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Abstract--Sixty-five bauxite samples of different ages and origins were studied by scanning electron microscopy. Only 
broken surfaces of the specimens were investigated. Size and form of individual crystals and of grain aggregates were 
studied as were different types of microtextures and space-fillers. 

Grain size varies from 0.05 p.m to 1 mm. Smallest is the grain size of young karstic bauxite deposits that is explained 
by a physicochemical retardation effect of the carbonate environment. Significant differences were found by comparing 
the space-filling of karstic and lateritic bauxite deposits. High-level and low-level lateritic deposits show differences as 
well. 

A combined use of macroscopic observations, petrographic microscopy, electron microprobe, SEM, and TEM furnishes 
the best clues for any genetic interpretation of bauxites. SEM studies are useful in solving technological problems of 
bauxite processing. 
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INTRODUCTION 

Studies of claylike rocks have been made during the 
last few years by a growing number of SEM investi- 
gators (Bohor, Hughes 1971). The most important work 
in this field was done by Keller (1976, 1977) who 
published papers in Clays and Clay Minerals on the 
SEM investigation of kaolins from diverse environ- 
ments of origin. The outstanding results of these papers 
inspired us to undertake a similar study on bauxites. 
Additional encouragement for this work was a visit 
in 1976 by Professor Keller to Budapest and to some 
major bauxite deposits of Hungary. 

The first SEMs of bauxites were published by La- 
hodny-Sarc et al. (1972). They found significant differ- 
ences between micrographs of karstic and lateritic 
bauxites by comparing two bauxite samples from Yu- 
goslavia and one from Sierra Leone, respectively. 
Caill~re and Pobeguin (1973) published SEMs of dia- 
spore crystals from a bauxite sample of Ari~ge, France. 
Bushinsky (1975) published a SEM of diaspore crystals 
with hematite from a bauxite sample from the North 
Ural Mts. Zfimbo and Solymfir (1973) compared the 
technological properties of a Hungarian bauxite using 
its SEMs. In continuing this work Solym/tr (1975) com- 
pared four Hungarian and three Soviet bauxite sam- 
ples, and found a close relationship between their 
SEMs and some of their technological parameters.  

All of this work dealt with a small number of bauxite 
samples. The aim of our present work is to give a more 
comprehensive evaluation based on a greater number 
of samples representing bauxite deposits of different 
ages and origins from all over the world. 

METHOD OF INVESTIGATION 

Our investigations were carried out on a JSM-U3 
type JEOL scanning electron microscope. Generally 
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25-kV accelerating voltage and 10-picoampere current 
intensity were used, but in some cases we lowered the 
current intensity to achieve a better resolution. 

Only broken surfaces of the specimens were inves- 
tigated. We found, in good accordance with Keller 
(1976), that grinding of the specimen introduces an ar- 
tifact and thus leads to erroneous interpretations. The 
surface of the samples was covered by an -20-tzm 
graphite and a 15-~m gold layer using a vacuum evap- 
orator. 

The samples were studied first at low magnification 
to observe their overall characteristics. As a next step, 
micrographs were made on selected points of the sam- 
ple with magnification increasing up to 30,000x, and in 
some cases to 60,000x. All micrographs were taken 
with the secondary electron mode. 

Sixty-five samples from our collections were, studied. 
Their location is shown in Figure 1. We summarized 
their geologic, mineralogic, and petrographic data in 
Table 1. The mineralogic composition of each sample 
was determined by X-ray powder diffraction, thermo- 
gravimetry, and infrared methods. Forty-six samples 
are from karstic, 18 from lateritic and one from the tich- 
vin-type bauxite deposits. In the table the karstic baux- 
ites are arranged by age; the lateritic ones by geograph- 
ic location. 

The following features were studied by SEM on all 
samples: size and form of individual crystal grains or 
(crystallites); morphology of the grain surface; size and 
form of grain aggregates (lumps, and/or stacks); size 
and configuration of microcavities within the sample; 
interrelation of grains, aggregates, and cavities or 
"space-fil l ing"; and from knowledge of the bulk min- 
eralogical composition of the samples and using an 
EDAX 711 X-ray analyzer we tried to identify the crys- 
tals shown in SEM. 
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Table  1. Main geologic  and  minera logic  da ta  of  the samples  inves t iga ted  by  S E M .  

Mineralogic composition Overburden 
Locality, Country Age (in diminishing order) Macro-texture meter Tectonic effects 

Karstic bauxites 
Mar6 Island, Loyaut6 Islands subrecent 
Samar Island, Philippine Island Pleist. 
South Manchester 2, Jamaica U. Mioc. 
South Manchester 3, Jamaica U. Mioc. 
South Manchester 4, Jamaica U. Mioc. 
South Manchester 5, Jamaica U. Mioc. 
South Manchester 6, Jamaica U. Mioc. 
South Manchester 9, Jamaica U. Mioc~ 
South Manchester 10, Jamaica U. Mioc. 
South Manchester 11, Jamaica U. Mioc. 
South Manchester 12, Jamaica U. Mioc. 
South Manchester 14, Jamaica U. Mioc. 
South Manchester 17, Jamaica U. Mioc. 
Williamsfield mine, Jamaica U. Mioc. 
Rochelois Plateau, Haiti U. Mioc. 
G6nt, Ujfelthrfis mine, Hungary M. Eocene 
Kincses II mine, Hungary L. Eocene 
Kincses II mine, Hungary L. Eocene 
Iharktit I mine 1., Hungary Paleocene 
lharklit I mine 5., Hungary Paleocane 
KislSd mine, Hungary Paleocene 
Malomvblgy XI/A mine, Hungary Paleocene 
Nyirfi.d, Defiki psz. XVII, Hungary Paleocene 
Halimba llI mine, Hungary Senonian 
B6darieux, Oston mine, France Senonian 
Grebnicka Planina, Yugoslavia Seaonian 
Spinazzola mine, Italy Tur.-Cen. 
Brignoles, Mazaugues, France Tur.-Cen. 
Campo Felice mine, Italy Cen. 
West-Turgai region, USSR Cert. 
Behbahan, Zagros Mts, Iran Turonian 
Megara mine, Greece Albian 
Padurea Cralulni, Rumania Neocom. 
Nagyharsfiny mine, Hungary Hanteriv. 
Chalkidik6 peninsula, Greece Kimmer. 
Chalkidik6 peninsula, Greece Kimmer. 
Zarzadilla de Totana, Spain Dogger 
Gornje Polje, Yugoslavia M. Triassic 
Podlipa, Slovenia, Yugoslavia M. Triassic 
Can-Bang, Tap-Na, Vietnam U. Permian 
Can-Bang, Tap-Na, Vietnam Neogene 
Gun, Honan province, China M. Carb. 
Owensville, Missouri, USA M. Carb. 
Brandhurst, Missouri, USA M. Carb. 
Tyman, Mts, USSR L. Carb. 
North-Ural Mrs, USSR M. Devonian 

Tichvin-type bauxites 
Tichvin, Sinionskoe mine, USSR L. Carb. 

Lateritic bauxites 
Pocos de Caldas, Brazil high-level 
Devona, S. do Mantiqueira, Brazil highqevel 
Valparaiso, Mantiqueira, Brazil highqevel 
Kassa Island, Guinean Republic low-level 
Fria mine, Guinean Republic high-level 
Sangaredi mine, Gulnean Republic high-level 
Bamako E., Mali high-level 
Bamako F., Mali high-level 
Kibi, Ghana high-level 
Nyinahin 9, Ghana high-level 
Nyinahin 43, Ghana high-level 
Nyinahin 48, Ghana high-level 
Saran, Gujarat, India low-level 
Nandra, Gujarat, India lowqevel 
Dhangarwadi, Maharashtra, India high-level 
Pottangi, Orissa, India high-level 
Panchpatmali, Orissa, India high-level 
Weipa, Queensland, Australia low-level 

am,gi,g,cr,b,an 
gi,b,g,cr,an 
gi,h,g,an,b,k,r 
gi,h,b,g,an,k,r 
gi,h,g,k,an,b,r 
gi,h,g,an,b,k,r 
gi,h,g,k,an,b,r 
gi,h,g,k,b,an,r 
gi,h,g,k,an,b,r 
gi,h,g,an,mh,b,r 
gi,h,k,g,an,l,r 
gi,h,b,g,k,an,r 
gi,h,k,g,h,an,r 
gi,h,g,k,an,b,r 
gi,h,b,k,g,an,r 
k,b ,ch,si,g,b,an,r 
b,gi,k,p,an,r 
gi,b,h,k,g,an,r 
k,g,h,an,gi,r 
gi,b,h,an,k,r 
b,h,k,gi,an,r 
gi,h,g,k,b,an,r 
b,h,k,g,an,r 
b,h,g,do,k,an,r 
b,k,b ,g,an,ru 
di,h,b,g,k,r 
k,b,h,an,g,r 
b,h,k,an,r 
b,k,h,an,r 
gi,k,h,g,an,r 
b,k,h,di,an,r 
b,h,k,an,di,r 
di,b,cm,k,h,an ,r 
di,b,h,k,an,r 
cm,di,se,ch,r,co 
di,cm,ch,r,co,an 
b,k,gi,h,an,r 
b,k,h,an,gi,r 
b,h,k,di,an,r 
di,cm,k,im,co,r 
di,cd,gi,h,r,cm 
di,mu,k,ch,co,an 
di,h,k,an,r 
di,k,an,ru,h 
gi,b,h,k,g,an 
di,b,h,k,an,r 

pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph - - 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
pelitomorph 
microdetr. 10-80 weak 
microdetr. 20-100 weak 
microdetr. 20-100 weak 

pelitomorph 1-20 weak 
roundgrain 1-20 weak 

pelitomorph 10--60 weak 
pelitomorph 5-40 weak 
microdetr. 10-80 weak 

arenitic 100-300 weak 
microdetr. 5-40 weak 

arenitic 10-100 strong 
roundgrain 5-40 weak 

pelitomorph 10-80 strong 
microdetr. 5-80 strong 
collomorph 20-60 very weak 

oolitic 5-150 strong 
roundgrain 5-100 strong 

oolitic 10-100 medium 
oolitic 5-50 medium 

micrngran. 5-100 strong + reed. 
microgran. 5-100 strong + reed. 

arenitic 0-100 medium 
pisolitic 5-50 strong 
oolitic 10-100 medium 

granular 5-200 very strong 
granular very strong 

microdetr. 20-200 weak 
micrngran. 5-50 
microgran. 5-50 

arenitic 80-300 weak 
arenitic 100-500 strong 

k,g,h,an,gi,r arenitic 5-80 

gi,g,k,il,h,an,b,r relict 
gi,g,k,h,an,b,ru relict 
gi,g,k,h,an,b,r relict 
gi,ma,g,n,an relict 
gi,pl,k,r,g,an relict 
gi,k,an,g,r collomorph. 
gi,h,g,k,an,r macro-piso. 
gi,h,g,k,an ,r rnacro-piso. 
gi,g,b,k,h,an,r collomorph. 
gi,b,h ,g,an,r collomorph. 
gi,b,g,b,k,an ,r collomorph. 
gi,h,g,k,b,an,r collomorph. 
gi,di,b,ca,an,k,r pisolitic 
gi,k,an,ca,h,di collomorph. 
gi,g,h,k,an,r collomorph. 
gi,g,h,b,k,sl,r relict 
gi,h,g,an,k,b,r relict 
gi,b,h,k,an,r pisolitic 

0-10 
0-10 

Abbreviations of mineral names: am = amorphous; an - anatase; ca = calcite; cd = chloritoide; ch = chlorite; cm = chamosite; co = corundum; cr = crandallite; 
di = diaspore; do = dolomite; gi = gibbsite; g = goethite; h = hematite; il = illite; im = ilmenite; k = kaolinite; 1 = lithiophorite; ma = maghemite; mh - metahalloy- 
site; mu = muscovite; p = pyrite; pl = pyrophyllite; qu = quartz; r = rtgile; se = sericite; si = siderite; sl = sillimanite; u = ulvite. 
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Location of the bauxite deposits investigated by SEM in this study. 
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KARSTIC BAUXITES 

The grain size and crystallinity of most karstic baux- 
ites increases with increasing age, load of overburden, 
and tectonic stress. Their porosity diminishes in the 
same order. We tried to follow this sequence in the de- 
scription of the SEMs. 

The smallest grain size of all investigated bauxites 
was found in the sample of present-day bauxitization 
from Mar6 Island, where it varies from 0.05 to 0.20/xm, 
most frequently 0.15 /xm. The grains are equidimen- 
sional and have an irregular flaky shape. They form 
stacks 20-300/~m in size. These stacks are very loosely 
packed but are connected, in some occurrences,  to 
yield pillarlike aggregates (Figure 2). This texture de- 
velops 60-70% porosity. According to our mineralog- 
ical studies of all known bauxites, this kind contains the 
largest amount of amorphous material. Very probably 
it contributed to the formation of this very loose or 
"open  texture" (expression of Keller,  1976) as a result 
of leaching in a limestone environment. 

The bauxite of Samar island (courtesy of G. de 
Weisse,  1976) is considered to be slightly older than the 
Mar6 bauxite. Its grain size varies from 0.05 to 0.4/xm, 
with the modal size being 0.2/~m. The grains have an 
irregular flaky shape and are packed into stacks. The 
stacks are smaller than those of Mar6 bauxite and do 
not exhibit columnar forms (Figure 3). At some places, 
peculiar cellular configurations can be seen when using 
high magnification (Figure 4). In our opinion, these are 
the most advanced gibbsite crystallization within the 
sample. 

We investigated 12 Jamaican bauxite samples, all 
collected from the Manchester plateau deposits: (cour- 
tesy of the Jamaica Bauxite Institute). The numbered 
ones were collected from boreholes whereas the Wil- 
liamsfield sample came from an open-pit mine. They 
have a very high porosity (40-50%), and a very similar 
mineralogic composition (see Table 1). According to 
our SEM investigation their grain size is also similar, 
varying between 0.05 and 0.5/xm. The most frequent 
grain size is generally 0.2/xm. The grains have an equi- 
dimensional, irregular flaky shape and form aggregates 
of 2 to 25/~m. Among the aggregates there are relatively 
larger open cavities (Figure 5), which is the reason for 
the high porosity (40-50%) of Jamaican bauxites.  

In some places the aggregates are more densely 
packed and their bulk porosity is also smaller (Figure 
6). These samples were collected from large, flat 
depressions in the Manchester plateau, which are cov- 
ered by water during the rainy season. In our opinion 

Xhis environment caused the compaction of  the bauxite. 
Their grain size is slightly larger than that of the others, 
which we attribute also to the repeated inundation. The 
sample from the Rochelois plateau, Haiti has essen- 
tially the same grain size, microtexture, and space-fill- 
ing. 

All of the above described bauxites come from sur- 
face deposits that were never covered by other sedi- 
ments and were not affected by tectonic pressure. This 
is the reason for their high porosity and for their very 
loose stacking and space-filling as observed by SEM. 

The bauxites of  the Trans Danubuan Mts., Hungary, 
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Fig. 3. Pleistocene karstic bauxite, Samar-Island, Philippine Islands. 
3000x. 

mission electron microscope. It is significant that the 
Halimba bauxites have essentially the same grain size 
and space-filling as the bauxites of the other deposits 
of Hungary despite their thicker overburden. This 
means that the load pressure of a 100- to 300-m thick- 
ness of overburden is not sufficient to change the grain 
size, compaction, and space-filling of the bauxite if 
there is no additional tectonic pressure. 

The Hungarian bauxites are generally equidimen- 
sional in grain size, and also have an irregular flaky 

Fig. 2. Subrecent karstic bauxite, Mare-Island, Loyaut6 Islands. A: 
300x; B: 1000x. 

are mainly of Paleocene to middle Eocene age and have 
an overburden of 10 to 100 m. Only the Senonian baux- 
ites of the Halimba basin are covered by 100 to 300 m 
of sedimentary rocks. The bauxites have a mixed 
boehmitic-gibbsitic composition. Only weak tectonic 
events have occurred in this territory since the bauxites 
were formed. Therefore, their original stacking and 
microtexture, as observed by SEM, is preserved al- 
though the aggregates are more compacted, and the 
cavities between them are smaller than those in the 
bauxites of the foregoing group. The porosity of these 
bauxites varies from 15 to 30%. The most frequent grain 
size is 0.1 to 0.3/xm. Only minerals of secondary origin 
have larger sizes than 5/xm. These values were estab- 
lished by grain-size measurements made with a trans- 

Fig. 4. Pleistocene karstic bauxite, Samar-Island, Philippine Islands. 
3000• 
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Fig. 6. Miocene karstic bauxite, No. 11., South Manchester plateau. 
Jamaica. 3000x. 

Fig. 5. Miocene karstic bauxite, No. 2., South Manchester plateau, 
Jamaica. A: 10,000x; B: 30,000x. 

shape. In some places small imperfect crystal faces also 
can be observed (Figure 7). The clayey bauxites and 
bauxitic clays have a smaller porosity than the low-sil- 
ica bauxites. Their grain size is the same, but the ag- 
gregates are larger and more compacted (Figure 8). In 
a Cserszegtomaj "fl int-clay" (more exactly bauxitic 
clay) and in a bauxitic clay from Iharkut, a microtexture 
similar to that described by Keller (1976) for the Mis- 
souri flint clays and diaspore clays was observed. Small 
kaolinite sheaves are interspersed in an irregular, partly 
swirly pattern (Figure 9). Some larger kaolinite aggre- 
gates of 1 to 3 ~.m also occur. 

The tipper Cretaceous bauxite deposits of Spinaz- 
zola, Italy, and Bedarieux, France, are characterized 
by similar weak tectonic activity following bauxite for- 
mation. They have a boehmitic composition. Their 
grain size and space-filling is very similar to the above 
described Hungarian bauxites. Large curved kaolinite 
flakes, probably of diagenetic origin, were found in the 
Bedarieux bauxite (Figure 10). 

Other bauxites of Cretaceous age from the Mediter- 
ranean bauxite belt differ significantly from the above 
if compressional tectonic activity affected them after 
their formation. These bauxites, which have a boehm- 
itic-diasporic composition, had their bulk porosity low- 
ered to 5-10%. According to our SEM studies their 
grain size varies from 0.2 to 5p, m. These bauxites have 
lost their original stack-type space-filling and with com- 
paction a uniform space-filling developed in which the 
micropores became smaller then the crystal grains. We 
regard it as a uniformly microporous space-filling. 

Stronger compression leads to a uniformly compact- 
ed space-filling where the individual crystals are closely 
interlocked. This can be seen in the bauxite of Megara, 
Greece (Figure 11). In the Padurea Craiului bauxite, 
Rumania, 1- to 5-p,m large euhedral diaspore crystals 
were observed which are embedded in a dense, fine- 
grained groundmass (Figure 12). 

The Cenomanian bauxite sample from the West Tur- 
gai region, USSR, represents a special case. It consists 
of loosely packed gibbsite plates connected by a fine 
network of halloysite needles, as determined by EDAX 
(Figure 13). Many open cavities remain within this 
framework-type space-filling giving this bauxite a bulk 
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Fig. 7. Paleocene karstic bauxite, Defiki puszta near Nyir~id, Hun- 
gary. 3000x. 

porosity of 20 to 30%. The bauxite has a relatively high 
strength due to the strong connecting effect of the hal- 
loysite network. The region remained tectonically calm 
after bauxite formation, which explains why the baux- 
ite preserved such loose packing even below an over- 
burden of 20 to 60 m. This is a special type of karstic 
bauxite deposit, differing from all the karstic bauxites 
described before and which belong to the so-called 
"mediterranean-type."  We call it the "kasachstanian- 
type" (Bfirdossy, 1973). The physicochemical influ- 

Fig. 9. Paleocene karstic bauxite, lharktit, Hungary. 3000• 

ence of the carbonate environment was less here, while 
in situ bauxitization was more effective. This resulted 
in more effective leaching of the bauxite, and in better 
developed crystallinity of the bauxite minerals. We in- 
terpret it as a transition type toward the lateritic type 
of bauxite deposits. This geologic interpretation is re- 
flected in the SEMs of the sample when compared with 
the micrographs of the lateritic bauxites. 

Continuing with increasing geologic time, the upper 
Jurassic bauxites of the Chalchidike peninsula, Greece, 
follow (courtesy of S. E. Papestawrou). The deposits 

Fig. 8. Eocene bauxitic clay, Ujfelt~rfis mine near Gfint, Hungary. Fig. 10. Kaolinite in Senonian karstic bauxite, B6darieux, France. 
1000  x . lO00x. 
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Fig. 11. Albian karstic bauxite, Megara mine. Greece. 300t)• 

were affected by strong tectonism and by low-temper- 
ature (200-300~ metamorphism. The overwhehning 
inflt~ence of combined tectonic and metamorphic ef- 
fects is reflected by the changed grain size and space- 
filling of these bauxites. Their porosity dropped to 1- 
4% and they recrystallized into diaspore, chamosite, 
and corundum as detected by X-ray powder diffraction. 
Diaspore crystals of 1 to 20/*m size are seen (Figure 
14). They are well ordered and have perfect crystal 
faces and edges. The recrystallization occurred under 
pressure, after which very few cavities were left be- 
tween the crystals. We call this a "crystalline-webby" 

Fig. 13. Cenomanian karstic bauxite, West Turgai region. USSR. A: 
3000• B: 3000x. 

Fig. 12. Neocomian karstic bauxite, Padurea Craiului, Rumania. 
3000x. 

space-filling. The chamosite crystals have the same 
size, but their shape and surfuce is irregular (Figure 15). 

The bauxite from Zarzadilla de Totana, Betic Cor- 
dillera Mountains. Spain, is presumably of Dogger age. 
but it was much tess affected by tectonic compression 
than the foregoing Greek bauxite. The most frequent 
grain size is 0.2 to 1 /xm. The space-filling is uniformJy 
compacted (Figure 16). Most crystallites show fiat 
faces, but their edges are generally irregular. The crys- 
tallinity has not yet become perfect. 

The Triassic bauxites of Podlipa, Slovenia, and 
Gornje Polje, Montenegro, both in Yugoslavia, are sire- 
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Fig. 15. Kimmeridgian karstic bauxite, Chalkidike-penninsula, 
Greece. 3000x. 

some places they stand vertically or are overturned. 
They are recrystallized into diaspore and even some 
corundum was formed. Their porosity is only 1 to 4%. 
The size of the crystals which have well-developed 
faces and edges averages 5 to 50/zm. The crystals are 
grouped into sheaves in parallel orientation although 
they were displaced irregularly. This produces a webby 
(weblike) microtexture (Figure 18). At some places less 
perfectly developed chamosite crystals can be seen. 

The Permian overburden was partially eroded during 

Fig. 14. Kimmeridgian karstic bauxite, Chalkidike-peninsula, 
Greece. A: 3000x ; B: 10,000x. 

ilar. Medium strong tectonic activity occurred after 
bauxite formation. They have been compacted with a 
bulk porosity of 1 to 5%. Their most frequent grain size 
is 0.5 to 2/zm. The space-filling is uniformly compacted. 
Both bauxites have oolitic and pisolitic macrotextures. 
These features are scarcely observable on the SEMs. 
At some places large kaolinite crystals of secondary 
origin were observed in the Podlipa bauxite (Figure 17), 
in which some of the closely packed kaolinite "books"  
are slightly curved. 

The upper Permian bauxites of the Tap-Na region, 
Vietnam, were affected by very strong compressional 
tectonism. The deposits were so strongly folded that in 

Fig. 16. M. Jurassic/?/karstic bauxite, Zarzadilla de Totana, Spain. 
3000x. 
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Fig. 17. M. Triassic karstic bauxite, Podlipa, Slovenia, Yugoslavia. 
3000• 

the Neogene, exposing deposits to the surface. They 
were eroded also, after which their pebbles and boul- 
ders accumulated in the valleys forming a special type 
of redeposited secondary alteration of these bauxites. 
Consequently, most of their initial chamosite content 
was altered into gibbsite, hematite, and chloritoid. Our 
sample No. 7 was collected from such a deposit. Here 
the surface of the large older crystals is covered by 
small flaky crystals of 0.2 to 1/,tm size. Many small cav- 
ities are due to leaching. We call this a secondary 
leached space-filling (Figure 19). This is a good illus- 
tration of how secondary surface alteration can change 

Fig. 19. Redeposited Permian karstic bauxite, Tap-Na, Vietnam. 
30(~)x. 

the porosity, grain size and space-filling of older baux- 
ites. 

The Middle Carboniferous bauxites from Missouri 
(here called diaspore) and from the Gun district, China, 
are very similar. They have a primary diasporic com- 
position formed by a "digestion" and recrystallization 
under reducing conditions as described by Keller ( 1968, 
1976). No tectonic events occurred after the bauxites 
were formed in Missouri and only weakly in Gun. The 

Fig. 20. M. Carboniferous karstic bauxites, Owensville, Missouri, 
Fig. 18. U. Permian karstic bauxite, Tap-Na, Vietnam. 3000x. USA. 3000x. 
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Fig. 21. M. Carboniferous karstic bauxite, Gun-region, China. Fig. 23. M. Devoniankarsticbauxite,NorthUralMts. USSR. 300Ox. 
3000x. 

most frequent grain size is 1 to 3/xm. The diaspores of 
the Missouri sample are not perfectly shaped, most of 
them have lacy edges (Figure 20). The Chinese bauxite 
shows better developed diaspore crystals (Figure 21). 
Both bauxites have a webby microtexture. Note the 
remarkable similarity of our Figure 20 and of KelLer's 
Figure 19 (part II, 1976). These two bauxites illustrate 
well that primary diaspore formation under surface 
conditions produces quite different grain size, crystal- 

linity, and microtexture, compared to the diasporic 
bauxites formed under tectonic pressure. Diaspore may 
be recrystallized under surface temperature and pres- 
sure (W. D. Keller, personal communication, Ameri- 
can Mineralogist, in press). 

The lower Carboniferous bauxites of the Tyman 
Mountains, USSR, have remained tectonically calm 
since their formation. The overburden is also less than 
300 m. Thus the bauxite has preserved its original gibb- 
sitic-boehmitic composition, and maintained a surpris- 

Fig. 22. L. Carboniferous karstic bauxite, Tyrnan Mts., USSR. 
3000• Fig. 24. Lateritic bauxite, Fria, Guinean Republic. 3000x. 
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Fig. 25. Lateritic bauxite. Fria, Guinean Republic. 10,000• 

ingly high porosi ty (10-20%) despite its age (340 my). 
The grain size is slightly larger than that of similar Me- 
sozoic bauxites (1 to 3 txm). The space-filling is with 
stacks or al ternat ively is uniformly microporous  (Fig- 
ure 22). The crystals are bet ter  developed morpholog-  
ically than their Mesozoic  counterpar ts ,  but are far 
from the perfect ion of the crystals occurr ing in the Viet- 
namese  bauxites.  

The middle Devonian  bauxites of  the North Ural 
Mountains,  USSR,  were  compac ted  as a result  of  tec- 

Fig. 27. Lateritic bauxite, Serra do Mantiqueira, Devona deposit. 
Brazil. 3000x. 

tonic compression.  At many places perfect  diaspore 
crystals occur ,  Bushinsky (1975). According to Benes- 
lavsky (1963~ 1974) the formation of  diaspore occurred 
here as diagenesis by leaching of the original bauxite.  
This leaching was observed  by us also on some of our 
SEMs (Figure 23). The most f requent  grain size was 
determined as from 0.2 to 5 txm. 

L A T E R I T I C  B A U X I T E S  

All of  the samples of  the 18 lateritic bauxi tes  inves- 
tigated came from surface deposits  with ei ther no over- 
burden or less than 10 m. Fur thermore ,  no tectonic  

Fig. 26. Lateritic bauxite, Fria, Guinean Republic. 3000• Fig. 28. Lateritic bauxite, Pocos de Caldas. Brazil. 3000x. 

https://doi.org/10.1346/CCMN.1978.0260401 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1978.0260401


256 B~irdossy, Csan~dy, and CsordS.s Clays and Clay Minerals 

Fig. 29. Lateritic bauxite, Panchpatmali plateau, Orissa, India. 
3000x. 

pressure affected them. Their ages cannot be deter- 
mined as exactly as that of the karstic bauxite deposits. 
What we know for certain is that they are not older than 
upper Cretaceous and that they are not younger than 
Pliocene. Only the samples from the Guinean Republic, 
and from Minas Gerais, Brazil, may be younger, as lat- 
erization continues there into the present. 

Fourteen samples came from "high-level"  deposits 
at altitudes ranging from 400 to 1900 m above sea level. 
Four samples were collected from "' low-level" depos- 
its at altitudes from 20 to 100 m, Several authors indi- 
cated differences in chemical and mineralogical com- 
position, and macrotexture,  between the high-level and 

Fig. 30. Latefitic bauxite, Dhangarwadi plateau, Maharashtra, India. 
10,000x. 

Fig. 31. Lateritic bauxite, Kibi deposit, Ghana. 3000x. 

the low-level deposits. For instance, high-level depos- 
its are predominantly gibbsitic, whereas several low- 
level deposits have a mixed gibbsitic-boehmitic com- 
position. In the following, we also try to differentiate 
these two types of deposits by SEMs. 

High-teuel deposits 

High-level deposits are character ized by strong 
leaching high above the groundwater table, by mobili- 
zation of most elements, and by reprecipitation. Relict 
macrotextures commonly were formed this way. One 
of the best examples exhibiting relict macrotexture is 
the bauxite from Fria, Guinean Republic. We observed 
in the mine that the bauxite preserved the original strat- 
ification of its parent rock, a Gothlandian, graptolitic 
slate welding its macrotexture. The SEM investigation 
revealed an extremely large grain size; gibbsite of l0 to 
30/zm size are most frequent, but some crystals of 50 
to I00/xm in size were observed. The crystal forms are 
almost perfect. In most cases they are plates (Figure 
24), more rarely somewhat thicker pseudohexagons 
(Figure 25), or thin lamellae (Figure 26). The bauxite 
has a crystalline-webby microtexture, built up by par- 
allel-oriented gibbsite crystals forming sheaves, the lat- 
ter oriented in all directions. The sheaves are tightly 
packed so that cavities occur only between them. This 
results in a relatively low porosity and high degree of 
compactness compared with other lateritic bauxites. 

Similar high-level bauxites occur in Minas Gerais 
State, Brazil. Here the parent rock was nepheline syen- 
ite. The samples collected from the Serra do Manti- 
queira mountains contain almost perfect gibbsite crys- 
tals, but here more equidimensional pseudohexagons 
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Fig. 32. Lateritic bauxite. Nyinahin hills, Ghana. 10,000• Fig. 33. Lateritic bauxite. Nyinahin hills, Ghana. 1000x. 

prevail (Figure 27). The grain size is most frequently 
between 0.5 to 20/xm. The space-filling is more like a 
loose framework type, and the porosity is higher (30- 
40%) than in the Fria bauxites. Large macrocavities can 
be observed by the unaided eye and bauxite may be 
called vesicular. At Pocos de Caldas very similar baux- 
ites occur. In Figure 28 large gibbsite crystals are seen, 
between which are small, irregularly shaped grains of 
goethite. 

The two samples collected in the Eastern Ghat 
Mountains, India, are also similar to the foregoing ones. 
The most frequent grain size is 10 to 50/xm, but on the 
walls of cavities there are gibbsite crystals as large as 
I mm. The gibbsite crystals are extremely well devel- 
oped whereas the goethite and hematite grains are 
much smaller and have irregular forms (Figure 29). 
Strong leaching produced a system of connected open 
cavities and a framework-type space-filling. Here the 
parent rocks mainly were Precambrian khondalites 
whose original structure was preserved by the bauxite. 

In a second group of high-level deposits mainly mac- 
ropisolitic and collomorphous macrotextures occur. 
Their parent rocks were generally basalts, dolerites, 
and basic metavulcanites (a little more basic than the 
parent rocks of the foregoing group). It is significant 
that this big difference in macrotexture was almost not 
recognizable in the SEMs. 

The sample from the Dhangarwadi Plateau, India, 
showed almost the same large grain size (2 to 70/*m) 
and perfect crystallinity as the foregoing samples (Fig- 
ure 30). Note the very small, irregular goethite flakes 
at the surface of the large gibbsite crystals. The space- 
filling in some places is of the framework-type, at other 
places, crystalline-webby. 

The samples from Kibi and Nyinahin region, Ghana, 
are vesicular and have a typical collomorphous macro- 
texture. The most frequent grain size is 1 to 10/xm, and 
the crystals are euhedral. In the Kibi sample small pris- 
matic crystals were found in places (Figure 31). In the 
Nyinahin bauxites even smaller but well-crystallized 
gibbsites occur (Figure 32). Strong leaching produced 
a framework-type space-filling with a network of con- 
nected cavities (Figure 33). Similar features were found 
in the bauxite sample from the Sangaredi Plateau, 
Guinean Republic. 

The two samples from Mall have a typical macropi- 
solitic macrotexture which is also observable on the 
SEMs (Figure 34). Note the frequency of curved sur- 
faces and the dense packing of the grains between the 
relatively large cavities. The walls of the largest cavities 
are covered by euhedral crystals of gibbsite 1 to 3/xm 
in size (Figure 35). Note the rounded edges of most 
crystals. The groundmass has only a 0.5 to 2/xm size, 
the space-filling i s  collomorphous-spongy. In sample 
" E "  fine halloysite fibers were observed (Figure 36). 

Low-level deposits 
Low-level deposits are represented by four samples. 

The sample from the Weipa deposit, Australia, has a 
typical pisolitic macrotexture. The parent rock is an 
arkosic sandstone. The bauxite is gibbsitic, with 7 to 
10% boehmite. We broke the pisolites and studied their 
inner parts by SEM. A framework-type space-filling 
was observed (Figure 37). The crystals are not perfectly 
developed, and many faces are irregular in shape. The 
grain size averages from 0.5 to 10/xm. At some places 
large cavities occur which are filled with gibbsite crys- 
tals of secondary origin (Figure 38). They are much 
larger than the grains of the surrounding groundmass 
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Fig. 35. Lateritic bauxite, near Bamako, Mall. 3000x. 

The sample from the Saran deposit on the Kutch pen- 
insula has a pisolitic macrotexture and contains 33% 
gibbsite, 34% diaspore and 9% boehmite, The diaspore 
was formed at surface conditions presumably when the 
deposit was covered during the Miocene by some me- 
ters of marshy sediments. Reducing humic solutions 
leached most of the initial iron content and the mobi- 
lized alumina recrystallized as diaspore. The bauxite 
has a grain size of 0.2 to 1 /xm. Cavities are filled with 
the secondary, well-developed diaspore crystals (Fig- 

Fig. 34. Lateritic bauxite, near Bamako, Mall. A: 1000x; B: 1000x. 

and are almost perfect in crystallinity. We studied also 
the surfaces of the pisolites by SEM, and found that 
they are generally covered by hematite flakes 0.1 to 1 
/xm in size. 

The bauxites of the Kutch Peninsula, Gujarat, India, 
were formed from basalts. The sample from the Nandra 
deposit is essentially gibbsitic, and has a collomor- 
phous macrotexture. The microtexture, observed by 
SEM, is uniformly microporous. The grain size varies 
from 0.1 to 3 ~m and the gibbsite crystals are not per- 
fectly developed. Well-developed gibbsite crystals oc- 
cur only in large cavities (Figure 39). Note the peculiar 
lacy edges of the gibbsite plates. Fig. 36. Lateritic bauxite, near Bamako, Mali. 1000x. 
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Fig. 37. Lateritic bakixite. Weipa, Alistralia. 1000• 

ure 40). This type of diaspore formation in lateritic 
bauxites is very rare. 

The bauxites of Kassa-island, Guinean Republic, 
were formed by the alteration of nepheline syenites. 
Leaching conditions were extremely favorable and thus 
a relict macrotexture similar to high-level bauxites de- 
veloped. Our SEM investigations revealed a frame- 
work-type microtexture with a grain size, smaller than 
in the high-level bauxites, between I to 10 p~m. The 
bauxite is predominantly gibbsitic, but the gibbsites are 
not perfectly developed and their edges are irregularly 
shaped (Figure 41). Compare this micrograph with the 
Brazilian high-level bauxites formed from the same 
type nepheline syenite (Figures 27, 28). In both places 
mainly direct laterization occurred, but the difference 
in altitude produced differences in grain size and crys- 
tallinity. 

TICHVIN-TYPE BAUXITES 

This type is represented by only one sample collected 
from the Sinionskoe open pit mine of the Tichvin re- 
gion, USSR. The age of the deposit is lower Carboni- 
ferous. Since there was no tectonic compression after 
the bauxites were formed, the gibbsitic-boehmitic com- 
position and a relatively high porosity (10 to 30%) has 
been preserved. The sample has an arenitic macrotex- 
ture. Its microtexture revealed by SEM is uniformly 
microporous. The grain size varies from 0.5 to 2 txm. 
The grains are generally irregular and well developed, 
platy gibbsite crystals are rarely observed (Figure 42). 
Because only 0.3% of the world's bauxite reserves be- 
long to this type of deposit, no further samples were 
studied. 

Fig. 38. Gibbsite crystals in bauxite, Weipa, Australia. A: 3000x ; B: 
lO,O00x. 

CONCLUSIONS 

The initial grain size of bauxite minerals varies from 
0.05 to 100/xm, but secondary crystals may reach mil- 
limeter size. The smallest grain size is in the young, 
surface-deposits of the karstic type. In this group the 
grain size increases only slightly with age, and with the 
load pressure of overburden which does not exceed 300 
m in thickness. Strong compaction and recrystalliza- 
tion begin with growing tectonic pressure giving rise to 
grain sizes up to 50/xm. Low temperature metamor- 
phism (less than 300~ leads to further crystal growth 
and compaction. At higher temperatures, bauxites re- 
crystallize into emery. 

Most of the high-level lateritic bauxite deposits show 
extremely large grain sizes, up to 100/~m, and large 
single crystals in cavities may reach millimeter size. 
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Fig. 39. Lateritic bauxite, gibbsite in cavity, Nandra, Gujarat, India. 
10,000x. 

The grain size of low-level bauxites averages from 1 to 
10/xm, but large cavity fillings also may occur. 

In our opinion, the small grain size of the karstic sur- 
face deposits is the result of a physicochemical retar- 
dation effect due to the carbonate environment which 
slows down the growth of the bauxite minerals. On the 
other hand, the formation of very large crystals in the 
high-level deposits was produced by extremely good 
leaching conditions at neutral to slightly acid pH val- 
ues. The elements of the bauxite minerals were mobi- 

Fig. 41. Lateritic bauxite, Kassa-lsland, Guinean Republic. 1000x. 

lized and reprecipitated almost at the same place lead- 
ing to more perfect crystallization. 

Gibbsite and diaspore form the largest crystals, while 
boehmite generally remains below 5/xm. in surface de- 
posits, hematite and goethite rarely grow to over 1/xm. 
In two samples, both needle- and fiber-shaped halloy- 
site were found by SEM. We do not know the special 
conditions that favor the formation of this mineral. 

The shape of the bauxite minerals varies from irreg- 
ular, through imperfect, to perfectly developed crys- 
tals. This is in good accord with our former investiga- 

Fig. 40. Lateritic bauxite, diaspore in cavity, Saran, Gujarat, India. Fig. 42. Tichvin-type bauxite, Sinionskoc mine near Tichvin, USSR. 
30.000• 3000x. 
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tions revealing significant differences in the crystallinity 
of the main bauxite minerals (Bfirdossy et al., 1976). 

Few of the macrotextures observed with the naked 
eye are also found on the SEMs. On the other hand, 
several types of microtexture and space-filling were 
distinguished by SEM. The following types were found 
in the studied samples: "s tacky";  uniformly micropo- 
rous; uniformly compact; crystaUine-webby; frame- 
work-type; collomorphous-spongy; and secondarily 
leached space-filling. 

All of the karstic surface deposits which were inves- 
tigated have a stacky space-filling. With increased load 
pressure of the overburden and long time of growth this 
changes into a uniformly microporous space-filling. In- 
creasing tectonic pressure leads to further compaction 
and produces a uniformly compact space-filling. Very 
strong tectonic compression or low-temperature meta- 
morphism produces a crystalline-webby microtexture 
as a result of recrystallization of the bauxite minerals. 
The length of time is not significant; even Carbonifer- 
ous bauxites may have a uniformly microporous space- 
filling if the overburden was thin and no tectonic 
compression occurred after the bauxites were formed. 

Most samples from high-level deposits have a frame- 
work-type space-filling. The crystalline-webby type is 
limited to the most recrystallized and relatively com- 
pact bauxites. At some deposits uniformly microporous 
and collomorphous-spongy space-filling also occurs. 
The reasons for these differences are not yet known. 

Part of the low-level bauxites showed a framework- 
type space-filling, others are uniformly microporous. 
We presume that this latter one was produced'by re- 
mobilization of minerals under reducing or marshy con- 
ditions. 

The genetic resemblance of the "kazachstanian- 
type" karstic bauxite deposits to the lateritic ones is 
supported by the SEMs which illustrate a framework- 
type space-filling and a fairly well developed crystallin- 
ity of the bauxite minerals. 

Our experiences show that transmission electron 
microscopy (TEM), scanning electron microscopy 
(SEM), and electron microprobe studies of bauxites 
complement each other. Size and shape of single grains 
are best studied by high magnification TEM. SEM re- 

veals the space-filling and microtexture best, but grain 
size and shape also can be determined. Textural fea- 
tures and microdistribution of elements are best studied 
by microprobe. They may be complemented by petro- 
graphic microscope studies of thin sections, and by 
macroscopic observation of hand specimens and entire 
rock surfaces in mines. A detailed structural-textural 
study beginning in the mine and finishing at dimensions 
of TEM furnishes the best clues for any genetic inter- 
pretation. 

According to our experience information gained by 
SEM can be used for technological tasks also. A close 
relation exists between the technological properties 
and the grain size, space-filling, and degree of crystal- 
linity of bauxites. Significant differences were found in 
digestion and desilification times of bauxites having the 
same mineralogical composition, but exhibiting differ- 
ent grain size, crystallinity and space-filling. 
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Pe3mMe- ~eCTb~eC~T HHTb o6pas~OB 6OKCHTa pa3HOFO BospacTa H HpoHcxoz~eHH~ 
~hInH H3yqeH~ pa~BepT~Ba/0~HM 9neKTpOHHhIM MH~poc~onOM. Hccne~oBanHc~ TOnBKO 
pasnoMaHH~e HoBepXHOCTH o6pa~OB. BBinH HsyqeH~ pa3Mep~ H ~OpN~ HH~HBH~yanb- 
HSIX KpHcTa~OB H aFpeFaTOB 3epeH~TaK~e KaK paB~HqH~e TH~ MHKpo--TeKCTyp H 
HanOnHHTene~ Me~3epHOBOFO npOCTpaHCTBa. 
Pa3Mep sepeH MeH~eTCH OT 0.05 ~M NO i Nm4. HaHMeHb~HMH HBnHmTCH pasMep~ 

3epeH MOnO~O~ KapCTOBO~ Bane~H 60~CHTa~qTO O6%~CH~eTCH ~HBHqecKo--XHMHqeCKHM 
3aMe~nHm~HM 9~eKTOM ~ap6OHaTHO~ cpe~. 3HaqHTenbH~e paBnHqHH 6BDqH O6Hapy- 
~eH~ npH cpaBHeHHH HanOnHHTene~ Me~3epHOBOFO npOCTpaHCTBa B 6OKCHTaX Kapc- 
TOBBIX H naTepHTOB~X sane~e~. ~aTepHTOB~e sane~H B~COKOFO H HHBKOFO ypOBHe~ 
TaK~e O6Hapy~HBaDT pa3nHqH~. 
KOM6HHHpOBaHHOe HCnOnB3OBaHHe MaKpocKoHHqecKHx Ha6~m~eHH~HeTpoFpa~HqecKo~ 

MHKpocEoHHH,~neMTpOHHOFO MHEpOSOH~a,PEM H TEM o~ecneqHBaeT HaHnyql~He BO~- 
MO~HOCTH ~H HHTepHpeTa~HH FeHe~Hca 60~CHTOB. Hcc~e~oBaHH~ C HOMO~B~ PEM 
~o~e3H~ ~pH pe~eHHH TeXHO~OFHqec~Hx ~po6~eM O6oFa~eHHH 6OKCHTOB. 

Kurzreferat- FHnfundsechzig Bauxitproben, verschiedenen Alters und Abstam- 
mung, wurden mit "Scanning electron microscopy "(SEM) untersucht. Nur ge- 
brochene 0berfl~chen der Proben wurden untersucht. Sowohl GreBe und Formen 
einzelner Kristalle und Kern-Aggregate, wie auch verschiedene Typen yon Mi- 
krostrukturen und FHllmassen wurden untersucht. K~rnchengr~Be schwankt von 
0,05 um bis imm. Eine junge, karstische Bauxitablagerung hat das kleinste 
K~rnchenausmaB, was auf einen physikalisch-chemischen Verz~gerungseffekt 
der Karbonatumgebung zurHckzufHhren ist. Bedeutende Unterschiede wurden ent 
-deckt durch den Vergleich von FHllkapazit~ten der karstischen und lateri- 
tischen Bauxitablagerungen. Hochliegende und niedrigliegende ,lateritische 
Bauxitablagerungen zeigen auch Unterschiede. Die besten Anhaltspunkte fHr 
irgendwelche genetische Interpretationen von Bauxiten, wurden durch den ver 
-einigten Gebrauch yon makroskopischen Beobachtungen, petographischer Mi- 
kroskopie, Elektronen-Mikrountersuchungen, SEM und TEM geliefert. SEM Unter 
suchungen k~nnen angewendet werden, um technologische Probleme der Bauxit- 
bearbeitung zu l~sen. 

R~sum~-Soixante-cinq ~chantillons de bauxite d'~ges et d'origines diff~rents 
ont ~t~ ~tudi~s par microscopie ~lectronique. Seules les surfaces cass~es des 
specimens ont ~t~ l'objet de recherches.La taille et la forme de cristaux in- 
dividuels et d'aggr~gats de grains ont ~t~ ~tudi~es,de m~me que diff~rentes 
sortes de micro-textures et d'~l~ments comblant les vides. 

La taille des grains varie de 0.05 ~m ~ imm. La graine de la plus petite 
taille est celle d'une jeune bauxite karstique,qui s'explique par un effet 
de retardation physico-chimique du milieu ambiant carbonate.Des differences 
significatives ont ~t~ trouv~es en comparant le comblement d'espaces de d~- 
p6ts de bauxite karstiques et lat~ritiques. L'usage combing d'observations 
macroscopiques,de microscopie petrographique,de microprobe ~lectronique,de 
S.E.M. et de T.E.M. procurent les meilleurs indices pour une interpretation 
g~n~tique de bauxites. Les ~tudes au microscope ~lectronique aident ~ r~soudre 
les probl~mes technologiques du traitement de la bauxite. 
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