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CHARACTERIZATION OF THE AVERAGE STRUCTURE
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ABSTRACT. — The average structure of natural and synthetic amphiboles may be
characterized by a variety of techniques: electron microprobe analysis, single—crys-
tal structure refinement, Mossbauer and infrared absorption spectroscopy. The use
of these techniques for the characterization of natural amphiboles is discussed.
Well-defined relationships exist between certain structural parameters and local
site—chemistry, particularly with respect to mean bond-lengths and constituent ca-
tion radii at the tetrahedrally and octahedrally coordinated sites in the structure.
Exploitation of these crystal-chemical relationships in conjunction with single—
crystal structure refinement gives the most complete characterization of a natural
amphibole attainable by a single technique. In regard to the application of this
method to petrological problems, also of great importance is the change in outlook
on the part of crystallographers that has recently promoted the use of crystallog-
raphy on the large scale necessary in this context. This does not replace the elec-
tron microprobe in petrologic studies, but serves in a complementary manner both
augmenting the microprobe results themselves and providing additional insight
into mineral behaviour.

In most studies of synthetic amphiboles, characterization of run products has
been by optical microscopy and X-ray powder diffraction. Those studies which
have examined synthetic amphiboles by more sophisticated methods are reviewed;
these suggest that many synthetic amphiboles are ‘off-composition’, and indicate
that the standard characterization methods are inadequate. It is suggested that
run products be characterized by scanning electron microscopy (preferably with
EDS capability), infrared and Mossbauer spectroscopy where feasible, and the Riet-
veld structure refinement method where appropriate. Application of these
techniques to synthetic amphiboles shows that many are ‘off—composition’ and that
there are significant structural differences between analogous natural and synthetic
nmphiboles.

RIASSUNTO. — La struttura mediata dagli anfiboli naturali e sintetici pud essere
caratterizzata tramite una serie di tecniche: analisi in microsonda elettronica, raf-
finamento strutturale a cristallo singolo, spettroscopia di assorbimento all’infra-
rosso e Mossbauer. L'uso di queste tecniche nella caratterizzazione di anfiboli natu-
rali viene discusso. Esistono relazioni ben definite tra certi parametri strutturali
e la composizione locale di certi siti, soprattutto per quanto concerne le lunghezze
medie di legame e i raggi dei cationi presenti nei siti a coordinazione tetraedrica
ed ottaedrica della struttura. Facendo uso di queste relazioni cristallochimiche in
unione con un raffinamento struiturale a cristallo singolo si ottiene il massimo di
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caratterizzazione possibile con una sola metodologia per un anfibolo naturale.
Circa l'applicazione di questo metodo a problemi petrologici, assume grande
importanza il cambiamento di atteggiamento da parte dei cristallografi, che recen-
temente hanno cominciato a mettere a disposizione dati cristallografici su larga
scala, nella misura necessaria al contesto geologico. Questo non sostituisce 1'uso
della microsonda negli studi petrologici, ma serve da contributo complementare,
sia affinando gli stessi risultati analitici dovuti alla microsonda, sia fornendo schia-
rimenti supplementari sul comportamento dei minerali.

Nel caso di anfiboli sintetici, la caratterizzazione dei prodotti di sintesi & stata
per lo pill eseguita per via ottica e per diffrazione dei raggi X su polveri. Gli studi
che hanno esaminato anfiboli con tecniche piu elaborate sono qui riassunti. Questa
revisione suggerisce che un buon numero di anfiboli sintetici sono «fuori compo-
sizione» e indica che il metodo usuale di caratterizzazione non & adeguato. Si sug-
gerisce di caratterizzare i prodotti di sintesi combinando tecniche quali I'esame in
microscopia elettronica a scansione (preferibilmente munito di spettrometro a
dispersione di energia), la spettrometria di assorbimento in infrarosso e Mossbauer,
dove possibile, e, dove & appropriato, il metodo di raffinamento strutturale di Riet-
veld. Applicando queste tecniche ad anfiboli sintetici, si scopre che molti di loro
sono «fuori composizione» e che ci sono differenze significative di tipo strutturale
tra anfiboli naturali ed i loro analoghi artificiali. (T.d.E.).

KEY worps. — Amphiboles, Natural, Synthetic, Characterization, Rietveld, Refi-
nement (X-RAY).

INTRODUCTION

For many years, structural and chemical studies of minerals
concentrated on the characterization of basic crystal structures
and the rationalization of chemical composition and physical
properties in terms of the basic atomic arrangement. With the
general attainment of this goal, attention during the last decade
has focussed on the detailed stereochemistry of major rock—form-
ing mineral groups, with the investigative methods gradually
being augmented by an increasing number of spectroscopic
techniques. For the amphiboles, the rationale for this work lay in
trying to unravel the relationships between the amphibole struc-
ture and the compositional variations exhibited by natural am-
phiboles, thus characterizing to what extent the amphibole struc-
ture itself exerts constraints on its own chemical composition dur-
ing petrologic processes.

The methods that have evolved during this period for the
characterization of (the average features of) natural amphiboles
are of current interest for two reasons:

(i) these methods are now being used to investigate specific
petrologic problems involving amphiboles, thus constituting the
first geological applications of previous crystal-chemical studies
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(ii) a resurgence of interest in the synthesis and phase rela-
tions of synthetic amphiboles has emphasized the need for im-
proved techniques of run product examination.

Consequently, current techniques of amphibole characteriza-
tion are reviewed here, and some further applications and im-
provements are suggested.

CRYSTAL CHEMISTRY OF C2/m AMPHIBOLES

There are at present five known structure-types of am-
phiboles. The C2/m structure is by far the most common, both
with regard to chemistry and paragenesis, suggesting that it must
be the most flexible or chemically compliant of the amphibole
structures. The crystal chemistry of all structure types is covered
in detail by Hawthorne (1981a, 1983a); consequently only those
aspects that bear directly on amphibole characterization
techniques will be covered here.

The C2/lm Amphibole Structure

Schematic representations of the C2/m amphibole structure
are shown in figs. 1 and 2. The essential feature of the structure
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Fig. 1. The C2/m amphibole structure projected on to (100); the space—group sym-
metry elements are shown; from Hawthorne (1983a).
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is a double—chain of corner linked tetrahedra that extends infi-
nitely in the Z-direction and has a repeat distance of ~ 5.30A.
There are two distinct cation sites in this chain, the T(1) and T(2)
sites, which alternate along the length of the double—chain. The
T(1) site is coordinated by three bridging and one non-bridging
anions and the T(2) site is coordinated by two bridging and two
non bridging anions. These steric distinctions are sufficient for the
sites to respond quite differently to variations in amphibole bulk
composition. As shown in fig. 1, the double—chain is not fully ex-
tended (0(5)-0(6)-0(5) # 180%); this kinking of the double—chain is
strongly correlated with amphibole compositions, and is one of the
principal mechanisms whereby the double—chain maintains di-
mensions commensurate with the rest of the structure.

The double—chains are cross—linked into a three—dimensional
framework by strips of edge—sharing octahedra that also extend
parallel to the Z-axis. There are three distinct cation sites in this
strip, the M(1), M(2) and M(3) sites with point symmetries 2,2 and
2/m respectively. The M(1) site is coordinated by four oxygens and
two (usually) monovalent 0(3) anions, with the latter in a cis ar-
rangement; the M(2) site is coordinated by six oxygens, and the
M(3) site is coordinated by four oxygens and two 0(3) anions, with
the latter in a trans arrangement. There are also significant differ-
ences in the next—nearest-neighbour arrangements (fig. 1). As with
the T—sites, these steric distinctions are sufficient for the sites to
respond quite differently to variations in amphibole chemistry.
Apical oxygens from the tetrahedral double—chains link in the X-
direction to an octahedral strip to form an I-beam (fig. 2), a
tightly-bonded module in the structure. Adjacent I-beams are
staggered in the X—direction, giving a compositional layering to
the structure as a whole. The I-beams link in the Y-direction by
corner-sharing between octahedra and tetrahedra (fig. 1), and
intra—module linkage is much stronger than inter-module linkage.

At the margins of the octahedral strip is the M(4) site, with
point symmetry 2. It is surrounded by eight anions, not all of
which necessarily bond to the central cation. The M(4) cation has
four short bonds to non-bridging oxygens of one I-beam, and four
(or two) longer bonds to bridging oxygens of two adjacent I
beams. Consequently, it is the M(4) cation that provides most of
the additional inter module linkage in the structure. Between the
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back to-back double—chains is a large cavity that is surrounded
by twelve bridging oxygens. Within this cavity is the A-site; the
position of the site and the configuration of the coordinating an-
ions are a function of local stereochemical requirements, and vary
with the chemistry of the amphibole. The A-site cations thus pro-
vide additional inter-module linkage in the X-direction.
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Fig. 2. — The C2/m amphibole structure projected down Z; the shaded areas show
the I beam modules of the structure.

Crystal Chemistry: A Qualitative Survey

A standard amphibole formula may be written as:

Ao B.CT,0,W,

where A = Na, K
B = Na,Li,Ca,Mn,Fe*,K6 Mg
C = Mg, Fe**,Mn,Al,Fe*, Cr* ,Ti,Li
T = Si,Al
W = OH ,F,Cl, 0

The wide variety of cation coordinations together with the
large structural compliance of some of the sites result in complex
site—occupancy and order—disorder relationships. A brief general
survey is given here, for more details see Hawthorne (1983a).

The T—group cations occupy the T(1) and T(2) sites of the tet-
rahedral double-chain. The Al content of the T—cations in am-
phiboles varies between 0.0 and ~ 3.5 atoms p.f.u., although am-
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phiboles in which "Al exceeds ~ 2.0 atoms p.f.u. are very uncom-
mon. Extensive work has shown that WAl is strongly ordered at
the T(1) site in natural amphiboles, and that significant Al occu-
pancy of the T(2) site occurs only for amphiboles in which VAl >
2.0 atoms p.f.u.

The C—group cations occupy the M(1), M(2) and M(3) sites of
the octahedral strip. In all of the natural amphiboles examined,
trivalent cations are nearly completely or completely ordered at
the M(2) site; one exception to this is oxy-kaersutite, in which Ti
(probably quadrivalent) is strongly ordered at M(1), and Fe* and
Al may be disordered or partly disordered over M(1), M(2) and
M(3). Monovalent Li is almost completely ordered at M(3). The be-
haviour of Mg, Fe** and Mn is more complex, and much work still
remains to be done in this area. However, the relative ordering of
Fe?* over the M(1) and M(3) sites does seem to be a function of the
size and/or charge of the constituent M(2) cations (Ungaretti et al.,
1981a, 1984). The behaviour of Mn is still not well-characterized.

The B—group cations occupy the M(4) site, with coordination
numbers of [8] for Na and Ca, and [8] or [6] for Li, Mn, Fe?* and
Mg. The cation occupancy of this site is the primary feature upon
which the current nomenclature scheme (Leake, 1978) is based,
and is a major factor in the crystal chemistry of the amphiboles,
having a considerable influence on structure type.

The A—group cations occupy the A-site cavity, with coordina-

tion numbers of [12], [10] or [8], depending on the actual position
assumed by the cation. The identity of the A-group cation is an

important factor in controlling the local configuration, but chem-

ical variation at next-nearest-neighbour sites also seems to be of
importance.

Crystal Chemistry: Some Quantitative Aspects

Considerable effort has gone into putting stereochemical re-
lationships in the amphiboles on to a quantitative basis, in or-
der that they may be of direct use in deriving compositional and
ordering data for amphiboles. The most precisely defined relation-
ships focus on the most strongly bonded cation polyhedra, as these
are least perturbed by what happens in the surrounding structure,
and respond most directly and precisely to variations in their own
constituent cations and anions.
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Several authors have considered the relationship between
mean tetrahedral bond—lengths and VAl occupancy in C2/m am-
phiboles. Fig. 3a shows the variation in grand < T-O > distance
as a function of VAl content for selected C2/m structures. Most val-

(v)

o /

ALLE J‘ + 41 standard

deviation
+ sod / 160
o
- l.'
" /

(a)

1.64 :1’,'?

<<T-O>>(;)
k)
%
.
<T(1-0>(A)

102~ w=a

"Al(atoms plu) —

aratoms pfu)

i — iation in grand < T-O > distance with total VAl (tetrah?drally coor-
g:ﬁafed :l)u:Inai;ium) in t%)e C2/m amphiboles for which external chemical aqalysgs
are available (M); O denote values derived from a slxgh.tly‘ dlfferent equatxond.y
Ungaretti et al. (1981b) and Ungaretti et al. (1983). b) variation in < T(1)}-0 > dis-

tance with total WAl in the C2/m amphiboles; legend as for (a).

ues are from Hawthorne (1983a), with the constraints that the in-
dividual standard deviations on the T-O bond-lengths be =
0.005A and the structural refinements not be considered deficient
in any aspect; the remaining data are from Ungaretti'et al.
(1981b), with the constraint that the amphibole composition ‘t.)e
derived by electron microprobe analysis. A linear relationship
seems adequate; the results of a linear regression analysis are
given in Table I.

Examination of the stereochemistry of the tetrahedrally coor-
dinated sites in non—"Al amphiboles (Hawthorne, 1983a) has
shown that the < Si—-O > bond-lengths are significantly affected
by the behaviour of other parts of the structure. This is appare.nt
in fig. 4, which shows the variation in individual < T-O > dis-
tances as a function of A, the polyhedral distortion parameter of
Brown and Shannon (1973), for the non—VAl amphiboles. The var-
jation in mean bond-length occurs primarily at T(2), which
exhibits a total range of 0.014A; conversely < T(1)-O > is fairly
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TaABLE I

Mean Bond-Length—Ionic Radius relationships for C2/m Amphiboles.

Dependent Independent

variable variable ¢ m R

VAL << T-0 >> -100.767 62.004 0.992
WAL < T(1)-0 > -55.782 34.448 0.996
< M(1)-0 > T 0.82

oo 0.887 0.46 0.961
< M(2)-0 > v 1.488 0.827 0.997
< M(3)-0 > Ty 0.73

o 0.387 0.87 0.925

1.63 +
162 H{:+

<T-0> (A)

° ?(l)-O)

o {T(2)-0>

T I |
0.0 0.2 0.4
DISTORTION A

Fig. 4. — Variation in individual < T-0 > distances i

i ) as a funct

distortion A for the C2/m amphiboles with WAl < 0.10 a.p.f.rllxc.‘ l?l:)rgfggg?}fgf:el
(1983a). '
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constant at ~ 1.620A, except for the single errant value for grun-
erite. This suggests that the T(2) tetrahedron is much more suscep-
tible to inductive effects from the rest of the structure than the
T(1) tetrahedron. In the WAl-containing amphiboles, all < T(2)-O
> distances (with the exception of subsilicic titanian magnesian
hastingsite, Hawthorne and Grundy (1977a)) fall within the range
of values shown in fig. 4. This suggest, but does not prove, that
all Al orders at T(1), and that the minor variations in < T(2)-O
> from structure to structure occur as a result of inductive effects
from the rest of the structure rather than from small amounts of
VAl at T(2). Using this idea, Ungaretti (1980) produced a relation-
ship between "WAl-content and < T(1)-O >; the statistical details
are given in Table I. Fig. 3b shows the corresponding relationship
using the same data set as for fig. 3a, and the linear-regression
results are given in Table I. The relationships in Figures 3a and
3b are both extremely well-developed; the slightly higher correla-
tion coefficient for the < T(1)-O > relationship does support the
suggestion outlined above, that VAl is completely ordered at T(1),
but this is of marginal significance. Certainly either relationship
would seem adequate for the extraction of compositional informa-
tion from structural data.

Hawthorne (1983a) summarizes previous work on the
stereochemistry of the octahedral strip in C2/m amphiboles; the
relationships between mean bond-length and constituent cation
radius are show graphically in fig. 5, and the statistical relation-
ships are given in Table I. It is immediately apparent from fig. 5
that the relationship for the M(2) site is much better developed
than those of the M(1) and M(3) sites. Much of this scatter for the
M(1) and M(3) sites stems from the variable occupancy of the O(3)
site by OH-, F-, Cl- and O~

Inclusion of the mean ionic radius of the O(3) anion as an in-
dependent variable in the relationships leads to significant im-
provement (Table I), but as shown by Hawthorne (1983a), there
seem to be significant inductive effects from the rest of the struc-
ture affecting the M(3) and perhaps the M(1) sites. However, a
linear relationship for the M(2) site is particularly well-developed
(fig. 5); there may be small inductive effects due to variation in
M(4) and/or A-site occupancy (Ungaretti et al., 1981a; Ungaretti,
1980), but these seem to be of less significance at M(2) than at the
M(1) or M(3) sites.
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Fig. 5. — Variation in individual < M—O > distances with mean ioni i
] ' ionic radius of the
constituent cations for the C2/m amphiboles (from Hawthorne, 1983a); also shown
is a comparison of the observed mean—bond lengths with the corresponding values
calculated from the regression equations of Table I.

TasLE 11

Ideal < M—-O > distances (A) for complete occupancy of M (1, 2, 3)
sites by a single cation.

Ungaretti et al. (1981) Hawthorne (1983a)

Al

1.929

) - - 1.924 1.931 1.947
?f’ — 2.031 — 2.014 2022 2.027
Tiv - 1.960 — ; .ggg ; .329 1.998
Mg 2.078 2.078 2.083 2.075 2:083 §;8§§
Fei* 2.119 2.119 2.125 2.124 2.134 2.126
II\‘/I.n — — _ 2.165 2.175 2.163

i — — — 2.109 2.117 2.112
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The relationship beteen < M—O > and cation occupancy has
been treated in a slightly different fashion by Bocchio et al. (1978)
and Ungaretti et al. (1981b). They proposed ideal mean bond-
lengths for complete occupancy of the octahedrally coordinated
M-sites by a specific cation; these value are shown in Table II,
where they are compared with the analogous values calculated
from the regression equations of Table I. There is generally reason-
able agreement between these two sets, except for Fe** at M(2) and
Ti** at M(2). The < Ti-O > value given here is very close to that
given by Bocchio et al. (1978); the < M(2)-0O > value observed in
grunerite (Finger, 1969) suggests that the larger value is more
nearly correct, but refinements of ferro-actinolite and/or ferro—
richterite are needed to resolve this point.

CHARACTERIZATION OF NATURAL AMPHIBOLES

Several techniques have been used to examine various aspects
of the average structure of natural amphiboles. All of these
methods have inherent limitations that pertain to the experimen-
tal method; these are generally well-known and will not be co-
vered here, except where they pertain specifically to amphiboles.
When these techniques are used to quantitatively determine some
feature or features of the average structure of a mineral, there are
other inherent problems associated with the derivation of such re-
sults from the raw experimental data. Many of these have been
reviewed recently by Hawthorne (1983b). What follows is a brief
consideration of each technique, together with an evaluation of its
strong and weak points specifically with regard to the characteri-
zation of natural amphiboles.

Electron Microprobe Analysis

This is by far the most common method for the chemical
characterization of amphiboles and is of considerable importance,
both because of its ease of use and because it can be used to
characterize zoning and reasonably small-scale (> 1u) structures.
It can determine the proportions of most atoms with Z = 9, exc-
lusive of valence state, and it performs such analyses very rapidly.
However, the disadvantages are considerable, particularly for am-
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phibole studies; specifically, we cannot analyze for Li, H and the
Fe**/Fe** ratio, constituents that are often crucial to the interpre-
tation of amphibole chemistry. The lack of Li and H analyses (as
Li,0 and H,0) is generally of lesser importance, as the presence of
Li or the absence of OH are generally characteristic of specific en-
vironments, and generally is of importance only in these particu-
lar instances. However, the lack of a Fe3*/Fe?* ratio is more impor-
tant, as this parameter varies with paragenesis, and the role of Fe
in the amphibole structure is strongly a function of its valence
state. In many cases, this can be overcome by separation of a few
milligrams of amphibole for wet—chemical analysis of FeO (Hey,
1974, 1982a,b); however, this method has not achieved popularity,
and most effort has gone into attempts to calculate the Fe*/Fe?*
ratio during conversion of the chemical analyses to the unit for-
mula.

The results of a chemical analysis are normally presented as
the weight percentages of the oxides present; it thus provides the
ratios of the chemical constituents in the structure (exclusive of
oxygen), and calculation of the unit cell contents requires normali-
zation to some standard basis that is characteristic of the struc-
ture (Hey, 1939). The schemes that have been used for this have
recently been reviewed by Robinson et al. (1982) and Hawthorne
(1983a), and will not be treated in detail here. However, it should
be noted that all schemes based on normalization to specific num-
bers of anions or cations must lead to charge-balanced formulae,
as the analysis start out with neutral oxides and constrains elec-
troneutrality during renormalization. To calculate a Fe**/Fe?* ratio,
it is necessary to

(1) normalize the anions to a fixed number
(ii) normalize the cations to a fixed number
(iii) adjust the Fe’*/Fe** to obtain electroneutrality.

This has been done by several authors (Stout, 1972, Papike et
al., 1974), using a total of 13 cations (Si + Al + Ti + Fe?* + Fe* +
Mn + Mg) to give a maximum value of the Fe*/Fe** ratio and a
total of 15 cations (exclusive of Na + K) to give a minimum value
of the Fe**/Fe?* ratio. The maximum value thus calculated is not
valid if there are significant vacancies at the M(1), M(2) and/or
M(3) sites (cf. Leake et al., 1981). However, these limits are gen-
erally reasonable, but frequently so wide as to be of little use.
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Papike et al. (1974) suggested that the half—way point between the
minimum and maximum be taken as an estimate of the actual
Fe’* content. This premise was tested for calcic and subcalcic am-
phiboles on the superior analyses from the compilation of Leake
(1968); the results are shown in fig. 6, where it can be seen that

10.0

(Wt. %)

50

FepO3 calc.

0.0 F

1 1 1 1
0.0 5.0 10.0 15.0

Fe;03 obs. (Wt %) —

Fig. 6. — Fe** p.f.u. calculated by the method of Papike et al. (1974) compared with
the observed values (based on a 24 (O,0H,F) calculation) for the superior analyses
of Leake (1968).

there is no significant correlation between the observed and cal-
culated values. A better interpolation between the minimum and
maximum Fe*/Fe?* ratios can probably be obtained by careful
examination of the formula both with regard to crystal chemistry,
bulk-rock composition and paragenesis. However, such estimation
methods do not replace actual measurement.
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Single—Crystal Structure Refinement

Single—crystal structure refinement gives the relative locations
and magnitudes of the electron—density centres in the amphibole
structure. An expert discussion on data collection and refinement
techniques with regard to amphibole studies is given by Ungaretti
(1980). A general discussion of site-occupancy refinement is given
by Hawthorne (1983b), and a discussion of the development of
these technqiues as applied to amphiboles is given by Hawthorne
(1983a).

During the last decade or so, attention has focussed on the
detailed stereochemistry of major—forming mineral groups. For the
amphiboles, the rationale for this lay in trying to unravel the re-
lationships between the amphibole structure and the composi-
tional variations exhibited by natural amphiboles, thus charac-
terizing to what extent the amphibole structure itself exerts con-
straints on its own chemical composition during petrologic proces-
ses. Most of these studies were done on amphiboles whose unit
cell contents were derived by some other technique, and this in-
formation was used as a constraint on the site—occupancy refine-
ment process. The details of this process are particularly interest-
ing and will be discussed here, as they have conditioned our think-
ing with regard to structure refinement for some considerable
time.

During Bragg diffraction, the amplitude F,,, of the scattered
wave is given by

F,. =I§| S, exp 2ni (hx; +ky, + Iz) exp (-B; sin? 0/A2)

where §; is the (total) scattering at the j* site in the cell, x,, y,, z,
are the positional coordinates of the j* site, and B, is the isotropic
temperature factor, a function of the vibrational displacement of
the atom(s) at the j* site. In this equation, S, and exp (-B;sin? 6/A%)
are of similar form when expressed as functions of sin 6/A. As F,,,
is the sum of products of these functions, they are highly corre-
lated in least—squares refinement procedures derived from equa-

tion (1). Two important points stem from this:

(i) if sin 6/A dependent systematic error is present in the dif-
fraction data, this will induce systematic error in both S, and B,
If the total ZS, (or some chemically specific component of it) is
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known, then this part of the refinement results can be constrained
to be correct. However, this merely disperses the systematic error
among the remaining parameters, all of which are still incorrect.
Constraints of this sort were originally introduced to deal with the
problem of unconstrained site—occupancy refinements converging
to cell contents that did not agree with externally derived chem-
ical analyses. However, as indicated above, this merely hides the
error rather than removing it.

(ii) if there is no sin 6/A dependent systematic error in the
diffraction data, then unconstrained site—occupancy refinement
will converge to the correct answer, provided no model-dependent
errors are introduced in the refinement process. Use of a correct
bulk compositional constraint in the refinement procedure will
lead to lowered correlations and a more precise solution, but both
constrained and unconstrained refinements will lead to an accu-
rate solution.

It is apparent from the above discussion that chemical com-
positions of amphiboles may be determined from structure refine-
ment, provided significant systematic error can be eliminated
from the diffraction data, and provided no errors in the model are
introduced during the refinement procedure. Such unconstrained
refinement determines the total scattering power at each site in
the crystal, and for most amphiboles this is insufficient to deter-
mine the total bulk composition. However, this information may
be combined with some of the quantitative crystal-chemical re-
lationships outlined above to derive very complete bulk chemical
compositions. The following procedure is due to Ungaretti et al.

(1981b):

(i) Alv is estimated from < T(1)-O >;

(ii) total charge at A + M(4) is estimated from site—occu-
pancy refinement, giving Na ( + K when available from chemical
analysis) at the A-site and Ca + Na + Fe?* at M(4) (Fe?* being in-
cluded only when indicated by difference Fourier maps);

(iii) total charge of C-type cations = total charge of
(Si, AD,O,, (OH), minus total charge at A + M(4);

(iv) the M(2) site—populations are calculated from the re-
fined electron density at M(2) and the observed mean bond length
using the mean bond lengths of Table II. If the Ti content is av-
ailable from chemical analysis, it can be incorporated into the
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procedure at this stage; otherwise M(2) is assumed to be occupied
by Al, Mg and Fe** only at this stage;

(v) the residual charge (Q) to be neutralized by the M(1) and
M(3) cations can now be calculated; in general, this will be equal
to 6. If Q < 6, M(1) + M(3) is assumed to be occupied by divalent
cations only and sufficient Fe?* is introduced into M(2) to make Q
= 6 and satisfy the corresponding electron—density and distance
equations. If Q > 6, trivalent cations are introduced into M(1) and/
or M(3), substituting Fe** for Fe** and estimating the amount of
Mg, Fe** and Fe’ from mean bond lengths;

(vi) if the total charge imbalance < 0.07, Al" is modified to
obtain a neutral chemical formula. If the total charge imbalance
> 0.07, the A and M(4) compositions are adjusted by considering
the occupancy of A by K, and then the occupancy of M(4) by Ca,
Na and Fe?.

Ungaretti et al. (1981b) get excellent agreement between am-
phibole compositions determined in this fashion and by electron
microprobe analysis of the crystals used to collect the X-ray data
(Table TIII). Additional correlations between stereochemical

TasLe TII

Comparison of chemical compositions of single—crystals obtained by
structure refinement (X), wavelength dispersive (W) and energy disper-
sive (E) electron microprobe analysis: From Ungaretti et al. (1981).

A4 Cl F3

X w E X w E X w E
Si 7400 7.398 7.431 7.455 7439 7.460 6.238 6.231 6.250
Al 1.300 1.294 1.292 1.535 1.578 1.575 2.882 2.978 3.035
Mg 3.821 3.693 3.656 3435 3.340 3.324 2.929 2.696 2.649
Fe 0.618 0.674 0.706 0.681 0.648 0.680 0911 0.990 0.976
Ti 0.026 0.025 0.025 0.024 0.022 0.015 0.040 0.039 0.040
Cr — 0.004 — — 0002 — — — —
Mn — 0.004 0.012 — 0003 — — 0016 —
Ni — 0.012 0015 — 0012 o0.012 — 0005 —
Ca 1.105 1.103 1.127 0.750 0.752 0.767 1.062 1.060 1.075
Na 1.043 1.034 0.845 1.515 1.534 1426 1.938 1.961 1.850
K 0.068 0.069 0.073 0.046 0.046 0.046 — — —
z 15.381 15.310 15.182 15.441 15.378 15.304 15.998 15.974 15.874
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parameters and chemical composition (Ungaretti et al, 1981b)
may then be used to confirm or reject the derived chemical com-
position.

Obviously this is a macroscopic technique, in that it examines
in bulk a single—crystal. Thus it cannot be used to characterize
zoning, although it can be used to examine fairly small-scale mic-
rostructures (exsolution, inclusions) by virtue of their diffraction
characteristics.

Meéssbauer Spectroscopy

There are thirty or so isotopes sensitive to the Mossbauer ef-
fect, but only *Fe is of use in amphibole studies. Hawthorne
(1983b) gives a general discussion of the method, and Hawthorne
(1981b, 1983a) gives details of amphibole studies. Méssbauer spec-
troscopy can be used to characterize relative site~occupancies for
Fe* and Fe¥, provided the spectra are reasonably well-resolved.
When combined with chemical analysis results, absolute occupan-
cies can be obtained that are in good agreement with those de-
rived from site-occupancy refinement (Hawthorne, 1983b). How-
ever, the results are of questionable accuracy in more complex
amphiboles.

This is a macroscopic technique requiring a considerable
amount (up to 0.1 g) of clean material. The experiment is quite
slow, taking ~ 1 day to perform (about the same of time as for
a crystal-structure data collection). Conversely, the very specific
nature of its response can result in an answer when no other
technique is adequate (Hawthorne and Grundy, 1977b).

Infrared Spectroscopy

The fine-structure in the fundamental band of the O-H
stretching vibration in the infrared is sensitive to the cation oc-
cupancies of the M(1) and M(3) sites (Hawthorne, 1981b, 1983a,b).
The relative intensities of the fine—structure bands can thus be
used to derive quantitative site—occupancies at the M(1), M(2) and
M(3) sites when used in conjunction with a chemical analysis of
the amphibole. There are considerable technical problems as-
sociated with the use of this technique for fully-quantitative work,
and it is of questionable accuracy in more complex amphiboles
where the spectra are often irresolvably complicated.
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As with Méossbauer spectroscopy, this is a macroscopic
technique requiring a considerable amount (~ 5 mg) of clean
material; however, the experiment is quite rapid. Also the
technique does not characterize the average structure if some F,
Cl or O* is present at the 0(3) site.

Summary and Application

The spectroscopic methods are very site-specific, and can be
extremely useful in particular instances; however, in general they
are only of use to augment the results of other techniques.

Electron microprobe analysis is currently the principal tool
for amphibole characterization in petrologic studies. Numerous
works show the power of this technique (see summary by Robin-
son et al., 1982); as it is familiar to most people, no examples will
be described here. However, it should be emphasized that the
drawbacks of this method still remain to be overcome, and thus
such studies still have significant deficiencies.

Current single—crystal structure refinement gives the most ac-
curate characterization of an amphibole. However, this fact is not
sufficient to make the technique a petrologic tool. The crucial step
in this change of emphasis was the decision to use structure re-
finement on a large scale and directly apply the technique to
specific petrologic problems. This step was taken by Giuseppe
Rossi and Luciano Ungaretti in their pioneering studies of chain—
silicates over the last five years. As an example of the effectiveness
of this approach, some highly significant results from a recent
study by Ungaretti et al. (1983) on the eclogitic rocks of the Sesia—
Lanzo Zone, Western Alps, are described here.

The Eclogitic Micaschists of the Austroalpine Sesia—Lanzo
unit are a sequence of high-grade paragneisses, amphibolites and
marbles, intruded by gabbros and granitoids, which were re—
metamorphosed under high pressures and intermediate tempera-
tures during the Alpine orogeny. Clinoamphiboles are present in
rocks of basic composition throughout the entire metamorphic
sequence, and their composition seems to be closely related to
the evolution of metamorphic conditions. Brown pre—Alpine
hornblende gradually evolved to more sodic compositions, both by
re—equilibration and by growth of new amphiboles. The sequence
of amphiboles observed was characterized by X-ray structure re-
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Fig. 7. — Variation in VAl as a function of Na*® for the Sesia~Lanzo amphiboles;
solid or open circles refer to amphiboles in rocks with or without pre-Alpine relics
respectively; from Ungaretti et al. (1983).

finement and electron microprobe analysis. As indicated in fig. 7,
there is a narrow gap in evolving amphibole compositions. A simi-
lar gap has been reported in previous studies from other areas,
using electron microprobe data, and several studies have
documented the coexistence of calcic and alkali amphibole pairs
(Klein, 1968, 1969; Dobretsov et al., 1971; Miller, 1977; Raith et
al., 1977). However, the origin of this gap was not all that clear,
as discussed by Katagas (1974) and Ernst (1979); were all the
breaks in composition expression of the same complex miscibility
gap in different regions of compositional space, or were some due
to rapid compositional changes resulting from a hiatus in
metamorphic conditions? Examination of the structural changes
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around the M(4) site sheds light on this problem (Ungaretti et al.,
1983). Fig. 8 shows the variation in the 0(6)-0(5)-0(7) angle of the
tetrahedral double chain as a function of the difference between
the M(4)-0(5) and M(4)-0(6) bond lengths for 230 amphiboles re-
fined at the Istituto di Mineralogia in Pavia by Luciano Ungaretti;
an inset to the figure also shows the spatial relationships between
these geometrical parameters and the configuration of the A, M(4)
and T(1) sites. A distinct gap in the well-defined linear relation-
ship is apparent for 0(6)-0(5)-0(7) angles between ~ 109!/2 and ~
111°; without going into the rather involved crystal-chemical im-
plications of this phenomenon, it seems that the amphibole struc-
ture cannot adopt a configuration within this region. Marked on
fig. 8 are the amphiboles from the Eclogitic Michaschists of Sesia—
Lanzo; the structural gap of Fig. 8 also corresponds to the com-
positional gap in the evolving sequence of amphiboles.
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Fig. 8. — The difference in the bond lengths M(4)-0(5) and M(4)-0(6) as a function

of the internal angle 0(6)-0(5)-0(7) of the tetrahedral chain (see inset sketch) for

230 refined amphiboles, with the Sesia—Lanzo amphiboles indicated by sample
number; from Ungaretti et al. (1983).

The cation sites most closely involved in this effect are A, M(4)
and T(1). Fig. 9 shows the sum of the charges at A + M(4) as a
function of VAl for 230 refined amphiboles, again with the Sesia—
Lanzo amphiboles indicated by number. The evolution of am-
phibole compositions in these rocks can be characterized by a
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gradual loss of VAl and a decrease in the net charge at A + M(4)
in response to changing metamorphic conditions.

The compositional gap is seen to be due not to a limited mis-
cibility of cations at a specific site, but to stereochemical restric-
tions on the combination of isomorphous substitutions occurring
at two sites. Thus the compositional gap may be ascribed to crys-
tal_chemical influences rather than to a hiatus in metamorphic
conditions, a conclusion that would not be convincing without the
crystallographic basis.
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Fig. 9. — Variation in the sum of the formal cation charges at A+M(4) as a function
of VAl for 228 refined amphiboles, with the Sesia-Lanzo amphiboles indicated by

sample number; from Ungaretti et al. (1983)

The Ideal Petrologic Study

The discussion given above shows the power of crystal-struc-
ture refinement when used in a petrologic context. However, it is
important to stress that this technique should not be seen as an
alternative to electron microprobe analysis. Crystallographic
technique is extremely rapid nowadays, but is still two orders of
magnitude slower than the microprobe as a producer of mineral
analyses. In addition, the microprobe has certain innate charac-
teristics that structure refinement does not (see previous discus-
sion). Ideally these two techniques should be used to complement
each other. The microprobe can produce a large number of
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analyses that can be related to small-scale textural features of
their paragenesis; structure refinement can produce a smaller
number of better—characterized analyses, together with the
analogous stereochemical data that can be used to interpret chem-
ical variations. The Fe**/Fe** ratio from the refined structures can
be used to give realistic Fe**/Fe** ratios for the recalculation of the
microprobe analyses; conversely, the microprobe analyses may be
used to give certain element compositions (Cr, Mn and perhaps K
and Ti) that cannot easily be derived by structure refinement.
Hopefully this sort of study will develop in the future.

CHARACTERIZATION OF SYNTHETIC AMPHIBOLES

In the studies of the late 1950's and 1960’s, the run products
of amphibole synthesis studies were usually examined by optical
microscopy and powder X-ray diffraction. Generally the am-
phiboles were assumed to be of nominal composition, and addi-
tional phases were ignored or considered metastable. Direct
examination of many of these synthetic amphiboles by more
sophisticated techniques during the 1970’s showed many am-
phiboles to be ‘off-composition’. These studies will be considered
in some detail here, as they emphasize the need for better charac-
terization methods in amphibole synthesis studies and indicate
some of the more unexpected results of such studies, results that

are frequently not widely appreciated. As with natural am-
phiboles, this section will be organized by technique.

Electron Microprobe Analysis

Run products are frequently too fine—grained to be charac-
terized by electron microprobe analysis. However, some synthesis
studies have used this technique. Cameron (1970) synthesized an
iron-bearing fluor-richterite for crystal structure analysis; elec-
tron microprobe analysis showed it to have 0.08 Fe pfu. at the
M(4) position (Table IV), corresponding to 8% cummingtonite—
grunerite solid solution in the richterite. In his synthesis of ferro—
glaucophane, Hoffman (1972) gave analyses of his amphibole pro-
ducts (Table IV): both analyses show considerable deviations from
the ideal cell content, but the errors quoted are so large as to
make the analyses of questionable significance. Oba (1978) synth-
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esized tschermakite and studied its stability at high pressure; he
did not give analyses of amphibole when a single-phase run—pro-
duct was produced, but gave cell-contents of amphiboles coexist-
ing with other phases at higher pressures (Table IV). These
analyses are peculiar, showing significant Ca at the A-site; it is a
pity that analyses of the ‘single~phase’ amphibole were not pre-
sented. Oba (1980) studied phase relations on the tremolite—parga-
site join; he showed the presence of a solvus at 1 kb and deter-
mined the miscibility limits by microprobe analysis. The analyses
look quite respectable, but no ‘single-phase’ amphiboles were
analyzed.

The results of Oba (1980) suggest that electron microprobe
analysis may be a viable technique for synthetic amphibole
characterization, provided the grain size of the run—product is suf-
ficiently large to allow the excitation volume of the X—rays to lie
within a single amphibole grain. Using substrates may be an al-
ternative, but analyses derived by this method may not be of suf-
ficient accuracy and precision to allow evaluation of the small
compositional differences from an ideal formula that are suspected
of occurring in some synthesis studies.

Méssbauer Spectroscopy

Burns and Greaves (1971) examined a ferro—actinolite synth-
esized by Ernst (1966); the spectrum is shown in fig. 10. If the
composition of the amphibole is ideal, the spectrum should consist
of three Fe** doublets with intensity rations 2 : 2 : 1, corresponding
to Fe* at M(1), M(2) and M(3) respectively. This is obviously not
the case. Burns and Greaves (1971) suggest that the doublet with
the smallest quadrupole splitting is due to Fe** at M(4): this as-
signment is supported by the results of Goldman and Rossman
(1977). The remaining doublets were assigned to Fe?* at M(1) and
at M(2) + M(3). The spectrum certainly indicates that the am-
phibole synthesized departs significantly from its nominal com-
position.

In a detailed study of synthetic magnesio-hastingsite, Semet
(1973) showed directly that the Fe**/Fe** ratio in the synthesized
amphibole is a function of oxygen fugacity. Spectra are shown in
fig. 11; on the more oxidizing cuprite-tenorite (CT) buffer, only
Fe* is present, but on the copper—cuprite (CCO) buffer, significant
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Fer is present. The percentage of Fe** varies from 13% on the IQF
buffer to 100% on the CT buffer, indicating that at lower.cv.xy%ren
fugacities, the amphibole must be significantly ‘off-composition'.

Fig. 10. — The Mossbauer spectrum of
synthetic ‘ferro-actinolie’ (“ferrotremo-

lite"); from Burns and Greaves (1971). VELOCITY (mm./sec.)
Virgo (1972) gives an unresolved Méssbauer .spectrurn. of. a
ferro-richterite synthesized by Charles (1974); this is shown in fig.
12. It is immediately apparent from the spectrum that the.ferro—
richterite contains significant Fe** (~ 10%) as compared with the
nominal value of zero. This result is quite surprising as the ferro—
richterite was synthesized on the IW buffer. '
Thomas (1982) gives a detailed examination of synthetic has-
tingsites; a typical spectrum is shown in fig. 12. Four doublets can
be resolved (AA’, BB’, CC’, DD’) due to Fe** at M(1), M@3) anc.l M(2),
and Fe*. The observed Fe*/Fe?* ratios are not compatible with the
nominal composition, except for samples annealed on the QFM
buffer. There are additional problems with these spectra (ThF>1:11as,
1982), but they do indicated departure from nominal corr1.p05}t10n.
All of the above studies show that the Fe**/Fe** ratios m.the
synthetic amphiboles departed significantly from their nominal
values. For electroneutrality to be maintained, a futher charge—
balancing substitution is required. Some studies have suggested
that this involves additional or deficient hydrogen, but there are
numerous other departures from compositional nominality that



568 F.C. HAWTHORNE [26]

[27] Characterization of the average structure, ecc. 569

CUUgT ING RATE (NORMALIZED)
0
-

q rate
§ &

) Relai&ve countin
Y

w
[r]
—_—

8

v:il::_:ity in mm/sec
_ N K X ) relgtive to
200 =160 000 100 200 0 = Fe5:

Fig. 11. — The Méssbauer spectra of s ic * i
ynthetic ‘magnesio—hastingsite"; a):
the CT buffer, no Fe?* present; b) grown on the CCO buffer, cor%:ildix:a‘lz))l'egFrg;y i

sent; from Semet (1973). pres

could.achieve the same result, and there is little direct evidence
on this point.
Infrared Spectroscopy

‘ Ro.wbotharfl and Farmer (1973) examined some synthetic
richterites by infrared spectroscopy in the hydroxyl region (fig
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buffer, note the presence of significant Fe**; from Virgo (1972); b) synthetic ‘has-

tingsite’ grown on the WM buffer, note that the AA’, BB', CC’, DD’ peak intensities
depart from the ideal ratios 2 : 1 : 1 : I; from Thomas (1982).

13). The spectrum of a solid solution amphibole of composition
75% tremolite — 25% richterite shows two bands with an intensity
ratio on about 3 : 1, due to the richterite and tremolite configura-
tions respectively. However, the spectra for nominal richterite and
potassium-—richterite (fig. 13), which should each show a single
band, have an additional peak which corresponds to the tremolite
position in the solid solution amphibole. Rowbotham and Farmer
(1973) suggest that this shows the richterites to be deficient in A-
site cations. Alternatively, it could also indicate the presence of
talc in the run products.

Semet (1973) also reports infrared spectra for magnesio-has-
tingsite. These show fine—structure, indicating the presence of Fe
at the M(1) + M(3) sites in support of the Mossbauer spectral re-
sults; however, the valence states are not determined from the in-

frared study.

Indirect Methods

It must be admitted that the division of the methods into di-
rect and indirect methods is rather arbitrary. However, the divi-
sion is a pragmatic one, emphasizing that a direct method im-
mediately indicates an ‘off-composition’ product, whereas an in-
direct method provides evidence from which an argument can be
made for an ‘off~composition’ product. The best known example
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Fig. 13. ~ Infrared absorption spectra of a

solid solution of 75% tremolite and 25% richt-

KR erite (top), richterite (middle) and potassium—

richterite (bottom); from Rowbotham and

Farmer (1973). Note the weak peaks at 3672
cm™ in the richterite spectra.

3672

of this is glaucophane, the details of which were summarized by
Maresch (1977); this will not be described here as it is dealt with
elsewhere in this volume. Another well-documented example of
this is the cell-dimension data for the richterite—ferro-richterite
join (Charles, 1974). For a specific nominal composition
(Na,CaMg,Fe**Si;0,,(0OH),), a sin B and V decrease significantly
with increasing oxygen fugacity (fig. 14); this suggests the pre-
sence of Fe'*, with the Fe’*/Fe?* ratio 'increasing with increasing
oxygen fugacity. Fig. 14 also shows the variation in selected cell
dimensions as a function of nominal composition for richterites
synthesized on the IW (Iron-Wustite) buffer. The values for pure
ferro-richterite are anomalously small when compared with the
trend of the remaining values; again this suggests the presence of
Fe** in nominal ferro-richterite, and this was actually confirmed
directly by Mossbauer spectroscopy (fig. 12).
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Summary

In most cases where synthesized amphiboles have been
examined carefully by spectroscopic, chemical analytical or crys-
tallographic techniques, the amphibole has turned out to be ‘off—
composition’. It should be stressed that this is not the fault of the
experiment; one does an experiment to find out what happens,
and one cannot complain if the result does not agree with one’s
preconceptions. However, it does suggest that we should be taking
a much closer look at our run products, as the literature on am-
phibole synthesis does not adequately reflect the situation as out-
lined here. In line with this, some additional techniques are
suggested here that might be incorporated into a standard charac-
terization procedure for run products.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is much superior to nor-
mal light microscopy for the optical examination of run products.
The greater magnification and improved resolution make the rec-
ognition of different crystal morphologies much easier. This al-
lows the recognition of additional phases that may either be pre-
sent in amounts too small or be of inadequate crystallinity to re-
gister on an X-ray diffraction pattern. An EDS analytical capabil-
ity also allows a qualitative assessment of the composition of any
additional phases present. The amount of material required is
small, and the technique is rapid. Some (non-amphibole) studies
are now using this technique, but with the near—ubiquity of SEMs
this should be a standard part of the experimental procedure.

Infrared Spectroscopy

This technique is extremely useful as a standard characteriza-
tion method, because it is rapid and requires a fairly small
amount of the run product. In addition, the chemical systems gen-
erally investigated do not contain the large number of minor com-
ponents that often complicate the infrared spectra of natural am-
phiboles. Fig. 15 shows infrared absorption spectra for a series of
pargasites with the octahedrally coordinated trivalent cations Al,

-Cr, Ga, Fe** and Sc.
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If the trivalent cations were completely ordered at the M(2)
site, as is usually the case in natural amphiboles, each of these
spectra would consist of a single band due to the configuration
MgMgMg coordinated to 0(3). Obviously this is not the case; there
are two main absorptions in each spectrum. One is due to the
MgMgMg configuration; the other is due to an MgMgM>** config-
uration, showing that the trivalent cations are disordered over the
M(1), M(2) and M(3) sites in the structure. Here is a significant
difference between natural and synthetic amphiboles. In natural
amphiboles, octahedrally coordinated trivalent cations are highly
or completely ordered at the M(2) site, whereas here they are al-
most completely disordered over the M(1), M(2) and M(3) sites in
synthetic pargasite and magnesio-hastingsite (Semet, 1973).

Fig. 16 shows selected M?* pargasite infrared absorption
spectra. The lower Cr—pargasite spectrum shows a weak band that
is not present in the upper spectrum. This weak band is at the
position of the MgMgAl band in pargasite, indicating that the Cr—
pargasite synthesized at 845°C and 2 kb contains some octahe-
drally—coordinated Al, and thus deviates slightly from its nominal
composition. The spectrum of magnesio-hastingsite shows the
same feature.

The Rietveld Method

The principal problem in characterizing synthetic amphiboles
has been the fact that the crystals are not large enough to examine
by conventional single—crystal techniques or electron microprobe
methods. However, the importance of microcrystalline minerals in
such diverse materials as nuclear waste, tooth enamel and indust-
rial catalysts has promoted the development of a diffraction
method to handle these materials. The Rietveld method (Rietveld,
1969) uses all of the information in a powder diffraction pattern
(X-ray or neutron) to characterize the structure of the material
examined. The structural parameters of the mineral, atomic coor-
dinates, site—occupancies and thermal parameters, together with
various experimental parameters affecting the pattern, are refined
by least-squares procedures to minimize the difference between
the entire calculated and observed powder patterns. The method
is superior for neutron diffraction as compared with X-ray diffrac-
tion because neutron scattering does not fall off with scattering
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Fig. 16. — Infrared spectra of some synthetic NaCa,Mg,M>**Si,Al,0,,(OH), run pro-
ducts, with positions of the MgMgMg and MgMgAl bands marked; note the pre-
sence of weak MgMgAl bands in two of the spectra; from Raudsepp et al. (1982).

angle as does X-ray scattering, and because the diffraction inten-
sity profile is more easily described mathematically in the neutron
case. Nevertheless, extremely useful results on' microcrystalline
material have recently been obtained by X—ra){_'lff-iffraction (Young
and Wiles, 1981). by

There is obviously a lot less information:contained in a pow-
der diffraction pattern than in a complete;single—crystal diffrac-
tion data set. In recognition of this, i’ni.t‘i'dl' vgork with the Rietveld
technique tended to concentrate on ,.ﬁigl_l,—symmetry structures
with small unit cells. However, thi,s,_hg:s'r’g'i‘adually been extended
to more complex lower symmetry st"f‘uctu‘res in which order/disor-
der effects can be of importance ('Néfd;ii?\??; ‘Nord and Stefanidis,
1980). In more complex cases,"'i‘i{fpi‘"ljﬁ'g:t‘iﬁlfljvfrom external sources
can be incorporated into the refinemeént procedure, allowing the
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derivation of information that could not otherwise be determined.
An obvious example of this is the incorporation of typical fixed
temperature factors into a refinement when site—occupancy refine-
ment is being carried out.

The Rietveld method has several advantages over normal
powder X-ray diffraction methods for synthetic amphibole charac-
terization. Firstly, it ensures that the X-ray pattern is correctly
indexed; some published patterns show one or more peaks

wrongly indexed, a feature that adversely affects the calculated
cell dimensions.

TaBLE V

Comparison of Cell dimensions for Synthetic Amphiboles by normal
least—squares refinement and by powder profile refinement

Fluor-pargasite Sc—fluor—pargasite
Normal Profile Normal Profile
a(A) 9.827(4) 9.8279(6) 9.881(2) 9.8864(3)
b(Ad) 17.928(7) 17.9308(11) 18.145(4) 18.1587(6)
c(A) 5.296(2) 5.2938(3) 5.317(1) 5.3192(2)
pe 105.17(3) 105.161(3) 105.17(2) 105.213(2)

Secondly, the method gives extremely precise cell dimensions
(Table V), up to an order of magnitude more precise than normal
powder methods. This occurs because the positions of the peaks
are calculated from the whole peak profile, allowing for all the
machine aberrations that affect the shape of the peak. The method
can be used to characterize ordering when the cations involved
have significantly different scattering power; this feature is par-
ticularly useful for fluor-amphiboles, in which the infrared
method is not applicable. It can also be used to characterize de-
viations from nominal compositions, again if the scattering powers
of the components involved are significantly different. Fig. 17
shows the observed and calculated X-ray powder pattern for scan-
dium-fluor-pargasite; the structure is refined to an R-—profile
index of ~ 12% and an R-Bragg index of ~ 5%. The refined site—
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Fig. 17. — Observed and calculated X-ray powder patterns from the
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occupancies show Sc to be fairly strongly ordered at the M(2) site
and also show the bulk composition to be Sc deficient when com:
pared with the nominal composition. Also of value in this
technique is the residual pattern that is left when the calculated
amphibole pattern of any other phases in the run product, pat-
terns that may have been partly or even completely obscured by
the dominant amphibole pattern. For the scandium—fluor-parga-
site of fig. 17, the residual pattern shows peaks of a pyroxene, in-
termediate in composition between diopside and NaScSi,0,, ;hat
were not very apparent in the complete pattern. Our initial experi-
ence suggests that this technique will prove to be useful, but more

work is needed to give a realistic evaluation of its worth in this
context.

SUMMARY AND CONCLUSIONS

Techniques for the characterization of both natural and synth-
etic amphiboles have undergone considerable development in the
Past ten years. Nevertheless, the optimum experimental approach
is still rarely used in studies involving both natural and/or synth-

etic amphiboles. A general survey of these methods and their re-
sults indicates: -

(i) large-scale crystal-structure refinement is a powerful
tool for petrologic studies, particularly when used to complement
and augment electron microprobe data;

(ii) many synthesized amphiboles are ‘off-composition’;

’ (iii) there are often significant structural differences betvs,/een
'analogous' natural and synthetic amphiboles, particularly involv-
ing cation ordering; both (ii) and (iii) are of particular relevance
to the determination and use of thermodynamic and physical
properties of synthetic amphiboles;

(iv) we must be cautious both in applying the results of
synthesis and stability studies to natural amphiboles, and in inter-
pretating synthesis and stability data in terms of our crystal-
chemical knowledge of natural amphiboles.

ACKNOWLEDGEMENTS

1 am particularly grateful to Professor Annibale Mottana, Universita di Roma,
for the invitation to give this talk, and to the Istituto di Mineralogia e Petrografia,
Universita di Roma, and the Consiglio Nazionale delle Ricerche for their support.
1 would like to thank Chiara Domeneghetti, Bruno Lombardo, Giuseppe Rossi and
Luciano Ungaretti, Mati Raudsepp and Al Turnock for permission to include as yet
unpublished material in this paper. I am indebted to Luciano Ungaretti and
Giuseppe Rossi for extensive discussions concerning the topics covered here, and
to the C.N.R. Centro di Studio per la Cristallografia Strutturale and the Istituto
di Mineralogia, Pavia, for their hospitality. Financial support during this work was
provided by a Research Fellowship and a grant to the author from the Natural
Sciences and Engineering Research Council of Canada.

REFERENCES

BoccHio R., UNGARETTI L. and Rossi G. (1978) — Crystal chemical study of eclogitic
amphiboles from Alpe Arami, Lepontine Alps, southern Switzerland. «Soc. Ital.
Mineral. Petrologia Rend.», 34, 453-470.

BrowN LD. and SHANNON R.D. (1973) — Empirical bond-length—bond-strength curves
for oxides. «Acta Cryst.», A29, 266-282.

Burns R.G. and GREavEs C.J. (1971) — Correlations of infrared and Méssbauer site
population measurements of actinolites. «Amer. Mineral.», 56, 2010-2033.
CAMERON M. (1970) — The Crystal Chemistry of Tremolite and Richterite. A study of
Selected Anion and Cation Substitutions. Ph.D. thesis, Virginia Polytechnic

Inst. State Univ., Blacksburg, Virginia.

CHARLES R.W. (1974) — The physical properties of the Mg—Fe richterites. «Amer. Min-
eral.», 59, 518-528.

DosreTsOV N.L., KosTYuk YU. A., LAVRENT'YEV YU. G., PONOMAREVA L.G., POSPELOVA
L.N. and SoBoLEV V.S. (1971) - Immiscibility in the sodium—calcium amphibole
series and its classification. «Akad. Nauk SSSR, Dokl», 199, 677-680 (in Russ.).

ERnsT W.G. (1966) — Synthesis and stability relations of ferro—tremolite. «Amer. J.
Sci.», 264, 37-65.

ERNST W.G. (1979) — Coexisting sodic and calcic amphiboles from high—pressure
metamorphic belts and the stability of barroisitic amphibole. «Mineral. Mag.»,
43, 269-278.

FINGER L.W. (1969) — The crystal structure and cation distribution of a grunerite.
«Mineral. Soc. Amer. Spec. Pap.», 2, 95-100.

Goroman D.S. and RossMan G.R. (1977) — The identification of Fe** in the M(4) site
of calcic amphiboles. «Amer. Mineral.», 62, 205-216.

HawTHORNE F.C. (1981a) — Crystal chemistry of the amphiboles. «Mineral. Soc. Amer.,
Rev. Mineral.», 9A, 1-102.

HawTHORNE F.C. (1981b) — Amphibole spectroscopy. «Mineral. Soc. Amer. Rev. Min-
eral.», 9A, 103-139.

HAWTHORNE F.C. (1983a) — The crystal chemistry of the amphiboles. «Can. Mineral.»,
21, 173-480.

HawTHORNE F.C. (1983b) — Quantitative characterization of site—occupancies in min-
erals. «Amer. Mineral.», 68, 287-306.

HawTHORNE F.C. and GRuUNDY H.D. (1977a) — The crystal: chemistry of the amphiboles.
[I1. Refinement of the crystal structure of a sub—silicic hastingsite. «Mineral.
Mag.», 41, 43-50.

HawTHORNE F.C. and GRUNDY H.D. (1977b) — The crystal structure and site—chemistry
of a zincian tirodite by least—squares refinement of X—ray and Méssbauer data.

«Can. Mineral.», 15, 309-320.



580 . F.C. HAWTHORNE [38]

HeY M.H. (1939) — On the presentation of chemical analyses of minerals. «Mineral.
Mag.», 25, 402-412.

Hey M.H. (1974) — Microchemical determination of FeO and of available oxygen in
minerals. «Min. Mag.», 39, 895-898.

Hey M.H. (1982a) — The determination of ferrous and ferric iron in rocks and min-
erals; and a note on sulphosalicylic acid as a reagent for Fe and Ti. «Min.
Mag.», 46, 111-118.

HEeY M.H. (1982b) — The determination of ferrous and ferric iron in rocks: an adden-
dum. «Min. Mag.», 46, 512-513.

HorrMaN C. (1972) ~ Natural and synthetic ferroglaucophane. «Contr. Mineral. Pet-
rol.», 34, 135-149.

Katacas C. (1974) — Alkali amphiboles intermediate in composition between actinolite
and riebeckite. «Contr. Mineral. Petrology», 46, 257-264.

KLEIN C., JR. (1968) — Coexisting amphiboles. «J. Petrology», 9, 281-330.

Kie C., JrR. (1969) — Two-amphibole assemblages in the system actinolite—
homblende glaucophane. «Amer. Mineral.», 54, 212-237.

LEAKE B.E. (1968) — A catalog of analyzed calciferous and subcalciferous amphiboles
together with their nomenclature and associated minerals. «Geol. Soc. Amer.
Spec. Pap.», 98.

LEAKE B.E. (1978) — Nomenclature of amphiboles. «Can. Mineral.», 16, 501-520.

Leake B.E., FARROW C.M. and Navax V.K. (1981) — Further studies on winchite from
the type locality. «Amer. Mineral.», 66, 625-631.

MaREscH W.V. (1977) — Experimental studies on glaucophane: an analysis of present
knowledge. «Tectonophys.», 43, 109-125.
MiLLER C. (1977) — Chemismus und phasenpetrologische Untersuchungen der Gesteine

aus Eklogitzone des Tauernfensters, Osterreich. «Tschermaks Mineral. Petrol.
Mitt.», 24, 221-277.

NorDp A.G. (1977) — The cation distributions in Zn,Mg(PO,), determined by X-ray pro-
file~fitting refinements. «Mat. Res. Bull.», 12, 563-568.

NorD A.G. and SteFaniDIs T. (1980) — The cation distribution in two (Co , Mg),(PO,),
solid solutions. «Z. Kristallogr.», 153, 141-149.

OBa T. (1978) — Phase relationship of Ca,Mg,Al,SiGAIZOH(OH)Z-CazMg,Feg"‘Si,Al,Ozz
(OH), join at high temperatures and high pressure — the stability of tschermakito
«J. Fac. Sci. Hokkaido Univ. Ser. 4», 18, 339-350.

OBA T. (1980) — Phase relations in the tremolite~pargasite join. «Contrib. Mineral.
Petrol.», 171, 247-256.

Papike J1.J., CaAMERON K.L. and BaLbwin K, (1974) — Amphiboles and pyroxenes:
characterization of OTHER than quadrilateral components and estimates of fer-

ric iron from microprobe data. «Geol. Soc. Amer. Abstr. Programs», 6, 1053-
1054.

RAITH M., HORMANN P.K. and ABRAHAM K. (1977) - Petrology and metamorphic evolu-
tion of the Penninic ophiolites in the western Tauern Window (Austria).
«Schweiz. Mineral. Petrog. Mitt.», 57, 187-232.

Raubsepe M., TurNock A.C. and HAWTHORNE F.C. (1982) — Synthesis and characteri-

zation of V°R** analogues of pargasite and eckermannite. «Geol. Assoc. Can.J
Mineral. Assoc. Can. Ann. Meet. Abstr.», 7, 75.

RIETVELD H.M. (1969) — A profile refinement method for nuclear and magnetic struc-
tures. «Jour. Appl. Cryst.», 2, 65-71.

RoBINSON P., SPEAR F.S., SCHUMACHER J.C., Larp J., KLEIN C., EvANs B.W. and
DooraN B.L. (1982) — Phase relations of metamorphic amphiboles: natural oc-
currence and theory. «Mineral. Soc. Amer. Rev. Mineral.», 9B, 1-227.

[39] Characterization of the average structure, ecc. 581

wpn o ¢y on the
. and FARMER V.C. (1973) — The fszect of "A" site occupan
Rowz;!;ﬁrxy? stz::tching frequency in clinoamphiboles. «Contr. Mineral. Petrology»,
38, 147-149. ) ) ) o
SEMET M.P. (1973) — A crystalchemical study of synthetic magnesiohastingsite.
«Amer. Mineral.», 58, 480-494. ' o iboles
Stout J.H. (1972) — Phase petrology and mineral chemistry of coexisting amp
fr&m Telemark, Norway. «J. Petrology», 13, 99-145. i
THoMas W.M. (1982) — 5'Fe Mdéssbauer spectra of n.atural and synthetic al\.jlt.mgsgle:,
N and i.m;;lications for peak assignments in calcic amphiboles. «Amer. Mineral.»,
67, 558-567. .
, in X— ingle crystal diffractometry
. (1980) ~ Recent developments in X-ray sing ?
UNGM:zizliele‘ to( the c)rystal—chemical study of amphiboles, «God. Jugosl. Cent. Krist.»,
15, 29-65.
' . (1983) — Crystal-chem-
. mBARDO B., DOMENEGHETTI C. and Rosst G. (19 g
UNGM:SIII- [e\E:Jiu]tdi%n of amphiboles from eclogitic rocks of the Sesia—Lanzo zone, West
ern Alps. «Bull. Minéral.», 106, 645-672. A (19812) - Crystal_chemical
L., Mazz1 F., Rosst G. and DAL NEGRO A. a) — em
UNGMZ];E;Iacterization of blue amphiboles. «Proc. XI Gen. Meet. LM.A., Novosibirsk,
1978, Rock—forming Minerals», 82-110. Nauka, Moscow. . t
. - hemistry by X-ray struc-
L., SMITH D.C. and Rossi G. (1981b) Cr_ystal—c 1 ¢ t
UNGM;Z::Ireﬁnement and electron microprobe analysis of a series of sodzc—cbz_lczéc t{)
alkali amphiboles from the Nybé eclogite pod, Norway. «Soc. Franc. Minéral.
Crist. Bull.», 104, 400-412. ‘
VirGo D. (1972) — Preliminary fitting of "Fe Méssbauer spectra of synthetic Mg—Fe
richterites. «Carnegie Inst. Wash. Year Book», 71, .513-516.
YouNG R.A. and WiLEs D.B. (1981) — Application of the Rietveld method fog structure
refir'wment of powder diffraction data. «Adv. X-Ray Anal.», 24, 1-23.



