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ABSTRACT

Short-range order involves local clusters of atoms that occur either more or less frequently than predicted by a random 
distribution. Infrared spectroscopy in the principal (OH)-stretching region is sensitive to such local arrangements, and hence 
the (OH) group can be used as a local probe of short-range arrangements of atoms. Examination of natural amphiboles of fairly 
simple composition indicates that the principal (OH)-stretching frequency is sensitive to such local arrangements, generating fi ne 
structure that gives information on short-range arrangements. Moreover, the fi ne structure is sensitive to both nearest-neighbor 
and next-nearest-neighbor arrangements. The short-range arrangements that can occur are constrained by the local version of the 
valence-matching principle, and this helps in assignment of the bands in the fi ne structure of the corresponding infrared spectra. 
Recent results on synthetic amphiboles illustrate these issues. Monoclinic amphiboles in the systems richterite–pargasite, tremo-
lite–pargasite and tremolite–hornblende show strong SRO involving T-, C- and A-group cations. Amphiboles involving (OH)–F 
solid-solution with � (vacancy) at the A site (e.g., tremolite–fl uorotremolite) show one-mode behavior, whereas amphiboles with 
Na or K at the A site (e.g., richterite–fl uororichterite) show two-mode behavior, indicating that nearest-neighbor arrangements of 
atoms couple through an occupied A site, but do not couple through a vacant A site. Furthermore, the relative band intensities in 
(OH)–F amphibole solid-solutions showing two-mode behavior indicate that (OH) and F are completely short-range disordered 
with respect to each other in the amphibole series examined thus far. Amphiboles in the system pargasite–fl uoropargasite show 
strong SRO of (OH) and F with regard to the cations occupying the associated nearest-neighbor M(1)M(1)M(3) sites: arrange-
ments involving MgMgAl–(OH) are far more common than arrangements involving MgMgAl–F. Examination of Ti-bearing 
richteritic amphiboles show that [4]Ti4+ and Si are short-range disordered with regard to each other. Crystal-structure refi nement, 
SIMS analysis and local bond-valence requirements suggest that [6]Ti4+ and O(3)O2– are locally associated at adjacent M(1) and 
O(3) sites in (at least some) amphiboles. It is apparent that SRO is very common in monoclinic amphiboles. Although much work 
remains to be done to fully characterize SRO in amphiboles, the general features are already emerging, and local bond-valence 
requirements seem to be the (principal) factor controlling this type of order. SRO is of signifi cance 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 complicated case is not yet clear, but what is clear is that future thermodynamic models need to 
consider SRO in amphiboles and probably in other minerals in which heterovalent substitutions are common.
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SOMMAIRE

Une mise en ordre locale implique des groupements locaux d’atomes avec une fréquence plus ou moins grande que ce qui 
est prédit selon une distribution aléatoire. La spectroscopie infrarouge dans la région principale des étirements (OH) est sensible 
à de tels arrangements locaux, et les groupes (OH) peuvent donc servir d’indicateur de la mise en ordre à l’échelle locale. Un 
examen des amphiboles naturelles de composition relativement simple indique que la région des étirements des groupes (OH) 
est sensible à de tels arrangements, et fait preuve de structure fi ne pouvant donner de l’information au sujet des agencements 
à courte échelle. De plus, la structure fi ne est sensible aux agencements impliquant les voisins immédiats et les deuxièmes 
voisins. Les agencements possibles doivent répondre aux exigeances locales du principe de la concordance des valences, ce qui 
aide dans l’assignation des bandes dans la structure fi ne du spectre infrarouge correspondant. Les résultats acquis récemment 
pour les amphiboles synthétiques illustrent ces problèmes. Les amphiboles monocliniques des systèmes richtérite–pargasite, 
trémolite–pargasite et trémolite–hornblende font preuve de mise en ordre importante à courte échelle impliquant les groupes 
de cations T, C et A. Les amphiboles montrant une solution solide impliquant le couple (OH)–F et une lacume au site A (e.g., 
trémolite–fl uorotrémolite) font preuve d’un comportement unimodal, tandis que les amphiboles ayant Na ou K au site A (e.g., 
richtérite–fl uororichtérite) possèdent un comportement bimodal, indication que les agencements des deuxièmes voisins devien-
nent couplés via le site A occupé, mais ne le deviennent pas où le site A est vacant. De plus, les intensités relatives des bandes 
de telles amphiboles à comportement bimodal montrent que le (OH) et le F sont complètement désordonnés à courte échelle par 
rapport l’un à l’autre dans les séries examinées jusqu’à date. Les amphiboles du système pargasite–fl uoropargasite font preuve 
d’un désordre marqué de (OH) et F par rapport aux cations occupant les sites M(1)M(1)M(3) de type “deuxièmes voisins” asso-
ciés. Les agencements impliquant MgMgAl–(OH) sont beaucoup plus courants que les agencements MgMgAl–F. Une étude des 
amphiboles richtéritiques montre que [4]Ti4+ et Si sont désordonnés à courte échelle par rapport l’un à l’autre. D’après les affi -
nements des structures, les résultats d’analyses par sonde ionique et les exigeances des valences de liaison, [6]Ti4+ et O(3)O2– sont 
localement associées sur les sites M(1) et O(3) adjacents dans au moins certaines amphiboles. La mise en ordre à courte échelle 
serait très répandue dans les amhiboles monocliniques. Quoiqu’il reste beaucoup à faire pour caractériser complètement ce type 
de mise en ordre dans les amphiboles, les grandes lignes sont déjà établies, et les exigeances locales des valences de liaison 
semblent être le facteur principal régissant le phénomène. Cette mise en ordre locale serait importante à cause de son rôle dans 
la stabilité des amphiboles et des autres minéraux concernés, grâce aux répercussions sur l’entropie (et l’enthalpie). La façon 
de formuler de tels effets dans un tel cas compliqué n’est pas encore claire, mais il est d’ores et déjà évident que les modèles 
thermodynamiques futurs devront prendre en considération la mise en ordre locale des amphiboles et probablement des autres 
minéraux dans lesquels les substitutions hétérovalentes sont répandues.

 (Traduit par la Rédaction)

Mots-clés: mise en ordre locale, amphiboles, spectroscopie infrarouge, exigeances locales des valences de liaisons, trémolite, 
richtérite, pargasite.

infrared spectroscopy, magic-angle-spinning nuclear 
magnetic resonance (MAS NMR) spectroscopy], but 
the problem is that only part of the local arrangement is 
derived, and the complete picture of SRO is commonly 
not clear. Here, we shall examine the issue of SRO of 
cations and anions in monoclinic amphiboles, and show 
that detailed information on SRO can be derived by a 
combination of infrared spectroscopy and local bond-
valence theory, augmented by results from Rietveld 
and single-crystal diffraction. Ionic radii are taken from 
Shannon (1976), and bond-valence curves are taken 
from Brown & Altermatt (1985).

LONG-RANGE ORDER

Let us fi rst examine the issue of LRO for a simple 
(two-dimensional) crystal of general composition 
M2SiO4, where M = Mg, Fe2+, and consider the compo-
sition Mg0.8 Fe2+

1.2 SiO4 for the case where there are 
two distinct sites, M(1) and M(2), in the unit cell 
(Fig. 1). Maximum order involves complete occupancy 
of one site by Fe2+ and occupancy of the other site by 
a mixture of Mg and Fe2+. Either M(1) or M(2) can be 
fully occupied by Fe2+, leading to the two long-range 

INTRODUCTION

In the past thirty years, there has been an enor-
mous amount of work on long-range order (LRO) of 
atoms in common rock-forming minerals. This has 
been accompanied by investigations into the relations 
among mineral composition, structural state, physical 
properties and ambient conditions of crystallization or 
equilibration. The experimental techniques by which 
this work is done have seen considerable development 
over this time, and both diffraction and spectroscopic 
methods are now capable of producing results of high 
precision and considerable accuracy. However, LRO 
is only one type of atomic-scale order that occurs in 
minerals; short-range order (SRO) also can occur. The 
problem is that SRO does not obey the translational 
symmetry of the structure in which it occurs, and 
hence SRO is diffi cult to detect and decipher directly 
by standard diffraction methods. There is information 
on SRO resident in diffuse scattering from a crystal, 
but this information is quite diffi cult to extract, particu-
larly where the SRO is complicated, and this approach 
has only been used for simpler materials. SRO can 
be detected by several spectroscopic techniques [e.g., 
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ordered arrangements shown in green in Figure 1. 
Long-range disorder occurs where Mg and Fe2+ occur 
in equal amounts at the M(1) and M(2) sites, shown in 
pink in Figure 1. As indicated above, the states of order 
shown in Figure 1, and any states intermediate between 
them, can be easily determined by various diffraction 
and spectroscopic techniques.

SHORT-RANGE ORDER

Let us now examine the issue of SRO for the same 
(two-dimensional) crystal shown in Figure 1. LRO 
involves the occupancies of the sites averaged over the 
complete crystal, whereas SRO involves the occupancy 
of individual (i.e., non-averaged) sites over a scale of 
a few Å. This situation is illustrated in Figure 2 by a 
few unit cells of the crystal. The M(1) site in the central 
unit cell is surrounded by four other sites, two M(1) 
sites and two M(2) sites. SRO involves the formation 
of local clusters of atoms that occur either more or less 
than predicted by a random distribution, and of course 
there is no LRO as we are only dealing with a non-
periodic cluster of atoms. The four nearest-neighbor M 
sites surrounding the central M(1) site (Fig. 2) may be 
occupied by Fe2+

4, Fe2+
3Mg, Fe2+

2Mg2, Fe2+Mg3, or 
Mg4. For a crystal of composition Mg0.8 Fe2+

1.2 SiO4, 
a random distribution of nearest-neighbor cations will 
give the frequencies of occurrence of the possible clus-
ters indicated in Figure 2. On the other hand, the local 
distribution may not be random (i.e., disordered); it may 
be ordered, whereby some clusters occur to a greater 
extent than a random distribution indicates, and other 
clusters occur to a correspondingly more limited extent 
than a random distribution indicates. Figure 2 shows 
an SRO arrangement in which the cluster Mg4 occurs 
much more, and the cluster Fe2+

2Mg2 occurs much less 
commonly, if compared with a random distribution. 
For the short-range disordered model, the frequency 
of occurrence of each arrangement is calculated as the 
product of the fraction of each component, weighted 
according to the number of times it occurs in the 
arrangement; the resultant values are then normalized 
to unity. Thus for the example in Figure 2, the relative 
frequencies of occurrence are 0.64, 0.63 � 0.4, 0.62 � 
0.42, 0.6 � 0.43 and 0.44; these values normalize to 
those given in Figure 2. For short-range order, there are 
several different end-member arrangements compatible 
with the bulk composition of the crystal in Figure 2, 
e.g., (1) Fe4 0.6, Mg4 0.4, others zero; (2) Fe4 0.2, Fe2 
Mg2 0.8, others zero. The frequencies of occurrence 
for short-range order shown in Figure 2 are examples 
of a partial degree of SRO involving the occurrence 
of all arrangements (that are compatible with the bulk 
composition of the crystal).

The above discussion involves SRO of homovalent 
cations. Of more interest from a crystal-chemical and 
mineralogical perspective is SRO involving heterova-
lent cations (or anions), as these states of order involve 

much greater changes in local bond-valence distribution 
than do changes in states of SRO involving homovalent 
cations (Hawthorne 1997). In turn, the resultant bond-
valence constraints on local arrangements may have 
signifi cant effects on the variation of chemical composi-
tion and stability of the constituent minerals.

It should also be emphasized that data on SRO are 
not easily obtained. No single experimental method is 
the philosophers’ stone for this information. In prin-
ciple, diffraction techniques do give information on 
SRO in diffuse scattered intensity. However, in practice, 
this information is diffi cult to extract, even for simple 
minerals, let alone for the more complex rock-forming 
silicate minerals. Several spectroscopic techniques 
are sensitive to states of local order, but all have only 
limited application in complex solids. As shown below, 
infrared spectroscopy can be used to characterize SRO 
in (OH)-bearing minerals such as amphiboles or micas, 
where the sensitivity of the O–H stretching frequency 
(energy) to local environment can be exploited. 
However, in the absence of OH, infrared spectroscopy 
is of little use for characterizing SRO in complicated 
minerals. Also, the O–H stretching frequency is sensi-
tive to local order involving NN (nearest-neighbor) 
cations, but is less sensitive to cation arrangements 
further away from the (OH) group involved. Another 
technique of considerable use is MAS NMR (Magic-
Angle Spinning – Nuclear Magnetic Resonance), which 
can sense different arrangements of NNN (next-nearest-
neighbor) cations of sensitive nuclei in diamagnetic 
materials [the presence of even minor (~2%) Fe2+ 
paramagnetic constituents can quench the signal]. 
However, the importance of aluminosilicate minerals 
from a geological perspective somewhat offsets this 
constraint on its use.

Given that short-range order–disorder is quite diffi -
cult to characterize from an experimental perspective, 
why should one be interested in it? The interest in 
SRO arises because it affects the stability of a mineral 
in the same way as LRO, through its associated confi g-
urational entropy and enthalpy of order–disorder, and 
it will also affect the exchange of elements between 
coexisting minerals.

LRO IN MONOCLINIC AMPHIBOLES

The general formula of the amphiboles may be 
written as

A B2 C5 T8 O22 W2

where A = �, Na, K, Ca; B = Ca, Mn2+, Fe2+, Mg, Na, 
Li; C = Mg, Fe2+, Mn2+, Al, Fe3+, Ti4+, Li; T = Si, Al, 
Ti4+, and W = (OH), F, Cl, O2–.

The list of elements given above is by no means 
comprehensive, but does incorporate the more common 
constituents of the amphibole structure. Most amphi-
boles adopt the monoclinic C2/m structure; this struc-
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FIG. 1. Sketch of a symbolic (two-dimensional) crystal structure showing a series of unit 
cells containing two cation sites, M(1) and M(2), together with long-range ordered and 
long-range disordered site-populations for a bulk composition Mg0.8 Fe2+

1.2 SiO4.

FIG. 2. Sketch of a four unit-cell fragment of the 
symbolic structure of Fig. 1, showing the local 
(next-nearest neighbor) environment around one 
M(1) site, together with short-range ordered and 
short-range disordered arrangements for a bulk 
composition Mg0.8 Fe2+

1.2 SiO4.
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ture is illustrated in Figure 3, which can be used to 
follow the ensuing discussions involving nearest- and 
next-nearest-neighbor polyhedra.

Before we can begin to examine SRO in amphiboles, 
we need to understand the behavior of atoms involved 
in LRO, as LRO gives us information on what types of 
short-range arrangements are not possible just because 
atoms do not occupy those specifi c sites. 

The T-group cations occupy the T(1) and T(2) sites 
(Fig. 3). Crystal-structure refi nement has shown that Al 
is strongly ordered at the T(1) site (Papike et al. 1969, 
Robinson et al. 1973, Hawthorne & Grundy 1973a, 
b, Bocchio et al. 1978, Hawthorne 1983, Oberti et al. 
1995a). However, small amounts of Al can occur at 
the T(2) site, and Oberti et al. (1995a) showed that the 
amounts of disorder of Al between T(1) and T(2) is a 
function of temperature of crystallization. Oberti et al. 
(1992) showed that [4]Ti is completely ordered at the 
T(2) site in richteritic amphiboles.

The C-group cations occupy the M(1), M(2) and 
M(3) sites of the octahedron strip (Fig. 3), and within 
these sites, there can be strong LRO of cations. The 
most common cations in this group are Mg and Fe2+, 
and these can show complete solid-solution at all three 
sites. Trivalent cations Al and Fe3+ generally occur at 
the M(2) site (Hawthorne 1983), although signifi cant 
disorder of Al over M(2) and M(3) occurs in Mg-rich 
pargasite (Oberti et al. 1995b), and Fe3+ can occur 

at M(1) and M(3), particularly where associated with 
oxidation–dehydroxylation (e.g., Ernst & Wai 1970, 
Phillips et al. 1988, 1989). Where present in signifi cant 
amounts (> 0.2 apfu: atoms per formula unit), [6]Ti 
occurs primarily at M(1) (Kitamura et al. 1973, 1975, 
Oberti et al. 1992, Hawthorne et al. 1998, Tiepolo et al. 
1999), entering via the oxy substitution Ti4+ + 2O2– → 
(Mg, Fe2+) + 2(OH). Where present in small amounts 
(< 0.20 atoms per formula unit, apfu), the behavior of 
[6]Ti is not easy to characterize; early work assigned 
[6]Ti present in small amounts solely to the M(2) site, 
but there is no experimental justifi cation for this assign-
ment. C-group Li is always completely ordered at the 
M(3) site (Hawthorne et al. 1992, 1993, 1994, 1996b, 
Armbruster et al. 1993, Oberti et al. 2003, Tait et al. 
2004). This strong ordering of non-divalent cations 
results in strong differential occupancy of the M(1,2,3) 
sites by Mg and Fe2+, but this ordering is driven by the 
site preferences of the non-divalent cations.

The B-group cations occupy the M(4) cavity (Fig. 3) 
and link the octahedron strip to the tetrahedron double-
chain in the b direction. The constituent cations Ca, 
Mn2+, Fe2+, Mg, Na and Li show a wide range of size 
(from 0.72 to 1.02 Å for [6]-coordination); the exact 
position of the cation within the cavity depends on its 
size: the large cations (Ca, Na) are further away from the 
margin of the octahedron strip than are the small cations 
(Mn2+, Fe2+, Mg, Li). Indeed, multiple occupancy of 

FIG. 3. The C2/m amphibole structure projected onto (100).
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the cavity can lead to the identifi cation of two distinct 
sites in a single crystal, the M(4) site and M(4)' site. 
However, it seems unlikely that a single cation species 
will disorder over the M(4) and M(4)' sites.

The A-group cations occupy the A cavity (Fig. 3). 
There are several distinct sites within this cavity (Fig. 4), 
and it is not clear if all of them actually can be occupied, 
as attaining an adequate model for the electron density 
in this cavity during crystal-structure refi nement is non-
trivial. However, it seems likely that only the A(m) and 
A(2) sites are occupied. K occupies A(m) (Papike et al. 
1969, Hawthorne 1983), and Na occupies both A(m) 
and A(2), the relative occupancies of these sites being 
dependent on SRO arrangements at the nearest-neighbor 
cation sites (Hawthorne et al. 1996a).

The W-group anions occupy the O(3) site. The sizes 
of these anions show a considerable range and yet there 
seems to be continuous solid-solution between (OH) 
and F, (OH) and O2–, and (OH) and Cl for several 
amphiboles.

(OH) AS A PROBE OF LOCAL ORDER 
IN AMPHIBOLE

The O(3) site and its local environment are illustrated 
in Figure 5. Where O(3) = (OH), the O–H distance is 
~0.96 Å (Hawthorne & Grundy 1976) and the associ-
ated O–H bond is approximately orthogonal to (100) 
(Hanisch 1966). The O(3) anion bonds to two M(1) and 
one M(3) cations. The point symmetry of the O(3) site 
is m in the C2/m amphibole structure, but inspection of 
Figure 5 shows that there is pseudo-trigonal symmetry 
along the O–H bond, a very important factor that affects 
the resolution of the infrared spectra (Strens 1966).

SRO and the assignment of bands 
in the infrared spectrum

Consider two cation species (e.g., Mg and Fe2+ or 
Mg and Co2+) at the (two) M(1) and (one) M(3) sites. 
As O(3) bonds to these M sites, there are 2 � 2 � 2 = 8 
different possible short-range arrangements around an 
(OH) anion at O(3); these are listed in Table 1. The spec-
trum that results from this situation (Fig. 6) shows only 
four absorption bands. The difference in the number of 
observed bands and the number of possible short-range 
arrangements arises from the pseudotrigonal nature 
of the local arrangement: the two M(1) and one M(3) 
cations are pseudosymmetrically related, introducing an 
accidental degeneracy into the spectrum (Table 1). The 
bands in the spectrum of Figure 6 are labeled A, B, C 
and D, and their assignments are shown in Table 1.

Band intensities in the spectra

As the bands A, B, C and D are related to different 
short-range arrangements of the M(1) and M(3) cations 
around O(3), the relative intensities of these bands are 
related to the relative frequencies of occurrence of these 
short-range arrangements in the structure; moreover, the 
sum of all the short-range arrangements must be equal 
to the bulk composition. Strens (1966, 1974) derived 
the criteria to identify both LRO and SRO, but Law 
(1976) showed that these criteria are not correct. Law 
(1976) developed a model for LRO assuming no SRO is 
present, but application to two amphiboles characterized 
by crystal-structure refi nement and Mössbauer spec-
troscopy showed poor agreement between the various 
site-occupancies.

Following Strens (1966, 1974) and Law (1976), we 
write the site occupancies and C-group-cation composi-
tion as follows:

FIG. 4. Possible A sites in the A cavity of the C2/m amphibole 
structure.

FIG. 5. The (OH) group in the amphibole structure, associated 
with the M(1) (random dots) and M(3) (crosses) polyhedra. 
The O atom at the O(3) site is shown as a black circle, and 
its associated H atom is shown as a starred circle.
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yM(1) = M 2+ at M(1)

yM(3) = M 2+ at M(3)  (1)

xM(1) = Mg at M(1)

xM(3) = Mg at M(3)

X = total Mg at M(1,3) = 2 xM(1) + xM(3) (2)

Y = total M 2+ at M(1,3) = 2 yM(1) + yM(3)

We may express all occupancies in terms of x and y by 
manipulating equations (1) and (2):

xM(1) = 1 – yM(1) = 1 – ½ [Y – yM(3)]

yM(1) = ½ [Y – yM(3)]  (3)

xM(3) = 1 – yM(3)

For no SRO, the relative intensities of the bands, 
IC

A,B,C,D are given by

IC
A = xM(1)

2 xM(3)

IC
B = xM(1)

2 yM(3) + 2 xM(1) yM(1) xM(3) (4)

IC
C = yM(1)

2 xM(3) + 2 xM(1) yM(1) yM(3)

IC
D = yM(1)

2 yM(3)

where the superscript C on the band intensities denotes 
that they are calculated values. Substituting (3) into (4) 
gives the following:

IC
A = (1 – ½ [Y – yM(3)]2) (1 – yM(3))

IC
B = (1 – ½ [Y – yM(3)])2 yM(3) + 

2 (1 – ½ [Y – yM(3)]) ½ [Y – yM(3)] (1 – yM(3)) (5)

IC
C = ¼ [Y – yM(3)]2 (1 – yM(3)) + 

2 (1 – ½ [Y – yM(3)]) ½ [Y – yM(3)] yM(3)

IC
D = ½ [Y – yM(3)]2 yM(3)

Equation (5) gives the calculated intensities of the bands 
as a function of cation order (i.e., yM(3)) for a specifi c 
composition Y where there is no SRO present (i.e., 
there is short-range disorder). Following Law (1976), 
we may assume that there is no SRO and use equation 
(5) to derive the state of LRO from the observed values 
of the band intensities (IO

A,B,C,D). Alternatively, we may 
measure the state of LRO (i.e., yM(3)) by some other 
method (e.g., Rietveld refi nement, Raudsepp et al. 1987, 
Della Ventura et al. 1993a, b) and use the observed 
(IO

A,B,C,D) and calculated (IC
A,B,C,D) band intensities 

to derive information on SRO of divalent cations over 

FIG. 6. The infrared spectrum in the principal OH-stretching 
region of a synthetic (Mg,Co)-bearing potassium-richterite 
of composition K(CaNa)(Mg3Co2)Si8O22(OH)2. From 
Hawthorne et al. (1996d).
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the M(1) and M(3) sites (Hawthorne et al. 1996d, Della 
Ventura et al. 1996a).

SRO OF HETEROVALENT CATIONS IN TREMOLITE

Hawthorne et al. (1996c) fi rst showed that strong 
SRO of cations does occur in monoclinic amphiboles. 
Figure 7a shows the infrared spectrum of synthetic 
tremolite of composition close to � (Ca1.8 Mg0.2) Mg5 
Si8 O22 (OH)2, and Figure 7b shows the spectrum of 
tremolite (56) (Hawthorne 1983), the composition of 
which is given in Table 2. The spectrum of synthetic 
tremolite consists of an intense narrow band at 3674 
cm–1 due to the confi guration MgMgMg–(OH) [M(1) = 
M(3) = Mg], together with a narrow shoulder at ~3670 
cm–1 due to the confi guration MgMgMg–(OH) with a 
neighboring M(4) site(s) occupied by Mg rather than by 
Ca. The spectrum of tremolite in Figure 7b also has an 
intense band at 3674 cm–1, in accord with the makeup 
of its C-group cations. However, there is also an intense 
band at 3705 cm–1 in the spectrum of Figure 7b, and the 
composition of this amphibole indicates that this band 
must be related to occupancy of the A, M(4) and T(1) 
sites by cations not present in synthetic tremolite [i.e., 
A(Na, K), M(4)Na and T(1)Al]. Hence the bands in the 
principal (OH)-stretching region of the infrared must 
also be affected by not just the cations that are nearest 
neighbors to the O(3) anion, but also by cations that are 
next-nearest-neighbors of O(3).

Infrared absorption of related amphiboles

Table 2 shows that the tremolite under consideration 
has signifi cant (Na, K) at the A site, Na at the M(4) 
site and Al at the T(1) site. Let us fi rst consider the 
effect of (Na, K) at the A site on the MgMgMg–(OH) 
absorption. This may be assessed by examining the 
infrared spectra of synthetic richterite (Fig. 7c) of 
nominal end-member composition, Na Ca Na Mg5 
Si8 O22 (OH)2, and synthetic tremolite – potassium-
rich richterite solid-solution of nominal composition 
TR80KR20 (Fig. 7d). In synthetic richterite, the principal 
absorption occurs at 3730 cm–1 with a minor peak at 

FIG. 7. Infrared absorption spectra in the principal (OH)-
stretching region for (a) synthetic tremolite, (b) tremolite 
(56) of Hawthorne & Grundy (1976), (c) synthetic richter-
itewith a minor tremolite component, (d) synthetic tremo-
lite–potassium-richterite of composition TR80KR20. The 
dotted peaks in (b) represent two component bands of the 
higher-energy peak. From Hawthorne et al. (1996c).
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3674 cm–1 (Fig. 7c), whereas in synthetic TR80KR20, 
the principal absorption occurs at 3674 cm–1 with a 
minor peak at 3738 cm–1 (Fig. 7d). The bands at 3730 
and 3738 cm–1 are assigned to the local arrangement 
MgMgMg–(OH) with a neighboring A site occupied by 
Na and K, respectively, which we will refer to as the 
richterite (or potassium-rich richterite) arrangement. In 
the spectrum of synthetic TR80KR20 (Fig. 7d), the band 
at 3674 cm–1 can be assigned to the local arrangement 
MgMgMg–(OH) with a neighboring A-site vacant, 
which we will refer to as the tremolite arrangement. A 
band due to the tremolite arrangement also occurs in the 
spectrum of synthetic richterite (Fig. 7c), indicating that 
it is not of end-member composition, but has signifi cant 
vacancy at the A site.

The effect of next-nearest-neighbor cations

Let us now consider the possible local arrangements 
of next-nearest-neighbor cations (Table 3) in tremolite 
of composition given in Table 2. Obviously, arrange-
ments of the type MgMgMg–F do not give rise to an 
(OH)-stretching absorption. However, the O(3) sites 
occur in pairs along the edge of the M(1) octahedron, 
and the occurrence of (OH)–F arrangements here may 
or may not give rise to additional bands. Arrangement 
(1) (Table 3) is the tremolite confi guration and gives 
a band at 3674 cm–1. Substitution of F in tremolite 
(Robert et al. 1999) does not give rise to any additional 
bands (one-mode behavior) and hence arrangement (2) 
will not give rise to an (OH) absorption. Arrangement 
(3) is the richterite (potassium-rich richterite) confi gura-
tion and gives a band at 3730 (3738) cm–1. Arrangement 
(4) involves F at the neighboring O(3) site. As shown 
by Della Ventura et al. (1998b) and Robert et al. (1999), 
this arrangement gives rise to an additional band at 3714 
cm–1 in both F-bearing richterite and potassium-rich 
richterite (two-mode behavior). Substitution of Al for Si 
in micas reduces the frequency of the principal absorp-
tion band by ~25 cm–1 (e.g., Redhammer et al. 2000). 
Because the local arrangement around (OH) in richterite 
and potassium-rich richterite is similar to that in Si-rich 
micas, substitution of Al for Si in a local richterite-type 
confi guration will reduce the frequency of the principal 

(OH)-absorption band by ~25 cm–1. Similarly, substi-
tution of Al for Si in a local tremolite confi guration 
[arrangement (5)] would reduce the frequency of the 
principal (OH) absorption to give a band at 3674 – 25 = 
3649 cm–1. Substitution of Al for Si in a local richterite-
type confi guration [arrangement (6)] would reduce the 
frequency of the principal (OH) absorption to give a 
band at 3730 – 25 = 3705 cm–1. Substitution of Al for 
Si in a local richterite-type confi guration with F at an 
adjacent O(3) site [arrangement (7)] would reduce the 
frequency of the principal (OH) absorption to give a 
band at 3714 – 25 = 3689 cm–1.

Derivation of patterns of SRO

We may now compare the band positions and local 
arrangements of Table 3 with the observed bands in 
Figure 7b. Arrangement (1), with its band at 3674 
cm–1, is obviously the dominant local arrangement 
in this amphibole. The weak intensity of the band at 
3730 cm–1 in Figure 7b is not in accord with all the A 
cations being involved in arrangement (3). Arrange-
ment (4) would give rise to a band at 3714 cm–1 that is 
signifi cantly displaced from the maximum at 3705 cm–1; 
this arrangement may be present in a minor amount, 
but the spectrum is not compatible with most of the F 
being involved in this arrangement. Arrangement (5) is 
obviously not present, as there is no trace of a band at 
3649 cm–1 in the spectrum. Arrangement (6) will give 
rise to a band at 3705 cm–1. As the dominant secondary 
band in the spectrum is at 3705 cm–1 (Fig. 7b), we 
may conclude that this arrangement is the second most 
frequent arrangement in this crystal. There is no band at 
3689 cm–1 corresponding to arrangement (7), and hence 
this arrangement does not occur.

Thus the two most important local arrangements in 
our tremolite (56) are (1) and (6) (Table 3). However, 
arrangement (3) involves equal amounts of A(Na, K) and 
T(1)Al, and inspection of the formula of the tremolite 
(Table 2) shows that A(Na, K) exceeds T(1)Al. The excess 
A(Na, K) gives rise to a small amount of arrangement (3) 
and is in accord with the weak band at 3730 cm–1 in the 
spectrum (Fig. 7b). As none of the arrangements identi-
fi ed so far as being present involve F, there must be a 
fourth arrangement that does involve this component. 
Inspection of Table 3 shows that arrangement (2) is the 
only possibility. Note that we cannot use the relative 
intensities of the bands to derive accurate estimates 
of the amounts of these arrangements present in the 
amphibole: fi rst, the absorptivity is related to relative 
concentration in a complex way that is currently not 
understood (Skogby & Rossman 1991, Hawthorne et 
al. 1997); second, arrangements that involve F have 
no spectral expression. However, despite this limita-
tion, it is apparent that the non-tremolite components 
in the amphibole of Table 2 are not randomly distrib-
uted within the amphibole structure but show extreme 
SRO.
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BOND-VALENCE ASPECTS OF SRO

Brown (1981, 2002) has developed a simple but 
powerful approach to chemical bonding in inorganic 
structures. A crystal is considered as an array of atoms 
connected by a network of chemical bonds. Any path 
through this network consists of alternating cations and 
anions, and the total array is subject to the constraint 
of electroneutrality. Bond valence is a measure of the 
strength of a chemical bond, and can be calculated 
from the curves of Brown & Altermatt (1985) if the 
bond lengths are known. The valence-sum rule states 
that the sum of the bond valences incident at each atom 
is equal to the magnitude of the formal valence of 
that atom. If the interatomic distances are not known, 
the bond valences can be approximated by the formal 
Pauling bond-strengths (Pauling 1929). Bond-valence 
arguments are normally applied to the long-range 
aspects of a structure, and Preiser et al. (1999) have 
shown how bond-valence theory can be derived from 
an ionic model. However, Burdett & Hawthorne (1993) 
showed how aspects of the theory can be derived from 
a localized molecular-orbital description of a solid in 
which there is a signifi cant energy-gap between inter-
acting orbitals on adjacent atoms. This fi nding suggests 
that bond-valence theory can also be applied to local 
arrangements within a structure, and Hawthorne (1997) 
applied such arguments to derive the most probable 
arrangements of SRO in a wide variety of monoclinic 
amphiboles. A key feature of this approach is the 
application of the valence-sum rule to all possible 
short-range arrangements: those arrangements that most 
closely conform to the valence-sum rule are the short-
range arrangements that are most likely to occur.

Of course, except in completely ordered amphiboles 
(in which the patterns of LRO are also the patterns of 
SRO), we do not know the local bond-lengths. There are 
two ways in which we can approach this problem: (1) 
we can use the formal Pauling bond-strengths; (2) we 
can take the observed bond-valences in an amphibole 
in which the LRO is similar to that in the structure 
of interest (usually the structure of the amphibole of 
interest itself) and modify them by the ratio of the 
formal aggregate charge of the ions at a site to the 
formal charge of the ions at that site in the SRO arrange-
ment under consideration.

SRO of heterovalent cations in tremolite (56): 
application of bond-valence theory

Let us apply these ideas of bond-valence theory 
to the example of tremolite (56) considered in the 
previous section. As indicated in Table 2, the principal 
non-tremolite components in this amphibole are A(Na, 
K), M(4)Na and T(1)Al. The environment of these sites 
is shown in Figure 8. Of key importance here are the 
O(5), O(6) and O(7) anions that link to the A(2), M(4) 
and T(1) sites, as the bond valences incident at these 

sites will be strongly affected by the local occupancies 
of the A(2), M(4) and T(1) sites. Table 4 shows the 
bond valences of the cation arrangements of Table 3 
(exclusive of those involving F).

Arrangement (1) is the ordered tremolite confi gura-
tion and has incident bond-valence sums in accord with 
the valence-sum rule. Arrangement (3) is the richterite 
confi guration; it also has reasonable bond-valence sums, 
and corresponds with both the chemical composition 
of the crystal and the weak band at 3730 cm–1 in the 
spectrum of Figure 7b. Arrangement (5) has Al at T(1), 
Ca at M(4) and a vacant A-site; the bond-valence sums 
are very low, indicating that this local arrangement will 
not occur, in agreement with the absence of a band at 
3649 cm–1. For arrangement (6), the bond-valence sum 
for O(5) is low, and the sums for O(6) and O(7) are 
acceptable. As arrangements (5) and (6) are the only 
arrangements that include Al at T(1), it is a question of 
which arrangement is to be preferred. From the sums 
in Table 4, it is clear that (6) is the preferred arrange-
ment, in accord with the band position at 3705 cm–1 
(Table 3). Other arrangements are also (combinatorially) 
possible, specifi cally those that just involve the addition 
or replacement of one component, but these are unfavor-
able from a bond-valence perspective.

NEAREST- AND NEXT-NEAREST-NEIGHBOR EFFECTS

The simple example given above shows that next-
nearest-neighbor (NNN) effects give rise to signifi cant 
bands in the spectra of amphiboles, which is very fortu-
nate as these NNN “effects” are our short-range arrange-
ments of atoms, and the presence and intensities of the 
resultant bands contain information on SRO. Before we 
consider any specifi c amphiboles, we need to charac-

FIG. 8. The A(2), M(4) and T(1) sites in tremolite, together 
with their coordinating anions and neighboring coordina-
tion-polyhedra.
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terize the local arrangements of sites that are involved 
in these possible patterns of SRO, and we also need to 
develop a nomenclature to denote these site confi gura-
tions (note that we use the term “confi guration” when 
we are dealing with sites, and the term “arrangement” 
when we are dealing with atoms).

Nearest-neighbor sites

The O(3) site is bonded to two M(1) and one M(3) 
sites (Fig. 5), and the H atom of that O(3) site interacts 
with the cation at the A site. Hence we may denote 
this confi guration of sites as M(1)M(1)M(3)–O(3)–A, 
and local arrangements of atoms will be written as 
follows: MgMgMg–OH–�... end-member tremolite, 
MgMgMg–OH–Na... end-member richterite.

Next-nearest-neighbor sites: the T sites

Consider the local environment of the H atom in 
the monoclinic amphibole structure (Fig. 9). The H 
atom is in such a position as to form a hydrogen bond 
to the closest O(7) atom (Hawthorne 1983), and it is 
the strength of this interaction that affects the shift in 
the frequency of the principal OH-stretching vibration. 
So what affects the strength of this hydrogen bond? 
The key issue here is that the valence-sum rule must 
be satisfi ed at the O(7) anion, and this is affected only 
by the atoms occupying the locally associated pair of 
T(1) sites (Fig. 9). We can incorporate the T(1)T(1) 
confi guration by appending it to the site-confi guration 
symbol: M(1)M(1)M(3)–O(3)–A:T(1)T(1). 

FIG. 9. The local environment of the H atom in the monoclinic amphibole structure 
viewed down [010] with perspective; the T(2) sites have been omitted for clarity. From 
Della Ventura et al. (1999).
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Next-nearest-neighbor sites: the M sites

The NN and NNN M sites are shown in Figure 10. 
We know that the next-next-nearest-neighbor sites will 
not give rise to additional bands, as these sites include 
the M(4) sites, and occupancy of that site by both Na 
and Ca in richterite does not produce fi ne structure, 
although it does produce band broadening (band split-
ting of a few wavenumbers that is not resolved in the 
spectrum). Hence only the M(2) and M(3) sites may 
produce discrete bands in the infrared. The issue now 
is which M(2) and M(3) sites are involved in this effect. 
Della Ventura et al. (1999) discussed this issue and 
noted that there are (at least) two models (Fig. 10). 
In the fi rst (simpler) model (Fig. 10a), we consider 
the three NNN M sites M(2)M(2)M(3), whereas in 
the second model (Fig. 10b), we consider the five 
NNN M sites M(2)M(2)M(3)M(2)M(2); note that the 
second model also could consider the two M(1) sites 
as well, but these are occupied solely by Mg in the 
composition currently considered (see below) and 
hence will not contribute to this effect. We incorporate 
this M(2)M(2)M(3) confi guration into our site confi gu-
ration symbol as follows: M(1)M(1)M(3)–O(3)–A:
T(1)T(1)–M(2)M(2)M(3) or M(1)M(1)M(3)–O(3)–A: 
T(1)T(1)–M(2)M(2)M(3)M(2)M(2).

The number of possible 
short-range arrangements of cations

Let us examine our site-configuration symbol 
M(1)M(1)M(3)–O(3)–A:T(1)T(1)–M(2)M(2)M(3) to 
see how many local confi gurations are possible. This 
problem depends on the number of species that are 
available for incorporation; we will consider this 
problem for a relatively straightforward example. Let 
the M(1) and M(3) sites be occupied by Mg and Al, 
the O(3) site be occupied only by (OH), the A site be 
occupied by Na, � and Ca, and the T(1) site be occupied 
by Si and Al. Setting pseudosymmetric arrangements 
as identical, the NN M(1) and M(3) sites give rise to 
four arrangements: MgMgMg, MgMgAl, MgAlAl and 
AlAlAl; the A site gives rise to three arrangements: Na, 
� and Ca; the NNN T(1) site pair gives rise to three 
arrangements: SiSi, SiAl and AlAl; the NNN M(2) and 
M(3) sites give rise to four arrangements: MgMgMg, 
MgMgAl, MgAlAl and AlAlAl. Thus the total number 
of algebraically possible arrangements is 4 � 3 � 3 � 4 
= 144; if we extend the NNN arrangement of octahedra 
to the next two M(2) sites, this number rises to 144 � 3 
= 432. Of course, many of these arrangements will be 
unstable on bond-valence grounds (Hawthorne 1997), 
but a random short-range arrangement of cations would 
give rise to this many arrangements for this particular 
composition.

FIG. 10. Nearest-neighbor (unstippled) and next-nearest-neighbor (stippled) octahedra about the O(3) site in the monoclinic 
amphibole structure; the O(3) site is marked by a large black circle. Modifi ed from Della Ventura et al. (1999).
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Resolution of infrared spectra

This problem was examined by Della Ventura et 
al. (1999) who synthesized amphiboles along the rich-
terite–pargasite join. The spectrum of richterite is well 
understood, and thus this gives us a start in spectrum 
fi tting and assignment. The general approach here is to 
fi t one model to all the spectra of the series, as in this 
way we can considerably increase the number of obser-
vations without greatly increasing the number of fi tting 
parameters. We can identify the key features of this 
approach as follows: (1) numerical fi tting of the spectra 
to component bands must be congruent for all spectra; 
(2) the intensities of the component bands must vary 
systematically with changes in chemical composition, 
and (3) the variations in order derived from the spectral 
assignments must be in accord with the variation in cell 
dimensions across the series.

SRO IN RICHTERITE–PARGASITE 
SOLID-SOLUTIONS

The infrared spectrum of pargasite has long been 
known to be a complicated spectrum. Semet (1973) 
noted the presence of two broad bands centered on 3711 
and 3678 cm–1, and suggested that these are due to Al–
Mg disorder over the M(1) and M(3) sites. Raudsepp et 
al. (1987, 1991) presented similar spectra for pargasite 
and M 3+-substituted pargasite (M 3+ = Cr, Sc, In), and 
found that the lower-frequency band is shifted to lower 
wavenumber in substituted pargasite, in accord with the 
replacement of Al by a heavier trivalent cation at the 
M(1,3) sites. Welch et al. (1994) showed an analogous 
1H MAS NMR spectrum for pargasite. However, the 
very broad bands in the infrared spectra indicate that 
there are more than two components in the spectra, but 

inspection of the spectrum of pargasite (Fig. 11) shows 
that there is not a lot of information in the envelope on 
additional components; indeed, the pargasite spectrum 
does not contain sufficient information to allow a 
completely independent and unique fi t of component 
bands (Hawthorne & Waychunas 1988).

Early crystal-structure studies on pargasite assumed 
that [6]Al is completely ordered at the M(2) site. 
However, Semet (1973) and Raudsepp et al. (1987, 
1991) showed that this is not the case. Detailed crystal-
structure work by Oberti et al. (1995b) 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 increase in the amount of Mg in the structure. Della 
Ventura et al. (1998a) showed that [6]Al is disordered in 
synthetic pargasite but completely ordered at M(2) in the 
Co analogue Na Ca2 (Co2+

4 Al) (Si6 Al2) O22 (OH)2.

Fitting of spectra for the richterite–pargasite 
solid-solution

The fitted spectra of this series are shown in 
Figure 12. The fitting process started with the top 
spectrum of Figure 12, and then proceeded through to 
the bottom spectrum of Figure 12, fi xing the positions 
of the peaks present in the previous spectra (these 
constraints were relaxed somewhat once all the spectra 
were fi tted). More extensive details are given in Della 
Ventura et al. (1999).

The number of stable arrangements

Above, we showed that there are 144 algebraically 
distinct arrangements for the configuration symbol 
M(1)M(1)M(3)–O(3)–A:T(1)T(1)–M(2)M(2)M(3), and 
432 distinct arrangements for the confi guration symbol 
M(1)M(1)M(3)–O(3)–A:T(1)T(1)–M(2)M(2)M(3) 
M(2)M(2). Let us consider the case for the simpler 
confi guration. Using the bond-valence arguments of 
Hawthorne (1997), we can reduce this number some-
what to what is possible with regard to the local valence-
matching principle. Any arrangement with two or 
three Al at M(1)M(1)M(3) will lead to an unacceptable 
excess in bond valence at O(3) (1.33 and 1.50 vu using 
Pauling bond-strengths), and hence only MgMgMg and 
MgMgAl can occur, reducing the number to 144 / 2 = 
72. Although Ca can occur at the A site in monoclinic 
amphiboles (Hawthorne et al. 1996e), it is unlikely 
that such an arrangement is possible in the absence of 
F, as Ca would get too close to the H atom of the (OH) 
group at O(3). Examination of pargasitic amphiboles 
(plus fl uorocannilloite, Hawthorne et al. 1996e) shows 
that F is always in excess of ACa � 2 (Fig. 13). Thus 
only Na and � are possible at the A site, reducing the 
number of arrangements to 72 � 2 / 3 = 48. The local 
arrangement T(1)T(1) = AlAl cannot occur as it requires 
local association of Ca at the A site (which we show 
above does not occur in the absence of F) to avoid 

FIG. 11. The infrared spectrum of pargasite in the principal 
OH-stretching region. From Della Ventura et al. (1999).
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unacceptably low bond-valence sums at the O(7) site, 
and hence the number further decreases to 48 � 2 / 3 
= 32. The four possible arrangements of NNN cations 
[at the M(2)M(2)M(3) sites] are MgMgMg, MgMgAl, 
MgAlAl and AlAlAl; neither AlAlAl nor MgAlAl can 
occur with the NN arrangement MgMgAl as an excess 
of bond valence results at the anions linked to two Al 
cations, reducing the number to 32 / 2 = 16.

Band assignment

Note that in end-member pargasite with complete 
LRO of Al and Si at the T sites, the arrangement 
T(1)T(1) = SiSi cannot occur, as the bulk composition of 
the crystal would also force an equal number of arrange-
ments of the type T(1)T(1) = AlAl, and these cannot 
occur because of the absence of F (and hence ACa), 
resulting in low bond-valence sums incident at the O(7) 
anion. This argument is in accord with the spectra of 
Figure 12. Band A, which we assign to the MgMgMg–
(OH)–Na:SiSi–MgMgMg arrangement in richterite, 
decreases in intensity with increasing pargasite content 
in the amphibole, to disappear at end-member parga-
site (and hence the number of possible local arrange-
ments in end-member pargasite reduces to 16 / 2 = 8). 
Bands B and C involve NN arrangements of the form 
MgMgMg–OH–Na; they also have to incorporate [4]Al 
and hence have the NNN arrangement T(1)T(1) = SiAl. 
Bands D and F involve NN arrangements of the form 
MgMgAl–OH–Na; they also have to incorporate [4]Al 
and hence have the NNN arrangement T(1)T(1) = SiAl. 
So what distinguishes between bands B and C? This 
is the NNN arrangement involving the M(2) and M(3) 
sites: MgMgMg and AlMgMg, respectively. The origin 
of the D and F bands is somewhat more obscure. The G 

FIG. 12. Resolution of the infrared spectra of richterite–par-
gasite solid-solutions into component bands A to H. From 
Della Ventura et al. (1999).

FIG. 13. The variation in Ca at the A site, ACa, as a function of 
F content in Ca-rich amphiboles; the diagonal line shows 
the relation 2 � ACa = F, and to the right of the line, there 
is always more than suffi cient F to be associated with Ca 
in the A cavity. 
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and H bands occur only in end-member pargasite, and 
were assigned to NNN M-site confi gurations involving 
one and two Al atoms, respectively (Della Ventura et al. 
1999): MgMgAl–(OH)–Na:SiAl–MgMgMgAlMg and 
MgMgAl–(OH)–Na:SiAl–MgMgMgAlAl. However, 
if this is the case, this raises the issue of why bands of 
the form MgMgMg–(OH)–Na:SiAl–MgMgMgAlMg 
and MgMgMg–(OH)–Na:SiAl–MgMgMgAlAl are 
not present. The alternative is that bands G and H 
could be due to arrangements MgMgMg–(OH)–Na:
SiAl–MgAlAl and MgMgAl–(OH)–Na: SiAl–MgAlAl. 
However, it was difficult at the moment to argue 
convincingly for one assignment versus the other.

The above interpretation is developed for complete 
LRO of Al and Si at the T sites. Oberti et al. (1995a) 
have shown that some Al does occur at the T(2) site in 
pargasitic amphiboles crystallized at high temperature, 
and Welch et al. (1998) have shown this to be the case 
in high-temperature synthetic pargasite using 29Si MAS 
NMR. If this is the case for the pargasite examined in 
Figure 12, the number of possible SRO arrangements 
in pargasite increases signifi cantly.

Short-range order is extensive in amphiboles of the 
richterite–pargasite series. The short-range arrange-
ments that occur are those that most closely obey the 
valence-matching principle applied to local arrange-
ments. Studies of amphiboles of the tremolite–magne-
siohornblende series (Hawthorne et al. 2000a) and the 
tremolite-pargasite series (Della Ventura et al. 2003) 
show similar results.

SHORT-RANGE ORDER–DISORDER OF (OH) 
AND F IN AMPHIBOLES

Many monoclinic amphiboles show solid solution 
in terms of (OH) and F, but little has been published 
on the mechanism of this solid solution: do (OH) 
and F show complete short-range disorder, or is this 
substitution associated with SRO? Infrared spectros-
copy can provide us with a window into this type of 
behavior. Della Ventura et al. (1998b) and Robert 
et al. (1999) examined (OH)–F solid-solutions in 
tremolite–fl uorotremolite, richterite–fl uororichterite and 
potassium fl uororichterite of intermediate composition. 
The salient feature of all these amphiboles is that the 
M(1), M(2) and M(3) sites are occupied only by Mg; 
hence the only NN M(1)M(1)M(3) arrangement that 
occurs is MgMgMg, and the NNN M-site arrange-
ments involve only Mg. Similarly, the T(1) sites are 
occupied only by Si. Hence all local arrangements 
are as follows: MgMgMg–(OH)–�:SiSi–MgMgMg 
and MgMgMg–(OH)–Na:SiSi–MgMgMg, and their 
F-analogues MgMgMg–F–�:SiSi–MgMgMg and 
MgMgMg–F–Na:SiSi–MgMgMg that are invisible in 
the infrared. The only potential for local order involves 
(OH) and F at O(3) sites adjacent to the (OH) group of 
the arrangement.

One-mode and two-mode behavior

In amphiboles of the tremolite–fluorotremolite 
series, there is a single (OH)-stretching band at 3674 
cm–1 (Jenkins et al. 1997, Gottschalk et al. 1999, Robert 
et al. 1999). The position of this band does not change 
signifi cantly with decreasing F content of the amphi-
bole, but the band intensity decreases monotonically 
with decreasing F content (Fig. 14a). The occurrence 
of only one band in such circumstances is called one-
mode behavior. In the amphiboles of the richterite–fl uo-
rorichterite series, the spectra are more complicated 
(Fig. 14b). The richterite spectrum contains a single 
intense band A at 3730 cm–1 due to the arrangement 
MgMgMg–(OH)–Na:SiSi–MgMgMg, together with 
a weak band C at 3674 cm–1 due to the arrangement 
MgMgMg–(OH)–�:SiSi–MgMgMg from the minor 
tremolite component in the amphibole. The spectrum 
of fl uororichterite with a nominal F content of 1.2 apfu 
contains a single intense band A at 3730 cm–1 due to 
the arrangement MgMgMg–(OH)– Na:SiSi–MgMgMg, 
together with a weak band C at 3674 cm–1 due to the 
arrangement MgMgMg–(OH)–�:SiSi–MgMgMg from 
the minor tremolite component, plus an additional band 
B of intermediate intensity at 3711 cm–1. The appear-
ance of a new band in such circumstances is known as 
two-mode behavior (Chang & Mitra 1968). Moreover, 
with increasing F content of the amphibole, the intensity 
of the B band increases at the expense of the A band. 

The stereochemistry of local coupling 
within the amphibole structure

The one-mode behavior of tremolite–fl uorotremo-
lite solid-solution indicates that local arrangements 
involving an (OH) group are not signifi cantly affected 
by adjacent arrangements involving F. Thus we may 
conclude that in tremolite–fl uorotremolite, there is no 
coupling between adjacent O(3) anions, either through 
the O(3)–O(3) edge in the octahedron strip or across 
the vacant A-site cavity. The two-mode behavior of 
richterite–fluororichterite solid-solutions indicates 
that the local arrangement involving an (OH) group 
is significantly affected by adjacent arrangements 
involving F. The only local difference between tremolite 
and richterite is that the A-site cavity is vacant in tremo-
lite and is occupied by Na in richterite, indicating that 
the two-mode behavior in the latter is due to coupling 
of arrangements across the A-site cavity through the 
resident Na atom.

What factors are pertinent to the possibility of 
coupling across the A cavity? First, comparison of the 
principal (OH)-stretching frequency in tremolite (3674 
cm–1) and richterite (3730 cm–1) indicates that there 
is a strong repulsive interaction between H and Na at 
the A site. Second, comparison of the electron-density 
arrangements in the A cavity where O(3) = F and where 
O(3) = (OH) (Fig. 15) indicates that Na occupies a more 
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FIG. 14. Infrared spectra in the principal (OH)-stretching region for (a) amphiboles of 
the tremolite–fl uorotremolite solid-solution, and (b) amphiboles of the richterite–fl uoro-
richterite solid-solution. From Robert et al. (1999).

FIG. 15. Electron-density distribution in the A cavity projected on to (2̄01) in (a) fl uoro-
arfvedsonite, and (b) arfvedsonite; contour interval is 1 e/Å3, width of map = 2.2 Å. 
From Hawthorne et al. (1996a).



 SHORT-RANGE ORDER IN MINERALS: AMPHIBOLES 1911

central position in the cavity if O(3) = (OH) than if O(3) 
= F. As a result, an (OH) group will interact less strongly 
with Na when the opposing O(3) site is occupied by 
F rather than by (OH). Hence Na will move toward F 
and away from (OH), reducing the repulsive interaction 
between H and Na and causing the constituent (OH) 
group to absorb at a lower frequency (as is observed for 
band B in the spectrum of fl uororichterite (Fig. 14b).

Local arrangements in (OH,F)-bearing 
amphibole solid-solutions

In order to interpret quantitatively the spectra 
presented here, we have to understand what is happening 
around the A site in these amphiboles. This issue is 
examined in Figure 16, which shows sketches of all 
possible arrangements around the A cavity in richterite 
and tremolite. In richterite, where both O(3) sites are 
occupied either by (OH) [arrangement (1)] or by F 
[arrangement (3)], Na interacts equally with each (OH) 
group, whereas if one O(3) site is occupied by (OH) 
and the other is occupied by F, Na moves toward F 
[and away from (OH)], giving rise to the second band 
[arrangement (2)]. In tremolite, the occupancy of one 
O(3) site does not affect the other O(3) site, as there is 
no A cation to transmit this effect across the cavity.

Testing for SRO of (OH) and F in richterite

Let us now consider the quantitative effect of the 
arrangements in Figure 16 on the infrared spectra. There 
are three important points here: (1) arrangements (3) 
and (6) are invisible to infrared in the principal (OH)-
stretching region; (2) arrangements (4) and (5) will 

give rise to degenerate principal (OH)-stretching bands, 
and (3) the sum of the relative proportions of the six 
arrangements is unity. There are six arrangements and 
only three bands in the spectrum [due to arrangements 
(1), (2) and (4), (5)], and we cannot explicitly derive 
quantitative information on SRO. In addition, the bands 
due to richterite have different molar absorptivities than 
the bands due to tremolite (Hawthorne et al. 1997), and 
hence the intensities of the richterite and tremolite bands 
do not relate to the frequency of occurrence of local 
arrangements in the same way. Despite these problems, 
we can test a model for complete local disorder using 
the relative intensities of bands A and B, as the arrange-
ments involve coupling through Na at the A site and 
hence have the same molar absorptivities.

Let X be the proportion of richterite component 
[arrangement (1)], (1 – X) be the proportion of tremolite 
component, x be the fraction of F [x = XF = F / (OH + 
F)], ni be the probability of occurrence of local arrange-
ment (i) (i = 1–6) such that �ni = 1. Assuming no SRO, 
the probabilities of occurrence of these arrangements 
can be written as follows:

n1 = X(1 – x)2

n2 = 2X(1 – X)x

n3 = Xx2  (6)

n4 = (1 – X)(1 – x)2

n5 = 2(1 – X)(1 – x)x

n6 = (1 – X)x2.

FIG. 16. Local arrangements in the A cavity involving (OH) and F: (a) (OH,F)-bearing 
richterite, (b) (OH,F)-bearing tremolite. White circles: O atoms of (OH) groups, small 
black starred circles: H atoms, large black circles: F atoms, black square: Na at the A(m) 
site, white square: vacant A(m) site. Modifi ed after Robert et al. (1999).
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The intensities of the individual bands should vary as 
follows:

IA ∝ 2n1 = 2X(1 – x)2 ≈ X(1 – x)

IB ∝ n2 = 2X(1 – x)x ≈ Xx (7)

IC ∝ 2n4 + n5 = 2)1 – X)(1 – x)2 + 
2(1 – X)(1 – x)x ≈ 1 – X

where the approximation assumes that the extinction 
coeffi cients of bands A, B and C are equal [i.e., that 
the total band-intensity IA + IB +IC is 2(1 – x)]. The 
constituent arrangements for bands A and B have the 
same molar absorptivities, and hence we can test a 
model of complete local disorder using the intensities 
of the two bands. We do not know the value of X, but 
X is not involved in the relative intensities of the A 
and B bands:

IA / (IA + IB) = X(1 – x) / [X(1 – x) + 
Xx] = 1 – x  (8)

IB / (IA + IB) = Xx / [X(1 – x) + Xx] = x.

In Figure 17, we compare the F content calculated 
from the observed intensity-ratios of the A and B bands 
with the F content determined by electron-microprobe 
analysis in richterite–fl uororichterite solid-solutions. 
The agreement is in accord with complete short-range 
disorder of (OH) and F in these amphiboles; there are 
no signifi cant deviations from the 1:1 line.

The spectra discussed above indicate that (OH) 
and F are short-range disordered. However, we must 

emphasize that this disorder is with regard to each other 
(i.e., they are randomly disordered with regard to each 
other). Hawthorne et al. (1996a) showed that there are 
preferred arrangements of Ca and Na at the M(4) site 
that couple to OH and F arrangements at the O(3) sites 
and Na at the A(2) and A(m) sites. Thus (OH) and F 
may be randomly arranged with respect to each other, 
but they can also show SRO involving other atoms in 
the amphibole structure.

Testing for SRO of (OH) and F in pargasite

Richterite, potassium-richterite and tremolite are 
characterized by the M(1)M(1)M(3) arrangement 
MgMgMg, and we examined the short-range behavior 
of (OH) and F with respect to each other. The presence 
of the M(1)M(1)M(3) arrangements MgMgMg and 
MgMgAl in pargasite (see above) allows us to test the 
potential for SRO of both (OH) and F with respect to 
these NN arrangements. 

Robert et al. (2000) examined the (OH,F) substitu-
tion in synthetic pargasite; the infrared spectra of these 
amphiboles are shown in Figure 18. As shown above, 
the spectrum of synthetic end-member pargasite consists 
of six bands, but Robert et al. (2000) fi tted only three 
aggregate bands because the appearance of the spectra 
in Figure 18 make it seem that the principal changes 
relate to the NN arrangements MgMgMg and MgMgAl 
(and not to the NNN arrangements). The spectra of the 
F-bearing amphiboles were resolved into four bands; the 
A and B bands in F-free pargasite can also be identifi ed 
in the spectra of the F-bearing pargasite, and it is notable 
that the intensity of the B band decreases considerably 
with increasing F content of the amphibole (Fig. 18). 
Moreover, the A' and B' bands increase rapidly with 
increasing F, indicating that the associated arrange-
ments involve F, and that these bands are the result of 
two-mode behavior. The greater decrease in intensity 
of the B band [MgMgAl–OH] relative to that of the 
A band [MgMgMg–OH] indicates a relative decrease 
in the number of MgMgAl–OH arrangements with 
increasing F content. There are two possibilities here: 
(1) F occurs preferentially at the MgMgAl arrangement; 
(2) Al is displaced to the M(2) site by F occurring at 
O(3). Single-crystal structure refi nement of fl uoropar-
gasite (Oberti et al. 1995c) shows all Al ordered at 
M(2), indicating that mechanism (2) is operative in 
these amphiboles.

Della Ventura et al. (2001) examined amphiboles 
of nominal composition [richterite0.60–pargasite0.40] 
with varying amounts of (OH) and F: Na (Na0.6 Ca1.4) 
(Mg4.6 Al0.4) (Si7.2 Al0.8) O22 (OH,F)2. The infrared 
spectra are shown in Figure 19. Comparison of the 
spectra of end-member richterite (Fig. 19b) with that 
of F-bearing richterite (Fig. 19a) shows the addition of 
a new band in the latter at 3711 cm–1, a result of the 
new arrangement in which F replaces (OH) at the O(3) 
site across the A cavity (see above). The spectrum of 

FIG. 17. Variation in F content calculated from the observed 
band-intensities for complete short-range disorder of (OH) 
and F as a function of measured F content in richterite–fl u-
ororichterite solid-solutions. From Robert et al. (1999).
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end-member pargasite (Fig. 19e) has two (composite) 
bands, at 3710 and 3678 cm–1, and addition of F gives 
rise to two new bands, at 3694 and 3658 cm–1 (Fig. 
19d, also see above). The spectrum of Ri0.60Pa0.40 
(Fig. 19c) shows a broad absorption at 3705 cm–1 and 
a weaker absorption at 3674 cm–1. Comparison with 
the other spectra of Figure 19 suggests that the 3705 
cm–1 band corresponds to a combination of the 3711 
cm–1 band in richterite [from the association of (OH) 
and F at neighboring sites across the A cavity], the 

FIG. 18. Infrared spectra in the principal (OH)-stretching 
region for pargasite–fl uoropargasite solid-solution. From 
Robert et al. (2000). 

FIG. 19. Infrared spectra in the principal (OH)-stretching 
region for solid-solution Ri0.60Pa0.40(OH,F) solid-solution. 
From Della Ventura et al. (2001). 
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3710 cm–1 band in pargasite [from the arrangement 
MgMgMg–(OH)–(OH)], and the 3694 cm–1 band in 
pargasite [from the arrangement MgMgMg–(OH)–F]. 
The band due to the arrangement MgMgAl–(OH)–F 
(at 3658 cm–1) and the 3730 cm–1 band in richterite 
are not present in the spectrum of (OH,F)-bearing 
Ri0.60Pa0.40. These spectra thus show that F completely 
replaces (OH) in local MgMgMg–(OH)–Na:SiSi (rich-
terite-like) arrangements, and partly replaces (OH) 
groups in MgMgMg–(OH)–Na:SiAl (one of the parga-
site-like arrangements). Note that in MgMgAl–(OH):
SiAl arrangements, F cannot replace (OH), as is to 
be expected on bond-valence grounds: MgMgAl will 
provide incident bond-valence significantly greater 
than 1 vu, and the (OH) group can accommodate this 
because the O–H bond can adjust its length to provide 
whatever bond valence is needed (i.e., 1.0–0.7 vu). On 
the other hand, F needs to receive exactly 1 vu from its 
coordinating cations; there is no problem where these 
are MgMgMg (~0.33 � 3 = 1 vu), but where they are 
MgMgAl, the resulting sum (0.33 + 0.33 + 0.50 = 1.17 
vu) is too large to be accommodated by F.

SHORT-RANGE DISORDER OF TI4+ AND SI

It has long been known that potassium-bearing 
richterite from lamproites in many cases shows Si + 
Al less than 8 apfu, and it was customary to assign Ti 
to the T-group cations to bring the total to 8 apfu (e.g., 
Papike et al. 1969, Wagner & Velde 1986). Information 
from XAS (Mottana et al. 1990, Paris et al. 1993) and 
infrared spectroscopy (Della Ventura et al. 1991, 1993a) 
showed that Ti is indeed a tetrahedrally coordinated 
cation in Ti-bearing potassium-richterite. Site-scattering 
refi nement and bond-length considerations in a series of 
Ti-bearing richterite crystals (Oberti et al.1992) showed 
that Ti4+ is a T-group cation and is completely ordered 
at the T(2) site. However, the question now arises as to 
whether or not there is short-range order involving Ti4+ 
and Si at the T(2) site. This issue was examined by Della 
Ventura et al. (1996b), who synthesized amphiboles 
along the join potassium-richterite [K (Ca Na) Mg5 Si8 
O22 (OH)2] – Ti4+-bearing potassium-richterite [K (Ca 
Na) Mg5 (Si7 Ti4+) O22 (OH)2] and characterized them 
by infrared spectroscopy. Their spectra are shown in 
Figure 20. There is prominent multi-mode behavior, 
and the spectra were fitted to four bands, A, B, C 
and T; bands A, B and C were assigned to A-site-full 
arrangements, and band T was assigned to the tremolite 
arrangement (see above). There is also a very weak band 
in the spectrum of Ti-free potassium-richterite (Fig. 
20a) at ~3720 cm–1; this is due to slight asymmetry in 
the band (which was fi tted by a symmetrical Gaussian 
curve), and was ignored in the following arguments, as 
it is less than 5% of the total intensity.FIG. 20. Infrared spectra in the principal (OH)-stretching 

region for synthetic amphiboles along the join potassium-
richterite, K CaNa Mg5 (Si7 Ti4+) O22 (OH)2. From Della 
Ventura et al. (1996b). 
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Band assignment

The occurrence of multi-mode behavior suggests the 
existence of distinct local arrangements, and the increase 
in intensity of the B and C bands with increasing Ti 
(Fig. 21) indicates that these local arrangements must 
involve Ti4+. There are two T(2) sites in each ring of six 
tetrahedra (Fig. 3), and each of these may be occupied 
by Si or Ti4+. Thus there are only three possible T(2) 
arrangements around each (OH) group: SiSi, SiTi4+ 
and Ti4+Ti4+.The intensity of an (OH)-stretching band 
is proportional to the number of (OH) groups in each 
arrangement. Assuming a random distribution of Si and 
Ti4+ over the two sites, the probability of occurrence of 
each T(2)T(2) pair as a function of bulk composition 
is as follows:

SiSi: (1 – x / 4)2

SiTi4+: 2(1 – x / 4) (x / 4) (9)

Ti4+Ti4+: (x / 4)2

where x = Ti4+ apfu. Figure 22 shows the observed 
relative intensities of the three resolved bands as a 
function of the calculated probabilities of occurrence of 
the three possible arrangements for a random distribu-
tion. There is close accord between the observed and 
calculated values, and this agreement leads us to assign 
the B band to the SiTi4+ arrangement and the C band to 
the Ti4+Ti4+ arrangement. The close agreement between 
the observed and calculated values indicates that there 
is complete short-range disorder of Si and Ti4+ over 
the T(2) sites in the double chain of tetrahedra in the 
structure of potassium-richterite.

Local stereochemistry

The Ti4+ → Si substitution does not modify the 
charge distribution around the locally associated 
(OH) groups, and hence the appearance of the lower-
frequency bands must be caused by the different local 
distortions of the six-membered rings of tetrahedra 
resulting from the different T(2) arrangements: [Si6], 
[Si5Ti4+] and [Si4Ti4+

2]. The T(2) tetrahedron is invari-
ably more distorted than the T(1) tetrahedron in amphi-
boles, and this distortion increases with increasing Ti4+ 
occupancy of T(2). Replacement of [4]Si4+ (r = 0.26 
Å) by [4]Ti4+ (r = 0.42 Å; Shannon 1976) must cause 
kinking of the double chain to preserve linkage with the 
strip of octahedra. This kinking will shorten the distance 
between the H atom of the (OH) group and the O atoms 
coordinating the tetrahedra, inducing the appearance of 
the new (OH)-stretching bands.

SHORT-RANGE ORDER OF TI4+ AND O2–

The association between Ti4+ and deficiency in 
monovalent anions has long been recognized in kaersu-
titic amphiboles (Leake 1968, Saxena & Ekstrom 1970). 
However, the situation is complicated by the fact that 
dehydroxylation in amphiboles can proceed by oxida-
tion of Fe2+ to Fe3+ (e.g., Barnes 1930, Addison et al. 
1962, Ernst & Wai 1970, Dyar et al. 1993, Popp et al. 
1995), and hence other factors can affect the amount 
of monovalent anions in the amphibole structure. Site-
scattering refinement with neutron-diffraction data 
(Kitamura & Tokonami 1971, Kitamura et al. 1973, 

FIG. 21. The relative intensity of the B + C bands in synthetic 
amphiboles along the join potassium-richterite, K CaNa 
Mg5 (Si7 Ti4+) O22 (OH)2, as a function of Ti content. 
Modifi ed from Della Ventura et al. (1996b).

FIG. 22. Relative intensities of the A, B and C bands in syn-
thetic amphiboles along the join potassium-richterite, K 
CaNa Mg5 (Si7 Ti4+) O22 (OH)2, as a function of Ti content; 
the lines are calculated for equation (9) with a random 
distribution. From Della Ventura et al. (1996b).
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Kitamura & Morimoto 1975, Jirak et al. 1986, Pechar 
et al. 1989) has shown that Ti is partly to completely 
ordered at the M(1) site. The same conclusions have 
been made from crystal-structure refi nement with X-
rays, focusing on the stereochemistry of the M(1) site. 
Hawthorne et al. (1998) showed that there is a very 
strong correlation between the Ti and H contents of a 
suite of sodic–calcic and sodic amphiboles from Coyote 
Peak, California (Fig. 23), where the H contents were 
determined by SIMS. The slope of the line in Figure 23 
is in accord with the mechanism proposed by Oberti et 
al. (1992) for the incorporation of Ti4+ into the amphi-
bole structure at the M site(s):

M(1)Ti4+ + 2 O(3)O2– → M(1)(Mg,Fe2+) + 
2 O(3)OH–  (10)

and the intercept at O(3)O2– = 0 implies a nearly constant 
Ti4+ content at the M(2) site.

Oberti et al. (1992) proposed that the atoms involved 
in this mechanism are locally associated in the amphi-
bole structure. This proposal makes sense from a local 
bond-valence perspective, as loss of a H atom from 
the coordination of O(3) necessitates incidence of 
considerable additional bond-valence from the locally 
coordinating cations. The association of a high-valence 
cation with the occurrence of a divalent anion at the 
O(3) site is a notable feature in amphiboles. In addi-
tion to kaersutite, there are three other amphiboles with 
dominant O2– at the O(3) site (Table 5). Obertiite and 
dellaventuraite have Ti4+ as an essential constituent, 
and the local version of bond-valence theory indicates 
that there is a local association of Ti4+ at M(1) with 
O2– at O(3). For ungarettiite, the situation is somewhat 
different. Here, Mn3+ is ordered at the M(1) and M(3) 
sites; moreover, Mn3+ is a Jahn–Teller cation where in 
octahedral coordination, and it forms very short bonds 
to the O(3) site (Hawthorne et al. 1995), providing the 
necessary bond-valence for O2– at the O(3) site.

SUMMARY

Extensive work in the last ten years has shown 
that short-range order–disorder is a common feature 
of synthetic amphiboles, and is present in natural 
amphiboles; indeed, SRO is probably an extremely 
common feature of natural amphiboles. The results 
described here also suggest that short-range order may 
be common in other rock-forming minerals such as 
micas and pyroxenes. To summarize the results on the 
amphiboles:

(1) LRO (Long-Range Order) involves the occur-
rence of atoms at different crystallographic sites in a 
structure such that average arrangement over all the unit 
cells in the crystal does not concur with that predicted 
by a random distribution;

(2) SRO (Short-Range Order) involves the forma-
tion of local clusters of atoms that occur either more 
or less frequently than predicted by a random local 
distribution.

(3) Infrared spectroscopy in the principal OH-
stretching region is particularly effective in character-
izing local (short-range) arrangements of atoms in 
amphiboles.

(4) Extension of bond-valence theory to local 
arrangements (Hawthorne 1997) shows that short-range 
bond-valence requirements exert strong constraints on 
the local arrangements of atoms that can occur (i.e., 
that are stable).

(5) Infrared spectroscopy and bond-valence 
constraints show that local ordering of cations is very 
pronounced in a crystal of tremolite with signifi cant Na 
and Al contents.

(6) The results mentioned in (5) show that the 
principal OH-stretching frequency in amphiboles is 
affected by the cations at both nearest-neighbor and 
next-nearest-neighbor sites.

(7) A site-configuration symbol can be used to 
denote the sites affecting the principal OH-stretching 
frequency in amphiboles: M(1)M(1)M(3)–(OH)–A:
T(1)T(1)–M(2)M(2)M(3); local arrangements of atoms 
can then be denoted by inserting the atoms at the rele-
vant sites: e.g., MgMgMg–(OH)–Na:SiAl–MgMgMg 
or MgMgAl–(OH)–Na:SiAl–MgMgAl.

(8) Synthesis, infrared spectroscopy and local bond-
valence arguments show that monoclinic amphiboles 
in the systems richterite–pargasite, tremolite–pargasite 

FIG. 23. Variation in Ti4+ as a function of the O2– content 
of the O(3) site in amphiboles from Coyote Peak. From 
Hawthorne et al. (1998).
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and tremolite–hornblende show strong SRO involving 
T-, C- and A-group cations.

(9) Synthesis and infrared spectroscopy for amphi-
boles with (OH)–F solid-solution show that amphiboles 
with � (vacancy) at the A site (e.g., tremolite–fl uo-
rotremolite) show one-mode behavior, whereas 
amphiboles with Na or K at the A site (e.g., rich-
terite–fl uororichterite) show two-mode behavior; it is 
apparent from this observation that nearest-neighbor 
arrangements of atoms couple through an occupied A 
site, but do not couple through a vacant A site.

(10) The relative band-intensities in (OH)–F 
amphibole solid-solutions showing two-mode behavior 
indicate that (OH) and F are completely short-range 
disordered with respect to each other in the amphibole 
series examined thus far.

(11) Synthesis, infrared spectroscopy and local bond-
valence arguments show that monoclinic amphiboles in 
the system pargasite–fl uoropargasite show strong SRO 
of (OH) and F with regard to the cations occupying 
the associated nearest-neighbor M(1)M(1)M(3) sites: 
arrangements involving MgMgAl–(OH) are far more 
common than arrangements involving MgMgAl–F.

(12) Synthesis and infrared spectroscopy for Ti-
bearing richteritic amphiboles show that [4]Ti4+ and Si 
are short-range disordered with regard to each other.

(13) Crystal-structure refi nement, SIMS analysis and 
local bond-valence requirements suggest that [6]Ti4+ and 
O(3)O2– are locally associated at adjacent M(1) and O(3) 
sites in dehydrogenated amphiboles.

(14) It is apparent from this review of recent results 
that SRO is very common in monoclinic amphiboles. 
Although much work remains to be done to fully char-
acterize SRO across the complexities of amphibole 
composition-space, the general features are already 
emerging: local bond-valence requirements seem to be 
the principal factor controlling this type of order.

(15) SRO is of signifi cance 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 complicated case is not yet clear, but what is clear 
is that future thermodynamic models need to consider 
SRO in amphiboles and probably in other minerals in 
which heterovalent substitutions are common.
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