7 1GC-1-4 (51964) ______________ ... 80-90 16. 6 20.2 10.2 13.4 6. 9 IS. 4 14. 3 12.4 1 
,-; 

TABLE 22.-:OhemieaZ and eaMon-exchange data for material fromaite 1, Ghana (Gold Ooast) 

Exchangeable cat.ions Cation- Degree
Field and laboratory Nos. pepth exchange of base pH Organic Nitro- C/N 

III em. capacity Batura- Carbon gen 
Ca Mg K Na H tion 

Meq., Meq., Meq., Meq./ Meq.,

llX1 g. llX1 g. llX1 g. llX1 g. llX1 g. Meq./llX1 g. PtTant Patent Pacent
GC-1-1 (51961) ____________ 0-10 3.0 1.4 0.1 <0.1 1. S 6. 3 71 6. 5 0.69 0.05 13. S

GC-1-2 (51962) ____________ 10-30 . S .5 <.1 <.1 2.0 3. 3 39 5. 6 .43 .04 10.7
GC-1-3 (51963) ___ - ________ 30-SO 1.6 1. 0 <.1 <.1 3. 4 6.0 43 6. 3 .12 .04 3.0
GC-:}-4 (51964) ____________ SO-90 1.3 1.0 <.1 <.1 3. S 6.2 39 6.1 .13 .04 3.2 
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The mineralogical composition of the mound material (GC-1-5) 
is also shown in table 26. p. 67. The material in the mound contains 
5 percent kaolin, but 110 goethite was detected. It would appear that 
termites brought some clay from below and used it in constructing 
the mound. 

Because the soil and mound material at. this site contains rounded 
quartz grains and some quartz gravel, it could not have been derived 
solely from the underlying schist. It appears that the upper horizons 
in the soil have been blown back and forUl and sorted and that the 
heavier particles are now in the lower horizons. '1'he chemical data 
suggest that a component with a high base status has been added to 
the surface horizon, probably by wind from the drier cOlmtry to the 
north. 

Dahomey 

Site 1 

Site 1 is at the southern edge of the city of Djougou and was de
scribed and pictured by D'Hoore (1954:, photos 11 and 12). Field 
descriptions of the samples follow. 
D-1-'1 (5100G) i 

40 cm. + 
Soft laterite, residual from 
depth of 1 meter. 

granite; sample taken at a 

D-1-2 (51007) Surface laterite crust overlying D-l-1 material but a few 
feet away from rond cut where D-1-1 was taken. The 
crust immediately above D-1-1 had disintegrated. 

..I;\.s pointed out by D'Hoore, a quartz vein passes at an angle through 
the lower part of this profile. There is no doubt of the residual nature 
of the soft laterite, but the partial collapse of the quartz vein shows 
that there was some change in volume as the granite weathered. There 
is evidence of some movement in the crust (D-1-2) before it was 
cemented into a hard rock. 

Both the particle-size distribution amI the chemical characteristics 
were determined for D-l-1, but no thin sections could be made since 
the material was too soft for clods to be collected. Table .23 gives 
the particle-size distribution for D-l-l and table 24, some of the 
chemical characteristics. Since the crust (D-1-2) was very hn,rd, only 
a total analysis and thin-section studies were possible. The total 
chemical analysis ofD-1-1 andD-1-2 is given in table 25. 

The observations of thin sections of D-1-2 follow. 
Gross.-The material consists of dark, dense pisolites in a lighter 

colored matrix. 
illiC'l'o.-The structure is complex, but there are many features that 

show the specimen's origin from granite. 
The specimen is similar to the specimens from sites 1 and 2, Nigeria, 

in many respects. It contains angular quartz o.f a wide range in size. 
Some of the densest, darkest concretions contain little or no quartz; 
others contain only very large quartz grains. Some of the quartzless 
concretions are somewhat porous, but the shape of the holes does not 
suggest that quartz was to.rn out of them. .A. few of the holes in some 
concretions are lined or fiJled with gibbsite; in a few of the concretions 
all the holes are gibbsite filled. 
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TABLE 23.-·-Particle-size di8tribution of material from site$land 93, Dahomey 

Size clMs Ilnd particle diameter in mm. Other clllSses 

Site, field, IlUd laboratory Nos. Depth Very Me- Fine Very 
in cm. coarse Coarse dium sand fine Silt Clay 0.02

sand saud saud (0.25- sand (0.05- «0.002) 0.002 >2mm. 
(2-1) (1-0.5) (0.5- 0.1) (0.1- 0.002) mm. 

0.25) 0.05) 

Site 1: Percent Percent Percent Percent Percent Percent Percent Perctllt P.rclflt
D-1-1 (51966) _____________ 100 9. 2 15.3 8. 2 16.4. 10.8 18. 2 2l. 9 10. 7 0 

Site 2:D-2-1 (51968)_____________ 0-18 3.2 15.5 16.9 30.0 12.1 13. 1 9.2 5. 7 10 
18-38 5. 0 14. 3 13.8 25.6 11. 2 12.8D-2-2 (51969) _____________ 17.3 5. 7 4. 

TABLE 24.--0ation-ernohange data for material f1'07n sites 1 and 93, Dalwmey 

Exchangeable catiolls Catiou- Degree 
Field aud laboratory Nos. Depth exchange of base pH Orgllllic Nitrogen C/N 

iu cm. capacity satura- carbon 
Ca Mg Ie Na II tion 

lI£eg./ lI(eg./ Meq./ Meg./ lIfeq./
Site 1: 100 O. 100 O. 100 O. 100 O. 100 O. lIfeq./l00 1/. Percent Percent Percwt

D-l-1 (51966) __________ (1)100 l.2 O. 4. O. 1 <0.1 5. 2 6. 9 34 5. 2 0.07 0.02 
~iLe 2:

])-2-1 (5H168) __________ 0-18 2.9 .8 <.1 <.1 2.1 5.8 54 5. 9 .68 .05 13 
D-2-2 (51969) __________ 18-38 l.6 .7 <.1 <.1 3.3 5.6 41 6.0 .50 .04 12 

I 

1 Not significaut. 
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TABLE 26.-0he,mical composition of materiaZ from site 1, Dahomey 

D-1-2 D-l...,l 
Constituent (51967) Hard (51966) Un

laterite crust derlying soft 
laterite 

PIT~fflt PercmtSi0 _________ - ________________________________ _ 

Ti03 	 _ 31>. 5131. 37 
3 	 1. 12 1.35AJ'03 _________________________________________ _ 

19.22 25.27}'e,OJ_ - _____ - __ - ____ . ____• ____ - ______________ _ 38.51 	 23. 72 
.085 .058

~lnO_____________________________ -____________ 
CaO _________________________________________ _ 
~IgO__________________________________________ <.1 <.1 
}(,O __________________________________________ - <.1 <.1 
~a20__________________________________________ .15 .16 
P 05__________________________________________ .06 .06 

.15 .042 _____________________________ • ____ _Ignition loss 9.10 10.15 
Total__________________________________ _ 

99.77 100.22 

The unusual feature of this specimen is that some of the densest 
concretions contain mnveathered muscovite. Others contain very large 
books and "worms" of well-organized kaolin. In other words, iron 
impregnated these areas at an early stage and protected them against 
further weathering. This can happen in many places where iron 
impregnates partly weathered saprolite. 

The matrix shows various degrees of organization. Quartz grains 
are not uniformly spaced but, on the whole, are more closely spaced 
than those in the concretions; locally there are pockets where quartz 
o-rains are very close togethe~' with only 11 little dark-red matrix 
~tween them. The morphology of these pockets indicates some loss 
in volume and some rearrangement of material. There are more 
small quartz grains outside the concretions than within them. 

In ~eneral, most of the matrix .is organized into networks and pore 
and channel linings. In the palest matrix, small chips of oriented 
clay are packed among quartz grains, oriented films are around the 
pores, and long oriented stringers run through the matrix, especially 
arollnd the edges of denser areas. lVIany of the concretions and large 
<;Iuartz grains also have oriented clay-iron-oxide. sirins in the matrix 
Just outside their botmdaries. The palest and least organized parts of 
the matrix are the more recent soillike material. Some of these areas 
contain denser red spots and goethite pore linings, indicating recent 
iron movement. 

The numerous large stringers of oriented goethite or goethite-kaolin 
throughout the mutri.x in addition to those along the boundaries of the 
conc.retions are important. In some places they run along the con
cretion boundary and then continue beyond it. Much of this oriented 
material is ye11o\"ish or pale red and looks like iron-stained kaolinite, 
but some o:f it is bright red and has high birefringence (geothite or 
hematite). One of these boundaries and other features of iron-oxide
clay arrangement are shown in plate V, D. 
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Most of the concretions definitely were formed early because there 
is no continuity of structure across boundaries, but there is some cur
.rent concretion formation in place, as shown by the densely impreg
nated areas with slightly diffuse boundaries. Some of these areas 
enclose the old concretions. In a few places the old concretions are 
embayed, haven porous appearance, and seem to be breaking up. 

At the present time, site 1 is slightly below a broad ridgetop. What 
its topographic position was when the weathering oftlle gramte began 
is not known. This is a very old laterite remnant, and the landscape 
may have been inverted. The ridge is now in this position because 
its laterite capping protected itirom erosion. 

The formatIOn of this laterite appenrs to be a clear case of early 
impregnation of a weathering granite by iron in solution. The iron 
probably came from a decomposing laterite in a higher geomorphic 
position. The sealing of lUlweathered mica and the books of kaolin 
III the iron-coated capsules prove the early impregnation with iron 
and show that iron was added rather than removed. 

By using the data in table 25, if we ussume thut the hn.rd laterite 
crust was fot"med from D-1-1 by the enrichment of each 100 grams of 
soil by 28 grems of F~03 as FeO· OH, then we C!Ul calculate values 
for the principttl constituents in D-1-2. They are-Si02 , 30.7 per
cent; Ti02 , 1.05 percent; A120 3 ) 19.5 percent; Fe203) 38.6 percent; 
and H 20, 10.1 percent. These results agree well with the determined 
values {md ~ive further evidence of the ea.t·ly iron impregnation and 
the preservmg, or "freezing", of the whole mass. Throu~h a long 
time geologicnlly, this Interite resisted decomposition until it was 
finally broken up by physicn.l processes when the surrotmding land
scape wns lowered. 

Site 2 

Site 2 is 2 miles south of Tchaourou. The soil is a shallow soil over 
laterite. It seemed to be forming by the disintegration of a previous 
hard lute.r:ite crnst. The vegetation is bush &tvanna. The lield de
scription follows. 

D-2-1 (51968) i Structureless sanely loam; 7.5YR 3/2 (moist). 
0-18 cm. 

D-2-2 (51969) ; Sandy loam; 5YR 4/4 (moist). 
1S-38 cm. 

D-2-3 (51970) ; Ferruginous gravel and cemented rock fragments; we did 
38 cm. + not have tools that would dig into it. 

The p:.uticle-size distributiull (tBd the cllemical data for this profile 
are given in tables 23 and 24. The minemlogical data are given in 
table 26. 

The question raised by the mission was whether tile soil is being 
formed by disintegration of the laterite by weathering processes aided 
by vegetntion. It would seem that this is not taking place here. 
The uppermost horizon (0 to 18 em.) shows only quartz and a small 
amOtUlt of kaolin us crystalline constituents: but the second horizon 
(18 to 38 em.) contains, in addition to these t\yO compounds, a large 
amonnt of feldspar. The underlying laterite in turn contains no feld
8pnr. This is a stratified deposit of two different materials overlying 
a laterite crust. 
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'l'AIlf~E 26.-:llinemlogical c01nposition oj Zate1'ite samples jr01n Dahomey and Ghana (Gold Ooa.st) 
[Perccntages based 011 dlfTercntial thermal antilysis. Relaih'c amounts based on X-ray diffraction; x indicates detected; xx, moderate 

amount; xxx, abundant; and xxxx, dominllllt. Leadcrs indicate that mineral was not detected) 

Gibbsite I Goethite I Hematite I Feldspar Quartz Anatase
Field and l!\horatory Nos. Kaolin 

Puctllll)n1!omey: xx x 1__ ' ... _--- xxD-1-1 (51!l00} __ ... _.• _____ - ••••• - 40 xx • ____ . _._ xx I. ______ •• _ 

10 x])-1-2 (51Vt,i7) ••..••..•• --.-.' .. - x 
xxx 

])-2-1, (51!lOS). ___ .-. ----.-- - .... ---- ~ I: == ~ === -~ t=~ : -_. ---1----- -----1. -." --- --x.xx xxxx
D-2-2 (51!l0!l)._. .--_ •• --- ........ --  xxxD-2-3 (51970) ___ _ 10 ,"," ~--I,... ------ .~ ... I ... ------ ... --

Ghana (Gold Coast): xxxx
G0-1-1 (51!l61) ...... xxxx".., ..... 1~.,. _ ... - • .-< ...... _1 ........... G0-1-2 (51!l(i2) ... X I __ ~ .~~ ..., ..... _1·. xxx 
GC-l-3 (51903) x xxxxx00-1-4 (51!lIH.)_ .. - - 5 1. _________ 1__________ 1••• ------1-.-------- xxxx
G0-1-5 (51965) •• _..... 

~ 




Ni8eria 

Site 1 


Site 1. is in a quarry .south o.f the highw. ay that passes through the 
experiment station at Samaru (Jig. 2). The site has been much ex-

FlOUR!: 2.-Skl:tch of the quatry face at Samaru. Nigeria, from which the sam
ples at site 1 were taken. Site 2 is similar to site 1. 
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&mined by the station staff and by visitors to the station. Here is all 
example of an old-peneplain laterite that was formed directly from a 
coarse-grained granite. This site was. described and illustrated by 
D'Hoore (1954, pp. 61, 62). Our neld description follows. 
N-1-1 (51971) ; Hard laterite crust of the residual-peneplain varletyuta 
~. highpoint in the landscape; it is being disintegrated; there 

are some large cracks in which vegetation is growing. 
N-1-2 (51972); Partially hardened laterite; material is taken from this 

80-160 Clll. quarry for building stone and can be shaped rucelyfor 
building blocks; .much quartz from collapsed veins. 

N-1-3 (51973) ; Botten .rock !rom granite; .not partially hardened as above, 
100-300 Clll. but more Clayey. It was thought that there were partially 

decayed feldspars present. 

The question raised here concerned continuity and comparison be
tween horizons. Here we have an old peneplain surface crust, a Bu
chanan laterite, and decomposed .rock. 

The only one of these three horizons that is not cemented is N-1-3. 
The particle-size distribution of this horizon is shown in table 27. The 
chemical composition of the three horizons is given in table 28. Min
eralogical determination by X-ray and differential thermal procedures 
gives the data shown in table 29. Thin sections were made of ma
terial from all three horizons. The petrographic observations follow. 

N-l-3 
Two sections were made of clayey fragments 2 to 3 cm. in diameter. 

'1'he other fragments were harder and 0.7 to 1.5 cm. in diameter. The 
arrgregates were piled in a dish, impregnated, and cut at random. 
This procedure was successful, but the aggregates sectioned may .not 
be representative. They may have been already pretty well '"later
ized." 

Gross.-The m!1terin.l is pale red with some darker and lighter 
mottles . 

. illiO'l'o.-Quartz is very abundant-estimated to be at least 30 per~ 
cent of the area. of the section. There is a ..,vide range in grain 
size-1 grain 7 mm. in diameter, several grains 4: mm. in diameter, 
the average large grain about .2 mm. Then there is a gop-p in size dis
tribution, and !1 large number of grains are 0.01 to O.OB mIll. in diam
eter. Quartz makes up more than half of some areas, but it is not 
uniformly distributed. 

Some areas contain only a few 2-mm. quartz grains, and the .re
mainder consists of large books !md vermicular aggregates of well
organized kaolin. In these areas the clay is in the roughly rectangu
lar network orocclU"S as large packets of well-crystallized kaolinite, 
pale in color. There are some clear kaolinite aggregates with large 
laminae that have It rectangular shape, indicating feldspar replace
ment. There are thick clay skins in pores and cracks, and clay skins 
of various sizes are :f!urly common. 1<!ucll of this kind of matrix 
is typical kaolin-rich, granite-derh-ed saprolite. 

The areas contailllllg the small qun,rtz grains also conblin the most 
total quartz and may be material tllat was moved in by aninlllls, by 
tree throw, or by slmup. The material is definitely soi1like in ap
pearance. The matrh: between tlle quartz grains is mostly kaolinite 
with various degrees of iron staining and various degrees of orgllni
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'l'Am..E 27.-Pm'lic7e-size dist7'ibution and orga7tia om'bon in material from four site8 in Nige7'ia 

Size class and particle diameter in mm. Other classes 

Field and laboratory Nos. Organic Very Coarse Medium Fine Very
('arbon coarse sand sand sand fine Silt Clay 0.02

sluid (1-0.5) (0.5- (0.25 sand (0.05- <>0.002) 0.002 >2mm.(2-1) 0.25) 0.1) (0.1- 0.002) mm. 
0.05) 

N-1-3 (51073) _________________ Percent Petc,,!1 Percenl Percent Percent Percenl PerceTlt PeretTlI Percwl Percinl0.07 9. 1 14,3 5.6 8.2 9.5 22.4 30.9 11. 7 0N-3-1 (5HJ75J-------" _. _____ .02 0 .8 1.4 5. 5 6. 3 27.8 58.2 21. 5 0N-5-1 (51082 _•. _ •. _._. _____ .37 15.7 0.1 a.4. 6. 0 5. -1 20.0 40.4 11.8N-5-2 (51083 _'. ________ • __ . __ 20.0.40 25.8 16.5 7.0 10.8 6.8 14.4 18. 7 7.8 la.ON-7-1 (51!l8(j~---.--------- .•_ 2.14 4.8 1.7 1.2N-7-2 (5H187 __ .. ______ ••• ____ 3. 0 5.0 44.3 40. 0 20. 0 28.0.30 10.5 6. 3 2. 6N-7-3 (51988 ___ ..________ .._. 4.1 4.1 25.9 46.5 16. 1 14.0.17 4. 0 a.o 1.4 3.4 5. 2 36. 1 46.9 24. 0 2. 0 

http:0.5-(0.25


TABLE 28.-0hemicaZ compositiO'n of material from site 1, Nigeria 

Fjeld and laboratory Nos..and 
depth in em. 

Oonstituent 
N-l-1 N-1-2 N-1-3 
(51971) 

0-80 
(51972) 
80-160 

(51973) 
160-300 

Si0 __ - _________________________________ PeTct1lt Percent PeTcent 
2 35.57 55.15 .67.31Ti02 ______________ ________________~ 

1.39 1.11 .89Ah03 _________________ . ___ • _____ . ___ : ==:Fe:03 ___________________________________ 18.84 21. 41 18.37 
33.94 13.70 6.27Ignition loss_________ • __ •____________ . ___ 10. 11 8.92 7.05 

Totw___ - ________ . ________________ 
99. 85 100. 29 99.89 

OJ ____ • ____________ .• __
H2O (loss at 1100 1.46 1.16 .63 

zation and orientation. Where quartz grains are ablmdant, ilie 
matrix seems to be heavily impregnated with iron oxides and is 
somewhat or~anized in oriented films. 

In part of one of the Itlrger blocks, the texture looks gneissic; the 
quartz grains are all alinecllll one direction in regularly spaced rows, 
and the interstitin,l material is ttlmost opaque and probably is hema
tite. Qun.rtz in saprolite in. North Carolina that has tlus appearance 
has been identified as secondary quartz by the junior autllOr. 

There are 110 feldspars in the rotten rock as suggested by the field 
examination, though a few scattered grains of unweathered muscovite 
were seen. 

N-1-2 

No larF'e blocks fromiliis horizon were available, so all sections 
were maCle of aO'O'reO'H,tes. 

01'088.-The ~at~rial is red, yellowish red, aue1 brown. Most of 
the aggreg!Ltes are of one color, but some are mottled within. 

111i01'0.-The material in the sections generally i:.. somewhat similar 
to that of N-1-3. There is the same irregular distribution of quartz
large grains widely spaced in the areas with saprolite structure and 
abundant small gmins more closely spacecl in the soiUike parts. The 
matrix consists of laminae of oriented day and of tluck clay films in 
pores. Some of the aggre~ates have moderately tluck skins of ori
ented, iron-stained clay iotners llave no regular boundary. In some 
areas there are large, thick books and vermiculaeof kao.lin, wruch are 
generally associatecl with the large quartz grains. TIley appear to be· 
somewhat broken up and are more heavily impregnated WIth iron ox
ide than those in N-1-3. One of these areas of coal'se Imolinite in 
which iron-oxide impre~nation is beginning is shown in plate II, B. 
The adjacent dark pOl'bon is a heav11y impregnated fiUing. 

In places there is free crystalline gibbsite, notably in cracks in 
quartz grains, around the sudace of quartz grains, and in and nea.r 
.some of the packets of kaolin books. In the latter places the gibbs
ite ser\'es as evidi3l1ce of tlle fate of the Imolinite-kaolinite :is de
composing, iron is released from the surfaces, and some of the kaolin 
is moving out and forming clay skins in the vicinity (pI. III, A). 

There are a few densely impregnated, concretionary bodies. These 

71 



_________ 

tj TABLE 29.-Mineralogical composition of samples from eight sites in Nigeria 

[Percentages based on differential thermal analysis. Relative amount..s based on X-ray diffraction; x indicates detected; xx, moderate 
amount; xxx, abundant; snd xxxx, dominant. Leaders indicate that mineral was not detected] 

Site, field and laboratory Nos. Kaolin I Boehmite I Gibbsite I Goethite Quartz Feldspar I Hematite 

Site 1: 
N-l-l (51971) _______________________ ~ ___ _ Percenl Perctnl 
N-1-2 (51972) ___________________________ _ 15 x X xx· xxx

30 xN-1-3 (51973) ___________________________ _ x xxx
40 x xxx 

N-2-1 (51974) ___________________________ _ 
Site 2: 

20 . _________ _ x x xx . __________ . _________ _
Site 3: 

If-3-1 (51975) ___________________________ _ 
x .__________ . __________ ._________ _N-3-2 (51976) ___________________________ _ 85 1----------.--_______ _ 

20 xx . __________ . _________ _
Site 4: xx 

N-4-1 )51977)____________________________ 40 __________ 5 __________ x ____________________ 
N-4-2 (51978)____________________________ 40 __________ 5 __________ x __________ J: 
N-4-3 (51979)_.___________________________ 35 __________ 15 __________ x ___________________ _ 
N-4-4 (51980) ______ ------________________ 30 __________ 35 _______________________________________ _ 
N-4-5 (51981) ____________________________ --________ __________ __________ __________ __________ x _________ _ 

Site 5: 
N-5-1 (51982)____________________________ 30 __________ 5 x. 1 _________ _ xxx ._________ _
N-5-2 (51983)____________________________ 35 __________ 5 xxxx . __________ •_________ _N-5-3 (51984) _________________________________________________________ _ x x ._________ _ xxx ._________ _

Site 6: 

N-6-1 (51985)____________________________ 5 • _________ _ 
 xx . __________ . _________ _x xxx 

N-7-1 (51986) ___________________________ _ 


Site 7: 
x . _________ _ xx • __________ ._________ _ 

~-7-2 (51987) ___________________________ _ 10 1------ ___ _ 
x •_________ _N-7-3 (51988) ___________________________ _ 30 X ,_,... ________ 1 _ 

N-7-4 (51989) ___________________________ _ 30 -- - -- - - - - -._- - - - - - - - -1- ______ __ _ XX 1_________ _1__________ 

30 x . _________ _ x . __________ • _________ _
Site 8: 

N-8-1 (51990) ___________________________ _ 15 . _________ _ x . _________ _5 xx J: 



formed locally h' they seem to contain the same kind of quartz grains 
as the rest of t e sample. Clay or iron oxide has movad .into cracks 
in ilia quartz grains, especially in the large compound w..-ains. In 
~neral, N-l~2 is somewhat more heavily impregnated WIth iron ox
Ide than N-l-l, 

N-I-I 

Gross.-The sample is a typical example of hard laterite crust. 
It is brownish and yellowish with dark-brown and dark-red concre
tions or pisolites. Paler, yellowish areas look like fill in holes. 

Miaro.--'-:From the appearance of the quartz, this crust is undoubt
edly derived fwm N-1-2 and N-1-3. The quartz grains appear to 
be more closely packed, indicating loss in volume as a result of the 
decomposition of kaolin. 

The concretions are more or less oval or round in a groundmnss 
that varies in dCIl':1ity but is somewhat less dense than the concretions. 
About half of the concretions obviously formed in J?lace; they have 
the same arrangement of quartz grains as the matrlx in N-1-3 and 
N-1-2. Other concretions contain somewhat less quartz than the over
all average, and. the quartz grains are larger. These concretions ap
pear to be dCl'i'{"Jd from the parts with saprolitic characteristics such 
as the kaolinite books. Other concretions are devoid of quartz grains 
and have holes and circumferential shrinkage cracks with gibbsite in 
some of the holes. All the concretions are lmiformly heavily impreg
nated with iron oxides. Only where the section is very thin are they 
translucent; in such places blrefrin~encc can be seen m the form of 
la~inat~d goethite aggregates and m masses without any particular 
orlentatlOn. 

The concretions have little internal structure except for a stacked
ball structure in some, gibbsite-filled cracks in some, and clay 
(co1101c1) flow effects in a few. In many the holes are lined with very 
small «2 microns) birefringent crystals, probably hematite. 

Development of the concretIOns is illustrated in plate III, Band D. 
B is a small-scale view showing iron moving from the light-colored 
areas with some accompanying collapse. D shows at higher magnifi
cation n boundary between the two phases. 

The matrix in some places is distinguishable from the concretions 
only by the degree of impregnation. r.rhe distribution of quartz 
grains varies, but on the average the grains are somewhat more 
abundant than in the conCl·etions. More colloid-flow structure is 
visible as birefringent films of clay or goethite, or both, around pores 
and cracks and in a reticulate pattern throughout. Almost all the 
matrix is birefringent. Some areas with few quartz grains consist 
of large masses of oriented clay-goethite, lemon-yellow ag~-egates. 
Plate V, A, shows one of these channels completely filled wlth well
crystallized goethite, possibly mixed with clay. 

Some large pore or crack fills are very high in quartz; they have 
no oriented material and are pale yellow, and the walls are heavily 
.impregnated. These fUls are probably recent. 

This material may have been sli~htly reworked because of slump 
or creep, tree throw, or the actlOn of tree roots or burrowing 
animals. This is suggested by the appearance of the material in thin 
sections; in N-1-2, N-1-3, and perhaps also in N-1-1, two contrasting 
materials can be seen: (1) Saprolite that contains kaolin books, 
coarse quartz grains, and other evidence of granitic origin; and (2) 
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more 'homogeneous, soillike material that has u, reddish chy matrix 
and contains finer quartz and some thin to moderately thick, iron
oxide-stained kaolinchty skins. 

The evidence of some disturbance does not affect our interpretation 
of the cause of hardening since both materials weather and lose 
kaolin. .An important factor is the movement of iron into the bodies 
or arens that were" saprolitic. These bodies accumulated iron by 
"condensation" within themselves as kaolin weathered or moved 
out, but they also were porous pockets into which iron in solution 
could move. In N-1-3 these bodies are porous and spongelike. In 
N-1-2 the weatherinO' kaolinite is clearly visible with the accom
panying formation of gibbsite,; hematite, or some other iron oxide, 
has crystallized around the edges of the kaolinite plates. In N-l-l 
few kaolinite plates can be seen, but the saprolite-derived bodies can 
be recognized by the large, ragged quartz grains. Tllese bodies have 
become the densest, blackest concretions. 

This set of samples from site 1 is one of the most enlightening that 
we examined. The crust has a relatively high concentration of goe
thite and a low concentration of kaolin as compared with the under
]yin~ softer material. Iron has accumulated by the removal of kaolin 
and has been concentrated locally by moving into lllaces vacated by 
kaolin. The soft Buchanan laterite has essentially the same mineral
ogical composition as the rotten saprolitic rock just above the parent 
granite. Kaolin concentration increases with depth, whereas hydrous 
aluminum oxides (boehmite and gibbsite) have their highest concen
tration in the surface crust. Apparently desilication of kaolin has 
taken place here, although not to the extent that it has in the old-pene
plain crll,sts in the Ivory Coast. 

This pattern of the concentration of iron into pisolites, leaving the 
collapsed areas rich in quartz, shows well tIle pisolites mixed with 
quartz sand so often seen in residuum from granite in tropical coun
tries. Also here, as in other places, the movement and orientation of 
kaolin is pronounced, showing the persistence of features inherited 
from saprolite and soil. 

Site 2 
Site 2 is about one-half mile from site 1 on the same old, hard 

penel?lain, but the crust (N-2-1) is in a more advanced state of decom
positlOn, or breakup, than N-l-l. The mineralogical data for this 
crust sample are given in table 29. Four thin sections were examined. 
The observations follow. 

G!1·o88.-0verall, the specimen is medium brownish red with lighter 
and clarker areas, both of which seem to be concretionary bodies. 

illiaro.-There is a noticeable variation in composition and in struc
ture on both large and small scale, but on the whole the specimen 
closely resembles ~N·-l-l. 

Quartz is abundant and varies somewhat in grain size andin COll

centration from place to place. It is mostly in the form of angular 
chips, 0.065 mm. and less in diameter, but some chips are as much as 
0.6 to 0.7 mm. 

The darkest, densest "concretions,P some of which are opaque, 
contain little or no quartz. Some of these concretions hav:e ang~llar 
holes, however, and there is a chance that quartz fell out durmg grmd
inO', since the concretions may have been too dense to be penetrated 
by""the plastic. 
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Most of the rest of the specimen consists of quartz surrounded by 
organized clay with vadous deO"rees of iro11 impregnation. The clay 
is organized mto the rectanguYnr, boxy network so commonly seen. 
In plnces it is in elongated bodies; the orientlltion. is more stt·ongly 
developed along one direction than another as if fo11owinO" old, col
lapsed channels. Oriented skins along channels and aroundpores are 
common; some are very thick and completely fill theclltumels. 

Over this clay, or in it, is the ulmost amorphous, dense iron oxide. 
In some plnces it is continuous and solid; in others it is in isolated 
bulls. and irregnlar bodies with greatly varied density of spacing. 
Many areus with definite boundaries consist of irregular spots and 
patches of the brown, high-iron material in a matrix of trnnslucent, 
yellow, clttylike material. Manl of the dense concretions nppear to 
have translucent, less opaque cllulmels working in from the edges. 
Much of the appearance of the section suggests thnt iron is being re
moved or at least is being converted to more hydrated forms. 

Quartz O"rains, c::lpecially the larger ones, seem to be loose in holes 
in mlLny p1aces, and many 1utve a skin of clear clay around them. 

LQcaHy, there arc traces of gibbsite in patches, usually nestled in 
spaces around thequurtz and in other small spitces. 

The materials from sites 1 and 2 which are almost one-half mile 
apart, are simihtl', but N-2-1 redects a more advanced stnte of 
decomposition. This material was not being used for building 
mt\terial. 

Site 3 

Site 3 is located near the railroad station at Hoss at nn elevation 
of about 4,000 feet. Here, a valley that contained alluvial materials 
rich in tin hncl been fUled to a considerable depth by lava flow. In 
tilOe, the lava weathel'ecl completely down to the tin-be!U:ing alluvium. 
The sudace wns peneplained, nnd It laterite crust about 10 meters thick 
developed. The hndscape was dissected, ancll1- number of peneplain 
l'emn[ll1ts that were protected by the laterite cnp were left standing in 
the recut valley. Some of these remnants cover valuable tin deposits. 
By the time the mission visited the site, one remnant had beqn removed 
to get at the tin ore. 

Field descriptions of the two samples tnken at this site follow. 
Olay at l{iO feet below the !:mrfnce; the material is mottled 
with 11 runge in color from lIur[llish to grny. 

N-3-2 (131976) 	 Hnrd laterite crust from ncar the surface; It uppears to be 
Il l'csi(lual laterite formed by the weathering of busalt, 

N-3-1 (G1975) 

1~-3-1 

The particle-size distribution of N-3-1 is givl'u in table 27, page 70, 
The mineralogical composition is shown in table 29, page 72. Thin
section studies were :tlso made, and the obseryations follo\v. 

Gross.-The material is mostly piSOlitic in appeal'o,nce, The piso
lites are closely stacked, and there is very little matrix. Most of the 
pisolites have a brown or dark-red center that, is surrounded by a bolt 
of brownish or pinkish gray and then by a thin, purple or dark-red 
skin. ' 

Mio1'O.-}\[uch very complex st.ructure is visible; the material is 
mostly vory fllle gminecl and hns very fine structural detail. The com
position is kaolinite, goethite, possible hematite, and some amorphous 
material; a few small pockets of montmori.llonite were seen. 

660881-63-0 
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In a typical concretion the center is diffuse, not a nucleus, and con
sIsts of brown, partly opaque material. 'Where diffuse enough, indi
vidual dark-red, birefringent equidimensional grains, aoout one 
micron in diametel', that probably are hematite can be seen. Outside 
the center and blending with it is very fine grained, unstained clay 
that is organized into nets or lamellae onJ.y locally. The concretions 
have dark rims similar to the interiors. The rims are very thin, almost 
continuous bands, opaque where the section is thick but showing very 
small, birefringent, red grains where it is thin. Most of the concre
tions are more or less like this, but some. are lopsided and irregular. 
There is some. variation in the amount of red and brown material 
inside the concretions and in the thickness of the skins. The iron miu
eral is most concentrated in the center and gradually decreases in 
density outward. 

Some of the concretions have a more or less radial, crack pattern 
in the middle. In these concretions the iron-impregnating mineral 
seems to be concentrated near the opening. In some concretions the 
cracks have a later filling of white kaolin but most are empty. 

Scattered round holes are lilled, or 'partly filled, with regularly ar
ranged, annular kaolin. The kaolin m the rings is oriented perpen
dicular to the walls, but the rings are parallel to the walls. 

Some structure inherited from the lava is apparent. Laths that 
were feldspar crystals now are mostly voids. Many liUle hairlike 
bodies, darker than the mass, seem to be amorphons. The lava was 
basic, mostly ~lassYi and very vesicular, and it contained small needles 
and laths of pJagioc ase. 

Between the concretionlike bodies and, in a few places, even within 
them, there is much colloid-flow structure and many rhythmic pre
cipitation effects such as alternating bands of clean kaolinite and Iron 
oxide. All the kaolin is very fine and uniform in size. It differs from 
that commonly seen in that the small plates of kaolin are usually 
lined Up perpendjcu]ar to the bands, rather than parallel, indicating 
that it was crystnllized in place from solution. 

N-3-2, LATERITE CRUST 

lrl'o88.-The sections have an overall dark-brown appearance: a 
mass of very dark brown to purplisl1 concretions and irregular masses. 
Some small areas are li!5ht brown and rust colored. There are a few 
dirty white and gray 1101e fillings and numerous small holes and 
cracks. 

l11i01'o.-For the most part, the material is almost opaque, especially 
the very dark brown areas; it is crystalline, however, becnuse bire
fringence can be seen with strong light. No particuhtr structure can 
be seen in most of the section. The objects that appear as holes to the 
nnked eye are of several kinds: some are empty and some not; some 
have the lath or rectangular shape of feldspar crystals, but most are 
irregular. The relict basalt structure is visible mostly in small bodies 
with round outlines. ~rost of the laths are empty. Where present 
the fillings are colorless to yellowish and have very little birefrin
gence; in places, howevm:, there are some oriented clay lnminae, which 
suggests that the contents consist of fine-grained kaolin. 

In some of the less opaque and lighter colored areas, clay is the 
most abundant constituent and the iron oxide is in the form of a net, 
or cellular arrangement, enclosing rotmdish areas of clay. 
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In many of the holes, there are small, l"Olmd, almost opaque bodies, 
2 to 5 microns in size, imbedded in the kaolin. Some of the holes are 
almost filled with these bodies. In other holes, the opaque bodies are 
scattered in the middle and increase in number toward the edges, 
becoming almost continuous. In a given hole, they are all the same 
size. Their size, roundness, !lind spacing suggest an organic origin. 
In some places, large areas showing the lath structure are densely 
sprinkled with these small round bodies. 

Some of the less opaque, or less densely impregnated, areas show 
colloid-flow structure and birefringence. Goethite crystals lining the 
walls of the cavities are common (pI. VI, C). 

This crust was derived from material similar to N-3-1; it still 
contains features similar to those of the underlying: clay. The lava 
probably was coarser and more varied in crystal SIze, however,and 
the crust contains more relict :feldspar laths than the clay. Some 
features such as possibly relict clay skins suggest that tills crust may 
once have hacl some soil characteristics and did not form directly as 
a hard crust. The irregu1ar distribution of the a,rens with feldspar 
relics suggests that the lll.va p!"oba~ly was the aD. type and consisted 
of a mixture of coarse crystallIne clmkers and glass. 

Both the laterite crust and the clay are residual from basalt. Both 
still show enough rock structure to identify the rock and to determine 
its gt"ain size. The clay is dominantly kaolin with some goethite and 
possibly some hematite. The laterite contains much larger proportions 
of goethite and hematite and a smaller amount of kaolin. ..A.luminum
oxide minerals are not present in either the clay or the laterite crust. 

Site 4, 

Sit{l 4 is also near the station at Ross.; it is approximately 2 miles 
north of site 3, on higher gr01md and on a more recent lava flow. 
Rainfall is about 56 inches a year) und there are wet and dry seasons. 
A profile of. a red soil that looks like the Davidson and Aiken soils 
of the United States was sampled. The sample was taken at the 
lower edge of a cultivated .field. Field descriptions of the samples 
follow. 
N-4-1 (51977) ; Granular clay loam; 5YR 3/4 (moist). 

0-25 cm. 

N-4-2 (51978) ; Blocky clay loam that breaks into granules; 2.5YR 3/4 
25-55 cm. (moist). 

N-4-3 (51979) ; Clay with blocky structure; 2.5YR 3/4 (moist.). 
55-79 em. 

N-4--4 (51980) ; Rotten rock. 
79-100 cm. 

N-4-5 (511)81) ; Parent basalt. 
100 em. + 

The blocky structure is not so well developed as in the Davidson 
soils. 

The particle-size distribution for the four horizons of this profile 
is shown in table 30. Note that the lowest clay content recorded is 
about 50 percent. Table 31 shows the cation-exchange characteristics, 
the proportion of organic carbon, and the pR. The mineralogical 
composition is given in table 29, page 72. The rotten rock, N-4--4, 
!!ontains approximately equal amounts of kaolin and gibbsite, and no 
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TABLE 30.-Pm'tic;(e size distribution of Low-Humic Latosol samples from site 4, Nigeria~ 
Size class and particle diameter in mm. Other 

IField and laboratory Depth in Very Coarse Medium Very fine SiltNos. cm. coarse salld sand Fine sand sand (0.05- Clay >2mm. 
sand (1-0.5) (0.5-0.25) (0.25-0.1) (0.1-0.05) 0.002) «0.002) 
(2-1) 

Percent Percent Percent Percent Percent Percrnt Percenl PercrntN-4-1 (51977) ___________ 0-25 3. 5 2.1 0.8 1.4 2.4 28. 7 61. 1 <mtlN-4-2 (51978) ___________ 25-55 .6 .5 .3 .6 .9 24.5 72. 6 2N-4-3 (51979) ___________ 55-79 1. 0 .6 .4 .8 1.4 25.6 70.2 6
N-4-4 (51980) ___________ 79-100 5.7 4.3 1.4 2. 2 4. 2 31. 7 50.5 4 

TABLE 31.-0hemical data. for Low-Humio Latosol s{lmples from site 4, Nige1ia 

Exchangeable cations 
Field and laboratory Depth in pH Organic CIN 

Nos. cm. carbon 
Ca Mg Na K H 

Percent Meq·IJOOg. lIfeg./JOO U. I "'feg./JOO g. Meg.IJOIJg. lIfeg·IIOO g.N-4-1 (51977) ___________ 0-25 4.6 1. 42 12 1.0 0.7 <0.1 <0.1 17.7N-4-2 (51978) ___________ 25-55 4. 6 1. 34 13 .6 .4 <.1 <.1 17.9
N-4-3 (51979) ___________ 55-79 5.2 .74 12 .8 .3 <.1 <.1 Iii. 2 
N-4-4 (51980) ___________ 79-100 5.5 .66 13 .9 .4 <.1 <.1 14. 8 

http:0.1-0.05
http:0.5-0.25


other crystalline minerals were :found. In the upper part 0:£ the profile, 
the kaolin content is greater and there is almost no gibbsite. 

Since this soil occurs OIl n slope below soils thnt IU'e derived from 
~mnite, it is not surprising tImt some quartz nppCltrs in the ul?per 
llorizon. 'l'his soil is more lntosolic than the Dlwidson Ilnd A1ken 
soils mentioned eltriier. It is more nearly like S01M soils in HILwnii. 

Site 5 
Site 5 is just south of the crossing of the highway and the railroad. 

between Hoss ancllfltipong. Silmplcs were taken from this site be
caUSe it Ilppellt'ecl t11(lt lI'd[l oxide is 'fl~plllcing the feldspars in 1\ por
phyritic gt·anite. 'l'he iron-oxide replacements in turll appear to be 
forming pisolitcs. Field descriptions of the snmples follow. 

IloUen grnnlte nt 40,clIl. depth; Iroll oxlllo Is replacingN-r..-l (0lIld2) 
tho feldsillwi. 
Salllple tlll,en nt surtnce o.! ditch bunk whore the Illaolltcs 
formed by replnCOlllent or tho feluspllrs by Iron lire llllrd
onlng; Iroll oxide IllIlY bll.Ye beeu segl'cguted In other ways 
ulao. 

N-5-3 (131084) ll'rcsh gmulte rock tl'Oll1l1Cllrby outcrop. 

The mincl'Itlogical composi.tion or UIt!::;u three snmplc:s is given in 
t:-tblo20, pngo 72. A totn,l chumicltllLludysis of tho feldspltt· 'replace
monts in s(L1nple N-5-1 was made. Tho dat!1l1l'e given in the follow
ing l1st. 
Constitucnt: Percent

SIO. ~~__ ,______ ~ _____....~_~ ..-_---. ___________•. _____________ ... ___ ._ 40.77 
:1'10. ______________________________________________________------ . n11 
AI,O, ______ ___. ________ .,.________., .. _____________________________ 28. 7·1~ 

}<'e.O, ________________.• '. __ '.._.___________•___________--_____•____ 17.25 
1(20 __________ ... _....... __ .... _____,...________________________ ,... ..._.... __------.- . 2r;

Iguitlou 10$"_____ ".___ • __________ ,. _________.' ________________ ------ 11. (10 

~'otilL___________- _____• ______________________________ --------- !In. 0 

Tho chemicitl composition of these nodules cOITesponc1s to tho fol
lowing calculated lnincl'aiogicltl composition: Kuolin, 73 percent; 
goethite, If) percent; llud silica, 'I percent.

Sr~mples N-5-1 n,ncl. N-5-2 were soft enot1~h to Eermit particle-size 
distribution annJysis, which is shown in table 21, pnge 70. Thin
secUoll studies of both fresh und sl ightly wel'tthCl'ec1 gmnite from 
N-5-3 and of 'tragmonts, Or clods, from N-5-1and N-5-2 were made. 
The observations :foltow. 

N-5-3-D, FHESH .ROCK 

Gros8.--The granite is coarse grained. Qtmrtz and feldsptl,r are 
about eqtml in n,ren, ltnd in grain size. Few felTOmagllesiaIl mineral 
grains show in the sections. 

ill ioro.-The qlIartz is in large, clelu' (yrainstlmt hitve smooth, round
ish boundaries. Feldspar is between the quartz grn,ins. The feldspar 
is typical m icropertilite and consists of plngioclase It11d quartz grown 
into microclinc with a little sericite scatlered through it. Other min
ern:Js nrc biotite, amphibole, zircon, magnetite, Itnd sphene. Some o:f 
the biotite is slightly oxidized. 

Alteration of the foldspltr shows as yellowish stains Mound the 
edges of gmins and extends iut') cracks. One hLrge crack WItS HUed 
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with well-~stallized goethit~ indicating movement of iron-bearing 
solutions. Some areas have lllie-grained, micaceous patches, which 
probably are sericite. 

N-5-3-A, SLIGHTI..Y WEATHERED ROCK 

Gross.-The feldspar is yellow, or cloudier than that in N-5-3-B. 
.illic?·o.-Despite the brown color in the feldspar, this sample is only 

a little mOl'e altered than N-6-3-B. The alteration product is brown 
and sCi"1y and has high birefrinO'ence. It appears to be an iron
stained, 1l1icaceous mineral rather than kaolinite and is forming in. the 
intersti<. s between grains, mostly in the perthite and at boundaries 
between the perthite and the quartz. In the pertllite, it is replacing 
the a.lbite; it is commonly iOlmd l'irst in the aIbite and at the edges 
between the albite and the other feldspar. In the more decomposed 
parts, it is more abundant. It is present also in cracks in the quartz 
and between units of the compound quartz grains. Areas that appear 
to be little veins, or micropegmatite, are the most decomposed and 
have a fairly heavy accumulatIOn of tlle brown material. There a.re a 
few small areas in the feldspar grains that appear to be kaolinitic and 
some that appear to be amorphous. 

N-5-1 

This specimen consists of thl'ee phases of components. The first is 
quartz that has about the same form and spacing that it has in granite; 
it is somewhat cracked and possibly corroded. Olay and iron .oxide 
have penetrated the cracks and iilled the spaces bet'ween the grams. 

The second phase consists of feldsRar pseudomorphs that have tile 
structure of microperthite but have been completely altered to clay 
and have been impregnated with iron oxide in various dewees. The 
structure has a cellttlar arrangement. Tho walls of the celis are dense, 
llave a high refractive index, and contain various amounts of iron 
oxide. '1'he interiors are .filled with kaolinite that formed in place; 
commonly a tlnn skin of oriented clay is present near the cell wall. 

The third phase is soillike, that is, a mixture of red clay, quartz 
and small fragments of rock pseudomorphs. Thick, well-developed 
clay skins are common, especially at tho boundaries between this ma
terIal and the large pseudomorphs and the large quartz grains. An 
impregnated perthite relic with the adjo~e; clay skins and the im
preQ'llated soillike material is shown in plate lil, O. 

There are a few pockets of well-crystallized kaolinite books and 
vermicular aggregates. Some are impregnated with pale-yellow iron 
oxide, which gives them a higher refractive index and 11igher bire
frin O'ence than pure kaolinite. 

l'here is no evich;mce of collapse or loss in volume. The iron ap
pears to have moved into the feldspar ghosts, leaving the space rela
tionships of tlle components intact. The impregnating material 
appears to be amorphous or very finely divided hemn,tite or goethite. 

N-5-2 

Accordin~ to the material sectioned, this sample contains the quartz 
and the felclspar-replacement phuses of N-5-1 but little of the soillike 
phase. The feldspar relics are much more densely impregnated with 
iron. The walls of the cells are thicker or, in some areas, the wI10Ie 
mass IS 1illed "\vith iron oxide. The cell interiors that remain 
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CQmmonly Itre empty. Some gibbsite is present. The empty cavities 
and the gibbsite mdicate that kaolinite luts been destroyed. The 
guartz ttppcars to be somewhat rOl11lded tu).d corrocled. Oracks in the 
grlt.ins contain lUIs of iron oxide, clay, and in some plnces gibbsite, 
and the grains appear to be pushed apart by these materials. 

This specimen lS closely re1t:tted to N-5-1, but iron impregnation and 
wctl.thertng appmtr to be more Ildvancec1. The feldspar pseudomorphs 
have become impregnated with iron without significant collltpse. 

All the granite at this site was once covered by an iron-rich soil 
mnntle, that was derived from basalt, bllt the so.illllantle hils been re
moved by erosion. The soi] WIlS the somce of the impregnating iron. 

Replacement of feldspars by a materinl that can harden il.nd form 
a pisolite hilS also been observed in It similltr cOIlt:se-gmined grllUite 
in Pllruguay. It is one mode of formation of pisolites. 

Sites 6,7, and 8 
Sites 6, 7, and 8 lll'O in one geneml n,rell near ,Tos Iwd Hoss but are 

separated :from each other by some hunclreds of yards. SHe 6 is at 
the foot of a long slope of mttterhll derived ;fl'om the weat'hering of 
bnslllt. Site 7 is in a part of this long slope. Sit:e 8 is nt a slight 
termce break, l1pslope from site Gand downslope from site 7. The 
tCl'rn.in n,ucl posit.ion of the sites ltl'e shown in figure 3. Because of 
similfl.l.·ities in tho n1nt('l'iltls nt site 6 and site 8, they 111'13 considered 
together dterthe discllssion of site 7. 

Site '{ is a ditch blLllk on It long slope, and the samples wore tttken 
fl'o!ll It soil prome in. this bn,nk. The matel'jal appenl'S to lllll'den 
readily on ('xPOSlll'('. to wotting ll.nc1 drying at It surface such IlS this 
ditch bank, whieh at the most was only Il fe;w yen.l'S old. Both tIle 
pllrticle-size c1isb:ibution, which is shown in tltble 27, pnge 70, and 
the minemlogic!t1 (ltttll. shown in table .29, page 72, indicate some 
strlltiiicntion. Field c1escl'iptiol1s of the samples :follow. 

N-7-1 (519S0) ; 10m 4/4 to lOYR 3/4. 
0-15 em. 

N-7":2 (51987) ; 2.5XR 5/8 lind 2.5YR 6/2; thl're are leaehe(l ehannel$ in 
40-uO em. thli:! hardening Illaterlal, and the 2.5YR 0/2 materials line 

the cll!lllllelS. 

N-7-8 (5198S) ; Clay; lOR 4/8; channels of 5Y 6/2. 
100 em. 

N-7-'1 (u1989) 	 Hardelled scgrCgatiolls of iron oxWe on exposed ditch 
hank. 

]~IOURE B.-Diagram of the terrnln showing the position of sites 6, 7, and 8, 
Nigerill. r,llterite Is formlllg by cementation of IJrevlously wCllthered, trans
ported materilll through loeal weathering Illld thc ncl(Utioll of iron In seeping 
wuter. 
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T,he OI'Jy crystalline minerals found are kaolin, gibbsite, and quartz. 
Htu'dening had not proceeded flU', and no crystalline iron oxides were 
detected. 

N-6-1 

Tills sample from site 6, N-6-1, is from the laterite clUTently form
in~ where water seeps out at the foot of a long slope. The mineralogi
cal data al'e given in table 29, page 72. The data show a little kaolin, 
a little gibbsIte, abundant goethite, and a moderate amount of quartz. 
This laterite contains less kaolin and a great deal more goethite than 
the soil at site 7. 

Thin-section studies were made and the observations follow. 
Gros8.-The sample is rather dark brown. The components are 

strongly segregated"':""open, cell ular areas that may be quartz; meclium
brown, smooth-looking bodies; and dense, almost black spots. The 
meclium-brown bodies are the largest and have tlle most regular 
boundtu·ies. 

Mic·ro.-The cellular areas are large, ragged, granitic quartz grains 
that have a high-iron £ill between them. The grains do not touch 
but. are completely separated by the .fill. .A.ll the gl'ains are the size 
of coarse sand. Silt and fine sand are scarce. The £ill is nearly 
opaque, but whel'e tile section is 'VerytIlin, banded, oriented structure 
can be seen, especially lll'olmd the few open pores. The peculiar 
arrangement of this qunl'tz mld the mntrix could hnve one of two 
origins-either the qunrtz moved into the holes or it is the residue 
following the loss of n lnl'ge amotmt of other material. Since similar 
quartz is scnrce in the rest of the sections, the former is the more 
probable. 

The medium-brown, smooth areas seen with the naked eye are soft 
looking and soillike; they have some organization and contain nu
merous small quartz gntins (silt) and a few larger grains. Quartz 
grains make up 25 percent of the aren and in plnces, as much as 40 
percent. Most of the qnnrtz is homogeneously scattered, but in plnces 
It is segregated into slringers or pockets of higher concentration. The 
matrix is mostly crystalline. and shows some organization into bands 
and .films. It is red and hen vily stnined with iron. In plnces there 
are pores and cracks thnt nre lined or .filled with oriented red ma
terial. Some of these .fillings are round and consist of roughly con
centric bands around a nucleus; they probably represent impl'egmt
tion in and nrotmd root passages. In some areas the oriented red 
.film encloses a roughly circular area of matrix, indicating the begin
lling of the formation of a concretion. 

The dense, c1nrk arens are. free of, or nlmost free of, quartz grains. 
They consist of round to ovoid bodies with a concretionary form and 
internal structure, which are various shades of dark red by transmitted 
light. The structure is ringed or banded, particularly toward the out
side. Between crossed nicols some of these concretionlike bodies ap
pear to be nmorphous, except in the outer bands where some birefring
ence appears. They have undergone some alteration in place, since 
their outer parts are adjusted to the space tIley occupy and since they 
contnin cracks .filled with secondary material that continues outside 
their boundaries. 

Some of these round bodies l1aye enclosed in them pockets of the 
paler, qunrtz-sprinlded material. Some have a. paraUel, longitud
inal arrangement of birefringent material in the center, indicating 
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that some mineraI such as augite may nave been the starting nucleus. 
linuy of them contain goethite pseudomorphs after olivine and other 
featUres that indicate a basaltiq.origin for the core. 

The round and ovoid bodies ,I}.re concentrated in and near the pockets 
and bands of coarse quartz grains and are similar in size to the quartz 
grains. Their heterogeneollsmorphology, size, shape, and distI'ibu
tion indicate tllat they are detrital. They 1mye been modified and 
cemented together by the iron that was canied in water seeping 
downslope. 

This is a cur.rently developing laterite, and the clayey, noncrystal
line, iron-rich soil materials upslope serve as the source of iron. 

N-8-1 

In the field it was thought that the laterite from site 8, located at 
It slight terrace break npslope from N-6 and downslope from N-7, 
is similar to tlmt fI"Om site 6. Themineralogical data in table 29, pao-e 
72, show that this laterite is similar to the laterite at si te 6 in Ct"ystal
line mineralogical composition but that it contains more kaolin amI 
somewhat less goethite and quartz. In addition it contains detect
able hematite, which is not found in the laterite at site 6. 

Thin-section studies were made, and the observations fonow. 
Gross.-The sample is brownis11 red and red mottled Witil some 

light and some very dark concretions. It seems to be ve.ry dense, but 
there are some large holes. 

Micro.-The structure is complex and resembles that of N-6-1 in 
some respects. This lateriLe appears to be derived from a translo
cn.t.ed material that contains It large proportion of weathered basalt 
fragments mixed with quartzic material probably derived from grn.n
ite. It contains more basalt relics and much less quartz than N-6-1. 
The irregular detrital fragments are imbedded in a matrix that has 
structures that show flow and orientation of goethite, probably mixed 
with a little knolin. 

The iro.n-impregnaled matrix is segregated and arranged in a great 
variety of structures. The overall effect is that of a mas£ of coilCre
tions in a matrix, but in many places the "concretions" nre so varied, 
interlocked, and irreguhr that the effect is more like mottling. Uost 
of this matl'ix shows birefringence and some organization and orienta
tion into various kinds ofSilms and nets. The colors are various shades 
of reel, omnge, and brown. The matrix has a high refractive index 
and birefringence and is high in goethite. 

There are three main kinds of "concretionary" bodies within this 
matrix. The first consists of dark, densely impregnated bodies; most 
are roundish and have rather defmite boundarles, but some are lrl'eg
ulal' and have diffuse bonndal·ip,s. These bodies are genera,l]y isotropic 
and show Jittle rearrnngement of the reddish matrix. They contain 
magnetite, and some show relict, shapes of feldspar laths. In many, 
gibbsite .fills these laths and other openings. There are mUllerous 
goethite pseudomorphs after pyroxene or olivine and some goethite 
hole flHings. These dark bodies are weathered basalt fragments. 

The second kind of "concretionary" bodies consists of fragments 
that contain quartz, goethite, and probably kaoliD, and are very sun
ilar to large parts of samples N-l-1 and N-2-1. These fragments 
are largely isotropic, but there are thin goethite coa.tings around pores 
and various densities of impregnation, gi ving a patchy eirect. 
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T.hethird kind consists of matel'ial that commonly is like the mat
rix but is in aggregates with boundaries. The material is bright red 
to orange and fau'ly clear; it shows much organization of the fine
grained component as flow lines. and as pore and channel linings and 
fills and has high birefringence. It also contains scattered goethite 
pseudomorphs, suggesting some contribution from basalt. It contains 
a little quartz but no gibbsite or magnetitt!. 

There are a few spots where the quartz content is high and the 
matrix is not well organized. These spots are some kind of late fill. 
They resemble the softer parts of N-6-1. 

One large hole is partly iilled wit.h small round bodies packed in 
a gibbsite matrix; these bodies contain magnetite and appear to be 
related to basalt. 'I'llis structure is entirely within a lar~e fragment 
that has irregular but sharp boundaries, so it pl'obably dId not form 
in place but was derived from weathered basalt. 

Gibbsite is confined to the parts derived from basalt, and quartz 
ocem'S only outside these parts. 

This laterite is a seep-cemented crust derived from previously 
weathered materials, some of which may have been fraO'mellts· of 
preexisting crusts over basalt and granite. It resembles the laterite 
from site 7, Ivory Coast, in many respects, and has features ill 
common with material from sites 1, 2, and G ill Nigeria. It con
tains Il. higher proportion of basalt-derived material than N-6-1 
with which it is associated. 

Republic of the Congo (Belgian Congo) 

In order to obtain additional information about the processes in
volved in the formation of the Ground-Water Laterite described by 
Kellogg (1949, profile 33, p. 51), some samples were taken fr0111 
the same pit near Keyberg, south of Elisabethville. During an ex
amination of that profile we noted that, at a depth of 290 cm., there 
were no plsolites or other concretions of iron oxide. At a depth of 
120 cm., pisolites were evident although they were not hal'd,only 
iirm. Hence, samples 'were collected to study the early segregation 
of i1'on in a uniform material. 

At a depth of 290 cm., w.eathering of the micaceous schist has left 
a tmiform red clay "with a polygOllUl pattern, as seen in horizontal 
section. The po]ygOl1s are bounded by cracks that are vertical planes 
of leaching. It is through these vertical pllmesthat ~round water 
moves downward. This is typical of the material tllat tmderlies 
Ground-Water Laterites. Both the uniform red material constitut
ing the bulk of this horizon and the material forming the leached 
periphery of the polygons were sampled. 

At the 120-cm. depth, the smooth red matrix and the incipient 
pisolites in this matrix were sampled. Total chem~'al analyses of 
these four materials are shown in table 32. 

At first glance, the c11fl'erence in iron content between the crack 
Jilling and the red interior of the polygons does not seem to be 
great. But the crack filling contains red spots sU1'l'ounded by 
bleached material. A partial analysis of the bleached material alone 
showed only 4.7 percent Fe~03' 

Difl'erent.ial thermal analyses show that all the samples contain 
approximately the same quantity of kaolin. X-ray examination 



TABLE 32.-0hemical.composition of soil materials from a Ground
Water Laterite in Republic of theOongo 

At depth of 290 cm. At depth .of 120 cm. 

Constituent 
Cracks Polygons Matrix 8egrega
(51991) (51992) (51993) tions 

(51994) 

PllTcent PIlTI:mt PllTctnl Percent 
8i02_______ • ------------------ 57. 2 56.4 54. 8 39.3 
Ti02 _ -- -- ------- ------ -- _ ---- 1.2 1.2 1.0 .9AJ 0 ____________ ------ _______ z 3 22.0 20. 6 20. 6 19.2Fez03_________________________ 9.4 11. 5 13.5 30. 1 MnO _________________________ 

.01 .01 .02 .03CaO_________________________ 
<.1 <.1 <.1 <.1MgO_________________________ 1. 1 1.2 .5 .7 

KzO__-----,,--- ------- _------- 2.81 3.96 2 .. 31 2..99N a 0 ____._____________________
P 02 _________________________ <.1 <.1 <.1 <.1 

Z 5 .01 .04 .05 .05Ignition 1088___________________ 6.7 5. 7 6.9 6.4 

Total___________________ 100. 4 100. 6 99. 7 99.7 

shows that the white material in the cracks contains no hematite but 
that the other three samples do. All samples contain mica. The 
hematite was probably inherited from the parent schist and has been 
removed from the cracks through leaching by percolating ground 
water. 

The bulk of the mobile iron oxide is .evidently in an amorphous 
form, since there is no evidence of more crystalline iron oxide in 
the segregations than in the matrix. 

The chemical data indicate that the incipient pisolites have been 
formed by enrichment in iron oxide. Quartz, mica (as indicated 
by K 20), and Ti02 have been diluted in weight but probably not 
in volume. The K 20 content indicates a slight loss of mica in the 
low-iron cracks and matrix. The mica has been protected from 
weathering by the concentration of iron oxide and kaolin in the in
cipient pisolites. This is shown by both the chemical analysis and 
the X-ray examination. 

This mode of pisolite formation is typical of that in many soils 
in the United States and in A.ustralia. 
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APPENDIX 

OEEC Technical Mission 47 
This project WI!.S initiated as a result. of recommendations made by 

a soils conference convened by the Overseas Territories Committee of 
the Orjmlnization for European Economic Cooperation (OEEC) in 
Paris, anuary 30 through February 1, 1950. llinal approval was 
given to the project in January 1951. It was suggested that the 
mission confine its studies to the (then) British and French territories 
of 'Vest Africa. The itinerary and. pro~"1lm in the French territories 
was largely that suggested by the J!'rench delegation in 1950, 
Separate p.roposals were submitted by_the then governments of Sierra 
Leone, the (then) Gold Coast, and Nigeria. The itinerary and the 
program finally carried out represent some modification of these 
proposals. 

Personnel 
The several countries were represented as iollows : 

Belgium-Jules R. D'Hoore of Institut National pour l'ttude Agronomique du 
Congo BeIge (INEAC) who was located at Yangambi, (then) Belgian Congo. 

France-Roger Maignien of Office de Ia Recherche Scientifique et Technique 
Outre-~Ier (ORSOM), who was located at Kindia, (then) French Guinea. 

United Kingdom-C. Bloomfield of Rotbamsted Experimental Station, Har
penden, England. 

United States of America-Lyle T. Alexander of the United States Department 
of Agriculture, Washington, D.C. 

D'Hoore and Alexander participated in the entire trip. Maignien 
participated in all the countries except Sierra Leone. Bloomfield 
Joined the mission in the (then) Gold Coast and continued lmtil the 
workllad been completed. 

G. Aubert of ORSOJ\I, Paris, who was named by the French Gov
ernment as a representative on the mission, helped in organizing the 
trip in the (then) French territories but was unable to participate in 
the mission's field trip except from April 26 to May 3 in the Ivory 
Coast. 

During its stay in Sierra Leone, the mission was aided and accom
panied by C. O. Baker and Mr. Buller of the Geology Department of 
Sierra Leone. 

The (then) Gold Coast Government named the late C. F. Charter 
to guide the mission in that territory. He met the mission at Sampa 
on May 6 and accompanied it until it left Tamale on May 12. 

M. Crozam, agronomist of Dahomey, met the mission at Sansanne 
Mango, Togo, on May 13 and accompanied it until it crossed into 
NigeF on May 21. 

When the mission reached Sokoto, Nigeria, on May 24, it was met by 
J. W. Du Preez. the senior geologist of the Geological Survey of 
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Nigeria. He continued with the group until it flew from Kaduna to 
Ibadan on June 2. M. Greenwood of the experimental station at 
Samaru prepared a number of pits for the missIOn and hel~d in the 
studies in that vicinity. The mission was also aided by H. Vine, 
senior soil chemist of the Nigerian Department of Agriculture at 
Ibadan. 

Transport 

The French Government furnished air transport for D'Hoore and 
Alexander from Dakar to Freetown. Transport in Sierra Leone and 
from the Sierra Leone-Guinea border to COnakry was by car fur* 
nished by the Sierra Leone Government, which also furnished a 
trek-wagon to convey the luggage from Freetown to Conakry. 
From Conakry to Abidj an transport was by two vehicles, one a 
truck furnished by ORSOM and the other, a pickup belonging 
to the Governor of Guinea. At Tumodi, Ivory Coast, a station wagon 
furnished by the Goyernor of the Ivory Coast joined the mission and 
continued until the mission met the (then) Gold Coast transport at 
Sampa. 

The Transport Department of the (then) Gold Coast furnished two 
sedans and a truck at Sumpa for the remainder of the journey in the 
(then) Gold Coast, Togo, Dahomey, Niger, and Nigeria. The Ni
gerian Government furnished air transportation from Kaduna to 
Ibadan. 

Route of the Mission 

The route of the mission is indicated on the map, plate VIII. 
All or part of the members of the mission visited agricultural or 

forestry experiment si:..:'l.tions at Bambey, Senegal; Rokupr, Sierra 
I ..eone; Kindia, Guinea; Mamou, Guinea; Adiopodoume, Ivory 
Coast; Bingerville, Ivory Coast; Ina, Dahomey; Samaru, Nigeria; 
and !badan, Nigeria. 

The detailed itinerary follows. 
April 1951 

1 

2-3 
4 
5 
6 

7 
8 

Dakar, Senegal, to Free
town, Sierra Leone. 

At Freetown. 
Freetown to Rokupr. 
At Rokupr. 
Rokupr, Sierra Leone, to 

Conakry, Guinea. 
Conakry to Kindia. 
At Kindia. 

April 1951-Continued 
24 Man to Daloa. 
25 Daloa to Adiopodowd 

(vicInity of Abidjan). 
26-27 At Adiopodoume. 
28 Adiopodoumll to Aben

29 

30 

gourou. 
Abengourou to Bondou

kou. 
At Bondoukou. 

9 
10 

Kindia to Tlllimele. 
Telimele to Gaoual. 

:May 1951 
1-5 At Bondoukou. 

II 
12 
13 
14 
15 

Gaoual to Tianguel-Bori. 
Tiauguel-Bori to LaM. 
Labe to Mamou. 
:Mamou to Dalaba. 
At Dalaba. 

6 

7 
8 
9-11 

Bondoukou, Ivory Coast, 
to Wenchi, Ghana. 

Wenchi to Damongo. 
Damongo to Tamale. 
At Tamale. 

16 Dalaba to DaboIa. 12 Tamale to Yendi. 
17 DaboIa to Kankan. 13 Yendi, Ghana, to Sans
18 
19-21 
22 
23 

Kankan to Beyla. 
At Beyla. 
Beyla to Nzerekore. 
Nzerekore, Guinea, 

Man, Ivory Coast. 
to 

14 

15-17 
18 

anne Mango, Togo. 
Sansanne Mango, Togl', to 

Djougou, Dahomey. 
At Djougou. 
Djougou to Tchaourou. 
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May 1951-Continued May 1961-Continaed 
19 At Tcbaoarou. 26 Sokoto to Gusaa. 
20 'l'chaourou to Kandt. 27 Gusaa to Samaroo 
21 Kandl, Dahomey, to Gaya, 28 At Samara. 

Niger. 29 Samara to Jos. 
22 Gaya to Dosso. 30-31 At Jos. 
23 Dosso to Birnl N'Konni. June 1951 
24 Birni N'Konnl, Niger, to 1 Jos to Kadana. 

Sokoto, Nigeria. 2 Kaduna to Ibadan. 
25 At Sokoto. 3-1 At Ibadan. 

From Ibadan the various members of the mission left for their 
home stations or for other assignments. 

At the invitation of INEAC, Alexander spent the J;>eriod from June 
9 to June 24 in. the Republic of the Congl) (then BelgIan Congo). He 
examined the laterites in the Lower Congo and Katanga and visited 
lNEAC's stations at Gimbi, Luki, Kondo, Yangambi, and Keyberg. 

Responsibility for the necessary laboratory work had not been as
sumed at the conclusion of the expedition. Since that time, the 
chemical, physical and mineralogical work has been done in the lab
oratories of the Soil Conservation Service at Beltsville, Maryland. 
Financial aiel was given in partial support of this work by t.he 
(then) International Cooperation Administration. 

In the meantime, other members of the mission have published re
ports based in part on t.he. samples taken and on the experience gained 
by participation in the OEEC Mission in West Africa. In 1954, 
D'Hoore published his treatise "L'Accumulation des Sesquioxydes 
Libres dans les Sols Tropicaux." Many of the soils dealt with in 
this publication were studied as a part of the mission's work. In 
1958, Maignien published "Le CUlrassement des Sols en Guinee, 
Afrique Occidentale." This work reported findings on samples 
from a number of the sites studied by the mission in Guinea. 

D'Hoore's wo,rk stressed the accumulation of iron and aluminum 
oxides in tropical soils, and Maignien gave particular attention to the 
formation and classification of laterite crusts. A condensed version 
of Maignien's treatise was also published in French and in English 
in African Soils 4 ( 4) . 
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