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ABsrRAcr"

The root-mean-square deviation from Pauling's
neutrality principle has been calculated for all
possible charge arrangements of the twelve common
clinoamphibole stoichiometries. In most cas€s, the
arrangement showing the smaflest R.M.S. devia-
tion for a specific stoichiorletry is insensitive to
the coordination numbers assiigned to tbe cations in
sites M(4) and I and agrees with the ordering
schemes in natural analogues examined by X-ray
diffraction. This confirms previous suggestions that
local bond-strength requirements are the dominant
control on cation ordering in amphiboles. Bond-
strength calculations of this sort may be helpful in
predicting site occupancies for specific stoichio-
metries of interest

Sorurvrens

L'6cart (racine du carr6 moyen) de la rdgle de
neutralit6 de Pauling a 6t6 calcul6 pour chaque
disposition possible des charges dans les douze
compositions commurtes de clinoamphibole. Dans
la plupart des cas, la disposition qui montre l'6cart
le plus petit pour une stoechiom6trie donnee n'e.st
pas fonction de la coordination du cation dans les
positions M(4) et l, et rappelle le type de mise en
ordre que montrent les min6raux analogues 6tu-
di6s par diffraction X. Ceci confirme fhypothbse
que ce sont surtout les exigences locales quant aux
forces de liaison qui gouv€rnent la mise en ordre
des cations dans les amphiboles. De tels calculs des
forces de liaison peuvent 6tre utiles pour pr6dire
foccupation des sites dans certaines compositions
stoechiom6triques.

(fraduit par la R6daction)

INTRoDUcTIoN

Polyvalent-cation substitutions (e,g., zLtr*
+ W+ + M*) are extremely common in the
amphiboles and account for much of the crystal-
chemical complexity of this group of minerals.
Several schemes of amphibole classification
have been derived based on the various charge-
balanced substitutions in amphiboles (Smith
1959" Phillips 1966, Phillips & Layton 1964);
Whittaker showed that these various schemes
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are in fact equivalent, and that a more
rational scheme could be derived (Whittaker
1968) which allowed systematic derivation of
all possible amphibole types. Of the thirteen
integral points in this symmetrical coordinate
system, eleven correspond to named amphibole
species. Ignoring isovalent substitutions in the
amphibole structure, this encompasses virtually
all the known amphibole types. Experimental
studies have shown that considerable ordering
is present in most amphibole species; knowledge
of the factor(s) controlling this ordering is
pertinent to an understanding of (l) specific
amphibole structures and (2) the structural
restrictions on variation in chemical composi-
tion.

Pnrvrous Wonr

In a refinement of the crystal structurg of
crocidolite, Whittaker (1949) found that the
monovalent cations were ordered in M(4) and
the trivalent cations were ordered n M(2).
The preferential occupancy of. M(2) by triva-
lent cations was explained as arising from the
lower electrostatic potential at M(2) that re-
sults from the occupancy of the adjacent M(4)
position by a monovalent cation. This criterion
was also cited by Ghose (1965) as important
in controlling cation ordering at the M sites in
amphiboles; Ghose also indicated local charge-
balance as one of the factors controlling Al./Si
ordering in amphiboles with occupied z4 sites.
The effect of the relative electJostatic potential
at different sites on polyvalent cation ordering
has been considered in more detail by Whittaker
(1,97L). He calculated the Madelung energies
and electrostatic site-potentials in a variety of
cation arrangements and showed that tle results
were compatible with the cation arrangement$
in glaucophane, riebeckite and pargasite (Kaka-
nui homblende: Papike & Clark 1967). How-
ever, the ordering patterns forecast for tscher'
makite and hornblende do not agree with those
subsequentlY observed in crystal-structure
studies (Hawthorne & Grundy 1973, Litvin el
a l .1972).

521



522 THE CANADIAN MINERALOGIST

Tremol i te
hli nchi te
G'laucophane
Ri chteri te
Arfvedsoni te
Hornb'lende
Edeni te
Kataphori te
Tschermaki te
Parga si te
Tarami te
Subs i l i c i c
pargasi te

A BoNp-Stnencru AppnoAcH To OnoentNc

In recent years, the importance of local
charge neutrality and its effect on bondJength
variations in inorganic structures has become
apparent (Baur 1961, 97A, l97l; Donnay &
Allmann 1970, Evans 1960, Brown & Shannon
1973, Pvatenko 1973, Ferguson 1974). Local
charge-neutrality (bond-strength) requirements
should also exert stringent controls on polyva-
lent cation ordering. This approach was con-

TABLE 'I .
AMPHIBOLE STOICHIOMETRIES

EXAMINED IN THIS STUDY

t r r+z+3+4+

sidered bv Whittaker (1971) who suggested
some difficulties encountered with this method.
Specifically, it is difficult to apply to the am'
phibole structure because of uncertainty con'
cerning the coordination number of. the M(4)
cation, making an unambiguous assignment of
bond strengths rather difficult. The same ar-
gument also applies to the ,4 cation. Although
this factor complicates this type of approach, it
no longer constitutes an insuperable difficulty
as the coordination number ot M(4) is well
established for most amphiboles.

The occurrence of one specific charge-distri-
bution around a particular anion together with
the known stoichiometry imposes restrictions on
ordering in other cation sites and produces
bond-strength changes around other anions.
Thus the chargedistribution pattern must be
examined in its entirety rather than simply in
restricted parts of the structure. Pauling (1960)
defines bond strength between a cation and an
anion as the formal cationic charge divided
by the number of anions coordinating the cation.
Pauling's neutrality principle states that the
sum of the bond strengths around an anion is
approximately equal to t}le magnitude of the
formal valence of that anion. Thus, the charge
distribution over the whole structure may be

TABIS 3. CATION OROTRINE PATTTRIIS SHOIIIIG BSST AGRIEI{€IIT IIIH PAIJI-IIIG'S
NEUTALITY PRIIICIPLI FOR IIIPIIIBOLTS IdII}I IETMIIIORAL ALtJIiIilW

Charge arrangeEnt R.t{.S. devlaf,lonr

A a(1' t4(2) ir(3) ,r(4) rlr't r(2',) t8l nol [t0] [12]
llomb lend€

3.75 4.00
4.00  3 .15
3.75 4.00
4.00 3.75
tdenl te

3.75 4.00 lZ.O
4.00 3.75 t3.2
3 .75  4 .00  t3 .9
4 .00  3 .75  15 .4
Rataphorl te

1 . 5  3 . t 5  4 . @
1.5 4.ff1 3:75
2.0 3.75 4.00
2.0 3.75 4.00

Tsche@klte
2 .0  2 .0  3 .50  4 .@ 7 .5
2 .0  2 .0  3 .75  3 .75  7 .9
2 .0  2 .5  3 .50  4 .00  8 ,7
2 .0  2 .5  3 .75  3 .75  8 .9

Pargrsite
2 .0  2 .0  3 .50  4 .@ 9 .5  9 .5  9 ,1
2 .0  2 .0  3 .75  3 .75  10 .4  10 .3  10 .5
2 . 0  1 . 5  3 . 5 0  4 . 0 0  l l . t  t 0 . 8  l l . 2
2 . 0  2 . 5  3 . 5 0  4 . 0 0  l t . 4  l l . 3  l l . 5

lar@l te
2 .0  t .5  3 .50  4 .00  8 .1  8 .1  8 .3
2 .0  1 .5  3 .75  3 .75  " '9 .2  9 . t  9 .3
2 .0  r ,0  3 .50  4 .@ 9 ,6  9 .3  9 .7
2 .0  2 .0  3 .50  4 .00  9 .5  9 .5  9 .7

Subsll lclc pargaslte

z .o  2 .0  3 .25  4 .00  8 .0  8 .0  8 .2
2 .0  2 .0  3 .50  3 .75  8 . t  8 .1  8 .3
2 .0  1 ,5  3 .25  4 .00  8 ,8  8 .6  9 .0
2 . O  2 , 5  3 . ? 5  4 . @  9 . 2  9 . 1  9 . 7

0 .0
0 .0
0 .0
0 .0
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3
6
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6
7
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5
6
4
5
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2
2

3
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2

I

2
1

'l

1

I

I

I

I
2
1
2
4

3
4
5

8

B

8

8

B

7

7

7

6

6

6
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2.0
2 .0
? . 0
2 . 0

IABLE 2. CATIoI{ onDERItlE PATTEnilS Stl0llNG EEST AGRIE|E{I rtn PAULlnG,s
tlEtTRArIfi PRII{CIPLE FoR At'{PHlBoLtS lll}l m nmlHEDM! AlutllNutl

Chorge arrang@nt R.l i .S. devlat loni

A N(11 ul2't rr(3) !r(4) r(l) r(2) t8l [ro] [ro] [r2]

2 . 5  2 . 0  1 . 5
2 .5  2 .0  2 .O
2.5  1 .0  2 .0
2 .O 2 ,0  2 .0

! tnchl t€
r l .0  4 .0
4 .0  4 .0
4 .0  4 .0
4 . 0  4 . 0
Gl au@phnDe

4.0  4 .0
4 .0  4 .0
4 ,0  4 .0
4 .0  4 .0
Rl chterl te

4 .0  4 .0  r3 .2
4 .0  4 .0  14 .6
4 . 0  4 . 0  t 4 . 6
4 .0  4 .0  t4 .9
Arfvedsonlte

4 . 0  4 . 0  l  l . 9
4 .0  4 .0  12 .8
4 ,0  4 .0  12 .9
4 . 0  4 . 0  l 3 . l

t . 0'1 .0

2 . 0
2 . 0

I . 0
1 . 0
1 . 0
1 . 0

0 . 0  z . o  3 . 0
0 . 0  2 . 0  3 . 0
0 .0  2 .0  2 .5
0 .0  2 .0  2 .5

'1 .0  
2 .0  2 .5

1 , 0  2 . 0  2 . 5
2 . 0  2 . 0  2 . 5
1 . 0  2 . 0  2 . 0

2 , 0
2 . 0
2 . 5
2 . 5

2 . 0
2 . 0

? , 0
2 .0
2 . 0
2 . 0

z.o
2 . 0
2 . 0
2 . O

2 . 0  2 . 5
2 . 0  2 . 5
2 . 0  2 . 0
2 . 0  2 . 0

2 . 9  2 . 0
2 . 0  2 . 0
2 . 0  2 , 0
2 .0  2 ,0

2 . 0  2 . 5
2 . 0  2 . 5' f  .5  2 .5
2 .0  2 .0

1 0 . 4
i l . 9
l l . 0
1 2 . 0

8.9
r0 .0
10.5
l t . 3

l l . 8
13 .0
13.5' t5 .0

r 0 . 3
I  r . 7
I 1 . 7
l l . 8

l I . 8
l 3 . l
1 3 , 6
r 5 . 3

t0 .2
| l . 8
|  1 . 6
l l . 8

12.1
I J . J

14.0
1 5 . 4

t0 .5
| l . 9'12 .0

12.1

0 .0
0 .0
0 .0
0.0

0 .0
0 .0
0 .0
0 .0

1 . 0
0 . 0
0 .0
1 . 0

1 . 0
I . 0
t . 0
t . 0

3 .0
3.0

3 .0

2 .0
2.0
2 .0
1 . 5

? .5
2 .O

2,O
1 , 5
2 , O
2 . 0

2.0
2 , O
2 . 5

2.0

2 . 0
2 . 0

2 . 0
2 . 0

t 0 . 0
i l .2
| . 2
l t . 7

2 , 0  1 . 0
r . 0  1 . 5
1 . 0  ' 1 . 5

2 . 0  1 . 5

2 . 0  1 . 5
2 .0  2 .0'1 .0  2 .0
2 . 0  2 . 0

2 , 0  L 0' t .0  
I  .5

1 . 0  1 . 5

9 .2
9 .7

9 . 9

'13 .0  13 .2  l3 . l
14 .4  14 ,6  14 .4
14.4  14 .6  t4 .4
14.7  14 .9  14 .7

L 0  2 . 0'1 .0  2 .0
2 . 0  2 . 0
1 . 0  2 . 0

' 1 . 0  
2 . 0  3 . 0

1 . 0  2 . 0  3 . 0
2 . 0  2 . 0  3 . 0' l .o  

2 .0  2 .5

3 .0

3 .0

10.2

l  t . 0

'7.8
9 . 1

7 .4
8 .0
9 . 1

| . 7  n . 9  r . 8
12.6 12.8 tZ.6'
t 2 . 8  1 3 . 0  t 2 . 8
l? .9  l3 . l  12 .9

Col@s are for dlffemt {-site c@rdlnafion n@b€6. Col@s are for d'lfferent r-slte c@rdlnatlon n@beE.



CATION ORDERING IN

assessed by its root-mean-square (R.M.S.)
deviation from exact agreement with Pauling's
neutrality principle. The percent root-mean-
square deviation of anion bond-strength sums
per unit cell is given by:

I Z, *,1
In this expression of /s deviation, s; is bond-

strength sum to the ith anion, e; is the valence
of z'th anion, Asr: zr - st, rnt is the multiplicity
of the equrpoint occupied by the ith anion,
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and n is the number of crystallographically
unique anions. Possible ordering schemes may
be examined by carrying out this procedure
for all possible cation arrangements with a
specific stoichiometry.

Coordination o! the M(4) cation

Examination of empirical bond-strength
tables for clinoamphiboles (Hawthorne 1978)'
calculated using the bond-strength curves of
Brown & Shannon (1973), shows that in all
except possibly the ferromagnesian amphiboles,

tt 
J[(:, me (a,,1,,)")

TABLE 4. COMPARIsoN OF CLINOMPHIBOLE SrTE-popULATtONS F0RECAST FRQM A BoND-STREIIGTH CRITERIoN l, iITH TH05E oBSERVED

IN CRYSTAL-STRUCTURE REFIIIEMENTS

T(2 ) Referencer.,r(4)r'1(2)1 1 ( l )

lREMOLITE

Tremol I te

F luor - t remol i te

Tremol ite

Actl nol i te

0 .30M
+

0.30M

PARGASITE l.ol '1'

Pargas'i te 0.93M*

T i tan lan  pargas i te  0 .79M+

Kakanu lHornb lende l .0 l '1 '

* +
EDENITE I .OI4

GLAUCOPHANE

Glaucophane

RTCHTERITE l.oM*

Rich ter i te  (001 )  l ,0M'

R ich ter i te  (002)  1 .0M'

Potass iumr ich te l i te  t .Ot t t "

ARFVEDsoNITE r.oMt

Potassium arfvedsonite t.Ollt

TSCHERMAKITE

Fer ro- tschemak i te  0 .23M+

HORNBLENDE

[r tagnes io -hornb lende O. tAM"

TAMI{ITE r . oM'

Potassium ferri-taramite 0.971,1r

rernpHontre' r.oM*

I . , I INCHITE

suBsl t tc lcPARGASITE r .oMt
S u b s i  l J c l c  . .  r  n m *
H a s t i n g s i t e - - -

References :  ( l )  Pap ike  e t  a l .  (1969) r  (2 )  Camercn & Gibbs  (1973) :  (3 )  Hawthorne & Grundy (1976) :  (4 )  Mi tche l l  e t  a l .  (1971) :

(5 )  Rob jnson e t  a l .  (1973) :  (6 )  Pap ike  & C lark  (1968) :  (7 )  Cameron & Gibbs  (1971) :  (8 )  Hawthorne (1976) :  (9 )  Hawthorne &

Grundy (1973) :  ( lO)  L i tv in  e t  a l .  (1972) :  ( l l )  Hawthorne & Grundy (1978) r  (12)  Hawthorne & Grundy (1977b) .

*Data 
not at present available for these structures, 

*"Preliminary 
results (Hawthome, in pmg.) appe-ar to confim thls

order ing  pa t te rn ,  
t *A  

smal l  amunt  o f  fe r r i c  i ron  (0 .19  a toms p . f .u . )  occurs  a t  M( l )  and/or  M(3) .

t+  2+'I 
.0M' I .0M'

t.orf* r.ou2*
l.ot,t2* l.ott2*
l .oM2* r .ot t2*
r.oM2* 0.84M2++o,l6t't3*

,+  ,+  1+
1 .0M' 0.5H'  +0.51"1-

t.or,t2* 0.48M2**0.5?M3*
1.ot'rz* 0.44r,r2**0.56M3t

t+  t+  ?+
l .0H'  0,45t4 '  +0.5514-

r .otr2* l .oM2t

'r . or,,t2t 
'l . oM3*

t&  1+'1 .0t4' 1 .014-

r.ott2t r.otrt2*
1.0M2* r .oM2*

t *  , +
1 . 0 M '  l . o H '

t +  t +
1 .0t4' 1 .014-

r.oM2* o.5r'12**0.5t't3*
tL  t r  1+

1 .0t' l '  0.4214" +0.58t1"

? +
I .0M' 1 .0t'1"
I . ott2* o. l olt2++9.99143+

t+  t+  1+' 1  
.0 t4 -  0 .5 !1 '  +0 .5M"

t L  a +  1 +
1.0M' 0.35M- +0.65| t l -

r . oM2 t  r . oM3*
,+ t+ ?+

1.0 ! l '  0 .2114 '  +0 .791, ,1 -

' l.ot't2* 
o.sm2{+6.5113+

1.oM2t  0 .5M2**0 .5M3*

I .or{' 1 .0r4-

r.ol,t2t o.zrM2+*0.79M3*

l .or ,12* t .odt
t.ol4?+ o,o6p*+g.94q2t
r .oM2t t .oM2*
r . (]M2t o. r oH*ro. qoM2*

l.ott2* o.o4ll**0.96112*

t .oM2* l .oM2*
1.oll2* r.rlt',t2*

+ t +
I .or't' 0.08r,4 +0.92H-

l.oM2* o. ltM+rct.89t'124

r.oM2t 1.ot tZ*

] .oMZ* t .oM*
l.0lr2t 0.9olrl** 0.021,12t

t r +
l . ou '  0 . 5H  +0 .514 '

l .nu2t  o.soM*+o.5ou2+
l .oM2* 0.49M*r0.51M2'
l.om2* o.5ol.,tt+0.50142+

'r .oM2* l .oM*
'l . oM2* 0.92t't++g.6y2+

t.oM2* r.otttZ*
I . oM2* o, o5l4++0.95M2*

t !  , +
t .oM'  

' ] .014 '
u+ 2+

1 . 0 M '  1 . 0 ! 1 -

a t + t +
I .0 r1 '  o .5 l , l  +0 .5H ' '

t + + 2 +
l .0M'  0.37f4 +0.63M-

r.ou2t o.5r'4**o.5M2t

+ t +'I 
. 0H' 0. 51.1 +0. 5M- 

'

tL ,+
I .0M' I  .0t4- 

'

a t + t +
l . 0 M '  0 . 0 6 1 4  + 0 . 9 4 1 4 " '

I . oH '
l.ol'14'
'I .0[1-

0. O5M3++0.95il4+
0.07fl3"*0.93M4*

0.5M3**0.5r'r4*
0.44r,,r3**0. 56M4*
0.47M3++0.53M4+
o.4zM3**0.58M4t

o. z5H3**o.7sM4*

'r .01,44*
1.or.t-

'r . on4t
'r . or44*
r .oM4*
1+ A+

0.06M"  +0.941 '1 '

'r 
. oM4*
?+ A+

0.04M"  +0.961{

o.5M' +0.5|\,1-

0.44M3++0.56M4+

0.25M"  +0,75H-

0.24M3++0.76H4+

0.5M3*ro.5M4*

o.43M3a+0.57il4+

o . 251'13t*0. 75M4*

I . o H '

6. 751'13++0. 25tur4+

0.49143t*0.5 1 M4+

'I .or,t'
r .oM4t (r )
r.or.r4* (z)

o.orM3**0.99rl4* (3)
o.orM3++0.991,14+ (4)

'l 
. oM4*

o.o3M3++0.97tr4+ (5)

0.07rl3**0.93M4* (5)

o. oBM3**0.92M4* ( 5)

'r.ott4*

1:.0M4*

l .ou4*  (6 )

1 . otn4t

l . o m 4 *  ( 7 )

r .om4*  ( i )

o .o rM3r+0.99144+ (7 )

I .0M- 
'

r .om4*  (g )

r . ott4'
o.o6M3**0.94t44* (9)

1 .0!1'

o .o6M3**0 .94M4*  ( ro )

1 . oM4*

o.o3M3**0 .97H4*  ( r r  )

1  .0M-

1 .0M'

r.oM4*

o.r9M3**o.8rM4* (r2)
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the M(4) coordination number is eight. The AcrNowLnocsMENTs
relative strengths of the M(4)4 bonds vary
eonsiderably, but in all cases where M(4) i's -, Ti""n:i* 

support was provided bv the

occupied by ca or Na, or both, all eight bonds I"t:""{ 
Rgsearch council of canada (grant

appear to contribute significani.ly to the bonJ- lo, 1: ,l' f,ereuson) 
and the universitv of

strength sums around the anions. The coordina- Manitoba. The author is indebted to Dr. R'B'

tion number of. the M(4) cation in the ferrJ- Fersu;.on' university of Manitoba, for nume-

magnesian amphiboles is considered in detail by rous discussions concerning ordering in crystals.

Hawthorne & Grundy (19;77a). Although the
evidence was not considered completely con-
clusive, they suggested that fourfold coordina- RBrnnsNcBs
tion of M(4) in the cummingtonites was not
correct, and that the coordinaiion number was Bnul, W.H. (1961): Yerznrrte Koordinations-
eithersix or eight. lljr""H,r",ffi"J?:"t1tff,Y#$*,*1Tfutr;
Coordination ol the A cation Naturwiss- 48, 549'550.

(1970): Bond length variation and dis-
This aspect of the clinoamphibole structures torted coordination polyhedra in inorganic crys-

has been examined by Hawthorne & Grundy tals. Amer. Cryst. Assoc. Trans. g, 129-155.
(1978). They concluded that (i) where the A- (1971): The prediction of bond length
site cation is K, it occupies the A(m) position variatioas in silicon--oxygen bonds. Amer. Min-
with a coordination number of t8l; (iij where - eral' 56,-1573-1599'
the l-site cation is Na, it occulies'the ,4(2) B*P*I, I.D. &,SneNNor, R.D. (1973): Empirical
or l(l) position with possible coordinatio.r botrd strength-bond length curves for oxides.

numbers I10l and t121. 
" Acta Cryst' 429' 266282'

In the present stuay, the coordination num- "XTr?'"#;"f ,?liJ,i..?l [#Ji[,*:ifffiA:bers: [8], tl0l (axo(s),3xO(6),3xO(7)), [10] ii"ni"rit*-crrigre hs1 Wash. year Book 70,
(4xO(5), 4xO(6), 2xO(7)) and [12] were 150-153.

DlscussroN

& - (1973): The crystal structur€
and bonding of fluor-tremolite: a comparison
with hydroxyl tremolite. Amer. Mineral 58, E79-
888.

calculations were perrormed ror au twelve ":HL"6,t #-H'datfikfK":L::;
stoichiometries indicated in Table 1 and the determined by X-rays. Amer. MineraL SS, 1003-
results are given in Tables 2 and 3. In Table 4, 1015.
a comparison is made between the ordering EveNs, H.T., Jn. (1960): Crystal structure refine-
patterns showing the smallest R.M.S. deviation ment and vanadium bonding in the metavanada-
from Pauling's neutrality principle for the 9-t.Ky9':_ltH+VOs and KVOs'II,O. Z, Krilt.
stoichiometries of Table 1 with the site-orderins * Ll4' 257-277-. . - -
patterns derived from crystal-structure refinel FTG-"1oI,-.R'B',^(1974): A cation-anion distance'

T:lt'. rn some.casei complete site-population :iff,"rtT,j",-il0:3"n;:t*:y:rJi:ffJfildata were not given by the original author(s); ;o-;.o.1iil;oi pyro".o*. Acta cryst. BZ0,
in these cases, site populations were derived iyii_zsii'.--- 

--'

for thisstudyfrom the meanbond-length-ionic- Gnosr, S. (196j): A scheme of cation distribu-
?dius relationships given by Hawthorne & tionsintheamphiboles.Mineral.Mag.ss,46-54.
Grundy (1977b) and Hawthorne (1978). With HawnrorN4 F.C. (1976): The crystal chemistry
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