
Fig ure 2 shows an in ten sity map cal cu lated in the co or -

di nates (2q; ai), as sum ing af = 0,5° where 2q is the
in-plane scat ter ing an gle. In this map, a part of the Debye
ring of Nb110 and Al220 is de picted. The width of the ring

in the 2q di rec tion is in versely pro por tional to the grain ra -
dius R. Along the Debye ring, the in ten sity mod u la tion fol -
lows the de pend ence of the in ten sity of the wave-field on
ái; the pe riod of the mod u la tion is in versely pro por tional to
the multi-layer pe riod. The rings Nb110 and Al220 have
dif fer ent struc tures; these dif fer ences are caused by dif fer -
ent in ten si ties of the stand ing wave in Nb and Al lay ers.

Be low ac, the pen e tra tion depth of the in com ing beam is
very small and no dif frac tion from the grains takes place. 

Fig ure 3 shows the in ten sity scans for 2q = const. cal cu -
lated for Nb110 and Al220 dif frac tion and re flec tion on as -
sum ing multi-layer.

IV. Conclusions
Model with flat in ter faces (and ex pec ta tions in para graph
III.) is too sim pli fied to de scribe real ex per i men tal data.
The most im por tant point of the fur ther work is de scrip tion
of the scat ter ing pro cess from in ter faces rough ness. The
next prob lems are the tex ture, in flu ence of the ran dom size
of the grains, etc.
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Ab stract
Tantaloniobates in cas sit er ite from the An nie-Claim Peg -
ma tite (Can ada) and pegmatites in the Czech Mas sif were
stud ied by the fol low ing meth ods: light mi cros copy, sin -
gle-crys tal X-ray dif frac tion, elec tron microprobe, and
trans mis sion elec tron mi cros copy (TEM). A con cen tra tion
gra di ent around in clu sions (elec tron microprobe re sults)
and a de fined struc tural ori en ta tion of in clu sions within the
cas sit er ite ma trix (X-ray and elec tron dif frac tion re sults)
were ob served. This con firms that in the cases stud ied,
tantaloniobates in cas sit er ite formed as a re sult of an
exsolution pro cess.

In tro duc tion
In nat u ral sam ples, it is some times dif fi cult to dif fer en ti ate
be tween in clu sions that were trapped dur ing crys tal growth 
and prod ucts of post-crys tal li za tion exsolution pro cesses.
In or der to un der stand the pro cess of rock for ma tion, the in -
clu sions/exsolutions have to be stud ied in de tail. Pres ently,
we stud ied cas sit er ite from the An nie-Claim Peg ma tite
(Can ada) and pegmatites in the Czech Mas sif. The fol low -
ing meth ods were em ployed: light mi cros copy, sin -
gle-crys tal X-ray dif frac tion, elec tron microprobe and
trans mis sion elec tron mi cros copy (TEM).

The word “in clu sion” is be ing used loosely. In gen eral,
an in clu sion can be any solid or fluid phase en closed in the
sur round ing ma trix. This cov ers in clu sions sensu stricto,
which are ran domly trapped by a crys tal dur ing its growth,
as well as pre cip i tates that form by exsolution in the
subsolidus. Here af ter, we shall use the term “in clu sion” in
non-ge netic con text, whereas the term “in clu sion sensu
stricto” as op posed to terms “pre cip i tate” or “exsolution”
will al lude to the for ma tion pro cess in volved.
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Fig.3. The in ten sity scans for 2q = const. for Nb110 and Al220

and re flec tion on multi-layer, mean grain size R = 2 nm, af = 0,5°.



There are sev eral ways how to dif fer en ti ate be tween in -
clu sions sensu stricto and pre cip i tates. Un der the mi cro -
scope, a first im pres sion co mes from the shape and spa tial
dis tri bu tion of in clu sions within the ma trix. In clu sions
sensu stricto usu ally are ir reg u lar in shape and are dis trib -
uted ran domly, whereas pre cip i tates form lamellae or as -
sume other dis tinct shapes and tend to be ar ranged in
pre ferred di rec tions, as de manded by their struc tural ori en -
ta tion within the host. In the ma trix sur round ing a pre cip i -
tate, a con cen tra tion gra di ent may be tray that a dif fu sion of
el e ments to ward the pre cip i tate took place dur ing its
growth; con trari wise, the ma trix around an in clu sion sensu
stricto ought to be ho mo ge neous. To ob tain yet an other
piece of ev i dence, one might want to per form a sin gle-crys -
tal dif frac tion ex per i ment in or der to see whether a pre cip i -
tate is crys tal lo graphi cally aligned in the host. The
un der ly ing idea is that there are hardly any com pel ling rea -
sons to ex pect in clu sions sensu stricto to as sume a fixed
crys tal lo graphic ori en ta tion with re spect to the ma trix. 

Tantaloniobates such as ixiolite and colum bite have
com monly been de scribed as in clu sions or pre cip i tates
(exsolution prod ucts) in cas sit er ite and rutile [1, 2, 3, 4, 5,
6, 7, 8, 9, 10, 11]. How ever, these stud ies re lied on re -
flected-light mi cros copy, microprobe anal y ses, and X-ray
pow der dif frac tion, which may not suf fice to dif fer en ti ate
un equiv o cally be tween in clu sions sensu stricto and
exsolution prod ucts. 

Chem i cal com po si tion
Tex ture and chem i cal com po si tion were stud ied with the
help of elec tron mi cros copy (SEM and microprobe). Se -
lected sam ples were an a lyzed quan ti ta tively on the

microprobe Cameca SX50 with a Wave Dispersive Spec -
trom e ter (op er ated at 20kV, 25nA) at the NHM in Lon don.
All anal y ses were re cal cu lated on the ba sis of 24 oxygens
to al low an easy com par i son among all phases in volved.

In the ma te rial stud ied, it is pos si ble to dis cern two
groups of sam ples, in agree ment with their lo cal ity as well
as their chem i cal com po si tion. Ca na dian sam ples con tain
pre cip i tates of monoclinic wodginite MnSnTa2O8, whereas 
sam ples from the Czech Mas sif con tain orthorhombic
ferrocolumbite Fe(Nb,Ta)2O6. In the sam ples from both
groups, a con cen tra tion gra di ent sur round ing the in clu -
sions can be ob served (Fig. 1).

Ca na dian cas sit er ite con tains in clu sions of wodginite
SnMnTa2O8, which ap pear lighter than sur round ing cas sit -
er ite in back-scat tered elec trons (fig. 1a). In BSE, the con -
cen tra tion gra di ent in cas sit er ite ma trix in the vi cin ity of
in clu sions is vis i ble. The dark zones sur round ing in clu -
sions are com posed of pure cas sit er ite - “de pleted” cas sit -
er ite (de pleted in com par i son with pri mary cas sit er ite,
which is en riched in mi nor el e ments), whereas the lighter
ar eas far ther from the in clu sions and in clu sion-free are pri -
mary “en riched” cas sit er ite with higher con cen tra tion of
Ta, Mn, Nb and Fe (tab 1).

Chem i cal com po si tion of the in clu sions cor re sponds to
wodginite SnMnTa2O6. The ma jor sub sti tu tions are
homovalent such as Fe-Mn, Nb-Ta a Zr-Sn. In clu sions
con cen trate Ti, Sc, Mn, Ta and Zr, while cas sit er ite pre fers
Fe and Nb. In fig ure 1b, anal y ses from sam ple 206-IVA
from An nie Claim 3 are plot ted in the tri an gu lar di a gram
Sn+Ti - Mn+Fe - Nb+Ta (at. %). It is shown that the anal y -
ses of en riched and de pleted cas sit er ite clus ter in two ar eas, 
which are sep a rated by 5% (Mn,Fe)(Ta,Nb)2 com po nent.
All anal y ses fall on the same line that con nects the Sn+Ti
apex with (Mn,Fe)(Ta,Nb)2. Such pat tern is usu ally at trib -
uted to magma mix ing (in case of rocks) or unmixing (this
case).

Chem i cal com po si tion of the in clu sions in cas sit er ite
from the Czech Mas sif cor re sponds to colum bite
Fe(Nb,Ta)2O6. Fig ure 1c shows cas sit er ite from Nova Ves
in back-scat tered elec trons. A con cen tra tion gra di ent sur -
round ing in clu sion is vis i ble, even though it is much
weaker than in the case of sam ples con tain ing wodginite. In 
this case, in clu sions ap pear darker than the ma trix. The re -
versed con trast is due to the av er age mo lec u lar weight of
in clu sions, which is lower than that of cas sit er ite, whereas
in the sam ples from An nie Claim 3 the in clu sions are
“heavier” than the ma trix. Quan ti ta tive anal y ses are listed
in ta ble 1.

The ma jor sub sti tu tions ac tive here are homovalent
such as Fe-Mn and Nb-Ta. In clu sions con cen trate Ti and
Nb, while cas sit er ite pre fers Ta. In fig ure 1d, anal y ses from 
sam ple MM-116 from Nova Ves are plot ted in the tri an gu -
lar di a gram Sn+Ti - Mn+Fe - Nb+Ta (at.%). Also in this
case the anal y ses fall on the same line, which con nects the
Sn+Ti apex with (Mn,Fe)(Ta,Nb)2.
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Fig ure  1. a) Sam ple from An nie Claim 3 in back-scat tered elec trons (BSE). White - wodginite in clu sions, light grey - en riched cas sit er -
ite, dark grey - de pleted cas sit er ite. b) Microprobe anal y ses of sam ple 206-IVA from An nie Claim 3 plot ted in tri an gu lar di a gram Sn+Ti 
-Mn+Fe - Nb+Ta (at.%).  c) Sam ple from Nová Ves in back-scat tered elec trons (BSE). White - colum bite in clu sions, light grey - de -
pleted cas sit er ite, en riched grey - de pleted cas sit er ite. d) Microprobe anal y ses of sam ple MM-116  from Nová Ves plot ted in tri an gu lar
di a gram Sn+Ti -Mn+Fe - Nb+Ta (at.%).



Struc tural ori en ta tion
Cas sit er ite, SnO2, be longs to the rutile struc tural group
whose mem bers crys tal lize in space group P42/mnm. Cell
pa ram e ters of syn thetic SnO2 are: a = 4.738 C, c = 3.186 C
[12]. Its struc ture con sists of edge-shar ing SnO6 octahedra
that form chains along the c axis and are in ter con nected in
the [110] di rec tion by means of api ces of octahedra (fig.
2a).

Tantaloniobates such as ixiolite, colum bite-tantalite
and wodginite, oc cur ring as in clu sions in cas sit er ite have
re lated struc tures. All the ses struc tures can be de scribed as
zig-zag chains of octahedra ex tend ing par al lel to the c axis
(fig. 2b). In di vid ual struc tures dif fer by the kind of oc ta he -
dral cat ions and their or der ing. The struc tural re la tion ships
can be sum ma rized as fol lows [13]. The com mon unit is the 
cell of ixiolite. Or dered colum bite-tantalite has unit cell pa -
ram e ters a = 3aix, b = bix, c = cix and or dered wodginite a =
2aix, b = 2bix, c = cix. There fore, we can ex pect all these
tantaloniobates to as sume a sim i lar ori en ta tion within the
struc ture of cas sit er ite.

Struc tural ori en ta tion of tantalo niobate in clu sions in cas sit -
er ite was stud ied by means of sin gle-crys tal X-ray dif frac -
tion and trans mis sion elec tron mi cros copy.

X-ray dif frac tion
The spa tial re la tion of tantaloniobate pre cip i tates within
the host cas sit er ite pre dicted by a close ex am i na tion of their 
struc tures was con firmed by sin gle-crys tal X-ray dif frac -
tion. An Enraf-Nonius pre ces sion cam era with un fil tered

MoKa (l = 0.7107 C) ra di a tion was used. In or der to ob -
serve dif frac tion spots of lamellae which rep re sent a small
frac tion of the vol ume of host cas sit er ite, over ex posed pho -
to graphs had to be taken, fur ther boosted with an in ten si fier 
screen. Where con tin u ous ra di a tion ham pered the in ter pre -
ta tion of pho to graphs, the ra di a tion was Zr-fil tered.

Mu tual crys tal lo graphic ori en ta tion of the lat tices of
cas sit er ite and tantaloniobate exsolutions (ei ther ferro -
columbite or wodginite) is as fol lows (fig. 3): the re cip ro cal 
axis c* of each pre cip i tate is ap prox i mately par al lel to one
of the cas sit er ite di rec tions [101]*, [011]*, [101]*, [011]*.

The pre cip i tates’ a* axes are strictly par al lel to the ±a1*

and ±a2* axes of cas sit er ite, whereas bcol* is not par al lel to
any ra tio nal re cip ro cal di rec tion of cas sit er ite. 
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An nie Claim Nova Ves

 IN DC EC IN DC EC

Ti 0.025 0.000 0.000 0.151 0.015 0.010

Na 0.012 0.084 0.059 0.000 0.069 0.044

Ca 0.000 0.000 0.000 0.010 0.000 0.000

Sc 0.036 0.000 0.001 0.011 0.000 0.003

Sn 2.274 11.928 11.059 0.089 11.786 11.157

Mn 2.737 0.004 0.224 0.333 0.005 0.013

Fe 0.225 0.006 0.031 3.334 0.024 0.232

Zr 0.402 0.012 0.042 0.086 0.051 0.034

Nb 0.795 0.005 0.091 6.134 0.024 0.366

Ta 5.367 0.018 0.506 1.693 0.050 0.150

Y - - - 0.000 0.002 0.000

Th - - - 0.013 0.005 0.000

U - - - 0.012 0.000 0.010

Sb - - - 0.002 0.016 0.006

Hf 0.077 0.006 0.008 0.010 0.006 0.004

W 0.006 0.000 0.000 0.005 0.000 0.000

Bi - - - 0.000 0.000 0.000

To tal 11.956 12.062 12.022 11.883 12.052 12.029

Ta ble 1.: Microprobe anal y ses of sam ples 206-IVA from An nie Claim 3 and  MM-116
from Nová Ves.. Cal cu la tion is based  on 24O. (IN – in clu sion, DC – de pleted cas sit er -
ite, EC – en riched cas sit er ite).

Fig ure 2.: Struc ture of cas sit er ite (a) 
and colum bite (b).



Gen er ally, there are four pos si ble ori en ta tions of
tantaloniobate pre cip i tates, dic tated by the tetragonal sym -
me try of cas sit er ite. How ever, in the crys tal from Nova Ves 
only one ori en ta tion was ob served (cor re spond ing to col2

in the fig ure 3b), whereas in sam ple from An nie-Claim
peg ma tite at least two dif fer ent ori en ta tions can be ob -
served (fig. 3c).

Elec tron dif frac tion
Size, mor phol ogy and ar range ment of pre cip i tates and
char ac ter is tics of in ter face be tween host cas sit er ite and in -
di vid ual pre cip i tates were stud ied in TEM at the Johns
Hopkins Uni ver sity (Bal ti more, MD, USA). 

Sam ples were pre pared from thin sec tions by plac ing
Cu-grids on se lected ar eas of in ter est and ion-milled to the
TEM thick ness by Ar-ions. Two in stru ments were used -
Philips EM420 at 120 kV and Philips CM300 at 300 kV
(FEG), both equipped with an EDS de tec tor. Dig i tal im -
ages were treated with Dig i tal Mi cro graph, and sim u la tion
of elec tron dif frac tion pat terns was pro duced in
MacTempas. EDS anal y sis were ob tained and pro cessed
with DTSA and EmiSpec soft ware.

In the TEM (fig. 4a,c), in clu sions rang ing from 0.X to

X mm were ob served; no finer scale exsolution prod ucts
were de tected. Chem i cal com po si tion of the in clu sions is
the same as an a lyzed on the microprobe and cor re sponds to 
wodginite and ferrocolumbite, re spec tively.

Struc tural ori en ta tion of the in clu sions to wards the cas -
sit er ite ma trix at the in ter face was ex am ined on about 40
in clu sions by means of elec tron dif frac tion. The ori en ta tion 
of all the in clu sions con firms the re sults of X-ray dif frac -
tion. How ever, a slight misorientation of sev eral de grees
was es tab lished.

Ex am ples of in clu sions from both lo cal i ties are shown
in fig ure 4. It can be seen that the re cip ro cal di rec tion
[100]* of cas sit er ite co in cides with the [100]* of in clu sions 
(wodginite or ferrocolumbite). The other par al lel di rec -
tions are: in the sam ple from An nie Claim [201]* of cas sit -
er ite with [010]* of wodginite (fig. 4b) and in the sam ple
from the Czech Mas sif [021]* of colum bite with [100]* of
cas sit er ite (fig. 4d). These re la tions cor re spond to the ori -

en ta tion re la tion ships de ter mined by X-ray dif frac tion (fig. 
3b). 

Con clu sions
In the sam ples of cas sit er ite from the An nie-Claim Peg ma -
tite (Can ada) and pegmatites in the Czech Mas sif, a con -
cen tra tion gra di ent around in clu sions (elec tron microprobe 
re sults) and a de fined struc tural ori en ta tion of in clu sions
within the cas sit er ite ma trix (X-ray and elec tron dif frac tion 
re sults) was ob served. This con firms that in the cases stud -
ied, tantaloniobates in cas sit er ite formed as a re sult of an
exsolution pro cess.
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Fig ure 3: Pre cip i tates of tantaloniobates in cas sit er ite. (a) pre ces sion pho to graph of 0kl* net of cas sit er ite with  0kl*
net of ferrocolumbite (sam ple MM-116 from Nova Ves - Czech Re pub lic), (b) in ter pre ta tion, (c) pre ces sion pho to -
graph of 0kl* net of cas sit er ite with  0kl* net of wodginite (sam ple 206-IVA-d from An nie Claim pegmatite - Canada).

Fig ure 4. TEM ob ser va tions. (a) wodginite in clu sion in cas sit er -
ite (sam ple 222a An nie-Claim peg ma tite), (b) cor re spond ing
elec tron dif frac tion, (c) ferrocolumbite in clu sion in cas sit er ite
(sam ple MM-97the Czech Mas sif), (d) cor re spond ing elec tron
dif frac tion.



The mech a nism uti lized dur ing exsolution of tantalo -
niobate pre cip i tates in cas sit er ite is nu cle ation and growth
(not spinodal de com po si tion – see [14] for de scrip tion of
both mech a nisms). The pre cip i tates are in the late stage of
exsolution char ac ter ized by ad vanced coars en ing and a
slight ro ta tion of the phase bound aries. Even though
pegmatites are con sid ered to be highly dis-equil i brated and 
fast cool ing rocks [15,16] it seems that at least at some level 
equi lib rium is close to be ing achieved.

Tantaloniobate pre cip i tates were found in cas sit er ite
with el e vated con cen tra tions of Ta as well as Nb. In con -
trast, tantaloniobate exsolution prod ucts found in rutile
(isostructural with cas sit er ite) are re stricted to sam ples rich
in Nb; Ta-rutile ap pears to be a ho mo ge neous solid so lu -
tion re sis tant to exsolution [1,2,4,6,7,8].

We should like to thank Prof. Petr Èerný (Uni ver sity of
Man i toba, Can ada) and Prof Mi lan Novák (Masaryk Uni -
ver sity, Czech Re pub lic) for mak ing avail able the sam ples
for this study. The study was sup ported by the fol low ing
grants: the Grant Agency of Charles Uni ver sity (grant No.
198/2000 B GEO), the Grant Agency of the Czech Re pub lic 
(grant No. 205/01/1126). The elec tron microprobe anal y -
ses were col lected dur ing the se nior au thor‘s stay at the
Nat u ral His tory Mu seum (Lon don) un der the
SYS-RESOURCE pro gram. The trans mis sion elec tron mi -
cros copy stud ies were con ducted at the Johns Hopkins
Uni ver sity (Bal ti more, MD) un der the su per vi sion of Prof.
Da vid Veblen and were spon sored by the NSF grant and
Fulbright schol ar ship. 
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