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In t he Y octahedra of to ur malin es theoreticall y may occur ions of Fe2 +

and Fe3+ . T he authors discuss M �ossbauer measurements and conÙrm the
ordered model of ionic distributi on at these sites: the presence of Fe3+ ions

in the Y octahedra and A l3+ ions in the Z octahedra. T he spectra of di ˜erent
tourmalines annealed at temp eratures ran ging from 873 K to 1153 K show
that Fe3+ ions can occur in both of these sites. T he annealing has changed
the symmetry of the neighb ourho od of iron ions at the octahedral sites. I t

has b een show n that the doublets w ith QS < 2: 00 mm = s should not been
attributed to Fe2+ (Z ). A lso new results corrob orating the existence of the
iron ions in the mixed valence state in tourmalines have been presented.

PACS numb ers: 76.80.+ y

1. I n t rod uct io n

T ourm al ines are borosil icates wi th a compl ex structure. Thei r general crys-
ta l lochemical form ula is XY 3Z6 B3Si6O27 (O, OH, F) 4 . X designates tetra hedra l sites
occupied m ainly by alkal i m etal cati ons. Y and Z designate octahedra l sites, where
in the Y octahedra a centra l ion coordi nates f our oxyg en ions and two OH groups
(or one OH and one F), whi le in the Z octa hedra it coordi nates Ùve oxygen ions
and one OH group. Iro n occurs in both of these sites.

Num erous papers on M �ossbauer studi es of tourm al ines present a rather sim -
pl e interpreta ti on of M�ossbauer spectra of these minera ls: one doubl et of quadrup ole
spl itti ng attri buted to Fe2 + (Y), one doubl et to Fe2 + (Z), and one or two dou-
bl ets attri buted to Fe3 + present in either of the two positi ons [1, 2]. D uri ng last
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years several papers deal t wi th m ore deta i led determ inati on of the crysta l lochem-
ical structure of tourm al ines, uti l i zing not onl y the M�ossbauer m ethod [3{ 7]. The
M�ossbauer studi es focused mainly on the e˜ects of the 2nd coordi nati on shell tha t
di ˜erenti ate M�ossbauer spectra wi thi n the group of to urm al ines and on the possi-
bi l iti es of identi Ùcati on in these spectra the doublets from iron ions in the m ixed
valence state. It is a prev alent opi nion [3, 5, 6, 8] tha t the m odel assuming the
ordered distri buti on of ions at the Y and Z sites m ay be appl ied at least to some
typ es of to urm al ines, and thi s m eans tha t the Z sites are alm ost always occupi ed
by Al ions. As som e autho rs accept tha t Fe2 + can Ùll both typ es of octahedra , i t
seems tha t every new inf orm ati on relevant m ay add som ethi ng signiÙcant in thi s
di scussion.

2. M et hod

M�ossbauer spectroscopy wa s employed in to study 53 sam ples of to urm alines
from Poland and abro ad. Each sampl e was also a subject to X- ray investigati ons.
M�ossbauer sam ples were prepa red as discs wi th diam eters of 2 cm 2 and a thi ckness
of 5 m g Fe/ cm 2 . Co5 7 (R h) wi th an acti vi ty of 25 mCi was the source of Û radi ati on.
The m easurements were carri ed out at the ro om tem perature usi ng a constant
accelerati on spectro meter. The velocit y scale of the spectrom eter was cal ibrated
wi th an ˜ -Fe foi l .

Fi ve sam ples, appearing as the m ost interesti ng, were annealed for 1 h in
ai r at vari ous tem peratures. The degree of oxi datio n of each sam ple was checked
usi ng the X- ray di ˜ra cti on (XR D ) m etho d and i ts M�ossbauer spectrum recorded
at the room temperature.

3. R esul t s an d d iscu ssio n

M�ossbauer spectra of selected to urm al ines are shown in Fi g. 1. The spectra
can be di vi ded into several typ es. An almost sym metri cal spectrum , associated
wi th Fe2 + ions is presented in Fi g. 1A. In Fi g. 1B an increasing asymm etry of the
spectrum , resulted from the presence of smal l doubl ets associated wi th Fe3 + ions,
can be seen. Fi gures 1C and D present the spectra wi th disti nct, signiÙcant l ines
associ ated wi th Fe3 + ions and an addi ti onal doubl et designated in Fi g. 2 as X (i ts
ori gin wi l l be discussed further in the paper).

From the shapes of the spectra presented in Fi g. 1 i t becom es obvi ous tha t
m ost of them cannot be num erical ly Ùtted in the classic way, i .e. assuming a m ax-
im um of four doubl ets associated wi th Fe2 + (Y), Fe2 + (Z), Fe3 + (Y), and Fe3 + (Z).
In each of the sam ples studi ed the num ber of doubl ets, necessary for proper res-
oluti on of thei r spectra and attri buta bl e to Fe2 + ions, is higher tha n two . In the
sam ples who se spectra appro xi mate the spectrum presented in Fi g. 2, the num ber
of doubl ets associated wi th Fe2 + i s four or Ùve and these doubl ets have thei r pa-
ram eters characteri stic of the Fe2 + ions in octahedra l coordi nati on. W hi le isom er
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Fig. 1. M�ossbauer spectra of various tourmalin es.

Fig. 2. Seven doublets resolving in the spectrum of sample 36.

shi fts (IS) of these doubl ets are almost identi cal in al l the sam ples studi ed, they
signiÙcantl y di ˜er in thei r quadrup ole spli tti ng (QS) values (T abl e I). For Fe2 +

ions the smal ler value of QS indicates a stro nger distorti on from the ideal local
sym m etry . If the only reason of the presence of the Fe2 + doubl ets wi th vari ous
QS values were di ˜erences in the elementa l structure of the Y and Z octahedra ,
onl y tw o such doubl ets would have been observed in the M�ossbauer spectra. The
presence of a hi gher numb er of such doublets may be caused by di ˜erences wi thi n
the 2nd coordi nati on shell (next nearest neighbourho od e˜ect). Thi s e˜ect can be
parti cul arl y signiÙcant for the Fe2 + ions in the Y octahedra as these three octahe-
dra in the to urm al ine structure form an interl inked group and, theref ore, the ions
situa ted in the centres of these octahedra are positi oned close to each other. For
thi s reason the presence of doubl ets wi th hi gher QS values m ay be expl ained by
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TAB LE I

Resolution s of M�ossbauer spectra of thermally oxidi zed sample 49. IS | rela -
tive to ˜ -Fe.

Temp. of I S QS S T emp. of IS QS S

annealin g [mm /s ] [mm/s] [%] annealing [mm/s] [mm/s] [%]

[K ] [K ]

1.08 2.47 30 1.08 2. 48 13

1.08 2.17 30 1.08 2. 19 16

1.09 1.86 11 1.08 1. 94 6

1.08 1.53 12 953 1.06 1. 55 9

| 0.35 0.36 3 1.08 1. 19 8

0.76 1.30 2 0.36 0. 92 20

0.36 1. 28 19

0.70 1. 39 9

1.08 2.48 22 1.05 2. 46 3

1.08 2.18 23 1.09 2. 11 4

1.09 1.92 6 1.07 1. 61 6

873 1.08 1.55 13 993 1.07 1. 18 4

1.08 1.11 9 0.36 0. 92 36

0.53 0.91 10 0.35 1. 27 43

0.36 1.27 11 0.69 1. 44 4

0.72 1.30 6

0.35 0. 92 57

1153 0.35 1. 26 43

di ˜erences in the occupancy of theseoctahedra l tri ads by vari ous numb ers of Fe2 +

ions (one, two or three) plus other ions (Mg 2 + , Al 3 + , and even Ti 4 + ). The autho rs
showed f or several sampl es of to urm alines tha t such an expl anati on is justi Ùed [7].

The expl anati on presented above tha t relates the occurrenc e of vari ous Fe2 +

doubl ets not wi th the di ˜erences in the structure of the Y and Z octahedra but wi th
the 2nd coordi nati on shell of the Y site is importa nt in the m odel of the ordered
structure of to urm al ines, proposed by several autho rs [3, 6, 7, 8]. Accordi ng to thi s
m odel , in the Z octahedra there should occur alm ost exclusivel y Al 3 + ions, whi le
the Fe2 + ions shoul d occupy the Y octa hedra.

From such spectra as tho sepresented in Fi g. 2, the positi on of Fe3 + ions in the
structure of to urm al ines can be inf erred. Tho se spectra show one or two doubl ets
wi th parameters characteri stic of Fe3 + ions in octahedra l coordi nati on. Since the
intensi ti es of these doubl ets are usual ly very low and they are superim posed by
m uch stro nger l ines of Fe2 + -doubl ets, the only possible conclusi on is tha t they
belong to Fe3 + (Y) and/ or Fe3 + (Z). Broad l ines of these doubl ets in som e spectra
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suggest tha t they actual ly represent superpositi on of several doublets wi th very
low intensi ti es tha t cannot be resolved in any reasonabl e way. Annea l ing of such
sam ples to vari ous tem peratures aimed, among others, at increasing thei r amount
of Fe3 + . Such a procedure has suppl emented so scarce inform ati on on these ions,
present so far in the l i tera ture of the subj ect.

Li tera ture data indi cate tha t the anneal ing pro cess is associated wi th the
change of latti ce param eters to wards the values characteri sti c of buergeri te, whi ch
is the to urm al ine vari ety wi th Fe3 + ions in the Y octahedra. Such changes take
part onl y in the presence of oxygen, in a neutra l atm osphere they are absent. It
can be thus assumed tha t the therm al oxi dati on of Fe2 + in to urm al ines results in
depro tonati on of thei r structure accordi ng to the fol lowing reacti on:

4Fe2+ + 4( OH ) À + O2 = 4Fe3+ + 4O2 À + 2H2 O :

In consequence, Fe3 + ions shoul d be present af ter oxi dati on in the same latti ce
sites as were ini ti al ly occupied by Fe2 + ions.

In the spectra of al l the sam ples annealed tw o di stinct doubl ets app ear,
who se intensi ty increaseswi th anneal ing tem perature (Fi g. 3). At tem peratures in

Fig. 3. M�ossbauer spectra of sample 49 b efore annealin g (A ) and af ter anneali ng at

temp eratures: 873 K ( B) , 953 K (C ), 993 K ( D), 1153 K ( E).
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the range of 1000 K the spectra show the presence of onl y Fe3 + -doubl ets. The l ines
of the doubl ets are wi dened, but thei r shape is sym m etri cal . The values of IS of
these doubl ets are sim i lar, characteri stic of Fe3 + in octahedra l coordi nati on, but
quadrup ole spli tti ngs of the doubl ets vary. In the case of Fe3 + ions, the electri c
Ùeld gradient (EF G) results tota l ly from the asym metri c neighb ourho od of these
ions, hence the doubl ets wi th lower QS values corresp ond to the sites wi th the
sym m etry closer to the perf ect one. Consideri ng thi s and also taki ng into account
the QS values of the Fe3 + -doubl ets observed in vari ous sam ples (T able I I), the
fol lowi ng concl usions can be m ade.

T ABLE I I
Parameters of Fe3+ -doublets. S (F e3+ ) and S ( X )-relative intensi-
ties of Fe3+ doublets and mixed valence state doublet, A l 3+

À A l3+

content on the basis of 31 ( O,OH ,F), I S | relative to ˜ -Fe.

Sample IS Q S S (F e3+ ) S (X ) Fe3+ /F e2+ A l3+

[mm/s] [mm/s] [%] [%]

49 0.35 0.36 3 2 0.04 6.505

48 0.36 0.39 3 0 0.03 6.550

N 5 0.35 0.40 4 7 0.05 6.732

41 0.42 0.74 49 26 0.59 5.513

42 0.42 0.74 49 24 0.61 5.464

47 0.40 0.80 10 29 0.25 5.765

36 0.39 0.78 17 11 0.30 6.182

0.41 1.28 7

37 0.41 0.76 14 10 0.26 6.231

0.39 1.25 7

1. In Al -poor sam ples (41, 42, 47), where the amount of Al is insu£ cient to Ùll
al l octahedra, som e of the Z sites are being Ùlled wi th Fe3 + . The param eters
of the disti nct Fe3 + -doubl et observed in these sam ples are characteri zed by
rather high QS values (0.74{ 0.80 m m/ s). Thi s value is accepted in further
calculati ons, i .e. when the spectra of other sam ples are being interpreted, as
the characteri stic of the Fe3 + (Z).

2. In sam ples in whi ch Fe3 + occurs in very low am ounts, there is onl y one
Fe3 + -doubl et wi th low values of QS. Thi s doubl et can thus be attri buted to
Fe3 + ions at the Y sites.

3. In the case of some sam ples wi th interm ediate Fe3 + contents (36, 37), the
interpreta ti on of Fe3 + -doubl ets is more com plex. In the spectra of these
sam ples two Fe3 + -doubl ets appear. One of them , wi th a hi gher intensi ty
(QS = 0:76 Ë 0:78 m m/ s) should be attri buted to Fe3 + (Z). Since the amount
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of Al in these sampl es is hi gher tha n requi red to Ùll the Z sites, i t can
be concl uded tha t the excess of Al 3 + occupy other positi ons tha n Z. Pri or
to M�ossbauer m easurements of the sampl es annealed, the interpreta ti on of
the weak Fe3 + -doubl et wi th QS = 1:25 Ë 1:28 m m/ s was im possible. Af ter
the anneal ing, the origin of thi s doubl et m ay be l inked to the Fe3 + ions in
stro ngly deform ed Y octa hedra.

4. In the course of anneal ing Al - ri ch sam ples, in whi ch Fe2 + occupi ed ini ti al ly
onl y the Y sites, these ions were gradual ly repl aced by Fe3 + ions (the e˜ect
of oxi datio n). In the spectra of sampl es annealed, the doubl et wi th QS =

0:40 mm / s tha t is characteri stic of Fe3 + (Y) in sam ples not subj ected to
anneal ing disappears al ready at 873 K, whi le two doubl ets wi th higher QS
values becom e vi sible. It is the pro of tha t Fe ions occupy after anneal ing
m ore deform ed sites tha n they do in the to urm al ines before anneal ing. The
presence of onl y tw o doubl ets (and not four or Ùve, as i t is in sampl espri or to
anneal ing) conÙrm s tha t the neighb ourho od of these ions is less diversiÙed.

In som e sam ples of to urm al ines, i .e. tho se reveal ing the spectra approxi mat-
ing the spectrum shown in Fi gs. 1C and D , there is a doubl et corresp ondi ng to tha t
denoted X. The contri buti on of the area under thi s doubl et is higher in the sampl es
wi th a higher Fe3 + / Fe2 + ra ti o. Its IS di stinctl y di ˜ers from the IS valuesattri buted
to Fe2 + and Fe3 + ions in octahedra l coordi nati on, being in al l the sam ples studi ed
equal almost perfectly to thei r ari thm eti c m ean. Duri ng m easurements of spectra
of sam ples annealed, i t wa s previ ously pro ved in a single sam ple tha t the intensi ty
of thi s doubl et is the highest when the Fe2 + / Fe3 + ra ti o appro xi mates 1 [9]. No w,
the m easurements of al l the sam ples annealed have revealed sim i lar changes of the
intensi ty in question.

Mea surements of the sampl esannealed indi cate also tha t the m odel in whi ch
the doubl ets wi th QS > 2:00 m m/ s are attri buted to Fe2 + (Y), and tho se wi th
QS > 2:00 m m/ s to Fe2 + (Z), is not correct. If the model were true, the rati o of
intensi ti es of the doubl ets in sam ples to ta l ly oxi di zed u woul d have been close to
r = a =b, where a denotes the intensi ty of the Fe2 + -doubl ets wi th QS > 2 :00 m m/s
and b the to ta l intensi ty of Fe2 + -doubl ets wi th QS < 2:00 mm / s in the ini ti al (i .e.
not annealed) sam ple. In the spectra of al l to tal ly oxi dized sam ples the u value is
cl ose to 1, being several ti mes smal ler tha n r .

4 . Co n cl usion s

M�ossbauer spectra of to urm al ines shoul d be num erical ly and physi cal ly re-
solved accepti ng a higher num ber of doubl ets (even up to eight). M�ossbauer mea-
surements can conÙrm tha t the m odel of the ordered distri buti on of ions at the Y
and Z sites is correct for both Al -ri ch and Al -poor to urm al ines. Ana lysing resul ts
of measurements of num erous natura l sampl es and several sam ples annealed at
vari ous tem peratures, i t can be stated tha t Fe2 + ions occupy the Y sites, whi le
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Fe3 + ions are present both in the Y and Z sites. Annea l ing of tourm al ine sampl es
resul ts in the change of the symm etry in the neighbourho od of the octa hedra l iron
ions. The resul ts of measurements carri ed out on Ùve annealed sam pl es in thi s
study pro vi de further proof s on the occurrenc e of the m ixed valence state of iron
in to urm al ines.

Thi s work was partl y supp orted by the State Com mittee for Scienti Ùc Re-
search (Poland), grant No . 6 P04D 037 16.
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