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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 monoclinic 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 talc-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 talc-like strips. 

1. Introduct ion 

The  amphiboles  are impor tan t  rock-forming silicate 
minerals  with a perfect pr i smat ic  cleavage, thei r  
cleavage angle being in the range 540-56 ° . They  occur 
in pr ismat ic  crystals and  lamellae,  and  also in fibrous 
forms which are of commercia l  impor tance  in the 
asbestos industry.  They  crystall ize in ei ther  the mono- 
clinic or or thorhombic system, and  their  range of com- 
position, which is ve ry  wide indeed, m a y  include 
subs tan t ia l  proportions of all the  commonest  mono-, 
di-, and  t r i -valent  metals.  The approx imate  structures 
of a typical  monoclinic amphibole ,  tremolite,  and a 
typical  or thorhombic amphibole ,  anthophyl l i te ,  were 
de te rmined  by  War ren  (1930a) and  War ren  & Modell 
(1930) respectively.  War ren  (1930b) also showed tha t  
a number  of other monoclinic amphiboles  gave diffrac- 
t ion pat terns  so s imilar  to tha t  of t remoli te  t ha t  there 
could be no doubt  t ha t  t hey  had  v i r tua l ly  ident ical  
structures.  He also showed tha t  the very  var iable  
compositions of the amphiboles  could be largely 
covered by  the general  formula  

(Ca, Na, M_n)2-3 (Mg, Fe,Ti,  A1, Mn)5 (Si, A1)sO2e (OH, F)2. 

This  formula does not  cover all the  subst i tut ions  which 
occur, however, nor does it  indicate  the  various 
l imi ta t ions  of the ranges of subst i tu t ion which are 
observed. I t  is f requent ly  expressed more generally,  
and  non-commit ta l ly ,  as 

X2-3 Y5 Z8 022 ( O H ,  F)2 . 

X m a y  then  represent  a n y  mono- or di -valent  cation 
with an  ionic radius from tha t  of magnes ium (0.78 A) 
to tha t  of potassium (1.33 A), Y any  di- or t r i -valent  
ion of radius from tha t  of a lumin ium (0.57 J~), to t ha t  
of manganese (0.91 /~), and  Z is m a i n l y  silicon but  is 
replaceable up to about  25% by  t r i -valent  ions wi th  
radius up to tha t  of ferric iron (0-67 A). Somewhat  
more, or less, hydrogen m a y  also be present  to balance 
otherwise unba lanced  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 4 positions, and the black 
spheres represent Y ions, but  only those in M 2 positions 
are prominent.  The silicon a t o m s  also appear black in the 
photograph but  are not  very  prominent.  

The amphibole  structure is based on infinite chain 
anions of composition Si4011. The structure of a mono- 
clinic amphibole  projected down the chain direction 
(c axis) is shown in Fig. 2. Two Si4011 chains sandwich 
between them, and  co-ordinate octahedral ly,  the Y 
ions of the above formula,  the co-ordination of which is 
completed by  the hydroxy l  ions. The Y ions occupy 
the  positions marked  M1, M2 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-lat t ice s tructure of 
the  hydroxides  of the Y metals.  The whole complex 
of two Si4Oll chains with the hydroxyl  groups and  
Y ions sandwiched between them is equivalent  to a 
narrow str ip of the talc structure.  The X ions up to 
two in n u m b e r  occupy the M4 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  M2 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 'A' 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 croeidolite to show the nomen- 
clature of the atomic sites and the way in which the struc- 
ture is built up from talc-like strips, seen here in end-view. 
The sites M~, ~I 2 and M 3 are occupied by Y ions and 
M4 by X ions. Any X ions in excess of two per formula 
unit occupy the site marked A. 

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

Bolivian crocidolite 
a " H I t !  

N 1.38 Ko.13Cao.17 Fo.4s ITIg3.06 Fel.66 A16.05 
(Si7.94Alo.o6) 022 (OH)2 (Whittaker, 1949). 

Actinolite 
I !  F I t l  f ~  0al.47 Nao.l l  Ko.04~/~g3.78 Fel.07 eo.30ur etc .  0.05 

(Si7.13 A10.76 Ti0.n) 0~.1.09 (OH)2.s4 F0.07 
' (Zussman, 1955). 

Carinthine 
a " F e  m - - -  " C 1.75 ~a0.88 K0.22 lVig3.31 Feo.59 0.17Alo.76T]0.17 

(8i6.37 All.63) 022.24 (0H)1.76 

(Heritsch, Paulitsch & Walitzi, 1957). 

Barroisitic hornblende 
K "r, tr  ~ l !  ~ t l !  "a~r 

Cal.59 Nal.08 0.03 ivlg2.61 -~el.21 J~ eo.lo 1¥1n0 03 A]6.90Tio.15 
(Si6.54All.46) 022.18 (0H)l.S7 (Heritsch et al., 1957). 

Tremolite 
a H tH 

C 2.00 Nao.03 Mg4.92 Feo.04 Feo.02 Alo.05 

(SiT.slAlo.19) 021.99 (0H)2.ol (Zussman, 1959). 

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. I t  has thus become clear tha t  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 par t ly  real. I to does not give the composition 

0f his specimen. The ideal formula of anthophyllite 
may vary from MgTSisO22(OH)2 to Mg4Fe~'SisO22(OH)2. 

2. Composit ion relations in the amphiboles  

The whole field of substitution relationships in the 
amphiboles is so complex tha t  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 simplified versions of those given 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 tha t  the vertical extensions of riebeckite and 
of the low alkali series are constant throughout the 

Tremolite - Actinolite 

/ I  [Ar;th&~fiiHit'el I II Curnmingtpnite-Grunerite \ 
M g / j l  l , , , , ' , , ' , , , l l  ~. , ~amositel , ' ~Fe" 

(~) 
AI + Fe"'~// ~AI+Fd"  

M g  / '  C u n ? m i n g t ' ( ° n i t e l t e ~ r ~ n e r i t ;  ~ F e "  

(b) 

Riebeckite \ 
. . . . . . .  (crocidolite) 

~[J/~ntl~;l~h'yillte I Cummingt~n~esi-te(~ru nerite ~ , , +  .... 
Mg~ I I I.I i i i:1 i I ,I / .  i , i I I-e: I-~: 

Fig. 3. Schematic diagrams of three-component composition 
fields for the amphiboles. The values plotted are the relative 
numbers of the ions specified, expressed as percentages of 
their sum. Orthorhombie phases are shaded. (a) The 
Mg-Fe"-Ca field in absence of alkali metals and tri-valent 
elements. (b) The Mg-Fe"-(A1, 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, Na2 Feb" (Mg Fe")3, with soda-tremolite 
Na2Ca(lVIg, Fe")5 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 orthorhombie amphiboles are confined 
to the composition regions with low alkali and alkaline 
earth content. The exception is the aluminous l i thium 
amphibole holmquistite, LigAl~Mg3SisO~2(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. W h y  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, A1, or Fe '" .  

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

3. The  angle  fl in  the monoc l in ic  a m p h i b o l e s  

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. 

106 " o o 

107 

/~ 108 

109 

110 

111 

0"8 0"9 I]0 111 ' 

Fig. 4. P lo t  of fl agains t  the  mean  Goldschmidt  radius  of the  
ion a t  M 4 for the  five c l ino-amphiboles  whose s t ruc tures  
have  been  publ ished,  and  for amosi te .  The line is the  
regression line of fl on r. 

If the fl 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 M4 atom belonging to 
the chain which lies at a corner of the cell, with the 
Oa of the chain which centres the cell (or vice-versa). 
Fig. 4 shows that  there is in fact a close relationship 
between fl and the mean Goldschmidt radius of the 
ions occupying 21/4 for the five varieties whose struc- 
tures have been studied, and for amosite. The value 
of fl 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 t he / - cen t r ed  
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 
3/4 in the monoclinic structure. 

In seeking to interpret this relationship more strictly 
in terms of the M4-04 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 x 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 Ma-Oa 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 M4-04 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 M4-04 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 x and  z coordinates of M4 are fixed by  
symmet ry .  I t s  y coordinate varies slightly from one 
species to another  and  allowance was made  for this, 
a l though the  effect is very  small since Yzs4 and Yo4 are 
ve ry  near ly  equal. 

2-5 

2.~ 

2.3 
M4-04 

distance from 
structure (A) 2"2 

2-1 

2"0 

o 

2~0 2~1 2:2 2]3 2]/, 2'.5 
Radius sum (A) 

Fig. 5. The .M4-O 4 distance in the same six clino-amphiboles 
plotted against the radius sum for M4+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  M4-Oa distance is plot ted against  the sum 
of the  oxygen radius and the mean radius of the ion 
a t  M4. The la t te r  was t aken  to be increased by 3% 
in the four varieties with the  largest  M4 ion to allow 
for the  fact  t ha t  the  coordination is there probably  
more near ly  eight-fold t han  six-fold. The agreement  is 
sufficiently good to confirm tha t  the M4-04 distance 
is the main  factor determining the angle 8. The 
discrepancies presumably  arise from the second order 
differences which m a y  be expected in the s t ructure  
of the  chains in different varieties and for which no 
allowance has been made,  though the existence of 
minor effects from interactions other  t han  between 
M4 and 04 are not  excluded. 

4. T h e  va lue  of a in the  m o n o c l i n i c  a m p h i b o l e s  

Since both the M4 and 04 a toms lie close to the p lane  
y =  0.25, a section of the s t ructure  a t  this level reveals  
the way  in which the  M4-04 distance controls the  
angle 8. Such a section for crocidolite is sho~m in 
:Fig. 6(a). I f  the perpendicular  distance between the  
chains, in the  direction perpendicular  to the  bc plane,  
were constant  then  the  locus of the  atomic positions 
would be parallel to c, and a would increase with 
increasing 8 in order to keep a sin 8 constant .  I f  on 
the other  hand  it were the contacts between M4 and 04 
which determined the  closeness of packing perpen- 
dicular to the  bc plane then this locus would be directed 
towards  M4 and  a sin fl would decrease sharply  with  
increasing 8. In  fact  the locus has an in te rmedia te  
direction as shown in Fig. 6(b), since a sin 8 does 
decrease fair ly marked ly  with increasing fl as shown 
in Fig. 7. I t  follows t h a t  a closer packing of the  chains 
is achieved when 8 increases, bu t  the closeness of pack- 
ing is not  controlled directly by  the  M4-04 distance. 
A section through the  s t ructure  a t  y=0-125  shows 
tha t  it is in fact  controlled by the packing of 05 and 06 
'of adjacent  chains (Fig. 8). At  low values of 8 ( ~  106°) 
these a toms are almost  exact ly  opposite one another ,  
but  as 8 increases a more and more staggered arrange-  
ment  occurs so t ha t  a closer packing of the chains is 
achieved without  any  reduction in the  minimum 
05-06 distance. The same thing is also t rue  of the  
0 7 - 0  ~ distance between adjacent  chains. 

I t  m a y  be noted t ha t  for 8 < 105° 30' the arrange-  
ment  of 05 and 06 would begin to be staggered in the  
opposite direction so t ha t  it  might  be expected t h a t  
a sin 8 would decrease with decreasing 8 in this region. 
In  fact,  however,  such a reduction in a sin 8, coupled 
with the very  large M4-04 distance (large M4 ion) 
which would be required to give such values of 8, 
would lead to a rapid approach between 04 a toms of 
adjacent  chains. Such a reduction of a s i n 8  at  low 
values of 8 is therefore unlikely even if such values of 
8 exist. 

(a) 

Carinthine~ 
Actinolite~ 
Tremol i te-~ ,  
Barroisite----~.: 

Crocidolite / 
Amosite~4 

® 

(b) 

Fig. 6. Section of the clino-amphibole structure at y= 0.25. In (a), the plain circles (single or double) denote 04 and the crossed 
circles (single or double) denote M 4. 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 dh'ect 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 04 (shown by dots). 
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Fig. 7. Plot of a sin fl against/~ for the same six clino-amphi- 
boles. The line is the regression line of a sin fl on fl, and the 
cross shows the extrapolated value of a sin fl for the hypo- 
thetical clino-amphibole MgvSisO22(OH)9 .. 

It happens  t h a t  the reduct ion in a sin fl wi th  in- 
creasing fl is such t h a t  a is a lmost  constant .  Thus for 
the  six variet ies considered a sin fl varies from 9.33 A 
to 9.52 A, whereas a varies only from 9.86 A to 9.92 A. 
This near ly  constant  t rans la t ion  period is denoted by  
a only in t h e / - c e n t r e d  convention• In  the C-centred 
convention the  quant i t ies  denoted by  a sin fl and  
sin fl v a r y  in opposite directions so t h a t  quite large 
changes occur in a. This fact  can be of value in certain 
cases in revealing which convention has been adopted  
by a par t icular  author ,  no tab ly  in the  case of Johans-  
son's results for cummingtoni te  (1930) ment ioned in 
§ 3 above. 

5. F a c t o r s  g o v e r n i n g  the  ex i s t ence  of 
o r t h o r h o m b i c  a m p h i b o l e s  

The pure ly  magnes ium amphibole MgTSis022(OH)~ 
does not  occur in the monoclinic form. However,  
one can ext rapola te  the line in Fig. 4 to give the  angle 
fl for such a hypothet ica l  s t ructure  with magnes ium 
at  M4, the  value obtained being about  111 °. Using 
this va lue  one can then insert  the positions in Figs. 
6 and 8 which would be occupied by  04, 05 and 06 
in this hypothet ica l  s t ructure,  and  these positions are 
marked  by crosses. One then finds t h a t  such a s t ructure  
would not  involve any  abnormal  in teratomic distances. 
On the other  hand,  if the line in Fig. 7 is ex t rapola ted  

to f l = l l l  ° one obtains a value of a sin f l=9 .30  }k for 
the  hypothet ica l  c l ino-magnesium-amphibole .  This is 
slightly greater  t h a n  the packing distance perpendicular  
to bc in anthophyll i te ,  where this value is ½a. The 
average value of ½a for the 10 anthophyl l i tes  s tudied 
by  R a b b i t t  (1948) was 9.27 /~ (with a to ta l  var ia t ion 
of _+0.02 J~). I t  follows therefore t h a t  the  ortho- 
rhombic s t ructure  permits  a closer packing of the  
chains than  does the monoclinic s t ructure,  and the 
reason for this is obvious from Fig. 9, which is a 
section of the  anthophyl l i te  s t ructure  corresponding 
to t ha t  given in Fig. 8 for tLe monoclinic amphiboles.  
The oxygen a toms are much more perfect ly s taggered 
in this s tructure.  

o< 

c~ 

Fig. 9. Section of the anthophyllite structure, corresponding 
to that of the clino-amphibole structure shown in Fig. 8. 

I t  mus t  therefore be concluded t h a t  the  problem 
presented by  the or thorhombic 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 anthophyl l i te  s t ructure  corresponding to 
Fig. 6. Consideration of in tera tomic  distances in this 
s t ructure  is handicapped  by  the lack of a refined 
s t ructure  determinat ion,  and the position of 04* is 

* The  nomenc l a t u r e  of the  a toms  which is s t a n d a r d  in the  
monocl in ic  amphiboles  is here  used to  describe the i r  counter -  
pa r t s  in an thophy l l i t e  for  the  sake of con t inu i ty  in the  argu- 
men t .  Our  M a corresponds  to W a r r e n  & Modell 's  Mg 3 and  our  
0 4 to  bo t h  the i r  0 5 and  O10. These  two a toms  are no t  re la ted  
by  s y m m e t r y .  The  dis tances  of O10 f rom the  meta l  ions c anno t  
be var ied  b y  m o v e m e n t s  of the  chains paral lel  to c whereas  
those  of 0 5 can. Howeve r ,  the  two posi t ions are  chemica l ly  
equ iva l en t  and  no re laxa t ion  of the  r equ i r emen t s  for  the  radii  
of the  me ta l  ions can  be ach ieved  by  ad jus t ing  the  dis tances  

(~) 

+ Carinthine, 
• A c t i n o l i t e . \  

:.: Os Tremoli te ~'k\ 
Barro is i te \~\ \  

C r o c i d o l i t e ~ :  
06 : 

Amosite----~ 

(b) 

Fig. 8. Section of the clino-amphibole structure at y=0.125. In (a) the atoms which belong to any one chain are connected 
together by lines which do not represent direct chemical bonds. (b) Shows the area within the broken line on a larger scale 
to demonstrate the different extents of staggering of the 05 and 06 atoms in varieties with different values of ft. 
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- ' A c t i n o l i t e ~  
1 H o r n b l e n d e ~ - ~  

C r o c i d o l i t e .  • 

', I t o  ~ - ~ j :  
Lik}~/ar r en  & M o d e l l  ~ 
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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 4 and 0 4 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 plot ted in Fig. 10(b) on the  basis of five dif- 
ferent  assumptions : 

1. War ren  & Modell's co-ordinates. These give a dis- 
tance M4-04 of 2.12 /~ (radius s u m = 2 . 1 0 / ~ ) ,  and 
Me-04 slightly lower (2.09/~). The distance 04-0~ 
between neighbouring chains (3.04 J~) is also in the 
expected range. 

2. I to ' s  co-ordinates. These increase the discrepancy 
slightly between the M4-04 and M9.-04 distances 
(2.20 and  2.07 A respectively), and make  0 4 - 0  ~ 
smaller (2.94 /~) though still acceptable. 

3, 4 and 5. The three published internal  s tructures of 
the chain in actinolite, hornblende and crocidolite. 
These give excessively short  Me-O4 distances 
(1.90, 1.94 and 2.02 A respectively) and two of 
them give shor~ O~-O~ distances (2-64, 2-74 and 
2"96 ~ respectively). They  give excessively large 
M4-O4 distances (2.33, 2.28 and 2.26), which are 
large enough to admi t  a sodium atom, whereas 
sodium does not  occur to an appreciable extent  in 
or thorhombic amphiboles. 

I n  view of the difficulties under  3-5 above it mus t  
be concluded t h a t  the internal  s t ructure  of the chain 
in anthophyl l i te  must  be slightly different from tha t  
in the clino amphiboles. The most  likely distort ion to 
arise from environmental  effects would be the rota t ion 
of si l icon-oxygen t e t r ahedra  about  the Si l-01 and 
Si2-0~. bonds, and this would affect the z coordinate 
of O4 ra ther  than  its x coordinate, which agrees well 
with the fact  t ha t  both War ren  & Modell (1930), 
and I to  (1950), give an x coordinate for 04 which is 
identical with the mean of the three values deduced 
under  3-5 above. S:nce M2=M4=Mg it  would 
presumably  be best to assume tha t  the two distances 
M~-04 and  M4-04 should be equal. This would involve 
very  little fur ther  movement  and each would be about  
2.10 A. 

On these assumptions we therefore reach a self- 
consistent s t ructure  for anthophyll i te ,  and we see t h a t  
it  is impossible to pu t  any  a tom larger t han  magnes ium 
a t  M4 unless we pu t  a correspondingly smaller a tom a t  
Me. I f  M4=Fe" (radius 0-83 A) then  Me mus t  not  be 
larger than  0.74 A. However,  it is not  possible to ex- 
pand  3/4 indefinitely even at  the expense of Me, since 
the 0 4 - 0  ~ distance would be unreasonably  reduced. 
I f  we take  2-90 /~ as a reasonable min imum for this 
distance, then  the  m a x i m u m  radius of M4 in antho- 
phylli te will be 0.92 A and  this will require a cor- 
responding reduction of M~ radius to 0.70 A. 

6. I n t e r p r e t a t i o n  of the  c o m p o s i t i o n  r a n g e s  
of  t h e  a m p h i b o l e s  

(a) Orthorhombic amphibole8 

In  the absence of elements other  t han  Mg and F e "  
it should be possible on the  above theory  to pu t  F e "  
into three ' internal '  positions ( 2 M l + M 3 )  in antho- 
phylli te wi thout  disturbing the 'edge-wise' packing of 
the chains. This would give a formula  

Mg2MggFe~'SisO22(OH)~* 

corresponding to 43% of the iron end-member .  The 
boundary  of the anthophyl l i te  phase is given by  
Sundius as 38% which is in good agreement.  One 
would expect the value to be lower t han  43 %, since the  
low ent ropy 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 cummingtonite it seems probable that 
the largest available atom (Fe") will tend to occupy 
M4 so that cummingtonite will have a formula close to 

it I 
Fee (Mg0.sFe0.e)e(Mg0.sFe0.e)sSlsOee(OH)~. 

Subst i tu t ion in M1, Me, and Ms can then  proceed 

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 04 where that is equivalent to their O10. 

* It is convenient to specify the cation sites in order of 
decreasing effect on packing, i.e. 3//4, M2, and MI+M a in 
that order. This convention is adopted consistently in what 
follows. 
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continuously right up to the grunerite end-member 
Fe~'Fe~'Fe~'SisOee(OH)e without a phase change, since 
M1 and Ms do not affect the packing and Me does so 
only to a minor degree in the clino-amphiboles. 

If aluminium is introduced into the grunerite struc- 
ture at Me, then at an occupation of this site equivalent 
to Fe0'.66A10.34 the mean radius will be reduced to 0.74/~ 
which is small enough to admit Fe" to M4 in the 
orthorhombic structure. If Fe" '  replaces Fe" the 

F "  F'" occupation of M~. must be e0.44 0.56 to achieve the 
same effect. The corresponding percentages 

M ' " / ( M " + M ' " )  

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 0" ,  or (iii) by replacing some 
Si by A1 or Fe"' ,  or by a combination of these pro- 
cesses. 

Depending on which is adopted the above replace- 
ments correspond to between 10 and 18% (atomic) for 
aluminium and between 16 and 28% for Fe'".  At the 
magnesium-rich cummingtonite end the corresponding 
replacements of magnesium require 5-10% of A1 and 
10-18% of Fe'".  Sundius does not distinguish between 
the amounts of A1203 and Fee03 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 
(AlcOa + FeeOs) in cummingtonite-grunerite is given by 
Sundius as 5-6 mol.%, corresponding to 9.5-11.3 
at.% (AI+Fe'") ,  but the lowest values he records in 
the gedrite region correspond to about 17 at.% 
(AI+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, M~. and Ms 
positions in any of the amphiboles. I t  is therefore 
entirely understandable that  the orthorhombic amphi- 
boles should be confined to the low-calcium scries. 
The amount of calcium (up to Ca0.6) which does occur 
in anthophyllite (Sundius, 1944; Rabbitt, 1948) can 
fairly certainly be assigned to the normally vacant 'A' 
position, an appropriate number of balancing vacancies 
being left at 3/4 or elsewhere. The sodium atom is also 
too large to enter M4 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 Li2A12MgsSisOe2(OH)2) has recently been 
shown to be orthorhombic (Vogt, Bastiansen & Skan- 
cke, 1958). The formulation of holmquistite above 
with A1 at Me is by analogy with crocidolite, in which 
the trivalent ion goes at Me 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 A1 to be at Me in holm- 

A C 1 3  - -  2 0  

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 M1 and M3. 

The upper limit of replacement of A l + F e ' "  in 
gedrite does not come within the scope of this discus- 
sion. I t  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 ft. Reference to 
Fig. 6(b) shows that  this corresponds to a relative shift 
of interlocking chains by 0-38 and 0-24/~ 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 NaeCaMgsSisOe2(OH)2 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 'A' 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 04 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 



298 T H E  CRYSTAL C H E M I S T R Y  OF THE A M P H I B O L E S  

made of the possible existence of orthorhombic amphi- 
boles of extreme compositions which are at present 
unknown, as follows: 

nickel anthophyllite Ni2Ni~Ni3SisO29(OH)~ 
manganese gedrite Mn2A12MnsSisO2e(OH)~. 
lithium riebeckite Li~Fe~"(Mg, Fe")sSisO2~.(OH)2 
lithium hornblendes 

such as Li3Mgg.Mg3SiTAIO~.2(OH)~. 
or even NaLi2Mg~MgsSi~AlO22(OH)~ 

and lithium tremolite CaLi2MgeMg3SisO2~.(OH)2 

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

I t  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 
MmFe~'Fe~'SisO~2(OH).~ and also between such a 
mangano-grunerite and riebeckite 

Na~Fe~"Fe~'SisO22(OH)~, 

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 

the literature since the completion of this work. Four 

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 fl and fl of Fig. 7. 

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