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GEDRITES: CRYSTAL STRUCTURES AND INTRA_
CRYSTALLINE CATION DISTRIBUTIONS

-1. J. Peercn, Department of Earth and Space Sciences, Slate
Unirersity oJ New York, Stony Brook, Neu York 11790

AND

Mercor-n Rossl, (J. S. Geologi'cal, Suraey, Washington, D' C' 20242

AssfRAct

The crystal structures of two aluminous and sodic orthoamphiboles (gedrites) have

been refined. Most of the sodium occupies the,4-site, rvhere it is tightly coordinated by six

small in size. Octahedral aluminum is concentrated in t]ne M(2) site in these structures,

while ferrous iron prefers the M (4) site over thie M (l), M (2), anld M(3) sites. Differences

in the iron-magnesium distributions in the gedrites from two different localities suggest

a difference in thermal history.

INrnoouctloN

coupled with replacement of Al for Si in the T-sites; second is a substitu-

tion of R3+ for R2+ in the M-sites coupled with substitution of Al for Si

in the ?-sites. The data of Robinson et al. (1970) clearly show the im-

portance of both substitutions.
The first crystal structure of an orthoamphibole to be solved was that

of anthophyllite by warren and Modell (1930). Since that time a two-

dimensional solution of the holmquistite structure has been presented

by Whittaker (1969) and a three-dimensional refinement of an anthophyl-

l i te has been presented by Finger (19?0a,b). cation distributions in an

I Publication authorized bv the Director, U'S Geological Survey'
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anthophyllite have been studied by Bancroft and strens (1966) using
spectral techniques.

Gedrite (sample No. 001) selected for this study is from high-grade
metamorphic rocks of Mason Mountain, North carolina, described by
Henderson (1931), Heinrich (1950), and Barker (1961). This locality was
also referred to by Rabbitt (194s) in his comprehensive study of the
anthophyllite series. According to Heinrich (1950) and Barker (1961)
the primary minerals in this deposit were rhodolite (a pyrope-rich variety
of garnet) and hypersthene. Barker suggests that these minerals went
through a middle-rank metamorphic event and that gedrite, biotite,
quartz, and sillimanite formed during a second, high-rank metamorphism.
Gedrite (Sample No. 002, Robinson and Jaffe No. 134I) is from high_
grade sillimanite-bearing metamorphic rocks from the Richmond, New
Hampshire, locality described by Robinson and Jaffe (r969a,1969b).
The mineral assemblage cited by these authors includes qlrartz, gedrite,
sillimanite, kyanite, staurolite, biotite, garnet, and ilmenite. Robinson
(1966) has estimated conditions of metamorphism at 6500C and 6 b.

ExppnlurNrlr. Dere

unit-cell parameters, space groups, chemical analyses, and calcurated
unit-cell contents are presented in Table 1. Although Henderson (1931)
reported a wet chemical analysis for the Mason Mountain gedrite he did
not analyze for Na. His analyses did show, however, that Fes+ is fairly
low, and therefore our calculation of the gedrite formula based on elec-
tron microprobe data is a fair approximation. collection and correction
of the X-ray diffraction data are done according to methods described
by clark, Appleman, and Papike (1969). Table2 presents information on
size of crystals, details of the experimental procedure, number of lFo | >0,
and f inal R :>t I  r,  |  - |  O117> | Fol.

The refinements for both gedrites were initiated with positional
parameters for anthyphyllite (Finger, 1970b). The computer programs
used for the refinements were those of Dr. L. W. Finger, Geophysical
Laboratory, Washington, D. C. The bond distances, angles, and errors
were calculated with J. M. Stewart's (University of Maryland) X-ray 62,
Program System for X-ray Crystallography (196?) adapted by D..E.
Appleman, U. S. Geological Survey, for the IBM 360/65 computer.
Atomic scattering factors used during the refinement were those of
cromer and waber (1965) and the method of site-occupancy refinement
is that described by Finger (1969b).

Although there are good reasons for predicting space groups other
than Pnma for orthoamphiboles (Thompson, 1920) we observed no viola-
tions of Pnma sytnmetry either in long exposure precession photographs
or with the diffractometer. The only space group that has the same



GEDRITES

Tesr,B 1. Cnvsmr Darl' lor. Two Gcomrns

t947

Gedrite 001 Gedrite 002

@(A)
D(A)
'(A)

Cell volume (43)

Space group

18.531 t  0.004
t7 .74t+0.004
5.249+0.00s

t 7 2 5 . 8 +  1 . 4
Pnma

18.601+0.004
17 .839+0 .003
5.284+0.002

t753 .2+0 .6
Pnma

Unit cell contents

Si
AIIV

Tetrahedral )

AIVI
Mg
Ire2+
Fes+

Mn
Ti
Li
Cr

Octahedral )

Ca
Na
K

Large cation )

z

Calc. density g/cma

6 . 2 5
r . 7 5
8 .00

| . 2 1
4 .52

1 r . 1 4(
t
0.02
0 .06

6 9 5

0 0 3
0 .47

0 .50

4

3 .  1 8

5.953 (includes 0.005P)
2.047
8.000

1 365
3.009
2 .351
0. 140
0 .031
o.026
0 .018
0.002
6.942

Mason Mountain,
North Carolina

Analyst A. T. Anderson (elec-
tron microprobe) NarO 1.78,
FeO 9.93, MgO 22.09, CaO
O.22, SiOz 45.52, AlrO3 18.33,
MnO 0. 13, TiO 2 0.62, 2 98.62

22 oxygens
+2(OH)

o.042
0 .5M
0.007
0. 593

4

3 . 2 9

Southern New

shire
Robinson and
(1e69)

22 oxygens
+2(OH)

Hamp-

Jaffe

Locality

Information on analyses

Unit cell content
Calculation based on:
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Tantn 2 Dera Cor,lecrroN InronuenoN ror Two Onuroelrpnrtoms

Gedlite 001 Gedrite 002

Size of crystal volume in cm3
Radiation/filter
Collection method
Crystal axis for data collection
Absorption correction

Pcm-1
No .  o f  / Fo ]  >0
Weighting scheme used
Definition of lFoj
Final ,R

0.1039x 10-6
Mo/Nb

c*
Yes
1 9 5
t417

unit weights
4XS,D. of background

0 .076

o ,n orto-u
Mo/Nb

a*

Yes
29.5
1503

. . . ^ : +  - - . ^ : - L  r ^
u l r L  w q r B I L s

4XS D. of background
o.072

" Normal-beam equatorr'al 4-circle automatic diffractometer, scintillation counter,
20 scan.

extinction criteria is Pn2p. However, refinement attempts in this space
group did not improve the model and therefore the structures of the two
gedrites consistent with Pnma symmetry are presented.

The results of the two gedrite refinements are reported as follows:
Table 3, f i.nal positional parameters and isotropic temperature factors;
Table 41 observed and calculated structure factors; Table 5, interatomic
distances for tetrahedral chains; Table 6, interatomic angles in tetra-
hedral chains; Table 7 , interatomic distances between oxygen atoms and
the A- and M-site occupants; Table 8, selected interatomic angles for the
M- and,4-sites.

Toporocrcar, AspECTS ol GEDRTTE Srnucrunns

Before considering the problem of cation distributions over the crystal-
Iographically distinct sites in gedrite (Topochemistry) we will compare
the topology of the orthozrmphibole structures to that of other amphibole
structures. Specifically, we will emphasize the various amphibole struc-
ture model possibil i t ies resulting from tetrahderal chain rotations and
octahedral chain stacking sequences.

Thompson (1970) pointed out two distinct possibil i t ies for the rela-
tionship between a tetrahedral double chain and the adjacent octahedral
strip. These two possibil i t ies, referred to as S-rotations and O-rotations,
are illustrated for amphiboles in Figures I and 2. In S-rotations the
tetrahedra in the chains rotate so that the triangular faces (those approx-

I Table 4 may be ordered as NAPS Document No. 01255 from National Auxiliary Pub-
lications Service of ASIS, c/o CCM Information Corporation, 909 Third Avenue, New
York, Ne'w York 10022, remitting $2.00 for microfiche or $5.00 for photocopies, payable to
CCMIC.NAPS.



Tesr,r 3 FrxeL PosrrroN,qr- Panennrnns axo'IourpnRqrunn

lilcrons ron'I'wo ORrHoeMpursolns

Geddte 001 Gedrite 002

,4 -Set B-Set ,4 -Set

o(1)

eter

fi

v
z
n r i z t

![

'r
z

B(A'I

v
z

D\4" )

lc

v
z
B(A)

J

v
z
B(A)

x

v
z
n z i " r

D (n",t

x

v
z
R( A2\

T

z
B(L')

T

v
z
B(L")

0.1840 (s)
0.0737 (s)

-0 4436 (18)
i  0s (r2)

0.0622 (4)
0.0742 (4)
0 137s (14)

0. 18s0 (4)
o 0731 (4)

-0 440e (1.5)

0 . 2 5
-o.4662 (22)

o .77  (16)

0 063s (4)
0. 073e (4)
0 1808 (1s)
o 8s (11)

0.0701 (6)
0 . 2 5
0.2r1r (22)
0.90 (16)

0.1796(4)  0.069s (s)
0.1603 (4) 0.1s84 (s)
0.0312 (1s)  -0.2860 (17)
0.40 (10) 0.e2 (r2)

B-Set

0.1790 (4) 0.0701 (4)
0.1s81 (4)  0.1s68 (4)
0.031s (1s)  -0.2900 (1s)
0 .78  (11 )  0 .76  (10 )

o(2)

o(s)

o(3)

o(4)

o(6)

o(:7)

0 1868 (4)
0.0022 (4)
0.042s (16)
0 . 6 2  ( 1 1 )

o.r7e7 (7)
0 .  25

-0.4s71 (27)
1.o2 ( r9)

0.  25
o.2o87 (23)
0.7s (16)

0 0679 (4)
-0.0046 (4)
-0 298s (16)

o  7 4 ( 1 1 )

0 72 (1t)

0.0472 (s)
- 0. 14s0 (s)
-0 4097 (18)

1 .49 r 15)

0.1863 (4) 0.0685 i4)
0.0028 (4) -0.0049 (4)
0.044s (16) -0.2986 ( ls)
0 . 8 s  ( 1 1 )  0 . 8 6  ( 1 1 )

0. 1968 (s)
- o. 1090 (s)

o.3206 (r7)
| 06(t2)

o.2022 (4)
-0.1313 (4)
- 0. 17s2 (1s)

0 .73  (11 )

0 1e73 (4)
- 0. 1 100 (4)

0 .321s  (14)
o 78 (10)

0. 2030 (4)
-o.1320 (4)
-0 1763 (16)

| . 12 (11)

0.0s4s (4)
-0 .1014 (4 )

0.0989 (14)
1 . 0 1  ( 1 1 )

o.0473 (4)
-0.1461 (4)
-o 4036 (1s)

I 10 (12)

0.2030 (6)
-  0 .25

0.  s  138 (2 1)
o 6s (16)

0.20s0 (6) 0.0453 (6)
-0  25  -0  -25

0.5r+r  (22)  0.2154(21' )
1 .18  (18 )  0 .77  (1s )

0.23rs (2) 0 0202 (2)
-o.163r (2) 0. 1645 (2)
-a.M87 (6) A 2e7r (6)

0 43 (4) o 42 (.4)

0.2278 (2) 0.0266 (2)
-o 0760 (2) -0 0802 (2)

0 .0s02 (6 )  -0 .198s  (6 )
0 .+6(4)  0 .s8  (4 )

0 2282 (r) 0 0268 (1)
-0 07se (2) -o.o799 (2)

0 0s09 (6) -0 1947 (6)
o M(4) 0 s9 (4)

* r ru
-0 -1626 (2)
- 0 .450s (6)

|  0 .s6 1a)

0 0199 (1)
-o 164r (2)

o 3018 (.5)
0. s0 (4)

r(2)
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Tarr,n 3.-(Co ntinued.)

Gedrite 001

o.rzu (2)
0.1611 (2 )
0.3737 (8)
o.7s (7)

0.1248 (2)
o.073r (2)

-0.128r (7)
0.34 (7)

0.124e (3)
0 .25

-0.1248 (10)
o.47 (10)

Gedrite 002
Atom

M(r)

M(2)

M(3)

M(4)

Param-
eter

v
z
B(A')

li

v
z
B(A)

v
z
B(41

r
v

B(L')

0.r2+2 (r)
0. 1603 (1)
0.370s (s)
0 . 7 1 ( s )

0.1247 (r)
0.0724 (2)

- 0. 1290 (6)
0. 30 (6)

0.  r189 (1)
-0.014s (1)

0. 3636 (s)
0.63 (4)

0.1243 (2)
0 .25

-0.r2e4 (7)
o.s7 (7)

0 .1184  (1 )
-0.01s3 (1)

0.3635 (4)
0.62 (s)

0 .11s1  (13 )
-0 .25

0.8s33 (47)
r.47 (49)

0 . 1 1 7 1  ( 8 )
-0 .25

0.8480 (27)
1 . s3 (30)

imately normal to a*) of the tetrahedra are similarly directed to the
triangular faces of the octahedral strip to which they are linked. In O-
rotations the tetrahedra rotate so that the triangular faces of the tetra-
hedra are directed opposite to the triangular faces of the octahedra.
Similar types of rotations have been recognized in micas by Franzini and
Schiaffino (1963) and Franzini (1969). Figure 1A illustrates that a com-
pleted S-rotation results in hexagonal close packing of oxygens (ABAB)
and Figure 18 illustrates that completed O-rotations result in cubic close
packing of oxygens (ABCABC).

Tetrahedral chains in which there are no O- or S-rotations will have
0(5)-0(6)-0(5) bond angles of 180" (Fig. 4)r and the hexads of SiOr
tetrahedra will possess 6-fold symmetry. Tetrahedral chains which show

1 For t"he purposes of this papter the relative amount of rotation of the tetrahedra will
be defined in terms of the magnitude of t}e O(5)-0(6)-0(5) bond angle (Figs. 1 and 4).



'l'alr-n 5. INrrnarourc Dtsrences tN'I'ptnenBnn,tl Cq,l'rxs

lon Two Onruonupnrlor,rs
I-O distances (A)

Gedrite 001 Gedrite 002

,4-Chain B-Chain .4-Chain B-Chain

r(1)-o(1)
r(1)-o(s)
r(1)-o(6)
z(1)-o(7)

Average

r\D-o(z)
Tt'r\_i( L\

r(2)-o(s)
T:(2)-0(6)

Average

1 .6s1  (8 )
1 .673 (e)
1.63s (e)
1.640 (s)

1 .650

1 .63s (e)
1 . s7e (8)
1 .638 (e)
1.607 (e)

1 .615

r .66s (e)
1 .6s8 (8)
1 . 6 s 4 ( 1 0 )
| 643 (6)

1 . 6 5 5

1.648 (8 )
1 .630 (8)
1 .670 (8 )
1 .611 (10)

r . o + /

I 6s3 (8)
r .660 (8)
I .641 (e)
1 .64e (s)

1 .651

t .613 (7)
1 .60s (8)
1.6s6 (8)
1 631 (8)

t . 626

1.67e (8)
r .677 (8 )
1 .668 (8)
1 .666 (s)

1 . 6 7 2

1 .683 (8)
1 .640 (8)
r .67e (8)
1.660 (8)

1 .666

O-O distances (A)

Z(1) Tetrahedron

o(1) o(s)
o(1)-o(6)
o(1)-o(7)
o(s)-o(6)
o(s)-o(7)
o(6)-o(7)

Average

I(2) Tetrahedron

o(2)-o(4)
o(2)-o(s)
o(2)-o(6)
o(4)-o(s)
o(4)-o(6)
o(s)-o(6)

Average

2.7Or ( r1)
2.728 ( r1)
2.697 (r2)
2.677 (12)
2.740 Q)
2.664 (10)

2 .694

2.747 (1r)
2.683 (r2)
2.641 (r2)
2.460 (r2)
2.643 (rr)
2.633 (r2)

2.634

2.704 (r2)
2.6e9 (13)
2.703 ( r+)
2 7 13 (13)
2.6e6 (8)
2.709 (r4)

2 .704

2.76e ( t0)
2.673 ( t r )
2.6s4 (r2)
2.706 ( r r )
2.s86 (12)
2 .7 53 (rs)

2 .690

2.696 (10)
2.724 (rr)
2 .7 12 (r2)
2.683 (11)
2.700 (8)
2.666 (rr)

2.697

2.7s0 (10)
2.673 (10)
2.6M (r1)
2.49s ( r r )
2 .690 (11 )
2.66r (r1)

2.652

2.715 ( r0)
2.725 ( r r )
2.743 ( r1)
2.749 ( r r )
2.72s (8)
2.736 (rr)

2 .734

2.816 (10)
2 .691 (10)
2.700 (11)
2 .727  ( r )
2.608 (10)
2 .77 s ( r r )

2 .720

,  , : .
Jr-Jr olstances (4,

r()-rQ)
Ithrough O(6)]
r()-rQ)
[through O(5)l

"(1)-7(1)(across mirror)

3 .040 (s)

3.0s0 (s)

.3.080 (4)

3 .041 (s)

3 .001 (s)

3.0s2 (4)

3.067 (4)

3 .055 14)

3 . 1 1 6  ( 4 )

3 .0s6 (4)

3.o24 (4)

3 .063 (4)



1952 J. ]. PAPIKI' AND M,ILCOLM ROSS

Teer-r' 6. INTERAToMTc ANcrns (o) rN Tnrna.nnnnar, Cnarns
ron Two OntrroaMlnleolrs

Gedrite 001 Gedrite 002

o(1)-"(1)-O(s)
o(1)-?(1)-O(6)
o(1)-?(1)-O(7)
o(s)-r(1)-o(6)
o(s)-r(1) o(7)
o(6)-r(1)-o(7)

,4-Chain

108.6 (4)
r12 -2 (4)
110.0 (s)
108 .0 (4)
109.2 (s)
108.8 (s)

1 I i . 3  ( . t
110.0 (s)
10e.0 (4)
ee 6(4)

1r2 o (4)
108 4 (4)

r34.2 (6)
13e.3 (s)
139. 8 (8)

108. 8 (4)
108. 7 (s)
109 s (6)
1 10.0 (4)
10e .4 (s)
1 10. s (6)

trs 2 (1)
ro7 .2 (4)
107 . s (s)
110 . 1 (4)
104 4 (s)
112 .s  ( s )

128.  7 (s)

108.8 (4)
111 .  s  (4)
1 10.3 (s)
lo8. 7 (4)
r09.3 (s)
r08.2 (s)

rr7 .3 (4)
10e .6 (4)
10e.0 (4)
ee 8 (4)

1 r2 .4  (4 )
108.0 (4)

r07 e (4)
108. e (4)
1 10.  1 (s)
1 10. s (4)
109.2 (.5)
1 1 0  2 ( s )

11s .8  (4 )
106.3 (4)
107 .6 (4)
110.s 14)
104.4 (4)
1 r )  L  1 4 \

oQ)-rQ)-o(4)
o(2)-"(2) o(s)
o(2)-r(2)-o(6)
o(4)-r(2)-o(s)
o(4)-7(2)-O(6)
o(s)-r(2)-o(6)

"(1)-O(s) 
?(2)

z(1)-o(6)-?(2)

"(1)-o(7)-z(1)

128 .6 (s)
133 .3 (s)
r33 .6  (7 )

o(5)-o(6)-o(s)
o(s)-o(7)-o(6)
Across mirror

146.0 (4)
r4s.4 (4)

complete O= or S-rotations wil l have O(5)-O(6)-(X5) angles of 120o and
the hexads of tetrahedra wil l possess 3-fold symmetry (Fig. 1). Such
rotations with O(5)-O(6)-0(5) angles of l2}o correspond to maximum
kinking of the tetrahedral chains and will be defi.ned as complele O- or
S-rotations. The O(5)-O(6) O(5) angle in strLrctures with incomplete
rotations wil l l ie in the range (120o, 180oj.

Taking into account these poss;ble rotations and defining an octa-
hedral strip direction we can construct a set of schematic diagrams de-
picting the various amphibole structure types. The octahedral strip
direction is defined by specify-ing the orientation of the octahedra with
respect to the crystallographic axes (conventional right-handed orienta-
tion). One pair of octahedral faces of each octahedron lie parallel to the
D-c plane; the upper and lower triangular faces of each octahedron are
oriented in opposite senses, but allfaces on the same side of an octahedral
strip are oriented identically, We define a positiael'y (*) directed strip
as one in which the lower triangular faces of a given octahedral strip (as

134.8 (6)  I  13e.2 (s)
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Teere 8. Snlncrsl INrBrerourc ANcras (DEGII;ES) rN M(l), M(2),
M (3), M (4) , exn ,4 Srrr,s lon Two Onrnoeupnruorrs

Atoms

Bond
angle
nulti-
plicity

Bond
angle
multi-
plicity

Gedrite
001

Geddte

o02
Gedrite

001

10r 4 (4)
101 .4 (4)
78 6 (3)
es 9 (4)
9s s (.r)
84. 1 (4)
84.s (3)

t03.2 (3)

102 0 (3)
77  .4  (3 )
96 7 (3)
9s 8 (3)
84.2 (3)
83 .3  (3 )

8 7  . 1  ( 3 )
79 2 (3)
96 s (3)
88 6 (3)
77  s  (3 )
86 0 (3)

1 0 2 . 2  ( 3 )
69 4 (3)
8s  .9  (3 )

1 1 7 .  1  ( 3 )
r 1 0 . 3  ( 3 )
77 s t3)

Gedrite
oo2

88 .0  ( s )
63 s (4)
e7 .  e  ( s )

1 1 ?  <  a )

7 3 . 3  ( 3 )
89 8 (s)

105 4 (5)

o(1ts)-M(1)-o (2 A/
(  ) (14) -M(1) -O(28)
o (lB)-r{(1)-o(3B)
o(14)-r4 (1)-O(3A)
o(18) -M (1) -O(3A)
o(  1A) -M(1) -O(3B)
o(24)-M(1)-o (2B)
o (3A)-M ( 1) -O (38)
o (2B)-M(1)-O (3B)
o (2A)-t1( 1)-O (3A)

e6. s (3)
97 s (4)
81 3 (4)
82.  3 (3)
98.  1 (4)
e7 .6 (4)
83.  7 (s)
83 2 (4)
87 .  7  ( 3 )
80 8 (4)
9s 4 (4)
96.0 (4)

81 4 (4)
92 .2  (4 )
93 .6  (4 )
86 2 (4)
86 7 (.3)
e 3 . s  ( 4 )
90 .4  (4 )
94 | (4)
93 .  s  (4 )
88 .  1  (4 )
8s  .4  (4 )
e4 2 (4)

97  .3  (3 )
e7  .4  (3 )
80 4 (3)
80 .  e  (3 )
98 1 (4)
97 0 (4)
84 .e  (4 )
84 3 (4)
88  s  (3 )
79  8  (3 )
96  2  (3 )
9s .4  (3 )

o(tB)-rl1(3)-o (18)
o(1A) rl l(3)-O(lA)
o(18) -M (3) -O (1A)
o(1B)-M(3)-O(3B)
o(1A)-M(3)-O (3A)
o(18)-M(3)-O (3A)
O(1A)-M(3)-O r38)

o(28)-,1.4(4)-O (2A)
o(28)-r4(4)-O(4A)
O(2B)-/ (4;-o (48)
o (28)-M(4)-O (s B)
o(2A)-M(4) O(4B)
O(2A)-M (a)-O(aA)
o(2,{)-M(a)-O(sA)
o(4.A.)-M(4)-O(sA)
o (4A)-n/ (4)-O(sB)
o (4B)-rl1(4)-O (sA)
o(4B) -M(4)-O(sB)
o (sB)-rr'(4)-o (sA)

o(7A)--4 O(68)
o(7A)-,4-O(6A)
o(7B)-,4-O(68)
o(78)-,4-O(6A)
o(68)-,4-O(64)
o(6B)-,4-O(68)
o(6A)-,4-O(6A)

I

I

2
2
2
2
2

86.9  (3 )
81  .0  (3 )
es 0 (3)
88 .9  (3 )
7 8 . 0  ( 3 )

86 7 (.3)o (1A)-M(2)-O (18)
o(1B)-M (2)-O (2B)
o(1A)-M(2)-O(2A)
o(18)-M t2)-o(2A)
o( 1A)-M(2)-O(2B)
o(1B)-M(2)-O (aB)
o(1A) M(2)-O(4A)
o(2B)-r1f (2)-O(48)
o (2A)-M(2)-O (4A)
o(2B)-M(2)-O (4A)
o(24)-M(2)-O (1B)
o(4.\)-M(2)-O (4B)

82 1  (3 )
92  8  \3 )
e 3 .  s  ( 3 )
86  0(3)
86  0  (3 )
9 3 . 7  ( 3 )
89 .  s  (3 )
94 .6  (3 )
93  6  (3 )
87  .6  (3 )
8s 8 (3)
94  7  (3 )

68 e (4)
8s .2 (.3)

117 .3  ( 3 )
109.9 ' .3)

76 .8  ( 3 )

1 0 3 . 0

86.3  (7 )
6 3 . 2  ( s )
99 .4  (8 )

1  1 2  . 8  ( 7 )
7 7 . 6  ( 4 )
8e .8  (8 )

104.9  (8 )

2
2
2
2
2
I
I

viewed looking perpendicular to the D-c plane and along -a*) have one
of their three apices pointing in the *c direction. If these lower faces
have one of their apices pointing in the -c direction, the strip is said to
be negatively (-) directed. The orientations of the octahedral strips in
the four amphibole polymorphs may be visualized with the aid of Figure
3. AII (+) directed octahedral strips have one apex of the lower triangular
faces directed away from the reader's eye (along * c) ; the negativel)' ( - )
directed strips have lower triangular faces oriented with one apex pointed
toward the reader's eye (along - c) .

Orthoamphiboles and P21/m clinoamphiboles have two symmetrically
distinct tetrahedral chains which we designate A and B, whereas C2f m
clinoamphiboles and protoamphiboles have only one kind of tetrahedral
chain. The structures of these four amphibole "polymorphs" are dia-
grammatically presented as ('I-beam" diagrams in Figure 3. The octa-
hedral strip is shown in the center of the "I-beam" and is articulated

Angle
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ROTATION O ROTATION

b@)
Frc. 1 A portion of the idealized orthoamphibole structure projected on to the b-c

plane, tetrahedral strip above, octahedral strip below. (a). illustrates a complete S'

fetrahedral rotation. (b). illustrates a comptrete O-tetrahedral rotation.

above and below by tetrahedral chains. The orientation of the "I-beams"
(*) ot (-) is defined in terms of the orienti lt ion of the octahedral strips

as discussed above. The simplest of these "I-beam" diagrams is that of

the C2/m clinoarnphiboles such as tremolite and C-centered cumming-

tonite. This C2/m struclure-type is made up of "I-beams" containing

only O-rotations and the beams are stacked in the sequence (*,*,*,*).

Protoamphibole (space group Pnmn, Gibbs, 1969) is also made up of
tt l-beamst' containing only O-rotations. I{owever, these "I-beamstt are

stacked in the sequence (+, - ,+, - ) .

Orthoamphiboles (space grotp Pnma) are made up of "I-beams"
having O-rotations and the stacking sequence of the beams is (+, +, -, - ).
The gedrite crystal structures possess incomplete O-rotations with O-

rotations of 147.5o and 146.0o in the B-chains and of 162.4" and 162.5o

in the,4-chains for gedrites 001 and 002, respectively (Table 6). These

angles show that the complete O-rotation is more nearly achieved in the

B-chains than the A-chains. In any case, the drawing of the ideal gedrite

structure (Fig. 2) predicts that both the M(+) site and the,4-site wil l

195.5
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lDEALIZED ORTHOAMPHIBOLE

t----r. -/ -- o RorATtoN
f -

b

Frc. 2. A diagram of an idealized orthoamphibole structure showing O-rota-
tions, octahedral M(9 and .4-sites, and polyhedral edge sharing.

become octahedral, that an M(4)-octahedron will share one edge with a
tetrahedron and that the ,4-octahedron will share two edges with two
tetrahedra. AII of these predictions are realized in the real structure
(Fig. a) and the implications with regard to intracrystalline cation dis-
tributions are discussed later. Additional features of gedrite topology are
illustrated in Figure 5.

The crystal structure of. a P21f m manganoan cummingtonite from
Gouverneur, New York is given by Papike, Ross, and Clark (1969). This
clinoamphibole is similar to the orthoamphibole in that both ,4- and .B-
type chains are present. On the other hand, the "I-beam" stacking se-
quence (+,+,+,+) is identical to that of. the C2/m polymorph (Fig. 3).
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,_ 
a cHAtN

\ ,

c --------J

Frc. 5. Diagram oI the Pnma gedrite structure viewed along b, shorving

selected oortions of the unit cell contents'

The Ph/m clinoamphibole has A- arrd B-chain O-rotations of 178.4o and

166.2o, respectively.
It is of interest to compare the "real" structure topologies of the

amphiboles described above with the "ideal" topologies of Thompson's

(1970) rotated structures. Several significant differences are apparent.
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First, only O-rotations have been found in the real structures and second,
Thompson's parity rule is violated in protoamphibole and in the A layers
of orthoamphibole. Thompson's statement of the parity rule is as follows:
"This rule derives from the regularity of the polyhdera and affects the
nature of the rotations of adjacent tetrahedral strips in a given tetra-
hedral layer. If two such tetrahedral strips are both rotated in the same
sense then the two octahedral strips (one above and one below the
tetrahedral layer) to which they are joined across (100) must both have
a 'tilt' or 'skew'r of the same sense. If the rotations are in opposite senses
then the tilts must be in opposite senses." The necessity for this parity
rule for completely rotated structures is illustrated diagrammatically in
Figure 6. It is apparent that the I-beams in Fig. 6C, which violate the
rule cannot be fitted together. Ba.sed on this rule we would predict the
occurrence of both O- and S-rotations in the protoamphibole and ortho-
amphibole structures since two different "skews" of the octahedral layer
exist. Figure 7 illustrates how the "real" gedrite structure is put together
in violation of the parity rule. This rule was derived for closest packed
oxygen structures with completely rotated chains (O (5)-O (6)-0 (5) : 1 20')
and regular polyhedra. In the "reaI" structure (Figure 7) linkage be-
tween tetrahedral and octahedral layers is achieved in violation of the
parity rule by extention of the ,4-chain (O(5)-O(6)-0(5) angles:162.4"
and 162.5o) and distortion of the polyhedra (especially the M(2) site):
In summary it may be stated that "real" amphibole structures show a
strong preference for O-rotations in agreement with Thompson's (1970)
prediction.

Cnysral Cuourcal AspBcrs or GEDRTTE Srnucrunns

Now that the general topologic features of the gedrite structures have
been discussed we may consider the distribution of cations over the
crystallographically distinct sites. We will concern ourselves with the
"crystal-chemical components", Na, Mg, AI, Si, Fe*, and vacancies. Fe*
refers to Fe2+, Fe3+, Mn and Ti which cannot be readily distinguished by
the X-ray method. The chemical analyses (Table 1) indicate that this is
not a bad approximation since most of Fe* is Fe2+. The three main cation
distribution problems in gedrites are firstl the vacancy versus Na con-
tent of the,4-sites, second; the distribution of Fe*, Mg, and AI over the
M(l), M(2), M(3), and M(4) sites, and third; the distribution of Al and
Si over the T(lA), T(lB), T(2A), and ?(28) sites.

The A-Site. The occupants of the , -site in gedrite (Figure 4) are more

lThompson's definition of "skew" or "tilt" is directly analogous to our definition of
plus and minus octahedral strip directions
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OCTAHEDRAL
SEQUENCE ( f , + )
WITH O-ROTATIONS

O.ROTATION

O - ROTATION

O-ROTATION

OCTAHEDRAL
S E Q U E N C E  ( - , + )
WITH O-ROTATIONS
A N D
S-ROTATIONS

S. ROTATION

O - R O T A T I O N -

OC TA  HE  DRAL
SEQUENCE ( - ,  +  )
WITH O-ROTATIONS
vToLATES PARITY
R U L E

O-ROTAT ION, '

( c )

Irrc. 6. Geometrical stacking possibilities for "Ideal" completely rotated amphibole

structures after Thompson (1970). Figure 6c illustrates violation of parity and the doubly

pointed arrows show the degree of mismatch between tetrahedra and octahedra'



OCTAHEDRAL SEOUENCE (.
WITH O-ROIATIONS

.L J. PAPIKI!:, AND MALCOLM ROSS

Frc. 7. Portion of the "Real" gedrite sLructure showing how the tetrahedral chain-
octahedral chain linkage is achieved in violation of Thompson's (1970) parity rule. The
,4 chains (illustrated) rotate and extend to reduce the efiect of the violation.

tightly coordinated than the ,4-site atoms in C2/m amphiboles. In C2/m
amphiboles the tetrahedral chains above and below the site are oppositely
directed and the atoms in the site show a high degree of positional dis-
order. On the basis of a split atom model one can consider the site in
C2/m arnphiboles as essentially eight coordinated (Papike, Ross and
Clark, 1969). In gedrites the tetrahedral chains above and below the.4-
site are identically directed. This leads to an essentially six-coordinated
site in gedrites and the Na in this site displays less positional disorder
than in C2/m amphiboles. The identical direction of the tetrahedral
chains above and below the ,4-site (Figures 2 and 4) in orthoamphiboles
results from first; the fact that the octahedral strips on either side of the
,4-site have different "skews", i.e. one is plus and the other is minus and
second; that both the A- and B-tetrahedral chains have O-rotations. The
orientations ol the A- and B-chains are illustrated in Fisure 8. Note that
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TETRAHEDRAL LAYER

A TETRAHEERAL LAYER

1963

Frc. 8. Orientation of tetrahedral chains in,4- and B-
layers of the "Real" gedrite structure.
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Terr,r 9. Srrc Occur.qNcrEs loR tll- aNo,4-Smos

Site
M(I)

Anthophyllite Gedrite 001 Gedrite 002
(Finger 1970a,b) Present Study Present Study

Mole Froction
0 . 9 6  0 . 8 8  0 . 6 7
0 . 0 4  0 . r 2  0 . 3 3

M(2)

M(3)

M(4)

Mg
Fe*

Mg
Fe*

Ca
Na

Na
Vacant

0 . 6 0
0 3 6
0 . 0 4

0 .68
o .23
0 .09

0 9 7
0 . 0 3

0 . 9 7
0 0 3

0 3 5
0 6 s

0 . 9 0
0 1 0

0 6 1
0 . 3 9

0.  55
0 . 4 2
0 0 2
0 . 0 1

0 .32
0.65-
0.02
0 . 0 1

t  .00
0 .34
0 .66

0 .52
0 .48

* Fe* :Fe2++FeB++Mn+Ti.

in the B-tetrahedral layers adjacent tetrahedral chains are oriented i i i

opposite directions, i.e. tine trigonal aspect or "arrowheads" of the six-

membered rings reverse. Adjacent chains in the B-layers are related by

21 axes parallel to b. In the,4-tetrahedral layers, however, adjacent

tetrahed.ral layers are identically directed, 'i.e., aII "arrowheads" point

in the same direction. Adjacent chains in the,4-layers are related by 21

axes parallel to c. It is also interesting to note that the ,4-tetrahedral

layers (identically oriented "arrowheads") are sandwiched between

octahedral layers with reversed "skews" whereas B-tetrahedral layers

are between octahedral layers of the same "skews". The ,4-tetrahedral

chain is the one involved in the parity violation and is more nearly ex-

tended than the B chain, which tends to reduce the degree of violation.

We used the least squares method of Finger (1969 b) to obtain the Na

content of the,4-site (Table 9). The result of this refinement agrees very

weII with the predicted ,4-site occupancy based on the analyses of gedrite

002 (predicted; 0.53 Nal observed; 0.52Na) but not so well for gedrite

001 (predicted 0.45 Na, observed; 0.3a) (Tables 7,9). However, the

formula of gedrite 001 is based on an electron microprobe analysis and is

subject to the Iimitations of formulas calculated from such analyses'

There is good evidence based on temperature-factor measurements that
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the Na coltent in the,4 site of gedrite 001 determined by the site oc-
cupancy method is correct. Since, if we first assume the formula calculated
from the analysis is correct and assign (0.a5) Na to the,4-site the iso-
tropic temperature factor is approximatell '2.5 ( Ar;, an unusuall l 'high
value for sil icate structures. However, if we refine the occupanc)', the
Na content drops immediately to (0.34) and the isotropic temperature
factor drops to 1.47 14,;, which is nearlv identical to the isotropic te-p.r-
ature factor  for  Na,  1.53 (Ar) ,  in  the,4-s i te  of  gedr i te  002.

The M-Sites. The determination of the site occupancies for the M-sites
was done in the following wa.v. First, small amounts of Na and Ca were
assigned to t"he M(4) site to bring the total number of cations inthe M-
sites up to seven. Next, the mean metal-oxygen distance tor the M(2)
site was significantly smaller than for M (l), M (3), or M (4) (Table 7) and
was consistent with an essentially ordered octahedral aluminum content

- in  th is  s i te .  Thus,  af ter  ass igning a l l  the octahedral  a luminum to the
M(2) site we could refine Fe* against Mg for the unfilled portion of the
M(2) site and for the M(l), M(3), and M(4) sites (Finger, 1969b). The
results are given in Tables 7 and9.

The T-Sites.' lhe site occupancies for the Z-sites were estimated using
mean (7-O) distance arguments simiiar to those proposed by Smith
(1954) and Smith and Bailey (1963). The specific method used for the
gedrites was method number (2) suggested by Papike, Ross, and Clark
(1969) where the mean (Z-O) distance for each site containing Al is
compared to an equivalent site in an amphibole that contains only
sil icon. In our case, we compared the mean (f - O) distances for gedrites
with those for anthophyll ite (Finger, 1970b) (Table 10). The increase in
mean (l-O) distance compared with anthophyll ite plus a knowledge of
the tetrahedral Si:Al ratio from the analyses enables us to make some
estimates of the occupancies for each site (Table 11).

DrscussroN

Polymorphism in AmphiDoles. Refinement of the orthoamphibole struc-
tures enables us to compare orthoamphiboles, P21f m amphiboles, and
C2/m amphiboles and to consider the general problem of polymorphism
in the low-calcium region of the amphibole quadrilateral (Ross, papike,
and Weiblen, 1968). We have pointed out the topologic similarit ies
between C2/m,P21f m, Pnma amphiboles. It is also of interest to compare
the coordination of the M@) site in these amphiboles. In the ortho-
amphiboles the M($ site is six-coordinated, with a mean (M-O) dis-
t ancc  o I  app rox imare l l -  2 .19  A  iTah l c  7 ) .  l n  C2 /n  c r rmming ton i re

1965
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TAer,n 10. Coup,r.nrsoN or ?-O DrsraNcns ron Tntrr Onruomrpntr:olrs

Atoms

.I(1A)-O(1A)

-o(sA)
o(6A)

-o(7A)

Mean

A("-o)

r(28)-O(18)
-o(sB)
-o(68)
-o(78)

Mean
^(r-o)

Anthophyllite
Iringer (1970b)

1  . 6 1 8
1.640
1 . 6 1 1
1  . 6 1 5

621

1  .618
t .636
r .622
| .617

Gedrite 001
Present study

r .665
I 658
i .654
1.643

Gedrite 002
Present studv

1 .653
1.660
1 . 6 + l
1 .649

I  O J I

+0.030

1 . 6 7 9
t . 6 7 7
1 .668
r .666

1.623 I .655 1 . 6 7 2

+ 0.032 +0.049

T(21.)4(24)
-o(4A)
-o(sA)
-o(6A)

Mean

^(z-o)

t .6 t9
1 . 6 0 1
1 .655
t .621

I  .635
| 579
1 .638
t .607

t  .613
I .605
1 .656
1 . 6 3 1

t . 624 1 .615

- 0.009

r . 626

+0.002

r(28)O-(28)
-(4B)
-(sB)
-(5IJ)

Mean

I  .630
1 .608
| .643
1 653

| . 6 3 4

1.648
1 .630
1 .670
t . 6 4 r

t o!+/

1 .683
1 . 6 4 0
t . 6 7 9
1 660

1 . 6 6 6

0 032

-  -  

a ^^^--

+0 .013 +0A(1-O)

(Ghose, L961), in grunerite (Finger, t969a), and in P2t/m andinC2/m

cummingtonite (Papike, Ross, and Clark, 1969) the mean M(4)-O

distance is 2.30 A. In fact, the M (4) site in the Mg-Fe2+ clinoamphiboles

can be considered essentially four-coordinated with the four shortest

M(4)-O bonds equal to approximately 2.12 A. tt is fair to sa1', there-

fore, that the M(4) coordination in orthoamphiboles is tighter than in

clinoamphiboles of the same composition. This, in fact, probabiy explains
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why the molar volumes for anthophyllites are lower than Ior C2fm
cummingtonites of equivalent compositions (Finger, 1967, 1970b).

There is good chemical evidence that the composition fi.eIds ol C2/m
cummingtonite, P21f m cummingtonite, and anthophyllite overlap and it
was suggested by Ross, Papike, and Shaw (1969, p. 294) that the P21/m
phase is a metastable intermediate. Prewitt, Papike, and Ross (1970)
found in heat ing exper iments that  the P21/m manganoan cummingtoni te
inverts reversibly to the C2fm structure-type. These considerations,
coupled with our new knowledge of the orthoamphibole structure sug-
gest the following relationships between the amphibole polymorphs.
At high temperatures a C2f m cummingtonite is stable. On cooling,

TaeLE 11. DtsrtrsurroN ol TnrnanBonar, Ar-ultrltult rlt Gnonrrus

Gedrite 001 Gedrite 002

t967

r(1A)
r(1B)
r(2A)
r(28)

0 .  34
0 .38
0.00
0 . 1 6

0 . 2 7
. M
. 02
.29

the orthoamphibole stability field is entered and recrystallization to the
Pnrna structure should occur. Such an inversion. however. involves not
only further kinking of the tetrahedral chains, but more importantly in-
volves a change in the stacking sequence of the "I-beams" from (-1,-r,

f  , * )  to  (+,+, - , - ) ;  the la t ter  requi r ing the breaking of  major
chemical bonds. Such a reconstructive transformation may not be
possible unless a fluid phase is present, or it may be prevented by "struc-
tural control" of the primary C2f m cummingtonite. If this reconstruc-
tive transformation is prevented, a metastable P27/,m cummingtonite
may form from the C2f m phase by a siniple displacive transformation
which requires no breaking of chemical bonds. Such a transformation
would particularlv involve a change in the degree of tetrahedral chain
rotation. It is certainly not proven that the P21/m clinoamphibole is a
metastable phase, but considering the apparent composition overlap
with C2/m cummingtonite and anthophyllite, if stable its field of
stability must be very small.

Fe-Mg Distribwtions in Orthoamph,iboles.'Ihe Fe*-Mg distributions for
three orthoamphiboles are summarized in Table 9. Anthophyllite (Fin-
ger, 1970b) is highly ordered, and if t.he distribution isotherms for
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TeeLE 12 Fr*-Mo Dtsr:rreurroNs rN Ontroaupnrsor-E M-SrrEo

Weighted meanb

M(4)

u Fe*-Mg distributions are given in terms of Fe*/Fe*f Mg ratios for that portion of

the site not occupied by aluminum. Fe*:Fe2++Fe3++Ti+Mn.
b The Fex/FexfMg ratios are weighted according to the site multiplicities f.or M(l)'

M(2),  and M(3).

orthopyroxenes (Virgo and Hafner, 1969) are at all applicable to ortho-

amphiboles a relatively low temperature of Mg-Fe* ordering is indicated.

Direct comparison of the Fex-Mg distributions in the gedrites with

anthophyllites is confused by the fact that the M(2) octahedra of ged-

rites are enriched in aluminum. Therefore, to facilitate comparison we

have recast the analyses in the form of Fe*/Fe*f Mg ratios (Table 12)'

!_hen ghis is dore we see t!a! there is n9 lppreciable fractionalion of

Fe* and Mg between the-M(1), M(2), and M(3) sites of anthophyllite
'or 

gedrite 001, but the M (2) site of gedrite 002 appears slightly depleted

in Fe* relativeto M(l) andM(3).
We may consider the following exchange reaction for orthoamphiboles.

Fe* (4 )  *  N Ig ( l ,  2 ,3 )  A  Mg(+ )  *  Fex (1 ,  2 ,  3 )

where Fex(4) refers to Fe* inthe M(4) site and Mg(1,2'3) refers to mag-

nesium in the M(1), M(2) and M(3) sites, etc. A distribution coefficient

Kp can be defined for intracrystalline exchange between M(4) and the

mean of  M( l ) ,  M(2) ,  M(3)  as:

[1 - x(4)] lx(r,  2, s)J
Kr :

[ x (4 ) ] [1  -  x ( r ,2 ,3 ) l

where X(4) refers to the mole fraction of Fe* in the M(4) site and

X(1,2,3) refers to the mean mole fraction of Fe* weighted according to

site multiplicit ies for the portions of the M(l), M(2), and M(3) sites

that are not occupied by aluminum. The intracrystalline distribution

coefficients calculated in this manner are 0.019 for anthophyll ite, 0.164

M ( 1 )
M(2)
M(s)

1\I
I

F'inger (1970) | Present Study I Present Study
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for gedrite 001, and 0.232 fior gedrite 002. Thus the sequence from

most ordered to most disordered is anthophyllite, gedrite 001 and ged-
rite 002. Ilowever, the temperature implications of these distributions
are less obvious. If ideal mixing of iron and magnesium on each of the
M-sites (Mueller, 1962) is a good assumption (such is indicated for
magnesium-rich orthopyroxenes: Virgo and Hafner, 1969) then it is
probably valid to compare gedrite 001 and gedrite 002. The distribu-
tion coefficients would then indicate that the Fe*-Mg ordering of ged-
rite 002 reflects a higher temperature than gedrite 001. It is more diff icult
to compare the temperature significance of the gedrites with antho-
phyll ite. The reason for this is that the ordering kinetics may be sig
nificantlv different. In anthophyll ite nearest M-site exchange of Fe
and Mg between the M@) site and the M(l) and M(2) sites can be
accomplished (Figure 4). However, in gedrite the M(2) sites are Iargely
blocked by aluminum which may significantly impede the ordering rates.

Si-Al D'istributions in Gedrites. The Si-Al distributions for the two
gedrites are summarized in Table 11. The most obvious feature of these
distributions is that AI is distributed over the Z(1A), 

"(18), 
and T(28)

but 
"(2A) 

is largely occupied by sil icon. There appears to be an obvious
structural explanation for this. The ?(2A) tetrahedron and the .14(4)
octahedron share an edge and as a result the O(aA)-O(SA) distance is
very short (2.460 h, Table 5) and the tetrahedral site thus inherently
small. This small tetrahedron naturally exhibits a strong site preference
<lf silicon over aluminum.

The Gedrite-Anthophyllite Sol,aws. Evidence for the gedrite-anthoph_"-llite
solvus based on naturally occurring samples has been presented by
Robinson, Jafie, Klein, and Ross (1969), Stout (1969), Ross, Papike,
and Shaw (1969), Robinson, Ross, and Jatre (1970), and Stout (1970).
Robinson et al. (1970) suggest that there is complete solid solution at
high temperatures between anthophvll ite Rz2+SisOzz(OH)z and gedrite
Nao.rRz(R:.r2+Rr s3+)AlzSiuO"(OH)r. It is of interest to consider the sites
that are involved in the exsolution reactions at lower temperatures.
Based on the recent refinements of orthoamphiboles and the chemical
studies mentioned above we can predict that phase separation of antho-
phyllite and gedrite from an anthophyllite-gedrite solid solution in-
volves separation of Na and vacancies in the ,4-site, R3+ and R2+
inthe M(2) site, and Si and AI in the tetrahedral sites. The M(4) site
which plays such an important role in exsolution of calcic amphibole-
(Fe2+,Mg) amphibole solid solutions (Ross, et al, 1969) plays a rather
passive role in orthoamphibole exsolution.
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Other Possible Structwre Moilels Jor Gerlri le. Thonpson (1970) pointed
o:ut P2tma as a possible space group for orthoamphibole structures.
Although we have yet to find X-ray evidence for this space group it
is possible that the Pnma structure reported here is an average struc-
ture comprised of ordered domains ol P2rrna symmetry. In fact, if
the structure did exhibit P2rma symmetry, certain features of the
chemistry could be more easily explained. As pointed out above,
Robinson et al. (1970) have suggested that gedrite of composition
Nao rRr.r2+-Rr.r3+SioAlzOzz(OH)z may be an "end-member" of the antho-
phyll ite-gedrite solid solution series. It is of interest to note that this
formula can be arrived at by combining orthoamphibole components
R52+R23+Si6AlrOr(OH)r and NaRo2+R3+Si6AI2O22(OH), in the ratio 1:1.
ln the first of these the,4-site would be vacant and the M(2) site would
be fiI led with R3+. In the second, the,4-site would be fi l led with Na and
the predicted M(2) site occupancy would be 0.5R3+,0.5R2+. In space
group P2,m@ we can have two symmetricatly distinct "I-beams"
arranged in stacks parallel to o and c with symmetrically distinct stacks
alternating along D. It is interesting to speculate that ordered domains
in gedrite might contain these two types of "I-beams", each type
having the composition of one of the components mentioned above. The
"end-member" gedrite [Nao.sRs.s2+R153+Si6Al2O22(OH)r] could then
be made up of the two compositionallv distinct "f-beams" in the ratio
1 : 1 .

CoNcrusrorqs

In conclusion, the structure refinements of two gedrites have helped
unravel the crystal-chemical complexity of this group of minerals. Spe-
cifically, we have identified two types of tetrahedral chains (A and B)
with different degrees of O-rotation that Iead to octahedral coordination
of both the -4 and M(4) sites. Polymorphism among Pnrna, P21f m,
and C2/m Fe2+-Mg amphiboles is more clearly understood when
thought of in terms of these rotations. The sharing of polyhedral edges
that results from these rotations has a pronounced effect on the distribu-
tion of Si and AI over the four crystallographically distinct tetrahedral
sites. The tetrahedron which shares an edge with the M(4) octahedron
is largely occupied by sil icon, and Al and Si are distributed over the re-
maining three. Gedrite-anthophyllite exsolution results from lack of
mixing at low temperatures of AI and (Fe,Mg) on the M(2) site, Al
and Si on the tetrahedral sites, and Na and vacancies on the,4-site.
The M($ site plays a passive role in anthophyllite-gedrite exsolution
compared to exsolution involving calcic-and calcium-poor clinoamphi-
boles. Although no X-ray evidence for space groups oLher than Pnmo
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was found for gedrite, it is conceivable that ordered domains with

P2t na symmetry exist within gedrite crystals. Ordered domains with this

symmetry might explain the apparent "end-member" composition of the

anthophyllite-gedrite solid solution series, Nas 6R5.52+R1.53+Si6AhOrr(OH)r.
Site occupancy refinements have demonstrated that octahedral alumi-

num is ordered in the M(2) site and that Fe2+ and Mg are distributed

over the M(l), M(2), M(3), and M(4) sites with Fe2+ showing a strong

site preference for the M(4) site. It is suggested that these Fe2+-Mg

distributions will be useful in determining thermal histories of gedrite-

bearing rocks.
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