
New biopyriboles from Chester, Vermont: II. The crystal chemistry ofjimthompsonite,
clinojimthompsonite, and chesterite, and the amphibole-mica reaction

American Mineralogist, Volume 63, pages 1053-1073, 1978

DevIo R. Vnsr-nNl eNn CHnRlns W. BunNHepr

Department of Geological Sciences, Haruard Uniuersity
C ambridge, M as sachus e t ts 02 I 3 8

Abstract

The crystal structures of jimthompsonite, clinojimthompsonite, and chesterite have been
solved and refined using three-dimensional X-ray intensity data. Jimthompsonite and clino-
jimthompsonite contain I-beams composed of triple sil icate chains and wide octahedral strips.
In j imthompsonite these l-beams are stacked like those of orthopyroxenes and ortho-
amphiboles, while the l-beams of clinojimthompsonite are stacked like those in clinopyrox-
enes and clinoamphiboles. Chesterite contains both double- and triple-chain I-beams alternat-
ing in the b direction and assembled in the orthopyroxene-orthoamphibole stacking sequence.
The unnamed mineral that occurs as lamellae in chesterite is presumably the monoclinic
analog of this structure.

The new minerals are very similar to other low-calcium pyriboles with respect to several
crystal-chemical attributes, including polytypism, chain rotation, chain warping, lamellar
orientation, and cation ordering patterns. Examination of the outermost polyhedra of chain
silicate I-beams suggests that A-chain rotations in orthorhombic pyriboles are a necessary
consequence of edge-sharing between tetrahedra and octahedra.

As intermediate reaction products, the new structures delineate 4 reaction path from
anthophyll ite and cummingtonite to talc. This amphibole-to-mica mechanism is not simple,
but rather proceeds by reconstruction ofdouble-chain I-beams to form alternating double and
triple chains, pure triple chains, and finally continuous sheets of sil icate tetrahedra.

Introduction

Of the many new minerals described each year,
most are not silicates, and those that are usually bear
no clear relationship to the important rock-forming
mineral groups. The fortuitous discovery of four new
minerals that are intimately related to pyroxenes,
amphiboles, and micas is thus unusual (Veblen, 1976;
Veblen and Burnham, 1975, 1976; Veblen et al.,
1977), and the insights into biopyribole crystal chem-
istry that they provide are profound. A previous pa-
per of this series described the physical and chemical
characteristics of the new minerals (Veblen and Burn-
ham, 1978). This paper describes their crystal struc-
tures and presents a "comparative anatomy" of the
low-calcium biopyriboles.

We begin by describing the development of struc-
tural models for the new biopyriboles. The crystal
structure refinements of jimthompsonite, clinojim-

I Present address: Departments of Geology and Chemistry,
Arizona State University, Tempe, Arizona 85281.

thompsonite, and chesterite wil l then be presented in
turn. Comparisons of biopyribole bond distances and
angles, stacking, exsolution directions, chain warp-
ing, cation ordering, and chain rotations wil l follow.
Particular attention is given to chain rotations in
orthorhombic pyriboles, because this topic has re-
ceived so much attention in recent years and remains
a point of controversy. In the final section of this
paper we discuss amphibole-mica reactions in l ight
of the new minerals.

Model derivations

Idealized pyribole l-beams possess either mirror or
c-glide symmetry. Those containing chains that could
be assembled from an even number of pyroxene
chains ("even chains") are bisected by mirrors paral-
lel to (010), while those with chains that could be
assembled from an odd number of pyroxene chains
("odd chains") are cut by c-glides parallel to (010).
Both even- and odd-chained ideal I-beams further
contain 2-fold axes passing through the M-sites and
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M a x l n u n  c r y s E a l  0 . 1 0 x 0 . 1 1 x 0 . 5 2  0 . 0 5 x 0 . 0 8 x 0 - 4 0

C r y s t a l  v o l u m e , * *  0 . 0 0 4 4  0 . 0 0 1 1

L l n e a r  a b s o r p t i o n  2 1 . 0  2 l . O
c o e f f l c i e n t ,  c m - 1

Crystal  axis for c c
d a t a  c o l l e c t l o n

2 0  s c a n  s p e e d  l o / n l n .  L o / r i r .

Total  backgtou.d 40 sec. 80 sec.
count lng t ine

Table l .  Crystal  data and intensi ty measurement condi t ions

Cl1no
Jinthofrpsonlte j  imthoEpsonite* Chester i  te

Burnham, 1978, Table l). The similar intensity distri-
butions on O-level b-axis precession photographs of
chesterite, anthophyll ite, and enstatite (Fig. I ) in-
dicate that in projection down b these structures are
closely related. On this basis alone the new mineral
was assumed to be a pyribole. Analogous reasoning
was used by Warren (1929) and Warren and Modell
(1930) to solve the first amphibole structures from
their relations to the pyroxenes.

Of the space groups consistent with the chesterite
diffraction symbol (A21ma, Am2a, Amma), only
A2rma is acceptable as pyribole symmetry; mirrors
parallel to (100) are inconsistent with pyribole I-
beam topology and linkage operations. The metric
requirements and l-centering of the cell, and the
presence parallel to (010) of both mirrors and c-glide
planes in the chosen space group, led to the con-
clusion that the chesterite structure must consist of
both even- and odd-chained l-beams, alternating in
the 6 direction. There were two possibil i t ies: mixed
single and quadruple chains or mixed double and
triple chains. The latter was considered more l ikely.

Soon after the development of the chesterite
model, j imthompsonite was discovered. With b =
27A (Veblen and Burnham, 1978, Table I ) and space
group Pbca (the same as orthopyroxene), it was clear
that if the reasoning behind the chesterite model was
correct, this mineral should consist of triple-chain I-
beams arranged in the same fashion as the single-
chain I-beams of orthopyroxene. Like chesterite, j im-
thompsonite closely matched the orthopyribole (iOl)
diffraction intensity distribution (Fig. l).

Clinojimthompsonite and the unnamed mineral
were later discovered as lamellae in j imthompsonite
and chesterite. The fact that their a dimensions and B
angles (Veblen and Burnham , 1978, Table I ) are close
to those of low-calcium clinopyroxenes immediately
suggested that they are monoclinic polytypes contain-
ing triple chains and mixed double and triple chains
respectively.

Experimental

The nearly colorless single crystals used for X-ray
intensity measurement are elongated in the c direc-
tion, as a result of their excellent prismatic cleavages.
Approximate dimensions of the crystals are l isted in
Table l. Because the Chester pyriboles are inter-
grown with each other, jt is not easy to obtain mono-
phase crystals of a size suitable for data collection.
The chesterite crystal appeared to be truly mono-
phase, but was small. The jimthompsonite crystal
gave extremely weak diffractions from anthophyllite

0.06x0 -  10x0.35

0 . 0 0 1 3

2 0  . 5

c

r  / m 1 n .

4 0  s e c .

* Cl inoj inthonpsonite crystal  data refer Lo the ent ire cleavage
fragment.  Dif f ract ion was fr@ two lanel lae (about 102 of the
f ragnent) in j inthompsonlte.

** calculated by absorpt ion correct ion program, taking account of
a l l  p l a n e s  b o u n d i n g  c r y s t a l ,

parallel to the b-axis, but this rotational symmetry is
destroyed if the two chains of an I-beam differ in
some way. Ideal odd-chained l-beams (triple, quin-
tuple, etc.) are thus symmetrically equivalent to ideal
pyroxene I-beams, while even-chained I-beams
(quadrupfe, sextuple, etc.) have the same linkage
characteristics as amphibole l-beams. These consid-
erations were instrumental in the formulation of
structural models for the Chester pyriboles.

The first new mineral to be recognized was chester-
ite. Like the orthopyroxenes and orthoamphiboles,
it was observed to have a= l8 and c= 5VqA, and its
45A b-axis is an integral multiple of 9A (Veblen and

Fig.  l .  O- level  D-axis precession photographs ofenstat i te (En),

anthophyl l i te (An),  j imthompsoni te (Jt ) ,  and chester i te (Ch).  The

similarities in intensity distribution between the four minerals
first led to the conclusion that chesterite and jimthompsonite are
pyriboles. The vertical direction is a*, and c* is horizontal.

a*
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and chesterite, and precession photographs showed
light streaks in the b direction, probably indicating
some chain-width disorder. During intensity mea-
surement, these streaks interfeied with (ftkO) reflec-
tions with h/2 + k : 2n * l, which were observed to
be systematically absent on precession fl lms. These
structure factors were therefore removed from the
data set, and structure factor calculations using the
refined structure later showed that none of these F"s
have a magnitude above the minimum observable
level. The data for clinojimthompsonite were col-
lected from two (100) lamellae in a crystal of j im-
thompsonite. Each lamella was about 2p wide, and
they were in the same crystallographic orientation.
The diffractions from this crystal were sharp, with no
evidence of streaking.

Intensity data were measured using a Picker Fe,cs-
I four-circle diffractometer and Nb-filtered MoKa
radiation. They were corrected for Lorentz, polariza-
tion, and absorption effects as described by Burnham
et al. (1971). Scan speeds and background counting
times are l isted in Table l. A model-dependent l inear
absorption coefficient was derived for j imthompson-
ite, because density and complete chemical data
were not available. An electron microprobe analysis
and an assumed cell content yielded cation ratios
which, when combined with the cell volume, permit-
ted calculation of the l inear absorption coefficient.
The same value was assumed for clinojimthompson-
ite, and an absorption coefficient was calculated for
chesterite, based again on assumed cell contents. Sub-
sequent refinement of the structures demonstrated
the validity of these absorption coefficient calcu-
lations. The linear absorption coefficients used for the
absorption corrections are l isted in Table l.

Weighting of observations during refinement and

minimum observable intensity criteria were the same
as those described by Burnham et al. (1971), except
that the minimum observable intensity for clinojim-
thompsonite was set at 3o7, rather than 2ot. Unob-
served reflections were excluded from the least-
squares normal equations matrices in all cases. Initial
scale factors were obtained from a Wilson plot pro-
gram (Hanscom, 1973).

The three structures were refined with the full-
matrix least-squares program RnlNr (Finger, 1969),
using scattering factors given by Cromer and Mann
(1968) for Mg2+, t" '+,  Si '+,  and O1-; anomalous
dispersion corrections from Cromer and Liberman
(1970) were applied to the scattering curves during
the final stages of the refinements. The small amounts
of Ca'+, Al3+, and Mn2* were ignored in the site
occupancy refinements.

Jimthompsonite

Model deriuation

Initial atomic coordinates for a trial model of j im-

thompsonite were derived by cutting the ideal, unro-
tated orthoenstatite structure along its c-glide planes
and inserting additional sil icate tetrahedra, octahe-
dral cations, and OH'- ions in a mica-like configura-
tion to form triple-chain I-beams. The I-beam stack-
ing sequence and inter-I-beam linkages of the
pyroxene were thus preserved in the model.

Nomenclature for the 29 atoms in the asymmetric
unit is shown in Figures 2,3 and 4. Octahedral cat-
ions (M), Si, and O are numbered by starting at the c-
glide and counting outward to the edge of the I-beam,
in the b direction; the sites analogous to those con-
taining OH'- or Fr- in the amphiboles and micas are
designated "OH." The Si and O atom labels are

Fig 2.  Tr ip le A-chain of  j imthompsoni te,

are s l ight ly  O-rotated.  The c-gl ide is  label led
projected onto (100). The inner parts of the chain are very straight, while the outer parts
"9",  and M5 is indicated by sol id c i rc les.
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Fig. 3. Projection onto (100) of the O-rotated triple B-chain in jimthompsonite. The B-chain clearly is rotated more than the A-chain.

appended by A or B to indicate the tetrahedral chain
to which they belong; OH atom labels are similarly
appended to indicate on which side of the octahedral
bands they are located. As in the orthopyroxenes and
orthoamphiboles, the A-chain is cut by a b-glide par-
allel to (100) and lies between octahedral layers of
opposite skew, while the B-chain is pierced by 21 axes
and lies between octahedral layers of like skew (see
Thompson, 1970, for definit ion of skew). The only
exception to these rules for atom nomenclature is in

the B-chain, where 068 is closer to the c-glide than
o58.

Structure refinement

The initial scale factor was refined for one cycle,
resulting in R*","n,"o (Rr) : 48.0 percent for the
starting model. After five least-squares cycles in
which the scale factor and atomic coordinates were
allowed to vary, R reached 8.4 percent for 2800 re-
flections. The scale factor, atom positions, and iso-

"l--

F ig .4 .  J im thompson i t es t r uc tu rep ro j ec tedon to (001 ) .Thes tack i ngsequence i s * * - - .B - cha insoccu rbe twsenoc tahed ra l  l a ye rso f

l ike skew, whi le A-chains are between layers ofopposi te skew. The basal  oxygen layers of  the s i l icate chains are warped out  of  the (100)

plane.  The c-gl ide and D-gl ide are label led "g" and "gr ."  N, t5 is  indicated by sol id c i rc les,  and the uni t  cel l  is  out l ined.
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Table 2. Discrepancy factors, R, for jimthompsonite,
clinojimthompsonite, and chesterite

Clino-
Jlnthonpsonite Jimthmpsonlte

Table 3. Jimthompsonite atom coordinates, temperature factors,

and metal  (M) s i te occuPancies

At on Fe/ Felug

A11 observat ions:
Unweighted R*
tJeighted R
Nunber of obs.

Observed di f  f  ract lons :
Uoweighted R
W e i g h t e d  R
N u m b e r  o f  o b s ,

Unrejected observat lons :
Unweighted R
Welghted R
Number of obs.

R e l e c t i o n  c r i t e r i o n :

0 . 1 2 1
0 . 0 6 8
6815

0 . 0 8 6
0 . 0 5 8
4491

0 . 0 8 4
0 . 0 5 7
4457

AF>20.0

0.  084
0 . 0 7 5
169

0 .  0 6 7
0 .  0 5 5
7 4 7

A F > 2 0 . 0

0 .  1 8 1
0 . 0 5 6
5043

0 . 0 9 1
0 .  0 5 9
2633

0 . 0 8 1
0 . 0 4 5
2555

A r > 3  5 . 0

Chester i te l {1
M2

0 . 1 2 5 5 s ( 1 1 )
0 . 1 2 5 3 5 ( r 0 )
o .12506( t2 )
o , r24a5(12)
o. 12369(6)
0 . 2 7 1 1 r ( 9 )
o .26964( rO)
o . 2 1 2 4 2 ( 9 )
0 . 4 8 0 2 5 ( 9 )
0 .  48078(  10)
0 . 4 7 s 7 9 ( 1 0 )
0.18329(22)
0 .5686r (22)
0 . 3 0 0 6 1 ( 2 3 )
0 . 1 8 3 9 9 ( 2 2 )
o , 299 49 (22)
0 . r 8 3 2 5 ( 2 3 )
0.29980(23)
0 .  30  187 (  23)
0 .  r8560(22)
0 . 3 r 3 3 0 ( 2 2 )
0 . 4 s 1 4 1 ( 2 4 )
0 ,56718(22)
o .45168(22)
0. s6725(24)
0 . 4 4 8 8 1 ( 2 3 )
0 . 4 5 r 3 8 ( 2 3 )
o .56296(23)
o.43394(23)

0 . 2 7 8 8 3 ( 6 )
0 . 3 3 s 3 3 ( 5 )
o , 3 9 2 s 7  ( 6 )
o . 4 s 1 6 5 ( 7 )
o .  so690(4)
0 , 2 7 7 8 7  ( 7 )
0 . 3 9 0 0 5 ( 5 )
0 , 4 4 7 0 C ( 6 )
o . 2 7 7 6 9 < 1 )
o .38929(6)
0 .44553(7)
0 . 3 3 5 1 9 ( 1 6 )
0 . 3 3 s 1 3 ( 1 7 )
0 . 2 4 9 8 1 ( 1 5 )
0 , 2 1  7 7 7  ( 1 6 )
0 .33401 ( r7 )
0 . 3 9 1 7 0 ( 1 s )
0 . 4 r 4 9 r ( r 6 )
o.42028(16)
0.44852(16)
0 . 4 9 8 4 1  ( 1 5 )
0 ,24443(15)
o . 2 1 7 9 2 < 1 6 )
0 . 3 3 3 3 8 (  r 7 )
0 . 3 9 2 0 7 ( 1 5 )
0 .4244r (15)
0 . 4 0 8 8 6 ( 1 6 )
0 .4  4849 (  16)
0 . 4 9 5 6 1  ( 1 6 )

0 . 8 9 6 5 3 ( 3 5 )  0 .  4 3 ( 4 )
0 . 3 9 5 6 6 ( 3 2 )  0 . 5 8 ( 4 )
0 .89517(36)  0 .42(4)
0 . 3 9 6 4 2 ( 3 7 )  0 . 3 s ( 4 )
0 . 8 9 5 0 7 ( 1 9 )  0 . 5 5 ( 2 )
o . s s 9 5 7 ( 2 7 )  0 . 3 0 ( 3 )
0 . 5 5 9 8 0 ( 3 0 )  o . 4 C ( 3 )
0 .06669 (29)  O.42(3)
0 . 2 6 7 0 0 ( 2 8 )  0 . 3 3 ( 3 )
0 .27218<3o)  0 .43(3)
0 .77466(30)  0 .47(3)
o . 0 6 2 4 r ( 6 9 )  D , 4 9 ( 6 )
0 . 7 6 9 3 1 ( 6 9 )  0 . s 0 ( 6 )
0 . 3 1 1 5 9 ( 7 3 )  0 . 6 5 ( 7 )
o . s 6 r 4 0 ( 5 9 )  0 . 4 0 ( 6 )
0 . s 5 6 3 8 ( 7 0 )  0 . 6 8 ( 6 )
0 . 5 6 2 9 1 ( 7 4 )  0 . 5 0 ( 7 )
0 . 8 2 5 8 5 ( 7 8 )  0 . 7 3 ( 7 )
0 . 3 3 r 4 8 ( 7 7 )  0 . 6 9 ( 7 )
0 . 0 6 8 0 1 ( 7 4 )  o . s s ( 6 )
0 . 0 8 0 8 0 ( 7 7 )  o . 6 r ( 7 )
0 . 0 3 4 4 3 ( 7 0 )  0 . 5 4 ( 6 )
0 . 2 6 8 2 8 ( 6 9 )  0 . 4 r ( 6 )
0 . 2 3 0 4 5 (  7 0 )  o .  6 s ( 6 )
o . 2 7 1 2 7  ( 1 5 )  O . 6 0 ( 7 )
0 . 0 5 r 6 8 ( 7 4 )  0 . 5 9 ( 6 )
o .s4386(77)  0 .76(7)
0 .177r8<74)  O.63(1)
o . 7 r 3 9 r ( 7 s )  0 , 6 2 ( 7 )

M3
!t4
M5
S i I A
S i 2 A
S i 3 A

s i 2 B
s i 3 B
oliA
OHB
o t A
c2a.
o3A
04A
0 5 A
0 6 A
o 7 A
o8A
o l B

0 . 0 5 0 ( 6 )
0 .  r s 6  ( 6 )
0 . 0 7 8 ( 5 )
0 . 0 1 1 ( 6 )
0 . 8 0 3 ( 7 )

*  unwe tsh red  n  =  r l l r oo . l - l r " " r l l / I l Fob . . l
t . J e i g h t e d  R  =  [ E  w ( F o O " - F " . r ) 2 / I  

" r z o . ] !

02B
o38
04B
o58
069
olB
o88tropic temperature factors were then refined for three

cycles. Anomalous dispersion corrections were in-
troduced, and the scale factor, atomic coordinates,
isotropic temperature factors, and unconstrained M-
site occupancies were refined using the complete data
set. Final R values are given in Table 2. Atomic
coordinates, isotropic temperature factors, and M-
site occupancies are l isted in Table 3, and selected
bond distances and angles appear in Table 4a. A
more complete l isting of distances and angles is in

Table 5'?, and observed and calculated structure fac-
tors are given in Table 8.

'To obtain a copy ofTable 5 (bond distances and angles),  order

Document AM-78-083, and to obtain Table 8 (st ructure factors) ,

order Document AM-78-084, from the Business Office, Mineral-

ogical  Society of  America,  1909 K Street ,  NW, Washington,  DC

20006 Please remit $1.00 in advance for each microfiche.

Table 4a.  Selected bond distances and angles in j imthompsoni te

M-0 Distances.  I
o

Si -O D is tances ,  A

M1 octahedron

M1-02A 2.082
M1-02A(1 )  2 .078
u1 -o2B(2 )  2 .082
M1-028 (3)  2.083
M1-0HA 2.069
M1-0nB 2.069

M2 octahedron M3 octahedron SiLA Tetrahedron

si lA-olA 1.6L6
s i rA -o1A(1 )  r . 628
s l lA -o2A  L .623
s i lA -03A  1 .619

Si2A Tet rahedron S i3A Tet rahedron

M2-0HB 2.066 M3-0HA
M2-O2A 2.L02 M3-0HB
M2-OHA 2.069 M3-O4A
M2-O4A  2 .075  M3-07A
viz-o2B 2.09r M3-o4A
t'12-o4B 2.083 M3-078

2 . 0 9 7
2 . 0 7 8
2 . 0 7 0
2. T04
2 . 0 6 6
2 . I 2 0

L . 6 2 8
L . 6 7  3
1 .  618
1 . 5 9 5

si2A-o3A I .624 Si3A-05A
si2A-04A 1.610 513A-06A
si2A-o5A L.6L7 S13A-O7A
s i2A -064  r . 622  S13A-08A

2 .077  Mean  2 .081

Mean l . 6 2 L  M e a n 1 . 6 1 8  M e a n r . 6 2 8

S11B Tet rahedron S i2B Tet rahedron S i3B Tet rahedron

M4 Octdhedron M5 0c tahedron

Mean

M4-04A
M4-04B
M4-078
M4-O7A
M4-O8A
M4-088

2 .151  M5-O7A  2 .167
2 . r38  M5-O7B  2 . r54
2 .080  M5-08A  2 .042
2 .077  M5-O8B  2 .OOZ
2 .032  M5-06A  2 .443
2 .048  M5-06B  2 .800

Mean 2.089

M5-O5B  2 .938
si3A-M5 2.889

st lB-o1B r .62L Si2B-O3B
s118 -018 (1 )  1 .630  S12B-04B
s i rB -o2B  1 .619  S i2B -O5B
s i lB -o3B  1 .619  S i28 -068

t . 632  S i3B -O5B  L .654
L .612  S i3B -068  1 .643
1 . 6 2 5  S i 3 B - 0 7 B  I . 6 2 6
L .527  S i3B -08B  r . 604

o
Est ina ted  Standard  Er ror  S i -O =  0 .005A

Tet rahedra l  Cha insMean 2,087 Mean 2.268

Est imated Standard Error  M-O = 0,0053

M e a n  7 . 6 2 2  M e a n 1 .624  Mean

B Chain

o1B-o1B-O1B 166.90
o58-068-O5B I6L,70

A Chain

0rA-o1A-o1A r7g.60
05A-06A-05A 173.50

Est imated Standard  Er ror  O-0-O =  0 .40

I .  O J I
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Table 4b. Selected bond distances and angles in clinojimthompsonite

M-O Dis tances ,
o
A

o
S i - O  D i s t a n c e s ,  A

Ml Octahedron

MI-OH 2 .06L

M 1 - O 2  2 . 0 7 2
M 1 - o 2 ( 4 )  2 . O 7 a

2
2
2

2
2
2

M2 Octahedron M3 Octahedron

M2-oH  2 .079  2  M3 -OH 2 .098
M2-O2 2.086 2 M3-O4 2.073
M2-O4 2.081 2 rr3-O7 2.091

Si l  Tetrahedron Si2 Tetrahedron Si3 Tetrahedron

s i l _o l  L . 628  s12_03  r . 606  s i 3_o5  t . 642
s i l - o l ( 5 )  L .627  S i2 -O4  L .6L3  S i3 -06  1 .655
s i l - o2  r . 534  s i 2 -05  L .628  s i 3 -o7  r . 632
s i1 -o3  1 .616  S i2 -05  r . 642  S i3 -O8  1 .501

r . 6 2 6 L . 6 2 2 1 .  633

o
Eat imated Standard  Er ror  S i -O =  0 .0094

Tetrahedral  Chain

o1-o1-o1 17r.40 +0.6d
05 -06 -05  170 .00  +  0 .60

Me an ? . 0 1  0

M4 Octahedron

M4-O4 2 .L28
M4-O7 2 .081
M 4 - 0 8  2 . O 4 9

2 . 0 8 2  M e a n  2 . 0 8 9

M5 Octahedron

2 vr5-o7 2.L62
2 M5-O8 2.032
2  M5-O6  2 .659

M5-O5  3 .106
s i3 -M5  2 .979

Meah 2 .086

Est imated Standard

Mean 2 .284

o
Error  M-0  =  0 .0094

The jimthompsonite structure

Projections of the refined jimthompsonite structure
are shown in Figures 2,3, and 4. I-beams consisting
of triple sil icate chains and wide octahedral strips are
connected in the orthopyroxene-orthoamphibole *
*- -  s tack ing sequence (see Veblen et  q l . ,1977,  for
an explanation of stacking terminology). Each sil i-
cate chaifr has two symmetrically independent chain
rotation angles, an inner rotation angle (Ol-Ol-Ol)
and an outer rotation angle (05-06-05), unlike the
pyroxenes and amphiboles, which have only one.
Both chains are O-rotated, the A-chain with inner
and outer rotation angles of 179.6" and 173.5o, and
the B-chain with inner and outer angles of 166.9'and
161.7". Chain rotation angles in pyriboles are dis-
cussed later in this paper, in l ight of the new struc-
tures; Thompson (1970) explains O-rotation us.  ̂ S-
rotations. The sil icate chains are topologically dis-
tinct from the triple chains in BarSirOr, in which
alternating apical oxygens point in opposite direc-
tions (Katscher and Liebau, 1965; Liebau, 1972\.

As in pyroxenes and amphiboles, the outer M-site
is a distorted octahedron (M2 in pyroxenes, M4 in
amphiboles, and M5 in j imthompsonite), while the
inner M-sites are more regular octahedra, slightly
compressed in the [00] direction. By further analogy
to the low-Ca pyroxenes and amphiboles, Fe2+ is
concentrated in the outer, distorted M-site, while the
regular M-sites favor Mg. The refined Fel(Fe + Mg)
ratio of 0.22 agrees with the (Fe + Mn)/(Fe t Mn *
Mg + Ca) value of 0.22 which was measured for this
crystal by electron microprobe analysis.

Chain warping or corrugation is apparent in a c-

axis projection of the structure (Fig. 4). The basal
faces of the Si3,{ and Si3B tetrahedra are tilted signif-
icantly out of the (100) plane. The structural signifi-
cance of pyribole chain warping is discussed in a later
section.

Clinojimthompsonite

Model deriuations

As shown originally by Warren and Modell (1930),
the orthopyroxene unit cell can be closely approxi-
mated by two unit cells of clinopyroxene related by a
6-glide parallel to (100). Since an analogous relation-
ship was hypothesized for jimthompsonite and clino-
jimthompsonite, the same transformation that Smith
(1969) used to relate low clinoenstatite atom coordi-
nates to those of orthoenstatite was used to derive the
clinojimthompsonite starting coordinates. The fol-
lowing operation was applied to atoms in one asym-
metric unit of the refined jimthompsonite structure:

x c n :  2 ( x y -  l / 4 )
l c t t :  l J t
2"11 = l/2 I zy * @y - l/2)a11 tan(B"p - 90")/cy

The resultinE P2r/c model is a triple-chain analog of
the low clinoenstatite structure.

Because the observed space group of clinojim-
thompsonite is C2/c, the P2r/c model was modified
by an origin shift and by rotation of the B-chain
atoms and OHB ion about the C2/c 2-fold axis. The
positions of corresponding atoms in the A- and B-
chains were then averaged. The structure described
by these average positions, plus the M-sites which lie
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Table 4c. Selected bond distances and ansles in chesterite
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M-0 D is tances ,
o
A

o
S i - o  D i s t a n c e s ,  A

MT1 Octahedron

r . f f1 -oT2A(6)  2 .05

I f r l -o r2A(7)  2 .01
M r 1 - o r 2 B ( 8 )  2 . l I

I f r l -o r2B(9)  2 .12

Lfrt-oHTA 2.O2

}fi l-OHTB 2-01

Mean 2 .O7

MT4 Octahedron

MI4-OT4A 2 .16
MT4-OT4B 2 .16
MT4-OT7A 2 .Ol
MI4-OT7B 2 . IO
MT4-OD4A 2 .00
MT4-OD4B 2 .02

M e a n  2 . 0 9

MT2 octahedron

MI2-OHTA 2 .10
MT2-OHTB 2 .06
MT2-OT2A 2 .77
I f r2 -0T28 2 .10
MT2-OT4A 2 .09
MT2-OT4B 2 .04

M e a n  2 . 0 8

MT5 octahedron

MT5_OT7A 2 .L5
MT5-OT7B 2 .20
MI5-0D4A 2 .04
MT5-OD4B 1 .99
MT5-OD6A 2 .42
MT5-OD6B 2 .82

M e a n  2 . 2 7

MT5-OD5B 2 .92
s iD2A-MT5 2 .  91

MD3 Octahedron

2 MD3-ODlA 2 .10
2 MD3-OD1B 2 . IO

MD3-OHDA 2 .04
MD3_OHDB 2 .09

M e a n  2 , 0 9

l{I3 Octahedron

MI3_OHTA 2 .10
lfr3-oHTB 2,01
l f r3 -or4A 2 .05
MT3-or4B 2 .08
M T 3 - O T 7 A  2 . 0 6
M T 3 - O T 7 B  2 . 1 6

M e a n  2 . O 9

MDI  0c tahedron

I rD l -oDlA 2 . r l
MDl -OD1B 2 .O3
MDt-0D2A 2 .16
MD1-OD2B 2 . I I
MDI -OHDA 2 .T I
MDI-OHDB 2 .08

M e a n  2 . l O

MD4 Octahedron

r fD4-oD2A 2 ,L9
MD4-OD2B 2 .13
MD4-OT8A 2 .02
MD4-OT8B 2 .O2
MD4-0T6A 2 .44
MD4-OT6B 2 .8L

M e a n  2 , 2 1

MD4-OD5E 2 .96
s1T3A-MD4 2 .  87

SiDIA-OD1A
SiDIA-OD5A
S 1D1A-OD6A
SiDIA-OD7A

Mean

S i T I A  T e t r a h e d r o n

sir lA-or1A 1.608
sir rA-oTlA(1) 7.627
SiTIA-OT2A
SiTIA.OT3A

Mean 1 .  618

SIT1B Tet rahedron

s i T l B ' o T 1 B  1 . 6 6 0
s i r l B - o r r B ( 1 )  1 . 6 0 1
S iTlB-OT2B
S tTlB-OT3B

Mean

S1DIA Tet rahedron

SIT2A Tetrahedron SiT3A Tetrahedron

sir2A-or3A 1.639 Sir3A-oT5A I .623
sir2A-or4A L.629 Sir3A-or5A 7.667
S1T2A-OT5A 1;618 SiT3A-0T74 L.669
51T2A-0T6A 1.609 Sir3A-OT8A 1.551

M e a n  L . 6 2 4  M e a n  L . 6 2 8

S i T 2 B T e t r a h e d r o n  S 1 T 3 B T e t r a h e d r o n

s i r2B-or3B L .632 S l r3B-0T58 1 .630

S1T2B-OT4B 1 .585 51T38-0T68 I '667

SiT2B-OT5B 1 .648 S iT3B-OT7B 1 .572

s i r2B-or6B L .635 S i r3B-OT88 1 .600

M e a n  1 . 6 2 5

SiD2A Tet rahedron

s iD2A-0D2A 1 .  559
SiD2A-OD4A I .647
s iD2A-OD5A 1 .622
s iD2A-oD6A 1 ,680

M e a n  1 . 6 2 1

SiD2B Tetrahedron

s1D2B-OD2B r .655
s iD2B-OD4B 1 .  618
s iD2B-oD5B 1 .655
s iD2B-0D68 1 .603

L"617

I .  640
L .591

1 . 5 5 4
1 .  6 1 5

1 .  6 0 8

1 .  589
1 .  s 9 9
r . 6 4 6
1 .  616

1 .  613

MD2 Octahedron

MD2-ODlA 2 .72
MD2-ODIB 2 .L I

MD2-OD2A 2 .10
MD2-OD2B 2 .06
MD2-0T8A 2 .07

MD2-0T88 2 .06

Mean 2 .O9

SiDIB Tetrahedron

s iD lB-oDlB 1 .  689
s iD lB-OD5B 1 .604
s iD1B-OD6B r .636
SiDIB_OD7B L .607

o
E s t l m a t e d  S t a n d a r d  E r r o r  M - 0  =  0 . 0 2 A

*Coord ina te  l rans fomat ions  ind ica ted  in  Darentheses :

( L )  x , 4 - y ,  \ + z ( 6 )  x ,  y ,  z - 1
( 2 )  L a + x ,  \ -  y ,  7 - z  ( 7 )  x ,  t a -  y ,  z - \
( 3 )  % -  x ,  y ,  3 / 2 - z  ( 8 )  * -  L  ,  ' z - y ,  ' a -  z
( 4 )  - x ,  - y ,  1 - z
( 5 )  x ,  - y ,  t a + z

Atoms w i th  no  t rans fomat ion  ind lca ted  are  a t  aAz,  o r
are  par t i c ipa t ing  in  an  unanb iguous d is tance or  ang le .
Numera ls  p receed ing  bonds lnd ica te  nu lE ip l i c i t y .

M e a n  I . 6 3 4  M e a n  7 . 6 3 3

o
E s t i m a t e d  S t a n d a r d  E r r o r  S i - o  =  0 . 0 1 8 A

T e t r a h e d r a l  C h a i n s

A Tr ip le  Cha ln B Tr lp1e Cha in

o r l A - o r 1 A - o r 1 A  1 7 9 . 6 0 ,  O T I B - O T I - B - O T 1 B  1 6 7 . 3 0

015A-0164-015A 173.50  0T58-0T68-0T58 161,10
( 9 )  x - %  ,  y ,  L - z

A Doub le  Cha in B Doub le  Cha ln

OD5A-OD6A-OD5A 170.60  0D5B-0D6B-OD5B 161.20

Est imated Standard  Er ror  0 -0-0  =  1 .30

on 2-fold axes, has C2/c symmetry and is a triple-
chain analog of high clinoenstatite. It contains l7
atoms in the asymmetric unit and is topologically the
same as the NaMg-sil icate structure of Drits et al.
(1974). Site nomenclature in this model is analogous
to that for the j imthompsonite structure, except that
"A" and "B" are dropped because all tr iple chains
are now symmetrically equivalent.

Structure rertnement

Because clinojimthompsonite occurs as lamellae in
jimthompsonite, a good single crystal could not be
found. Consequently, X-ray intensity data were mea.

sured from two (100) lamellae in a j imthompsonite

crystal. Because the reciprocal lattice points of the
jimthompsonite and clinojimthompsonite overlapped
for / : 4n, those diffractions were omitted. In spite of

long counting times, the measured intensities were

very low; thus a large number of diffractions were

unobserved. The absorption correction was calcu-
lated assuming that the entire crystal was clinojim-
thompsonite, but because the transmission factors for

the entire crystal were high and only varied between

0.88 and 0.93, intensity errors introduced by errors in

the absorption correction are small '
In order to check the space-group extinctions, all
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UI
M2
y3
u4
M5
S i I
s i2
s 1 3
OH
O I
02
o3
o4
05
06
o7
0 8

Table 6.  Cl inoj imthompsoni te atomic coordinates,  temperature
factors, and metal (M) site occupancies

A E m I'el Fe}}'19

refinement in C2/c converged readily. The scale fac-
tor, atomic coordinates, isotropic temperature fac-
tors, and unconstrained Mg-Fe occupancies of the
M-sites were varied simultaneously during the final
cycles of refinement. Only observed diffractions were
included in the normal equations. Values of R for
clinojimthompsonite are l isted in Table 2; atomic
positions, isotropic temperature factors, and occu-
pancies are given in Table 6; and selected bond dis-
tances and angles are compiled in Table 4b. Tables 5
and 8 (see footnote 2) contain more complete bond
distances and angles and the observed and final calcu-
lated structure factors for those reflections with 1 )
3ot .

The clinojimthompsonite structure

Figures 5 and 6 show projections of clinojim-
thompsonite and present the site nomenclature. The
structure consists of l-beams containing five crys-
tallographically distinct M-sites and symmetrically
equivalent, O-rotated triple sil icate chains with inner
and outer  rotat ion angles of  171.4"  (Ol-Ol-Ol)  and
170.0' (O5-O6-05). These I-beams are connected in
a ***i stacking sequence, analogous to the stack-
ing in  monocl in ic  pyroxenes and amphiboles.

As in the j imthompsonite structure, the inner M-
sites are quite regular, but slightly compressed in the

[00] direction, while M5, the outer M-site, is a dis-
torted octahedron. Fe is again concentrated over Mg
in this distorted outer site; unconstrained occupancy
refinement resulted in Fel(Fe + Mg) : 0.20, while
(Fe + Mn)/ (Fe *  Mn *  Mg + Ca *  Alo"r )  :0 .22

was measured with the electron microprobe from the
clino lamellae. The I-beams of clinojimthompsonite
show the same type of chain warping as those of its
or thorhombic polymorph.

0.0  0 ,0289(2)
0 . 0  0 . 0 8 4 9  ( 2 )
0 .0  o .  1428(2)
0 . 0  0 . 2 0 1 3 ( 2 )
0 . 0  0 . 2 s 6 9  ( r )
0 .2909(4)  0 ,0277(2)
0 . 2 8 8 0 ( 4 )  0 .  r 3 9 5 ( 2 )
0 .297r (4)  0 .1 ,962(2)
0 .  r 1 5 3 ( 8 )  0 . 0 8 5 0 ( 3 )
0 . 3 4 9 9 ( 1 1 )  0 . 0 0 3 7 ( 3 )
0 .  l 1 s 4 ( 9 )  0 . 0 2 7 8 ( 4 )
0 . 3 4 4 e ( 8 )  0 . 0 8 4 0 ( 3 )
0 . 1 1 4 9 ( 1 0 )  0 .  r 4 2 0 ( 3 )
0 . 3 s 3 5 ( i 0 )  0 . 1 7 1 3 ( 3 )
0 . 3 5 2 3 ( 1 0 )  0 . 1 6 2 8 ( 3 )
o .  1 2 1 9 ( 9 )  0 . 1 9 8 3 ( 3 )
0 .3771(9)  0 .2474(3)

0 . 2 5  0 .  l 4 ( r 3 )
0 . 7  5  0 .  1 6  (  1 3 )
0  , 2 5  0 .  1 8 (  1 3 )
o . 1 s  0 . 1 s ( 1 4 )
0 . 2 5  0 . 4 3 ( 7 )
0 . 7 6 5 6 ( 6 )  0 . 1 8 ( 5 )
o , 7 6 1 0 ( 7 )  0 . 2 4 ( 6 )
0 . 2 6 3 0 ( 7 )  0 . 2 s ( 6 )
0 . 1 s 6 6 ( 1 3 )  0 . 2 3 ( 1 2 )
0 . 5 4 1 3 ( r 7 )  0 , 4 2 ( r 5 )
0 . 6 s 5 2 ( 1 5 )  0 . 4 7 ( r 3 )
0 . 8 1 9 7 ( 1 3 )  0 . 3 3 ( 1 1 )
0 .  6 5 5 5  (  1 5 )  0 .  4 8 (  r 4 )
0 . 0 3 4 4 ( 1 5 )  0 . 5 e ( 1 4 )
0 . 5 3 9 0  ( r 6 )  0 . 7 6 ( r 5 )
0 . r 5 3 6 ( 1 5 )  0 . 4 s ( 1 4 )
0 . 3 5 8 1 ( 3 )  0 . 4 8 ( 1 5 )

0  . 0 3 2  (  1 5 )
0 . 0 4 r ( 1 6 )
0 . 0 9 s ( r 6 )
0 . 0 0 8  (  1 6 )
0 . 8 4 5 ( r 8 )

classes of diffractions were measured. Of 2253 h + k
: 2n * I diffractions, 142 or 6.3 percent were ob-
served (greater than 2o). If these diffractions were
truly extinct, about 5 percent would be expected to be
observable at the 2o level. This is close to what was
observed, but refinement was nevertheless first at-
tempted in space group P2'/c, uti l izing Iheh -l k:2n
* 1 diffractions. Atoms that would have been sym-
metrically related to each other in C2/c began to
move toward C2/ c-equivalent positions, coordinate
correlation coefficients between these atoms became
fairly high (about 0.7), and unacceptable bond dis-
tances developed. Calculated structure factors for the
h + k : 2n * | diffractions bore no obvious relation-
ship to the low observed structure factors, and R, did
not fall below 10.8 percent. It was concluded that the
structure must have C2/c symmetry.

When the criterion for considering a structure fac-
tor to be observed was increased to 3o (of the in-
tegrated intensity), only 12 h + k : 2n l- I diffrac-
tions remained. These were removed, and the

Fig. 5. Project ion of cl inoj imthompsonite onto (100). The tr iple chain is O-rotated
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F ig .6 .  c -ax i sp ro j ec t i ono f t hec l i no j im thompson i t es t r uc tu re .Thes tack i ngsequence i s * * * * , anda l l  t r i p l echa insa resymmet r i ca l l y

equivalent .  As in j imthompsoni te,  the basal  oxygen layers of  the s i l icate chains are warped out  of  the (100) p lane.

o

Chesterite

Model deriuation

An l/(z) test using all measured chesterite structure
factors resulted in a curve that is acentric at low
values of z and hypercentric at z values above 0.3
(Figure 7). Because mcire than half the data were
unobserved and had statistically assigned Fi6" values
corresponding to I^1n/3, the intensity averages used
in this test are probably incorrect, and the test in-
valid. In addition, the proposed model for chesterite
contained a pseudo-inversion center. The test results
were therefore ignored, and a detailed model was
constructed in the acentric space group A2rma, the
only space group that is consistent with both the
diffraction symbol and pyribole I-beam symmetry
and linkage operations.

The chesterite model contains double- and triple-
chain I-beams alternating in the b direction and
stacked with a ++-- sequence similar to that in
other orthopyriboles. Coordinates for an initial struc-
ture model were calculated from the refined atom
coordinates of jimthompsonite. The triple-chain l-
beam of chesterite was taken intact from the jim-
thompsonite structure, and the double chain was con-
structed from the Si2, Si3, M2, M3, M4, and M5
polyhedra of the adjacent triple-chain I-beam in
jimthompsonite. The following transformation of the
appropriate jimthompsonite atoms yielded the
model:

.xg6 : I1t

y " 5 : 0 . 6 y p * 0 . 1

Z.y, :  Zy + 0.25

There are 5l atoms in the asymmetric unit of this
structure.

Atom nomenclature in the triple-chain I-beam is
the same as that for jimthompsonite, and the nomen-
clature for the double-chain I-beam follows the stan-
dard orthoamphibole terminology (Finger, 1970).
Atoms in the triple-chain I-beams are denoted by
"T," and those in the double-chain l-beams by "D."
These letters are inserted after the chemical part of
the atom names; for example, OT5A is in the A triple
chain, while OD5A is in the A double chain.

Structure refinement

After refining only the scale factor for one cycle,
R. for all observed reflections was 0.074, indicating
that the model calculated in the above fashion was
extremely close to the real structure. After refining
scale factor and atom positions for two cycles, con-
vergence was achieved, and R, reached 0.060 after
only minor adjustments in atomic positions.

Isotropic temperature factors and M-site Fe-Mg

Fig. 7. Plot of the chesterite N(z) test. All measured reflections

consistent with diffraction symbol mmmA"a were utilized. See

text for interDretation.
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occupancies were then refined, and nu fell to 0.059
for all observed reflections. Atoms in the triple-chain
I-beam were, however, strongly correlated with cor-
responding atoms in the double chains, especially
with respect to thermal parameters, which had corre-
lation coefficients as high as 0.8. Analogous atoms
within the following polyhedra were strongly corre-
lated: SiDIA and SiT2A; SiD2A and SiT3A; SiDIB
and SiT2B; SiD2B and SiT3B; MD3 and MT2; MDI
and MT3; MD2 and MT4; and MD4 and MT5. For
example, ODIA, which is the apical oxygen of the
SiDIA tetrahedron, was strongly correlated with
OT4A, the apical oxygen of the SiT2A tetrahedron.
In addition, atoms of the SiTIA and SiTIB tetra-
hedra exhibited strong correlations with those of all
the double-chain tetrahedra. and MTI was correlated
with all other regular M-sites in the structure. Be-
cause the above pairs ofpolyhedra have nearly identi-
cal shapes and environments with respect to first- and
second-nearest polyhedra, a pseudo-inversion center
exists at (l/2,2/5, l/4), and there is a pseudo-2, axis
in the B layers and a pseudo-glide plane in the A
layers; this strong pseudo-symmetry is probably re-
sponsible for the high correlations. Similar behavior
is often noted when refining a structure that deviates
only slightly from a higher space-group symmetry
[see, for example, Bailey (1975) and Guggenheim and
Bailey (1975)1. In chesterite the triple and double
chains are topologically distinct, and the pseudo-
symmetry is therefore only local.

The isotropic temperature factors of some of the
correlated atoms behaved erratically during the re-
finement, one of a pair assuming a high positive value
and the other becoming negative. Because the corre-
lated sites were so similar with respect to both first-
and second-nearest neighbors, it was assumed that
the atoms occupying them would have similar ther-
mal parameters, and the isotropic temperature fac-
tors of corresponding Si, O, and OH ions in the triple
and double chains were constrained to be equal. M-
site atoms were left unconstrained because of the
additional correlations between occupancy and tem-
perature factors. The temperature factors of the con-
strained atoms attained more reasonable values dur-
ing this stage of refinement, but M-site temperature
factors were sti l l  unreasonable. Corresponding M
atoms in the D and T l-beams, as l isted above, were
therefore also constrained to have equal isotropic
temperature factors. This resulted in more reasonable
thermal parameters and litt le change in Mg-Fe occu-
pancy; the largest change in an occupancy was 7.6
percent, about 3oo". The two unconstrained oxygen

atoms in the A triple chain sti l l  had negative isotropic
temperature factors close to zero. These temperature
factors were significantly correlated to the temper-
ature factors of corresponding atoms of all other
tetrahedra. It was decided, however, not to pursue
any further constraint schemes, because full-matrix
least-squares refinement of a 5l-atom structure re-
quires large amounts of computer time, and the abso-
lute values of these temperature factors were much
less than their standard errors. The changes in atomic
positions which resulted from the thermal constraints
were insignificant (less than 0.lo).

Final R values for chesterite are given in Table 2,
and atomic coordinates, isotropic temperature fac-
tors, and M-site occupancies are l isted in Table 7.
Because the positional parameters were nearly inde-
pendent of the thermal and occupancy parameters,
the positional standard errors should be realistic. A
few of the refined bond distances, such as the SiT3A-
OT8A distance of 1.55(2), suggest, however, that
these errors are larger. Because the thermal con-
straints affected occupancies by as much as 3oo", the
occupancy standard errors are probably several t imes
too low. Likewise, the isotropic temperature factor
errors are undoubtedly too low, being based on plau-
sible but unproven constraints that eliminated the
largest covariances. The temperature-factor errors
were approximately halved by applying the equality
constraints.

Because only a small chesterite crystal suitable for
intensity measurement could be found, the number of
unobserved intensities was large; only 2633 out of the

t 6043 measured intensities were observed. Structure
factor calculations for the unobserved diffractions
produced no large Ps inconsistent with the structure.
The structure refinement of chesterite could undoubt-
edly be improved if a monophase single crystal large
enough to yield a high ratio of observed to unob-
served diffractions could be found.

Selected chesterite bond distances and angles are
presented in Table 4c. Table 5 contains more com-
plete distances and angles, and the observed and cal-
culated structure factors that were used in the refine-
ment are l isted in Table 8 (see footnote 2).

The chesterite structure

Chesterite is the first known chain sil icate having
more than one set of topologically-distinct chains.
The structure is shown in Figures 8, 9, and 10. There
are two distinct types of I-beams, one similar to the I-
beam of anthophyll ite, with A and B double chains,
and the other very close to the I-beam of j im-



VEBLEN AND BURNHAM.' BIOPYRIBOLES 1063

thompsonite, with A and B triple chains. All the
chains are O-rotated, except that the inner rotation
angle of the A triple chain differs from l80o by less
than its standard error. As in j imthompsonite and
clinojimthompsonite, the outer tetrahedra of both
triple chains are more rotated than the inner ones.
The stacking sequence of  the I -beams is  **- - ,  the
same as for orthopyroxenes, orthoamphiboles, and
jimthompsonite. Because the structure is acentric,
there are two nonequivalent ++-- stacking ar-
rangements that are probably equally l ikely; the
atomic positions in Table 7 are for one of these. As in
other low-Ca pyriboles, iron is concentrated over
magnesium in the distorted outer M-sites, and all
four independent chains are warped out of the (100)
plane. Occupancy refinement gave overall Fe/(Fe +
Mg) : 0.24 for the structure, while electron micro-
probe analysis gave (Fe + Mn)/(Fe * Mn * Mg +
Ca) : 0.26.

Fourier syntheses and A-site occupancies

To confirm the refinement results, electron density
difference maps were calculated for all three refined
structures. Preliminary difference maps of j im-

thompsonite and clinojimthompsonite, calculated
prior to the application of anomalous dispersion cor-
rections, showed erratic differences as large as 3.5 e/
A3; these differences were eliminated by further re-
finement using scattering factors corrected for anom-
alous dispersion, even though R values were not im-
proved.

The final j imthompsonite difference map shows no
uninterpretable discrepancies larger than 1 e,/A3. Pos-
it ive and negative differences indicative of anisotropic
thermal motion are associated with M5 (1.8 e/A3)
and with O5A and 06A (l. l e/A'). These oxygen
difference densities are consistent with tetrahedral
torsion about the a* direction, a type of thermal
motion that is observed in other chain sil icates. The
most pronounced difference peak is located in the
position corresponding to the amphibole A-site. This
peak is shaped like a lopsided dumbbell with maxima
of  3.4 e/  At  at  (0.37 ,0.323,  0.89)  and I  .3  e/  A3 at  (0.37 ,
0.347, 0.89). The peak, contoured in Figure I l, prob-
ably signifies positionally disordered partial occu-
pancy of the A-site. The identity of this site's in-
habitants, however, is not so clear; the amount of Na
indicated by electron probe analyses ofj imthompson-
ite, including the crystal used for intensity data col-
lection, represents about 2.5 percent Na occupancy,
and that amount is not l ikely to produce a difference
density peak as large as the observed one. Small

Table 7. Chesterite atomic coordinates, temperature factors, and

metal  (M) s i te occuPancies

I'e / I'efMg

Mrr  0 .12610*  0 .2675(2)
r ' f !2  0 ,1224(7)  0 .3013(2)
M T 3  0 . t 2 6 4 ( 6 )  0 . 3 3 5 7 ( 1 )
! f r 4  0 . 1 2 4 3 ( 6 )  0 . 3 7 1 5 ( 2 )
l ' n 5  o . 1 2 3 3 ( 5 )  0 . 4 0 4 4 ( t )
s i r r A 0 . 2 7 0 4 ( 6 )  O . 2 6 6 8 ( 2 )
s i r2A 0 .269r (6)  0 .3344(2)
s i r3A c .2732(6)  O.3682(2)
s i r r B o . 4 8 1 l ( 6 )  O . 2 6 7 0 ( 2 )
s i r 2 B o . 4 8 1 5 ( 6 )  0 . 3 3 3 4 ( 2 )
s 1 1 3 8 0 . 4 7 5 5 ( 6 )  0 . 3 6 7 8 ( 2 )
o n r A  0 . 1 8 3 s ( r 0 )  0 . 3 o o s ( 4 )
o l l T B  0 . 5 6 9 5 ( 1 0 )  0 . 3 0 I 5 ( 4 )
0r1A 0 .2990(8)  0 .2499(3)
o r 2 A  0 . 1 8 2 3 ( 8 )  O . 2 6 7 2 ( 4 )
o r 3 A  0 . 2 9 i 6 ( 9 )  0 . 3 0 0 2 ( 4 )
o r 4 A  0 .  1 8 1 7 ( 9 )  0 . 3 3 5 0 ( 4 )
0 ' r5L  o .2992(9)  0 .3490(4)
0T5A 0 .  3023(9)  o .  3521 (4 )
o r T A  0 . 1 8 3 6 ( 9 )  0 . 3 6 9 4 ( 3 )
0 r 8 A  0 . 3 1 3 3 ( 8 )  0 . 3 9 8 2 ( 4 )
0r lB  o .  4s23(  10)  o  .2468(4)
0r2B o .  564s(9)  O.2664(4)
d r 3 B  0 . 4 s 0 3 ( 9 )  0 . 3 0 0 1 ( 3 )
tJ r4B 0 .s667(9)  0 .3349(4)
o r s B  0 . 4 4 9 7 ( 9 )  0 . 3 5 5 1 ( 3 )
0 1 6 8  0 . 4 5 0 s ( 9 )  0 . 3 4 5 4 ( 3 )
o r T B  0 . 5 5 9 9 ( 9 )  0 . 3 6 8 8 ( 3 )
0 T 8 B  0 . 4 3 4 5 ( 9 )  0 . 3 9 8 0 ( 4 )
luD3 0 .  3718(8)  0 .  s
] l D l  0 . 3 7 7 1 ( 5 )  0 . 4 6 s 4 ( 2 )
r , rD2 0 .3749(5)  0 .4296(2)
yD4 0 .3752(s)  0 .3963(1)
s i D l A 0 . 2 3 0 2 ( 6 )  o . 4 6 6 3 ( 2 )
s iD2^  0 .2282(6)  O.4323(2)
s i D I B  0 . s 2 0 1 ( 6 )  o . t  6 6 4 ( 2 )
s i D 2 B 0 . 5 2 4 4 ( 6 )  o . 4 3 3 6 ( 2 )
0 H D A  0 . 3 1 8 7 ( 1 3 )  0 . 5
o l r D B  0 . 4 3 3 7 ( 1 3 )  0 . 5
o D T A  0 . 2 0 1 7 ( r 3 )  0 .  s
o D l A  0 . 3 1 s 4 ( r 0 )  0 . 4 6 4 7 ( 4 )
oDsA o .2009(10)  0 .4522(4)
o D 6 A  0 . 1 9 7 4 ( 9 )  0 . 4 4 7 6 ( 4 )
o D 2 A  0 . 3 r 1 9 ( 9 )  0 . 4 3 1 6 ( 4 )
o D 4 A  0 . 1 8 5 8 ( 8 )  0 . 4 0 0 4 ( 4 )
}DTA 0 .5442( r2)  o .5
o D r B  0 . 4 2 9 4 ( 9 )  0 . 4 6 5 3 ( 4 )
o D s B  0 . s s 1 3 ( 9 )  o . 4 4 5 7 ( 4 )
o D 6 B  0 . 5 4 8 0 ( 9 )  0 . 4 s 5 3 ( 4 )
o D 2 B  0 . 4 3 5 7 ( i o )  0 . 4 3 0 9 ( 4 )
o o a s  o . s o b a ( s )  o . 4 o 3 s ( 4 )

0 . 1 4 5 1 ( 1 3 )  0 . 3 8 ( 1 0 )  0 . 0 9 0 ( 1 5 )
0 . 6 4 1 3 ( 1 5 )  0 . 8 2 ( 7 )  o .  r 8 9 ( r s )
0 . i 4 s 8 ( 1 4 )  0 . 3 0 ( 6 )  0 . 0 8 4 ( 1 2 )
0 . 6 4 2 3 G s )  0 . 3 3 ( 7 )  0 . 0 2 8 ( 1 3 )
0 . 1 4 1 4 ( 7 )  o . 4 r ( 3 )  0 . 8 0 5 ( 1 3 )
0 . 8 0 9 0 ( 1 r )  0 . 3 6 ( 9 )
0 - 8 r 6 9 ( 1 2 )  0 . 4 4 ( 5 )
0 . 3 r 6 8 ( 1 2 )  0 . 4 3 ( 5 )
0 . s 1 8 4 ( 1 2 )  O . 4 9 ( 9 )
0 . 5 2 4 5 ( 1 1 )  0 . 3 5 ( 5 )
0 .0219( r2)  0 .43(5)
0 . 3 0 8 6 ( 3 4 )  0 . 5 9 ( 1 4 )
0 . 0 1 8 1 ( 3 4 )  0 . 4 4 ( 1 3 )
0 . 5 6 r 6 ( 2 4 )  - 0 . 0 3 ( 1 7 )
o .  8 r  i 2  ( 2 6  )  - 0 .  0 6  (  2 0 )
0 . 8 0 0 r ( 3 0 )  0 , 7 4 ( r 3 )
0 . 8 1 2 0 ( 2 8 )  0 . 5 9 ( 1 4 )
0 . 0 7 5 0 ( 2 7 )  0 . e 2 ( 1 3 )
0 . s 8 0 6 ( 2 8 )  0 . 9 1 ( 1 3 )
o . 3 r 3 0 ( 3 0 )  0 . 6 4 ( r 3 )
0 . 3 3 1 7 ( 3 0 )  0 . 3 7 ( r l )
0 . 2 7 7 1 ( 2 9 )  0 , 9 7 ( 2 5 )
0 .  s 1 9 1 ( 2 6 )  0 . 2 8 ( 2 0 )
0 . 4 8 4 r ( 2 7 )  0 . 3 9 ( 1 1 )
0 . 5 2 3 4 ( 2 8 )  0 . 5 1 ( 1 3 )
0 . 3 0 r 0 ( 2 6 )  0 . 4 3 ( 1 0 )
0 . 7 9 4 s ( 2 8 )  0 . 5 9 ( 1 1 )
0 . 0 3 2 6 ( 2 9 )  0 . 6 2 ( 1 3 )
0 . 9 6 4 s ( 3 0 )  0 . 6 8 ( 1 2 )
0. 1485(22) C. 82 ** 0. 2 14 ( I 9)
0 . 6 4 4 3 ( 1 6 )  o . 3 0  o . o s 7 ( 1 3 )
0 .  r 4 8 9 ( 1 8 )  0 - 3 3  - 0 . 0 1 7 ( 1 3 )
0 . 6 4 5 7 ( 9 )  o . 4 l  0 . 7 1 3 ( 1 3 )
0 . 3 2 0 3 ( 1 3 )  0 . 4 4
0 . 8 1 2 5 ( 1 4 )  0 . 4 3
0 . 9 7 9 6 ( r 3 )  0 . 3 5
0 . 4 7 8 7 ( r 4 )  0 . 4 3
o . 8 r  1 7 ( 4 6 )  0 . 5 9
0 , 4 7 7 8 ( 4 7 )  0 . 4 4
o.3064(44)  O.74
0 . 3 1 0 1 ( 3 2 )  0 . 6 9
0 . 5 7 7 0 ( 3 0 )  O . 9 2
0 . 0 8 0 4 ( 3 0 )  0 . 9 1
0 . 8 2 0 1 ( 3 4 )  0 . 6 4
0 . 8 2 8 r ( 2 6 )  0 . 3 7
0 . 0 2 6 8 ( 4 0 )  o .  3 9
0 . 9 8 0 4 ( 3 1 )  o . s l
0 . 1 9 9 5 ( 3 1 )  0 . 4 3
0 . 7 0 2 8 ( 3 2 )  0 . 5 9
0 . 4 7 3 8 ( 3 3 )  0 . 6 2
0.5367(26)  0 .68

*  C o n s t r a i n e d  t o  f i x  o t i g i n .

* *  T e m p e r a t u r e  f a c E o r s  w i E h o u t  e r l o r s  w e r e  c o n s t r a i n e d  t o  e q u a l

t . * p " . " t r . "  f a c t o r s  o f  c o r r e s p o n d i n g  a t o n s  i n  t h e  t r i P l e _ c h a i n

T - b e a n ,

amounts of other species must also be present in the

A-site, or the analysis for Na must be too low.

The final difference map for clinojimthompsonite is

extremely flat, with no differences greater than *0.6

e/A3.The A-site appears to be empty.
The largest differences exhibited by the chesterite

difference map are again associated with the A-sites.

The AT site, which is sandwiched between the triple-

chain l-beams, is slightly split, with two maxima of

1.4 e/As focated at (0.36, 0.297, 0.17) and (0'38,

0.307,0.16) .  The AD s i te,  on the other  hand,  has only

a s ingle maximum of  1.4 e/At  aL (0.12,0 '5 '  0 .61) .

Careful examination of the difference maps did not

locate H+ ions in any of the structures.
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Fig.  8.  (100) project ion of  the chester i te st ructure,  showing the A-chains.  Double (D) chains and t r ip le (T)  chains al ternate in the D
direct ion,  and al l  chains are s l ight ly  O-rotated.

Bond distances and angles

Bond distances and angles in the three refined pyri-
boles from Chester (Tables 4 and 5) are strikingly
similar to the corresponding distances and angles of
low-calcium pyroxenes and amphiboles. In this sec-
tion the tetrahedra and octahedra in the structures of
the new minerals are compared with those of an-
thophyll ite (Finger, 1970) and enstatite (Morimoto
and Koto,  1969).

The means of all Si-O distances are 1.62A for
j imthompsonite, 1.63 for clinojimthompsonite, 1.62
for the triple chains in chesterite, and 1.63 for the
chesterite double chains. These values are typical for
sil icates, and compare with 1.64,{ for enstatite and
1.63,{ for anthophyll ite. Si-O distances in the new
structures appear to be reasonable, except for some
of those in chesterite, which are as low as 1.55(2)A
and may result from correlation problems in the re-
finement. The inner tetrahedra (Sil and Si2) in the
triple chains of all three structures are quite regular,
as are the Tl tetrahedra in anthophyll ite, while the
outermost tetrahedra are more distorted, similar to
the T2's in anthophyll ite and the tetrahedra of ortho-
pyroxenes. In j imthompsonite and clinojimthomp-

sonite, the two shortest Si-O distances ofthese outer
tetrahedra are associated with the longest O-O dis-
tance and the widest O-Si-O angle; this is also true of
the tetrahedra in many other sil icates (Brown and
Gibbs,  1970).

The outermost tetrahedron of the A-chain in all
orthopyriboles shares an edge with the distorted
outer octahedral site. The O-O distance along this
shared edge is 2.50A in enstatite and anthophyll ite,
2.52 in  j imthompsoni te,  and 2.48 and 2.53 in  the
chesterite triple chain and double chain, respectively.
The analogous edge in clinojimthompsonite is 2.54A.
If the outermost M-sites of the octahedral strips are
considered to be six-coordinated, then the outermost
tetrahedron of the enstatite B-chain shares no edges,
while those of the j imthompsonite and chesterite B-
chains share one edge. The anthophyll ite refined by
Finger (1970) is an intermediate case, because the 6th
and 7th bonds from M4 to oxygen (O5B and 068)
are the same length within error. This shared tetrahe-
dral edge shortens as it is increasingly shared by the
outer M-site: the edge length is 2.594 in enstatite,
2.57 in anthophyll ite, 2.55 in j imthompsonite, and
2.56 and 2.53 in the chesterite triple and double
chains.

Fig.  9.  Chester i te B-chains in (100) project ion Double and t r ip le chains al ternate in the b di rect ion,  and al l  chains are O-rotated
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Fig.  10.  (001) project ion of  the chester i te st ructure The stacking sequence is f  * - - ,  and I -beams wi th double and t r ip le chains

al ternate in the b di rect ion.  Double and t r ip le B-chains are sandwiched between octahedral  layers of  l ike skew, whi le double and t r ip le A-

chains are between Iayers of  opposi te skew. Basal  oxygen layers of  a l l  s i l icate chains are warped out  o i  the (  100) p lane

As in enstatite and anthophyll ite, all but the out-
ermost polyhedra of an octahedral strip are quite
regular in the refined structures. The most notable
departure from regularity is shortening of the edges
shared between octahedra. The mean unshared oc-
tahedral O-O distances in j imthompsonite and clino-
jimthompsonite are 3.07A, and the mean for chester-
ite is 3.08A; the mean shared edge for all three
minerals  is  only  2.81A.  By compar ison,  the unshared
edges of the Ml octahedron in enstatite average
3.034, and the mean of the shared edges is 2.82A. ln
talc, the means of unshared and shared edges are
3.064 and 2.804 (Rayner and Brown,  1973).  The
shortening of shared octahedral edges is thus charac-
teristic of low-Ca biopyriboles in all structural
groups.

The M-O distances in the outer, distorted octa-
hedra of the three new structures are consistent with
occupancy primarily by Fe and Mg. The minimum
M-O distances of these sites, and of M2 in enstatite
and M4 in anthophyll ite, are close to 2.00A (+0.04),
much shorter than the analogous distances of calcic
pyriboles; the shortest M2-O distance in diopside is
2.354 (Cameron et al., 1973), and the minimum M4-
O distance in tremolite is2.32A (Sueno et al,,1973).

Unnamed mineral

The unit-cell dimensions, space group A2/m (or
A2, Am), and (ft0l) intensities of the unnamed min-
eral strongly suggest that it wil l prove to be the

+ + + + stacking polymorph of chesterite' If this hy-
pothesis is correct, the structure will have triple-chain
I-beams bisected by c-glide planes parallel to (010)'
and double-chain I-beams bisected by mirrors paral-
lel to (010). Such a structure will have space group

Fig. I I Difference electron density in the slightly occupied
j imthompsoni te A-s i te.  The contours,  f rom outer  to inner,
represent 0, l, 2, and 3 e/A3. The form of the density differences
suggests that  there is  considerable posi t ional  d isorder among A-
si te occupants.

c-gl ide
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Am if there are two symmetrically distinct sil icate
chains in each l-beam, and space group A2/m if the
two chains of each l-beam are related to each other
by 2-fold rotation. Since Am and A2/m exhibit the
same diffraction symmetry, either modification of the
basic structure may be correct.

The new minerals as biopyriboles

Thompson (1970) explained that most amphiboles
can be thought of as l: I mixtures of a pyroxene and a
mica, sectored along the pyroxene c-glides and the
mica c-glides into (010) slabs, and reassembled. To
emphasize the close relationship between these min-
eral groups, he unearthed Johannsen's (l9ll) super-
group name, "biopyribole." In addition to l: l  mix-
tures (MP), other slab mixtures, such as MMp, might
be expected. AII mixtures of this sort are biopyri-
boles, and all belong to a "polysomatic" series of slab
mixtures residing in pyroxene-mica compositional
space (Thompson, 1978). When viewed in this way,
j i m t h o m p s o n i t e  a n d  c l i n o j i m t h o m p s o n i t e  a r e
MMP's, and chesterite (and probably the unnamed
mineral  as wel l )  is  an MMPMP.

For an infinite crystal, there are infinite possible
polysomes, but the known pyriboles all fall in the
fo l lowing groups:  ( l )  those wi th pure odd chains of
one type (all single chains, or all tr iple chains, for
example); (2) pure even chains (all double, all quad-
ruple chains, etc.); or (3) mixed alternating odd and
even chains for which the chain numbers differ by I
(mixed double and triple chains, or mixed single and
double chains) .  Ideal  "pure odds" wi l l  a l l  have poly-
some formulas with one P and an even number of
M's, and wil l have space groups pbca or C2/c, or
their subgroups, for the two common polytypes.
"Pure evens" wil l have formulas with one p and an
odd number of M's, and wil l have maximum symme-
tries of Pnma or 12/m. Mixed odd-evens will have
two P's and an odd number of  M's in  the oolvsome
formula,  and wi l l  have maximum symmetr i " r2Zr*o
or A2/m. Approximate 6-axis lengths of these possi-
bil i t ies can be found by multiplying the number of
symbols in the polysome formula by 9,A,. These three
possibil i t ies also appear to be the most l ikely because
the mineral reaction sequence at Chester is pure even
- mixed even-odd + pure odd; no possibil i t ies such
as MMPMMPMP have been observed, and the se-
quence also suggests that phases such as the MMp's
are preferred over MPMMMP's, which would have
the same composition.

The existence of chesterite and the unnamed min-
eral, consisting of mixed double and triple chains,
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suggests that other mixed-chain silicates intermediate
between the pyroxenes and the amphiboles will be
found. The most likely phases would be PMP's with
space groups A2rma or A2/m or their subgroups, and
having b = 27A. The possibility of minerals with
chains wider than triple is also intriguing; the fibrous
talc of Chester has not yet been examined carefully,
and it may be that part of what appears to be talc is
really one or more minerals intermediate between
jimthompsonite and talc.

It is likely that minerals isostructural with the new
biopyriboles from Chester, but having different com-
positions, will also be found. This possibility is en-
hanced by the synthesis of aC2/c, NaMg triple-chain
silicate by Drits et al. (1974,1976). This fibrous phase
is reported to contain Na in the M5 site and OH'-
replacing tetrahedral O'z-; it is therefore not a true
biopyribole, but would be similar to "hydro-
amphiboles" and could be thought of as a slab mix-
ture of talc and NaMg "hydropyroxene." Similar
phases that are true biopyriboles could exhibit the
wide range of ionic substitutions observed in the py-
roxenes, amphiboles, and micas, as could minerals
isostructural with chesterite. The new minerals from
Chester may simply be low-calcium members of two
large, but heretofore unrecognized, mineral groups.
It is expected that the orthorhombic structure types
will be restricted to compositions containing only
small amounts of Ca or other large octahedral cat-
lons.

Polytypism

Pyribole polytypism has long been a subject of
interest to mineralogists and petrologists. The com-
positional and intensive-parameter stability ranges of
the enstatite polymorphs, and of anthophyllite and
cummingtonite, are stil l not agreed upon. Although
they in no way solve the stability problem, the new
pyriboles from Chester are of interest in that they
possess the two most common stacking sequences of
the pyroxenes and amphiboles: chesterite and jim-
thompsonite are stacked in the same manner as the
orthopyroxenes and orthoamphiboles, while clino-
jimthompsonite and probably the unnamed phase
have stacking sequences analogous to those of the
clinopyroxenes and clinoamphiboles.

The new orthorhombic pyriboles have **--
stacking, while the new clinopyriboles are stacked
+ + + + (see Veblen et al., 1977 , for an explanation of
this stacking terminology). No pyriboles from Ches-
ter were found to have a proto stacking sequence
(+ - + - ). In addition, none of the 88 single crystals
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examined by precession photography showed evi-
dence of streaking in the direction of a*, which would
signify fine-scale stacking disorder.

Pyribole chain rotations and the parity rule

Tetrahedral rotations play an important role in
sheet silicates (Bailey, 1966; Bailey et al., 1967). In
micas, the primary influence on the degree of rotation
is apparently the requirement that the tetrahedral and
octahedral layers occupy the same area (McCauley
and Newnham. l97l). In addition to these dimen-
sional requirements, the tetrahedral rotations of
chain silicates are further subject to restrictions aris-
ing from connections between I-beams. One formula-
tion of these additional requirements is the parity rule
(Thompson, 1970; Papike and Ross, 1970), which
states that in ideal pyriboles having regular polyhedra
except for the outer M-site, geometrical constraints
are imposed on tetrahedral rotations by the octahe-
dral stacking sequence. Chains between octahedral
layers of like skew (here defined as '-chains) must be
straight, or have the same rotation sense, while chains
between layers of opposite skew (defined as x-chains)
must be straight, or have O- and S-rotations alternat-
ing in the 6 direction. This rule is rigorous for regular
polyhedra and must be strictly obeyed, even for small
tetrahedral rotations. The polyhedra ofreal pyriboles
are not perflectly regular, however, and in this section
we will show that violations of the parity rule are a
necessary consequence of distortions arising from
edge-sharing among polyhedra.

Rotations and symmetry of real orthopyriboles

It has been pointed out that the A-chains ofrefined
orthopyriboles and the chains of protopyriboles,
which are located between octahedral layers of oppo-
site skew, are all O-rotated, and that they therefore
violate the parity rule. Papike and Ross (1970) ex-
plained that the parity violations of gedrites are ac-
companied by M2 distortion, and that the A-chains
are less rotated than the B-chains. Papike et al. (1973)
discussed parity violations in orthopyroxenes and
concluded that the violations are minimized by exten-
tional rotation (straightening) of the chains. They
also suggested that the outer-M-site (M2) coordina-
tion requirements necessitate the A-chain O-rota-
tions. Sueno et al. (1976) further explain that poly-
hedral distortions permit parity violations.

It has been suggested that parity violations do not,
in fact, occur and that the space groups ofreal ortho-
pyroxenes and orthoamphiboles may be P2tca and
P2rma, rather than Pbca and Pnma, thus allowing the

t067

A-chains to have alternating O- and ^S-rotations
(Thompson, 1970). These alternative space groups

would, however, be readily differentiated with single-
crystal X-ray methods. An orthopyroxenewith P2'ca
symmetry has been reported (Smyth, 1974), but the
intensities of equivalent violating reflections (the

{07 1} diffractions, for example) are not equal in the
published precession photograph and do not even
possess inversion symmetry. Furthermore, ortho-
pyribole refinements of average structures should ex-

hibit strongly anisotropic thermal motion, which is
not observed. Chesterite has been refined in a space
group that does not require the parity-violating A-

chains to have the same sense or degree of rotation in
adjacent chains, yet the parity rule is sti l l  violated

with O-rotated A-chains having chain angles of 173.5'
and 170.6'. We therefore conclude that orthopyroxene
and jimthompsonite refinements in Pbca, and ortho-

amphibole refinements in Pnma, are correct.

The cause of orthopyribole A'chain rotations

The triple chains of the new minerals from Chester
provide new information on the causes of pyribole
chain rotations. In all cases the interior and more
mica-like part of the chain is less rotated than the
outer part, suggesting that the rotations, at least of
the outer tetrahedra, result primarily from the re-
quirements of inter-I-beam connection geometry.
The same effect is observable in the amphiboles,
though not so graphically as in the pyriboles with
triple chains. In the following discussion we therefore
concentrate on the outermost polyhedra along the
edges of pyribole I-beams.

If the chains between octahedral layers of opposite
skew (x-chains) are all equivalent, as they are in real
pyriboles, and if the inner M polyhedra are perfectly
regular, then the two non-bridging oxygens of the
outermost tetrahedron of the chain must project or-
thogonally onto the same point of any l ine that de-
scribes the chain direction (the c-axis, for example).
The appropriate atoms are OIA and O2A for the
pyroxenes, O2A and O4A for the amphiboles, and
O7A and O8A for pyriboles with triple chains. In the
orthorhombic pyriboles, this requirement simply
means that these atom pairs must have the same z
coordinate. In a real orthorhombic pyribole, the
amount of "misfit" exhibited by the outer x-chain
tetrahedron can be defined as the difference. in A.
between the z coordinates of these two atoms. This
misfit must be absorbed by distortion of the regular
inner M octahedra.
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r?o. t?o. tFo. tgo. r4o.

Fig. 12. z-coordinate difference (d) between the two non-
bridging oxygens of the outermost A-chain tetrahedron in refined
proto- and orthopyriboles, plotted against the A-chain rotation
angle. The difference, d, is a "misfit" parameter for the A-chains
and must be absorbed by distortion of the regular octahedra. The
l ine marked " ldeal  Tetrahedron" shows the amount of  misf i t  that
would be produced by rotation of a chain of regular tetrahedra;
most orthopyriboles have misfits with opposite sign from that
predicted. The points marked "g" refer to gedrite structures
(Papike and Ross,  1970),  and the points connected by cont inuous
and broken line segments refer to orthopyroxene structures at
s e v e r a f  t e m p e r a t u r e s  ( S m y t h , 1 9 7 3 ;  S u e n o  e t  a l . , 1 9 7 6 :
respectively), the chain becoming straighter with increasing
temperature. Other data are from Burnham (1967), Bwnham et al.
(1971),  Finger (1970),  Ghose (1965),  Gibbs (1969),  Kosoi  er  a/ .
(1974),  Mor imoto and Koto (1969),  Mor imoto eral .  (1975),  Smyth
(197f) ,  Smyth and l ro (1977),  Takeda (1972),  and th is paper.

The amount of misfit produced by a regular tet-
rahedron is

6 :2 \ /2 /3  (T-o)s in . l ( t80"  -  RA)

where (T-O) is the tetrahedral cation-oxygen dis-
tance, and RA is the rotation angle as traditionally
measured for chain silicates (e.g. O3-O3-O3 for py-
roxenes). The expected misfit for T-O : 1.624 is
plotted as a function of rotation angle in Figure 12,
along with the real misfit exhibited by the x-chains of
orthorhombic pyriboles with dominantly divalent
cations in the outer M-sites. No attempt was made to
include standard errors in the diagram, but the errors
are small enough in all cases so that the conclusions
are not altered.

Figure l2 shows that the tetrahedral misfit in real
pyriboles generally has the opposite sign and is much
smaller than that predicted for chains of regular tet-
rahedra. This means that the misfit would be in-
creased by extending the chains, and decreased by
rotating them further. Consequently greater, not less,
O-rotation would permit the inner M-sites to be per-

fectly regular. The only exceptions to this pattern are
the gedrites.

Figure l3 compares the A-chain of XYZ ortho-
pyroxene (Burnham et al., l97l) with a chain of ideal
tetrahedra having the same rotation angle. [t is clear
that distortion of the pyribole outer tetrahedra ac-
counts for the nonideal magnitude and sign of the A-
chain misfit, and it is apparent that this distortion
arises to a large degree from edge-sharing with the
outer M-site. The O-O distance for this shared edge
is close to 2.50A in all refined orthopyriboles; this is a
typical value for shared polyhedral edges in many
types of compounds (Pauling, 1948, p. 400). It is
certainly not surprising that the outer tetrahedra of
orthopyribole A-chains are distorted by edge-shar-
ing, and if distortions of the inner M octahedra are to
be minimized, then it is essential that the A-chains be
O-rotated. This is indeed the case.

The only refined pyribole structures with tetrahe-
dral misfit having the same direction as that predicted
by an ideal polyhedral model are those of gedrite
(Papike and Ross, 1970). These are the only phases

A-choin Rotot ion.  169"

Fig.  13.  A.real  or thopyroxene A-chain wi th rotat ion angleO3-

O3-O3 of  I69 ' (Burnham et  a l . ,  l97l \ ,  compared wi th a chain of
ideal tetrahedra having the same sense and degree of rotation. The
short shared edges of the real tetrahedra are marked "S." The
figure shows how tetrahedral distortion accounts for the small
misfit (6) in the real A-chain, so that straightening of the chain
would necessitate increased. rather than decreased. distortion of
the regular M octahedra.

B-Cho in  Roto t ion  (O-O-O)

ldcol  Tctrohod?c XYZ Orthopyronn€



plotted in Figure 12 with significant A-site occu-
pancy, and the difference in the tetrahedral misfit of
the gedrite A-chains is consistent with the ditrigonal
distortion that is expected to arise from A-site bond-
ing requirements.

B-chain rotations in orthopy riboles

The parity rule states that for tetrahedral chains
between octahedral layers of like skew (.-chains), all
chains in a layer must have the same sense and degree
of rotation. In all known orthopyriboles except
chesterite all of the '-chains (B-chains) are symmetri-
cally equivalent, and, except for this equivalence and
the requirement that the chains and octahedral strips
of an l-beam must fit together, there are no rigid
geometrical constraints on rotations. Inter-I-beam
misfit constraints do not apply to orthopyribole B-
chains; hence they can assume larger rotation angles
than are permitted in the A-chains.

Figure 14 shows that differences in outer non-
bridging oxygen z coordinates in orthopyribole B-
chains are much better predicted by chain rotation
angle than they are for the A-chains, as a result of the
greater regularity of the B-chain outer tetrahedra.
There appears to be a tendency for the difference to
be slightly larger than predicted, resulting partly from
shortening of a tetrahedral edge. It should be noted
that this edge is shared with the outer M-site in some
orthopyriboles, but not in others, as discussed in the
next section. The edge shortening suggests that there
is some degree of bonding between the outer M-site
and the distant bridging oxygen of the outer tetrahe-
dron, even when this oxygen is not one of the metal
ion's six or seven nearest neishbors.

Conclusions on pyribole chain rotations

Because the real misfit in pyribole x-chains is small,
and since the rotation of these chains reduces the
misfit, it can be concluded that these rotations arise
largely as a result of tetrahedral edge-sharing dis-
tortions. The smaller rotations of the inner tetrahedra
of triple chains suggest that intra-I-beam effects tend
to straighten the chains, preventing them from
achieving a zero-misfit configuration. If it is recog-
nized that this misfit is generally small in the pyri-
boles, then it must also be realized that parity viola-
tions pose no problem for the real structures. Because
there are no major misfit difficulties, there is no com-
pelling reason to expect the existence of ortho- and
protopyriboles with alternating O-rotated and S-ro-
tated x-chains.
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Fig. 14. z-coordinate difference (d) between the two non-

bridging oxygens of the outermost B-chain tetrahedron in refined

orthopyr iboles,  p lot ted against  the B-chain rotat ion '  Most  of  the

structures have 6 slightly larger than an ideal tetrahedron with the

same rotation angle, owing to tetrahedral distortion. The two

points marked "g" are gedrites, and points connected by

continuous and broken line segments refer to orthopyroxene

structures at several temperatures (Smyth, 1973; Sueno et al.'

1976), the chain becoming straighter with increasing temperature.

Other data are from the same references as those of Fig. 12'

Outer M-site coordination

If the outer M-sites of pyriboles are considered to
be six-coordinated, there are two distinct coordina-
tion types for these sites. This is perhaps best demon-
strated by a series of high-temperature ortho-
pyroxene refinements by Smyth (1973), who showed
that there is an M2 coordination switch from O3B to
03B' between 700o and 850oC. This behavior was
confirmed in orthoferrosilite by Sueno et al. (1976).
The higher-temperature coordination involves the
sharing of not only an A-chain tetrahedral edge, but
also a B-chain edge, and is a configuration similar to
that in protopyroxenes and C2/c clinopyroxenes. The
coordination change is analogous to the one observed
to take place during the P2'/c-C2/c clinopyroxene
transformation (Smyth and Burnham, 19721, Brown
et al., 1972).

The gedrite structures refined by Papike and Ross
(1970) have outer M-site coordinations that are close
to those of low-temperature orthopyroxenes. In con-
trast, the anthophyllite structure refined by Finger
(1970) exhibits an intermediate configuration in that
O5B and 068 are equidistant from M4.

The outer M-sites of jimthompsonite (M5) and
chesterite (MT5 and MD4) possess the high-temper-
ature orthopyroxene M2 configuration. They share
tetrahedral edges with both the A- and B-chains. On
purely geometrical grounds it is obvious that those
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orthopyriboles with straighter B-chains wil l tend to
the higher-temperature configuration, while those
that have more kinked chains wil l tend to the lower-
temperature outer M-site coordination. All ortho-
pyriboles refined at room temperature with B-chains
straighter than those of Finger's (1970) anthophyll ite
(058-068-058 :  157.5 ' )  do have the h igher- tem-
perature outer-site coordinations, while all those with
more rotated B-chains resemble room-temperature
orthopyroxene. In orthoferrosil i te the coordination
switch occurs when O3B-O3B-O3B = l5l o (Sueno el
al., 1976). There also seems to be a tendency for
orthopyriboles with wider chains to have smaller ro-
tation angles, and therefore the higher temperature
outer M-site coordination.

Polytype stabilities

N.Iuch has been made of the importance of outer
M-site coordination to pyribole stabil ity ranges. Pa-
pike et al. (1973) suggest that pyroxene M2 coordina-
tion controls the ortho-clino transformation, and
Ihat P2'/c pyroxenes form metastably because their
M2 sites have the low-temperature ortho coordina-
t ion.  Smyth (1973) concurs wi th th is  not ion,  and
further suggests that the inabil ity of the Pbca ortho-
pyroxene structure to attain a higher symmetry con-
figuration reduces its stabil ity at high temperatures
relative to the monoclinic structure, which trans-
forms from P2r/c to the higher C2/c symmetry.s The
outer-site coordination must exercise some control
over the stabil it ies of the various polytypes, because
pyriboles with large cations occupying these sites
never occur in the orthorhombic forms. However, it
seems unlikely that the relative positions of the outer
M cations and their most distant coordinating oxy-
gens can completely control the thermodynamic be-
havior of the magnesian pyriboles. Other factors may
also affect the relative stabil it ies.

The data of Sueno et al. (1976) and Smyth (1973),
which are shown on Figure 12, suggest that A-chain
misfit in orthopyroxene increases with rising temper-
ature. It is possible that the regular octahedra of the
structure are unable to deform enough to absorb this
misfit, and that this inabil ity is in part responsible for
reconstruction to the C2/c structure, which has no x-
chains and therefore no chain misfit constraints.

3 Monoclinic C2/c pyroxenes must be considered to possess
higher symmetry than orthorhombic Pbca ones, because the den-
sity of symmetry elements is greater, and hence there are fewer
atoms per asymmetr ic  uni t .  Also the M-si te coordinat ion poly-
hedra possess higher point  symmetry.

Chain warping

Basal oxygen layers of all the chains in the Chester
biopyriboles are "warped" out of the (100) plane, as
can be seen in Figures 4, 6, and 10. The same phe-
nomenon also occurs in pyroxenes and amphiboles.

A measure of the degree of warping in ortho-
pyriboles is the maximum difference, in A, between
the x coordinate of the outmost oxygen of the chain
and the x coordinate of the other basal oxygens. The
amounts of warping in enstatite (Morimoto and
Koto, 1969), anthophyll ite (Finger, 1970), j im-

thompsonite, and chesterite are shown in Table 9.
The chains of enstatite are not so warped as those of
the wider chain sil icates, and the double B-chains of
anthophyll ite and chesterite are more warped than
any of the single or triple B-chains.

The distances between basal oxygen layers in the
double- and triple-chain pyriboles are roughly equiv-
alent to the inter-layer basal oxygen distances of talc
(Rayner and Brown, 1973), except for near the chain
edges, where bonding within the adjacent M octa-
hedra pulls the chains together. If the warping were
the result of octahedral-tetrahedral misfit, as in the
antigorites, one would expect the triple-chain basal
oxygen layers of j imthompsonite, clinojimthompson-
ite, and chesterite to be uniformly bent. Instead,
most of the warping occurs in the outermost tetrahe-
dron, and the interior mica-like parts of the basal
layer are quite flat.

Lamellae orientation

All specimens of clinojimthompsonite and the un-
named mineral that have been observed from the
Chester  wal l  zone occur  as (100)  lamel lae in  j im-
thompsonite and chesterite, respectively. This is the
same orientation that is commonly seen in inter-
growths of orthorhombic and monoclinic pyroxenes
and amphiboles.  The (100)  or tho-c l ino or ientat ion is
probably common to all the known pyribole groups
because nearest-neighbor coordinations at the bound-
ary between two polytypes sharing (100) are nearly
the same as in the two structures away from the
boundary; only second-nearest-neighbor relation-
ships are upset.

Cation ordering

Refinement of M-site Mg-Fe occupancies for
j imthompsonite, clinojimthompsonite, and chesterite
reveals the same ordering pattern observed in the low-
calcium pyroxenes and amphiboles: Fe2+ is concen-
trated in the outer, distorted sites, while Mg prefers
the inner, more regular sites. This is an expected
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result, as the outer M-site polyhedral geometries and
environments are similar for all the ferromagnesian
pyriboles, when only the five oxygens nearest this site
are considered; the differences in the sixth- and sev-
enth-nearest oxygens, as previously discussed, appear
to have litt le consequence for Mg-Fe ordering ten-
dencies. The M4 site of triple-chain I-beams, which is
analogous to the M2 site of amphiboles, appears to
be slightly enriched in Mg compared with the other
regular octahedral sites.

The amphibole-mica transformation

Many pyribole single crystals from Chester pro-
duce streaks parallel to b* on precession fi lms, in-
dicating some degree of structural disorder in the b
direction. Preliminary results from high-resolution
electron microscopy have shown that the streaking
results from errors in the widths of sil icate chains in
the ordered minerals and from regions with appar-
ently random sequences of double, triple, and wider
chains (Veblen et al., 1977). Work is now in progress
to fully characterize the microstructures found in
pyriboles. from Chester.

The X-ray results on the new minerals show us the
general pattern of the amphibole-mica reaction.
Rather than being a simple one-step reaction, the
anthophyll ite-talc transformation is, at least in the
Chester wall zone, a complex multistage reaction.
The following sequence can be inferred from the pet-
rographic, chemical, and diffraction data on the
Chester biopyriboles.
1. Anthophyll ite becomes structurally disordered,
acquiring triple-chain structure at random intervals;
Fe2+ and Mg'+ diffuse out of the structure as H+
diffuses in.
2. When a region of the structure has a high enough
concentration of triple chains, it begins to order into
chesterite or its monoclinic analog. Because these
structures contain rigorously alternating double- and
triple-chain slabs, the transformation from a dis-
ordered chain sequence to these minerals must entail
considerable reconstruction.
3.  More t r ip le chains form, in  excess of  the 1: l
double:triple ratio found in chesterite. More structur-
ally disordered states are the result.
4. When all the double chains have been consumed,
the transformation to the ordered triple-chain miner-
als j imthompsonite and clinojimthompsonite is com-
plete.
5. Talc grows at the expense of j imthompsonite. It is
not yet known whether this growth mechanism is

Table 9 Degree of  chain warping (A) in low-Ca orthopyr iboles

A chaln B cha in

Ensta  t i  te

Anthophyll i te

JimthonPsoni te

Chester i te :  T -cha ins
D-chains

simple or whether it entails formation of sti l l  more
ordered intermediate structures.

Several implications of the above reaction scheme
deserve comment. Because the transformation from
pure double chains to pure triple chains proceeds
through an ordered mixed-chain intermediate, it is
possible that pyroxene-amphibole reactions produce
alternating single-double chain phases. In addition,
these reactions are l ikely to be marked by structurally
disordered states.

It has not, of course, been determined whether
these minerals have stabil ity f ields of their own. Be-
cause they occur in considerable quantit ies (the new
orthorhombic phases can exceed lmm in a and c
dimensions and reach several hundred microns in the
b direction), they must be "nearly stable," even if
they formed metastably. The question of stabil ity is
moot in any case, because the biopyriboles of the
Chester wall zone include at least seven intimately
coexisting phases which are apparently chemically

co-linear and may include three compositional coinci-
dences: this is not an equil ibrium state of affairs. The
new pyriboles wil l probably never attain valuable
petrogenetic indicator status.

It is not clear whether the reverse reaction, from
talc to anthophyll ite, takes place by the reverse mech-
anism, but there is some evidence that the path may
be similar. Daw et al. (1972) found in a TEM study
that enstatite formed by heating talc produced elec-
tron diffraction patterns that were heavily streaked in
the b direction. They also observed (010) planar
"faults" in the enstatite, reminiscent of the (010)
lamellar features observed in the Chester pyriboles.
Greenwood's (1963) rate study on growth of enstatite
from talc further indicates that anthophyll ite is an
intermediate product, and other phases could have
been lurking in the run products disguised as an-
thophyll ite or enstatite. In any case, mica to pyroxene
reactions appear to take place by a complex mecha-

nism, rather than a single step.
The inferred anthophyll ite-talc reaction sequence

points out major problems in biopyribole reactions.
The intergroup reactions are controlled by multistep,

0 . 1 4 ( 2 )

0  . 2 9  ( 2 )

0  . 2 6 ( 2 )

0 . 2 9  ( 3 )
0  . 2 9  ( 4 )

0 .24 (2 )  0 "  19

0 . 4 L ( 2 )  0 . 3 5

0 . 2 8 ( 2 )  O . 2 1

0 . 3 3 ( 4 )  0 . 3 1
0 .45 (4 )  O . ' 37
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highly reconstructive mechanisms, at least at meta-
morphic temperatures and time scales. Kinetic diffi-
culties have already been recognized in experimental
studies: Greenwood (1963) was unable to nucleate
anthophyllite from talc in the anthophyllite stability
field, but anthophyllite nucleated easily in parts of the
enstatite stability range.

Conclusion

It is hoped that this paper will encourage petrolo-
gists and mineralogists who deal with biopyriboles to
be cautious in their observations. Chain-width fault-
ing may prove to be commonplace in all the biopyri-
bole groups, altering thermochemical as well as
physical properties. Structurally-ordered minerals in-
termediate between the pyroxenes, amphiboles, and
micas may prove to be common minor phases, but
their identification requires a combination of careful
petrographic, X-ray, and chemical observations on
fine-grained material. This would perhaps come as no
surpr ise to Johannsen ( l9t  l ) ,  who, in giving the su-
pergroup the name "biopyribole," recognized that
they all look very much alike.
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