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ABSTRACT

The crystal structure of pargasite from a cut gem from Myanmar, (K0.094Na0.93)(Na0.15Ca1.78)(Mg4.51Fe
2+

0.02Al0.53Ti0.10)
(Si6.56Al1.44)O22(OH1.32F0.68), a 9.882(6), b 17.973(11), c 5.282(3) Å, β 105.20(1)°, V 905.33(17) Å3, space group C2/m,
Z = 2, has been refined to an R1 index of 1.9% using MoKα single-crystal X-ray diffraction. The unit formula (calculated
from the results of electron-microprobe analysis), the refined site-scattering values, and the observed mean bond-lengths,
were used to assign site populations. [4]Al occurs at both the T(1) and T(2) sites, but is strongly ordered at T(1). [6]Al is disor-
dered over the M(2) and M(3) sites, but is excluded from the M(1) site. ANa is split between the A(2) and A(m) sites with
minor K assigned to the A(m) site. The frequencies of short-range ion arrangements over the configuration symbol M(1)M(1)
M(3)–O(3)–A:T(1)T(1) were calculated from the refined site-populations and are in reasonable accord with the fitted infrared
spectrum of this amphibole in the principal OH-stretching region.
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INTRODUCTION

Pargasite is a monoclinic calcium amphibole
with the C2/m structure and an endmember formula
NaCa2Mg4AlSi6Al2O22(OH)2 (Hawthorne et al. 2012),
and both pargasite (e.g., Oberti et al. 1995a, Tait et al.
2001) and fluoro-pargasite (Lupulescu et al. 2005,
Della Ventura et al. 2014) and their synthetic analo-
gues (Raudsepp et al. 1987a, Oberti et al. 1995b) have
been characterized. The infrared spectra of amphiboles
contain significant information concerning the short-
range order of cations and anions in the amphibole
structure. This information can only rarely be extracted
from natural amphiboles as their chemical composi-
tions give rise to many bands in the principal OH-
stretching region and the resultant spectra do not
contain enough information to fit the spectra correctly.
Consequently, most of our knowledge of short-range
order comes from work on synthetic amphiboles.
However, gem-quality amphiboles are generally of
much simpler chemical composition than common
amphiboles (particularly because they have very low
Fe content), making it more feasible to fit the infrared
spectra correctly. During routine identification of gem-
stone amphiboles, the discovery of a gem with a com-
position close to pargasite50–edenite50 gave us the

opportunity to characterize the long-range and short-
range structure of this amphibole.

EXPERIMENTAL

The sample is a transparent colorless roval-cut gem-
stone measuring 9 × 10 × 5 mm (Fig. 1), and was
obtained from a gem dealer. Fragments for experimental
work were removed from the girdle of the stone.

X-ray diffraction

A small fragment of amphibole was selected for
X-ray diffraction measurements; the fragment was
clear and free from inclusions. The crystal was
attached to a tapered glass fiber and mounted on a
Bruker D8 three-circle diffractometer equipped with a
rotating-anode generator producing monochromatic
MoKα X-radiation, multilayer optics and an APEX-II
CCD detector. The intensities of 16,196 reflections
were collected to ∼60° 2θ using 15 s per 0.2° frame
with a crystal-to-detector distance of 5 cm. Empirical
absorption corrections (SADABS, Sheldrick 2008)
were applied. The unit-cell parameters were obtained
by least-squares refinement from the positions of 1375
reflections with I > 10σI, and are given in Table 1.
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The crystal structure was refined with the Bruker
SHELXTL Version 5.1 suite of programs (Sheldrick
2008). Scattering curves for neutral atoms were taken
from the International Tables for Crystallography
(1992). The R indices are of the form given in Table 1,
and are expressed as percentages. The structure was
refined to an R1 index of 1.92%, with anisotropic-
displacement parameters for all sites except A(2) and
A(m). Atom positions and anisotropic-displacement
parameters are given in Table 2, selected interatomic
distances in Table 3, and refined site-scattering values
(Hawthorne et al. 1995) and assigned site-populations in
Table 4, and a bond-valence analysis is given in Table
5. A table of structure factors and a cif file are available
from the Depository of Unpublished Data on the
Mineralogical Association of Canada website (document
gem pargasite CM53-3_10.3749/canmin.1400107).

Electron Microprobe Analysis (EMPA)

The crystal used for the collection of the X-ray
intensity data was subsequently mounted in epoxy,
polished, and analyzed with a CAMECA SX-100 elec-
tron microprobe operating in wavelength-dispersion
mode with the following conditions: excitation voltage,
15 kV; specimen current, 10 nA; beam size, 5 μm;
peak count time, 10 s; background count time, 10 s.
The crystal was analyzed at 10 points using the follow-
ing standards for Kα lines: albite, Na; diopside, Si, Ca;
andalusite, A; riebeckite, F; forsterite, Mg; orthoclase,
K; fayalite, Fe; spessartine, Mn; titanite, Ti; LaVO4, V;
chromite, Cr; pentlandite, Ni; and gahnite, Zn. Data
were corrected using the PAP procedure of Pouchou &
Pichoir (1985), and the mean chemical composition is
given in Table 6, together with the unit formula calcu-
lated on the basis of 24 (O,OH,F,Cl).

Infrared spectroscopy

The unpolarized FTIR spectrum was collected
using a Bruker Tensor 27 FTIR spectrometer equipped
with a KBr beam splitter and a DLATGS detector.
The spectrum over the range 4000–400 cm−1 was
obtained by averaging 100 scans with a resolution of
4 cm−1. Baseline correction was done using the OPUS
spectroscopic software (Bruker Optic GmbH). The
spectrum is shown in Figure 2. At the moment, we do
not know how many bands to expect in this spectrum,
and consequently we choose to fit an increasing num-
ber of peaks to the envelope until we get a fit that
encompasses all changes in the first- and second-
derivatives of the envelope as a function of wavenum-
ber (Fig. 2).

SITE POPULATIONS

The C2/m amphibole structure is shown in Figure 3.
Although this is a familiar structure, Figure 3 will be
essential in understanding the complexities of short-
range arrangements in amphiboles.

FIG. 1. View of gem pargasite from Myanmar; the stone is
9 × 10 mm and 4.05 ct, and the small V cut in the girdle
is where the material was taken for this work.

TABLE 1. SUMMARY OF CRYSTALLOGRAPHIC, DATA COLLECTION, AND
STRUCTURE REFINEMENT INFORMATION FOR GEM PARGASITE

a (Å) 9.882(6) Crystal size (μm) 50 × 50 × 100
b (Å) 17.973(11) Radiation/monochronometer MoKα
c (Å) 5.282(3) No. of reflections 16196
α (°) 90 No. unique reflections 1375
β (°) 105.20(14) R1% 1.92
γ (°) 90 Rmerge% 1.16
Space group C2/m wR% 5.03
Z 2 GoF 1.102

Cell content: 2[(K0.094Na0.93)(Na0.144Ca1.781)(Mg4.513Fe
2+

0.023Al0.529Ti0.10)(Si6.557Al1.443)
O22(OH,F)2]
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The T sites

The unit formula indicates significant Al at the T
sites (Table 5) and the ordering of Al over the T(1)
and T(2) sites is of considerable interest. This issue of
Al/Si order has been examined by many authors using
<T–O> bond-lengths (Papike et al. 1969, Hawthorne &
Grundy 1973a, b, 1977, Robinson et al. 1973, Bocchio
et al. 1978, Hawthorne 1981, 1983a, b, Oberti et al.
1995a). More recently, this issue has been examined
using more direct approaches, and the preference of
[4]Al for T(1) has been confirmed by neutron diffrac-
tion (Welch & Knight 1999) and spectroscopic meth-
ods (Welch et al. 1994, 1998, Jenkins et al. 1997,
Gottschalk & Andrut 2003, Najorka & Gottschalk
2003, Della Ventura et al. 2007). Hawthorne & Oberti
(2007) reviewed previous work on this issue and pre-
sented new relations between mean T–O bond-lengths
and Al site-populations. They showed that the grand
<T–O> distance is strongly affected by inductive
effects where [4]Al is less than 0.50 apfu, but varies lin-
early with [4]Al content where [4]Al is greater than 0.50
apfu. Hawthorne & Oberti (2007) derived the follow-
ing equation relating grand <T–O> distance to [4]Al
content: grand <T–O> = 1.6250 + 0.0153 [4]Al, where
[4]Al > 0.50 apfu. For the gem pargasite, this equation
predicts a grand <T–O> distance of 1.647 Å, in close
accord with the observed value of 1.649 Å (Table 3).
Hawthorne & Oberti (2007) also presented relations
between mean T–O bond-lengths and Al site-popula-
tions for the T(1) and T(2) tetrahedra; the site popula-
tions calculated from these equations were adjusted
slightly (Table 6) so that they show an equally good fit
to the equations of Hawthorne & Oberti (2007) and the
bulk composition of the crystal given in Table 6.

The M(1,2,3) sites

There has been considerable diffraction and spec-
troscopic work on cation and anion order in this part
of the amphibole structure, and detailed discussions
of this work are given by Hawthorne (1981, 1983a),
Hawthorne & Oberti (2007), Hawthorne & Della
Ventura (2007), and Oberti et al. (2007). The total
refined scattering at the M(1,2,3) sites (59.6 epfu,
Table 4) is in close agreement with the total effective
scattering of the C-group cations in the structural for-
mula calculated from the electron-microprobe ana-
lysis: 60.6 epfu (Table 6), allowing use of the unit
formula (Table 6) as a guide for assigning the
M(1,2,3) site populations. We adjusted the refined site-
scattering values slightly such that their sum corre-
sponds to that from the structural formula: M(1) 24.1,
M(2) 24.4, M(3) 12.1 epfu. The C-group cations to be
assigned are 4.47 Mg + 0.53 Al (Table 6). Obviously
Mg must dominate at every site; the issue is where
does the Al occur. As the X-ray scattering factors of
Mg (Z = 12) and Al (Z = 13) are very close, we must
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TABLE 3. SELECTED INTERATOMIC DISTANCES (Å) IN GEM PARGASITE

T(1)–O(1) 1.643(1) T(2)–O(2) 1.623(1)
T(1)–O(5) 1.675(1) T(2)–O(4) 1.594(1)
T(1)–O(6) 1.673(1) T(2)–O(5) 1.650(1)
T(1)–O(7) 1.664(1) T(2)–O(6) 1.669(1)
<T(1)–O> 1.664 <T(2)–O> 1.634

M(1)–O(1) ×2 2.046(1) M(2)–O(1) ×2 2.105(1)
M(1)–O(2) ×2 2.081(1) M(2)–O(2) ×2 2.079(1)
M(1)–O(3) 2.086(1) M(2)–O(4) ×2 1.999(1)
<M(1)–O> 2.071 <M(2)–O> 2.061

M(3)–O(1) ×4 2.054(1) M(4)–O(2) ×2 2.412(1)
M(3)–O(3) ×2 2.047(2) M(4)–O(4) ×2 2.328(1)
<M(3)–O> 2.051 M(4)–O(5) ×2 2.650(1)

M(4)–O(6) ×2 2.596(1)
A(m)–O(5) ×2 3.015(4) <M(4)–O> 2.497
A(m)–O(6) ×2 2.762(14)
A(m)–O(7) 2.407(8) A(2)–O(5) ×2 2.616(18)
A(m)–O(7) 2.472(8) A(2)–O(6) ×2 2.707(13)
<A(m)–O> 2.664 A(2)–O(7) ×2 2.464(56)

<A(2)–O> 2.596

A(2)–A(m) 0.672(8)
A(m)–A(m) 0.81(4)
A(2)–A(2) 1.07(5)

TABLE 4. REFINED SITE-SCATTERING VALUES, MEAN BOND-LENGTHS,
AND ASSIGNED SITE-POPULATIONS FOR GEM PARGASITE

Site Site scattering* (epfu) Site population (apfu) Mean bond-length (Å)

T(1) 56 2.46 Si + 1.54 Al 1.664
T(2) 56 4 Si 1.634
M(1) 23.71(9) 1.99 Mg + 0.01 Al 2.071
M(2) 24.04(9) 1.66 Mg + 0.33 Al 2.061
M(3) 11.89(6) 0.86 Mg + 0.14 Al 2.051
M(4) 37.96(9) 1.78 Ca + 0.22 Na 2.497
A(m) 7.0(5) 0.09 K + 0.48 Na 2.664
A(2) 4.5(5) 0.41 Na 2.596

*Fixed values are listed as integers and without standard deviations.

TABLE 5. BOND-VALENCE (vu) TABLE FOR GEM PARGASITE

M(1) M(2) M(3) M(4) A(m) A(2) T(1) T(2) Σ

O(1) 0.369x2↓ 0.327x2↓ 0.363x4↓ 0.946 2.005
O(2) 0.343x2↓ 0.345x2↓ 0.273x2↓ 0.999 1.960
O(3) 0.315x2↓ x2→ 0.341x2↓ 0.971
O(4) 0.408x2↓ 0.328x2↓ 1.078 1.814
O(5) 0.167x2↓ 0.041x2↓ 0.053x2↓ 0.871 0.929
O(6) 0.184x2↓ 0.064x2↓ 0.016x2↓ 0.876 0.885
O(7) 0.142, 0.121 0.068x2↓ 0.896x2→ 2.123
Σ 2.054 2.160 2.134 1.904 0.473 0.276 3.589 3.891
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rely on mean bond-lengths to assign Al as the sizes of
[6]Mg (r = 0.72 Å) and [6]Al (r = 0.535 Å) are signifi-
cantly different (Shannon 1976). Hawthorne & Oberti
(2007) developed equations relating <M(1)–O>,
<M(2)–O>, and <M(3)–O> distances to constituent
cation and anion radii and to other stereochemical
aspects of the adjacent sites. Using these equations
gives Al site-populations of 0.01, 0.30, and 0.12 apfu
for M(1), M(2), and M(3), respectively. These values
sum to 0.43 apfu, to be compared with 0.53 apfu for
C-group Al (Table 6). Assigning the site populations
to fit the mean bond-lengths and the unit formula
equally well gives the values in Table 4. The sum of
the bond valences incident at the M(3) site (Table 5) is
2.13 vu, in close accord with the aggregate charge at
the M(3) site (2.14+) calculated from the site popula-
tions of Table 4.

The M(4) site

There is a slight excess of C-group cations (0.07
apfu; Table 6) that would normally be assigned to the
M(4) site. However, in the present case, the resulting
site-populations are slightly better if we assume that
this slight excess is due to minor uncertainty in the
C-group cations. Thus there is no slight excess of A
cations in the formula (cf. Table 6), and the resulting
site-population is in exact accord with the refined
site-scattering value (Table 4).

The A site

In accord with the work of Hawthorne & Grundy
(1972, 1973a, b) and Hawthorne et al. (1996c) on local
order-disorder in the A cavity in monoclinic amphiboles,
we assign Na to the A(2) site and (Na + K) to the A(m)
site (Table 4) (with the K content taken from the unit
formula), in accord with the refined site-scattering
values at the A(m) and A(2) sites. The aggregate A-site
content from the refinement [0.98 (Na + K) apfu] (Table
4) agrees closely with that indicated by the unit formula.

LONG-RANGE ORDER

Above, we saw that [6]Al is excluded from M(1) and
disordered over M(2) and M(3), a distinctly different
arrangement than that assumed in early crystal-structure
work, where octahedrally coordinated trivalent cations
were assumed to order at the M(2) site. Infrared spectro-
scopy by Semet (1973) showed that this is not the case
in synthetic amphiboles: the presence of two broad
bands centered on 3711 and 3678 cm−1 in synthetic par-
gasite and magnesio-hastingsite suggests that these
bands are due to Al–Mg and Fe3+–Mg disorder over the
M(1) and/or M(3) sites. Welch et al. (1994) showed a
two-peak 1H MAS NMR spectrum for pargasite, com-
patible with disorder of Al over the M(2) and one or
both of theM(1,3) sites. The disorder of heavier trivalent
cations over the M(1,3) sites was confirmed by Rietveld
structure-refinement by Raudsepp et al. (1987a, b,
1991), and was also shown to occur in synthetic magne-
sio-hornblende by Hawthorne et al. (2000). Della
Ventura et al. (1998a) showed that [6]Al is disordered in
synthetic pargasite but completely ordered at M(2) in
the Co analogue of pargasite: NaCa2(Co

2+
4Al)(Si6Al2)

O22(OH)2, i.e., M(1) = M(3) = Co2+.
Detailed crystal-structure work on natural amphi-

boles by Oberti et al. (1995a) showed that [6]Al is
partly disordered over the M(2) and M(3) sites in Mg-
rich pargasite, the degree of disorder increasing with
increasing Mg in the structure. In accord with these
results, Tait et al. (2001) found considerable disorder
of Al over M(2) and M(3) in a gem-quality Mg-rich
pargasite from Baffin Island, and Abdu & Hawthorne
(2009) reported intermediate disorder in a more Fe-rich
tschermakite. We now see the same sort of disorder in
gem pargasite (Table 4, Fig. 2). Some general charac-
teristics are emerging for this type of disorder:

(1) the degree of disorder is dependent on the size
of the larger octahedrally coordinated cation,
and decreases significantly in the sequence Mg
→ Co2+ → Fe2+;

(2) the results of Raudsepp et al. (1987a) show
that the degree of [6]M3+ disorder decreases
with the radius of the M3+ cation (from Al to
Ga, Cr3+ to Sc);

TABLE 6. CHEMICAL FORMULA OF GEM
PARGASITE

O24 wt.% O24 apfu

SiO2 47.26 Si 6.56
Al2O3 12.06 Al 1.44
TiO2 0.10 ΣT 8.00
FeO 0.20
MgO 21.82 Al 0.53
CaO 11.98 Ti 0.01
Na2O 4.04 Fe 0.02
K2O 0.53 Mg 4.51
F 1.55 ΣC 5.07
H2O* 1.43
O=F −0.65 Δ 0.07
Total 100.30 Ca 1.78

Na 0.15
ΣB 2.00
Na 0.93
K 0.09
ΣA 1.02
F 0.68
OH 1.32
Catsum 16.04

*Calculated, see text.
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(3) the results of Raudsepp et al. (1987b) show
that there is no [6]M3+ disorder in synthetic
Sc-F-pargasite [i.e., where O(3) = F rather
than (OH)] or in synthetic Sc-F-eckermannite,
synthetic In-F-eckermannite, or synthetic Sc-
F-nybøite; Boschmann et al. (1994) and
Oberti et al. (1995b, 1998) showed by single-
crystal structure refinement that there is no
[6]M3+ disorder in synthetic fluoro-amphiboles;
Jenkins & Hawthorne (1995) showed by
Rietveld refinement that all [6]Ga is ordered
at M(2) in Ca2Mg5Si8O22F2–NaCa2Mg4Ga3
Si6O22F2 solid-solutions; Gianfagna & Oberti
(2001) showed that there is no [6]Al disorder
in fluoro-edenite.

(4) [6]M3+ disorder occurs in both A-site-vacant
and A-site-filled amphiboles;

(5) [6]M3+ disorder occurs in amphiboles where B
= Ca2 and B = Na2.

We may make some very interesting conclusions
from these five points: (1) the order-disorder seems to

be independent of the charge arrangement in the
amphibole and (2) the order-disorder seems to be
dependent on sizes of the ions in the amphibole, i.e.,
the sizes of [6]M2+, [6]M3+, and O(3).

Hawthorne (1978) argued that ordering of hetero-
valent cations in the C2/m amphibole structure is dic-
tated by adherence of the structure to Pauling’s
second rule (the valence-sum rule), and we have been
trying to understand the order-disorder relations of
divalent and trivalent cations over the M(1,2,3) sites
on this basis. Much of the order of these cations
may be explained on this basis, both long range
(Oberti et al. 2007) and short range (Hawthorne
1997, Hawthorne & Della Ventura 2007, Hawthorne
et al. 2005, 2006). However, this does not seem to be
the case for disorder of Al over M(2) and M(3) and
its virtual exclusion from M(1). The constraints of the
valence-sum rule still must hold, but the sizes of the
cations and anions (as well as their charges) are also
significant, as indicated by the results quoted above.
We may examine the effects of variations in sizes of
the ions through their influence on the sizes of the
M(2) and M(3) octahedra:

FIG. 2. The infrared spectrum of Myanmar gem pargasite in the principal OH-stretching region fit to two, three, four, and
five component peaks.
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(1) Disorder of M3+ between M(2) and M(3)
tends to reduce the difference in the mean
bond-lengths of these two octahedra, and for
M2+ = Mg, disorder decreases as M3+ becomes
larger, i.e., as the sizes of the octahedra
become more similar.

(2) Disorder of M3+ between M(2) and M(3)
vanishes for O(3) = F, i.e., <M(3)–O> decreases
whereas <M(2)–O> is unaffected, in accord
with (1).

(3) Disorder of M3+ between M(2) and M(3)
decreases where M2+ becomes larger (e.g.,
Della Ventura et al. 1998a).

Note that (3) acts in the opposite direction to (1) and
(2), and hence a simple correlation of disorder with
ion size does not occur. The origin of this disorder
must await more extensive examination.

SHORT-RANGE ORDER

Short-range order involves local clusters of atoms
that occur either more or less frequently than pre-
dicted by a random distribution. Hawthorne et al.
(1996a, 1997) showed that short-range order is com-
mon in amphiboles, and it is becoming apparent that
short-range order can exert major constraints on chem-
ical variations in amphiboles (e.g., Oberti et al. 1993)

and other minerals (e.g., Hawthorne et al. 1993,
Sherriff et al. 1991). Extensive work (Hawthorne et al.
1997, 2000, Della Ventura et al. 1999, 2001, 2003,
Robert et al. 1999, 2000, Hawthorne & Della Ventura
2007) has shown that both the nearest-neighbor and
next-nearest-neighbor cations affect the principal OH-
stretching frequency of the locally associated (OH)
group, and infrared spectroscopy of the principal
OH-stretching region is a sensitive probe of both near-
est-neighbor and next-nearest-neighbor short-range
arrangements in amphiboles.

The configuration symbol and possible arrangements

Hawthorne et al. (2005) introduced a configuration
symbol which denotes the nearest-neighbor and next-
nearest-neighbor cation-sites associated with the O(3)
site that commonly contains the (OH) group: M(1)M(1)
M(3)–O(3)–A:T(1)T(1)–M(2)M(2)M(3)–M(2)M(2) (Fig.
4). Various types of ions can locally occupy the sites in
the configuration symbol, producing different local
arrangements. As these ions are locally associated with
(OH) at the O(3) site, we may use infrared spectro-
scopy of the principal (OH)-stretching region as a local
probe of short-range cation and anion arrangements at
the sites of the configuration symbol.

Della Ventura et al. (1999) showed that there are
16 possible local arrangements of Mg, Al, and Si
over the local configuration M(1)M(1)M(3)–O(3)–A:

FIG. 3. The C2/m amphibole structure projected onto (100); polyhedra: T(1) = yellow, T(2) = pale green, M(1) = mauve,
M(2) = blue, M(3) = pink; sites: M(4) = blue circle, A = fuchsia circle.
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T(1)T(1)–M(2)M(2)M(3)–M(2)M(2) (Table 7) that are
reasonably compatible with the local version of the
valence-sum rule (Hawthorne 1997). For example,
arrangements M(1)M(1)M(3)–O(3) = MgAlAl–(OH)
and AlAlAl–(OH) are prevented by the local version
of the valence-sum rule operating at the O(3) site.
With regard to the next-nearest-neighbor T(1) sites,
the possible occupancies are SiSi and SiAl; the
arrangement AlAl is prevented by the local version of
the valence-sum rule at O(7) in the absence of Ca at
the A site. Thus for the gem pargasite examined here,
the possible arrangements of nearest-neighbor cations
at M(1)M(1)M(3)–A are MgMgMg–O(3)–Na and
MgMgAl–O(3)–Na. With regard to the next-nearest-
neighbor M(2) and M(3) sites, the possible occupan-
cies are M(1)M(2)M(3) = MgMgMg, MgMgAl,
MgAlAl, and AlAlAl. These four arrangements may
combine with M(1)M(1)M(3) = MgMgMg. However,
for M(1)M(1)M(3) = MgMgAl, only M(2)M(2)M(3) =
MgMgMg and MgMgAl are possible; other arrange-
ments lead to violations of the valence-sum rule at
anions coordinated by MgAlAl or AlAlAl.

Della Ventura et al. (1999) also showed that the
next-nearest neighbor sites also produce a splitting of
the major bands in the spectrum of pargasite. However,
this splitting is small with regard to the separation
of other bands in the spectrum, and Robert et al.

(2000) ignored this splitting in the spectra of pargasite–
fluoro-pargasite solid-solutions, successfully treating
the split pairs as composite bands; we will adopt the
same approach here, and hence we consider only near-
est and next-nearest-neighbor effects involving the
configuration symbol M(1)M(1)M(3)–O(3)–A:T(1)T(1)
(Fig. 4, Table 7).

Constraints of composition

Site populations (Table 4) exert considerable con-
straints on possible short-range cation arrangements
in this structure. Using the site populations of Table
4, we may calculate the relative amounts of the local
arrangements for nearest- and next-nearest-neighbor
configurations.

Nearest-neighbor M(1)M(1)M(3) sites. The site
populations for M(1) and M(3) (Table 4) allow us to
calculate the relative amounts of the local arrangements
at M(1)M(1)M(3): MgMgMg: MgMgAl = 0.84:0.16.

Next-nearest-neighbor T(1) site. Arrangements
involving T(1)–O(7)–T(1) are affected by the amount
of [4]Al in the structure. For this gem pargasite, T(1)Si =
2.56 and T(1)Al = 1.44 apfu (Table 6). It has been estab-
lished (see Hawthorne & Oberti 2007 for references)
that Al–O(7)–Al arrangements do not occur unless the
O(7) anion is locally associated with Ca at the A site,
as in fluoro-cannilloite (Hawthorne et al. 1996b). As
the gem pargasite examined here has no Ca at the A
site (Tables 4 and 6), Al–O(7)–Al arrangements cannot
occur and the composition of this crystal gives the fol-
lowing frequencies of occurrence of these specific
arrangements: Si–O(7)–Al = 1.44/2 = 0.72; Si–O(7)–Si
= 0.28.

Arrangements involving M(1)M(1)M(3) = MgMgMg
provide less incident bond-valence for the O(3) anion
than arrangements involving M(1)M(1)M(3) = MgMgAl.
As a result, the O(3)–H bond for M(1)M(1)M(3) =
MgMgMg is stronger than the O(3)–H bond for M(1)M
(1)M(3) = MgMgAl. In turn, the H…O(7) hydrogen
bond is weaker for M(1)M(1)M(3) = MgMgMg than for
M(1)M(1)M(3) = MgMgAl. This suggests that arrange-
ments involving M(1)M(1)M(3) = MgMgMg should be
locally associated with the arrangement T(1)T(1) = SiSi,
and that arrangements involving M(1)M(1)M(3) =
MgMgAl should be locally associated with the arrange-
ment T(1)T(1) = SiAl, as the central O(7) anion requires
more bond-valence from the hydrogen bond when linked

FIG. 4. A fragment of the amphibole structure showing the
relevant local association of sites and the corresponding
configuration symbol; legend as in Figure 3.

TABLE 7. LOCAL ARRANGEMENTS FOR THE CONFIGURATION SYMBOL M(1)M(1)M(3)–O(3)–A:
T(1)T(1) AND FREQUENCIES OF OCCURRENCE OF COMPONENT ARRANGEMENTS

Number Arrangement M(1)M(1)M(3) T(1)T(1) Product Normalized

[1] MgMgMg–OH–ANa:SiSi
0.84

0.28 0.235 0.25
[2] MgMgMg–OH–ANa:SiAl 0.72 0.605 0.63
[3] MgMgAI–OH–ANa:SiAl 0.16 0.72 0.115 0.12
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to SiAl that when linked to SiSi. Accordingly, all T(1)
T(1) = SiSi arrangements are associated with M(1)M(1)
M(3) = MgMgMg arrangements in this amphibole.

We may combine the relative frequencies for the
various nearest- and next-nearest-neighbor arrange-
ments to get an overall frequency for each of the
complete arrangements of Table 7 (with the sum nor-
malized to unity). These values are given in Table 7,
and suggest that only arrangements (1), (2), and (4)
(Table 8) can give rise to bands of significant intens-
ity in the infrared.

The nearest-neighbor effect of F. Each M(3) site is
linked to two (long-range symmetrically equivalent)
O(3) sites, and we may identify three local arrange-
ments involving M(3) and OH,F: (1) (OH)–M(3)–
(OH), (2) (OH)–M(3)–F, and (3) F–M(3)–F. Each of
these arrangements is involved in two M(1)M(1)M(3)–
O(3) arrangements, one where the O–H bond points
approximately along +a* and the other where the O–H
bond points approximately along –a*. Arrangement (1)
gives rise to two absorption events in the infrared,
arrangement (2) gives rise to one absorption event in
the infrared, and arrangement (3) gives rise to no
absorption events in the infrared. Thus, irrespective of
whether the arrangements of (OH) and F are ordered or
disordered relative to the local M(3) cation, the propor-
tion of absorption events to null-absorption events is
equal to the ratio of (OH) to F : 0.66 : 0.34 in this gem
pargasite.

Raudsepp et al. (1987b) and Oberti et al. (1995b)
showed that there is no disorder of trivalent cations
over M(2) and M(3) in amphiboles where O(3) is
occupied by F, a result that means that (at least in
the amphiboles examined by them, particularly par-
gasite) F is strongly to completely locally ordered,
i.e., F must be associated with the local arrangement
M(1)M(1)M(3) = MgMgMg and not with the local
arrangement MgMgAl. As the arrangement M(1)M(1)
M(3)–O(3) = MgMgMg–F has no expression in the
principal (OH)-stretching region of the infrared, these
results indicate that the presence of F preferentially
reduces (or even completely suppresses) the expres-
sion of the local arrangement M(1)M(1)M(3)–O(3) =
MgMgMg in the infrared. The data of Della Ventura
et al. (2014) for fluoro-edenites and fluoro-pargasites
from the Franklin marble (USA) are particularly
instructive in this regard. The compositions of these
five amphiboles have 6.69 < TAl < 7.10 apfu, and
hence the arrangement T(1)T(1) = SiSi must be pres-
ent in all crystals. However, the F content of these
amphiboles is in the range 1.13 < F < 1.47 apfu,
and there is more than enough F to completely
“replace” (OH) in the local MgMgMg–OH–ANa:SiSi
arrangement, with the result that a band correspond-
ing to M(1)M(1)M(3)–O(3)–A:T(1)T(1) = MgMgMg–
OH–ANa:SiSi at ∼3730 cm−1 does not occur in any
of their spectra.

The next-nearest-neighbor effect of F on the spectrum
of gem pargasite

Robert et al. (1999, 2000) showed that amphibole
with a filled A site shows two-mode behavior (Chang
& Mitra 1968) with regard to the variation in (OH)
and F in the structure; gem pargasite, with a filled A
site, will show such two-mode behavior. Let x be the
atomic fraction of F: x = F/(F + OH), and let ni (i =
1 → 3) be the probability of occurrence of local
arrangements OH–ANa–OH, OH–ANa–F, and F–ANa–
F such that Σni = 1. Robert et al. (1999) showed that
there is no short-range order of the local arrangements
in richterite–fluor-richterite (i.e., an A site-filled
amphibole) and hence the relative frequencies of these
three local arrangements should be as follows:

n1 ¼ ð1 − xÞ2=ð1 − x þ x2Þ; n2 ¼ xð1 − xÞ=ð1 − x þ x2Þ;
n3 ¼ x2=ð1 − x þ x2Þ:

For a F content of 0.68 apfu, x = 0.34 and n1 = 0.56,
n2 = 0.29, n3 = 0.15. The arrangement for i = 3
(i.e., F–ANa–F) is not visible in the infrared, and
hence for the composition of the present crystal (F =
0.68 apfu), the relative intensities for the normal
M(1)M(1)M(3)–(OH) arrangement (arrangement 1)
and the F-shifted M(1)M(1)M(3)–(OH) arrangement
(arrangement 2) are 0.66 and 0.34, respectively. The
OH–ANa–F band will be shifted to lower frequency
relative to the OH–ANa–OH band as in the former
arrangement, and Na at the ANa site will shift toward
F and away from OH to reduce its interaction with H,
thereby lowering its vibrational frequency. Moreover,
from Robert et al. (1999, 2000) we know the approx-
imate relative displacement of the OH–ANa–OH and
OH–ANa–F bands: 3730 – 3711 = 19 cm–1.

Assignment of bands in the infrared spectrum of gem
pargasite

The assignment of bands is complicated by the
fact that we are unsure of how many there are in the
spectrum of Figure 2. Visual inspection of the fits
suggests that the two- and three-peak fits are not
adequate, and the five-peak fit is somewhat better
than the four-peak fit, but this is not surprising, as the
fitting process used more parameters. However, the
five-peak fit suggests that we have extracted all
usable information from the spectrum with this par-
ticular fit unless we input more information into the
spectrum-fitting process that is external to the spec-
trum itself, e.g., the number of bands indicated by the
chemical composition of the sample. We may use the
results of Della Ventura et al. (1999) listed in Table 8
to help in the assignment of bands, together with
the arrangements of cations and their calculated fre-
quencies given in Table 7. The band frequencies of
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Table 8 will not correspond exactly to what we observe
here, except for the pargasite band at 3730 cm−1,
because the peaks may be shifted somewhat from par-
gasite due to the presence of a significant edenitic
component.

The weak band at ∼3727 cm−1 in the four- and
five-peak fits corresponds in energy to band (1) of
Table 8, and the fact that the band intensity is much
less that that expected from the calculations in Table 7
are in accord with our argument that F is associated
with the next-nearest-neighbor arrangement T(1)T(1) =
SiSi (e.g., Della Ventura et al. 1998b) which, in turn,
will decrease the spectral intensities of all bands asso-
ciated with local arrangements involving T(1)T(1) =
SiSi. As noted above, this gem pargasite will show
two-mode behavior because of the F content and filled
A-site (Table 6), and hence we expect a band due to the
F-shifted arrangement (1) at 3727 – 20 = 3707 cm−1;
this band overlaps with the 3712 cm−1 band in the fit-
ted spectrum (Table 8), but the latter is the most intense
band in the fitted spectrum and must have an intense sec-
ond component. Note that no other arrangement invol-
ving the next-nearest-neighbor arrangement T(1)T(1) =
SiSi occurs with sufficient frequency to be observed
at all.

The most intense band at 3712 cm−1 is band (2)
of Table 8 and arrangement [2] in Table 7:
MgMgMg–OH–ANa : SiAl. We also expect a band
due to the F-shifted arrangement [2] at 3712 – 20 =
3692 cm−1, which corresponds to band (3) (Table 8).

The local arrangement involving M(1)M(1)M(3) =
MgMgAl (arrangement [3], Table 7) is associated with
the next-nearest arrangement T(1)T(1) = SiAl and cor-
responds to the band at 3679 cm−1. Fluorine avoids
this arrangement, and hence there will be no reduction
of intensity due to locally associated F. We also expect
a band due to the F-shifted arrangement [3] at 3679 –
20 = 3659 cm−1, corresponding approximately to band
(5) at 3662 cm−1 in the observed spectrum.

Band intensities and arrangement frequencies

We have the following compositional constraints
on arrangement proportions (see above discussion):

(1) M(1)M(1)M(3): MgMgMg:MgMgAl = 0.84:
0.16.

(2) T(1)T(1): SiSi:SiAl = 0.28:0.72.
(3) (OH) arrangements (observed in spectrum): F

arrangements (not observed in spectrum):
0.66:0.34.

(4) Proportion of normal bands to F-shifted
bands: 0.66:0.34.

We discussed above how F is completely asso-
ciated with M(1)M(1)M(3) = MgMgMg arrangements;
thus of the 0.84 MgMgMg arrangements, 0.34 of
them are not visible in the infrared due to association
with F. Also with regard to these 0.84 MgMgMg
arrangements, there are the following arrangements:
MgMgMg–SiSi = 0.28, MgMgMg–SiAl = 0.56; above,
we suggested that F is preferentially (but not comple-
tely) associated with the arrangement MgMgMg–SiSi,
and hence the intensity of the band (1) due to the
arrangement MgMgMg–(OH)–A–SiSi is reduced in
intensity more than that of band (2) due to the arrange-
ment MgMgMg–(OH)–A–SiAl, and inspection of the
band intensities in Table 8 shows that this is the case.

The proportion of arrangements MgMgMg:
MgMgAl is 0.84:0.16, and the proportion of these
bands involving (OH) is 0.84 × 0.66, giving a ratio vis-
ible in the infrared of 0.55:0.16 = 0.77:0.23. The corre-
sponding bands in the spectrum of gem pargasite are
[(1) + (2) + (3)] and [(4) + (5)], which have an aggreg-
ate intensity ratio of 0.64:0.36 (Table 8). The intensity
of the lower-energy components [bands (4) and (5)] are
therefore enhanced relative to the intensity of the
higher-energy components [bands (1), (2), and (3)].
The proportion of normal arrangements to F-shifted
arrangements is 0.66:0.34, whereas the analogous
bands ratios are 0.35:0.22 = 0.61:0.39 for bands (2)
and (3), and 0.22:0.14 = 0.61:0.39 for bands (4) and
(5). Again, the intensities of the lower-energy compo-
nents bands (3) and (5) are therefore enhanced relative
to the intensity of the higher-energy components (2)
and (4). These relations are in qualitative accord with
the relation between transition probability and band
frequency (cf. Skogby & Rossman 1991, Della
Ventura et al. 1996, Hawthorne et al. 1997).

SUMMARY

Although much work remains to be done to fully
characterize SRO in amphiboles, some general

TABLE 8. BAND POSITIONS AND INTENSITIES FOR THE FIVE-PEAK FIT TO THE
SPECTRUM OF GEM PARGASITE

Band number Band frequency (cm−1) Normalized absorbance Assigned band

(1) 3727 0.07 MgMgMg–OH–Na:SiSi
(2) 3712 0.35 MgMgMg–OH–Na:SiAl
(3) 3693 0.22 F-shifted (2)
(4) 3679 0.22 MgMgAl–OH–Na:SiAl
(5) 3662 0.14 F-shifted (4)
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patterns of order are emerging. Short-range order is
of significance in that it will affect the stability of
amphiboles (and other minerals in which it occurs)
through its entropy and enthalpy effects. The way in
which these effects can be formulated for such a com-
plicated case as the amphibole structure is not yet
apparent, but what is clear is that future thermodyn-
amic models need to consider SRO in amphiboles in
which heterovalent substitutions are common.
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