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Abstract

and ch

The crystal uf jimthompsonite, clinoji F have been
solved and refined using three-di | X-ray i ly data, and clino- -
jimthompsonite contain I-beams composed of triple s|||calc chains and wide octahedral strips.

In jimthompsonite these [-beams are stacked like thosc of orthopyroxenes and ortho-
amphiboles, while lhc l bcnms of dlllojlmlhompsnmlc are slacked like those in clinopyrox-
enes and cli J: ins both double- and mple-chmn l-bcnms allernat-
ing in the b d and assembled in lhc

The unnamed mineral that occurs as lamellae in ch ile is B
analog of this structure.

The new mmemls are very snmllar to mhcr Iow-c.xlcmm pyriboles with respect to several
i , chain rotation, chain w.lrpmg. lamellar
ination of the polyhedra of chain
horhombi iboles are a y

the [ini

cr.l'

and cation

* silicate I-beams suggests that A-chain in
consequence of edge-sharing b hedra and

As i iate reaction p the new i a

hophyllite and i to talc. This hibole-t

but rather p ds by ion of double-chui

path from
1 is not simple,
n I-beams to form alternating double and

triple chains, pure triple chains, and finally continuous sheels of silicate tetrahedra.

Of the many new minerals described each year,
most are not silicates, and those that are usually bear
no clear relationship to the i rock-forming
mineral groups. The fortuitous dlscovcry of four new
minerals that are intimately related to pyroxenes,
amphiboles, and micas is thus unusual (Veblen, 1976;
Veblen and Burnham, 1975, 1976; Veblen e al.,
1977), and the insights into biopyribole cryslal chem-
istry that they provide are profound. A p pa-

per of this series described lhc physical and chemical .

istics of the new Is (Veblen and Burn-

ham, 1978). This paper descnbcs their crystal struc-

tures and p! a ™ of the
Iow-calcmm biopyriboles,

We begin by describing the development of struc-

tural models for the new blopynlmles The cryslal

thompsonite, and chesterite will then be presented in”
turn, Compmsons of blopyrlbolc bond distances and

angles, , chain warp-
ing, cation ordering, and chain rotations will 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 light
of the new minerals.

Model derivations
d pyribole I-beams p 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
bled from an odd number of pyroxene chains

structure refi of ji

P A
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" (**odd chains™) are cut by c-glides parallel 10.(010).

Both even- and odd-chained ideal I-beams further
in 2-fold axes passing through

the M-sites'and -
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Table 1. Crystal data and intensity measurement conditions
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Burnham, 1978, Tuble 1). The siniilar intensity distri-

Clino

Haxises crystal  0.10x0.11x0.52 0.05x0.08x0.40  0.06x0.1020.35
dizevsions, .
Crygtal viluse, et 0.008% - 0.0011 0.0013
=

Linear absotption 2.0 2.0 0.5

coelfictent, cal

Crystzl axts for < e c
data collectfon

20 scan apeed

Total background
counting tine

1°7atn.
40 pec.

4%/3n.
80 xec.

1°/atn.
40 sec.

i on O-level b-axis precession: photographs of
chesterite, anthophyliite, ard enstatite (Fig. 1) in-
dicate that in projection down & these structures are
closely related. On this basis alone the new mineral
was d to be a pyribol, log ing
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 symbo! (42yma, Am2a, Amma), only
A2yma is le as pyribole sy y; mirrors
parallel to (100) are inconsistent with pyribole I-

* Clinojinthoapsonlte crystal data refer to the encire cleavage
fragaent. Diffsaction was from tvo lasellae (sbout 10X of the
Tragaent) in jinthospsonite.

** Calculated by absorption correctfon prograa, taking account of
a1l planes bounding crytal. -

parallel to the b-axis, but this rotational symmelry is
destroyed if the two chains of an I-beam differ in
some way. I[deal odd-chained I-beams (triple, quin-
tuple, erc.) are thus symmetrically equivalent to ideal
py 1-bt ,  while d I-beams
(quadruple, sextuple, efc.) have the same linkage
h istics as amphibole I-b These consid-
erations .were instrumental in the formulation of
structural models for the Chester pyriboles.

The first new I to be ized was chest
ite. Like the orthopyroxenes and orthoamphiboles,
il was observed to have g~ 18 and ¢~ S%A, and its
45A b-axis is an integral multiple of 9A (Veblen and

¥
An

Ch

Fig. 1. O-level b-axis precession phnlugfnl;hs of ensatite (En),

ite (J1), and chesterite (Ch). The
in intensity between the four minerals

first led to the ion that ch ite and jil it arc

pyriboles. Tlie vertical direction is a*, and ¢* is horizontal.

nthophyllite (An), ji

beam topology and linkage operations. The metric
requirements and A-centering of the cell, and the
presence paraliel 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 !-beams, alternating in
the & direction. There were two possibilities: mixed
single and quadruple chains or mixed double and
tripie chains. The latter was considered more likely.

Soon after the development of the chesterite
model, jimth ite was di ed. With 4 =~
27A (Veblen und Burnham, 1978, Table 1) 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 us the single-
chain I-beams of orthopyroxene. Like chesterite, jim-
hompsonite closely hed the orthopyribole (20/)
dilfraction intensity distribution (Fig. 1).

linojimth ite and the d

d as 1 11

were later di: as in ji
and chesterite. The fact that their 2 dimensions and B8
angles (Veblen and Burnham, 1978, Table 1) are close
to those of | lcii linopy i diatel
suggested that they are linic polytypes

ing triple chains and mixed double and triple chains
respectively, '

Experimental

The nearly colorless single crystals used for X-ray

ly m are gated in the ¢ direc-
tion, as a result of their excellent prismatic cleavages,
Approximate dimensions of the crystals are listed in
Table 1. Because the Chester pyriboles are inter-

- grown with each other, it 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 Jjimthompsonite crystal
gave extremely weak diffractions from anthophyllite
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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 interfered with (#k0) reflec-
tions with #/2 + k = 2n + 1, which were observed 10
be systematicully absent on precession films. 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 u magnitude above the minimum observable
level. The dala for clinojimthompsonite were col-
lected from two (100) lamellae in a crystal of jim-
thompsonite. Each lamella was about 2u wide, and
they were in the same crystallographic orientation.
The diffractions from this crystal were sharp, with no
evidence of streaking.

Intensity data were méusured using a Picker Facs-
1 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 listed in Table 1. A model-dependent linear
absorption cocfficient was derived for jimthompson-
ite, because density and complete chemical data
were not available, An clectron microprobe analysis
and an assumed cell content yielded cation ratios
which, when combined with the cell volume, permit-
ted calculation of the linear absorption coefficient.
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minimum observable intensity criteria were the same
as those described by Burnham ef al. (1971), except
that the minimum observable intensity for clinojim-
thompsonite was set at 3ay, rather than 20;. 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 RFINE (Finger, 1969),
using scattering lactors given by Cromer and Mann
(1968) for Mg?*, Fe**, Si**, and O'-; anomalous
dispersion corrections from Cromer and Liberman
(1970) were applied to the scattering curves during
the final stages of the refi The small

of Ca®, AP*, and Mn?* were ignored in the site
occupincy refinements,-

Jimthompsanite

Model derivation

Initial atomic coordinates for a trial model of jim-
thompsonite were derived by cutting the ideal, unro-
tated orthoenstatite structure along its c-glide planes
and inserting additional silicate tetrahedra, octahe-
dral cations, and OH*- ions in a mica-like configura-
tion to form triple-chain I-beams. The f-beam stack-
ing seq and inter-1-b linkages of the
py were thus preserved in the model.

The same value was d for clinojimthompson-

N lature for the 29 atoms in the asymmetric

ite, and an absorption coefficient was d for
chesterite, based again on ussumed cell contents, Sub-
sequent refinement of the structures demonstrated
the validity of these absorption coefficient calcu-
lations, The lincar absorption coefficients used for the
absorption corrections are listed in Table 1.
Weighting of observations during refinement and

unit is shown in Figures 2, 3 and 4. Octahedral cat-
jons (M), Si, and O are numbered by starting at the -
glide and counting outward to the cdge of the I-beam,
in the & direction; the sites analogous to those con-
taining OH'~ or F'~ in the amphiboles and micas are
designated “OH.™ The Si and O atom labels are

Fig. 2. Triple A-chain of jimthompsonite, projected onto (100), The inner parts of the chain are very straight, while the outer parts
are slightly O-rotated. The c-glide is labelled “g™, and M5 is indicated by solid circles.




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 | d. As in the orthopy 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 2, axes
and lies between octahedral layers of like skew (see
Thompson, 1970, for definiticn of skew). The only

the B-chain, where O6B is closer to the c-glide than
058B.

Structure refimement

The initial scale factor was refined for one cycle,
resulting in Rueigniea (Rw) = 48.0 percent for the
starting model. After five least-squares cycles in
which the scale factor and atomic coordinates were

llowed to vary, R reached 8.4 for 2800 re-
The scale factor, atom positions, and iso-

exception to these rules for atom isin

*

NA

is +4——. B-chai ur between octahedral kayers of

Fig. 4. Jimthompsonite structure projected onto (001). The stz

Tike skew, while A-chains are between layers of opposite skew. The ha:nl ;xyg:n lagers of the silicate chains are warped out of the (100)
plane, The e-glide and &-glide are labelled “g" and “g." MS is indicated by solid circles, and the unit cell is outined,
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Table 2. D factors, R, for j

and
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factors,

Table 3. Ji atom

and metal (M) site occupancies

AL1 cbservat fonst
Unveighted R*
Wetghted K
Nuzher of obs-

0.181
0.066
£043

Obwerved diffractions:
Unvelighted R
Veighted R
Nusher of obs.

0.084 0.091
0.075 0.059
769 2633

Unrejected cbservations:
Unvetghted R
Veighted R
Nuober of obs.

0.081
0.045
2555

0.067
0,055
47

Rejection criterjon: 8F>20.0 4F>20.0 27>35.0

* Unvetghted & = E|[Foy |- IFeay | 1/21Fy, |

Welghted & = (£ w(Fyy ~F , )3/E wFZ 1%

tropic 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 occupancics were refined using the complete data
set, Final R values are given in Table 2. Atomic
coordinates, isotropic temperature factors, and M-
site occupancics are listed in Table 3, and selected
bond distances and angles appear in Table 4a. A
more complete listing of di and angles is in

FalFeing

0.060(6)
0.156(6)
0.078(6)
2.010(6)
0.803(7)

x y x

6)  0.£9663(35
6)  0.39566(32;
6) 0.89577(36
7)  0.33682(37)
(&) 9
7 27]
6)
6) 29)
n 21
6} 30
n
35191

17)
15}
16)
17]
1

0.12565(11) 027883

30,
6!

69
7.

69
70)
74
78,
77]
74
77;
70;
69
20!
75,
74
77;
74

0, 43394 0.49361: 0.71391 0.62(7)

Table 52, and observed and caleulated structure fac-
tors are given in Table 8.

* To obtain a copy of Table § (bond distances and angles), order
Document AM-78-083, and 1o obtain Table 8 (structure lactors),
arder 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. Selccied bond distances and angles in jimthompsonite

M-0 Distances, &

°
§1-0 Distances, A

ML 2
HM1-02A 2.082 M2-OHB
M1-024(1) 2.078
M1-02B(2) 2.082
H1-028(3) 2.083

H1-0HA 2,069

M1-0HB 2,069

2.066
2.102
2.069
2.075
2.091
2.083
2.081

Mean 2.077

H5 Octahedron

M5-07A  2.167
M5-078
M5-08A
H5-08B
M5-06A
M5-06B

M4 Octahedron

M5-05B
S43A-K5

2.002
2.443
2,048 2.800

2,087

H4-088

Mean Mean 2.268

"Estiated Standard Error M-0 = 0.005%

513A Tetrahedron

S13A-054  1.628
S13A-06A  1.673
S§13A-074  1.618
S{3a-0BA  1.595

S51)A T

S511A-01A
S11A-01A(1)
S11A-0284
511A-034

S12A

S512A-03A
§12A-06A
5124-05A
5124-06A

1.616 1.624
1.628
1.623
1.619
Hean Mean 1.628

1.621 Mean

513B Tetrahedren

S13B-05B  1.654
S138-05B  1.643
S513B-07B  1.626
S1i3B-083  1.604

1.631

S11B T

$£1B-018
5118-01B(1)
S11B-02B
511B~03B

5128

5128-03B
$12B-04B
5128B-05B
S12B-06B

1.621
1.630
1.619
1.619

1.622 MHean

Hean Hean

o
Estimated Standard Error 51-0 = 0.005A
Tetrahedral Chains

B Chain

01A-01A-01A  179.6° 01B-01B-01B8
05A-06A-05A  173.5° 05B-D6B-058

Estimated Standard Error 0-0-0 = 0.4°

A Chata

166.9°
161.7°
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Table 4b. Sclected bond distances and angles in_clinojimthompsonite

°
M-0 Distances, A

°
S1-0 Distances, A

M1 0 ¥z 3 o

sil e T osi2 T s13

2 M3-0}
2 M3-04
2 M3-07

2,098
2.073
2.097

2 M1-CH 2,061 2 M2-0H
2 Hl-02 2.072 2 M2-02
2 M1-02(4) 2.078 2 M2-04
Mean 2.089

2070 Mean

M5
2 H5-07
2 M5-08
2 H5-06

2 M5-05  3.106
2 S$3-M5 2.979

2.128
2.081
2.049
2.086 Mean

Estimated Standard Error H-0 = 0.009%

§43-05
513-06
513-07
S513-08

s11-01 $12-03
$§1-01(5)

511-02

£11-03

1.606
1.613
-1.628
1.642
1.622

Hean Mean

o o -
Estizated Standard Ervor Si-0 = 0.009A -

Tetrahedral Chatn

01-01-01  171.4°40.6°
05-06-05  170.0°%0.6°

The jimthompsonite structure

Projections of the refined jimthompsonite structure
are shown in Figures 2, 3, and 4. I:beams consisting
of triple silicate chains and wide octahedral strips are

d in the orthopy hoamphibole +
+—— stacking sequence (sec Veblen er al., 1977, for
an explanation of stacking terminology). Each sili-
cate chain has two symmetrically independent chain
rotation angles, an inner rotation angle (01-01-01)
and an outer rotation angle (05-06-05), unlike the
pyroxenes and amphiboles, which have only one.
Boih chains are O-rotated, the A-chain with inner
and outer rotation angles of 179.6° and 173.5°, 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 light of the new struc-
tures; Th (1970) explains O- ion vs. §-

axis projection of the structure (Fig, 4). The basal
faces of the Si3A 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 derivations R

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
b-glide parallel to (100). Since an analogous relation-
ship was hypothesized for jimthompsonite and clino-
Jjimthompsonite, the same transformation that Smith
(1969) used to relate low clinoenstatite atom coordi-
nates to those of orthoenstatite was used to derive the

linojimth i i dii The fol-

rotations. The silicate chains are topologically dis-
tinct from the triple chains in Ba;SisOs, 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

phiboles, and M5 in jimth ite), while the
inner M-sites are more regular octahedra, slighity
compressed in the [100) direction. By further analogy
to the low-Ca pyroxenes and amphiboles, Fet is
concentrated in the outer, distorted M-site, while the
regular M-sites favor Mg. The refined Fe/(Fe + Mg)
ratio of 0.22 agrees with the (Fe + Mn)/(Fe + Mn +
Mg + Ca) value of 0.22 which was measured for this
crystal by el icroprob lysi:

Chain warping or corrugation is apparent in a ¢-

lowing operation was applied 1o atoms in one asym-
metric unit ‘of the refined jimthompsonite structure:
Xep = 2(xp — 1/74)

Yet = M

2o = 12+ 20 + (xp — 1/2)ay, tan(Beye — 90°)/cy
The resulting P2;/c model is a triple-chain analog of
the low clinoenstatite structure,

Because the observed space group of clinojim-
thompsonite is C2/c, the P2,/c model was modified
by an origin shift and by rotation of the B-chain
atoms and OHB ion about the C2/¢ 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 und angles in cheslerite

o
51-0 Distances, A

¥T3
MT3-OHTA

HTL
HT1-0T2A(6)
MT1-0T2A(7)
HT1-OT2B(8)
MT1-0T2B(9)
MT1-CHTA

MT1-OHTB

MHean

T4
MTA-OT4A
MT4-0T4B
MT4-0T7A
MT4-OT78
HT4-0D4A
¥T4-OD4B

¥D1-0DLA
HD1-0D1B
HD1-CD2A
MD1-0D2B
4p1-OHDA
4D1-CHDB

Hean Mean

MTS-0D58
S1D2A-HTS

Hpe

MD4-0D24
MD&-0D28
MD4-O0T8A
MD4-OTEB
MDU-0T6A
MD4-OT6B

HD2
MD2-0D1A
uD2-0D18
HD2-0D2A
#p2-0D28
HD2-0T8A
DZ-OT8B

403
2 MD3-ODIA
2 HD3-0D1B
MDI-0HDA
¥DI-0HOB

Mean
Hean Mean

MD4-0D5B
S1TIA-NDE

o
Estimated Standard Error -0 = 7,023

6 x, yo 21

o
Q) x, -y, Y+z
(2) s+x, B-y, 1z
€3) =%, y, 322

9) x=Y%, vy 12

Atoos with no transformation indicated are at Iyz, or
are n an or angle.
Numerals preceeding bonds indicate sultiplicity.

siT2A

SiT2A-0T3A
SIT2A-0TéA
S1T2A-0T5A
SiT2A-0TSA

SITIA

S{TLA-0TIA
SITIA-0T1A())
SITIA-0T2A
S{TIA-0T3A

SIT3A

1,639 SIT3A-OTSA
1.629  SITIA-OTEA
1.618  SIT3A-OT7A
1.609 SITIA-OTSA
Hean Hean

Mean 1.624

S172B
S{T2B-0T3B
S1T28-0T4B

SiT2B-0T5B
S1T28-0T6B

SITIB

SiTIE-OT1B
SiT1B-OT1B(1)
SITIE-0T2B
S1T18-0T38

SIT38

_S1T38-0TSB
S1T38-0T6B
SIT3B-0T78
$1738-0T88

1.632
1,585
1.648
1,835
Mean

Mcan Hean

S1D2A Te
S1D2a-0D2a
S1D2A-0D4A

S{D2A-OD5A
S1iD2A-0D6A

SID1A

$iD1A-0D1A
S1D1A-ODSA
SiDla-0D6A
SiDlA-0D7A

Mean Mean

S1D2B

S1D2B-0D2B
‘S1D2B-0D4B
S1D2B-0DSB
S1iD28-0D6B

S1D1B-0D1B
S$1D1B-0D5B
54D1B-0D68
$1D1B-0D78

1.655
1.618
1,655
1.603

Hean

Mean 1.633

Esticated Standard Error S1-0 = 0.0184

Tetrahedral Chatns
A Triple Chaln

OTIA-OTIA-OTIA 179.67
OTSA-O0T6A-OTSA 173.5

B Triple Chatn
OTIB-OTIB-0TIB 167.37
OT5B-0T68-075B 161.1
A Double Chain
5. SA 11“_6“,
Estimated Standard Error 0-0-0 = 1.3°

B Double Chafn
0DSE-0! 161.2°

on 2-fold axes, has C2/c symmetry and is a triple-
chain analog of high clinoenstatite. It contains 17
atoms in the asymmetric unit and is topologically the
same as the NaMg-silicate structure of Drils ez al.
(1974). Site nomenclature in this model is !

sured from two (100) L inaji
crystal. Because the reciprocal lattice points of the
jimthompsonite and clinojimthompsonite overlapped
for I = 4n, those diffractions were omitted. In spite of
long times, the  intensities were

to that for the jimthompsonite structure, except that
“A™ and “B” arc dropped because all triple chains
are now symmetrically equivalent.

Structure refinement

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

very low; thus a large number of diffractions were
unobserved. The absorption correction was calcu-
lated assuming that the entire crystal was clinojim-
hompsonite, but b the ission 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, al!
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refi in C2/c converged readily. The seale fac-

atomic
factors, and metal (M) sile occupancies

Table 6. Cli

y ) Fe/Fetig
0.0289(2) 0.1(19)
0.0849(2) 0.16(13)
0.1428(2)

0.2013(2)

0.2569(1
0.0277(2
0.1395(2
0.1962(2
0.0850(3:
0.0037(3
0.0278(4)
0.0840()
0.1420(3:
0.171303
0.1628(3;
0.1983(3)
0.2474(3)

0.632(15)
0.041(16)
0.095(16)
0,008(16)
0.845(18)

eoo0n

0.2309(4)

0.1149(10)
0.3525(10)
0.3523(10)
0,1215(9)

[
0,3777(9) 0.2531() _ 0.48(15)

classes of diffractions were measured, Of 2253 & + &
= 21 + | diffractions, 142 or 6.3 percent were ob-
served (greater than 2¢). If these diffractions were
truly extinct, about 5 percent would be expected to be
observable at the 2¢ level, This is close to what was
observed, but refinement was nevertheless first at-
tempted in space group P2,/c, utilizing the h + k =2n
+ [ 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 + 1 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/¢ symmelry.

When the criterion for considering a structure fac-
tor to be observed was increased to 3¢ (of the in-
tegrated intensity), only 12 & + k = 21 + | diffruc-
tions remained. These were removed, and the

tor, -atomic coordinates, isotropic temperature fac-
tors, and unconstrained Mg-Fe occupancies of the
M-sites were varied simultaneously during the final
f:ycles of refinement. Only observed diffractions were
m'cludcd in the normal equations. Values of R for
cllnojimlhompsonile are listed in Table 2; atomic
positions, isotropic temperature factors, and occu-
pancies are given in Table 6; und selected bond dis-
tances and angles are compiled in Table 4b. Tables 5
a{ud 8 (see footnote 2) contain more complete bond
distances and angles and the observed and final calcu-
lated structure factors for those reflections with [ >
a5

The clingjimthompsonite structure
Figures 5 and 6 show projections of clinojim-

. lhompsonilc and present the site nomenclature. The

structure consists of I-beams containing five crys-
tallographically distinct M-sites and symmetrically
equivalent, O-rotated triple silicate chains with inner
and outer rotation angles of 171.4° (O1-01-01) and
170.0° {05-06-05), These I-beams are connected in
a ++++4 stacking sequence, analogous to the stack-
Ing in monoclinic pyroxenes and amphiboles.

. As in the jimthompsonite structure, the inner M-
sttes are quite regular, but slightly compressed in the
[100] direction, whilc M5, the outer M-site, is a dis-
}orlcd oclihedron. Fe is again concentrated over Mg
in this distorted outer site; unconstrained occupancy
refinement resulted in Fe/(Fe + Mg) = 0.20, while
(Fe + Mn)/(Fe + Mn + Mg + Ca + Al,q) = 0.2
was measured with the electron microprobe from the
clino lamellae, The I-beams of clinojimthompsonile
show the same type of chain warping as those of its
orthorhombic polymorph.
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b

Fig. 6. c-axis proj of the clinoji

is ++++, and all triple

i i
cquivalent. As in jimthompsonite, the basal oxygen layers of the silicate chains arc warped oul of the (100) plane.

Chesterite

Model derivation

An N(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
(Figurc 7). Because more than half the data were
unobserved and had statistically assigned F2,, values
corresponding 10 /min/3, the intensily averages used
in this test are probably incorreet, and the test in-
valid. In addition, the proposed model for ciesterite
contained a pseudo-inversion center. The test results
were therefore i d, and a detailed model was
constructed in the acentric space group A2,ma, 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 ths 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

of jimthomg The triple-chain I-
Leam 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 MS
polyhedra of the adjacent triple-chain I-beam in
jimthompsonite. The following transformation of the

jimth ite atoms yiclded the

jate
Pprop 4

model:
Xen = Xpe
Yen = 0.6y;, + 0.1
Zen =23 +0.25

There are 51 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-

hibol inology (Finger, 1970).

dard orth [t ter
Atoms in the triple-chain I-beams are denoted by
“*T," and those in the double-chain I-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 ions 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 Ry, reached 0.060 afier
only minor adjusiments in atomic positiors,

Isotropic temperature factors and M-site Fe-Mg

% r3 oa e ce To
Fig. 7. Plot of the chesterite N(2) test- All measured reflections

consistent with diffaction symbol mmmA - -a were utilized, See
text for interpretation.
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occupancies were then refined, and R, 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, especiaily
with respect to thermal parameters, which had corre.
lation coeflicients as high as 0.8. Analogous atoms
within the’ following polyhedra were strongly corre-
lated: SiDiA and SiT2A; SiD2A and SiT3A; SiD1B
and SiT2B; SiD2B and SiT3B; MD3 and MT2; MDI
and MT3; MD2 and MT4; and MD4 and MTS3, 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 MT1 was correlated
with all other regular M-sites in the structure. Be-
cause the above pairs of polyhedra have nearly identi-
cal shapes and environments with respect to first- and
second-nearest polyhedra, a pseudo-inversion center
exists at (1/2, 2/5,1/4), 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)). 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-
fi one of a pair ing 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 accupying them would have similar ther-
mal parameters, and the isotropic temperature fac-
tors ofcorresponding Si, 0, and OH ions in the triple
and double chains were constrained to be equal, M-
site atoms were lefi 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 still ble. Corresponding M
atoms inthe Dand T 1-beams, as listed above, were
therefore also constrained to have equal isotropic
temperature factors. This resulted in more reasonable
thermal parameters and little change in Mg—Fe occu-
pancy; the largest change in an occupancy was 7.6
percent, about 3. The two unconstrained oxygen
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atems in the A triple chain stil| had negative isotropic
temperature factors clese 1o 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 ¢f g 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 0.10),

Final R values for chesterite are given in Table 2,
and atomic coordinates, isotropic temperature fac-
tors, and M-sile occupancies are Jisted 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 3., the
occupancy standard errors are probably several times
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 chesterie crystal suitable for
intensitly measurement could be found, the number of
unobserved intensities was large; only 2633 out of the
6043 measured intensities were observed, Structure
factor calculations for the unobserved diffractions
produced no large F's 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 foung,

Selected chesterite bond distances and angles are
presented in Table dc. 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 listed in Table 8 (sce foolnote 2),

The chesterite structure

Chesterite is the first known chain silicate having
more than onc 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 anthophyllite, with A and B double chains,
and the other very close to the L-beam of jim-
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thompsonite, with A and B triple chains. All the
chains are O-rotated, exeept that the inner rotation
angle of the A triple chain differs from 180° by less
than its standard error. As in jnmlhompsonilc 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 1wo noncquivalent ++—— stacking ur-
rangements that are probably equally likely: the
atomic positions in Table 7 are for one of these. Asin
other low-Ca pyriboles, iron is concentrated over
magnesium in the distorted outer M-sites, and all
four independent cheins are warped out of the (100)
plane. Occupancy refiiement 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 jim-
thompsonite and clinojimtt i lculated
prior to the application of anomalous dispersion cor-
rections, showed crralic differences as large as 3.5 ¢/
A% these differences were eliminated by further re-
finement using scaliering factors corrected for anom-
alous dispersion, ¢ven though R values were not im-
proved.

The final jimthompsonite difference map shows no
uninterpretable discrepancies larger than 1 e/A>. Pos-
itive and negative differences indicative of anisotropic
thermal motion arc associated with M5 (1.8 €/A%)
and with O5A and Q6A (1.1 e/A%). These oxygen
difference densitics are consistent with tetrahedral
torsion about the a* direction, a type of thermal
motion that is observed in other chain silicates. The
most pronounced diflerence peak is located in the
position corresponding to the amphibole A-site. This
peak is shaped like a lop bbell with maxim:
of 3.4 e/A% 3 (0.37,0.323,0.89) and 1.3 e/A%at 037,
0.347, 0.89). The peak, contoured in Figure 11, 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 of jimthompson-
ite, including the crystal used for intensity data col-
lection, represents about 2,5 percent Na occupancy,
and that amount is not likely to produce 2 difference
density peak as large as the observed one. Small
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Tuble 7. Chesterite atomic coordinates, temperature factors, and
metal (M) site occupancies
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amounts of other species must also be present in the
Assite, 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/A®. 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 I-beams, is slightly split, with two maxima of
14 e/A* located at (0.36, 0.297, 0.17) and (0.38,
0,307, 0.16). The AD site, on the other hand, has only
1 single maximum of 1.4 e/A? at (0.12, 0.5, 0.61).

Careful examination of the difference maps did not
locate H* ions in any of the structures.




VEBLEN AND BURNHAM: BIOPYRIROLES

Fig. 8. (100) projection of the chesterite structure, showing the A-chains. Double (D) chains and triple (T) chains alernate in the &

direction, and all chains are slightly 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-
thophyllite (Finger, 1970) and enstalite (Morimoto

. and Koto, 1969).

The means of all Si-O distances are 1.62A for
jimthompsonite, 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
silicates, and compare with 1.64A for enstatite and
[.63A for anthophyliite. 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 T tetrahedra in anthophyllite, while the
outermost tetrahedra are ore distorted, similar to
the T2's in anthophyllite and the tetrahedra of ortho-
Py . In jimthompsonite and clinojimth

sonite, the two shortest Si-O distances of these outer
tetrahedra are associated with the longest 0-0 dis-
tance and the widest O-Si-O angle; this is aiso true of
the tetrahedra in many other silicates (Brown and
Gibbs, 1970),

The outermos( tetrahedron of the A-chain in all
orthopyriboles shares an edge with the distorted
outer octahedral site, The O-O distance along this
sharcfl edge is 2,50A in enstatite and anthophyllite,
252 in Jimthompsonite, and 2.48 and 2.53 in the
chesterite triple chain and double chain, respectively.
The analogous edge in clinojimthompsonite is 2.54A.
If lhioulermnsl Mssites of the octahedral strips are

d to be sj di d, then the outermost
lcll::lhedron of the enstatite 8-chain shares no edges,
whl_lc those of the jimthompsonite and chesterite B-
cl.lalI'IS share one edge. The anthophyllite refined by
Finger (1970 is an imermediate case, because the 6th
and 7th bonds from M4 to oxygen (O5B and 06B)
are the same length within error. This shared tetrahe-
dral edge shortens gs it is increasingly shared by the
oulcr. M-site: the cdge length is :.59A in ensatite,
2.57 in anthophyllite, 2.55 in jirath psonite, and
2.5§ and 2.53 in the chesteritc triple and double
chains,
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h i The stacking

ce is ++——, and J-beams with double and iriple chains

Fig. 10. (001) fon of the

alternate in the b direction. Double and tripte B-chains are sandwiched between octahedral layers of fike skew, while double and triple A~
chains are between layers of opposite skew., Basal oxygen tayers of all silicate chains are warped out of the (100) pl»mc

As in enstatite and anthophyllite, 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 hed hared oc-

hedral 0-0 di jimt! ite 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 2.8{A. By companson, lhs unshared
edges of the M1 hedi
3.03A, and the mean of the shared edges is 2.82A. In
tale, the means of unshared and shared edges are
3.06A and 2.80A (Rayner and Brown, 1973). The
shortening of shared octahedral edgcs is thus charac-
teristic of low-Ca biopyriboles in all structuml
groups.

The M-Q 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 anthophyllite, are close 1o 2.00A (£0.04),
much shorter than the analogous distances of calcic

pyriboles; the shortest M2-O distance in diopside is

2.35A (Cameron et al., 1973), and the minimum M4-
O distance in tremolite is 2.32A (Sueno et al., 1973).

Unnamed mineral

The unit-cell dimensions, space group A2/m (or
A2, Am), and (k0l) intensities of the unnamed min-.
eral strongly suggest that it will 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 parallcl to (010),
and double-chain [-beams bisccted by mirrors paral-
lel 1o (010). Such a structure will have space group

Si2B

Fig. I1. Difference clectron density in the slightly occupied
jimthompsonite  A-site, The contours, from outer to inner,
represent 0, 1, 2, and 3 ¢/A%, The form of the density differences -
suggests that there is considerable positionat disorder among A-
site occupants,
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Am il there are two symmetrically distinct silicate
chains in cach I-beam, and space group 42/m if the
two chains of cuch I-beam are related to cach other
by 2-fold rotution. Since Am and 42/m exhibit the
same diffraction symmetry, either modification of the
basic structure maty be correct.

The new minerals as blopyriboles
- Thompson (1970) explained that most
can be thought of as I:1 mixtures of a pyroxene and a
micu, sectored along the pyroxenc c-glides and the
mica a-glides into (010) slabs, and reassembled. To
emphasize the close relationship between these min-
eral groups, he uncarthed Johannsen's (1911) super-
group name, “biopyribole.” In addition to 1:1 mix-
tures (MP), other slab mixtures, such as MMP, might
be expected. All mixtures of this sort are biopyri-
boles, and all belong to a “polysomatic™ series of slab

: |
fonal -
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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 A2,ma or A2/m or their subgroups, and
having b = 27A. The possibility of minerals with
chains wider than triple is also intriguing; the ibrous
tale of Chester hus not yet been examined carefully,
and it may be that part of what appears (o 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 a C2/¢, NaMg triple-chain
silicate by Drits er al. (1974, 1976). This fibrous phase
is reported to contain Na in the MS site ard OH'
replacing tetrahedral O*-; it is therefore not a true
biopyribole, but would be similar 1o “hydro-
imphiboles™ and could be thought of as a slab mix-

mixtures ding in pyr i I
space (Thompson, 1978). When viewed in this way,
jimthompsonite and clinojimthompsonite are
MMP's, and chesterite (and probably the unnamed
mineral as well) is an MMPMP,

For an infinite crystal, there are iniinite possible

polysomes, but the known pyriboles all fall in the

following groups: (1) those with. pure odd chains of

one type (all single chains, or all triple chains, for .

example); (2) pure even chains (all double, all quad-
ruple chains, efc.); or (3) mixed alternating odd and
even chains for which the chain numbers differ by |
(mixed double and triple chains, or mixed single and
double chains). Ideal “pure odds” will all have poly-
" some formulas with one P and an even number of
M's, and will have space groups Phea or C2/c, or
their subgroups, for the two common polytypes.
**Pure evens” will have formulas with one P and an
add number of M’s, and will have maximum symme-
tries of Puma or 12/m. Mixed odd-evens will have
two P's and an odd number of M's in the polysome
formula, and will have maximum symmetries 42,ma
or A2/m. Approximate b-axis lengths of these possi-

ture of tale 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-
ions,

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 still 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-
th nite are stacked in the same manner as the

bilities can be found by multiplying the ber of
" symbols in the polysome formula by 9A. These three
possibilitics ulso appear to be the most likely because
the mincrai reaction sequence at Chester is pure even

"+ — mixed even-odd — pure odd; no possibilities such
..-as MMPMMPMP have been obscrved, and the se- -

o -quence also suggests that phases such as the MMP's
' dre preferred ‘over MPMMMP's, which would have
the same composition. .

" The existence of chesterite and the unnamed min-

cral, consisting of mixed double and triple chains,

P

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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d by : | S d evi-
dence of s(rcaklng in the dlrecuon ol‘ a* which wouid
signify finc-scale stacking disorder.

Pyribole chain rotations and the parity rule
Tetrahedral rotations play an important role in
sheet silicates (Bailey, 1966; Bailey ef al., 1967). In
micas, the primary influence on the degree of rotation
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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 orthopyroxene with P2,ca
symmetry has been reported (Smyth, 1974), but the
intensities of i violating i (the
(07” dlll‘r.ncuons. for cxumplc) are not equal in the

h and do not even

is ly the requi that the hedral and

ry. Furthermore, ortho-

ocuhcdml layers occupy the same area (McCauley
and Newnham, 1971). In addition to these dimen-
sional req the tetrahedral of
chain silicates are furlher subject to restrictions aris-
ing from I-b One formula-
tion of these additional requirements is the parity rule
(Thompson, 1970; Papike and Reoss, 1970), which
states that in ideal pyriboles having regular polyhedm

Y

pyribole of ge str should ex-
hibil ply thermal , 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 still violated
with O-rotated A-chains having chain angles of 173.5°
and 170.6°. We therefi lude that orthopy

and jimth ite refi in’ Pbca, and ortho-

except for lhc outer M-site, ical
are imposed on tetrahedral rotations by the nclahc—
dral stacki Chains t al
layers of like skew (here defined as --chains) must be
straight, or have the same rotation sense, while chmns

between layers of opp skew (defined as x-chains)

amphibole refinements in Pama, are correct.

ibole A-chain

The cause of orthopy

The triple chains of the new minerals from Chester

must be straight, or have O- and S- alternat-
ing in the b direction. This rule is rigorous for regular
polyhedra and must be strictly obeyed, even for small
tetrahedral rotations. The polyhedra of real pyriboles
are not perfectly regular, however, and in this section
we will show that violations of the parity. rule are 2

of d i arising from
cdge—slmrmg among polyhedra.

2 thol

de new information on the causes of pyribole
ch.lm rolations. 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-
quirecments of inter-I-beam connection geometry.
The same effect is observable in the amphiboles,
though not so graphlcally as m lhc pynbolcs with
0.

triple chains. In the following weth

Rotations and sy ry of real Py

It has been pointed out that the A-chains of refined
orthopyriboles and the chains of protopyriboles,
which are located between octahedral layers of oppo-
site skew, arc 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

|uded 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 explnm that poly-

on the cutermost polyhedra along the
edges of pyribole I-beams.

Ir the chains b hedral layers of opp:
skew (x-chuins) 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 line that de-
scribes the chain direction (the c-axis, for example). -
The appropriate atoms are OlA and O2A for the
pyroxenes, O2A and O4A for the amphiboles, and
O7A and OBA for pyriboles with triple chains. In the
orthorhombic pyriboles, this requi simply
means that these atom pairs must have the same z .
coordinate. In a real orthorhombic pyribole, the

hedral distortions permit parity viol

of “misfit” exhibited by the outer x-chain

It has been suggested that parity vi do not,

" in fact, occur and lhal the space groups of real ortho-
and ortk hiboles may be £2;ca and

PZ,mn. rather than Pbca and Prima, thus allowing the

can be defined as the difference, in A,
between the z coordinates of these two atoms. This
misfit must be absorbed by dlsloruon of the regular
inner M octahedra.
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8-Chain Rototlon (0-0-0)

180° no* g0 130 e

Fig. 12, z-coordinate difference (8) 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, 8, is @ “misfit™ parameter for the A-chains
and must be absorbed by distortion of the regular octahedra. The
line marked “Idea! Tetrahedron™ shows the amount of misfit that
"would be produced by rotation of a chain of regulas 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 continuous

and broken fine segments refer to orthopyroxene structures at .

several temperatures (Smyth, 1973; Sucno e af., 1976;
respectively), 1he chain i ighter with | ing
temperature. Other data are from Burnham (1967), Buraham ef al,
{1971), Finger (1970), Ghosc (1965), Gibbs (1969). Kuvsoi er al,
(1974), Morimoto and Kato (1969), Morimoto eral. (1975), Smyth
{1971), Smyth and 1o (1977}, Takrda (1972), and this paper.

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

8 = 2v/2/3 (T-O)sin 180° — RA)

where (T-0) is the.tetrahedral cation-oxygen dis-
tance, and RA is the rotation angle as traditionally
measured for chain silicates (e.g. 03-03-03 for py-
roxenes). The expected misfit for T-O = 1.62A is
plotted as a function of rotation angle in Figure 12,
along with the real misfit exhibited by the x-chains of
orthorl.ombic 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 12 shows that the tetrahedral misfit in rea)
- 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 jn-
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 13 compares the A-chain of XYZ ortho-
pyroxene (Burnham ez al,, 1971) with a chain of ideal
tetrahedra having the same rotation angle. It 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 0 a large degree from edge-sharing with the
outer M-site. The O-Q distance for this shared edge
is close 10 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 i:iner 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, [970). These are the only phases

16e0l Tatrahedra XYZ Orthopyrosene
A-chaln Rotatlon = 169°

Fig. 13. A real orthopyroxene A-chain with rotation angle 03-
03-03 of 169° (Burnham er at., 1971), compared with a chain of
ideal tetrahedra having the same sense and degree of rotation. The
shori shured edges of the real tetrahedra are marked “S."* The
figure shows how tetrahedral distortion accounts for the small
misfit (8) in the real A-chain, so that swaightening of the chain
would itate i , rather than d, distostion of

the regular M octahedra.’
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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 rowations in orthopyriboles

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 I-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 = 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 seclion, 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 neighbors,

Conel

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 ta expect the existence of ortho- and
protopyriboles with alternating O-rotated and S-ro-
tated x-chains,

on pyribole chain r

o6
03

1400

A«Choin Ratation (0-0-0)
5o* 15o*

7os

Fig. 14, z-coordinute dilference *(§) between the two non-
bridging oxygens of the outermost B-chain tetrahedron in refined
orthopyriboles, plotted against the B-chain rotation. Most of the
structures have § slighily larger than an ideal tetrahedron with the
same rotation angle, owing to tetrahedral distortion. The two
points marked “g" are gedrites, and poinls connected by
continuous and broken line segments refer 10 orthopyroxene

at several (Smyth, 1973; Sucno er af.,
1976), the chain becoming straighter with i i
Other data are from the same references as thosc of Fig. 12

Outer M-site coordination

If the outer M-sites of pyriboles are considered to
be six-caordinated, 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
O3B’ between 700° and 850°C. This behavior was
confirmed in orthoferrosilite by Sueno ef al. (1976).
The higher-temperature coordination involves the
sharing of not only an A-chain tetrahedral edge, but
also a B-chain edge, and isa 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, 1972; Brown
et al., 1972). : :

The gedrite structures refined by Papike and Ross
(1970) have outer M-site coordinations that are close
to those of lo: ature orthopyr In con-
trast, the anthophyllite structure refined by Finger
(1970) exhibits an intermediate configuration in that
0O5B and O6B are cquidistant from M4.

The outer M-sites of jimthompsonite (MS5) 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 will tend to
the higher I figuration, while those
that have more kinked chains will 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) anthophyllite

VEBLEN AND BURNHAAM: BIOPYRIBOLES

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

(05B-06B-05B = [57.5°) do have the higher-tem-
perature outer-site coordinations, while all those with
more rotated B-chains resemble room-temperature
orthopyroxene. In orthoferrosilite the coordination
switch occurs when O3B-03B-03B = 151° (Sueno er

A of the degree of warping in ortho-
pyriboles is the maximum difference, in A, betwecn
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). anthophyllite (Finger, 1970), jim-

al., 1976). There also seems to be 2 tend for
orthopyriboles with wider chains to have smaller ro-
tation angles, and therefore the higher tem

" outer M-site coordination,

Polytype stabilities
Much has been made of the importance of outer

M-site coordination to pyribole stability ranges. Pa-

pike et al. (1973) suggest that pyroxene M2 coordina-
tion Is the ortho-cli fi ion, and
that P2,/c pyroxenes form metastably because their
M2 sites have the low-temperature ortho coordina-
- tion. Smyth (1973) concurs with this notion, and
“further suggests that the inability of the Pbca ortho-
pyroxene structure to attain a higher symmetry con-
figuration reduces its stability at high temperatures
relative to the monoclinic structure, which trans-
forms from P2,/c to the higher C2/c symmetry.® The
ter-site coordination must exerci:
over the stabilities 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

some contral

th ite, and chesterite are shown in Table 9.
The chains of enslalite are not so warped as those of’
the wider chain silicates, and the double B-chains of
anthophyllite 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 jimthompsonite, clinojimthomy
ite, and chesterite to be uniformly bent. Instead,
most of the warping occurs in the otttermost tetrahe-
dron, and the interior mica-like parts of the basal
layer are quite flat. E

Lamellae orientation
Al g of clinojimth and the un-
named mineral that have been observed from the
Chester wall zone occur as (100) tamellae in jim-

M cations and their most distant c oxy-

and chesterite, respectively, This is the

gens can completely control the ther ic be-
havior of the magnesian pyriboles. Other factors may
also affect the relative stabilities,

The data of Sueno er al, (1976) and Smyth (1973),
which are shown on Figure [2, suggest that A-chain
misfit in orthopyroxene increases with rising temper-
ature. It is possible that the regular octahedra of the
structure are unable 10 deform enough to absorb this
misfit, and that this inability is in part responsible for
reconstruction to the C2/c structure, which has no x-
chains and therefore no chain misfit constraints.

d linic C2/c | must be 1o possess
higher symmetry than nrthorhombic Pbea ones, because the dene
sity of symmetry clements is greater, and hence there are fewer

* atoms per asymmelric unit. Also the M-site coordination poly-
hedra possess higher point symmetry.

same that is commonly seen in inter-
growths of orthorhombic and monoclinic pyroxenes
and amphiboles. The (100) ortho-clino orientation 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
b dary; only second ight a1
ships are upset.

Cation ordering

Refinement of M-site Mg~Fe occupancies for
jimth ite, clinojimth ite, and chesterite
reveals the same ordering pattern observed jn the low-

Icium py and hiboles: Fe* js
trated in the outer, distorted sites, while Mg prefers
the inner, mare regular sites. This is an expected
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result, as the outer M-site polyhedral geometries and

Table 9. Degree of chzin warping (A) in low-Ca orthopyriboles

. environments are similar for all the ferromag n
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 little consequence for Mg-Fe ordering ten-
dencies. The M4 site of triple-chain [-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 5* on precession films, in-
dicating some degree of structural disorder in the b
direction. Preliminary results from high-resolution
clectran microscopy have shown that the streaking
results from errors in the widths of silicate chains in
the ordered minerals and. from regions with appar-
ently random sequences of double, triple, and wider
chains (Veblen er al., 1977). Work is now in progress
to fully characlerize the microstructures found in
pyriboles from Chester.

The X-ray results on the new minerals show us the
general. patiern .of the amphibole-mica reaction.
Rather than being a simple one-step reaction, the
anthophyllite-tale transformation is, a1 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. Anthophyllite becomes structurally disordered,
acquiring triple-chain structure at random intervals;
Fe* 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 triple chains form, in excess of the 1:1
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 jimth ite and clingjimth ite is com-
plete. .

5. Talc grows at the expense of jimthompsonite. It is
not yet known whether this growth mechanism is

A chatn B chain Hean

0.14(2)
0.29(2)
0.26¢2)

0.29(3)
0.29(4)

0.26(2)
0.41(2)
0.28(2)

0.33(4)
0.45(4)

0.19
0.35
0.27

0.31
0.37

Enstatite
Anthophyllite
Jinthozpsonite

Chesterites T-chalns
D-chains

simple or whether it entails formation of still more
ordered intermediate structures,

Several implications of the above reaction scheme
descrve 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 likely to be marked by structurally
disordered states.

It has not, of course, been determined whether
these minerals have stability fields of their own. Be-
cause they occur in considerable quantities (the new
orthorhombic phases can ‘exceed lmm-in a and ¢
dimensions and reach several hundred microns in the
b direction), they must be “‘nearly stable," even if
they formed metastably. The question of stability 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 cinci-
dences: this is not an equilibrium state of affairs. The
new pyriboles will probably never attain valuable
petrogenetic indicator status.

1t is not clear whether the reverse reaction, from
talc 10 anthophyllite, takes place by the reverse mech-
anism, but there is some evidence that the path may
be similar. Daw ef 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)
lameliar features observed in the Chester pyriboles.
Greenwood's (1963) rate study on growth of enstatite
from tale further indicates that anthophyllite is an
intermediate product, and other phases could have
been lurking in the run products disguised as an-
thophyllite or enstatite. In any case, mica 1o pyroxene
reactions appear to take place by a complex mecha-
nism, rather than a single step.

The inferred anthophyllite-talc reaction sequence
points out major problems in biopyribole reactions.
The intergroup reactions are controlled by multistep,
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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

1t 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-
P hiboles, and

ter the py

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
surprise to Johannsen (191!). who, in giving the su-
recognized that

pergroup the name *‘biopyribole,”
they all look very much alike.
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