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Abstract: Amphiboles have been synthesized by hydrothermal techniques at 900°C and 3 kbar at nominal com-
positions along the join richterite-pargasite [Na(CaNa)MgsSigO,,(OH),—NaCay(MgsAl)(SisAl,)O22(OH),]. Op-
tical microscopy, SEM and powder X-ray diffraction show that in no cases are the run products single phase
except for the end-member compositions. HRTEM shows that the amphiboles synthesized are free of CMFs
(chain-multiplicity faults). Cell dimensions increase from Pa(0) to Pa(55) and decrease from Pa(80) to Pa(100)
except for the [3 angle that is linear over the range Pa(0) to Pa(100). The infrared spectrum of richterite in the
principal OH-stretching region consists of two bands at 3730 and 3674 cm™! associated with the local configu-
rations MgMgMg-OH-ANa and MgMgMg-OH-*], respectively. As the Pa content of the amphibole in-
creases, several new bands appear at different compositions, and the frequencies of these bands are fixed
throughout the series. A total of eight bands are used to fit the spectra, although not all bands occur in all
spectra; Pa(100) has the most complex spectrum with six bands. Band positions, widths and intensities were
derived by least-squares refinement. The number of bands and their relative intensities are related to local
configurations in the structure involving Mg and Al at the M(3) site, Si and Al at the T(1) site, and Mg and Al
at the M(2) site.
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Introduction

Infrared spectroscopy in the principal OH-stretch-
ing region is sensitive to SRO (Short-Range
Order) in OH-bearing materials. Although this
was recognized by Strens (1966), infrared spec-
troscopy has not yet played a role in charac-
terizing SRO in amphiboles. It was used exten-
sively in the late 1960’s to characterize LRO
(Long-Range Order) of Mg and Fe?* over the
M(1) and M(3) sites in amphiboles assuming that
no SRO of Mg and Fe?" occurred at these sites

(see summary by Hawthorne, 1981). However, the
method fell into disuse in amphibole work for two
reasons: (1) Law (1976) showed that the equations
relating band intensities to site populations were
not correct, and work by Whittaker (1979) sug-
gested that the model used by Strens (1966) to de-
velop such equations was not correct; (2) the
spectra of many natural amphiboles contained ad-
ditional bands that could not be assigned with any
degree of confidence. Skogby & Rossman (1991)
have shown that there is a third problem to be
considered in applying infrared spectroscopy in
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isolated compositions. Presumably, the same
should hold true for infrared spectroscopy in com-
plex amphibole systems. The infrared spectrum of
pargasite has been the subject of several studies
(Semet, 1973; Raudsepp et al., 1987, 1991; Welch
et al., 1994), and yet is still not understood. Here,
we examine the series richterite-pargasite [Na-
(CaNa)MgssigOzz(OH)z—Nacaz(Mg4Al(Si(,Alz)Ozz-
(OH),], develop a model that applies to all com-
positions along the series, and show that pargasite
has extensive SRO of cations within its structure.

Configuration notation

In the amphibole structure, the OH group is di-
rectly bonded to two M(1) and one M(3) cations,
and the H atom projects into the A-site cavity in
which the A site may be occupied or vacant ().
The configuration directly around the OH group
may thus be represented by the general symbol
M(DM(1)M(3)-OH-*A; for ordered end-member
tremolite and pargasite, the symbols are
MgMgMg-OH-A] and MgMgMg-OH-Na, re-
spectively.

Materials and methods

Starting materials were prepared as silicate gels
according to the method of Hamilton & Hender-
son (1968). Intermediate compositions were pre-
pared by mixing end-member gels. Synthesis at
900°C and 3 kbar was done in internally-heated
pressure vessels. Electron-microprobe analysis
was done on a fully-automated CAMECA SX-50
microprobe operating in the wavelength-disper-
sion mode with the following operating condition-
s: excitation voltage, 15 kV; beam current, 20 nA:
peak count-time, 20 s; background count-time, 10 s;
beam diameter, 1 um. Data reduction was done
with the PAP method (Pouchou & Pichoir, 1991).
The following crystals, X-ray lines and standards
were used: TAP - NaKo, albite; SiKa, diopside;
AlKo., kaersutite; MgKa, diopside; PET - KKa,
fluor-phlogopite; CaKo., diopside. X-ray powder
patterns were collected with Fe-filtered CoKa. X-
radiation. Cell dimensions were refined by whole-
powder-pattern refinement using DBW3.2 (Wiles
& Young, 1981).

The powdered run products were mounted on
carbon tape on a brass substrate to avoid extra-
neous AlKo. X-rays (conventional SEM stubs are
Al metal). Quantitative image-analysis work was
not possible, as the grey-level contrast-range from

topography in the backscattered-electron image of
the grains is generally larger than that due to
atomic contrast. HRTEM observations were made
using a JEOL200CX transmission-electron micro-
scope operated at 200 kV and having a + 30° tilt
about two orthogonal axes. Crystallites were dis-
persed in dry alcohol and sedimented onto a 3 mm
holey carbon Cu grid (Agar products) using a pi-
pette. All samples were very beam-sensitive and a
70 um condensor-aperture was used to minimize
beam damage. High-resolution images were
formed from diffracted beams that passed through
a 40 um (0.45 ATy objective aperture. Samples
were prepared for FTIR spectroscopy as KBr pel-
lets using the procedure of Robert er al. (1989).
FTIR spectra in the OH-stretching region (4000—
3000 cm™!) were collected on a Nicolet 800 spec-
trophotometer equipped with a nitrogen-cooled
MCT detector and a CaF, beamsplitter; the nomi-
nal resolution was 2 cm~. Spectra are the average
of 64 scans. Samples were prepared as KBr pellets
with a KBr/mineral ratio = 140/10 as described by
Robert ef al. (1989).

Results

Experimental products

Run compositions and the amphibole synthesized
at these compositions are both referred to by the
nominal amount of pargasite component in the
nominal composition: richterite-pargasite — Pa(0)
— Pa(100). This nomenclature does not carry the
implication that the amphiboles synthesized are of
nominal composition or even lie along the compo-
sitional join richterite-pargasite. Initially, inter-
mediate compositions were prepared at 20%
molar along the richterite-pargasite join. Nearly
single-phase amphibole (~ 98%) was synthesized
at nominal end-member compositions. Additional
phases, primarily nepheline and mica, were pres-
ent at all intermediate compositions, but amphi-
bole was by far the dominant phase in Pa(20),
Pa(40) and Pa(80) (Fig. 1). The amount of addi-
tional phases increases toward the middle of the
join, and composition Pa(60) consists primarily of
Na-phlogopite + minor diopside and amphibole.
Syntheses were subsequently done at intervals of
5% molar in the range Pa(55)-Pa(70) in order to
better define the region in which amphibole is a
minor phase. The synthesis results for all compo-
sitions are given in Table 1.
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Table 1. Run products along the join richterite-pargasite
at 900°C, 3 kbar, 3 days.

Pa(0) amph (~98%)

Pa(20) amph + nepheline
Pa(40) amph + nepheline
Pa(55) amph + diop + (mica)
Pa(60) mica + diop + amph
Pa(65) mica + diop + amph
Pa(70) mica + diop + amph -
Pa(80) amph + nepheline
Pa(100) amph (~98%)

Electron-microprobe analysis

The results of electron-microprobe analysis are
given in Table 2; the grain size for Pa(55) was too
small to obtain good analyses. The nominal am-
phibole compositions for each run-product are
listed in Table 3. In accord with the low amphi-
bole yields (<90%) for these compositions, the
measured compositions (Table 2) depart signif-
icantly from the nominal compositions (Table 3).
Furthermore, these departures increase toward the
middle of the series where amphibole is only a
minor phase [Pa(60)-Pa(70)]. In all cases, the
principal compositional difference involves Na at
the M(4) site, the synthesized amphiboles being
somewhat Na-depleted relative to the nominal
compositions.

High-resolution transmission electron
microscopy

HRTEM shows the amphibole synthesized to be
well-ordered with few, if any, discernable defects.
This is an extremely important point, as interpre-
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Table 2. Electron-microprobe analyses and unit for-
mulae* of synthetic amphibole solid-solutions along the
nominal join richterite-pargasite.

Pa(20) Pa(40) Pa(80)
Sio, 56.61 52.23 45.36
ALLO, 2.66 6.28 14.90
MgO 24.19 2452 20.84
CaO 8.14 10.66 12.42
Na,O 6.12 4.71 3.90
Total 97.72 98.40 97.42
Si 7.72 7.15 6.32
Al 0.28 0.85 1.68
5T 8.00 8.00 8.00
Al 0.15 0.16 0.76
Mg 4.85 4.84 4.24
iC 5.00 5.00 5.00
Mg 0.07 0.16 0.09
Ca 1.19 1.56 1.86
Na 0.74 0.28 0.05
B 2.00 2.00 2.00
Na 0.91 0.97 1.00

* calculated on the basis of 23 Ox; each composition
is the average of two analyses.

tation of the infrared spectra is hence not compli-
cated by the presence of microstructures that may
give rise to additional bands in the principal OH-
stretching region. A typical image is shown in
Fig. 2; for Pa(80), a well-ordered image is appar-
ent with both (020) and (040) fringes present due
to slight variation in thickness across the crystal.

Table 3. Nominal compositions of amphiboles synthesized in this work.

Sample A M@ M1.23)  T(,2) v
Pa(0) Na NaCa Mgs Sig

Pa(20) Na Nay,Ca, Mg, sAl,., Siy Al 0.6
Pa(40) Na Na,Ca, , Mg, sAlo . Si; Al g 12
Pa(55) Na Nag 45Cay 55 Mg, 4sAlg s Sig Al 4 1.65
Pa(80) Na Na,.Ca,, Mg, ,Al 5 Sig4Al1 6 24
Pa(100) Na Ca, Mg, Al, SiAl, 3.0
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Fig. 2. Typical high-resolution transmission electron
micrograph of amphibole synthesized along the join
richterite-pargasite: Pa(80).

IR spectroscopy

The IR spectra for the synthesized amphiboles are
shown in Fig. 3; the amount of mica in the amphi-
bole-dominant run-products is not sufficient to
significantly contribute to the infrared spectra
shown in Fig. 3. Richterite (Robert et al., 1989)
shows a single main band at 3730 cm™!, assigned
to the local configuration MgMgMg~OH-ANa. It
also shows a minor band at 3674 cm™! due to va-
cant A sites in the structure. Taking the spectrum
of richterite as a starting point, there are two main
features in the spectra of Fig. 3: (1) with increas-
ing pargasite component in the solid-solution up
to compositions close to Pa(55), the main band at

Pa(0)

Pa(20)

Pa(40)

Pa(55)

tan

1 I 1

3800 3750 3700 3650 3600

wavenumber (cm™")
Fig. 3. Infrared spectra in the principal OH-stretching

region of run products synthesized along the join rich-
terite-pargasite.

Table 4. Refined cell dimensions for synthetic amphiboles along the join richterite-pargasite.

Sample a(A) b (A) c (A) B (°) V (A%
Pa(0) 9.9076(6) 17.988(1)  5.2706(4) 104.252(4) 910.45
Pa(20) 9.9051(6) 18.000(1)  5.2727(4) 104.534(4) 910.00
Pa(40) 9.9107(7) 18.008(1)  5.2735(4) 104.857(4) 909.73
Pa(55) 9.903(2) 18.013(5) 5.275(4)  105.00(4) 909.02
Pa(80) 9.0056(6) 17.975(1)  5.2780(4)  105.407(6) 906.01
Pa(100)  9.890(6)  17.940(5)  5.274(2)  105.54(4) 901.5(4)
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9.92 T . T T 3730 cm™! broadens and linearly decreases in
991 L ° wavenumber down to 3713 cm™, but it is still the
A . most intense feature of each spectrum; (2) at com-
9.90 positions close to Pa(80), a new intense band ap-
o _ ..
ears at 3680 cm™!, and an additional lower-fre-
9.89 - O (A> p

quency band is present at approximately 3655 cm™!
in composition Pa(100).

18.03 - 7 Cell parameters
b ( /&) The refined cell-parameters are given in Table 4
17.99 4 and their variation as a function of nominal am-

phibole composition is shown in Fig. 4. All cell
edges linearly increase in the compositional range
17.95 L i Pa(0)-Pa(55) except a which is constant in this
range. In the central region around Pa(60), single-
phase amphibole could not be synthesized. On the
other side of this gap, the cell dimensions de-

A crease with increasing pargasite component from
5.28 - C( ) y Pa(80) to Pa(100). The B angle increases linearly
with increasing pargasite component, without the
prominent discontinuity that the other cell par-
5.27 ameters exhibit around the composition Pa(60).
The cell volume (Fig. 4b) is linear with increasing
pargasite content from Pa(0) to Pa(40), there is a
significant discontinuity at the central gap, and the
volume then decreases with increasing pargasite
component from Pa(80) to Pa(100).

1056.56

106.16

104.76 Spectrum fitting

The infrared spectrum of pargasite has long been
somewhat of an enigma. The two main peaks
were initially assigned by Semet (1973) and
Raudsepp et al. (1987), but there is a low-energy
0.0 . i . i i shoulder on the lower-energy peak that indicates a
third component. In addition, the main peaks are
much broader than the bands observed in other
synthetic amphiboles (Della Ventura, 1992; Della

104.56

914 : : | | Ventura et al., 1993a, 1996; Robert er al., 1989),

suggesting the presence of other local arrange-

912 \/(,&3) 1  ments that give rise either to discrete additional

910 % | bands or to strong coupling that.produces very

,,,,,,, broad bands. However, the pargasite spectrum it-

908 - 1  self does not contain sufficient information to

906 I- ) | allow a completely independent and unique fit of

component bands (Hawthorne & Waychunas,

904 - 1 1988). The situation is somewhat different for the
902 b

900 I ! 1 ! Fig. 4. Variation in refined cell-dimensions of amphi-

0.0 0.2 0.4 0.6 0.8 1.0 boles synthesized along the join richterite-pargasite;

X (2) a, b, ¢ and B; (b) V. Standard deviations are less than

Pa the size of the symbols used.
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solid-solution series synthesized here, as there are
additional constraints to the spectrum-fitting pro-
cess: (1) numerical fitting of the spectra to com-
ponent bands must be congruent for all spectra;
(2) the component-band intensities must vary sys-
tematically with changes in chemical composi-
tion, (3) the variations in ordering apparent from
the spectral assignments must be in accord with
the variation in cell dimensions across the series.
The variation in band positions and intensities
across the series may be followed in Fig. 5 where
the bands are labelled A—H. The A band is stron-
gest in Pa(0), decreases in relative intensity with
increasing pargasite content and has zero intensity
in the spectrum of Pa(100). The B band is absent
in Pa(0) but gives rise to the strong peak asym-
metry in the spectrum of Pa(20); it is the most in-
tense band in Pa(40) and remains prominent in the
spectra of Pa(100). Band C is absent in Pa(0) and
weak in Pa(20); indeed, one might be uncertain as
to its existence just from the spectra of Pa(0) and
Pa(20). However, it is an essential component of
the remaining spectra (Fig. 5), gradually increas-
ing in relative intensity to a maximum in the spec-
trum of Pa(100). The D band is absent in the spec-
tra of Pa(0), but must be present in Pa(40) and
Pa(55) to give rise to the intensity between the
two main peaks; it is a prominent well-resolved
feature of the spectra of Pa(80) and Pa(100). The
E band is a prominent well-resolved feature of the
spectra of Pa(0) to Pa(40). However, in the spectra
of Pa(80) and Pa(100), it is not possible to discern
whether or not an E band is present because its
position coincides with the tail of a very strong
and asymmetric absorption peak. It is here that we
must consider the origin of the E band. It is due to
the configuration MgMgMg—OH-A[] associated
with a hexagonal [T(1),T(2), = Sig] ring of te-
trahedra. The E band indicates that nominal syn-
thetic end-member richterite is not of end-member
composition, a feature that is also characteristic of
natural richterites. This being the case, we do not
expect to observe the E band in Pa(100) as the
[T(1)4T(2), = Si¢] ring configuration does not
occur (see later discussion); hence our fitting
model for Pa(80) and Pa(100) does not include an
E band. In the spectrum of Pa(0), band E has a
small shoulder to the low-wavenumber side (Fig.
3 and 5). Although this corresponds in position to
band F that occurs in Pa(40)-Pa(100), this band
cannot be F because the latter band is assigned to
a configuration involving Al, whereas Pa(0) con-
tains no Al at all. The only possible assignment

Pa(100) f

L 1 1

3750 3700 3650
wavenumber{cm™")

Fig. 5. Resolution of the infrared spectra in the principal
OH-stretching region into component bands by least-
squares refinement. The band nomenclature (A-H) is
shown at the top and bottom of the figure.

for this band is as an MgMgMg-OH-A1:SiSi and
occurring next to another MgMgMg—-OH-
A1:SiSi. This occurrence of the band at lower
wavenumber is in accord with the association
with another [J at an adjacent A site. The lack of
intensity of this band is also in accord with this
assignment, as most of the E configurations will
tend to be spatially associated with A configura-
tions rather than E configurations. Bands F and G
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Table 5. Positions (cm™!), widths (cm™') and relative intensities for the bands A-H in the infrared OH-stretching
spectra of synthetic amphiboles along the join richterite-pargasite.

Band Parameter Pa(0) Pa(20) Pa(40) Pa(55) Pa(80) Pa(100)

A Position 3730.7 3729.4 3729.4 3729.4 3729.2 -
Width 17.0 16.7 17.0 17.0 16.7 -
Intensity 0.93 0.60 0.28 0.08 0.04 -

B Position - 3717.7 3719.1 37191 3716.2 3716.3
Width - 16.9 16.9 16.9 16.8 16.5
Intensity - 0.22 0.36 0.38 0.31 0.20

C Position - 3705.2 3707.0 3707.3 3704.9 3705.2
Width - 17.2 16.9 16.9 17.0 17.0
Intensity - 0.06 0.16 0.26 0.14 0.22

D Position - 3687.2 3687.8 3687.8 3683.5 3684.0
Width - 18.4 18.3 18.3 18.6 18.4
Intensity - 0.03 0.11 0.15 0.36 0.23

E Position 3674.8 3674.7 3674.3 3675.6 - -
Width 9.7 9.7 10.0 10.0 - -
Intensity 0.07 0.09 0.07 0.04 - -

F Position - - 3671.4 3671.4 3670.7 3672.6
Width - - 18.3 18.3 18.8 18.8
Intensity - - 0.02 0.09 0.15 0.20

G Position - - - - - 3656.8
Width - - - - - 19.6
Intensity - - - - - 0.12

H Position - - - - - 3640.0
Width - - - - - 19.4
Intensity - - - - - 0.03

are not present in the Pa(0)-Pa(40) spectra, but
band F is prominent in the spectra of Pa(80) and
Pa(100), and band G is prominent in the spectrum
of Pa(100). Possibly there is also a weak band, H,
at the extreme low-energy side of the absorption
in Pa(100).

Spectra were fitted by interactive optimization
followed by least-squares refinement. A symmetri-
cal Gaussian line-shape was used, and all bands
except E were constrained to have the same width
across the series; band E is associated with a vac-
ancy at the A site and hence has a different intrin-
sic width (Hawthorne et al., 1997). In some cases,
we were forced to fix the positions of weak bands
to produce a stable refinement; in these cases, the
weak bands were fixed at the positions derived
from spectra in which the same bands are promi-

nent features with well-determined positions. The
refined band positions, widths and intensities are
given in Table 5, and the fitted spectra are shown
in Fig. 5.

Band assignment

Preliminary considerations
Next-nearest-neighbour interactions

If end-member pargasite had maximal LRO
(Long-Range Order) with M(1) = M(3) = Mg,
M(2) =0.5 Mg + 0.5 Al and T(1) =0.5 Si + 0.5 Al,
and the OH-stretching band were affected only by
the nearest cation neighbours, then the infrared
spectrum of pargasite would show a single band
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due to the configuration MgMgMg—OH-ANa. The
spectrum of pargasite is far more complicated
than a single band, and previous work has estab-
lished that there is Mg—Al disorder over some of
the M sites in the structure (Raudsepp et al., 1987,
Welch et al., 1994). Oberti et al. (1995a) showed
that [®IAl is partly to almost completely disordered
over the M(2) and M(3) sites in a series of parga-
sites from mantle peridotites. The spectrum of
pargasite (Semet, 1973; Raudsepp er al., 1987;
Welch et al., 1994, this work Fig. 5) shows two
main bands of almost equal intensity at 3709 and
3678 cmL. These are assigned to the local con-
figurations MgMgMg-OH-ANa and MgMgAl-
OH-ANa. As the ensuing discussion is based on
this assignment, it is crucial that the assignment is
correct. Raudsepp et al. (1987) refined the site
populations in nominal end-member scandium-
pargasite and obtained the following site popula-
tions: M(1) 2.00 Mg; M(2) 1.58 Mg + 0.42 Sc;
M(3) 0.79 Mg + 0.21 Sc. If the above assignment
is correct, the infrared spectrum of the same
sample of scandium-pargasite should consist of
two bands with an intensity ratio of 4:1 (i.e,
0.79:0.21) corresponding to the local arrange-
ments MgMgMg and MgMgSc [M(1)M(1)M(3)],
respectively. The infrared spectrum of scandium-
pargasite (Raudsepp et al., 1987) corresponds rea-
sonably to this pattern; the lower frequency band
is more intense than the above argument would
predict, but as we show below, this is due to over-
lap with some MgMgMg configurations. Thus the
results for scandium-pargasite give semi-quantita-
tive support for the conventional assignment of
the 3709 and 3678 cm™! bands in pargasite.

It is well-established that there are two NN
(Nearest-Neighbour) cation configurations around
the O(3) site. If this were the only factor affecting
the infrared spectrum of pargasite, the spectrum
would contain two bands only. It is apparent from
Fig. 5 that there are more than two bands in the
pargasite spectrum, and hence the spectrum must
also be affected by NNN (Next-Nearest-Neigh-
bour) configurations.

Next-nearest-neighbour configurations:
the T sites

Bond-valence considerations indicate that Al-O—-
Al linkages only occur in amphiboles with Ca at
the A site (Hawthorne, 1997; Hawthorne et al.,
1996b), and hence the composition of end-mem-
ber pargasite forces the partly ordered chain ar-

T

TN

Fig. 6. The partly ordered SicAl> tetrahedral chain in
pargasite; the state of LRO is T(1) = Si2Al2 and T(2) =
Sig. All T(1)-O(7)-T(1) dimers are Al-O(7)-Si or Si—
O(7)-Al but there is orientational disorder of these
dimers relative to the +b direction; the chain thus shows
a high (but not complete) degree of SRO. The T(2) te-
trahedra are unshaded, TSi tetrahedra are random-dot-
shaded and T(WAI tetrahedra are black.

rangement of Fig. 6. All T(1) dimers are of the
form Al-O(7)-Si. These dimers can disorder with
regard to orientation along the b axis, but all hex-
agonal rings must be of composition Si;Al,. Note
that there cannot be any rings of composition
SisAl in end-member pargasite, or the bulk com-
position of SizAl, would force a corresponding
number of Si3Al; rings which require either (1)
Al-O(7)-Al linkages or (2) Al occupancy of the
T(2) site. Neither Al-O(7)-Al linkages (Welch et
al.,, 1994) nor Al occupancy of the T(2) site
(Oberti et al., 1995b) occur in end-member parga-
site which hence can only contain Si4Al, rings.
However, the amphiboles of intermediate compo-
sition must contain SisAl rings, and yet this con-
figuration seems to have no spectral expression;
why is this the case? We may understand this by
considering the local environment of the OH
group in pargasite (Fig. 7). The H atom is in such
a position as to form an H-bond to the closest
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O(7) atom (Hawthorne, 1983a and b), and it is the
strength of this interaction that affects the shift in
frequency of the principal OH-stretching vibra-
tion. Thus it is not the hexagonal-ring composi-
tion that affects the position of MgMgAl-OH-
ANa vibration, it is the dimer composition
coordinating the nearest O(7) atom. This T(1)—
O(7)-T(1) dimer may be Si—O(7)-Si, as in band
A, or Si-O(7)-Al [= AI-O(7)-Si]; the O(7) anion
in the second arrangement requires a stronger H-
bond, and hence the band shifts to lower fre-
quency.

(a)

Fig. 7. The local environment of the
H atom in pargasite, viewed down
(010) with perspective; the T2 sites
have been omitted for clarity.

Next-nearest-neighbour configurations:
the M sites

There are two ways in which one can model the
NNN-cation variations in the amphibole structure:
(1) the NNN sites are considered to be the triplet
of M(2)M(2)M(3) sites, the coordination poly-
hedra of which share edges with two octahedra of
the M(I)M(1)M(@3) triplet that coordinates the
0OQ3) site (Fig. 8a); (2) the NNN sites are con-
sidered to be the nine sites that link to any octahe-
dra of the M(1)M(1)M(3) triplet that coordinates

(b)

Fig. 8. Nearest-neighbour and next-nearest-neighbour octahedra about the O(3) site in the C2/m amphibole structure:
(a) six-site model; (b) twelve-site model. The O(3) site is marked by a large black circle; NN octahedra are unshaded,

NNN octahedra are shaded.
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the O(3) site (Fig. 8b). For case (2), M(1) = Mg
and M(4) = (Ca,Na); we know from the spectra of
richterite-tremolite amphiboles (Hawthorne et al.,
1997) that Na <> Ca substitution at M(4) does not
produce additional fine-structure (bands) in the in-
frared spectra. Hence only the M(2) and M(3)
sites are involved in producing different bands
from NNN-cation arrangements; there are five of
these NNN sites, four M(2) + one M(3). Three of
the NNN octahedra share two edges with the NN
octahedra (as in Fig. 8a) and two of the NNN oc-
tahedra each share one edge with the NN octahe-
dra (Fig. 8b). Whether this stereochemical distinc-
tion between NNN octahedra influences their
effect on the fine structure of the principal OH-
stretching band in the infrared is not known.

The geometrically possible NN- and NNN-ca-
tion arrangements with M(1) = Mg, M(2) = (Mg,Al)
and M(3) = (Mg,Al) may be derived by permuting
Mg and Al over the sites in the cluster. Hawthorne
(1997) has shown that cation arrangements with
trivalent cations occupying adjacent sites are un-
likely from a bond-valence viewpoint, and we dis-
card these arrangements as unlikely. The distinct
arrangements, combined with the two distinct ca-
tions arrangements at the adjacent pair of T(1)
sites (SiSi and SiAl), are listed in Table 6.

Representation of NNN configurations

Next-nearest-neighbour configurations may be
represented by the string of cation species in-
volved, and may be appended to the NN-cation
configuration: M(1)M(1)M(3)-OH-A: T(1)T(1)-
MQMEMGBM(2)M(2). Thus for tremolite:

MgMgMg-OH-AL:SiSi-MgMgMgMgMg, and
for ideally ordered end-member pargasite:
MgMgMg-OH-*Na:SiAl-AIMgMgAiMg.  All

five NNN M cations are shown; if one wishes to
consider only three of these (as in Fig. 8a), then
the last two terms are omitted.

Band A

This is due to the configuration MgMgMg-OH—
ANa:SiSi-MgMgMgMgMg, the configuration in
ideal end-member richterite. This band decreases
in intensity with increasing pargasite component
and is absent in the end-member pargasite spec-
trum (Fig. 3 and 5). This means that pargasite
cannot have the MgMgMg-OH-*Na:SiSi—
MgMgMgMgMeg configuration.

Table 6. Local configurations involving NN and NNN
-arrangements within the octahedral strip of the C2/m

amphibole structure.

4) MgMgMg-OH-A :

1)  MgMgMg-OH-A : SiSi — MgMgMgMgMg
2)  MgMgMg—OH-A : SiSi — AIMgMgMgMg
3)  MgMgMg—OH-A : SiSi — AIAIMgMgMg

SiSi - AlAIAIMgMg

(

(

(

(

5)  MgMgMg—OH-A : SiSi — AIAIMgAIAI

(6) MgMgMg—OH-A : SiAl - MgMgMgMgMg
(7)  MgMgMg-OH-A : SiAl - AMgMgMgMg
®)  MgMgMg—OH-A : SiAl — AIAIMgMgMg
©) MgMgAI-OH-A : SiSi - MgMgMgMgMg
(10)  MgMgAI—OH-A : SiSi — AIMgMgMgMg
(11)  MgMgAI-OH-A : SiSi — AlAIMgMgMg
(12)  MgMgAI-OH-A : SiSi — AIAIAIMgMg
(13)  MgMgAI-OH-A : SiSi — AIAIMgAIAI
(14)  MgMgAI-OH-A : SiAl - MgMgMgMgMg
(15)  MgMgAI-OH-A : SiAl — AMgMgMaMg
(16)  MgMgAl-OH-A : SiAl - AIAIMgMgMg

* NNN arrangements are listed for the cluster of Fig.
8b; for the cluster of Fig. 8a, the last two elements
of the NNN term are discarded, thus configurations
(4) = (6) and (12)= (13)

Bands B,C,D, F, G and H

The composition of pargasite, together with the
ordering information derived from Rietveld struc-
ture-refinement of M3* (M3 = Cr*, Sc, In) anal-
ogues, indicates that pargasites must have
MgMgMg-OH-ANa configurations. Therefore,
the absence of the A band in Pa(100) indicates that
end-member pargasite does not have the NNN
T(1)T(1) configuration SiSi, in accord with the ar-
gument given above (Fig. 6).

There is an important fact that can be estab-
lished from the Pa(80) and Pa(100) spectra. There
are broad peaks at 3710 and 3678 cm~' in each
spectrum (Fig. 3), and these are assigned to local
configurations involving MgMgMg-OH-*Na and
MgMgAl-OH-*Na, respectively (Semet, 1973;
Raudsepp et al., 1987). It is important to note that
in both the Pa(80) and Pa(100) spectra, these two
peaks have approximately the same relative inten-
sities. The fact that the peaks have the same in-
tensity within each spectrum indicates that there
are an equal number of MgMgMg—OH-*Na and
MgMgAl-OH~-*Na configurations (omitting, for
the moment, any consideration of differences in
molar absorptivity as a function of absorption en-
ergy); in turn, this indicates that the M(3) site-
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Table 7. Final assignment of bands in amphiboles syn-
thesized nominally along the join richterite-pargasite.

Band Configuration

MgMgMg—-OH-*Na :
MgMgMg—-OH—*Na :
MgMgMg—-OH-*Na :
MgMgAI-OH-*Na :
MgMgMg—-OH-"01 ;
MgMgAI-OH—*Na :
MgMgAI-OH—*Na :
MgMgAI-OH-*Na :

SiSi-MgMgMgMgMg
SiAl-MgMgMgMgMg
SiAl-AIMgMgMgMg
SiA-MgMgMgMgMg
SiSi-MgMgMgMgMg
SiA-AIMgMgMgMg
SiAI-AIMgMgAIMg
SiAl-AIMgMgAIAl

I g Mmoo o >

population is approximately 0.50 Al + 0.50 Mg in
both Pa(80) and Pa(100).

There are two bands, B and C, under the peak
that has previously been assigned to the
MgMgMg-OH-ANa configuration in the pargasite
spectrum and there are two peaks, D and F, under
the peak previously assigned to the MgMgAl-
OH-"Na configuration; why are there two bands
under each of these peaks rather than one band?
The two pairs of bands, B-C and D-F, must be
due to differences in NNN arrangements involv-
ing cations at the M sites, as all bands must in-
volve the T(1)T(1) configuration SiAl in parga-
site.

Inspection of Fig. 5 shows that the intensity of
the B band increases most rapidly from Pa(0) —
Pa(20) — Pa(40) while the principal variation in
the NNN cations involves Al — Si at the T(1) site
(Table 2). Thus the B band may be assigned to the
configuration MgMgMg-OH-ANa:SiAl-MgMg-
MgMgMg.

As discussed above, the D and F bands must
be due to configurations involving Al at M(3).
The D band is assigned to MgMgAl-OH-
ANa:SiAI-MgMgMgMgMyg and F is assigned to
MgMgAl-OH-ANa:SiAl-AIMgMgMgMg. Note
the relative intensities B:C and D:F in Pa(80) and
Pa(100): it is apparent that in Pa(80), Al is
strongly ordered at M(3) relative to M(2), and that
most [®Al entering the pargasite structure between
Pa(80) and Pa(100) goes into the M(2) site. Thus
the G and H bands must arise from NNN configu-
rations involving more than one ¥Al: G =
MgMgAIl-OH-ANa:SiAl-AIMgMgAIMg and H =
MgMgAl-OH-ANa:  SiAl-AIMgMgAIlAl,  al-
though the H band is very weak (~ 3% of the total
intensity) and its presence in the spectra may be

an artifact due to slight errors in fitting the back-
ground. These final assignments are listed in
Table 7.

Discussion

Cell dimensions

It is apparent from both the variation in cell
dimensions and infrared spectra that the am-
phiboles synthesized in this work are not a simple
binary solid-solution between richterite and parga-
site. From Pa(0) — Pa(55), the principal addi-
tional bands in the infrared region are B and C
(Fig. 5). According to the band assignments dis-
cussed above, the principal compositional change
affecting the spectrum is the substitution of T(VA]
for TSi. The relative intensity of the C band in
this compositional region indicates that the sub-
stitution M2A] ->M2Mg is less than that indicated
by the nominal composition. The Al — Si sub-
stitution must be balanced primarily by the M®Ca
— M®Na substitution in Pa(0)-Pa(55). This is in
accord with the variation in cell dimensions
(Fig. 4). As established by Colville et al. (1966),
the b dimension is related primarily to the mean
radius of the constituent M(2) cations. Hence sig-
nificant M2Al — M@ Mg substitution will signifi-
cantly reduce the b dimension of an amphibole; in
agreement with this, the b dimension of pargasite
[M(2) = MgAl, <r> = 0.628 A; radii from Shan-
non, 1976] is significantly less than that of rich-
terite [M(2) = Mg,, <™M@> = 0.72 A] (Table 4).
Nevertheless, from Pa(0) — Pa(20) — Pa(55), the
b dimension increases, in accord with the sugges-
tion that the M@Al — M@Mg substitution in this
range is less than the nominal amount, and the
TWAY — TAXSi substitution is dominant, enlarging
the cell dimensions as (“JA1 (0.39 A) is larger than
lISi (0.26 A).

Consider now the substitutions occurring at
the other end of the ‘series’: Pa(100) Pa(80). As
discussed above, the infrared band intensities indi-
cate that M(3) = 0.5 Mg + 0.5 Al in both Pa(100)
and Pa(80). Thus the possible substitutions from
Pa(100) — Pa(80) are M>Mg — MAAL, T0S; —
T(OA] and M*Na — M*Ca. The strong decrease in
the intensity of bands C and F relative to bands B
and D indicate that theM®Mg — MZA] substitu-
tion is significant here. As noted above, the
relative intensities of these bands are conformable
with an M(2) site-population of 1.7 Mg + 0.3 Al
in Pa(80). As the M@Mg — M@A] substitution re-



Table 8. Bond-valence tables for proposed short-range arrangements in pargasite.

Pargasite: arrangement (1)

Pargasite: arrangement (4)

M1)  M2)  MB3) M4) A (1) ) =z Mi1)  M2) Mg Ma4) A ()" 2 =z
O(1) 0.412; 0.52%; 0.33% 0.75 2.01 O(1) 0.33%, 0.20% 0.50*! 1.00 2.03
0O(2) 0.257 0.46%) 0.28% 1.01 2.00 O(2) 0.33%1 0.40% 0.28%) 1.00 2.01
O@3) 0.342- 0.33%4 1.00 0O(3) 0.34%- 0.507) 1.18
0(4) 0.52% 0.35% 1.08 1.95 0O(4) 0.40%| 0.45%, 1.10 1.95
0O(5) 0.14%;  0.158%, 0.75 0.96 2.00 O(5) 0.147, - 1.00 0.95 2.09
0O(6) 0.23% 0.10% 0.75 0.95 2.03 0O(8) 0.13%] - 1.00 0.95 2.08
o(7) 0.25%) 0.75/1.00 2.00 o(7) - 1.00/0.75 1.75
z 2.00 3.00 1.98 2.00 1.00 3.00 4.00 z 2.00 2.00 3.00 2.00 - 4.00 4.00
Pargasite: arrangement (2) * O(7) is bonded to two T(1) cations. In some local arrangements (and always in
M1) M2) M3) Ma4) A AN T(2) z long-range arrangements), these two T(1) cations are identical and the bond-
valence sum at O(7) involves a x2- symbol. In other local arrangements, the two
O(1) 0.331 0.27%, 0.33% 1.10 2.03 T(1) cations are different, and the bond-valence sum involves two different
y contributions from the T(1) site [e.g., 0.75/1.00 for pargasite arrangement (1)].
0@ 033% 033 0.30% 1.05 2.01 However, the bond-valence sum at the T(1) site for a specific local arrangement
0O(3) 0.347%~ 0.33% 1.00 involves only one of the two bond-valence entries for the T(1)-O(7) bond. In these
° x2 tables, the first of the two entries [e.g., 0.75 for pargasite arrangement (1)] is the
0(4) 0.40% 0.36% 1.10 1.86 value that contributes to the sum at the T(1) site.
0(5) 0.132 - 1.00 095 2.08
0(6) 0.212; _ 0.96 0.90 207 ** The arrows indicate the direction of the bond multiplicity indicated by the
’ ’ ) ’ superscript.
o(7) —/0.21%] 0.94%- 2.09
z 2.00 2.00 1.98 2.00 - 4.00 4.00
Pargasite: arrangement (3)
Mi1) M2  M3) M4) A ) )
O(1) 0.40% 0.322) 0.50 0.75 1.97
0O(2) 0361 0.30% 0.30% 1.00 1.96
O(3) 0.24%-~ 0.50%) 0.98
04) 0.382} 0.35% 1.10 1.83
0O(5) 0.14%,  0.15% 0.75 0.96 2.00
0O(6) 0.21%, 0.10% 0.75 0.94 2.00
o(7) 0.25%,  0.75/1.00 2.00
z 2.00 2.00 3.00 2.00 1.00 3.00 4.00
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T(1) = Si

T(1) = Al

M(2) = Al

Fig. 9. Possible coupling between Al and Si occupancy of T(1) and Al and Mg occupancy of M(2) in pargasite such
that TA] links to O(1) bonded to M()A1 and T(Si links to O(1) bonded to MZMeg.

duces the overall charge in the structure, it must
be accompanied by a substitution that increases
the charge in the structure: TUSi — TAL Is there
significant M®Na — M®Ca substitution in this
compositional range? If there were the corre-
sponding amount of M®Na — M®(Ca and TVS{ —
T(WA] substitutions to move the composition li-
nearly from Pa(100) toward Pa(0), one would ex-
pect the cell volume to be linear between the two
end-members over this range [Pa(100)-Pa(80)].
However, it is not. Between Pa(100) and Pa(80),
the cell volume increases more rapidly than
simple solid-solution between the end-member
components suggests, indicating that the M@Mg
— MA] substitution is greater than the M*Na —
MHCa substitution.

Short-range order in pargasite

The original crystal-structure work on pargasite
(Robinson et al., 1973) was interpreted in terms of
all (A} ordered at M(2). This caused a problem in
the interpretation of the infrared spectrum of par-
gasite in the principal OH-stretching region as this
indicated Al at the M(1) and/or M(3) sites (Raud-
sepp et al., 1987). However, recent results of crys-
tal-structure refinement have definitely estab-
lished the pattern of LRO in pargasite: WAl is
completely ordered at T(1) (Oberti et al., 1995a)
except at high temperature (Oberti et al., 1995b),
ANa is ordered at A(2) (Hawthorne et al.,, 1996¢),
and ¥'A] is disordered over M(2) and M(3) (Oberti

et al., 1995a). These are important results with re-
gard to deriving patterns of SRO, as they provide
constraints on possible short-range arrangements.
Hawthorne (1997) has argued that local structural
arrangements that obey the valence-sum rule
(Brown, 1981) should be more stable, and hence
more favoured, than local structural arrangements
that depart significantly from the valence-sum
rule. This hypothesis can be used to derive the
most probable schemes of SRO in amphiboles.
The results for pargasite are shown in Table 8. Ar-
rangements (1) and (2) combine to give the or-
dered structure shown in Fig. 9. This arrangement
can propagate to form a completely short-range
ordered structure with the maximum possible
long-range order (i.e., T(1) = Si,Al,, T(2) = Si,,
M(1) = Mg,, M(2) = MgAl, M(3) = Mg, M(4) =
Ca,, A(2) = Nal ). This would give rise to an in-
frared spectrum with a single narrow peak; how-
ever, the infrared spectrum shows that this is not
the case. There is also Al at the M(3) site (Oberti
et al., 1995a), something that Hawthorne (1995)
has interpreted in terms of entropy-driven disor-
der. This will give rise to other patterns of SRO,
as indicated in Table 8, and these patterns may
combine in different ways to give different short-
range environments around the OH group occu-
pying the O(3) site. As shown here, infrared spec-
troscopy in the principal OH-stretching region can
provide a sensitive probe for characterizing such
patterns of SRO, provided the details of the pat-
terns of LRO are completely understood.
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Summary and conclusions

(1) Amphiboles synthesized with nominal compo-
sitions along the join richterite-pargasite always
coexist with additional phases except for end-
member compositions which consist of >98%
amphibole.

(2) These synthetic amphiboles are free of chain-
multiplicity faults.

(3) The amphiboles show very non-linear vari-
ation in cell parameters as a function of nominal
composition.

(4) The infrared spectra of these amphiboles in the
principal OH-stretching region can be resolved
into eight bands, not all of which are present in
each spectrum.

(5) As established by previous work, the spectrum
of end-member richterite consists of two bands at
3734 and 3674 cm™! due to local configurations
MgMgMg-OH-ANa and MgMgMg-OH-A] re-
spectively.

(6) The spectrum of end-member pargasite con-
sists of six bands due to variations in NN (nearest-
neighbour) and NNN (next-nearest-neigbour) con-
figurations around the OH anion.

(7) The MgMgMg—-OH-ANa band in pargasite is
shifted to lower frequency (3705 cm™') relative to
the same band in richterite, as the latter is associ-
ated with an Si-O(7)-Si configuration whereas
the former is associated with an Al-O(7)-Si con-
figuration, these two configurations producing dif-
ferent band frequencies via different strengths of
H-bonding from the OH group to the O(7) anion.
(8) The band intensities indicate extensive SRO in
the amphiboles synthesized here, in accord with
the arguments of Hawthorne (1997).

(9) From the variation in band intensities across
the series, it is apparent that the amphibole com-
positions do not lie along the richterite-pargasite
join, but extend from both end-member composi-
tions toward edenite, NaCa,MgsSi;AlO,(OH),,
with intermediate compositions not being stable.
(10) The non-linear variation in cell dimensions
along the series is completely conformable with
(9) and with the long-range order indicated by the
infrared spectra.

Acknowledgments: We thank Anton Beran and
Michael Czank for their constructive comments
on this manuscript. GDV was supported by an
ECC network grant (CHRX-CT94-0551). FCH
and MR were supported by Operating Grants from
the Natural Sciences and Engineering Research
Council of Canada.

References

Brown, L.D. (1981): The bond-valence method: an em-
pirical approach to chemical bonding and struc-
ture. in "Structure and Bonding in Crystals 11", M.
O’Keeffe & A. Navrotsky, eds. Academic Press,
New York, 1-30.

Burns, P.C. & Hawthorne, F.C. (1994): Structure and hydro-
gen bonding in preobrazhenskite, a complex hetero-
polyhedral borate. Can. Mineral., 32, 387-396.

Colville, PA., Emst, W.G., Gilbert, M.C. (1966): Rela-
tionships between cell parameters and chemical
compositions of monoclinic amphiboles. Am. Min-
eral., 51, 1727-1754.

Della Ventura, G. (1992): Recent developments in the
synthesis and characterization of amphiboles. Syn-
thesis and crystal-chemistry of richterites. Trends in
Mineral., 1, 153-192.

Della Ventura, G. & Robert, J.-L. (1990): Synthesis,
XRD and FTIR studies of strontium richterites. Eur.
J. Mineral., 2, 171-175.

Della Ventura, G., Robert, J.-L., Beny, J.-M. (1991): Te-
trahedrally coordinated Ti** in synthetic Ti-rich po-
tassic richterite: Evidence from XRD, FTIR and
Raman studies. Am. Mineral., 76, 1134-1140.

Della Ventura, G., Robert, J.-L., Bény, J.-M., Raudsepp,
M., Hawthome, E.C. (1993a): The OH-F substitu-
tion in Ti-rich potassium-richterites: Rietveld struc-
ture refinement and FTIR and micro-Raman spec-
troscopic studies of synthetic amphiboles in the
system K,0-Na,0-CaO-MgO-Si0,-TiO,~-H,0-
HE Am. Mineral., 78, 980-987.

Della Ventura, G., Robert, J.-L., Hawthorne, F.C. (1996):
Infrared spectroscopy of synthetic (Ni,Mg,Co)-po-
tassium-richterite. in "Mineral Spectroscopy: A
Tribute to Roger G. Burns”, M.D. Dyar, C.
McCammon & M.W. Schaefer, eds., The Geo-
chemical Society Spec. Pub. No. 5, 55-63.

Della Ventura, G., Robert, J.-L., Raudsepp, M., Haw-
thorne, F.C. (1993b): Site occupancies in mono-
clinic amphiboles: Rietveld structure refinement of
synthetic nickel magnesium cobalt potassium rich-
terite. Am. Mineral., 78, 633-640.

Groat, L.A., Hawthorne, F.C., Rossman, G.R., Ercit, T.S.
(1995): The infrared spectroscopy of vesuvianite in
the OH region. Can. Mineral., 33, 609-626.

Hamilton, D.L. & Henderson, C.M.B. (1968): The prep-
aration of silicate compositions by a gelling
method. Mineral. Mag., 36, 832-838.

Hawthorne, EC. (1981): Amphibole spectroscopy. Rev.
Mineral., 9A, 103-139.

—  (1983a): The crystal chemistry of the amphiboles.
Can. Mineral., 21, 173-480.

—  (1983b): Characterization of the average structure
of natural and synthetic amphiboles. Period. Mine-
ral., 52, 543-581.

~  (1994): Structural aspects of oxides and oxysalt
crystals. Acta Cryst., B50, 481-510.

- (1995): Entropy-driven disorder in end-member
amphiboles. Can. Mineral., 33, 1189-1204.



94 G. Della Ventura, F.C. Hawthorne, J.-L. Robert, F. Delbove, M.F. Welch, M. Raudsepp

~  (1997): Short-range order in amphiboles: a bond-
valence approach. Can. Mineral., 35, 203-218.

Hawthorne, E.C., Della Ventura, G., Robert, J.-L. (1996a):
Short-range order and long-range order in amphi-
boles: a model for the interpretation of infrared spec-
tra in the principal OH-stretching region. in "Mine-
ral Spectroscopy: A Tribute to Roger G. Burns",
M.D. Dyar, C. McCammon & M.W. Schaefer, eds.,
The Geochemical Society Spec. Pub. No. 5, 49-54.

———(1997): A Rietveld and infrared study of synthetic
amphiboles along the potassium-richterite-tremolite
join. Am. Mineral., 82, 708-716.

Hawthorne, E.C., Oberti, R., Cannillo, E., Sardone, N.,
Zanetti, A., Grice, J.D., Ashley, PM. (1995): A new
anhydrous amphibole from the Hoskins mine,
Grenfell, New South Wales, Australia: Description
and crystal structure of ungarettiite: NaNa,-
(Mn*Mn*) 8ig0,,0,. Am. Mineral., 80, 165-172.

Hawthome, F.C., Oberti, R., Sardone, N. (1996¢): So-
dium at the A site in clinoamphiboles: the effects of
composition on patterns of order. Can. Mineral., 34,
577-593.

Hawthorne, EC., Oberti, R., Ungaretti, L., Grice, J.D.
(1992): Leakeite, NaNa,Mg,(Fe*Li) SigO»,(OH),, a
new amphibole from the Kajlidongri manganese
mine, Jhabua district, Madhya Pradesh, India. Am.
Mineral., 77, 1112-1115.

— — ——(1996b): A new hyper-calcic amphibole with Ca
at the A site: Fluor-cannilloite from Pargas, Finland.
Am. Mineral., 81, 995-1002.

Hawthorne, F.C., Ungaretti, L., Oberti, R., Bottazzi, P,
Czamanske, G. (1993a): Li: An important compo-
nent in igneous alkali amphiboles. Am. Mineral.,
78, 733-745.

Hawthorne, F.C., Ungaretti, L., Oberti, R., Cannillo, E.,
Smelik, E.A. (1994): The mechanism of [6ILi incor-
poration in amphiboles. Am. Mineral., 79, 443-451.

Hawthorne, F.C., Ungaretti, L., Oberti, R., Caucia, F.,
Callegari, A. (1993b): The crystal chemistry of
staurolite. I. Crystal structure and site-populations.
Can. Mineral., 31, 551-582.

————— (1993c¢): The crystal chemistry of staurolite. I1.
Order-disorder and the monoclinic — orthorhombic
phase transition. Can. Mineral., 31, 583-595.

————— (1993d): The crystal chemistry of staurolite. III.
Local order and chemical composition. Can. Mine-
ral., 31, 597-616.

Hawthomne, F.C. & Waychunas, G.A. (1988): Spectrum-
fitting methods. in "Spectroscopic Methods in Min-
eralogy and Geology". Rev. Mineral., 18, 63-98.

Law, A.D. (1976): A model for the investigation of hy-
droxyl spectra of amphiboles. in "The Physics and
Chemistry of Minerals and Rocks", R.G.J. Strens,
ed., J. Wiley & Sons, London.

Oberti, R., Hawthorne, F.C., Ungaretti, L., Cannillo, E.
(1993a): The behaviour of Mn in amphiboles: Mn
in richterite. Eur. J. Mineral., 5, 43-52.

— — — — (1995a): 91Al disorder in amphiboles from
mantle peridotites. Can. Mineral., 33, 867-878.

— — — - (1995b): Temperature-dependent Al order-disor-
der in the tetrahedral double-chain of C2/m amphi-
boles. Eur. J. Mineral., 7, 1049-1063.

Oberti, R., Ungaretti, L., Cannillo, E., Hawthorne, F.C.
(1992): The behaviour of Ti in amphiboles. 1. Four-
and six-coordinate Ti in richterite. Eur. J. Mineral.,
3, 425-439.

~ —— = (1993b): The mechanism of Cl incorporation in
amphibole. Am. Mineral., 78, 746-752.

Pouchou, J.L. & Pichoir, F. (1991): Quantitative analysis
of homogeneous or stratified microvolumes ap-
plying the model “PAP”. in “Electron Probe Quan-
tification” K.FJ. Heinrich & D.E. Newbury, eds.,
Plenum Press, New York, 31-75.

Raudsepp, M., Turnock, A.C., Hawthorne, E.C. (1991):
Amphibole synthesis at low pressure: what grows
and what doesn’t. Eur. J. Mineral., 3, 983-1004.

Raudsepp, M., Turnock, A.C., Hawthorne, F.C., Sheriff,
B.L., Hartman, J.S. (1987): Characterization of syn-
thetic pargasitic amphiboles (NaCa,Mg,M>*-
SigAl,0,5(OH,F),; M3 = Al, Cr3*, Ga, Fe**, Sc, In)
by infrared spectroscopy, Rietveld structure refine-
ment and 2’Al and 2°Si MAS NMR spectroscopy.
Am. Mineral., 72, 580-593.

Robert, J.-L., Della Ventura, G., Raudsepp, M., Haw-
thorne, F.C. (1993): Rietveld structure refinement
of synthetic strontium-rich potassium-richterites.
Eur. J. Mineral., 5, 199-206.

Robert, J.-L., Della Ventura, G., Thauvin, J.-L. (1989):
The infrared OH-stretching region of synthetic rich-
terites in the system Na,0O-K,0-CaO-MgO-SiO,—
H,O-HF. Eur. J. Mineral., 1, 203-211.

Robinson, K., Gibbs, G.V., Ribbe, PH., Hall, M.R.
(1973): Cation distribution in three hornblendes.
Amer. J. Sci, 273A, 522-535.

Semet, M.P. (1973): A crystal-chemical study of synthetic
magnesiohastingsite. Am. Mineral., 58, 480-494.

Shannon, R.D. (1976): Revised effective ionic radii and
systematic studies of interatomic distances in
halides and chalcogenides. Acta Crystallogr., A32,
751-767.

Skogby, H. & Rossman, G.R. (1991): The intensity of
amphibole OH bands in the infrared absorption
spectrum. Phys. Chem. Mineral., 18, 64—68.

Strens, R.G.J. (1966): Infrared study of cation ordering
and clustering in some (Fe,Mg) amphibole solid
solutions. Chem. Comm., 15, 519-520.

Welch, M.D., Kolodziejski, W., Klinowski, J. (1994): A
multinuclear study of synthetic pargasite. Am.
Mineral., 79, 261-268.

Whittaker, E.J.W. (1979): Clustering of cations in am-
phiboles. Phys. Chem. Mineral., 4, 1-10.

Wiles, D.B. & Young, P.A. (1981): A new computer pro-
gram for Rietveld analysis of X-ray powder diffrac-
tion patterns. J. Appl. Crystallogr., 14, 149-151.

Received 29 January 1997
Modified version received 15 June 1998
Accepted 21 July 1998



