
Canadian Mineralogist
Vol. 18, pp. 275-2a4 $980)

ABsrRAcr

The three-amphibole assemblage eedrite--cum-
miagtonito-hornblende occurs in an amphibolite
sequence at the margin of the Tallan Lake sill,
Peterborough County, Ontario. Mutual contacts,
coarse, oriented intergrowths and mutual exsolution
suggest a stable equilibrium association. Electron-
microprobe analvses and calculation on the basis
of 23 oxygens per formula unit using a Fe8+/(Fez.
*Fet*) ratio of 0.15 gave the following composi-
tions: gedrite (IG.oo, Nao.*r) (Nao.rr" Ca6.12s Mg3.s12
Mnn.661 Fez+2.rrn Fe'*o.rrn Ti6.66a Ale.sls) (Sir.ruu
Alt.rro) O:z (OH,F)r; cummingtonite, (trL.oog Nao.orr)
(Nao.otr Ca6.16 Mga.2a7 Mno.oss Feu*r,g Fet*o.ruu
Ti6.66 Ale.651) (Si7.?r1 Alo.2€) Orz (OH,F)z; horn-
blende, (trG.op Nao.osr) (Nao.t* Car.ags Mgs.ezo Moo.oru
Fe"*r.uru Fet*g.r1 Tio.oee Alo.eo) (Si6.s7s All.s2s) O22
(OH, F)s. Cell dimensions, measured on a single-
crystal diffractometer and by precession photogra-
phy, are: for gedrite, a 18.696(5), b 17.913(4),
c 5.278Q) A; for cummingtonite, a 9.51, b 78.12,
c 532 4", P 101.90; for hornblende, a 9.832(3), b
18.037(5), c 5.302(1) A, p 105.01(2)". Single-
crystal photographs of gedrite show split reflections
indicative of unmixing into an intimate intergrowth
of gedrite and anthophyllite. Basal thin sections of
gedrite show fine lamellae of anthophyllite parallel
to (010) and (230). Three-dimensional counter-
collected single-crystal X-ray data and a full-matrix
least-sguares method were used to refine the crystal
structure and cation-ordering pattern of the calcic
amphibole phase. The final R index for 1098 ob-
served reflections is 4.8Vo. Comparison of mean
bond lencths and constituent ionic radii, the l-site
cation occupancy and R-index criteria suggest an
Fet+/(Fe2++Fe3+) ratio of -O.15 for the calcic
amphibole phase, showine it to be a tschermakitic
hornblende. This value was used to calculate the
cell contents for tle gedrite and hornblende given
above; the calculated cell contents are supported by
the fact that the Mg/(Mg*Fee+Mn) ratios in all
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three phases ar€ verv similar (-0.63). Considerable
Fe2+ occurs at the M(4) site in the tschermakitic
hornblende, indicative of a considerable cumming-
tonite component in solid solution.
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Sourraenn

Les trois amphiboles g6drite-cummingtonite-
hornblende se trouvent r6unies dans une suite am-
phibolitique en bordure du fil6n-couche du lac
Tallan. dans le comt6 de Peterborough (Ontario).
Leurs contacts mutuels. intercroissances orient6es
et exsolutions mutuelles indiquent un assemblage
en 6quilibre stable. L'analyse i la microsonde, re-
calcul6e pour 23 oxygdnes et pour un rapport Fe3+/
(Fe2+ *Fe3+) de 0.15, donne les formules sui-
vantes: g6drite, (trG.oor Nan.a.t) (Nan.63 Cax.1-
Mga.grz Mno.ou, Fe'*r.r19 Fe"*o.r"n Ti0.0s4 Al6.8rs)
(Sio.aso Alr.esa) Ozz (OH,F)g; cummingtonite, (tr$.0o,
Nao.orr) (Nao.ot" Ca6.14 Mga.saT Mn6.n56 Fe2+2.s2s
Fet*o.ruu Ti0.01r Alo.osl) (Siz.z:r Alo.g4) Ozr (OH,F)e;
hornblende, (IG.oa Nao.esz) (Nao.t"n Ca1.a22 Mg2.676
Mno.og Fe'*r.ou Fe'+o.rrr Tio.086 A10.s4o) (S1..t2
Al,..rr) Ore (OH,F)g. ks dimensions de la maille
ont 6t6 mesur6es sur diffractomdtre i cristal uni-
que et par clich6s de pr6cession: g6drite a 18.696(5),
b l7.gl34), c 5.278(2\ A; cummingtonite a 9.51,
b 18.12, c 532L, F 10I.9"; hornblende a 9.832(3),
,  1s.037(5), c 5.302(1)4, p 105.01(2)' .  En pr€ces-
sion, la g6drite montre des r6flexions d6doubl6es, in-
dication d'une d6mixtion en gedrite et anthophyllite
intimement m6lang6es; les lames minces de g6drite
taill6es suivant (001) montrent de fines lamelles
d'anthophyllite paralldles tr (010) et (230). Les
donn6es tridimensionnelles obtenues sur diffracto-
mbtre i compteur et trait6es par la m€thode des
moindres carr6s b matrice entiEre, ont servi d
faffinement de la structure et de la mise en ordre
des cations dans I'amphibole calcique. I.e r&idu
R pour les 1098 r€flexions observ6es atteint 4,8Vo.
D'aprds (1) une comparaison des longueurs moyen-
nes de liaison et des rayons ioniques appropri6s,
(2) l'occupation de la position cationique A et (3)
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les trois amphiboles. La forte proportion de Fe2+
serait d'environ 0.15 dans cette amphibole, qui se-
rait donc une hornblende tschermakitique. Ltypo-
thEse que le m6me rapport s'applique tr la g6drite
et i la hornblende est 6tay6e par les rapports tris
semblables (-0.63) Mg/(Mg*Fe"* * Mn) dans
les trois amphiboles. La forte proportion de Fe2+
en M(4) indique l'importance du p6le cumming-
tonite dans la solution solide qu'est la hornblende
tschermakitique.

(Traduit par la R6daction)

Mots-cl6s: amphiboles coexistentes, affinement de
la structure cristalline, dimensions de la maille,
mise en ordre des cations. hornblende tscherma-
kitique, filon-couche du lac Tallan, Ontario.

INTRoDucrIoN

There has recently been considerable interest
in the occurrence and composition of coexisting
amphiboles that appear to form equilibrium as-
semblages in metamorphic rocks. A large num-
ber of different coedsting amphibole pairs has
been reported, by far the most common being
various combinations of anthophyllite, gedrite,

Fra. 1. Basal section of gedrite crystal with char-
acteristic (210) cleavage (C) and patchy devel-
opment of exsolution lamellae @) of anthophyl-
lite parallel to (010) and (120).
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cummingtonite and hornbleude (Klein 1968).
Although a considerable body of data is avail-
able on coexisting pairs of these amphiboles,
three- and four-phase combinations are far less
common. Milton (1961) described an assem-
blage containing cummingtonitrgedrite-horn-
blende. and Robinson et al. (1969) reported an
assemblage including cummingtonite, anthophyl-
lite and hornblende in the sillimanite-orthoclase
zone of the Ordovician in the Windsor Dam

Quadrangle, Massachusetts. The remaining com-
binations cummingtonite-anthophyllite-gedrite'
anthophyllite-gedrite-hornblende and cumming-
tonite-anthophyllite-gedrite-hornblende have
been reported by Stout (1970,197L,1972) from
the amphibolite-facies Precambrian basement
rocks of the Telemark area, Norway. Detailed
chemical and crystallographic data are available
for all combinations except cummingtonite*ged-
rite-hornblende. Another occunence of this as-
semblage was found in amphibolite-facies rocks
in Chandos Township, Ontario, and a detailed
account is given here.

The Tallan Lake sill (Shaw 1962) is an
extensive stratiform body of amphibolite of ap-
parently igneous derivation (Shaw & Kudo
i965, criep 1975) occurring in Chandos and
Anstruther townships, Peterborough County,
Ontario. The specimen described here was col-
lected from the marginal part of the sill where
it outcrops in a roadcut on Highway 28.

PSTRocRAPHY

The three-amphibole assemblage (specimen
1317) is found at the margin of the sill where it
is in contact with a 2O-metre-thick sequence of
feather amphibolites. At the margin of these
two bodies, the following succession of assem-
blages is observed: (1217): plagioclase (Anre)-
quartz - hornblende - cummingtonite - ilme-
nite - biotite - calcite; (1317): plagioclase
(Anro-rr) - hornblende - cummingtonite - ged-
rite - ilmenite - biotitet (1417): plagioclase
(An,-re) - hornblende - gedrite - ilmenite -

biotite; (1517): plagioclase (Anrs-si) - horn-
blende - ilmenite.

A dramatic decrease in the size of the am-
phiboles is apparent towards the contact; from
> 3 mm in specimen l2l'7,the amphibole grain
size is reduced to ( 0.4 mm in 1517. This
change from a normal porphyroblastic feather
amphibolite to a dense hornfels occurs within
a 5-metre zone encompassing the contact.

In thin section (specimen l3t7), the three
amphiboles are easily distinguished on the basis
of their optical properties. Cummingtonite is
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colorless and typically shows exsolution lamellae
of a second phase parallel td (101). Gedrite is
pleochroic (X tan, Y pale grey, Z medium
grey), and is also easily recognigable by its
straight extinction. Basal sections of gedriteshow
fine exsolution lamellae. In some cases, these
are parallel to (010), as noted by Robinson et
aI. (1971), and (120), as noted by Gittos er a/.
(L976); lamellae also form rather irregular
wormy intergrowths, as illustrated in Figure l.
Hornblende is pleochroic (X tan, 7 olive green,
Z bluish green) and typically shows colorless
exsolution lamellae parallel to (I01). Inter-
crystalline contacts among all phases are sharp
and well defined. Two-phase sontacts for all
combinations of phases present in the assem-
blage are common. Although less commono
three-amphibole contacts and three-amphibole
grains do occur, suggesting on the basis of tex-
ture alone that the phases do constitute an
equilibrium assemblage. Exsolution lamellae are
far more numerous in hornblende than in cum-
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TABLE I. ELECTROII-I.IICROPROBE AI{AI.YSES OF COEXI5TIIIO AI'IPHIBOLES
CUIII.IIIIGTONITE-EEORIIE-HORI{8LEIIDE AND AI{ALYSTS OF

IHoLE RoCK l3l7

Cumdngtonite Gedrlte Hornblende I317 Av. Spll ltel

47.90
l .6s

1  5 . 1 8
3.94
8,80
9.20
0.20
6 . @
4.52
0 . @
1.60
0.29

v9.ou

'vallance (1960)

mingtonite, suggesting that the cummingtonite
limb of the solvus is far steeper than the horn-
blende limb.

EXPERIMENTAL

Mineral analyses were carried out on an

49.65

I6 .00
3.85
6.08
5 . 1 0
0 . 1 5
6,62
4,29
1 . 2 8
3.49
o.26

F:34

st0-
Tt06

ei;6-

reu

ffi3
Ca0

[il

Sl02 53.88
Af  r0^  1 .77
Ttbr '  o . l4
Fe0- 20.74
llno 0.46
[1sO 19.81
cao 0.80
KN 0.01
Na-"o 0.09' E7:12

43.46 43.89
14.18  14 .42
0.58  0 .79

20.35 14.87
0.49  0 .29

]5 .17  12 .37
0.78  9 .14
0.05  0 . I2
2 .02  2 .10w.w

TABLE 2. UNIT-CELL DATA FOR THREE COEXISTING ru4PHIBOLES

Hornblende
ffi Min. Max. Int. Best l' l in. lilax. Int.

Gedrite Cuminqtonite

Fe0
Fer0,

si
Al , r
t ' l

14.87 l . ' f0 7.99 12.64
0.00  15 .31  7 .65  2 .48

6.410 6 .184 6 .295 6 ,37?
1.s90 1 .816 1 .705 1 .628
B.o-00 8.0-00 8;000 6T00

20.35  6 .25  13 .3 ' t  17 .30
0.00  15 .66  7 .83  3 .39

6.418 6.184 6.299 6".366
1 . 5 8 2  1 . 8 1 6  1 . 7 0 1  1 . 6 3 4
8.000 8.000 8.000 8.000

19.68  19 .03  19 .36
l . l 7  1 . 9 0  1 . 5 4

7.757 7 .744 7.751
0.243 0.256 0,249
El000 8300 8.0-00

0.058 0.044 0.051
0 . 0 1 5  0 . 0 1 5  0 . 0 1 5
4.2s1 4.243 4.247
0.056 0.056 0.056
2.370 2.28 2.329'0 .127 0 .205 0 .166

0 . 1 2 3  0 . 1 2 3  0 . I 2 3
-  0 .025 0 .013

7;000 7.0-00' 7:000
0.025 -  0 .013
0.002 0.002 0.002
W. mo-q !:CI5

zmo 7:000' zT00 zmo
0.567 - 0.278 0.441
0.009 0.009 0.009 0.009
d:fr7 0:m9 0:m- 0350

AI
Ti
l',|9
Mn^.
reil
tTut

- v I  -
4 - 3

Ca
nl ttot

Na
* r A

?r
Fe" '

F"z-*f"37

ilo 
u-

l,lg+Fe- +Mn

atR)
! '61
:)6{
ilR3 I
Sp. Group

0,892 0.579 0.733
0.087 0.084 0.085
?.692 2,597 2,644
0.036 0.035 0.035
1 . 8 1 6  0 . 1 2 9  0 . 9 5 8

- 1.623 0.826
@ gnar 5:28-l
0.523 0.046 0.281
1.430 1 .380 1 .405

0.840
0.086
2.676
0.036
l . J s t

0,?71w"
0,444
1 .422

0.887 0.563
0.064 0.062
3.339 3,217
0.061 0 .059
2.513 0 ,7  44

-  1 ,677

0 . 1 2 3  0 . 1 1 9
0 . 0 1 1  0 . 5 5 7

0.00  0 .69  0 .35

0.56  0 .80  0 .66

0.722 0 .815
0.063 0.064
3.277 3.312
0.060 0.061
1 . 6 1 3  2 . 1 1 9
0.8s4 0.374

0 . I 2 l  0 . 1 2 2
0.289 0 .133

u . I t

0 . 6 1

0.00 0.04

0.64  0 .64  0 .64

9.51
I B .  l 2

1 0 1 . 9
897
C2ln

0 .046 0 .574 0 .315 0 .134
Z:oo-o- Z:oo-0 2;400- 2000
0.548 - 0.269 0.457
0,022 0.022 0.022 0.022
o:rto E.-w o:8T T:Fn

0 .00  0 .93  0 .46  0 .15

0.59  0 .94  0 .73  0 .63

e.832 ( 3 )
r8 .037 (5 )
5 .302( r  )

I  05 .0r  (2 )
908.2
C2/n

r8 .696 (5 )
r  7 .  e r3  (4 )
5.278(2)

on

1767 .6
Pnna

lca lculated uslng the nethod of  Papike et  a l .  (1974);  2calculated using the F"3*/Fe2*+Fe3* rat io der ived
from the crystal structure refinenent.
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ARL-EMK electron microprobe; an accelerat-
ing potential of 15 kV was used with a sample
current of 0.04 pA, following the method out-
lined by Rucklidge er aL (1970). Synthetic
standards were used for all elements except Ti
and Na, for which aenigmatite and sodic am-
phibole R2088 (Rucklidge et al. l97l) were
used. Data reduction was performed with the
program EMPADR (Rucklidge & Gasparrini
1969). The resultant analyses are given in Table
I together with the whole-rock analysis. Cell
contents were calculated on a basis of 23 oxy-
gens, following the method of Papike er a/.
(1974), to provide an initial estimate of
Fe'+/psz+ in each amphibole; the results
are given in Table 2o where they can
be compared with the final values calculated
using the Fe'*/(Fgu+ * Fe'*) ratio of 0.15
derived from the crystal-structure refine-
ment. Robinson et al. (1971) have shown
that the amount of tetrahedrally coordinated Al
is strongly correlated with the monovalent ca-
tion l-site occupancy in amphiboles of the
anthophyllite-gedrite series and the actinolite-
"hornblende" series. The "fnt" (intermediate)
cell-content values for gedrite and hornblende
shown in Table 2 deviate significantly from
these relationships in that they have insufficient
l-site Na for their calculated AIP content. Con-
versely, the o'Best" cell-conteqt values agree
very well with the trends shown in Robinson
et al. (1971), giving further support for the
structure-ref inement results.

Cell dimensions of hornblende and gedrite
were determined from 15 reflections aligned
automatically on a 4-circle diffractometer us-
ing Mo Ka radiation. Cell dimensions of cum-
mingtonite were derived from precession photo-
graphs of multiple grains, using the refined
hornblende cell parameters as internal stand-
ards. Cell dimensions are given in Table 2.
The epitactic relationships are surprisingly
coincident in multiple grains. X-ray-precession
photographs of three-amphibole grains show
virtually identical structural alignment in each
phase, the fainter reciprocal lattice nets being
due to the exsolved phases. Careful examination
of high-angle 0/<0 reflections of gedrite revealed
a splitting of the reflections that is character-
istis of unmixing into a microscopic or sub-
microscopic intergrowth of anthophyllite and
gedrite (Robinson et a\.7969, Robinson & Jaffe
1969, Rciss et al. 1969, Christie & Olsen 1974),
No splitting was discernible along ft00 or 00/,
and consequently the anthophyllite (the minor
phase) has a and c dimensions identical with
those of gedrite (Table 2) bnt a b dimension of

MINERALOGIST

18.05 A, approximately l/e longer than irr
gedrite.

Single-crystal-precession photographs of the
calcic amphibole displayed diffraction symmetry
2/ mC-/-, consistent with the space group
C2/ m, which was adopted and found to be
adequate during the subsequent structure-re-
finement. Numerous crystals were examined, and
all showed the presence of a second exsolved
phase. The crystal chosen for the collestion of
single-crystal intensity data was a cleavage frag-
ment with dimensions 0.04 x 0.06 x 0.ll mm.
Comparison of the relative intensities of the
two diffraction patterns apparent in the ftOl
photograph indicated that the amount of the
exsolved phase was - 2Vo. This crystal was
mounted on a Syntex PT automatic four-circle
diffractometer; intensity data were collected ac-
cording to the experimental procedure of Haw-
thorne & Ferguson (1975), Two standard re-
flections were monitored every 50 reflections;
no signifigant change in their intensities was
observed during data collection. A total of 1557
reflections were measured over one asymmetric
unit out to 20 = 65o. The data were corrected
for absorption (for polyhedral crystal-shape),
Lorentz, polarization and background effects. A
reflection was considered as observed if its in-
tensity exceeded that of three standard devia-
tions based on counting statistics. Application of
this criterion resulted in 1098 observed reflec-
tions.

Srnuctune RerNrtvteNt

Scattering curves for neutral atoms were
taken from Cromer & Mann (1968) together
with anomalous dispersion coefficients from
Cromer & Liberman (1970). The final coor-
dinates and equivalent isotropic temperature
factors of ferrotschermakite (Ifawthorne &
Grundy 1973a) were used as initial input to
the least-squares program RFINE (Finger
1969a). The five distinct scattering species at
the octahedral sites were initially represented
by the two species Mg* (:MgaAl) and Fe*
(-Fe+Mn+Ti), which were assu,med to be
completely disordered over the M(I), M(2),
M(3) and part of the M(4) sites. The amount
of Fea in the formula unit was used as a linear
constraint in the refinement procedure (Finger
1969b). The site chemistry initially assigned
in the refinement represented the unit formula
calculated assuming the intermediate Fe8+/Fe'+
ratio (Table 2). Several cycles of full-matrix
refinement, gradually increasing the number of
variables, resulted in convergence at an R fac-



tor of 7.A% for an isotropic-thermal model.
Several features of the refinement were not
considered satisfactory at this stage: (1) The
Fe8+ content of the cell gfeatly exceeded the
Fe{ content of the MQ) site (0.826 versus
0.426 atoms per formula unit), whereas the
<M(LW ) and <MQrc > bond lengths
did not indicate any significant occupancy of
these sites by Fe'+. (2) The l-site temperature
factor of 3.3 A' is sienificantly less than that
generally encountered in amphiboles (Haw-
thorne & Grundy 1972, 1973a, b, 1978, Papike
et al. 1969), suggesting that the ,4-site occupan-
cy assigned was too small.

Both the total Fes+ sontent and the l-site
Na content derived from the cell-content cal-
culation are a function of the Fe8+/Fe!+ ratio,
which suggested that the Fee+/Fes+ ratio was
not correct. In an attempt to estimate a real-
istic Fe3+/Feo+ ratio, the refinement was
repeated for a variety of FegOs/ (FeO*
FezOs) values; pertinent parameters from
these refinements are preserited in Table
3. Inspection of Table 3 suggests that the inter-
mediate formula of Table 2 overestimated the
amount of Fe8+ in the unit formula. The R and
R. factors are lowest for FezO"/(FeO+FerOa)
- 0, but the z{-site temperature factor of 7.0(6)
A' is slightb larger than that usually encoun-
tered in amphiboles (5.5-6.0 Au). An Feu*/
Fez++Fe3+ value of 0.15 was used to proceed
further; refinement for an isotropic thermal
model with the l-site cations occupying the
A(2/ m) position converged to R and R- fac-
tors of 6.7 and 6.6/o, respectively. At this
stage, difference-Fourier sections through the I
site were calculated with the l-site cations re-
moved from the refinement (Fig. 2). In the
(100) section, the maximum density occurs in
the 49 position ft(2) site: Hawthorne & Grundy
19781, whereas in the (010) section the electron
density is strongly elongate approximately in
the (102) direction. A section through the I
site in the direction of elongation shows that
the maximum density is actually confined to the
49 position and is not in the 8j position, a fact
that is not apparent from the (100) section.
Figure 2 thus indicates that the ,4-site cations
are strongly ordered in the A(2) site with
slight occupancy of the A(m) site; alternatively,
if the cations occupy the A(l) site (8i posi-
tion) the displacement from the A(2) sile (4e
position) must be very small. Using starting
positional parameters taken from the refinement
of potassian ferritaramite (Hawthorne & Grundy
1978), full-matrix least-squares refinement of
all variables resulted in convergence at R and
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TABLE 3. SELECTED PARN{ETERS FROH ISOIROPIC REFINE.

MENIS OF AIIPHIBOLE !,IITH TIIE CELL COI{TEITS

CALCULATED FoR THE Fe2o3l(Fe0rFer03)

RATIOS GIVEN

0 .00  0 . I 0  0 .20  0 .30  0 .40  0 .50

Al Iv 0.398 0.404 0.410 0.416 0,423 0.429

NaA 0.583 0.522 0.451 0.402 0.340 0.283

BA82  7 .0 (6 )  6 .2 (6 )  5 . s (6 )  4 .7 (6 )  4 .0 (o )  3 .2 (6 )
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reil(4)

t,tsH(c1

ntt',t(Z)
rrt4(2)
re*M(2)

i::l:l, ,
""H( z)

R(%)

Rw(%)

0.162 0.162
-0.005 -0.031

0.377 0.361

o.Mz 0,042

0 .213  0 .2 ' 13

0.368 0.384

0 .715  0 .89 I

0.630 0.633

6.888 6.975

6.858 5.966

0. t55 0.1 54 0.  I  63 0.  I  63

0.097 0.071 0.045 0.020

0.446 0.429 0.411 0.39s

0.0/ t4 0.043 0.043 0.M3

0.211 0.212 0.212 0.212

0.299 0.316 0.334 0.350

0.000 0.  lBl  0.360 0.539

0.646 0.637 0.628 0.627

6.659 6.696 6.745 6.808

6.605 6.642 6.696 5.76s

(r-o; = 1.uutg
<ir(?)-o> = 2.o3oR

(n(t)-o; .  2. ie3

<M(3)-0> = 2.085R

.ll:lf.f:ltl:.ntlrl'F$.ii:'*ns 
arr Fe3+ rs in l1(2)

R- indices of 6.3 and 6.3/6, respectively. Al-
though this reduction is significant at the 0.005
level (Hamilton 1965), one unsatisfactory as-
pect of the refinement was that both the A(2)-
and z4 (rz)-site temperature-factors became neg-
ative. This indicated that the total l-site cation-
occupancy was still not correctl by inference,
neither was the Fe3+/Fe"+ ratio. As a tempo-
rary measure, the AQ)- and A(m)-site tem-
perature-factors were set equal to 1.3 A' and
kept constant while the site occupancies of both
sites were varied, together with all other vari-
ables, until convergence occurred at R and R.
indices of 6.1 and 6.I/o,respectively. The Fe"+/
Fe'* ratio corresponding to the current total
l-site chemistry was calculated, the formula unit
of the amphibole was recalculated, and the rel-
evant minor changes in site occupancies were
made. Temperature factors were converted to
an anisotropic form as given in Table 4, and
full-matrix least-squares refinement of all vari-
ables resulted in convergence at R and R. in-
dices of 4.9 and 5.1/o, respectively. At this
stage, the isotropic temperature factors o.f the
A(2) ard r4(m) sites were fixed at a series of
values between 1.0 and 3.0 A', and all other
variables were refined to convergence. The be-
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Ftc. 2. Difference-Fourier sections through the I
position in hornblende, calculated with the z{-site
cations removed from the refinbment.

havior of the R index with the rnagnitude
of the ,4-site temperature-factors is shown
in Figure 3, which shows a minimum at
2.1 A'. This corresponds to a total l-site oc-
cupancy of 0.73 Na* (- Na * 1.8K); this
occupancy is larger than the,maximum (0.58Na*)
allowed by the chemical analysis, suggesting that
the ohemical analysis has slightly underestimated
the amount of NarO. Final atomic parameters

TABLE 4. MISCELLANEOUS INFORI.IATION

4 . A 4

t . 5  2 . O  2 . 5

A - e i t o  t o m  p c r o t u r c  t o c t o r  ( i 2 )  *

from the refinement with BA(@) = Bn(s) = 2,7
An. are given in Tables 5 and 6. Selected inter-
atomic distances and angles and the magnitudes
and orientations of the principal axes of the
thermal ellipsoids were calculated with the pro-
gram ERRORS (L.W. Finger pers. comm.) and
are given in Tables 7-10. Observed and cal-
culated structure factors may be obtained from
the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa,
Ontario K1A 0S2.

DrscussroN

The site populations obtained from the refine-
ment are given in Table 11. As these site popula-
tions are given only in t'erms of scattering
species that differ significantly, it is necessary
to turn to more indirect methods for further
information in this regard. Hawthorne & Grundy
(1977) and Hawthorne (1978) have derived
curves relating mean bond-length to cation con-
tent or variations in mean cationic radius for
the coordination polyhedra of the C2/ m am-
phibole structure. Use of the relevant relation-

x
\
\
I

\

Itozl

I

Space oroup

z
Rad/ltlon

No. of lFol
No. lFol > 3a-
Final R(obs)
Final \(obs)

czln R = r( lFol 
- 

lFcl )/ r lFol
2

tu/c
I 557
r 098

4.8%
5 . 1 %

nn = (r w( lF"l 
- lF.l 12p,rf,)\

Temp. factor foY]n used:

*o [ ,!., ,!' n,\ r,!
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TABLE 5. ATOMIC POSITIONS AND EQUIVALENT ISOTROPIC
TEMPEUTURE FACTORS
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Atoms

T(r )-o(r )
T(r )-o(s)
T(r  ) -o(6)
r ( r  ) -o(7)

Dlstance

0(1)  0. r05 ' t (4)
0(2)  0.1203(4)
0(3)  o. roe4(6)
0(4) 0.36e6(4)
0(5)  0.3506(4)
0(6) 0.3436(4)
0(7)  0.33e4(6)
T(r  )  0 .28r2( ' r )
r ( 2 )  0 .2e21 (1 )
l4(r ) o
M(2)  0
l'1(3) o
M(4)  o
A(2 )  o
A(m) 0.037(5)

o.o8es(2)
o.1743(2)

0
0.24e8(2)
0.r403(2)
0 .1 r68 (2 )

0
0.08559(7 )
0.17282(7)
0.0892(1 )
0 .1773 ( ' r )

n

0.2783( 1 )
0.s238(13)

4

0.2134(7)  o .e ' r (5 )
0.735r (7) 0.74(5)
0 .7132( r ' r )  r .03(8)
0.7879(8)  1.01 (5)
0 .1  r07 ( i )  0 .e5 (5 )
0 .6066 (8 )  r .  r 3 (6 )
0.2750(12) 1.20(8)
0.3008(3)  0.53(2)
0.8r25(3)  0.54(2)

,. 0.67(4)
0 0.54(4)
0  0 .56 (5 )
%  ] . l s ( 3 )
0  2 . 1 *

0.088(9)  2.1*

r  .632(4)' r .605(4)
r .644(4)
1.660(4)
],-039_
2.088(4) x4
2.077(6) x2
2-.0u__
2.388(4) x2
2.290(4) x2
2.646(4) x2
2.592(4) x2
2.479

Site r .664(4)
1 .677 (4)
1 .67s(4)
r  .664(3)

L,029_

2.054(4)
2.132(4)
2 .096(4)

2_.0s1_
2.065(4)
2.057 (4' '' |  .  e73(4)
2.032

3.058(3)
3 .08r  (4 )
2 . 4 1 I  ( 3 )
3 .758(3)
3 .  075

Bequi v 
(n2 ) -0 (2)

-0(4)
-0(5)
-0(6)

M(4) -o(2)
x2 i l (a)-0(4)
x2  M(a) -0(5)
x2  M(a) -0(6)

I'lean

l ' |(r )-M(1 )
M(r  ) -M(2)
M(r  ) - r4(3)
M(r  ) -M(4)
M(2 ) -M(3 )
M(2 )41 (4 )

Mean

Mean

M(2)-o(r  )
M(2)-o(2)
I 't(2)-0(4)
Mean

lilean 12

x2
xz
x2

A(2) -o (s )
A(2)  -o (  5  )
A(2) -o (6)
A(2  )  -o (6  )
A(2  )  -o (7  )
A(2) -o (7  )
Itlean l2
l'lean 8

xz
x2
xz
xZ
xz
xz

x4
x4
xz
x2

2 . 7 r 5 ( r 6 )
3 .421 (18)
2 .806( r3)
3.388( 1 5)
2.448(7)
3 .783(8)
3 .094
2.839

xz
x2
xZ
xz

A(m)-o(s )  3 .05(2)
A(m)-0(5)  3 .15(2)
A(n) -0 (0)  2 .72(3)
A(m)-0(6)  3 .48(4)
A(n) -0 (7)  2 .40(4)
A(m)-0(7)  2 .53(4)
A(n) -0 (7)  3 .27(51
A(n) -0 (7)  4 .25(5)
Mean 12 3 .10
Mean 8 2.85fixed

TABLE 6. ANISOTROPIC TB4PEMTURE-FACTOR COEFFICIENTSI

"12
R A-'13 -21,

o( r )  18(3)
0(2)  r4 (3)
o(3)  31  (5 )
o(4) 35(4)
0(s )  r8 (3)
o(6)  23(3)
o(7)  33(6)
r ( r )  r 3 ( r )
T(2) r4('r )
r'1(r ) re(2)
r'1(2 ) r4(2)
M(3) re(2)
M(4) 24(1)

0 .43(2)
0 .52( r  o )

<M(1,)4> otx. : 2.0% A calc. = 2.088 A

<M(2)4> obs. = 2.030 A calc. = 2'Ol9 A

<M(3)4> obs. : 2.085 A calc. = 2.089 A

The agreement for tle M(l) and M(3) octa'
hedra is good, but the difference for the M(2)
octahedron is probably significant. Table 3
shows that the mean ionic radius of the cations
occupying the MQ) sites increases as the f.etric/
ferrous iron ratio decreases. Hence the observed
<M(Z)4> suggests a lower Fee+/Fe'++Fe"*
than the value of 0.15 that was used. This is
also in accord with the .,4-site cation population
refined in the last cycle. However, the (T-O7
distance is compatible with an Alry value (1.72
atoms per formula unit) that suggests a higher
Fes+/Fe2++Fe3+ than the value of 0.15 used
here. Thus the final composition of the arn-
phibole qhosen may be seen as a compromise
between the various factors affected by a vary-
ing Fe3+/Fea+.upe3+ ratio. The fact that the
agreements between these factors do not con-
verge on the same Fe"+/Fe!+4Fee+ value may

s)
6 )

7 l

Baa9zzBtt
' r 1 (1 )  55 ( ' 12 )  - r ( r )
5( l  )  e0( '12)  o(r  )
6 ( r )  r ' r 7 (20 )  0
5(1)  i l3(  r4)  -3(2)

1o(r  )  83(r2)  o(r  )
1 r  ( r  )  e7 ( r3 )  3 (2 )
5(l ) 15e(22) 0
4 (1 )  53 (5 )  - r ( r )
4 ( r )  5 r (4 )  o ( l )
7( l  )  45(6)  0
4(r  )  50(6)  o
3(r  )  4e(8)  0

r3(r  )  e2(5)  0

-2(5)  0(3)
2(5)  3(2)

r7 (8 )  0
r8 (s )  2 (3 )
r  ( 5 )  r r  ( 3 )
6 (5 )  - i l ( 3 )

7(e )  o
o(2) r (r )
4(2)  4 (1  )
7 ( 2 '  0
3(2)  0
4(3)  0

25(2) o

tlll.]lf;)otul 3.r4(z)tlll;ili)orur 3.05s(2)tlll;]lt,}r*,. 3.088(3)A-A(2
A-A(m

*  
8 . .  =  8 . .  x  l o 4
I J  l J

ships for the tetrahedra give the site populations
indicated in Table 11; the total Alry indicated
by these equations agrees reasonably well with
that indicated by the chemical analysis (1.69
versus 1.63 atoms per formula unit, respectively).
The site preference of aluminum in ?(l)
7(2) exhibited by this amphibole is the same
as in all amphiboles so far examined. For the
octahedra, the following comparison of observed
and calculated mean bond-lengths is obtained,
assuming that all available [6]-coordinated tri-
valent cations are ordered at the M(2) site:

FROM THE TALLAN LAKE SILL

TABLE 7. SELECTED INTEMTOI4IC DISTANCES (8)

A'toms Di stance

r(2)
r(2)
1 ( 2 )
T (  2 )
Mean

M(3)
f i(3)
l4ean

!4( r  ) -o(r  )
M(r  ) -o(2)
14(r  ) -o(3)

-0 (1  )
-0 (3)

3.217 (3
3.oer (r
3 . r 0 r ( l
3.4r  I  (3
3 . 1 9 8 ( 2
3.217 (1
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TABLE 8. POLYHEDRAL EDGE LENGTHS (8) TABLE 9. SELECTED INIERATOI'IIC ANGLES (O)

o(2)  -o(4)
o(2)  -o(5)
o(2 )  -o(6 )
o(4)  -o(5)
o(4)-o(6)
o(5)-o(6 )

liiiiiiiri
o(  1 " ) -o(3")
Mean

31;il1[!l
3[ ]; l:i [ 3;
o(2 ) -o (2 )
o(2)  -0(3 )
o(3)-o(3)
Mean

T(l ) Tetrahedron
0( r  ) -o (5)  2 .756(s )
o( r  ) -o (6)  z . tsz (s )
o( r  ) -o (7 )  2 .754 (6 )
o (5 ) -0 (6 )  2 .682 (6 )
o (5 ) -o (7 )  2 .688 (4 )
o(6 ) -o (7 )  z . t s t ( s j

)  2 . 7 7 2 ( s )
)  3 . r 3 3 ( 6 )
)  2 . 7 6 e ( 5 )
)  3 .0e6(6)

2 . e s e ( 7 )
3 . r 4 7 ( 3 )
2 . 6 8 7 ( 1 1  )
2.957

T(2) Tetrahedron T(l) Tetrahedron
o( r ) -T( r ) -o (5)  r r r .2 (2)
o( r  ) -T( r  ) -0 (6)  n0 .4(2)
o(r )-T(1 )-o(7) 

' t11.7(?J
o ( 5 ) - T ( r ) - o ( 6 )  1 0 6 . 3 ( 2 )
o(5) -T( ' r  ) -o (7)  t07 .  t  (z )
0 ( 6 ) - r ( l ) - o ( 7 )  1 1 0 . 1 ( 2 )
I'ilean I 09. 5

T(2) Tetrahedron
o(2) -T(2) -0 (4)  116.6(2)
0(2) -T(2) -0 (s )  10s .2(21
o(2) -T(2) -o (6)  t08 .5(2)
0(4) -T(2) -0 (5)  loe .3(2)
0(4) - r (2 ) -0 (6)  104.0(2)
o(5) -T(2) -o (6)  10e.0(2)
lban ]()9.1_

M(3) 0ctahedron
o(rl)-r'r(s)-o(rl ) 7s.B(2)
0 ( r : ) - M ( 3 ) - o ( t ; )  1 0 1 . 2 ( 2 )
o ( l ; ) -M (3 ) -0 (3 ; )  83 .3 ( l )
0 ( r ' ) -M (3 ) -0 (3 ' )  e6 .7 (  l  )
Mean

M(4) Polyhedron

0(21-M(4)-0(2)r  76.5(2)
o (2 : ) -M(4 ) -o (4 : )  76 .40 )
0 (2 ; ) -M(4 ) -o (4 : )  83 .5 ( l )
o ( z ; ) - r { ( 4 ) -o (5 ; )  85 .e ( l )
o (4 : ) -M(4 ) -0 (5 : )  84 .0 ( l )
0 (4 : ) -M(4 ) -0 (6 : )  63 .2 ( l )
0 (5 ; ) -M(4 ) -0 (6 ; )  70 . s ( l )
o ( s ' ) -M (4 ) -0 (6 ' )  61 .6 ( t )
0 (6 ) -M(4 ) -0 (6 )  86 .2 (2 \
Mean _Z!.9_

Tetrahedral Chain
r ( l ) - o ( 5 ) - T ( 2 )  1 3 3 . 8 ( 2 )
T ( r ) - o (6 ) -T ( z )  138 .0 ( z )
T ( l  ) - o (7 ) -T ( l  )  136 .1  ( 4 )
o ( s ) -0 (6 ) -o (5 )  t 61 .6 (2 )
o ( s ) -o (7 ) -o (6 )  l s s .6 (2 )

2.754(5)
2 .671 (5 )
2 . 6 7 2 ( s )
2 .65r  (5 )
2 . 5 7 3 ( 5 )
2.68e(6)

?_.668-Mean 2.727 Mean

M(l ) 0ctahedron M(3) 0ctahedron

2.6s'.t(7)
3 .227 (B)
2 . 7 6 s ( 5 )
3 .  n 2 ( 6 )
2.240 _

![iiilfiirr
3[]h:6t]r,
o(2") -o(4")
o(4)-o(4)
Mean

M(2) 0ctahedron
o(  2 ) -o (2) , ,
o (2 : ) -o (4 : )
o (2 : ) -o (4 : )

fiiti:lf;ii
3[;; ]:3[3;]
o(6)  -o(6 )
Mean

3 .  r  47 (3 )
3 .  n 7 ( 5 )
2 .8e5 (5 )
3.436 (  5 )
3 . 3  r  5 ( 5 )
2 .573 (5 )
2.682(6)
3 .022 (5 )
3 .542 (6 )

3.048

2.651(7 )
2 .772(s )
2 .ee6(6)
2. eoe (5 )
2 . 8 e 5 ( 5 )
2 .855(5)
2. e41 (8)

Z-.87)-

M(4) Po'lyhedron

Mean _99.!__

I'l(2) 0ctahedron
0( l ) -M(2) -0 ( r ) ,  7e .8(2)
o(1 ; ) -M(2) -o (2 : )  84 .50)
0( r ' ) -M(2) -0 (2 ' )  e3 .2(2)
0( r ) -M(2) -0 (4) r  s2 .2( t )
0 (2 ; ) - r4 (2) -0 (4 : )  e t .8 (2)
0(2")-r4(2)-0(4') e0.?(2)
0(4) -M(2) -o (4)  e6 .4(2 \
I'lean _-9!..!__

.A Polyhedron
0(7) -o (7) -o (7)  62 .8(3)

a* 0.302

* A= [soo-0121-0121-ool /goo.

perhaps be related to the effects of the exsolved used in the cell-content recalculation. However,
cummingtonite phase in the diffraction exper- in the range of Fei+,/Fez++Fes+ ratios tlat
lment. seem reasonable (- 9.15;, the M(4) (FqMg)

The apparent chemistry- of_{p amphibole occupancy is considerabii (O.zZ)','*itn 
-p";*

varies consideratly with the Fe3+,/Fe!++Fe3+ strongly ordered at M(4) reiative io Mg. This
ratio used for the cell-content recalculation, as is in line with the results of Goldman d Rog-
:1n. -9: seen by comparinb,Alrv, Alvr, (Fe, man (1977), who showed several calcic amphi-
Vtg)'l1t and Naa in each of the three cell con- boles to have significant Fe2+ occupancy of the
tents listed in Table 2. The name of the am- M(4) site, It is also in accord witf, the-site oc-
phibole is also affected; the three cell contents cupancies expected for an amphibole that is in
-of Table _ 2 are, respectively, ferroan pargasitic part a sotd solution betweei cummingtonite
hornblende (Min), tschermakitic hornblende and a calcic amphibole. In the monoclinic Fe-
(Int) and ferritschermakite (Max). At the Mg-Ir[n amphibiles, Fe2+ is very strongly or-
Fe'*/Ire2++Fe3+ ratio of 0.15, it is a tscher- deied in u(q it significant Mnis not piesent
makitic hornblende, but if the slightly higher (Ghose tl6t, ningir 7969c, Bancroft et al.
l-site occupancy indicated by the uncon- 1967, Hafner'& Ghose l97L)'. Thus, if an am-
strained refinement is taken into account, the phibole consists of cummingtonite and a calcic
amphibole is a ferroan pargasitic hornblende, iomponent in solid solution, the (Fe,Mg) con-
albeit with a_ slightly unbalanced unit formula. tent of M(4) is expected to be predoniinantly
_ of particular interest with regard to this am- Fes+, as is the case in this study.-

phibole is the (Fe,Mg) content of the M(4) Figure 2 shows that the l-iite cations are
site, a.s this represents the amount of cumming- primarily ordered at lhe A(2) position. This is
tonite component in solid solution in the calcic in accoid with the argumentj df Hawthorne &
amphibole. As indicated in Table 3, _this is Grundy (L978), who suggested tlat Na will
strongly influenced by the Fe3+,/Fe2+aFet+ ratio occupy the Aej sites and k the A(m) sites in

I'l(l ) 0ctafedron
rY)-l' l(r)-o(zl) sz.s(z)' r : ) -M( r ) -o (2 : )  

e7 .0Q)
1 : ) -M( r ) -o (3 : )  83 .7(z )
l " ) - r4 ( r ) -o (3" )  e6 .5(2)
2) -M( I  ) -0 (2)  87 .e(2)
2) - r . r ( r  ) -o (3)  e6 .2( l  )
3 ) - !4 ( r  ) -o (3)  7s .7 (2)
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TABLE IO. IiIAGNITUDE AND ORIENTATION OF PRINCIPAL AXES
OF THERIiIAL ELLIPSOIDS
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6)o
12)
l l )
3'l )
t 3 )'13)

7 )
l 6 )
| l )
12)
l l )
7 l

,36)
68)

)
)

)
)

7 )
l 6 )
| l )

12)
l l )
7 l
36)
68)
o ,

t 5 )
1 4 )
q' l

l 0 )
,14)
.7 )

0.1 06 (8
0 .133(6

0(1  )

0 (2)

0(3)

0(4)

o(5)

0(6)

0(7)

r( t  )

r(2)

i r(r)

n(2)

M(3)

M(4 )

R.M.S. Angle to Angle to Angle to
nLUtrr  deviat ion x-axis y-axis z-axis

monoclinic amphiboles. The z{-site catlons are
predominantly Na, and the l-site elestron den-
iity is smeared out along the 2-fold axis in this
amphibole. In the unconstrained l-site popula-
tion refinement, the l(n) position also shows
a significant occupancy, although much lower
than that of the A(2) position. This may be
an artifact of the refinement; as there w:ui no
bulk-chemical constraint used here (for reasons
stated above), the parameter correlation was
high and the difference-Fourier sections through
thi I position (Figure 2) seem to show the
cations ilmost exclusively occupying the AQ)
sites.

ACTNOWT,NOGEMENTS

The authors thank Dr. Peter Robinson and an
anonymous referee for their pertinent com-
ments. Financial support for this work was
provided by the Natural Sciences and Engineer-
ing Research Council' the Government of Onta-
rid and the University of Manitoba. The Mate-
rials Research Institute, McMaster University,
Hamilton, are thanked for their cooperation in

the collection of the X-ray intensity data.

REFBRSNcES

BaNcRorr, G.M., BunNs, R.G. & Ivleooocr,- A'G'- 
<lDefl: Determination of cation distribution in
tLe cumminefonite-grunerite series by M6ssbauer
spectra. Amer. Mineral. 52, 1009'1026.

Cunrsrrr, O.H.J. & OLsBrc, A. (1974): Spinodal
orecipitation in minerals: review and some new
bbservations. Soc. frang. Min€ral. Crist, Bull'
97,202-205.

Cnorvrnn, D.T. & LIBeRMIN, D. (1970): Relativistic
calculation of anomalous scattering factors for
X-rays. t. Chem. Phys. 53, 1891-1898.

- & MaNN, J.B. (1968): X-ray scattering
factors computed from numerical Hartree-Fock
wave functions. Acta Cryst. A24, 321'324'

FTNGER, L.W. (1969a): RFINE. A Fortran W
computer program for structure factor calcula-
tion and least-squares refinement of crystal
structures. Geophys. Lab. Carnegie Inst. Wash'
(unpubl.)

(1969b): Determination of cation distri-
butions by ieast-squares refinement of single-
crystal X-iay data. Carnegie Inst. Wash' Year
Book 67,216'217,

(1969c): The crystal strucftre and cation
distribution of a grunerite. Mineral. Soc. Amer'
Spec, Pap. 2, 95-100.

GHosE, S. (1961): The crystal structure of a cum-
mingtonite. Acta Cryst. 14, 622-6n.

0.075( 86(
80('10(

88(
1 64(
74(
0

90
90
22(

lol (
r 0e(

5e(
r 04(
145(

0
90
90
o f t
3?(
7 l  (

r3 r  (
I  l 5 (t 5 (
52(
90
90
0

90
0

on

90
90
90
90
0

48(1  3)
1 3 7 ( r 3 )
85(e)
80( 1 2)
74(  r4 )' le (12)

on

70(7 4)
21(74\

r 03(8)
167(  r6 )
e4(43)

0 .079 (e  )
o.o9r (8)
0 .  r ' r7 (7)
0.0e7(1 r )
o .  r  r8 (1  0 )
0. 125(i l  )
0 .07e(9)
0.12?(7'
0 .1  30(  6 )
0 .081 (e )
o.0se(8)
0 .141 (6 )

0.097 (8)
o.r o0(8)
0. r 53(6)
0.08e(l 2)
o. r20(n)
0 .1s3( r0)
0.068(4)
o. o7e (3)
0.0e6(3)
o .o7r  (4 )
0. o8o(3)
0.0e5 (3 )
0.077(5)
0.0e3 (4)
0. r 04(4)
0.076 ( 5)
0.08:|(5)
0.08e(5)
0.075(6)
o.o7e(6)
0.097 ( 5 )
0.086(4)
0. 'r  1e(3)
0. t48(3)

54(14)
57( r5)
s3(6)
56(97)

12e(e ] )
s7(6)
90'r05( r4)
I  5 (14)
7'r (e)' l l 8 ( l l  

)
35(8)

48(6)
87 (13)
4?(6)

ro( l ' r  )
80(r1 )
90
5 5 ( r 5 )
90
35( r5)
90

r52( r3)
r r8 ( r3 )
42(4)

r 32 (4)
90

57(r3)"
34( r 3)

r 00(l 0)
2 5 ( n )
95 ( 2e)

r  1 4(e)
on

175(74)
85(74)
7o(7)
83(41 )
2?(16)
56 ( 2o)

142(  le )
105(7)
141(10e1
r 23 ( 1171
r0e(6)
90

I  50(14)'r20(r4)

42(61
e 6 ( 1 3 )'r32(6)

81 (r 5)
152( l  r  )
r  l6 ( lo )
e 5 ( l l )' r75( l l )

90
50( r5)
90'r 40 (15)

90
r03(13)
r  3(r  3)

r 47 (4)'r 23 (4)
90

1 lo(
r 20(
37(

TABLE I'I. SITE POPULATIONS

From site-occupancy refinement:

M( l )  0 .322(9)Fe*+0.678M9*

M(2)  0.250(9)Fe*+O.750M9*
M(3)  0.450(13)Fe*+0.550M9r '
M(4) 0.71 2Ca+0. 067Na+0. I 67Fe*+o. 055M9*

Fron examJnation of mean bond lengths:

T( l  )  0 .40A1+0.60si
T(2)  0.02A1+0.98si

M(l ) 0.32Fe2++0.68Mg
M(2) 0.42A1+0.04Ti+0.14Fe3++0.07Fez++o.33Mg

M(3) o.45Fe2++o.55Mg

M(4) 0.71 Ca+0.07Na+o. 
' l  
7Fe2++0.05Mg

A(2)  0.26( l  )Na*
A(m) 0.  l  lNa*
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