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K A O L I N I Z A T I O N  OF BAUXITE:  A S T U D Y  IN THE 
VLASENICA BAUXITE AREA, YUGOSLAVIA.  
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Abstract--The kaolinization of bauxite has generally been thought to be a simple process of epigenetic 
resilification. A study of  the karstic boehmitic bauxites in the Vlasenica region of Yugoslavia, however, 
shows that kaolinization took place in a rather complex manner, in which the alteration was caused by 
the percolation of  siliceous water descending through the deposit by means of cracks, fissures, etc. The 
matrix of  one such Vlasenica deposit was found to be more highly kaolinized than the oolitic fraction. 
Based on a mineralogical and geochemical examination of matrix material, the following pattem of zoned 
alteration was identified: kaolinitic zone-boehmite enrichment zone-original bauxite. In the kaolinitic 
zone, well-crystallized kaolinite, formed by the reaction of dissolved silica with boehmite, has replaced 
all other minerals in the matrix. This Si metasomatism was accompanied by an outward migration of Al 
and resulted in the formation of a transition zone in which new boehmite partly replaces both kaolinite 
and hematite (A1 remobilization). A thermodynamic model of  the process has been established on the 
basis of stability diagrams calculated for the mineral assemblages in the alteration zones and in the deposit 
as a whole. 
Rezime--Opgteprihvareno je shvatanje da je kaolinizacija boksita jednostavan proces epigenetske resi- 
lifikacije. ProuEavanja karsnih bemitskih boksita u regionu Vlasenice u Jugoslaviji pokazala su, medjutim, 
da kaolinizacija predstavlja deo slo~enijeg procesa alteracije koji nastaje pri perkolaciji voda obogarenih 
rastvorenom silicijom kroz pukotine, rasedne zone i sl. u le~igtima boksita. Detaljna prouravanja u jednom 
takvom le~igtu u ovom regionu pokazala su da je osnova boksita mnogo jare kaolinisana nego ooliti. Na 
osnovu mineralogkog i geohemijskog prouEavanja osnove boksita identifikovan je slederi tip zonarne 
alteracije: kaolinitska zona-bemitska zona-originalni boksit. U kaolinitskoj zoni dobro iskristalisali ka- 
olinit, obrazovan kroz reakciju silicije iz rastvora sa bemitom, potisnuo je sve minerale u osnovi. Ova 
Si-metasomatoza je bila udru~ena sa migracijom A1 dublje u boksit, gtoje dovelo do obrazovanja prelazne 
zone, u kojoj je neo-bemit delom potisnuo hematit i kaolinit (Al-remobilizacija). Prorarunati su i raz- 
motreni dijagrami stabilnosti mineralnih asocijacija u zonama alteracije i u samon le~isgtu, a n a  osnovu 
toga postavljen je i termodinamirki model procesa. 
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I N T R O D U C T I O N  

Kaol in i te  is a c o m m o n  clay minera l  in mos t  bauxi te  
deposi ts  and m a y  be  residual, syngenetic, or  epigenetic 
in origin. Epigenetic  kaolinite,  fo rmed  by the kaolin-  
izat ion o f  bauxite,  has been repor ted  in lateri te-  and 
karst-type bauxi tes  in the U n i t e d  States (Goldman,  
1955; G o l d m a n  and  Tracey, 1964; Keller,  1962; Kel ler  
and Clarke, 1984), the Sovie t  U n i o n  (Beneslavsky, 
1963, 1968; Bushinsky, 1968), and  the Medi te r ranean  
region (Valeton, 1972; B~dossy ,  1982). The  kaolin-  
izat ion process has been descr ibed as a resil if ication 
(resilication) o f  bauxite,  and has been thought  to be a 
ra ther  s imple  me ta soma t i c  process (Keller, 1962; Kel-  
ler and Clarke, 1984; Valeton,  1972; B~trdossy, 1982). 
The  present  s tudy reports  on the kaol in izat ion o fkars -  
t ic bauxi te  in the Vlasenica area o f  Yugoslavia.  Here,  

Presented at the 5th ICSOBA Congress in Zagreb, Yu- 
goslavia, September 1983, under the title "Kaolinization of 
Bauxite--a Study in the Vlasenica Bauxite-bearing Area, Yu- 
goslavia." 

kaol in izat ion has occurred in several  bauxi te  deposits,  
the largest o f  which,  the Braran  deposit ,  was selected 
for detai led examina t ion .  The  minera logy and  geo- 
chemis t ry  o f  mat r ix  mater ia l  in al tered zones o f  the 
bauxi te  were invest igated,  and  a t h e r m o d y n a m i c  m o d -  
el o f  the process was established, based on stabili ty 
d iagrams calculated for the re levant  minerals .  

G E O L O G I C  S E T T I N G  A N D  C H A R A C T E R I S T I C S  
O F  T H E  B A U X I T E  D E P O S I T S  

The  Vlasenica bauxi te  region in eastern Bosnia  in 
the central  part  o f  the country  is one  o f  the mos t  im-  
por tant  a luminum-p roduc ing  regions o f  Yugoslavia.  
The  deposits  occur  in a nar row N W - S E  trending belt  
about  30 km long and  4 k m  wide (Figure 1). The  baux-  
ite bodies  are in karstic depressions in Middle  Triassic 
l imestones  and are covered  by U p p e r  Cretaceous  l ime-  
stone and /o r  sandy-clayey l imes tone  o f  U p p e r  Creta-  
ceous or  Neogene  age (Rankovi r ,  1974). Paleozoic  
schists and sandstone are found beneath  the bauxi te  
footwall.  In this same region, Jurassic mafic-ul t ramafic  

Copyright �9 1985, The Clay Minerals Society 517 

https://doi.org/10.1346/CCMN.1985.0330606 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1985.0330606


518 Dangi6 Clays and Clay Minerals 

SW NE 

~i~siola~ Vertical cross section, open pit in the Bra~n de- 
hanging wall limestone; 2 = bauxite; 3 = footwall 

4 = footwall boundary; 5 = tentative footwall 

Figure 1. Index and geological map of Vlasenica bauxite 
area, Yugoslavia. 1 = hanging wall sediments: Albian-Ce- 
nomanian limestones and Neogene (.9) conglomerates, sands, 
and clays; 2 = bauxite deposits; 3 = footwall: Middle Triassic 
limestone; 4 = Paleozoic schists and sandstones. 

rocks crop out locally, close to the bauxite deposits. 
The hanging wall rocks consist mainly of quartz sands, 
sandstones, and conglomerates; in one limestone bed 
thin layers and lenses of coal and chert concretions 
have been found. Pyroclastic materials, related to the 
Neogene volcanism in the neighboring Srebrenica re- 
gion, have also been found locally. 

The bauxite deposits occur as discontinuous layers, 
lenses, and pockets within the limestone and are cov- 
ered by partly or completely eroded hanging wall rocks. 
The size of the deposits varies from tens of thousands 
of tons to more than ten million tons of bauxite. The 
bauxite is boehmitic and has a high iron content. It is 
characterized by a red matrix and reddish-brown oo- 
lite/pisolites. Both boehmite and kaolinite have been 
recognized and appear to be concentrated in the matrix. 
Hematite, lepidocrocite, and goethite are primarily 
concentrated in the oolite/pisolites. Accessory anatase 
is common; however, other minerals are only locally 
present (Maksimovi6 et aL, 1983). 

EXPERIMENTAL 

Samples were examined by means of optical mi- 
croscopy, transmission electron microscopy (TEM), 
X-ray powder diffractometry (XRD), wet chemical 
analysis, and spectrochemical analysis. The TEM study 
was conducted using a Philips EM-300 electron mi- 
croscope. XRD patterns were obtained on a Philips 
PW- 1050/25 diflYactometer equipped with a PW- 1730 
generator, CuKa radiation, and a graphite mono- 
chromator. A scanning rate of 2~ was used. 

Elemental analyses were made by rapid silicate an- 
alytical procedures and involved spectrophotometric 
and atomic absorption techniques. Trace elements were 

determined using a STE-1 emission spectrograph and 
corrected against internal standards. Excitation was by 
means of a vertical dc arc in a controlled Ar-O2 at- 
mosphere. The precision of this method is estimated 
to be _ 10%. Quantitative mineral compositions were 
calculated from XRD, differential thermal, thermal 
gravimetric, and chemical analyses. 

RESULTS 

Zoned alteration of bauxite 
Although epigenetic kaolinite has been found as 

veinlets and fissure fillings in several of the bauxite 
deposits in the Vlasinica region, it is most prevalent 
in the Bra6an deposit. The Bra6an deposit is in the 
central part of the region and varies in thickness from 
10 to 50 m. It is partly covered by both the limestone 
and sandy-clayey limestone described above, and is 
well exposed by an open pit (Figure 2). In the lower 
part of the 130-m thick hanging wall formation, a bed- 
ded, marl limestone is present which contains abun- 
dant chert concretions. The upper part of the hanging 
wall limestone is locally as thick as 50 m and is gray 
to white. The sandy-clayey limestone is gray to white 
and consists of gray, blue-gray, green, yellow, and red 
clays, sandy clays, clayey sandstones, quartz sand- 
stones, conglomerates, and clayey limestones. 

Small amounts of epigenetic kaolinite are locally 
present in the bauxite body filling joints or cementing 
oolites. Extensive kaolinization, however, has taken 
place in the lower part of the ore, and it was from this 
zone that most of the samples were collected. Here, the 
bauxite is kaolinized in and around a 1.5-m wide fissure 
zone; however, the original bauxite structure has been 
preserved. Between this zone of kaolinization and sur- 
rounding the original bauxite is a 1-m thick transition 
zone. The original bauxite is compact and consists of 
black to brown oolites in a red matrix. The main con- 
stituent of the matrix is boehmite, although substantial 
hematite and kaolinite are also present. The oolites are 
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Figure 3. X-ray powder diffraction pattern of matrix from 
the original bauxite (above) and from the kaolinitic zone (be- 
low). B = boehmite; K = kaolinite; H = hematite; An = an- 
atase (CuKa radiation). 
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mainly hematite, with minor  amounts  ofboehmite and 
kaolinite. Anatase occurs in both the matrix and the 
oolites. Highly kaolinized bauxite is characterized by 
a white matrix, which is composed only of kaolinite 
(Figure 3), and light brown oolites. The transition zone 
is characterized by a yellow-pink matrix and brownish 
oolites. The matrix contains a small amount  of ka- 
olinite and substantial boehmite; the boehmite content 
is greater than that of the original bauxite ore. 

On the basis of these mineralogical data, the matrix 
of the bauxite can be divided into the following alter- 
ation zones, outward from the original bauxite: original 
bauxite, boehmite enrichment zone, and kaolinitic zone 
(Figure 4). 

Mineralogy and geochemistry 
Both the mineralogy and chemical composition of 

the matrix material were changed in the alteration zones, 
but  to different degrees. The matrix was apparently 
very sensitive to the alteration reactions, and where 
alteration was most intense, it transformed completely 
to kaolinite. In  the same sample, however, the oolites 
were only partly affected. TEe matrix of the original 
(unaltered) bauxite is red and consists of about 63% 
boehmite, 20% hematite, 15% kaolinite, and 2-3% an- 
atase. The matrix of the boehmite enrichment zone is 
yellow-pink and consists of about 76% boehmite, 14% 
hematite, 4% kaolinite, and about 2% anatase. The 
matrix of the kaolinitic alteration zone is white and is 
nearly 100% kaolinite. From XRD and TEM analyses, 
the kaolinite is well crystallized. Individual grains are 
euhedral and vary from 1.5 to 4 #m in size. The crys- 
taUinity index is high, 1.23 (after Hinckley, 1963). From 

wt. MgO i I ~  ....... T i 0 2  

0 " ~ / ~  CaO 

Figure 4. Variation in mineral and chemical composition of 
the matrix in zoned alteration of bauxite, Braran deposit. 

chemical analyses of the epigenetic kaolinite, the fol- 
lowing formula was calculated: 

(A13.aaFeo.o z Mg0.22)4.04(Si3.91A10.09)4.00 
( O  Z 0 . 7 ( O H ) 7 . 9 3 ) 1 8 . 0 0 "  N a o . o l C a o . o l .  

Mg is included in the above kaolinite formula, but  it 
may have been present in the sample as an undetected 
trace mineral, such as a Mg-containing 7-/~ chlorite. 
This formula is close to that of an ideal kaolinite. 

Compared to the whole, unaltered bauxite ore, the 
matrix of the unaltered ore contains more alumina 
(58% vs. 50.2%), slightly more silica (5.9% vs. 4.5%), 

0 less ferric oxide (18.3% vs. 29.7 Y0), and about the same 
amount  of TiO2 (2.6% vs. 2.7%) (Table 1, Figure 3). 
The matrix of the boehmitic zone is characterized by 
a higher alumina content (65.7% vs. 58%), and lower 
silica and ferric iron contents (1.8~ vs. 5.9% and 13.5% 
vs. 18.3%, respectively) than the matrix of the unal- 
tered ore. No significant differences were noted among 
the minor  elements (Table 2). The matrix of the ka- 
olinitic zone differs significantly, on the other hand, 
from that of both the boehmitic transition zone and 
the original bauxite material in that it is 7.5 times richer 
in silica than the matrix of the original bauxite (45.4% 

0 vs. 5.9 %) and 25 times richer than that of the boehmitic 
zone (45.4% vs. 1.8%). It is also significantly poorer in 
a lumina and poorer in ferric oxide. Its silica-alumina- 
water composition is close to that of an ideal kaolinite. 
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Table 1. Chemical composition (wt. %) of  matrix in the 
original bauxite and alteration zones. 

Altered bauxite 

Boehmite enrich- 
Bauxite merit  zone Kaolinit ic zone 

SiO2 5.92 1.81 45.35 
TiO 2 2.58 2.24 0.03 
Al203 57.96 65.73 39.11 
CrzO3 -- 0.03 -- 
Fe203 18.31 13.45 0.12 
FeO 0.67 -- -- 
MnO 0.05 0.15 -- 
NiO 0.06 0.06 0.07 
MgO 1.16 0.47 1.03 
CaO 0.49 0.08 0.09 
Na20 0.01 0.09 0.13 
K20 -- 0.05 0.06 
HzO+ 10.89 15.20 13.75 
H 2 0 -  1.75 0.25 0.30 

Total 99.94 99.61 100.04 

The  trace e lement  content  o f  this mater ia l  is qui te  low, 
and only Ni ,  Zn,  Co, and B are present  in the 44 -560-  
p p m  range. 

D I S C U S S I O N  

The  changes in minera l  and  chemical  compos i t ion  
o f  both  the mat r ix  mater ia ls  and the ooli tes in the 
al tered zones suggest that  the kaol in izat ion and the 
boehmi t i za t ion  o f  the bauxi te  were me ta soma t i c  pro-  
cesses. The  presence o f  alteration zones emanat ing f rom 
fractures and fissures in the ore suggests that  the al- 
tera t ion took  place by the react ion o f  the original baux-  
ite ore wi th  descending silica-rich, conate  waters. Al-  
though bo th  mat r ix  and ooli t ic  mater ia ls  were affected 
by this process, the mat r ix  mater ia l  was significantly 
more  al tered and therefore  is the subject  o f  the follow- 
ing discussion. Locally, the mat r ix  mater ia l  o f  the ore 
has been comple te ly  al tered to kaol ini te  adjacent  to a 
fissure. Thus,  a kaol ini t ic  zone  was fo rmed  by the dif- 
fusion o f  d issolved silica f rom a fissure to the bauxi te  
where it reacted with  b o e h m i t e  to fo rm kaolini te  which 
total ly replaced boehmi te ,  hemat i te ,  and anatase. Ex- 
cess A1 and all o f  the Fe  f rom the hemat i t e  went  in to  
solution. A boehmi t e - en r i chmen t  zone exists be tween  
the kaol inized zone and  the unal tered  ore, suggesting 
that  as kaol ini te  formed,  excess AI d issolved and was 
t ranspor ted  to the unal tered ore where it  reacted with 
the kaol ini te  there to fo rm boehmi t e  and soluble silica. 
This  lat ter  process was accompan ied  by the dissolut ion 
o f  bo th  hemat i te  and  anatase. The  al terat ion therefore 
consis ted o f  the t ransformat ion  first o f  boehmi t e  to 
kaol ini te  and then kaolini te  to b o e h m i t e  and the dis- 
solut ion o f  both  hemat i t e  and anatase. 

Hema t i t e  and anatase appear  to have  reacted s imi-  
larly in the process and  therefore can be t reated as one  
phase. A stability d iagram was prepared  accordingly 

Table 2. Trace element content (ppm) of  matrix in the orig- 
inal bauxite and alteration zones. 

Altered bauxite 

Boehmite enrich- 
Element Bauxite ment  zone Kaolinit ic zone 

B 27 32 44 
Ba -- 6 -- 
Be 10 15 3.5 
Co 58 46 64 
Cr 425 210 -- 
Cu 66 22 4 
Ga 60 92 -- 
La 47 74 -- 
Mn 1100 1150 -- 
Nb 90 38 -- 
Ni 540 460 560 
Pb 105 130 -- 
Sc 18 16 11 
Sn - -  l 0  - -  

S r  44 70 -- 
V 225 160 -- 
Y 90 73 -- 
Zn 90 185 70 
Zr 180 220 15 

- -  = below detection limit. Also below detection limit: Ag, 
Cd, In, Mo, Sb, W. 

for the relevant  phases in the system A1203-SiO2-Fe203- 
F e O - H 2 0  at 25~ and  1 arm pressure, using the rmo-  
dynamic  data  f rom Garrels  and  Chris t  (1965) and 
Kranskopf  (1967) (Figure 6). As  indica ted  in Figure 5, 
the ac t iv i ty  o f  d isso lved  silica (H4SiO4) is critical in 
the relat ionship be tween boehmi te  and kaolini te.  
Boehmi te  is stable at silica act ivi t ies  < 1 0  -7-~ A t  higher  
silica activities,  kaol ini te  is stable to the region o f  non-  
crystall ine silica saturat ion at 10 -2.6 , through the 
boundary  o f  quar tz  saturat ion at 10 -3.7 . O n  the o ther  
hand,  the stability o f  bo th  b o e h m i t e  and kaolini te  de- 
pend not  only on the act ivi ty  o f  d issolved silica but  
also on that  o f  A13§ and the p H  o f  the solution. 

As seen in Figure 6, the  stability fields o f  b o e h m i t e  
and kaolini te  m o v e  towards  lower  pHs  with  increasing 
AI 3+ activity.  Thus,  boehmi t e  is stable at AI 3+ act ivi t ies  
< 1 0  -7 at p H  >5 .  At  higher  AI 3§ activi t ies (to 10-4), 
the b o e h m i t e  boundary  m o v e s  to p H  4. On  the o ther  
hand,  the stabili ty o f  kaol ini te  m o v e s  towards lower  
p H  as the act ivi t ies  o f  bo th  A13+ and  dissolved silica 
increase. Thus,  i f  the AI 3+ and d isso lved  silica act ivi t ies  
are low, e.g., 1 0  - 7 ,  kaol ini te  is stable at p H  >5 ,  but  
wi th  an increase in the ac t iv i ty  o f  d issolved silica to 
10 -3.7 (quartz saturation), the kaolinite boundary  moves  
to p H  4. 

The  stability o f  hemat i t e  depends  on the ac t iv i ty  o f  
the d issolved iron species at var ious Eh and p H  levels.  
The  geochemical  data  indicate  that  the decompos i t i on  
o f  hemat i t e  was accompan ied  by the reduct ion  o f  Fe 3§ 
to F C  § As seen in Figure 6, the stability field o f  he- 
mat i te  m o v e s  towards  bo th  lower p H  and lower  Eh 

https://doi.org/10.1346/CCMN.1985.0330606 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1985.0330606


Vol. 33, No. 5, 1985 Kaolinization of bauxite 521 

Boehmite 

i 

- 8  

K a o I i n 

r I 
- 6  

log [H4Si 04] 

fLoAt .......... [ SATURATION 
II NONCRYSTALLINE 

i t e 

I 
i [ i 

- 4  - 2  

Figure 5. Diagram showing stability ofboehmite, kaolinite, 
quartz and noncrystalline (amorphous) silica as a function of 
activity of dissolved silica at 25~ and 1 atm total pressure. 

with an increase in the Fe 2+ activity. Thus, at a Fe 2+ 
activity as low as 10 -7, hematite is stable for pH 4 at 
Eh 0.43 V, and for pH 5 at Eh 0.26 V. At higher Fe z§ 
activity, e.g., 10 -4 , the hematite boundary moves for 
Eh 0.43 V to pH 3, and for Eh 0.26 V to pH 4. The 
stability diagram in Figure 6 contrasts with that of  
Norton (1973, p. 357) which represents surface con- 
ditions. 

A comparative analysis o f  mineral and chemical 
transformations in the alteration zones, phase relations 
in the corresponding water-mineral system, and solu- 
bility of  both boehmite and hematite provides signif- 
icant insight into the geochemistry of  the alteration 
process. The activity of  dissolved silica in both the 
fissure and the kaolinitic zone must have been lower 
than 10 -3"7, as quartz is absent, but higher than 10 -7"07, 
as boehmite was unstable. The intensity o f  kaoliniza- 
tion indicates that the dissolved silica activity was rel- 
atively high, probably about 10 -4 to 10 -5. On the other 
hand, in the boehmite enrichment zone, it must have 
been lower than 10 -7"~ as kaolinite was unstable. Rel- 
ics o f  kaolinite, however, suggest that it was not much 
lower than this value, probably about 10 -8 . Further 
into the bauxite, beyond the boehmitic zone, the dis- 
solved silica activity was about 10 -9. 

The AI 3§ activity in the boehmite enrichment zone 
had to be higher than that produced by the dissolution 
o f  boehmite at given pHs, but not much higher, as 
indicated by the intensity of  the boehmitization. The 
A13+ activity in the kaolinitic zone, from which alumina 
was only partly remobilized into the boehmite enrich- 
ment  zone, was either the same as in the boehmite 
enrichment zone or somewhat higher; however, it must 
have been substantially higher than in the fissure zone. 
Because boehmite and kaolinite are in equilibrium at 
dissolved silica and A13+ activities of  1 0 -7.07 and 1 0-7-~ 
respectively, the reaction took place at pH 5 to 4-3.5, 
as seen in Figure 6, and the pH of  the solution in the 
boehmite enrichment zone must have been 4.5-5. The 
AP § activities calculated from the solubility o fboehm-  
ite at pH 5 and 4.5 are 10 -7 and 10 -5"5, respectively. 
Thus, an AP + activity o f  10- 5.s was likely in the boehm- 
ite enrichment zone, and the A13+ activity in the sur- 
rounding bauxite must have been lower than 10 -7 , 
probably about 10-8-10 -9 . 
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Composite Eh-pH diagram showing stability fields 
of boehmite, kaolinite, hematite, and magnetite in water at 
25~ and 1 atm total pressure. Total dissolved AP + = 10 -7 
M, Fe 2+ = 10 -7 M, and H4SiO, = 10 -3.7 M. Light line is sta- 
bility of hematite at total dissolved Fe 2+ = 10 -4 M. Expla- 
nations in text. 

The activity of  Fe 2+ in the alteration zones is indi- 
cated by the pH of  the solution and by the stability 
(solubility) of  hematite. In both alteration zones, the 
Fe 2+ activities must have been lower than that in equi- 
l ibrium with hematite: in the boehmite enrichment 
zone (where hematite was only partially dissolved), 
only somewhat lower, but in the kaolinitic zone (where 
hematite was totally dissolved), much lower. On the 
other hand, the Fe 2+ activity in the fissure zone must 
have been lower than in the alteration zones, because 
Fe 2+ diffused towards the fissure zone. Considering that 
nearly the same number of  atoms of  A1 and Fe were 
removed from the alteration zones, as suggested by the 
data in Table 1, the Fe 2+ activity must have been nearly 
the same as that of  AI 3§ about 10 -5-5. Because the 
solution in the boehmite enrichment zone was some- 
what undersaturated with respect to hematite, the equi- 
l ibrium activity of  Fe 2§ in that zone must have been 
close to 10 -5. Using this value and the solution pH 
estimated above at about 5-4.5, the Eh of  the solution 
in the boehmite enrichment zone can be calculated 
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Figure 7., Diagrams showing stability fields of kaolinite, boehmite, and hematite as function of pH, Eh, and activities of 
silica, AP +, and Fe 2+ in water at 25"C and 1 arm total pressure, representing the successive stages in the zoned alteration 
profile. 1, 2, and 3 are positions of alteration solutions in alteration zones and original bauxite; 3' is "abrasive pH and Eh" 
of common bauxite. Hem = hematite, Kaol = kaolinite, Boeh = boehmite. 

from the solubility of  hematite.  Thus, for an average 
pH of  4.7, the Eh of  the solution must  have been slight- 
ly less than 0.19 V. Assuming the same Eh in both 
zones, the Fe 2§ activity in equil ibrium with hemati te 
in the kaolinitic zone at pH 4 is 10 -2.s. The differences 
in the Fe 2§ activities calculated from the experimental  
data and in equil ibrium with hemati te at specified con- 
ditions well explain the differences in the degree of  
hemati te dissolution in the two alteration zones. The 
Eh in the unaltered bauxite must  have been somewhat 
higher than in the alteration zones, as evidenced by the 
posit ion of  normal  bauxite in Figure 6, and the Fe 2§ 
activity must  have been somewhat less than 10 -7, prob- 
ably 10-8-10 -9 . 

Based upon these considerations, stability diagrams 
showing the relation o f  boehmite,  kaolinite, and he- 
matite and relevant dissolved species in the alteration 
zones and the unaltered bauxite were calculated (Figure 
7). The diagrams representing the alteration zones were 
calculated for dissolved silica, Al3+, and Fe 2§ activities 
o f l 0  -4, 10 -5, and 10-6 (kaolinitic zone) and 10 -s, 10 -5-5, 
and 1,0 -5.s (boehmite enrichment zone), respectively. 
The diagram representing the unaltered bauxite was 
calculated for  dissolved silica, A13+, and Fe 2+ activities 
of  10 -7.~ 10 -7-~ and 10 -7, respectively. The numbers 
1, 2, and 3 refer to alteration systems in the kaolinitic, 
boehmite enrichment,  and unaltered bauxite zones, re- 
spectively, and 3' refers to water-bauxite reactions in 
the normal bauxite, far from the alteration system (based 
on "abrasive pH and Eh ' ) .  

A L T E R A T I O N  MODEL 

A thermodynamic  model  of  the process leading to 
the zones o f  alteration o f  bauxite, as characterized by 
the complete kaotinization of  the matrix,  was devel- 
oped by considering the observed mineral  transfor- 
mations, the geochemical composit ions of  the various 
zones, and the calculated stability diagrams for the 
systems in question. Spatial relationships and the geo- 
chemical compositions suggest that alteration took place 
after burial of  the bauxite by the reaction of  the ore 
with descending waters from the hanging wall through 
fissure zones. The descending water was characterized 
by a relatively high dissolved silica activity and a rel- 
atively low pH and Eh. The solution diffused laterally 
from the fissure zones into the bauxite. 

The model  consists of  four stages: a starting stage, 
which is related to the source of  the solution in the 
hanging wall formation, and three distinct bauxite-al- 
teration stages outward from the fissure zone. Relevant  
geochemical composit ions and mineral  transforma- 
tions are shown in Figures 5-7. 

Starting stage 
Water  from the hanging wall formation descended 

into the bauxite through fissures (Figure 7). Although 
the quantity of  water was restricted by the pe ,rmeability 
of  the hanging wall rocks, its descent was slow enough 
to allow the dissolution o f  quartz, silicates, and chert 
in the hanging wall formations, thereby increasing its 
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dissolved silica activity to a value somewhat less than 
that of quartz saturation (probably about 10-4). Si- 
multaneously, the oxidation of coal and other organic 
matter in these formations decreased the pH and Eh 
of the water to 3.5-4 and <0.2 V, respectively (see 
stage 1, Figures 6 and 7). The AP + and Fe 2+ activities 
were somewhat less than 10 -5 and < 10 -6, respectively. 

Bauxite alteration stage 

The descending solution diffused into the host rock 
and reacted with the bauxite, primarily with the matrix 
of the bauxite, resulting in the development of a three- 
stage alteration process: 

(1) At or near the fissure zone, both the hematite 
and boehmite in the matrix were unstable with respect 
to kaolinite (see Figure 6, area enclosed by dashed line, 
and stage 1; Figure 7, stage 1). Kaolinite therefore re- 
placed all other phases in the matrix, and excess A1 
and all of the Fe (as Fe 2§ were removed from the 
system. The AP + and Fe 2+ activities were about 10 -5 
and 10 -5-5, respectively. Thus, a strong kaolinite alter- 
ation front diffused away from the fissure zone into the 
bauxite. 

(2) The activity of dissolved silica decreased sharply 
to <10 -7 (probably to 10-s), and the pH increased 
slowly as the solutions diffused into the bauxite from 
the fissure zone. The AP + and Fe 2+ activities were 
somewhat less (10 -~-s) and nearly the same (10-5-5), 
respectively, as in the kaolinitic zone. These changes 
affected the stability of kaolinite with respect to boehm- 
ire. For example, at a dissolved silica activity as low 
as 10 -s at pH 4.5-4.8, boehmite is the only stable phase 
(Figure 7, stage 2). The development of a boehmite 
alteration front involved the addition of AI (remobi- 
lized from the kaolinitic zone) and the removal of part 
of the silica. In addition, with these changes in pH and 
at the same Eh (or with a small increase in Eh), the 
solubility of hematite decreased significantly compared 
with the preceding zone, and Fe was only partly re- 
moved. 

(3) Further into the bauxite, the dissolved silica, AP +, 
and Fe z+ activities of the diffusing solutions decreased, 
although pH and Eh continued to increase, and all three 
phases (kaolinite, boehmite, and hematite) became sta- 
ble (Figure 6, stage 3; Figure 7, boehmite diagram). 
The dissolved silica, AP +, and Fe 2+ activities signifi- 
cantly decreased to < 10 -7, but the pH and Eh of the 
solution reached 5 and 0.26 V, respectively, and in- 
creased further into the unaltered bauxite. As the pH 
and Eh of the solution rapidly increased, the amount  
of dissolution of all three phases strongly decreased. 
For example, at pH 5.5 and Eh 0.27 V (Figure 7, stage 
3), the dissolution of boehmite and hematite produces 
AP + and Fe 2+ activities of 10 -s-5 and 10 -8"7, respec- 
tively. The dissolution at pH 6 gives a dissolved silica 
activity of 10 -9. Thus, little reaction took place between 
the solution and the bauxite minerals ahead of the 
boehmite alteration front. 

CONCLUSIONS 

Kaolinization of bauxite in the Vlasenica bauxite 
region of Yugoslavia appears to have taken place not 
only by simple resilification, but as part of a complex 
zonal alteration around fissures that was the result of 
both silica metasomatism and a luminum remobiliza- 
tion. Water from the banging wall formations descend- 
ed through fissures and reacted with the bauxite to yield 
an alteration sequence in the matrix that is character- 
ized by an inward succession of a kaolinitic zone, a 
boehmite enrichment zone, and unaltered bauxite. A 
calculated thermodynamic model suggests that as silica 
was introduced into the bauxite, part of the A1 and Fe 
were moved by diffusion. As the introduced silica was 
consumed to form kaolinite, excess A1 was partly re- 
moved into the descending solution in the fissures and 
partly remobilized into the bauxite, forming new 
boehmite. Contrary to AI, dissolved Fe from both zones 
diffused into the descending solutions. Thus, kaolinite 
and boehmite alteration fronts moved simultaneously 
into the bauxite. 

This alteration pattern suggests that the kaolinit- 
ization of bauxite was associated with boehmitization, 
a process that significantly increased the quality of the 
bauxite ore. 
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