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ABSTRACT

A series of aluminous tremolites was synthesized at 800–850 8C and 6–13 kbar along
the join Ca1.8Mg5.2Si8O22(OH)2-Ca1.8(Mg4.2Al)(AlSi7)O22(OH)2 by means of the Mg-Tscher-
maks substitution. Although the amphibole yields were high (97–99 wt%), traces of or-
thopyroxene, clinopyroxene, amorphous silica, and, for the most aluminous mixture, co-
rundum, were identified in some synthesis products. The samples were characterized by
electron microprobe (EMP), X-ray diffraction Rietveld structure refinement (XRD), Fou-
rier-transform infrared (FTIR) spectroscopy, and magic-angle-spinning nuclear magnetic
resonance (MAS NMR) spectroscopy for the purpose of identifying the extent of Al, Mg,
and Si order-disorder in the octahedral and tetrahedral sites. Both EMP and 27Al NMR
verify that the Mg-Tschermaks substitution, with even distribution of Al between tetra-
hedral and octahedral sites, is obeyed in these amphiboles up to a limit of 1.9 total Al
atoms per formula unit (apfu).

29Si MAS NMR spectra indicate that Al substitutes essentially equally into both the T1
and T2 sites. For octahedral sites, the FTIR spectra indicate the presence of Al on the M1,
M3, or both sites (presently indistinguishable) by the presence of an (MgMgAl)-OH band
at 3652 cm21, which increases steadily with increasing Al content. The FTIR and 27Al
MAS NMR spectra show that Al is always present in the M1-M3 sites as well as the M2
site but partitioned among these sites in ways that are not clearly resolved at present. It is
clear in this study that Al is more widely distributed over the octahedral and tetrahedral
sites in synthetic aluminous tremolite with only a moderate Al content (,2.0 Al apfu) than
has been traditionally thought.

INTRODUCTION

Incorporation of Al into calcic amphibole by means of
the Tschermaks substitution [4]Si41 1 [6]Mg21 5 [4]Al31 1
[6]Al31 (site coordination in brackets) was first suggested
by Warren (1930) and continues to be recognized as an
important substitution (Stephenson 1993). Recent exper-
imental work dealing explicitly with the Tschermaks sub-
stitution into tremolitic amphiboles along the join (Ca1.8

Mg0.2 )Mg5 Si8 O22 (OH)2 -(Ca1.8 Mg0.2 )(Mg4 Al)(AlSi7 )
O22(OH)2 (Smelik et al. 1994; Jenkins 1994) has focused
mostly on the macroscopic effects of this substitution
without having the accompanying information on the mi-
croscopic aspects of cation-site occupancies. The latter
information is of considerable importance in (1) defining
or verifying proposed mixing-on-sites activity-composi-
tion relationships for calcic amphiboles and (2) quanti-
fying configurational entropy contributions arising from
Al and Si disorder on tetrahedral sites and from Mg and
Al disorder on octahedral sites.
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General aspects of the monoclinic amphibole crystal
structure were discussed in detail by Hawthorne (1983)
and specific implications of its structure on the interpre-
tation of MAS NMR spectra were presented by Raudsepp
et al. (1987) and Welch et al. (1994). As shown in Figure
1, there are two types of tetrahedral sites (T1 and T2)
onto which a total of 8 Si 1 Al (per 24 O 1 OH) can
substitute. In tremolite, the T1 and T2 sites have the near-
est-neighbor cation environment of 3 and 2 Si, respec-
tively, i.e., T1(Si3) and T2(Si2). There are three types of
octahedral sites M1, M2, and M3 onto which a total of 5
Mg 1 Al cations can substitute (2 3 M1, 2 3 M2, and
1 3 M3). Finally, there are 2 M4 sites, which are eight
coordinated and ideally contain only Ca. As discussed at
length in previous studies (Jenkins 1987; Graham et al.
1989), there is strong evidence supporting the stable sub-
stitution of 8–10% Mg for Ca on the M4 sites in synthetic
tremolitic amphibole and that this level of substitution is
maintained along the join under investigation (Jenkins
1994). This study was designed to investigate the distri-
bution of Al among individual tetrahedral and octahedral
sites with increasing Al content. Unlike previous MAS


