
ORIGINAL PAPER

J. Najorka Æ M. Gottschalk

Crystal chemistry of tremolite–tschermakite solid solutions

Received: 9 November 2002 /Accepted: 11 November 2002

Abstract Tremolite–tschermakite solid solutions have
been synthesized between 700 and 850 �C and 200 and
2000 MPa. The starting materials were oxide–hydroxide
mixtures and an additional 0.1–1.8 molal CaBr2 solu-
tion. The run products were characterized using SEM,
HRTEM, EMP, XRD and FTIR. The synthesized Al
tremolites formed needles and lath-shaped crystals of up
to 300 · 20 lm. HRTEM investigations showed that the
majority of the amphiboles were well ordered. The EMP
analysis revealed that the Al tremolites were solid solu-
tions in the ternary tremolite–tschermakite–cumming-
tonite. The highest observed Al content was close to the
composition of magnesiohornblende (Xts ¼ 0.54). Dif-
ferent cummingtonite concentrations (Xcum ¼ 0.00–0.18)
were observed, which generally increased with Al con-
tent. Rietveld refinements of the lattice constants
showed a linear decrease of the cell parameters a and b
with increasing Al content, whereas c and b increased.
Small deviations from the linear behaviour were caused
by variable amounts of the cummingtonite component.
For pure tschermakite lattice parameters of
a ¼ 9.7438(11) Å, b ¼ 17.936(14) Å, c ¼ 5.2995(3) Å,
b ¼ 105.68(9)� and V ¼ 891.7 ± 1.4 Å3 were extrapo-
lated by least-squares regression. Using the a and b

lattice parameters for tremolite, tschermakite and cum-
mingtonite, it was possible to derive amphibole com-
positions using powder XRD. IR spectra of the Al
tremolites showed a total of 12 individual bands. The
FWHMs of all bands increased with increasing Al
content. According to their FWHMs, these bands were
grouped into three band systems at 3664–3676 cm)1 (I),
3633–3664 cm)1 (II) and 3526–3633 cm)1 (III). Assum-
ing [6]Al substitution at M2 and/or M3 and [4]Al at T1,
three principal different configurational groups could be
assigned as local environments for the proton. I: only
Si4+ at T1 and one or two Al3+ at M2 and/or M3far, II:
one Al3+ at T1 and one to three Al3+ at M2 and/or at
M3far, III: either Al3+ on M3near and/or two Al3+ on T1
and additional one to four Al3+ at M2. It is assumed
that these three configurational groups correspond to
the three groups of observed bands. This was quantita-
tivly supported by Monte-Carlo simulations. A model
with random distribution at M2 and M3 including Al
avoidance at tetrahedral and octahedral sites yielded the
best agreement with the spectroscopical results.
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Introduction

In rock-forming silicates such as amphiboles, pyrox-
enes, micas and chlorites, the Mg tschermakite substi-
tution of the type Mg2++Si4+ ¼ Al3++Al3+ is quite
common. Generally, the amount of the tschermakite
component is controlled by pressure, temperature and
bulk composition or is even buffered by a phase
assemblage. In the latter case, if the thermodynamic
properties of this substitution were understood, the Al
content could be used for geothermobarometric pur-
poses.

The content of the tschermakite component in am-
phiboles has been studied experimentally by Jasmund
and Schäfer (1972), Oba (1978), Cao et al. (1986),
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Jenkins (1981, 1983, 1988, 1994) Jenkins et al. (1997),
Cho and Ernst (1991), Smelik et al. (1994), Hoschek
(1995), Quirion and Jenkins (1998) and Hawthorne et al.
(2000) using the simplified system tremolite–alumino-
tschermakite, Ca2Mg5[Si8O22/(OH)2]–Ca2Mg3Al2 [Al2-
Si6O22/(OH)2], a system hereafter referred to as
tremolite–tschermakite. The synthetic tremolite-tscher-
makite crystals were usually very small and the fibrous
needles rarely exceeded a thickness of 5 lm. The small
grain size made chemical characterization using the
electron microprobe difficult if not impossible. To avoid
preparation difficulties, unpolished grain mounts were
often used for EMP analyses (Cao et al. 1986; Jenkins
1988, 1994; Hoschek 1995; Quirion and Jenkins 1998).
The precision of this method is rather low and standard
deviations are on the order of 5% (Jenkins 1994). Sev-
eral investigations (Jenkins 1981, 1983, 1988, 1994; Cho
and Ernst 1991; Hoschek 1995) used the d-value varia-
tion of the (310) reflection as a function of composition
for the determination of the Al content in tremolite-
tschermakite solid solutions. The uncertainty when us-
ing this approach is also high, however (6%, Cho and
Ernst 1991), and the influence of additional components
(e.g., cummingtonite) is generally neglected. Therefore,
the analytical error in the chemical composition of most
of the previously synthesized tremolite–tschermakite
solid solutions seems to be large.

In addition to uncertainties in composition, the
crystal chemistry of Al3+ in tremolite–tschermakite
solid solutions has not been resolved univocally. A
fragment of the structure of the monoclinic C 2/m
amphiboles is shown in Fig. 1. The main feature of

the amphibole structure is two double chains of SiO4

tetrahedra connected by a strip of octahedra which
form an I beam in the z direction. In tremolite the
octahedra sites M1, M2 and M3 are occupied by
Mg2+, M4 by Ca2+ and the tetrahedra sites T1 and
T2 by Si4+.

Using natural monoclinic amphibole, Hawthorne
(1981) deduced from mean bond length vs. ionic radius
relationships that octahedral Al3+ ([6]Al) is strongly
ordered on the M2 site. IR and NMR studies of syn-
thetic pargasites indicated [6]Al disorder over M2, M1
and/or M3 sites (Raudsepp et al. 1987; Welch 1994).
Single-crystal X-ray structure refinements of natural
pargasites and pargasitic hornblendes (Oberti et al.
1995a) showed that octahedral Al3+ is distributed over
the M2 and M3 sites. This is in accordance with a
neutron powder diffraction study of synthetic pargasite
(Welch and Knight 1999) and an IR investigation of
synthetic richterite–pargasite solid solutions (Della
Ventura et al. 1999). In a recent study, synthetic trem-
olite–magnesiohornblende solid solutions were investi-
gated by Hawthorne et al. (2000) using IR and NMR
techniques. The spectra indicated that [6]Al occupies two
different octahedral sites, the M2 site and the M1 or M3
site.

In monoclinic amphiboles tetrahedral Al ([4]Al) is
preferentially incorporated on the T1 site (Hawthorne
1981) which was derived from mean bond-length con-
siderations. Oberti et al. (1995b) showed in a single-
crystal study of calcic amphiboles that for amphiboles
with contents of [4]Al < 2 atoms per formula unit
(apfu), Al3+ strongly prefers the T1 site. However, Al3+

on T1 and T2 sites is observed in amphiboles with
[4]Al > 2 apfu. Al3+ disorder over T1 and T2 sites is
also a function of temperature (Oberti et al. 1995b). This
is in agreement with 29Si MAS NMR investigations
(Welch et al. 1998) of pargasite synthesized at 930 �C
and 100 MPa. Al3+ ordering on the T1 site was ob-
served, however, in fluoro-edenite synthesized at
1000 �C and 200 MPa (Welch et al. 1998).

Jenkins et al. (1997) investigated synthetic tremolite–
tschermakite solid solutions up to the composition of
magnesiohornblende, Ca2Mg4Al[AlSi7O22/(OH)2], using
EMP, XRD, IR and NMR. This study indicated that
Al3+ is distributed over all T and M sites in the Al
tremolites. However, a detailed quantitative analysis of
the site occupancies for Al3+ was not possible.

Difficulties in the determination of site occupancies of
Al3+ in synthetic Al tremolites are due mainly to the
following reasons. Similar X-ray scattering factors for
Al, Si and Mg make site-scattering refinements using
XRD data very difficult, if not impossible. In addition,
due to the small grain size of the synthetic tremolite–
tschermakite solid solutions, single-crystal X-ray dif-
fraction studies of the site occupancies are not possible;
and finally, the band broadening of the IR and NMR
spectra in Al-rich tremolite makes the quantitative in-
terpretation of Al3+ occupancies difficult (Jenkins et al.
1997; Hawthorne et al. 2000).

Fig. 1 I beam of the C 2/m amphibole structure with surrounding M4
sites. A strip of edge-sharing octahedra is intercalated between two
corner-sharing double tetrahedral chains in apex-to-apex arrange-
ment. The M2 and M4 sites provide the linkages to adjacent I beams.
(After Hawthorne 1983)
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The derivation of thermodynamic mixing properties,
however, requires a knowledge of the crystal chemistry,
especially if these are to be applied over a larger P–T
range than obtained experimentally. Entropies of ideal
mixing are crucial for the derivation of such models.
Therefore, if the amount of tschermakite substitution is
to be used as a petrogenetic indicator, a good knowledge
of the site occupancies for [4]Al and [6]Al along the
tremolite–tschermakite join is needed.

In this study, amphiboles along the tremolite-tscher-
makite join were synthesized in the presence of halo-
genidic fluids. With this method it was possible to obtain
amphibole crystals that were large enough for electron
microprobe measurements (cf. Zimmermann et al. 1996;
Gottschalk et al. 1998; Melzer et al. 1998). The synthe-
sized tremolite–tschermakite solid solutions were char-
acterized using scanning electron microscopy (SEM),
high-resolution transmission electron microscopy
(HRTEM), electron microprobe (EMP), powder X-ray
diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR). The combination of results from
EMP and XRD were used for the derivation of a more
precise method to deduce the compositions of the
amphiboles from lattice parameters in the ternary
system tremolite–tschermakite–cummingtonite. Quanti-
tative [6]Al site occupancies were derived using IR
spectroscopy of the OH-stretching vibration in con-
junction with derived compositions of the tremolite–
tschermakite solid solutions.

Experimental and analytical techniques

Experimental methods

The experiments were performed using standard cold-seal hydro-
thermal and piston-cylinder techniques. The hydrothermal experi-
ments were carried out between 700 and 800 �C and 200 and 500
MPa using H2O and CO2 as a pressure medium. Temperatures
were measured close to the sample with an Ni–CrNi thermocouple,
and were accurate within ±5 �C, pressures were measured with a
calibrated strain gauge with a precision of ±5 MPa. At the end of
each run, the samples were quenched isobarically with compressed
air to 300 �C within 3 min.

The piston cylinder experiments were performed between 700
and 850 �C and 1150 and 2000 MPa. The accuracy of the tem-
perature measurement with the Ni–CrNi thermocouple was
±15 �C. The pressure uncertainties were ±50 MPa. NaCl
(T < 800 �C) and CaF2 (T > 800 �C) assemblies were used. Be-
cause of its higher friction for the CaF2 assemblies, the pressure
had to be corrected by 10%.

Mixtures of SiO2, MgO, Al2O3 and Ca(OH)2 (analytical grade)
and a 0.1–1.8 molal aqueous CaBr2 solution were used as starting
materials. The solid/fluid ratio varied between 0.5 and 3.0. The bulk
compositions of the runs were chosen to be close to but not on the
tremolite–tschermakite join. An excess of SiO2 (3–8 wt%) was used
in order to compensate for the solubility of SiO2 at P and T
(Manning 1994). The samples for the hydrothermal experiments
were sealed in gold capsules of 25–35 · 3 mm with a wall thickness
of 0.2 mm. For the piston-cylinder runs, platinum and gold capsules
of 10–12 · 3 mm and a wall thickness of 0.2 mm were used. The
charges contained between 30 and 60 mg solids and 30 and 60 mg
fluid in the hydrothermal runs and between 6 and 12 mg solids and 2
and 6 mg fluid in the piston-cylinder runs. The run charges and the
synthesis conditions of the experiments are listed in Table 1.

Table 1 Run charges and synthesis conditions

Run Ca(OH)2
(mg)

CaBr2
(mg)

MgO
(mg)

Al2O3

(mg)
SiO2

(mg)
H2O
(mg)

CaBr2-
molality

T (�C) P (MPa) Time
(days)

TS-6 4.04 1.31 5.22 1.05 14.98 50.91 0.13 750 500 26
TS-15 3.56 5.71 4.61 0.61 11.98 28.56 0.97 750 500 7
TS-16 3.55 5.71 2.91 4.89 9.40 28.55 0.97 750 500 7
TS-18 1.48 1.70 1.47 1.09 4.62 8.49 0.96 800 1500 5
TS-19 1.43 1.70 1.59 0.88 4.74 8.52 0.96 800 1500 5
TS-20 3.70 2.85 4.35 0.75 11.65 14.28 0.94 800 200 7
TS-30 5.15 5.73 5.86 4.11 15.39 28.66 0.96 750 500 14
TS-33 5.59 5.71 6.59 0.89 17.34 28.55 0.95 750 500 30
TS-40 4.68 3.52 5.20 1.34 14.51 17.58 0.94 750 350 17
TS-41 4.69 6.84 5.38 0.97 14.56 34.21 0.97 700 350 27
TS-48 1.54 2.12 1.35 1.09 4.78 10.58 0.97 750 1500 7
TS-50 1.54 2.30 1.36 1.08 5.00 11.53 0.97 750 2000 7
TS-52 1.07 0.97 1.26 0.98 5.25 10.14 0.47 850 1500 5
TS-53 1.05 0.97 1.27 0.97 5.64 10.17 0.47 850 2000 10
TS-54 1.13 1.01 1.28 0.76 4.76 9.92 0.50 800 1500 13
TS-56 2.62 2.35 3.77 1.19 10.73 30.07 0.38 750 350 14
TS-64 4.17 3.75 5.41 1.61 15.74 45.70 0.40 750 200 14
TS-70 1.57 1.49 1.24 1.21 4.95 4.96 1.40 750 1500 7
TS-82 6.82 6.16 9.45 4.22 23.69 25.06 1.15 800 200 14
TS-83 5.85 5.31 11.14 0.56 27.64 25.06 1.00 800 200 14
TS-86 8.19 7.37 12.72 3.91 27.84 19.88 1.69 800 200 14
TS-90 1.48 1.37 2.14 1.35 6.55 5.98 1.08 850 1150 6
TS-91 1.73 1.54 1.56 1.59 6.48 5.97 1.21 850 1150 6
TS-92 1.92 0.92 1.65 2.35 5.55 2.45 1.58 850 1300 8
TS-93 1.69 0.94 2.21 1.40 6.13 2.58 1.57 850 1300 8
STR080 15.12a 10.07 14.21 10.27 40.34 28.65 1.76 700 500 14
TR-II-5b 43.43a – 114.15 – 272.38 80.00 0.00 660 700 50

a CaCO3 instead of Ca(OH)2
b Run TR-II-5 from Gottschalk et al. (1999)
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Analytical methods

The synthesized products were characterized by optical, scanning
electron (SEM) and high-resolution transmission electron micros-
copy (HRTEM), electron microprobe (EMP), powder X-ray dif-
fraction (XRD) and Fourier transform infrared spectroscopy
(FTIR).

The SEM and HRTEM investigations were performed using a
Zeiss DSM962 scanning electron microscope and a Philips
CM200T transmission electron microscope. The EMP analyses
were performed on polished and carbon coated samples with
Cameca SX50 and SX100 microprobes. The data were collected in
wavelength dispersive spectrometry mode and corrected using the
PAP program (Pouchou and Pichoir 1984). The following stan-
dards were used: wollastonite for Si and Ca, synthetic plagioclase
for Al and natural tremolite for Mg. Peak counting times were 40 s
for Ca and Mg and 20 s for Si and Al. For the background,
counting times were 20 and 10 s, respectively.

For XRD measurements, the solid-run products were ground in
an agate mortar to a grain size of less than 2 lm. The powder was
diluted with Elmer’s White glue and mounted on a circular foil. To
minimize preferred orientation, the powder was stirred during
drying. The foil was then placed into the sample holder and covered
with a second empty foil. Powder XRD patterns were recorded in
transmission using a fully automated STOE STADI P diffractom-
eter (Cu Ka1 radiation), equipped with a primary monochromator
and a 7�-wide position sensitive detector (PSD). Operating condi-
tions were 40 kV and 40 mA, with a takeoff angle of 6�. The
spectra were recorded in the range of 5 to 125� (2h) using a step
interval of 0.1�. The resolution of the PSD was set to 0.02�.
Counting times were selected to yield a maximum intensity of 2000
to 3000 counts for each sample, resulting in 5 to 20 s per detector
step. The unit-cell and other structural parameters were refined
using the GSAS software package for Rietveld refinement (Larson
and Von Dreele 1987). The isotropic displacement factors of
tremolite were fixed at values approximately correct for amphiboles
(Della Ventura et al. 1993). The following algorithm was used
during the refinement procedure: scale factor, background (real
space correlation function), zero-point correction, phase fractions,
lattice constants, Caglioti W, preferred orientation, atomic posi-
tions, Caglioti U + V, and Lorentz LX + LY. Further details of

the refinement procedure are described by Gottschalk and Andrut
(1998).

IR absorption spectra were recorded in the spectral range of
3500 to 3800 cm)1 with a resolution of 0.25 cm)1 using a Bruker
IFS 66V FTIR spectrometer equipped with a globar light source, a
KBr beam splitter and a DTGS detector. The sample chamber was
evacuated to 300 Pa. Transparent pellets (mixtures of 1 mg am-
phibole and 450 mg KBr) were pressed under vacuum and dried at
170 �C for at least 48 h, but typically for several weeks. The spectra
were averaged over 1024 scans and evaluated using the program
PeakFit (SPSS Science). The background was subtracted using in
most cases a linear function and only in some cases a cubic function.
A combination of a Gaussian and a Lorentzian function with equal
full width at half maximum (FWHM) was used to fit the bands.

Results

REM

Typical SEM images of the synthesized products are
shown in Fig. 2. Amphibole was the principal phase in
the experiments and formed idiomorphic needle or lath-
shaped crystals with widths of 1–20 lm and lengths of
10–300 lm. In general, the grain size of the amphiboles
increased with rising P–T conditions as well as with in-
creasing concentration of the bromidic solution. The
thinnest amphibole needles were synthesized at 200–
500 MPa and 750 �C, where the grain width rarely ex-
ceeded 3 lm (Fig. 2c). At 800 �C and 200 MPa, many
crystals with a thickness of 5–10 lm were observed
(Fig. 2d). High pressures runs between 1.3 and 2.0 GPa
generally yielded large amounts of amphiboles with lath-
shaped habitus and a thickness of up to 10–20 lm
(Fig. 2a, b). Amorphous SiO2 was observed in several
runs (e.g., Fig. 2b).

Fig. 2a–d Typical SEM images
of the synthesized amphiboles
from high pressure runs
(‡1150 MPa) (a, b) and low
pressure runs (£500 MPa) in
(c, d). Lath-shaped amphiboles
with a Xts ¼ 0.54 (run TS-93)
and b Xts ¼ 0.31 (run TS-70).
c Amphibole needles from run
TS-6 (Xts ¼ 0.22). d Needle to
lath-shaped amphiboles from run
TS-20 (Xts ¼ 0.12)
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HRTEM

Al tremolites from runs TS-6, TS-15, TS-16, TS-18, TS-
19, TS-20, TS-33, TS-41, TS-52, TS-64, and TS-93 were
investigated by HRTEM. Figure 3a, b shows represen-
tative HRTEM images of the synthesized amphiboles.
The majority of the Al tremolites were well ordered with
only a minor concentration of chain multiplicity faults
(£5%). Higher concentrations of chain multiplicity
faults (»10%) were observed only in runs TS-15 and TS-
33 (Fig. 3b). Figure 3b shows an Al tremolite crystal of
run TS-33 with 40 double-chain units, 3 triple- and 2
quadruple-chain multiplicity faults. Typically single-,
triple-, quadruple- and quintuple-chain multiplicities
faults were observed. Faults with multiplicities ‡3 oc-
curred mostly as isolated chains and passed through the
whole crystal. High overall chain fault concentrations
were often observed to be concentrated in small areas of
the crystal.

EMP

Except for the runs TS-6, TS-15, TS-30, TS-40 and TS-
83, the compositions of the synthesized amphiboles were
determined by EMP. These results are presented in
Table 2. The analyses were normalized to 23 oxygens,
and the cations were distributed according to the
formula AB2C5[T8O22/(OH)2] (A ¼ vacant; B ¼ Ca,
Mg; C ¼Mg, Al; T ¼ Al, Si). The total Al content was

distributed equally (Altot/2) over the C and T sites,
assuming that tschermakite substitution is obeyed. A
single analysis was accepted if the total oxide sum was in
the range of 91–99 wt%. Because of the small crystal
size of the amphiboles in run TS-64, the total oxide sum
were mostly below 90 wt%. Therefore, a total oxide sum
between 85 and 99 wt% was accepted for amphiboles
from run TS-64. Some analyses showed unusually high
T-site occupancies larger than 8. From a crystal-chemi-
cal view, such occupancies are not allowed, and are
believed to be an analytical artefact. Therefore site oc-
cupancies were used as additional criteria if these devi-
ations were larger than the analytical error (2r). If the
site occupancies exceeded the nominal value by ±1% on
the T sites, ±2% on the B and C sites and ±0.5% for
the total sum of all cation sites (=15) the analysis was
also rejected.

The average amphibole compositions of the runs are
summarized in Table 2 and Fig. 4. The synthesized Al
tremolites are solid solutions of the ternary tremolite–
tschermakite–cummingtonite. Along the tschermaks
vector Si)1Mg)1Al2, amphibole compositions were be-
tween 11 and 54 mol% tschermakite. The Al-richest
composition was observed in run TS-93 (Xts ¼ 0.54),
which is close to the composition of magnesiohorn-
blende. Ca2+ was replaced, to a small extent, by Mg2+

on the M4 site and cummingtonite concentrations of up
to Xcum ¼ 0.18 were observed. The cummingtonite
content for most runs was in the range of Xcum ¼ 0.00–
0.10, however. Br contents were always below the
detection limit (<0.1 wt%).

XRD

A Rietveld structure refinement was performed for each
run product. The derived phase proportions and am-
phibole lattice parameters are presented in Table 3. The
amphibole yield was between 40 and 100 wt%. Up to
three additional minor solid phases were detected. These
were quartz, anorthite, diopside, talc, chlorite, zoisite
and enstatite.

Figure 5 shows that the lattice parameters of the
synthesized amphiboles are a linear function of the Al
content. With increasing amount of Al substitution in
tremolite, the cell parameters a and b decrease whereas
the parameters c and b increase. Some variations are
observed for the lattice parameters a and b. These
variations correlate with the amount of cummingtonite
component in Al tremolite (see below). As a result of
increasing cummingtonite content, the values of the a
and b parameters decrease.

IR

Powder spectra were recorded in the range of OH-
stretching vibrations between 3500 and 3800 cm)1 and
are shown in Fig. 6. Only samples with > 70 wt%

Fig. 3a, b HRTEM images of (020) lattice fringes of the synthesized
amphiboles. a A defect-free amphibole crystal from run TS-19
(Xts ¼ 0.32). b Randomly distributed triple and quadruple chains in
an amphibole crystal from run TS-33 (Xts ¼ 0.13)
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amphibole and < 5 wt% of additional OH-bearing
phases (chlorite, talc, zoisite) are shown. Starting from
tremolite, systematic variations are observed with in-
creasing Al content. A sharp band at 3675 cm)1 is visible
in Al-poor tremolites. This band is known as the typical
band of tremolite (e.g., Burns and Strens 1966). With
increasing Al content in tremolite, the intensity of this
band decreases, the band centre shifts to 3672 cm)1, the
full width at half maximum (FWHM) increases and
additional bands centered at 3652, 3624 and 3608 cm)1

appears. With increasing Al content, the intensity and
FWHM of these bands increase. Due to this broadening
for Al-rich amphiboles (Xts > 0.30) many bands over-
lapped.

Discussion

Phase composition and XRD

The EMP data show that the synthesized amphiboles
are solid solutions in the ternary system tremolite–
tschermakite–cummingtonite. A continuous solid solu-
tion series along the tremolite–tschermakite join up to
roughly magnesiohornblende composition (Xts ¼ 0.50)
with a maximum tschermakite content of Xts ¼ 0.54
was observed. Amphiboles with higher tschermakite
contents could not be synthesized. This is in agreement
with previous experimental studies (Cao et al. 1986;
Jenkins 1988; Cho and Ernst 1991; Smelik et al. 1994;
Hoschek 1995; Jenkins et al. 1997). Cho and Ernst
(1991) synthesized amphiboles at 1250 MPa and 900 �C
containing up to 60 mol% tschermakite. Oba (1978)
has claimed to have synthesized pure tschermakite at
800–850 �C and 700–1700 MPa. However, this has
never been reproduced (Jenkins 1988). Other syntheses
with higher Al contents have not been reported yet.
The crystal-chemical constraints for this limitation on
the Al content is unknown. Only one eighth of all
tetrahedral sites or only one quarter of the T1 sites are
filled with Al3+ in magnesiohornblende and therefore
Al avoidance seems not to be ultimatively involved.
One may also speculate that the observed maximum Al
content is not a rigid crystal chemical constraint but is
due to systematic changes of the thermodynamic

properties. Tremolite–tschermakite solid solutions
could be simply less stable with respect to other as-
semblages containing phases like anorthite, corundum
and melt. For otherwise fixed phase assemblages, the
cummingtonite content of the amphibole (Gottschalk et
al. 1999) increases with temperature. This seems also to
be the case for the tschermakite content. In this case,
before higher Al contents are reached, the amphibole
decomposes to form a partial melt.

The measured cummingtonite concentrations were in
the range of 0–18 mol%. At a constant tschermakite
content, large variations in cummingtonite component
were observed (Table 2; Fig. 4). In general, cumming-
tonite concentrations increased with increasing tscher-
makite content. As a consequence of the observed
increasing cummingtonite content, phases like diopside,
anorthite and zoisite become more abundant.

Cummingtonite as an additional component in syn-
thetic tremolitic and richteritic amphiboles is widely
observed (e.g., Jenkins 1987; Graham et al. 1989; Pawley
et al. 1993; Smelik et al. 1994; Melzer et al. 2000) and
concentrations of up to 10 mol% have been reported
(Jenkins 1987). Because EMP analyses are often lacking,
a cummingtonite content of 10 mol% had been assumed
in synthetic Al tremolites (Jenkins 1994; Quirion and
Jenkins 1998; Hawthorne et al. 2000).

The lattice parameters of the synthesized amphiboles
are a systematic function of the Al content (Fig. 5) and
cummingtonite concentration (Gottschalk et al. 1999).
The a, b and b parameters of cummingtonite are sig-
nificantly lower than those of tremolite. Therefore
variations in lattice parameters (Fig. 5) are due to vari-
ations in cummingtonite content. It has been shown by
Gottschalk et al. (1999) that for the system tremolite–
cummingtonite the lattice parameters are a linear func-
tion of composition. Assuming that the lattice parame-
ters are also a linear function of the Al content, and
using the respective values for pure tremolite (Gotts-
chalk et al. 1999) and cummingtonite (Hirschmann et al.
1994), the values a ¼ 9.7438(11) Å, b ¼ 17.936(14) Å,
c ¼ 5.2995(3) Å, b ¼ 105.68(9)� and V ¼ 891.7 ±
1.4 Å3 for tschermakite were obtained by least-squares
regression and Eqs. (1)–(4) can be used to calculate the
lattice parameters of tremolite–tschermakite–cumming-
tonite solid solutions.

Fig. 4 Average compositions of
the Al tremolites determined by
EMP plotted in the ternary
tremolite–tschermakite–cum-
mingtonite. The Al-richest am-
phibole sample with Xts ¼ 0.54
(run TS-93) is close to the com-
position of magnesiohornblende.
Variable cummingtonite contents
are observed
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a½ �A� ¼ 9:8354Xtrþ 9:7438Xtsþ 9:4700Xcum r2 ¼ 0:999994

ð1Þ

b½ �A�¼18:0562Xtrþ17:936Xtsþ17:925Xcum r2¼0:999997

ð2Þ

c½ �A� ¼ 5:2768Xtrþ 5:2995Xtsþ 5:2700Xcum r2 ¼ 0:999999

ð3Þ

b½�� ¼ 104:74Xtrþ 105:68Xtsþ 102:18Xcum r2 ¼ 0:999996

ð4Þ
The high correlation of the linear regressions (r2 >
0.999) supports the assumption that the lattice parame-
ters are, in fact, a linear function of the composition.
Jenkins (1994) extrapolated a similar cell volume of
892.9 ± 1.2 Å3 for the tschermakite end member. The
results of the regression are also plotted in Fig. 5, which
demonstrates that the lattice parameters a and b are also

Fig. 5 Lattice constants a, b, c, b and cell volume V of the synthesized
Al tremolites as a function of Xts/(Xts + Xtr) determined by EMP.
Cummingtonite isopleths are as solid lines for Xcum ¼ 0.00 and as
dashed lines for Xcum ¼ 0.06, 0.12 and 0.18. Cummingtonite isopleths
were calculated from Eqs. (1)–(4)

Fig. 6 FTIR spectra of the OH-stretching vibration of Al tremolites
(background subtracted). The spectra are sorted with increasing
values of Xts, derived from XRD data. The sharp band in Al-poor
tremolites at 3675 cm)1 decreases with increasing Xts and new bands
appear at 3652, 3624 and 3608 cm)1. The FWHMs of all bands
increase with increasing Xts. Three band regions were distinguished at
3664–3676 cm)1 (I), 3633–3664 cm)1 (II) and 3526–3633 cm)1 (III)
(see text)
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sensitive to the cummingtonite content of the solid
solution.

Because of their small grain size, compositions of
synthetic tremolite–tschermakite solid solutions often
have been determined by XRD using the location of the
(310) reflection (Jenkins 1981, 1983, 1988; Cho and
Ernst 1991; Hoschek 1995). The location of the (310)
reflection calculated using Eqs. (1)–(4) for cumming-
tonite contents of 0 and 10 mol% and the calibration
curves used by Jenkins (1988), Cho and Ernst (1991) and
Hoschek (1995) are shown in Fig. 7. These calibration
curves coincide with the calculated line for a cumming-
tonite content of 10 mol%. If these latter curves were
used for amphiboles with lower cummingtonite contents,
the tschermakite content would be severely underesti-
mated. If the cummingtonite content is 0 instead of
10 mol%, the tschermakite content thus derived will be
18 mol% too low using the calibration curves previously
available.

An alternate way of determining compositions by
XRD is the use of the compositional dependence of the
lattice parameters. The lattice parameters a and b are
sensitive to both the tschermakite and cummingtonite
content. While a decreases with increasing tschermakite
and increasing cummingtonite content, b increases with
increasing tschermakite content but decreases with in-
creasing cummingtonite content. The combination of
Eqs. (1) and (4) yields expressions for the composition of
an amphibole sample, if its lattice parameters are known,
on the tremolite–tschermakite–cummingtonite ternary:

Xts¼
asample�acum

� �
btr�bcumð Þ� atr�acumð Þ bsample�bcum

� �

atr�acumð Þ bcum�btsð Þ� acum�atsð Þ btr�bcumð Þ
ð5Þ

Xtr¼
asample�acum

� �
bts�bcumð Þ� ats�acumð Þ bsample�bcum

� �

ats�acumð Þ bcum�btrð Þ� acum�atrð Þ bts�bcumð Þ
ð6Þ

Xcum ¼
asample� atr

� �
btr�btsð Þ� atr� atsð Þ bsample�btr

� �

atr� atsð Þ bts�bcumð Þ� ats� acumð Þ btr�btsð Þ :

ð7Þ
Oba (1978) presented lattice constants of several
tschermakites which were synthesized between 800 and
850 �C and 700 and 1700 MPa. The composition of
these tschermakites was evaluated using the a–b rela-
tionship of Eqs. (5)–(7). The derived tschermakite con-
tents were between Xts ¼ 0.36 and 0.55. This is a strong
indication that pure tschermakite was not synthesized in
Oba’s study.

IR

OH-stretching vibration and occupancy of sites

The frequency of the fundamental OH-stretching vi-
bration is a function of the local charge distribution in
the neighbourhood of the proton (Burns and Strens
1966; Hawthorne 1981). The cation sites in the vicinity
of the proton are illustrated in Fig. 8. This figure shows
the central layer of octahedral sites within the amphibole
I beam, the tetrahedra belonging to the upper (Si,
Al)4O11 chain, the M4 sites belonging to this I beam and
the upper left and right neighbour I beams (M4*). The
tetrahedra of the lower double chain are not shown
because the effect of any variation in charge distribution
in this chain which could influence the vibration of the
upper proton is, as a first approximation, shielded by the
octahedral chain. In the following, proton–cation dis-
tances up to 6 Å were considered, which are calculated
using the structure of tremolite, as determined by

Fig. 7 Variation of the d(310) reflection with composition of Al
tremolites

Fig. 8 Local environment of the proton in the tremolite structure.
The M4 sites (white) are on a level with the octahedral strip. The M4*
sites (grey) belong to adjacent upper left and right neighbour I beams
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Hawthorne and Grundy (1976); (cf. Table 4). The dis-
tances range between 2.67 and 5.81 Å. It must be noted
that several sites (e.g., M2, M3, M4) occur with different
distances in the immediate vicinity of the proton.

In tremolite, cations in the immediate vicinity of the
proton are Mg2+ on M1, M2 and M3, Ca2+ on M4 and
Si4+ on T1 and T2 sites. The corresponding band is
located at 3675 cm)1 (Burns and Strens 1966). If cations
with other radii and charges are substituted on these
sites, the band position for this local configuration will
be different. In solid solutions, various configurations
occur simultaneously and various bands are observed
(e.g., Burns and Strens 1966; Della Ventura et al. 1999;
Gottschalk et al. 1998, 1999; Hawthorne et al. 2000).
The absorbance of such bands will be proportional to
the probability of its corresponding configuration. If the
absorbance of each band is evaluated, then the proba-
bility of each configuration and therefore the site occu-
pancies can be determined. The problem is however, the
effective size of the configuration shell, the assignment of
a band to a certain configuration and the wavenumber
dependency of the absorbency.

Band positions

A detailed inspection of the IR spectra in the range of
the OH-stretching vibrations revealed that the observed
bands, centred at 3675, 3652, 3624 and 3608 cm)1, had
shoulders and/or were asymmetric. By fitting the spectra
to symmetric bands of a Gaussian-Lorentzian character,
up to 12 individual bands could be identified, which are
listed in Table 5. The identified bands had within each
sample a variety of different FWHMs which increased
with decreasing wavenumber and generally increased
with increasing Al content. In addition, the absorbance
of some bands increased with Al content while others
decreased. According to their FWHMs, the bands were
grouped into three band systems which were located
between 3664 and 3676 cm)1 (I), 3633 and 3664 cm)1

(II) and 3526 and 3633 cm)1 (III). To simplify the pro-
cess of the quantification and interpretation of the
bands, the FWHMs within each band system were
constrained to one single value. With this constrain it
was possible to obtain consistent band positions also for
the band systems with high FWHMs (II + III) along
the whole solid-solution series. Band positions, relative

integral absorbances and FWHMs of the detected bands
are shown Table 5. The fitted bands for the runs TS-30,
TS-64, TS-92 and TS-93 with different Al contents are
shown in Fig. 9.

Local configurations

Previous studies concluded that Al3+ in octahedral co-
ordination ([6]Al) either predominantly occupies only the
M2 (Hawthorne 1981, 1983), the M2 and M1/M3
(Raudsepp et al. 1987; Welch 1994) or the M2 and M3
sites (Oberti et al. 1995a; Welch and Knight 1999; Della
Ventura et al. 1999; Hawthorne et al. 2000). Jenkins
et al. (1997) concluded from their 29Si NMR spectra that
Al3+ is equally distributed between the T1 and T2 sites.
According to Hawthorne (1981, 1983) and Welch et al.
(1998), tetrahedral Al ([4]Al) is preferentially incorpo-
rated at the T1 site. Oberti et al. (1995b) observed that
high Al contents ([4]Al > 2 apfu) and equilibration at
high temperatures lead to increasing [4]Al occupancies at
T2. For the following considerations it is assumed that
in the tremolite–tschermakite solid solution [6]Al occu-
pies either only the M2 or the M2 and M3 sites. The M1
site will always be filled by Mg2+. Synthesis tempera-
tures were below 850 �C and the maximum [4]Al con-
tents was 1.04 apfu. Therefore, it has been assumed that
[4]Al is preferentially located at the T1 site. For sim-
plicity, the substitution of Mg2+ for Ca2+ on the M4
site (cummingtonite component) is neglected. The re-
sulting relevant cluster is shown in Fig. 10 and contains
four M2, two M3 and eight T1 sites, two protons, one
above (H) and one below (H¢) the octahedral strip. The
tetrahedra above and below the octahedral chain will be
further also labelled T1 and T1¢, respectively. Because
of the assumption that the octahedral chain acts as a
shield, the vibrational mode of a proton is influenced
only by the four T1 cations on the same level. The
distances between the proton and the M2 and M3 sites
in the front and in the back (according to Fig. 10) are
different (Table 4) and therefore the M2near, M3near and
M2far, M3far sites are treated separately. In the following
as a shorthand notation, each configuration will be
designated by M2M3M2:T1T1-T1T1:M2M3M2 which
lists, according to Fig. 10, the front (far) sites first (all
sites from left to right). In this notation the configura-
tion typical for tremolite will MgMgMg:SiSi–SiSi:
MgMgMg (configuration A1, see Fig. 11).

Due to local charge balance, the tschermakite ex-
change is supposed to be a coupled substitution. It is
now reasonable to assume that the substitution of Al3+

for Mg2+ on either M2 or M3 is charge-balanced by
Al3+ for Si4+ on the closest T1 site. If one Al3+ is
substituted on the left front M2 site, the upper proton H
will have either the configuration AlMgMg:AlSi–
SiSi:MgMgMg (A4) or AlMgMg:SiSi–SiSi:MgMgMg
(A2). For the second configuration the charge balance
occurs on a T1¢ site. The lower proton H¢ will have one
of the corresponding and matching configuration, either

Table 4 Cation–proton distances of a tremolite I beam up to 6 Å.
(Hawthorne and Grundy 1976)

Proton distance to Near (Å) Far (Å)

M1 2.692 5.105
M2 4.164 5.144
M3 2.670 4.032
M4 5.465 –
M4* 5.318 5.812
T1 3.120 3.126
T2 3.183 –
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A2 or A4, respectively. The adjacent cluster to the front
is formed in the c direction by the next two T1, two T1¢,
two M2 and one M3 sites. As a consequence, this cluster
will then have the configuration either MgMgMg:SiSi–
SiAl:AlMgMg (C1) or MgMgMg:SiSi–SiSi:AlMgMg
(B1) if no additional Al3+ substitution occurs. If Al3+ is
substituted on the front M3 site, the occurring configu-
rations for H are either MgAlMg:AlSi–SiSi:MgMgMg
(A6) or MgAlMg:SiSi–SiSi:MgMgMg (A3). In the more
Al-rich amphiboles, it is possible that configurations
with multiple substitutions will occur. Bond valence
considerations (Oberti et al. 1995b; Hawthorne 1997)
implied that T1Al–O–T1Al dimers are very unlikely in
amphiboles and that therefore Al avoidance operates.

Bond valence considerations also showed that cation
arrangements with Al3+ on adjacent octahedral sites are
improbable (Hawthorne 1997; Della Ventura et al. 1999;
Hawthorne et al. 2000). These considerations lead to a
total of 121 configurations. This number is reduced to 48
because some configurations are not distinguishable,
e.g., the configuration MgAlMg:SiAl–SiSi:MgMgMg
is equivalent to configuration MgAlMg:AlSi–
SiSi:MgMgMg (A6), which therefore has a multiplicity
of two. For each configuration there will be an OH-
vibrational band with an absorbance proportional to its
probability. If it is further assumed that the effect of
substitution of two Al3+ at equivalent M2 or T1 sites
either in cis- and trans-configuration is indistinguishable
(e.g., AlMgMg:SiSi–SiSi:AlMgMg (B2) and Al-
MgMg:SiSi–SiSi:MgMgAl) the total number of different
configurations is reduced to 36. These configurations
with their multiplicities are summarized in Fig. 11.

It must be noted that the definition of the configu-
ration shell for IR interpretation as in Fig. 10 comprises
a larger size (and more cations) than in previous studies
of synthetic Al tremolites. Jenkins et al. (1997) consid-
ered Al–Mg substitution at two M1 and one M3near sites
in the nearest vicinity of the proton. Hawthorne et al.
(2000) reported that the OH-stretching vibration of Al
tremolites is also influenced by the next-nearest neigh-
bours of the proton (T1T1 : M2M3M2). The interpre-
tation model of the IR bands included Mg–Al
substitution at M2near, M3near and M3far sites and Si–Al
substitution at T1 sites of the back of the cluster
(Fig. 10). The front T1 and M2far sites were not included
in the model by Hawthorne et al. (2000). It is known that
even substitutions at M4 sites influence the fine structure
of the OH band in tremolite (Gottschalk et al. 1998).
Therefore, significant contributions to the absorbance
can be expected by substitutions at T1 and M2far sites in
the front of the cluster (Fig. 10), because these sites are
at shorter distances to the proton than the M4 sites
(Table 4). Furthermore, T1 sites at both the front and
back of the cluster are at nearly the same distance to the
proton (3.13 and 3.12 Å). Si–Al substitutions on the
front T1 sites should have almost the same influence on

Fig. 9 Selected FTIR spectra of the runs TS-93, TS-92, TS-30 and
TS-64. Up to 11 individual bands were necessary for a consistent
fitting procedure along the whole solid-solution series. An exemplary
band assignment to the configurations is shown. The tschermakite
contents in amphibole (Xts) were derived from XRD data

Fig. 10 Cluster around the H atom consisting only of polyhedra
where Al substitution is assumed
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the OH-stretching vibration as substitutions on the back
T1 sites. Thus, also configurations with two Si–Al sub-
stitutions on the four nearest T1 sites around a proton
have to be considered. In Fig. 11 this comprises con-
figurations C4-C6, D4-D6 and F4-F6 for the proton
above and configurations B2-B3, B5, D2-D3, D5, E2-E3
and E5 for the proton below.

Band assignment

Up to 12 bands have been detected in the amphiboles
synthesized here. This number is significantly lower than
the expected 36. Many bands will overlap and are not
resolved; others will be of low absorbance because of the
low probability of their corresponding configuration.
From these 12 detected bands only the one with the
highest wavenumber at 3675 cm)1 is definitely known to
correspond to the tremolite configuration (A1).

For synthetic tremolite–tschermakite solid solutions,
Jenkins et al. (1997) observed with increasing Al content
a decrease in the absorbance of the tremolite-type band
at 3675 cm)1 and an increase in the band at 3652 cm)1.
The band at 3652 cm)1 was attributed to the Al3+

substitution on either the M1 or M3 site. Hawthorne
et al. (2000) reported bands at 3675, 3671, 3655, 3642,
3624 and 3608 cm)1. The model for band assignments
based on four distinct substitutions: (1) Al « Mg on

M3near, (2) Al « Si on T1, (3) Al « Mg on M2near and
Al « Mg on M3far. The band at 3671 cm)1 was as-
signed to the substitution (3) and the band at 3655 cm)1

to the substitution (2). The band at 3642 cm)1 was at-
tributed to either a combination of substitution (2) and
(3) or only a substitution (1). Substitutions of either (1)
and (3) or (1) and (2) caused the band at 3624 cm)1. The
band at 3608 cm)1 was assigned to combinations of
substitution (1), (2) and (3). In this study a larger fine
structure of the bands were observed. Band shoulders
and asymmetries could not be explained with the model
from Hawthorne et al. (2000). A consistent band fitting
along the whole solid-solution series required a more
expanded model, which included also Al substitutions
on T1 and M2far sites at the front of the cluster (Fig. 10).

The physical environmental differences between the
36 configurations are due to differences in cation charge
and cation radii of Al3+ (0.39 Å) vs. Si4+ (0.26 Å) in
tetrahedral coordination and of Al3+ (0.54 Å) vs. Mg2+

(0.72 Å) in octahedral coordination, respectively
(Shannon 1976). The influence of differences in both
charge and size on the electrostatic field is complex and
not easily predicted. Furthermore, the substitutions of a
larger cation with a lower charge (tetrahedral) and of a
smaller cation with a higher charge (octahedral), but at
the opposite site of the proton, both yield bands at lower
wavenumbers. For purposes of simplification, it is as-
sumed that the shift of the band position with respect to

Fig. 11 The 36 possible configu-
rations for Al incorporation as-
suming Al–Mg substitution at
M2 and M3 sites and Al–Si
substitution at T1 sites including
charge-coupled substitution and
Al avoidance. The numbers are
the multiplicities of the configu-
rations. White tetrahedra are
occupied by Si and white octahe-
dra are occupied by Mg. Grey
tetrahedra and octahedra are
occupied by Al
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the tremolite band is correlated with the distance at
which Al3+ substitution occurs. The distances of the
M2, M3 and T1 sites to the proton (Table 4) can also be
divided into three groups. One of the two M3 sites is
closest to the proton (2.67 Å). This is followed by the
four T1 sites (3.12 and 3.13 Å). The two M2 sites (far
and near) and the other M3far site show the largest

distances (4.16, 5.14 and 4.03 Å, respectively). There-
fore, an Al3+ substitution on the most remote sites
should have the least influence on band position. The
influence of Al3+ on T1 sites would be larger, followed
by Al3+ substitution on the M3near site with the largest
influence on band position. Similarly, the effect of the
two Al3+ substitutions should be a linear combination.
According to these assumptions, the configurations can
be assigned to three groups. I: only Si4+ at T1 and one
to two Al3+ on M2 and/or M3far, II: one Al3+ on T1
and one to three Al3+ on M2 and/or on the M3far, III:
either Al3+ on M3near and/or two Al3+on T1 and an
additional one to four Al3+ on M2.

It is now assumed that the three configurational
groups (I–III) correspond to the three groups of bands
with fundamental differing FWHMs (Table 5).

The six configurations of the group I (A1 to A3 and
B1 to B3) are assigned to the band A, B, C and D. The
bands B, C and D closest to the tremolite band A were all
characterized by a low FWHM (Table 5). If only octa-
hedral substitutions are relevant for a configuration, such
low FWHMs are commonly observed (e.g., Gottschalk
et al. 1998, 1999). Therefore, it seems reasonable to
assign these bands to the group I. The shift of positions
for bands B, C and D with respect to band A was in the
range of )3 to )10 cm)1. With increasing Al content, the
absorbance of A decreased and that of B, C and D
increased. The D band always showed the lowest ab-
sorbance of these. Because the totalXts of the synthesized
amphiboles does not exceed 0.54, the probability of
corresponding configurations with two Al3+ substitu-
tions in one cluster is lower than those of the other four.
Therefore, one might speculate that the B and D bands
correspond to the configurations B2 and B3. As a con-
sequence of the distance argument, the B band would
correspond to the A2 configuration, the C band to
A3 + B1 and the D band to B2 + B3 configurations.

There are 12 configurations with one Al3+ on T1 and
one Al3+ on M2 and M3far. These resulting bands are
assumed to be those of the group II. The shift in the
position of bands E, F and G with respect to band A was
in the range of )15, )24 and )34 cm)1, respectively.

The remaining configurations have either Al3+on
M3near and/or two Al3+ on T1. The corresponding
bands are considered to be those of group III. The po-
sition of bands H, I, J and K showed a shift of )51, )68,
�)90 and �)120 cm)1, respectively.

An exact assignment of the bands in the groups II and
III to distinct configurations is difficult. One could,
however, speculate that the shift of theHband ()51 cm)1)
is due to twoAl3+ substitutions onT1because the average
shift of the group-II bands (one Al3+ on T1) is )24 cm)1.
The I band ()68 cm)1) could then be assigned to a single
substitution on M3near. Consequently, the J band could
be due to an M3near and one T1 (�)90 cm)1) and the K
band to an M3near and two T1 (�)120 cm)1) substitu-
tions. This band assignment is shown in Fig. 9.

An additional small sharp band of low absorbance
was observed in the samples TS-6 and TS-33 at
3660.8 cm)1, which is not consistent with the band sys-
tems described above. Gottschalk et al. (1998, 1999)
reported minor bands in synthetic tremolites at
3660 cm)1 which correlated with the concentrations of
chain multiplicity faults. This is in agreement with the
results of HRTEM investigations for TS-33, which
showed a high concentration of chain multiplicity faults.

Quantification of site occupancies

Hawthorne et al. (2000) discussed that it is not possible
to quantify the OH bands of synthetic Al tremolites

Fig. 12a, b Comparison of observed (points) and calculated (lines)
absorbances for each group (I–III). a Random distribution of Al–Mg
on the M2 sites. b Random distribution of Al–Mg on the M2 and M3
sites. Filled circles band group I; open circles with dots band group II;
open circles band group III
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because no satisfactory background could be fitted.
Powder IR samples of amphiboles were usually prepared
from a mixture of the amphibole sample and KBr. KBr
contains small amounts of water under normal condi-
tions. IR spectra of water-bearing KBr show very broad
absorbance bands which overlap with the region of the
OH-stretching vibration of amphiboles. The overlapping
broad water band makes a quantitative evaluation of the
OH band rather difficult. Good results can be obtained,
however, if the KBr powder and the prepared KBr
pellets are dried at 170 �C for at least 48 h, but typically
for several weeks, to minimize water contamination in
the samples. After such a procedure, the IR spectra
showed a flat baseline. In most cases, the background
could be subtracted using a linear function and only in
some rare cases using a cubic function. Using these
samples a quantitative interpretation of the IR spectra
was possible.

As described above, the observed three band systems
in Al tremolites are assigned to three configurational
groups. The absorbance of each band should be pro-
portional to the probability of its underlying configu-
ration. The observed absorbances should therefore
provide some information about the actual site occu-
pancies. To do this, the functional dependence of
absorptivity with respect to wavenumber is required.

The absorptivity of the OH-stretching vibration is a
linear function of wavenumber (Skogby and Rossmann
1991). Hawthorne et al. (1997) determined and Melzer et
al. (2000) further quantified the required proportionality
factor using synthetic K–richterite–tremolite and
K–richterite–richterite-tremolite solid solutions, respec-
tively. Melzer et al. (2000) derived the following
expression for the absorptivity of an OH-stretching
band at the wavenumber w relative to the tremolite band
at 3674.6 cm)1:

ew=e3674:6 cm
�1 ¼ 1� 0:00703ðw� 3674:6Þ : ð8Þ

This expression was derived in the range of 3674–
3730 cm)1 and for the synthetic Al amphiboles it had to
be extrapolated to lower wavenumbers. All absorbances
were corrected using Eq. (8). The corrected absorbances
should be directly proportional to the probabilities of a
single configuration or group of configurations.

The probability of possible configurations were sim-
ulated with a Monte-Carlo approach. Using a model
crystal containing 3000 tremolite configurations of the
type A1, a chosen number of Al3+ cations correspond-
ing to a desired Xts content were randomly distributed.
Two models were set up: (1) Al3+ substitution only on
M2 and T1 and (2) Al3+ substitution on M2, M3 and T1
with no next-neighbour [6]Al. The constraints of local
charge balance ([6]Al–O–[4]Al coupling) and Al avoid-
ance (no [4]Al–O–[4]Al) were applied. At the end of each
simulation, the probabilities of all configurations were
determined. Identical configurations from the proton
above and the proton below were summed up.

The simulation was carried out for seven different
tschermakite contents between Xts ¼ 0.0 and 0.6 using

step intervals of 0.1. The results are presented in Fig. 12,
which shows the sum of probabilities vs. the corrected
absorbances within each group (I–III) of configurations.
Figure 12a shows that the assignment of bands to cer-
tain groups of configurations is correct. Furthermore,
the second model in Fig. 12b (Al3+ on M2 and M3)
seems to be more appropriate. This indicates that octa-
hedral substitution of Al3+ is not restricted only to the
M2 site in Al tremolites. This is in agreement with NMR
and IR investigations of synthetic Al tremolites (Jenkins
et al. 1997; Hawthorne et al. 2000). It supports the re-
sults of single-crystal X-ray studies of pargasites and
pargasitic hornblendes (Oberti et al. 1995a) and a neu-
tron powder diffraction study of synthetic pargasite
(Welch and Knight 1999) where Al is distributed over
M2 and M3 sites.

The relative intensity of band system III is signifi-
cantly increased with rising Al content in tremolite. For
magnesiohornblende a proportion of 50% of band sys-
tem III is attributed to configurations with two Al on the
nearest T1 sites around a proton (Fig. 11, e.g., for pro-
ton above: configurations C4-C6, D4-D6 and F4-F6).
Such (SiAl)(SiAl) configurations correspond to Q2(2Al)
configurations in 29Si MAS NMR spectra. Interestingly,
low Q2(2Al) proportions in 29Si MAS NMR studies in-
dicated a very low Al clustering in the tetrahedral chain
of amphiboles (Welch et al. 1998). However, it can be
shown that the relative proportions of Q2(2Al) and
(SiAl)(SiAl) configurations are not directly comparable.
First, Al incorporation on T1 sites in amphiboles creates
a higher number of NMR configurations [Q2(0Al),
Q2(1Al), Q2(2Al), Q3(0Al) and Q3(1Al)] compared to IR
configurations [(SiSi)(SiSi), (SiSi)(SiAl) and (SiAl)
(SiAl)]. It lowers the relative proportion of Q2(2Al)
compared to (SiAl)(SiAl). Second, Q2(2Al) repre-
sents only (SiAl)(SiAl) meta configurations (see Welch
et al. 1998). (SiAl)(AlSi) para configurations are part
of Q2(1Al), which also lower the relative proportion of
Q2(2Al). Summarizing, we believe that configurations
of two Al on the nearest T1 sites around a proton in
amphiboles cannot be neglected. The IR technique is a
very useful method to detect such configurations.
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