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THE NATURAL OCCURRENCE OF ETA-ALUMINA ('q-AlzO 3) IN BAUXITE 

DAVID B. TILLEY AND RICHARD A. EGGLETON 
Centre for Australian Regolith Studies, Australian National University, Canberra, ACT, 0200, Australia 

Abstract--Approximately 20 wt.% of the bauxite from Andoom in northern Queensland, Australia is 
composed of material that cannot be accounted for by identifiable well-crystallized phases. This poorly- 
diffracting material (PDM), found within the core of bauxitic pisoliths, has similar characteristics to that 
of eta-alumina (-q-A1203); a cubic form of alumina. A differential XRD pattern of the PDM displayed a 
series of broad diffraction maxima attributed to eta-alumina with a mean crystal size of 9 nm. Unit cell 
refinement, on the basis of a cubic cell, gave a lattice parameter of a = 7.98 A for Andoom eta-alumina. 
TEM and selected-area electron diffraction revealed the PDM to be composed of minute (10 nm wide), 
randomly oriented crystals of eta-alumina in close association with Al-hematite. Chemical analysis using 
a nanoprobe showed Andoom eta-alumina to be almost pure alumina with <2 M% Fe, < 1 M% Si and 
< 1 M% Ti. The closely associated Al-hematite may contain as much as 22 M% A1, however a value 
closer to the theoretical limit of 17 M% is more likely. A broad absorption band at 3450 cm -1 and 1630 
cm 1 in the infra-red spectrum of the PDM indicates the presence of a substantial quantity of I-I/O, strongly 
adsorbed onto the surface of the crystals. This is presumably due to "q-AlzO3's large surface area of 
approximately 2200 m2/g. The natural occurrence of "q-A1203 in bauxite may be the result of low H20 
activities within the micro-environment of pores at the time of crystallization. The epigenetic replacement 
of kaolinite with "q-A1203 and Al-hematite is put forward as an explanation for the formation of bauxitic 
pisoliths at Andoom. 
Key Words----Akdalaite, Bauxite, Chi-alumina, Eta-alumina, Gamma-alumina, Pisoliths, Poorly-diffract- 
ing material, Tohdite. 

I N T R O D U C T I O N  

Two crys ta l l ine  a lumina  phases  have  recent ly  b e e n  
repor ted  in Aus t ra l i an  bauxi tes .  Ti l ley and  Egg le ton  
(1994)  repor ted  that  bauxi t ic  pisol i ths  f rom Weipa,  
Nor th  Q u e e n s l a n d  con ta ined  mater ia l  wh ich  y ie lded 
ve ry  b road  dif f ract ion m a x i m a  that  cou ld  not  be  ac- 
coun ted  for  by  ident i f iable  wel l -crys ta l l ized  minera ls .  
S u c h  ma te r i a l ,  t e r m e d  p o o r l y - d i f f r a c t i n g  m a t e r i a l  
(PDM),  was  s h o w n  to be  composed  p redominan t ly  of  
tohdi te  (5A1203.H20). A recent  let ter  f r om the  Inter-  
na t iona l  Minera log ica l  Assoc ia t ion  C o m m i s s i o n  on  
N e w  Minera l s  and  Mine ra l  N a m e s  ( C N M M N )  dis- 
couraged  the  use  o f  the n a m e  " t o h d i t e "  in any pro- 
posed  publ ica t ions  due to it be ing  an inva l id  mine ra l  
name.  The  n a m e  akdala i te  (4AI2Oa.H20) was approved  
by  the C N M M N  for the minera l  co r respond ing  to toh- 
dite, due to thei r  similari ty,  and  as a consequence ,  
Weipa  tohdi te  will  now  be  refer red  to as akdalai te.  
S ingh  and  Gi lkes  (1995)  repor ted  the  occur rence  o f  
poor ly  crys ta l l ine  chi  a lumina  (• in  the baux-  
ites of  Dar l ing  Range ,  Western  Austral ia .  The  authors  
demons t r a t ed  that  x-A1203 fo rmed  by the  dehydra t ion  
of  an  a luminous  gel- l ike  mater ia l .  E xam i na t i on  o f  
bauxi t ic  pisol i ths  f rom A ndoom ,  w h i c h  is 15 k m  nor th  
of  Weipa,  has  revea led  the p resence  of  ano ther  poor ly-  
d i f f ract ing phase,  d is t inct  f rom akdala i te  and  x-A1203. 
Different ia l  X R D  and  t ransmiss ion  e lec t ron  micros-  
copy  (TEM)  of  the  P D M  showed  that  the phase  has  
s imi lar  character is t ics  to that  of  "q-Al203. S t u m p f  et al. 
(1950)  descr ibed  e t a -a lumina  as hav ing  a cubic,  spi- 
ne l - type  s t ructure  wi th  a lat t ice pa rame te r  o f  7 .94 A. 

Selected area e lect ron di f f ract ion of  synthet ic  "q-A1203 
by  Lippens  and  de Boer  (1964)  repor ted  it to be  te- 
t ragonal ly  de fo rmed  wi th  c/a r ang ing  be tween  0.985 
and  0.993. Z h o u  and  Snyder  (1991)  demons t r a t ed  that  
the crys ta l  s t ructure o f  ~q-AlzO 3 is essent ia l ly  cubic,  
h o w e v e r  s o m e w h a t  spinel  d e f o r m e d  wi th  a = 7 .914 
A. B r o w n  et al. (1953)  showed  that  "q-A1203 is a t ran-  
s i t ion phase  p roduced  by  the  t he rma l  decompos i t i on  
of  poor ly  crys ta l l ine  b o e h m i t e  (A10(OH))  or well-  
c rys ta l l ized  bayer i te  ([3-Al(OH)3). Fur ther  hea t ing  of  
"q-A1203 leads to the  fo rma t ion  of  the ta -a lumina  (0- 
A1203) fo l lowed  by c o r u n d u m  (ct-A1203). 

E X P E R I M E N T A L  M E T H O D S  

The  core  of  a bauxi t ic  pisol i th  f rom A n d o o m  (1 to 
1.5 m depth)  was  sampled  us ing  a denta l  drill. The  
ext rac ted  mater ia l  was  finely g round  us ing  a mor ta r  
and pest le  and  then  appl ied to a l ow-backg round  hold-  
er. A n  X R D  pat te rn  of  the  sample  was ob ta ined  by  
scann ing  over  a pe r iod  of  12 h. A different ia l  X R D  
pat tern  was p roduced  by  subt rac t ing  the ca lcula ted  
pat tern  for  each  of  the wel l -crys ta l l ized  componen t s ,  
in  p ropor t ion  to the i r  we igh t  fract ion.  The  resul t ing  
dif ferent ia l  X R D  pat te rn  was c o m p a r e d  wi th  minera l s  
and  inorganic  c o m p o u n d s  in the P o w d e r  Dif f rac t ion  
File pub l i shed  by  the  Jo in t  C o m m i t t e e  on  P o w d e r  Dif-  
f rac t ion Standards.  W h e n  it was  found  that  the  d-spac-  
ing values  of  the b roades t  peaks  in the X R D  pat tern  
ma tched  wel l  wi th  those  of  e ta-a lumina ,  quant i ta t ive  
analysis  o f  the  X R D  pat tern  was under t aken  us ing  
S I R O Q U A N T ,  wh ich  is a Rie tve ld- type  quant i ta t ive-  
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Figure 1. An XRD of PDM-rich bauxite extracted from the core of a pisolith from Andoom in northern Queensland. Key: 
g = gibbsite, h = hematite, k = kaolinite, a = anatase and r = rntile. 

X R D  phase analysis program (Taylor and Clapp 1992). 
S I R O Q U A N T  uses the cubic (Fd3m) structure deter- 
mined by Shirasuka et al. (1976) when calculating an 
X R D  pattern for eta-alumina. Refinement  o f  the unit 
cell  parameter  f rom a starting value of  a = 7.906 
was undertaken during the analysis. 

The same powder  that was used for XRD,  was ul- 
trasonically dispersed in ethanol and then pipetted onto 
a holey carbon-coated grid. T E M  was per formed on 
the sample using a J E O L  200CX transmission electron 
microscope,  operating at 200 kV. Selected-area elec- 
tron diffraction (SAED) patterns of  bauxite particles 
were  obtained at a camera  length of  74 cm. An S A E D  
pattern displaying a series of  diffraction rings was in- 
dexed and compared  to X R D  and calculated d-spacing 
values. 

Analyt ical  T E M  (AEM) was undertaken using a 
nano-probe with a beam diameter  o f  10 nm in con- 
junc t ion  with  energy  d i spers ive  X-ray  analysis  
(EDXA)  on a Philips 430EM transmission electron- 
microscope,  operating at 300kV. 

An infra-red (IR) spectrum of  the P D M  was ob- 
tained using a Perkin Elmer  1800 FTIR  spectropho- 
tometer. 

RESULTS 

The X R D  pattern (Figure 1) displays relatively 
sharp diffraction maxima associated with well-crystal-  
l ized hematite,  gibbsite, anatase, rutile, kaolinite and 
quartz while  broad diffraction maxima are attributed 
to PDM. 

The procedure for obtaining a differential X R D  pat- 
tern was reasonably effect ive in removing  the wel l  de- 
fined peaks associated with gibbsite, hematite and oth- 
er wel l-crystal l ized phases, even  though some residual 
peaks are still evident. The differential X R D  pattern 
displays a series of  broad diffraction maxima,  similar 
in intensity and breadth to Weipa akdalaite, but the 
diffraction lines do not coincide with those of  Weipa 
akdalaite (Figure 2). The broad peaks have maxima 
that match wel l  with those of  -q-A1203 (Stumpf  et al. 
1950) (Table 1). The 2.0 .~ peak has a width (at half  
maximum) of  1.31 ~ which gives a mean crystalli te 
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Figure 2. A differential XRD pattern of Andoom -q-A1203 compared with Weipa akdalaite. Under- and over-calculated 
hematite peaks (h) are labeled. 

size of  9 n m  when  us ing  the  Schemer  equat ion.  Quan-  
t i tat ive X R D  us ing  S 1 R O Q U A N T  indicates  that  the 
core  of  the ana lyzed  pisol i th  conta ins  greater  than  70 
wt .% xi-A1203 (Table 2 and  Figure  3). Un i t  cell  refine- 

Table 1. Comparison between the d-spacing values of the 
PDM determined by electron diffraction, differential XRD 
and those calculated by Stumpf et al. (1950). 

PDM PDM .q-alumina 
electron diffraction differential XRD (Stumpf et al. 1950) 

I/I~t d A UII~ d A Ijl I d/~ hkl 

10 4.62 40 4.6 111 
20 2.79 30 2.82 20 2.8 220 
80 2.40 80 2.45 60 2.40 311 
20 2.28 20 2.29 30 2.27 222 
90 1.96 90 2.01 80 1.97 400 
20 1.52 20 1.55 20 1.52 333 

100 1.39 100 1.41 100 1.40 440 
10 1.19 10 1.21 533 
20 1.13 20 1.14 444 
10 0.98 10 1.03 553 
10 0.88 
10 0.80 

t Intensities by visual estimation. 

merit o f  A n d o o m  -q-A1203, on  the basis  of  a cubic  cell, 
g ives  a lat t ice pa ramete r  of  a = 7.98 ,~. 

Ex t remely  fine crys ta ls  of  approximate ly  10 n m  in 
wid th  are ev ident  in the T E M  image  (Figure 4). Those  
crys ta ls  tha t  have  latt ice fr inges o f  2.3 and  2.4 ,~ are 
associa ted wi th  "q-A1203. The  crysta l l i te  size o f - q -  
A1203 de te rmined  f rom the T E M  image  is close to that  
ca lcula ted  us ing  the  Scherrer  equa t ion  ( ~ 9  nm)  and  is 
s l ightly larger  than  that  o f  Weipa  akdalai te  ( ~ 6  nm).  
The  d-spac ing  values  ob ta ined  f rom the  S A E D  pat tern  
(Figure 5) co inc ide  wel l  wi th  the X R D  pat tern  of  the  
poor ly-d i f f rac t ing  mater ia l ,  ind ica t ing  that  the f inely 

Table 2. quantitative XRD analysis of the PDM-rich material 
using SIROQUANT. 

Phase Wt% Error % 

eta-alumina 71.6 0.26 
Al-hematite 16.7 0.18 
gibbsite 8.6 0.18 
kaolinite 0.7 0.11 
rutile 1.6 0.07 
quartz 0.3 0.04 
anatase 0.5 0.05 
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80 

crystalline material observed using TEM is the same 
material identified in the XRD pattern. 

AEM of randomly selected crystals in the PDM-rich 
sample revealed the presence of 2 mineral phases: 1) 
an aluminium-bearing ferruginous phase; and 2) an al- 
most pure aluminous phase (Table 3). The most fer- 
ruginous particle analyzed contained 22 M% AI while 
the most aluminous one had <2  M% Fe. 

A transmittance infra-red spectrum of the material 
containing approximately 70 wt.% PDM, shows a 
broad absorption band at 3450 cm -~ due to O-H 
stretching and at 1630 cm -I associated with O-H bend- 
ing vibrations (Figure 6). 

DISCUSSION 

The XRD patterns of synthetic eta- and gamma-alu- 
mina are known to very similar (Spider and Pollack 
1981; Zhou and Snyder 1991). However, there are 
small but measurable differences that can be used to 
distinguish between the 2 phases. The most useful dis- 
criminator is at approximately 1.98 _~, where -q-AlzO 3 
has 1 strong line while ~-A120 ~ has a doublet consist- 
ing of  a strong line at 1.98 .~ and a strong shoulder at 
1.95 A. We conclude that PDM from Andoom is com- 

posed of -q-A1203 rather than ~/-A1203 because although 
slightly asymmetric, the 1.98 .~ peak appears single. 
Though as yet undiscovered, the existence of ~/-A1203 
in bauxites is highly probable. 

The aluminium-bearing ferruginous phase analyzed 
by AEM is ascribed to Al-hematite while the almost 
pure aluminous phase is attributed to "q-A1203. AEM 
indicates the Al-hematite may contain up to 22 M% 
A1. Unit cell refinement of the hematite gave cell pa- 
rameters of a, b = 5.0118 A and c = 13.7120 .~, 
indicating an A1 substitution of between 20 and 23 
M% (Schwertmann 1988a; Stanjek 1991), assuming a 
formation temperature of between 25 and 40 ~ How- 
ever, Schwertmann (1988b) reported that no soil he- 
matites have been found that contain greater than 18 
M% AI. In fact, Al-substitution in hematite may be 
limited to 76 of  the possible octahedral positions, that 
is, 17 M% A1 (Schwertmann 1988a). Although every 
effort was made to ensure that the analyses were ob- 
tained from individual crystals, it is possible that char- 
acteristic AI X-rays from an adjacent alumina grain 
may have led to an apparently high A1 content for the 
hematite. Due to this inconclusiveness, a value of 18 
M% A1 was chosen for hematite's site occupancy. A 
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Figure 4. A TEM of one particular area in the poorly diffracting material. The crystal size of the PDM is approximately 10 
nm. Lattice fringes of 2.3 and 2.4 ~ indicate -q-AI203. 

close match between the observed and calculated X R D  
patterns was obtained using this value. Quantification 
of  the bauxite 's  mineralogy was also performed using 
the same site occupancy. 

Figure 5. An SAED pattern of Andoom "q-A1203. 

The H20 contained within the crystal  lattices of  
gibbsite is 34.6 wt.%, boehmite  is 15.0 wt.%, and ak- 
dalaite is 4.4 wt.%. The theoretical crystall ine struc- 
ture of  ~-A1203 contains no chemical ly-bonded water. 
Both  akdalai te  and a3-A1203 conta in  apprec iab le  
amounts of  strongly adsorbed H20 as evidenced by 
their transmittance IR spectra, but the actual amount  
is not determinable f rom the spectra alone. The reason 
for the large amount  o f  adsorbed water is presumed to 
be mainly to their large surface areas. For example,  
the surface area o f  1 g of  l]-A1203 (p --" 3.63 g /cm 3) 
assuming it consists of  an aggregate of  cubic crystals, 
is approximately 2200 m2/g. 

The  d i scovery  o f  akdalaite and -q-A1203 in the 
bauxi tes  of  Weipa and A n d o o m  has greatly expanded  
our knowledge  and unders tanding of  bauxi te  miner-  
a logy and the role  n 2 0  activi ty may  play in the evo-  
lution of  bauxi t ic  pisoliths. The  major i ty  of  concen-  
t r ical ly-banded bauxit ic  pisoli ths and those with 
PDM-r i ch  cores evo lve  in a s imilar  manner  to that 
proposed  by Tardy and Nahon  (1985), except  that ak- 
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Table 3. Nano-probe analyses of individual crystals in the PDM-rich bauxite sample. The analytical total has been recalculated 
to 100%. 

eta-alumina eta-alumina + Al-hematite Al-hematite 

1 2 3 4 5 6 7 8 9 10 11 

wt% 
A1203 96.4 95.7 95.5 95.1 91.1 88.5 36.3 29.8 23.0 18.6 15.4 
SiO2 0.6 0.8 1.4 0.8 0.0 0.9 0.0 0.6 0.3 0.0 0.0 
TiO 2 0.7 1.1 0.9 1.0 0.1 0.0 1.3 2.6 2.2 2.4 2.4 
Fe203 2.3 2.4 2.2 3.1 8.8 10.6 62.5 67.0 74.4 78.9 82.3 

cation % 
A1 97.6 97.0 96.8 96.6 94.1 92.1 47.2 39.9 31.9 26.4 22.2 
Si 0.5 0.7 1.2 0.7 0.0 0.8 0.0 0.7 0.4 0.0 0.0 
Ti 0.4 0.7 0.6 0.6 0.1 0.0 1.0 2.2 2.0 2.2 2.2 
Fe 1.5 1.5 1.4 2.0 5.8 7.1 51.8 57.3 65.8 71.4 75.7 

da la i te  or  "q-A1203 m a y  ep igene t i ca l ly  rep lace  kao l in -  
i te dur ing  n o d u l e  d e v e l o p m e n t  as wel l  as A l - h e m a -  
tite. Tro land  and  Tardy (1987)  s h o w e d  tha t  at  25 ~ 
the  c h e m i c a l  ac t iv i ty  of  wa te r  was  a m a j o r  fac tor  in  
d e t e r m i n i n g  the  degree  o f  h y d r a t i o n  in baux i t e  min-  
erals.  I f  the  kao l in i t e  gra ins  w i th in  the  d e v e l o p i n g  
nodu le  are v e r y  small ,  t hen  the  in te rc rys ta l l ine  vo ids  
are c o r r e s p o n d i n g l y  so. As  the  w e a t h e r i n g  profi le  
dr ies  out,  wa te r  is r e t a ined  in p rogres s ive ly  smal l e r  

pores  w i th  c o r r e s p o n d i n g l y  l ower  H 2 0  ac t iv i t ies  (Tar- 
dy and  N a h o n  1985).  The  ac t iv i ty  of  H20 wi th in  
pores  m a y  be  so low tha t  a n h y d r o u s  p h a s e s  such  as 
A l - h e m a t i t e  and  -q-Al203 m a y  form.  W h e r e  pore  s izes  
are a l i t t le  la rger  and  a s l ight ly  h ighe r  H 2 0  act iv i ty  
prevai ls ,  b o e h m i t e  b e c o m e s  the  d o m i n a n t  A i - r i ch  
minera l .  In  the  la rges t  vo ids  g ibbs i t e  n o r m a l l y  c rys -  
ta l l izes ,  as the  H20 act iv i ty  is usua l ly  too  h i g h  for  
the  less h y d r a t e d  phases  to  form.  
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Figure 6. A transmittance infra-red spectrum of bauxitic material containing approximately 70 wt.% xI-A1203. 
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