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The Crystal Chemistry of the Amphiboles
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The major differences in unit-cell shape of the different amphibole varieties, and the respective
composition ranges of the orthorhombic and monoelinic amphiboles, are related to the effects of the
ionic radius of the ions occupying two of the sets of ionic sites in the structure. These are the ions
which serve to link together the tale-like strips from which the structure may be regarded as being
built. The reason for the existence of both limited and unlimited isomorphous substitution ranges for
the same ions in different parts of the composition field is shown to depend on the different effects on
chain packing of the radius of the ions occupying these two sites as compared with each other and
with the sites which are wholly inside the tale-like strips.

1. Introduction

The amphiboles are important rock-forming silicate
minerals with a perfect prismatic cleavage, their
cleavage angle being in the range 54°-56°. They occur
in prismatic crystals and lamellae, and also in fibrous
forms which are of commercial importance in the
asbestos industry. They crystallize in either the mono-
clinic or orthorhombie system, and their range of com-
position, which is very wide indeed, may include
substantial proportions of all the commonest mono-,
di-, and tri-valent metals. The approximate structures
of a typical monoclinic amphibole, tremolite, and a
typical orthorhombic amphibole, anthophyllite, were
determined by Warren (1930a) and Warren & Modell
(1930) respectively. Warren (19300) also showed that
a number of other monoclinic amphiboles gave diffrac-
tion patterns so similar to that of tremolite that there
could be no doubt that they had virtually identical
structures. He also showed that the very variable
compositions of the amphiboles could be largely
covered by the general formula

(Ca,Na,Mn)s_3 (Mg, Fe,Ti, Al,Mn)s (Si, Al)sOz2 (OH, F)2.

This formula does not cover all the substitutions which
oceur, however, nor does it indicate the warious
limitations of the ranges of substitution which are
observed. It is frequently expressed more generally,
and non-committally, as

4\’3_3 Y.r,ZgOzg (OH, F)g .

X may then represent any mono- or di-valent cation
with an ionic radius from that of magnesium (0-78 A)
to that of potassium (1-33 A), ¥ any di- or tri-valent
ion of radius from that of aluminium (0-57 A), to that
of manganese (0-91 A), and Z is mainly silicon but is
replaceable up to about 259 by tri-valent ions with
radius up to that of ferric iron (0-67 A). Somewhat
more, or less, hydrogen may also be present to balance
otherwise unbalanced charges.

Fig. 1. A packing model of the clino-amphibole structure.
The c-axis is directed away from the observer and the b-axis
is vertical. The white spheres represent oxygen, the grey
spheres represent X ions in M, positions, and the black
spheres represent Y ions, but only those in M, positions
are prominent. The silicon atoms also appear black in the
photograph but are not very prominent.

The amphibole structure is based on infinite chain
anions of composition SisOy;. The structure of a mono-
clinic amphibole projected down the chain direction
(¢ axis) is shown in Fig. 2. Two Si;Oy; chains sandwich
between them, and co-ordinate octahedrally, the ¥
ions of the above formula, the co-ordination of which is
completed by the hydroxyl ions. The Y ions occupy
the positions marked M, M. and M3 in Fig. 2, and
together with the oxygen and hydroxyl groups in
contact with them are arranged as in a strip of the
brucite structure, the typical layer-lattice structure of
the hydroxides of the Y metals. The whole complex
of two SisOn chains with the hydroxyl groups and
Y ions sandwiched between them is equivalent to a
narrow strip of the tale structure, The X ions up to
two in number occupy the My positions at the edges
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of these talc-like strips and serve to link them together
in the crystal packing. The Y ions at M lie near the
edges of the talc-like strips and so also help to link
them together, but to a less extent than the ions at M.
X ions in excess of two lie in the so-called ‘4’ position
between the ‘backs’ of the chains when required to
balance excess negative charge, rather like the inter-
layer ions in the micas. A model of this structure is
shown in Fig. 1.
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Fig. 2. Projection on (001) in crocidolite to show the nomen-
clature of the atomic sites and the way in which the struc-
ture is built up from tale-like strips, seen here in end-view.
The sites M,, M, and M, are occupied by Y ions and
M, by X ions. Any X ijons in excess of two per formula
unit occupy the site marked A4.

Refined structures of five monoclinic amphiboles of
varied composition have been published in recent
years, namely:

Bolivian crocidolite
Nay.35Ko.15Ca0.17 Fo.08 Mg3.05 Fey g6 Alg.os
(Siz.94Alg.0s) O22 (OH)2 (Whittaker, 1949).

Actinolite
Cay.47Nag.1 Ko.0s Mgs.z5 Fey o, Fe'o',goCr ete. g.05
(Si7.13 Alg.76 Ti0.11) O21.09 (OH )2.84 Fo.07
" (Zussman, 1955).

Carinthine
Cay.o5 Nag.gs Ko.00 Mgs.51 Feg s Feg.17Alg.26 Tig.17
(Si6.37 Al1.63) O2z.24 (OH )1.76
(Heritsch, Paulitsch & Walitzi, 1957).

Barroisitic hornblende
Cay.59 Nay.os Ko.3 Mgy.61 Feyo Fegi0Mng o3 AlggoTig.15
(Sig.54 Al1.46) O22.13(OH)1.87 (Heritsch et al., 1957).

Tremolite
Cas.00Nag.3 Mg,.q2 Fegoq Fe(1)1~102 Alg.os
(Siz.81Alg.19) O21.99 (OH)2.01 (Zussman, 1959).
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These refined structures have revealed some small
errors in the atomic positions in Warren’s approximate
structure, but they have all been remarkably similar
to one another. It has thus become clear that the
main differences between monoclinic amphibole vari-
eties do not reside in the internal geometry of the
chains. A partial, but still qualitative, refinement of
the anthophyllite structure has been published by Ito
(1950). The structure of the chains given by Ito shows
more difference from the monoclinic forms than they
show among themselves, and, as will be seen later, this
may be partly real. Ito does not give the composition

of his specimen. The ideal formula of anthophyllite
may vary from Mg:SisO22(OH)2 to MgsFesSigOz2(OH)s.

2. Composition relations in the amphiboles

The whole field of substitution relationships in the
amphiboles is so complex that it is only possible to
deal with limited parts of it at one time. Fig. 3 shows
in somewhat idealized form three such parts which
are the best established and which include some of
the most important amphibole species Figs. 3(a), and
(b) are slightly 81mphf1ed versions of those glven by
Sundius (1944) and 3(c) is an extension of that given
by Frankel (1953a, b) to cover the probable range of
riebeckite in the direction of magnesium if one as-
sumes that the vertical extensions of riebeckite and
of the low alkali series are constant throughout the
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Fig. 3. Schematic diagrams of three-component composition
fields for the amphxboles The values plotted are the relative
numbers of the ions specified, expressed as percentages of
their sum. Orthorhombic phases are shaded. (a) The
Mg-Fe”—Ca field in absence of alkali metals and tri-valent
elements. (b) The Mg-Fe” —(Al, Fe’”’) field in absence of
alkali metals and calcium. (c) The Mg—(Fe”’, Fe’”}-Na field
in absence of aluminium and calcium.
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range. Sufficient data do not appear to be available in
the (Mg, Fe)-Ca-Na system to decide whether or not a
continuous region of replacement exists connecting
riebeckite, Nas Fes' (Mg Fe'’);, with soda-tremolite
NaqCa(Mg, Fe'')s and tremolite. When both aluminium
and alkali are present together, the number of named
varieties and the number of different possible types
of substitution become very large, so that the corre-
sponding diagrams are complex and the distinctions
are less well substantiated, but the varieties in this
region which have been investigated will be shown to
conform to the principles to be discussed. With one
exception, the orthorhombic amphiboles are confined
to the composition regions with low alkali and alkaline
earth content. The exception is the aluminous lithium
amphibole holmquistite, LizAloMgaSigO22(OH)2, which
has recently been shown to be orthorhombic (Vogt,
Bastiansen & Skancke, 1958).

The main problems with which we are faced by these
data are as follows:

1. Why replacement of Mg, Fe by Ca or Na leads to
a phase transition either from orthorhombic to
monoclinic or from one monoclinic phase to an-
other, in both cases with a broad ‘forbidden region’
between them.

2. Why complete mutual replacement of magnesium
and ferrous iron is possible in the tremolite—
actinolite and gedrite-ferrogedrite series whereas it
leads to a phase transition from orthorhombic
anthophyllite to monoclinic cummingtonite in the
absence of Ca, Al, or Fe'”’.

3. Why the orthorhombic amphiboles are so restricted
in composition that their only established represen-
tatives outside the anthophyllite-gedrite region are
holmquistite and a mangano-anthophyllite.

3. The angle B in the monoclinic amphiboles

Since the recent refinements of five monoclinic amphi-
boles have shown that the internal structure of the
chains is very similar in all of them, it is clear that
one must look for the differences between them at
the inter-chain contacts.
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™
Fig. 4. Plot of B against the mean Goldschmidt radius of the
ion at M, for the five clino-amphiboles whose structures
have been published, and for amosite. The line is the
regression line of § on r.
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If the § angles of the different varieties are con-
trolled by such inter-chain contacts they must be
controlled by those that affect the relative transla-
tions of the chains parallel to the c-axis. These must
occur on or close to the plane y=0-25, since in this
region there is considerable interlocking of the edge
atoms of the chains, whereas there is very little inter-
locking in the inter-chain contacts on the other plane
of contact, x=0-5. The most promising contact to
consider is that between the M, atom belonging to
the chain which lies at a corner of the cell, with the
Q4 of the chain which centres the cell (or vice-versa).
Fig. 4 shows that there is in fact a close relationship
between 8 and the mean Goldschmidt radius of the
ions occupying M4 for the five varieties whose struc-
tures have been studied, and for amosite. The value
of B for amosite (a fibrous variety of grunerite) has
been given as 70° (i.e. obtuse §=110°) by Garrod &
Rann (1952), and for the closely related cumming-
tonite as 102° 8’ by Johansson (1930). This disagree-
ment is apparently due to the use of the convention
of the C-centred cell by Johansson and the I-centred
cell by Garrod & Rann (see Zussman, 1959, for the
differences involved). The latter convention is used
here and the value adopted (110° 10’) is a new deter-
mination by the author. The radius of M4 in amosite
is assumed to be that of ferrous iron, since the compo-
sition of grunerite shows that all the metal positions
must be occupied by ferrous iron in the end-member,
and it is usual for the largest ion present to occupy
M, in the monoclinic structure.

In seeking to interpret this relationship more strictly
in terms of the M4—Q4 distance one must recognise
that the published z coordinates for the oxygen atoms
in crocidolite, actinolite, and the hornblendes are
subject to considerable uncertainties; they are based
not on diffraction data but on considerations of
reasonable bond lengths compatible with the = and y
coordinates. The relative weights given to different
features of the structure by different investigators in
arriving at the z coordinates have therefore probably
been different. Valid comparisons of the M4—O4 dis-
tance in the different varieties are therefore not pos-
sible by simple calculation from the published coor-
dinates; and in any case no z coordinates are available
for tremolite and no coordinates at all are available
for amosite. It has therefore been assumed that the
relative positions of the oxygen atoms within the chain
are constant as between varieties, and alternative
calculations of the inter-chain M,—O4 distance have
been made for each of the six varieties assuming in
turn that each of the three published sets of coor-
dinates is correct. The M40y distance varies with
in a similar way on each assumption although the
actual values found are different. The mean of the
three sets of calculations gives the best agreement
with expected values of the distance based on Gold-
schmidt radii, and in view of this, and of the fact that
there are no strong grounds to prefer one set of co-
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ordinates to another, only the mean results are quoted
here. The =z and z coordinates of M4 are fixed by
symmetry. Its y coordinate varies slightly from one
species to another and allowance was made for this,
although the effect is very small since y,,, and yo, are
very nearly equal.
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Fig. 5. The M,—O, distance in the same six clino-amphiboles
plotted against the radius sum for M,4 oxygen. The line
is the theoretical equality line at 45° to the axes.

The results of this calculation are shown in Fig. 5,
where the M 404 distance is plotted against the sum
of the oxygen radius and the mean radius of the ion
at M4 The latter was taken to be increased by 3%
in the four varieties with the largest M4 ion to allow
for the fact that the coordination is there probably
more nearly eight-fold than six-fold. The agreement is
sufficiently good to confirm that the M,~04 distance
is the main factor determining the angle f. The
discrepancies presumably arise from the second order
differences which may be expected in the structure
of the chains in different varieties and for which no
allowance has been made, though the existence of
minor effects from interactions other than between
M4 and Oy are not excluded.

o
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4. The value of a in the monoclinic amphiboles

Since both the M4 and O, atoms lie close to the plane
y=0-25, a section of the structure at this level reveals
the way in which the M4—O4 distance controls the
angle . Such a section for crocidolite is shown in
Fig. 6(a). If the perpendicular distance between the
chains, in the direction perpendicular to the b¢ plane,
were constant then the locus of the atomic positions
would be parallel to ¢, and ¢ would increase with
increasing B in order to keep a sin § constant. If on
the other hand it were the contacts between M4 and O4
which determined the closeness of packing perpen-
dicular to the b¢ plane then this locus would be directed
towards M4 and a sin § would decrease sharply with
increasing . In fact the locus has an intermediate
direction as shown in Fig. 6(b), since asinf does
decrease fairly markedly with increasing g as shown
in Fig. 7. It follows that a closer packing of the chains
is achieved when g increases, but the closeness of pack-
ing is not controlled directly by the M4—04 distance.
A section through the structure at y=0-125 shows
that it is in fact controlled by the packing of Os and Os
‘of adjacent chains (Fig. 8). At low values of 8 (~ 106°)
these atoms are almost exactly opposite one another,
but as f increases a more and more staggered arrange-
ment occurs so that a closer packing of the chains is
achieved without any reduction in the minimum
05-0¢ distance. The same thing is also true of the
0,-0, distance between adjacent chains.

It may be noted that for f<105° 30’ the arrange-
ment of Os and Og would begin to be staggered in the
opposite direction so that it might be expected that
a sin # would decrease with decreasing § in this region.
In fact, however, such a reduction in a sin 8, coupled
with the very large M4—O4 distance (large M4 ion)
which would be required to give such values of f,
would lead to a rapid approach between Q4 atoms of
adjacent chains. Such a reduction of asinf at low
values of § is therefore unlikely even if such values of
B exist.

CAarinth]ine
ctino ite\
Tremolite X,
Barroisite—
Crocidolite—""
Amosite—z

Fig. 6. Section of the clino-amphibole structure at y=0-25. In (@), the plain circles (single or double) denote O, and the crossed
circles (single or double) denote M,. The single circles denote atoms on the top of chains which lie below the section, and the
double circles denote atoms at the bottom of chains which lie above the section. The lines connect together atoms belonging

to a given chain; they do not correspond to direct chemical bonds.

(b) Shows the area within the broken line on a larger scale

in order to demonstrate the effect of the different values of 8, for six varieties, on the position of O, (shown by dots).
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Fig. 7. Plot of a sin f§ against § for the same six clino-amphi-
boles. The line is the regression line of a sin 8 on 8, and the
cross shows the extrapolated value of a sin 8 for the hypo-
thetical clino-amphibole Mg,Si 0,,(OH),.

It happens that the reduction in asinf with in-
creasing f is such that @ is almost constant. Thus for
the six varieties considered a sin § varies from 9-33 A
to 952 A, whereas a varies only from 9-86 A to 9-92 A.
This nearly constant translation period is denoted by
a only in the I-centred convention. In the C-centred
convention the quantities denoted by asinf and
sin § vary in opposite directions so that quite large
changes occur in a. This fact can be of value in certain
cases in revealing which convention has been adopted
by a particular author, notably in the case of Johans-
son’s results for cummingtonite (1930) mentioned in
§ 3 above.

5. Factors governing the existence of
orthorhombic amphiboles

The purely magnesium amphibole Mg:SigOz22(OH)2
does not oecur in the monoclinic form. However,
one can extrapolate the line in Fig. 4 to give the angle
B for such a hypothetical structure with magnesium
at My, the value obtained being about 111°. Using
this value one can then insert the positions in Figs.
6 and 8 which would be occupied by O4, Os and Os
in this hypothetical structure, and these positions are
marked by crosses. One then finds that such a structure
would not involve any abnormal interatomic distances.
On the other hand, if the line in Fig. 7 is extrapolated

ANAA

(a)

Fig. 8. Section of the clino-amphibole structure at y=0-125. In (@) the atoms which belong to any one chain are connected

together by lines which do not represent direct chemical bonds.
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to f=111° one obtains a value of @ sin =9-30 A for
the hypothetical clino-magnesium-amphibole. This is
slightly greater than the packing distance perpendicular
to bc in anthophyllite, where this value is }a. The
average value of }a for the 10 anthophyllites studied
by Rabbitt (1948) was 9-27 A (with a total variation
of +002 A). It follows therefore that the ortho-
rhombic structure permits a closer packing of the
chains than does the monoclinic structure, and the
reason for this is obvious from Fig.9, which is a
section of the anthophyllite structure corresponding
to that given in Fig. 8 for the monoclinic amphiboles.
The oxygen atoms are much more perfectly staggered
in this structure.
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Fig. 9. Section of the anthophyllite structure, corresponding
to that of the clino-amphibole structure shown in Fig. 8.

It must therefore be concluded that the problem
presented by the orthorhombic amphiboles is not why
they are not monoclinic. The problem is why all
amphiboles are not orthorhombic, and this problem is
solved by a consideration of Fig. 10, which is a section
through the anthophyllite structure corresponding to
Fig. 6. Consideration of interatomic distances in this
structure is handicapped by the lack of a refined
structure determination, and the position of O4* is

* The nomenclature of the atoms which is standard in the
monoclinic amphiboles is here used to describe their counter-
parts in anthophyllite for the sake of continuity in the argu-
ment. Our M, corresponds to Warren & Modell’s Mg, and our
0, to both their O; and O,y. These two atoms are not related
by symmetry. The distances of O,, from the metal ions cannot
be varied by movements of the chains parallel to ¢ whereas
those of Oy can. However, the two positions are chemically
equivalent and no relaxation of the requirements for the radii
of the metal ions can be achieved by adjusting the distances
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(b) Shows the area within the broken line on a larger scale

to demonstrate the different extents of staggering of the O; and O4 atoms in varieties with different values of f.
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Fig.10. (a) Section of the anthophyllite structure, corresponding to that of the clino-amphibole structure shown in Fig.6. (b) Shows
on a larger scale the relative positions of M, and O, according to the structure determinations of Warren & Modell, and of
Ito, and also those which would occur if the individual chains had the same internal structure as in one or other of the clino-

amphiboles.

therefore plotted in Fig. 10(d) on the basis of five dif-
ferent assumptions:

1. Warren & Modell’s co-ordinates. These give a dis-
tance M40y of 2:12 A (radius sum=2-10 A), and
M0 slightly lower (2:09 A). The distance 0,~0,
between neighbouring chains (3:04 A) is also in the
expected range.

2. Ito’s co-ordinates. These increase the discrepancy
slightly between the Ms—0O4 and M2—0O4 distances
(220 and 2-07 A respectively), and make 0,~O,
smaller (2:94 A) though still acceptable.

3, 4 and 5. The three published internal structures of
the chain in actinolite, hornblende and crocidolite.
These give excessively short M,-Q4 distances
(190, 1-94 and 2:02 A respectively) and two of
them give short O,~O; distances (2-64, 2-74 and
2:96 A respectively). They give excessively large
M4-0, distances (2-33, 2-28 and 2-26), which are
large enough to admit a sodium atom, whereas
sodium does not occur to an appreciable extent in
orthorhombic amphiboles.

In view of the difficulties under 3-5 above it must
be concluded that the internal structure of the chain
in anthophyllite must be slightly different from that
in the clino amphiboles. The most likely distortion to
arise from environmental effects would be the rotation
of silicon-oxygen tetrahedra about the Si;—O; and
Siz—02 bonds, and this would affect the z coordinate
of O4 rather than its z coordinate, which agrees well
with the fact that both Warren & Modell (1930),
and Ito (1950), give an x coordinate for O4 which is
identical with the mean of the three values deduced
under 3-5 above. Since M:=M,=Mg it would
presumably be best to assume that the two distances
M2-04 and M 404 should be equal. This would involve
very l}it’cle further movement and each would be about
2-10 A.

to one set of oxygen atoms and not to the other. We therefore
assume with Warren & Modell that the two sets of distances
will be equal and the discussion is based on the position of
our Oy where that is equivalent to their O,,.

On these assumptions we therefore reach a self-
consistent structure for anthophyllite, and we see that
it is impossible to put any atom larger than magnesium
at M4 unless we put a correspondingly smaller atom at
M. If My=TFe' (radius 0-83 A) then Mz must not be
larger than 0-74 A. However, it is not possible to ex-
pand M, indefinitely even at the expense of My, since
the 0,0, distance would be unreasonably reduced.
If we take 2:90 A as a reasonable minimum for this
distance, then the maximum radius of M4 in antho-
phyllite will be 0-92 A and this will require a cor-
responding reduction of M» radius to 0-70 A.

6. Interpretation of the composition ranges
of the amphiboles

(@) Orthorhombic amphiboles

In the absence of elements other than Mg and Fe'’
it should be possible on the above theory to put Fe”
into three ‘internal’ positions (2M1+ Ms) in antho-
phyllite without disturbing the ‘edge-wise’ packing of
the chains. This would give a formula

MgMgaFes SigOz2(OH)o*

corresponding to 439 of the iron end-member. The
boundary of the anthophyllite phase is given by
Sundius as 389, which is in good agreement. One
would expect the value to be lower than 43 %, since the
low entropy arising from the complete segregation of
Mg and Fe must at some point offset the lower free-
energy associated with the closer chain packing in
anthophyllite as compared with cummingtonite. After
the transition to cuammingtonite it seems probable that
the largest available atom (Fe'’) will tend to occupy
M4 so that cummingtonite will have a formula close to

Fez (Mgo.sFeo.2)2(Mgo.sFeo.2)sSisO22( OH)e
Substitution in M1, Ms, and M3 can then proceed

* Tt is convenient to specify the cation sites in order of
decreasing effect on packing, i.e. M,, M,, and M,;+ M, in
that order. This convention is adopted consistently in what
follows.
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continuously right up to the grunerite end-member
Fe, FeyFe; Sig0,,(0H), without a phase change, since
M, and M3 do not affect the packing and M, does so
only to a minor degree in the clino-amphiboles.

If aluminium is introduced into the grunerite struc-
ture at M2, then at an occupation of this site equivalent
to FeggsAlyss the mean radius will be reduced to 0-74 A
which is small enough to admit Fe”” to My in the
orthorhombic structure. If Fe'’ replaces Fe'’ the
occupation of M must be Feg,,Fyse to achieve the
same effect. The corresponding percentages

MIII/(MII+MIII)

will depend on the way in which the extra charge is
accommodated. This may occur either

(i) by leaving some vacant sites at M4, (ii) by re-
placing some OH’ by O”, or (iii) by replacing some
Si by Al or Fe'”’, or by a combination of these pro-
cesses.

Depending on which is adopted the above replace-
ments correspond to between 10 and 189 (atomic) for
aluminium and between 16 and 289, for Fe'”’. At the
magnesium-rich cummingtonite end the corresponding
replacements of magnesium require 5-109% of Al and
10-189 of Fe’’’. Sundius does not distinguish between
the amounts of AlsO3 and FesO;3 present at the bound-
ary between the cummingtonite-grunerite series and
the gedrite series, nor are the data sufficient to reveal
the difference in the levels of the boundary at the
cummingtonite and grunerite ends. The upper limit of
(Al203 4 Fe203) in cummingtonite-grunerite is given by
Sundius as 5-6 mol.Y, corresponding to 9-5-11-3
at.9% (Al+Fe'”’), but the lowest values he records in
the gedrite region correspond to about 17 at.%
(Al4+Fe’”’). The theoretical results are therefore in
good agreement with the data.

The calcium atom (radius 1-06 A) is of course much
too big to enter the M4 position in anthophyllite, and
it would not be expected to enter the M1, M2 and M,
positions in any of the amphiboles. It is therefore
entirely understandable that the orthorhombic amphi-
boles should be confined to the low-calcium scries.
The amount of calcium (up to Cag.¢) which does occur
in anthophyllite (Sundius, 1944; Rabbitt, 1948) can
fairly certainly be assigned to the normally vacant ‘4’
position, an appropriate number of balancing vacancies
being left at M4 or elsewhere. The sodium atom is also
too large to enter My in the orthorhombic structure so
that there are no orthorhombic hornblendes of normal
composition. Lithium, however, (r=0-78 A) can enter
this position, and the lithium amphibole holmquistite
(formula near LizAloMgsSisOs2(OH)z) has recently been
shown to be orthorhombic (Vogt, Bastiansen & Skan-
cke, 1958). The formulation of holmquistite above
with Al at M, is by analogy with crocidolite, in which
the trivalent ion goes at M, for electrostatic reasons
because of the deficiency of charge at M4 when this is
occupied by a monovalent ion (Whittaker, 1949).
There is no clear necessity for Al to be at M in holm-
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quistite on grounds of ionic size, although its presence
there will relieve any strain that is present in the
distortion of the chains in anthophyllite as compared
with the monoclinic amphiboles. There appears to be
no other well-authenticated orthorhombic amphibole
except a mangano-anthophyllite and in this the
relatively small amount of manganese can be accom-
modated in M; and M.

The upper limit of replacement of Al+4-Fe'”’ in
gedrite does not come within the scope of this discus-
sion. It is clearly connected with the limit on the
replacement of silicon by trivalent metals.

(b) Monoclinic amphiboles

The complete range of substitution of Mg by Fe”
in the tremolite-actinolite series is understandable,
since this change, even at M2, does not appreciably
affect the packing of the chains in the monoclinic
structure. The same is true within the riebeckite series,
although here there is a minimum iron content because
of the need for two Fe'”’ ions to preserve the charge
balance.

The gap in composition between the cummingtonite—
grunerite series on the one hand, and both actinolite
and riebeckite on the other, must be due to the
appreciably different chain packing which is evidenced
by the markedly different values of B. Reference to
Fig. 6(b) shows that this corresponds to a relative shift
of interlocking chains by 0-38 and 0-24 A respectively.
The strain involved in making such adjustments
locally to accommodate intermediate compositions
would clearly be considerable. The possibility of inter-
mediate compositions between actinolite and rie-
beckite is not covered by the phase diagrams shown
and there does not seem to be sufficient evidence to
decide it. The existence of such compositions as soda—
tremolite NasCaMgsSisO22(OH): does not prove that
M4 can accommodate substantial proportions of Na
and Ca simultaneously, since the two elements might
be segregated in M4 and the ‘4’ position. The minimum
chain shift required to induce a discontinuity in com-
position is therefore unknown.

7. Conclusions

The theory proposed accounts satisfactorily for all the
composition relationships of the known orthorhombic
amphiboles and also for those of the commoner mono-
clinic ones for which sufficient analytical data are
available. Its extension to others requires further
analytical data, and in the case of the more complex
substitutions will also require structural determina-
tions to ascertain the occupancy of the M4 position.
Such work is also desirable to check the postulated
positions of O4 in anthophyllite and in a gedrite high
in Fe”, and the predicted position of calcium in those
anthophyllites which contain this element.

Further predictions from the theory may also be
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made of the possible existence of orthorhombic amphi-

boles of extreme compositions which are at present
unknown, as follows:

nickel anthophyllite
manganese gedrite
lithium riebeckite
lithium hornblendes
such as

NieNieNiaSigO22(0H)a
MIleleIlaSigOzz( OH)g
LizFe;"(Mg, Fe’ ')3Si8022( OH)Z

LisMgzMggsi7A1022(0H)2
or even NaLizMggMg38i7A1022(OH)2
and lithium tremolite CaLizMgeMgsSisOse(OH)s

Of these the manganese gedrite is the most doubtful
as it would have M4 very close to the suggested max-
imum size.

It may also be predicted that it might be possible
to bridge the ‘forbidden’ regions that exist between
some of the monoclinic amphiboles by introduction
of ions of intermediate size. Thus for example, there
might be a continuous range of isomorphous replace-
ment between grunerite and a mangano-grunerite
Mn,Fe; Fe; Sig0,,(0H), and also between such a
mangano-grunerite and riebeckite

NazFeglFegSi8022(OH)2 )

because there would be no excessive strains in either
series. If this is true then it would follow that all the
monoclinic amphiboles could be regarded as belonging
to one continuous system in a multi-dimensional phase
space, but that this multi-dimensional continuum
would be pierced by various channels corresponding
to forbidden compositional transitions.

Further data on the composition and unit cells of

9 more monoclinic amphiboles have come to light from
the literature since the completion of this work. Four

THE CRYSTAL CHEMISTRY OF THE AMPHIBOLES

of these, fluor—tremolite, fluor-richterite, fluor-edenite
and fluor-boron—edenite (Comeforo & Kohn, 1955),
agree well with the theory. The remaining one, tirodite
(Bilgrami, 1955), agrees less well but has so complicated
a composition that assignment of particular ions to
the different sites is subject to a very large un-
certainty. A redetermination of its unit cell (Zussman,
private communication) is in good agreement with the
relationship between a sin 8 and 8 of Fig. 7.

I wish to thank the Directors of Ferodo Ltd. for
permission to publish this paper.
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