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Aesrnact

M(4). The ordered occupancies are in accord with the suggestion by Ernst that the natural

material, which he called the high-pressure, low-temperature polymorph, glaucophane II,

'w.ould have an ordered cation distribution.

INtnooucrtoN

The petrogenesis of glaucophane schists has intrigued geologists for

some time and much work concerned. with the mapping, microscopic

description, chemistry, and stability of glaucophane schist minerals has

been carried out. Despite this wealth of experimental and field work, the

crystal structure of glaucophane itself has not previously been refined'

The literature up to 1963 has been summarized by Deer, Howie and

Zussman (1963), who emphasize that pure natural glaucophanes are rare'

The variation of unit-cell parameters with composition in the series

glaucophane-ferroglaucophane-riebeckite-magnesioriebeckite has been

studied recently by Borg (1967) and Coleman and Papike (1968). Some

general considerations concerning cation substitutions in amphiboles were

described by Whittaker (1949, 1960), and Ghose (1965a)' Colvil le,

Ernst and Gilbert (1966) also examined these problems, with particular

reference to glaucophane. The crystal structure of riebeckite has been

reported in a preliminary account by Colville and Gibbs (1964)'

The possibility of polymorphism in the alkali amphiboles was proposed

by Ernst (1963), who suggested the polymorphism might be related to

order-disorder relationships among sixfold coordinated cations. Ernst

designated the high-pressure, low-temperature polymorph as glauco-

I Studies of Silicate Minerals (9). Publication authorized by the Director, U. S Geolog-

ical Survey.
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phane II, and the low-pressure, high-temperature polymorph as glau-
cophane I, and suggested that the two polymorphs can be distinguished
by their unit-cell parameters. Glaucophane I has been synthesized (Ernst,
1961) but to the present has not been reported as a naturally occurring
mineral.

The purpose of the present investigation is to characterize the basic
features of the glaucophane crystal structure, to determine the actual
cation distribution within the crystal structure, and to discuss the crys-
tal chemistry and the proposed polymorphism of glaucophane in the
light of these results.

UNrr CBrr. awo Spacn Gnoup

The glaucophane used in the present investigation is from a glauco-
phane schist inclusion in serpentinite Iocated on the Tiburon Peninsula,
Marin County, California. Chemically analyzed material was supplied
by W. G. Ernst, University of California, Los Angeles (analyst, Shirou

T,snrn 1. Cnnurcel ANelvsrs eNn Uxrr-Cnu CowrnNrs ton
Gr-aucoprreNn mou Trnurox Prxrnsur,l, Clrrr.onrue

Chemical analysisu Unit-cel1 contentsb

Oxide Weight per cent Number of ions
per formula unit

SiOz
TiOz
Alzor
FezOr
FeO
MnO
Mgo

CaO
BaO

NurO
KzO
HzO+
HzO-

CO:
F
at

Total

58.04
0 . 6 6

1 0 . 3 1
2 . 8 9
6 . 1 2
0 . 0 7

r r .7 l
r . J a

6 . 9 7
0 . o 2
1 . 9 8
0 . 0 0
0 . 0 0
0 . 0 2
0 . 0 1

100.  17

7  . 9 2
0.08
8 . 0 0
1 . 5 8
0 0 6
0  . 3 0
2 . 3 8
0.  70
0 . 0 1
5 .03
1  . 8 4
0 2 0
2 . O +
1 .80

Si
A1

2 tetrahedral cations
AI
Ti
Fe3+

Mg
Fe2+
Mn

2 octahedral cations
Na
Ca

X large cations
oH-

" Analysis by Shirou Imai, Japan Analytical Chemistry Research Institute; data from
W. G. Ernst (written communication, 1966).

b Calculated by present authors on the basis of 24(Or-f OH-+F-+CI-) per formula
unit.
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(1957); circle indicates the composition

of the glaucophane used for the crystal structure study. GL : glaucophane I FERROGL :

ferroglaucophane; RB : riebeckite; MAGNESIORB :magnesioriebeckite.

Imai, Japan Analytical Chemistry Research Institute). The analysis of

the material is presented in Table 1 and located in Figure 1 according to

the classification of Miy'ashiro (1957) and Deer, Howie and Zussman
( 1963).

Single crystals display diffraction symmetry 2/mC-/- consistent with

space groups Cm, C2, and C2/m. Because there was no indication of a

noncentric nature of these crystals either from piezoelectric tests or in-

tensity distributions, the centric space group C2f m was used throughout

the refinement.
Unit-cell parameters were obtained from refi.nement by a least-squares

method (Evans, Appleman and Handwerker, 1963) of X-ray diffrac-

tometer pattern measurements (CuKa1, ) ':1.5405 A, NaF internal

s tanda rd ) ,  and  a re :  a9 .541+0 .002  h ,b  t 7 .7+o+0 .003  A ,  c  5 .295+0 .002

A, B 103o40'+ l, V 870.9+0.3 A3. One cell contains two formula units of

the composition (Nar.aECao.ro) (Mgz.esFeo zo2*Feo.ao3+Alr.saTio'ooMno'or)
(Si?.s2A10.08) (O2-,OH-,F-,CI-)rn, obtained from bulk chemical analy-

sis (Table 1). The density calculated on this basis is 3.127 g/ cm3-

INrENsrrv Dara

X-ray diffraction data were collected manually with the single-crystal

diffractometer (goniostat) which was equipped with a scintallation

counter. The crystal used was a pale-blue (110) cleavage fragment, about

0.16X0.04X0.03 mm. All non-equivalent reflections having 20<60"

were measured using Nb-filtered Mo radiation and the 21-scan technique,

for which the scan range was calculated according to the method de-

scribed by Alexander and Smith (1964). The background intensities were

counted for 20 seconds at both the init ial and final 2d points of the scan.
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Out of the total 1,389 reflections measured, 986 had scan counts greater
than twice the total background intensity, and these reflections were
used initially in the refinement. Later on, errors in recording measure-
ments were discovered ior 23 oI these reflections, which were therefore
removed from the refinement, leaving 963 reflections for the final least-
squares processing. The intensities were corrected for Lorentz and polari-
zation effects, and for absorption (p:t7.82 cm-1) using the numerical
integration method (Burnham, 1966) incorporated into the program
system by Stewart and Highl that was used with the IBM 7094 for the
Ieast-squares refinement and other calculations.

RoltNpuBNr oF THE Cnvsrar SrnucrunB

The monoclinic amphibole crystal structure was initially solved for
tremolite by warren (1930), and a refinement of the tremolite structure is
in progress (M. Ross, U. S. Geological Survey, oral communication,
1967). The C2fm structure of glaucophane follows the general descrip-
tion of the tremolite structure. The amphibole A site is located at a
special position of twofold multiplicity (2b) in C2/m; the results obtained
from difierence Fourier syntheses calculated at the end of the present
refinement show that this site is vacant in glaucophane.

Using 986 observed reflections and assigning atomic positional param-
eters from the refinement of cummingtonite (Ghose, 1961), four cycles of
Ieast-squares refinement were executed for glaucophane utilizing the full
matrix of the normal equations. During this treatment the individual
isotropic temperature factors B were fixed at 0.842 for (O) and (OH),
0.4.4' for Si, 0.6A2 for Na, and 0.4A2 for the M(1), n{(2), and M(3)
octahedral cations. The scattering factors used at this stage of the re-
finement were those for O0, Nao, Sio, and 0.8Mg0f0.2Fe0 taken from
Macgillavry et al., (1962) , p. 202-205. The residual R (rR.>ll p" 

I 
- 1 p dlt

>lfol) was 0.30 after one cycle of refinement and dropped to 0.11 after
three additional cycles in which only the scale factor and positional
parameters were allowed to vary. Four additional refinement cycles were
then executed with the isotropic temperature factors being allowed to
vary (R,  0.10) .

At this point in the refinement bond lengths were calculated with
particular attention being paid to the mean metal-oxygen distances of
the M(1), M(2), and M(3) octahedra. These metal-oxysen distances
were found to be 1.95 A for  M(2) ,  and 2.09A for  M(1)  u"J l t1-1; .  Corr l -
parison of these distances with others for refined silicate structures

I Stewart, James M. and Darrell High. ,,X-Ray 63,'; program svstem for X-ray
crystallography. April, 1965. Departments of chemistry, university of washington,
Seattle, and University of Maryland, CoIIege park.
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(Ghose, 1961, 1965b; Prewitt and Burnham, 1966; Macgil lavry et al ',

t962, p. 260-269) indicated that the M(2) site was occupied by Al and

Fe3+ and M(1) and M(3) sites were occupied by Fe2+ and Mg' These

occupancies are consistent with the results of Whittaker (1949), who

found thut the M(2) site in magnesioriebeckite (crocidolite) was occupied

preferentially by Fes+ and AI. A nonrandom distribution of Fe2+ and Mg

over the M(1) and M(3) sites in glaucophane was also indicated by signi-

ficant differences in the isotropic temperature factors at this stage of

refinement, B(M1):0.61 fu and B(M3):0'02 A'' These temperature

factors were interpreted as resulting for enrichment of Fe in the M3

site, and this interpretation was later confi.rmed by the results from a

site-occupancy refinement, using a program written by Dr' C' T' Prewitt,

E. I. duPont de Nemours Co., Wilmington, Delaware, and Professor

C. W. Burnham, Harvard University, Cambridge, Massachusetts'

In the last stages of refinement,963 observed data were used, and dur-

ing four least-squares cycles the isotropic temperature factors, positional

parameters, and site occupancies for the M(4), (Na,Ca), M(2), (AI,Fe),

M1S;, l l tg,ne), and M(1),(Mg,Fe), sites were allowed to vary, assuming

each site to be fully occupied. Scattering factors for fully ionized atoms

were represented by an analytical expression (Prewitt and Burnham,

1966). Because of strong mathematical interactions between the iso-

tropic temperature factors and site occupancies (correlation coef8cients

0.82-0.90), the site-occupancy refinement was carried out in two addi-

tional ways: first, with four cycles in which the isotropic temperature

factors were fixed at reasonable values and the occupancies were allowed

to varyl and second, with ten cycles in which the temperature factors and

occupancies were allowed to vary on alternate cycles' The R value after

each of the three different treatments of the data was 0.08, and the re-

sulting site occupancies are presented in Table 2.The values for the site

o..rrpun.y (1), iable 2, were selected and fixed for three final cycles of

least-squares refinement. The R value and positional parameters Ie-

mained the same but temperature factors shifted slightly and are re-

ported in Table 3. unit weights were used throughout the refinement.

The three refi.nement methods converged on identical positional param-

eters and gave very similar results for the site occupancies (Table 2).

The method of alternating ter4perature^factor and site-occupancy re-

finement converged more slowly, but the values were approaching those

obtained by the other two methods. The cation contents per formula unit

derived from the final site refinement are given in Table 3, and lead to the

followins chemical formula:

(Nar.goCao.oa) (Mgr reF eo.ur'F.o.rl l tr.rr) Sieozr(oH) z'
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Trp.fi,2. Pnocnnss or Carrox Srrr-Occr,-paNcv RnlrNrurNts lon Gr-aucoprusn

uatron srtes"

M(3) M(2) M(4)

1
2
3

Cations

Me ] F"rt

-l-
0 . 8 4  0 . 1 6
0 . 8 3  0 . 1 7
0 . 8 5  0 . 1 5

Cations Cations Cations

Na+ I Ca2+

0 s 8
0 .99
0 .98

B(42)

0 . 3 4
0  . 2 5

(0 .40)

B(49

0 . 4 5
0 4 9

(0 .40)

AI

0 . 9 1
0 . 9 0
0 . 9 1

Fe3+

0 . 0 9
0 1 0
0 . 0 9

0 .30
0 . 3 3
(o.30)

Ms 
I 

Fe,+

o . 7 1  |  o . 2 e
o . 7 4  0 . 2 6
0 . 7 0  0 . 3 0

B(A2) B(Ar)

0 . 8 s
0 .  E4
(0.85)

a Refinements as follows: 1, Site-occupancy, B refined together for 4 least-squares cycles; occupancy values
chosen as 6nal (Table 3). 2. Site-occupancy, B refined alternately during 10 least-squares cycles. 3. I values
6xed, site-occupancies refined during 4 least-squares cycles

b Total occuyuncy of 1 00 assumed in each site.

The density calculated using this formula is 3.083 g/cm}. The formula is
in good agreement with the one already given that was derived from the
chemical analysis, except that the X-ray results indicate the presence of
slightly more Al, somewhat less total Fe and less Ca than does the chem-
ical analysis. Because the composition of the particular crystal selected
for X-ray examination need not be identical to the bulk composition de-

Tesr-a 3. FrNlr- A:rourc Posruolrer, Panawrrns, TETDERATURE Flcrons,

eNl Srrn-OccurANcrEs r.oR GleucorrrlNn

Atom & B(A4 
Occupancy, atoms

' per sl[e

o ( 1 )  0 . 1 0 9 2 1 0  0 0 0 6
o ( 2 )  0  1 1 7 7 i 0  0 0 0 6
o(3)  (oH)  0  1126t0 .0009
o(4)  0 .367910 0006
o(s)  o .3s48t  0 .0006
0(6)  0  340710.0006
o(7)  0  331710 0009

s i ( l )  0  2831+0.0002
s i (2 )  0  2920 i0  0002

M ( 1 )  0

M ( 2 )  0

M(3)  0

M(4)  o

0 .0927 +  0 .0003
0 . 1 7 1 4 1 0  0 0 0 3

0
0.2529 t  0 .0003
0.  1318 +  0 .0003
0.1224+0 0003

0

0  0 8 7 1 + 0 . 0 0 0 1
0 . 1 7 3 0 t 0 . 0 0 0 1

0 090810 0002

0.  1807 +  0 .0002

0

0  . 2 7  7 2  l O . O O O 3

0 . 2 0 3 7  I  0 . 0 0 1  1
0 . 7 4 8 0 1 0  0 0 1 1
0.  7088 1  0 .0016
0.  8058 1  0 .001 I
0  089310 0011
0 . 5 8 1 4 1 0  0 0 1 1
0  3 0 1 8 1 0  0 0 1 6

0 . 2 9 3 1 1  0 . 0 0 0 4
0.8087 t  0 .0004

0 . 5 0

0

0

0 .  5 0

0 .s0+  0 .081
0 .  s0+  0 .081
o . 6 s  +  o .  1 2  |
0 . 6 1 + 0 . 0 8 1  1 . 0
0 .64+  0 .081
0 .68+  0 .081
o  66+0 .11 , J

0 . 3 1 + 0  0 3 1  1 . 0
o . 2 s + 0  u f

0 . 3 8 t 0  0 5  0  1 6 1 0 . 0 2  F e
0  8 4 1 0 . 0 2  M s

0 . 2 6 1 0 . 0 4  0 . 0 9 t 0  0 2  F e
0  9 1 + 0  0 2  A l

0 . 2 , 1 t 0  0 3  0 . 2 9 1 0 . 0 2  F e
0 . 7 1 t 0 . 0 2  M s

0 . 8 0 t 0  0 7  0  9 8 1 0 . 0 4  N a
0  0 2 t 0  0 4  C a



1T62 J. J. PAPIKE AND JOAN R. CLARK

Teer-n 5. BoNo Drsr,lNcES rN TrrE Srr,rc,lrn Tnrr.Lunor,q. Coltpenno lot<
GteucolneNe AND CuMMTNGToNTTE

Atoms
Si-O distances (A) Cummingtonite

Glaucophane present study Ghose (1961)

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

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

Average

Si(1) tetrahedron

o(1) o(s)
o(1) 0(6)
o(1)-o(7)
o(s) 0(6)
o(s)-o(7)
o(6)-o(7)

Average
Si(2) tetrahedron
o(2)-o(4)
o(2)-o(s)
o(2)-o(6)
o(4)-o(s)
o(4)-o(6)
o(s) 0(6)

Average

si(1)-si(2)
Si(1)-Si(2) (at z-r)
Si(1)-Si(1') (at -y)

1 . 6 1 8 + 0 . 0 0 6
1 . 6 1 6 + 0 . 0 0 7
1 621+0.006
1 . 6 1 1 + 0  0 0 3

| -616
1 . 6 1 8 + 0 . 0 0 6
1.594+0.006
1 . 6 3 7 + 0 . 0 0 7
1.654+0.007

1 -626

O-O distances (A)

2 .648 +  0 .008
2 .659 +  0 .007
2.638+0 008
2.6+6+0.009
2 627+0 O07
2 . 6 1 7 + 0 . 0 0 8

2.639

2 745+0.008
2 635+0 008
2 .636 +  0 .009
2 640+0 008
2 588+0.008
2 . 6 6 6 + 0 . 0 0 8

2.652

SiSi distances (A)
3 . 1 1 0 + 0 . 0 0 3
3.003 +  0 .003
3 090+0.003

1 . 6 3 r
1 . 6 1 ,
r . 6 h
1  . 6 1 s
1 . 6 2 s
1 . 6 2 2
|  6 lz
1 .646
1 . 6 3 a
1 . 6 3 2

2 . 6 5 8
2 . 6 7  s
2 . 6 7  o
2 .66a
2 . 6 3 t
2 653
2 . 6 5 8

l . l J t

2.66 t
2 . 6 3 6
2 . 6 5 6
2 . 5 7 s
2 . 6 9 1
2.66s

3 .09s
3 . 0 6
3 .063

termined by chemical analysis, this difference may be real. However, no
confirming evidence, such as the results of electron-probe scans for the
same crystal or even for several individual crystals, has been obtained.

The final atomic positional parameters, temperature factors, and site
occupancies for the glaucophane structure are presented in Table 3, and a
comparison of the observed and calculated structure factors is given in
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T.\sLr 6 BoNo ANclBs rN run Srrrc,lrn Trrnegrona Coupatno ron

Gr,aucopHeNr exo CuullrNcroNrtn

I  T O J

Atoms
Glaucophane
Present study

Cummingtonite
Ghose (1961)

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

Average

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

Average

si(1)-o (s)-si(2)
si(1)-o(6)-si(2)
si(1)-o(7)-si(1')

1  1 0 . 0  +  0 . 3 "
1  1 0 . 4 1  0 . 3 0
109.6  +  0 .4"
1 0 9 . 7 + 0 . 3 0
109.0+0.4"
1 0 8 . 2 + 0 . 4 0

109.8 '
10g. go

110.50
109 .3'
108.60
108 .8'

109 50 109. 5'

1 1 7 . 5 + 0 . 3 "
1 0 8 . 1 + 0 . 3 0
1 0 7 . 4 + 0 . 3 0
109.6+0 3"
1 0 5 . 6 + 0 . 3 '
1 0 8 . 2 + 0 . 3 '

1  16 .  3 '
109 .0"
to7 .70
109 .00
104.7"
110.3 .

109 40 109. 5'

1 3 4 . 7 + 0 . 5 0
1 4 3 . 5 + 0 . 4 "
147 .2+0.60

139.4"
141.4"
142.2"

Table 4.1 Selected interatomic distances and angles are l isted in Tables
5-7, and some of these are illustrated in Figures 2-5.

DrscussroN oF THE Cnvsrar Srnucruno

General features and, the A s'ite coortlination. The general features of the
crystal structure of glaucophane are similar to those of other clinoamphi-
boles, i.e., tremolite (Warren, 1930; Zussman, 1959), crocidolite (Whit-
taker, 1949), actinolite (Zussman, 1955), grunerite (Ghose and Hellner,
1959), cummingtonite (Ghose, 1961; Fischer, 1966), and riebeckite
(Colville and Gibbs, 1964). Strips of octahedra running parallel to the c-
axis are cross-linked by double chains of SiO+ tetrahedra (Fig.2a). Viewed
along the c direction (Fig. 26) the structure can be described in terms of
alternating tetrahedral and octahedral layers. In this view, the marked

1Table 4 has been deposited as Document No. 9895 rvith the ADI Auxiliary Publica-

tions Project, Library of Congress, Washington, D C 20540. A copy may be secured by

citing the document number and remitting in advance $2.50 for photoprints or $1.75 for

35 mm microfilm. Make checks or money orders payable to: Chief, Photoduplications

Service, Library of Congress.
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T.qer,E 7. C,lrrow-OxvcnN CooRDrNATrox aNo CerroN-ClrroN Srpan,c,rrows

Colplano ron Gr.qucoprrANE AND CumnNcroxrrn

Cummingtonite

Glaucophane present study
Ghose
(1e61)

Cation site
occupancy, lons

per site

0.84 Mg'?+,
0.  16 Fe2+

0.91 Al3+
0.09 Fe3+

0.71 Mg2+,
0.29 Fez+

0.98 Na+,
O.02 Ca2+

Vacant

Distance (A)
Distance

(A)

(2) M(1)-O(1)
(2) M(1)-O(2)
(2) M(1)-o(3)

Average
(2) M(2)-o(1)
(2) M(2)-o(2)
(2) M(2)-o(4)

Average
(4) M(3)-o(1)
(2) M(3)-o(3)

Average
(2) M(4)-o(2)
(2) M(4)-O(4)
(2) M(4)-o(6)
(2) M(4)-o(s)

Average of 8
Average of 6

shortest
(4) A-o(s)
(4) A-0(6)
(2) A-O(7)
(2) A-o(7)

M(1)-M(1',)
M(1) -M(2)
M(1)-M(3)
M(1)-M(4)
M(2)-M(3)
M(2)-M(4)

2 .078+0 .006
2 .082+0 .006
2 .100+0 .005

2.O87
2.038+0.006
1 .943+0 .006
1.849+0.006

1.943
2 1 0 3 + 0 . 0 0 5
2 .077+0 .005

2 -091
2 .411+0  006
2 337+0 006
2.146+O.006
2 .798+0 .006

2.498

2 .398
2.814+0 006
3 .216+0 .006
2 .519+0 .009
3 666+0 008

3.221+0.004
3.091+0 002
3.099+0.002
3 .307+0 .006
3 .206+0 .003
3 .153+0 .003

0.84 NIg2+,
0.  16 Fe2+

0.95 Mg2+,
0 05 Fez+

0.84 Mg'?+,
0.  16 Fe2+

0.13 Mg2+,
0.87 Fe'?+

2 . 0 7 2
2 . 1 1 6
2 . 1 0 4
2 . 0 9 s
2.12s
2 . O 9 t
2 .02s
2 O81
2 . 1 0 t
2 . O 7 2
2.092
a  1 ,
L  L ' 7

2 042
2 . 6 9 s

2 306
(2 .83)
(3 .34)
(2 .28)
(3  .87)

Vacant

kink in the tetrahedral chains is clearly visible. This feature has been
noted in other clinoamphibole structures and appears to be necessary in
order to fit together the tetrahedral chains and the slightly undersized
octahedral strips.

The amphibole A site previously mentioned can be located in Figure
2a at 0 , | / 2, 0 . The distances of nearby oxygen atoms to this location are
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l b

Itrc, 2a. View of the glaucophane structure along a, shorving selected portions oi the cell
contents. Dashed lines indicate the six shortest oxygen bonds to M4(Na).

given in Table 7 for both cummingtonite and glaucophane and the atomic
array surrounding this site in glaucophane is i l lustrated in Figure 3. The
A site is assumed to be occupied by potassium in the hornblendes, and
Heritsch, Paulitsch and Walitzi (1957) have tabulated the distances of
nearby oxygen atoms to this site for various amphiboles in connection
with their two-dimensional refinement of the structures of two horn-
blendes. The A O distances for the hornblendes range from 2.7 to 3.4 A,
and are more evenly balanced for coordination purposes than are the cor-
responding bonds to the vacant site in glaucophane and cummingtonite

I
o s i n F

I
Frc. 2b. View of the glaucophane structure along c, showing

octahedral and tetrahedral layers.'fhe kinking efiect is apparent
hedra are omitted.

the arrangement of the
in this view. M(1) octa-

\

I
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(Table 7). Further information about this structural feature should be

obtained by a study in progress of the crystal structure of a hornblende
with high potassium content (Mason, 1966; Papike and Clark, 1967).

Unfortunately, of all the clinoamphibole structures noted above' only

cummingtonite has been refined by modern three-dimensional methods

and completely reported in the l iterature. Therefore detailed comparison
is limited in the following discussion to the cummingtonite structure'

Geometry of the Si,Oa tetrahetlra. The two crystallographically distinct

tetrahedral sites, T(1) and T(2), in the C2f m clinoamphibole structure

are also distinct structurally. The T(1) tetrahedra are comparable to

Frc 3. Projection on (100) showing details of coordination around the vacant amphibole

A site in glaucophane (Table 7).

thtrse in sheet-sil icate structures (Pauling, 1930; Jackson and West, 1930,
1933), having three oxygen atoms, each of which bridges between two

tetrahedral cations, and only one oxygen atom that may be called non-

bridging or external, because it l inks to only one tetrahedral cation. The
T(2) tetrahedra closely resemble the tetrahedra in single-chain sil icate
structures (Warren and Bragg, 1928), having two bridging and two non-

bridging ox.vgen atoms. Recent refinements of several single-chain silicate
structures (clinoenstatite and pigeonite, Morimoto, Appleman and
Evans, 1960; hypersthene, Ghose, 1965b; jadeite, Prewitt and Burnham,
1966; orthoenstatite, Koto, 1967; johannsenite, Freed and Peacor, 19671
omphacite, Clark and Papike, 1968) demonstrate that such tetrahedra
are characterized by long Si-O bonds for the bridging oxygens, and short

Si-O bonds for the external oxygens (Clark and Papike, 1968). For ex-
ample, in omphacite the averages are 1.66 A for bridging Si-O and 1.60 A
for nonbridging Si-O. The O-Si-O angles also depart from the tetrahedral
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value for the pairs of bridging oxygens (around 1070) and nonbridging
oxygens (around 117o). Cruickshank (1961) and Noll (1961) suggested
that such differences might occur, and some of the reasons for these
differences are discussed by McDonald and Cruickshank (1967).

The T(2) tetrahedra in glaucophane and cummingtonite exhibit similar
tendencies, although the range of values appears to be smaller,1.637 to
1.654 A (Table 5; O(5) and 0(6), bridging oxygen atoms). The O(2)-
Si(2)-O(4) angle for the pair of external oxygen atoms is 117.5o in glauco-
phane, 116.3o in cummingtonite, and 116.8o in riebeckite (Colvil le and
Gibbs, 1964), values close to those observed for the O-Si-O angles involv-
ing external oxygen atoms in the single-chain silicates. Ilowever, the
O(5)-Si(2)-O(6) angle for the pair of bridging oxygens in the amphiboles
discussed here approaches the tetrahedral value more closely than do the
corresponding angles in the single-chain structures.

As the values in Tables 5 and 6 show, the Si-O distances for T(1) in
glaucophane and cummingtonite have a smaller range than do those in
T(2), and the O-T(1)-O angles are all close to the tetrahedral value.
These tetrahedra are thus more nearly regular tetrahedra than are those
of the T(2) type. Unfortunately, in sheet silicates pure SiOa tetrahedra
are rare because there is usually appreciable AI in tetrahedral coordina-
tion, and no modern three-dimensional structural refinement of a sheet
silicate with pure SiOn tetrahedra is available, to our knowledge. How-
ever, the values given for the SiOa tetrahedra in dickite (Newnham, 1961)
do indicate a greater degree of regularity associated with tetrahedra of
this type.

Because the bridging T(2)-O distances are long, the average T(2)-O
values may normally range from 1.62 to 1.65 A for pure SiOa tetrahedra,
as in the pyroxene structures previously cited. The suggestion by Colville
and Gibbs (1964) that an overall average T-O distance of 1.63 A in
riebeckite is larger than expected and therefore indicates the presence of a
small amount of Fe replacing Si seems unwarranted on the basis of the
present evidence. However, any observed lengthening of the T(2)-O(2)
and T(2)-O(4) bonds should be a significant indicator of either Al or Fe
substitution in the T(2) site.

The Si-O-Si angles in glaucophane are within the expected range; the
amphibole bridging angle Si(1)-O(7)-Si(1') is 147.2", appreciably Iarger
than the two pyroxene-type bridging angles (134.7" and 143.5o, respec-
tively) which are entirely comparable to the bridging angles reported in
the previouslv cited references for pyroxenes.

Environment oJ lhe sod.i.um cation. The M( ) site is occupied by Na in
glaucophane, and is coordinated by six short bonds averaging 2398 h
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Frc. 4 Projection on (100) showing the six shortest bonds to the M (a) site, occupied by

Na in glaucophane (Table 7). The two longer distances to symmetry-related O(5) atoms

may be located on Fig. 2a.

(Table 7) and two longer bonds, each 2.?98h. The coordination of the
six closest oxygen atoms is i l lustrated in Figure 4 as projected on (100).
The longer bonds are to O(5) symmetry-equivalent atoms and may be
located in Figure 2o. Colville and Gibbs (written communication, 1965)
find a similar coordination for the sodium cation in riebeckite, the average
value for the six shortest bonds being 2.88 A, slightly longer than for
glaucophane. The six short, two long coordination pattern is normal for
sodium in other structures, e.g. jadeite (Prewitt and Burnham, 1966)
where the six short bonds average 2.377 A, and the two Ionger ones are
each  2 .741  A .

Octahedra M(1), M(2) and. M(3), and. chorge balance considerat'ions. The
bond distances and site occupancies for these octahedra are compared in
Table 7 with those found for cummingtonite; the coordination is i l lus-
trated for glaucophane in Figure 5. The M(1) and M(3) octahedra have
very similar Mg-Fe:+ distribution in both structures, and the bond dis-
tances are correspondingly close in value. The effect of the Al-Fe8+ oc-
cupancy in M(2) for glaucophane is shown by the markedly smaller
M(2)-O distances observed, the average M(2)-O being 1.943 A for glauco-
phane, compared with 2.08+ A for cummingtonite which has largely Mg in
the M(2) site.

The charge balance considerations governing location of the trivalent
cations in the M(2) site when M(4) is occupied by a univalent cation
were discussed by Whittaker (1949) in connection with crocidolite, and
his remarks apply equally to the glaucophane structure. Assuming ionic
bonding, with positive charges of two units each on M(1) and M(3), one
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l|tc 5 Projection on (100) showing the octahedral coordination for Ml(Mg,Fez+), M2(Al,
Fe3+) and M3(Mg,Fe'+) in glaucophane (Table 7).

unit on M(4), and three units on M(2), there is perfect electrostatic bal-
ance for all oxygen atoms, including the hydroxyl O(3), except for three:
O(1) and 0(6) each receive an excess positive charge oI I/6, and O(4) is
defi.cient by l/3. The bond distances involving these oxygens are in the
correct direction to balance the deviations (Tables 5, 7), namell-, long for
O(1)  and O(6) ,  and not iceably shor t  for  O(4) , i .e .  Si -O(4) ,  1.59a A;M(2)-
O(4) ,  1.849 A;  M(a)-O($ ,2.337 A.  Whi t tuker  (1960) suggested that  the
magnitude of the B angle in clinoamphiboles is controlled largely by the
M(4)-O(4) distance, which he showed to be directly related to the tetra-
hedral chain packing. The suggestion is partially confirmed b1, compari-
son of the refined results for cummingtonite and glaucophane (Table 7),
the B angles, respectively, being 101o 55' and 103o 40'. However, the na-
ture of the atomic species occupying the M(2) site also affects the location
of O(4), so a direct comparison of cummingtonite and a refinement of tre-
molite, with its B angle of 104039' (M. Ross, U. S. Geological Survey,
written communication, 1967) and Mg occupancy of the M(2) site, will
provide the best test of the prediction.

1169



J. J. PAPIKE AND IOAN R, CLARK

Cerrox DrsrnrnurroN rN Gr,qucoPHANE

Although the ordered cation distribution (Table 3) has been given in

terms of Fe2+ and p.r+, the method used for the site-occupancy refine-

ment cannot distinguish between these two. However, the M(3) site

clearly is enriched in Fe relative to M(1), and assumption of Fe3+ to-
gether with AI in M(2) appears reasonable in view of the charge balance
requirements and the observed bond distances (Table 7). In general, an

average Fe3+-O distance is about 2.03 A, compared with 2.14 A f ot att

average Fe2+-O distance.
On the basis of results obtained from infrared spectroscopic studies of

amphiboles, Strens (1966) reported that in glaucophane the M(1) site is

Fe2+-enriched. This assignment was in conflict with the Fe-enrichment of

M(3) found during the present refinement. However, R. G. J. Strens (The

University, Leeds, England, written communication, 1967) later dis-

covered that calculations based on peak areas rather than peak heights

should be used in reducing the spectroscopic data. When such a correction
is made, he reports that the agreement between the infrared and X-ray

results is good, and therefore the Fe-enrichment of M(3) is confirmed by

the results of both methods. These results are further supported by

M<issbauer measurements on glaucophane of similar composition by
Pritchard (Oxford University, written communication by R. G.J. Strens,
1967) who finds a verl similar cation distribution to that arrived at from

the X-ray data.
The observed cation distributions for giaucophane are applicable to

cr1'stalline solution models in the system glaucophane, Na2Mg3AlrSis

Ogz(OH) z-ferroglaucophane, Na2Fe32+AlrSi8O2r(OH) 2-riebeckite, Na2Fe32+
Fez3+SiaOz:(OH)2-magnesioriebeckite, Na2Mg3Fez3+Si80rr(OH)2. If we

assume that Fe3+ and Al occupy the M(2) site and Fe2+ and Mg occupy

the M(1) and M(3) sites throughout the series, then mixing of Fe3+ and

Al over only one crystallographically distinct site occurs in crystalline
solutions between glaucophane and riebeckite. However, in crystalline

solutions between glaucophane and ferroglaucophane, and between
riebeckite and magnesioriebeckite, mixing of Fe2+ and Mg over the two

crystallographically distinct sites M(1) and M(3) would occur' Assuming
ideal mixing for each site and an associated temperature of equilibration
for the observed distribution, an interchange energy AIG:-R?lnK can

be calculated (Mueller, 1962). For our glaucophane sample, the AGf for

Mg and Fe2+ interchange between the M(1) and M(3) sites is 0.72

kcal/mole at 200"C and 1.02 kcal/mole at 4000C. These temperatures are

of reasonable range for the glaucophane schist facies. Thus, if the ob-
served ordering of Fe2+ and Mg took place at the last equilibration and is
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not the result of slow cooling, nonideality in crystall ine solutions between
glaucophane and ferroglaucophane under blueschist facies conditions is
indicated.

Ernst (1963) suggested that glaucophane II would have an ordered
cation distribution with Al in the M(2) site, Mg in M(1) and M(3) sites,
and that glaucophane I would have a disordered cation distribution with
AI and Mg distributed over M(1), M(2) and M(3) sites. The I-II poll '-
morphic transition would thus be one of order-disorder. The results of our
study support Ernst's hypothesis to the extent that the ordered distri-
bution he predicted does occur in the mineral, which is glaucophane II.
However, validation of the hypothesis depends on the results of a struc-
tural refinement for glaucophane I. So far no crystals large enough for
single crystal work have been obtained.
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