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ABsTRAc"r

Tho crystal structure and site chemistry of a po-
tassian ferri-taramite of composition (Nao.sor
Kq.a61) (Ca1.17sNao.zs2Mn2+ o.orr) (Fen* r.nrMgo.auuMtr2 + -

6.153Fes+1.s62Ti6.166416.s3s) (Sis.1?8411.82a) O22(OH)1.e10
from the York River area, Bancroft, Ontario, have
been determined by full-matrix least-squares refine-
ment of three-dimensional counter-diffractometer
X-ray data; tle R-index for 1626 observed reflec-
tions is 3.6Vo.Ttle space group is C2/m, a 9.923(l)'
b ts.r342), c 5.3520)L, B 104.84(1)" V 930.943,
z-2.

Constrained refinement of the octahedral site-
populations indicates the transition-metal site-pre-
ferenco M(2)*M(3))M(I). Consideration of the
mean bond lengths shows tlat the small trivalent cat-
ions are ordered into the M(2) site as found in
most other monoclinic amphiboles. Similar con-
siderations suggest that Mn2+ is strongly or com-
pletely ordered into the M(3) site, as found in arf-
vedsonite (Hawthorne 1976). Using tle curves of
Hawthorne & Grundy (1977), the (?-O1 bond
lengths indicate that tetrahedral Al is strongly or-
dered into the ?(1) site. The atoms occupying the
I site show positional disorder. Of the several dis-
ordered structure models tested, tle best results
vr'ere obtaioed from occupancy of the A(m)(Ai) and,
AQXad positions, although a model involving dis-
order ovet the A(m) and A(l)(8j) positions could
not be rejected.

Sorr*ternn

La structure cristalline et I'occupation des sites
ont &6 d6termin6es pour rme ferri-taramite potas-
sique (Nao.uorl(.ssrXCar.rreNao.TseMn2+6.m2)@e2+2.2a"-
Mg.s66Mne+ e.rssFee+ r.gorTio.rssAlo.@sXSi6.17sAl1.82tOz
(OH)t.nto de la rdgion de York River, Bancroft, On-
tario. L'affinement des donn6es par moindres car-
r6s donne un r6sidu R de 3.6Vo pour les 1626 r€-
flexions observEes. Ir groupe spatial est CZ/m, a
9.923(1.),  b r8.r34(2), c 5.352(1)4, p 104.84(1)"
V 930.948, Z-2. Ilaffnement contraint de la po-
pulation des sites octa6driques indique pour les m6-
taux de transition une pr6f6rence dans l'ordre M(2)
-M(3))M(l). La longueur moyenne des liaisons
demande que les petits cations trivalents soient lo-
calis6s en M(2),Iout comme dans les autres amphi-
boles monocliniques. De m6me, Mn2+ serait forte-
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ment ou compldtement ordonne en M(3), comme
c'est le cas dans l'arfvedsonite (Ilawthorne 1976).
D'aprds les courbes de Hawthorne & Grundy (1977),
la longueur des liaisons <f-O> indique que I'alu-
minium t6tra6drique est fortement concentr6 en
?(1). Les atomes qui occupent le site I sont en
d6sordre de position; parmi les modbles essay6s, ce-
lui qui donne les meilleurs r6sultats requiert I'oc-
cupation des positions A@Xail et A(2)(49); tous
n'avons pu toutefois rejeter I'hlpothbse du d6sordre
qui affecterait les positions A(m) et A(1N8il.

(fraduit par 1a R6daction)

INrnopucrron

Ferri-taramite is a soda-calcic amphibole with
the ideal formula NaCaNa(Fea'+Fe28+ ) (SioAl*) -
Orr(OH),. It is typically found in metasomatized
alkaline greisses (Appleyard 1967, 7969, 1975)
and nepheline syenite dykes (Brock et al. 1964).
Interest in this rare amphibole type arises from
its correspondence to an'integral point (120) in
charge-distribution space (Whittaker 1968); thus
the polyvalent cation ordering-pattern is of in-
terest with regard to the factors that control
such ordering in amphiboles. In addition, the
character of the positional disorder of the large
alkali cations at the A site will provide further
information peftinent to an exarnination of the
factors affecting this disorder.

The amphibc{e used in this investigation is
from the York $iver area, Bancroft, Ontario.
Polarized optical absorption spectra and a par-
tial chemical analysis of this amphibole were
given by Faye & Nickel (1970) who named the
arnphibole'Terrohastingsiteo'. The nomenclature
used here follows the preliminary recommenda-
tions of the IMA Subcommittee on nomencla-
ture of the amphibole group.

ExPERIMBNTAL

Fragments of the crystals used by Faye &
Nickel (1970) were supplied by Mr. H. R.

53



54 THE CANADIAN MINERALOGIST

Steacy, curator of the National Mineral Collec-
tion, Geological Survey of Canada. A wet-chem-
ical analysis and the resultant cell contents, cal-
culated on the basis of 24(O,OI{), are listed in
Table 1.

Long-exposure single-crystal precession photo-
grapho displayed diffraction symmetry 2/ mC-/-
consistent with the space groups C2, Cm and
C2/ m; the space group C2/ m was assigned and
found to be satisfactory for the refinement; no
streaking or subsidiary maxima were observed.
Cell dirnensions determined by least-squares re-
finement of 31 reflections manually aligned on
a 4-circle diffractometer are presented in Table
1, together with other information pertinent to
X-ray data collection and refinement.

A regular cleavage fragment of dimensions
0.14X0.14X0.23mm was used to collect the in-
tensity data. The crystal was mounted on a GE-
XRD6 automatic diffractometer operating in the
01A scan mode witl a scan rate of 2'lmin.; the
scan range was calculated according to the for-
mula 1.8 * tan 0 (Alexander & Smith 1964)
and 20 sec. background counts were made at
the beginning and end of each scan. Six stand-
ard reflections were monitored every 50 reflec-
tions; no significant change in their intensities
was observed during the data collection. A total
of. 3362 intensities was measured using Zr-fil-
tered MoKa radiation (l=0.71069A) over two
asymmetric units out to a 20 of 65'. The data
were corrected for absorption (for polyhedral
crystal shape), Lorentz, polarization and back-
ground effects, subsequently averaged and re-
duced to structure {actors. A reflection was con-
sidered as observed if its magnitude was greater
tlan three standard deviations based on count-
ing statistics. Application of this criterion re-
sulted in 1421 observed reflections.

RnrrNntvrsNr

Quoted R-indices are of the form given in Ta-
ble 1 and are expressed as percentages; aniso-
tropic temperature factors are of the form given
in Table 1. Scattering curves for neutral atoms
were taken from Cromer & Mann (1968) to-
gether with anomalous dispersion coefficients
from Cromer & Liberman (1970). The final
atomic coordinates and equivalent isotropic
temperature factors of ferrotschermakite (Haw-
thorne & Grundy L973a) were used as input to
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the least-squares program RFINE (Finger
L969a). For the initial part of the refinement,
the scattering power at the octahedral sites was
represented by the species Feo(=Fsz+-rLpta+4
Mn*Ti) and Md(-MC+Al) which were as-
sumed to be completely disordered over the
M(l), M(2) and M(3) sites. Subsequent site-
population refinement was performed using the
cell contents as linear constraints in the manner
outlined by Finger (1969b). Several cycles of
full-matrix least-squares refinement, gradually
increasiqg the number of variables, resulted in
convergence at an R-index of 7.O7o for an iso-
tropic thermal model. As with previous refine-
ments of clinoamphiboles @apike et al. 1969;
Hawthorne & Grundy 1972, 1.973a,b; Robinson
et al. L973), the ,4-site temperature factor was
anomalously large (6.8A') at this stage. Fig-
ure 1 shows two difference fourier sections
through the A site, calculated with z4-site
cation(s) removed from the structure rnodel.
Although the maximum density occurs at the
2a position, the density is strongly elongated in
the (010) plane; in the (100) section, no elonga-
tion is apparent. This has been interpreted as
positional disorder of the cations occupying the
26 position in the clinoamphiboles (Papike &
Clark 1968). Three different models have been
proposed for this positional disorder '@apike at
al. 1969; Hawthorne & Grundy 1972; Cameron
et al. 1973a). Initially, tle model of.Fapike et al.
(1969) was used; the l-site cations rtvere as-
sumed to be disordered into the 4i positions
with starting positional paxameters taken from
Kakanui hornblende @apike et al. 1969). Full-
matrix least-squares refinement of all variables
resulted in reductions in the R- and R*-indices
fromT.AVo b 6,4Vo and7.0Vo Io 6.5Vo, respec-
tively; this is significant at the 0.005 level QIam-
ilton 1965). With the exception of the disordered
z4-site atcvms, temperature factors were con-
verted to an anisotropic form as given in Table
1. Full-matrix refinement of all variables re-
sulted in convergence to R- and R--indices of
4.7Vo and 4.87o, respectively.

Hawthorne & Grundy (1972) proposed tlat
the disordered z4-site atoms occupied the 49 and
4i positions in a series of calcic and sub-calcic
amphiboles. Cameron et al. (L973a) proposed
that the disordered l-site Na occupied the 8j
position in richterite. The models tested for po-
tassian ferri-taramite are summarized in Table
2. Inspection of Table 2 shows that the two-site
models produce significantly lower R-indices
than the one-site models; in addition, the iso-
tropic temperature factors in the one-site models
are larger than are generally encountered in
well-refined structures. The model involving

A(m) and ,4(2) produced a significantly lower
R-index than that involving A(m) and A(2/ m).
Models involving constrained temperature fac-
tors are to be preferred as this damps variable
correlation in tle refinement procedure. How-
ever, even this constraint was not sufficient to
produce convergence for the model involving
A(m) and l(1). From the results of Table 2, it

TABLE 2. cATroN-prsoRIEREp l{opEls FoR rHE A-srrE

sl te(e)*  occ.  at t - l  occ.  r (82) R R

A(o)  0 .647 3 .28(7)

A ( 1 )  0 . 3 2 4  3 . 4 ( 1 )
t*

A(n)+A(2 /n)  0 .380(7)  2 .49(8)

A(n)+A(Z/n)  o .42(2)  2 .9 (2)

A(o)+ l (z ) * *  0 .344(6)  1 .8 ( r )

A(B)+A(2)  0 .44(2)  2 .7  (2 )

A(E)+A(L) Would not converge

*o{r / r1-ro,  
A(o)-41'  L<2)*4g'  A(1,)-SJ.  

** IsotropLc

teEperature factors constralned to be eq@l at each sl te.

seems that the model involving A(m) and A(2) is
to be preferred for potassian ferri-taramite. How-
ever, it should be emphasized that disorder over
the A(m) afi. A(l) positions cannot be rejected.

Final atomic positions and equivalent iso-
tropic temperature factors are given in Table 3;
final anisotropic temperature factor coefficients
are presented in Table 4. Structure fac.tor tables
mav be obtained at nominal cost frorn the De-

TABLE 3. ATO}fIC PARAMETERS

SLte  x ' u.o,rr.rt8"

0(1)  0 . r .063(2)  0 .0912(1)  0 .2136(4)  0 .8s(3)

0(2)  0 .1210(2)  0 .1 -74s(1)  0 .73s6(4)  0 .82(3)

o ( 3 )  0 . u 0 4 ( 3 )  0  o . 7 o e e ( 6 )  0 . 9 4 ( s )

o(4)  0 .3662(2)  0 .249e(L)  0 .7e39(4)  0 .93(3)

o(s )  o .34e4(2)  0 .1364(1)  0 .1004(s)  1 .06(3)

0(6)  0 ,342s(2)  0 .1189(1)  0 .601s(s )  1 .04(3)

0 ( 7 )  0 . 3 3 5 3 ( 4 )  0  0 . 2 8 8 6 ( 7 )  L . 2 7  ( s )

r (1 )  o .27e73(9)  0 .08621(s)  0 .300s(2)  0 .56(1)

r (2 )  0 .2908s(8)  O.L724r (4)  0 .8105(1)  0 .53( r )

M ( 1 ) o o . o 8 e 4 s ( 4 ) \ 0 . 8 4 ( 2 )

r 4 ( 2 ) 0 o . r 7 e 9 3 ( 4 ) 0 0 . 6 6 ( 2 )

r " 1 ( 3 ) 0 0 o 0 . 7 4 ( 2 )

M ( 4 ) 0 0 . 2 8 0 3 3 ( 6 ) r o . 8 e ( 2 )

A( rn)  0 .0437(8)  ,  0 .0906(16)  1 .8 (1)

A ( 2 ) 0 0 . 4 8 8 9 ( s ) 0 1 . 8

4 . 7  4 , 4

4 , 6  4 . 7

o . s 3 4  2 . 4 9  3 . 9  4 . 3

0 . 4 5  2 . O ( 2 )  3 . 9  4 , 3

0 . 2 7 3  r . . 8  3 . 6  4 . L

0 . 2 L  0 , 9 ( 3 )  3 . 6  4 . L
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pository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ontario
KIA 0S2. Interato,mic distances and angles, ancl
the magnitudes and orientations of the principal
axes of the thermal ellipsoids were calculated

TABLE 4. ANISoTRoPIC TEMPEMTURE FAcToR coETTIcIEMs*

Rr, /r, /., / r, 0u Rzt
0 (r) 234 (1 9) 70 (5)

0(2)  l_65(18)  75(s )

0(3)  260(2e)  78(8)

0(4) 359(2t ) 52(5)

0(5)  225(20)  l_01(6)

0(6)  259(20)  83(6)

0(7)  313(32)  79(9)

r(1) 178(7) 40(2)

r(2) 161 (7) 47(2)

M(1)  261(7)  77  (2 '

11(2)  198(7)  46(2)

M(3)  274(10)  43(3)

M(4)  317(10)  54(3)

*8 . .  
*  t o l' 

1-l

TABLE 5. sELEcTED rNTmAToMrc orsunces 181

DlstaDce Ato@ Dlgtance

695(69) -11(8) 99(29) -8(l_6)

777 (68)  o (8)  s6(27 t  1 (16)

809(93)  0  136(44)  0

8sL(73)  -35(9)  272(31)  - r7 (16)

936(74) -2(9) 98(30) 1"26(17)

10r .5 (74)  L (9)  153(3r )  -118(17)

L45L(r22) 0 127(50) 0

496(2s) -e (3) e3 (10) -s (6)

464(24) -8(3) 104(10) 5(5)

594(25) 0 173(10) 0

64s(24)  0  132(9)  0

608(34)  0  99(13)  0

948(35)  0  352(15)  0

with the program ERRORS (L. W. Finger, pers.
comm.) and are presented in Tables 5-8.

DtscussroN

Site populations

The results of the constrained site-population
refinement are given in Table 9. These refined
site populations are considered only in terms of
scattering species that differ significantly. How-
ever, it is desirable to derive complete site popu-
lations in terms of the different cation species
that are present in the crystal. This may be done
by an examination of the mean bond lengths
together with the constraints provided. by the
site-population refinement results. Hawthorne &
Grundy (1977) have derived equations relating
mean tetrahedral bond lengths in the Z(1) and
7(2) sites to Al content. Use of these relation-
ships gives the tetrahedral site populations listed
in Table 9; the total tetrahedral Al indicated by
these equations (1.8O Al per formula unit)
agrees closely with the amount indicated from
the chemical analysis (1.82 Al). As in all other
amphiboles examined thus far (Hawthorne &
Grundy L977),. N shows the tetrahedral site
preference f(1) > TQ). For tle octahedral sites,
there are six cation species to be distributed over
three sites. Hawthorne (L977) has provided equa-
tions relating rnean bond length to constituent-
cation radius for the three octahedral sites in
the clinoamphiboles; these may be used to help

TATLE 6. poLyHEDRAt sDcr lnNcrns (E)

M( l - ) -0 (1" )  2 .072(2)x2
M(1")-0(2) 2.L53(2) x2
u(r.)-0(3) 2.LI3(2) x2

Uean U(l) 2.113

r (r.)-0 (L)
r(r.)-o (5)
r (1) -0 (6)
r (1) -0 (7)
Mean T(L)

r (2)-0(2)
r (2)-0 (4)
r(2)-0 (5)
r(2)-0 (6)

uean T(2)

M(4)-0(2)
M(4)-0 (4)
l.r(4) -0 (5)
u(4)  -0 (6)
Mean for 8

Mean fo! 6

A(2)  -0  (5 )
A(2) -0 (5)
A(2)-0 (6)
A(2)-0 (6)
A(2) -0  (7 )
A(2) -0  (7 )

llean for 12

l{Eaa for 8

r(r.)-r(2)
through 0(6)

r(1)-r(2)
th lough 0(5)

acrogs olEor

A-A(2)
A-A(E)

L , 6 6 6 ( 2 )
1 . 6 8 3 ( 2 )
1 .680 (2 )
L .664( r )

!:513-

1.630(2)
1,.604(2)
L .646(2)
r . .658(2)

2 ,437(2)  x2
2,368(2) 12
2.729(3) x2
2.5s2(3)  x2

2,522

2.845(8) x2
3.177 $)  a2
3.Or7(7) x2
3.294(7) x2
2.528(4) x2
3,744(4) x2
3.  L01

3.r_23(L)

3.079(r , )

3.127 (2'

o ,2o2 (9 )
0.562 (8)

M(2) -0  (1 )

M(2) -0  (4 )

Meau M(2)

M(3)-0 (L)
M(3)-0 (3)

Uean U(3)

A-0 (5)
A-0(6)
A-0(7)
A-0 (7)

Uee fo! 12

A(n) -0 (5)
A (n) -0 (s)
.L(n)-0 (6)
A(n)-0(6)
A(u)-0 (7)
A(o)-0 (7)
A(n)-0 (7)
A(o)-0 (7)

!,leq for 12

M@n for 8

l.,r(1)-M(1)
M(1)-M(2)

M(r.)-u(4)
M(2)-}{(3)
l{(2)-!.{(4)

2.O96(2) x2
2.OaOQ) x2
I.962(2) x2

2-9!5._

2.130(2)  x4
2.LL7(3) x2

2:L2!-

3 .008(2)  x4
3.152(2)  x4
2.52O(4)  *2
3 .739(4)  x2

3:-A9l-

T(1) Tetrahedron

0(1) -0 (5)  2 .758(3)
0(1) -0 (6)  2 .7so(3)
0( r . ) -0 (7)  2 .755(4 '
0 (5) -0 (6)  2 .7L9(3 '
0 (5) -0 (7)  2 .688(3)
0(6) -0 (7)  2 .720(3)

l4eao 0-0 2rl2_

1,1(1) Octahedlon

ot r i l -o<z j l  2 .786(3)
o ( 1 ; ) - o ( 2 ; )  3 . 1 4 7 ( 3 )
o(1 ; ) -o (3 : )  2 .824(3)
0(1- ) -0 (3- )  3 .120(4)
o(2 ' ) -0 (2 ,  3 .005(4)
o(2) -o (3)  3 .168(2)
0(3) -0 (3)  2 .7o7 (6 ' )

Mean 0-0

M(2) octahedron

0(1) . -o (1) r  2 .685(4)
o(1 ; ) -o (2 ; )  2 .786(3)
0 ( 1 - ) - 0 ( 2 - )  3 . 0 0 7 ( 3 )
o(1) , -0 (4) j  2 .897(3)
0 ( 2 ; ) - o ( 4 ; )  2 . e 6 3 ( 3 )
0(2- ) -0 (4- )  2 .842(3)
0(4) -0 (4)  2 .986(5)

lGaa 0-0 2.888

T(2) Tetrahedron

0(2) -0 (4)  2 .738(3 '
0 (2) -0 (5)  2 .676(3)
0(2) -0 (6)  2 .677 (3 '
0 (4) -0 (5)  2 ,663(3)
0(4) -0 (6)  2 .575(3)
o(5) -0 (6)  2 .672(3)

I'lean 0-0 2:SSL_

U(3) Octahedron

o(1 : ) -o (1 : )  2 .68s(4)
0 ( 1 ; ) - 0 ( 1 ; )  3 . 3 0 6 ( 4 )
o(1 ; ) -o (3- - )  2 .824(3)
0 ( 1 - ) - 0 ( 3 - )  3 . r 7 2 ( 4 ' )

Mee 0-0 2.997

2.974(s)
3.145 (5)
2.773 (6)
3.580(7)
2.ss4(8)
2.60e (8)

4 .26L (9 )

?.!!!-

3.244(2)
3. r.39 (1)
3.r.29 (1)
3.46r" (1)
3.263 (1)
3.237 (1)

xz
x2
xz
x2

M(4) Polyhedron

o(2) . -o (2) . .  3 .oos(4)
o ( 2 : ) - o ( 4 ; )  3 . r 8 0 ( 3 )
o(2 , ; ) -o (4_- )  2 .s63(3)
o(2 ; ) -0 (5r - )  3 .533(3)
o(4 , ; ) -0 (s ; )  3 .420(3)
o(4 : ) -o (6 . : )  2 .57s(3)
o(s ; ) -o (6 i - )  2 .7L9(3)
o(s ; ) -o (6 ; )  3 .08r (3 )
0 ( 6 - ) - 0 ( 6 - )  3 . 5 6 3 ( 5 )

l.t@n 0-0 3.094
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assign specific cation species to specific sites,
although due to tle complexity of the chemistry
of the amphiboles, this process is necessarily
somewhat subjective. As is apparent from Table
5, <M(2)4> is considerably less than <M(l)-
O) and <M(3)-O>. This suggests that the
smaller trivalent cations are located in the MQ)
site. as has been found in previous studies of
calcic and sodic amphiboles (Papike et al. L969;
Hawthorne & Grundy I973a; Robinson et al.
l973;Hawthorne 1976). If all the octahedral tri-
valent cations are assigned to the M(2) site, con-
stituent-cation radius values of 0.670 (Ii:fi'g+)
and,0.664 (Ti=Tin*) result. The M(2) site equa-
tion of Hawthorne (1977) gives calculated
<M(z)-O> distances of. 2.O48 and 2.043A, re-
spectively. Both of these vatues agree with the
observed value of 2.0464 and thus do not give
any information as to the valence of Ti. How-
ever, they do indicate that all the trivalent (and
tetravalent) octahedral cations may be assigned
to the MQ) site with a reasonable degree of con-
fidence. This leaves three species (Mg, Fe'* and
Mn'+) to be distributed over the M(I) and M(3)
sites. As the site-refinement results give the in-
dividual Mg site occupancies, this reduces to
assigning Fe!+ and Mn2+ site populations from
the equations relating <M(l)-O> and (M(3)-

TABLE 7. SEI.BCTED IIITERATOMIC ANGLES

O) to the constituent-cation and anion radii.
Using the curves of Hawthorne (1977), the fol-
lowing values are obtained:
M(l) - 0.653Fe2+ * 0.077Mn'" * 0.270Mg
M(3) - 0.859Fe'" * 0.141Mg
<M(l)-O>", u=2.1224, (M(l)-O)"r 

"-2.LI3 A
<M (3YO> 

"d"=2.7I64, 
(M(3)-O)*,=2.1264

M(I) - 0.730Fe'* * 0.270Mg
M(3) - 0.706Fe2+ * 0.153Mn'" * 0.141Mg
<M(l)-o>".,"=2. 1 184, 1M(l)-{J>,t =2.I13A
<M(3)-O>"" r"=2.122A., (M(3)-O)"r 

"=2.1264
The root-mean-square deviations for.the two ex-

treme distributions (all Mn2+ in M(l) or io M(3))
are 0.010 and 0.004A respectively, suggesting
that the octahedral Mn'* is strongly ordered into
the M(3) site. It should be stressed that the degree
of confidence in this result is not high as the
mean bond length-constituent-cation radius rela-
tionships for the M(I) and M(3) octahedra are
not very well defined (Hawthorne 1977); how-
ever. this result is in accord with the octahedral

TABLE 8. VIBRATION EILIPSOIDS FOR

POIASSIAN FER3I-TARA}IITE

R.1.1.S. AngLe to Angle to Angle to

DLgplace@ot (82) a-sre(o) b-axle(o) c-axle(o)

o.osz(s)8
o(1)  o . r .o2(5)

0 .111 (4 )

0 .087(5)
0(2)  0 .106(5)

0.1r.2(4)

0. r.03 (7)
0(3)  0 .110(6)

0 .L14(6)

0 .085(5)
o(4)  0 .097(5)

0 .136 (4 )

0 .091(5)
0(5)  ,  0 .102(4)

o. r.46(4)

0 .088(5)
0(6)  0 . r .10(4)

0 .140 (4 )

0 .115(6)
0(7)  0 .121(6)

0.143 (6)

o .o79 (2 )
r (1 )  0 .081(2)

0 .093(2)

0 .073(2)
r (2 )  0 .083(2)

0 .090(2)

0 .082(2)
u(1) 0.],,L2(2)

0 .113 (2 )

0 .087 (2 )
M(2)  0 .088(2)

0 .099 (2 )

0 .084(3)
M(3)  0 .091(3)

0 .114(2)

0 :081(3)
l4 (4)  0 .095(2)

0 .135(2)

87 (35)o eo(zo) 
o 

21 (41)o
146(21) 1'22(22) 69(42)

5'1 (2Ot 146(20) 92 (15)

24(r.r.) 91(8) 80(11)
66(1r.) 89(30) 170(r2)
90(14)  r - (30)  89(29)

r.r.7(41) 90 L3(41)
153(41) 90 103(41)

9 0 0 9 0

118 (8) 147 (16) 67 (L9)
70 (11) 117 (18) 152 (16)
35 (4) r.07 (4) 74(5'

ee(1e) L26(4) 36(4)
166(13) 93(L2) 88(16)
100(4)  36(3)  54(3)

109(10) 47(4) 44(4)
160 (e) 98 (8) 93(8)

e7 (6) r.36(4) 46(4')

9 0 0 9 0
160(r.2) 90 96(12)
111(12) 90 6(L2)

79(30) 2.7(38) 70(61)
63(17) 74<s8) r59(s9)
3o(7) r.r.r.(6) 83(7)

L26(5) 1r.4(8) 34(9)
98(11)  144(11)  121(10)
37 (6) 1r.6(11) 79(8)

r.r.8(2) 90 13(2)
L52<2 '  90  103(2)

9 0 0 9 0

r.36 (6)
90
46(5)

90
85 (4)

5 (4)

r37 (2)
90
47 (2 )

33(2)
90
s7 (2)

T(1) Tetlahedroo

o(1)-r(1)-o(s)  no.g(r)o
0(1)- l (1) :0(6,)  110.6(1)
0(r . ) - r (1)-0(7)  1r .1.6(1)
0(5)-r (1)-0(6)  107.9(1)
0(5)-r (1)-0(7)  106.8(1)
0(6)-r (1)-0(7)  108.9(2)
ueau 0-r(L)-0 !q9,_5_

Mal  \  n - r . f i - i?^n

^ l r t t - . t r  t - ^ r r d t  c ,  q / 1  \

o ( 1 ; ) - M ( r ) - o ( 2 ; )  e 6 . 3 ( 1 )
o(1 : ) -M(1) -o (3 : )  84 .e(1)
0(1* ) -M(1) -0 (3" )  96 .4(1)
0(2) -M(1) -0 (2)  88 .5(1)
0(2) -M(1) -0 (3)  95 .9(1)
0(3) -M(1) -o (3)  79 ,7(J )

ueaa0-u(1)-0 -_?q:q__

t1(2) octahed!@

o(1) , -M(2) -o (1) j  79 .7( r )
o ( 1 ; ) - M ( 2 ) - o ( 2 ; )  8 3 . 7 ( 1 )
0 ( 1 - ) - M ( 2 ) - 0 ( 2 - )  9 2 . 1 ( 1 )
o ( 1 ) - M ( 2 ) - 0 ( 4 ) i  e 1 . 0 ( 1 )
o ( 2 : ) - M ( 2 ) - o ( 4 : )  e 4 . 2 ( L )
o(2- ) -M(2) -0 (4- )  8e .3(1)
o(4) -1 .1 (2) -o (4)  99 .1(1)

!,teaE0-u(2)-0 -_90._q_

A PoLyhedro!

0(7) -0 (7) -0 (7)  65 .7(1)

A *  o ' 2 7 o

T(2) Tetrahedron

o(2)-r(2)-o(4) us.z(r)"
0(2) - r (2 ) -0 (5)  109.5(1)
o(2) - r (2 ) -o (6)  109.0(1)
0(4) - r (2 ) -0 (5)  110.0(1)
0(4) - r (2 ) -0 (6)  r .04 .2(1)
0(5) - r (2 ) -0 (6)  108.0(1)

uean 0-T(2)-0 10t3._

M(3) oclahedlod

otr l l -uGl-o<rl) iB.2e)
o(1 : ) -M(3) -o (1 ; )  10r .8 (1)
o(1 ; ) -M(3) -o (3 ; )  83 .4( r )
0 (1- ) -M(3) -0 (3- )  e5 .6(1)

Uean O-M(3)-0

l'!(4) Polyhedro!

0(2) , -M(4) -0 (2) j  76 . r (1 )
o(2 : ) -M(4) -o (4 : )  76 . r (1 )
0 ( 2 ; ) - M ( 4 ) - o ( 4 ; )  8 2 . e ( 1 )
o ( 2 ; ) - M ( 4 ) - 0 ( s ; )  8 6 . 1 ( 1 )
o(4 ; ) -M(4) -o (s_- )  84 .0( r )
o (4 : ) -M(4) -o (6 ; )  63 .0(1)
o(5 ; ) -M(4) -o (6 ; )  71 .3(1)
0(s - ) -M(4) -0 (6- )  61 .e(1)
o(6) - ! ! (4 ) -0 (6)  88 .6(1)

ueau 0-u(4)-0 J5:2_

Tetlahedron

r ( r . ) -0 (s ) - r (2 )  135.3(1)
r (1 ) -o (6) - r (2 )  L38.7(2)
r (1 ) -0 (7) - r (1 )  139.9(2)
0(s ) -0 (6) -o (5)  166.2(L)
0(5) -0 (7) -0 (6)  L64.7(2 '

31(6)
90
59 (5)

90
170 (4)
100(4)

90
0

90

0
90
90

90

90
A-[so" - o(7)-o(7)-o(7)J f to"
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TABLE 9. SITE POPULATIONS*

Frou site-populatlon reflnement :

M(1)  0.730(5)Fe:r  + 0.270Ms

M(2) 0.878(5)Fe* + 0.122Me

M(3) 0.859(8)Fe* + 0.141Ms

!{(4) 0.589ca + 0.395Na + 0.01614n

A(n)  0.366 (6)Na*

A(2 )  0 .284 (9 )Na*

From examinatlon of oean bond J.engths:

T(1)  0.4341 + 0.57Sr

T(2)  0.0241 + 0.98S1

M(1) o.73ore2+ + o.z7otttg

M(2) h::il,:,9.1'3Ti,i,3rlo*'
M(3) 0.706Fe2+ + 0.153!{n2+ + O.141Mg

M(4) 0.589ca + 0.395Na + O.0L6Mn2+

A(o) 0.366Na*

A(2)  0.284Na*

oF.o = F"2++Fe$+un+Tt; Na:t = Na+1.8K

site preference of Mns+ in arfvedsonite (Haw-
thorne 1976), where the same procedure was
used to derive the site populations. In the dis-
ordered l-site configuration, there are three spe-
cies (Na, K and vacancy) to be distributed over
two sites, and thus the relative site populations
may only be determined as the total electron
density at the sites. In Table 9', this is expressed
as Na*, where NaE = Na * 1.8K. Although
there is greater electron density at the A(m)
position, it is not possible to determine even
approximately which position has the greater
occupancy in terms of cation species; thus coqn-
plete ordering of K irrto A(m) would result in a
greater proportion of vacancies at A(m) even
though the electron density at A(m) is greater
than that at the l(2) site.

Positional disorder at the A site in
clinoamphiboles

Highly anisotropic electron density observed
at the A site in the refinements of Kakanui horn-
blende and potassian richterite Qapike et al.
1969) was interpreted as positional disorder

about tle 2D position. They considered the dis-
order to be primarily confined to the mirror
plane (special position 4i), although the occur-
rence of residual density along the 2-fold axis
(special position 4g) was noted. Hawthorne &
Grundy (1972, l973a.b) subsequently proposed
a ,model wherein positional disorder of the l-
site cations ocsurred both in the mirror plane
and along the 2-fold axis. With this model, it is
possible to obtain only the electron density at
each site and not the actual site populations in
terus of cation species, as tlere are generally
three cation species (Na, K and vacancy) to be
distributed over ttro sites. It is difficult to ex-
amine tle factors controlling this disorder with-
out a knowledge of the cation occupancies of
tha AQ) and A(m) sites, and hence an elucida-
tion of these occupancies is the first problem to
be considered. fn general, there are two cation
species sited in the A position, Na and K. The
most obvious situation rrould be where K occu-
pied one site (AQ) or A(m)) and Na occupied
the other (Am) or AQD. Table 10 shows the re-
levant data for tle clinoamphiboles for which
refinements are available. Inspection of this ta-
ble shows that the situation A(m)=l{a, AQ)=K
is not tenable. The alternative arrangement,
A(m)=l(, l(2)=Na is examined in more de-
tail in Figure 2. The data scatter about the ideal
relationships for this model, suggesting that this
arrangement is substantially correct. Hottever,
some deviation is present and the question arises
as to whether other factors may somewhat per-
turb this distribution. This is particularly appa-
rent for the potassic arfredsonite refined by
Hawthorne (1976). Comparison of the electron
microprobe and wet chemical analyses for this
mineral shows some differences in results for
Na:O and KrO, perhaps caused by contamina-
tion of the separate by aenigrnatite. Recalcula-
tion of the cell contents using the microprobe
values of NauO and KzO result in a much closer
approach to the ideal curves in Figure 2 (I(=
0.81, NaA=0.16). This $uggests that the scatter
in the data in Figure 2 might be due to small

M ro. A-srs *""", *"::ilHilxrE mwNcrs.

0 . 1 9
0 . 4 1

'ccupaaclad 
€Tresd as kr'Na i 1.8f. 

-1, 
!€llo-tsch€mLlte

(wtiroou f cmdt 19?!6) i 2 : ory-Lesutlts (tuethors & Grodv 1973b) i
3: sub-stttlc hsllqsllo (Uethotre A Ctudy 1977); 6: tr€Dlll€
(lMhome 6 Gmdy 1.976)i 5: totsstc arlv€dsonlte (ktbe€ 1976) i 6!
potssleD !€f,rl-tsreLle (thtB Bluay).

{a 0.I3
c  0 . 1 4

e.A(o) 0.r5
& A(2) 0.03

0.54 0.?0
0.43 0.30

0 . 4 0
o.26

0.16 0.23 0.6r
0.L2 0.75 0.34

0 . r 2  0 . ? 8  0 . 3 7
0.08 - 0.2S
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errors in the chemical analyses, as the method
of assigning cations to specific groups of sites in
fte amphiboles will tend to accumulate errors at
the I site. If this is so, the model whereby K
orders into the A(m) position and Na orders
into the l(2) position would appear to be ade-
quate.

This conclusion is supported to some extent
by the results given by Cameron et al. (1973a,b)
for synthetic potassian richterite and richterite.
They showed that in potassian richterite, K is
restricted to the 4i position; in richterite, Na
occupies the 8l position. Although our preferred
model for potassian ferri-taramite involved dis-
order over the A(m) and AQ) positions, a model
with disorder over the A(m) and.l(l) positions
was not rejected; examination of a more sodic
amphibole may afford better resolution of these
two models. However, despite the differences in
the models for l-site occupancy of Na, tle re-

oA 06

A- l i le  No(p . l .u l  +

sults of Cameron et aI. (1,973a,b) support the
argument that the character of the l-site cation
disorder is a function of the cation type.

The question now arises as to why the posi-
tional disorder of the ,4-site cations occurs.
Table 11 lists the bond lengths and correspond-
ing bond strengths for K and Na occupancy of
tle central A srte. Irrespective of whether the
cation coordination is taken as [12] or [10], K
occupancy of. the A(2/ m) site would lead to an
excess in bond strength around the cation,
whereas Na occupancy of. the AQ/ rn) site would
Iead to an overall deficiency in bond strength
around the cation. This suggests that the ob-
served positional disorder occurs as a result of
the cation bond-strength requirements. In addi-
tion, the fact that K occupancy leads to a bond-
strength excess whereas Na occupancy leads to
a bond-strengtl deficiency suggests that K and
Na will disorder differently, in agreement with

Frc. 2. The variation in l-site occupancies of clinoamphiboles (fable 10)
as a function of the amounts of K and Na at the A site. The data points
indicated by filled circles are redeterminations of the values for potassic
arfvedsonite (Ilawthorne 1976) using different total l-site chemistry
constraints (see text).

TrilD 11. a(2/E)-0 DrsrNcEs m mm gt!!ilc1rsr rN wm &rtrMrmB

Sub-slllctc
I€rrdtack@klt€ Oxy-kae$urtte h6ttngslt6

Potaaalc Polaaale
t@llte elfvedaoolt€ fer!{-tarelt6

A-O(5)s4 :.oSO(a)8
A-0(6)14 3.159(3)
a-O(7)x2 2.518(4)
A-0(7)r2 3.735(4)

e6 F2I 3.u4

ltoe Fol

K M

A-0(5)x4 0.093 0.066
A-0(6)!4 0.080 0.057
A-O(7) '  0.221 0.1s1
A-0(?),  0.038 0.028

I lr j  t ,2to 0.850

t loj  1.134 0.794

s.poa(g)E
3.079(5)
2.456(?'
3.700(7)

3 . 0 7 5

2.950

E l{a

0.091 0.065
0.090 0.064
0.248 0.169
0.039 0.029

1.298 0.912

i. .220 0.854

r.oss(a)E
3.t  01 (4)
2.504 (5)
3 . 7 7 5 ( 6 )

3.099

g e

0.093 0.066
0.087 0.062
0.227 0.155
0.036 0.027

1.246 0.A76

7.174 0.822

z.stze)R
3.148(2)
2.480(3)

3.055

2 . 9 4 4

z.uss(:)8 :.ooe(z)t
3.212(3) 3.152(2)
2.629<2) 2.520(4)
3.720Q) 3.739(4)

3 . U 7  3 . 0 9 7

2.913 2.964

! k ! M R N a
0.105 0.075 0.148 0.103 0.100 0.071
0.081 0.058 0.074 0.053 0.081 0.058
o.237 0.L62 0.183 0,126 0.221 0.151
0.044 0.032 0.039 0.028 0.038 0.028

1.306 0.920 1.332 0.932 J-.242 0.874

1.218 0.856 1.254 0.876 1.166 0.818

Eold atredgtba (1.!i eal€aca ults) are calculatod fM th€ blvetsal cu&B of Bi@ 6 Shseo (1973)
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TABLE 12. A-SITE CATION-ANION DISTAIICES 18; AUO NOUO STRENGTNS (V.U.;* 11 SEVERAL RETINED CTINOAMPEIBOLES

Ferlo-tsche@kl!e Or.y-kaersutlte Tre@1l.te
Potasslc Potaaalan
arfvedsoBlte fe!!1-ta!aDlte

Sub-s111cic
ha6 t l.ngs l.te

A(n)-0 (5)x2
A(u)-0 (5)x2
A(B) -0 (6)x2
A(u)-0(6)x2
A(o)-0 (7)
A(n)-0 (7)
A(a)-0 (7)
A(u)-0 (7)

trrl
Ia]

A(2) -0 (5) x2
A(2) -0 (s) x2
A(2)-0 (6) x2
A(2) -0  (6 )12
A(2) -0 (7) x2
A(2) -0 (7)a2

tlrl
F0l

3 . 0 4 2 ( 4 )  0 . 0 9 5
3.U4 (4 )  0 .085
2 . 9 0 5 ( 5 )  0 . 1 1 6
3.433(6)  0 .055
2.504(7)  0 ,227
2,584(7)  0 .197
3.391(8)  0 .058
4.084(10)  0 .025

3.129 L.209

2.901 1 .016

2.739(27) O.106
3.388(30)  0 .042
2.90r . (22)  0 .083
3.44L(27) O,O4O
2,548(9)  0 .144
3,756(9)  0 .027

3.L29 0.844

3.026(6)  0 .097
3.2L0(7)  0 .075
2.70s  (8 )  0 .161
3.507(11)  0 .050
2.515(LL)  0 .223
2,s27(LL)  0 .2L8
3.204(12)  0 .075
4. r .04( r .2 )  0 ,025

3.104 1 .307

2.865 1 .107

2.945(LL) O,O77
3.192(12)  0 .055
2,978(LL '  0 .074
3.185(12)  0 .055
2,460(7)  0 .167
3.703(9)  O,O29

3.077 0 .914

3 . 0 5 7 ( 9 )  0 . 0 9 3
3.146(1J . )  0 .082
2.737(L9) O,r52
3.510(14)  0 .050
2.501(15)  0 ,228
2.620 (17)  0 .185
3.273(19)  0 .068
4.285( r9)  0 .020

3.L32 7 .255

2,875 r .067

2 . 8 3 4 ( 8 )  0 . 0 9 1
3.285(8)  0 .048
2 . 9 2 r ( 8 )  0 . 0 8 0
3.295(8)  0 .048
2 . 5 1 9 ( 6 )  0 . 1 5 1
3.785(8)  0 .026

3.107 0 .888

2,94( r )  0 .1 r1
3 . 1 0 ( 1 )  0 . 0 8 7
2,78(L)  0 .L42
3.56(1)  O.O41
2.49(2)  0 .233
2,58(2)  0 .199
3 . 1 9 ( 2 )  O . O 7 7
4.10(2)  0 .025

3.09  1 .308

1 . 1 1 2

2 . 8 3 ( 3 )  0 . 0 9 2
3.12  (3 )  o .  060
3 . 0 3 ( 2 )  0 . 0 6 9
3.27  (2 )  0 .049
2.486(4)  0 .160
3.684(3)  0 .030

3 . 0 7  0 . 9 2 0

2 . 9 5  0 . 8 6 0

2.846(s)  0 .128
2.923(5) 0.LL3
3.037(5)  0 .096
3.397 (5 )  0 .058
2 . 6 1 6 ( 8 )  0 . 1 8 7
2.666 (8 )  o .  r71
3.491 (7 )  0 .051
3.950 (B)  0 .029

3,094 L .228

2.862 L.O32

-

2.974(5)  0 .105
3.145(5)  0 .082
2.7 '13(6)  O. rs3
3.580(7)  0 .046
2.554(8)  0 .208
2.609(8)  0 .189
3.231 (9 )  0 .072
4.26L(9)  O.O2 l

3 .133 L .262

2 . 8 6 8  1 . 0 7 7

2.845(8)  0 .090
3.177(8)  0 .056
3 . 0 1 7 ( 7 )  0 . 0 7 0
3,294(7)  0 ,048
2.s28(4)  0 . r49
3.744(4)  0 .028

3.101 0 .882

2,972 0 ,8263.003 0 .830 2 .952 0 ,856 2 ,97L 0 .836

*bond strengths calcuLated fo! K occupocy of A(o) and Na occulancy of A(2)

our conclusion that K occupies the A(m) site
whereas Na occupies the A(2) site. Table 12
shows the bond lengths and corresponding bond
strengths for the A(m) anld l(2) sites assuming
K and Na occupancy, respectively. For the A(m)
site, a coordination number of [8] genemlly leads
to a fairly satisfactory bond-strength sum around
the disordered K cation. However, f.or the AQ)
site the bond-strength sums are significantiy
Iower than ideal, although they are marginally
higher than those calculated for Na occupancy
of. the AQ/ m) site. Similar calculations for syn-
thetic richterite (Table 13) do not show this de-
ficiency in the bond-strength sum around the
Na atom. either in the ordered or disordered
positions. Although these results make it diffi-
cult to account for the observed positional dis-

TAILE 13. A-srrE cATroN-ANroN DrsrANcEs (R) arn notw

5TRENCTNS IN RICNTERITE (CAMERON 1970).

order of Na in richterite (as there is virtually no
difference between the bond-strength sums
around the cation or the anions for each model),
the better bond-strength sums suggest that Na
might occupy the 8j position in natural amphi-
boles.

It has been shown by both X-ray @apike et
al. L969; Hawthorne & Grundy I973a) and
neutron (Ilawthorne & Grundy 1976) crystal-
structure refinements and by polarized single-
crystal infrared spectroscopy (Burns & Strens
1966) thal the O(3)-H bond is orthogonal to
the octahedral strip. Thus the H atom projects
out into the cavity occupied by the,4-site alkali-
metal cations. Comparison of the principal in-
frared stretching frequencies of vacant .r4-site
amphiboles and filled l-site amphiboles (Table

TASLE 14. ETDROCEN-A-SITE DISTANCES IN TREI@],ITE, AND

PRINCIPAL Og STRETCEING FREQUENCIES FOR AN

(MsMsMs)-on- B /A CoNTIGURATIoN IN CLINo-

AMPUIBOI,f,S

Boad A-slte coordlmtea Bond length

A(1) -0 (5)  2 .706(2o)
A(1) -0 (5)  2 .781( r .9 )
A(1) -0 (s )  3 .O24(2o '
A( r ) -o (s )  3 .09r (19)
A(1) -0 (6)  2 .675(18)
A(1) -0 (6)  3 .332(18)
A( r ) -0 (6)  2 .964( r9)
A(r.) -0 (6) 3.568 (17)
A(1) -0 (7)  2 .375(18)
A( r ) -0 (7)  2 .s60( r .6 )
A(1.)-0(7) 3,274(16'
A( r ) -0 (7)  3 .097(17)

F4 3.307
frr'l 2.e4r

tlo] 2.878

A-0(5)  a4  2 .866(5)  0 .087
A-0(6)  x4  3 .114(6)  0 .061
A-0(7)  x2  2 .413(9)  0 .182
A-0(7)  12  3 .684( r0)  0 .030

V4 3 .010 1 .0r .6

fro'l 2.875 0.956

.C.entral A-slte

8 0 1 s 1 *  '  6 . 3 4 6
Z0(6)  -  0 .244 * *
u  0 (7)  '  0 ,424 (0 .364)

Spllt A-slte

8 0 ( 5 )  -  9 ' 3 4 2
A 0 ( 6 )  -  0 . 2 7 2  1 6 . r r t ,
a0(7)  -  0 .404 (0 .385)

ltrdlcateg the bond atrengtha contrlbuted by the A-slre
catlon to the bltdglng oxygetre of the slllcate chah.

values in parenthe_se€ Lndlcate sls calculated fo! coordl.-
natl.on nrube! of [101

E-A(n) 0.4550 0
E-A(n) '  0.5450 0
a-A(z) !r 0.0103
E-A(2/n) , o

Vacant A-aite amhlbol€a

Trenol,Lte 3685 m-1
Eomblmde 3672
crocldollre 3668
claucophane 3665

0. r11
0 . 0 9 9
0 . 0 6 9
0 . 0 6 3
0 . 1 1 7
0.046
0 . 0 7 5
0.034
0.195
0 . 1 4 1
0.049
0.0L9

1.018

0.999

0 . 9 6 s

1 .8973
L.L027

1
L

2 .35  (4 )8
3.  35 (4)
2.833(7)
2.827 (6)

Na richterlte 3727
K rlchterite 3734

FtlLed A-site

Eawthorne & cnndy (l-976)
Wllktae et al. (1970)
AddLson & Whlte (1968)
Bancroft & Burns (L969)

Rowbothm & Famer (L973)
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