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Chapter I 

INTRODUCTION 

This book aims to present an accurate survey of the current state of our knowledge 
regarding the mineralogy, geochemistry, geology and genesis of bauxite deposits, 
and to discuss unsolved problems as necessary for teaching and research. For 
mining engineers and economic geologists the book contributes to a better under- 
standing of the genesis and distribution of different types of deposits. 

During the past 10-15 years I have had an opportunity to study various 
types of deposits both in the field and in the laboratory, but I have also drawn on 
the comprehensive literature available. Correspondence with experts all over the 
world not only facilitated an insight into the multiplicity of models of scientific 
thought, but assisted also in pointing up the complexity of bauxite genesis. 

I acknowledge the help of all the scientists and engineers who contributed to 
our understanding of the principles of bauxite genesis, and wish to thank es- 
pecially the bauxite companies of France, Greece, Surinam, Guyana and India 
for all their help during the field work. 

I also owe a debt of gratitude to Dr. H. Gebert, who translated and read 
the entire text. (The original German manuscript was completed in 1968. For 
this reason latest references are quoted for the year 1968.) 

I am grateful to Mrs. A. Berger for her excellent art work and to 
Mrs. E. Seidlitz for her secretarial help in the preparation of the manuscript. 

DEFINITIONS OF BAUXITE, ALUMINA AND ALUMINIUM 

Bauxite was the term introduced by BERTHIER (1821) for sediments rich in alumina 
from the vicinity of Les Baux in the Alpilles (Bouches du RhGne), France. A. 
Liebrich was the first to extend the term to cover lateritic weathering products 
rich in gibbsite on basalts of the Vogelsberg in Germany (LIEBRICH, 1892). The 
term bauxite, therefore, is used for weathering products rich in alumina but low 
in alkalis, alkaline earths and silica. 

The term bauxite ore is applied to bauxites which are economically mineable 
at present or in the foreseeable future, containing not less than 45-50% A1203 
and not more than 20 % Fe,O, and 3-5 % combined silica. 

I shall only discuss ore deposits derived directly from lateritic weathering 
or from redepositions of such. Alaun schists and ore deposits of non-sedimentary 
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origin, such as cryolites or rocks rich in feldspars and foids, are of minor economic 
importance and will not be described in this book. 

Bauxite deposits originate from weathering or soil formation with enrich- 
ments of aluminium. Therefore, principles of red earth formation and lateritization 
would require discussion in this context. In order to adhere to the scope of this 
book, the reader is referred to corresponding papers of tropical soil science. Besides 
aluminium, several elements such as iron, manganese and nickel may enrich to 
form important ore deposits. A summary of these deposits has been published 
(VALETON, 1967a). 

The following authors surveyed the geology and mineralogy of bauxite 
deposits and compiled the literature available: FISCHER (1959, SMITH-BRACEWELL 
(1962), BENESLAVSKY (1963), BARDOSSY (1966), BUCHINSKY (1966) and PATTERSON 
(1967). 

The term alumina refers to pure Al,O, which contains 52.9% A1 and 
47.1 % 0. The chemical composition of technical alumina is listed in PATTERSON 
(1 967). 

The following history of aluminium is recorded by GINSBERG (1962): 
Herodotus already named alaun or alunite KAI,(OH),(S04)2 alumen. In 
1754 Marggraf recognized that clay and alaun contain the same cations. 
A. L. Lavoisier, in 1782, suspected alumina to be the oxide of a metal with such a 
strong affinity for oxygen that it was not reducible to metal by carbon or any 
other reductive means. De Morveau (1786) named the hypothetical metal “alumine” 
(in English alumina). In 1808, Sir Humphrey Davey, who tried to obtain the metal 
by electrolysis, called it aluminium. In 1824 H. C. Oersted started the preparation 
of the metal from “water-free’’ AI,CI, with potassium amalgam. Continuing 
OERSTED’S (1824) experiments, in 1821 F. Wohler succeeded in unambiguously 
isolating the new metal in the form of fine tinsel. 

About 1854, H. Sainte-Claire Deville obtained for the first time larger 
amounts of aluminium from reduction of A1203 with sodium in a chemical 
factory near Paris. At the same time, BUNSEN (1852) and SAINTE-CLAIRE DEVILLE 
(1854) succeeded in producing aluminium by electrolysis. VON SIEMENS (1878) 
was the first to build a smelter with coal electrodes and coal crucibles. Only after 
invention of the dynamo in 1866, Heroult in France and, independently of 
him, Hall in America developed a process for aluminium electrolysis (Hall- 
Heroult process). 

The first electrolysis-based aluminium foundries began production in 
1888/1889 in Pittsburgh (Great Britain) and Neuhausen (Switzerland). The 
technology of aluminium production is intentionally omitted from this book in 
order to remain within the framework of ore deposit presentation. For further 
technological orientation the reader is referred to NEWSOME et al. (1960), GINSBERG 
(1962), SMITH-BRACEWELL (1962), and Symposium sur les Bauxites, 3, Zagreb, 1963. 



Chapter 2 

ECONOMIC IMPORTANCE OF BAUXITE DEPOSITS 

UTILIZATION OF BAUXITES 

The production of alumina consumes over 90% of the bauxite world production 
(excluding the U.S.S.R. and China), while the remainder is used for abrasives, 
chemicals and refractories. 

Depending on the mineral composition of the bauxite (gibbsite, boehmite, 
diaspore) several different processes are used for metal production in the world. 
The Buyer process is the most important process. 

The aluminium obtained is used as metallic aluminium or for alloys of: 
Al-Cu-Mg, Al-Cu-Ni, AI-Cu (5% Cu), Al-Mg-Si, Al-Mg (7% Mg), A1-Mn 
(2% Mn). 

DISTRIBUTION OF BAUXITE DEPOSITS 

Throughout the terrestrial epochs of the earth’s history bauxites are recorded 
from all those areas (Fig.5) where tropical weathering resulted in enrichment of 
aluminium hydroxides and hydrated oxides. 

The bauxites may be classified in three different ways (see Fig.6): 
on genetic principles: (I) bauxites on igneous and metamorphic rocks; (2) 

according to geological age: ( I )  Palaeozoic bauxites; (2) Mesozoic bauxites; 

based on mineralogical composition: ( I )  gibbsite bauxites; (2) boehmite 

bauxites on sediments: (a) carbonate rocks; (b) clastic strata; 

(3) Cenozoic bauxites; 

bauxites; (3) diaspore bauxites. 

BAUXITE PRODUCTION 

The economic potential of a bauxite deposit is governed by quality, structural 
geology, reserves, production technology and site in respect to transport 
facilities. 

World production of bauxite is surveyed in Table I. Because of the increasing 
significance of aluminium for a variety of purposes, production rates rise rapidly. 



TABLE I P 

PRODUCTION OF BAUXITE (in lo00 metric tons)l 

1960 1961 1962 1963 I964 1965 1966 1967 1968 1969 

Austria 26.0 
France 2 067.3 
Germany (BRD) 3.8 
Greece 883.7 
Hungary 1190.0 
Italy 315.5 
Rumania 88.0 
Spain 2.6 
U.S.S.R. (including 

Soviet-Asia) 3 500.0 
Yugoslavia 1025.0 

Europe 9 101.9 

China 
India 
Indonesia 
Malaysia 
Pakistan 
Sarawak 
Turkey 

Asia 

350.0 
387.4 
395.7 
459.2 

0.6 
289.4 

1882.3 
- 

Guinea 1378.0 
Ghana 193.8 
Mozambique 4.8 
Rhodesia - 
Sierra Leone - 

Africa 1576.6 

18.0 
2 224,9 

4.2 
1 108.0 
1366.0 

327.2 
69.0 
5.6 

4 o00.0 
1232.0 

10 354.9 

350.0 
475.9 
419.9 
416.5 

1.4 
257.5 

1 921.2 

1 766.7 
203.9 

4.7 

- 

- 
- 
1975.3 

17.0 
2 194.3 

4.7 
1 321.0 
1473.0 

309.4 
31.0 
6.0 

4 200.0 
1 332.0 

10 888.4 

400.0 
573.0 
461.2 
355.0 

229.1 

2 018.3 

1659.8 
243.3 

6.2 
0.5 

1909.8 

- 

- 

- 

17.8 
2 028.9 

4.3 
1281.1 
1 362.0 

269.7 
10.0 
11.8 

4 300.0 
1285.0 

10 570.6 

400.0 
565.1 
493.1 
451.2 

157.7 

2 067.1 

1664.0 
314.4 

6.6 
1.8 

30.4 
2 017.2 

- 

- 

3.7 
2 432.7 

4.2 
1063.1 
1488.0 

236.1 
6.6 
6.8 

4 300.0 
1293.0 

10 834.2 

400.0 
591.0 
647.8 
471.3 

160.6 
4.5 

2 275.2 

1 433.0 
250.4 

6.3 
2.5 

130.5 
1822.7 

- 

- - 
2 663.8 2 810.6 

3.9 3.7 
1274.0 1 529.0 
1478.0 1429.3 

244.4 253.7 
108.0 206.0 

4.2 4.0 

4700.0 4800.0 
1 574.0 1 887.0 

12 050.3 12 923.3 

400.0 400.0 
705.7 749.8 
688.3 701.5 
856.7 955.5 

137.3 - 
- - 

10.3 32.3 
2 798.3 2 839.1 

1 600.0 1 608.7 
319.3 322.9 

5.7 5.9 
2.0 2.0 

207.3 275.2 
2 134.3 2 214.7 

- - 
2 812.6 2 712.9 

2.3 3.3 
1658.9 1836.1 
1 649.4 1 959.0 

241.4 216.2 
460.0 595.0 

2.4 2.9 

5 o00.0 5 oO0.0 
2 131.0 2072.0 

13 958.0 14 397.4 

400.0 400.0 
788.5 936.3 
920.2 879.3 
899.6 798.7 

- - 
- - 

21 .o 20.0 
3 029.3 3 034.3 

1639.2 2 117.6 
351.0 284.7 

5.9 3.3 
2.0 2.0 

334.5 470.3 
2 332.6 2 877.9 

- 
2 772.7 

3.2 
1940.0 
1 936.0 

228.0 
600.0 

2.3 

5 200.0 
2 128.0 

14 810.2 

400.0 
1012.5 

927.0 
1073.0 0 

R 
3 
R 
E 
s z 

20.0 2 
8 
c’ 
E 

0 

- 
- 

3 432.5 

2 500.0 
270.0 

3.3 
2.0 

442.3 

W 

4 m 

3 217.6 0 
E 
w 

4 cn 



United States 
Brazil 
Dominican 

Guyana 
Haiti 
JalllaiCa 
Surinam 

Republic 

America 

2 030.1 
120.8 

1247.7 
111.4 

1391.0 
190.7 

1549.5 
169.6 

1626.7 
131.7 

1680.5 1824.8 
188.0 249.9 

1 680.5 
302.9 

? cx 
1 691.7 1 824.8 

313.0 320.0 

1 
3 

3 

5 660.0 6 236.0 2 

w 008.0 1 102.8 
721.8 4 306.4 

525.0 10 498.0 C 
477.4 776.0 8 

2 21 396.9 25 064.0 

688.6 
2 510.8 

346.5 
5 837.0 
3 455.0 

14 988.8 

750.5 
2 411.7 

267.2 
6 770.0 
3 453.0 

15 011.5 

675.4 
2 762.6 

441.6 
7 615.4 
3 297.0 

16 373.7 

723.5 
2 163.2 

384.0 
7 013.9 
3 438.0 

15 441.7 

813.5 
2 517.4 

437.2 
7 936.5 
3 993.0 

17 456.0 

893.0 818.4 
2 918.7 3 357.7 

382.6 361.4 
8 651.0 9 061.5 
4 360.0 5 563.0 

19 073.8 21 236.7 

1 092.0 
3 381.4 

375.8 
9 395.6 
5 466.0 

21 694.2 

8 

Australia 70.5 16.2 30.0 359.9 796.5 1 186.4 1827.1 4 243.6 4 955.0 7 917.0 

Total 21 620.1 29 279.1 31 220.2 30 456.5 33 184.6 37 243.1 41 040.9 45 257.7 46 661.5 54 441.3 

1 Metallgesellschaft Frankfurt 1970 
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Tronsportation 
industrv 

A 

E 

1950 51 52 53 54 55 56 57 58 59 60 61 62 63 64  65 66 67 1 69 70  71 
B 

Fig.4. Aluminium consumption. A. In the U.S.A. B. In the Federal Republic of Germany 
(after ERNST, 1968). 

1 = transportation industry; 2 = engineering; 3 = electrotechnics; 4 = packaging; 5 = 

construction; 6 = furniture and hardware; 7 = steel industry and aluminium powder; 8 = export; 
9 = miscellaneous; 10 = summary. 

World aluminium production already exceeds the combined output of lead, zinc 
and tin. Reference to Fig.1 will show that aluminium prices are very stable in 
contrast to copper, the conductivity of which is two-thirds higher. 

The postwar P.V.C. plastics are lower in price but the tensile strength i s  
only 20%-10% of the corresponding value for aluminium. For this reason P.V.C. 
plastics cannot be substituted for aluminium in many cases. Aluminium satisfies 
a wide range of industrial needs. Technological advantages of aluminium over 
other metals are low density, high electric and thermal conductivity, and high 
imperviosity to corrosion. 

It is interesting to compare the production with the rate of importation into 
the U.S.A. Importation and consumption of aluminium rise sharply with indus- 
trialization. 
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Million 
10”s 

Fig.6. Inferred world bauxite reserves. The most important deposits are of Eocene age. 
(Bureau of Mines, Washington, 1965.) 

World production of aluminium rose from 1.5 million metric tons in 1950 
to 8 million metric tons in 1967 (Fig.3). Aluminium consumption reflects the state 
of industrialization of a country to a large extent and there is a close relationship 
between G.N.P. (Gross National Product) and aluminium consumption (Fig.2). 
The United States is by far the greatest aluminium consumer, and consumption 

Fig.7. “Mining for bauxite” stamp of Guyana, formerly British Guiana, 1954. 
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even exceeds expectations. Aluminium consumption in individual branches of 
industry differs in various countries, and Fig.4 compares commodities of the 
U.S.A. and the Federal Republic of Germany. 

Bauxite production faces the tentatively calculated reserves valued in tons, 
as given in Fig.6 and in Table I. 

In 1954 in Guyana, formerly British Guiana, stamps were issued depicting 
Her Majesty Queen Elizabeth I1 and a bauxite mine (Fig.7). 
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WEATHERING AND NEOMINERALIZATION 

There is a close relationship, as stated by GOLDSCHMIDT (1937), between ionic 
potential (ionic charge, ionic radius) and the formation of aluminium hydroxides. 

By solution in the weathering process some of the trace elements, such as 
Be2+, Ni2+, Sc3+, Cr3+, Th4+, U4+, Zr4+, Mn4+, Mo4+, Nb5+, V5+,  U6+, 
may be enriched with main elements such as Fe3+, A13+ and Ti4+ (Fig.8). 

soluble cations A I 

R b' 

I'. P b .  

- 1.1 
lo 
3 

'0 
.- 
e 
' 1.0 

0 

C 
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Fig.8. Relation of ionic potential and hydroxide formation. (After GOLDSCHMIDT, 1937.) 

MINERAL DECOMPOSITION IN THE WEATHERING PROCESS 

Current theories on the disintegration of primary minerals and neomineralization 
are still very tentative. For this reason and because of the evergrowing number of 
publications which are partly contradictory, presentation is restricted to selected 
data and models of thought. There are two principal ways of approaching the 
problem: 

( I )  Observation of natural processes. The best observations of this kind 
concern the Hawaiian Islands (see below). However, such observations will remain 
incomplete because the direct relationship of mineral decomposition and neo- 
mineralization on one side and physical and chemical properties of the solution on 
the other, may never be ascertained. Weathering is such a complex process that it 
can not be equalled under laboratory conditions. 

(2) Experimental weathering in the laboratory. Early descriptions of 
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tectosilicates resulted from experimental weathering in suspensions carried out 
by C. W. Correns and collaborators (Table 11). 

TABLE I1 

ARTIFICIAL WEATHERING OF POTASSIUM FELDSPAR IN SUSPENSION (after CORRENS and VON ENGEL- 
HARDT, 1938) SHOWING THE MAXIMUM AMOUNT OF KzO, AlzOa AND sioz DISSOLVED FROM THIS 

FELDSPAR IN THE ARTIFICIAL WEATHERING SOLUTION UNDER VARIOUS CONDITIONS OF PH, GRAIN 

SIZE, AND RATE OF SOLVENT FLOW 

Temperature 
Grain size, ,LL 

cm3/day 
mg/l KzO 
mg/l A 1 2 0 3  

mg/l SiOz 
mg/l solvent 

PH' 
3 3 6.6 5.64.85-8.3 

20 20 O 20 O 20 
< 1  3-6 < 1  ball mill 

70 - 74 32 
(agitated) 

- 
7.7 11.5 12.3 41.6 
5.6 7 1.1 1 

10 6.5 7 2 
9. I 1.82 1.85 4.5 

20 
< 1  

32 
14.8 
6.5 

15.8 
5.2 

1 pH = 3 by using 0.01 sulphuric acid; pH = 6.6 by using twice distilled water; pH = 11 by 
using ammonia. 

Tectosilicates 

CORRENS and VON ENGELHARDT (1938) were the first to demonstrate the dependence 
of solubility of specific ions on pH. Experiments were carried out with potassium 
feldspars and decomposition was at its minimum at about pH 7. There is a rapid 
acceleration in dissolution during initial stages of the experiment, but the speed 
of dissolution becomes linear from a certain point onwards. Because of the 
relatively high solubility of potassium, an amorphous residual layer rich in Si and 
Al 300 A thick develops. Diffusion generates continuous removal of potassium. 
Because of this residual layer of constant thickness Si and A1 may permeate 
into ionic solution. 

The Si02/A120, ratio of the residual layer is governed by pH and it is 
greatest at neutral pH. 

Similar experiments were carried out by C. W. Correns and collaborators 
with plagioclases, foids, amphiboles and olivine. CORRENS (1963) demonstrated 
the same principles of dissolution for all tectosilicates. In all cases mineral grains 
develop residual layers. The thickness and chemical composition of these residual 
layers are governed by the solubility of participating elements under the prevailing 
conditions. 

WOLLAST (1963) reproduced feldspar weathering, both by reactions of 
aqueous solutions with a feldspar suspension, confirming the results of CORRENS 
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and VON ENGELHARDT (1938), and by diffusion of aqueous solutions in solid 
phases of pulverized feldspar (100 g/l). In this experiment the reactive surface 
between solid and solution is much enlarged, and residual layers do not form. 
Table I11 compares the solubility of AI,O, and SiO, for both methods. 

TABLE 111 

CONCENTRATION OF SILICA AND ALUMINA (mg/l) IN EQUILIBRIUM WITH FELDSPAR (100 g/l) (after 
WOLLAST, 1963) 

P H  Suspension Percolation Mean values 
- __ -~ ~ 

SiOz Ah03 SiOz A1203 SiOz A1203 

4 87.8 139 - - 87.8 139 
5 48.9 28.6 39.8 22.2 44.3 25.4 

8 17.9 - 17.9 0.65 17.9 0.65 
9 15.5 - 16.3 (0.10) 15.9 (0.10) 

10 22.5 1.6 - - 22.5 1.6 
HzO - - 33.1 0.45 33.1 0.45 

pH final 
6.8 

The concentration of AI,O, and SiOl in solution after diffusion in equi- 
librium with feldspar is given in Table IV. Silica is much more soluble than 
aluminium. 

In soils, precipitates from solution form AI/Si ratios governed by both pH 
and speed of silica removal from solution (WOLLAST, 1963). In similar ways relics, 
solutions and neomineralization were analyzed in experimental weathering of 
various rocks by PEDRO (1964). 

TABLE IV 

COMPARISON OF CONCENTRATIONS OF sioz AND Ah03 IN EQUlLIBRIUM WITH FELDSPAR AT DIFFERENT 

pH (after WOLLAST, 1963) 

P H  SiOz 
(millimoles/l) 

4 1.46 
5 0.14 

HzO (63) 0.55 
8 0.30 
9 0.26 

10 0.37 

A1203 
(millimoles/l/ 

1.35 
0.25 
0.004 
0.006 
0.0009 
0.016 
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Layer silicates 

The decomposition of clay minerals is particularly important in bauxites developed 
on clayey sediments. Many authors described weathering of layer silicates. WEY 
and SIEFERT (1961) established increasing stability of mineral phases as follows: 

amorphous silica 

J 
montmorillonite 

J 
kaolikte 

\ 
opal 

4 
cristobalite 

quartz 

HEYDEMANN (1966) performed a series of experiments on the dissolution 
of kaolinite, fire clay, illite and montmorillonite at 20°C as a function of pH 
(pH = 3, 6, lo), which broadened conceptions of possible reactions of clay min- 
erals during weathering. 

The investigations consisted of two series of tests. ( I )  A suspension of 1 g of 
clay in 150 ml of solution was stirred continuously in a filtering apparatus made 
of plastic material. After 7 days 100 ml of solution were filtered and the remaining 
50 ml diluted to 150 ml. This cycle was maintained over a period of 20 weeks. 
(2) Suspensions were shaken in plastic bottles for 1 and 9 months, respectively, 
at  a temperature of 20°C. Disintegration of clay minerals was as listed in Table V. 

Kaolinite H-7 dissolves at  pH 3 and pH 10 in stoichiometric proportions. 
However, the total amount in solution is much higher at  pH 3 than at  pH 10. At 
about pH 7 decomposition results in residual enrichment of Al. Heydemann 
suspects stoichiometric dissolution of fire clay (FC) as well, within a pH range of 
3-10. He believes that the low concentration of A1 depends on the solubility of 
A1 at  neutral pH (RAUPACH, 1963) and reflects aluminium absorption on clay- 
mineral surfaces (RAGLAND and COLEMAN, 1960). There is a smaller dissolution 
power in fire clay (FC) than in kaolinite in spite of the larger surface of fire clay. 
This is explained by differences in reaction kinetics. 

In the acid range the montmorillonite MU and MP become pH 3 only after 
several weeks. The final solution after 20 weeks yields a Si/AI ratio of approximately 
15 after filtration, but it is approximately 25 after 9 months of shaking. Under acid, 
neutral and alkaline conditions solubility of silica is relatively high, while the 
concentration of alumina increases in the residue. High silica enrichments in the 
filtrate indicate rapid decomposition of the montmorillonite structure. In contrast 
to kaolinite, disintegration is not stoichiometric but selective with respect to silica. 

The transformation of layer silicates into hydroxides has been reproduced 
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TABLE V 

EXPERIMENTAL RESULTS OF ARTIFICIAL WEATHERING (adopted from HEYDEMANN, 1966) 

19 

Clay minerals p H  After 20 weeks of filtration 
(fraction 2 p 0 ) 

._ 

concentration dissolved 
in solution material 

Si02 A1203 Si02 A1203 
(p.p.m.) (y /g  clay) 

Afrer 9 months of shaking 

concentration dissolved 
in solution material 

SiO2 A1203 SiOa Ah03 
(p.p.4 (ylg clay) 

Kaolinite H-7 
I. 45 m2/g clay 
2. Si/Al = 1/1 
Fire clay FC 
1. 105 m2/g clay 
2. Si/AI = 1/1 
Montmorillonite MU 
1. 720 m2/g clay 
2. Si/(Al+ Fe + Mg) 
= 2/1 
Montmorillonite MP 
1. 880 m2/g clay 
2. Si/(AI + Fe+ Mg) 
= 211 

3 0.62 0.58 
6 0.32 <0.02 

10 0.50 0.46 
3 0.60 0.17 
6 0.08 <0.02 

10 0.40 0.25 
3 5.0 0.3 
6 1.1 <0.02 

10 3.0 <0.02 
3 7.5 0.3 
6 1.1 <0.02 

10 1.9 <0.02 

1720 
950 
980 

1650 
390 
800 

19000 
5700 

7100 
29100 
7500 

5100 

1520 
< 20 
940 
420 
< 20 
570 
500 

< 25 

< 25 
520 

< 25 

< 25 

6.6 4.7 
0.8 <0.02 
0.65 0.70 
4.3 1.8 
1.2 <0.02 
1.0 0.45 

28.06 1.1 
7.6 -0.03 

8.0 0.15 
41.4 1.7 

-7.0 -0.03 

2.9 0.2 

990 
120 
100 
650 
180 
150 

4300 
1150 

1 200 
6210 
1050 

440 

710 
<3 
105 
270 
<5 
70 

170 
- 5  

20 
250 
- 5  

30 

I = surface area; 2 = atomic ratio. 

by PEDRO and BERRIER (1966) and PEDRO and BITAR (1966) on an experimental 
basis. They describe both the transformation of kaolinite into boehmite and 
olivine into brucite via antigorite as the disintegration of the tetrahedron layer 
and complete structural rearrangement from the amorphous stage after desili- 
fication. 

Experiments on weathering during the past 30 years evidenced trans- 
formation of both tectosilicates and layer silicates into gels via ionic solutions. 
Within the layer silicate group only, there may be reorganization without structural 
rearrangement under certain conditions (degradation and aggradation after 
MILLOT et al., 1966). 

Experimental weathering with organic acids 

SAPOZHNIKOV (1963) mentions that in recent years the destructive influence of 
various organic acids upon minerals was studied by I. I. Ginzburg, R. S. Yashina 
and other I.G.E.M. workers. They used citric, tartaric, pommic, succinic and butyric 
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acids and primary amide of aspartic acid reactions and compared the results with 
those obtained with sulphuric acid. 

The experiments involved the minerals nepheline, chlorite and kaolinite. 
The concentrations of the acids used ranged from 0.1 N to 0.001 N at room 
temperature. One gram of the pulverized mineral was placed in a beaker con- 
taining 100 ml acid and mixed by stirring for 30 min. Then the mixture was kept 
for 24 h, and the solution was separated from the precipitate by filtering or cen- 
trifuging. The experiment resulted in partial decomposition of all three minerals, 
even with the solution of lowest concentration. This is easily seen from Table VI. 

All mineral extracts contain noticeable amounts of aluminium dissolved 
by all acids even at  their lowest concentration. At 0.05 N all tests reveal con- 
siderable quantities of aluminium leached (see Table VII). 

TABLE VI 

TOTAL AMOUNT DISSOLVED (mg) PER g OF MINERAL (after I. I .  Ginzburg and co-workers, in SAPOZH- 
NIKOV, 1963) 

Acids 0.05 N 0.001 N 

nepheline chlorite kaolinite' nepheline chlorite kaolinite' 

Citric 304.45 3.96 3.95 2.78 2.32 4.41 
Pommic 273.43 5.31 6.10 4.71 1.38 4.80 
Tartaric 281.0 3.65 5.57 6.26 1.17 4.34 
Aspartic 102.84 4.94 6.95 4.15 1.08 4.26 
Butyric 64.95 2.85 4.88 1.22 1.65 4.36 
Succinic 13.27 3.12 5.27 3.56 1.41 4.10 
Sulphuric 203.17 6.49 5.80 4.24 2.57 4.19 

1 Kaolinite used for the experiment contained some CaO. 

TABLE VII 

EXTRACTION OF A1203 PER 1 g OF VARIOUS MINERALS WHEN TREATED WITH ORGANIC ACIDS (0.05 N) 
(after I. I. Ginzburg and co-workers, in SAPOZIINIKOV, 1963) 

Acids Nepheline Chlorite Kaolinite 
- 

A1203 pHof  , 4 1 2 0 3  pH of A1203 pHof 
(mg/l) extract (mg/l) extract (mg/l) extract 

Citric 7.62 6.78 0.50 3.22 0.25 3.50 
Pommic 9.43 6.00 0.30 3.12 0.15 3.50 
Tartaric 10.70 4.25 0.17 3.12 0.09 3.02 
Aspartic 1 s o  5.82 0.11 3.52 0.02 3.92 

Succinic 0.80 4.25 0.07 3.52 0.02 3.88 
Sulphuric 3.40 4.20 0.41 2.47 0.30 2.52 

Butyric 0.70 4.22 0.08 3.86 0.01 3.90 



MINERAL DECOMPOSITION IN THE WEATHERING PROCESS 21 

To determine the solubility of aluminium with fulvo acids, experiments 
were carried out by N. V. Saprykina (SAPOZHNIKOV, 1963) in the Caucasian 
subtropical area, where the laterite type of crust of weathering is known to exist. 
There was no extraction of aluminium observable upon reaction of fulvo acids 
with fresh or even gibbsitized rocks. On the contrary, a considerable portion of 
aluminium present as an admixture in the fulvo acid was absorbed on the rock 
surfaces (Table VIII). 

TABLE VIII 

CONTENT OF A1203 IN SOLUTION AFTER THE FILTRATION OF FULVO ACIDS THROUGH SOIL AND ROCK 

FOR 24 h (after N. V. Saprykina, in SAPOZHNIKOV, 1963) 

Rock p H  after 
filtration 

Red soil 5.0 
Hydrargillitized rock 3.68 
Porphyrite 6.93 
Flint clay 3.50 
Bauxite 6.00 

Content of A h 0 3  (mgll) 

in initial in solution 
fitlvo acid after filtration 

7.54 1 1.22 
7.54 0.92 
7.54 5 .70 
7.54 28.70 
7.54 9.94 

.. ~- 

Extraction (-) or 
absorption (+) 
Of A h 0 3  

3.68 (-) 
6.62 (+) 
1.84 (+) 

21.16 (-) 
2.40 (-) 

However, filtration of fulvo acids through red soil, flint and bauxite resulted 
in noticeable extraction of aluminium, the largest amount being extracted from 
flint clay. There was extraction of aluminium from a rock rich in alumina, e.g., 
flint clay, if the pulverized rock was left in the fulvo acid solution for a long period 

TABLE IX 

CONTENT OF , 4 1 2 0 3  IN EXTRACTS OBTAINED AS RESULT OF ROCK TREATMENT WITH SOLUTION FOR 

30 DAYS (after N. V. Saprykina, in SAPOZHNIKOV, 1963) 

~. .- 

Rock Weight Volume of p H  after A h 0 3  confent (mgll) 
fulvo acid rock 
( 4  treatment in initial in extract extraction 

solution of (-) or 
fulvo acids absorption 

(g) 

(+) 

Porphyrite 10 150 7.3 7.54 0.00 7.54 (+) 
Flint clay 10 150 4.4 7.54 40.99 33.45 (-) 
Shingle 10 150 5.0 7.54 0.00 7.54 (+) 
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(30 days; see Table IX). But within that same period there was no extraction of 
aluminium from porphyrite and shingle. Moreover, all of it was absorbed from the 
fulvo acid which initially contained 7.54 mg/l A1,0,. 

Order of stability of minerals during weathering 

Many attempts were made to establish the order of stability of silicates with respect 
to weathering. As, in the experiment, stability not only depends on the type of 
mineral (structural bonds) and the environment of weathering, but also on factors 
such as grain size, inclusions, reacting surface of the mineral and solution (porosity, 
permeability), no general scheme of mineral stability with respect to weathering 
may be defined. 

PEDRO (1 964) diagrammatically demonstrates differences in the speed of 
dissolution of the tectosilicates from granites and basalts under equal test con- 
ditions (Fig.9). Decisive factors governing the speed of degradation seem to be: 
grain size; greater stability of granite minerals than of basalt minerals with respect 
to weathering; and higher Si concentration of the granitic weathering solution. 

'/. Si02dissolved from total Si02 in  fresh bed rock 

40 f 50 60 + 70%SiO2of rock 

Basalt 
(45.50) 

Granite 
(67.70) 

Fig.9. Solubility (wt. %> of silica in basalt and granite as a function of solvent. Z = water 
containing C02, pH = 4; ZZ = distilled water, pH = 7. In both cases there is a higher solubility of 
silica in basalt than in granite. (After PEDRO, 1964.) 

The order of stability as derived from weathering profiles on gabbroidic 
and granitic rocks in the U.S.A. by GOLDICH (1938) may be regarded as one 
example: 
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olivine 
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augite 

\ 
hornblende 

biotite 
\ 

muscovite 

stable heavy minerals 

quartz 
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Ca-feldspar 
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K-feldspar 
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pl 
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.1Q 

RELIC MINERALS 

From both experimental weathering and observations in nature it is now known 
that minerals disintegrate in a given environment depending on their resistance to 
weathering. Accordingly they may be stable or instable with respect to the pre- 
vailing environment. In principle there are no minerals capable of withstanding 
tropical weathering. 

More stable relic minerals are, for example, quartz, magnetite, ilmenite, 
chromite, gold, platinum, zircon, rutile, tourmaline. Such relic minerals are of 
interest: (a) if their concentration is sufficiently high to form residual deposits 
(chromite, gold, platinum, zircon, rutile); and (b) if they evidence source materials 
following redeposition (carnotite in karst bauxites of Unterlaussa, Austria). 

CHEMICAL REACTIONS IN AQUEOUS SOLUTION AND NEOMINERALIZATION 

In bauxites, there is preference to neomineralization of hydroxides, hydrated 
oxides and oxides of Al, Fe and Ti, but layer silicates and quartz may also form. 

Liberation of these elements from a mineral or rock is governed by ( I )  
bonds in the crystal lattice of the minerals to be disintegrated; (2) solubility of 
the secondary mineral phases; (3) pH and Eh of the solution; (4) charge of the 
elements, e.g., Fe; (5) temperature and concentration of the weathering solution; 
and (6) other ions in the weathering solution. 

Therefore, the process of dissolution and precipitation of gels or crystals 
is very complex. 
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System A1203-H20 

HABER (1925) was the first to establish or- and y-series. Today there are recognized: 
( I )  or-modifications: AWH),  bayerite 

AlOOH diaspore 
A1203 corundum 

AlOOH boehmi te 
(2)  y-modifications: A1(OH)3 gibbsite (hydrargillite) 

In aqueous solution A1 may be dissolved: as ions; in molecular dispersed 
form; and in polymerized form. 

Aluminium is amphoteric in pure water (WEY and SIEFERT, 1961). RAUPACH’S 
(1960, 1963) work on simple aluminium hydroxide-water systems in the pH range 
3.5-10, which is of interest in pedogenesis, has shown AIOH”, AI(OH)l, and 
Al(OH);-or possibly polymers: AI,(OH)d;+, AI,(OH):;, AI,(OH):l, AI,(OH);+ 
-to be present. 

The surface phase of many exchangers, e.g., AI(OH),, soils and silica, does 
not liberate A13+ but A10H2+ ions. When A13+ is formed in solution which is slow, 
they quickly react with the surface conferring a divalent positive charge at the point 
of reaction and releasing H 3 0 + .  The results were obtained by dissolving the 
aluminium hydroxide in 0.01 M potassium sulphate (Fig.10). The slope of the line 

PH 

Fig.10. The negative logarithm of the number of g-atoms of soluble aluminium per litre of 
solution (p AIM) in relation to the pH for various reactions taking place upon dissolution of 
aluminium hydroxide. The ionic species are indicated; curve A and Care for amorphous hydroxide, 
E and D for corundum, E for bayerite, and F for gibbsite surface. (After RAUPACH, 1963.) 

then gives, when a single aluminium species is present, the number of hydrogen 
or hydroxyl ions participating in the reaction per aluminium ion, e.g., the line 
of the equilibrium: 
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Al(OH), = A1(OH)2+ + 2 OH- 

For precipitated aluminium hydroxide, line A has a slope of 2. The data 
represent results for pure water systems; lines A and C represent data for freshly 
precipitated aluminium hydroxide, B and D for corundum, E for bayerite, and F 
for gibbsite. The free energy of these corresponded to those of stable phases after 
about 400 h of reaction. While the occurrence of yet more insoluble aluminium 
hydroxide compounds giving equilibria to the left of lines B and D is quite possible, 
this would not occur on the alkaline side, where line F for gibbsite is the most 
soluble phase encountered. RAUPACH (1963) gives a summary of the free-energy 
values and constants calculated for 25 "C (Table X). 

TABLE X 

FREE-ENERGY VALUES AND EQUILIBRIUM CONSTANTS USED AND EVALUATED~ 

Solid phases - A F "  KSO Ksl KSZ KS4 

Al(OH)s amorphous 271.9 (-32.34) -23.31 -14.04 (-10.77) 
A1203 corundum 273.4* (-33.45) -24.41 -15.14 (-11.87) 
A1203.HzO boehrnite 274.2.3 ** (- 12.45) 
AhOr3Hz0 bayerite 276.1 *,** -13.84 
AlzOz3H~0 gibbsite 277.1 **** -14.57 

Ions (aqueous) 
AP+ 115.0 
AIOH2+ 164.9 
AI(OH)z+ 215.1 
AI(OH)4- 313.9** 

KSO = log [(AI3+) (OH-)3]; Ksl = log [(AIOH'+) (OH-)']; Ksz = log [(AI(OH)'+) (OH-)]; 
Id4 = log [(AI(OH)4-) (H+)l. 
Values assumed are in italics and those calculated but not found with the present results are in 
brackets. 
* Reduced to formula AI(OH)3. 
** In agreement with experimental data of RAUPACH (1963). 

Compounds with the free energy of bayerite and gibbsite appear to be the 
most stable phases on the alkaline side, and hydrated corundum and amorphous 
aluminium hydroxide in the acid region. 

Amorphous stage 
Two kinds of gels occur in nature: 

1 mole A1203 * 3 moles H,O 
1 mole Al,03 

the precipitation of aluminium hydroxides (Fig. 1 1). 

1.5-2 moles H,O = pseudoboehmite (cliachite) 
PA Ho Hsu and BATES (1964) developed the following experiment based on 



26 WEATHERING AND NEOMINERALIZATION 

yp = 0-2 

(belaw pH I I 
- = 2.1 - 2J - q = 3 , 0 - 3 , 3  

(pH&-7) lpH8-11) 

Al, IOH)1,6'.12Hz0 

1rlAI 

Various crystalline and X-ray-amorphous forms of aluminium hydroxide 
may be prepared from sulphate and chloride solutions by varying the mole ratio 
NaOH/AI3+. At ratios of 3 or 3.3, crystalline Al(OH), as bayerite, nordstrandite, 
gibbsite, or a mixture is obtained within several hours. At ratios of 2.75 or less 
no AI(OH), is formed, but the products are amorphous to X-raying and remain 
so even after ageing for 6 months. Chemical analysis indicates basic aluminium 
sulphates or chlorides for these amorphous precipitates. In the 0-2.1 range of 
NaOH/Al, the composition of the products is constant, being approximately 
Al(OH),.ZX0.8. In the 2.1-2.75 range, a continuous series of basic salts is ob- 
tained, the composition of which ranges from AI(OH),,2Xo,, to Al(OH)z~7sXo~zs. 

The following hypothesis is proposed to account for the occurrence of 
X-ray-amorphous versus crystalline forms. If NaOH is added to an aluminium 
salt solution, the initial reaction yields AI(OH):, which polymerizes to stable 
six-membered ring units of Al,(OH)fi or multiples thereof (double or triple rings 
of A I , , ( O H ) ~ ~  and AII3(OH)ZO+, all with H,O molecules at the surface. At 
NaOH/AI = 2, installation of A13+ in the basic ring units is complete; excessive 
OH- polymerizes these ring units yielding a continuous series of species. At 
NaOH/AI = 2.75 and less, the positively charged hydroxide-aluminium polymers 
repel each other unless joined together by anions to form basic aluminium salts, 
which are usually amorphous to X-rays, because of their highly hydrated state. 
At NaOH/AI = 3, the net positive charge per aluminium is neutralized and 
consequently repulsion among both polymers and hydrated compounds becomes 
negligible. For this reason all polymers cluster, and AI(OH), crystallizes within 
hours or days, depending on the conditions of crystal growth (Fig. 11). 

Alio(OH),,'* .16HzO AI,GIOH)8,12' .2bHz0 A15~IOH)1'41a* .36Hz0 AIIOH), 

q 8 4 A l  0,50+IAI 0,334Al 0 4 A l  

Trihydrate A l ( 0 H )  , (a = bayerite, y = gibbsite (hydrargillite), nord- 

All Al(OH), modifications (Table XI) have similar crystal structures, showing 
strandite) 
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OH octahedrons in which two thirds of the centres are occupied by A1 (dioctaedric) 
linked to layers with pseudohexagonal grouping of Al. The various polymorphous 
types are defined by the different structural arrangement of successive layers. The 
structure of bayerite is very near to hexagonal “closed sphere packing” resulting 
in higher density than that of gibbsite, layers of which are displaced along the 
a-axis to such a degree that they face OH-ions of neighbouring layers. 

SAALFELD (1960) describes monoclinic and triclinic gibbsite which are 
distinguished from structural arrangement of successive layers along the c-axis. 

GINSBERG et al. (1962) proved bayerite to be the most stable mineral phase in 
an environment free of alkalis. 

The normal case is that in the presence of alkalis the gibbsite structure 
forms. The alkalis are built into the lattice, the amount ranging from 0.1 % to 1 %. 
They are likely to fill vacancies in the octahedrons. Gibbsite, therefore, is not 
pure Al(OH), but a modification stabilized by alkalis. HAUSCHILD (1964) was 
able to stabilize gibbsite with ethanolamine in the absence of alkalis. 

In the presence of potassium, WEFERS (1962) grew elongated pseudo- 
hexagonal gibbsite prisms, while tabular crystals, frequently twisted, developed 
from the sodium solution. Also large natural crystals in bauxites of India (VALE- 

1/3a* 

V3b t 

Fig. 12. Stereo projection of four individual gibbsite crystals with different triclinity. 
Crystals 2-3 and 1-4 are twinned after (001) and crystal 1-3 after (010). Note the rotation of 
crystals I and 3 in relation to crystals 2 and 4, respectively, around a spiral axis [Ool]. (After 
VALETON, 1967b). 
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TON, 1967b) show spiral growth besides twinning in (001) and (010) planes (Fig.12). 
The most common naturally occurring trihydrate is gibbsite (= hydrargil- 

Me). It crystallizes from both gels (via solution), sometimes in a pseudomorphous 
type, and directly from solution to form big crystals in joints and rock cavities. 

It is the main mineral of nearly all laterite bauxites and many Tertiary 
karst bauxites (Jamaica, Haiti, southern Europe). Nordstrandite (WALL et al., 
1962; HATHAWAY and SCHLANGER, 1965; SAALFELD and MEHROTRA, 1966) and 
bayerite (GROSS and HELLER, 1963) also became well-known examples of neo- 
mineralization. From the white bauxite of Carev Most near Niksic (Montenegro), 
KARSULIN (1 963) describes monoclinic aluminium hydroxides with the formula 
2AI,(OH),. H,O (for data, see Table XI) which he named “tucanite”. 

Monohydrates A t  OOH (a  = diaspore, y = boehmite) 
The structural relations of gibbsite and boehmite and diaspore may be 

read from Fig.13. WYART et al. (1966) investigated the transformation albite + 

boehmite in experiments. They observed development of corrosion on (001) 

l a  

Fig.13. Crystal structures of gibbsite (MEGAW, 1934), boehmite (EWING, 1935) and diaspore 
(EWING, 1935). 

faces during decomposition of albite by water and by compressed CO, in the 
autoclave. The aluminium dissolved immediately precipitated as orientated 
boehmite fibres which were replaced by tabular boehmite crystals after a few hours. 

In natural occurrences boehmite and diaspore are widespread. 
In nature, boehmite, which is thermodynamically the unstable phase, pre- 

dominates over diaspore. It occurs in various types of ore deposits: 
(a) The pisolitic high-quality bauxite facies of many laterites is rich in 

boehmite. In places boehmite is even the dominant aluminium mineral. 
(b) I n  karst bauxites boehmite may be the predominate aluminium mineral 

covering Palaeozoic to Tertiary deposits. The crystals both in the matrix and 
in oolites and pisolites are submicroscopic in most cases. 

DE LAPPARENT (1930) describes crystals bounded by (001) and (110) faces 
from bauxites of the AriBge. Angles of 60” of the (110) facies arise from preferred 
growth of the basis (001). Twinning after (001) is common. 



TABLE Xl 

MAIN MINERALS OF BAUXITE DEPOSITS 

Crystal sfrz/ctwre lirtensity Refractive Birefringence Density Degree of X-ruy 
index hardness (three strongest lines) 

Name Chemical cotnposit ion 

I - 

Tucanitel 
(KARSULIN, 1963) 

Gibbsite 
(TORREY, 1822) 

Hydrargilli te 
(CLEAVELAND, 1822) 

Bayerite 

- - 

a0 = 9.203A 
bo = 11.225 
co = 10.422 

bo = 5.01 
co = 9.72 
a0 = 17.33 
bo = 10.08 
co = 9.73 
a0 = 5.01 
bo = 8.68 
co = 4.76 

bo = 5.004 
co = 10.234 
a0 = 2.859 
bo = 12.24 
co = 3.691 

bo = 9.399 
co = 2.836 

a0 = 8.67 

a0 = 8.893 

a0 = 4,409 

a0 = 5.13 

a0 = 9.94 
bo = 14.88 
co = 26.47 

a0 = 6.97 

ao = 6.98 
co = 17.38 

co = 16.70 

B = 70"16' 2.21 9.81 8.66 4.33 s vs s1 

2.42 3-3.5 4.85 4.37 2.39 320 50 273 monoclinic2 
P21/n 

triclinic 

monoclinic4 
C2/m 

triclinicj 

orthorhombic6 
Cmcm 

orthorhombic6 
Pnma 

rhombohedra16 
R5C 
triclinic4 

pseudocubic4 
R3m 
R3m4 

monoclinicJ 

1 T-tyw4 
triciinic 
PT 

monoclinic4 

monoclinic" 

B = 94"34' Nz = 1.568 (+) 0.021 
N y  = 1.568 
Nz = 1.587 

a = 94"lO' 
B = 92"08' 
y =  90"W 
B =  90"W 

4.72 4.36 2.21 100 70 653 

2.416 4.790 2.392 2.265 100 35 355 

3.02 3.5-4 6.11 3.16 2.35 100 65 353 

3.4 6.5-7 3.99 2.32 2.13 100 56 523 

4.02 9 2.55 2.09 1.60 100 100 903 

2.05 8.66 8.34 5.63 vvs m m7 

Nordstrandite 
(NORDSTRAND. 1956) 

a = 9296'  
B = IlO"23' 
y = 90"32' 

Nz = 1,649 
Ny = 1.659 
Nz = 1.665 
Nz = 1.702 

(+) 0.01 68 

N y  = 1.722 (+) 0.048' 
Nz = 1.750 

a = 55"16' N,= 1.7604 

a = 98'42' NN 1.503 
N ,  = 1.7686 (-) 0.0088 

/? = 96"30' 
71 = 89"W 

z = 4  
a = 89"lO 

Boehmite 
(DE LAPPARENT, 1927) 

Diaspore 
(HAUY, 1801) 

Corundum 

Scarbroite 

Alunite 
(BEUDANT, 1824) 
Natro alunite 
(HILLEBRAND and PEN- 

Aluminite 
(HABERLE, 1807) 
Kaolinite 
(representative for 
kaolini te-group minerals) 
(JOHNSON, 1867) 
Montmorilloni te 
(representative for 
montmorillonite-group 
minerals) 
(MAUDUYT, 1847) 
Illite (hydromuscovite) 
(representative for 
illite-group minerals) 
Chamosite 
(representative for 

leptochlorite minerals) 
(BERTHER, 1820) 
Lepidocrocite 
(ULLMANN, 1813) 

FIELD, 1902) 

2.6-2.9 3.54 2.98 1.89 4.94 100 59 503 

2.96 4.90 2.97 100 75 703 

9.0 7.8 3.72 100 100 1 0 0 3  1.66- 1-2 
1.82 

2.581 2-2.5 7.17 1.49 3.58 100 90 803 
a0 = 5.14 a = 91"48' N, = 1.553-1.563 
bo = 8.93 B =z 104"30 N y  = 1.559-1.569 (-) 0.0078 

-105' 
co = 7.37 y = 90" Nz = 1.56Q--1.570 
a0 = 5.17 Nz = 1.485-1.600 
bo = 8.94 /3 -  90" N y  = 1.510-1.632 (-)0.025- 
co = 15.2 Nz == 1.510-1.640 0.040' 

2.0-2.3 1-2 15.3 4.50 3.07 100 100 1003 

ao = 5.19 Nz = 1.575 (-) 0.005 
bo = 8.99 /3 = 94'40 Nz = 1.580 
co = 20.05 
a0 = 5.40 Nz z= 1.627-1.654 (-) 0.005- 
bo = 9.36 /? = 90" Nv = 1.632-1.660 0.0068 
co = 14.03 Nz = 1.632-1,660 

2.651 ~2 10.00 4.48 3.33 100 90 903 

0.02 

3.193~ 1-2 7.05 3.52 2.52 100 100 903 

6.26 3.29 2.47 100 90 803 4.09 5 y-FeOOH orthorhombic4 
Cmcm 

a0 = 3.88 
bo = 12.54 
co = 3.07 

a0 = 4.65 
bo = 10.02 
co = 3.04 
a0 = 8.32 

N z  = 1.94 (-) 0.57' 
N y  = 2.20 
N ,  = 2.51 
(with HzO) 

Ny = 2.393-2.22 0.08' 
Nz = 2.260-2.15 (-) 0.138- 

Nz = 2.398-2.23 

4.28 5-5.5 4.21 2.69 2.44 100 80 703 a-FeOOH orthorhombic4 
Pbnm 

Goethite 
(LENZ, 1806) 

2.51 2.94 2.08 100 90 903 yFezO3 cubic4 
P213(?) 

Maghemite 
(WAGNER, 1927) 
Hematite a-Fez03 
(Theophrastus, 315 B.C.) 

trigonal4 = rhombohedral N ,  = 3.22 -2.904 
RTc a,), = 7.40 a = 85"42' N ,  = 2.94 -2.690 

a h  = 5.43 al= 55"14' 
Z= 8 

z = 2  
cubic" a0 = 8.391 N = 2.42 
Fd3m 
orthorhombic a0 = 3.39 opaque 
Pmnn bo = 4.45 

co = 5.42 z = 2  
cubic4 a0 = 5.41-5.42 opaque 
Pa3 z = 4  
trigonal4 = rhombohedral 
R3c arh = 6.03 a = 103"OS' N ,  = 1.612-1.633 

alrh = 5.83 a'= 47"45' 

trigona14 a0 = 3.74; [110] = 5.28 N ,  = 2.561-2.562 

N, = 1.851-1.875 

z=4 

z = 2  

Z = 4  N,  == 2.488-2.489 141jarnd co = 9.39 

(-) 0.28- 5.26 5-6 2.69 1.69 2.51 100 60 503 
0.214* 

5.175+ 5.5-6.5 2.53 1.61 1.48 100 85 853 

4.8-4.9 6-6.5 2.71 1.76 3.44 100 63 403 

Magnetite Fez04 
(HAIDINGER, 1845) 
Marcasi te FeSz 
(HAIDINGER, 1845) 

Pyrite FeSz 
(DIOSCORIDES, 50 A.D.) 
Siderite FeC03 
(HAIDINGER, 1845) 

5 . 0 1  6-6.5 1.63 2.71 2.42 100 84 663 

(-) 0.239- 3.89+ 4-4.5 2.79 1.73 3.59 100 80 603 
0.2428 

(-) 0.0738 3.90+- 5.5-6 3.51 1.89 2.38 300 33 2Z3 Anatase Ti02 
(HAW, 1801) 

1. KARSULIN (1963); 2. SAALFELD (1960); 3. A.S.T.M. (1963); 4. STRUNZ (1966); 5. SAALFELD and MEHROTRA (1966); 6. NEUHAUS and HEIDE (1965); 7. DUFFIN and GOODYEAR (1960); 8. TR&ER (1952). 
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In nature, diaspore forms both from recrystallization at the expense of 
gibbsite and boehmite and from solution as big crystals in joints and cavities. 
Diaspore crystals are much bigger than boehmite crystals (up to 100 p) in most 
cases. The habit is pseudomorphous or euhedral with faces (OOl), (100) and (101). 

DE LAPPARENT (1930) illustrates twinning after (03 1). The former opinion 
that diaspore formation was possible only at elevated temperatures and pressures, 
proved to be wrong. ALLEN (1935) was the first to describe diaspore formation in 
clays of Missouri (Pennsylvanian) with no signs of metamorphism. In 1952 he 
described the mineralogical relations of gibbsite, boehmite and diaspore in the 
diasporiferous clays of Missouri. The conception of diagenetic gibbsite, boehmite 
and diaspore facies laterally and vertically interfingering was described from several 
thoroughly investigated areas in Hungary (BARDOSSY, 1958) and in France (VALE- 
TON, 1964). 

The diagenetic environment governs “stabilization” of each mineral phase. 
Both Bardossy and Valeton suspect the oxidation potential to influence mineral 
formation. NIA (1968) demonstrates replacement of boehmite by diaspore with 
increasing drainage in bauxites of Greece. 

Oxide A1203 
The oxide A1203 may be represented by several polymorphous types, the 

crystallographic properties of which are still unknown in part. The stable end 
product is always u-Al,O,-corundum. 

Authogenetic corundum was described first by TERENTIEVA (1958) from 
North Kasaktanian and later by BENESLAVSKY (1959, 1963) from Russian non- 
metamorphic Mesozoic and Cenozoic bauxites. ZAMBO and TOTH (1961) found 
2-6 % a-A1203 in bauxites of Hungary. It mainly formed in black hard concretions 
and remained of submicroscopic size. 

Rehydration of A1203 
Many experiments (references in NEWSOME et al., 1960) showed that re- 

hydration of u-A120, to y-monohydrate (boehmite) is possible at 100 “C without 
difficulty. Further rehydration leads to u- or y-trihydrate. In some cases lattice 
transformation lagged behind water resorption. Experiments with higher tem- 
peratures and atmospheric pressure or in a vacuum showed rehydration to be more 
difficult. BENESLAVSKY (1 963) describes natural rehydration from Russian bauxite 
deposits. 

Relations of the mineral phases in the system A1203-H20  
So far there is no satisfactory experimentally based explanation of the 

conditions of mineral formation in the system Al,03-H20. For this reason several 
phase diagrams exist (Fig.14) such as those of ERWIN and OSBORN (1959), KEN- 
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Fig.14. Phase diagrams A1z03-HzO. 
A. After ERWIN and OSBORN (1951) with projected points of diaspore stability after 

B. After KENNEDY (1959); according to him there is no boehmite stability field. 
C. After TORKAR and KRISCHNER (1963) with new metastable “Ubergangstonerden”: 

injection of diaspore nuclei (NEUHAUS and HEIDE, 1965). 

a-Ah03; y-AlzO3 (obtained in the autoclave), A1203 K I. 
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NEDY (1959), TORKAR (1960) and TORKAR and KRISCHNER (1963) and NEUHAUS 
and HEIDE (1965). 

According to TORKAR (1960) and TORKAR and KRISCHNER (1963), in the 
genuine AI,O,-H,O system only bayerite is formed while gibbsite results from 
the presence of Na’ and several other impurities. For this reason bayerite must 
be considered to be the stable AI(OH), form, while gibbsite and nordstrandite 
are stabilized by impurities. 

If water vapour pressure is raised to more than 100 atm., both boehmite 
and diaspore crystallize. It is not yet certain whether both minerals are thermo- 
dynamically stable or whether diaspore is the only stable phase, as KENNEDY 
(1959) assumes. Transitions to cc-Al,03 are considered to be non-stoichiometric 
hydroxides with respect to the amount of OH groups. 

The y-Al,03 group is made of various stages of crystallinity. cc-A1203 is 
always the stable end product. 

Rapid dehydration at the surface of larger grains may develop excessive 
H,O pressure in the centre of the grains because of isolation (“Krustentheorie” 
of B. Frisch), which allows several phases to crystallize within one grain. In order 
to study changes in crystal structures during phase transformations, modern 
research follows changes of electron diffraction patterns during dehydration 
(BRINDLEY, 1961; LIPPENS and DE BOER, 1964). By this means SAALFELD and 
MEHROTRA (1965) observed orientated transformations (topotaxy) boehmite + 

y-Al,O,. 
Additional reflexes are recorded during the transformation boehmite 

+ y-AI,O3 which fit the reciprocal lattice of boehmite. Diffuse streaks along c+ 
initiate the topotactic transformation into y-Al,03, frequently being pseudo- 
morphous. The transformation occurs in two ways depending on the crystal 
size, rate of heating, and furnace temperature: 
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450 700-900 900-1000 1200 
( I )  gibbsite Z'boehmite --j y -.-+ 6 ~ -+ -+cc-Al,O, 

NEUHAUS and HEIDE (1965) who refer to highly inhibited reaction systems, 
tried to eliminate both disintegration and processes inhibiting nuclei formation 
by innoculation of diaspore nuclei. The lattice of boehmite and diaspore differ 
significantly, blocking the transformation of boehmite to diaspore. For this 
reason the transformation of boehmite to diaspore progresses via solution, whereby 
the dissolution of boehmite is retarded, particularly at low temperatures and 
low pressures. But there is a genuine equilibrium curve of two stable phases 
in the diaspore-corundum system, because of good pseudo-three-dimensional 
topotaxy. This transformation may take place at very low temperatures. The 
transformation of boehmite into corundum is via solution and the intermediate 
diaspore phase. 

System A I, 03-Si0,-H, 0 

Layer silicates of bauxite deposits are minerals of the kaolinite-, montmorillonite- 
and chlorite groups. 

Silica 
Silica dissolves fastest and most easily in tropical climates and hence requires 

a close study. 
In water, silica may: (a) polymerize to colloidal silica; (b) form dispersed 

molecules of %(OH),; (c) occur as ions. 
The solubility of monomeric silica in undersaturated solutions is a function 

o f  (a) bonds in the crystal lattice; (b) pH; (c) temperature; (d)  other ions; ( e )  
concentration of the solution. 

At defined temperatures, e.g., 22"C, there is a strong pH dependency of 
&(OH), solubility (KRAUSKOPF, 1956, 1959). Below pH = 9 some 120 p.p.m. 
Si/l are dissolved, and only above pH = 9 does dissociation of Si(OH), increase 
rapidly (Fig. 15). 

The solubility of silica is strongly dependent on temperatures, too, as 
demonstrated by OKAMOTO et al. (1957). A rise in temperature from 0" to 73°C 
causes the solubility of %(OH), to increase by a factor of 4. Okamoto et al. proved 
that other ions influence the solubility of silica. The solubility of colloidal and 
molecular dispersed silica decreases with increasing A13 + concentration (Fig. 16, 
17). 

Salts, e.g., NaCI, increase the adsorption of silica on aluminium hydroxides. 
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Fig.15. Solubility of amorphous silica in relation to temperature and pH. Rising tempera- 
ture is paralleled by increasing solubility of silica (OKAMOTO et al., 1957). 
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Fig.16. Ions other than silica (e.g., AI) cause the solubility of silica to decrease substan- 
tially. SiOz = 45 mg/l, Al = 1 mg/l (OKAMOTO et al., 1957). 
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Fig. 17. Decreasing solubility of molecular dispersed silica in relation to Al concentration, 

According to HARDER (l965), silica adsorption on aluminium hydroxides 
is also a function of the concentration of the solution, and the maturity and 
crystallinity of the aluminium hydroxide gels. 

Increasing dilution with a constant AI/Si ratio results in a poor adsorption 
of silica while excess aluminium precipitates silica quantitatively. There is a large 
amount of adsorption of silica on highly dispersed aluminium hydroxides, but very 
little adsorption occurs on aged and well-crystallized phases (refer to WOLLAST, 
1963). Increasing temperatures cause silica adsorption on aluminium hydroxides 
to decrease. 

Iron hydroxides behave in much the same way as aluminium hydroxides. 
Therefore, alkalinity, higher temperatures and dilute solutions favour transport 
and migration of silica. 

SiOz = 35 mg/l (OKAMOTO et al., 1957). 

Layer silicates 
Layer silicates of bauxite deposits may be: (a) relic minerals; (b) desilici- 

fication of three-layer minerals; (c) neomineralization by resilicification: reaction 
of silica solution with amorphous Al-hydroxides. 

Relic clay minerals 
Minerals of the kaolinite group proved to be more stable than three-layer 

minerals, as previously shown. Two-layer minerals, therefore, enrich relatively 
during lateritic weathering. 
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Desilicijication of clay minerals 
BATES (1962) observed halloysite + alumina gel + gibbsite transitions in 

weathering andesites on Hawaii. Further examples of corresponding desilicification 
were described by KELLER (1964). In soils, the transition of montmorillonite to 
14-A minerals was first observed by BROWN (1953) and later by TAMURA (1958), 
and SAWHNEY (1958), followed by many other authors. They believe that more or 
less complete Al-hydroxide layers are introduced in between structural units 
(= “chloritization of montmorillonite”). 

ALTSCHULER et al. (1963) described weathering of montmorillonite in a 
kaolinite deposit in Florida. Based on chemical, X-ray and electron-microscopic 
investigations, the authors assumed an initial dissolution of exchangeable cations 
from the octahedron layer of the montmorillonite in ground water of low acidity 
(pH 6.5-5.0). This is followed by the slow disintegration of tetrahedrons, thus 
transforming montmorillonite into mixed layers of montmorillonite-kaolinite in 
a 1/1 proportion. 

Altschuler’s conception of the formation of defined mixed layers yielding 
14-A reflexes from montmorillonite degradation by selective disintegration of 
tetrahedron layers seems to be more reasonable than the model of “chloritization” 
by the introduction of Al-hydroxide layers. The detailed process of degradation 
and transformation of the clay minerals remains to be clarified by future investiga- 
tions. 

Neomineralization of clay minerals 
Neomineralization of clay minerals initiated by the reaction of silica and 

amorphous aluminium hydroxides is governed by the Al/Si ratios in such gels. 
The faster solutions are removed by drainage, the less silica is available for reaction 
with aluminium hydroxides. Accordingly there is a close relationship between 
speed of drainage and type of clay-mineral neomineralization. According to 
WOLLAST (1963), the solubility of amorphous aluminium hydroxides exceeds the 
corresponding gibbsite values by a factor of lo4. Therefore, clay minerals will 
normally form from the reaction of silica with amorphous aluminium hydroxides. 
The order of clay-mineral neomineralization with decreasing silica removal is: 

feldspar + gibbsite: 
2 H ”  + 6 SiO, * A1203 * K 2 0  + 14 H 2 0  = 
6 Si04H4 + 2 K +  + A1203 * 3 H 2 0  

feldspar + kaolinite: 
2 H+ + 6 Si02 - A1203 K 2 0  + 9 H 2 0  = 
4 Si04H4 + 2 K+ + 2 Si02 * A1203 * 2 H 2 0  
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kaolinite -+ gibbsite: 
2 Si02 - Al,O, - 2 H 2 0  + 5 H 2 0  = 

2 Si04H, + A120, 3 H 2 0  ( 3 )  

This reaction is reversible, a function of H4Si0, concentration. GARRELS 
and CHRIST (1965) calculated the equilibrium of K-feldspar and kaolinite on the 
one hand and kaolinite and gibbsite on the other (Fig.18-20). In nature, there may 

Fig.18. Gibbsite-kaolinite stability fields expressed in terms of pH and activities of the 
dissociation products A13+, A102 and H4Si04 at 25 "C and 1 atmosphere. (After CARRELS and 
CHRIST, 1965.) 

be a high proportion of amorphous material. According to HENDRICKS et al. 
(1967) in the Cascade Range in northeastern California over 30 % of the halloysite 
allophane and sesquioxide allophane formed from andesite weathering to saprolite. 
For instance, if there is a Al/Si ratio in gels corresponding to kaolinite composi- 
tion, the term prokaoline is used. Depending on the local supply of ions various 
clay minerals such as montmorillonite, chlorite, vermiculite and mixed layers 
are formed. In the upper parts of the profiles of both laterite bauxites and karst- 
bauxites there may be syngenetic enrichment with Si02 and clay-mineral neo- 
mineralization mostly of the kaolinite groups. 

In bauxites, kaolinite or halloysite are by far the most common clay minerals. 
Kaolinite crystals form both in the matrix and in concretions and pisolites. 
Kaolinite formation caused by later resilicification of aluminium minerals is 
subordinate in bauxite deposits. In joints and cavities and on boundaries with 



CHEMICAL REACTIONS IN AQUEOUS SOLUTION AND NEOMINERALIZATION 

I 
- 2  

45 

Fig.19. Stability relationships of some phases in the system K20-AI203-Si02-H20 at 
25 "C and 1 atmosphere, as functions of [K']/[H+] and [H4Si04]. Solid circles represent analyses 
of waters in arkosic sediments. (After CARRELS and CHRIST, 1965.) 

Fig.20. Stability relationships of some phases in the system NazO-Al203-SiOz-HzO at 
25 "C and I atmosphere, as functions of "a+], pH and [H4Si04]. The diagram shown is an esti- 
mate based on extrapolation of experimental relationships at higher temperatures and pressures, 
and the numerical values are only approximated. (After K. Linn, in CARRELS and CHRIST, 1965.) 
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neighbouring rocks secondary kaolinite films formed or impregnation developed. 
Commonly these kaolinites are characterized by a high degree of cristallinity. 

Based on many observations the following transformations may be assumed 
to occur in nature: 

tectosilicates 

I 
MgSi-gel 

resilicification 

gibbsite 
or 

diaspore 
(in 

cavities 
and 

kaolinite group boehmite joints) 

solution 

diaspore 

corundum 

System Fe20 , -H20  

The natural iron compounds are: (a)  amorphous hydroxides and humic iron 
complexes of various chemical composition; (b) hydrated oxides: a-Fe OOH 
(goethite), y-Fe OOH (lepidocrite); (c) oxides: a-Fe,O, (hematite), y-Fe203 
(maghemite), Fe,O, (magnetite). 

Discrepancies found between the results of POSJNAK and MERWIN (1922), 
SCHWIERSCH (1933), SMITH and KIDD (1949), SCHWERTMANN (1959), SCHMALZ 
(1959), LIMA DE FARIA (1963) and HILLER (1964) show that phase boundaries in 
the system H,0-Fe203 are not yet satisfactorily defined. 

This book is concerned only with partial processes of iron precipitation and 
crystallization. Both Fe2+ and Fe3+ compounds exist in nature. The ions in solu- 
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tion are both monomeric and polymeric: Fe2+, [FeOH]', [FeO,H]-, Fe3+, 
[FeOH],', [Fe(OH),]+, [Fe2(OH)2]4+ and [Fe,(OH),]-. There may be 
precipitation of complex ferriferro hydroxides silch as Fe,(OH), and Fe,(OH),, 
if Fe2+ and Fe3+ are in solution. In principle Fe3+ compounds may crystallize: 
(a) directly from solution, by oxidation of Fe2+ solution, by hydrolyzation of 
Fe3+ compounds, or by oxidation of Fe3+ organic complexes; (6) from amorphous 
phases. The factors governing crystallization of specific phases are: Eh, pH, 
concentration of the solution, other ions in solution, ageing conditions of gels, 
and temperature, among others. SCHELLMANN (1969) calculated the solubility of 
Fe2+ in terms of pH and Eh conditions (Fig.21). 

-1ogc I I 
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Fig.21. Solubility of Fez+ calculated in relation to pH and Eh. (After SCHELLMANN, 
1969.) 

The crystallization of a-FeOOH, y-FeOOH and a-Fe,O, strongly depends 
on pH. FEITKNECHT and MICHAELIS (1962) investigated the reaction products 
formed when [Fe(H,0)6]3f is deprotonated in perchlorate solutions. If a 
small amount of base is added, metastable solutions containing the ions 
[Fe(H20)I3+, [Fe(H20),OHl2+, [Fe2(H20),(OH)]4+ and [Fe(H,O),(OH)]+ 
are formed, and a-FeOOH slowly crystallizes from solution. In a narrow 
intermediate range immediately after adding the base, colloidal amorphous 
Fe(OH), and crystalline a-FeOOH are formed. With additional base 
introduced, a dark brown solution of colloidal amorphous Fe(OH), forms. 
There is crystallization of a-FeOOH and under certain conditions y-FeOOH may 
form, too, after an induction period of several days. Only after a nearly equivalent 
amount of base was added amorphous Fe(OH), precipitated. On ageing, this 
compound changed partly into a-Fe203, partly into y-FeOOH, and a rather large 
amount remained amorphous. 

In all these systems, no stable stage is reached at room temperature, even 
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after years. If small amounts of Fe2+ are co-precipitated, a complete crystallization 
of the amorphous hydroxide to a-FeOOH takes place. 

According to SCHINDLER et al. (1963) there is a sediment of active amor- 
phous Fe3+ hydroxides and small amounts of fine crystalline cr-FeOOH after 
200 h of ageing. Further ageing of the Fe3+ hydroxides results in amorphous 
“inactive” hydroxide of [ FeO,,,(OH),, -,,,I composition and crystalline phases 
such as a-FeOOH and a-Fe203. From the results of precipitation and dissolution 
reactions phase equilibrium data were calculated, and a solubility diagram for 
amorphous active Fe(OH),, amorphous inactive Fe(OH), and a-FeOOH was 
constructed (Fig.22). The solubility of aged iron (111) hydroxide precipitates was 
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Fig.22. Solubility diagrams of amorphous active Fe(OH)3, amorphous inactive Fe(OH)3 
and u-FeOOH. 
The points plotted (LENGWEILER et al., 1961) correspond to direct determinations of am. act. 
Fe(OH)3 (O), am. inact. Fe(OH)a ( O ) ,  a-FeOOH (-); (SCHINDLER et al., 1963). 

investigated by determining [Fe3+] and [H’] of solutions in contact with the 
solid phases. [Fe”] and [H’] were measured by the E.M.F. method at a con- 
stant ionic strength of 3M (Na)CIO,. The following equilibrium constants were 
derived: 

log [Fe3+] [H’]-, = log Ks = 3.55 k 0.1 (am. inact. hydroxide; 25°C) = 
I .4 k 0.8 ” (a-FeOOH; 25 “C). 

By comparing these data with the measurements from BIEDERMANN and 

am. act. Fe(OH), = am. inact. Fe(OH), 

am. act. Fe(OH), = a-FeOOH + H,O 

am. inact. Fe(OH), = a-FeOOH + H,O 

SCHINDLER (1957), the following free enthalpies have been calculated: 

K,  = -0.56 

K, = -3.5 k 1 . 1  kcal (25°C) 

K, = --2.9 f 1 . 1  kcal (25°C) 

0.2 kcal (25°C) 

From altered gels at pH 10 there was crystallization of goethite only, whereas below 
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pH 10, hematite also occurred (SCHWERTMANN, 1966). Amorphous hydroxide 
occurred as spherical particles which are considered to be pre-stages of hematite. 
Goethite develops in two steps by hydrolysis of Fe3+ solutions, whereas hematite 
forms from dehydration of amorphous Fe3+ hydroxides. The overall scheme is: 

I 

Fe-Arganic 

r - - T - - -  
t goethlte nuclei: 
L - - - - - -  -1 

r------- - - 1  
I [FeOxlz OH3 n I 
L - - - - - - - - - - l  

There may be some dissolution of aged and fine-grained amorphous hy- 
droxide that gives rise to goethite crystallization from solution. Therefore, besides 
other factors, the solubility of the amorphous hydroxide governs goethite and/or 
hematite formation. In the presence of Fez+, hematite is easily destroyed and 
goethite crystallizes out of the solution. 

The various ions contaminating the gels may influence both speed and 
direction of the ageing process. The crystallization is prolonged not only by 
inorganic anions such as phosphate and silicate but also by organic components. 
According to the mechanism of formation mentioned above, organic components 
may also influence the direction of ageing by forming organic metal complexes, 
thus preventing precipitation of the hydroxide. The transformation goethite -+ 

hematite is accelerated by higher temperatures. 
WEFERS ( 1  966) investigated the goethite-hematite phase boundary (Fig.23) 

in hydrothermal solution experiments. The strong environmental influence upon 
goethite or hematite formation is expressed by the equilibrium equation: 

2 FeOOH + Fe,03 + H,O 
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Fig.23. Phase diagram of FezOs-HzO. 
x = hematite crystallizes from solution; A = goethite crystallizes from solution; 0 = direction 
of crystallization not determinable (pH20 has been added to 1 bar). (After WEFERS, 1966.) 

existing at 70°C and water vapour pressure saturation. Only a minor inhibition of 
the reaction may prevent equilibrium. The common co-existence of goethite and 
hematite in nature may be explained by this fact. 

The conditions of stability of y-FeOOH (lepidocrocite) and a-FeOOH 
(goethite) were also revised by WEFERS (1966). Between 25" and 100°C y-FeOOH 
is transformed into the more stable a-FeOOH form via solution. 

In nature a-minerals are more common than y-phases. In most cases they 
are poorly cristalline, and commonly these minerals occur together with amorphous 
iron hydroxides. The main minerals are goethite and hematite. It is not clear 
whether hematite or goethite is the primary mineral. But there is no question of 
the fact that hematite is the primary mineral in saprolites and lateritic iron crusts 
of laterite bauxite in India. During polygenetic recrystallization hematite is formed 
in all areas with good drainage, mostly through the separation of A1 and Fe as 
bigger crystals (5-100 p). In the lateritic iron crust with clayey decomposition 
hematite changes into goethite via amorphous stages, beginning at  the surface 
of the lateritic profiles. 

Polygenetic transformations may result in a variety of iron minerals: 
BALKAY and BARDOSSY (1967) describe a profile in Guinea with hematite in the 
upper and maghemite in the lower part, respectively, in addition to goethite. 
BONIFAS and LEGOUX (1957) record maghemite (y-Fe,O,) from Conary. SCHELL- 
MANN (1 964) also found maghemite (up to I5 %) in laterites on serpentinite, but in 
no case it was associated with gibbsite. Below the lignite cover pyrite, marcasite 
and siderite replace iron oxides and hydroxides. 
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System A I, 0 ,-Fez 0 , -H2 0 

Isomorphous mixability of goethite and diaspore was first pointed out by CORRENS 
and VON ENGELHARDT (1941). The lattices of a-FeOOH and a-AI00H are iso- 
morphous. NORRISH and TAYLOR (1961) investigated natural goethite in Australian 
soils by X-ray techniques and found that it contained 25 mole % AIOOH 
(reducted d-values of (1 1 1)). There are descriptions of isomorphous replacement 
of 2-5 % A1 in goethite in bauxites of India (VALETON, 1966) and Guinea (BALKAY 
and BARDOSSY, 1967). THIEL (1 963) succeeded in experimentally preparing goethite- 
diaspore mixed crystals with the formula a-Fe,., , A1,~,,00H, demonstrating 
a clear relationship between isomorphous aluminium and lattice constant. 

CAILLERE (1 962) records isomorphous replacement of A1 by Fe in boehmite 
and diaspore in bauxites of France. There are also descriptions of diaspore which 
may contain isomorphous admixtures of Fe (up to 7 mole %), Mn, Cr, Si and Ga 
by BETECHTIN (1964). 

Because of the fine grain sizes of bauxite minerals it is commonly difficult 
to distinguish between genuine mixed crystals by isomorphous replacement and 
mixed crystals resulting from intergrowth. Therefore WEFERS (1967) experimental- 
ly prepared the system AI,O,-Fe,O,-H,O (Fig.24), and determined by crystal- 
lographic means the phases precipitated. 

The hydrated iron oxides may store up to several mole % of A1 in their 
lattice (= M K  in Fig.24). No storage of Fe was recorded in the aluminium com- 
pounds gibbsite and diaspore. However, there is some growth of mixed crystals 
in the a-Fe,O, and a-Al,03 systems, the miscibility gap being from 6 to 96 mole % 
AI,O,. The storage of Fe in the corundum lattice lowers the critical temperature 
of the diaspore-corundum transformation from 360°C to 330°C at 97 mole % 
Al,O,. Likewise, there is a lower critical temperature of hematite-goethite trans- 
formation if A1 is stored in the hematite lattice. 

Wefers discovered that diaspore crystallized from mixtures of 40-60 
mole % Fe,O, at just under 100°C. He believes that the goethite formed during 
the early stages served as the “crystal nucleus for epitactic growth of diaspore, 
nearly without stress”, as differences in goethite and diaspore lattices are minor. 
Because of the orientated growth of goethite optimum energy is released by diaspore 
nuclei formation. The broadly shaped X-ray peaks at low temperatures of closely 
intergrown diaspore and goethite gradually split with rising temperatures. De- 
hydration of goethite to hematite and recrystallization of diaspore are con- 
temporaneous. 

In the field of low iron content, gibbsite is the primary mineral; it later 
dehydrates to boehmite in the presence of small amounts of alkalis. The transfor- 
mation of gibbsite into boehmite may be interpreted as the merging of two Al(OH), 
layers into one A1 OOH octahedron double-layer. As vital structural units of the 
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Fig.24. Phase diagram FezOs-AlaOs-HzO; pseudobinary presentation (related to mole 
percent of oxides, pHzO of saturated solutions). (After WEFERS, 1967.) 

gibbsite structure are maintained, relatively few positions need to be changed 
(SAALFELD, 1960). For this reason little activating energy is needed, and moreover 
the phase reaction may take place topotactically. Kinetics favour boehmite very 
much more than diaspore. Depending on the concentration-ratio Fe/Al, both 
A1 OOH modifications may be formed simultaneously. 

Ti-minerals 

Several other elements dissolve and precipitate under similar conditions to 
aluminium. Titanium is an example. 

KMMANN (1966) worked with an experimental preparation of the Ti02- 
Na,O system. Low temperatures and small amounts of alkalis seem to favour 
stability of anatase rather than brookite (Fig.25). 

The concentration of TiO, in laterites and bauxites ranges from 0.5-33% 
(KATSURA et al., 1962). In the case of igneous source minerals it is mainly tied 
to ilmenite and titanomagnetite. In silicate structures such as augite, hornblende 
and biotite where A13+ usually has the coordination number 6, it may be replaced by 
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Fig.25. Equilibrium in the system TiOz-NazO related to temperature. (After KESSMANN, 
1966.) 

Ti4+. During weathering of titanomagnetite and ilmenite which are the most com- 
mon sources of titanium, Fe and Ti migrate separately. 

MATSUSAKA et al. (1965) discovered titanomagnetite with 21-25 mole % 
of TiOz to be a primary mineral in latosols on basalts of Hawaii. 

Oxidation of Fez+ initiates the formation of K-titanomaghemite (K = 
katmorphic). 

Some of the titanomaghemite in the strongest weathered soils may have been 
formed by dehydration of lepidocrocite in the presence of Ti4+. This has been 
named A-titanomaghemite (A = anamorphic). 

In acidic and reducing environment titanium dissolves and is transported 
as Ti4+. There is reprecipitation of titanium and iron as anatase and maghemite 
or hematite, respectively. 

Whether titanium precipitates with iron or aluminium is a function of the 
Fe values. Experience shows that titanium enriches with aluminium in most 
laterites, indicating transport of Fez+ and precipitation of Fe(OH),. 

So far observations have shown titanium neomineralization in laterites 
to be confined almost entirely to anatase. The volume of anatase neomineralization 
depends on the quantities of titanium available. Up to 15 % anatase is recorded 
from bauxites of the Bihar Mountains in India. It is not visible under the micro- 
scope, indicating fine dispersion throughout the bauxite. 

The amount of titanium may even increase with extensive lateral solution 
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transport. In weathering profiles of the Hawaiian Islands, SHERMAN (1952) ob- 
served titanium dioxide concretions up to 1 cm in diameter. These occur especially 
in the Fe-enriched A-horizon of the humic ferruginous soils. 

Common epigenetic minerals 

As reducing conditions prevail only in localized parts of bauxites, Fez+ minerals 
are subordinate. The formation of different Fez+ minerals depends not only on 
Po, but also on Pco2 and PHZS (Fig.26). 

Fig.26. Stability relationship of some iron compounds as functions of PO,, PCO, and Ps, at 
25 "C and 1 atrn., or greater total pressure. (After GARRELS and CHRIST, 1965.) 

Bauxites may be supplied with S and CO, from polygenetic soil formation 
or overburden with lignites or peat bogs. Postdiagenetic minerals formed under 
fluctuating pH and Eh values are sulphides, sulphates and carbonates such as 
pyrite, marcasite, green vitriol, alunite, jarosite, gypsum, siderite and calcite. 
There is metasomatism or precipitation in joints and cavities. 

In bauxites of the Urals (BENESLAVSKY, 1963) the following zeolites occur: 
chabasite, phillipsite, ferrierite, heulandite, and harmotome. 



Chapter 4 

CLASSIFICATION OF BAUXITES 

SOILS AND WEATHERED ROCKS 

Classijica t ion 

Enrichment of aluminium may take place in various tropical and subtropical soil 
types on different source rocks. The most important soils are latosols and undosols, 
respectively, which may differ in character depending on local conditions. 

Latosols 
There is a comprehensive literature on latosols, and the reader is referred to 

MOHR (1938), KELLOGG (1949), PRE~COTT and PENDLETON (1952), SIVARAJA- 
SINGHMAM et al. (1962), DUCHAUFOUR (1965), DELVIGNE (1965), AUBERT (1965) 
and SBGALEN (1965). 

Several classifications of in situ latosols have been suggested in the past, 
based on specific conditions in various countries. MAIGNIEN (1964) discusses in 
detail distinct criteria for classification, and the co-existing classifications in the 
U.S.S.R., France, Portugal, Great Britain, Australia, the U.S.A., Belgium and the 
1.P.S.- and F.A.0.-systems. 

The nomenclature established by the U.S. SOIL SURVEY STAFF (1960, pp. 
238-244) distinguishes 10 soil orders and defines lateritic soils = latosols = oxisols 
= ox, as the 9th order. Their occurrence is commonly confined to old peneplains 
of tropical or subtropical regions. 

So little is known about latosols that subdivisions are provisional. The 
subdivisions are based on characteristics of the upper 125 cm of the weathering 
pr~ofiles which is inadmissible in soil-genetic studies. The criteria referred to are: 
degree of lithification, base exchange capacity, and periodic phases of drying up 
and water impregnation. 

In accordance with the French system of classification, to which other 
European systems are related, DUCHAUFOUR (1 965) subdivides latosols (soils 
rich in sesquioides) into: ( I )  sols ferrugineux; (2) sols ferrallitiques: (a) sols 
rouges mediterrankens; (b) sols ferrugineux tropicaux; (c) sols ferrallitiques. This 
classification is adopted by the present author in principle. 

Both the Mediterranean soils and the ferrallitic soils may become strongly 
enriched with aluminium. 
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Andosols 
The Congress on the Correlation of Soils from Volcanic Ash in Tokyo in 

1964 defined andosols as mineral soils derived from volcanic ash. They contain at  
least 50% amorphous substance and are commonly high in A1 with gibbsite 
being the aluminium mineral. They have a high sorptive capacity, a relatively 
thick, friable dark A-horizon with substantial amounts of organic matter, a low 
bulk-density and a low stickiness. These soils form under humid and subhumid 
conditions. 

In places they are an important source material for both autochthonous 
and reworked bauxites. 

Catena 

Co-existing soil types contemporaneously developed under different conditions 
are termed “catena” by the soil scientist or “facies” by the geologist. 

The factors which may govern A1 enrichment in certain catenas are: source 
rock, relief, climate and vegetation, ground water circulation. 

The formation of aluminous latosols is favoured by: 
(a) Aluminous source rocks with little quartz, such as alkali syenites and 

(6) Plateaus with cuestas or valley slopes. 
(c)  Periodical changes of humidity in tropical climates. A scheme of the 

relationship between soil type and climatic factors proposed by SBGALEN (1965) 
is given in Fig.27. Very little is known about the influence of vegetation on A1 
enrichment. 

(d) Intensive ground water circulation with the rapid removal of bases and 
silica. 

basic igneous rocks. 

Polygenetic soil formation and fossil soils 

The weathering process and soil formation may progress rapidly under constant 

PLATE I 
Plateau type of bauxite on basalts. 

Macrofabrics: 
1. Macrofabric of bauxite showing basaltic relic texture with columnar jointing; Mewasa I, 

Gujerat, India. 
2. Vesicular texture of the upper iron crust. There is development of a dark hematitic skeleton 

intergrown with a light-coloured kaolinitic or gibbsitic matrix; Udagiri OE 1/1, India. 
3. Vesicular texture of the upper iron crust; the soft kaolinitic part has been washed out; 

Manduapat M3/5a, India. 
4. Partly destroyed upper iron crust; Manduapat M6/5, India. 
5. Iron oxide granules and pebbles as remnants of a completely destroyed iron crust; Manduapat 

M6/6, India. 
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climatic and ground water conditions on favourable source rocks with a high 
percentage of readily weathering silicates. Soils formed in such manner are termed 
“ monogenetic soils”. High-level areas commonly have long terrestrial periods. 
Changes in climate and vegetation or tectonic movements or relief cause the soils 
to adjust to the new environment. They transform into “polygenetic soils” or 
are reworked and redeposited. 

Many laterites, bauxites and terra rossa formations previously believed to 
be Recent, are now known to be fossil. The laterites were degraded and younger 
soils superimposed on them resulting in polygenetic soils. “Genuine” fossil latosols 
are preserved only where rapidly covered by transgressive marine sediments, 
preventing progressive soil transformation. 

Soil sediments 

If a period of intensive soil formation is succeeded by uplift, intensified relief 
energy becomes effective and initiates downhill sliding or denudation of the soil. 
Such sliding is common in high-level sections of present-day tropical areas. The 
beginning of such soil movements has not yet been accurately dated but probably 
occurred in Late Tertiary to Pleistocene time. In this book the term soil sediments 
is applied to those soils which develop progressively while sliding downhill or 
became reworked and redeposited. 
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Rhythmic sedimentation with intercalated fossil soils 

If there is complete redeposition of the soils, soil formation processes, denudation 
and redeposition are the successive phases in terrestrial areas. For this reason the 
following series may develop at the same time high-level areas and basins, re- 
spectively : 

rh-level areas basins 
I. soil formation 

polygenetic transformation 
mechanical reworking 
denudation 

11. soil formation 
etc. 

polygenetic transformation 
soil formation 
sedimentation 
polygenetic transformation 
soil formation 
sedimentation 

ERHART (1956) applies the term “Biostasie” to periods of soil formation 
and “Rhexistasie” to phases of denudation. In periods of biostasis there is normal 
vegetation while phases of rhexistasis are characterized by the dying out or lack 
of vegetation due to soil erosion resulting from climatic changes or tectonic 
displacement. 

The disappearance of vegetation initiates degradation and denudation of 
soils and weathering zones. The period of rhexistasis is characterized by mechan- 
ical reworking, whereas the phase of biostasis is characterized by chemical 
decomposition. 

Erhart distinguishes five types of fossil soils: (a) autochthonous soil protected 
by sediments; (6) autochthonous relic soils without protective cover; (c) alloch- 
thonous soils or pseudo-fossil soils (on slopes); (d)  mixed soils or heterosols; (e) 
pedolites or allochthonous soils altered by diagenesis. 

In all these soils Al may be enriched to such an extent as to become eco- 
nomically important. Preservation of the various types depends largely on geo- 
tectonics. On shields with long terrestrial periods latosols may outlast very long 
geological epochs (latosols in the highlands of northern Ethiopia are of Jurassic 
age at least) or they degrade or erode as a result of climatic changes (Sudan). 
Fossil bauxite deposits derived from such latosols are widespread on the earth’s 
crust with undisturbed profiles where covered by protective sediments (Arkansas, 
Gujerat). 

Relationship bet ween structural development and bauxite formation 

Bauxite deposits interbedded with sediments and preserved by rapid transgression 
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are part of the stable shelf (Surinam, Weipa) or unstable shelf regions (Mediter- 
ranean areas). 

In Russian literature bauxites are classified into plateau bauxites and 
“geosynclinal” bauxites. Plateau bauxites are deposits on ancient shields and on 
young eruptiva, whilst “geosynclinal” bauxites-mostly in the unstable shelf 
region or on welts made of carbonate facies-are interbedded with clastic or 
carbonate sediments. Bauxites are not known to have formed in true geosynclines. 
The formation and preservation of bauxite deposits is governed by specific rela- 
tionships between structural environment and time. 

Historical record of bauxite formations 

The oldest larger bauxite deposits so far observed occur in  Early Palaeozoic sedi- 
ments. STRACHOW (1961) tried to compile the known deposits in chronological 
order. He found that bauxite was often associated with coal or sedimentary iron 
ores of neighbouring areas. He reconstructed climatic zones which moved from 
north to south during the earth’s history. In many cases accurate dating is not 
possible because of significant unconformities between both bauxite and the over- 
lying and bauxite and the underlying strata. For this reason statements on the age 
of outcropping bauxites differ widely. However, there are certain periods in the 
earth’s history which favoured bauxite formation. 

TABLE of periods of bauxite formation (modified after PATTERSON, 1967) 

Cenozoic 
Recent and Pleistocene: tropical lateritic bauxite of Panama, Costa Rica, 

Hawaii, Fiji, British Mandated Solomon Islands 

Tertiary (undifferentiated) gibbsitic bauxite deposits in Brazil, Venezuela, 
Guinea, Ivory Coast, Ghana, and Western Austra- 
lia are at the surface but overlie older rocks and 
may have formed earlier than in Pleistocene time 

PLATE I1 
Bauxite on basalts 
6. Bauxite with vesicular texture. Note the skeleton of spongy gibbsitic bauxite in a dense 

gibbsitic matrix; Dudhi Pahar D2, India. 
7. Gibbsitic bauxite with breccia-like texture: coarse- and fine-grained angular fragments of 

spongy bauxite in a dark matrix rich in iron; Bagru Hill V/1/10, India. 
8. Gibbsitic bauxite with spongy texture; Bagru Hill V / l / l l ,  India. 
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Miocene 

Oligocene 

Eocene 

Mesozoic 
Cretaceous 

Upper 
Turonian 

U.S.A. (Oregon) : lateritic gibbsitic bauxite 
Germany ( Vogelsberg Mountains) : ferruginous 
gibbsitic bauxite 
Australia (Victoria): gibbsitic bauxite 
Jamaica, Haiti, Dominican Republic: gibbsite, 
capping Eocene and Oligocene rocks and proba- 
bly formed intermittently in Miocene and post- 
Miocene times 

Northern Ireland (County Antrim) : ferruginous 
gibbsitic bauxite with overlying and underlying 
basalt flows 

Guyana, Surinam, French Guiana: gibbsite 
Australia (Queensland, Northern Territory, Tas- 
mania) : gibbsitic bauxite, with underlying 
Cretaceous, Jurassic and Precambrian rocks 
U.S.A. (Arkansas, Alabama, Georgia) : gibbsite, 
with underlying Paleocene (Midway group) and 
older rocks, and overlying mainly Early Eocene 
rocks (Wilcox group) 
India (Deccan peninsula) : gibbsitic bauxite and 
laterite, developed on Deccan trap and Pre- 
cambr ian c harnoc kite 
India (Kashmir-Jammu) : diaspore, with under- 
lying Jurassic and overlying Eocene rocks 
Italy: gibbsite and boehmite 
Yugoslavia: boehmite and gibbsite, with under- 
lying Early Eocene and Late Cretaceous rocks 

Greece: boehmite (and diaspore), with under- 
lying Early Cretaceous rocks and overlying Late 
Cretaceous rocks 
Yugoslavia: boehmite 
Austria: boehmite 
Turkey: boehmite 
Hungary: boehmite chiefly 
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Lower 
Albian-Aptian 

Barremian 

Neocomian 

Jurassic 
Triassic 

Upper 

Lower 

Spain, France ( Var, Hkrault), Italy, Greece, 
Turkey: boehmite chiefly (and diaspore) 
France (Ari2ge) : boehmite and diaspore 
Hungary: boehmite chiefly 
Hungary, Yugoslavia, Rumania (Bihar) : boeh- 
mite chiefly (and diaspore) 

Yugoslavia (Croatia) : boehmite, with underlying 
Middle Triassic rocks 
Mainland China (Poshan) : diaspore, with under- 
lying Permian and Carboniferous rocks 

Palaeozoic: 
Permian 
Pennsylvanian 

Mississippian 

Turkey: diaspore 
U.S.A. : diaspore in Missouri and Pennsylvania 
interbedded with rocks of Pottsville age 
Mainland China (Yunnan) : boehmite, with 
underlying Devonian rocks 
U.S.S.R. (Tikhvin) : bauxite, with underlying 
Devonian rocks 
Mainland China (Kweichow) : diaspore, with 
underlying Ordovician rocks 
U.S.S.R. (the Urals): bauxite, in Middle and 
Early Devonian rocks 

U.S.S.R. (Bokson, Siberia) : boehmite and dia- 
spore (?) 

Devonian 

Precambrian: 
Late Proterozoic 

The record demonstrates that there were distinct main phases of bauxite formation 
in the earth’s history. The big deposits formed during Eocene times occur world- 
wide. The Cretaceous deposits, the majority of which are of Early Cretaceous age, 
have a specific regional distribution pattern, too. In Palaeozoic times the Mis- 
&sippian and Pennsylvanian periods were characterized by widespread bauxite 
formation. 

A possibly greater importance with respect to bauxite formation must be 
ascribed to Lower Devonian time as evidenced by the few bauxite formations 
preserved. 

It is important to realize that present-day climatic conditions do not favour 
latosol formation. Nowadays there are only a few small localities with the extreme 
climatic conditions that cause ferrallite formation. Modern climates do not 
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produce regional gibbsite or hematite formation; goethite is the dominant recent 
iron mineral. Apparently there were periods of extreme climatic conditions in the 
earth’s history which caused ferrallites to be formed worldwide. These periods 
were characterized by thick terrestrial or paralic strata on shields or in shelf 
regions, such as coal, uniform sandstones and pure kaolinite clays. 

ORE DEPOSITS 

Bauxites are preferably incorporated in an ore-deposit and petrological classifi- 
cation rather than in a soil classification. The criteria suggested for classification 
are: (a)  autochthonous or allochthonous origin; (b) chemical composition; (c) 
mineralogy; (d)  textures. 

Autochthonous or allochthonous origin 

Bauxites may be grouped as follows: 

rocks: (a)  primary formations; (b) fossil, polygenetic, altered bauxites; 

(6) fine clastic-colloidal bauxite sediments. 

( I )  autochthonous bauxites on fresh igneous, metamorphic and sedimentary 

(2) allochthonous bauxite sediments: (a) coarse clastic bauxite sediments; 

Chemical composition 

DeJinition of the terms: allite, siallite, ferrullite 
The terms allite, siallite and ferrallite were introduced by HARRASSOWITZ 

(1926) to denote a predominance of Al, Si + A1 and A1 + Fe, respectively. 
For classification of allite and siallite Harrassowitz used the molecular ratio Ki = 

SiO,/AI20, under the assumption that there is only combined silica. The classi- 
fication established by him distinguishes between: 

PLATE 111 
Bauxite on basalts 
9. The preliminary stage of pisolitic texture in bauxite: angular fragments of gibbsitic spongy 

bauxite with initial incrustations in dense gibbsitic matrix; Dudhi Pahar D2/6, India. 
10. Pisolitic bauxite with nuclei made of gibbsitic spongy bauxite and shells consisting of boeh- 

mitic bauxite. The shells often break off and become cemented by a dense matrix rich in iron; 
Dudhi Pahar, India. 

11. Breccia-like texture resulting from leaching of saprolite. The light angular fragments of 
spongy gibbsitic bauxite rich in kaolinite rest in a dark ferruginous kaolinitic matrix; Udagiri 
BE 419, India. 
Microfabrics: 

12. Relic texture with pseudomorphismof gibbsiteafterfeldspar basalticof rock; Bagru Hill, India. 
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Ki > 2.0 
Ki = 2.0-1.3 = siallites 
Ki < 1.3 = allites 

PEDRO (1966) showed that the classification of Harrassowitz was obsolete 
for two reasons: ( I )  Silicate layers, the index of which is greater or smaller than 
Ki = 2, participate in lateritic weathering. The molecular ratio Ki is < 1.3 in 
silicate rocks made of amesite, sudoite or margarite (coordination number IV 
and VI for Al), requiring classification as allites. (2) Silicates with Ki > 2.0, such 
as orthoclase, albite, pyrophyllite and anauxite (A1 with coordination number VI 
only) might be enriched with considerable amounts of hydrated A1 oxides without 
being referred to as allites. 

There are bauxites in Yugoslavia and Siberia with Ki - 1.3 that consist of 
aluminium hydroxides and pyrophyllite in approximately equal proportions, as 
described by BARDOSSY (1965). 

The decisive criterion for classification is the amount of free aluminium. 
For this reason numerical values of Ki are meaningless without known mineral 
composition. The parameter Ki = 2 is only pertinent in the characterization of 
lateritic material if it consists of mixtures of well-crystallized kaolinite/gibbsite 
or kaolinite/boehmite. 

There are several proposals that weathered rocks be classified on the basis 
of SiO,/Al,O, or combined Al,O,/free Al,O, ratios (PEDRO, 1966). The following 
are noteworthy: 

HARRASSOWITZ (1926); DE WEISSE (1948); AUBERT (1954): Ki = SiO,/AI,O, 
mole %. 

DE LAPPARENT (1930): A = A1,03/Si0, mole %. 
GORDON et al. (1958): x = A1203/l.l SiO, mole %. 
PEDRO (1966) and BARDOSSY (1963): combined Al,O,/free Al,O,. 
The most suitable classification (Fig.28) appears to have been established by 

BARDOSSY (1963) and PEDRO (1966). However, their classification does not conform 
to ore-deposit classifications since bauxites with > 10 % kaolinite are generally 

= kaolinite clays 

PLATE IV 
Bauxite on basalts 
13. Bauxite with gel-like texture also showing initial development of polygonal elongated pore 

space; Mewasa I, India. 
14. Vermicular texture in bauxite originating from digging fauna; Udagiri OE 1/6, India. 
15. Recrystallized matrix with large gibbsite twins; Udagiri OE 1/9, India. 
16. Twinning of gibbsite crystal; Mewasa I/6, India. 

Bauxite on charnockite 
17. Spongy bauxite texture; goethite pseudomorph after garnet (dark spots); Yercaud 11/2, 

India. 
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Fig.28. Aluminous rocks derived from weathering. A classification by various authors 
based on Ki-index or free alumina content. 

bauxite bauxitic cloy koolinitic clay 

bauxite cloyey bauxite bauxitic cloy 

uneconomical. For this reason bauxites require further subdivision into high- 
quality bauxites and low-quality bauxites with &lo% combined A1,03 and 10- 
25 % combined AI,O,, respectively. 

PEDRO 
(19661 

VALETON 
119681 

Chemical balance 
Inquiries into the chemical balance of lateritic weathering are supplementary 

to questions of classification based on the content of free and combined aluminium. 
MILLOT and BONIFAS (1955) quantitatively calculated the chemical balance 

of the mineral transformations in laterites and bauxites with constant volume 
proven by excellent preservation of relic textures of the source rock. This iso- 

argile 
bouxite orgilc 

bauxitique 
bauxite 

kaolinitique 

koolinitic bauxite bauxitic cloy clay ,:$; low-quality 
bauxite bauxite 

~~~ ~ 

PLATE V 
Bauxite on charnockite 
18. Relics of quartz “fractured” by chemical dissolution surrounded by a gibbsitic skeleton. Dark 

areas are pore space (crossed nicols); Yercaud I l / l ,  India. 
19. Gibbsitic pseudomorphism after feldspar with “fossil” feldspar cleavage. There are relics of 

strongly corroded quartz grains. Gibbsite recrystallized in pore space at a later stage; 
Yercaud II/l, India. 

20. Initial replacement of pyroxene by goethite along cleavage followed by crystallization of 
gibbsite f (G) laths in pore space + (P). Surrounding feldspar (grey) and quartz (white); 
Yercaud II/l,  India. 

21. Pyroxene replaced by highly porous goethite skeleton with coarse-grained gibbsite filling 
former pore spaces (crossed nicols); Yercaud I/4, India. 
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TABLE XI1 

WEATHERING OF SYENITE OF THE ISLAND LOS (after BONIFAS, 1959) 

~~~~ ~ 

Fresh syenite Weathered Porous Differences Variation from 
( I )  syenite weathering in weight composition of 

( I I )  product between the syenite 
(111) I and 111 source rock 

(%) 

Weight (g/cm3) 258 
SiOz 148.0 
A1203 45.0 
Fe 11.9 
CaO 6.7 
MgO 2.8 
NazO 15.5 
K2O 18.1 
Ti02 1.8 
MnOz 1 .o 
HzO 3.3 

219 
127 
47.5 

5.3 
0.8 
0.8 
8.8 

17.7 
1.3 
0.2 
6.8 

154 
4.8 

86.2 
8.1 
0.3 

- 

n.d. 
n.d. 

2.6 
0.1 

45.7 

-143.2 
+ 41.2 
- 3.8 
- 6.4 
- 2.8 
n.d. 
n.d. 
+ 0.8 

+ 42.4 
- 0.9 

- 96 
+ 91 
- 32 

96 
- 100 
- 

+ 4 4  
- 9 0  
- 1,280 

volumetric method is as yet the only means which provides absolute data on the 
movement of chemical elements in defined directions. The principle of this cal- 
culation is to compare mole % of elements in l cm3 of fresh rock and corresponding 
weathered rock (Table XII). 

If relic textures are not observable, calculations applicable are listed below. 
KOSTER (1961) referred to the index method of MARSHALL (1940, 1942) 

which is based on using intact minerals as the reference for transformations in 
individual horizons. He uses quartz as the index mineral. For bauxites, however, 
quartz is not a suitable mineral as it may be dissolved (Weipa/Queensland). There 
is only very little zircon in bauxites, which is likely to be unstable as demonstrated 
by secondary ZrO, precipitations. Chromite and ilmenite are not always suffi- 
ciently stable either. 

STRENC (1858, 1860) introduced the oxide of specific elements such as TiO, 
or Al,03 as the invariable factor = 100 % in all horizons of the weathering profile. 

PLATE VI 
Bauxite on sedimentary rocks. 
22. Bauxite formed by replacement of stratified arkosic Eocene sediments; Onverdacht, Surinam. 
23. Karst relief of Middle Jurassic carbonate bedrock; Combecave, Var, France. 
24. Complete profile of Early Cretaceous boehmite bauxite with relics of parts rich in primary 

hematite (dark areas). There was extensive leaching of hematite during late stages of diagenesis, 
leaving behind a highly aluminous bauxite body that is kaolinitic in the upper dense part; 
Mazaugues, France. 
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The method is not applicable to bauxites as there are no standard elements with 
constant proportions in weathering profiles. 

In  order to decide on enrichment or solution in bauxites without relic 
textures, the reader is referred to the method of GROSSER (1932a, b; 1935) which is 
based on division of the weight percentages of the individual oxides in weathering 
profiles by the corresponding values of fresh rock. It is thus possible to calculate 
enrichment factors for specific elements of the weathering profile. However, the 
method as used for the bauxites of Arkansas does not provide the solution for 
absolute or relative enrichment of specific components. 

Mineralogical composition 

The most practical classification is based on mineral groups as proposed by 
KONTA (1958) because both clastic components (quartz, ore minerals, etc.) and 
neomineralization may be characteristic features of the bauxites. BARDOSSY (1963) 
widened the scheme and included the clastic fraction. The mineral groups defined 
by him are: 

( I )  allitic minerals: gibbsite, nordstrandite, boehmite, diaspore, corundum; 
(2) ferritic minerals: goethite, lepidocrocite, hematite, magnetite, maghemite; 
(3) clay minerals: predominantly kaolinite group minerals, associated with illite- 
montmorillonite-chlorite group minerals; (4 )  clastic minerals: quartz, heavy 
minerals, ore minerals. 

Fig.29 shows a classification scheme proposed by the present author, 
modified from BARDOSSY (1 963). 

The process chosen for alumina production depends on the natural mineral 
assemblage of the ore deposit. For this reason accurate maps recording the regional 
distribution of these minerals in  bauxites are required for industrial exploitation 
of the deposits. The geological maps of Greece, for instance, record “soluble” 
boehmite and “insoluble” diaspore bauxites with respect to the Bayer process. 

PLATE VII 
Bauxite on sedimentary rocks 
25. 

26. 

27. 

28 

Face of an Early Cretaceous bauxite body near Combecave, France, demonstrating post- 
diagenetic removal of iron starting from the top of the ore. 
Postdiagenetic degradation of Late Cretaceous bauxite caused by postbauxitic karstification 
of the limestone bedrock and formation of terra rossa from bauxite; Greece. 
Clastic breccia-like bauxite of Early Cretaceous age with pebbles of iron crust, kaolinitic clay 
and red clay sedimented in close proximity to the lateritic source rock of the Maure- 
Esterelle Massif; Pas de Recou, Var, France. 
Early Cretaceous pisolitic diaspore bauxite with elongation and preferred orientation of the 
pisolites (flow texture). Dehydration cracks of pisolites are filled with kaolinite; Pereille, 
AriBge, France. 
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Al -minerals clay-minerals 

Fig.29. Proposed classification of bauxites and aluminous iron ores and clays. (Modified 
from BARDOSSY, 1963.) 

Fabrics 

The discussion of textures is based on two distinct types of source rocks: 
( I )  Unlithified rocks as red earths, red loams, and brown loams. Both relic 

textures and textures of neomineralization are difficult to find in these rocks. 
(2) Solid rocks, the textures of which have withstood weathering. The tex- 

tures may be subdivided into relic textures of the source rocks and textures formed 
during neomineralization. 

PLATE VIII 
Bauxite on sedimentary rocks 
29. There was extensive leaching of iron during the late stages of diagenesis or in postdiagenetic 

time, leaving behind fringed remnants of originally widely dispersed hematite. The crowded 
pisolites formed during early stages of diagenesis are clouded by the"re1ic concretions" but are 
easily seen in the bleached areas; Late Cretaceous, Greece. 

30. Incomplete deferrification of Late Cretaceous bauxite in Greece during late stages of dia- 
genesis. Note the dark angular remnants of hematite. 

31. Hematite relics (dark) with secondary goethite crust (grey) and bleached matrix. Hematite 
formed during early stages of diagenesis, while goethite is of late diagenetic or postdiagenetic 
origin; Mazaugues, Var, France. 

32. Manganiferous seam between bauxite and bedrock approximately 10 cm thick showing 
vesicular texture: white = kaolinite, dark = todorokite; Early Cretaceous, La Rouge, Var, 
France. 

33. Pisolites showing alternating zones of hematite and boehmite embedded in fine-grained 
boehmitic matrix. The outer shells, rich in iron, are partly replaced by matrix; boehmite 
facies; Mazaugues, Var, France. 



PLATE IX 

34 

36 

35 

31 

38 39 

Bauxite on sedimentary rocks 
34. Concretion of siderite, hematite and magnetite in the centre fringed by kaolinite, embedded 

in a diasporic matrix. Diaspore facies; Early Cretaceous, Pereille, Arikge, France. 
35. Diaspore-rich oolite still in its plastic stage deformed during diagenesis with shrinkage cracks 

filled by kaolinite. Diaspore facies; Early Cretaceous, PBreille, Ariege, France. 
36. Oolite showing large diaspore crystals lacking orientation. Diaspore facies; Early Cretaceous, 

Aude, France. 
37. Fissure filling of coarse-grained diaspore by precipitation from solution; Late Cretaceous, 

Greece. 
38. Fossilized plant relics with a coaly skeleton in fossil root horizon embedded in fine-grained 

boehmitic matrix; topmost part of the profile; Early Cretaceous, Pereille, Ariege, France. 
39. Concentration of kaolinite (white) and hematite (dark) demonstrating former capillary 

systems (probably a former root); topmost part of the profile; Early Cretaceous, Mazaugues, 
Var, France. 
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Long ago NEWBOLD (1844) pointed to relic textures of source rocks com- 
monly preserved in both macro- and microdimensions and concluded that in situ 
transformation had occurred. Relic textures not only characterize the source rock, 
but also provide answers as to how much certain components became enriched. 

Textures of neomineralization are superimposed on relic textures. In spite 
of several attempts, no detailed classification has as yet been established for both 
micro- and macrotextures formed during neomineralization. With respect to 
macrotextures, Al-rich latosols are only distinguished as having no or marked 
zoning (ground water laterites). The ground water laterites have been classified 
in various ways as shown in Table XIII. 

The B-horizon and the lower part of the BL-horizon are the main zones of 
aluminium enrichment. The fresh rocks are porous and plastic, and may be cut 
with a knife. The profiles are commonly 10-30 m thick. The textures of neo- 
mineralization within individual horizons of autochthonous bauxite may be 
classified as follows: 

Skeleton bauxite. These bauxites are characterized by skeleton-type pres- 
ervation of micro- and macrofabrics of the source rocks caused by relative 
enrichment of less soluble elements (Plate I, 1; 111, 12; IV, 17; V, 18-21). The 
relic textures derived from igneous rocks may be granular or granitic. 

Gel-like textures. Absolute enrichment of Al or Fe resulted in destruction 
of relic textures in microdimensions followed by rearrangement in spherical or 
shelly precipitation fabrics (Plate IV, 13). 

TABLE Xlll  

CLASSIFICATIONS OF GROlJND WATER LATERITES 

NEWBOLD LACROIX WALTHER MOHR PRESCOTT GORDON Soil 
( 1844) (1913-14) (1915) ( 1938) and et al. horizons 

PENDLETON ( I  958) 
(1 952) 

A1 A l  A1 
A2 A2 A2 

laterite cuirasse de Eisenkruste ironstone laterite zoneof BL 
crust fer, zone de crust concretion 
(murrum) concretion 

reddish and Fleckenzone mottled zone mottled zone zone of B 
yellow dust leaching 
lithomarge zone de Bleichzone pallid zone pallid zone under clay B/C 

depart (zone of (saprolite) 
cementation) 

parent roche Ausgangs- parent parent parent C 
rock mere gestein rock rock rock 
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Two types of textures may be distinguished: (a)  dense textures with negligible 
pore space; (b) spongy textures with high porosity. The pores are distributed 
irregularly throughout the rock, both in micro- and macrodimensions (Plate 11, 8). 

Breccia-like texture. Intensive solution may cause the primary textures to 
collapse. The observer notes fragments of relic textures cemented by various 
matrices in their respective local environment. 

Oolitic, pisolitic and concretionary textures. Rhythmic spherical precipitation 
on cores results in: (a)  oolitic textures (< 2 mm in diameter); (b)  pisolitic textures 
(2-20 mm in diameter); (c) concretionary textures (>20 mm in diameter). The 
textures are linked with spongy textures by transitional zones. Rhythmic dehy- 
dration and rehydration causes the spongy textures to transform into breccia-like 
textures. There are angular particles (several mm to several cm in diameter) 
with a spongy texture that rest in a matrix of dense texture (Plate 111, 9, 10). 

Vesicular textures. In cm or dm dimensions, intimately interwoven vein 
or tubular texture systems develop if two phases such as allitic or siallitic and 
ferritic phases separate from gel (Plate I, 2; 11, 6). They must be distinguished 
clearly from vermicular textures. 

Vermicular textures originate from digging fauna (Plate IV, 14). 
Cellular bauxites. The textural term refers to bauxites characterized by 

Earthy bauxite. This is a soft unlithified bauxite of sedimentary origin. 
Nodular texture. Bauxites with earthy texture may contain small concretions 

of variable mineralogical composition, but are chiefly made of gibbsite, and 
dispersed throughout the rock. 

Textures with relic concretions. These textures develop in ferrallitic bauxites 
from the epigenetic selective solution of iron in large parts of the bauxite. Pro- 
portions of the bauxite not affected by solution of iron are referred to as relic 
concretions (Plate VIII, 29,30). The higher density of the relic concretions cause 
the precipitation of secondary coatings (Plate VIII, 31). 

Impregnation concretions. This type of concretion formed during the final 
stage of diagenesis or even during epigenesis and originates from mobilization 
of iron and precipitation of iron minerals in distinct areas dispersed throughout 
the matrix. 

cavities caused by selective solution in macrodimensions. 



Chapter 5 

DESCRIPTION OE TYPES OF DEPOSITS 

BAUXITES ON IGNEOUS A ND METAMORPHIC ROCKS 

Bauxite deposits of this type are known to have formed throughout the earth’s 
history on plateaus during long terrestrial periods. In most cases they eroded, but 
bauxitic sediments which surround the fossil plateaus prove their original existence. 
Intercalated diaspore-boehmite bauxites in Cambrian limestones in the eastern part 
of the Sayan Mountains in the general area south of Lake Baikal (U.S.S.R.) are 
derived from the oldest known lateritic bauxites on igneous or metamorphic 
rocks. In the Onega district (U.S.S.R.) laterite bauxites of Late Devonian to Early 
Carboniferous age occur on basalts. Also well known are Jurassic to Cretaceous 
laterite bauxites on ophiolites of the sub-Pellagonic zone in Greece and on ophio- 
lites of similar age in Yugoslavia. Frequently links of weathered plateau and 
foreland covered with redeposited weathering products are disrupted through 
deep erosion. Therefore, complete reconstruction of areas of denudation and 
distribution is not always possible. 

However, since Late Cretaceous and Early Tertiary times large parts of the 
world were similarly shaped and with similar climatic conditions as occur at 
present. 

A belt of bauxite deposits, formed mainly during Late Cretaceous and 
Early Tertiary times, spreads over continent-wide peneplains on Precambrian 
rocks of South America, Africa, Southeast Asia and Australia. Accurate age 
determinations on peneplains of these areas are difficult or impossible to achieve. 
However, in Tertiary times bauxites frequently formed on littoral sediments which 
consist of reworked detrital laterites or in situ bauxites. Therefore, the age of the 
plateau laterites is at least Early Tertiary. 

Also Early Tertiary (Eocene) in age are the bauxites on nepheline syenites of 
Arkansas, on the Deccan Plateau in India and on basalts in southeastern Australia. 
However, the laterite bauxites on basalts of Oregon (U.S.A.), Vogelsberg (Germa- 
ny) and Antrim (Ireland) formed during Late Tertiary times. The youngest lavas 
capped by bauxites, which can be dated precisely, occur in Hawaii and are 10,000 
years old. Valleys already cut into the bauxites and recent flows are not lateritized. 
Possibly the main phase of bauxite formation occurred there in Allerod time. 

The scope of present-day transformations may be studied best in areas with 
Recent volcanic tuff. Extensive research is undertaken on the so-called “andosols” 
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in areas of the Circumpacific Province. However, our knowledge concerning the 
extent and speed of transformation is still incomplete. 

In spite of the continuous movement of Fe, Al and Si to date, all observations 
from Tertiary laterite bauxites indicate not further development but destruction of 
laterite profiles. Movements of the earth’s crust resulted in different morphology, 
ground water movements and vegetation, and the old laterites represent poly- 
genetically altered soils. 

Two types of bauxite deposits are distinguished on the basis of facies (catena): 
( I )  The slope type (gibbsite type) which forms lens-shaped bodies on the 

slope. It does not develop a typical vertical profile. Gibbsite is the main Al mineral. 
(2) The plateau type (gibbsite-boehmite type) which is a lateral facies of the 

plateau laterites along valley slopes with good drainage and marked profile dif- 
ferentiation. 

Slope type 

This type does not form large and important deposits. Because of its morphological 
exposure, it may be fossilized only if rapidly covered by younger sediments. The 
type which occurs widespread on basement rocks is known only from the Tertiary, 
Pleistocene and Recent. However, it is particularly important for the study of the 
transformations and paragenesis of bauxites. 

Examples of slope types investigated, occur on: basic to intermediate 
volcanic rocks (Hawaii; Pleistocene to sub-Recent), acid metamorphic rocks 
(Ivory Coast; Late Tertiary to sub-Recent), and charnockite in southern India. 

Hawaii 
Young ferrallitization (probably Allerod time) which led to substantial 

enrichment of aluminium hydroxides was first found on the Hawaiian Islands. 
Transport in solution in downward direction parallel to the slope in an area with 
extremely high rates of rainfall and good drainage, resulted in catenas with soil 
zones enriched with aluminium hydroxides. Old land surfaces do not exist, hence 
any impregnations with solutions from high plateau soils may be excluded. 

The islands emerged from the Pacific only during Early Tertiary time and 
are composed of a series of olivine basalts, alkali basalts (nepheline and melilite 
basalts and basanites), trachytes and tuff. Basalt flows of the Kola series, Pleis- 
tocene in age (l0,OOO years), were transformed into bauxitic “latosol”. There are 
no “latosols” on Recent lavas. 

Morphology, climate, vegetation and ground water movements govern the 
formation of the soil type. If one assumes that these factors have remained con- 
stant over the past 10,000 years in the tropics, conditions governing bauxite for- 
mation may be read from present-day environment. The islands are cone-shaped with 
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more or less steep slopes. The highest summit of the Kauai Island rises to 1,567 m. 
The river valleys average 30 m (max. 140 m) in depth. The Hawaiian Islands are 
situated in the belt of the northeasterly trade winds. Rainfall rates are extremely 
high on the northern and eastern slopes, and increase from the coast to the level 
of cloud cover at approximately 1,000 m, but decrease rapidly towards higher 
terrain. The following rainfall rates from Kauai, the island known to be the wet- 
test, were recorded by ABBOT (1958): 

precipitation north coast southwest coast summit of 

mm/annum 2,250 500 1 1,240 
Mt. Waialeate 

Temperatures depend strongly on altitudes and corresponded to a sub- 
tropical climate at about 600 m. 

The lava flows of the Kola series are always inclined (Fig.31). There are 
vertical textures in each flow. The welded flow breccia of glass and slag at the top of 
the basalt flow (klinkerzone) is permeable and enables the ground water to 
circulate both vertically and horizontally over long distances. The water table 
fluctuates in the dry and rainy seasons. Normally the ground water slowly per- 
colates through the weathering zone until it reaches the boundary of saprolites 
(decomposed rock in B/C horizons) to fresh basalt, causing the solutions to flow 
laterally. The water table was analyzed (Table XIV) from several wells of the 
northern and eastern side of Kauai Island (PATTERSON and ROBERTSON, 1961). 

The pH of the ground water ranges from 4.0 to 5.9 in wells in latosols 
(holes Zd), but is 7.6 to 7.8 in wells in fresh basalt (holes 7 and 8 in Fig.31). 

The amount of HCO; dissolved from latosols is negligible but increases to 
78-96 p.p.m. from basalts. The total amount of salts in ground water solution is 
much less in soil (28-42 p.p.m.) than in fresh basalts (167-201 p.p.m.) from which 
silica, alkalis and the alkaline earths mainly dissolve. This is explained by both the 
relatively fast drainage in the weathering profile and the occurrence of soluble 
minerals of the fresh basalt. 

Soil formations. The warm humid climate caused the formation of deeply weathered 
latosols. The classification given by SHERMAN (1958) according to location is 
presented in Table XV. 

These latosols may be 15-30 m thick. The thickness and nature of the soils 
depend on the texture of the source rock, climatic and morphological exposure, 
and hence on intensity of ground water circulation. There is particularly fast 
weathering of the Kola series source rocks with no free quartz and a low silica 
content because of the original vitreous matrix with porous texture. 

SHERMAN (1958) illustrated the relationship of increasing aluminium content 
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TABLE XIV 

CHEMICAL ANALYSES~ OF WATER SAMPLES FROM WEATHERED AND FRESH BASALTS OF THE KOLA 

VOLCANIC SERIES, KAUAI, HAWAII 

Hole Parts per million 
No. __ 

SiOz A1 Fe Mn Cr Ca Mg Na K Li NH4 HCOI COa OH so4 

1 2.9 0.11 0.00 0.26 O.OO0 

3 4.1 0.01 0.00 0.07 O.OO0 
4 3.0 0.04 0.00 0.12 O.OO0 
5 2.6 0.03 0.06 0.54 O.OO0 
6 2.5 0.12 0.00 0.11 O.OO0 

8 42 0.06 0.00 0.00 O.OO0 

2 1.2 0.00 0.18 0.13 - 

7 32 0.03 0.00 0.00 - 

0.8 1.9 
0.9 1.9 
1.0 1.2 
0.4 0.7 
1.0 2.3 
0.6 1.5 

13 14 
13 11 

11 0.6 0.00 0.02 1 0 0 2.7 
6.3 0.6 0.00 0.02 6 0 0 4.0 
6.9 0.3 0.00 0.03 3 0 0 2.3 
7.2 0.0 0.00 0.02 2 0 0 3.2 
8.6 0.6 0.00 0.01 6 0 0 6.5 
8.5 0.5 0.00 0.02 0 0 0 2.7 

21 0.8 0.00 0.01 78 0 0 5.2 
30 1.3 0.00 - 96 0 0 37 

Analysts A. S. Vandenburgh and C. E. Robertson, in PATI-ERSON and ROBERTSON (1961); 
samples are from weathered basalt, except those from holes 7 and 8, which are from fresh basalt. 

TABLE XV 

THE SOIL SERIES OF THE SOIL FAMILIES OF THE VARIOUS HAWAIIAN GREAT SOIL GROUPS WHICH HAVE 

MORE THAN 10 PERCENT FREE ALUMINA CONTENT 

Great Soil Group Soil family 

name location 

Aluminous Ferruginous Latosol Halii eastern half of Kauai 
Ferruginous Humic Latosol Haiku eastern half of Kauai 

Puhi eastern half of Kauai 
Haiku east Maui 
Naiwa west Maui 

Hydro1 Humic Latosol Akaka Hawaii 
Hilo Hawaii 
Honokaa Hawaii 
Koolau Kauai 

east Maui 
Latosolic Brown Forest Olinda east Maui 
Humic Latosol Honolua west Maui 
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Hole Parts per million Cation Anion Dis- Hard- N.C. Soecific VH . . a  

total total solved ness hard- conduc- ____ No. 
solids as nessas tance CI F I NOz Nos Po4 B 

calcu- caco3 caco3 (mi- 
lated (p.p.m.) (p.p.m.) crohms 
fp.p.m.) at 25 "C) 

1 19 0.1 0.008 0 0.6 0.02 0.04 0.70 0.64 41 10 9 90 4.6 
2 9.1 0.1 0.006 0 0.7 0.04 0.02 0.49 0.46 28 10 5 60 5.1 

7.4 5 56 5.6 3 12 0.1 0.003 0 0.4 0.03 0.03 0.46 0.46 30 
4 12 0.2 0.006 0 0.1 0.02 0.03 0.39 0.45 28 4.0 2 54 4.8 

6 13 0.1 0.002 0 0.8 0.00 0.05 0.53 0.45 30 7.6 8 67 4.7 

8 34 0.1 0.001 0 1.5 0.16 0.01 2.48 2.38 167 77 14 265 7.6 

5 16 0.1 0.004 0 0.9 0.02 0.05 0.63 0.71 42 12 7 78 5.3 

7 30 0.2 0.002 - 2.0 0.43 0.05 3.13 3.23 207 92 12 331 7.8 

and decreasing silica values with rising rates of rainfall on volcanic ash (Fig.30). 
TANADA (195 1)  pointed to increasing gibbsite content at the expense of kaolinite 
with increasing rainfall rate from 750 to 5,000 mm. 

Fig.30. Relationship of rainfall rates, alumina and silica content in soils on volcanic ash 
from the Hawaiian Islands (after SHERMAN, 1958). Aluminium increases while silica decreases 
with increasing rate of rainfall. 
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Soft slopes in areas with high rates of rainfall, have a high rate of water 
infiltration, with subsurface conditions favouring the lateral movement of water. 
They are predestined to aluminium enrichment (Fig.3 1). Through decomposition 

159 158 156 15 5 

- 
~- - .  

W 

A 

B 

C 

D 
Fig.31. Hawaiian Islands 
A. Basaltic flows with clinker at top of the lava, and cracks (c) supplying water to a lower 

klinker zone. The lavas dip or slope down from the volcanic ridge located along the centre of the 
island ( W), where rainfall is greatest, to the coast (E). 

B. Island of Kauai. Vertical lines: gibbsite aggregate (more than 10% gibbsite) in kaolin 
clay; diagonal lines: gibbsite in ferruginous bauxite; 1-8: wells for ground water analyses. 

C. Island of Maui. Vertical lines: gibbsite in various forms, usually in pockets at various 
depths. 

D. Island of Hawaii. Vertical lines: gibbsite-allophane clays developed on volcanic ash. 
(After ALLEN and SHERMAN, 1965; and SHERMAN, 1958.) 



BAUXITES ON IGNEOUS AND METAMORPHIC ROCKS 93 

of the staghorn fern growing in great profusion on the northeast slopes, the soil 
is supplied with organic acids, thus increasing the speed of disintegration. 

Because lateritization results in the dissolution and transport of nearly all 
the elements in the ground water, the catena pattern of either Fe-, Al- or silica- 
enrichment is governed by the direction and speed of ground water movement, 
hence by morphology. 

Catena pattern. Many authors, in particular G .  D. Sherman and co-workers 
(1949- 1965) and ABBOT (1958), engaged in research on lateral differentiation of 
the latosol, and aluminium enrichments therein. SHERMAN (1958) described a 
catena pattern downhill from the Hawaiian Islands as: Halii series (upper slope) 
- Haiku series - Puhi series (bottom slope) (Fig.32). 

HALll SERIES 
GRAVELLY FHASE 

HAIKU SERIES 
FERRUGINOUS BAUX 

PUHl SERIES 

AND SHEEE IN FERRUGIKWS 
BAUXITE IN KAOLIN 

GIBBSITE AGGREGATES 

Fig.32. Catena rich in gibbsite composed of Halii series, Haiku series and Puhi series on 
the Hawaiian Islands. (After SHERMAN, 1958.) 

Chemical composition. Chemical analyses of a weathering profile shows rapidly 
decreasing alkali, alkaline earths and silica values at  a sharp boundary of basalt 
(A) and saprolite (11-13 m). There is progressive enrichment with iron, aluminium 
and titanium from the bottom towards the top of the profile. Chromium and 
vanadium also increase in the upper part (Table XVI). 

SHERMAN (1958) also found lateral differentiation of soils on the islands of 
Maui and Hawaii. Extremely high rainfall on pitching lava flows, which provide 
excellent ground water circulation, led to enrichment of aluminium as lenticular 
bodies. Single layers or concretions consist of nearly pure gibbsite resulting from 
aluminium feed downhill. 

The paragenesis of the latosols on the Hawaiian Islands changes both 
horizontally and vertically, depending on specific localities within the catena. Both 
chemical composition and paragenesis are governed by the direction of ground 
water movements and the degree of dehydration of the soils during dry seasons. 



TABLE XVI 

CHEMICAL AND SPECTROGRAPHIC RESULTS, IN PERCENT, OF ANALYSES OF SAMPLES OF W E A W R E D  BASALT FROM AN AUGER HOLE AND OF A SAMPLE OF 

ESSENTIALLY FRESH BASALT IN THE EASTERN PART OF KAUAI, HAWAII (after PATIERSON and ROBERTSON, 1961) 
~~ 

Depth (ft.) Chemical analysis Spectrographic analysis 

SiOz A1203 Fez03 FeO CaO MgO NazO KzO HzO Ti02 PZOS MnO COz Sum Cr V Ca 

5.7 25.6 40.2 0.40 
4 1 0  8.6 25.5 39.1 0.37 

10-14 11.4 24.6 37.8 0.82 
14-19 17.1 26.2 32.7 0.58 
1 9-24 19.7 25.8 32.1 0.50 
2434 21.5 25.1 30.7 0.53 
34-39 25.3 24.1 29.1 0.44 
A' 45.0 11.8 4.3 9.3 

XO.10 
<0.10 
<0.10 
< 0.10 
<0.10 
<0.10 
< 0.10 

9.7 

0.65 
0.72 
0.91 
0.83 
1 .o 
1 .o 
0.87 

12.0 

0.04 
0.05 
0.06 
0.06 
0.06 
0.06 
0.06 
1.8 

0.12 
0.09 
0.05 
0.03 
0.03 
0.03 
0.03 
0.62 

18.6 5.6 0.27 0.12 
17.8 5.6 0.30 0.14 
17.2 5.7 0.36 0.20 
15.8 5.1 0.31 0.25 
15.0 4.9 0.32 0.27 
14.6 4.9 0.36 0.27 
13.9 4.5 0.38 0.27 
3.1 1.9 0.30 0.26 

< 0.05 
< 0.05 
< 0.05 
< 0.05 
< 0.05 
< 0.05 
< 0.05 
0.09 

971 
981 
99 
99 

100 
99 
99 

100 

0.16 
0.15 
0.17 
0.13 
0.11 
0.12 
0.14 
0.064 

0.069 
0.059 
0.077 
0.065 
0.052 
0.058 
0.060 
0.031 

Essentially fresh basalt from outcrop. 

0.08 
0.08 
0.09 
0.08 
0.07 
0.08 c) 

0.08 g 
8 > 1.0 

- 2  

8 
-I 

$ 
8 
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TABLE XVII 

CHEMICAL COMPOSITION (IN %) OF FERRUGINOUS BAUXITES WEATHERED DIRECTLY FROM MELILITE- 

NEPHELINE BASALT FROM THE WAILULA GAME REFUGE, KAUAI (after SHERMAN, 1958) 

Sample SiOz AhOs Fez03 Ti02 HzO+ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

4.0 
4.7 
5.5 
4.4 
2.1 
1.9 
2.0 
2.4 
2.1 
0.0 
0.0 
0.0 
0.1 

48.5 
47.0 
46.3 
45.8 
41.2 
43.1 
39.3 
39.3 
19.2 
36.2 
44.3 
43.7 
41.7 

26.0 
25.1 
28.7 
28.0 
36.1 
36.0 
37.0 
36.5 
60.8 
38.6 
28.7 
31.0 
32.5 

3.1 
3.3 
3.6 
4.1 
5.0 
5.8 
5.5 
6.5 
5.5 
6.0 
4.5 
5.0 
4.1 

17.3 
17.5 
17.9 
17.6 
16.8 
16.7 
16.3 
16.7 
14.1 
16.8 
19.7 
22.2 
18.9 

The ferruginous bauxites of the Halii series (upper slope) are characterized 
by very low SiOz and high Alz03 and Fez03 contents (Table XVII): 

The relic texture of the basalts withstood leaching to a large extent. There 
is successive decomposition of minerals resulting from differences in mobility of 
the elements participating in weathering. Alkalis, the alkaline earths and silica 
dissolve and are removed. The solubility of aluminium is lowest, causing aluminium 
hydroxides to reprecipitate quickly. “The hydrated aluminium oxides are stabilized 
in concretions or water stable aggregates. They lead to the development of horizons 
which are porous. The porous condition of the horizons develops conditions that 
would favour the formation of bauxite.” (SHERMAN, 1958). 

In the Haiku series there have been both the segregation of gibbsite and 
ferruginous aggregates and the precipitation of gibbsite into layers (sheets) 
(Tables XVIII, XX). 

“In the soils of the Puhi series (bottom slope), the slower movement of the 
circulating water has slowed the mobility of the soluble silica to a point where 
resilification of gibbsite occurs in the clay-sized particles. Thus the kaolinite content 
increases as the circulating water movement slows down and as water available 
for the weathering processes decreases with a lower rainfall. In the Puhi soils, 
which are developed in areas of the lowest rainfall, there is evidence that iron oxide 
is accumulating more rapidly than gibbsite. The iron content of these aggregates 
is much higher than that found for aggregates on the steeper slopes. They have a 
low silica content. The coating of iron oxide of the surface will protect the gibbsite 
from resilicification” (SHERMAN, 1958; Table XIX). 
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TABLE XVIII 

CHEMICAL COMPOSITION (IN x) OF BAUXITIC AGGREGATES AND GIBBSITIC SHEETS OF KAUAI SOILS 

(after SHERMAN, 1958) 
- ~~~ 

Bauxitic materials SiOz A1203 Fez03 Ti02 

Ferruginous bauxite aggregates from 
Puhi soil 6.5 43.3 28.7 4.2 
Ferruginous bauxite aggregates from 
Haiku soil 4.1 46.0 28.0 3.0 
Gibbsite sheet white layer 1.2 58.9 1.2 1.8 
Gibbsite sheet gray brown layer 12.8 52.0 12.2 3.6 

____ ~~ 

TABLE XIX 

CHEMICAL COMPOSITION OF A PUHI SOIL PROFILE ON MAUI ROAD JUST EAST OF THE ROAD ENTERING 

KILAUEA VILLAGE, KAUAI (after SHERMAN, 1958) 
~ ~~ 

Depth Oxide analysis (%) 
(inches) 

SiOz A1203 Fez03 Ti02 MnO HzO 

0-5 0.7 18.6 43.7 7.6 0.2 19.9 
5-10 0.5 18.6 41.1 6.8 0.1 20.8 

10-12 3.6 19.7 45.0 8.5 0.2 21 .o 
1 2-20 0.5 21.3 43.1 7.9 0.1 23.2 
20-35 5.7 25.8 45.5 8.1 0.3 16.0 
35-40 7.0 21.4 44.1 8.3 0.3 17.6 
40+ 7.6 24.7 42.0 8.3 0.2 16.2 

TABLE XX 

CHEMICAL COMPOSITION OF AGGREGATES FOUND IN THE GRAVELED HAIKU SOILS OF THE KILAUEA 

PLANTATION, KAUAI (after SHERMAN, 1958) 

Material Portion of 
aggregate 

Ferruginous aggregate # 1 outer coating 
inner portion 

Ferruginous aggregate #2 outer coating 
inner portion 

Gibbsitic aggregate outer coating 
inner portion 

Oxide analysis (%) 

SiOz Ah03 Fez03 

1.7 16.0 56.5 
0.4 27.0 43.8 
0.4 18.6 57.0 
1.1 26.2 44.1 
2.0 35.6 40.5 
1.1 51.0 16.2 

Ti02 

4.7 
6.9 
4.6 
5.0 
4.2 
4.8 

- 
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From the channel of the Wailu River on Kauai Island similar profiles with 
much aluminium enrichment on the upper slope by lateral feed with solutions are 
recorded by ABBOT (1958). Nearly pure bauxites formed lenses up to 15 cm in 
length or precipitated in cavities and fissures. 

From areas with very high rainfall rates in the lower plains of the eastern 
part of Kauai, PATTERSON and ROBERTSON (1961) described weathering profiles 
18-30 m thick with iron and silica enrichment maintaining relic textures: “The 
greatest resilicification of gibbsite to kaolin minerals occurs in soils of the very high 
rainfall area, where the internal drainage has been impeded so as to produce 
water-logged conditions of the weathering system.” Finally there is development of 
a montmorillonite catena section on low ground which is extensively waterlogged. 

Mineralogy. Mineral decomposition and neomineralization take place via solution 
and gel stages, partly in situ maintaining the basalt relic texture and partly through 
removal of solutions and reprecipitation in cavities, joints or as concretions. 

The amorphous fraction. The amorphous fraction predominates in early stages of 
soil development. SHERMAN et al. (1964): “The amorphous fraction is extremely 
sensitive to changes in chemical and physical environments. Soils rich in amorphous 
hydrated colloidal oxides have a high water content, a low bulk density, and high 
cation exchange capacity. On dehydration these soils show an increase in bulk 
density and particle density and a loss of cation exchange capacity. The gels are 
rich in iron, aluminium and may also contain silica and titanium. Amorphous 
systems rich in aluminium and iron will, on dehydration, produce a separation of 
nearly pure gibbsite crystalline aggregates. Even in Al-Fe-gels pure gibbsite will 
separate with iron, forming its own system. The dehydration of iron-rich gels can 
lead to cryptocrystalline lepidocrocite + maghemite or goethite + hematite iron 
oxide systems.” 

Clay minerals. SHERMAN and UEHARA (1956) and SHERMAN et al. (1962) investigated 
the influence of a weathering environment on secondary mineral formation created 
by the supply and release of bases through leaching of olivine basalt. 

In profiles with good drainage conditions, plagioclases weather to gibbsite, 
halloysite or kaolinite, depending on the concentration gradients of alumina and 
silica within the micro-environment (NAKAMURA and SHERMAN, 1965). Under 
heavy drainage conditions halloysite amygdules undergo desilicification along the 
periphery where acidic, silica-deficient water passes, attacking the halloysite by 
dissolving the silica. Halloysite is stable only if it is protected from such solutions, 
or if the solution passing by is saturated with silica. While alteration of feldspar 
to halloysite involves an increase in volume, a loss in volume follows desilicification 
of halloysite. This loss in volume is exemplified by the surface cracks clearly visible 
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in the desilicificated halloysite. The decrease of halloysite is followed by an increase 
in gibbsite (UEHARA et al., 1966). 

The transformation of olivine basalt, rich in iron, may result in nontronite 
formation in pockets and cavities. Montmorillonite clay was found in the lower 
layers of some profiles where bases and silica accumulated. In those profiles, 
kaolinite was found in the upper part and in the top layers. 

Aluminium minerals. Gibbsite is the only aluminium mineral recorded. It formed 
in situ mostly in profiles of a higher terrain, partly from feldspar directly and partly 
via halloysite, indicating two stages of desilicification. 

Aluminium is very mobile in solution; it may migrate downhill and precipi- 
tate as pure gibbsite in cavities or as concretions. Small gibbsite pisolites or bigger 
concretions grow from rhythmic precipitation, resulting in a shelly texture. ABBOT 
(1958) described nodular masses of gibbsite reaching 15 cm in length. 

Boehmite has not yet been recorded from Al-laterites of the Hawaiian 
Islands. 

Titanium minerals. Many papers deal with the weathering of titanomagnetite. 
According to MATSUSAKA et al. (1964), primary titanomagnetite of the basaltic 
and andesitic rocks seems to contain between 21 and 25 mole % Ti02. Oxidation 
causes maghemite and anatase to form from titanomagnetite. 

In Hawaiian soils, SHERMAN (1952) found concentrations of titanium dioxide 
ranging from 2.5 to 25.0%. The titanium dioxide content is higher in the surface 
horizon of soils formed in a climate of successive wet and dry seasons. The highest 
accumulation is recorded from humic ferruginous latosols, which occur in areas 
of successive wet and dry seasons but are adjacent to tropical forests. The con- 
ditions of accumulation of iron oxides and titanium dioxide are the same. 

At or near the surface titanium dioxide is easily dehydrated to form con- 
cretions, coatings on aggregates or soil particles, or a massive horizon. In soils of 
the Haiku series titanium dioxide concretions may reach 0.5-1.2 cm in diameter. 
Titanium dioxide in the form of anatase rehydrates slower than iron oxide and is 
more resistant to reduction when the soils' internal drainage becomes poorer. 
Extremely low Eh-values reduce titanium dioxide, and it is leached from the soil. 
Certain conditions of poor drainage favour reduction and removal of oxides of 
iron and titanium by leaching, while gibbsite is resilicified to kaolinite. 

Iron minerals. The proportion of amorphous iron hydroxides is sometimes very 
high. Depending on local pH and Eh conditions, iron ions or colloids may be 
transported over long distances. Fez+ occurs in most cases as traces only in soils 
and is accommodated to a large extent by relic minerals such as titanomagnetite 
and magnetite. Lepidocrocite was detected only in one sample by X-ray techniques, 
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but the mineral was identified repeatedly by DTA. Goethite and hematite are the 
most common iron minerals and are easy to identify by X-ray methods. They are 
formed either from local precipitation in situ or secondary enrichment in pisolites, 
concretions or crusts. 

The pattern of mineral formation in Hawaiian soils is set out by Sherman 
as shown in Fig. 33. 

80 

60 

40 

20 

30 60 90 120 150 

Fig.33. Distribution of clay minerals and bauxites in Hawaiian soil samples. Abscissa: 
annual rainfall in inches. Ordinate: percentage of clay and free hydrated oxides in the soil. 
(After SHERMAN, 1952.) 

Ivory Coast 
Equatorial Africa provides further examples of Late Tertiary ferrallitization. 

Investigations of DELVIGNE (1965) and SEGALEN (1965) on the Ivory Coast revealed 
the relationship of climate, morphology and drainage to specific soil formation. 
The fossil soils are considered to be of Late Tertiary to Pleistocene age. As both 
the continental coasts and the morphology have changed little since, climatic 
and soil zones are much the same nowadays. The morphology is governed by an 
old peneplain inclined to the south (north 350-400 m, south 50 m above sea level). 
There is a little more relief on the southern part, the mountains rising to 200 m 
above sea level. In the west only a few summits rise to 1,OOO m. They are inselbergs 
made of granitic and noritic rocks, partly capped by old lateritic crusts. On the 
slopes there is latosol formation, which will be dealt with in this context. 

There are two areas to be distinguished in view of the climate (Fig.34): 
the southwestern part from 5 O to 8 O latitude, with rainfall exceeding evaporation, 
and the northeastern part from 8 "  to 11 O latitude, with evaporation exceeding 
rainfall (Table XXI). 

Analogous to climatic regions one may define three zones of vegetation: 
the littoral zone, the zone of forests in the west and south, and the zone of light 
bush and savannah in the northeast. 
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S.ferrugineux S. bruns ou noirs 
tropicaux sur roches 

basiques 

S. hydromorphes 
mineraux et 
organiques 

m s . f e r r a l l i t i q u e s  

Ferrisols 

Fig.34. Combined map of climate and soils of the Ivory Coast. Numbers refer to rainfall 
isohyps with P > E in the southwest, and P < E in the northeast (P = precipitation, E = evap- 
oration). Squares with numbers give localities of examined profiles. (After DELVIGNE, 1965.) 

TABLE XXI 

CLIMATIC ZONES IN EQUATORIAL AFRICA (IVORY COAST) 

Climatic criteria CIimat guinien forrestier CIimat sudanoguinken 
( 5 O - 8 "  latitude) (8  "-I 1 latitude) 

Mean annual temperature ( C) 24.5-27.2 24.5-28.2 

Annual rainfall (mm) 12oQ-2OOo NW 1700, NE 1100 

Annual saturation deficiency (mm) 5-7 7-12 

Number of months with rainfall 7-9 7-8 

Number of wet seasons per annum 

Number of dry seasons per annum 

2 (May-July; 0ct.-Nov.) 

2 (extensive: Dec., April) 

1 (June-Oct., maximum in 
August) 
1 (Nov.-Feb./March) 
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There is a soil classification (Fig.34) corresponding to morphology and 
climate which distinguishes: 
“sols ferrallitiques” 
“ ferrisols” 
“sols ferrugineux tropicaux” 
“sols de transition” 
“sols bruns et noirs” 
“sols hydromorphes” 

From the ferrallitic zone of the southern and western areas with high rates 
of rainfall (Fig.34), DELVIGNE (1965) describes: 

( I )  A series of weathering profiles (TKN, ZGN, BPN), 1-3 m thick, on the 
slopes of Tonkoui/Ivory Coast. The environment is recorded as mountainous, 
the summit rising to 1,000 m above sea level. The source rocks are charnockite 
and norite, providing excellent drainage downhill. The vegetation is typified as 
“forrestier de montagne”. 

(2) Profiles (AYA) from the valley Bia north of the village of Ayame, 
Ivory Coast. They are several meters thick with well-marked vertical zoning. They 
developed from coarse-grained granodiorites and amphibolites of low quartz 
content. The climate and vegetation are similar to that of the Tonkui Mountain. 
Compared with previous profiles, these represent lower slopes where drainage 
intensity gradually becomes less during the weathering process. The lower slopes 
are covered by thick sheets of scree (Fig.35). 

The combined profile series provides reconstruction of a simplified scheme 
of the catena on slopes with good drainage. All profiles are characterized by well- 

AYA 5 

Accurnulalion of gibb 
gels - gibboitc 

Zoned initiol wralhering :;;;:3 . .. 
Accumulation d silica 
gels- kaolinilc 

Accumulation of silica 
gibbsile-’kaolinile 

1 Horizon of colluvium f .  
---- Fronl of weolhcring 

Fig.35. Catena in ferrallitic soil areas in the south of Ivory Coast. (After DELVIGNE, 1965.) 
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preserved relic textures, which rendered calculations by the method of MILLOT 
and BONIFAS (1955) feasible. 

There is strong leaching of primary minerals in the weathering profiles, the 
solution being removed predominantly downhill. Secondary paragenesis occurs 
governed by both the quantity and chemical composition of the percolating ground 
water. The catena I, IIa, IIb and 111 is described by DELVIGNE (1965) as a function 
of morphology (Fig.36). In the top zone, zone I, strongly weathered rocks abruptly 
change into fresh rock within a few mm in vertical direction; at  least 90% of the 
silica, the total amounts of alkalis, earth alkalis and aluminium were removed 
from the entire rock which consisted of Fe-Mg minerals. 

Silica migrates from the zone in the monomeric form. Iron and alumina 
become relatively enriched here. The iron precipitates as amorphous hydrate which 
is later transformed into hematite or goethite, while aluminium crystallizes directly 
to gibbsite. In the middle and higher parts of the profile the secondary minerals 
consist of gibbsite and goethite only. The relic textures are very well preserved. 

There is a slightly thicker weathering horizon at the boundary of source rock 
and soil profile in the middle zone, zone 11, of the catena. This level, too, is char- 
acterized by removal of silica and bases, however silica migrates at a much slower 
rate. During feldspar decomposition, Al-Si gels are formed intermittently from 
which gibbsite crystallizes rapidly if all silica is removed. In the middle and upper 
parts of the profile of zone 11, monomeric silica is removed by ground water. 
Portions of early gibbsite and silica react to form kaolinite. The primary texture is 
obliterated in most cases at this silicification level. 

In zone 111 of the catena developed on the bottom slope, weathering and 
silicification overlap. Gels are widespread and are transformed into kaolinite via 
transient gibbsite. The silica solutions migrate at much slower rates, and only 
approximately 50 % of the original silica content of fresh rocks is removed. All 
silica seems to be removed from primary lattices as polymers, while a certain 
amount of monomeric silica enters this specific level and replaces part of the silica 
dissolved in situ. Bases dissolve completely, but at  much slower rates than at the 
top of the catena. The primary texture is preserved relatively well. 

There is a vertical transport of solutions in addition to the ground water 
movement downhill. Part of the iron and aluminium content is dissolved from 
sections of the profile near the surface and removed by ground water. Aluminium 
rapidly crystallizes to secondary gibbsite or to kaolinite if monomeric silica is 
available. There is absolute enrichment with iron in the lowermost slope profiles 
where iron hydroxides or oxides may form a strongly impregnated zone. 

Summary. In the uppermost zone, zone I, characterized by relative Al and Fe 
enrichment, gibbsite and goethite are the only secondary paragenesis. In zones I1 
and 111, characterized by increasing Al content combined with successive relative 



B
A

U
X

IT
E

S O
N

 IG
N

E
O

U
S A

N
D

 M
E

T
A

M
O

R
P

H
IC

 R
O

C
K

S 
103 



1 04 DESCRIPTION OF TYPES OF DEPOSITS 

and absolute enrichment of silica, the mineral sequence is gibbsite-kaolinite- 
vermiculite. 

There is also absolute enrichment of iron-forming hematite or goethite in 
parts 11 and 111 in the lower terrain of the slope. No desilicification of kaolinite 
to gibbsite was observed in either profile. The substantial proportion of gibbsite 
which occurs in  specific sections near the surface of the lower slope profiles accounts 
for disintegration of Al minerals in the capping scree. The predominant pattern 
of transformation from primary into secondary minerals, was set out by Delvigne 
as follows: 

Zorie I + Ila Zone Ilb Zone I l l  

plagioclase-gi bbsite plagioclase-gel-gi bbsite plagioclase-gel-gibbsite-kaolinite 
pyroxene-goet hite pyroxene-goethite pyroxene-bowlingite-gel-goethite 

biotite-vermiculite-kaolinite 

Southern India 
Mineable bauxite formed on charnockites under certain conditions. Lentic- 

ular bauxite deposits several hundred m in length and 1-8 m thick developed on 
the slopes of the Early Tertiary peneplains in the Shevaroy Hills and in the Blue 
Mountains of southern India (KRISHNAN, 1942; VALETON, 1968). There is a 
transition from ferrallites with little kaolinite on the upper slope to siallites rich 
in silica on the lower slope. Relic textures show up folds of differently composed 
source rocks in the ferrallite zone. 

Differences in the paragenesis of the folded series cause extremely irregular 
boundaries between fresh rock and weathered zone. Depending on the mineralogy, 
the change from fresh rock to bauxite or kaolinite clays is usually rather abrupt. 
There is no distinct vertical zoning of the bauxite profiles with an upper concre- 
tionary zone and iron crust developed at  the top. 

Mineralogy and chemistry. The common neomineralization is kaolinite in the 
fine-grained micaceous source rock and gibbsite in the coarse-grained primary 
rocks rich in feldspars. During the initial weathering phase a thin film of gibbsite 
or goethite developed along fissures on the minerals weathering readily, such as 
feldspars, augites and garnet (Plate IV, 17). Secondary hematite and goethite 
precipitated from iron supplied by augite and garnet. They reflect detailed contours 
and fissure systems of augites and garnets, later dissolved leaving behind a cavity 
pattern (Plate V ,  20, 21). Gibbsite may develop a similar fissure skeleton replacing 
feldspar (Plate V, 19). In other places during feldspar transformation A1 precipitat- 
ed in situ to form gibbsite which burst through the original grain contours due 
to an increase in volume and swelling. 

Relic quartz (maximum up to 50-90%) is fringed by corrosion and dis- 
solution to form angular grains (Plate V, 18). Apparently there was a high mobility 
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of aluminous solutions and strict control of silica removal causing quartz to be 
dissolved to a large extent and providing space for gibbsite precipitation under 
specific local conditions of the Early Tertiary weathering cycles. 

The porosity of the aluminous rocks ranges from 30 to 50 %. Only in certain 
part of the pore space coarse-grained gibbsite crystallized during the periodical 
supply of A1 solutions. The chemical composition of the bauxites is given in Fig.37. 

imn concretions 

12 

9 .  

dark slreoks 

6 -  2 

e ports rich in 
pyroxene , . 

0. saprolite 

m 
15 

Fig.37. Chemical and mineralogical composition of bauxite profile Y-I1 on charnockite; 
Shevaroy Hills, southern India (VALETON, 1968). 

The triangular projection of Si02-Fe,03-Al,03 (Fig.38) demonstrates the 
development of a saprolite and allite zone initially along the line of equal AI/Fe 
ratios. For the most part there is dissolution and removal of silica only, causing 
relative enrichment of aluminium and iron in skeletons. In irregular iron-rich 
parts there is additional impregnation with iron that precipitates from permeating 
solutions. 

The bauxite developed on charnockites in southern India corresponds in 
principle to the ferrallite type of Hawaii and the Ivory Coast: 

the dominant textures are relic textures of rocks weathered in situ; 
iron and aluminium become enriched relatively; the lateral supply of 

in contrast to plateau bauxites, this type does not develop enriched zones 

these bauxites do not form boehmite or diaspore; besides hematite goethite 

solutions that resulted in Fe and Al impregnation is subordinate; 

of aluminium hydroxides with pisolitic textures or capping iron crusts; 

is a common primary mineral. 
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Weight% 
S O 2  (inclusive free Quartz) 

A 

I 

Fe203 50 

Fig.38. The analyses of three bauxite profiles on charnockites plotted on the graph show 
that there are constant AI/Fe ratios of bauxite and source rock or that iron impregnation took 
place. 

Plateau type 

The most important deposits of this type occur on rocks of the Precambrian 
basement, on syenite massives, andesites and on plateau basalts, as shown on the 
attached map. These deposits differ widely in size and economic importance. 
There is no uniform nomenclature. Ground water laterites (American references 
in general), plateau laterites (Russian literature in most cases), and high-level 
laterites (mainly Indian references) are the terms generally applied to these types. 
PATTERSON (1967) refers to a “blanket type”. These are coverings of laterite 
1 W O  m thick, depending on the source rocks, but which occur regionally on 
specific plateau levels only in present tropical and subtropical areas (Fig.39). 

They developed mainly during Early Tertiary time and became fossilized 
since. There is a distinct vertical zoning, reflecting specific mineralogical com- 
position, sometimes with considerable A1 enrichment as flat lens-shaped bodies, 
forming large bauxite deposits in several cases (Brazil, Guiana countries, Equatorial 
Africa, Southeast Asia, Australia). 

Plateau type on basic rocks 

The source rocks of the bauxites on plateaus of the Deccan peninsula are 
basalts, mostly of tholeyitic composition, which formed from viscous lava flowing 
over large areas with flat escarpment. The even plateaus are very extensive. There 
are no elevations above this plateau. Fox (1923, 1927) was the first to note facies 
differentiation of plateau laterites in India. He theorized a predominantly lateral 
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transport of Al, Fe and Si solutions as a function of morphology. Unfortunately 
development of the high-level plateau laterites was dated as Recent by him, which 
later caused much confusion. 

A decisive step forward was made by regional geological mapping of the 
high-level laterite facies by ROY CHOWDHURY (1958). 

The formation of the fersiallite-ferrallite-allite catena was governed solely 
by the flatness of the country in Early Tertiary times and the corresponding drain- 
age pattern. The distribution of fersiallites and allites on the 1,000-m level plateaus 
of the Deccan peninsula bears no relationship whatsoever to Recent edges of 
inselbergs. 

In high-level areas there was a rather distinct relationship between well- 
drained sources and upper courses of Early Tertiary rivers flowing northwest and 
allites, and between water-logged sources and upper courses of similar rivers and 

Lohardogo 
0 6 3 6 n  

(0 hrn 

Fig.40. Laterite distribution on the high-level plateaus of the Bihar Mountains, India. There 
is a facies change from laterites (dots) formed in situ on basalts into bauxite (black lines), related 
to Early Tertiary drainage systems directed northwesterly. The topography of the plateaus was 
developed in a morphological low position. (After ROY CHOWDHURY, 1958.) 
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siallites (Fig.40). Explorations made by the aluminium industry proved regional 
extension and thickness of bauxite lenses within the laterite cover to be a function 
of the density of fossil rivers and their rate of flow. It follows that laterization was in 
progress on an undisturbed peneplain which was extensive but at low levels. All 
laterites of the whole Deccan Plateau are considered to be of approximately the 
same age. They predate Neogene tectonic movements which caused their displace- 
ment. They are older, too, than many valley systems and cuesta scarps covered 
by scree (VALETON, 1967a; Fig.41). The same facies pattern is always observable 
in many laterites with high alumina content in India. 

Primary facies with subordinate postdiagenetic changes: Gujerat, India 
Allitic and fersiallitic facies developed from a laterite belt in southwestern 

Kathiawar on a peneplain at  sea level in the north and south, respectively. The 
valley systems cut into the peneplain are confined to a maximum depth of 20 m. 
Both relief and paragenesis of these laterites and bauxites became fossil under 
cover of postbauxitic marine Tertiary sediments (Nummulithicum/Eocene). 
The laterites and bauxites are probably of Early Eocene age. 

Two profiles, approx. 500 m apart, are distinct members (Fig.42) of a con- 
tinuous series from fersiallites of formerly central areas of the plateau (M 11) 
and allites on a fossil valley slope (M I). There was transformation in situ main- 
taining both macro- and microtextures, which means that the volume remained 
constant (Plate I, 1; 111, 12). The vertical and horizontal facies differentiations 
are given in Fig.43 and Table XXII. 

The respective lower fersiallite and siallite saprolites are distinguished by 
highest porosity and excellent preservation of basalt relic textures. Relative 
enrichment processes resulted in secondary mineral formation as follows: 

fersialIite saprolite under laterites siallite saprolite under bauxites 

primary minerals inner part of the plateau valley slope 

olivine 
augite 
feldspar 
glass 

serpentine-goethite 
goethite 
kaolinite or gibbsite 
kaolinite 

kaolinite-goethite 
(goethite)-kaolinite 
(kaolinite) or gibbsite 
kaolinite 

The fersiallitic saprolite is richer in goethite and kaolinite, and there are 
$races of serpentine in contrast to the siallitic saprolite, with little goethite but a 
great deal of gibbsite in addition to kaolinite. 

An abundance of aluminium and titanium in the allite zone of both profiles 
destroyed relic textures, and spongy, porous gel textures of gibbsite composition 
developed (Plate 11, 8). Because smaller amounts of solutions were supplied to 
central parts of the plateau and because of more uniform water impregnation, the 
regular spongy textures fossilized. But along valley slopes where humidity fluctuated 
seasonally widely and the rate of penetration of groundwater solution was high, 



A 

B 

Fig.41. The Deccan peninsula. 
A. Structure and regional distribution of Trap basalts (after HAZRA and RAY, 1962). 

Bauxites investigated: I. Gujerat (ref. to  text); II. Udagiri Plateau; 111. Bihar Mountains; Cb = 

Coimbatore, bauxite on charnockite of Kotagiri; S = Salem, bauxite of Yercaud. The boldfxt 
numbers (m) give the altitude of the basalt surface and associated high-level laterites, while light 
printing refers to  basalt thickness; + + = Trap basalts. 

B. Schematic section through the peninsula from Tatta to Ranchi (strongly exaggerated), 
illustrating structural displacement of the basalt surface covered by high-level laterites. The 
laterites are overlain by marine strata (Nummulithicum and younger) in the west and by eolian 
sediments in the east. 
I = eolian sediments of Bagru Hill/Bihar Mountains; 2 = marine Tertiary strata; 3 = bauxite 
laterites; 4 = Deccan Trap bka l t .  (After HAZRA and RAY, 1962, supplemented by VALETON, 
1967a.) 
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LATERITE - BAUXITE 

M I I  R M I  

Fig.42. Relationship of vertical and lateral facies differentiation of laterites in the district 
of Halar, Gujerat, and drainage. Investigation of three profiles showed highly ferruginous laterites 
in formerly central parts of the plateau and Al-rich bauxites along valley edges. 

rhythmic shrinkage and precipitation resulted in fissures, flow textures, and piso- 
lite formation (Plate III,9, 10). The cores of the pisolites consist of spongy bauxite, 
while shells are made of boehmite. In transitional zones of spongy and pisolitic 
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Fig.43A, B, C. Chemical composition, porosity and density and mineral composition 
in profiles from central parts of the plateau (Mewasa 11); close proximity to valley edges (Mewasa 
I) and intermediate site. Note high porosities and high kaolinite content of the lithomarge (= 
saprolite). The carbonate content is a result of later marine transgression. 
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Fig.43B. 

bauxite either texture developed depending on the textures of the former basalts 
which governed drainage and transformation. Accordingly, there were two distinct 
stages of mineral formation, i.e., gibbsite formation followed by boehmite. As the 
valley slope was approached, absolute enrichment of A1 and Ti increased with 
intensified pisolite and boehmite formation with a marked decrease in porosity. 

The upper lateritic crust is strongly developed in central parts of the plateau 
but is missing along valley slopes. The iron crust is fersiallitic in the upper but 
ferrallitic in  the lower section. The texture is vesicular, with a hematite skeleton 
filled by kaolinite and gibbsite in the upper and lower parts, respectively (Plate I, 2; 
11, 6) .  There was secondary goethite formation at the expense of hematite (see 
below). The lower part of the iron crust is occasionally pisolitic. 

Basaltic relic textures are still easily observable. However, they become 
obliterated where absolute iron enrichment increased. This zone is characterized by 
a sharp division of Fe on the one hand and A1 or A1 + Si on the other. Isomorphous 
replacement of Fe by A1 in the minerals hematite and goethite was subordinate. 
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Fig.43C. 

TABLE XXII 

VERTICAL AND HORIZONTAL FACES DIFFERENTIATION OF GUJERAT PROFILES 

Morphology Plateau Valley slope Valley floor 
( M  11) ( M  I )  

fersialli tes allites multicoloured kaolin- 
ite clay 

Profile subdivision: 

lateritic iron crust thick iron crust thin or missing 

Mottled zone mottled zone 
Pallid zone bauxite = allite bauxite = allite 
Saprolite (lithomarge)' red fersiallitic white siallitic multicoloured clays 

Source rock basalt basalt basalt 

1 Saprolite is referred to as lithomarge in India. 

iron crust 

saprolite saprolite 
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The dominant aluminium minerals are gibbsite and boehmite with traces of 
diaspore. The d-values do not suggest isomorphous replacement of Al by Fe. 
However, aluminium and iron minerals are intimately intergrown both in the matrix 
and in the shells of pisolites in the upper transitional zone from allite to ferrallite. 
This transitional zone is only a few centimetres or decimetres thick in most cases. 
The aluminium-iron separation becomes even more distinct towards the top with 
increasing distance from the allite zone. 

The laterization with constant volume allows the calculation of chemical 
balance. Silica removal resulted in not only relative but also absolute enrichment 
of Fe, A1 and Ti with distinct differentiation in both the vertical and horizontal 
direction (Fig.44). Because there is 150-350% excessive A1 and Ti compared 
to the source rock in both profiles M I and M 11, a horizontal flow of solutions 
rather than a vertical flow was the cause of such concentrations. The distance over 
which solutions migrated was in the order of several kilometers at least. 

The triangular projection of Si02-Fe20,-A120, demonstrates that the 
rocks of different zones correspond to specific fields and hence are defined by 
their chemical composition. It becomes obvious that SiO, was removed from all 
rocks paralleled by Fe dissolution in saprolite, while A1 impregnation was con- 
fined to the allite horizon and iron impregnation to the ferrallite zone and the 
upper crust (Fig.45). 

The irregular upper boundary of the profiles and the reworked material 
spread over the surface indicate denudation. The uppermost 20-50 cm of the 
profiles show a Recent greyish-brown weathering zone superimposing the lateritic 
profile. Therefore, the laterite profiles are rudimentary. The upper profiles under- 
went reworking partly during Tertiary transgression and partly in Recent time. 

Secondary facies developed from postdiagenetic mineral transformations: 
Deccan high-level plateaus 

In principle all laterites of the high-level plateaus are identical with the 
A1 laterites in Gujerat, which in vertical and lateral facies change from fersiallites 
in central parts of the plateaus to allites along valley slopes. Examples from the 
western Ghats and the Bihar Mountains (ROY CHOWDHURY, 1958) prove that the 
facies differentiation is in no case related to Recent morphology; however, there is a 
connexion with Early Tertiary rivers on the plateaus. 

The fossil character is stressed by: 
reworked material and scree on plateau surface and escarpments, respectively; 
Early Tertiary fans on foreland plains that contain reworked material of 

younger eolian sands on plateau surfaces and Recent soil formation. 
Therefore, laterization predates valley deepening and was in progress at a 

the high-level plateau laterites; 

lower level. 
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Fig.44. Lateral migration of Si, Al, Fe and Ti ions proven by chemical composition of 
profiles Mewasa 11-I/Gujerat; the method used was isovolumetric calculation. A1203 = oblique 
lines; Ti02 = dots; Fez03 = black; SiOz = white. Oxides of source basalt (B) = 100 vol. %. 
On the left side dotted lines indicate percentage of respective oxides removed from fresh basalt 
during lateritic weathering. For absolute enrichment of respective oxides in % refer to right 
side of figures. (After VALETON, 1966.) 
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Fe203 
Boehrnite - formilon 

Fig.45. Triangular projection of chemical composition of individual zones of bauxite 
profiles: basalt-saprolite-allite-ferrallite-capping iron crust. There is clear separation of the 
various zones, and the removal of AI or Fe or impregnation with these elements may be read from 
the diagram; boehmite formation is confined to areas of strong aluminium impregnation. 

Likewise corresponding A1 laterites in Gujerat on high-level plateaus 
developed three facies governed by drainage conditions of the Early Tertiary 
relief (Fig.46): 

in central areas of the plateau, laterites rich in Fe and Si; 
on fossil river slopes bauxites rich in alumina; 
on the edges of flat fossil sources with slow rates of drainage, kaolinite 

strata rich in Al and Si. 
The polygenetic development resulted in considerable changes of mineral 

composition and texture. The transformations took place in an oxidizing environ- 
ment with excellent drainage conditions and in part caused development or 
degradation of the laterites through surface weathering, depositional and leaching 
processes. 

(I) Laterites rich in Fe and Si from central areas of the plateau. In the 
transitional zone of the basalt and weathering profile, e.g., in the saprolite, leaching 
was very intense, and two phenomena may be observed (Fig.47): 

In places dissolution removed at least 50-66% of the saprolite and resulted 
in the complete breakdown of the textures (Plate 111, 11). Kaolinite and iron 
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Fig.46. Udagiri Plateau. A. Geography of the plateau in the western Ghats (India) 
covered by aluminous high-level laterite. B., C. Map and vertical section showing distribution of 
laterite-bauxite facies pattern (horizontal lines = saprolite; crosses = basalt). 
I = iron-rich laterite; 2 = bauxite; 3 = bauxite scree. (After VALETON, 1967a.) 
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undisturbed indurated - leaching and - ‘ I  brecc iat ion” - formation of secondary 
profile karstfwrnation of the upper im crust minerols 

and in the lower sapmlite ~Goethite(Lepidocrocite) 

mGibbsite(Boehrnite) 

Fig.47. Mode of polygenetic alterations of high-level laterites on basalts in India. 1. 
Lithification of laterites following rise above the water table; 2. leaching, particularly intensive in 
the iron crust and in the lithomarge (saprolite), development of cavities: karst formation; 3. for- 
mation of breccias through continuous leaching in the iron crust and in the lithomarge; 4. second- 
ary transformation of the hematitic crust into goethite (lepidocrocite), recrystallization and 
neomineralization of gibbsite (boehmite, diaspore) in the bauxite zone. 
Processes 2-4 interact and provide sustained relative aluminium enrichment. (After VALETON, 
1967b.) 

minerals dissolved, while gibbsite with a spongy texture proved to be the most 
stable mineral, undergoing only a breaking apart into more or less angular frag- 
ments. These settled in a soft red matrix that consists of kaolinite, goethite and 
hematite, and developed a basal breccia. Further leaching of such facies exposed 
by younger erosion provided for cavity and tunnel systems with periodic subsur- 
face water courses. The extent of leaching and washout varied with the amount of 
present-day exposure of the profiles. 

In the middle zone of aIIite there was essentially recrystallization of gibbsite. 
The texture became coarse-grained with gibbsite crystals up to 100 p in size 
(Plate IV, 15, 16). This gibbsite is triclinic in most cases. There is irregular ex- 
tinction of the crystals caused by stunting traces of hematite. Sometimes a break- 
down of the rock is observable (Plate 11, 7), and a breccia-like texture results. 

All profiles of the overlying Iateritic iron crusts may be subdivided into lower 
and upper zones that are hard and soft, respectively. They are separated by a 
regular undulating boundary. 

The iron-rich components have an irregular vesicular texture with wide 
meshes, a kind of network of iron concretions that touch in this laterite crust. 
The light minerals rest in between, as veins or cavity fillings. In the lower part of 
the iron crust gibbsite predominates. It recrystallized and formed a coarse-grained 
matrix. For these reasons the rock hardened extensively and became resistant to 
weathering. 

The upper part of the lateritic iron crust is lighter in colour but made of 
the same vesicular texture. The light-coloured minerals belong mainly to the 
kaolininite group and form a soft matrix. Morphological exposure during wet 
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seasons governed the formation of the matrix. On plateaus with poor drainage the 
layer silicates acted as water-logging horizons. Portions of the hematite disinte- 
grated with decreasing crystallinity towards the surface, favouring reprecipitation 
of goethite and lepidocrocite. Along valley edges or cuestas with good drainage the 
kaolinite matrix was washed from the hematite-goethite skeleton to leave behind 
an extremely porous relic texture which collapsed in time. The loose debris were 
reworked as ironstone pebbles (Canga in many profiles of Africa; Plate I, 3-5). 
The secondary precipitation of Fe, A1 and Si in pore space was minor in this case 
as cavity fillings or thin films of hematite, gibbsite and kaolinite are extremely rare. 
The areas of these high-level plateau laterites, rich in Fe and Si, are characterized by: 

breccia texture caused by leaching at the base and top of the profiles; 
pore space devoid of secondary precipitates; 
recrystallization of the aluminous matrix to coarse-grained gibbsite; 
a high percentage of kaolinite in the upper profile sections; 
traces of boehmite, diaspore and lepidocrocite in the topmost and lowermost 

hematite replacement by secondary goethite; 
relative enrichment of the allite component of fersiallites by disintegration 

of hematite and washout of kaolinite and goethite. 

profile sections; 

(2) Aluminous laterites on valley edges with good drainage. The soft 
suprolite zone (lithomarge), one to several metres thick in most cases, is the most 
unstable zone of these profiles; usually it is very porous and light yellow or grey 
coloured, indicating a low content of primary iron. The aluminous parts re- 
crystallized to form a hard stable skeleton of coarse-grained gibbsite, from which 
the soft kaolinite was washed out. There was very little breccia formation because 
of primary higher aluminium content and hence greater stability. 

A substantial part of the profiles along valley edges consists of a light 
greyish to pink-coloured allite zone several metres thick. 

The dominant texture is porous and spongy with very coarse gibbsite 
crystals. Laterally, in the direction of better drainage, it passes into pisolitic bauxite. 
The cores of the pisolites are made of spongy gibbsite matrix, surrounded by 
boehmite shells. Depending on the density of Early Tertiary river systems and rate 
of flow, the areas of pisolitic boehmite differ widely in size, e.g., from 10-100 m 
with a maximum of several kilometres in diameter. This paragenesis is very stable 
and suffers only very small changes from later weathering on the high-level plateaus. 
These are: 

increase in porosity; 
partial filling of pore space by secondary gibbsite; 
recrystallization of the matrix to form coarse crystalline gibbsite; 
traces of diaspore formation besides gibbsite and boehmite; 
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partial disintegration of hematite and replacement by goethite. 

(3) Siliceous facies of areas with poor drainage. The profiles have approxi- 
mately the same or somewhat greater thickness than normal profiles. They 
formed in fossil depressions or sources with poor drainage. Apparently drainage 
was just sufficient to mobilize and remove iron. The very low iron content is 
confined to goethite. Thus a soft clayey siallite without free aluminium developed 
in both the lower and upper profile sections; hence it is nearly pure kaolinite clay. 
In the middle profile sections, gibbsite is the dominant mineral after kaolinite. 
The gibbsite forms either a hard skeleton or concretions in a soft kaolinite matrix. 
Such relatively soft siallite profiles rapidly wash out and erode if exposed. 

The polygenetic changes of the aluminous laterites of the high-level plateaus 
yield the following results: 

(a) The most stable members are allites with spongy or pisolitic textures, 
with low iron content. They form well marked outcrops of hard rock. 

(b) Since pisolitic allites usually formed the edges of Early Tertiary valleys, 
retrogressive erosion may be calculated from debris of such facies on recent slopes 
or in screes. 

(c )  The siallites of areas with impeded flow are soft and brittle and are 
quickly destroyed with relative enrichment of the allite component. 

(d)  There is very strong leaching of Si and Fe in the fersiallites, particularly 
in the basal iron-rich kaolinite zones, which also means relative enrichment of the 
allite component. 

(e) Diagenesis of aluminous laterites on basalt proved silica to be the phase 
of highest mobility. It is followed by iron, which is also removed from the edges 
quantitatively. Aluminium and titanium, however, concentrate along the edges of 
the plateaus to form bodies several 100 metres to several kilometres in length. 

(f) Younger polygenetic transformations of the highly aluminous plateau 
laterites proved allites to be the most stable facies, which are preserved as monad- 
nocks practically unaltered. The siallites and ferrallites are relatively enriched with 
the allite component by leaching of the soft kaolinite phase. Fine-grained detrital 
material of iron minerals and kaolinite was frequently transported over long 
distances and deposited in depressions. 

Australia 
A1 laterites on basaltic rocks which have been extensively investigated are 

the bauxites occurring in Queensland, New South Wales, Victoria and Tas- 
mania. They are fossil and partly covered by lignitic sediments and younger basalt 
flows (New South Wales), displaced by younger tectonic movements. They are 
an example of polygenetic transformation of bauxites under acid and reducing 
conditions. 
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At many places they have been eroded considerably and occur as truncated 
profiles over large distances. Most deposits can be dated Eocene or Oligocene 
(OWEN, 1954). The A1 laterites are very similar to those on the Trap basalts in 
India. 

The primary basalt textures are well preserved, too, in most cases, and 
indicate weathering in situ, maintaining constant volume. 

The laterite blanket formed on a slightly undulating peneplain and normally 
7 m thick, reaches 17 m in extreme cases. 

The upper boundary is very regular, but there may be strong irregularities 
of the lower boundary because of different textures of source rocks (dense basalt, 
tuff, agglomerates). 

Both lateral and vertical facies differentiation were a function of the same 
laws which controlled formation of the aluminous laterites of India and resulted 
in the same zoning of paragenesis and respective laterite textures. 

In general, the bauxite lenses within the laterites are small (Fig.48A; Table 
XXIII). In Victoria and Tasmania denudation is often at such an advanced stage 
that only monadnocks of bauxite bodies resistant to weathering remain. 

The aluminium-rich zones of the bauxites are also highly ferruginous 
(10-30% Fe,O,), and are therefore regarded as typical mottled zones. In the 
mottled zone there are gibbsite concretions in a soft clay matrix and earthy rocks 
in the lower and upper sections, respectively. Several profiles given in Fig.48b 
demonstrate vertical zoning. 

Various deposits, such as that at  Ouse in Tasmania, show that basalts do 
not always overlie laterites directly, but that there are intercalations of lignitic 
sands and clays. They indicate a rising water table and prove water-logged condi- 
tions. There was a mobilization of silica in overlying sediments which attacked the 
pisolite zone and caused the gibbsite matrix to react to kaolinite (Fig.49). In 
other parts “pale blue hard kaolinitic clay mainly developed along fractures as 
veins and irregular masses” (OWEN, 1954). The clay minerals are kaolinite and 
halloysite. In a reducing environment iron is attacked by humic acid, dissolved and 
reprecipitated as coarse crystalline siderite in veins and cavities. The siderite con- 
tent may reach 18 %. 

In other bauxites with overlying lignites some pyrite was formed in addition 
to siderite crystallization (e.g., Buln Buln, Victoria). Such bauxites are greyish 
in colour, and the iron content often exceeds that of primary bauxites because of 
secondary mobilization and iron supply. 

In the laterites of St. Leonards, Tasmania, high-quality bauxite developed 
from highly ferruginous laterites by secondary dissolution and removal of iron 
from the iron crust of the concretionary zone. Iron was either removed or re- 
precipitated as siderite in the lower saprolite. The relative enrichment of aluminium 
minerals in the upper and lower profile sections rendered the bauxite mineable. 

’ 
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Fig.48. Australian bauxites. 
A. Bauxite at Ouse, Tasmania; remnants of formerly extensive laterite covers on dolerite. 

1. overburden; 2. bauxites of economic grade or better; 3. bauxites below economic grade; 4. 
dolerite; 5. bauxite boulders in clay. 

B. Chemical composition of various bauxite profiles on basaltic rocks in Victoria and 
Tasmania. I. SiOz; 2. free AlzOa; 3. fixed AhO3; 4. Fez03; 5. FeO; 6. COz; 7. TiOz; 8. ignition 
loss; 9. not determined. (After OWEN, 1954). 

Plateau type on variable rock types 
Arkansas, U.S.A. 
Further examples of polygenetic transformations of primary bauxites under 

water-logged conditions are the bauxites capping the nepheline syenites in Ar- 
kansas, U.S.A. 

In Arkansas, U.S.A., the Palaeozoic sedimentary basement is penetrated 
with several nepheline syenite domes. They are surrounded by clayey, sandy 
sediments of the Paleocene Midway Group. In Eocene times, development of the 
undulating Gulf Coastal Plain was in progress on this rock group. It includes 
huge bauxite deposits which are covered by the Eocene Wilcox Group. 
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TABLE XXIII 

ZONES IN THE LATERITE PROFILES OF AUSTRALIA (after OWEN, 1954) 

Zones Com- Analysis Typical composition Deriva- 
mon No. 

LACROK WALTHER Ideal bauxite section thick- 
(1923) (1925) ness 

(fr.) 

derived soil 1-5 1 
2 

pisoliticl 4-20 3 
4 
5 
6 

tubular and massive2 4-8 7 
8 
9 

10 

earthy: with or with- 10-20 11 
out poorly preserved 12 
relic texture, varie- 13 
gated 

nodular: hard gibb- 14 
sitic nodules in soft 15 
clayey matrix3 16 

17 

granular: relic texture 5-10 18 
well preserved 19 

20 

clay zone 0.540 21 
22 
23 

24 
25 
26 
27 

parent rock4 - 

4.0 35.5 35.2 29.8 BT 
9.3 31.3 34.1 21.0 BI 

3.3 52.4 13.8 49.7 SW 
2.5 42.7 31.6 33.7 BI 
3.6 38.5 36.4 27.9 BM 
2.9 28.0 50.0 - BT 

2.5 48.4 19.6 47.8 SW 
4.6 34.2 36.9 32.4 BM 
1.3 26.7 47.1 25.8 BM 
3.4 38.7 33.2 36.5 DO 

3.9 37.9 32.1 32.3 BM 
3.8 55.3 4.2 50.3 BM 
2.4 44.9 24.7 42.7 DO 

8.0 38.7 27.0 32.7 BT 
9.1 36.9 28.5 29.6 BK 

11.1 48.3 13.5 37.8 DO 
9.7 40.4 23.8 30.1 DL 

18.3 25.5 39.9 7.2 BM 
3.7 43.8 26.5 40.6 DL 

12.8 39.2 22.4 28.1 DL 

30.5 35.5 12.5 11.2 BM 
24.0 23.2 34.2 - DL 
30.3 28.7 23.7 - DL 

64.6 19.3 2.5 - SW 
45.6 14.8 11.7 - BI 
53.4 14.7 10.3 - DL 
54.8 14.5 11.3 - DO 

Analysis 4 represents 24 ft. of pisolitic laterite at Emmaville, N.S.W. The pisolitic zone in 
Wessel Islands ranges up to 16.5 ft. thick. 

Tubular laterite is not well developed in Tasmania. Sample No.10 is a massive ferruginous 
bauxite containing a few poorly developed pisolites with earthy cores. 

Nodular zones are uncommon and poorly developed in Australia. 
Total iron in these rocks is expressed as Fe203. 
Explanation of letter symbols: B = basalt; D = dolerite; S = micaceous siltstone; I = Inverell 

area, N.S.W.; K = Kingaroy, Qld; L = St. Leonards, Tasmania; M = Moss Vale, N.S.W.; 
0 = Ouse, Tasmania; T = Midlands, Tasmania; W = Wessel Islands, N.T. 
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Fig.49. Epigenetic bauxite resilicification resulting in kaolinite formation along fissures and 
joints. Limonite veins penetrate the bauxite, overlain by brown sedimentary clay with bauxite. 
There is evidence of erosion at the bauxite surface prior to clay sedimentation. (After OWEN, 1954.) 

The bauxite deposits are subdivided into: 
( I )  Discontinuous blanket-like deposits over the weathered surface of the 

nepheline syenite hills and as lenticular deposits resting unconformably on the 
gently sloping surface of the Wills Point Formation near the break in the slope 
where it comes into contact with the igneous rock. 

(2) Secondary deposits in stratigraphically higher units. The bauxite deposits 
on nepheline syenite formed and transformed in several phases: (a) subsurface 
weathering of nepheline syenite in an oxidizing environment with conservation 
of granitic relic textures of the leaching zone in the lower profile section and 
pisolitic textures in the upper concretionary zone; (b) secondary drainage and 
neomineralization resulting from deeper erosion by rivers and sinking of the ground 
water table; (c) epigenetic mineral transformations in a reducing environment 
under lignitic fresh-water sediments; (d)  Recent weathering in an oxidizing en- 
vironment. 

The residual deposits on nepheline syenite nowadays are lens-shaped 
blanket deposits a few centrimetres to 20 m thick, the length of which ranges from 
several metres to several kilometres. GORDON et al. (1958) describe the relationship 
of relief and bauxite formations as follows: 

“Bauxites formed along ridges and slopes in the minor valleys and locally 
in the bottoms of minor drainage channels. Bauxite and other material were stripped 
from the major drainage areas. Bauxite was not formed in the major subsurface 
drainage routes between the nepheline syenite hills where erosion was taking place. 
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Bauxite and clay were removed from the place of formation and were carried 
toward the basin. The means of transportation probably ranged from landslides 
and soil creep to erosion and redeposition by stream action. This residual bauxite 
is referred to as the colluvial apron and has the same relationship to subsurface 
topographic features as the autochthonous deposits on weathered nepheline 
syenite farther up the slope”. 

One of the significant deposits occurs on the nepheline syenite of the Saline 
Dome (Fig.50). Nowadays the bauxite deposits surround igneous domes like gar- 

TYP. 2 Type 3 Type4 TYPC 1 

C o l  Iu  v I a I  deposIIs S l r a t d  l e d  deposals C ong I ornero I ic Restdual d c p o  s t 1s 
at the bosc of the wilhin the Bergcr dcpostls d thm on Ihc npheline 
Bcrger lormotion formation bass of the Saline , s v c n h  \ 
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Fig.50. Schematic section illustrating dominant types of bauxite deposits on nepheline 
syenites of the Saline Dome, Arkansas, U.S.A. (After GORDON et al., 1958.) 

lands. They are lenses, the diameter of which reaches several kilometres in many 
cases, with an average thickness of 3-4 m (maximum 10 m). 

Laterally, the lenticular bodies pass into low-grade bauxites vertically zoned 
as follows (Fig.51): 

hardcap 
bauxite: zone of concretion 
bauxite: zone of leaching 
saprolite = underclay 
syenite. 
Both the boundary of the fresh rock and the boundaries of the various zones 

are irregular and depend on local factors such as prebauxitic relief and drainage. 
Even in higher sections of the weathering profiles boulders with fresh syenite cores 
still occur. 

Syenite. There is a whole group of alkali syenite (pulaskite, foyaite) with selective 
intense weathering, confined to varieties rich in nepheline rather than feldspars. 

Saprolite ( = underclay). There are greenish-grey kaolinite clays intercalated 
between syenite and bauxite, the lower portions of which may show syenite relic 
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Fig.51. Bauxite profile on nepheline syenite of Arkansas, U.S.A., showing basal saprolite 
zone, lower bauxite horizon with relic textures and upper bauxite zone with pisolitic textures. 
(After GORDON et al., 1958). 

textures. The thickness of this zone varies from 5-20 m but averages 10 m. These 
zones still contain boulders of fresh nepheline syenites with abrupt boundaries 
with the surrounding clay. Large feldspars, too, from coarse-grained pegmatites 
are preserved as relics in the weathering zone. The upper part of this zone consists 
of dense clays without relic textures. GORDON et al. (1958) believe the contact 
between the kaolinite zone and bauxite not to be the primary one but assume that 
the kaolinite clay originated from secondary resilicification. 

Bauxites. The overlying bauxite is subdivided into two horizons - lower zone of 
leaching and upper zone of concretion - with distinct characteristics. The lower 
“granitic bauxite” defined as the “zone of leaching”, is a soft, crumbly greenish- 
grey to pale rock, which partly preserved igneous rock textures but also developed 
typical “sponge ore” textures. The granular bauxite is mainly made of gibbsite. 
There is pseudomorphous gibbsite after feldspar, indicating direct transformation 
of feldspar into gibbsite. Cavities and veinlets are filled with gibbsite, opaque 
minerals, coarse-grained siderite and kaolinite. 

Lower sections of the upper “zone of concretion”, essentially originating 
from an influx of solution, are distinctly pisolitic, while there is rubbly texture 
in the upper part. Much of the rubbly appearance has been caused by the breaking 
apart and recementing of blocks of pisolitic bauxite, together with vermicular 
and vesicular forms and granitic-textured remnants. 

Granitic-textured bauxite is dominant on steep slopes, whereas in more 
flatlying parts of the deposit pisolitic and rubbly concretionary ore is thicker. 

Hard cap. The uppermost 30-60 cm of bauxite in many places is much harder or 
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tougher than that below. The top of the bauxite also commonly contains more 
silica than the parts below. Pisolites and pebbles rest in a light to dark grey or 
brown cherty-looking matrix, which consists of halloysite and kaolinite. 

Chemical composition. The various specimens from the zone of leaching and the 
zone of concretion are composed as shown in Table XXIV. 

The enrichment of Al, Fe and Ti is highest in the middle profile sections, 
while silica is concentrated in the lower and upper parts (ADAMS and RICHARDSON, 
1960). Several trace elements are enriched with aluminium (see Fig.78). 

The bauxites formed during various stages, characterized by distinct 
paragenesis: 

Neomineralization of the early phase: gibbsite formed from feldspar to a 
large extent directly. There are also primary iron oxides, such as goethite or 
hematite, and primary titanium minerals such as anatase. Whether there was 
primary kaolinite formation during weathering remains uncertain. Accessory 
minerals are ilmenite, sphene, fluorite and celsian. 

During pisolite formation in the zone of concretion, boehmite replaced 
gibbsite to a certain extent. Locally co-existing boehmite and magnetite, probably 
also maghemite, indicate the secondary origin of those iron minerals. There are 
particularly hard pisolites which contain up to 70% A1,0, in the “birdseye ore”. 
KELLER (1964) suspects that the pisolites contain accessory corundum besides 
boehmite. 

Secondary postbauxitic alterations are characterized by an influx of silica 
in a reducing environment under cover of younger sediments and ground water 
movements. Secondary silicification caused minerals of the kaolinite group to 
form in large amounts (see above) but there was also formation of chlorite and 
chamosite. 

There are irregular kaolinite veins which enter the bauxite from underlying 
kaolinite clay. The veins reflect the fracture pattern of the syenitic source rocks. 
The jointing probably occurred postbauxitic giving rise to infiltration from 
above. Kaolinitization was not only confined to joints but kaolinite also filled 
cavities or replaced bauxite. 

Resilicification of bauxite along fissures and joints resulted in a pseudo- 
fragmental texture, e.g., angular bauxite fragments resting in a predominantly 
kaolinite matrix. 

Reduction of Fe3+ led mainly to the formation of siderite and pyrite, 
which impregnated the entire rock by filling cavities and veins or as concretions; 
the amounts of siderite formed may reach 30%. Often younger pyrite replaced 
siderite. Following uplift and denudation, ground water circulation in an oxidizing 
environment caused these rocks to decompose to a large extent, whereby limonitic 
crusts and sulphates formed. 
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TABLE XXIV 

CHEMICAL ANALYSES~ OF BAUXITE AND KAOLIN SPECIMENS FROM THE PRUDEN MINE, SALINE COUNTY, 

ARK., U.S.A. (after GORDON et al., 1958) 

Zone of concretions 

I 2 3 4 5 6 7a 76 8 
- 

AlzOa 
SiOz 
Fe as Fez03 
Ti02 
Ignition loss 
Insoluble 
FeO 

A1203 
Si02 
Fe as Fez03 
Ti02 
Ignition loss 
Insoluble 
FeO 

45.6 61.2 56.7 61.2 60.7 60.9 59.4 61.7 57.6 
24.8 3.7 6.9 1.8 3.0 6.9 3.8 1.1 5.8 
1.8 1.4 2.1 1.9 1.5 1.2 3.4 1.6 3.6 
6.0 1.2 4.4 2.3 2.4 1.2 1.5 2.6 2.0 

21.2 32.2 29.1 32.4 32.2 29.6 31.2 32.6 30.4 
0.6 0.3 0.8 0.4 0.2 0.2 0.7 0.4 0.6 
0.2 0.2 0.2 0.2 1.4 0.2 0.2 0.2 0.2 

Zone of leaching 

9 10 I1 12 13a I36 14 

59.7 62.0 52.6 49.4 50.3 40.4 40.7 
5.4 4.6 22.2 25.1 19.5 39.0 38.7 
1.1 0.9 0.8 1.1 3.0 2.5 2.4 
3.7 0.4 0.8 1.4 2.6 1.9 2.5 

29.7 31.6 23.2 22.7 24.2 15.9 15.4 
0.4 0.5 0.4 0.3 0.4 0.3 0.3 
0.2 0.2 0.2 0.2 0.3 0.5 0.3 

15 16 

39.6 37.2 
44.0 42.9 

1.1 0.8 
0.6 1.9 

14.4 13.5 
0.3 3.7 
0.2 0.2 

1. Gray partly kaolinized pisolites and rinds from near the upper surface of the bauxite. 2. Red 
centers of pisolites associated with sample I. 3. Small block of bauxite with red pisolites enclosed 
in a drab matrix from the top of the deposit. 4. Pisolitic bauxite block in red pisolitic bauxite 
(“birdseye ore”) from the top of the deposit. 5. Brown and white dense vesicular-appearing bauxite 
from the top of the deposit. 6. White and pink scoriaceous bauxite from the upper 5 ft. of the 
deposit. 7a. Orange-red bauxite interpenetrating drab vesicular matrix in a vermicular structure, 
from the upper part of the bauxite; orange material only. 76. Drab matrix from the same specimen. 
8. Hard tan ocherous, very porous granitic-textured bauxite (“sponge ore”) from a block at the 
surface of the deposit. 9. Greenish-gray to pale-tan crumbly granular (granitic-textured) bauxite 
from between two kaolinized nepheline syenite cores. 15. Tan granular (granitic-textured) 
bauxite in place about 30 inches above sample 11. 11. Grayish-tan soft granitic-textured bauxitic 
clay in the lower part of the deposit. 12. Porous pale-gray clay in cut near the north edge of the 
deposit. 13a. White granitic-textured bauxitic clay in contact with 136. 136. Gray fragmental- 
appearing kaolinitic clay in an irregular body cutting granitic-textured and granular bauxite. 
14. Gray fragmental-appearing clay from near 13a. 15. White granitic-textured kaolinitic clay 
adjacent to a hard nepheline syenite core. 16. Light-bluish-gray kaolinized nepheline syenite 
adjacent to a core of fresher rock (15 and 16 underclay). 

Analyses by U.S. Bureau of Mines Field Laboratory, Little Rock, Ark., U.S.A. 

Bauxite development similar to that of Arkansas is described from Pocos de 
Caldas in Brazil (HARDER, 1952) and Iles de Los in Guinea (LACROIX, 1913; MILLOT 
and BONIFAS, 1955; BONIFAS, 1959). 
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Indonesia and Malaysia 
In Indonesia and Malaysia granites, metamorphics, sediments and particu- 

larly basic and intermediate eruptiva developed well-zoned laterites in Tertiary 
times (VAN BEMMELEN, 1941 ; WOLFENDEN, 1961, 1965; GRUBB, 1963). WOLFENDEN 
(1965) used the laterized andesite lavas in West Sarawak, Malaysia, to demonstrate 
the different epigenesis of “hill bauxites” and “swamps bauxites” governed by 
ground water. The hill bauxites rise approximately 30 m above the coastal 
alluvium, while the swamp bauxites occur below the Alluvium. Higher and lower 
pH and Eh-values above and below the water table, respectively, and different 
ground water circulation resulted in the transport of material in solution from 
hill bauxites to swamp bauxites. The weathering profiles are approximately 3 m 
thick. Between fresh-rock and bauxite there is a thick saprolite which formed below 
the water table. There are no relic textures preserved in the saprolite, but bauxites 
demonstrate the textures of source rocks very clearly. Gibbsite is pseudomorphous 
after plagioclase and goethite after ferromagnesium minerals. In hill bauxites 
the gibbsite content increased while silica and iron were removed. In swamp 
bauxites supplied with silica, quartz precipitated and silica reacted with gibbsite 
to kaolinite. There was reduction of Fe3+ followed by precipitation of amorphous 
gel or siderite matrix. 

The mineral composition (in %) of hill bauxites and swamp bauxites is: 

gibbsite kaolinite goethite quartz 
hill bauxite 82.5 2.8 13.8 0.9 
swamp bauxite 67.3 9.2 20.2 3.3 

BAUXlTES ON SEDIMENTS 

General 

Bauxite deposits of major economic importance occur on sedimentary rocks as 
two distinct groups: ( 2 )  intercalations of bauxite in clastic formations (Arkansas, 
Guiana, Weipa (Queensland); (2) as capping layers and pockets of bauxite in karst 
regions (U.S.A., Jamaica, Haiti, southern Europe, the Urals, China, Kashmir). 

Historical 

The first descriptions of bauxite deposits on karst were given by BERTHIER (1821) 
who referred to the occurrence at Les Baux in southern France. Several theories 
concerning their origin have since been developed. 
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(1 )  COQUAND (1 871) believed that alumina and iron were transported in 
thermal solutions and flocculated on karst in southern France. 

(2) DIEULAFAIT (1881) and LACROIX (1901) considered lateritic weathering 
products to be the original materials which were eroded from neighbouring igneous 
rocks and deposited on karst by rivers'. 

MALYAVKIN (1926) and later ARKHANGELSKY (1933) thought that iron and 
alumina originating from lateritic weathering at high levels were transported in 
colloidal suspensions, and flocculated from karst waters containing CO,. 

(3) Investigations of TUCAN (1912) and KISPATIC (1912) led to the con- 
ception of the autochthonous genesis of terra rossa (= red earth derived from 
residual clays of carbonate rocks) from which bauxite developed at a later stage. 

DE LAPPARENT (1930) developed this theory further applying it to the 
southern European, in particular the French, bauxites. Many authors followed 
his principles of bauxite genesis in Mediterranean areas and extended these to 
deposits in Jamaica and Haiti. 

Nowadays extensive geological and mineralogical investigations have covered 
many bauxite deposits and associated rocks. However, composition of primary 
strata, transport mechanism, place of sedimentation, diagenetic and post-diagenetic 
history differ at various localities. There are still many differences in opinion on 
the origin of strata-bound bauxites because of incomplete knowledge or generali- 
zation based on models of a particular deposit. 

An allochthonous origin is assumed for coarse-grained deposits and those 
which are related to erosion of nearby laterites. In order to verify an autochthonous 
or allochthonous origin of fine-grained bauxites, priority must be given to the 
question of terra rossa genesis. 

The following types of rocks may be distinguished: (a) coarse clastic bauxi- 
tes; (b) terra rossa; (c )  bauxites on clastic sediments; (d)  bauxites on carbonate 
rocks; (e) bauxites on phosphate rocks. 

Coarse clastic bauxites 

Screes 
Most bauxite deposits which rest on igneous or metamorphic rocks in areas 

of tropical or subtropical climate are of Cretaceous or Early Tertiary age. They are 
relics on old land surfaces, destroyed by erosion following uplift. The slopes are 
coated with boulders of bauxite material. Screes which surround plateau bauxites 
in India differ in texture and chemical composition depending on the speed of 
erosion. Typical are pisolitic high-quality bauxites rich in boehmite, which occur 
as block-like and very hard angular ores, formed along the original valley slopes. 

1 Several variations of the transport mechanism were considered by other scientists. 
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But there are also very hard spongy bauxites high in alumina and softer boulders 
originating from kaolinitic saprolite and the vesicular zone. The fine-grained 
detrital matrix of screes is inhomogeneous. The younger process of weathering 
in screes with good drainage systems produced high-grade ores through removal of 
iron and loss of SiO, from boulders rich in kaolinite. These screes are often mined 
because secondary loss of Si and Fe resulted in a high concentration of alumina. 
Another example of alumino laterites which rest on igneous rocks, the slopes of 
which are covered by screes, is that of the syenite domes in Arkansas. Similar to 
the bauxite screes of the plateau bauxites in India, coarse-grained screes 5-10 m 
thick occur on the slopes of the Saline dome in Arkansas interbedded with sedi- 
ments of the Eocene Saline Formation (Fig.52). Downslope the screes die out, 
changing into sandy and calcareous clays. They form from the weathering of 
autochthonous bauxite in scree, slowly moving downwards. The scree consists of 
irregular and angular unsorted fragments to a maximum size of 1-1.50 m. The 
entire sediment is very heterogeneous with respect to mineralogy and texture. 
The detrital matrix is very inhomogeneous, consisting of bauxite, sandy clay and 
carbonates in varying proportions. The cement is also made of different materials, 
and gibbsite, kaolinite and carbonates occur in cavities. Gibbsite, kaolinite, siderite, 
leucoxen and pyrite are secondary mineral formations observed in the matrix. 

The alumina content of these screes fluctuates widely, but is sufficiently 
high for mining. Only a few places show innumerable boulders of pisolitic bauxite. 

Coarse clastic sorted sediments 
A different type are the bedded deposits in the Berger Formation, which 

surround bauxite-covered syenites in Arkansas, U.S.A. The fluviatile coarse clastic 
bauxites are interbedded with sands, clays, bauxitic clays, sideritic strata and 
lignites of the Berger Formation (Fig.50). The deposits fill ancient channels, small 
swamps and depressions. They are lobate or tongue-shaped in plane, lenticular in 
cross-section. Beds of well-sorted bauxite gravel reach 3 m or more in thickness. 
Gradation and cross-stratification are common. They consist of multicoloured 
pisolites and bauxite pebbles, ranging from large rounded to subangular grains 
and granules about 2 mm in diameter to small pebbles and cobbles which reach 
10 cm in length. Subspherical pisolites a few millimetres across are the most 
common. The pisolites are hard and consist mainly of submicroscopic gibbsite. 
They generally form layers 1-5 cm thick and are moderately well sorted. The 
cement consists of fine-grained gibbsite, kaolinite and granular siderite. Pisolites 
and matrix are cross-cut by younger kaolinite veins (Fig.52C, D). 

The top section of these bauxite gravel deposits is impregnated with hard 
massive kaolinite. This may result from silicification caused by ground water move- 
ments. In places the top of the bauxite gravel beds contains enough granular siderite 
to constitute an indurated ferruginous capping. 
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Fig.52. Detrital bauxites surrounding syenite domes in Arkansas, U.S.A. 
a. Generalized cross-section of a type-4 deposit (Fig.50). The conglomerate bauxite and 

clay bed A lies at the base of the upper unit of the Wilcox Group below dark, carbonaceous clay 
interlaminated with sand. It overlies unconformably gray sandy to silty clay and lignite of the 
lower unit of the Wilcox Group. Some parts are mostly a coarse bauxite rubble (Al); others 
contain considerable clay and some sand (A2) and there are also channels filled with bauxite 
fragments and pisolites in a clay or bauxitic clay matrix (A3); bed A grades upslope into the upper 
part of type-1 deposit B of which pisolitic and vermicular bauxite of the zone of concretion (Bl) 
and granitic-textured bauxite of the zone of leaching (B2) are shown. These overlie structureless 
or fragmental kaolinitic clay (Cl) that grades downward through kaolinized nepheline syenite 
(C2) into fresh rock (C3). Small rubbly lenses D similar to the basal bed of the upper unit of the 
Wilcox Group A finger out into higher sediments of the Wilcox Group. 

b. Bauxite boulder conglomerate of Saline age overlying granitic-textured bauxitic clay; 
B2 = zone of leaching; C1 = fragmental kaolinitic clay. 

c. Diagrammatic sketch of channels filled with bauxite, sand and gravel in the Fletcher 
Mine, Saline Country, Ark., the vertical section represents about 13 m. 

d. Generalized cross-section of a type-3 deposit (Fig.50). Stratified and crossbedded 
bauxite a of a type-3 deposit unconformably overlies pisolitic bauxite b of a type-2 deposit. 
Bauxite in both deposits is overlain by kaolinitic clay c. Encroaching sediments of the Berger 
Formation include gray silty to sandy clay d and lignite e that grades upslope into a lens of si- 
deritic rock (shown by light tone). Kaolinitic veining beneath lignite and kaolinitic clay in theupper 
part of both bauxite deposits is indicated by dotted pattern. (After GORDON et al., 1958.) 
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Further examples of coarse-grained, well-sorted bauxites are many ores in 
the Urals and European Mediterranean areas: deposits of Gant, Hungary; Var, 
France (pp.72,159). 

Terra rossa 

The classical terra rossa investigations were carried out by TUCAN (1 9 12) and 
KISPATIC (1912) on karst of Dalmatia on Lower Cretaceous limestones. They 
postulated progressive changes from autochthonous residual clays via terra rossa 
to bauxite. It is accepted today that bauxite may form from terra rossa and that 
lateral transitions from terra rossa to bauxite exist. 

However, modern terminology distinguishes between soils originating in 
situ from limestones and allochthonous material reworked several times resting 
on limestones. 

MUCKENHAUSEN (1 962) classified: 

terra calcis 

terra rossa terra fusca 
typical terra rossa 
“verbraunte” terra rossa 
“rendzinierte” terra rossa 

typical terra fusca 

“rendzinierte” terra fusca 

WEINMANN (1964) investigated the soils of the Kefallinia Island, Jonian 
Islands. These soils have formed in situ on karst of Mesozoic and Eocene carbonate 
facies under Mediterranean climatic conditions1. He found that close relations 
existed not only between soil formation and primary rock, climate and vegetation 
but also in relief. Formation of terra rossa started in Tertiary times, and the process 
is still continuing below 800 m as “harmonic soil”. Terra rossa and terra fusca 
are contemporaneous final products resulting from development at different 
morphological levels. 

The mineralogical and chemical composition given in Tables XXV and 
XXVI characterize autochthonous profiles of terra rossa and terra fusca on 
limestones. 

Apparently those soils lack free hydroxides of aluminium, or they occur 
in only minor amounts. However, red earths on Tertiary limestones of Jamaica 
rich in alumina are described by RICHARD (1963). They contain up to 10 % gibbsite 
in concretions. 

The terra rossa on Jurassic limestones of the Velebit Mountains in Yugo- 
slavia (southwestern Dinaric Alps) are believed to be autochthonous by MARIC 
(1967). He assumes that there was no supply of clastics at the high altitudes at 

1 With high annual rainfall but dry summers. 
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TABLE XXV 

CHEMICAL COMPOSITION OF TERRA CALCIS, SIZE < 0.002 mm (after WEINMANN, 1964) 

20 A 48 39.94 39.61 11.52 28.09 1.91 9.22 2.41 3.82 7.84 
Terra rossa BI 49 41.74 41.03 11.32 29.71 1.92 9.81 2.39 4.11 7.96 

Bz 50 41.99 42.01 11.44 30.57 1.88 9.76 2.33 4.19 8.12 
29 A 73 43.93 36.14 10.99 25.15 2.28 10.63 2.12 3.61 3.78 
Terra fusca B1 14 43.00 36.47 10.97 25.50 2.25 10.42 2.86 3.64 4.44 

Bz 15 42.13 39.07 10.72 28.35 2.06 10.60 2.56 4.14 4.45 

% A1203 calculated by difference Rz03-Fez03. 

TABLE XXVI 

EXCHANGEABLE CATIONS AND CLAY-MINERAL CONTENT OF TERRA CALCIS, SIZE < 0.002 lllm 
(after WEINMANN, 1964) 

Profile Horizon Exchangeable Clay-mineral content 
No. No. cations 

(mequiv./IOOg) 

20 A 48 35.08 illite > vermiculite > kaolinite, quartz > 

Terra rossa B1 49 36.50 illite > vermiculite > kaolinite, quartz, mont- 

Bz 50 39.42 illite > vermiculite > kaolinite, quartz, mont- 

29 A 13 45.58 illite > vermiculite > kaolinite, quartz, mont- 

Terra fusca B1 74 42.1 1 illite > vermiculite > kaolinite, quartz, mont- 

montmorillonite > attapulgite, chlorite 

morillonite > attapulgite, chlorite 

morillonite > attapulgite, chlorite 

morillonite > attapulgite 

morillonite > attapulgite 
illite > vermiculite > kaolinite, quartz > 
attapulgite 

Bz 75 43 92 

which karst formation was in progress. Six million tons of terra rossa formed from 
residual clays of limestone accordingly. There are gibbsite and nordstrandite in 
nodules and oolites (A1,0, up to 57 %) besides montmorillonite-illite and kaolinite 
minerals. In other parts of the Dinaric Alps (MARIC, 1964) redeposition of terra 
rossa and neomineralization were observed. This mountain range extends northwest- 
southeast. In the east it is made of highly metamorphic Palaeozoic sediments 
associated with ophiolites and granitic bodies. In the southwesterly direction these 
rocks are covered with Permotriassic, with clastics and evaporites, Triassic, 
Jurassic, Cretaceous and Palaeogene carbonate facies in that order. Dacites, 
andesites and basalts penetrate this sedimentary Mesozoic belt. 
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In successive phases, Jurassic and Cretaceous limestones and dolomites 
developed a pronounced karst topography, nowadays covered by terra rossa. 
Hematite, goethite, kaolinite-chlorite and montmorillonite minerals are new phases 
which occur together with residual minerals such as quartz, mica, feldspars and 
stable heavy minerals. In addition there are widespread traces of specific relic 
minerals from: ( I )  metamorphics (epidot, kyanite, andalusite, staurolite, amphi- 
bol); (2) Permotriassic (anhydrite); (3) bauxites (boehmite, diaspore, corundum). 

In certain areas a sandy clastic facies of terra rossa with secondary silicifi- 
cations named “saldame” developed, which was deposited by a river or lake. 
Therefore, MARIC (1964) assumes that terra rossa originates from both carbonate 
rocks and, in the eastern belt region, igneous, metamorphic and sedimentary 
rocks. 

Removal of silica in terra rossa is caused by: either autochthonous soil for- 
mation on karst, which leads to relative enrichment of silica in the upper and 
relative concentration of alumina and iron in the lower part of the vertical profile 
(FILIPOVSKI and CIRIC, 1963) or frequent redeposition from high-level areas to 
the littoral regions of the Adriatic Sea in the west. 

The amount of Si02 carried into the Adriatic Sea at present is very high. 
The Pantan Spring near Divulje supplies the Adriatic Sea with 300 I/sec in late fall 
and 2,000-3,OOO I/sec in springtime, at  which time it contains 1,400 mg/l Si. The 
annual amount disposed of by this spring alone is 100 tons of Si02. 

The lateral transport of terra rossa accompanied by removal of silica is proven 
herewith. The following scheme modified from MARIC (1964) summarizes the 
features. 

Primary rocks inter- final products 
mediate 
stage 

terra 

saldame 
(clastic quartz 
and precipitation 
of SiOl ) 

Limestones 
and dolomites 

detrital com- 
ponents of pre- 
jurassic rocks 

Bauxites on clastic sediments 

Huge bauxite deposits recorded in Tertiary clastic sediments formed east 
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Surinam 

of the Guyana shield. The world’s biggest bauxite deposits occur on the Cape 
York peninsula, Australia. From the Deccan peninsula bauxite deposits on Pre- 
cambrian phyllites have been described. 

GuyMa 
Bauxite Belt 

Coastal plain east of the Guyana shield 
The Precambrian Guyana shield is made of metamorphics and sediments 

intruded by granites and dolerites in the Proterozoic. The plateaus of the old 
land surface are covered with A1 laterites from Cretaceous to Early Tertiary age. 
According to CHOUBERT (1965) there are 400 million tons of bauxite (42 % AI,O,) 
in the Kaw Mountains (French Guyana), and DOEVE and GROENEVELD MEIJER 
(1963) give the figure of 300-400 million tons of bauxite (450/, A1,0,) in the Bak- 
huis Mountains and on other equivalent plains. 

In the northerly pitching coastal plain of Guyana younger sedimentation 
commenced in Cretaceous times (Takutu Formation). Further to the south, how- 
ever, sedimentation started in the Eocene. Late Tertiary strata rest unconformably 
on Eocene successions. There is also a marked decrease in thickness of transgressive 
Quaternary coastal sediments from Guyana in a southerly direction. Only the 
basin of Berbice is filled with Quaternary sediments of considerable thickness 
(up to 2,500 m). 

In Tertiary times rivers meandered, and thus reduced the speed of material 
transport from the highland into the sea. 

Clastic sedimentary successions above deeply weathered basement consist of 
irregular lenticular layers of interbedded gravel, sands, kaolinitic clays and lignites. 

DEMERARA 

Age imIk zone 

recent sediment 
in river valleys 

Recent 

Pliocene 

Basement 

tT Miocene 

Basement 

Oligocene 1 
Eocene 

Fhleocene 

Maastrichtian 

Precambrian 

-el. 

COROPINA 7 
MACKENZIE 
Formation 

COESEWYNE z:: 
MONTGOMERY +--- Formation 

Fig.53. Bauxite occurrences in the Tertiary of Surinam and Guyana (compiled from 
MONTAGNB, 1964; and VAN DER HAMMEN and WYMSTRA, 1964). 



BAUXITES ON SEDIMENTS 137 

QUATERNARY-TERTIARY 

PRECAMBRIAN 

LIMIT OF ALUMINOUS LATER1 
ALUMINOUS LATERITE 

PHOSPHATIC LATERITE 

' TE 

Fig.54. Distribution of Al laterites on basement and corresponding bauxites in the Tertiary 
coastal plain. (After BLEACKLEY, 1960; and PATTERSON, 1967.) 
Venezuela: 
I = Upata region; 2 = Nuria region; 3 = Gran Sabana region. 
Guyana: 
I = Pomeroon district; 2 = Esse quibo district; 3. = Mackanzie district; 4 = Ituni district;. 
5 = Kwakwani district; 6 = Canje district; 7 = Blue Mountains; 8 = Pakaraima Mountains 
Surinam: 
I = Surinam River region, Paranam, Onverdacht, Rorac, Para River deposits; 2 = Moengo and 
Rickanau deposits; 3 = Nassau Mountains district; 4 = Bakhuis Mountains district: 5 = Brown 
Mountains; 6 = Lely Mountains; 7 = Wana Wiero Hills. 
French Guiana: 
I = Roura deposits; 2 = Kaw Mountains deposits. 
Brazil: 
I = Amapa region; 2 = Piria River region; 3 = Ilha da Trauira. 

In this fan-shaped delta close to the highland predominantly coarse clastic facies 
with gravel, quartz sand, pellets and nodules of iron oxide formed, while kaolinite 
suspensions precipitated in swamps, lakes and lagoons near the coast. There are 
several disconformities within the sedimentary series. 

The palynological study of VAN DER HAMMEN and WYMSTRA (1964) seems 
to point to the conclusion that there is only one bauxite horizon in Guyana, which 
must have formed between pollen zones B and E, that is to say most probably 
somewhere between Early Eocene and Early Oligocene (Fig.53). 
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The depositional environment of the kaolinite clays may have been swamps 
in an embayment at a river mouth with hills covered by laterite, a coastal strip 
with cliffs and islands. The economically important bauxite deposits nowadays 
rest partly on basement and partly on Palaeocene sediments. The thickness of 
which decreases towards the coast. Plateau bauxites and bauxites on sediments 
are probably of the same age (Fig.54, 55). 

Fig.55. Structural geology of laterites and bauxites in the coastal plain of Guyana; profile 
A B  in Fig.54. (After BLEACKLEY, 1960.) 

Autochthonous bauxite formation on the sedimentary land surface and 
deposition of detrital material from the plateau overlapped in Kwakwani, Guyana 
(MOSES and MICHELL, 1963). Therefore, the final stage of bauxitization was ac- 
complished only in places of long exposure. Kaolinite clays remained preserved 
as bauxite equivalents in areas of rapid sedimentation. HARDEN and BATESON 
(1963) and DOEVE and GROENEVELD MEIJER (1963) studied the relationship of 
bauxite quality to drainage related to relief of capping and underlying strata. 
ALEVA (1965) investigated the chemistry and genesis of these bauxites in Onver- 
dacht, Surinam. The gibbsite-bauxite layer at this locality is interbedded with 
clay, sands and lignites, the thickness of which increases to the north, whereas 
the strata die out in a southerly direction. 

The bauxite bodies are irregularly shaped and vary in thickness from 0-17 m 
but average 6 m. Frequently stratification is still observable, and enrichments of 
heavy mineral placers may be detected, indicating a primary rock of clastic nature, 
perhaps arkose. 

Authigenic textures. The consistency of bauxite ranges from hard rock (90% of the 
bauxite mined requires blasting) to plastic clay. The textures of neomineralization 
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distinguished are: concretionary bauxite, massive bauxite, cellular bauxite, banded 
bauxite (with relic textures of stratification, caused by arkose-clay rhythm and 
crossbedding layers of heavy minerals; Plate 11, 22), breccia-like bauxite and 
globular bauxite concretions of 3-30 cm in diameter. 

The various bauxite types are confined to distinct horizons of the bauxite 
body. The concretionary type belongs to the upper and middle part, while cel- 
lular and banded types occur in the bottom part of the deposit. The breccia-like 
bauxite appears exclusively near or at the surface of the beds, while the iron-rich 
type forms pockets or inclusions in solid layers of bauxite low in iron. 

The massive type does not form continuous horizons but develops irregular 
bodies up to 1 m in diameter amidst the other types or in the underlying kaoliniteclays. 

Boundaries of bauxite deposits. The mean level of the upper edge is mainly hori- 
zontal. A surface of extremely thin bauxites rests lowest. There is no relation between 
the lower boundary of the bauxite deposit and its top. Typical for the floor is a 
widely branching, irregular slope pattern with steep-sided hills of quite limited 
extent formed by the underlying kaolinite clay. The surface of the bauxite stratum 
reflects the character of an old land surface. Gullies and rivers cut into the bauxite 
deposit leaving behind a slightly domed plateau. Development of drainage systems 
occurred during and after bauxite formation. 

Within the top part of the bauxite stratum occur isolated caps rich in iron. 
These are relics of the originally 1-3 m thick crusts which probably later selectively 
weathered to bauxite low in iron with breccia-like texture (Fig.56). Top sections 
both rich and low in iron are traversed by vein systems filled with silica-rich kao- 
linitic bauxite or with metahalloysite. These are the resilicificated and iron-leached 
equivalents of the original iron-rich cap, formed on the land surface through 
action of water and vegetation or after being covered by younger sediments. 
These successive stages may lead to complete removal of iron and resilicification 
of bauxite. 

In most cases the base of the bauxite stratum forms a sharp but very ir- 
regular contact with the underlying kaolinite clays. Within 2.5 m, without any 
apparent change in the bauxite surface, the average ore thickness of 6-8 m may 
increase to 15-17 m. Bauxite dykes (cellular type) and pipes (massive type) with 
vertical or steeply inclined walls have been found, penetrating for unknown 
distances into the underlying kaolin. 

In the lower part of the bauxites, particularly in the vicinity of the boundary 
with the underlying kaolin, banded bauxite is typical. It may be rich in layers of 
coarse-grained heavy minerals (rutile, anatase, tourmaline, staurolite, sphene). Thin 
interbedded lenses of kaolin may also occur as well as clay seams which enter the 
bauxite floor. These phenomena may be interpreted as selective bauxitization of 
specific materials. 
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Fig.56. Surveyed profile and bore-hole sections of a part of the bauxite bed with a distinct 
iron-rich capping, partly destroyed by later leaching and resilicification. (After ALEVA, 1965.) 
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Chemical composition. The chemical aspects are shown in the histograms A-D 
in Fig.57. Histogram A shows the distribution of bauxite thickness in bore holes 
investigated. Histogram B gives the high Fe,O, and SiO, values in positions close 
to the top of the profiles. Approximately 6 %  iron is assumed to be present in the 
original sediment; secondary removal has reduced this value. The high silica content 
results from resilicification. The original mean value of SiO, for bauxite was 2.5 %. 
This is likely to be 1/20 of the prebauxitic sediment. Histogram C demonstrates 
that there is no relationship between SiO, content and the height of the uppermost 
part above the base of the bauxite deposit. However, there is a strict correlation 
between the amount of Fe,O, and the thickness of the bauxite deposit. This sug- 
gests a migration of iron from all parts of the bauxite stratum to its topmost 
section. Besides this the iron-rich top sections are always somewhat higher than 
portions low in iron. There are two possible interpretations, both of which may 
be true: bauxites beneath low-level valleys possibly contained less iron, or the 
soft parts of the bauxite surface eroded readily while the hard crusts of iron oxides 
and hydroxides formed inselbergs. 

The correlation between SiO, content and bauxite thickness is the reverse 
of that for iron, as shown in histogram D. However, the high SiO, value obtained 
for thin bauxite strata results from the secondary infiltration of SiO, from over- 
lying sediments in the upper sections. The thickness of the underlying bauxite bears 
no influence on the high SiO, content of the topmost portion. The iron content 
of the upper iron crust increases with thickening of the bauxite layer because more 
iron becomes available. The original correlation between bauxite thickness and 
enrichment of iron in the capping crust was altered later through mobilization of 
iron at the bauxite surface. 

We arrive at the following theories on genesis: 
( I )  The original differences in bauxite source material and the underlying 

(a )  the sharp boundary between bauxite and the underlying kaolinite clay; 
(6)  differently sized heavy minerals in bauxite and kaolin; 
(c) the frequent occurrence of banded bauxite layers and kaolinitic lenses in 

the lower part of the bauxite stratum. 
According to ALEVA (19654, the original sediment of the bauxite in Surinam 

probably was of an arkosic or silty nature with coarser grains and higher porosity 
(30 %) than the underlying kaolin. There is no decrease in bauxitization towards 
the floor. 

BLEACKLEY (1960), however, points out that the present ore bodies in 
Guyana throughout the deposit show evidence of having evolved mainly as gels 
from colloidal solutions, e.g., shrinkage cracks, brecciated and colloforni textures 
and rhythmic precipitation of material of different composition in cryptocrystalline 
and amorphous form, being the normal textures of typical bauxite. 

clay may be explained by: 
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Fig.57. Histograms representing the results of a statistical investigation of chemical anal- 
yses. For explanation, see text. SiOz histogram in heavy lines, Fez03 histogram shaded. (After 
ALEVA, 1965.) 



BAUXITES ON SEDIMENTS 143 

(2) Bauxitization occurred over a long period. Pure gibbsite formed in all 
areas with good drainage and sufficient porosity. Under optimum drainage con- 
ditions, up to 15 % boehmite was formed. 

(3) The transport of iron occurred in a vertical direction, and there was 
secondary enrichment in upper sections with increasing thickness of bauxite. 

(4 )  The high SiO, content in the upper sections is independent of the thick- 
ness of the bauxite stratum. Circulating ground water rich in SiO, reacted with 
the bauxite surface under the younger sediments. The iron caps dissolved, and 
kaolin minerals formed in vein systems. 

(5) Bauxitization continued after subsidence and resulted in the formation 
of cellular bauxite by solution. Little is known about the paragenetic development 
in these bauxites. 

Cape York peninsula, Australia 
Huge bauxite deposits which rest on a succession of clastic sediments, 

probably Early Tertiary in age, are described by EVANS (1959) in the flat, low 
lying and relatively heavily timbered terrain near Weipa, Australia; LOUCHNAN 
and BAYLISS (1961) noted continuous weathering on arkose sandstones since Tertiary 
times there. The investigations are of special interest not only because of the high 
SiO, content (90% SiOz and 4% A1,0,) of the primary rock but also because 
there is ample scope to observe the relationship of chemical composition and 
mineralogy to morphology, level of water table and pH values. The profile em- 
braces three units (Fig.58): (3) concretionary zone (with pisolitic textures); (2) 
zone of fluctuating water table; ( I )  original sediment. 

The original sediment (1) is a kaolinitic arkose sandstone. Zone 2 is ap- 
proximately 6 m thick, of deep red colour and earthy to massive in texture. It 
essentially consists of quartz and kaolinite. Quartz is mostly angular, and solution 
effects are rare. Hematite and goethite form typical irregular concretions and are 
enriched together with kaolinite approximately 1 m above the base of the zone. 
At higher levels kaolinite disappears, being replaced by gibbsite and in the upper- 
most part, partly by boehmite. 

The concretionary zone, zone 3, is up to 5 m thick and distinctly separated 
from zone 2. Small amounts of quartz occur throughout this part of the profile. 
Pisolites, frequently cemented, predominate and contain gibbsite, hematite and/or 
goethite. The pisolites range from 1-20 mm in diameter. Usually the matrix is 
formed by Al hydroxides and kaolinite. The amount of boehmite i s  highest 
in this zone, which was formed by dehydration of gibbsite in the opinion of 
LOUGHNAN and BAYLISS (1961). The pH value is about 5.5 and rises to 7 below the 
water table. Dark soil, approximately 1 m thick, covers the bauxites. 

Genesis. Hematite and/or goethite enrichments in zone 2 may be caused by: 



144 DESCRIPTION OF TYPES OF DEPOSITS 

0 20 LO 60 80 100% 
Percrntagr of minerals 

Fig.58. Mineral distribution in bauxite profiles on kaolinitic sandstone from Weipa, Qld., 
Australia. (After LOUGHNAN and BAYLISS, 1961.) 

annual fluctuation of the water table; persistence of dissolved iron in a reducing 
environment below the water table; rapid oxidation to insoluble Fe3+ compounds 
through periodic exposures in a warm and oxidizing environment; high atmos- 
pheric temperatures which favour the accumulation of leaves and other organic 
matter at  the surface but eliminate the reducing power of the ground water. 

The most important feature is the migration of iron in an upward direction 
and the precipitation of stable iron compounds in the zone of oxidation. V5+ 
and Fe3+ (similar ionic radii) form constant proportions in the upper section of 
the profile. There is an increase of Al-values towards the direction of a lower 
relief. 

No detailed investigation has yet been published describing the age and 
mechanism of Al-accumulation. So far we have no explanation for such huge 
accumulations of alumina, but lateral influx of aluminous solutions could be 
regarded as a possible source. 

Munghyr area, Kharagpur hills, India 
ZIA-UL HASAN (1966) describes laterites with bauxite horizons from the 
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Munghyr area, India, which forms caps on Precambrian shales. In the present 
areas the source-rock-bauxite sequence is exposed in many places on the upper 
hill slopes, revealing the characteristic products, resulting from the alterations that 
the source rock has undergone. 

Profile descriptions. Shales with quartz, feldspar and mica altered either to gibbsite- 
goethite-anatase bauxites or to goethite-gibbsite-kaolinite laterites rich in iron. 
Traces of boehmite and diaspore occur in some bauxites. 

From Precambrian slates and phyllites of the Kharagpur hills, India, ALWAR 
(1962) describes similar caps of lateritic weathered rocks which pass laterally into 
both massive and pisolitic bauxites. 

Data on profiles of bauxitic weathering on clastic sediments are concerned 
mainly with: (1 )  facies pattern (catena); (2) lateral penetration of solutions (which 
probably are of major importance); (3) diagenetic and post-diagenetic phases of 
paragenesis; (4 )  geochemical processes. 

The examples given demonstrate that “latosols” rich in alumina form from 
clastic sediments containing high proportions of feldspars and layer silicates. 
Relic textures of the original rock in these vertically zoned profiles are 
superimposed by textures of diagenetic mineral formations. The mineral- 
ogical and chemical composition in specific weathering zones is analogous 
to weathering zones in profiles on igneous rocks. Also facies changes from 
laterite to bauxite are probably the equivalent of facies pattern (catena) on 
igneous rocks. 

Bauxites on carbonate rocks 

Bauxite deposits on karst vary greatly in size and developed throughout the 
earth’s history, occurring all over the world. The main ages of formation are 
plotted in Fig.6. 

HARRASSOWITZ (1926) distinguished “Kalkbauxite” from “Silikatbauxite” 
(formed on igneous rocks). VADAZ (1951) proved that bauxites on Cretaceous 
limestones in Hungary contain allochthonous material. He, therefore, replaced 
the word “Kalkbauxite” with the neutral term “Karst-Bauxite’’ in order to express 
the relationship to bedrocks but to avoid any statement concerning the origin 
of the material. 

Nowadays the term “Karst-Bauxite” is widely used because more and 
more bauxite investigations indicate allochthonous origin of source materials, 
and more frequent discoveries of clastic intercalations between underlying lime- 
stones and bauxite are made. 

The three foremost questions of genesis deal with: (1) distributive province, 
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source material and transport mechanism; (2) diagenesis; (3) post-diagenetic 
processes. 

Distributive province, source materials, transport mechanism 
The distributive province of these bauxite deposits embraces areas of the 

stable or unstable shelf region. The sedimentary troughs involved a range from 
several hundred metres to several hundred kilometres in length. The bauxite thick- 
ness may vary from 1 m to a maximum of 50-60 m. The average thickness is 3-8 m. 

There are three theories concerning the source material for karst bauxites: 
(1) Bauxitization of residual clays in situ: Mediterranean countries: DE 

LAPPARANT (1930); DUBOUL-RAXAVET and PBRINET (1960); Jamaica and Haiti: 
HARTMANN (1955); HILL (1955); BUTTERLIN (1958); HOSE (1963); CLARKE (1966); 
AHMAD et al. (1966); SINCLAIR (1967). 

(2) Parautochthonous transport of residual clays from high-level areas into 
basins: DENIZOT (1934); BONTE (1965); KOMLOSSY (1967). 

(3) Allochthonous cover on karst: Mediterranean countries: VADAZ (195 1); 
HABERFELLNER (1951); ERHART (1956); ROCH (1956, 1967); BARDOSSY (1958); 
VALETON (1965, 1966); DEMANGERON (1965); NICOLAS et al. (1968); Jamaica and 
Haiti: ZANS (1954, 1959); EYLES (1958). 

To prove autochthonous origin for lbauxitized residual clays on karst is 
difficult and successful only if the origina1,textures of the carbonate rocks were 
preserved in bauxites. Such results have not ]yet been reported. Parautochthonous 
redeposition of residual clays of carbonate sediments in axial depressions is likely 
for portions of the prebauxitic sediment. The percentage of parautochthonous 
material generally remains unknown because of lack of positive identification. 

An allochthonous cover of karst is apparent in many cases from geological 
environment or mineralogical criteria. Essentially there are two groups of source 
material : 

( I )  Lateritized or fresh material of variable grain sizes deposited mainly 
by rivers in terrestrial basins or under marine conditions close to the coast. 

(2) Fresh eolian volcanic tuff transported. 
The following examples demonstrate the different possibilities in distributive 

provinces, source materials and transport mechanisms. 

Gulf coastal plain, U S A .  
In the southern part of the coastal plain of the U.S.A. some bauxite deposits 

rest either on clastic sediments or on carbonate rocks. They are a transitional type 
between bauxites in clastic successions and those on carbonate facies. The most 
important factors governing bauxite deposit formation, are (OVERSTREET, 1964): 
(1) the pre-existence of lateritized igneous complexes; (2) fossil land surfaces; 
(3) protection of bauxites and kaolin clays from erosion. 



BAUXITES ON SEDIMENTS 147 

Inner and outer bauxite belts formed around the igneous complex of the 
Blue Ridge and Piedmont Province on a Late Cretaceous to Early Tertiary land 
surface, slightly tilted towards the Early Tertiary Gulf of Mexico and the Mis- 
sissippi embayment (Fig.59). The deposits on the northwestern flank of the inner 
belt rest on karst of Palaeozoic carbonate strata of the Valley and Ridge provinces, 
the Valley Floor or Harrisburg peneplain (BRIDGE, 1950). The surface was probably 
not a featureless plain but included low hills and ridges. If so, erosion and stream 
deposition were active processes. 

The bauxite deposits on the southeastern flank, however, are located on 
Late Cretaceous sands and clays. Formations of Middle and Late Eocene age and 
Oligocene age overlie the bauxites in the Irvington district. 

The bauxites of the outer belt (BRIDGE, 1950) occur on the eastern Gulf Coastal 
Plain and are interbedded with clastic successions between the Midway and Wilcox 
Group (Palaeocene-Eocene interval; Fig.60). 

In Mississippi (Fig.60, 1-3), bauxites and associated kaolinitic clays rest 
at the top of the Potters Creek clay which grades downwards through white 
micaceous clay into dark grey micaceous clay making up most of the formation. 
Probably the clay which originally constituted the upper part of the formation in 
the bauxite areas was different from most of the formation, representing a shore- 
ward facies of the Potters Creek clay. The marine equivalent is highly mont- 
morillonitic. On the southeastern flank in Alabama (5) and in Georgia (6-7) 
bauxites and kaolinite are restricted to the Nanatalia Formation of Early Eocene 
age (Fig.61) with underlying karst of the marine Palaeocene Clayton Formation. 
Between the Eufalia district (5) and the Winston Nocubee Kemper district (3) 
marine shallow water sediments of Palaeocene and Early Eocene age occur. No 
evidence of the shoreline remains, and if bauxite ever was present along the margin 
of the bay, it has been removed by erosion. The preservation of bauxite deposits 
from erosion is an important factor in their present distribution. 

The age was determined by fossil plants found in kaolinite clays associated 
with the bauxites. The period of bauxite formation in the two areas was short, 
beginning not earlier than Late Paleocene and ending in the Early Eocene. 

In the Valley and Ridge province the shape of the bauxite deposits depends 
on karst topography related to cleavage and joint patterns. The ore lenses may 
range from one to several hundred metres in length, and most are thicker than they 
are wide. Dolinas from the Wilcox prospect, Smith prospect and Indian mount 
district (DUNLAP et al., 1965) are coated with residual clays rich in chert from 
the underlying strata. Lens-shaped irregular successions of sands, lignite and 
kaolinite clays attributed to the Wilcox Group, cover the deposit. There is evidence 
of postbauxitic slumps by small slickensides, particularly in the kaolin, and by 
intermixing of displaced masses of different types of bauxite and blocks of pisolitic 
bauxite in a kaolinitic matrix. 
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Fig.60. Correlation chart of formations exposed in bauxite districts of the coastal plain 
and outliers of coastal plain rocks. (After OVERSTREET, 1964) 

The kaolinite clays which fill karst depressions and dolinas pass via low- 
grade bauxite into high-grade bauxite from the margin towards the centre. The 
bauxites have both clay-like non-pisolitic and hard pisolitic textures, the latter 
being composed of nearly pure gibbsite. 

Fig.59. Bauxite districts and areas of the southeastern United States and their relationship 
to certain formations and major physiographic divisions. Ku = Late Cretaceous rocks undivided; 
Kt = Tuscaloosa Group or Formation undivided; Kpt = Post-Tuscaloosa Cretaceous strata; 
Tm = Midway Group undivided; Tw = Wilcox Group undivided; Twn = non-marine phase; 
Twm = marine phase. 
Dots: approximate position of the early Wilcox shoreline; heavy line: inner and outer lines of 
deposits in the coastal plain province; black areas: bauxite. 
Districts and areas: 1. Tippah-Benton, Miss.; 2. Pontotoc district, Miss.; 3. Winston-Noxubee- 
Kemper district, Miss.; 4. Margerum district, Ala.; 5. Eufala district, Ala.; 6. Springvale district, 
Ga.; 7. Andersonville district, Ga.; Areas adjacent to and between Andersonville and Springvale 
districts, Ga.; 8. Irwinton district, Ga.; 9. Warm Springs district, Ga.; 10. Spottswood district, 
Va.; 11. Indian Mound district, Tenn.; 12. Elizabethton district, Tenn.; 13. Chattanooga district, 
Tenn.; 14. Summerville area, Ga.; 15. Hermitage, Cave springs, and Bob0 areas, Ga.; 16. Fort 
Payne area, Ala.; 17. Congo area, Ala.; 18. Rock Run and Goshen Valley areas, Ala.; 19. Ashville 
area, Ala.; 20. Jacksonville area, Ala.; 21. Nances Creek area, Ala.; 22. Anniston area, Ala.; 
23. De Armanville area, Ala.; 24. Talladega area, Ala. (After OVERSTREET, 1964.) 



I 

Fig.61. Relationship of stratigraphic units and ore bodies in the Andersonville bauxite 
district, Ga., U.S.A. Bauxites form lentilles with the highest Al content in the central parts. 
Tjv = clay unit of the Jackson Group, includes residuum from limestone of Oligocene age; 
Tc = sand of the Claiborne Group; Ttu = Tuscahoma Formation; Tna = Nanafalia Formation; 
Tcl = Midway Group, Clayton Formation, limestone with karst topography; Kp = Providence 
Sand: Ksu = sedimentary rock, undifferentiated. (After ZAPP, 1965.) 
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This type of bauxite deposit unambiguously developed from sandy-clayey 
terrestrial sediments redeposited on karst following fluvial transport from high- 
level areas. The straightforward relationship between thickness of the clay and 
quality of intercalated bauxite lenses indicates autochthonous bauxite genesis 
following sedimentation on a fossil land surface. 

Jamaica and Haiti 
ZANS (1954) studied the deposits of Jamaica in detail and also examined 

karst hydrology (1951). Since the Miocene uplift the very thick Tertiary yellow 
and white limestone formation has undergone strong karstification, particu- 
larly in the upper sections. The water table, led by numerous karst flows from the 
entire limestone formation, is governed by the impervious floor made of andesites, 
tuff and tuffitic clay of Cretaceous and Early Tertiary age. In the Central Range 
the structural height of the older igneous rocks is higher than the surface of the 
limestones. The springs of both surficial and karst streams are located in volcanic 
rocks, the outcroppings of which, in the Central Range, developed lateritic soils 
which supplied the karst area with huge amounts of lateritic weathering material 
of andesite and tuff through erosion during the wet seasons (Fig.62). 

Following transport over long distances the fine fractions were deposited in 
seasonal lakes in large karst depressions. In Jamaica transitional stages range from 
terra rossa rich in silica and residual clays of limestones to bauxites containing 
very little silica. At high levels with good drainage, predominantly gibbsitic bauxites 
rich in alumina formed, while terra rossa rich in kaolinite developed at  lower 
levels in topographic depressions with periodical stagnation of ground water 
movement. The Jamaican bauxites are textureless (concretionary particles are 
very rare), and very seldom lithified, thus forming dominantly earthy masses. The 
lateritic soil of Haiti is similar in composition to soil deposits in the limestone 
valleys of the Sierra de Bahoruco in the Dominican Republic and on the limestone 
upland of Jamaica. All these deposits rest on Tertiary limestone and are probably 
closely related in origin (GOLDICH and BERGQUIST, 1948). 

European Mediterranean areas 
Bauxites on karst are very widespread in southern Europe (Fig.63). During 

the final stage of the development of the Alpine geosyncline cycles of uplift were 
followed by denudation and marine sedimentation. Intermittently peneplains 
formed and lateritic weathering took place. In contrast to the American deposits 
which formed around more stable high-level areas, connections of source area 
and place of sedimentation are frequently disrupted here. Moreover distributive 
provinces themselves were dislocated by young tectonic movements and partly 
eroded. 

The oldest, small bauxite intercalations occur in the Permian of Turkey. In the 
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Triassic of Yugoslavia, at Smartno ob Paki, Slovenia (Anisian-Ladinian age) 
and at Gracac, Croatia (Ladinian-Karnian age), coarse pisolitic bauxites occur 
which are cross-bedded and may be interpreted unambiguously as fluvially rede- 
posited older pisolitic bauxites. 

The oldest bauxites of economic interest occur in the Late Jurassic of Yugo- 
slavia and Greece. Extensive deposits of Cretaceous age are widespread, particu- 
larly in the Early Cretaceous of Spain, France, Italy, Austria, Yugoslavia, Hungary, 
Greece and Turkey. The youngest bauxites spread over regions of Italy, Yugo- 
slavia, Greece and Turkey, are of the Eocene age. 

Most Mediterranean bauxites rest directly on carbonate rocks without inter- 
calations of clastic sediments. Frequently only relics of the original distributive 
provinces are preserved. Lack of fossils or other means of correlation render palaeo- 
geographic reconstructions difficult, ambiguous or even impossible. In addition, 
different types of bauxite deposits result from a variety of post-diagenetic processes. 
The complexity of their late history renders the interpretation of distributive 
provinces and original sediments difficult. 

The longest time interval with repeated bauxite intercalations in Turkey 
ranges from Permian to Eocene and, in Yugoslavia in the Dinaric Alps, from 
Ladinian to Lutetian time. A bauxite horizon, not very typical, still occurs in the 
Miocene. Fig.64 illustrates the features schematically. 

Basal confacf. In France a belt of Early Cretaceous bauxite deposits stretches 
from Haute Var in the east to AriBge in the western foreland of the Pyrenees. The 
bauxites form flat lenses 10-30 km in length, several hundreds of metres in width 
and averaging 3-8 m in thickness, or fill dolinas in karst of Jurassic or Early 
Cretaceous strata. COMBES and REY (1963) mapped intercalations of bauxites in 
the limestone reefsiof “Urgonfacies” of AriBge. Bauxite developed continuously on 
the Central Belt region, but ore lenses occur in several stratigraphic horizons in 
the upper part of Early Cretaceous strata in areas with interfingering marine 
sediments. The unconformity between bauxites and carbonate strata of different 
ages provides a sharp contact. The relief of the carbonate facies is governed by: 
( I )  petrology; (2) joint patterns; and (3) level above the water table. 

Karstification progresses more rapidly in Middle Jurassic dolomites than 
in Late Jurassic limestones and is intensified by dense joint patterns. Similar features 
of karst topography may be observed in Yugoslavia, Hungary and Greece (MACK, 
1964). 

Regionally one may subdivide in the same manner: (a) areas with dolinas 
on undulating karst surfaces (Plate VI, 23); (b) closed basins which contain bigger 
bauxite deposits on relatively flat karst surfaces. 

Late Cretaceous bauxites in Greece reflect a relationship between regional 
uplift and karst topography of the underlying limestone (NIA, 1968). 
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reworked bauxite clayey bauxite, bauxitic clay bauxite 

Fig.64. Stratigraphic order of bauxite occurrences in southern Europe. (After BARDOXSY, 
1963.) 

Karst topography developed discontinuously: in France at least four stages of 
karstification may be distinguished (VALETON, 1965): ( I )  the main stage of karstifi- 
cation which is prebauxitic; (2) continuation of karstification during sedimen- 
tation of bauxite source material; (3) local karstification which followed diagenesis 
(immediately); and (4 )  youngest karstification governed by modern topography. 

The main stages of karstification prior to and during sedimentation have 
been observed at many localities. The transported detrital material accumulated 
in karst depressions. The floor of the bauxite bodies reflects the prebauxitic and 
synsedimentary karst topography. Particularly thick lateritic sediments bauxitized 
later resulted from the development of synsedimentary graben structures in 
Hungary (Fig.65; SZANTNER and S Z A B ~ ,  1962; S Z A B ~ ,  1964). 

Immediate post-diagenetic local karstification may be observed near 
Mazaugues in southern France, where limestones unconformably overly lithified 
but collapsed and shattered bauxites. 

Post-bauxitic karstification on dislocated limestones, governed by modern 
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Fig.65. Synsedimentary movements gave rise to the formation of particularly thick 
bauxite profiles in the graben zone, Hungary. 

Profile across the bauxite area of Nagytarkany Austrian and Pyrenean orogenic 
phases: 1. Sarmatian clay with limestone detritus; 2. Middle Eocene limestone; 3. Early Eocene 
limestone; 4. Early Eocene marl, clayey marl, carboniferous clay; 5. Cretaceous bauxite. (After 
SZANTNER and S Z A B ~ ,  1962.) 

topography, are very common in southern Europe. They may be recognized from 
plugs perpendicular not to the former but to the Recent land surface(VA~Az, 1951; 
COMBES, 1965; PAPASTIAMATIOU, 1965). 

Clastic intercalations between bedrock and bauxites may vary in type. In 
France stratified limestone breccias may be found in many dolinas below bauxites. 
Characea of lacustrine environment or marine fossils of the Urgonian occasionally 
occur in the matrix (ROCH, 1956, 1966; BONTE, 1965; NICOLAS and ESTERLE, 1965). 
Interbedded clay with lignitic material has been described by NICOLAS (1968) 
from Mazaugues in southern France. In Rumania (LUCCA, 1966) breccias, con- 
glomerates and sandy sediments occur between bauxites and the very pure lime- 
stone bedrock. The clastic sediments are reworked detrital material from the ig- 
neous rock zone of the Monts Apuseni. In these bauxites there are also inter- 
calations of sandy and clayey sediments with fossils, including plants, poorly pre- 
served. 

Very seldom a progressive change from limestones to overlying bauxitized 
clastic sediments has been described. PAPASTIAMATIOU (1965) observed in the Late 
Cretaceous bauxite (third horizon) of Kafknkdks (Helicon) in Greece a progressive 
change from limestones to volcanic tuff with amphiboles and feldspars. The tuff 
in turn passes into pisolitic bauxites with a calcareous matrix. 

Upper boundary. In general, the originally upper boundaries of the bauxite deposits 
which were horizontal during sedimentation are now slightly undulating because of 
differential compaction. Occasionally, fine distinct stratification may still be ob- 
served in the uppermost part of the bauxite deposit. 

Obvious progressive changes to terrestrial lignitic clayey roof sediments may 
be seen at times. This may indicate facies changes, disconformities or continuous 
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sedimentation. Usually there was very little reworking by marine transgression 
which closely followed bauxitization. However, in slowly subsiding areas with 
long periods of terrestrial exposure, soil development, formation of lignites or 
fresh-water sediments, considerable reworking of bauxites occurred in places to 
form finely stratified bauxite sediments or bauxite breccias above the bauxite 
bodies. 

Shape of bauxite bodies. The bauxite deposits are shaped mainly by the contours 
of overlying and underlying strata. Nowadays they are either dolina fillings or 
lenses several hundreds of metres in width and 10-15 km long. In Var (south- 
eastern France), the bauxite seam was originally (Fig.66) a broad, flat, talus fan 
around the Maure-Esterelle Massif (VALETON, 1966). The thickness of the bauxite 

Basement rocks n LOW- cretaceous 

Permo-Trlassh Latertte layer 

a JumSSK and bauxite 
Reworked laterltlc sediments 

Fig.66. Maure-Esterelle Massif in eastern Var, France, with remnants of formerly ex- 
tensive fans of reworked lateritic material. The remnants are confined to basins protected from 
erosion following postbauxitic structural displacement. Dr = Draguignan; Br = Brignoles. 
I. syncline of Le Revest (profile 7); 11. syncline of Pelican-Engardin-Mazaugues-St. Baume 
(profiles 3, 6); 111. syncline of Pas de Recou-Combecave-Le Val (profiles 19, 18); IV. syncline of 
Pourcieux; V. syncline of VillecrozeFox-Amphoux. (After VALETON, 1966.) 

ranges from 2 to 8 m. Several long finger-shaped, closed basins radially orientated 
around the massif resulted from more recent tectonic movements and denudation. 
Bauxites throughout the Mediterranean countries form similar flat Alluvial fans. 
The relation between source area and distributive province may be seen particularly 
well in Greece. The lateritic cover of the ophiolites in the subPellagonic zone 
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eroded, and colloids rich in iron, silica and alumina were deposited on karst in the 
nearby Parnassus-Kiona zone (Fig.67). 

OUTER HELLENIDS MIDDLE HELLENIDS INNER HELLENIDS 
PINDUS ELEVATION OF PARNASS -KIONA SUBPELAGONIC CHAIN 

W E 

RADlOLARl TE LIMESTONE HIGH WITH 
BAUXITE HORIZONS 

OPHIOLITE 

Fig.67. Relationship of source area (ophiolitic sub-Pellagonic zone) and bauxite formation 
on the heights of carbonate rocks of Parnassus-Kiona in Greece. A. In the upper section of 
Early Cretaceous and during Middle Cretaceous. B. During Early Senonian. (After CELET, 1962.) 

The nature of the source material depends on the detrital products available 
at  high-level areas of denudation which probably varies from locality to locality. 

For most bauxite deposits it is difficult to assess grain sizes and the miner- 
alogy of transported materials, which would indicate the transport mechanism, 
as relic textures are poorly preserved in general. In Greece in the sub-Pellagonic 
zone allochthonous origin of nickeliferous bauxite on karst of Jurassic limestones 
is obvious because of the neighbouring lateritized ophiolites. The bauxites of the 
Parnassus-Kiona zone too are characterized by higher values of nickel and 
chromium. 

Clastic materials from high-level areas with lateritized basalts or keratophyrs 
have been identified (WIPPERN, 1965) as the source of both Permian diasporites and 
Cretaceous bauxites in Turkey. Lateritized sands and tuffs deposited on karst of 
Early Permian limestone changed into bauxite in  situ. Near Bolkardag there is a 
facies change from diasporites into quartz conglomerates with a hematitic-diaspo- 
ritic matrix towards the massif. In the Early Cretaceous bauxites of Akseki in 
Turkey, Wippern found relics of fresh feldspars and contours of disintegrated 
feldspars. Sourse rocks are considered to be lateritic weathering products of 
albitized ophiolithes of neighbouring high-level areas. 

The bauxites surrounding the Maure-Esterelle Massif, contain clastic relic 
minerals such as quartz, tourmaline and zircon. In the surroundings of Draguignan 
in close proximity to the massif, the bauxite fillings of dolinas contain clastic 
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angular quartz (maximum diameter 1-3 mm). This coarse-grained quartz does not 
originate from residual clays of carbonate sediments; its only source are volcanic 
rocks of the Maure-Esterelle Massif (after ROCH and DEICHA, 1966). The high 
nickel content (0.5-2.0 % NiO) also proves the allochthonous origin of these 
bauxites (VALETON, 1966). 

Radioactive minerals also indicate the allochthonous origin of bauxites. 
Radioactivity in bauxites of Gant in Hungary varies greatly. The intensity is twice 
as high as in the Valence granites. Layers with enrichments of carnotite relics 
K,(UO,),V,O, * 3 H,O in the bauxites of Unterlaussa in Austria further prove an 
allochthonous origin. There is a 1 cm wide rim of bleached bauxite surrounding 
carnotite grains (KOHLER, 1955). 

Transport mechanism and sedimentary environment. The bauxites of Unterlaussa in 
Austria are stratified and change laterally into limestone conglomerates (RUTTNER 
and WOLETZ, 1956). There are intercalated lenses of clayey and lignitic sediments 
in the lower part of the bauxites of Gant in Hungary. KISS and VOROS (1965) 
believe in the selective precipitation of more aluminous material or alumina silica 
compounds from suspensions depending on pH. Fluvial transport is indicated 
by cross-bedded pisolitic layers in the upper part of these bauxites'. 

Opinions differ concerning the size of the transported grains and the transport 
mechanism for bauxites in France. CALLIBRE and POBEGUIN (1965) believe in 
transport in solutions. On the basis of textural investigations, VALETON (1966) 
assumes that periodic mud flows formed a talus fan surrounding the Esterelle 
Massif. In close proximity to this massif coarse and poorly sorted components 
were deposited (Plate VII, 27), while with increasing distance precipitation from 
suspension became the dominant feature. NICOLAS (1968) observed graded bedding 
near Mazaugues. There are also intercalations of large marine brecciated limestone 
lenses resulting from subaqueous slides. NICOLAS (1968) describes the environment 
of bauxite sedimentation in the western part of the Var as marine-lacustrine or 
lacustrine because of horizons with marine fossils (brachiopods, pelicipods, 
gastropods) in the bauxites of Brignoles in France. The transport-media were mud 
flows or subaqueous slides. Nicolas assumes that bauxites including pisolitic tex- 
tures existed in the source area prior to erosion. In their opinion the bauxites are 
clastics with minor diagenetic alterations. 

Other bauxites were deposited in a marine environment as proven by the 
occurrence of marine fossils in the Late Cretaceous of Greece (NIA, 1968), Unter- 
laussa 2, Austria (HABERFELLNER, 1951), and the Middle Eocene of Dalmatia 
with marine molluscs, corals, echinoids, bryozoans and terrestrial plants: SAKAC 
(1966). 

found in Late Cretaceous bauxites of Hungary (BARDOSSY, 1957; BARNABAS, 1961). 
Limnic gastropods like Pyrgulifera cf. pichleri, Melania heberti, Strophomostella cretacea are 
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The Urals 
In the northern Urals (BUCHINSKY, 1963), conglomerates 2-3 m thick with 

limestone pebbles cemented by bauxite occur between Palaeozoic limestone bed- 
rock and bauxite. In the southern Urals bauxite breccias cemented by calcite 
occupy these stratigraphic positions. 

Many bauxites in the Urals (e.g., Krasnaya Shapochka) consist of psam- 
mitic or conglomeratic strata in which no or poor sizing can be detected. The 
material of these bauxites appears to have been transported by temporary mud or 
turbidity flows. This is also indicated by sorted lamination or graded bedding 
(the grain size decreases gradually from bottom to top in each rhythm of stratifi- 
cation). Such flows entered karst caves where turbid water settled, with sedimen- 
tation beginning with the coarser fractions. The layers of fine bauxite mud exhibit 
dessication fissures filled with psammitic bauxite. 

The transported material was deposited as talus on the slopes and as 
coluvium at the bottom of the slopes-near-contact type of BUCHINSKY (1963)-or 
else as lake sediment in intermittent or perennial impounded bodies. Usually no 
conglomerates mark the change from terrestrial and terrestrial-fresh-water bauxites 
to overlying marine sediments. Bauxite-bearing lowlands apparently have been 
flooded by the sea, forming gulfs or lagoons. 

Pacijk Islands 
Finally we refer to the red earths rich in gibbsite on coral reefs of the Pacific 

Islands. Very similar A1,03/Fez03/Ti0, ratios in both volcanic rocks and bauxites 
on karst are given by KALUGIN (1967). He assumes sedimentation of tuff on 
carbonate facies, from which terra rossa and finally bauxite developed. 

Most recent observations suggest that: 
( I )  Source materials may comply mineralogically with bauxites and laterites, 

(2) Grain sizes may range from boulders of allochthonous origin to colloids. 
(3) Sedimentation may occur from turbulent periodical rivers as fan- 

glomerates or from smooth turbidity currents in lakes or lagoons or as sub- 
aqueous slides. 

(4) The sedimentary environment may vary from terrestrial (periodical rivers 
or lakes) to marine (lagoons), 

(5) The bauxites of southern France, as postulated by H. Erhart show a 
distinct sedimentary succession. Denudation of laterites on neighbouring high- 
level areas first removed the top section rich in Fe, Si and A1 and this was followed 
in turn by removal of the central part rich in Fe and A1 and the bottom section 
rich in silica and alumina. A reverse profile developed accordingly in the source 
rock of bauxite. (An alternative interpretation will be suggested in the section on 
diagenesis.) 

clays, arkose, tuff or similar rocks. 
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(6) The change from bauxite to overburden normally is abrupt. The sequence 
is: bauxite-lignite or lignitic clay-fresh-water sediment-marine sediment. 

Diagenesis 

Before entering into the discussion of bauxite diagenesis we consider: 
(I) The nature of source materials may vary from arkose to lateritic sedi- 

ments or autochton residual clay of different compositions. Grain sizes range from 
boulders to colloids. 

(2) Diagenesis always takes place in terrestrial basins at different levels 
above the water table. 

(3) Fracture patterns of the bedrock, orientation and size of dolinas and 
karst depressions govern ground water movements. 

(4 )  Climate and vegetation determine environment in the downward 
direction of the profile. 

(5) Environment during sedimentation of the overburden may influence late 
diagenetic mineral formations of the ore. 

In many cases classification of source material remains doubtful due to 
lack of textural features. However, there are unambiguous examples of source 
materials accumulated unaffected by diagenesis as well as bauxites with strong 
autochthonous diagenetic alterations. 

Clastic rocks hardly altered by diagenesis are known from the stratified 
pisolitic bauxite sediments (Carboniferous) of the Urals, from the Karnian bauxite 
of Dalmatia, from Early Cretaceous bauxites close to the Massif Central of Maure 
(Plate VII, 27) in southeastern France and from the Late Cretaceous bauxites of 
Gant in Hungary. 

At other localities karstbauxites developed in situ from lateritic material 
by autochthonous diagenesis. Relic clay minerals may still be recognized where 
bauxites pass into stratified clays. In southwestern France montmorillonite and 
illite clays laterally turn into bauxites. In southeastern France (NICOLAS, 1968) 
and in Greece (NIA, 1968), upper sections of the bauxite bodies, only slightly 
altered by diagenesis, still show stratification. The kaolinitic source minerals 
differ widely in lattice order at these locations. Unambiguous examples of au- 
tochthonous diagenesis are bauxites in Jamaica, Hungary, France, Greece, the 
U S A .  and the Urals. Bauxite genesis is characterized by both removal of silica 
and dehydration of Al- and Fe-hydrates in situ (VADAZ, 1951). 

Present knowledge distinguishes the following diagenetic processes: 
(I) Changes in chemical and mineralogical composition: (a) desilicification- 

transformation of clay minerals into Al-hydroxide hydrates; (b) dehydration- 
transformation of Al-hydroxides into hydrated Al-oxides and Al-oxides; (c )  partial 
removal of iron; (d)  basal enrichments of certain trace elements. 
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(2) Changes in textures: (a) development of vesicular textures, pisolitic 
textures or breccia-like textures; (6) lithification. 

Changes in textures and chemical and mineralogical compositions are con- 
temporaneous. 

The argument is frequently expressed that there is a relationship between 
neomineralization of gibbsite-boehmite-diaspore and the age of the deposit. Indeed 
most gibbsite bauxites on karst are of Tertiary age, such as the deposits of Jamaica, 
Haiti and southern Europe. Exceptions are the Early Tertiary diaspore bauxites 
of Kashmir. There are lateral facies changes from gibbsite bauxite to boehmite 
bauxite, to diaspore bauxite in the Cretaceous of southern Europe. Moreover, 
in the Palaeozoic bauxites of North America and the Urals boehmite and diaspore 
occur together. 

Depending on the local environment, but independently of geological age, 
diagenesis results in: 

( I )  kaolinite-gibbsite facies 
(2) kaolinite-gibbsite-boehmite facies 
(3) kaolinite-boehmite facies 
(4) kaolinite-boehmite-diaspore facies 
(5) boehmite-diaspore facies. 

The examples in following sections illustrate possible courses of diagenesis. 

Jamaica 
The mineralogical composition of bauxites rich in gibbsite have rarely been 

investigated so far, and little is known about facies and environment during 
diagenesis. In bauxites of Jamaica the kaolinite-gibbsite-boehmite facies is best 
known. 

The dominant clay mineral is kaolinite in places where the deposit is rich 
in silica. There are also traces of chlorite. Some montmorillonite occurs in clays 
of dolinas from lower levels with logged ground water (AHMAD et al., 1966). Much 
silica has been removed from these clays in the central part of the dolinas due to 
drainage joints of the karst (Fig.68). Neomineralization of aluminium hydroxides 
occurred. In terrestrial oxidizing environment gibbsite dominates boehmite at 
higher levels of the deposits, but it is subordinate in lower terrain. The very high 
iron content (11-23% Fe,O,) results from present hematite and goethite, as 
small ferruginous concretions or pellets, especially in the upper part of the deposits. 
MnO, and P,05, too, are enriched in the concretions. 

The usual chemical composition of Caribbean terra rossa bauxite is given in 
Table XXVII. 

In permeability and porosity, which approach SO%, this type of spongy 
bauxite closely resembles loess. This is indicated by the degree of saturation 
of the available pore space, ranging from 60-98 % in samples collected towards the 
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Fig.68. Silica values are lowest in central parts of dolinas where drainage intensity is highest; 
Jamaica. (After ZANS, 1954.) 

TABLE XXVII 

CHEMICAL COMPOSITION (IN %) OF CARIBBEAN TERRA ROSSA BAUXITES 

Jamaica Haiti Dominican Rep. 
Higher Plateau Rochelois Plateau Sierra de Bahoruco 
(HOSE, 1950) (GOLDICH AND (GOLDICH AND 

BERGQUIST, 1948) BERGQUIST, 1947) 

SiOz 
Ti02 
A1203 

Fez03 
MnOz 
MgO 
CaO 
HzO 
(below 110 C )  
Loss on ignition 

pZo5 

0.4 3.5 
2.4- 2.6 

46.4-50.3 

17.5-22.8 
not determined 
not determined 

0.3- 2.8 

0.1- 1.2 

not determined 
26.0-27.8 

2.4- 5.3 
2.3- 3.1 

42.6-49.4 
0.3- 0.8 

20.8-23.5 
0.4- 0.7 

0.040.18 
trace4.18 

1.8- 2.6 
20.1-25.8 

1.55- 5.17 
2.50- 2.75 

46.25-48.53 
0.13- 0.26 

19.43-20.61 
0.13- 0.56 

not determined 
not determined 

0.73- 1.53 
23.43-26.55 
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end of the dry seasons. During the wet seasons a tremendous amount of water is 
absorbed. 

Southern Europe 
The Upper Cretaceous bauxites of Hungary show transitional stages from 

clays, bauxitic clays via clayey bauxites to high-grade bauxites. According to 
BARDOSSY (1958) the high-grade bauxites which are products of the most advanced 
stage of diagenesis, form a northeast-southwest axis (Fig.69). Lateral diagenetic 

Fig.69. Relationship of geography and mean A1203 content of bauxite Occurrences in 
Hungary. The central bauxites are highest in alumina with similar distribution of Fez03 and TiOr, 
but silica is lowest along the central axis. (After BARDOSSY, 1958.) 

differentiation of clay to bauxite may also be noted in profiles investigated by 
SZANTNER and S Z A B ~  (1962). There is high-grade bauxite of considerable thickness 
in structurally low positions whereas clays or clayey bauxites rest on the belts. 
The size of the basin and thickness of sediments are related to the quality of 
bauxites. 

Apparently the lateral facies change is caused by desilicification in situ. 
The same lateral facies change from clays to bauxites may also be detected in 
bauxites of France, in the forelands of the Pyrenees, and in areas surrounding the 
Maure-Esterelle Massif (VALETON, 1965, 1966). There is desilicification, and three 
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mineral facies (as in Hungary) co-exist: gibbsite facies, boehmite facies and 
diaspore facies. 

Little is known about the gibbsite facies of the Alpilles and the Languedoc. 
The boehmite-hematite facies is the rule for most bauxites of the Var. Lateritic 
detrital material varying in grain size was deposited in various depressions sur- 
rounding areas of denudation (see above). Different levels of the basins above the 
water table caused variations in ground water movements, resulting in different 
intensities of diagenesis. 

In the northern troughs (Fig.66) argillites rich in kaolinite formed. In the 
depressions of Le Val and Mazaugues, where the most advanced stages of diagenesis 
are found, thin bauxite in structurally high positions contains more SO2 ,  and 
autochthonous desilicification is clearly related to relief (Fig.70). Vertically the 
bauxites form a main section 2-3 m thick, dominantly ferrallitic in character and 
capped by a siallitic layer a few decimetres thick. Both layers developed contem- 
poraneously but their boundary is irregular (Plate VI, 24). 

During the initial stages of diagenesis pisolites ranging from 0.2 to 2.0 mm 
in diameter formed in the ferrallitic zone; if their size is below 0.2 mm these are 
frequently termed oolites in the literature. They are of concretionary origin and are 
named pisolites or oolites in this context. The centers consist of either relic frag- 
ments of lateritic iron compounds or ferrallitic gels. The shells grew from the 
rhythmic precipitation of iron and alumina forming fine layers of predominantly 
boehmite or hematite. The submicroscopic intergrowth of boehmite and hematite 
crystallites indicates crystallization of both minerals from a gel (Plate VIII, 29, 33) 
rich in Fe and Al. During pisolite formation, the material was ductile causing 
pisolites to be distorted uniformly (Plate IX, 35) and giving preferred 
orientation over a larger area by flow. The pisolites are cemented by a submicros- 
copic matrix of hematite and boehmite. The uniform sequence of crystallization 
in neighbouring pisolites, the uniform deformation pattern of the pisolites and 
lateral transition to non-pisolitic bauxite indicate growth in situ of the pisolitic 
textures. 

The upper siallite zone is rich in silica, but there is little iron. With the 
naked eye textures are hard to discern in these rocks, but there are microtextures 
of kaolinite-boehmite concretions embedded in a kaolinite matrix. The uniform 
textures suggest contemporaneous paragenetic development in ferrallite and siallite 
zones. The bauxite surface is penetrated by fossil roots, indicating vegetation 
during bauxite diagenesis [Plate IX, 38, 39). At very low pH values in the upper 
section, resulting from vegetation, silica reacted with gels rich in alumina to form 
kaolinite. Iron compounds dissolved, and Fe migrated from this horizon. The 
mobilization of iron extended to the lower ferrallite zone with repeated dissolution 
and precipitation of Fe. A pseudobreccia texture in the bauxite developed from 
the selective disintegration of hematite. Angular or fringed particles varying in 
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size occur in a light-coloured matrix. In other places iron accumulated in fossil 
water tables and precipitated as a goethite crust on the denser and iron-enriched 
pseudobrecciated parts (Plate VIII, 29-3 1). This iron mobilization occurred 
during the final stages of diagenesis and frequently yielded extensive dark inclusions 
in the white bauxite matrix. 

The pattern of iron removal reflects the drainage system during the final 
stages of diagenesis. It is related to the joint pattern of the karst bedrock (Plate 
VII, 25; X, 40). 

Besides the boehmite facies there are bauxites in France (Aude, Aribge) 
showing all transitions from boehmite bauxites via boehmite-diaspore bauxites 
to diaspore bauxites. Initial precipitation in the matrix and pisolites resulted in 
submicroscopic boehmite or boehmite-hematite masses. Diaspore is secondary 
and coarse grained and grew over the primary textures in the pisolites (Plate 
IX, 36). 

The three facies are characterized by the dominating alumina minerals gibb- 
site, boehmite and diaspore in each case. In all three facies hematite is the primary 
iron mineral. While secondary goethite formed in the gibbsite and boehmite 
facies, either iron migrated from the diaspore facies or magnetite or siderite 
(Plate IX, 34) formed at a later stage (refer to post-diagenetic paragenesis). 

The clay minerals in the boehmite facies are well-crystallized kaolinites, 
but the lattice order is relatively poor in the diaspore facies where other layer 
silicates, such as Al-chlorite, illite and montmorillonite, also occur (CAILL~RE et al., 
1962). 

The proportion of amorphous material in the three facies varies. The 
boehmite facies is completely crystalline, while the diaspore facies includes a larger 
amount of amorphous material. Contraction through loss of water was highest in 
the diaspore facies which is traversed by numerous veinlets of diaspore and 
kaolinite. The same minerals formed at various stages of crystallization in the 
matrix, in pisolites and concretions and in dehydration cracks and are pseudo- 
morphous. 

Autochthonous desilicification and dehydration with diaspore formation is 
best known from the detailed investigations of bauxites in Greece by NIA (1968). 
There, too, relations existed between highlands of the sub-Pellagonic zone of ophio- 
lites supplying lateritic weathering products and a karst relief of the Parnassus- 
Kiona zone. The lateritic weathering products were trapped in karst depressions 
during Late Cretaceous times. Marine gastropods and lacustrine fauna and flora 
indicate precipitation of a suspension rich in iron, silica and alumina in littoral 
regions. Fine stratification of the original sediment is indicated in the upper 
sections of the bauxites rich in clay. Conversion to bauxite took place in a terrestrial 
oxidizing environment. Desilicification and dehydration processes were studied in a 
close network of specimens in several dolinas. Results showed distinct relationships 
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between: (1) relief and drainage; and (2) relief and distribution of Si, A1 and Fe. 
Increasing drainage resulted in decreasing silica content and increasing 

alumina values. Iron has been removed from both the upper sections of the profiles 
and parts with optimum drainage. Titanium became enriched primarily with iron 
and secondarily with alumina. 

Selective dissolution and removal of the components resulted in textural 
alteration and mineralogical composition. Both porosity and density were highest 
in areas with optimum drainage (Fig.71,72), i.e., highest rate of removal developed 
a maximum of inner surface, where minerals of highest density formed. 

1 ' 1  l r l l - l l  I I I I I I I I I 1  I 
I I W  I 1 . 1  I I I I I I I I I I I I 

Bauxitic clay 

Kaoline 

Fig.70. Schematic section through bauxites of Mazaugues. (After VALETON, 1965.) 

The main minerals are kaolinite, boehmite, diaspore, goethite and hematite. 
Because kaolinite is the only silica-bearing mineral, the kaolinite distribution 
coincides with the SiOz content. Kaolinite mainly occurs in top sections and in 
zones of poor drainage in contact with underlying strata. In areas with optimum 
drainage diaspore was formed from primary boehmite during the final stages of 
diagenesis. Laterally and vertically pure diaspore bauxite changes via a zone con- 
sisting of diaspore and boehmite into pure boehmite bauxite. It is interesting to 
observe that in the transitional zone the most common diaspore/boehmite ratio 
is 20180. 

The boundary between the transitional zone and the diaspore zone is sharp. 
Apparently the reaction boehmite + diaspore was in progress more rapidly at 
higher rates of nuclei formation. 

Hematite is the predominant iron mineral throughout the deposits. The iron 
was fixed as goethite (probably secondary) only in the upper sections or in areas 
with poor drainage at the floor of the deposit. 

Textural features of bauxites. Boehmite bauxites break up into fragments with 
smooth surfaces. Diaspore bauxites, which are much harder, break up irregularly 
into shelly pieces with rough surfaces. The bauxites are composed of concretions, 
pisolites and relics in a cement matrix. The pisolites are secondary textures formed 



Fig.71. Distribution of major elements in the Late Cretaceous bauxites of the Kethro 
Mine (Pamassus, Greece). The highest alumina values and the lowest silica content are found in 
central parts of the dolina where drainage is at its maximum. (After Nu, 1968.) 
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Fig.72. The highest A 1 2 0 3  values occur in central parts of the dolina where the highest 
concentration of diaspore is recorded. It was found that highest diaspore content coincides with 
highest density and greatest porosity. (After NIA, 1968.) 

during very early stages of diagenesis. Along sineresis cracks the pisolites broke 
up and floated apart in the viscous matrix. This process of fragmentation is distinct 
from mechanical destruction which occurs during reworking and transport. There 
are two kinds of concretions: 

( I )  Uniformly opaque relic concretions, which are relics from early stages of 
diagenesis. Dissolution of iron progresses from localities of highest permeability. 
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There is a succession of light-coloured pisolites in a light-coloured matrix, dark- 
coloured pisolites in a light-coloured matrix and finally dark pisolites in a dark 
matrix. Angular to fringed relics typify this process (Plate VIII, 29). 

(2) Concretions with light-coloured centres and opaque crusts in which 
faint pisolitic textures may be observed. They are typical for the transitional zone 
of boehmite and diaspore and the pure boehmite facies (Plate VIII, 30). 

They are flattened, usually horizontally orientated in the upper zone, and 
low in iron. These secondary concretions grew from precipitation of iron on nuclei 
from solutions permeating the plastic material. 

In the boehmite zone crystallites are submicroscopic, and iron and alumina 
minerals are intimately intergrown. The diaspore facies is coarser grained with a 
better separation of alumina from iron. 

Diaspore occurs: ( I )  as coarse-grained growth zones in pisolites, often grow- 
ing from the pisolite into the matrix; the pisolites are smaller than in the boehmite 
zone (Plate IX, 36); (2) as coarse crystalline secondary mineral formations in the 
matrix; (3) in opaque concretions; (4 )  as veinlets in the matrix, pisolites and 
concretions (Plate IX, 37). 

In the transitional zone towards the boehmite facies diaspore fades gradually, 
first in the pisolites, then in the matrix and the concretions, though diaspore 
veinlets also reach far into the boehmite zone. 

The following interpretation of genesis is given by NIA (1968): At first 
boehmite bauxite with boehmite pisolites developed. At a later stage, diaspore 
formed in the centre of the dolinas and at the same time boehmite formed in the 
marginal parts because of different drainage. Marginal boehmite pisolites grew 
bigger, but those of the centre changed into diaspore. During the transformation 
from boehmite into diaspore which was accompanied by separation of iron the 
pisolites became viscous and partly flattened. The transformation into diaspore 
resulted in a higher porosity in the central parts of the dolinas. The higher porosity 
and better drainage leading to fast removal of SiO, and separation of alumina 
from iron, rather than pH or Eh conditions, obviously favoured the formation 
of diaspore nuclei. 

Hematite recrystallized during this process. The diagenetic process ceased 
because drainage stopped with a rising water table initiated by a marine trans- 
gression. 

Missouri and Pennsylvania, U.S.A. 
Palaeozoic diaspore bauxites like those of the U.S.A., the Urals and China 

may exhibit a regional facies differentiation. 
The Cheltenham clay of Pennsylvanian age in Missouri was investigated in 

detail both in the field and in the laboratory by ALLEN (1935, 1952); MCQUEEN 
(1943); KELLER (1952); and KELLER et al. (1954), and in Pennsylvania by FOOSE 
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(1944); BOLGER and WEITZ (1951, 1952), and HUDDLE and PATTERSON (1961). 
A widespread layer of the Graydon Formation (earliest Pennsylvanian) with 

cherty conglomerate breccia and quartzitic, pyritic sandstone rests unconformably 
on karst of the old land surface. Extreme irregularity in depositional features with 
lenses, slumps and soft-rock deformation typifies the formation. It is of the ancient 
stream channel deposit type. The Graydon Formation in turn is overlain by the 
Cheltenham fire clays, dipping gently in northeasterly, northerly and westerly 
directions from the Ozark dome (Fig.73). 

The floor of the Cheltenham Formation is highly irregular and pockety. 
There are solution basins and sinkholes and occasional collapsed structures in the 
limestone beneath. In the southern plateaus karst penetrates 70 m, but the relief is 
much shallower (approx. 20 m) in the north. 

Accordingly, the water table was at much lower levels in the south than in 
the north. The sediments are thickest in the irregular basins of the northern areas 
(about 20 m). 

The Missouri fire clays grade from sandstones, plastic clay, semiplastic 
clay, semiflint clay and birly clay into diaspore. Red or green iron-bearing strata 
are also associated with them. 

In the surroundings of the highland of the Ozark dome the Cheltenham 
Formation splits from south to the north into: ( I )  diaspore and flint clays, at the 
highest levels; (2 )  flint clay chiefly; (3) semiplastic and semiflint clays at the lowest 
levels (Fig.73A). 

In KELLER’S (1952) opinion changes in the lithofacies clearly represent 
distinguishable, lithologic types, which indicate the environment of formation. 

At the generally even surface of the Cheltenham Formation, erosion and 
deposition reoccurred several times: (I) during the Pennsylvanian after lithifi- 
cation but prior to cover with younger strata; (2) prior to deposition of Tertiary(?) 
“hard-pan’’ gravels; (3) in Pleistocene and Recent. 

The Cheltenham Formation occupied higher levels in the south than in the 
north. Therefore erosion occurred in lower horizons of this formation in the south 
(Fig.73B). 

(I) Facies of semiplastic and flint clay. These occur as a blanket-type deposit 
the thickness of which ranges from about 20-1 m, averaging 7 m. Fire clay varies 
significantly from pit to pit much as coal lenses appear or fade. Apparently there 
were many local divisions into marshes, lagoons, hills and streams during sedimen- 
tary deposition. Mineralogically the fire clay in the lower part is composed of a 
mixture of more or less disordered kaolinite, some illite and quartz. The lattice 
order of fire clay crystals appears to increase, forming well-crystallized kaolinite 
as the clay becomes “harder”, and approaches flint clays in the upper part. Intensive 
weathering leached soluble cations. 

The texture of the semiplastic and semiflint clay is commonly that of 
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random (criss-cross) orientation interpreted as the growth of crystal aggregates of 
clay minerals from homogeneous mud or gel. The isotropic texture is seen as the 
result of flocculation from water containing a high concentration of effective 
cations. The crystal growth may be explained by aggradation or by degradation 
(weathering of the primary silicates). 

It is inferred that this facies developed in a low-lying marshy terrain close 
to the sea. The land surface on the limestone was irregular with low to moderate 
relief, with karst depressions undrained by subsurface streams, attesting to slump 
features, and structures shown in clayey coal and light to dark clay strata. The soil 
and the bedrock would have been waterlogged. Slightly acid pore water moving 
upwards (02, organic acid) leached Na’, Ca2+, Mg2+ and K +  and removed 
silica to some extent (Table XXVIII). Seaward from this belt a typical marine 
shale facies probably developed. There is a thickening to the north in the direction 
of the facies change. 

(2) The flint clay belt. In the southerly direction the semiplastic and semiflint 
clays gradually change into flint clay which occupies slightly higher levels on the 
flanks of the Ozark dome. The only remnants of pre-Pleistocene denudation 
are deep karst depressions in the form of isolated sinkholes. 

An increase in the lattice order of kaolinite and a decrease in illite content 
are the main mineralogical differences between flint and semiplastic clays. Anatase 

Fig.73. A. Map of Missouri showing belts within the Pennsylvanian rocks which are 
characterized by particular clay types, i.e. litho-facies types within the Cheltenham. The alumina 
content of the clays typifying each band increases progressively toward the apex of the Ozark 
dome. The belts are roughly concentric in the northwest sector of that flank of the dome, and 
they terminate where erosion has removed the Pennsylvanian. The axis of the syncline in which 
flint clay, semiflint, and semiplastic fire clays were preserved is shown between St. Louis and 
Moberly. The more plastic fire clays occur lowest in the syncline; flint clay occurs in the northeast 
flank (Whiteside locality) where the rocks rise on the Lincoln fold, and toward the south where 
they were raised by the Ozark doming. 

B. A diagrammatic cross-section through a part of the diaspore-flint clay district of Missou- 
ri. The complete section shows the stratigraphy as it occurred at the Bueker Pit shortly after 
deposition of the Fort Scott limestone (over the fire clay). The heavy line which cuts irregularly 
across the dolomite and the overlying rocks (Pennsylvanian) represents the surface of gravel, 
shown in two places, indicating prior erosion followed by deposition of a sheet of gravel, and 
subsequently renewed erosion. 

Below the present erosion surface are found Pennsylvanian sediments devoid of fire clay; 
shallow deposits of fire clay, and a few deep deposits filled with fire clay and/or sandy, “worthless” 
clay. The deep deposits are preserved as buried remnants of erosion. They may be surrounded by 
Pennsylvanian rocks or by Ordovician dolomite, depending upon the vagaries of erosion as 
occurred in Cheltenham and Recent times. 

C. A diagrammatic cross-section through a semiplastic and semiflint fire clay pit modified 
slightly (simplified) from the actual occurrence. Note that the distribution of high-quality fire clay 
in the deposit is independent of stratigraphic control; it is apparently random within one pit and 
between two or more pits. Source material and local environment were variable during any one 
time. (After KELLER et al., 1954.) 
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TABLE XXVIII 

CHEMICAL ANALYSES OF MISSOURI FIRE CLAYS (after MCQUEEN, 1943) 

2 

SiOz 
A1203 
Fez03 
Ti02 
CaO 
MgO 
Na2O 
KzO 
HzO 

3.89 
76.21 
0.98 
3.52 
0.08 
0.06 
0.79 
0.24 

14.56 

44.42 
38.63 
0.55 
2.12 
0.04 
0.10 
0.30 
0.12 

13.90 

Total 100.33 100.18 

3 4 5 

45.92 
35.79 
0.75 
2.28 
0.06 
0.36 
0.44 
0.41 

13.06 

99.07 

48.90 
33.20 

1.47 
1.58 
0.56 
0.34 
0.10 
1.53 

11.55 

99.29 
- 

56.10 
24.47 

3.64 
1.58 
0.61 
1 .11  
0.17 
2.89 
8.39 

99.27 

1. Diaspore clay, NE1/4 SE1/4, Sec. 29, T. 41 N., R. 7 W., Maries County, Mo.; 2. Flint fire clay, 
SE1/4, Sec. 19, T. 51 N., R. 1 W., Lincoln County, Mo.; 3. Semi-flint fire clay, NW1/4, Sec. 29, 
T. 47 N., R. 3 W., Warren County, Mo.; 4. Semi-plastic fire clay, A. P. Green Fire Brick Co., Pit 
No. 4, Audrain County, Mo.; 5. Plastic “foundry” clay, A. P. Green Fire Brick Co., Pit No. 4, 
Audrain County, Mo. 

accounts for Ti02. Flint clay may range in colour from black to white. From coal 
and sparse pyrites, it may be concluded that negative Eh values prevailed in the 
basin. The flint clay belt was a more stable land area with a higher H+ and lower 
K+ concentration. 

(3) The diaspore clay belt. The diaspore (and boehmite) and the intermediate 
diaspore kaolinite clays occur in sinkholes of different size closest to the summit of 
the Ozark dome. Lenticular layers of diaspore occur in the lower two thirds of the 
deposits and dip gently towards the centre of the sinkholes. The surrounding flint 
clay is of prime quality. 

Highest of all in alumina are the diaspore clays (Table XXVIII). Therefore, 
leaching of silica and/or the concentration of alumina were at a maximum. A close 
correlation between occurrence and composition of the diaspore clay is inferred. 

Diaspore clays have a high permeability compared with flint clays, and the 
boehmite clays measured generally have a permeability intermediate to that of 
diaspore and that of flint clays. The apparent increase in permeability with increase 
in alumina content suggests that permeability has increased as silica was removed 
from flint clay to form boehmite and diaspore clays (ALLEN, 1954). 

Mineralogically the diaspore clay is composed of diaspore and well-crystal- 
lized kaolinite. Boehmite occurs in place of diaspore in a few deposits. Goethite, 
lepidocrocite and anatase are also commonly present. There is a complete range 
from pure flint clay to pure diaspore. Gibbsite has not been found as primary 
mineral but as a product of presentday weathering. 
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From the association of diaspore with coal, organic carbon and occasionally 
with pyrite, KELLER (1952) derives evidence that diaspore formed under reducing 
conditions in a water-logged environment. Granular textures (oolites, pisolites) 
may have developed directly from gels. 

Diaspore grains are definitely not detrital; this is demonstrated by: ( I )  
interfingering of diaspore and flint at any angle to the horizontal; (2) continuously 
graded boundaries between them; (3) microscopic textures which are unlike the 
boundaries of detrital particles. 

ALLEN (1935) describes the progressive change of oolites composed of 
kaolinite to those consisting entirely of diaspore. Sometimes boehmite and diaspore 
are associated in this facies. Diaspore, characteristically is more porous than boeh- 
mite, and it is doubtful whether an increase in density from about 3.0 of boehmite 
to about 3.4 for diaspore could account for the increased porosity. 

Boehmite forms as a fine-grained matrix and was never observed to develop 
oolitic textures like diaspore. There is no evidence in the field to assume that 
diaspore originates from pre-existing boehmite. The genetic relationship of boeh- 
mite and diaspore is not understood. The flint and diaspore clay developed under 
essentially the same conditions. 

BOLCER and WEITZ (1952) show that the fire clay (Mercer Formation) of 
the Potsville series of Pennsylvanian age formed under the same conditions as 
those demonstrated by KELLER (1952) for the Cheltenham clay. The main minerals 
of the Mercer Formation are kaolinite and diaspore with subordinate boehmite, 
iron oxides, iron sulphides, siderite, and mica-like clay minerals. Microscopic 
investigations showed repeated crystallization of the various minerals in matrix, 
concretions, nodules and veinlets. 

A common transport of fine-grained matrix, pisolites and nodules may be 
excluded. Fragments of drifted diaspore nodules also indicate diaspore formation 
during the early stages of diagenesis. The characteristic environments were swamps, 
too, supplied with colloidal gels from sluggish streams. Kaolinite, boehmite and 
diaspore crystallized from the gels. After lithification, crystallization in cracks 
caused by shrinkage continued over a long period. Kaolinite and diaspore formed 
in the cracks, replacing each other in succession. Hardening occurred prior to 
post-fire-clay sedimentation. 

The Urals 
According to GLADKOVSKY and USHATINSKY (1963) Eifelian bauxite in the 

northern Ural Basin demonstrates eluvial ore formation. The relationship of 
boehmite bauxite to diaspore bauxite can not be explained by either sedimentation 
or metamorphism. In the sinkholes both the red bauxite in the lowest part and the 
grey bauxite in the topmost part consist chiefly of diaspore and boehmite. The 
central part of red-soiling and non-soiling bauxite consists of diagenetic diaspore 
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in the pisolites and boehmite in the cement. The boehmite in the surrounding 
bauxite has not changed into diaspore. 

China 
In the Gun district in the Honan Province of China (SCHULLER, 1957) 

karstificated Ordovician limestones are overlain by one oolitic chamosite horizon 
with idioblastic siderite or greyish-green chloritic slates with diaspore oolites; 
laterally and vertically this facies passes into kaolinite bauxites or hard grey 
bauxites. In the top section the bauxites become brown or brownish black from 
carbonaceous matter and are overlain by coal. The profile described is succeeded by 
fusulinid limestones of the lower section of Late Carboniferous. The source rock 
of these bauxites is a chloritic to muscovitic slate. The relic heavy minerals are tour- 
maline and zircon. Quartz is absent. The bauxites do not contain iron oxides. Also 
boehmite is absent in contrast to the bauxites of Greece, the U.S.A. and Russia. 
Relic pisolites and lumps indicate repeated reworking and redeposition of the 
still plastic sediment. Angular shapes of kaolinite encrusted with muscovite indicate 
feldspar relics. Besides detrital layer silicates in the matrix, new minerals formed 
such as chlorite, muscovite, vermicular kaolinite and diaspore (5-10 p). Diaspore 
also occurs in more or less shelly oolites as idiomorphous crystals or alveolar 
intergrown and in a coarse crystalline (2040 p) form. These bauxites contain 10- 
20 % SiO,, 50-70 % AI,O,, 2-4 % TiO,, very little iron, organic carbon up to 3 %, 
> 1% K,O and < 1% Na,O. 

The abnormally high content of the trace elements Cr, V and Ni indicate 
basic source rocks. 

Our interpretation of diagenesis is: 
( I )  In most cases the bauxites rest solely on karst bedrock but did not 

(2) The bauxites formed from repeatedly reworked material. 
(3) Sedimentation commenced with chamosite as the dominant mineral 

(also iron, chlorite and siderite) and ceased with minerals rich in Al. Finally, peat 
bog developed. 

(4) The lateral facies change is from bauxites to kaolinitic bauxites to shales 
to anthracite. 

(5) Diaspore and kaolinite are contemporaneous syngenetic mineral phases 
and formed both in vertical and horizontal directions. There was no clay formation 
at a later stage. 

(6) During diagenesis diaspore pisolites and diaspore concretions developed. 
Chlorite, muscovite and diaspore are not of metamorphic origin. 

develop from carbonate rocks. 

Kashmir, India 
The following profile developed in Jammu Kashmir (RAN, 1931): 
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Eocene: coal 
diaspore bauxites, 2-3 m thick 
siliceous breccia 
limestones (inferred) 

pre-Triassic: limestones 
Laterally the diasporites change into clay seams. The sediments are solid, 

massive or pisolitic, frequently with fine stratification, off-white to grey in colour, 
contaminated by organic matter. 

The pisolites were deformed and elongated in the plastic stage of the sedi- 
ment. The matrix consists mainly of submicroscopic boehmite. Diaspore occurs as 
bigger crystals in matrix and pisolites. The sediments are characterized by low 
Si and Fe values and a high alumina content. They are contaminated by organic 
carbon. 

Chemical analyses of typical specimens from the Jammu deposit are given 
in Table XXIX. 

TABLE XXIX 

CHEMICAL ANALYSES OF TYPICAL SPECIMENS FROM THE JAMMU DEPOSIT 

Pisolite Chakar Chakar Chakar Chakar Chakar 
(west of (C.d; c.s; (C.v; (D.c; (D.e; 
Jangal) 3rdji .)  1st ft.) 1st ft.) Zndft.) 3rdft.) 

SiOz 
Fez03 

MgO 
CaO 
KzO 
NazO 

A1203 

HzO+ 
HzO- 
Ti02 
C 

0.84 
1.09 

78.34 
0.13 
0.20 

nil 
nil 

14.99 
0.03 
4.35 
0.22 

6.78 
3.56 

70.71 
0.05 
0.02 

nil 
nil 

14.37 
0.71 
4.36 
0.12 

100.19 100.68 

6.53 
1.68 

73.43 
0.02 
0.10 
0.24 
0.42 

13.87 
0.21 
3.08 
0.11 

99.69 
~- 

14.07 
3.88 

61.70 
0.03 
0.22 

0.56 
14.48 
0.39 
3.90 
0.82 

100.05 

nil 

0.79 
0.75 

80.74 
0.77 
0.10 

n.d. 
n.d. 

12.15 
0.11 
3.38 
1.46 

100.25 

1.31 
1.86 

78.24 
0.04 
0.21 
0.15 

14.59 
0.13 
2.48 
1.35 

100.36 

nil 

All analyses of diaspore bauxites obtained so far are plotted in Fig.74 and 75. 
Three groups of diaspore bauxites may be distinguished, i.e.: 

group 1 : along the line Si0,-A1,03 (Missouri, Honan, Jammu) 
group 2: along the line Fe,O,-Al,O, (Greece) 
group 3: in the inner part of the field with additional minerals of bivalent iron 
(France) 

In all cases diaspore seems to develop at the expense of boehmite during late 
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Weight% 

Boehrnite bauxite,Greece 

0 Diaspore bauxite,Greece 

B Diaspore bauxite, Jarnrnu,lndia 

A Diospore bauxite,Missouri 

n Diospore bouxite,Honan 

Fe2 '3 

\ Kaoliniiic clay 

oxidation 

Fig.74. Triangular projection (SiOz-Fez03-AlzO3) of chemical analyses of boehmite and 
diaspore bauxites. The diaspore bauxites or diaspore clays of Missouri, Honan and Jammu are 
projected close to the SiOz-Al203 line. The diaspore bauxites of Greece are located close to the 
AIzOS-F~ZO~ line, while Greek boehmite bauxites also lie in the inner part of the field. 

stages of diagenesis. Boehmite bauxites show intimate and submicroscopic inter- 
growth of boehmite and hematite. During transformation from boehmite to 
diaspore observations of ore show: 
group 1: iron dissolved and migrated from the horizon; 
group 2: iron dissolved and precipitated to form well-crystallized hematite; 
group 3: iron dissolved and minerals of bivalent iron such as siderite or pyrite 
formed. 

In all cases spatial separation of iron and alumina took place. Both the 
A1 phase and the Fe phase became coarse crystalline. The process of recrystal- 
lization was caused by a high rate of dissolution possible only in areas with optimum 
drainage. pH and Eh conditions probably varied. In the case of Greek bauxites 
Fe3 + minerals reprecipitated, indicating a neutral and oxidizing environment. In 
the case of bauxites of Missouri, Honan and Jammu Fez+ migrated from the ore 
body. In the bauxites of France siderite associated with diaspore precipitated from 
Fez+ solution, indicating an acidic and reducing environment in both cases. 

Summary. Diagenesis of bauxite formation progresses in several stages in a terres- 
trial alkaline or neutral environment. 
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FeZ03 +TiOz 

Fig.75. Diaspore bauxites of France, like boehmite bauxites, are projected into the inner 
part of the field. In all cases iron was mobilized and migrated from the bauxite or reprecipitated 
as hematite or siderite. 

( I )  All processes are a function o f  (a) the drainage pattern governed by the 
joint system of the karst bedrock; (b) the vegetation. 

(2) The initial step is desilicification which is strongest in areas with optimum 
drainage. Three-layer minerals transform into two-layer minerals (kaolinite group) 
which in turn change into hydroxides of alumina. Primary A1 minerals are gibbsite 
or boehmite and primary Fe minerals are mostly hematite. 

(3) Neomineralization of kaolinite is caused by silicification of the top section 
of the profile; iron dissolves but frequently reprecipitates as goethite. 

(4) In areas with optimum drainage gibbsite may be dehydrated to form 
boehmite. In fine-grained boehmite-hematite bauxites, there is a contemporaneous 
crystallisation of boehmite and hematite from gel. Under conditions of strong 
drainage boehmite may change to diaspore. The resulting separation of iron and 
alumina leads to recrystallization of hematite in the matrix or removal of iron. 
Some diaspore bauxites are nearly devoid of iron minerals. In some Palaeozoic 
and Mesozoic occurrences formation of diaspore seems to follow the separation 
of iron and alumina. Dehydration to corundum is described from bauxites in 
Russia and Hungary. 

(5) The following textures may result from neomineralization: (a) concentric 
pisolites, 0.2-20 mm in diameter; (b) relic concretions resulting from the dissolution 
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of iron minerals in the surrounding matrix; (c )  impregnation concretions resulting 
from iron incrustation (hematite or goethite) of bauxite sections originally rich in 
iron; (d)  consistency rock is earthy or plastic; for this reason flow textures frequent- 
ly develop which may contain deformed pisolites with preferred orientation. 

(6)  Pisolites and impregnation concretions are the first to dehydrate to 
diaspore but mineral transformation of the matrix mainly occurs at a later stage. 
During diagenesis certain trace elements such as Mn, Ni, Co dissolve and concen- 
trate through precipitation at the base of the bauxite deposit. 

Post-diagenetic environment 
Post-diagenetic processes may be grouped as follows: ( I )  epigenetic alter- 

ations caused by reaction with pore waters from overlying strata; (2) post-uplift 
weathering and erosion of capping sediments at  the present-day surface. 

Both processes may lead to convergent paragenesis. The most important 
epigenetic alterations are rehydration, resilicification, deferrification, sideritization, 
pyrification, calcitification. 

Following bauxite genesis many areas, particularly unstable shelf regions, 
develop terrestrial or coastal swamps with an overproduction of plants. A re- 
ducing and acidic environment in the underlying bauxites may result from a 
water-logged condition and an influx of humic acid. Examples are bauxite deposits 
in the U.S.S.R., Yugoslavia, Greece, France and Hungary. The Hungarian bauxites 
(VADAZ, 1951 ; KOMLOSSY, 1968), overlain by lignites and lignitic clays, developed 
from extensive swamps during Eocene times and suffered strong alterations. 

Considerable epigenetic resilicification and rehydration rook place both in 
Carboniferous deposits (Tikhvin) and in the Mesozoic to Cenozoic bauxites in 
the U.S.S.R. (Transurals, Kasakstan; GLADKOVSKY and USHATINSKY, 1963). The 
iron minerals in particular but also alumina minerals decomposed. From the 
overlying lignitic seams bauxite was supplied with S, P, CO, and Si02 and dis- 
integrated, particularly at  the surface but also along joints in deeper sections. 
The initial process was the mobilization of iron. Depending on ground water 
movements iron minerals dissolved, and light coloured, so-called bleached bauxites 
with low iron content were left behind. Otherwise thick massive pyrite or markasite 
lenses at the top or bottom boundaries or streaks in the bauxite body itself formed 
from reaction with S2-. 

In the grey bauxites pyrite often occurs disseminated in the matrix or is 
found to be pseudomorph in pisolites and concretions. 

In the presence of CO, siderite formed. It may replace the iron-rich zones 
in pisolites or concretions. Occasionally it also formed big concretions in the 
matrix or filled pore space, joints and fissures. Similarly Ca-Mg-carbonates may 
fill the pore space or initiate replacements. 

The epigenetic processes are characterized by rehydration, mobilization and 
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the removal of Si and Fe or neoniineralization of kaolinite, iron carbonates or 
iron sulphides. 

Weathering following uplift progresses mainly in an acid and oxidizing 
environment, as seen especially in Hungarian bauxites. Weathering is characterized 
by the dissolution and neomineralization of sulphates, aluminates and phosphates. 
Re-oxidation of the upper bleached bauxites frequently taking place in the up- 
ward direction disintegrates sulphides (KOMLOSSY, 1968). Pyrite concretions are 
encrusted with hematite or goethite, which may dissolve again at a later stage. 
Melanterite, Fe[SO,] 7 H,O, also results from the disintegration of pyrite 
(BARDOSSY, 1954). Decomposition of sulphides in the upper section of the bauxite 
body may lead to secondary impregnation of the lower part of the deposit with 
sulphide solutions, i.e., descending pyritization (KOMLOSSY, 1968). 

During reoxidation, the Ca and SO, precipitate to form gypsum CaSO, - 
2 H,O, and A1 reacts to form alunite K Al, [(OH), (SO,),] (VADAZ, 1943) and 
augelite Al, [(OH),/PO,]. These neomineralizations fill pore spaces or form 
coatings on joints and in cavities. 

Terra rossa formation along the top and bottom boundaries of bauxite 
deposits occurring near the surface may be so intense as to cause sinking of bauxite 
and capping sediments. The bauxite breaks up, resulting in dissolution and neo- 
mineralization of kaolinite and goethite along joints. During very strong post- 
genetic karstification bauxite degrades to earthy red and yellow or white clayey 
bauxite (Plate VII, 26). Such examples are found in many places in France, 
Hungary and Greece. 

Summary 
( I )  In a reducing acidic environment Fe3+ minerals dissolve, and iron may 

be reprecipitated as pyrite or siderite. Other possible reactions are rehydration of 
A1 and Fe minerals and kaolinitization. 

( 2 )  In an oxidizing environment sulphates, aluminates and phosphates may 
form. 

(3) The bauxite may regain an earthy soft consistency by post-genetic 
karstification of bedrock and terra rossa formation on bauxite. The only upgrading 
factor is removal of iron; all other post-diagenetic alterations lower the quality 
of the primary bauxites. 

"Bauxites" on phosphate rocks 

From Taiba in Senegal, CAP DE COMME (1952), SLANSKY et al. (1964) and 
TRESSLER (1965) describe phosphorous lateritoides which rest on a clay succession 
of Early Lutetian age. The profile recorded is: 

(4) Al-phosphates: alternating grey, off-white, white and greenish lithified 
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layers, 3-4 m thick, porous with many cavities; frequently a reworked upper 
section mixed with capping sands is noted. 

(3) Clay seams: brown or multicoloured, ranging from 0.5-2 m due to sub- 
aqueous sliding. 

(2) Ca-phosphates: conglomeratic phosphate layers variable in thickness 
alternating with sand, silt and chert; reworked marine horizon clays: off-white 
clays with fine stratification. 

(1) Underbed. 
Following uplift fluvial erosion left behind irregular surfaces. 
Mineralogically and chemically the four horizons are composed of (I) The 

underlying clays consist of varying proportions of montmorillonite and at- 
tapulgite. (2) In the layers rich in P the Ca-phosphate succession is composed of 
oolitic or pseudo-oolitic fluorapatite. The clays in the phosphate layers and the 
clay seams consist of montmorillonite with minor amounts of kaolinite. (3) The 
interbedded clay seams are made of montmorillonite. There may be traces of 
kaolinite. (4 )  Topmost part contains Al-phosphates (Table XXX). 

While the sediments of the lower profile are unaltered, the top section has 
undergone lateritization with removal of Ca, Fe and Si. 

Ca-phosphates, relic textures of which are still preserved, transformed 
into Al-phosphates. In the zone of Al-phosphates crandallite CaA1,H [(OH),/ 
(PO,),] is dominant with minor amounts of augelite Al, [(OHJPO,] occurring 
particularly in the upper section. Instead of montmorillonite kaolinite and illite 
formed. The chert layers pulverized or dissolved. 

There is an ambiguity as to whether enrichments of iron in the clays under- 
lying the phosphates are primary or result from lateritization. The frontal line 
of lateritization is therefore undefined. 

TABLE XXX 

CHEMICAL COMPOSITION OF THE ZONE OF AL-PHOSPHATES (after SLANSKY et al., 1964) 

Sample PZOS CaO A h 0 3  Fez03 COz SiOz MnO CaOIPz06 

78 
77 

76 
75 
74 
73 
72 
71 
70 
69 
68 

28.7 6.4 31.6 2.4 0.2 10.8 0.5 0.22 
31.7 7.0 32.3 2.8 0.4 3.8 0.35 0.72 

28.7 9.8 31.5 2.0 0.5 6.8 0.80 0.34 
25.7 8.8 28.6 2.4 0.4 15.9 0.85 0.34 
28.3 8 31.2 2.8 0.7 10.1 1 .o 0.28 
15.1 5.6 21.1 3.6 0.2 41.3 0.9 0.36 
19.9 6.6 25.2 2.8 0.4 29.1 1.05 0.33 
13.5 5.5 22.8 6.0 0.5 38.3 1.05 0.40 
13.4 5.6 18.7 11.6 0.4 38.4 1.45 0.41 
15.0 3.2 14.2 5.2 0.5 52.4 0.6 0.21 
20.8 3.6 21.6 18.0 0.2 17.1 0.9 0.17 



Chapter 6 

GEOCHEMISTRY OF BAUXITE DEPOSITS 

This chapter is concerned with the general geochemical laws of bauxite- 
deposit formation. Reference to Chapter 5 will show that the chemical composition 
of bauxite deposits is governed by: 

( I )  the amounts of specific elements in the source rock; (2) the chemical 
association of specific elements with stable or unstable minerals during weathering; 
(3) the intensity of drainage during weathering: (a) precipitation in situ (relative 
enrichment); (b) vertical or horizontal ground water transport of elements (ab- 
solute enrichment); (4) polygenetic alterations: (a) late diagenetic; (b) epigenetic. 

The important elements in bauxite genesis are Si, A1 and Fe. Extensive 
deposits exclusively or partly formed by the removal of silica, resulting in relative 
enrichment of A1 and Fe. These bauxites are characterized by the AI/Fe ratios 
corresponding to those of the source rocks. Such ferrallites are certain horizons 
of bauxites on igneous rocks and most of the karst deposits. Siallites (rocks 
rich in silica) develop if iron is removed faster than silica. They form the saprolite 
zone on igneous rocks and develop highly aluminous clays and transitional stages 
to flint clay on sediments. Allite formation occurs by relative enrichment of 
aluminium through the selective removal of silica and iron. 

Besides relative enrichment, absolute enrichment-as! impregnations-may 
occur, resulting from colloidal or ionic transport of Fe, A1 and Si in ground water 
over long distances vertically and horizontally, followed by reprecipitation. (For 
examples of such deposits refer to Chapter 5.)  Basic laws are considered to underly 
the phenomena. 

The relative enrichment of trace elements in bauxite with respect to the 
earth's crust is shown in Table XXXI (after BENESLAVSKY, 1963). 

SILICA 

During early stages of diagenesis enrichment of silica is the reciprocal of that of 
aluminium. There is a direct relationship between the silica removal and intensity 
of drainage in the bauxite. For this reason many bauxites show gradual lateral and 
vertical facies changes from siallites (40% Si02) into allites or ferrallites (2% 
Si02). 

In plateau bauxites on igneous rocks, silica is highest in the lowest and 
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TABLE XXXI 

CONCENTRATION OF ELEMENTS IN THE EARTH'S CRUST AND IN BAUXITES 

- 

Concentration Elements Bauxites Earth's crust 

A1 30.16 7.45 4.05 
Fe 9.99 4.20 2.38 
Si 3.80 26.00 0.15 
Ti 1.64 0.64 2.56 
Ca 0.81 3.25 0.25 
C 0.515 0.35 - 
S 0.50 0.10 5.00 
K 0.36 2.35 0.15 
P 0.13 0.12 1.08 
Mg 0.09 2.35 0.038 
Na 0.08 2.40 0.03 
Mn 0.076 0.10 0.76 
V 0.062 0.02 3.10 
Cr 0.055 0.03 1.83 
c u  0.023 0.01 2.30 
Zn 0.021 0.02 1.05 
Ga 0.0035 - 

-. 

- 

uppermost zones. There is resilicification'in situ of the basal saprolite zone caused by 
large amounts of silica freed from decomposing tectosilicates above, while water- 
consuming vegetation may be responsible for SiO, fixation in the topmost zone, 
leading to clay-mineral formation. As all fully preserved bauxite deposits show a 
similar distribution of SiO,, general laws are thought to govern the SiO, spread. 

Furthermore, a direct relationship between SiO, distribution and intensity 
of drainage is also observed in bauxites altered by diagenesis and interbedded with 
sediments (Jamaica, Greece, Surinam). The uppermost part is also characterized by 
strong resilicification, probably resulting from dehydration through growth of 
vegetation. The neomineralization consists of the kaolinite group, but when the 
ground is water-logged minerals of the montmorillonite group form. There is no 
quartz crystallization in bauxite deposits. Impregnation of fissures and pore space 
or replacement of bauxite by clay minerals resulting from epigenetic SiO, mobili- 
zation may both occur. 

ALUMINIUM 

An increasing degree of drainage, increasing speed of SiO, removal, and increasing 
relative enrichment of aluminium govern the early stages of diagenesis. Highly 
porous rocks with good preservation of relic textures are mainly areas of relative 
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A1 enrichment in the plateau bauxites, with gibbsite being the major Al-mineral. 
Drainage intensity increases vertically towards the top and laterally towards the 
valley edges. These areas of optimum drainage are characterized by absolute 
Al-enrichment, pisolite formation and the occurrence of boehmite in addition to 
gibbsite. As yet there are no exact data on the extent of vertical and lateral A1 
migration. 

The aluminium may be enriched by 300400 % with respect to the source rock. 
The highest Al,O, values recorded are from the central parts of deposits (profiles 
from Arkansas, India, Australia) and range from 60-70 % A1,0,. 

Epigenetic aluminium migration is subordinate and only occasionally 
recrystallization or gibbsite filling of pore space to a greater extent is observed in 
plateau bauxites. 

In bauxites interbedded with sediments, the highest Al,O, values recorded 
also coincide with the drainage optimum. Gibbsite or boehmite are reported to be 
primary minerals. There is increasing pisolite formation with increasing drainage 
intensity in the plateau bauxites, yielding the highest A1 content. Gibbsite dehy- 
drates to boehmite or diaspore. The highest aluminium content is confined to the 
central parts of the deposits with 80% AlzO, in diaspore bauxites. 

Boehmite bauxites are always characterized by submicroscopic grain sizes, 
while gibbsite bauxites may be fine crystalline or coarse grained (up to 100 p); 
diaspore bauxites are always coarse crystalline. Commonly there is submicroscopic 
intimate intergrowth of Fe and A1 minerals in gibbsite and boehmite bauxites, 
but the separation of Fe and A1 and porosity improve with increasing intensity of 
drainage. All these phenomena indicate a mainly relative Al-enrichment during 
diagenesis of karst bauxites, while Al-migration and absolute Al-enrichment are 
subordinate. 

Several trace elements, such as Ti, Zr and V, follow the pattern of A1 
enrichment (see section “Trace elements”, p. 194). 

IRON 

In bauxites on igneous rocks there may be both relative and absolute enrich- 
ments of iron. Relative enrichments in ferrallites reflect the Al/Fe ratios of source 
rocks. There is absolute enrichment by iron impregnation of the upper iron 
crust and in many parts of the saprolite. While iron values may be as low as 
< 1 % Fe,O, in central parts of the profiles, they may reach a maximum of 50-60 % 
Fe,03 in the iron cap. The common primary iron mineral is hematite, formed from 
gel. In horizons with absolute iron enrichment and crystallization from gels, iron 
and siallite components separate to form vesicular textures with hematite on the 
one hand and kaolinite or gibbsite on the other. Goethite may also be primary 
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(on charnockites in southern India) if iron enrichment is exclusively relative. 
Epigenetic iron minerals are goethite, rarely maghemite and siderite when water- 
logged conditions prevail. 

In gibbsite and boehmite karst bauxites there is a very close intergrowth of 
Fe and Al minerals, forming ferrallites or fersiallites. Most bauxites on sediments 
and on basic igneous rocks have similar AI/Fe ratios. For this reason ferrallitic 
weathering products of basic igneous rocks may be regarded as source rocks 
of many bauxites on karst. The Fe,O, content of red karst bauxites ranges 
from 20-30 % Fez03, which means 300-400 % enrichment with respect to source 
rocks. Al and Fe become separated during diagenesis, epigenesis and weathering. 
Secondary infiltration and iron enrichment only takes place locally. During 
diagenesis and epigenesis iron is commonly removed from the bulk of the bauxites. 
The Fe,O, content does not exceed 1-2% in white bauxites. 

The primary iron mineral is hematite, while secondary minerals are goethite 
and siderite, the latter being formed under waterlogged conditions. 

TITANIUM 

According to MIGDISOW (1960) titanium enrichment during weathering is highest 
in bauxites. The geochemical distribution pattern in such cases is: 

source rock: Ti in silicates ,Ti in ilmenite 

unstable mostly stable 

rutile 

-1 

neomineralization anatase 

1 in bauxite: 

accommodation of 
Ti in Fe minerals (?) 

relic minerals 1 

In bauxites on igneous and metamorphic rocks titanium in relic minerals 
is confined to rutile, titanomagnetite, ilmenite or in diagenetic phases, commonly 
to anatase. Like A1 and Fe, Ti may become enriched relatively or absolutely by 
migration and precipitation from solution. The highest TiOz values recorded in 
bauxites range from 15 to 32%. Thus the titanium content is governed by the 
amount of Ti available in the source rocks and by the degree of mobilization 
(Table XXXII). 

There is a largely parallel trend of increasing Al and Ti values, and in central 
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parts of the profile the optimum Ti enrichment is 200400% with respect to the 
source rocks. Titanium crystallized to submicroscopic dispersed anatase (Arkansas, 
Gujerat, etc.). 

There may be absolute enrichment of titanium as titaniferous laminae and 
concretions if titanium precipitates from vertically or laterally moving ground 
water solutions. Aluminium and titanium have a very similar geochemical dis- 
tribution pattern resulting in close relationships between Ti and A1 values in 
many bauxite deposits. 

In karst bauxites the mean Ti values range from 2 4 %  TiO,. Ti is confined 
to submicroscopic anatase neomineralization to a great extent. By preference Ti 
follows A1 enrichment, but in places there is an affinity to iron accumulation. 

Corresponding Al/Ti ratios of clastic bauxites and source rocks exist, but 
a more pronounced correlation between A1 and Ti is apparent in karst bauxites 
with repeated dissolution and precipitation during several stages of diagenesis. 
BARDOSSY and BARDOSSY (1954) described preferred enrichment of Ti with A1 
(Fig.76) but also referred to Ti-enrichment with Fe. There is selective enrichment 
of Ti with A1 in the ferrallitic main horizon and a parallel enrichment with iron 
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Fig.76. The variation of Ti02 values as a function of A1203 content in Hungarian karst 
bauxites. (After BARDOSSY and BARDOSSY, 1954.) 
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in the siallitic top zone during diagenesis in bauxites of France (VALETON, 1965). 
In the ferrallite zone Ti precipitated as anatase, but it is associated with secondary 
iron concretions in the siallite zone. 

TRACE ELEMENTS 

The process of successive Si and Fe dislocation or removal leads to a continuous 
Al-enrichment in laterite bauxites and in bauxites on sediments. The phasic mobili- 
zation during diagenesis, epigenesis and younger weathering causes the trace 
elements to be displaced several times. 

Certain trace elements may become enriched to such an extent as to render 
deposits mineable or are mined as by-products, like Ti, Ni, Co and Cu. 

In principle trace elements show a similar geochemical behaviour in bauxites 
on igneous, metamorphic and sedimentary rocks. 

The geochemical distribution pattern of various trace elements is demon- 
strated in bauxites on igneous and metamorphic rocks, and in karst bauxites. 

Trace eIements in bauxites on igneous and metamorphic rocks 

GORDON et al. (1958) compared the trace element content of nepheline syenite in 
Arkansas, USA. ,  and four bauxite types. They observed Cr, Cu, Ga, Nb and Mo 
to be generally more strongly enriched than Al, while there is a less pronounced 
trend of Zr, Ti, Sc, V, Be, Mn, Y and Pb enrichment compared with Al. 

Sr, La, Ba, Ca, Mg and the alkalis migrated from the bauxite (Tables 

ADAMS and RICHARDSON (1960) investigated the distribution of several trace 
elements in a vertical profile of Arkansas bauxites and found Thy U and Zr to be 
enriched proportionally to Al (Fig.77). 

A strong enrichment of gallium with aluminium in Indian bauxites on 
basalts was shown by CHOWDHURY et al. (1965). 

WOLFENDEN (1965) showed for Malaysia that there is selective enrichment of 
certain elements as a function of environment during late diagenesis. The trace ele- 
ment content of andesites is given in Table XXXV. The elements enriched or re- 
moved differ in hill bauxites (Table XXXVI) with good drainage conditions and 
in swamp bauxites (Table XXXVII) or in the basal saprolite (Table XXXVIII) 
where waterlogged conditions prevail. 

In the saprolite the elements Cr and Zr become enriched relatively due to 
their association with chromite and zircon which are resistant to weathering, while 
Ni, Co and P concentrate via solution (refer to Ni- or phosphate bauxites, p.195). 

Ga in particular precipitates in a reducing environment and becomes en- 

XXXIII, XXXIV). 
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TABLE XXXIII 

AVERAGES OF SPECTROGRAPHIC DETERMINATION OF TRACE ELEMENTS IN NEPHELINE SYENITE AND 

B A ~  AND BAUXITIC CLAY SAMPLES FROM ARKANSAS~ 

Element Nepheline Bauxite, 
syenite all types 
( 3  samples) (14 samples) 
(wt.%) (wt.%) 

Ti 
Zr 
Mn 
ca 
Nb 
Mg 
Sr 
Ba 
Y 
Cr 
La 
V 
Ga 
B 
Mo 
cu 
sc  
Pb 
Ni 
Be 
co  

0.512 1.06 
0.050 0.13 
0.097 0.12 
1.012 0.12 
0.01 3 0.050 
0.382 0.037 
0.027 0.019 
0.07 1 0.017 
0.013 0.015 
0.0001 0.011 
0.030 0.010 
0.0047 0.0092 
0.0020 0.0086 
- 0.0031 
0.00057 0.0018 
0.00017 0.0014 
0.00033 0.00069 
0.00067 0.00067 
- 0.00064 
0.00017 0.00022 
- 0.00014 

Bauxite deposits 

Type 1 Type2 Type3 Type4 
( 3  samples) (7 samples) ( 3  samples) ( I  sample) 
(wt.%) ( W t . % )  (wt.%) (wt.%) 

0.73 1.1 1 .o 1.8 
0.12 0.12 0.13 0.2 
0.083 0.17 0.040 0.05 
0.033 0.11 0.20 0.2 
0.050 0.050 0.040 0.08 
0.0053 0.050 0.037 0.09 
0.0035 0.010 0.053 0.03 
0.0013 0.0030 0.060 0.04 
0.0057 0.020 0.012 0.02 
0.0043 0.0089 0.018 0.02 
0.012 0.0096 0.0067 0.02 
0.0060 0.0077 0.016 0.01 
0.0063 O.Oo60 0.0093 0.008 
- 0.0029 0.0070 0.002 
0.0010 0.0016 0.0030 0.002 
0.0013 0.0019 0.00067 0.001 
0.00053 0.00074 0.00077 0.0006 
0.00033 0.00067 0.00090 0.001 

- 0.0030 - 
- O.oooO57 0.00090 - 

- 0.00067 - 

- 

- 

1 Analyst K. J. Murata; a Calculated from chemical analyses. 
Looked for but not found: in nepheline syenites: As, Sb, Bi, In, Ti, Sn, Ag, Zn, Cd; in bauxites 
and bauxitic clays: As, Sb, Bi, In, Ti, Sn, Ge, Ta, P. 

riched in the allite zone of the swamp bauxites. Disintegration of goethite at 
negative Eh values may cause Co and Ni removal. Manganese, too, readily 
dissolves in a reducing environment. In the allite zone Cr and Zr are associated both 
with relic minerals and neomineralization (Table XXXIX). 

Not all bauxite deposits show such straightforward behaviour of trace 
elements. KHALICHI (1968) investigated the distribution of Mn, Ni, Cr and P in a 
greater number of bauxite and laterite profiles on basalts and charnockites in 
India. He observed that there are no simple relationships between these elements 
and anyone of the major elements, but the values of the trace elements may 
fluctuate widely in various samples (Table XL). 

Both removal and enrichment of Cr and P are found in various bauxites. 
In some bauxites Ni may be enriched readily, but it may have completely migrated 



TRACE ELEMENTS 191 

Be 1.3 
C Mn 1.2 
S Y  I .2 

Pb 1 .o 

TABLE XXXIV 

- 0.3 5.3 - 
0.9 1.8 0.4 0.5 
0.4 1.5 0.9 1.5 
0.5 1 .o 1.3 1.5 

RELATIVE CONCENTRATION OR DEPLETION OF TRACE ELEMENTS IN BAUXITE AND BAUXITIC CLAY AS 
COMPARED TO NEPHELINE SYENITE (after GORDON et al., 1958) 

EIements Ratios of concentration 

in bauxite in bauxite deposits 
all types 

Type I Type 2 Type 3 Type 4 

from other bauxites. The most widely fluctuating element is manganese. Both 
strong leaching and enrichment of Ni and Mn occur in the topmost part of various 
profiles. More data are required to characterize the behaviour of these elements 
during lateritic weathering. 

Trace elements in karst bauxites 

In karst bauxites the distribution of trace elements is governed by the nature of 
source rocks, and the degree of drainage. 

According to SCHROLL et al. (1963) the elements Cr, Ni, Be and B followed 
the pattern of iron enrichment in bauxites of Austria. As trace elements of these 
bauxites originate from source rocks to a large extent, sufficient knowledge 
of geochemical bauxite composition might provide a means of classifying the 
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Fig.77. Chemical distribution of several major and trace elements in bauxites on nepheline 
syenite in Saline County, Ark., U.S.A. Bores NE 1/4, SE 1/4, sect. Tp. 25, R 14 W. (After ADAMS 
and RICHARDSON, 1960.) 

TABLE XXXV 

COMPOSITION OF ANDESITE AT MUNGGU BELIAN, SEMATAN (after WOLFENDEN, 1965) 

Major elements (%) Minor elements (p.p.m.) 

52.49 
1.82 

17.70 
5.84 
2.16 
0.10 
4.16 
7.39 
3.98 
1 .00 
1.83 
1.40 
0.83 

Cr 
c o  
Ga 
Mn 
Ni 
Sr 
V 
Y 
Zr 

75 
65 
16 

700 
140 
720 
235 
100 
240 

Major elements determined by the Mineral Resources Division, Overseas Geological Surveys, 
London. 
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TABLE XXXVI 

PARTIAL ANALYSES OF HILL BAUXITE AT MUNGGU BELIAN, SEMATAN (after WOLFENDEN, 1965) 

Specimen no.: S7271 ,97272 S727.5 S7276 S7277 

Major elements (%) 

A1203 54.20 
Combined SiOz 1.02 
Free SiOz 0.50 
Fez03 9.34 
FeO 0.47 
Ti02 2.52 
pZo5 0.32 
Loss on ignition 29.45 

Total 98.52 
HzO (-105 "C) 0.70 

Minor elements (p.p.m.) 

55.62 
1.61 
0.37 
9.05 
0.44 
2.42 
0.17 

29.19 
0.42 

99.29 

Cr 
c o  
Ga 
Mn 
Ni 
Sr 
V 
Y 
Zr 

260 210 
39 22 
28 30 

290 370 
47 45 

170 
270 200 

410 480 

- 

- - 

56.44 
1.14 
0.21 
8.57 
0.57 
2.25 
0.34 

29.99 
0.51 

100.02 

250 
20 
24 

320 
90 
85 

235 

390 

51.89 
1.87 
0.30 

11.57 
0.55 
3.21 
0.29 

28.34 
0.65 

98.67 

320 
10 
22 

370 
39 

190 
300 

400 
- 

54.57 
2.46 
0.36 
8.74 
0.40 
2.30 
0.21 

29.31 
0.54 

98.89 

290 

25 
220 
45 

140 
228 

410 

- 

- 

S7278 

55.18 
0.88 
0.37 
9.38 
0.44 
2.49 
0.31 

29.33 
0.45 

98.83 

250 
33 
37 

290 
48 
45 

235 

390 
- 

S7279 S7280 Average 

54.49 55.48 54.73 
0.78 0.97 1.34 
0.45 0.23 0.35 

10.10 8.64 9.42 
0.44 0.54 0.48 
2.47 2.08 2.47 
0.33 0.32 0.28 

29.40 30.10 29.39 
0.63 0.54 0.55 

99.09 98.90 99.01 

280 250 260 
24 20 21 
27 22 27 

320 300 310 
50 43 50 
50 130 -100 

235 200 240 

370 350 400 
- - - 

Major elements determined by the Mineral Resources Division, Overseas Geological Surveys, 
London; figures in p.p.m. represent concentrations in ignited rock; a dash (-) indicates: not 
detected. 

source rocks. SCHROLL and SAUER (1968) published several ratios of elements 
of various source rocks and bauxites, e.g., Ti/Cr, Cr/Ni, Mo/V. He showed that 
bauxites can be characterized quite well by Cr/Ni ratios. On the basis of this 
ratio, the bauxites investigated by Schroll et al. appear to have originated from ultra- 
basic to basaltic rocks (Fig.78). The Ti/Cr or Mo/V ratios are less suitable for 
geochemical characterization of bauxite provinces. 

MAKSIMOVIC (1968) demonstrated variation in trace element composition 
of bauxites to be a function of source rocks of various bauxite deposits in Yugo- 
slavia. In karstbauxites of the western part of Herzegovina, Cr, Mo, Li, Ni, 
Zr, Y, La and Sr, for example, are less enriched but U and Th are more strongly 
enriched than in corresponding bauxites of the eastern province. The deposits in 
the east contain 2-5 times as much chromium as the bauxites in the west. These 
variations clearly reflect a different composition of the source material (Table XLI). 

There is mobilization of both major elements and trace elements during 
strong diagenesis whereby trace elements may follow the pattern of enrichment or 
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TABLE XXXVII 

PARTIAL ANALYSES OF SWAMP BAUXITE AT MUNGGU BELIAN, SEMATAN (after WOLFENDEN, 1965) 

Specimen no. S7268 S7269 S7270 S7273 S7281 S7282 Average 

Major elements (%) 

Combined SiOz 
Free SiOz 
Fez03 
FeO 
Ti02 
PZOS 
Loss on ignition 

Total 

A 1 2 0 3  

HzO (-105 "C) 

Minor elements (p.p.m.) 
Cr 
c o  
Ga 
Mn 
Ni 
Sr 
V 
Y 
Zr 

49.95 
9.01 
7.78 
2.32 
0.41 
2.76 
0.19 

26.08 
0.69 

99.19 

240 
9 

47 
140 
40 

1 20 
185 

530 
- 

52.50 
9.73 
1.36 
5.25 
0.21 
2.59 
0.13 

27.21 
0.83 

99.81 

370 
10 
42 

120 
44 

130 
235 

430 
- 

49.56 
8.39 
6.53 
4.05 
0.35 
2.95 
0.17 

25.76 
0.72 

98.48 

310 
5 

42 
320 
20 

220 
170 

470 
- 

54.90 
4.56 
4.77 
3.22 
0.22 
1.93 
0.19 

29.16 
0.48 

99.43 

200 
7 

38 
120 
17 

170 
210 
50 

460 

47.72 
5.15 

10.36 
4.33 
0.70 
2.28 
0.21 

28.16 
0.99 

99.90 

240 
13 
40 

130 
31 

110 
280 

400 
- 

54.83 
4.16 
6.64 
1.60 
0.21 
1.83 
0.19 

28.78 
0.64 

98.88 

200 
7 

34 
70 
12 

160 
130 

370 
- 

51.58 
6.83 
6.24 
3.46 
0.35 
2.39 
0.18 

27.52 
0.72 

99.27 

260 
8 

40 
150 
27 

150 
200 

440 
- 

Major elements determined by the Mineral Resources Division, Overseas Geological Surveys, 
London; figures in p.p.m. represent concentrations in ignited rock; a dash (-) indicates: not 
detected. 

migration from bauxites of specific major elements. In some places the elements 
Zr, Pb, U and Th are associated with clastic zircon minerals. Ti and Zr are built 
mainly into the anatase structure during neomineralization. Presumably Zr, V and 
Ga are accommodated by aluminium minerals, too. There is conformity in nickel 
and kaolinite enrichment to a large extent. 

In bauxites of the Var, France, V and Zr concentrate with Ti and are likely 
to be built into the anatase structure (VALETON, 1965). This concentration pro- 
gresses parallel to aluminium enrichment in the ferrallitic main zone of the bauxites 
(Fig.79). 

However, in the siallitic top zone there is selective enrichment of V, Zr and 
Ti in iron concretions. 

Concentrations of trace elements at the base of bauxite deposits 

Many karst bauxite deposits in southern Europe are enriched with Mn, Ni and 



TRACE ELEMENTS 195 

TABLE XXXVIII 

PARTIAL ANALYSES OF KAOLINITIC CLAY OF MUNGGU BELIAN, SEMATAN (after WOLFENDEN, 1965) 

Specimen nos.: S6108 S6539 S6546 S6547 S6557 Average 

Major elements (%) 

SiOz 
Total Fe as Fez03 

CaO 
Ti02 

Loss on ignition 
Total 

Minor elements (p.p.m.) 
Cr 
c o  
Ga 
Mn 
Ni 
Sr 
V 
Y 
Zr 

A 1 2 0 3  

MgO 

pZo5 

29.51 
34.72 
13.60 
0.58 
0.06 
2.90 
0.23 

17.28 
98.88 

180 
65 
22 

380 
140 

270 
65 

440 

- 

35.00 
30.50 
12.03 
n.d. 
n.d. 
2.88 
0.28 

18.76 
99.45 

150 
34 
25 

300 
240 
65 

250 

510 
- 

31.17 
24.90 
15.67 
n.d. 
n.d. 
3.18 
1.90 

22.54 
99.36 

3 602 
46 
25 

320 
180 
6 4 0 2  
340 
50 

430 

24.47 
26.53 
11.34 
5.40 
3.60 
2.55 
2.33 

21.87 
98.09 

160 
90 
20 

22002 
90 

310 

400 

- 

- 

29.89 
33.40 
12.47 
n.d. 
n.d. 
2.71 
0.65 

19.93 
99.05 

160 
100 
20 

22002 
210 
180 
230 
60 

430 

30.01 
30.01 
13.02 

- 
2.84 
1.08 

20.08 
97.041 

160 
67 
23 

330 
170 

280 

440 

- 

- 

~ 

Major elements determined by the Mineral Resources Division, Overseas Geological Surveys, 
London; n.d. not determined; figures in p.p.m. represent concentrations in ignited rock; a dash 
(-) indicates: not detected. 
1 Low total as CaO and MgO in S6108 and S6547 not averaged; these anomalously high values 
not considered in calculating averages. 

frequently also with Co in the basal horizon. Such a horizon is mined as nickel 
ore in the bauxites of the Lokris region in Greece. In the neighbourhood of the 
lateritized ultrabasic belts of the subPellagonic zone the bauxites of Neonkokkinon 
deposited on karstificated Jurassic limestone. At the base fine-grained material 
occurs with increasing intercalations of coarse clastic laterite bauxite towards the 
floor of the bauxites. There is an increase of the Ni and Co content in this direction 
(MOUSSOULOS, 1957). Ni and Co values are most abundant in clayey bauxites 
rich in iron at the basis and assay: 

SiO, 16.45 % NiO 2.67 % 
Fe203 53.50% c o o  0.05 % 
Al,O, 13.45% P,O, 0.09% 
Cr,O, 1.38% Mn,O, 2.25% 
CaO 0.74 % CUO 0.07 % 

As 0.03 % 
MgO 1.85 % so, 0.12% 
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Fe 1.2 0.5 
V 1 .o 0.9 
Ni 0.4 0.2 
c o  0.3 0.1 
P 0.3 0.2 

I 

TABLE XXXIX 

1.6 
1.2 
1.2 
1 .o 
1.3 

CONCENTRATION RATIOS OF ELEMENTS IN BAUXITE AND KAOLINITIC CLAY AS COMPARED WITH 

ANDESITE SOURCE ROCK (after WOLFENDEN, 1965) 
~~ 

Element Ratios of concentration and depletion 

hill bauxite swamp bauxite kaolinitic clay 

TABLE XL 

TRACE ELEMENTS (p.p.m.) IN CHARNOCKITE, BASALTS AND BAUXITES OF INDIA (after KHALIGHI, 1968) 

Materials 

Charnockite 
Bauxites 

Basaits 
Saprol i tes 
Bauxites 
Iron crust 

Basalts 
Saprolites 
Bauxites 
Iron crust 

Location Mn Cr 

Kotagiri 3560 
Kotagiri 380-1970 

Udagiri 8040 
Udagiri 4 3 0- 3 0 3 0 
Udagiri 240-2690 
Udagiri 1360-1 3240 

Mewasa/Gujerat 4680 
Mewasa/Gujerat 280-1 820 
Mewasa/Gujerat 540-21 20 
Mewasa/Gujerat 520-1770 

200 
40-100 

150 
190-370 
220-980 
460-1 530 

140 
50-1 10 
a 1 6 0  

100-150 

P 

350 
10-1680 

750 
180-740 
1-20 
340-1 540 

300 
150-700 
90-250 

410-730 

Ni 

2100 
800-3600 

3500 
100-1600 
100-2900 
200-2100 

1200 
200-1400 
300-500 
100-lo00 
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Fig.78. Binary correlation diagram of Cr/Ni in karst bauxites (analyses by SAUER, 1965) 
and carbonate rocks of the east Alpine Karn formation, with reference to mean values of different 
rocks obtained by TUREKIA and WEDEPOHL (1961). 
1. Austria; 2. Hungary; 3. Yugoslavia; 4. Greece; 5. France, Spain; 6. Jamaica. (After SCHROLL 
and SALTER, 1968.) 

TABLE XLI 

COMPARISON OF SOME TRACE ELEMENT CONTENTS IN BAUXITES FROM FOUR DEPOSITS OF WESTERN AND 
EASTERN HERZEGOVINA (after MAKSIMOVIC, 1968) 

Deposit Number Average contents (p.p.m.) Th/ U 
- of samples 

Cr Li Ni Y La  U Th 

West Herzegovina: 
Studena Vrela 31 447 8.5 346 47 117 7.6 40.0 5.2 
MratnjaEa 10 568 4.5 333 47 143 7.0 39.2 5.6 

East Herzegovina: 
Dabrica 13 1150 71 371 168 273 2.7 34.6 12.8 
Gornji BrStanik 4 1600 74 500 272 205 3.0 39.8 13.2 
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Fig.79. Parallel enrichment of Ti, Zr, V and A1 in karstbauxites of France: a. boehmite- 
gibbsite facies of Les Baux; b. boehmite facies, Var; c. diaspore and boehmite facies of Aude 
and Aribge. In the main zone of the bauxite these elements are probably built into the structures 
of aluminium and titanium minerals. (After VALETON, 1965.) 
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Enrichment is caused by dissolution of nickel and cobalt in the upper part 
of the profile with irregular impregnation of the lowest centimetres (usually 
several centimetres; in rare cases up to 3 m) during late diagenesis. Ni and Mn 
enrichments at the base of bauxite were also observed in other Cretaceous bauxites 
of Greece (BARDOSSY and MACK, 1967), France (VALETON, 1966; DUROZOY et al., 
1966) and Hungary. They often form irregular black crusts on the karst surface 
several centimetres thick (Plate VIII, 32). 

garnierite Ni, [(OH)8/Si,0,0] 
takovite 5 Ni(OH), * 4 Al(OH), * 4 H 2 0  
lithioporite (A1,Li) (OH),MnO, 
todorokite (H20) < 2 (Mn . . .) < 8 (0, OH)16 

The nickel and manganese minerals known to occur are: 

WATER 

In practice the water content of bauxites with traces of C 0 2  and SO, is determined 
as ignition loss. 

The volatile components of major bauxite minerals are (Table XLII): 
H 2 0 + ,  C 0 2  and SO4 (originating from S2-). 

The aluminium minerals contain most of the water of the bauxites. Several 
percent excess water not attributable to bauxite minerals occurs in holocrystalline 
bauxites of India and France. The same phenomenon was observed in bauxites 
of Surinam by G. J. J. Aleva (personal communication). However, there is no 
solution yet to the problem of coordination of excess water. 

From laterite bauxites of India ROY CHOWDHURY et al. (1964) report that 
A1203 content, hence bauxite quality, may be inferred from ignition loss under 
certain conditions, e.g., if the clay-mineral content is neghgible, and if hematite 
and gibbsite are the only iron and aluminium minerals, respectively. 

TABLE XLII 

VOLATILE COMPONENTS (%) OF MAJOR BAUXITE MINERALS 

Minerals 

Gibbsite 
Boehmite 
Diaspore 
Kaolinite group 
Hematite 
Goethite 
Siderite 
Pyrite 

HzO+ A1203 

34.6 65.4 
15.0 85.0 
15.0 85.0 
14.0 39.5 

10.1 - 
- - 

SiOz Fez03 FeO coz S 

- 
100.0 
89.9 - - - 

62.1 37.9 - 
46.6 - 53.4 
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Chapter 7 

PROBLEMS AWAITING SOLUTION 

The previous chapters are a compilation of the known geology, mineralogy and 
geochemistry of bauxite deposits, and the author tried to synthesize the geological 
and geochemical laws underlying bauxite genesis. Unfortunately, for obvious 
linguistic reasons, important Russian publications have not been given the same 
weight as English, French and German literature. Our present-day knowledge is 
far from complete, and a great number of problems concerning the geology, 
mineralogy and geochemistry of bauxite deposits still await solution. 

In this context only a few important problems which may be solved in the 
near future are referred to. 

The questions concerning bauxites on igneous and metamorphic rocks, 
particularly in Africa, are: 

age of the deposits 
lower boundary and texture of the bauxite bodies 
distribution and interfingering of gibbsite and boehmite facies 
characterization of various neomineralization textures in gibbsite and boeh- 
mite facies 
conditions of development of primary hematite or goethite facies 
geochemical distribution of trace elements as function of primary mineral 
facies 
characterization of polygenetic facies alteration e.g., by precipitation of 
secondary iron minerals such as maghemite and siderite 
geochemistry: (a)  in an oxidizing environment; (b) in a reducing environment. 

The questions concerning bauxites on karst concern: 
origin and composition of the source material 
extent of superimposed diagenetic mineral formations 
role of diaspore and iron minerals during diagenesis 
characterization of neomineralization textures, depending on facies province, 
time, kind and extent of trace element redistribution. 

In spite of the size of bauxite deposits on clastic sediments, very little research 
has been carried out and important problems are: 
mechanism of aluminium supply to sedimentary basins 
sedimentary environment and fossils or traces of fossils 
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facies paleogeography of gibbsitic and boehmitic bauxites 
type and distribution of neomineralization textures 
geochemical laws of distribution patterns and accommodation of trace 
elements 
significance of phosphorus. 
Only after a sufficiently accurate solution of all these problems will it be 

possible to assess the time-space constellation governing optimum bauxite for- 
mation and to characterize bauxite formation during the earth’s history at an 
advanced level. Also the relationship of the distributive province and paragenesis 
on the one hand and geochemistry on the other will become clearer after such an 
assessment. A better understanding of geochemical behaviour of trace elements, 
however, may be achieved only in the distant .future. 
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INDEX 217 
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156, 201 
Clay, 69, 75, 113, 122, 124, 125, 126, 128, 131, 

132, 138, 139, 147, 151, 156, 160, 164, 171, 
173, 182, 183 

-, allophane, 92 
-, bauxite, 69, 75, 104, 128, 131, 132, 150, 155, 

-, birly, 171 
-, calcareous, 131 
-, carbonaceous, 132 
-, carboniferous, 156 
-, diaspore, 172, 175, 178 
-, diaspore flint, 173 
-, ferruginous, 75 
-, fire- 18, 19, 171, 172, 173, 175 
-, flint- 21, 171-175, 183 
-, - fire- 174 
-, iron-rich bauxitic, 75 
-, kaolin, 92 
-, kaolinite, 65, 99, 104, 113, 120, 125, 138, 

139, 141, 146, 147, 149, 174, 196 
-, kaolinitic, 69, 73, 121, 126, 128, 132, 136, 

140, 147, 195, 197 
-, lignitic, 121, 161, 180 
-, Missouri fire- 171, 174 
-, montmorillonite, 98, 99 
-, plastic, 138, 171 
-, plastic “foundry”, 174 
-, Potters Creek, 147, 149 
-, red, 73, 11 8 
-,residual, 124, 130, 133, 134, 146, 147, 151, 
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- sediment, 122, 159 
Clay mineral, 18, 19, 42, 43, 44, 73, 75, 97, 99, 
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Clayton Formation, 147, 149, 150 
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Coesewyne, Surinam, 136 
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Combecare, France, 71, 73, 157 
Concretion, 44, 76, 97, 98, 99, 120, 127, 133, 

143, 162, 165, 166, 167, 169, 170, 175, 176, 
179, 180, 181, 188 

Concretionary, 54, 165 
- zone, 104, 121, 124 
Conglomerate, 152, 156, 158, 159, 160, 171 
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Coral, 159 
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Coropina, Surinam, 136 
Corundum, 24, 25, 29-36, 37, 38, 46, 51, 52, 

73, 127, 135, 153, 179 
Costa Rica, 61 
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130, 133-136, 145, 147-159, 161, 162, 164, 
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Croatia, 63 
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Dalmatia, Yugoslavia, 133, 159, 161 
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184 
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Europe, 4, 13, 28, 129, 130, 133, 151, 153, 155, 

Evaporite, 134 

Fabric 85 
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-, gel-like, 67, 85 
-, granitic, 85, 126, 128, 132 
-, granitic relic- 124, 
-, granular 85, 123, 128, 175 
-, laterite, 
- macro- 85, 109 
-, micro- 109, 165 
-, nodular, 86, 123 
-, oolitic, 86, 175 
-, pisolitic, 65, 86, 105, 120, 123, 124, 143, 149, 

159, 162, 165, 170 
-, porous gel- 1 I 1  
-, primary, 102, 166 
-, pseudobreccia- 165 
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Wills Point Formation, 124 
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Yunnan, China, 63 132 

Zeolite, 54 
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