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Abstract: Fe-staurolite synthesized in the pressure range 5 to 25 kbar at 680 QC was analysed by microprobe 
and by a titration method (for water-contents) which uses the "Karl-Fischer" reaction and also characterized 
by FT-infrared powder spectroscopy in the OH-stretching region (3000-4000 cm1). The study shows that the 
stoichiometry of the synthetic Fe-staurolites depends on the pressure of equilibration, with Fe pfu decreasing 
with increasing pressure, according to the heterovalent substitution of Fe2+ by Al3+ in the T2 site. This charge-
increasing substitution is combined with charge-reducing substitutions in the "kyanite'Mayer and by vacancies 
in the proton site HI. The incorporation of Al in T2 is supported by peculiarities of the IR-spectra in the range 
of the OH-valence vibrations. 

Mg- and Zn-staurolite were synthesized at 25 kbar and 700 °C and investigated by infrared spectroscopy. 
The comparison of the infrared spectra of synthetic Fe-, Mg- and Zn-staurolites shows that there is a significant 
amount of Fe2+, Mg and Zn in the respective M2 sites. 

Key-words: synthetic staurolites, staurolite stoichiometry, Karl-Fischer titration, infrared spectroscopy, 
OH-stretching region. 

Introduction site occupancies. Fockenberg (1995) investigated 
the crystal chemistry of synthetic Mg-staurolite as 

In the last decade, more than twenty papers deal- a function of water pressure. Staurolite syntheses 
ing with the complex crystal chemistry of natural were also performed by Schreyer & Seifert 
and synthetic staurolites have been published, help- (1969), Griffen (1981), Phillips & Griffen (1986) 
ing to clarify the real formula of staurolite and the and Lattard & Bubenik (1995). 
main substitution mechanisms. Lonker (1983) and On the basis of the structural investigation of 
Holdaway et al. (1986a) showed that natural staur- natural staurolites by Hawthorne et al (1993a, 
olites have variable H-contents. Holdaway et al. b,c), it is clear from the complex crystal chemistry 
(1991 and 1995) formulated guidelines to assign that the ideal formula of staurolite, often referred 
site occupancies. Alexander (1989) and Dyar et al. to, Fe4Al18Si8O46(OH)2, should be replaced by 
(1991) investigated Fe-rich staurolites by Moss- the more realistic formula M3_4[T2]Fe2+

0_05
[M4] 

bauer spectroscopy. Dutrow (1991) experimen- Al2 D2
[M3]Al,6

[M1'M2]Si8
[T,]O48H2_4 with the crys-

tally determined intracrystalline distribution of Li tallographic sites in square brackets (M1-M4: 
and Al and showed that the Li incorporation in the octahedrally coordinated, T1-T2 tetrahedrally co-
structure is controlled by the vacancy concentra- ordinated; for details of site nomenclature see 
tion in the octahedral sites. Stáhl et al (1988) and Hawthorne et al, 1993a) and with M = Fe2+, Mg, 
Hawthorne et al (1993a,b,c) investigated the crys- Zn, Al and Li. Much of the Fe2+ and 60% of the 
tal structure of natural staurolites and derived the Mg is assigned to the T2 site, while the remaining 

0935-1221/97/0009-0067 $ 4.00 
© 1997 E. Schweizerbart'sche Verlagsbuchhandlung, D-70176 Stuttgart 

mailto:kochl637@mailszrz.zrz.tu-berlin.de


68 M. Koch-MÜller, K. Langer, H. Behrens, G. Schuck 

Mg is localized in Ml , M2 and M3 sites. The oc
cupation of T2 is complicated by variable vacancy 
and Al-contents. A small amount of Fe2+ is also 
expected in the largely vacant M4 sites. Concern
ing the Ml and M2 sites, Hawthorne et al. 
(1993a) concluded that transition metals (Fe2+, 
Fe3+, Ti4+, Cr3+) are preferentially ordered in the 
M2 site. In a Mg-rich and concomitantly Li-rich 
natural staurolite investigated by Hawthorne et al. 
(1993a,b,c), the M4 site is occupied by Mg only 
and there are less vacancies than in the Fe-rich 
staurolites. 

Because of the complex nature of staurolite, a 
closer look at synthetic phases with a restricted 
number of components should provide an improved 
understanding of the intracrystalline distribution. 
In this paper, we present results on the stoichio-
metry of Fe-staurolites synthesized at different 
pressures. Infrared spectroscopy in the OH-va-
lence vibrational region of synthetic Fe-, Mg- and 
Zn-staurolites is used to obtain further informa
tion on the incorporation of protons in the struc
ture and the substitution mechanisms in the proton 
coordinating sites T2 and M2. 

Experimental procedure 

Syntheses 

Fe-staurolite 

Preliminary synthesis runs, aimed at determining 
the compositions and conditions yielding single-
phase Fe-staurolite, were performed at 25 and 10 
kbar for 48-76 hours at 670-750 9C in a piston-
cylinder apparatus (Cemic et al, 1990) and at 
5 kbar and 680 9C in a cold-seal vessel apparatus 
with water as pressure medium (run duration of 
72-114 hours). All runs were buffered at the 
oxygen fugacity defined by the WI buffer using 
the double-capsule technique with an inner AgPd 
capsule and an outer iron capsule (in the case of 
the piston-cylinder technique) or an outer gold 
capsule (in case of the cold-seal apparatus). The 
buffer material consisted of wiistite synthesized in 
evacuated quartz-glass ampoules from a mixture 
of Fe metal and Fe2O3 powder p.a. (Merck) and 
metallic iron. The presence of the buffer phases 
was checked after the run by X-ray powder dif
fraction. The staurolites were synthesized under 
the following conditions: 
(i) 10 and 25 kbar from mixtures of Fe powder 

p.a. (Merck), Fe2O3 powder p.a. (Merck), 
non-crystalline SiO2 (Aerosil 200, Degussa, 

heated at 1000 QC for 48 h) and γ-Al2O3 (re
acted from 99.95% Al foil from Merck) at 
different bulk compositions in combination 
with aqueous FeCl2 solutions or pure water in 
excess. 

(ii) 10 and 25 kbar from a mixture of natural an-
dalusite, synthetic hercynite and wiistite in a 
molar ratio corresponding to the composition 
Fe4Al18Si7 5O46 with aqueous FeCl2 solution 
or pure water in excess. 

(iii) 10 kbar with some of the synthesis products 
being crushed after a first run duration of 
48 h and then continued under the same con
ditions plus aqueous FeCl2 solution. 

(iv) Syntheses at 5 kbar and 680 9C failed to pro
duce Fe-staurolite from mixtures (i) and (ii); 
so we equilibrated the previously formed Fe-
staurolite of the 10 kbar runs at 5 kbar and 
680 2C with 2 molar aqueous FeCl2 solution. 

Microprobe analyses of the preliminary run prod
ucts of Table 1 showed, that at a certain pressure 
the composition of the staurolites obtained does 
not depend on the bulk starting composition but 
additional phases (stable or metastable) may oc
cur. However, the starting composition to achieve 
100% Fe-staurolite differs with pressure. On the 
basis of these results, synthesis runs were opti
mized to yield 100% staurolite, and performed as 
follows: 
(i) 25 kbar and 680 9C using an oxide mixture of 

the composition Fe37Al183oSi765O465 with 
H2O in excess for 48 hours, 

(ii) 10 kbar and 680 9C using an oxide mixture of 
the composition Fe4Al18Si75O46 with H2O in 
excess for 48 hours, 

(iii) 5 kbar and 680 9C using previously formed 
Fe-staurolites of the 10 kbar runs equilibrated 
with 2 molar aqueous FeCl2 solution for 96 
hours. 

These run conditions were used for all the prod
ucts shown in Table 2. 

Mg- and Zn-staurolites 

These phases were synthesized in gold capsules 
from oxide mixtures at 25 kbar and 700 -C in a 
piston-cylinder device using MgO p.a. (Merck), 
ZnO p.a. (Merck), non-crystalline SiO2 (Aerosil 
200, Degussa, heated at 1000 qC for 48 h) and γ-
A12O3 (reacted from 99.95% Al foil from Merck). 
Best results were obtained on the molar basis 
Mg3.8Al18.:£i7.<p46.45 and Zn4Al18Si7.5O46 for the 



Table 1. Stoichiometry of synthetic Fe-staurolite, equilibrated using different bulk compositions (1 G: standard deviation). 

starting 
materialc 

temperature 
PC] 
pressure [kbar] 
Run duration 
[hours] 
phases'" 

number of 
analyses 
SiO? wt % 
A1?0^ wt % 
FeO wt % d 

H ? 0 wt % e 

Σ 

Si 
Al 
Fe 
H 
Σ 

Si+Al 
Fe+0.5H 
A1T21 

FeT2Γ 

V[ Å3]8 

Hcalc 

Oxidea 

4:9:7.5 

670 

25 
72 

st(95) + chd 

8 

27.39(96) 
55.13(137) 
15.20(29) 
1.57 
99.31(168) 

7.72(20) 
18.31(27) 
3.58(11) 
3.01 

32.63(10) 

26.03(10) 
5.09(13) 
0.76(10) 
2.69(19) 

-
-

Oxide a 

4:9:7.5 

700 

25 
72 

st(90) + grt 

11 

26.65(94) 
55.53(149) 
14.96(41) 
1.57 
98.71(129) 

7.56(25) 
18.57(37) 
3.55(12) 
2.98 

32.65(9) 

26.19(10) 
5.04(13) 
0.84(13) 
2.69(13) 

739.51(21) 
2.95 

Oxide a 

4:9:7.5 

750 

25 
48 

st(85)+grt ± 
ky? 
8 

26.53(111) 
55.90(125) 
14.95(22) 

1.57 
98.96(128) 

7.51(26) 
18.64(32) 
3.54(9) 
2.97 

32.66(13) 

26.15(8) 
5.02(11) 
0.86(7) 
2.70(15) 

-
-

Oxide 
4:9:7.5 

750 

25 
48 

st(95)+crn 

8 

26.91(11) 
54.99(23) 
15.62(20) 
1.57 
99.09(13) 

7.63(2) 
18.37(4) 
3.70(5) 
2.97 
32.67(2) 

26.00(4) 
5.19(6) 
0.70(4) 
2.86(7) 

740.08(30) 
3.03 

Oxide a 

3.7:9.18:7.5 

670 

25 
76 

st (95)+ eld 

20 

26.88(85) 
55.35(142) 
15.40(59) 

1.57 
99.20(150) 

7.60(23) 
18.45(30) 
3.64(15) 
2.97 

32.66 

26.05(11) 
5.13(15) 
0.76(11) 
2.80(20) 

-
-

Oxide a 

3.7:9.18:7.5 

680 

25 
48 

st 

13 

25.87(124) 
55.97(99) 
15.33(19) 

1.57 
98.78(119) 

7.40(29) 
18.75(36) 
3.65(7) 
3.04 

32.79(128) 

26.11(8) 
5.17(8) 
0.80(6) 
2.80(12) 

740.43(13) 
2.91 

and. + he + 
WU 

720 

25 
20 

st(85)+grt 

±ky? 
20 

26.82(52) 
54.57(84) 
15.24(14) 

1.57 
98.20(97) 

7.66(12) 
18.37(16) 
3.64(6) 
3.00 

32.66(7) 

26.02(9) 
5.14(12) 
0.74(9) 
2.78(11) 

739.74(40) 
3.01 

oxide a 

4:9:7.5 

680 

10 
48 

st 

17 

25.89(79) 
54.69(121) 
15.94(41) 

1.65 
98.17(88) 

7.43(24) 
18.49(31) 
3.82(11) 
3.16 

32.91(10) 

25.92(10) 
5.41(11) 
0.61(10) 
3.02(9) 

-
-

st + FeCl2 

680 

10 
48 

st 

10 

26.01(66) 
55.06(94) 
16.35(24) 

1.65 
99.07(77) 

7.41(17) 
18.48(25) 
3.89(8) 
3.14 

32.92(6) 

25.89(9) 
5.46(9) 
0.57(10) 
3.12(8) 

-
-

and + he + 
WÜ 

b+FeCl2 

680 

10 
22 

st(90)+ 
grt+qtz 

10 

25.99(55) 
54.89(67) 
15.88(20) 
1.65 
98.19(90) 

7.44(15) 
18.53(23) 
3.75(11) 
3.16 
32.87(11) 

25.97(6) 
5.33(12) 
0.67(7) 
2.92(16) 

739.48(50) 
3.10 

st + chd 

680 

5 
96 

fe-st(90) + 
qtz 

24 

25.04(48) 
55.47(62) 
16.56(40) 

1.88 
98.95(62) 

7.14(12) 
18.65(19) 
3.95(10) 
3.58 

33.32(5) 

25.79(9) 
5.74(10) 
0.37(8) 
3.15(12) 

741.24(14) 
3.68 

st + FeCl2 

680 

5 
114 

fe-st 

12 

25.80(50) 
54.87(101 
16.76(22) 

1.88 
99.30(97) 

7.33(15) 
18.38(22) 
3.98(5) 
3.57 

33.26(5) 

25.71(7) 
5.77(6) 
0.30(6) 
3.14(7) 

-
-

a oxide mixture in the molar ratio FeO:Al203 :Si02 

' mixture ofandalusite, hercynite and wustite on basis of the composition Fe4AliXSi7 504 6 with Al2Si05 in excess. 
in parentheses amount ofst in %; abbreviations: and: andalusite; cm: corundum; he: hercynite; wÜ: wustite;st: staurolite; chd: chloritoid; grt: garnet; ky: kyanit; qtz: quartz 

d total iron as FeO. 
c H 2 0 values as determined for the single-phase Fe-staurolite syntheses (see Table 1). 
1 content pfu calculated using the guidelines in Holdaway el al. (1991, 1995). 
8 Koch-Muller el al. in prep. 
h H-content calculated using model B in Holdaway et al. (1993). 
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Table 2. Stoichiometry of synthetic Fe-staurolite, equilibrated at 5, 10 and 25 kbar. ( lα: standard deviation); [α* 
variation] according to Holdaway et al (1986b). 

real 

SiOo wt % 
A12O3 wt % 
FeO wt % f 

H-,0 wt %g 
Σ 

Si 
Al 
Fe 
H 
Σ 

Si+Al 
Fe+ 0.5H 

5 kbara 

25.22 (66) 
54.41 (99) 
16.53(44) 

1.88(13) 
99.07 (88) 

7.18(17)[13] 
18.61 (25)[21] 
3.94(11)[2] 
3.58(14) 

33.30(7) 

25.79(10) 
5.73(12) 

10 kbarb 

25.91 (75) 
55.33(112) 
16.04 »43) 

1.65(6) 
98.93(109) 

25 kbar c 

26.41 (91) 
55.64(125) 
15.33(39) 
1-57(9) 

98.95(107) 

MKM-95-l5d 

25.04 (48) 
55.47(62) 
16.56(40) 
1.88(6) 
98.95 

atoms per 48 oxygens 

7.39 (19)[5] 
18.56(26)[5] 
3.82 (11)[3] 
3.14(4) 

32.91 (9) 

25.95(10) 
5.39(12) 

7.49 (24)[23] 
18.60 (34)[24] 
3.64(l0)[12] 
2.97 (9) 

32.70 (9) 

26.09(11) 
5.12(11) 

7.14(12) 
18.65(19) 
3.95(10) 
3.58(2) 

33.32 (5) 

25.74 (4) 
5.74(10) 

MKM-95-15e 

25.01 (52) 
55.38(73) 
16.64(42) 
1.88(6) 
98.95 

7.14(14) 
18.64(19) 
3.97(10) 
3.59(3) 

33.34 (7) 

25.78 (8) 
5.77(10) 

a Mean value of 117 analyses on 83 crystals from 4 different syntheses. 
" Mean value of 62 analyses on 49 crystals from 3 different syntheses. 
c Mean value of 85 analyses on 71 crystals from 6 different syntheses. 
d Synthesis run at 5 kbar, 680 °C; mean value of 27 analyses on 12 crystals with 10 s counting time on peak for Al 

and Si and 20 s for Fe. 
e Synthesis run at 5 kbar, 680 °C; mean value of27 analyses on 15 crystals with 30 s counting time on peak for all 

elements. 
* total iron as FeO. 
S H20-values were obtained on aliquots of the bulk run products: mean values of six analyses on five run products at 

5 kbar, three analyses on three run products at 10 kbar, three analyses of two run products at 25 kbar 

Mg- and Zn-staurolite end-member, respectively, 
with water in excess. 

All run products were analysed by optical 
microscopy, X-ray powder diffractometry and elec
tron microprobe, some products were observed 
with a scanning electron microscope (SEM). The 
crystals were prismatic and varied in size between 
2 and 10 µm lengthways and between 1 and 5 µm 
perpendicular to that. 

Microprobe analyses 

Microprobe analyses of Fe-staurolites and the ad
ditional phases were performed with a Cameca 
Camebax at the ZELMI laboratory of the Techni-
sche Universität Berlin, using the wavelength-dis
persive mode with LiF and TAP crystals and anda-
lusite (Al, Si) and metallic iron (Fe) as standards. 
Standardization and reproducibility were checked 
by measurements on synthetic almandine, which 
was present in some synthesis runs as mentioned 

above. The raw data were corrected with the 
"PAP" program (Pouchou & Pichoir, 1985). Ac
celerating voltage was set at 15 kV and a beam 
current of 15 nA was used. Counting times were 
10 s for Al and Si and 20 s for Fe with 5 or 10 s 
on background, respectively. Longer counting 
times (30 s for every element on peak and 15 s on 
background) were tested on one sample (MKM-
95-15), but this did not improve the results. The 
results of the analyses in wt% are shown in Table 
l and Table 2, upper part. The relatively low totals 
are probably due to the well-known problems as
sociated with the microprobe analysis of fine
grained crystals such as synthesis products. Com
parison of microprobe analyses of a natural 
staurolite single crystal ( 4 x 2 mm size) with anal
yses of the same staurolite, ground to a grain size 
of about 20-30 µm, show that the mean values of 
the oxides are slightly lower than those obtained 
on single crystal analyses, while the standard de-
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viations and oxide sums for the small crystals 
show the same tendency as for the synthetic ma
terials described above. However, calculated ions 
per formula unit for both analyses are in close 
agreement. Hence, we conclude that the analyses 
of the synthetic staurolites yield correct propor
tions of the components despite having somewhat 
low totals. 

Holdaway et al. (1986b) describe a method to 
estimate the precision of staurolite analyses. Ap
plied to our data, this method gives relative lα 
precisions of 0.71% for A12O3, 1.24% for SiO2 and 
1.99% for FeO. According to Holdaway et al. 
(1986b), the square root of the difference between 
the variances of the analytical data and analytical 
precision is a measure of the true variation in ions 
per formula unit for each element. This true vari
ation is shown in brackets in Table 2. 

Determination of water contents 

The water contents of the bulk run products of 
some of the 100% Fe-staurolite powders were 
determined by a semimicro analytical method that 
combines pyrolysis in a high-frequency heating 
system, transport of the evolved gases by a dried 
gas through an oxidizing catalyst into an automat
ic coulometric titration system, using the so-called 
"Karl-Fischer" reaction. Variants of this method 
are well established for water determinations in 
minerals, rocks, glasses and ceramics (Lindner & 
Rudert, 1969; Turek et al, 1976; Farzaneh & Troll, 
1977; Westrich, 1987; Behrens, 1995). A detailed 
description of the apparatus and experimental pro
cedure used here is given by Behrens (1995). As 
noted by Farzaneh & Troll (1977), part of the OH 
can be released as hydrogen from Fe2+-bearing 
samples and may not be detected in the analysis. 
We have used air as the carrier gas instead of argon 
which is commonly used for Karl-Fischer titra
tion. Thus, hydrogen is directly oxidized at the site 
of its formation and reliable analyses are obtained. 
Tests with biotites show that the total water con
tent of the sample is measured by this procedure. 

10-30 mg of crushed staurolite were placed in 
a platinum crucible and introduced with a plati
num sample holder into a heating chamber of the 
apparatus. Before starting the pyrolysis, the heat
ing chamber was flushed with dry gas to remove 
traces of water which could have penetrated into 
the apparatus during loading or had been adsorbed 
onto the surface of the sample. For all staurolite 
samples, the amount of water adsorbed on the sur
face was about 0.05 wt%. This amount was sys

tematically subtracted from the determined total 
water content. The temperature was raised within 
a few minutes from 100 to 1300 gC. The final tem
perature of 1300 °C was held until the end of the 
titration (usually 6 - 9 minutes). After this treat
ment, the sample was not molten but still showed 
a powdery consistency. Therefore, there is prob
ably no undetected water retained in bubbles in 
the molten glass, nor any water dissolved in the 
glass. Experiments with synthetic phlogopite 
show that residual water is very low if the pow
ders are not molten during measurements; this can 
be explained by the short diffusion path of water 
in small crystals in comparison with the relative 
long diffusion paths in the melt. Thus, it may be 
assumed that all the water has been extracted from 
the sample. The maximum uncertainty (2 α) on 
the obtained water contents is ± 0.06 wt%. To 
check the method for staurolite analyses, a natural 
staurolite sample from Pizzo Forao (coexisting 
with biotite and kyanite) was analysed, yielding a 
water content of 2.05 ±0.10 wt% H2O, which cor
responds well with the mean value of 1.81 wt% 
H2O, analysed by Holdaway et al. (1986a) on 
three different staurolite samples from Pizzo For-
no. 

The H-contents of those staurolites which 
were grown with additional phases could not be 
determined by the method described above but 
were calculated as follows: Holdaway et al. 
(1993) expressed the unit-cell parameters of 22 
natural staurolite samples as linear functions of 
chemical composition using multiple linear re
gression. They developed two models to calculate 
the H-content of synthetic staurolites for a given 
composition. Using the cation proportions and the 
cell volumes of the Fe-staurolites shown in Table 
1, model B of Holdaway et al. (1993) was used to 
calculate the H-contents per formula unit. They 
agree very well with out experimentally deter
mined H-contents on the single-phase samples 
(Table 1). 

Infrared spectroscopy 

1.3 mg of the ground synthetic staurolite powders 
were mixed with 450 mg KBr and pressed to discs 
of 13 mm diameter. The staurolite powders and 
the KBr were dried at 120 -C before and after the 
mixing to eliminate adsorbed water. Measure
ments were made on a Bruker IFS66 FTIR spec
trometer equipped with a Globar light source, a 
KBr beamsplitter and a DTGS detector. The oper
ating conditions for the spectrometer were 2 cm-1 
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resolution and 64 averaged scans. The background 
was measured on a blank KBr-pellet. The spectra 
were fitted using the program PeakFit by Jandel 
Scientific, (1991). The component bands were 
modelled by Gaussian distribution functions, ac
cording to Koch-Miiller et al (1995). We cannot 
exclude the possibility that small amounts of ad
sorbed water are present in the sample or in the 
KBr powder. However, spectra of pressed pellets 
of 450 mg pure KBr and of 1.5 mg quartz in 450 
mg KBr indicate that the contribution of absorbed 
water to the spectra is less than 0.005 absorbance 
units. 

Results and discussion 

Crystal chemistry 

A total of 264 analyses were carried out on Fe-
staurolite phases, equilibrated at 5, 10 and 25 kbar 
and 680 -C. Table 2 presents the averages of the 
analyses, together with standard deviations lα. 
The data were recalculated on a basis of 48 
oxygens; the crystal-chemical formulae are listed in 
the lower part of the table. Although the standard 
deviations are rather high in some cases, we ob
serve a variation of the composition of Fe-stauro-
lite with pressure. With increasing pressure, the 
iron content decreases from 3.94 (11) to 3.64 (10) 
Fe pfu and the sum of Si and Al increases from 
25.79 (10) to 26.09 (11) (Si+Al) pfu. At the same 
time, the H-content decreases from 3.58 (14) at 
5 kbar to 2.97 (9) H pfu at 25 kbar. The differ
ences in Fe, (Al+Si) and H pfu, as seen on Table 
2, are statistically significant at the l o level at 
least for the staurolites equilibrated at 5 and 25 
kbar. As shown in Table 1, this variation is not a 
function of the different bulk composition used in 
the equilibrium runs to produce 100% staurolite. 
Irrespective of the different bulk compositions, 
run durations and starting materials chosen in the 
preliminary runs (see Table 1), the staurolites ob
tained at a given pressure show a distinct compo
sition. This result was unexpected, since the activ
ities of Al, Si and Fe2+ were not fixed through the 
coexistence of additional phases, and thus a range 
of staurolite compositions would generally be ex
pected. However, this field is likely to be small, 
since the standard deviations of the analytical data 
on the synthetic staurolites are slightly higher than 
in the case of the natural mineral. In some synthe
sis runs, shown in Table 1, a mixture of andalus-
ite, hercynite and wiistite was used with H2O in 
excess to produce Fe-staurolite + garnet ± kyanite. 

In these cases, the activities of components are 
fixed and, thus also the composition of the stauro
lites so obtained. Evidence for this is provided by 
the lower standard deviations of the analyses. The 
averaged data on staurolites from such runs plot in 
the same fields as those obtained for the single-
phase staurolites shown in Fig. 1. In one synthesis 
run at 10 kbar the major part of the product Fe-
staurolite was crushed after a first run duration of 
48 hours and then continued under the same con
ditions for 48 hours. The compositions of these 
staurolites did not change during the run prolon
gation, indicating that a run duration of 48 hours 
is sufficient to reach equilibrium conditions for 
staurolite. 

Holdaway et al (1986a) subdivided their ana
lysed natural staurolites into two groups: those co
existing with biotite and/or garnet contain 2.7-3.4 
H pfu and those which do not coexist with biotite 
or garnet, but instead with hemo-ilmenite, contain 
4.09-4.16 H pfu. The water contents determined 
in this study lie in the upper part of group 1. Hol
daway et al (1986b) found that the stoichiometry 
of natural metapelitic iron-rich staurolites is char
acterized by (Si+Al) = 25.43 (0.13) pfu and (Fe2+ 

+ Li + 0.5 H) = 5.88 (0.15). In the synthetic iron 
staurolites described here, Al is negatively corre
lated with Si (Fig. la), and the sums (Si+Al) and 
Fe+0.5 H) are constant for a given pressure within 
the same e.s.d., in agreement with Holdaway et al. 
(1986b), but differ with pressure (Table 2 and Fig. 
lb). It should be noted that the mean value for 
the stoichiometry of natural staurolites, given by 
Holdaway et al (1986b), lies within 1 e.s.d. of the 
values given for the 5-kbar Fe-staurolites dis
cussed here. The high-pressure staurolites differ 
from the low-pressure phases in showing an in
crease of (Si+Al) accompanied with a decrease of 
Fe pfu and H pfu. The increase of (Si+Al) pfu is 
mainly caused by an increase of Si, the Al-content 
being nearly constant. Despite the scattering of 
the data, it is evident that, for a constant Al-con
tent, the 25-kbar staurolites show a higher Si-con
tent than the 5-kbar staurolites (Table 2 and Fig. 
la). Hawthorne et al. (1993c) pointed out that, due 
to a bond-strength excess on Ol , an occupancy of 
the HI site must be accompanied by substitutions 
of low-valence cations in the "kyanite"-layer, e.g. 
Mg in Ml,2 or Al in T l . This requirement is in 
accordance with the experimental results in the 
present study: the 5-kbar staurolite show a higher 
HI-content (as discussed below) and thus a higher 
Al-content in Tl than the 25-kbar staurolites. Be-
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Table 3. Si, Al, Fe2+ end-member compositions (atoms pfu) of natural (Holdaway et al, 1991) and of synthetic 
staurolite of this study, as calculated according to procedure of Holdaway et al. (1991, 1995). 

after 
Holdaway 
etai, 1991 

Fe-staurolite 
5 kbar 

Fe-staurolite 
10 kbar 

Fe-staurolite 
25 kbar 

Ml 

M2 

M3 

M4 

Tl 

T2 

Al 
Fe 
Al 
Fe 
Al 
Fe 
D Fe 
D Si 
Al 
Fe 
Al 
D 

7.70 
0.30 
7.80 
0.20 
1.81 
0.12 
0.07 
0.18 
3.82 
7.64 
0.36 
3.40 
0.24 
0.36 

7.70 
0.30 
7.80 
0.20 
1.80 
0.12 
0.08 
0.20 
3.80 
7.18 
0.82 
3.12 
0.49 
0.39 

7.70 
0.30 
7.80 
0.20 
1.82 
0.12 
0.06 
0.17 
3.83 
7.39 
0.61 
3.03 
0.63 
0.34 

7.70 
0.30 
7.80 
0.20 
1.80 
0.12 
0.08 
0.20 
3.80 
7.49 
0.51 
2.82 
0.79 
0.39 

cause of the constant Al-content, an increase in Si 
must be accompanied by an increase of Al in sites 
other than Tl , e.g. (Altol-(8-Si)) pfu (note that this 
amount is equal to ((Si+Al)-8). Holdaway et al 
(1991 and 1995) give guidelines to recast chem
ical analyses of staurolite in terms of site occupan
cies. These guidelines are based on the study 
of Hawthorne et al. (1993a), who investigated 42 
natural staurolites by single-crystal four-circle dif-
fractometry. Holdaway et al. (1991, 1995) fol
lowed an approach involving almost constant Al-
contents in Ml , M2 and M3. This approach is suit
able to estimate the site population of T2 by Fe, 
Al and vacancies (D). Table 3 shows a compar
ison of the calculated Si, Al, Fe2+ end-member 
composition given by Holdaway et al. (1991) with 
the compositions calculated in the present study 
using the guidelines cited above. From this, it is 
clear, that the increase in (Altot-(8-Si)) with press
ure is caused by an increase of Al in T2 (A1T2) 
accompanied by a decrease of Fe in T2 (FeT2) 
whereas vacancies in T2 remain almost constant 
(Fig. lc). This tendency is also seen in all the 
staurolites shown in Table 1. We conclude, that in 
the synthetic staurolites discussed here substitu
tion of Fe2+ by Al3+ in T2 is induced by raising 
pressure, consistent with the fact that Al3+ is smal
ler than Fe2+. The dominance of this substitution 
can be seen in a plot of A1T2 versus Fe24T2, 
which shows a slope of -1 (Fig. lc). This substitu
tion increases the net positive charge in the stau

rolites and must, thus, be coupled with charge re
ducing substitutions (Hawthorne et al, 1993c). 
Hawthorne et al. (1993c) give three possible ex
change vectors (7 to 9) involving Al incorpora
tion in T2 plus the charge compensation needed, 
which can be summarized here as: 

(i) [AlT 2D0 .5
M 3Ho , ] lΓFe^Al0 ,M 3D ( ,5

H]_, 
(exchange vector 7) 

(ii) [AlT2AlT,],[Fe2+T2SiT1]_, (exchange vector 8) 

(iii) [AlT2MgM1'2]1[Fe2+T2AlM1^2]_1 (exchange 
vector 9) 

On the basis of observations in the present study, 
we can add a fourth exchange vector: 

(iv) [AlT2DH,],[Fe2+T2HH1]_1. 

The further exchange vectors 

(v) [Fe2+T2HH,AlT1],[Fe2+T2SiT1]_, 
(vi) [Al^HH'AF%lAFSF1].! 

are introduced to account for a high excess bond 
stength on Ol in case of HI occupancy. 

Exchange vector (i) may be active in the syn
thetic staurolites, but is difficult to detect. Calcu
lations of Si, Al, Fe end-member compositions do 
not indicate a raising vacancy concentration in M3 
with increasing pressure. Exchange vector (ii) is 
not in accordance with the present experimental 
results: Si-contents pfu increase with increasing 
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A1T2. Exchange vector (iii) (using Fe2+ instead of 
Mg) could be applicable, but would not reduce the 
total amount of Fe2+ with increasing A1T2 as ob
served in the synthetic staurolites. Exchange 
vector (iv) implies a linear correlation of Hl pfu 
versus A1T2 and HI pfu versus Fe2"KΓ2 with slopes 
o f - l and l, respectively. The proton site involved 
in this exchange vector is the HI site since the H2 
and H3 sites are only occupied if T2 is vacant. Fig
ures Id and e demonstrate that the experimental 
results, using the total H-content, are close to the 
theoretical slopes (dotted lines), but probably do 
not fit the linear correlations. Exchange vectors 
(v) and (vi) describe the observed increase of Si 
and decrease of H with pressure, but do not ac
count for the strong correlation of A1T2 with 
Fe2+T2. 

In summary, none of these charge-reducing 
substitutions, represented by exchange vectors (i) 
to (vi), is likely to be the only one able to explain 
the pressure induced incorporation of Al in T2. To 
explain the correlations, shown in Figures lc, d, 
and e, it should be borne in mind that the calculat
ed amounts of Fe2+T2 and A1T2 are based on the 
assumption of a constant value of 0.62 Fe2+ pfu in 
M1-M3 (Holdaway et al, 1991). In principle, 
however, exchange vector (iii) implies variable 
amounts of Fe2+ in Ml and M2, whereby increas
ing amounts would involve a decrease in Fe24T2 
and connected increase in A1T2 and vice versa in 
the case of falling Fe2+(M1,M2). Such operations 
would not affect the correlation shown in Fig. lc. 
However, they would produce a larger scatter in 
the correlations in Figures Id and e with the same 
trend as observed (increasing A1T2 => decreasing 
Fe24T2). In addition, in Figures Id and e the total 
H-content of staurolite is used instead of the Hl-
content. The infrared spectra shown in the next 
section, however, indicate that the H-content in 
the H2 site increases with pressure and this may 
also cause the deviation of the experimental data 
from the ideal slope in Figures Id and e. Thus, the 
element correlations shown in Figures lc, d and e 
can be interpreted as being caused by a combina
tion of the exchange vectors (i) to (vi), while rul
ing out (ii). The compositional variations of the 
synthetic staurolites reported here may thus be de
scribed by an increasing substitution of Fe2+ 

through Al in T2 with increasing pressure - the 
charge balance being maintained by vacancies in 
the proton sites HI and/or M3 site (exchange 
vector (i) and (iv)), Al substitution for Si in Tl 
(exchange vector (v) and (vi)) and by a substitu

tion of Al through Fe2+ in the Ml and M2 sites 
(exchange vector (iii)). However, the existence of 
exchange vector (iii) is difficult to establish 
because the amount of Fe2+ pfu necessary to pro
duce the observed deviation from the ideal slope 
for exchange vector (iv) is very small (about 0.1 
pfu). Results of Mossbauer spectroscopy, per
formed on synthetic Fe-staurolites equilibrated at 
25 and 5 kbar (Koch-Miiller & Abs-Wurmbach, 
1996), agree well with the occupancies calculated 
for T2 obtained in the present study; however, 
changes in M1-M4 occupancies with pressure 
could not be detected. 

Lattard & Bubenik (1995) synthesized stauro
lites in the system Mg-Fe-Al-Si-O-H at 20 kbar 
and temperatures between 720 and 800 9C. The 
composition and molar volume of their Fe-stauro
lites (WM buffer) agree very well with the data of 
the 25-kbar staurolites in the present study. 

Fockenberg (1995) investigated the crystal 
chemistry of Mg-staurolites in the pressure range 
20-50 kbar. Over the whole pressure range, he 
used a gel as starting material having the oxide ra
tio 4 MgO : 9 A12O3 : 8 SiO2 to produce 100% 
Mg-staurolite plus traces of corundum. He found 
that H pfu increases from 2.45 at 20 kbar to 3.92 
at 50 kbar and that the Mg-content increases in the 
pressure range 20-30 kbar from 3.78 to 4.08 pfu 
and decreases in the pressure range 30-50 kbar 
from 4.08 to 3.71 pfu, while the Al-content de
creases over the whole pressure range. The crystal 
chemical formula for the Mg-staurolite, syn
thesized at 25 kbar and 800 -C is given as 
Mg3.9oAli8.04Si7.78045.o6(OH)294, which agrees well 
with the formula obtained for the Fe-staurolite 
equilibrated at 25 kbar in the present study, 
especially with respect to the H-content (see Table 
2). However, the crystal chemical variation of the 
Mg-staurolite with pressure as observed by Foc
kenberg (1995) cannot be compared with the 
present results because of the different pressure 
ranges investigated. At higher pressures, addition
al substitution mechanisms may occur. In addi
tion, the crystal chemistry of the Mg-staurolites 
differs from that of the Fe-staurolites in having a 
higher amount of Mg in M4, leading to a decrease 
in MgT2 and an increase in H (Fockenberg, 1995; 
Hawthorne et al, 1993a,c). 

The decrease of M2+ with pressure observed in 
the present study is in accordance with the results 
of Holdaway et al (1995) on natural staurolite. 
Yet, these authors observe an increase of H pfu 
with increasing pressure for staurolites coexisting 
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either with Al-silicate plus quartz or garnet plus 
quartz for example about 4.2 H pfu at 13 kbar and 
650 qC). Holdaway et al (1995) argue that syn
thetic staurolites could have low H-content due to 
the use of bulk compositions which differ from 
the equilibrium composition of the staurolites. 
The staurolites in the present study, however, show 
a distinct composition at a given pressure irrespec
tive of the different bulk compositions used (see 
syntheses conditions) and there is no indication of 
increasing H-contents in pure Fe-staurolite with 
pressure. 

Infrared spectroscopy 

The IR powder spectra of synthetic staurolite in 
the range of 3000-4000 cm-1 are compared here 
with unpolarized single crystal spectra of a natural 
staurolite from Pizzo Forno which has been meas
ured and assigned by Koch-MÜller et al. (1995). 
These authors modelled the component bands by 
Gaussian distribution functions and classified the 
observed bands into three groups according to 
their polarization behaviour: 

- Group I contains a strong band at 3445 cm-1 

which can be resolved into two component 
bands VHIB at 3468 cm-1 and VHIA a t 3424 
cm-1 plus a shoulder vHiCpdat 3358 cm-1. 

- Group II contains a weak band vH2i at 3677 
cm-1 plus a shoulder vH2nat 3635 cm-1. 
Group III contains a weak band vH3i at 3577 
cm-1 plus a shoulder vH3π at 3525 cm 1 . 

The protons H1-H3 in the staurolite structure 
(Koch-MÜller et al, 1995) are all bonded to Ol A 
or O1B oxygens. These oxygens are coordinated 
by two M2 sites, one T2 site, the M4A or (M4B) 
and the M3A or (M3B) sites. In this arrangement, 
only the M2 sites are completely filled. The other 
sites show more or less pronounced vacancies. 
The shoulders in groups II and III are suggested 
by Koch-MÜller et al (1995) to be caused by Fe2+ 

substitution in M2. 
A precise analysis of IR spectra of synthetic 

staurolite phases was expected to yield information 
on the site occupancy of the coordinating sites 
M2, T2, M4 and M3. The relatively high scatter in 
Si and Al in Tl of the staurolites is not expected 
to influence the IR spectra since the correspond
ing Tl site is not a near neighbour of the OH-di-
pole. Fig. 2 shows the IR powder spectra of Fe-, 
Mg- and Zn-staurolite phases synthesized at 25 
kbar. All three band groups mentioned above can 

Fig. 2. Infrared spectra of synthetic Fe-, Mg- and Zn-
staurolite. 

be observed in the Fe- and Mg-staurolite spectra. 
Spectra bands belonging to group II are absent in 
the Zn-staurolite. 

Fe-staurolite 

Fig. 3 compares the room-temperature spectrum 
of Fe-staurolite synthesized at 25 kbar with the 
one recorded on the same sample at 77 K. The 
spectrum clearly supports the assignment of band 
vH3 to be a vibration of hydroxyl groups rather 
than of water inclusions in the staurolites (see 
Koch-MÜller et al, 1995). Fig. 4 shows the room-
temperature spectra of Fe-staurolites equilibrated 
at different pressures. These staurolites differ not 
only in their crystal chemistry (Table 2) but also 
in their IR-spectra. 

As pointed out by Koch-MÜller et al. (1995), 
the main band at 3345 cm - 1 present in the 
spectrum of natural staurolite of Pizzo Forno was 
decomposed into two component bands only. In 
this simplified model, one band results from vi
bration of an O1-H1A dipole, the other from vi
brations of an O1-H1B dipole with a broad 
halfwidth, because the OH-coordinating T2 site 
can be occupied by several different cations 
(Fe,Mg,Zn,Mn,Al). In the synthetic Fe-staurolite 
there is only Fe and Al in T2. Therefore, a lower 
halfwidth of the VHIA,B bands is to be expected. 
Fig. 5a shows a fit of the 5-kbar Fe-staurolite 
using a lower halfwidth than in the natural stauro-
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Fig. 3. Infrared spectra of synthetic Fe-staurolite, equili
brated at 25 kbar, recorded at room temperature and at 
77 K. 

Fig. 4. Infrared spectra of synthetic Fe-staurolite, equili
brated at different pressures. 

lite and, in addition to the bands described above, 
two component bands which we relate to Al in T2, 
(i.e. VHIBAI a n d VHIAAD- The corresponding data of 
the component bands are summarized in Table 4. 
In comparison to the natural staurolite from Pizzo 
Forno, some of the component bands are found to 
be shifted to lower wavenumbers by about 20 cm-1. 
Since real absorbancies cannot be obtained from 
KBr-powder spectra, relative absorbance values 

k 

( A ^ ^ A s / ^ A i ) 
i = l 

are given in Table 4. As discussed above, the dif
ferences in crystal chemistry of the Fe-staurolites 
equilibrated at 5, 10 and 25 kbar are chiefly char
acterized by an increase of the Al-content in T2 
with pressure. In agreement with this, Fig. 5b 
shows that the fitted spectrum for the 25-kbar 
staurolite contains the VHIAAI band with a higher 
relative absorbancy than the 5-kbar staurolite 
spectra. Due to the decreasing water content of 
staurolite with pressure, the relative absorbancies 
are, however, not a suitable measure for compar
ing the intensity differences of the vH1AA1bands. A 
criterion for intensity differences of the VHIAAI 
bands is, however, the ratio between the absorb
ancies of the VHIAPIUS VHIB bands and the absorb
ancy of the VHIAAI band. The ratio decreases with 
pressure from 21.60 for the 5-kbar spectra to 
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Fig. 5. a.: Experimental and fitted spectrum of synthetic 
Fe-staurolite, equilibrated at 5 kbar. For labels of the 
bands, see also Fig. 5b. The nomenclature of the bands 
is given in Table 4. 
b.: Experimental and fitted spectrum of synthetic Fe-
staurolite, equilibrated at 25 kbar. 



Table 4. Peakfit results of the IR-spectra in the vOH-vibrational range. 

group I c 

VTΠBU) 
V H I Λ ( 2 ) 

VH1AB 

v m c nd b (3 ) 
V Π IRΛI (4 ) 

Vf],AAl(5) 
group II e 

Vn2l(6) 
VH2IF(7) 

group III 
Viπ,(8) 

V . H H ( 9 ) 1 

Fe-staurolite (25 kbar) 
r2K).997 

cm"' 

3466 
3409 
3427 
3333 
3520 
3439 

3668 
3645 

3565 
3520 

relative 
absorb-
ance^ 

0.273 
0.273 
0.321 
0.130 
0.043c 

0.040 

0.133 
0.020 

0.043 
0.043C 

half 
width 
cm"1 

66 
66 
128 
118 
54 
59 

28 
28 

42 
42 

Fe-staurolite (10 kbar) 
rM).996 

cm'1 

3465 
3406 
3429 
3330 
3519 
3439 

3668 
3645 

3565 
3519 

relative 
absorb-
ance^ 

0.188 
0.243 
0.334 
0.100 
0.024C 
0.021 

0.030 
0.012 

0.021 
0.024c 

half 
width 
cm"1 

66 
68 
136 
118 
47 
59 

28 
35 

42 
47 

Fe-staurolite (5 kbar) 
r2-0.996 

cm"1 

3469 
3405 
3429 
3333 
3520 
3439 

3668 
3635 

3569 
3520 

relative 
absorb
ance01 

0.185 
0.247 
0.369 
0.073 
0.042^ 
0.020 

0.022 
0.013 

0.046 
0.042C 

half 
width 
cm"1 

64 
66 
143 
141 
66 
59 

28 
35 

75 
66 

Mg-staurolite (25 kbar) 
r2=0.996 

cm-1 

3466 
3412 
3436 
3325 
-
-

3675 
3695 

3570 
3618 

relative 
absorb-
ance^ 

0.199 
0.193 
0.302 
0.063 
-
-

0.068 
0.045 

0.098 
0.033 

half 
width 
cm"1 

82 
82 
100 
141 
-
-

32 
28 

75 
71 

Zn-staurolite (25 kbar) 
r2=0.996 

cm"1 

3440 
3370 
3405 
3295 
-
-

-

3534 
3483 

relative 
absorb-
ance^ 

0.194 
0.293 
0.362 
0.086 
-
-

-

0.039 
0.026 

half 
width 
cm"1 

59 
54 
142 
141 
-
-

-

71 
71 

a vπ]ΛB denotes the unresolved band due to HI protons. b vII]cpd denotes the additional band at the low energy side possibly due to coupling of 
frequencies. 

k 
c VMIHΛI anc l VIOII overlap, so the absorbance is given for the resulting band. d relative absorbance Arcl j = 4 / Σ 4 • 

i=\ 
numbers in parentheses refer to labels in Figures 5a, b. 



Synthetic staurolites 79 

13.65 for the 25-kbar spectra indicating increasing 
intensity of the vH1AA1 bands with increasing pres
sure. This should also be reflected in the intensity 
of the VHIBAI band, but the intensities of the VHIBAI 
bands in the spectra of both staurolites cannot be 
compared due to overlapping with the vH3π bands. 
Thus, the difference in the IR-spectra of Fe-stau-
rolite synthesized at 5 and at 25 kbar may reflect 
the pressure-induced substitution of Fe2+ through 
Al in T2. The fact that VHIA.BAIbands exist in the 
spectra supports the hypothesis that exchange 
vector (iv) is not the exclusive charge-reducing 
mechanism in the synthetic staurolites but should 
be combined with exchange vectors (i) and (vi). 
Differences in the intensities of vH2 between the 
25- and 5-kbar staurolites may result indirectly 
from the exchange vector (iv). At 25 kbar, the HI 
site is less occupied due to incorporation of Al3+ in 
T2. This may cause a higher population in H2, al
though the total H-content at 25 kbar is lower 
compared to 5 kbar. 

Mg-staurolite 

Fig. 6 shows the result of a Gaussian fit for the 
IR-spectrum of Mg-staurolite synthesized at 25 
kbar. In Table 4, the corresponding data of the 
band fit is compared with the data of the Fe-stau-
rolite synthesized at 25 kbar. The main difference 
between these two spectra is the position for the 
bands vH2π and vH3π. These bands are interpreted 
in natural staurolite to be caused by incorporation 
of Fe instead of Al into M2 (Koch-Miiller et al, 
1995). In Mg-staurolite, these bands should either 
be absent (only Al in M2) or occur at higher wave-
numbers due to Mg incorporation in M2. Fig. 6 

0.3 -j ! 

o J •-;-; - • - ..">-- ^ - . - - - " , - •• • - , _ ^ - , 1 

3800 3600 3400 3200 3000 cm—1 

Fig. 6. Experimental and fitted spectrum of synthetic 
Mg-staurolite. 
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Fig. 7. Experimental and fitted spectrum of synthetic 
Zn-staurolite. 

shows a fit of the spectrum with shoulders at the 
high-energy side of the bands vH2 and vH3, indicat
ing Mg incorporation in M2. There is no evidence 
of Al in T2 in the Mg-staurolite phase (Hawthorne 
et al, 1993a), so, no bands for Al in T2 can be 
fitted into the main band. 

Zn-staurolite 

Fig. 7 shows the result of a Gaussian fit of the IR-
spectrum of Zn-staurolite synthesized at 25 kbar. 
The corresponding data are summarized in Table 
4. All bands are shifted to lower wavenumbers 
and the difference in energy between VHIA and 
vH1B is higher than observed in the spectra of Mg-
and Fe-staurolites, so these two bands occur as dis
tinct bands in Zn-staurolite. The shoulder vH3II is 
interpreted as being due to Zn incorporation in 
M2. However, it is not possible to fit additional 
bands for Al in T2 under the envelope of the main 
bands. This is in accordance with the structure re
finement of a Zn-rich natural staurolite given by 
Hawthorne et al (1993a). Low Al-content in T2 
implies a higher Zn concentration when compared 
to the respective population in the Fe-staurolite 
synthesized at 25 kbar. This conclusion is support
ed by the synthesis results at 25 kbar, where a 
mixture of composition Zn4Al18Si75O46 produced 
a yield of 100%. Preliminary microprobe analyses 
of Zn-staurolites (Bubenik, pers. comm.) suggest 
higher occupation of Zn in T2, therefore less Al 
and less vacancies. The band at about 3668 cm-1, 
which is due to O-H2 vibrations, is absent in the 
Zn-staurolite spectrum, showing that there are no 
configurations involving H2. This observation in
dicates that Zn-staurolites synthesized at 25 kbar 
contain lower vacancy concentrations in T2 than 
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Fe-staurolite synthesized under the same pressure, 
since occupation of H2 is correlated with vacan
cies in T2. 

Discussion of site assignments 

Koch-Miiller et al (1995) clearly showed that the 
bands of groups I, II and III are related to HI, 2 and 
3 and that the main bands vH1A B, vH2i, vH3I are re
lated to the "normal" configuration in staurolite 
with Al in M2, Fe2+ or D in T2, D or Al in the ad
jacent M3 sites and D in the adjacent M4 sites. 
The restricted number of elements in the synthetic 
staurolites makes it possible to use the IR-spectra 
to obtain further insight on the substitution mech
anisms and local arrangements around the Ol 
oxygen. 

The energy of an OH-band is strongly anticor-
related with the electronegativity of the cations 
bonded to the hydroxyl ions (Bancroft et al., 1966; 
Strens, 1974; Hawthorne, 1981). These authors 
propose a negative correlation even for heterova-
lent substitutions where the aggregate bond-va
lence on the hydroxyl oxygen is changed. On the 
other hand, increasing aggregate bond-valence on 
oxygens of OH groups decreases the energy of the 
corresponding bands. In amphiboles, for example, 

the effect of bond-valence on the hydroxyl oxygen 
is thought to be much stronger than the effect due 
to the electronegativity differences between the 
cations (Delia Ventura, pers. comm.). Robert et al. 
(1989) investigated the relationship between OH-
stretching wavenumbers and composition of syn
thetic solid solutions between phlogopite (Mg3) 
and each of the end-members taeniolite (Mg2Li), 
trilithionite (Al1-5Lii.5) and polylithionite (Li2Al), 
where the OH coordinating sites are given in par
entheses. They observed a decrease in the wave-
number of v0H with increasing aggregate bond-
valence. However, increasing bond-valence is here 
also accompanied by an increase in the mean 
electronegativity of the cations bonded to the hy
droxyl ions. Thus, in heterovalent substitutions, 
such as Fe2+ substitution for Al in the octahedral 
M2 site of staurolite (where the mean electronega
tivity increases from 1.47 to 1.56 and the aggre
gate bond-valence on Ol decreases from 1.00 to 
0.83 v.u.) it is an open question which quantity 
has stronger influence, electronegativity or aggre
gate bond-valence. 

Hawthorne et al. (1993c) compiled all possi
ble arrangements in staurolite around the O1A and 
B oxygens and evaluated the relative probability 
of these arrangements. Table 5 gives a compila-

Table 5. Cation configurations, aggregate bond-valences and mean electronegativities around 01A in Fe-
Mg-staurolite by occupation of HI A and H2A. 

and 

protons 

H2A 

HI A 

local arrangement3 

2 M2 occupied 
M4A vacant 
M3A vacant 
T2 vacant 
M4B occupied 

2 M2 occupied 
T2 occupied 
M3A vacant 
M4A vacant 
M4B vacant 

cationsb 

Al, M 

M 

Al, M 
M,A1 

cation configuration 
around OHb 

D T2 A 1 M2 A 1 M2 

• T2A1M2A1M2 

MT2A1M2A1M2 

A1T2A1M2A1M2 

A1T2A1M2MM2 

MT2A1M2MM2 

Pauling 
valence 

1.00 
0.83 

1.50e 

1.75e 

1.58e 

1.33e 

bond-
on 01Ac 

mean 
electronegativityd 

1.47 
1.56(M = Fe2+) 
1.35 (M = Mg) 

1.53(M = Fe2+) 
1.39 (M = Mg) 
1.47 
1.53 (M = Fe2+) 
1.39 (M = Mg) 
1.58(M = Fe2+) 
1.31 (M = Mg) 

most probable configurations according to Hawthorne et al. (1993c). 
M = Fe2+ in Fe-staurolite and Mg in Mg-staurolite. 
bond-valence calculated by dividing cationic charge by the coordination number. 
Allred-Rochow electronegativities. 
As discussed by Hawthorne et al. (1993c) these high excess bond-strengths on Ol should be compensated by charge-
reducing substitutions in the "kyanite"-layer, e.g. Al substitution for Si in Tl or Fe, Mg substitution for Al in Ml,2. 
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tion of the most probable arrangements for Fe-
and Mg-staurolites, the possible substitution mech
anisms, resulting mean electronegativities and 
aggregate bond-valences. In the Fe- and Mg-stau-
rolite phases only three cation configurations 
around H2A are possible (excluding the improb
able configuration that both M2 sites are occupied 
by M2+): 

(i) DT2A1M2A1M2 

(ii) DT2AlM2FeM2 

( i iOD^Al^Mg 1 " 2 . 

Configuration (i) is related to the vH2i bands in 
both the Fe- and Mg-staurolites. Configuration 
(ii) and (iii) have equal aggregate bond-valence, 
which is lower than that observed for configura
tion (i), while the mean electronegativity is lower 
in configuration (ii) and higher in configuration 
(iii) (Table 5). Since the spectra of the synthetic 
Fe- or Mg-staurolites clearly show a shoulder either 
at the low- or at the high-energy side, respectively, 
of the vH2i band, we assume that the respective 
shoulder corresponds to configuration (ii) in the 
case of Fe-staurolite and to configuration (iii) in 
the case of Mg-staurolite. The observed pleo-
chroic behaviour of the vH2i band and shoulders 
just mentioned (Koch-Muller et al, 1995) indicate 
that they are caused by vibrations of the O-H2 di-
pole. In addition, the local arrangement around 
O-H2 of Table 5 is the only one which could ex
plain these shoulders since the adjacent sites are 
vacant. Thus, we propose that increasing mean 
electronegativities in a given local arrangement in 
staurolite have a higher influence on the OH-vi-
brational energies than changes in the aggregate 
bond-valences. 

The most probable configurations around HI A 
are: 

(i) Fe2+T2A1M2A1M2 and (ii) MgT2AlM2AlM2 the 
"normal" arrangement in staurolite 

(iii) AlT2AlM2AlM2 

(iv) AlT2AlM2Fe2+M2and (v) AlT2AlM2MgM2 

(vi) Fe2+T2AlM2FeM2 and (vii) MgT2AlM2MgM2 

Following above discussion, we expect the OH-
vibrational bands in configuration (iii) at higher 
wavenumbers than the bands in configuration (i). 
Arrangements (iv) and (v) have a very low prob
ability. The corresponding bands may, thus, be 
hidden in the envelope of the spectra. Due to the 
high mean electronegativity, configuration (vi) in 
Fe-staurolite (and configuration ZnT2AlM2ZnM2 in 
Zn-staurolite; mean electronegativity: 1.62) can 

be assigned to the band with the lowest wavenum-
ber, i.e. the vHiCpdband whose site assignment has 
not been elucidated in previous work (Koch-Mul
ler et al, 1995). However, since band vHicpd oc
curs also in Mg-staurolite at a very low wavenum-
ber and since the corresponding MgT2AlM2MgM2 

configuration exhibits a mean electronegativity of 
1.31, this assignment remains questionable. 

Conclusions 

The results of microprobe analyses, water-content 
determinations and infrared spectroscopy on syn
thetic staurolites show that: 
(i) Fe-staurolites synthesized at different pres

sures differ in their crystal chemistry: with in
creasing pressure, the total iron content de
creases from 3.94 at 5 kbar to 3.64 Fe pfu at 
25 kbar and A1T2, calculated after Holdaway 
et al (1991, 1995), increases from 0.49 to 
0.79 pfu. Concomitantly, the H-content de
creases from 3.58 to 2.97 H pfu. 

(ii) To explain results on Fe-staurolite, a hetero-
valent substitution of Fe2+ through Al3+ in T2 
is suggested. With increasing pressure this 
implies that the smaller Al substitutes for Fe2+ 

in T2, the charge balance being maintained 
by vacancies in the proton sites and the M3 
site, along with Al substitution in Tl and Fe2+ 

substitution in Ml,2. The proposed substitu
tion is corroborated by the v0HrsPectra. 

(iii) The v0H-spectra indicate that there is a signif
icant amount of Fe2+, Mg and Zn in the M2 
sites of the corresponding phases. 
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