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WEATHERING OF SPODUMENE TO SMECTITE IN A LATERITIC 
ENVIRONMENT 
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Abstract--Weathering of spodumene in a lateritized pegmatite in Western Australia was studied by 
investigating in situ samples by electron-beam techniques. The spodumene had mostly altered to smectite. 
However, some non-crystalline material adjacent to smectite and intermixed with smectite was also 
observed. No crystallographic orientation between spodumene and smectite was observed by high res- 
olution techniques. The spodumene dissolved to produce etch pits similar to those observed on hornblende 
grains. The etch pits were almost completely filled with smectite. Most of the Li in the spodumene was 
lost during its weathering to smectite. 
Key Words--Ion-beam thinning, Non-crystalline weathering products, Smectite, Spodumene, Transmis- 
sion electron microscopy. 

INTRODUCTION 

The alteration of pyriboles to clay minerals has been 
studied by several workers who have identified crys- 
tallographic relations between the parent chain struc- 
ture and the layer structure of secondary clay minerals. 
Conversion of amphiboles to micas occurs in meta- 
morphic reactions (Veblen and Buseck, 1980), and re- 
placement of pyroxene by pseudomorphs of vermic- 
ulite may occur with a high degree of preferred 
orientation (Basham, 1974). Wilson (1975) predicted 
that pyroxenes such as enstatite can transform to a layer 
structure with min imum reorganization, if the cb plane 
of the enstatite becomes the ab plane of layer silicate 
by coalescence of chains to form a tetrahedral sheet. 
This type of topotactic transformation has been ob- 
served by high resolution transmission electron mi- 
croscopy (HRTEM) for hedenbergite altering to non- 
tronite (Eggleton, 1975) and enstatite altering to talc 
(Eggleton and Boland, 1982). However, not all pyri- 
boles weather to clay minerals by topotactic transfor- 
mation. A number  of studies have shown that weath- 
ering of  ho rnb lende  may proceed by congruent  
dissolution along crystallographic directions and pre- 
cipitation of clay minerals and iron oxides from so- 
lution with no crystallographic relationship persisting 
between hornblende and clay minerals (Berner and 
Schott, 1982; Anand and Gilkes, 1984; Velbel, 1989, 
Argast, 1991). Topotaxial transformation of pyriboles 
to layer silicates is presumably facilitated if m in imum 
adjustments in structure and composition are involved 
(Gilkes et aL, 1986). Thus pyriboles containing Mg, 
Fe, AI, and Si may readily alter to clay minerals and 
show topotactic relationship due to retention of these 
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ions as structural constituents in the clay minerals. In 
contrast, many pyriboles contain Ca or Na ions, which 
can only be retained in clay minerals as exchangeable 
cations. The behavior of Li in the pyroxene spodumene 
(LiAISi206) during alteration to clay minerals cannot 
be so readily predicted as Li can occur in clay minerals 
both as an exchangeable cation and an octahedral cat- 
ion (Brindley and Lemaitre, 1987). This paper exam- 
ines the weathering of spodumene in a lateritic soil in 
southwestern Australia. 

MATERIALS AND METHODS 

Samples were taken from a deeply weathered spod- 
umene bearing pegmatite in the Greenbushes Mineral 
Field, located in the southwest of western Australia 
approximately 300 km south of Perth (Williams, 1975). 
Intense chemical weathering has resulted in the de- 
velopment of an in situ lateritic profile over the min-  
eralized pegmatite. A ferruginous duricrust and mot- 
tled zone are underlain by a pallid zone that extends 
to depths of up to 60 m. The samples were taken from 
the base of the open cut mine where the fabric of the 
parent rock was intact but weathering had begun (i.e., 
saprolite). Initiation of weathering of spodumene can 
be recognized in the specimens by clouding of other- 
wise transparent grains. 

A portion of the samples was impregnated with ep- 
oxy resin, and polished thin sections on glass slides 
were made for optical microscopy, electron micro- 
probe analysis (EMPA), and scanning electron mi- 
croscopy (SEM) using back-scattered electrons (BSE). 
Freshly exposed fracture surfaces of the samples were 
investigated by SEM using a Philips 505 instrument 
fitted with a BSE detector and energy dispersive X-ray 
analyzer (EDX). Specimens of about 1 cm 3 volume 
were mounted on a luminum stubs, coated with carbon, 
and subsequently coated with a 5 nm thick layer of 
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Figure 1. X-ray diffraction patterns of the basally oriented 
samples of the clay fraction separated from the partially 
weathered spodumene grains. The Mg-treated sample gave a 
reflection at about 15 A, which expanded to 18/~ on glycerol 
treatment. 

gold in a vacuum evaporator. Some partially weathered 
grains were ultrasonified in water to remove clay de- 
posited in etch pits before SEM analysis. Samples for 
transmission electron microscopy (TEM) were pre- 
pared by two methods. A dilute suspension of a crushed 
sample was prepared in distilled water. The < 10 #m 
fraction was separated from the bulk suspension and 
drops were placed on holey carbon films with a mi- 
cropipette. The drops were dried under cover at room 
temperature. Partially weathered regions in the pet- 
rographic thin sections were removed and ion milled 
with Ar at 5 kV to prepare ultrathin sections for TEM 
investigation. The selected regions in the thin sections 
were examined by optical microscopy and SEM using 
BSE and EDX prior to removal from thin sections. All 
samples for TEM were investigated using a Philips EM 
430 instrument operated at 300 kV. 

Clay suspensions were deposited onto ceramic plates 
under suction to prepare oriented clay samples. The 
clay films were saturated with Mg, K, and glycerol for 
diagnostic purposes (Brown and Brindley, 1980). XRD 
patterns of the whole material and the clay films were 
obtained using Cu-Ka radiation with a computer-con- 
trolled Philips vertical diffractometer and graphite dif- 
fracted beam monochromator. The digital XRD pat- 
terns were interpreted with the aid of XPAS analytical 
software (Singh and Gilkes, 1992). The elemental com- 
position of spodumene and clay separated from par- 
tially weathered grains was determined by atomic ab- 
sorption spectrophotometry of acid digests. 

RESULTS AND DISCUSSION 

Mineralogy and chemist~ of bulk weathering products 

XRD patterns of the < 2 um fraction of clay sepa- 
rated from partially weathered grains showed that 
smeetite is the major crystalline weathering product 

Table 1. The chemical composition ofspodumene and Na- 
saturated smectite. 

Oxide 
weight (%) Spodumene Smectite % Loss/gain 

SiO2 65.36 65.14 6 
A1203 26.93 25.32 0 
MnO 0.03 0.15 414 
Fe203 0.09 0.81 828 
MgO 0.10 0.08 -23 
Li20 6.86 0.23 -97 
CaO 0.29 0.01 -95 
K20 0.06 0.23 285 
Na20 0.27 3.14 1140 
H20 0.00 4.90 

Total 99.99 100.01 
Volume 100 120 20 

The loss/gain of elements has been calculated assuming that 
all A1 is retained. 

(Figure 1). The chemical compositions of the smectite 
and spodumene are shown in Table 1 and have an 
almost identical ratio of A1203/SIO2. Assuming that 
all Al is conserved, weathering of spodumene to smec- 
tite would result in a 20% increase in volume (Table 
1). Most Li and Ca have been lost, and moderate 
amounts of K, Mn, and Fe have been imported into 
the weathered material. 

Petrography and morphology of weathering grains 

A polished section ofa spodumene grain in relatively 
advanced stage of weathering is shown in Figure 2. The 
boundary of the original spodumene grain is indicated 
by a continuous open channel around the partially 
weathered grain. The channel may have been caused 
by shrinking of smectite in the channel due to drying 
of the sample during preparation of the thin section. 
Much of the grain has been replaced by smectite within 
which residual fragments of the spodumene crystal are 
preserved in their original orientation. Etch pits on the 
spodumene grain formed by weathering mostly exhibit 
a strong crystallographic influence with their long axis 
parallel to the cleavage plane. A few etch pits, however, 
do not follow the cleavage plane. Cleavages in part of 
the crystal have widened due to dissolution as may be 
seen by comparing the width of cleavage slits in the 
fresh spodumene and those in altered regions of the 
grain. The widened slits exhibit denticulated walls and 
are filled with smectite. Most of the space originally 
occupied by the spodumene grain is filled with smec- 
tite. This is broadly consistent with the calculated vol- 
ume of the smectite formed per unit  volume of spod- 
umene (shown in Table 1), which indicates that the 
entire space should be occupied with smectite. The 
smectite and spodumene in many regions are in con- 
tact, suggesting that weathering of spodumene in these 
areas has occurred either by diffusive solid state trans- 
formation, which may be via an amorphous phase, or 
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Figure 2, Back-~all:v~:d ~.;(anning elecLron micrographs of 
a polished sectio:~ o!" p~_~rl~all, aeaQ~'ved spodumene grain: 
A) Part of the sp( < u:~aet-~c ',l) grain i~a'~ been mostl 5 replaced 
b} smectitc (2) ~,d ,,orw rc,ddual fragi~_qcnls of the spodu- 
mene cr~,stal, retz.i ai~?a thew o~igmai orientation, arc prescnl 
within the smecti;:: E) at, e~argcd part ofA.  uith smectite 
present in the dissolu?ion c~tch pits , 3) a~ad cleavages (4). 

by a process o f  dissolution and immedia t e  precipita- 
t ion of  seconda~ '  products  wi thout  much export  of  the 
released ions. Some small  etch pits are devo id  of  weath- 
ering products,  indicating that in these regions spod- 
umene  has dissolved and ions have migrated from the 
site, but  presumably  precipi tat ion o f  smect i te  has oc- 
curred adjacent  to the site of  dissolution.  

The surface morphology of  partially weathered grains 
(Figure 3) that  had been washed in water  to expose 
etch pits shows features consistent  with those observed  
in the pol ished thin sections. Extensive crystal lograph- 
ically control led etch pits and sawtooth  te rmina t ions  
are present.  These  features were probably most ly  coat- 
ed with  clay, as some parts o f  the surface have  remained  
coated with  smecti te.  The  shape and crystal lographic 
or ienta t ion o f  saw-tooth t e rmina t ions  on spodumene  
are somewha t  different f rom those that  Velbel  (1989) 
observed  on hornblende  grains. Saw-tooth  t e rmina-  
tions on hornblende were much  sharper and had curved 
sides, with nei ther  side being parallel to the z axis. 
Berner  et al. (1980) suggested that saw-toothed ter- 
mina t ions  on hornb lende  are produced  by coalescence 
o f  adjacent  lenticular etch pits. Anand  and Gilkes (1984) 

Figure 3 ~) Scanning electron micrographs of a partially 
x~eathered spodumene grain. Etch pits (1) bounded by ci~'s- 
tallographic planes and large masses of smectite (2) are pres- 
ent. B) An enlargement of the region marked in A. Saw tooth 
terminations (3) are present on the grain. Note that one side 
of the saw tooth appears to be parallel to the z crystallographic 
axis of spodumene (white arrow). 

showed by electron diffraction that  saw teeth were elon- 
gated along the z axis. Berner and Schott  (1982), Velbel  
(1989), and Argast (1991 ) observed  extensive lent icular  
etch pits on hornblende  grains that  were devo id  o f  
weathering products.  Such lent icular  etch pits are not  
present  on spodumene  grains. The  te rmina t ions  on 
spodumene  have straight sides, one being parallel to 
the z axis. Apparent ly ,  the te rmina t ions  on spodumene  
are not  p roduced  by coalescence o f  lent icular  etch pits 
as descr ibed by Berner  et al. (1980) for hornblende.  

The  surface o f  some of  the unwashed spodumene  
grains contains  circular dendri t ic  growths o f  smect i te  
(Figure 4), which appear  to have  deve loped  f rom ran- 
domly  dis t r ibuted nuclei  on the cleavage surfaces o f  
spodumene  grains. This  essentially two-d imens iona l  
dendri t ic  growth o f  smect i te  may  be a consequence  o f  
crystal growth being confined wi th in  the planar  cleav-  
age voids  wi thin  weather ing spodumene  crystals. 
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Figure 4. Scanning electron micrographs of the cleaved sur- 
faces of a partially weathered spodumene grain: A) Circular 
dendritic aggregates of smectite extend over the spodumene 
surface; B) a magnified view of the dendritic smectite. 

Weathering interface 

The morphology of smectite described above is based 
on scanning electron microscopy. At this scale, it ap- 
pears that smectite has crystallized from solution in 
voids, and subsequent shrinkage of the smectite (during 
specimen preparation?) has produced voids between 
the smeetite and spodumene surfaces. In order to in- 
vestigate the possibility of topotactic alteration of 
spodumene to smectite it is necessary to examine the 
undisturbed weathering interface using TEM. HRTEM 
of ultrathin sections of slightly to extensively weath- 
ered spodumene grains that show a range of features. 
In slightly weathered specimens, cleavages (Figure 5) 
contain layers of smectite that often appear to extend 
from cleavages into voids. The slit shaped cleavages 
containing smectite commonly exhibit irregular walls 
and are of variable width due to dissolution by cir- 
culating solutions. Some of the ions released by dis- 
solution appear to have been carried out of the slits 
since the volume of smectite present does not account 
for the amount  of spodumene dissolved. These ions 
may have contributed to the extensive growth ofsmec- 

tite where slits open into large voids. Table 1 shows 
that alteration of spodumene to smectite results in a 
20% increase in volume. Figure 5A shows crystalline 
packets of smectite crystals that have developed at the 
outlet of cleavage slits. The smectite layers appear to 
"feed" on the ions released by dissolution of spodu- 
mene within the slits. Some increase in the width of 
slits can also be caused by ion beam thinning if the 
slits are not completely impregnated by resin or if they 
have been eroded. The observed width in these samples 
is probably original since a similar increased width of 
slits was observed in the petrographic thin sections 
(Figure 1). 

Smectite layers with their (001) face in contact with 
spodumene are present at many instances, but this may 
not represent the weathering interface. The actual 
weathering interface, where smectite layers are ad- 
vancing and spodumene receding, may be found where 
the smectite crystals are growing toward the source of 
released ions. The source may be the adjacent spod- 
umene surface or outlet of a channel carrying ions from 
cleavages in the spodumene crystal. In Figure 6, crys- 
tals of smectite appear to have grown into the spod- 
umene crystal. This process may have resulted from 
enhanced dissolution of spodumene in front of growing 
smectite crystal. Presumably, flow of water towards 
and diffusion of ions from the weathering front is much 
more rapid parallel to plates of smectite crystals and 
within the interlamellar voids than perpendicular to 
the plates. Thus smectite crystals grow laterally into 
the spodumene. The smectite layers that have grown 
into spodumene are not parallel and do not appear to 
adopt directions reflecting the structure of the parent 
spodumene. 

In more extensively weathered grains, a considerable 
amount  of non-crystalline material, identified by elec- 
tron diffraction, was present adjacent to the surface of 
the spodumene (Figure 7). The non-crystalline material 
exhibited a cell-like texture and did not contain voids. 
Large amounts of this amorphous material were also 
observed intermixed with smectite where spodumene 
had been completely replaced (Figure 8). The non-crys- 
talline material, smectite, and spodumene had very 
similar A1203/5i203 ratios. The Li content of the non- 
crystalline material could not be determined, and it 
may be the critical factor in determining the crystal- 
linity of the weathering products of spodumene. 

DISCUSSION 

Composition of smectite 

Substitution of Li for Mg in trioctahedral smectite 
is common. Ianovici et al. (1990) reported Li-bearing 
smectites that contained 0.21 to 0.45 Li ions/unit  cell 
as alteration products of magnesium silicate minerals. 
In this work, the dioctahedral smectite formed by 
weathering of spodumene contains only O. 12 Li ions/ 
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F ~gure ~. ]rt-aJ =~ :,- ) ~ ,,~= :n ~- *Ua!)t> sh t~  ing the allerzmon oi sl)odum~'ne ( i ) 1o sn~, Ctil< ~ _ } m ~-cI~tion *o cieavagcs 
(-a;. :\) :he (,lea. ~ c- n :, :,,,.} ,,~,c :e i h\ dissolulion. Smcct ~c ;.~ppea~s to haxc. cr\stali;>'d ,.~,th~; c!ea~ages an;d where 
c!caxagcs open {n ' :}<< 4~ { :~: cicctlon <lilt'faction p~tttcrn o[-silqeclilc selo\~s basa[ ~-eflccti~n:. o[ '= 12 X, B) Smectite 
la>ers oecup3 tkc ] ( ,,>~,> :s <~ ~l~[gc,.l {lcaxagcs ~ithin ~ sl)oc~unqenc crystal. 

uni t  cell. w h i c h  is m u c h  less than  tha t  for the s m e c t i t e s  

~eported b?  l anovic i  e f a / .  (1990) a n d  is on ly  3% o f  

the or iginal  Li c o n t e n t  o f  s p o d u m e n e .  N o  o t h e r  crys-  

tal l ine a l t e ra t ion  p r o d u c t s  thal  m i g h t  re ta in  Li were  

o b s e r v e d .  A p p a r e n t l y .  m o s t  o f  the  Li w a s  los t  af ter  

b r e a k d o w n  o f  the s p o d u m e n e  s t ruc tu re ,  T o p o t a c t i c  al- 

t e ra t ion  s imi l a r  to tha t  o f  hedenbe rg i t e  to n o n t r o n i t e  

Figure 6. Transmission electron m~crograph sho~ ing the di- 
rect alteration of spodumenc (1) In smectite (2). ~t regions 
marked (3), the smectite cr3 s~als appear to hax e grown inIo 
the spodumene rather than simpI.~ coating the etched surface. 

Figure 7. Transmission electron micrograph showing non- 
cr? stalline ( 1 ) material separating spodumene (2) and smectite 
/3). The non-crystalline material exhibits a rim-sized cell-like 
texture. Inset: a selected area diffraction pattern of the non- 
crystalline material showing characteristic diffuse rings. 
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Figure 8. A) Transmission electron micrograph showing non- 
crystalline (1) material intermixed with smectite (2). The re- 
gion containing smectite contains lenticular voids, whereas 
the non-crystalline material is massive. B) A magnified view 
of a region in Figure 7 showing interfingering of non-crystal- 
line material (1) and smectite (2). 

can conserve original cations (Eggleton, 1975), but no 
evidence for topotactic alteration of spodumene was 
obtained. Weathering of spodumene to smectite evi- 
dently proceeded via both solution and formation of 
a non-crystalline phase, and both processes involved 
the complete breakdown of the spodumene structure, 
thus exposing Li to losses by diffusion and leaching. 

The A120~/Si203 ratios for spodumene and smectite 
are identical. Smectite has a relatively higher content 
of Fe, Mn and K. Apparently, these cations have been 
scavenged from solution and are ions released by 
weathering of other minerals. Except for the loss of 
most Li, the chemical composition of the smectite is 
similar to the composition of spodumene, which is 

consistent with studies of weathering of feldspars and 
pyroxenes. This observation shows that the nature and 
chemical composition of the initial weathering product 
is commonly controlled by the composition of the par- 
ent mineral rather than by the macroscale environ- 
ment, which may be influenced by the simultaneous 
weathering of other minerals in the rock (Eggleton and 
Qiming, 1991). 

Amorphous weathering products 

Non-crystalline products have been observed in 
studies of the weathering of K-feldspar and plagioclase. 
Eggleton and Buseck (1980) observed ring-shaped 
amorphous structures adjacent to weathering feldspar, 
that were considered to be an intermediary between 
feldspar and montmorillonite. Similarly, Banfield and 
Eggleton (1990) observed protocrystalline material as 
a compound intermediate between smectite and weath- 
ering plagioclase. In the present study the non-crys- 
talline material appears to alter to smectite. In similar 
lateritic material from an adjacent locality, non-crys- 
talline materials have not been observed where feldspar 
alters to kaolin (Anand and Gilkes, 1984). Non-crys- 
talline material may occur in significant amounts only 
in poorly drained micro or macro environments,  where 
it subsequently alters to smeclite. In a relatively well- 
drained environment,  smeetite or kaolinite may form 
directly from solution or for some primary minerals 
via epitaxial alteration (e.g., biotite, Gilkes and Sud- 
dhiprakarn, 1979; muscovite, Singh and Gilkes, 1991). 

CONCLUSIONS 

In the pallid zone of a deeply weathered pegmatite, 
spodumene alters by a mechanism of dissolution and 
reprecipitation to a non-crystalline material and to 
smectite in relatively well-drained cracks and at grain 
surfaces. Most of the Li in spodumene was lost during 
alteration to smectite, although most A1 and Si were 
conserved. The dissolution mechanism with etch pit 
formation in spodumene is similar to that for horn- 
blende. No evidence was found oftopotactic alteration 
of spodumene to smectite, which might be expected to 
occur considering the similarities of structure and 
chemical composition. 
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