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ABSTRACT

The crystal structues of 12 amphiboles with Na at the A site have been refined to R indices of -1.57o using single-crystal
MoKo X-ray data. Site populations were assigned from the refined site-scatlering values and results of electron-microprobe
analysis. Of pdmar/ interest is the variation in ordering of Na at the A site as a function of composition and site populations
in the rest of the structure. Higb-resolution data were collected with Ag radiation for one crystal, but the results were not
materially different from refinements with normal-resolution data collected with Mo radiation. High conelations among
parameters and convergence at false minima prevented derivation of reliable partitioning of the A-site cations befween the A(rra)
and A(2) sites; thus, tlle character of the electron density in the A cavity was examined with difference-Fourier maps calculated
with the A cations omitted from the structural model. The variation in electron-density distnbution at the A site can be
rationalize<l in terms of a number of prefened short-range-ordered configurations involving Na or Ca at the M(4) site,
OH or F at the O(3) site, and Na at the A(m) or A(2) sites. The relevant anangements and their relative strbility are
M(a)11*o(3)yi-A(a)Na > ir(a)Ca_o(3)OH_ia(2)Na > M(a la_o(3)OH-a(rNa >> M(qCe-.o(3)F-A(n)Na = l/(4)6u-o(:)Fj(z)Na. this
sequence can be understood in terms of local bond-valence requirements within the amphibole structure.

Keywords: structure refinement, electron density, amphibole, short-range order, Na ordering.

Somraens

La structue cristalline de douze Echantillons d'amphibole dans lesquels le Na occupe le site A a 6t6 affin6e jusqu'i un r6sidu
R d'environ 1.57o en utjlisant des donn&s de dilbaction X obtenues sur cristal unique avec un rayonnement MoKcr.
L'occupation des sites a €tA dltennn4e par affinement du pouvoir de dispersion des rayons X selon les divers sites, en tenant
compte des compositions d6termin6es avec une microsonde dlectronique. Nous nous attardons surtout a h variation dans le
degr6 d'ordre du Na au site A en fonction de la composition de I'amphibole et de l'occupation des autres sites de la stnrcture.
Nous avons pr61ev6 des donn6es d r6solution plus 6lev6e avec un rayonnement Ag dans le cas dun cristal, mais les r6sultats ne
different pas vraiment de ceux des affinements effectu6s sur donn6es pr6lev6es avec rayonnement Mo. Les corr6lations 6lev6es
parmi les param0tres et la convergence I de thux minimums nous empOchent de ddriver de I'information fiable sur la r6partition
des cations occupant le site A entre les sites A(rr?) et A(2). Ainsi, nous avons examin6 la distribution de la densit6 des 6lectrons
autour de la cavit6 A au moyen de projections par diff6rence-Fourier en omettaat les cations A du mod&le structural. On explique
la distribution des dlectrons au siteA en termes d'agencements pr6f6r6s impliquant le Na ou le Ca au site M(4), OH ou F au site
O(3), etNaaux sites A(m) ouAQ). Nous en ddduisons les agencements et lordre relatif de stabilit6 suivants: M(4)Na-o(3)F-A(n)Na

> M(4)Ca-o(3)OH-A(2)Na > M(a)Na-o(3)OH-e(a)Na >> M(4)Ca-o(3)FJ(e)Na = M(4)Ca-o(3)F-A(2)Na Cette sequence r6sulte des
exigeances locales en valences de liaison dans la saucture d'une amphibole.

(Traduit par la Rddaction)

Mots-cl6s: affinement structual, densitd des 6lectrons, amphibole, mise en ordre locale, degr6 d'ordre du Na-

INTRoDUCiloN

In the mono€linic Alm amphibole structure, the A
site is in a large cavity between the back-to-back
double chains; it is surrounded by an iregular a:ray of

twelve chain-bridging anions (Fig. 1). The site may be
unoccupied (as in tremolite) or occupied (as in
pargasite), usually by the alkali cations Na and K.
Heritsch (1955) first recognized that cation(s)
occupying theA site could show significant positional
disorder. The character of this disorder is most easily
expressed in terms of the site nomenclature of
Hawthorne & Grundy (1972), as shown in Table I and
Figure 1. At the center of the cavity, the intersection of

I Permanent address: Departrnent of Geological Sciences,
University of Manitoba Winnipeg, Manitoba R3T 2N2.
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m
Ftc. 1. The A cavity and site nomenclature in the C2lm

amphibole structue; squaro. A(Xm); circle: A(zz); starred
ctrcle: A(2).

a mirror plane and a two-fold axis (Wyckoff symbol
2D) is designated the A(2lm) site; similarly, the other
sites fA(n), A(2) and A(l)l are designated by their point
symmetry. The typical separation berween th9 split and
the central positions is in the range 0.4-0.6 A.

Prewitt (1963) and Gibbs & hewitr (1968) reported
occupancy of t}le A(2) site in synthetic
NarHrCorSisOn(OWz, and occupancy of theA(n) site
in synthetic Na2H2MgrSisO ,f 2, leadrng Gibbs (1966)
to suggest that A(2) or A(rn) is occupied if O(3) is OH
or F, respectively. Papike et al. (1969) found strong
ordering at the A(m) site in potassian titanian
magnesio-hastingsite and potassium-magnesio-
katophorite. Hawthorne & Grundy (1973a, b) showed
that both the A(2) and A(m) sites could be occupied in
the same crystal. Hawthorne & Grundy (1978)
proposed that K is ordered atA(m) and Na is ordered at

TABLE 1..A-SITE NOMENCLATURE IN
C2lr, AMPHIBOLEST

Sito Wyckoff symbol Coordinates

A(2) in a sample of potassian ferri-taramite. Hawthorne
et al. (1980) found Na at both the A(2) and A(n)
positions in ferroan pargasitic hornblende. Ungaretti
et al. (1981) showed that K is ordered at the A(m) site,
but that Na can occur at both the A(2) and A(m)
sites. Cameron et al. (L983') showed that K is ordered
completely at A(m) in synthetic KCaNaMg5S!O22F2,
and proposed that Na occupies the general A(1)
position in synthetic NaCaNaMg5SisO22F2. More
recently, Boschmann et al. (1994) showed Na to be
disordered over the A(2) and A(m) sites in a synthetic
fluor-edenite of intermediate composition.

Thus it seems well established that K is ordered at
the A(m) site, and that Na may occur at the A(m) and
A(2) sites. However, the factors that affect the ordering
behavior of Na are not yet understood; it is the
intention of the current study to resolve this problem.

ExpsRrvlENTAL

A set of low-potassium amphiboles lK < 0.05 apfu
(atoms per formula unit), except for one sample, A(9),
in which K = 0.17 apful was used so as to min'imize the
problem of differentiating between K and Na at the
different A-sites. Amphiboles were selected such that
the A site has high occupancy (>80Vo) and the overall
compositions span as great a range as possible, so as to
examine all crystal-chemical factors that could
possibly affect the ordering of Na in the A cavity. The
sample numbers and names are given in Table 2.

Collection and refinement ofX-ray data

Unit-cell dimensions were measured and X-ray
intensity data were collected and processed according

TABLE 2. SAMPLE NUMBERS AND AMPHIBOLE
ryPES FOR THE CRYSTALS USED IN THIS WORK

Samplo numb€r SEOr Amphibolo type

2

A{1 )
A(2)

A(3)
A(4)
A(5)

DJ1O2 N.3 516 Fluor-nyb6ite
DJ1O2 N.4 518 Fluor-nybdito
O95 N.32 5O4 Nybdite
DJ1O2 N.12 521 Fluor-taramit6
G230F N.3 145 Taramite

Al2lml

A(m,

Al2l

A ( 1 t

2b

4i

4g

8j

o , % , o

x, Yz, z

O . v , O

x , Y , z

A(6) O99 N.3
A(7) Dl63 N.2
A(8) Dl67 N.1
A(9) BM47 N.1
A(10) FEl29 N.1
A(11) FE229 N.18
A(12 )  KPN. I

421 Taramits
291 Katophorito
242 Katophorito
457 Psrgasits
212 Pargasito

328 Pargasite
5O5 Pargasito

" SEA = sequanc€ number in Pavia amphibole
data-bas€* Aftor Hawthorne & Grundy (1972)
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TABIT 3. UNIT.CELL DIMENSIONS' AND MI{iCELIAEOUS DATA CONCEFT{ING
STRUCTURE FEFINEMTNT Coilecrton and refinement of high-resolution data

One of the problems associated with characterizing
the details of the A-site configuration is that we are
looking at a feature that is approaching the limits of
resolution of X-ray diffraction. Consequently, we
decided to examine this aspect of the problem in some
detail. Data for crystal A(10) were collected with
Ag radiation up to a Q value of 67o (sin0/1, = 1.84 A-r,
resolution - 0.I9 A), resulting n 5102 observed
reflections (Table 3). Difference-Fourier maps through
the A(2lm) site were calculated with the A cations
removed from the model @g. 2). Although resolution
was definitely improved by using higher-angle data in
the difference-Fourier calculations, no new informa-
tion was gained, and correlation problems in the
structure refinement were not significantly improved.
As the high-resolution data did not lead to any
significant improvement in the details of refinement
over oru usual procedures (sin0/1, = 0.70 A-1,
resolution - 0.49 A), the other crystals were treated in
the standard manner (Table 3).

Ele ctron-microprobe analy s is

The crystals used in the collection of the X-ray
intensity data were subsequently analyzed by electron
microprobe @MP) according to the procedures of
Hawtlrome et al. (1993); the results are given in
Table 7. Unit formulae were calculated on the basis of
24 (O,OH,D assuming OH + F = 2.0 apfui the Fe3*
and Fe2+ contents were taken from SREF (structure
refinement) site-populations.

Sf|E PoPUIATToNS

ft i5 imFortant to derive the site populations for these
amphiboles, as the details of the site populations are
expected to affect the pat0ern of order of Na over the
A sites.

The T sites

The <T(2)-O> distances are in the range
1.628-L.635 A; as discussed by Oberti et al. (1995a),
these values are characteristic of complete Si
occupancy of T(2), the variations in <I(2)-O> being
the result of inductive effects from the rest of the
structure. Thus I4lAl is completely ordered at T(L),
and its estimates from EMP show good agteement with
the <( 1 )-O> versus r(1) Al. relationship of Obern et al.
(1995a).

The M sites

In the pasl it has usually been assumed thatthe M(L)
and M(3) sites are occupied only by Mg and Fe2*
(except in kaersutite). However, evidence is accumu-

A{1t

a lk 9.668
0 (A) 17.801
c {A) 6.309

B r) 104.09
v(A1 s86.2
sin 0A lA-') 0.70
t & 1348
t Ft 949

Rd 1.4

9.673 9.678
17.417 '17.772

5.315 6.310
104.08 104.21
888.6 886.4

o.70 0.70
't 348 1346
994 962
1 . 2  1 . 5
1.4 1.4

e,722 9.772 9.730
17.442 17.S63 17.890

5.319 5.310 6.3t9
104.33 104.83 't04.9

894.8 896.6 9@.8
o.70 0.70 0,99

1356 1350 1376
899 1003 r0a2
1 . 7  1 . 4  1 , 0
1 . 5  1 . 4  1 . 2

2-1

At10) At12l

a (A) 9.737
, (Al 17,A75
a (A) 6.314

F r) 104.64
v(a3) 8€4.s
sln 6A (Aj) o.87
I Fa 81O
t F* 8Oe

&- 1.4
Rd 1.2
Bd 1.2

s.775 9.870
17.924 17.991

6.313 8.251
104.69 105.08
9@.7 907.1

0.70 0.70
'1368 137A

849 1122

1 . 4  1 . 0
1 . 5  1 , 6
3.6 2.1

9.439 9.864 5.A82
17.963 t7.931 17.928

6-251 6.282 6.296
106.17 106.33 105.28
902.6 S00.2 903.r

1.54 1.21 0.81
6488 3oO4 1466
6102 2942 112A

2-6 t .6 1.4
2.6 1.6 2.1

' SGndard dwiatloB are :0.O02. <0.0O4, <0,OO1 4 <0.O1. end .0.4 A3 tot a, b, c, F, v,

to the procedures of Oberti et al. (1992). Table 3 lists
the cell dimensions and information pertinent to data
collection and structure refinement.

The crystal structures were initially refined
according to the procedures described by Ungaretti
(1980), and converged to R indices of -1.57o for an
anisotropic displacement model and with the scattering
ftom the M(l), M(2), M(3), M(4), A(2lm), A(m), and
A(2) sites considered as variable. A model with all the
A(2lm), A(m) ard A(2) sites occupied allows a better fit
to be obtained for the aggregate electron-density in the
A cavity, and also results in the maximum estimate for
the A-site scaftering. The F" maps calculated at this
stage showed the distribution of electron density in the
A cavity. This information was used in the subsequent
refinements to distribute the A-site cations between
A(m) andA(2) only. This model seems physically more
reasonable, as it takes into account the size and
coordination of Na and K, together with the fact that
Na or K at the central A(2lm) site cannot satisfu their
own bond-valence requirements (Ha*thorne 1983).
Final atomic coordinates and equivalent isotropic-
displacement factors are given in Table 4, selected
interatomic distances are given in Table 5, and the
refined site-scattering values are given in Table 6.
Observed and calculated structure-factors and
anisofropic displacement parameters may be obtained
from the Depository of Unpublished Data CISTI,
National Research Council of Canada Ottawa. Ontario
KlA 0S2.
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TABLE 4. ATOMTC COORDTNATES AND EOUIVALENT TSoTROP|C DTSPLACEMENT FACTORS (A2)'

A(1) Al2't A(3) A(4) A(61 A(71 A(8) A(gt  A(10) A(11)A(5)

O(11 x 0.1077 0.1077 0.1064
r 0.0907 0.0908 0.0916
z 0.2091 0.2091 0.2086
8q 0,76 0.76 0.64

O(2 )  x  0 .1184  0 .1185  0 .1181
y 0.1716 0.1719 0.1724
z 0.7431 0.7429 0,744$
B4 0,72 O.74 O.A2

O(3) x 0.1085 0.1090 0.1096
z 0.7065 0.7063 0.7080
aq 0.96 0.96 0.66

O(4) x 0.3665 0.3667 0.3676
' y 0.2826 0.2526 0.2530

z O.8OO2 0.7999 0.8003
Bq 0,87 0.87 0.78

0(6) x 0.3542 0.3543 0.3546
y 0.1338 0.1340 o.1356
z 0.0936 0.0936 0.0969
8q 1.03 1.06 0.99

0(6) x 0.3426 0.3424 0.3414
y 0.1202 0.1203 0.1196
z 0.5921 0.5925 0.6969
Bq O.92 0.94 0.93

o(7) x 0.3391 0.3392 0.3373
z 0.2910 O.29O7 0.2471
64  1 . ' t l  1 . 17  1 .13

Tlll x 0.2824 O.2a26 O.2A2O
y 0.0869 0.0869 0.0874
z 0.2966 0.2966 0.2980
aq 0.49 0.50 0.44

T(21 x 0.2916 0.2917 0.2917
v 0.1732 0J732 0.1737
z 0.8093 0.8094 0.8r 15
Bq O.52 O.52 0.46

Mlll y 0.0906 O.09Og 0.0904
Bq O.57 0.58 0.54

Ml2l  y 0.1796 0.1798 0.1796
8q 0.59 0.57 0.52

MlSl B4 0.62 0.69 0.56

Ml4l y 0.2774 0.2781 O.27Aa
8q 0.95 0.97 0.98

Mt4,t v
B4

Alml x 0.06,10 0.0562 A.0492
z 0.1162 0.1186 O.1126
8q 3.06 2.88 2.42

A(21 y 0.4836 0.4829 0.4789
84 5.64 5.2O 3.59

H x 0.1854 0.2031 0,1984
z 0.7444 0.7660 0.7513
B* 7.93 1.22 2.35

0.1069 0.1048
0.0902 0.0918
0.2107 0.2115
0.80 0.70

0.1190 0.1192
o.1724 0.1737
0.7409 0.7431
o.73 0.63

0.1085 0.10s5
0.7083 0.7093
0,94 0.72

0.3666 0.3685
0.2622 0.2526
0.7967 0.7567
0.89 0.73

0.3538 0.3637
0.1363 0.1398
0.0977 0.1086
1 .11  0 .87

0.3430 0.3424
0.1 194 0.1 176
0.6978 0.6095
0.96 0.90

0.3408 0.3382
0.2862 0.2763
1 .13  I  . 08

o.2a26 0.2810
0.0866 0.0870
0.2983 0.3022
0.50 0.113

0.2919 0.2920
0.1732 0.1741
0.8108 0.8157
0.62 0.41

0.0906 0.0899
o.59 0.54

0.1792 0.1781
0.61 0.54

0.60 0.49

0.2789 0,2404
1.00 0.76

0.0621 0.0304
o.1144 0.0806
3.01 3.13

0.4797 0.4735
4.30 2.48

0.1932 0.1981
0.7616 0.7682
2.25 1.34

0.1047 0.1064
0.0920 0.0923
0.2116 0.2094
0.73 0.76

0 .1  196  0 .1  191
0.1743 0.1743
0.7426 0.7458
0.67 0.68

0.1096 0.1098
0.7095 0.7085
o.72 0.86

0.3687 0.3694
0.2820 0.2520
0.7946 0.7969
o.73 0.83

0.3536 0.3536
0.1399 0.1386
0.1089 0.1053
0.88 0.97

0.3426 0.3425
0 .1178  0 .1188
0.6094 0.6040
0.88 0.93

0.3381 0.3372
0.2763 0.2801
1  . 08  1 .14

0.2809 0.2411
0.0869 0.0869
0.3021 0.3004
o.M o.44

0.2921 0.2924
0.1740 0.1738
0.8167 0.8 ' t41
0.43 0.46

0.0901 0.0903
0.55 0.56

0.1742 0.1784
0.54 0.65

0.49 0.53

0.2806 0.2797
o.77 0.77

- 0.2668
- 2.04

0.0369 0.0437
0.0896 0.1004
2.92 3.43

0,4733 0.4747
2.87 2.96

0.1960 0.1880
0.7625 0.7662
1 .71  1 .15

o. lo55 0.1076 0.1064
0.0914 0.0869 0.0844
0.2111 0.2183 0.2146
0.86 0.74 0.89

0.1201 0.1 193 0.1 198
0.1743 0.1719 0.1740
0.7413 0.7297 0.7350
0.78 0.73 0.70

0.1095 0,1074 0.1086
0.7102 0.7161 0.7169
o.a1 0.44 0.80

0.3692 0.3660 0.3684
0,2514 0.2497 0.2505
0.7933 0.7871 0.7886
0.98 1.05 0.94

0.3528 0.3493 0.3508
0.1391 0.1387 0.1413
0.1064 0.1078 0.1137
1 .01 1.04 0.90

0.3428 0.3442 0.3r$35
0 .1  179  0 .1  1  55  0 .1  161
0.6054 0.6080 0.6112
1.06 1 .08 1.05

0.3386 0.3403 0.3397
0.2786 0.2769 0.2714
1.26 ' ,1.21 1.13

0.2810 0.2808 0.2407
0.0865 0.0854 0.0865
0.3007 0.3017 0.3023
0.48 0.46 0.43

0.2923 0.2902 0.2914
0.1736 0.1725 0.1733
0.8134 0.8096 0.8136
o.52 0.52 0.49

0.0903 0.0876 0.0894
0.61 0.6S 0.63

0.1742 0.1773 0.1764
0.56 0.57 0.50

o.52 0.56 0.61

0.2793 0.27A4 0.2803
0.88 0.83 0.65

0.2535 0.2632 0.2599
1.03 1.08 0.80

0.0444 0.0326 0.0221
0.0978 0.0697 0.0586
3.10 3.45 2.54

0.4742 0,4758 0,4730
3.40 3.40 2.66

0.1792 0.1860 0.1922
0.744A 0.76A7 0.7658
0.86 0.79 0.50

0.1062 0.1064
0.0873 0.0888
0.214€ 0.2142
0.89 0.98

0 .1  197  0 .1  195
0.1736 0.1736
0.7344 0.7365
0.67 0.74

0,1074 0.1080
0.7195 0.7155
0.82 0.88

0.3677 0.5672
0.2606 0.2509
0.7870 0.7900
0.88 0.85

0.3607 0.3510
0.1419 0.1408
0.1 153 0.1 129
0.86 0.91

0.3434 0.3430
0 . ' 1150  0 .1159
0.614{t 0.6140
1.O2 1.00

0.3413 0.3396
0.2686 0.2725
1.O4 1.1 ' t

0.2808 0.2800
0.0864 0.0859
0,3031 0.3032
0.43 0.49

0.29'11 0.2907
0.1734 0.1757
0.8139 0.8147
0.46 0.49

0.0894 0.0900
0.50 0.53

0.1762 0.1770
o.47 0.50

0.46 0.49

0.2801 0.2803
0.61 0.72

o,2694
o,74

0.0168 0.0100
0.0413 0.0191
4.37 4.16

0.4703 0.4706
2.O9 2.42

0.1900 0.2102
0.7689 0.7706
1.79 5.80

O(3)=x,O,a Ol7't-x,O,?, Mtll-O,v,%; Mt2l-O,y,O, M(3:,-O,O,O; Ml4l-O,y,y,t M(4'l=O,y,%, Alml=x,yz,4 A(2].=O,y,ot H-y,O'z.
' Standard doviatons are <1 In the ffnal diglt, excspt tor A(m) and A(2), whlch aro <5 in lhe final digit.
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TABLE 5. SELECTED INTERATOMIC DTSTANCES (A}

581

A(1 ) A(21 A(5) 4(6) A(7) A(9) A(101 A(11) At12l

r (1)-o(1)
7(1)-O(5)

n1)-o(6)
7(1)-O(7)

< r(1)-o >

T(21-Ot2l
TQt-Ol4l
7(2)-O(5)
n2)-o(6)
< r(2)-o>

M(1t-Ot1l x2
Ml1't-Ot2', x2
M(11-Ol3l x2
<Ml1't-O>

Ml2',-Onl x2
M(21-Ol2t x2
MQt-Ogt x2
<M(21-O> x2

M3)-O(11 x4
M(3)-O(3) x2
<M(3)-O>

Mgl-a2, x2
M(41-o(41 x2
M(4)-O(5) x2
M(41-Ol6'! x2

AWI-O$I x2
A(nl-A$l x2
A(lrl-l-O$l x2
A{ml-O0't
A(ml-O(71
AWt-O(71

A(2)-O(5) x2
4(2)-0(6) x2
A(2t-Ol7't x2

o(5)-o(6)-o(5)

1.64', t  1.643
1 .644 1.647
1.645 1.649
1.644 1.645
1.644 1 .646

1.626 1 .626
1 .594 1.597
1 .641 1.641
1 .655 1 .653
1.629 1.629

2.062 2.064
2.081 2.085
2.044 2.090
2.O76 2.080

2.064 2.066
1.988 1 .990
1,892 1.892
1.981 1 .983

2.088 2.092
2.079 2.085
2.085 2.090

2.415 2.417
2.346 2.346
2.764 2.761
2.492 2.491

3.053 3.061
2.858 2.867
2.686 2.682
2.478 2.477
2.610 2.619
3.064 3.056

2.633 2.629
2.969 2.965
2.467 2.464

168.6  168.5

1.650 1 .657
1.653 1 .664
1.652 1.662
1.648 1.654
1 .651 1 .659

1.630 1 .630
1.597 1 .598
1.636 1.634
1.651 1 .653
1.628 1.629

2.068 2.059
2.095 2.093
2.086 2,093
2.080 2.O8',1

2.044 2.070
1 .981 2 .010
1 .880 1  .912
1.968 1 .998

2.092 2.087
2.092 2.081
2.089 2.085

2.413 2.422
3.346 2.344
2.724 2.718
2.507 2.508

3.045 3.092
2.900 2.924
2.657 2.675
2.449 2.M6
2.618 2.593
3.106 3.099

2.594 2.636
2.896 2.902
2.475 2.452

166.8  166.4

1 .668 1 .669 1 .659
1.680 1 .684 1.673
1 .679 I .684 1.672
1.669 1 .670 1 .659
1.674 1 .677 1 .666

1.633 1 .633 1 .633
1 .604 | .604 1.601
1.636 1.638 1.637
1.653 1 .654 1 .651
1.631 ' , t .632 1.630

2.049 2.053 2.059
2.120 2.129 2.126
2.086 2.093 2.092
2.082 2.092 2.092

2.024 2.026 2.021
2.010 2.018 2.001
1.9 ' t0  1 .920 1 .908
1 .981 1 .988 1.977

2.099 2.106 2.106
2.091 2.096 2.092
2.096 2.103 2.101

2.425 2.424 2.412
23M 2.341 2.329
2.621 2.623 2.656
2.546 2.546 2.527

3.060 3.098 3.096
3.017 3.O19 2.980
2.760 2.727 2.707
2.369 2.402 2.434
2,546 2.551 2.572
3.327 3.279 3.202

2.625 2.631 2.617
2.773 2 .776 2 .819
2.462 2.469 2.475

162.5 162.6 164.2

1 .663 1 .651
1 .677 1 .671
1.675 1 .668
1 .664 1 .661
1.670 1 .663

1.629 1.628
1.601 1  .595
1.640 1 .650
1,655 1 .664
1.631 1 .634

2.055 2.042
2.128 2.103
2.099 2.067
2.094 2.O71

2.039 2.113
2.022 2.078
'1 .930 1 .993
1.997 2.061

2,102 2.066
2.086 2.056
2.096 2.063

2.409 2.406
2.319 2.314
2.667 2.672
2.551 2.607

3.126 3 .119
2.993 3.006
2.699 2.761
2.439 2.426
2.643 2.477
3.219 3.357

2.632 2.691
2.801 2.778
2.465 2.453

163.3 162.0

1 ,656 1 .660 '1.662

1.68s  1 .687 1 .687
1.682 1.684 1.686
1.664 1 .670 1 .671
1.672 1 .675 1.676

1.629 1.629 1.629
1.603 1 .600 1 .598
1.646 1 .644 1.644
1.658 1 .659 1 .662
1.634 1 .633 1 .633

2.051 2.049 2.050
2.116 2.104 2.105
2.497 2.094 2.097
2.088 2.083 2.084

2.064 2.073 2.059
2.055 2.058 2.051
1.974 1 .980 1 .964
2.031 2.037 2.025

2.070 2.050 2.069
2.055 2.036 2.061
2.065 2.045 2.067

2.411 2.408 2.416
2.312 2.311 2.334
2.597 2.583 2.603
2.580 2.604 2.592

3.103 3 .106 3 .081
3.071 3.071 3.041
2.818 2.851 2.952
2.355 2.352 2.411
2.479 2.418 2.405
3.449 3.542 3.652

2.682 2.656 2.641
2.740 2.683 2.705
2.443 2.432 2.462

160.4  159.1  160.6

Standard deviations are -1 in the final digit, except for A(m)-O and A(2)-O, which are <O.OO7.

lating that the situation is more complicated than this.
In non-kaersutitic amphiboles, small anounts of Ti4+,
associated with the presence of 02- at the adjacent O(3)
sites (Oberti et al. L992), can occur at the M(1) site. In
pargasite and pargasitic homblende, large amounts of
Al can occur ar the M(3) site (Oberti et al. 1995b), as
can smafler amounts of Fe3+ @occhio et al. 1978.
Hawthorne 1983). Thus the assignment of site
populations is not straightforward. Figure 3 shows the
relations between the <M-O> distances and the refined

scattering value at that site. For Mg-Fe2+ occupancy,
simple linear relations are expected; the latter are
shown as full lines in Figures 3a and 3b. For the M(1)
site, the large deviation for crystal A(9) is indicative of
a significant Tie content at M(L); this is also indicated
by the short M(l)4(3) distance [M(1)-O(3) is less
than <M(1FO>I that is characteristic of this substitu-
tion (Oberti et al. 1992). Crystals A(1), A(2) aod A(4)
fall significantly below the ideal curve for Mg-Fe2+
occupancy, but this is due to their high F-content
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M(ll
Mel
Mt3l
Mt4l
o(3)
A(m't
A(21

TAELE 6. REFINED SITE-SCATTERING VALUES (Aoful AT
SELECTTD CAI1ON AND ANION S]TES

A(1) Ael A(3) A(41 4(6) 4(61

2 29.17 30.50 26.43 30.88 27,34 30.64
2 32.A5 34.20 33.07 36.79 33.66 34.14
r 15.45 16.45 14.77 16.96 15.52 14.24
2 25.94 26.10 25.90 29,45 32.30 33.74
2 17.24 17.20 16.60 17.24 16.00 16.00
2 5.A4 5.80 3.26 6.06 2.34 2.64
2 3.9A 4.O4 6.34 4.46 A.42 8.30

crystals were derived as discussed by Oberfr et aL
(19e5b).

T\e M(2) site is normally occupied by Mg, Fe2+, Al
and Fe3+o with (usually) minor amounts of Ti+ and
Cf* also assigned to this site. Hence, all rivalent
and tetravalent C-group cations (except M(l)Tia+ and
M(3)A1) were assigned to M(2), and the balance of the
scattering was calculated as Mg and Fd+.

fAe fi@) site is occupied by-Ca Na, Mn2+, Fe2+ and
Mg. All Ca calculated from the EMP analysis was
asSgned to u1+), together with any "excess" Mn2+ and
Fe2+ from tlre C-group cations; the remainder of the site
was filled with Na. Final site-populations are grven in
Table 8.

Agreement betvveen SREF and EMP data

The agreement between the total effective scattering
by the two methods is shown in Figure 4. There is
excellent agreement between the two sets of value$,
with a mean absolute deviation of 0.81 e (-0JVo).
Agreement for the individual groups is as follows:
A = 0.2L e (2.0Vo); B = 0.33 e (1.04o); C = 0.67 e
(O.9Vo).

Cerror DrsonpBR AT ITIEA SnE:
ExpeRn/H\rrAL REsuLTs

Dffirence-Foarier maps

The electron density in theA cavity has always been
shown in Fourier or difference-Fourier maps parallel to
(010) and (100) (Papike et al. 1969, Hawthome &
Grundy 1972); such sections are shown for crystal A(3)
in Figures 5a and 5b. It is somewhat diffrcult to

A(7t A(8) A(9) A(10) A(11) A(12)

M(1't
Ml2l
M(3t
M(4t
o(3)
A{m't
Al2l

2 31.49 32.46

2 30.28 31.61

I  18 .67  18 .73

2 33.71 36.68

2 16.44 16.42

2 4 .AO 4 .16

2 6 .46  6 .14

28.86 27.52
29.20 27.89
14.47 14.97
36.83 40.82
16.00 16.00
5.00 1.58
6.88 7.18

26.12 28.&
26.26 27.26
13.48 15.65
39.90 37.57
16.24 16.00
3.82 2.92
6.2A 8.38

. N = number of sit6 in th6 structural fomula.

(table 7); correction for the F content of O(3) brings
all the crystals [except A(9)] colinear with the ideal
Mg-Fe2+ Lne, indicating that their site populations can
be assigned directly from the refined site-scattering
values (Table 6). For the M(3) site, the amphiboles fall
into frvo groups. All crystals of pargasite lie well below
the ideal Mg-Fe* substitution line, the roault of the
incorporation of N at M(3), as shown by Oberfr et al.
(1995b). The other amphiboles are approximately
colinear with the ideal relation if allowance is made
for their F content; thus their site populations were
calculated as Mg and Fe2* from the refined site-
scattering values. The M(3)Al contents of the pargasite

\ ; l

(a) ' ' ' j 
,./

, -_ -  - ' .  - -- .  /  - . .  *

u / _ ' . - :  " - \ . - _  
-  - - . - _  

- '  
-  - , t ^ .

Fro. 2. Comparison of difference-Fourier maps in the vicinity 9f th9.A^1ite !o1:.{.S
A(10), projected onto (-201): (a) calculated with high-angle data (sinen ( 1.84 A-'):
(b) calculated with standard data (sin0D, < 0.70 A-r).

(b)
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TABLE 7, FESULTS (Wt%) OF ELECTRON.MICROPROBE AMLYSTS AND CHEMICAL FORMULAE OF THE CRYSTALS USED IN THE STRUCTURE
REFINEMENT

A(7) A(81

583

A(5)A(3)A(z:tA(1) A(9) A(10) A(11) Anzl

sio, 60.40 ,19.09
Al2o3 12.35 12.27
Tior  0.13 o.12
Cr2Os O.03 0.05
Fs2O3 2,44 4.29
FsO 6,98 7.99
MnO 0.07 0.10
MSO 12.30 11.26
CaO 3.17 3.O7
Na2O 8.34 A.62
K"O 0.19 O.'t4
F 2.52 2.54
HaO (0.91) (0.88)
O=F  -1 .06  -1 .07

Total 98.77 99.26

Chemical tormulao (aptu):

si 7.178 7.049
Ar 0.82? 0.951
Sum T 8.000 8.000

Ar 1.251 1.126
Ti  0.014 0.013
Cr 0.003 0.006
Fe3* 0.262 0.464
rFs?* 0.836 0.963
Mn 0.008 0.012
Ms 2.612 2.410
Sum C 4,986 4.994

Fe, Mn 0.000 0.000
Ca 0.494 0.472
Na 1.516 1.62A
Sum B 2.000 2.000

Na 0.787 0.844
K 0.035
Sum A 0.822 0.870

F  1 .136  1 . ' r  53

oH (0.865) (0.847)

it8.87 44.96 44,09
'| 4.86 13.07 17.28
o.zs 0.15 0.38
0.02 0.06
3.57 7.58 4.70
4.23 6.77 3,47
0,01 0.15

13 .16  1  1 .10  13 .89
2.66 6.05 7.01
8.29 7.43 7.06
o.24 0.02
0.51 2.20 0.01
(1.881 (1.00) (2.121
-0.21 -0.93 -O.01

98.37 98.61 9S.99

6.908 6.592 6.238
1 .092 r.408 1.762
8.000 8.000 8.000

1.384 0.851 1.120
0.031 0.017 0.040
0.002 0.007
0.380 0.836 0.500
0.502 0.832 0.4',t1
0.001 0.019
2.773 2.426
5.073 4.988 6.000

0.073 0.000
0.401 0.793 1.062
1.626 1.207 0.938
2.000 2.000 2.000

0.746 0,905 1,000
0,044 0,004 ______:_
0.789 0.909 1.000

42.OO 44,34 41.98
18.20 16.15 15.34
0.31 0.35 0.26
- 0.03 0.o2
3.39 2,17 2.80
8.74 9.48 1 1.84
- 0.03 0.07

11 .10  11 .12  10 .60
7.79 7,18 7.77
6.42 5.60 6.00
-  0 .12  0 .19
- 0.65 0,74

(2.06) (1.80) (1.65)

._____:__ -0.23 -0.31

100.00 98.69 97.65

6.090 6.454 6.296
1.910 1.546 1.705
8.OO0 8.000 8.000

1 .200 1.225 1 .006
0.034 0.038 0.029

- 0.003 0.002
0.370 0.238 0.282
1.060 1.159 1.485

- 0.004 0.009
2.400 2.413 2,370
5.064 5.080 5.183

0.064 0.080 0.183
1.208 1.',t20 1.28
o.72A 0.800 0.569
2.000 2.000 2.000

1.078 0.780 0,885

_j_ 0.022 0,036
1.078 0.802 0.921

- 0,263 0.351
(2.000) |.1.7471 (1.649)

44,58 43.24
11.29 16.47
0.98 0.17
2.Q
0.80 0.66
4.48 6.38
0.07 0.01

17 ,57  16 .16
9 .50  11 .58
3.97 3.04
0.95 0.10
0 .15
(1.99) t2.12]-

-0.06 :_
98.67 99.97

6.447 6.187
1 .653  1 .813
8.000 8.000

0.371 0.937
0.106 0.018
0.274
0.087 0.070
0.640 0.766
0.009 0.001
3.788 3.413
5. ' r75 5.196

0,175 0.195
1.472 ',t.760

0.353 0.045
2.000 2.OOO

0.759 0.791
0.176 0.018
0.934 0.809

0.068

(1.932) (2.000)

42.99 42.50
1 6.96 17.41
0.12 0.04
0.28 0.05
0.19 0.31
3.46 5.36
0.05 0.10

' t7.81 16.07
1 1 .66 11.37
3.4',1 4,31
0.06 0.21
0.07 0.o7
(2.08) (2.06)

-0.03 -0,03

99.11 98.82

6.103 6.1 18
1.897 1.482
8.000 8.000

0.941 1.072
0.013 0.004
0.031 0.006
0.020 0.034
0.411 0.645
0.006 0.012
3.770 3.234
6.192 s.007

0.192 0.007
1.774 1.764
0.034 0.239
2.000 2.000

0.906 0.964
0.011 0.039
0,916 1.003

0.031 0.032
(1.969) (1.968)

0.224 1.020

(1,772t (0.980)
0.004

(1.996)

Valus in parsnthesss have bean calculatsd as degcribed in th6 t€xt.
' includes minor (<0.01) Ni and Zn.

int€rpret the relative distribution of electon density
from these two sections. As the A(n), A(2lm) alLd A(2)
siies obey the 2lm point-symmetry of the A cavity,
these sites are all coplanar, and lie very close to the
plane @01) through the central A(2/m) site. Thus a
Fourier or difference-Fourier map parallel to (201) best
shows the distribution of electron-density within the
A cavity; Figure 5c shows such a section for crystal
A(3).

A representative series of difference-Fourier rnaps
for the crystals of this study is shown in Figure 6; the
different types of difference-Fourier map [types
(a)-(e)l exhibited by the crystals of this study are
indicaied by the letter in the top left-hand corner of

each map in Figure 6. In type (a) lcrystals A(1), A(2)
and A(4)1, there are two maxima at the A(m) position
and a saddle point at the A(2lm) position; in addition,
there is a slight distension of the lowest contour
along the 2-fold axis. This indicates that Na occurs
predominanfly at the A(rn) site in these crystals. In
crystal A(9) [type (b)], there is a single maximum at the
AQlm) posilon, and the contours show equal density
along the 2-fold axis and in the mirror plane. This
indicates that the A(rn) and A(2) sites are equally
occupied in crystal A(9). In type-(c) crystals [A(3),
A(7) and A(8)1, there is a single maximum at the
A(2lm) posinon, but there is strong elongation along
the 2-fold axis and extensior also in the mirror plane.
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Ao
a

(9
=
v

Ao
a

E
v

2.10

2.09

2.08

2.07

TABLE 8. SITE POPTJLA'TTONS FOR THE iI' SITES

2.12

2.10

2.08

2.06

2.04
18 2A

MAN at M3

In type-(d) crystals [A(5) and A(6)], there are two
prominent maxima along the 2-fold axis, a saddle point
atA(2lm), and extension of low contours in the miror
plane. This pattern indicates major occupancy of the
A(2) position and only minor occupancy of he A(m)
position. In rype-(e) crystals tA(10), A(11) and A(12)1,
there are two prominent maxima along the 2-fo1d axis,
a saddle pointatA(%m), and no perceptible extension
of any contours in the mirror plane; this indicates
virtually complete occupancy of the A(2) site in this
type of crystal.

Site - s cattering refinemcnt

The djfference-Fourier maps of Figure 6 indicate a
wide range of behavior of the electron density wi0tin
the A cavity. This feature also was examined by
refinement of the site-scattering at the A(m) and A(2)
sites in each crystal. This is quite a sensitive procedure,
as the site separations are only marginally larger than
the intrinsic resolution of the data, and variable
correlation caused. problems. Consequently, the
difference-Fourier maps of Figure 6 were used as a
guide to the starting model and acceptance of the
results of the final refinement. Despite these precau-
tions, we are unconvinced that our final results are
unique. There were very high correlations among all
the variable parameters of the A sites. These correla-
tions could be damped by consftaining displacement
parameters at the A(m) nd A(2) sites to be the sarne,
but this resulted in residual density within the cavity.
Unconstrained anisotropic refinement of a two-site
model could adequately account for all electon density
within the A cavity1' however, the results of specific
refinements were not unique, and the displacement
values were in many cases not physically realistic.
Different starting parameters resulted in slightly

1 6  1 8
MAN at Ml

16

Frc. 3. Variation in <M-O> as a function of the mean atomic number (MAN) obtained from SREF for the amphiboles in this
study: (a) the M(1) site; O) the M(3) site. The lines denote ideal Mg i.Id. substitution according to the curves
of Hawihome (1983): O are the observed values, O are those expected if no o(3)OH = o(3)F substitution were present.

A(1) Al2t A(3) 4(61 A(5)

Mlll Ms 1.i l9 1.634 1.853
,.F8,* 0.361 0.466 0.147

Mt2t A 7.256 1.127 1.384

ri 0.014 0.0't3 0.031

Cr 0.OO3 0.@6 O.@2
Fe3* 0.263 0.466 0.380
Fe2* 0.258 0.193 0.172

MS O.2O7 0.196 0.031

Ms 0.763 0.683 0.817
Fo2a O.237 0.317 0.183
At -

Mn 0.@1
Fa" O.O72
Ca O.44 0,472 0.401
Na 1.616 1.524 1,626

1.624 1.414
0.476 0.186

0.863 1.120

0.017 0.040
0.007
0.838 0.600
0.031
0.284 0.340

0.664 0.776

0.346 o.:u

0.793 1.O42
1.207 0.938

1.570
0.430

1,20,0

0.o34

0.370

0.194
o.202

0.576
,.:o

o-064
'1.208

o.729

A(71 A(8) A(9lr 4(101 A(11) A(12)

Mlll Ms 1.493 1.366 1.636
'rFs2+ 0.507 0.634 0.268

Al 1226 1.006 0,253
Tf 0.038 0.029
Ct O.@3 0.002 0.274
Fee* 0.238 0.2A2 0.087
#1 0.126 0.230 0.051
Ms 0.370 0.451 1.335

Mg 0.641 0.519 0.714
Fo!* 0.459 0.481 0.168
Ar  0 .118

Mn 0.004 0.009 0.009
Fo2* 0.076 0.176 0.168
Ca 1.120 1.244 1.477

Na 0,8@ 0.568 0.351

1.76 1.848
0.252 0.142

0.804 0.623
0,018 0.013

- o.o31
0.070 0.020
0.'t 53 0.068
0.965 1.246

0.710 0.609
0.157 0.073
0.133 0.318

0.001 0.006
0.194 0.186
1.760 1.774
0.046 0.034

1.686
0.316

1.O72
0.004
0.006
0.034
0.083
0.801

o.747
0.263

o.o07

1.744
o.239

' I l t(1) includ€ 0.106 Ti:
" Fe2+ includ€ minor amounts ot Mn:{ and Ni (<0.01)
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FIc. 4. The total effective scattrering (in electrons per formula rmit) from the A-, B-,
C-group cations (4 b and c, respectively) and from their srrm (d) as derived from the
unit fotmulae and as measured by the site-scattering refinemenL The lines represent
exact agreement between the two measurements.
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, l a

J O

3027

88
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78
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ott

,,; (a) ' '----- '

(100)
..-(ni' ...---"'@1o)

..--66"

(c) (€A1)

Ftc. 5. Difference-Fourier maps (sections) throryhthe AQJn) site for crystal A(3), calculated with theA cations removed from
the sructure model: (a) section parallel to (100); (b) section parallel to (010); (c) section parallel to (201). The contour
interval is I e/Ar. and the broken line is the zero contour.

63 68 73 7A 83 88 107 112 117 122 127 132
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different final scattering values at the two sites.
However, it should be noted that the total scatteing
from the A cations was more or less constant for a
given structure, despite the variation at the individual
sites. Consequently, we suggest that a visual inter-
pretation of the difference-Fourier maps in Figure 6
provides a betler evaluation of the behavior of the
cations in the A cavity than site-scattering refinement.

CanoN Drsononn ar rHsA S[E:
IxrEnpnBrenoN

The chemical substitutions that have been suggested
as factors affecting the pattern of Na order in the A
cavity are (l) otl)p3o1:)OH, (2) BNa=BCa" Q)cIE*
=ctrI2+ and (4) rAl = rsi; note that substitutions (2),
(3) and (4) are not independent in the crystals
examined here, as eNa is approximately equal to 1, and

hence (2), (3) and ( ) are linked by the electroneuffality
requirement. However, it is important to recognize that
the factors influencing ANa order are short-range rather
than long-range, and the presence of SRO (Short-
Range Order) may significantly affect the long-range
data tlat we derive from crystal-structure refinement.
This situation may be illustrated schematically in
Figure 7, in which the O(3) site is occupied by two
anions, X- and IF. Tl'rc A(2/m) site (Fig. 7a) is equally
distant from the two closest O(3) sites, whereas the
A(m) site Gig. 7b) is displaced toward one of the two
O(3) sites. Suppose that (1) occupancy of O(3) by
F couples to local occupancy of A(m) by ANa, (2)
ocoupancy of O(3) by X- couples to local occupancy of
A(2) (not shown) by ANa, and (3) arrangement (1) is
energetically much more preferable than arrangement
(2). Let us sum the local a:rangement in Figure 7b over
the whole crystal: X(a(')Na - o(3)y + A(2)n - o(3)X) =

(a) A(1 )

i \

''"...J

(b)

(e) A(1O)

(c)

(d) A(5)

n t

Flc. 6. Difference-Fourier maps (sections) throughthe AQlrn) site for crystals (a): A(1) [= A(2) and A(4)], O): A(9), (c): A(3)
[= A(7) and A(8)], (d): A(5) t= A(6)1, and (e): A(10) [= A(11) and A(12)]. All maps are calculated with the A cations
removed from the structure model and are sections parallel to (201); the contour interval is 1 e/A3, and the broken line is the
zero contour.



I A(m) = Na

X = 2 a p f u Y = 2 a p f u

(a) (b)

Ftc. 7. Possible local ordering at the A site: (a) sketch of. the A(Xm) site sandwiched between two octahedral strips, with the
closest O(3) sites indicated; (b) occupancy of O(3) sites by anions X- and F, with eNa preferentially the A(m)
position where locally associated with I- rather than the A(2) position where locally associated with X-; (C) the resulting
variation in A(n) and A(2) site-populations as a function of bulk anion composition of the amphibole.

(equivalent to -0.32 Na apfu). Assuming that the K
occurs at the A(m) site, this suggests that the type-(b)
map (Fig. 6b), which is unique to crystal A(9) in this
study, is a result of the presence of significant K, and
that in the absence of K, crystal A(9) would have a map
oftype (c).

The effect of rAl *rsi and clMg,Fd+1 =
cAl,Fd+) variations

ln the next section, we show that o(3)OH = o(3)F
variation does not affect ANa ordering over A(2) and
A(m) in alkali amphiboles; thus the difference in
F-OH content in fluor-nybiiite (Fig. 6a: F = 1.14, OH
= 0.86 apfu) and fluor-arfvedsonite (Fig. 8a: F = L.62,
OH = 0.38 apfu) is not an issue in the following
argument. Fluor-nybdite (Fig. 6a) and fluor-
arfvedsonite (Frg. 8a) both have aNa ordered at A(rn).
Hence the compositional difference between fluor-
arfvedsonite and fluor-nybtiile, namd C = W\fi*
and 7= Sis versa.r g =1v$+lvlf and Z= SirAl, does zor
result in any difference in ordering of aNa in these two
amphiboles.

Synthetic fluor-edenite (Boschmann et al. L994) and
synthetic fluor-pargasite (Obeti et a\.1995c; Fig. 8c)
both have similar electron density at A(2) and A(m),
although the situation is somewhat complicated, as
both synthetic amphiboles have significant Ca that
almost certaidy occupies the A(2) site. Nevertheless,
the compositional difference between fluor-edenite
and fluor-pargasite, C = W and T = S\Al versus
C = M?AI3+ and Z = Si6Al2, does not result in any
difference in ordering of ANa (and ACa) in these two

SODIT]M AT TIIE4 SITE IN CLINOAMPHIBOLES ) d /

A(r)11ar.o A(2)nr.o rr.o &.0 = A(.)Nal 
& rr. The variation

n A(m) and A(2) sile-populations as a function of bulk
composition is shown in Figwe 7c. At X = 2 apfu, all
aNa must be associated with X at O(3), and Na
occupies tke AQ) site. As I increaseso all I couples
to aNa and causes the ANa to occur at A(m). At a
composition O(3) = ary,, all ANa is coupled to I at the
O(3) sile, and hence all ANa occurs at A(m), even
though O(3) is only half-occupied by I. This example
shows the way in which the patt€m of ANa ordering
may change in a nonlinear fashion as a function of
chemical composition, a very important point to bear in
mind in the following argumetrts.

The fficts of K

It now seems well established that K occurs at the
A(rn) site. Most of the amphiboles examined here have
small amounts of K in the A caviry, and this must
influence the forrn of the difference-Fourier maps
obtained. However, except for A(9), all crystals have
less than 0.04 K apfu, an amount that will have only a
small influence on the difference-Fourier maps. Of
most significance in this regard are crystals with maps
of type (d) tA(s) and 4(6)l and (e) [A(10), A(l l) and
A(12)l; the former crystals have no K, whereas the
latter crystals have a small amount (-0.03 K apfu), and
consequently the differences in peak shape in the
difference-Fourier maps ofeach ofthese two groups of
crystals cannot be due to the effects of variable K.

Crystal A(9) has considerably more K than the other
crystals (0.175 K apfu), and this will have a significant
effect on the scattering observed at tle A site

otth"
0

A(2)Nao(3)

tl A(2/m)

(c)

O(3) =
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' (a)

(c)

I
t . r '

arnphiboles.
Both these comparisons indicate that substitutions at

the C and 7 sites do not necessarily correlate directly
with A-site ordering of Na in amphiboles. This result
will also be apparent in the other examples to be
discussed later.

Thz ffict of BNa=.BCa ando(3)OH=
o(3)F variations

Comparison of the difference-Fourier maps for

, . ( d )  
- - . - __  

__ * - , -  
-  -  - - s \

b-
Ftc. 8. Difference-Fourier map in the vicinity of the A site for (a) fluor-arfuedsonite

[crystal A(11) of Hawthorne et al.1993]; @) artuedsonite [crystal A(13) of Hawthome
et aI.1993); (c) fluor-pargasite (Oberaet a\.1995c); (d) fluor-richterite (unpubl. data).

(b)

fluor-arfvedsonite (F = L.62, OH = 0.38 apfu) and
artuedsonite (OH = 1.81, F = 0.19 apfu) @igs.8ab)
shows that o(3)OH = o(3)F vatiation does not affect
ANa ordering at A(m) where there is Na at the M(4)
site. However, note that the displacement of the
A(m) site from the center of the cavity is significantly
larger for O(3) = F than for O(3) = OH' This may
produce smearing of the electron density at the
A(m) position in amphiboles of intermediate (OH,D
composition.

Pargasite crystals A(10), A(11) and A(12) Gies. 6e)
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have ANa ordered at A(2), whereas arfvedsonite
(Frg. 8b) has ANa ordered at A(m). lqth amphiboles
have C = Iut*trF* and O(3) = OH, and hence the
difference in A-site ordering must be due to Na yersas
Ca at M(4) or N versw Si at I(1) (or both). However,
we have shown above that Al versus Si does not
correlate strongly with aNa ordering. Hence, in
hydroxy-amphiboles, Na at M(4) causes occupancy
of A(m) and Ca at M(4) causes occupancy of A(2).
We can write this in the following fashion: M(4)Na-
o(3)OH-a(n)Na and M(4)Ca-o(3)ggJtz\u are preferred
local configurations.

From fluor-arfuedsonite, v/ith Na at A(m) and F
at O(3), we may also conclude that M(a)Na-o(3)F-:q(-)Na
is a preferred local configuration. Now compare fluor-
nybdite crystals A(l) and A(2), and nybdite crystal
A(3). In crystals A(l) and A(2), there is Na,.rCao.,
at M(4) and OH = F at O(3), and only the A(n) site
is occupied; thus in these crystals, possible schemes
of local order are M(4)Na-o(:)F-a(n)Na. M(4)Na-
o(3)OH_A(u)Na and, M(4)Ca_o(3)FJ(n)Na (the A_site
electron density in pargasite shows that
M(a)Ca-o(3)oH-A(.)Na does not occur). In crystal A(3),
there is Nar.uC%.4atM(4) and OH at O(3), and theA(2)
and A(m) sites are about equally occupied. Possible
local configurations are M(4)Na-o(3)OHJ(.)Na and
n4(4)Ca-o(3)oHr€)Na (above, we have shown that
M(a)Na_o(3)OH-a(2)Na and M(a)Ca_o(3)OH-a(.)Na do
not occur). In crystal A(3), there is enough Ca at
M(4),0.4 apfu,to be locally associated with Na atA(2)
where half the A-site Na occurs at A(n). In crystals
A(1) and A(2),tur@)gu-o(3)OH-A(2)Na cannot occur, as
only A(nt) is occupied. From this, we may conclude
that M(a)Ca-o(3)oH-A(2)Na is preferred over
M(4)Na_o(3)OH_r (n)Na.

Consider taramite, crystals A(5) (Frg. 6d) and A(6),
wrth M(4) - Nan.eCa1.1 and O(3) = (OII)2. From the last
conclusion given above, we would predict that
,u(a)gu-o(3)gg-a(2)Na should occur (being preferred to
M(a)Na-o(3)OHJ(.)Na), and in accord with this
prediction, taramite (Frg. 6d) has ANa completely
ordered at A(2). Now consider fluor-taramite, crystal
A(4) with M(4) = Na1.2Can.r and O(3) = Fr(OII)r; this
crystal has a difference-Fourier map similar to that in
Figure 6a, with Na ordered at A(m), a situation
dramatically different from that in taramite. Now crystal
A(4) has equal amounts of OH and F at O(3). The
local configuration(s) of ANa in fluor-taramite cannot
involve Ca or OH, as the A(2) site is not occupied,
and hence the configurations that occur are more
favorable than M(a)Ca_o(l)OHJ@)Na. The possible
local configurations are M(a)Yu-o(3)p-A(n)Na and
M@)Ce-.o(3)F-A(.)Na. The ANa ordering in fluor-edenite
and fluor-pargasite @g. 8c) indicates that M@)Ca-
o(3)F-:4(z)Na locally couples to M(a)Ca-o(3)FJ(2)Na and
does not occur a$ an isolated configuration. As A(2) is
not occupied in crystal A(4), the local configuration
must be I1(4)Na-o(3)F-a(.Na. Comparison of crystal

A(4) with crystals A(5) and 4,(6) thus shows that
M(a)Na_o(3)F_A(-)Na is prefened over M(4)Ca_o(3)
OH-j4(2)Na.

Consider fluor-edenite and fluor-pargasite (Fig. 8c).
T\e A(m) nd A(2) sites are equally occupied by Na in
both crystals, indicating that the local configurations
Mg)Ca_o(3)FJa(2)Na and M@)Ca-o(3)FJa(.)Na occur in
equal amounts. Boschmam et al. (1994) suggested
that these two configurations are locally coupled,
accounting for their occturence in equal amounts in
crystals with M(4) = Ca2uLd O(3) = F2. Now consider
crystal A(4), fluor-taramite withM(4) = Na1.2Can.s and
o(3) = Fr(OH)l; this crystal has all ANa ordered at
A(m) (Fie.6a). Thus in A(4), configurations involving
Ca, F and an occupied A-site must be avoided or there
would be Na at A(2) (M(4)Ca-o@Fjt(2)Na) owing to
local coupling to M(a)Ca-o(3)F:a(rNa. As this is not the
case, we can conclude that the configurations
M@)Ca_o(3)F_A(.)Na and M(qCa-o(3)F-A(2)Na are less
favorable than M(a)Na-o(3)pJ(u)yu.

It is difficult to evaluate the relative stabilitv of
M(4)Ca-o(3)F,a(z)Na * M(4)Ca-o(3)F-A(2)Na yerszs
M(4)Ca_o(3)OH-a(2)Na and M(a)Na_o(3)OH_A(u)Na.
For M(a)Ca-o(l)p-Atz)tr1u + M@)Ca-oQ)yt-AQ)Na versus
M(a)Ca-o(3)oHJ(2)Na, Nature has not been cooperative
in providing the appropriate amphibole compositions.
For M(a)Ca_o(3)F_A(.)Na + M(a)Ca_o(3)F_AQ)Na vers^^
M(a)Na_o(3)OH_A(u)Na, M(a)Na_o(3)F-a(u)Na and
M(4)Ca-o(3)OH-A(2)Na would occur instead" as the
resulting bulk composition would be similar.
However, the fact that natural amphiboles of
appropriate composition to resolve this problem
do not occur (or are extremely rare and have not
yet been found) suggests that the configuration
M@)Ca_o(3)FJA(n)Na * M(a)gu_o(3)p-a(2)Na is less
favorable than eitler M(4)Ca-o(3)OH-A(2)Na or
M(4)Na_o(3)OH-a(n)Na.

THs RaarrvE SrasnrrY
oF LocAL Cot,'ncunanrous

We are now in a position to gather together all our
conclusions in a general statement conceming the
favorability of local configurations involving A-site
ordering of Na:

M(4)Na_o(3)F-a(.)Na > M(4)Ca_o(3)OHJ(2)Na >
M(4)Na-o(3)OH-A(-)Na >>
M (4) Ce-.o(3)F rA(u)Na = M(4)Ca_o(s)F_ra(2Na

Again, it is imFortant to emphasize that these ue local
configurations, and hence they may occur prefer-
entially in amphibole structures (i.e., the amphibole
may show short-range order in this regard). Hence
variation in A-site ordering will not necessarily vary
linearly as a flrnction of composition. Indeed, the
pattern of A-site order in the sodic--calcic amphiboles
examined here (Table 2) shows this to be the case.



590 TTIE CANADIAN MINERALOGIST

Katophorite A(7) and A(8) both have an electron-
density pattern in theA cavity somewhat like Figure 6c,
except that the maximum density occurs in the mirror
plane, rather than along the two-fold axis. The relevant
sile-populations for A(8) are M(4) = 0.57 Na + L.25 Ca
+ 0.18 Fd+, and O(3) = 1.65 OH + 0.35 F; from these
values, we may calculate the relative occupancies of
the A(m) and A(2) sites using the preferred local con-
figurations listed above. The optimum configuration is
M(4\[a-o(3)F-A(')Na and the F content at o(3) allows
0.35 apfu of ANa to occur in this configuration. The
next optimal configuration is M(4)Ca-o(3)OH-A(2)Nq

and the site occupancies allow the rest of the ANa

Q.5a apfu) to occur at AQ) in this configuration.
Allowing for the small amount of KaIA(m), this gives
5.9 epfu (electrons per formula unit) at A(2) nd
4.5 epfu at A(m), in very good agreement with the
observed pattern. Katophorite A(7) behaves in a
gimilar fashiqn. If the katophorite crystals A(7) and
A(8) have an electron-density distribution like that
shown in Figure 6c, how can nybdite, which has a
significantly different chemical composition, have
essentially the same electron-density distribution in the
A cavity? The relevant site-populations for nybtiite
A(3) are M(4) = 1.53 Na + 0.40 Ca + 0.07 Fe2+, and
O(3) = 1.77 OH + 0.23 F. The optimum configuration
is M(4\Ia-o(3)FJ(,)Na and the o(3) site population
allows 0.23 apfu of the ANa (= F content) to occur in
this configuration. The next optimum configuration is
M(4)ca-o(3)oH-A(2)Na; the M(4) site population allows
0.4O apfu of the eNa (= Ca content) to occur in this
configuration. The remainder of the eNa, 0.16 apfu,
occurs as the third preferred configuration:
M(a)Na-o(3)OHJ(-)Na. Summing the local configura-
tions gives the following site-populations: A(m)=Q.fQ,
A(2) = 0.40 apfu, which agrees quite well with the
observed electron-density distribution in this crystal
(Fig. 6c).

Figure 8d shows the difference-Fourier map for
synthetic fluor-richterite (Obeni et al., unplbl. data).
The arrangement of electron density is significantly
different from that observed in any of the other
amphiboles (Figs. 6, 8). Cameron & Gibbs (1971) and
Cameron et al. (L983\ indicated that the A(1) site is
occupied in this arnphibole. Howevero we were unable
to adequately represent the electron density in this
amphibole by assigning Na to the A(1) site with
physically reasonable displacemenrparameters for Na.
We were also unable to adequately represent the
electron density by assigning Na to the A(2) and A(m)
sites with physically reasonable displacement-
pararaeters for Na. A model with Na arthe A(m), A(2)
andA(l) sites proved to be unstable during refinement.
Hence the situation for fluor-richterite is somewhat
ambiguous. What would our model predict for fluor-
richterite? The M(4) site is NaCa and hence one would
predict that half of the local configurations would be
M(4Na-o(3)F-a(t)Na and the remainder would be one

quaxter M(a)Ca-o(3)F-A(r)Na and one quarter
M(4)Ca-o@F-A(2)Na, the latter two configurations being
spatially coupled. It is this latter point that may explain
the unusual electron-density configuration around the
A site in fluor-richterite. Our model proposes that
M(4)Ca-o(3)F-r4(n)Na and M(a)Ca-o(3)F-A(2)Na con-
figurations are locally coupled. However, M(4) is a
disordered mixture of Ca and Na, and this local
coupling of M(4)Ca-o(3)F-A(n)Na and M(4)Ca-
o(3)p-A(2)1qu -ut be frustrated by the occurrence of Ca
and Na rather than Ca and Ca at adjacent M(4) sites.
Thus an unusual and very disordered cation arrange-
ment occurs in the A cavity in end-member synthetic
fluor-richterite.

Tlm Cnvsrnr-CHrMrc.qr- Bas$
ron Onornnqc BEHAvIoR

The effect of F versus OH at O(3)

It is apparent from the above analysis of
electron-density patlerns that the constitution of the
O(3) site has a significant effect on the ordering
of Na at the A site. In alkati amphiboles, ANa orders at
A(zr) whether O(3) is occupied by F or by OH.
However, the electron density at the A site in
fluor-arfuedsonite (Fig. 8a) shows two well-defined
maxima, whereas the corresponding electron-density in
arfvedsonite (Fig. 8b) shows only one central
maximum with elongation within the mirror plane.
Thus the occupancy of O(3) significantly affects the
coordinates of theA(m) site (although there will also be
a difference due to the A site containing significant K
in the arfvedsonite ofFig. 8b). The reason for this is the
potential interaction of A(tNa with H in arfvedsonite.
We inserted a H atom at the appropriate position in
fluor-arfu9d*onite, and the resulting A(m)-tl distance
was 2.35 A. which is much too short for a stable Na-H
approach that does not involve a hydride bond. Thus in
arfvedsonite, in which the O(3) site is occupied by OH,
Na at the A(m) site must avoid the H atom bonded to
O(3), with the result that the A(mYA(m) separation
in arfvedsonite @ig. 8b) is much smaller than it is in
fluor-arfvedsonite.

A similar effect occurs in calcic arnphiboles. In
fluor-edenite (Boschmann et al. 1994) and fluor-
pargasite (Oberti et al. L995c), ̂ Na is equally
partitioned betw enn the A(m) and A(2) sites, whereas in
pargasite @ig. 6e), ANa is ordered at the A(2) site.
Insertion of a H atom into-tle fluor-edenite structure
would place it only 2.39 A from the AQn) site, and
hence ANa cannot occupy this A(m) site p.e., adjacent
to an OH at the O(3) sitel. Why doesn't the aNa occupy
an A(m) site with a smaller displacement from the
cetnal A(2lm) site in pargasite? Presumably, this
question relates to the more general question of
bond-valence requirements; it will be discussed in tle
next section.
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B ond-v alenc e c owiderations

The A cation must order within the A cavity such
that all local bond-valence requirements are satisfied,
and this is the underlying reason why the pattern of
order of the A cation is dictated by the preferential
occrurence of local (short-range) arrangements rather
than being a linear function of crystal composition.
This being the case, it seems anomalouso at first sight,
that differences in talAl content do not induce
diffetences in ordering behavior [cl fluor-nybdite
(Fig. 6a) and fluor-arfvedsonite (Fig. 8a), and synthetic
fluor-edenite @oschmann et al. 1994) and synthetic
fluor-pargasite (Oberti et al. L995c)1, as the bond
valence incident at O(5), 0(6) and O(7) is sftongly
affected by the presence of Al or Si at the adjacent
I sites.

It is necessary to realize that all calcic amphiboles
with a full A-site have at least 1.0 t4lAl" and hence the
effects of talAl tmdtobeassociated with the effects of
M( )Ca. Of. course, this is not entirely the case, as
nybdite is an alkali amphibole and yet has talAl.
However, later we shall show that the alkali amphi-
boles respond differently from the calcic amphiboles to
the incorporation of [a]Al, and so the effects of talAl
tend to be parallel to the effects of Ca or Na in each
structure type.

Table 9 shows the Pauling bond-strengths and bond-
valences [calculated from the curves of Brown (1981)]
around the O(5), 0(6) and O(7) atoms in selected
amphibole structures. It is immediately apparent from
the Pauling bond-strength snms ttrat the O(5) and
0(6) anions receive an excess of incident bond-
strength from the T alLd M(4) cations and, as indicated
by the analogous bond-valences, tle sfructure adapts to
reduce the incident bond-valence at these anions. The
situation at O(7) is somewhat different. In t4lAl-bearing
amphiboles, there is a deficiency of incident bond-
strength, and the incident bond-valence sums decrease
with increasing talAl Clable 9), whereas in t4lAl-free
amphiboles, there is not a deficiency in incident
bond-sffength at OQ), but the incident bond-valence
sum is significantly less that the ideal value of
2valence units (vz). It is thus apparent from the range
of bond-strength and bond-valence sruns in Table 9
that incorporation of an alkali cation into the A cavity
must involve a significant bond-valence contribution to
the O(7) anion while avoiding an excessive contribu-
tion to the O(5) and 0(6) anions. It is also apparent
from Table 9 that the valence-sum rule of Brown
(1981) cannot hold at the O(5), 0(6) and O(7) anions.
There are twelve anions surrounding tleA cavity, and
ten can be considered as potentially bonding to an
A cation at the A(rn) or A(2) sites. The total ideal
bond-snengtl and bond-valence required by these ten
anions [4 x O(5) + 4 x 0(6) + 2x O(7)] is 4 x2 + 4 x
2+2x2=20 va. The bond-snength and bond-valence
contributions required from the A cation by these len

anions can be calculated from the bond-strength and
bond-valence sums listed in Table 10. For arfvedsonite
(Table 10), the bond-strength and bond-valence
contributions, A6, and A6y, lrro grven by 4" = 20 - 4 x
2.1,3 - 4 x 2.13 - 2 x 2.00 = -L.04 and Abv = 20 - 4
x 1.953 -4x2.L05 -2x1.928 = -0.088 y,r, respec-
tively. According to Table 9, the total bond-valence, A,
required by the anions surrounding the A site [4 x O(5)
+ 4 x 0(6) + 2 x O(7)l is approximately zero for
arfvedsonite and nybtlite, and only becomes the ideal
value of L.0 vu rn sadanagaite. Essentially, we can
think of the A cavity as becoming much more basic
from talAl-free alkali amphiboles to t4lAl-bearing
calcic amphiboles, and requiring a stronger Lewis acid
in the A cavity. Thus irr amFhiboles with low basicity
of the A cavity, the A cation will seek to minimize its
Lewis acidity by maximizing its coordination number;
in alkali amphiboles, aNa thus occupies the A(n) site
with an effective coordination number of [9]. In
amphiboles v/ith high basicity of the A cavity, the
A cation will seek to maximize its Lewis acidity by
minimizing its coordination number, that is by
occupying the A(2) site with an effective coordination
number of [6]. This argument is in accord with the
bond valence to the A cations in arfuedsonite and
pargasite (Table 10). The alkali arnphiboles arfved-
sonite and nybdite have A = 0 va [and A(m) = \a],
and the calcic amphiboles pargasite and sadanagaite
have A = 0.8-1.0 vu land A(2) = Nal: fluor-edenite
and fluor-pargasite have L = 0.25 and 0.68 va,
respectively, and Na splits between the A(n) nd A(2)
sites, in accord with their intermediate A values.

Tnn Cnemcar Corposruou on
NATTIRAL AMPHBoIl.s

Locally favorable configurations will exert an
influence on the chemical composition of amFhiboles,
as combinations of components that form favorable
local configurations will be preferentially incorporated
into the growing crystal. From the general statement of
relative preference of local configurations, we can
conclude that, in natural systems in which both OH and
F are readily available, alkali amphiboles should tend
to be F-rich [up to a composition (Ott)iFr], whereas
calcic amphiboles will be F-poor. Furthermore, the
variations in F in calcic amphiboles should tend to
show a positive (but not necessarily linear) correlation
with the Na content at M(4). These compositions tend
to occur in igneous parageneses where evolving
fractionation involves calcic + sodic amphibole
evolution, together with F enrichment in the later
stages. These very general correlations support our
major conclusion on the relatiye stability of local
configurations. Furthermore, the relative stability of
these local configurations provides a mechanism for
sea6elling the general compositional ftends involving
the A- and B-group cations and the monovalent anions.
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TABLE 9. BOND STRENGTHS (bs) AND BOND VAIENCE (bv in vu) INCIDENT AT THE O(5), 0(6) AND O(7)
ANIONS IN SH.ECTED AMPHIBOLEIi'

Pargasitg Sadanagails

be bv b5 bv

Arfusdsnhs Nyb6its Fluor-edenits

bs bv bs bv bs bv

o(6)-n1) 1.0o 0.982
o(5)-n2) 1.@ 1.894
o(5)-M4) 0.13 0.077
t 2.'t3 1.963

o(6)-n1l 1.00 0.987
o(6)-n2l 1.oo o.9s2
o(61-M4') 0.13 0.136
2 2.13 2.106

OVFn1Ite.2.OO 1.524

0.94 0.944

1.@ 0.961
gJ.!L 0.102

2.O7 1.997

0.94 0.941
1.O0 0.9't 7

0 .13  0 .168
2.O7 2.016

7.87 1.886

0.86

-o.062

o.88 0.846

1.@ 0.9rt4

0.25_ 9t9Z
2.13  1 .976

o.88 0.447
t.oo 0.901

0.26 9!s2
2.13  1 .940

1.76  1 .760

-o.54

0.816

0.88 0.843

0.95 0.903

9,:!- gJCs-

2.08 1.934

0.88 0.834

0.95 0.887

0.25 p299_
2.08 1.930

1.76  1 .769

-0.14

1.006

o.94
1.00
o,26
2.19

o.94
1.00
0.25
2.19

0.876
o.927
SJ-ZII
1.976

o.882
0.892
0.280
2.O54

-1.04

-0.088

1.A7 1 .816

-1.26

o.244

Artued$nite (lgnNaosoXNareCaooXFefrMnflrurei.'ouorsTiSld(Sir.*Alo.rJOa(OH[.arFore

Nvbolte 0QsNao.aXNarsCao.oFdorxMglnFsfsFsS'rsAtleTr8:d($derAr.elOz(oH)r.uFo.a
Fluor-edsnh€ (Naoacaod(CarsMgo.roXMg+.eAlosXSi.*Alr.dOoF,

Pargasits (lqsNao.s)(car.rNa@Mnflorl(MgsF4:6Fs3:@Alrsl(si6.r2Atr.BJoz(oHh.s7Fd@

Sadan€gaha (lGeNaod(car.74Nao.rrFefr&l(Mgr.t?Fb:oTFe3.uoTtfoLto.*l(siroatznloz(oH)z

r Nyboho: A(3), this study: artuedsonho: A(13), Hawthoms at€l. (1993); tluot-sdsnhs: Boshmann atal,
{1094)t pargadte: A(121, thls study; sdansgatto: rofin€d by Hawthoms & Grundy (1977) undor th6
psudonym ot sbsiliclc titsnian magnsian hsstingeho.

'f Total bonddrcngth snd bond-valsn@ fsqulred by4x0(6) + 4x0(6) + 2xOl7t anionato agrea
whh th6 wl@€-sm rule dactly (owngod ovsr ths anions).

CoNcl-usrons

1. The pattern of electon-density distibution in the
A cavity of Na-bearing K-free Alm amphiboles is
highly vmiable. There may be one or two or four
maxima in the electron density, atl maxima occurring
at.the AQn), A(2) or A(Xm) positions.
2. The observed electon-density pattems and their
variations as a function of site populations in the
amphibole structure can be interpreted in terms of a
series of short-range configurations involving atoms at
the M(4), O(3) andA sites.
3. The relative preference of tlese short-range

TABLE 10. BOND VALENCES (va) AROUND THE 4(a)
ANDI(2I SITES IN ARFVEDSONM AND PARGAS]TE

Arfuedsnha Pargasfte

ordering patierns is M(4)Na-o(3)pJ(n)yu > M(4)Ca-
o(3)OH_A(2)Na > M(a)Na-o(3)O[J(z)11u >> M(4)Ca-
o(3)F -A(u)Na - M(4)Ca-o(3)F-A(2)Na.

4. The conformation of these pattems of short-range
order may be rationalized on the basis of local
bond-valence requirements.
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