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INTRODUCTION

This chapter provides an introduction to the crystal structure, crystal chemistry and chemi-
cal composition of the amphiboles. It is not an exhaustive treatment; it is intended as an intro-
duction to the material discussed in the following chapters. More extensive discussion of many
points is given in Hawthorne (1981, 1983a), although all later developments are discussed in
some detail here. Published crystal-structure refinements are listed in Appendix .

CHEMICAL FORMULA
The general chemical formula of the amphiboles can be written as
AB,CsTs O W,

where A =Na, K, [, Ca, Li;
B = Na, Li, Ca, Mn**, Fe’*, Mg;
C=Mg, Fe?*, Mn?*, Al, Fe**, Mn?*, Ti**, Li;
T = Si, Al, Ti*+;
W = (OH), F, Cl, O*.

Minor elements such as Zn, Ni*, Co**, V3*, Sc, Cr** and Zr are also observed as C cations.
In a mineral group as chemically complicated as the amphiboles, there are many problems
connected with (1) the measurement of chemical composition, and (2) calculation of the
chemical formula.

SOME ASPECTS OF CHEMICAL ANALYSIS

Chemical composition

The chemical composition of an amphibole is most commonly produced by electron
microprobe analysis (EMPA). Instrumentation is very reliable and data reduction (including
matrix corrections) are accurate. The main source of error is almost certainly errors in standards,
a problem that can be dealt with in a simple but tedious fashion by cross-analyzing all standards.
A more serious problem involves the components that cannot be analyzed (or analyzed
accurately) by EMPA. Of particular relevance with regard to amphiboles are FeO vs. Fe,0s,
Li,O and H,O0, all of which occur commonly as highly variable constituents in amphiboles. We
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2 Hawthorne & Oberti

will focus on microbeam methods of analysis where possible as these avoid heterogeneity and
contamination problems.

Li,O and H,0. Li can be analyzed by Secondary-Ion Mass Spectrometry (SIMS) and
Laser-Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS). Both these techniques
are generally used for trace- and minor-element analysis, but procedures are now available
which allow reasonably accurate (< = 10%) quantification of Li at the major-element level. The
presence of significant matrix effects (i.e., the various factors distorting the direct proportionality
of secondary-ion intensity to element concentration) in SIMS analysis has been overcome
using the voltage-offset technique (Ottolini et al. 1993) and by the construction of reliable
matrix-matched calibration curves (Ottolini et al. 1993; Ottolini and Oberti 2000). LA-ICP-
MS does not suffer from matrix effects, and thus allows more straightforward quantification
of Li (also Be, B) with almost the same precision and accuracy as SIMS (Tiepolo et al. 2005).
However, LA-ICP-MS analysis is more destructive than SIMS analysis, and the beam diameter
used (20-40 pm) is not ideal for the determination of compositional zoning. Extensive work
in the last 15 years has shown that Li is a much more common constituent in amphiboles that
had hitherto been realized (e.g., Hawthorne et al. 1992, 1993, 1994, 1996b,c; Caballero et al.
1998, 2002; Oberti et al. 2000, 2003a,b, 2004). In particular, the results of structure refinement
offer a rather straightforward way to detect the presence of both BLi and €Li. In the first case,
the occurrence of Li lowers the refined site-scattering at the M(4) site below 22 electrons per
formula unit (epfu) (BLi always being in solid solution with Na). In the second case, the refined
site-scattering values at the M(1) and M(3) sites can be used in a diagnostic plot (Fig. 1), where
samples falling in the area below the solid line contain CLi. If these tests are positive, and in the
absence of the oxo component [namely, YO?], more quantitative evaluations can be obtained

Figure 1. Diagnostic plot for the presence of “Li based on the results of structure refinement. Amphiboles
fall in the upper left part of the plot, and their distance from the line represents Fe?*-Mg order between the
M(1) and M(3) sites. All “Li-bearing amphiboles fall well below the line by an amount proportional to the
CLi content. Oxo-amphiboles, where the loss of H occurred after crystallization via oxidation of Fe** to
Fe’* at the M(1) site, also plot slightly below the line (anti-order). This is an updated version of the plot first
proposed by Hawthorne et al. (1994).
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Amphiboles: Crystal Chemistry 3

by a procedure of formula recalculation which takes into account chemical constrains based on
present knowledge of Li crystal-chemistry in amphiboles (no Al at the T sites, highly charged
cations < 2.0 atoms per formula unit (apfu), and “Li < A-site occupancy; Oberti et al. 2003b).

H can be analyzed by SIMS (e.g., Ottolini et al. 1995; Ottolini and Hawthorne 2001),
although matrix effects are quite large and the standard and sample matrices must match very
closely, and by hydrogen-line extraction (e.g., Cosca et al. 1991). Considerable work has been
done on microbeam analysis of H in amphiboles (e.g., Zanetti et al. 1996; Hawthorne et al.
1998, 2000, 2001; King et al. 1999, 2000; Oberti et al. 2000, 2003a,b, 2004; Caballero et al.
2002; Tait et al. 2005). Because SIMS analysis for H requires much analytical time (each
sample must be degassed overnight) and careful check of matrix-matched standards, there
have been attempts to relate H content (determined by SIMS) with changes in the structural
parameters obtained by structure refinement of the same crystals. Work done at CNR-IGG-PV
has shown that H content is inversely related to the M(1)-M(2) separation, a structural response
to avoid repulsive interactions between the high-charge cations at these sites. However, the
M(1)-M(2) distance is sensitive to the type of amphibole (e.g., it is different in richterite than
in pargasite-kaersutite), but the methods works well within a given type of amphibole. More
details are given in Oberti et al. (2007a).

FeO vs. Fe,0;3 Both FeO and Fe,O; are often major constituents in amphiboles, and the
absence of Fe?*:Fe** determination must be considered as a major deficiency in a chemical
analysis of an amphibole. It is common to calculate the Fe**:Fe** ratio in an amphibole using
the method introduced by Stout (1972) which relies on the fact that expressing Fe as FeO intro-
duces a different amount of oxygen into the formula calculation than expressing Fe as Fe,0s.

The calculation of the unit-cell content of an amphibole is based on a fixed number
of anions [e.g., 24 (O,0H,F), 23 (O)] or a fixed number of cations [e.g., 13 (Si,Al,Ti,Mg,
Fe?*,Fe3* Mn?*), 15 (Si,Al, Ti,Mg,Fe?*,Fe** Mn?*,Ca)]. The corresponding number of cations
or anions results from the requirement of electroneutrality. Alternatively, we can normalize
the anions to a fixed number, normalize the cations to a fixed number, and then adjust the
Fe?*:Fe3* ratio for electroneutrality. Thus we can calculate the formula for 24 (O, OH, F)
anions, and vary the Fe*:Fe3* ratio to get a specific number of cations (1) 13 (Si,Al,
Ti,Mg,Fe?* Fe’* Mn?*) and (2) 15 (Si,Al,Ti,Mg,Fe** Fe3*,Mn?*,Ca). Calculation (1) provides a
maximum ‘estimate’ of the amount of Fe** and calculation (2) provides a minimum ‘estimate’
of the amount of Fe**; normally, the mean is taken as the optimum value. Hawthorne (1983a)
examined the efficacy of this method using the superior analysis of Leake (1968); the results are
shown in Figure 2. There is no correlation at all between the observed and calculated values for
Fe,0;, indicating that no reliance can be placed on this type of calculation. Is there any point in
doing such a calculation? Yes: while recognizing that the values are very inaccurate, inspection
of Figure 2 indicates that the calculation does provide a better estimate than the alternative of
not doing such a calculation: Fe,03 = 0.00 wt%. Schumacher (1997, 2007) describes in detail
the various methods by which such estimates may be made, and Schumacher (1991) shows the
effects of the estimation of Fe3* on various geothermobarometers.

What the above discussion does emphasize is the need to have a method for the determi-
nation of the Fe**:Fe** ratio in an amphibole. This may be done in a variety of ways:

(1) Crystal-structure refinement of amphiboles can determine the amount of Fe** in the
structure by distinguishing between Fe?* and Fe* on the basis of their different ionic
radii (r[Fe’*] = 0.645 A, (r{Fe**1=0.78 z&) and their effect on the mean bondlength
of the site(s) at which they occur. Useful constraints are based on electroneutrality,
where H is determined analytically (or evaluated from some structural parameters)
and the content of the A site is quantified based on EMP analysis and site-scattering
refinement.
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4 Hawthorne & Oberti

Figure 2. Observed and calculated contents of Fe,O; using the superior analyses of
Leake (1968); the diagonal line indicates a 1:1 relation (from Hawthorne 1983a).

(2) Mossbauer spectroscopy (Bancroft 1973; Hawthorne 1983b, 1988; Murad and
Cashion 2004; Dyar et al. 2006) is responsive to the valence state of Fe (Fig. 3) and
has been used extensively for determining the Fe>*:Fe?* ratio in amphiboles (e.g.,
Bancroft and Brown 1975; Dyar et al. 1993; Enders et al. 2000; Gunter et al. 2003).
Milli-Méssbauer spectroscopy (McCammon 1994) can determine the Fe?*:Fe’*
ratio of a single grain of a mineral, and this method has been used for amphiboles
(Sokolova et al. 2000a,b, 2001; Uvarova et al. 2005). A significant problem with the
Méssbauer method is lack of information on the recoil-free fractions of Fe?* and
Fe** in minerals (see discussion by Dyar et al. 2006). Eeckhout and De Grave (2003)
report measurements on riebeckite indicating that the recoil-free fraction for Fe** is
significantly larger that that for Fe?*. As the recoil-free fractions of the Fe** and Fe**
are usually assumed to be unity, this assumption introduces errors in the determination
of Fe?*:Fe** ratios that may be of the order of 10%. However, determination of the
recoil-free fractions in amphiboles will remove this error.

(3) Milli-XANES (X-ray Absorption Near-Edge Structure) spectroscopy can measure the
Fe*:Fe** ratio (Fig. 4) with a spot size of a few microns, although reasonably good
results on amphiboles have been obtained with a beam size of ~ 50 um (Delaney et
al. 1996). Dyar et al. (2002) have shown that orientation effects are a major source of
error in determining Fe*:Fe?* ratios in amphiboles, and quote a probable accuracy
of + 20% in randomly oriented crystals. However, by using oriented samples and
standards, they suggest that an accuracy of < 2-3% absolute is possible.

(4) EELS (Electron Energy Loss Spectroscopy) - ELNES (Energy Loss Near-Edge
Spectroscopy) can determine Fe?*:Fe’* ratios (Fig. 5) at a submicron scale (Garvie
and Buseck 1998; van Aken and Liebscher 2002) with quoted accuracies of 0.02.
However, electron-beam damage can be a problem, but good values can be obtained
at low beam intensity (Garvie et al. 2004).
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Figure 3. The Mdssbauer spectrum of ferrotschermakite, with the
absorptions marked (from Hawthorne 1988).

Fe2+

Figure 4. Milli-XANES spectra of

several amphiboles, showing the

absorptions due to Fe** and Fe?* and

the Fe3*/Fe value for each amphibole.
i [Used by permission of The
i Geochemical Society, from Delaney
! et al. (1996), Special Publication No
! 5 (Mineral Spectroscopy: A Tribute
| to Roger G. Burns), Fig. 1, p. 167.]
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6 Hawthorne & Oberti

Figure 5. EELS spectra of
two amphiboles, showing the
absorptions due to Fe** and
Fe**. [Used by permission
of Macmillan Publishers
Ltd, from Garvie and Buseck
(1998), Nature, Vol. 396, Fig.
3, p. 669].

(5) The Flank method optimizes use of the electron microprobe to use X-ray spectroscopy
to determine Fe?*:Fe** ratios via the positions and intensities of the FeL, and FeLg
peaks as a function of valence state (Hofer et al. 1994). Enders et al. (2000) have
applied/tested the method extensively for sodic amphiboles, and have shown that it
can be reasonably accurate down to an FeO(total) content of 6-8 wt%. However, they
also suggest that the calibration procedures are particularly laborious and complicated,
suggesting that it will not find use as a routine method for Fe?*:Fe** determination.

None of these methods can be considered as routine in the sense that they are widely avail-
able in the community or are simple to use. Crystal-structure refinement is the most widely
available method, but in view of the fact that one gets a large amount of crystal-chemical infor-
mation at the same time, it seems wasteful to do this just for one piece of information. Moreover,
the method cannot be used for poorly crystalline, microcrystalline or noncrystalline materials,
and the instrumentation is relatively expensive. Milli-Mdssbauer spectroscopy provides a much
more economical method, but facilities are very few, particularly in the Earth Science com-
munity. Micro-XPS currently requires access to synchrotron radiation, and unless conventional
laboratory sources increase greatly in intensity, this will not become a standard facility in min-
eral-analysis laboratories. In our view, the most viable method is milli-Mdssbauer spectrocopy.
The cost of an electron microprobe is currently approaching US $1M, and yet they produce am-
phibole analyses of only limited use. Addition of a milli-Md&ssbauer facility (approximate cost
US $50,000) to an electron-microprobe lab will result in amphibole (and other mineral) analyses
that are far more accurate than anything routinely produced at the present time.

Summary

One thing to stress about the chemical composition and chemical formulae of amphiboles
is the importance of complete chemical analyses. We know a lot about the crystal-chemical
and chemical characteristics of amphiboles, and partial chemical compositions are no longer
very useful in either Mineralogy or Petrology. To be useful, an amphibole must be analyzed
for Fe** as well as Fe?* (i.e., FeO). Indeed, in studies of kaersutite, measurement of Fe3*/( Fe**
+ Fe**) (e.g., McGuire et al. 1989, 1991; Dyar et al. 1992, 1993; King et al. 1999; Popp et al.
1995, 2006; Nasir and Al-Rawas 2006) has long been considered essential. Furthermore, if it
is suspected that Li is present and/or H is not given by [OH + F + Cl] = 2 apfu (either from
the paragenesis or unusual aspects of the calculated formula), Li and H should be measured
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too. Facilities to do this type of analysis are not common; however, this is an indication that

we should be pushing for funding for such instrumentation (electron microprobes were rare

commodities once upon a time, as for example,

SIMS and Mossbauer instruments are today). Table 1. Normalization of a Ti-rich oxy-
genian sodic amphibole* formula (1)
using all components determined and a

CALCULATION OF 24 (O,0H,F) normalization, and (2) using
THE CHEMICAL FORMULA OH + F = 2.0 apfu and Fe** estimated after

This is one of the most important issues the method of Papike et al. (1974).

connected with deriving an accurate chemical Si0, 50.47
formula for an amphibole, and the details of ALO, 0.09
how it is done are often poorly understood. The TiO, 6.51
chemical composition of a mineral is presented Fe,0; 4.54
as weight % of the oxides of the elements (except FeO 18.43
for the halogens) present. Classically, the contents MnO 0.15
of the unit cell were normalized on the density of MgO 5.74
the mineral; this procedure is not followed now CaO 0.90
due to the difficulty of measuring accurately the Na,0 8.70
density of most minerals. Present methods are K,0 151
all based on scaling the ratios of the cations and/ Li,0 0.17
or anions to some quantity that one believes is F 0.51
constant and known within the unit cell. Current gz_(; _8;?
methods are outlined below; Hawthorne (1983a) To_tal 1@
and Schumacher (1997) give a more detailed
discussion of these methods. ) ©)
24 (0, OH, F, Cl) Si 7.993 7.874
. . Al 0.007 0.016
This method assumes an anion content of ST 3,000 7.890
24 apfu (atoms per formula unit). Presuming
that there are no anion vacancies in amphiboles, Al 0.009 —
this method either (1) requires that H (as H,O) Fe3+ 0.520 _
is determined, or (2) assumes that (OH,F,Cl) =2 Fe2* 2.348 2.815
apfu. A slightly more complicated variation has Mn 0.019 0.019
been introduced where (OH,F,Cl) < 2 apfu and Ti 0.746 0.746
an amount of O?~ occurs at the O(3) site, enter- Mg 1.303 1.284
ing the structure via the substitution MDTi* + Li 0.104 0.103
0302 = MO(Mg, Fe?*) + 9®(OH)~. Here, the xC 5.049 4.967
formula is still normalized on 24 (OH,F,Cl) an-
ions, but (OH,ECI) = 2 — 2 x MOTi* apfu; the Ca 0.147 0.145
issue is whether or not all ®'Ti occurs at the M(1) Na 1853 1855
site or not, and this is not currently known (see ZB 2:000 2.000
Oberti et al. 2007a).
Na 0.716 0.702
The effect of the occurrence of O?~ at the K 0.293 0.289
O(3) site in the unit formula of an amphibole TA 1.009 0.991
is illustrated in Table 1 for a strongly
dehydrogenated sodic amphibole rich in Ti OH 0.589 1.8
(which will be soon presented to IMA-CNMMN F 0.246 0.2
for approval as “ferri-obertiite”) (Hawthorne et z 0.835 20
al. 1998) in which the H content was determined
by SIMS and the Fe** content was determined 0 1.163 —
from the crystal structure. Where all components * crystal 745 of Hawthorne et al. (1998)
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8 Hawthorne & Oberti

were determined, formula (1), calculated by anion normalization to 24(0O,0H,F), has A-, C- and
T-cation sums that are in accord with the crystal structure (i.e., XT =8, ZC 2 5, ¥ < 1), and the
high Ti content is accompanied by a high O? content at O(3) as occurs in this type of amphibole
(Hawthorne et al. 1998). Assuming OH + F = 2.0 apfu, normalizing to 24(O,0H,F) anions and
calculating the Fe** content by the method of Papike et al. (1974) gives formula (2) in Table
1. For formula (2), the T- and C-sums are too low, and no Fe** was calculated as present. Of
course, the example shown in Table 1 is extreme, as it is an oxygenian amphibole; however, the
formula still appears reasonable when compared to formulae given in the literature, indicating
that major errors can be introduced by inappropriate normalization schemes.

23 (0)

This calculation assumes that (O,0H,F,Cl) = 2 apfu and is similar to the 24 (O,0H,F,Cl)
where it is also assumed that (OH,F,Cl) = 2 apfu. The difference between these two calculations
[in which each assumes that (O,0H,F,Cl) = 2 apfu] is that the 24 (O,0H,F,Cl) calculation also
produces the required wt% of H,O and allows evaluation of the total wt% oxide of the chemical
composition.

13 cations

This method assumes that [Si + Al + Ti + Fe** + Fe** + Mn?** + Mg + (Cr, V ..)] = 13
apfu [i.e., that these cations occupy the 7(1), 7(2), M(1), M(2) and M(3) sites that contain
the T and C cations]. The assumption that Fe**, Mn** and/or Mg do not occupy the M(4) site
(i.e., are not B cations) is obviously not appropriate for the magnesium-iron-manganese-lithium
amphiboles (Hawthorne and Oberti 2007). However, it is also not appropriate for the other
groups of amphiboles either, as detailed structural and chemical characterization of many calcic
and sodic amphiboles (as well as in clinopyroxenes) has shown the common presence of small
divalent cations at M(4") [a site occurring in the M(4) cavity with local [6+2]-coordination
similar to that of the M(4) cation(s) in the magnesium-iron-manganese-lithium amphiboles;
for more detail, see Rossi et al. (1987) and Oberti and Ghose (1993)]. This method of formula
calculation is not recommended.

15 cations

This method assumes that either [Si + Al + Ti + Fe** + Fe** + Mn** + Mg + Ca + Na + (Cr,
V ..)]1 = 15 apfu or [Si + Al + Ti + Fe** + Fe** + Mn?* + Mg + Ca + (Cr, V ...)] = 15 apfu [i.e.,
that these cations occupy the 7(1), 7(2), M(1), M(2), M(3) and M(4) sites that contain the T, C
and B cations]. The assumption is either that (1) all Na occurs at the M(4) site, or that (2) all Na
occurs at the A site. Neither of these assumptions are generally applicable (although they may
hold for very specific compositions).

16 cations

This method assumes that all cations fully occupy all sites in the amphibole [i.e., that there
are no vacancies at any sites, including the A site]. Although this condition may hold in some
amphiboles, it is not a recommended scheme for formula calculation.

Summary

Amphibole formulae should always be calculated based on 24 (O,0H,F,Cl), unless
justification can be given concerning the site occupancies on which any alternate scheme used
is based.

AMPHIBOLES: CRYSTAL STRUCTURE

The amphibole structure consists of two principal elements, a double chain of corner-
sharing tetrahedra and a strip of edge-sharing octahedra, both of which extend in the c-direction
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(Fig. 6). Both the tetrahedrally
coordinated sites and the tetrahedra A
themselves are denoted by 7, and
the octahedrally coordinated sites
and the octahedra are denoted by M.
There are two topologically distinct
types of tetrahedra in the double
chain that are designated 7(1) and
T(2), and three distinct types of
octahedra that are designated M(1),
M(2) and M(3) (Fig. 6). At the
junction of the strip of octahedra and y >
the chain of tetrahedra is the M(4)

site, and below the hexagonal ring of Figure 6. An idealized model of the amphibole structure
tetrahedra is the A site at the center sensu lato showing the chain of tetrahedra, the strip of
of a large cavity. octahedra, the M(4) site and the A site.

Space groups

There are (currently) six known structural variants of the amphibole arrangement; the
space groups and representative amphibole compositions are given in Table 2. We may divide
these structures into two types: (1) those that involve different stacking sequences in the
a-direction (C2/m, Pnma and Pnmn), and (2) those that are derivatives of (1) and involve
differences in coordination (P2,/m) and/or topochemistry (P2/a, C1). All centrosymmetric
subgroups of C2/m, Pnma and Pnmn are listed in Table 3; these are possible space groups for
amphiboles with the same unit cell as the structure with the parent space group. As is apparent
from comparison of Tables 2 and 3, there are several structures that are symmetrically possible
but have not yet been found. The triclinic C1 structure has a tripled b cell-dimension relative to
all other amphibole structures, and requires the presence of a third (OH) group; thus it occurs
only for a very unusual synthetic-amphibole composition.

Cell dimensions

The C2/m, P2,/m and P2/a structures have (grossly) similar (monoclinic) cell dimensions.
The P2,/m structure is restricted to Mg- and possibly PLi-rich amphiboles of the magnesium-
iron-manganese-lithium group and to B, = LiMg and NaMg synthetic amphibole (cf. Oberti
et al. 2007b); hence cell dimensions show a restricted range. The P2/a structure occurs for
just a single (known) composition. In contrast, the C2/m structure shows a wide range of
composition and a correspondingly wide range of cell dimensions. The situation is similar
for the orthorhombic amphiboles; the Pnmn structure is restricted to Mg-rich amphiboles of
the magnesium-iron-manganese-lithium group and the cell dimensions show only a restricted
range, whereas the Pnma structure shows a wide range of composition. The C1 structure is
known only for a single (synthetic) composition and is unique among the amphibole structure-
types in that it has a b axis that is tripled relative to the b axes in the other structure types. A
more detailed discussion of cell dimensions is given later in this chapter.

Site nomenclature

Figure 6 shows the basic cation-site nomenclature of the amphibole arrangement. How-
ever, the different space groups of the structures give rise to sites that are crystallographically
distinct from one structure to another. To facilitate comparison between amphibole structures,
it is important to retain this distinction in the site nomenclature while maintaining some sort
of congruence for analogous sites in different structures. Hawthorne (1983a) developed such a
site nomenclature (Table 4) and Cdmara et al. (2004) applied analogous reasoning to formulate
a site nomenclature for the C 1 amphibole structure. Here, crystallographic sites are written in
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10 Hawthorne & Oberti

Table 2. Observed amphibole space-groups and representative cell dimensions.

Space
group

C2/m calcic amphiboles, sodic- 9.35-10.14 17.58-18.40 5.26-5.37 101.8-105.7 846-948
calcic amphiboles, alkali
amphiboles, monoclinic C-
centered (Mg-Fe-Mn-Li)

Amphibole a(d) b(A) c(A) B () V (43)

amphiboles
P2/m cummingtonite 9.48-9.51  17.99-18.13 5.28-5.31 102.0-102.1 881-893
P2la joesmithite 9.92 17.95 5.24 106.0 897
Pnma orthorhombic Mg-Fe-Mn ~ 18.52-18.62 17.80-18.03  5.26-5.30 - 1738-1777
amphiboles, holmquistite
Pnmn protoamphibole 9.33-943  17.88-18.39 529-5.35 - 882-925
c1 Na Na, Mg;s Sig O,; (OH); 9.88 54.08 5.28 103.07* 2748

For CT: o =90.05, y = 89.96°

italics (e.g., T(1), M(1), A, A(m)), the general formula is written in normal type, e.g., A B, Cs
Tg Oy, W,, and constituent cations are considered as A, B, C or T: thus in end-member tremo-
lite, B, = Ca,, whereas in calcic amphiboles, Ca, Na, Mg, Fe?*, Mn?*, Li are B cations. This
will hopefully remove ambiguity when using letter symbols for the amphiboles.

The C2/m amphibole structure

A schematic representation of the C2/m structure type is shown in Figure 7. There are
two distinct 7 sites that are occupied by the T cations, 7(1) and 7(2), that are tetrahedrally
coordinated and link to form one distinct type of double-chain of tetrahedra. The 7(1) site is
coordinated by O(1), O(5), O(6) and O(7), and the 7(2) site is coordinated by O(2), O(4), O(5)
and O(6). In the double chain, adjacent 7(1) and 7(2) tetrahedra link through O(5) and O(6)
oxygen atoms, and adjacent 7(1) tetrahedra link through O(7) oxygen atoms. The 7(1) and
T(2) tetrahedra alternate along the length of the double chain, and the 7(1) tetrahedra bridge
across the double chain.

There are three distinct octahedrally coordinated M sites that are occupied by the C cations,
and have point symmetries 1, 1 and 2/m, respectively. The M(1) site is coordinated by two O(1)
and two O(2) oxygen atoms, and by two O(3) W anions (OH,F,CL,O) in a cis arrangement.
The M(2) site is coordinated by two O(1), two O(2) and two O(4) oxygen atoms, and the M(3)
site is coordinated by four O(1) oxygen atoms and two O(3) W anions in a trans arrangement.
Within the strip of octahedra, there is extensive sharing of edges between the M(1), M(2) and
M(3) octahedra. The double chain of tetrahedra links to the strip of octahedra in the b-direction
through 7(2)-M(2) linkage via common O(4) oxygen atoms, and in the a-direction through
T(1) and T(2) linkage to the strip via common O(1) and O(2) oxygen atoms.

The M(4) site is situated at the periphery of the strip of octahedra (Figs. 6, 7), has point
symmetry 2, and is occupied by B cations. It is surrounded by eight oxygen atoms arranged
as a square antiprism: O(2) x 2, O(4) x 2, O(5) x 2, and O(6) x 2, not all of which necessarily
bond to the central cation. Note that the cation occupancy of this site (1) is the primary feature
on which the major groups of amphiboles are classified, and (2) correlates strongly with the
space-group variations in amphiboles.

The A site occurs at the center of a large cavity between the back-to-back double-chains
of the structure (Fig. 7). The center of the cavity has point symmetry 2/m, but the A cations

67_Amphiboles.indb 10 10/15/2007 3:57:47 PM



Amphiboles: Crystal Chemistry

11

Table 3. Subgroups of C2/m, Pnma and Pnmn*.

C2/m Pnma Pnmn
Monoclinic (Y)* Orthorhombic Orthorhombic
P2,/a Pn2,a Pn2n
P2,/m Pnm?2, Pnm2,
P2/a P2,ma P2,mn
P2/m P2,2.2, P2,2,2,
Cc2
Cm Monoclinic (X)  Monoclinic (X)
P2, P2,/n P2,/n
P2 P2, P2,
Pm
Monoclinic (Y)  Monoclinic (Y)
Triclinic’ P2,/m P2/m
c1 P2, P2
Cl Pm Pm
P1
P1 Monoclinic (Z) ~ Monoclinic (Z)
P1 P2\/a P2,/n
P2, P2,
Pa Pn
Triclinic Triclinic
P1 P1
P1 P1

* bold = reported as amphibole space-groups
*+ signifies unique axis
T repetition of space-group symbol is indicative of different origins

Table 4. Site-nomenclature scheme for amphibole structure-types (for the C 1 structure, see text).

C2/m P2,/m P2la Pnma Pnmn
tetrahedrally coordinated ~ T(1) TaAa) T(1B) (A (1B T1A T1B 1
sites T(2) T(2A) T(2B) T2Q)A T(2)B T2A 2B T2
octahedrally coordinated M(1) M(1) MDA M(1)B M1 M1
sites M) M) M(2)A M(2)B M2 M2
M@3) M@3) M@3) M3 M3
cubic antiprismatic sites M(4) M4) M)A M(4)B M4 M4
[12] cavity* A A A(2) A A
non-bridging anion sites o(1) O(1A) O(1B) O(DHA O(1)B Ol1A O1B Ol
0Q2) 0(2A) O(2B) O(2)A O(2)B 02A 02B 02
0(3) 0O(3A) O(3B) 0(3) 03A 03B 03
04 O(4A) O(4B) O(dA 04)B O4A O4A 04
bridging anion sites O(5) O(5A) O(5B) O(5)A O(5)B O5A O5B 05
0(6) O(6A) O(6B) O(6)A 0O(6)B O6A O6B 06
O(7) O(7A) O(7B) O(7) O7A O7B o7

* the more complex nomenclature used to describe the positional disorder of cations occupying this site is described in the
section on the A site.
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12 Hawthorne & Oberti

actually occupy off-centered sites of point symmetry 2 or m, A(2) and A(m), respectively. The
cavity is surrounded by twelve oxygen atoms: O(5) x 4, O(6) x 4, and O(7) x 4, but not all of
these always bond to the A cations.

The P2,/m amphibole structure

A schematic representation of the P2,/m structure type is shown in Figure 8. There are
four distinct 7-sites that are occupied by the T cations, T(1A), T(1B), T(2A) and T(2B), that
are tetrahedrally coordinated and link to form two distinct types of double-chain of tetrahedra,
the A-chain and the B-chain. Coordination and linkage of these 7 sites is analogous to that in
the C2/m structure, cations labeled A always bonding to anions labeled A, and likewise for the
atoms labeled B: thus 7(1A) is coordinated to O(1A), O(5A), O(6A) and O(7A), and the T(1A)
and T(2A) tetrahedra link along the length of the A-chain. The A- and B-chains face each other
back-to-back across the A cavity, and the B-chain is much more kinked (less extended) that the
A-chain (Fig. 8).

There are three distinct M sites that are occupied by the C cations, M(1), M(2) and M(3)
with point symmetries 1, 1 and m, respectively. As can be seen in Figure 8, the oxygen atoms
on one side of the octahedron strip are A-type oxygen atoms and the oxygen atoms on the
other side of the octahedron strip are B-type oxygen atoms, and the M(1,2,3) sites bond to both
A- and B-type oxygen atoms. The M(4) site has point symmetry 1 and eight adjacent oxygen
atoms, however, the cations occupying this site may not bond to all of these surrounding oxygen
atoms, and the existence of this structure type seems to depend on the bonding requirements of
the M(4) cation and the surrounding oxygen atoms, especially the aggregate ionic radius of the
M(4) cations. All natural amphiboles with this structure type have an unoccupied A cavity (and
root composition [J Mg, Mgs Sig O,,(OH),, cummingtonite). However, recent work has shown
that synthetic amphiboles of the form Na B, Mgs Sig O,,(OH), with B, = (Na,Li)Mg have P2,/m
symmetry at or below room temperature, and undergo a phase transition to the C2/m structure
at higher temperature (cf. Oberti et al. 2007b; Welch et al. 2007). In this case, the A cation oc-
cupies a site A with point symmetry 1 which is displaced ~ 0.25 A from the center of the cavity
along a line joining the two farthest O7A and O7B atoms (Camara et al. 2003).

The P2/a amphibole structure

A schematic representation of the P2/a structure type is shown in Figure 9. There are four
distinct 7 sites that are occupied by the T cations, T(1)A, T(1)B, T(2)A and T(2)B, that are
tetrahedrally coordinated and link to form two distinct types of double-chain of tetrahedra, the
A-chain and the B-chain. Coordination and linkage of these T sites is analogous to that in the
P2,/m structure, cations labeled A always bonding to anions labeled A, and likewise for the
atoms labeled B (Fig. 9).

There are five distinct M sites that are occupied by the C cations, M(1)A, M(1)B, M(2)A,
M(2)B and M(3), all of which have point symmetry 2. As can be seen in Figure 9, the oxygen
atoms on one side of the octahedron strip are A-type oxygen atoms and the oxygen atoms on
the other side of the octahedron strip are B-type oxygen atoms, with the exception of the O(3)
and O(7) oxygen atoms, for each of which there is only one symmetrically distinct site. There
are two distinct M(4) sites, M(4)A and M(4)B, each of which has point symmetry 2 and eight
adjacent oxygen atoms to which the constituent cations are bonded. The A cation occupies the
A(2) site, an off-centered site within the A cavity that is displaced toward the 7(1)B site that is
occupied by Be in the only amphibole with this space-group symmetry: joesmithite, Pb>* Ca,
Mgs (SigBes) Oy, (OH),.

The Pnma amphibole structure

A schematic representation of the Pnma structure type is shown in Figure 10. There are
four distinct 7 sites that are occupied by the T cations, T1A, T1B, T2A and 72B, that are tetrahe-
drally coordinated and link to form two distinct types of double-chain of tetrahedra, the A-chain
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Figure 9. The P2/a
amphibole  structure
projected onto (100);
polyhedra: T(1)A =

T(1)B = red, T(2)B
= pale green, M(1)A
= M(1)B = mauve,
MQ2)A = MQ2)B =
dark blue, M(3) = red;
sites: M(4)A = M(4)B
= blue circle.
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14 Hawthorne & Oberti

and the B-chain. As with the P2,/m structure, cations labeled A always bond to anions labeled
A, and likewise for the atoms labeled B.

There are three distinct M sites that are occupied by the C cations, M1, M2 and M3, with
point symmetries 1, 1 and 2/m, respectively. As with the P2,/m structure, the A-type cations
are on one side and the B-type cations are on the other side of the strip of octahedra. The M4
site has point symmetry 2 and is occupied by the B cations. It is surrounded by an antiprism of
eight oxygen atoms not all of which necessarily bond to the central cation. The A site occurs
at the center of the cavity between the back-to-back double-chains of the structure (Fig. 10).
The center of the cavity has point symmetry m, and unlike in the C2/m structure, the A cations
actually occupy the special position at the center of the cavity .

The Pnmn amphibole structure

A schematic representation of the Pnmn structure type is shown in Figure 11. There are two
distinct 7 sites that are occupied by the T cations, 7’1 and 72, that are tetrahedrally coordinated

Figure 10. The Pnma amphibole structure projected onto (100); polyhedra: T1A = pale yellow, T2A =
bright yellow, T1B = pale green, 72B = bright green, M1 = mauve, M2 = blue, M3 = red; sites: M4 = blue
circle, A = fuchsia circle.

Figure 11. The Pnmn amphibole structure projected onto (100); polyhedra: 71 = yellow,
T2 = green, M1 = mauve, M2 = blue, M3 = red; sites: M4 = blue circle.
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and link to form only one distinct type of double-chain of tetrahedra.

There are three distinct M sites that are occupied by the C cations, M1, M2 and M3, with
point symmetries 2, 2 and 2/m, respectively. The coordination of these sites is similar to that of
the analogous sites in the C2/m structure. The M4 site has point symmetry 2 and is occupied by
the B cations. It is surrounded by an antiprism of eight oxygen atoms not all of which bond to
the central cation. The A site occurs at the center of the cavity between the back-to-back double-
chains of the structure (Fig. 11), it has point symmetry 2/m.

The C1 amphibole structure

This structure has only been recorded for one very peculiar composition of a synthetic am-
phibole: NaNa, Mgs Sig O, (OH); which has one H in excess with respect to the standard am-
phibole formula (Maresch et al. 1991; Camara et al. 2004). The site nomenclature was derived
by analogy with the monoclinic and orthorhombic structures (Fig. 12a). However, the triclinic
nature of the structure, coupled with a b cell-dimension of 54.082 A (i.e., three times the usual
amphibole b edge) increases the complexity of the description. The simplest approach is to take
into account the I beams (i.e., the structure module parallel to ¢ which is formed by a strip of
octahedra and the two adjacent double-chains of tetrahedra which lay above and below in the a
sin B direction). There are two types of I-beams, and their arrangement is shown in Figure 12b.

I-beam I is centrosymmetric. The two sides of the double-chain of tetrahedra in the (100)
projection (Fig. 12a) are no longer equivalent, and are named A and B in analogy with the P2/a
amphibole structure: T(1)A, T(2)A, T(1)B, and T(2)B. These sites repeat themselves (by the 1
operation) in the double chain below the strip of octahedra (cf. the center of Fig. 12b). I-beam /
has three [6]-coordinated sites (M(1), M(2) and M(3)), and one [7]-coordinated M(4) site. With
the exception of O(3) and O(7), all anion sites are duplicated with respect to the C2/m structure,
and are named with regard to the 7 sites to which they are bonded, e.g., O(1)A and O(1)B. There
is only one independent H site. The A site is [6]-coordinated and has point symmetry 1.

I-beam II is non-centrosymmetric. Therefore, all the T sites above and below the ribbon
of octahedra are no longer equivalent, and a third index must be added to the site name: it is 1
when the tetrahedra are adjacent to I-beam 7, e.g., T(1)Al, T(2)A1, T(1)B1 and 7T(2)B1, and 2
when they are adjacent to I-beam 1/, e.g., T(1)A2, T(2)A2, T(1)B2 and 7(2)B2. I-beam II has
five independent octahedrally coordinated sites: M(1)1, M(1)2, M(2)1, M(2)2 and M(3)1, and
two independent [7]-coordinated M(4) sites: M(4)1 and M(4)2, where the labels 1 and 2 have
the same meaning as for the 7 sites. I-beam /I has twenty-four anion sites. With the exceptions
of O(3)1, O(3)2, O(7)1 and O(7)2, for which the index 1 or 2 is arbitrarily chosen, O atoms
take their designations from the 7 site to which they are bonded. Two independent H atoms,
H1 and H2, are bonded to O(3)1 and O(3)2, respectively. Above and below I-beam /1, there are
[8]-coordinated A(1) sites with point symmetry 1 (Fig. 12b).

The C1 symmetry for the triple-b cell derives from the fact that the two distinct I-beams
alternate along b in the sequence I-II-1I-I-1I-1I-1, the two adjacent [-beams I/ being related by
a center of symmetry coinciding with the A site (Fig. 12b).

The geometries of the double-chains of tetrahedra are significantly different. In [-beam
I, the double chain is O-rotated, and both the A- and B-chains have O(5)-O(6)-(05) angles
similar to those found in C2/m amphiboles (O(5)A-O(6)A-O(5)A = 172.8° and O(5)B-O(6)B-
O(5)B = 170.4°; cf. Hawthorne 1983a for references). In I-beam /I, one double chain is S-
rotated (O(5)A2-0O(6)A2-O(5)A2 = 183.9° and O(5)B1-O(6)B1-O(5)B1 = 184.0°), whereas
the other double-chain is O-rotated (O(5)A1-O(6)A1-O(5)A1 = 162.4° and O(5)B2-O(6)B2-
O(5)B2 = 163.5°). The Na atoms at the M(4)1 and M(4)2 sites have coordination [7] and are
displaced significantly along the a and ¢ axes relative to the analogous positions on the diad in
the C2/m structure. They have one short and one long M(4)-O(4) distance, and one short and
one long M(4)-O(2) distance.
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18 Hawthorne & Oberti

The third proton could not be located
from difference-Fourier analysis. Bond-
valence calculations [using values from
Brown and Altermatt 1985) for Mg-O and
Na-O, and from Brese and O’Keeffe (1991)
for Si-O] shows that there are two pairs
of O(4) anions which are strongly bond-
valence deficient: O(4)A, O(4)B1 with 1.50
vu (valence units), and O(4)A2, O(4)B2
with 1.77 vu, and one pair with a nearly
ideal value: (O(4)B and O(4)Al with 1.96
vu). Three O(2) sites, O(2)A, O(2)A2 and
O(2)B1, are also slightly deficient, suggesting
H-bond interactions. Stereochemical analysis
shows that in the I-beam /I modules, pairs of
adjacent M(4)1 sites have two different and
alternating spatial relations along a sin [3, one
with a shorter M(4)1-M(4)1 separation (4.508
A) and the other with a longer separation
(5.599 A). In the latter case, an excess proton
could occur in the pseudo-tetrahedral cavity
between two 7(2)B1 tetrahedra (marked with
a white dot in Fig. 12b). A different situation
is encountered where B-type sites adjacent to
an I-beam [ and to an I-beam II (i.e., M(4)
and M(4)2) alternate along a sin . M(4)2
has a very large atomic-displacement, with
the major component of the ellipsoid along
a sin B. It is thus possible to have a proton
bonded to the O(4)A site where Na at M(4)2
is displaced away from the pseudo-tetrahedral
cavity. Thus, the proton could protrude into
the pseudo-tetrahedral cavity between two
T(2)A and T(2)A2 tetrahedra (marked with a
white star in Fig. 12b). With only one of the
pair of H sites occupied in each cavity, the
atom multiplicities for HB1, HA, and H2A
are all 2, leading to one excess H pfu (Z = 6).
Each proton would supply 0.4 vu to the O(4)
donor and 0.1 vu to the O(2) acceptor, in good
agreement with bond-valence calculations.
Possible models for the local stereochemistry
of these protons were derived from bond-
lengths consideration and are given in Figure
13.

STACKING SEQUENCES AND
SPACE GROUPS

Amphiboles may be considered as sheets
of octahedra and tetrahedra stacked along
the a-direction (Fig. 14). Different ordered
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stacking sequences of these sheets of tetrahedra and octahedra (Gibbs 1966) are associated
with the different space-group symmetries of the amphiboles. The space groups P2/a and
P2,/m are subgroups of C2/m and involve the same bond topology, and hence we may consider
only the space groups C2/m, Pnma and Pnmn in this regard. The stacking sequences are shown
schematically in Figure 14. The apical O atoms of the tetrahedra provide the anions for the
coordination of the octahedra, and hence there is a stagger of + ¢/3 between adjacent sheets of
tetrahedra. For monoclinic amphiboles, this stagger is always in the same direction (Fig. 14a).
For the orthorhombic amphiboles, a regular reversal of this stagger is necessary such that the
periodicity in the a-direction is orthogonal to the plane of the sheets. For the Pnma structure,
the stagger between adjacent sheets of tetrahedra is [+¢/3, +¢/3, —c/3, —c/3] (Fig. 14c), whereas
for the Pnmn structure type, the stagger between adjacent sheets of tetrahedra is [+c/3, —c/3,
+c/3, —c/3] (Fig. 14b).

BOND LENGTHS AND BOND VALENCES IN ¥AI-FREE AMPHIBOLES

This topic is examined extensively in Hawthorne (1983a) and will be treated only briefly
here. Variations in bondlengths can be explained in terms of bond-valence theory (Brown 1981,
2002; Hawthorne 1992, 1994, 1997). Bond-valence tables for selected “/Al-free amphiboles
are shown in Table 5. The oxygen atoms at O(1), O(2) and O(3) are [4]-coordinated [O(3)
is only [3]-coordinated where occupied by F, CI or O], those at O(4), O(5) and O(6) are [3]-
coordinated and O(7) is [4]-, [3]- or [2]-coordinated depending on the nature of the O(3) anion
and the occupancy of the A site. The O(1), O(2) and O(4) oxygen atoms are linked to one
Si cation. As O(1) and O(2) are [4]-coordinated, their bond-valence requirements are easily
satisfied without any major deviations of the incident bondlengths from their mean values.
However, O(4) is only [3]-coordinated and hence all bondlengths to O(4) are the shortest of
their constituent polyhedra (Table 5). Where O(3) is occupied by (OH), the oxygen atom is
bonded to 4 cations: 2 x M(1) + M(3) + H and the incident bond-valence requirements are
easily satisfied. The O(5), O(6) and O(7) oxygen atoms are each linked to two Si cations;
in addition, O(5) and O(6) are linked to the M(4) cation via long bonds in accord with their
coordination by two Si cations. As a result, the bonds from Si to O(5) and O(6) are usually
longer than the <Si-O> bondlengths [and the resulting bond-valences are < 1.00 vu]. The
O(7) oxygen atom can be [2]-, [3]- or [4]-coordinated, depending on the type of O(3) anion
present and whether the A site is occupied or vacant: [2]-coordinated: O(3) = (F,C1,0), A =
[; [3]-coordinated: O(3) = (F,C1,0), A = (Na,K,Ca); [3]-coordinated: O(3) = (OH), A = [1;
[4]-coordinated: O(3) = (OH), A = (Na,K,Ca). The lower the coordination number of O(7),
the shorter is the 7(1)-O(7) bond and the larger is its corresponding bond-valence (compare
fluorotremolite, tremolite, fluororichterite and ferroglaucophane in Table 5). Thus it can be
seen that the bond-valence requirements of the anions in the amphibole structure (together
with the type of cations at the different cation sites in the structure) dictate the variations in
bondlengths in the amphibole structure.

THE DOUBLE-CHAIN OF TETRAHEDRA IN Al AMPHIBOLES

The substitution of Al for Si is a major factor in the crystal chemistry of the amphiboles.
Reported MAl contents vary between 0.0 and 3.55 apfu, although occurrences in which MAl
exceeds 2.00 apfu are relatively uncommon, but not rare (Bunch and Okrusch 1973; Appleyard
1975; Hawthorne and Grundy 1977; Shimazaki et al. 1984; Mogessie et al. 1986; Sawaki
1989; Previde Massara 1990; Oberti et al. 1995a; Banno et al. 2004; Hawthorne and Harlow
2007; Nishio-Hamane pers. comm.). The #Al content of an amphibole is dependent on (1)
bulk-rock composition, and (2) the pressure and temperature of crystal/equilibration of the
amphibole (Oberti et al. 1995a).
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20 Hawthorne & Oberti
Table 5. Bond-valence (vu) tables for selected “/Al-free C2/m amphiboles.
M(1) M2) M@3) M#4) A T(1) T(2) z
Cummingtonite: r.m.s. deviations are 3.2% and 9.6%, respectively.

o(1) 0.375 0312 03462 1.008 2.041  2.000
02) 0.325 0.347 0.333 0.992 1.997  2.000
0(@3) 0.353%— 0.367 1.073  1.000
04) 0.386 0.480 1.035 1.901  1.667
o(5) (0.045) 1.021 0.956 1.977  2.000
0(6) 0.107 0.984 0.946  2.037 2.333
o(7) 1.024 %~ 2.048  2.000
z 2.103 2.090  2.160 1.840 4.037 3.929

Tremolite: r.m.s. deviations are 4.4% and 11.3%, respectively.
Oo(1) 0.356 0309 03512 1.055 2.071  2.000
02) 0.345 0.342 0.287 1.016 1.990 1917
0(@3) 0.3422— 0.361 1.064  1.000
0“4) 0.395 0.341 1.101 1.837  1.583
O(5) 0.133 0.974 0922  2.029 2250
0(6) 0.211 0.982 0.878 2.071  2.250
oM 1.016%— 2.032  2.000
z 2.086 2.092  2.146 1.944 4.027 3.917

Fluororichterite (34): r.m.s. deviations are 6.8% and 12.9%, respectively.
Oo(1) 0.359 0278 03512 1.113 2.101  2.000
0(2) 0.381 0.359 0.236 0.992 0.992 1.968 1.854
0(@3) 0.276 2~ 0.300 0.951 0.852  1.000
04) 0.398 0.273 1.125 1.796  1.521
O(5) 0.103  0.0872 0910  2.092 2.271
0(6) 0.166  0.061* 0.858 2.036 2271
Oo(7) 0.182 0.964*2— 2.110  2.200
z 2.032 2.070  2.004 1.556  0.956 4.020 3.885
Ferroglaucophane (69): r.m.s. deviations are 4.1% and 9.2%, respectively.

o(1) 0.367 0.396  0.339<2] 0.992 2.094  2.167
02) 0.361 0.476 0.193 0.977 1.947 1958
0Q3) 0.341— 0.382 1.064  1.000
04) 0.605 0.220 1.072 1.897 1.625
O(5) 0.094 1.019 0.927  2.040 2.125
0(6) 0.175 0.997 0917  2.089 2.125
Oo(7) 1.013%>— 2.026  2.000
z 2.138 2954  2.120 1.364 4.021 3.893

P Formal (Pauling) bond-strength
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Variation in <7-O> bondlengths in C2/m amphiboles

There have been numerous treatments of this issue (Papike et al. 1969; Hawthorne and
Grundy 1973a,b, 1977; Robinson et al. 1973; Bocchio et al. 1978; Hawthorne 1981, 1983a,c;
Oberti et al. 1995a), and although the relations between Al content and mean bondlengths
have been improving, the current state of affairs is still far from ideal. Hawthorne (1976)
and Ungaretti (1980) suggested that variations in <7-O> distances occur as a result of other
cation substitutions in the amphibole structure. We may see this in the variation in <7(1)-
O> and <T(2)-O> distances in "Al-free amphiboles (Fig. 15). If there is such a relation
in "Al-free amphiboles, it seems probable that there is a similar relation in [“JAl-bearing
amphiboles, particularly at the 7(2) site (Ungaretti 1980). Oberti et al. (1995a) incorporated
such changes into a relation for the 7(2) site, but the relation does not work well for very
Al-rich amphiboles. Consequently, it seemed desirable to reconsider this issue here. Data are
taken from structure refinements selected from those listed in Appendix I; only about 50%
of the structure refinements were used for this purpose as the remainder were identified as
containing significant errors, particularly in the assigned site-populations.

1.640 | °
° °
~ 1635} ° o o
< e o o o
A o o e o o o
O [ ]
bl ° e o °
&N 1.630 F o o o
= )
v e o o o
e o o o
° o o
1.625 | e o o
e o o o o
°
[ [ [
1.615 1.620 1.625

<T(1)-0> (&)

Figure 15. Variation in <7(1)-O> and <7(2)-O> distances for C2/m amphiboles with */Al < 0.06 apfu.

<<T-0>> as a function of ¥AL The variation of <<7-O>> as a function of YAl is shown
in Figure 16a. Given that the average standard deviation of the mean bondlengths is of the
order of 0.002 A, there is a well-developed linear relation above ~ 0.50 Al apfu and much
scatter of the data below ~ 0.50 YAl apfu. First, this general relation suggests that a single
linear model for the variation of <<7-O>> may not be appropriate. There is more than one way
to approach this issue. We may consider just the data with /Al > 0.50 apfu and fit a straight
line to the data. The result of this is shown in Figure 16b and the resulting regression relations
is given in Table 6; the standard error of estimate on the mean bondlength is similar to the
estimated standard deviation, suggesting that the variation in <<7-O>> is affected only by the
total Al content for “JAl > 0.50 apfu. Developing the inverse relation (Table 6) predicts the
amount of YAl (greater than 0.50 apfu) with a standard error of the estimate of 0.08 apfu.

Such a simple model is obviously not adequate for small amounts of *!Al, and a more
complicated model was investigated by stepwise multiple regression in the region Al < 0.50
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Table 6. Regression results for <7-O> (A) and Al
contents (apfu) in C2/m and Pnma amphiboles.

R s
y i Yo 4 (A or apfu)
C2/m

<<T-0O>> [41A] (>0-50 apfu) 1.6250(6) 0.0153(3) 0.989 0.0012
[41A] (>0:50 apfu) <<T-0O>> -102.26(2.26) 62.96(1.37) 0.990 0.08
<<T-0>> [41A] (<006 apfu) 1.5017 0.014(6) 0.879 0.0014

<<r ML23)%> 0.051(9)

<r 93> 0.045(14)

<r M@ 0.025(2)
<<T-0>> B 1.522(11) 0.0156(2) 0.995 0.0013

<rM123) 0.0416(6)

<r 93> 0.0304(8)

<r M@ 0.0246(17)

<7 M@ 0.00129(41)
HIA] <<T-0O>> -94.4(1.4) 62.6(7) 0.995 0.08

<r M123)5 -3.69(38)

<r 00> -2.3(5)

<r M@ -1.43(9)

C2/m for samples with TAl > 0.50 apfu
<7(1)-O> TMA] 1.6202(6) 0.0308(4) 0.996 0.0012
<7(2)-0> T@AL 1.6293(3) 0.0329(10) 0.981 0.0012
TMA] <T(1)-O> —52.120(699)**  32.177(420) 0.996 0.039
T2A] <7(2)-0> -47.613(1400) 29.228(856) 0.981 0.035
Pnma

<<T-O>> “IA] 1.6215(9) 0.0173(6) 0.985 0.0015
4IA] <<T-0>> -90.98(343) 56.1473(2085) 0.985 0.09

* s = standard error of estimate.
**Values are quoted to several digits in order to avoid significant termination errors.

apfu. The variables that have a significant effect on <<7-O>> are MAl, <rM®> and </M123>,
The resulting regression equation is given in Table 6 and the observed and calculated <<7-O>>
values are compared in Figure 16c; at first sight, there is a lot of scatter in Figure 16¢, but this is
not significant in terms of the average standard deviation for the observed data. We also fitted
a single model to all the data by stepwise linear regression; the results are given in Table 6 and
a comparison of the observed and calculated data is given in Figure 16d. The fit is good, and
the regression shows that <<7-O>> is also affected by <rM123> </93)> and <M@> in that
order. We may also use *JAl as the dependent variable in a stepwise regression to develop a
predictive curve for AL, the result is given in Table 6.

<TI(1)-0>and <T(2)-0> as a function of /Al content. Without independent measurement
of the amounts of Al at 7(1) and 7(2) (e.g., by neutron diffraction or MAS NMR), it is not
possible to rigorously assign site populations to 7(1) and 7(2). However, let us first try and
get a sense of the behavior of <7(1)-O> and <T(2)-O> as a function of YAl content; Figure
17 shows this variation. It is immediately apparent from Figure 17 that there are two distinct
regimes of behavior of the tetrahedra.
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1.68 |

1.66 |

1.64

<T(1)-O>, <T(2)-O> (A)

1.62

0.0 0.5 1.0 15 2.0 25
MAl (apfu)

Figure 17. Variation in <7(1)-O> (black circles) and <7(2)-O> (white circles) as a function of ¥/Alin C2/m
amphiboles; the full line shows the regression relation from Fig. 16b, the upper dashed line is the limiting
envelope for the 7(1) data, and the lower dashed line is the reflection of the upper dashed line through the
full line parallel to the ordinate. The lines connect values for 7(1) (above the full line) and 7(2) (below the
full line) for specific crystals. See text for the meanings of A, B, C and D.

(1) below ¥Al=0.40 apfu, the data are densely clustered together; the maximum variation
(1.640 — 1.614 = 0.026 A) is at 1Al = 0.0 apfu, and the variation decreases with
increasing Al to extrapolate to 0.0 A at ~ 0.045 AL It is apparent that variation
of both <7(1)-O> and <7(2)-O> are affected by aspects of the structure other than
just A1 content (note that we already know this in terms of <<7-O>> (the mean of
<T(1)-O> and <7(2)-O>) because of behavior shown in Fig. 16).

(2) above "A1=0.50 apfu, the behavior changes drastically: <7(1)-O> increases strongly
with increasing YAl content (with some scatter), whereas <7(2)-O> increases less
strongly (but also with considerable scatter).

The solid line in Figure 17 is the regression line from Figure 16b, and Figure 16b also shows
that <<7-O>> values (i.e., (<7(1)-O> + <7(2)-O>/2) follow this regression line very closely. In
Figure 17, the pattern of data scatter about the <<7-O>> line is extremely informative. Above
~ 0.45 WAl apfu, <T(1)-O> values fall above the line and <7(2)-O> values fall below the line
(except for one datum point at “JAl = 0.7 apfu). Furthermore, the relative displacements of
values on either side of the central line match for each structure. This feature is emphasized
in Figure 17 by enclosing data points from specific structures or groups of structures by
ellipses and connecting the corresponding <7(1)-O> and <7(2)-O> ellipses. Several points
now become apparent from Figure 17: (1) the coupling of scatter of points about the line
implies that their displacements from the central line are due to partial-to-complete order of
[4IAl over T(1) and T(2); (2) the pattern of variation of <7(1)-O> shows a limiting envelope at
higher values, shown by the upper dashed line; (3) the symmetrical equivalent line below the
full line is a reasonable limiting envelope for the variation of <7(2)-O>; (4) the slope of the
upper limiting envelope (which was drawn ‘by eye’) is 0.992, i.e., not significantly different
from 1.0, the ideal value for a hard-sphere model of Al <> Si substitution; this suggests that
this envelope provides the limiting line for complete order of ¥Al at 7(1); (5) correspondingly,
the lower dashed line is the limiting line for zero YAl at T(2).
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Of course, one expects some scatter of data about a specific relation due to experimental
error and inductive effects of the rest of the structure, and hence the two dashed lines might
need to be moved slightly closer together (while maintaining the same slopes) to give the true
limiting values. The origins of the amphiboles shown in Figure 17 also support this overall
interpretation. The amphiboles labeled A are from Punta Falcone, a high-temperature leuco-
gabbro where Oberti et al. (1995a) have identified significant disorder of Al over 7(1) and
T(2). The amphiboles labeled B are synthetic fluoropargasite (synthesized at 1240 °C for 1
h and cooled to 816 °C over a period of 332 h; Oberti et al. 1995b) and synthetic kaersutites
(synthesized at 1270 °C for 1 h, cooled to 1070 °C at 0.5 °C/h, and then held at 1070 °C for
13h; Tiepolo et al. 1999). Synthetic fluoropargasites have a significant cannilloite component
(Ca at the A site, a feature which favors incorporation of Al at the 7(1) site beyond 2.0 apfu),
and amphiboles labeled A and B have unusually high temperatures of synthesis. These features
are in intuitive accord with some disorder of [JAl over T(1) and 7(2), and the observed mean
bondlengths indicate Al at both 7(1) and 7(2). The amphiboles labeled C and D are fluorocan-
nilloites and sadanagaite, all with high (> 2.1 apfu IAl), again in accord with the presence
of WAL at T(2); in fluorocannillote, the presence of Ca at the A site allows DAl to exceed 2
apfu, whereas in sadanagaite, the lack of significant A-site Ca prevents VAl from significantly
exceeding 2 apfu and requires the excess [“JAl beyond 2.0 apfu to occupy 7(2).

For amphiboles in which Al > 0.50 apfu, Figure 17 also suggests a method for predicting
the occupancies of the 7(1) and 7(2) sites: (1) Consider the data for a single amphibole. The
distance between the 7(1) datum-point and the upper broken line represents the amount of
Al at the 7(1) site, and the distance between the 7(2) datum-point and the lower broken line
represents the amount of Al at the 7(2) site. The equation of the upper broken line is <7(1)-
O> = 1.620+ 0.0312 ™Al and this can be used to predict an initial estimate of 7V Al from the
observed value of <7T(1)-O>. The relation between the two dashed lines and the central full
line in Figure 17 implies that the analogous relation for the 7(2) site has the same slope as that
for the T(1) site; the intercept of this line can be read from Figure 17: 1.630 A, and thus the
analogous predictive equation for the 7(2) site is <7(2)-O> = 1.630+ 0.0312 "@Al and can be
used to predict an initial estimate of 7® Al from the observed value of <7(2)-O>.

We may then compare the sum of the predicted Al (= TDAL,q + TPAl,q) with the
observed value of */Al. We may take the difference between these two values and equally dis-
tribute the difference between the two values VAl eq + T Al,eq and re-examine the relation
between <7(1)-0> and <7(2)-O> and the modified values of DAl .4 + 7@ Al,q. This is done
in Figure 18, and the results of regression analysis are given in Table 6 for both <7(1)-O>,
<T(2)-0> in terms of "WAL.q, 7@ Al,q. We also did the inverse regressions to give "WAl .4
+ @Al as the dependent variables (Table 6). These relations may be used to give the Al
contents of the 7(1) and 7(2) sites with standard errors of estimate of ~ 0.04 Al apfu for am-
phiboles with TAl > 0.50 apfu. It is apparent from Figure 17 that for amphiboles with TAl <
0.50 apfu, there are not any simple relations between <7(1)-O>, <T(2)-O> and "VAl, T®AL
The regression with <<T-O>> as the dependent variable in Table 6 involves *Al, </M1-23>
<93, <M@> and <ZM@> as independent variables, and there is no way of evaluating the dif-
ferent effects of <rM(1:29> <p0®> <MD and <ZM@> on <T(1)-O> and <T(2)-O> separately.
This issue will be addressed in Oberti et al. (2007b) based on regression analysis of the whole
CNR-IGG-PV database; in this way, a predictive equation was obtained for "WAl (but not for
T®A]) in all the compositional range.

Variation in <7-O> bondlengths in Prma amphiboles

Until recently, there has not been much crystal-structure information available on
amphiboles of the anthophyllite-gedrite group. Hawthorne (1983a) synthesized the available
information, presented a relation between <<7-O>> distance and /Al content, and developed
predictive curves for the four symmetrically distinct tetrahedrally coordinated sites: T1A, T1B,
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Figure 18. Relations between <7-O> distance and YAl content in C2/m amphiboles;
(a) <T(1)-O> as a function of 7MAl; (b) <T(2)-O> as a function of T®Al.

T2A, T2B. Recently, Schindler et al. (2007) refined the structures of 26 anthophyllite-gedrite
amphiboles and examined the stereochemistry of the Pnma amphibole double-chain; these
results are given below.

<<T-0>> as a function of ¥!Al. The relation between YAl and the <<7T-O>> distance is
shown in Figure 19. The data form a linear trend with a slope that is not significantly different
from that characteristic of a hard-sphere model. Two of the data points in the central region
fall 0.003-0.004 A below the general trend. As crystals in this compositional range may be
affected by unmixing, these two points were omitted from the linear regression, the results of
which are given in Table 6.

<T1A-0>, <T1B-0>, <T2A-0> and <T2B-0> as a function of /Al content. There are
four symmetrically distinct cation sites with tetrahedral coordination in the orthorhombic
(Pnma) amphibole structure: T1A, T2A, T1B and 72B (Fig. 10). Hawthorne et al. (2007a)
developed predictive curves relating the individual <7-O> distances to “JAl content assuming
that the slopes of the curves are the same.

The site occupancies predicted from the equations in Table 6 were adjusted slightly so as
to accord exactly with the Al determined by electron-microprobe analysis, and the <7-O>
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Figure 19. The relation between <<T-0>> distance and */Al in Pnma amphiboles.

distances are shown as a function of constituent Al in Figure 20, where the lines in the figures
are the relevant equations of Table 6. As is apparent, [“IAl is ordered over the non-equivalent 7
sites in the sequence 71B > T1A > T2B > T2A.

THE STEREOCHEMISTRY OF THE STRIP OF OCTAHEDRA

The strip of octahedra is the most compliant part of the amphibole structure and shows
the greatest variation in size and valence of substituent cations and anions: it accepts cations
from 0.535 A (/A1) to 0.83 A (®'Mn>*) and from 1* (Li) to 4* (Ti**) (and V>*, Nb and Ta in
synthetic samples), and the O(3) site can contain (OH), F, Cl and O. There are at least three
octahedrally coordinated cation sites in all amphibole structures, and both long-range and
short-range cation order can be important factors in their crystal chemistry. There has been
an enormous amount of diffraction and spectroscopic work on the cation and anion order in
amphiboles (Oberti et al. 2007a; Hawthorne and Della Ventura 2007), and here we examine
the stereochemistry of the octahedron strip.

The C2/m amphiboles: variation in mean bondlengths

Variation in <<M(1,2,3)-O>> distances. The variation in <<M(1,2,3)-O>> bondlength
as a function of the aggregate constituent M(1,2,3) cation radius is shown in Figure 21a, and
the results of linear regression are shown in Table 7. There is quite a lot of scatter in Figure
21a and the standard error of estimate from the regression is 0.006 A. The <<M(1,2,3)-O>>
bondlength will also be affected by the type of anion occupying the O(3) site, as the sizes of
the constituent [3]-coordinated anions are significantly different: OH = 1.34, F = 1.30, O =
1.36 A. In addition, there may be other inductive effects that also affect the <<M(1,2,3)-O>>
bondlength. This issue was examined by stepwise linear regression using the mean constituent
ionic radii at the sites in the C2/m amphibole structure, and the results are given in Table 7.
<<M(1,2,3)-O>> is significantly affected by <<rM1:239>> and <r°®> as expected, but also is
affected inductively by <r®>, the mean radius of the cations at the M(4) site. The standard
error of estimate is now 0.0028 A and the correlation coefficient is 0.99; a comparison of the
observed and calculated <<M(1,2,3)-O>> distances is shown in Figure 21b.

Variation in <M(2)-O> distances. Figure 22b shows the variation in <M(2)-O> as a
function of the aggregate size of the constituent cations, <r¥®>. There is a well-developed
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linear correlation, and the results of linear-regression analysis are given in Table 7. Possible
inductive effects were investigated by stepwise linear regression using the TAl content, the mean
radii at M(1,3), M(4) and O(3) and the mean formal charges at the M(4) and A sites, but none of
these parameters had a significant effect. The regression equation is given in Table 7, and Figure
22e shows the comparison between the observed and predicted <M(2)-O> distances.

Variation in <M(1)-O> and <M(3)-O> distances. The situation for the M(1) and M(3)
sites is somewhat more complicated than for the M(2) site, as M(1) and M(3) are coordinated by
the O(3) site that shows variable occupancy of OH, F, Cl and O, all of which have significantly
different radii: PIOH = 1.34, BIF = 1.30, P10 = 1.36 A. Figures 22a and 22c show the variation
in <M(1)-O> and <M(3)-O>, respectively, as functions of <rMV> and <r*®>, There is a lot of
scatter in the relations, as expected as the graphs do not include the effects of different anions
at the O(3) site. In addition, there may be other inductive effects; this issue was examined by
stepwise linear regression, and the results are given in Table 7. <M(1)-O> and <M(3)-O> are
significantly affected by <rM123> <035 as expected, but inductively by the size of the M(4)
cation and the amount of tetrahedrally coordinated Al. The standard errors of estimate are
0.0027 A and 0.0065 A, respectively; comparisons of the observed and calculated <M(1)-O>
and <M(3)-O> distances are shown in Figures 22d and 22f, respectively.

Indeed, Oberti et al. (2007c) compared the refined <M(1)-O> and <M(3)-O>bondlengths in
glaucophane, nyboite, fluoronybdite, aluminotaramite, alumino-magnesiotaramite and fluoro-
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Table 7. Regression results for ®!M-sites and aggregate radii of
cations at M-sites for C2/m and Pnma amphiboles.

s*
Y T Yo & R (A or apfu)
C2/m
<<M(1,2,3)-0>> <<M1:23)5 1.497(15) 0.805(21) 0.950 0.0063
<<M(123)-0>>  <<M12355 1.0709(25) 0.784(14) 0.990 0.0028
<0G 0.347(17)
<M®> —-0.020(3)
<M(1)-O> <> 0.932(24) 0.799(12) 0.990 0.0027
<0G 0.467(16)
<M@> —-0.0532(28)
#IAL 0.00358(30)
<M(2)-O> <M 1.476(7) 0.845(9) 0.991 0.0053
<M(3)-O> <O 0.627(61) 0.775(19) 0.970 0.0058
<r90)> 0.728(40)
<M —-0.080(12)
<M®> -0.029(7)
74 0.0064(18)
Pnma B(Mg.Fe.Mn)
<<M1,2,3-0>> <<M1235> 1.468(29) 0.855(42) 0.973 0.0024
<M1-0> <> 1.464(59) 0.862(79) 0.916 0.0028
<M2-0> <> 1.447(15) 0.899(24) 0.992 0.0039
<M3-0> <> 1.429(87) 0.87(12) 0.841 0.0044
Pnma B(Li)
<M1-0> <rM> 1.388(67) 0.954(91) 0.978
<M2-0> <> 1.435(55) 0.908(99) 0.972
<M3-0> < 1.650(59) 0.597(79) 0.959

* g = standard error of estimate.

alumino-magnesiotaramite. They concluded that the M(1) and M(3) octahedra are larger than
expected based on their site populations, and that the difference in size increases with WAL,
in contrast, the individual M(1)-O(1) and M(3)-O(1) distances shorten with increasing "VAl,
as expected by bond-strength requirements on the shared O(1) oxygen atom. It is possible that
other inductive effects produce variations in mean bondlengths not described by the regression
equations of Table 7. These could be investigated through examining structural strain as a
function of amphibole composition. If structural strain is an issue here, one would expect
deviations from the relations of Table 7 in compositions that approach the chemical limits of
stability of the amphibole structure.

The Pnma amphiboles with B(Mg,Fe,Mn): variation in mean bondlengths

Hawthorne (1983) presented relations between the <M-O> distances and the aggregate
radii of the constituent cations and anions at the M sites. However, not much data were available
at that time. With the work of Evans et al. (2001) and Schindler et al. (2007) and Hawthorne
et al. (2007), this situation has now changed, and more accurate relations are now available for
anthophyllite-gedrite amphiboles.
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Figure 22. (a,b,c): Variation in <M-O> distance as a function of the mean aggregate radius of the M
cations in C2/m amphiboles: (a) M(1); (b) M(2); (c) M(3); comparison of observed and calculated (from
the regression relations of Table 5) <M-O> distances: (d) M(1); (e) M(2); (f) M(3).

Variation in <<M1,2,3-0>> distances. The variation in <<M1,2,3-O>> bondlength as a
function of the aggregate constituent M1,2,3 cation radius for amphiboles of the anthophyllite-
gedrite series is shown in Figure 23, and the results of linear regression are shown in Table
7. The data are quite linear, given the large standard deviations in the intermediate range
of composition (where the refinements are affected by exsolution), and the values are not
materially affected by the small amounts of F occupying the O(3) site in these crystals. In the
C2/m amphiboles, the <<M(1,2,3)-O>> distances were inductively affected by variation in the
aggregate size of the cations occupying the M(4) site. There is no sign of such an effect in the
Pnma amphiboles, which is not surprising, given the small amount of variation in <rM*> relative
to the analogous variation in the C2/m amphiboles.
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Figure 23. Variation in <M1,2,3-O> distance as a function of the mean aggregate
radius of the M1,2,3 cations in Pnma amphiboles with B(Mg,Fe,Mn).

The M1 and M3 sites. The M1 and M3 sites are occupied predominantly by Mg and Fe?*.
In principle, the mean bond-lengths at these sites are dependent not only on the cation site-
populations, but also on the anion site-populations at the O3A and O3B sites (cf. monoclinic
amphiboles, Table 7). However, the Pnma amphiboles generally contain only minor F, and we
may omit consideration of the monovalent-anion content and focus just on the site populations
of M1 and M3. Figures 24a, ¢ show the variation of <M1-O> and <M3-O> as functions of
mean constituent-cation radii for amphiboles of the anthophyllite-gedrite series. The variations
are linear for each site, and no data deviate significantly (> 2.7 standard deviations) from the
least-squares line. The regression curves are given in Table 7. The correlation coefficients are
much lower for the M1 and M3 sites than that for the M2 site, a result of the much smaller
spread of the data for the former two sites (where the standard deviation for each data point
is proportionately much greater relative to the total range of the data for the M1 and M3 sites
compared to the M2 site).

The M2 site. The M2 site is occupied predominantly by Mg, Al, Fe?* and small amounts of
Ti** and Fe**. The relation between <M2-O> and the mean constituent-cation radius is shown
in Figure 24b, and the equation of the linear-regression curve is given in Table 7. The slope and
intercept of the curve are reasonably similar to the analogous values for the M(2) site in the
C2/m amphiboles.

The Prma amphiboles with BLi: variation in mean bondlengths

The behavior observed in holmquistites is significantly different from that of the other Pnma
amphiboles discussed above. The crucial point in holmquistite crystal-chemistry is the presence
of two monovalent cations pfu at the M4 site, which implies the presence of two trivalent cations
pfu at the M2 site. The geometry of the strip of octahedra, does not allow incorporation of
Al into the double chain of tetrahedra. Holmquistite, ideally “[JBLi, “{(Mg3Al,) TSig O, (OH),,
is actually the amphibole composition composed of the smallest possible structural modules.
Crystallization in Pnma symmetry, where the two double-chains of tetrahedra can assume
different conformations, is probably required by the need to obtain a more suitable [5 + 1]-
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34 Hawthorne & Oberti

coordination for BLi, and to shrink the cation-cation distances. This arrangement does not allow
extensive incorporation of larger homovalent substituents, which are hosted via mechanisms
implying distortion of the octahedra. Actually, only one occurrence of ferroholmquistite has
been reported so far (Camara and Oberti 2005).

Céamara and Oberti (2005) also provided structure refinements and complete chemical
analyses of samples from reported occurrences of holmquistite. The observed trends are
reported in Figure 25, and the relevant regression equations are given in Table 6. Comparison
with those reported for Pnma amphiboles with B(Mg,Fe,Mn) confirms the different relations
between composition and geometry in the two series.

THE STEREOCHEMISTRY OF THE M(4) SITE

The M(4) site occurs at the junction of the strip of octahedra and the double-chain of
tetrahedra in all amphibole structure types, and is occupied by B cations (Na, Li, Ca, Mn?*,
Fe?*, Mg). The B cation bonds to oxygen atoms of both the strip of octahedra and the double-
chain of tetrahedra, and is the primary link between these two parts of the structure. As a result,
this site and its constituent cations are a major influence on the symmetry, crystal chemistry and
chemical composition of the amphiboles (Warren 1930; Whittaker 1960; Papike et al. 1969).
In monoclinic amphiboles, the nature of the B cation significantly affects the § angle, and thus
the periodicity along the stacking direction, a* (= a sin ). Within compositional series with
homovalent B cations, there is a reasonable linear correlation (with obvious systematic scatter)
between the aggregate ionic radius at M(4) [<r¥®>] and the B angle. We may investigate
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a b
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Figure 25. Variation in <M-O> distances as a function of the mean aggregate radius of the
M cations in Pnma amphiboles with BLi: (a) M1; (b) M2; (c) M3; (d) M1,2,3.
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the origin of the scatter in Figure 26 by stepwise regression analysis, the results of which
are given in Table 8. After the aggregate size of the M(4) cations, the following parameters
correlate significantly with the [ angle: the aggregate formal charge, Z, of the M(4) cations,
the aggregate size of the M(1,2,3) cations, and the /Al content. This behavior is in accord with
the 3 angle being controlled by the linkage requirements of the double-chain of tetrahedra and
the strip of octahedra.

The calcic, sodic-calcic and sodic amphiboles

These amphiboles have space-group symmetry C2/m; the M(4) site has point symmetry
2 and is surrounded by eight O atoms. In these groups with large B cations, the M(4) site
occupies a position at 0 ~0.28 ¥2. In C2/m amphiboles with small B cations, the M(4’) site
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Figure 26. Variation in the 3 angle in as a function of the aggregate
radius of the M(4) cations for selected C2/m amphiboles.
Table 8. Regression results for the M(4)-sites in C2/m
amphiboles and /M4 in Pnma amphiboles.
Y R s
X Yo a; (o OI'AO)
B <rM@> 92.8(1.3) 1.86(36) 0.965 0.31
ZM& 1.33(9)
<pMA.23)s -5.7(1.8)
“IAL 0.33(6)
<M(4)-0> WAl 1.306 —0.0262(17) 0.934 0.011
<rMa23s 0.63(6)
<r00> 0.446(78)
<rM@> 0.106(14)
zA 0.049(4)
<M4-0> <pMi235 1.363(74) 1.37(11) 0.938 0.006

* g = standard error of estimate.
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occupies a position at 0 ~0.26 %2, and in calcic, sodic-calcic and sodic amphiboles with a
significant component of B(Mg, Fe, Mn), both sites can be identified (Rossi et al. 1987,
Oberti and Ghose 1993). A detailed discussion of the coordination at the M(4) site is given
by Hawthorne (1983a). The size of the M(4) polyhedron increases from M(4) = Ca, — CaNa
— Na,, but is also strongly affected by the size of the M(2) polyhedron (cation), <M(4)-O>
increasing with increasing <M(2)-O> for a fixed size of the M(4) cation.

Amphiboles with small B cations (magnesium-iron-manganese-lithium, magnesium-
sodium and lithium-sodium)

The orthorhombic amphiboles have space-group symmetries Pnma and Pnmn, and
the M4 sites have point symmetries 1 and 2, respectively. The monoclinic amphiboles have
space-group symmetries C2/m and P2,/m, and the M(4) sites have point symmetries 2 and 1,
respectively. As in the C2/m amphiboles, with large B cations, the M(4) site occupies a position
at 0 ~0.28 Y5, whereas with small B cations, the M(4") site occupies a position at 0 ~0.26 Y5.
In BNa-BLi solid-solutions, both sites can be identified by crystal-structure refinement (Oberti
et al. 2004).

The C2/m amphiboles: variation in <(4)-O> bondlengths

In the C2/m amphiboles, the M(4) site can be occupied by a wide variety of cations of
different charge and size: Li, Mg, Fe?*, Mn?*, Ca, Na (and even K and Sr in various synthetic
amphiboles), and the <M(4)-O> distance shows considerable variation in these amphiboles:
2.45-2.62 A. However, within the calcic, sodic-calcic, sodic, and magnesium-iron-manganese-
lithium amphibole groups, there is no significant simple correlation between <M(4)-O> and
<rM®>_The amphiboles of the magnesium-iron-manganese-lithium group show a significant
correlation of <M(4)-O> and <r"1->3> (Fig. 27a, Table 7). This relation suggests that <M(4)-
O> is significantly affected by the articulation requirements of the strip of octahedra and the
double-chain of tetrahedra. As the size of the strip of octahedra increases (i.e., increasing
<rM1.295) the double-chain straightens to maintain linkage, and the M(4)-O bonds lengthen
accordingly, thereby increasing <M(4)-O>.

The factors affecting <M(4)-O> in the C2/m amphiboles as a whole were investigated
using stepwise linear regression with <M(4)-O> as the dependent variable and the following
sets of independent variables: (1) AL <MV> < M@ < MO MG <005 7M& gnd 74
(where Z¥® and Z# are the formal charges of the M(4)- and A-site cations, respectively); (2)
HAL < M2 M@ <05 7ZM& and ZA. The second option gave the more significant
fit and the results are given in Table 8. The most important parameters are “Al, </70:23)>
and Z*. These are the principal parameters affecting the relative sizes of the double-chain of
tetrahedra ("Al) and the strip of octahedra (<r(:23>), and ability of the double chain to vary
its T-Opyigeing-T distances (Z*, a measure of the occupancy of the A site), and are in accord with
the idea that the stereochemistry of the M(4) site has a major influence on the crystal chemistry
and bulk composition of the amphiboles.

The Prnma amphiboles: variation in <M4-O> bondlengths

The M4 site is occupied predominantly by Fe?*, Mn?*, Mg and Li; however, there is no
significant correlation between <M4-O> and <r”*>, the mean radius of the constituent M4
cations. However, as with the monoclinic magnesium-iron-manganese-lithium amphiboles,
there is a strong correlation between <M4-O> and the mean constituent-cation radius of the
M(1,2,3) sites (Fig. 27b): the equation of the linear-regression relation is given in Table 8. The
slope and intercept of the curve are reasonably similar to the analogous values for the M(4)
site in the monoclinic magnesium-iron-manganese-lithium amphiboles (Fig. 27a, Table 8),
indicating the same cause for this relation.
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Figure 27. (a) Variation in <M(4)-O> distance in C2/m Mg-Fe-Mn-Li amphiboles as a function of the
aggregate radius of the M(1,2,3) cations; (b) variation in <M4-O> distance in Pnma Mg-Fe-Mn-Li
amphiboles as a function of the aggregate radius of the M1,2,3 cations.

THE STEREOCHEMISTRY OF THE A SITE

The A site occurs in the large cavity between the back-to-back chains of tetrahedra in the
amphibole structure. This site may be occupied or vacant, and like the M(4) site, the details
of this occupancy are very dependent on structure type (i.e., space group) as the relative
displacement of the back-to-back chains is dependent on space-group symmetry and stacking
of the layers (Fig. 14). The A cavity may be occupied by monovalent (Na, K, Li) or divalent
(Ca, Pb>") cations, and the siting of these cations are strongly influenced by short-range bond-
valence constraints. It is notable that in the P2,/m and Pnmn structures, the A site is vacant in
natural amphiboles, but may be occupied by B(NaMg) in synthetic P2,/m amphiboles (Oberti

et al. 2007b; Welch et al. 2007).
The C2/m amphiboles

The arrangement of polyhedra around the A site is shown in Figure 28, and typical A-O
distances for different amphiboles are shown in Table 9. The pattern of distances is similar in
each structure, but the variation is considerable (up to 0.3 A) for each individual distance. This
variation is accompanied by rotation of the chains [variation in the O(5)-O(6)-O(5) angle] that
moves the O(5), O(6) and O(7) anions relative to the central A position].
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Figure 28. The arrangement
of polyhedra around the A
cavity and the A sites in the
C2/m amphibole structure.

Table 9. A-O distances (A) in selected C2/m amphiboles.

Cumm Trem Parg Winch  Taram

A-0O(5) x4 2.824 2.970 3.045 2.77 3.008
A-0O(6) x4 3.278 3.156 3.068 3.13 3.152
A-O(7) x2 2.295 2.486 2432 2.539 2.520
<A-O> 2.900 2.948 2.932 2.87 2.968
Nyb Kato Arf Glauc Rieb

A-0O(5) x4 2913 2.970 2.755 2.814 2.832
A-0O(6) x4 3.137 3.108 3.212 3.216 3.252
A-O(7) X2 2.446 2.419 2.629 2.519 2.550
<A-O> 2.909 3.091 2913 2916 2.944

Refs: Cumm: Ghose (1961), Hawthorne (1983a); Trem: Papike et al. (1969); Parg: Bocchio et al. (1978);
Winch: Sokolova et al. (2001); Taram: Hawthorne and Grundy (1978); Nyb: Hawthorne et al. (1996a);
Kato: Oberti et al. (1998); Arf: Hawthorne (1976); Glauc: Hawthorne (1979); Rieb: Hawthorne (1978).

The A cations do not occupy the central site [A(2/m)] at (0, ¥2, 0) (notation from Hawthorne
and Grundy 1972). Figure 28 shows the sites that are actually occupied in the many hundreds
of amphibole structures refined to the present time; a few studies have put cations at a general
site [A(1): x, y, z], but further work has shown that these assignments are not warranted. Where
the A cation is K, the electron density occurs at the A(m) site (Papike et al. 1969; Cameron et
al. 1983). The maxima of the electron density are confined to the mirror plane through (0, %2,
0) and occur on both sides of the A(2/m) site with the density elongated in the general direction
of the nearer O(7) anions. The distance between the two maxima is of the order of 0.29 A,
too short for simultaneous occupancy of both sites in a single A cavity, and hence K may be
considered as positionally disordered off the central position with only one (or sometimes
neither if K < 1 apfu) position occupied in a specific cavity.

The situation where A = Na is much more complicated as electron density can occur at
A(m), A(2) or both. As indicated in Figure 29, where distributed over the A(m) and A(2) sites,
the electron density is best shown in a difference-Fourier map parallel to (201) and through (0,
14, 0). Figure 30 shows the distribution of electron density for a series of amphiboles with ANa
cations = 1 apfu. It is apparent from Figure 30 that Na may occur only at A(m), only at A(2),
or disordered over A(m) and A(2). There has been a considerable amount of work trying to
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Figure 29. The electron density in the A cavity for nybdite with A ~ Na; (a) section parallel to (100); (b)
section parallel to (010); (¢) section parallel to (201); the contour interval is 1 ¢/A3 and the broken line is
the zero contour (from Hawthorne et al. 1996a).

Figure 30. Sections parallel to 201 showing the electron density in the A cavity for a series of C2/m
amphiboles with A ~ Na; legend as in Fig. 28 (from Hawthorne et al. 1996a); (a) fluoronyboite; (b)
pargasite; (c) nyboite; (d) taramite; (2) pargasite.

understand the details of this disorder, often focusing on variations in bond valence (and hence
bondlengths) (see summary by Hawthorne 1983a). However, Hawthorne et al. (1996a) showed
that the order-disorder relations within the A cavity are actually controlled by short-range
bond-valence requirements; these will be dealt with by Hawthorne and Della Ventura (2007).
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The P2/a amphibole

The polyhedra arrangement around the A site is shown in Figure 31, and the A-O
distances and analogous bond-valences for joesmithite are shown in Table 10. Moore (1969)
suggested that the occurrence of Pb?* may be fortuitous, but Hawthorne (1983a) noted that the
off-centered arrangement of Pb?* indicates lone-pair stereoactivity. As discussed by Moore
(1969) and Moore et al. (1993), Pb** is displaced off the central position toward the T(1)B
site occupied by Be, suggesting that bond-valence requirements are driving this arrangement
(Oberti et al. 2007b).

The Prnma amphiboles

The arrangement of polyhedra around the A site is shown in Figure 32. Comparison with
the arrangement in the C2/m amphiboles (Fig. 28) shows significant differences. First, the
chains in the Pnma structure are more displaced relative to each other than the chains in the
C2/m structure (cf. Figs. 28 and 32). Second, the difference in degree of rotation of the A-
and B-chains in the Pnma structure significantly affects the A-O distances; thirdly, the A site
does not occur in the center of the cavity (Fig. 32). The collective result of these factors is
that the arrangement of anions around the A site in the Pnma structure is more compact than
the analogous arrangement in the C2/m structure. As a result of the difference in symmetry,
there is no longer a center of symmetry at the centre of the A cavity (as there is for the C2/m
structure). The only symmetry involving the A cavity is the mirror plane parallel to the b-axis.
In all structures so far refined, the A site is confined to this mirror plane with coordinates (x,
—Y4, 7). Typical A-O distances in Pnma amphiboles with A cations are shown in Table 11 (Fe-

C
Figure 31. The arrangement of polyhedra Figure 32. The arrangement of polyhedra
around the A cavity and the A site in the P2/a around the A cavity and the A site in the
amphibole structure. Pnma amphibole structure.
Table 10. A—O distances (A) in joesmithite*. Table 11. A-O distances (A) in
anthophyllite and sodicgedrite.
A-O(5)A 3.517(5)
A-O(5)B 2.589(5) “AL (apfu) 0.17 1.79
A-O(6)A 2.568(4) A-O6A X2 2.677  2.654
A-O(6)B 3.433(5) A-O6B x2 2.808  2.624
A-O(7) 2.580(6) A-O7A 2287  2.387
<A-O> 2.937 A-O7B 2370 2378
* from Moore et al. (1993) * from Schindler et al. (2007)
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poor anthophyllite and holmquistite have very low A-site occupancies (e.g., Robinson et al.
1971; Camara and Oberti 2005).

The Prmn amphiboles

In the synthetic protoamphibole reported by Gibbs (1969), the chemical analysis (Gibbs
et al. 1960) indicated Li at the A site, but Li could not be located by structure refinement.
Sueno et al. (1998) reported the occurrence and structures of proto-ferro-anthophyllite and
proto-mangano-ferro-anthophyllite, but in both these structures, the A site is vacant.

THE STEREOCHEMISTRY OF THE O(3) SITE

The O(3) site is located at the center of the strip of M(1,2,3) octahedra and can be occupied
by monovalent [(OH), F, Cl1] and divalent (O) anions that are bonded to two M(1) and one M(3)
cations (Fig. 33a; the siting of the O(3) site in other amphibole structure types is analogous to
that in the C2/m structure). Where occupied by (OH), the associated H atom is situated ~ 1 A
away from the O(3) site with the O-
H bond orthogonal to the plane of the
strip of M(1,2,3) octahedra.

The C2/m amphiboles

0O(3) = (OH). The arrangement
of atoms around the O(3) site [where
0O(3) = (OH)] in the C2/m amphibole
structure is shown in Figure 33b. The
position of the H atom in tremolite C
was located by Hawthorne and Grun-
dy (1976) [O(3)-H = 0.957(6) A] and
Hanisch (1966) showed by polarized
infrared spectroscopy that the O-H
bond is orthogonal to (100). It is no-
table that the H atom hydrogen-bonds
only to one O(7) atom [H...O(7) = b >
2.775 A in tremolite, Hawthorne and
Grundy 1976], although this situation

may change for short-range arrange- (b)
ments in *!Al-bearing amphiboles.
0(@3) = F. Above, we note that a

there is a hydrogen bond to the O(7)
anion. Where O(3) = F, this hydro-
gen bond is no longer present, and as
a consequence, the valence-sum rule
(Brown 1981, 2002; Hawthorne 1994,
2006) predicts that the 7(1)-O(7) dis- ¢

tance should be slightly shorter in Figure 33. The O(3) site in the C2/m amphibole structure;

fluorotremolite than in tremolite. This the O(3) site is shown by a black circle; (a) projected onto
conclusion is in accord with the 7(1)- (100); (b) projected onto (010) with perspective and with
O(7) distances in tremolite (1.622 A’ the 7(2) sites omitted for clarity, the H atom is shown by a
Evans and Yang 1998, sample 11B, small circle, and the H...O(7) hydrogen bond is shown by

. . a dashed line. [Used by permission of Schweizerbart’sche
Si = 7'997 apfu) an§i synthetlc fluo- Verlagsbuchhandlung, from Della Ventura et al. (1999),
rotremolite (1.606 A, Cameron and European Journal of Mineralogy, Vol. 11, Fig. 7, p. 83.]
Gibbs 1973, Si = 8§ apfu).
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0(3) = CI. Where O(3) = Cl, the site is significantly displaced with reference to the strip
of M(1,2,3) octahedra relative to where O(3) = (OH),F. Figure 34 shows the electron density
through the O(3) site for a series of amphiboles with increasing CI content. The Cl atom is
displaced from the position of the O atom, in accord with the much larger radius of Cl relative
to that of O [r(Cl) = 1.81, r(O) = 1.36 A, Shannon 1976]. Indeed, for the crystal with C1=0.98
apfu, the distances from the M cations to CI are much greater than the corresponding distances
to O at O(3): M(1)-0(3) = 2.147, M(1)-Cl = 2.462; M(3)-O(3) = 2.105, M(3)-Cl = 2.400 A
(Oberti et al. 1993); similar values are reported by Rastsvetaeva et al. (1996).

There are two possible mechanisms whereby Cl can replace (OH) at O(3) in the amphibole
structure: (1) the strip of octahedra could expand to incorporate the larger anion (as suggested
by Volfinger et al. 1985), and (2) the larger anion could take up a position displaced from the
plane of the O anions of the octahedron strip into the A cavity. Oberti et al. (1993) show that
both mechanisms are operative, and that mechanism (2) is more important than mechanism (1).
Cl-rich amphiboles are generally rich in Fe** and K (Krutov 1936; Dick and Robinson 1979;
Volfinger et al. 1985; Vanko 1986; Suwa et al. 1987; Castelli 1988; Morrison 1991; Enami et
al. 1992; Zhu et al. 1994; Kullerud 1996; Leger et al. 1996; Sato et al. 1997; McCormick and
McDonald 1999), indicating the effect of increasing Fe?* in increasing the dimensions of the
strip of octahedra, and increasing K promoting the bonding between K at the A(m) site and Cl
at O(3) (see also Oberti et al. 2007Db).

0(3) = 0. The occurrence of O at O(3) places considerable restrictions on occupancy of
the adjacent M(1) and M(3) sites as the bond-valence requirements of the oxygen atom at O(3)
must be satisfied by the three adjacent M(1) and M(3) cations. In turn, this requirement places
considerable restrictions on the chemical composition of the amphibole. At least some of the
M(1) and M(3) cations must be of high charge in order to provide sufficient bond-valence to
O(3). Thus the compositions of oxygenian amphiboles tend to be characterized by Ti** as
a prominent C cation. However, this is not always the case: ungarettiite is characterized by
M(1) = M(3) = Mn*", where the Jahn-Teller distortion of the constituent polyhedra provides
sufficiently short bondlengths to O(3) to satisfy local bond-valence requirements (Hawthorne
et al. 1995). These amphiboles are discussed in more detail by Oberti et al. (2007a).

UNIT-CELL PARAMETERS AND COMPOSITION IN C2/m AMPHIBOLES

We have shown above that the geometry (size and distortion) of each module of the
amphibole structure is significantly affected by its constituent site-population, and by the
composition of the other modules. The unit-cell parameters are a measure of the volume
occupied by the complete structure, and thus must be sensitive to (1) the intrinsic geometry
of the strip of octahedra and of the double-chain of tetrahedra; (2) the geometry of their
connections through the shared oxygen atoms to form what is usually called an I-beam; (3)
the geometry of the connections between the I-beams through the M(4) site; (4) the size of the
A cation. Therefore, variations in chemical composition and cation ordering are expected to
strongly affect unit-cell parameters. It may also be expected that some combinations of site
populations will not allow articulation of the structure modules, and thus cannot occur, at least
under specific P and T conditions.

An understanding of the relations between the composition and unit-cell parameters in
amphiboles would, in principle, help to understand the structural constraints on amphibole
stability. Several statistical studies have been made (beginning with Whittaker 1960 and
Colville et al. 1966). However, none of these have been truly comprehensive. Four factors have
hampered this analysis: (1) lack of reliable site-populations; (2) lack of precise and accurate
unit-cell dimensions obtained with a reasonably similar procedure; (3) lack of reliable site-
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Figure 34. The electron density through the O(3) site in amphiboles with different amounts of CI at the
O(3) site, showing the displacement of the positions of O, H and CI at this site; (a) C1 = 0.00 apfu; (b) Cl =
0.56 apfu; (c) Cl = 0.98 apfu; Circle: O atom; diamond: H atom; square: Cl atom; contours are drawn at 5,
10, 15, 20 and 25 e/A3 (from Oberti et al. 1993).

populations and chemical compositions for synthetic amphiboles; (4) the observation that a
fixed cation-O distance (for instance, as calculated from constituent ionic radii) cannot be
used for all amphibole compositions. The latter two points make the determination of site
populations a difficult task, as it will be further discussed in Oberti et al. (2007a).

The crystal-chemical database for amphiboles at the IGG-CNR-PV satisfies all the above
requirements. It contains unit formulae and structural data representative of every known C2/m
amphibole composition (but sadanagaite), and were obtained by the same procedure. In
particular, site populations were optimized by combining chemical analyses with quantitative
models of structural change as a function of composition (a peculiar case of structure modeling)
in the COMAMPH procedure, as described in more detail by Oberti et al. (2007a). The ranges
of variation observed in the data base are: a = 9.357-10.143 A, b = 17.580-18.402 A, ¢ =
5.262-5.365 A, B = 101.84-105.71°, V = 846.21-948.23 A3,

As a first step, the unit-cell parameters were plotted one against the other to understand
whether there are forbidden zones for their combination. Figure 35 shows that amphiboles do
not occupy all available space, and that discrete populations can be identified which are mainly
related to the nature of the B cations. Multiple stepwise linear regression was then done using
the unit-cell parameters as dependent variables. Due to the constraint of the full occupancy
of the T and M sites, only the following independent chemical constituents were used: 2K,
ANa, BNa, B(Fe,Mn)>, BLi, BMg, CAl, CTi, “Fe’*, “Fe*, CLi, TAl, WF, YO>. In this way, the
equations predict deviations from ideal tremolite, L1 Ca, Mgs Sig O, (OH),. Four regression
equations were obtained, which allow calculation of the unit-cell parameters starting from the
unit-formula (Table 12). For a, b and 3, multiple correlation coefficients are higher than 0.99,
and the lower value obtained for the ¢ edge (0.930) is justified by its far smaller variance. The
yo values given in Table 12 represent the unit-cell parameters extrapolated for pure tremolite:
a = 9.873(15), b = 18.057(11), ¢ = 5.268(5) A, B = 104.94(8)°, giving V = 907.4 A3. They
are consistent with those extrapolated by Gottschalk et al. (1999) based on Rietveld analysis
of a series of samples in the much simpler synthetic system tremolite—cummingtonite: a =
9.8354(18), b = 18.0562 (14), c = 5.2768(6) A, B = 104.74(2)°, V= 906.3 A3.

It is not easy to interpret the relative importance of the various chemical descriptors on
the variation of the dependent variable because the regression coefficient must be weighted
for the possible abundance of each cation/anion. For the a edge, the key role is played by
AK and by the incorporation of highly charged cations at the M(1,2,3) sites. However, each
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of these substitutions (heterovalent with respect to tremolite) implies a coupled heterovalent
substitution, which also affects the dependent variable in a different and sometimes inverse
way. For the b edge, substitutions at the M(1,2,3) and the O(3) site are particularly significant.
For the 3 angle, the results confirm the regression done in a previous section based on aggregate
ionic radius: the most important factors are the type of B cation and the amount of TAL

These equations can provide a rapid tool to (1) verify whether or not the structure predicted
for amphibole compositions not found in Nature falls in an allowed region, (2) calculate the
molar volume of pure end-members, (3) detect the occurrence or the effects of anomalous
site-partitioning. They can also be used as a check for anomalous or incomplete chemical
analyses.

SUMMARY

In the last 25 years, there have been major advances in our knowledge of both long-range
and short-range order of both cations and anions. Experimental procedures for characterizing
order and chemical composition of amphiboles have made major strides, and we now see
widespread use of SREF, SIMS and infrared spectroscopy. In the future, we need to focus
much more on the difficult-to-measure constituents: H (in particular), Fe**/Fe** and Li,
until their accurate measurement becomes routine in the same way that electron-microprobe
analysis and SREF are today. Most of the advances discussed here have been experimental.
Bond-valence requirements exert major control on short-range order of heterovalent cations
and anions in amphiboles (and therefore on long-range order as well, as long-range order
is the average of all short-range-order arrangements in a structure). However, the effects of
temperature and pressure on SRO and bond-valence requirements are almost unknown. We still
lack much understanding of the mechanistic controls on order-disorder of homovalent cations,
particularly Mg and Fe?*; this is particularly unfortunate, as order-disorder of Mg and Fe?* in
many minerals is commonly quite sensitive to differences in temperature of equilibration. Thus
there is much theoretical work and structure modeling to be done to understand temperature-
and pressure-dependent ordering in amphiboles.

The range of chemical composition occupied by amphibole structures has widened
significantly since the last Amphibole Short Course. Then, there was no knowledge either of
the richness of the crystal chemistry of Li in amphiboles, or the occurrence of exotic oxygenian
amphiboles. In the last 10 years, this state of affairs has changed radically. Monoclinic Li-
dominant amphiboles have been discovered, and a new group of amphiboles has been
recognized: the (Mg-Fe-Mn-Na-Li) amphiboles, with solid solution of Na and Li at the M(4)
site in the C2/m structure. It is tempting to say that we have drawn bounds around the possible
compositions of amphiboles, but we thought that 25 years ago, and it was patently untrue;
perhaps the future holds more new and exotic chemistries, maybe in the area of synthetic
amphiboles where novel compositions and structures are being discovered. In summary, the
last 25 years have produced a lot of new knowledge about amphiboles; undoubtedly the next
25 years will do the same.
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