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CHAPTER 1|
©
INTRODUC TION
- The amphiboles are important rock-for

the object of an immense amount of work in the past hundred years
(Deer, Howie & Zussman, 1963). Despite the large amount of physical
and chémical information available, major uncertainties exist concerning
the chemistry and paragenesis of these minerglé. Their complexity may
be seen as arising from the general topdlogy of the amphibole structure.
SevEn crystallographically unique cation sites occur, which may accom-
modate cations of formal charge +! to +4 and icnic radius 0,25 to 1.4‘2,

Inspection of proposed average compositians of the crust (Holmes,’\l\965;

e

# . ~
Ringwood, 1969) shows that all major cations fall within this range. While

the resulting complegdty hinders present understanding of the geological
si‘gniﬁ'car.lce of ampl{iboles, it is potentially of great significance to
mineralogists and petrologists (Ernst, -1968). The complex inter-
relationship between mineral composition, structural state and ambient

chemical environment should be very responsive to differences in physical

-
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and chemical conditions of crystallization and equilibration. However,
before these factors can be of practical value, much more information

is required concerning the chemical controls imposed by the amphibole
structure. Recent work (Papike, Ross and Clarke, 1969;, Robinson,
Ross and Jaffe, 1971; Stout, 1972) has indicated much more structural‘
control on chemical substitutions than was hitherto realized, and before
the effect of physico:chémical environment r'naty‘be assessed, these
structural effects must be evaluated.

The present study was undertaken in an attempt to characterize
some of these str;xctural controls by an examination of structural distor-
tions as a function of chemical composition in the clino-amphibole group.
To extend the available data over a wider range of chemistry, six x-ray
crystal structures and one neutron crystal structure were refined, with
comph;.mentary work on the M8ssbauer spectra of the iron;bearing

)

species, These results, together with recent work reported in the

literature were used to implement this study.

5
CHEMICAL COMPOSITION

The compositional variation in the amphiboles may be

represented by the general formula (Deer, Howie & Zussman, 1963)

~

>

Ny ES
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AO-IXZYSZBOZZWZ

where A = Na, K

2
X = Ca, Na, Mn, Fe“', Mg, Li = M(4)
2+ 34
Y = Mg, Fe”', Fe ', Mn, Al, Ti, Zn = M(1), M(2), M (3)
Z = Si, Al, Feo' z T(1), T(2)

W= OH, F, Cl, oz‘ z O(3)

The large number of possible 'end member' species has
given rise to ‘a surfeit of tgrminology and great debate as to the
min::ra'logical significance of 'ideal’ amphiboles.  Many schemes of
classification have been derived (Sundius, 1946; Winchell and Winchell, 1951,
Phillips and Layton, 1964; Phillips, 1966; Whittaker, 1968, 1971; Pergy,
1967, l968a:b) but none is satisfactory for every purpose. A detailed dis-

cussion of the classification problems encountered in this group is given

by the I.M.A. Commission on amphibole nomenclature (to be published).

STRUCTURE

The crystal structure of an a.mphibple was first determined
by Warrén (1929) who solved the structure of tremolite by analogy with
that of diopside. Subsequent work (Warren, 1930) showed that grunerite,
actinolite and hornblende were isosntructural with tremolite. Subsequent

structure refinements are listed in Table 1.1 in chronological order.

R
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TABLE 1.1

Crystal structure refi+ments of amphiboles; space group and type .

of data are given, /

Crocidolite /

Actinolite s

~/,
Kari nth:ine g

Barroisite \

Tremolite

Grunerite

* Basaltic Hornblende

Karinthine

i’roto-a.mphibole
Cummingtonite “

Arfvedsonite
NaZHZMgSSISOZZFZ

-

N.aZHZCOS Si 8OZZ(OH)Z

Riebeckite
Anthophyllite

Grunerite

Anthophyllite

C2/m
C2/m

C2/m
C2/m

C2/m
C2/m

C2/m

C2/m

Pbnm
c2/m

C2/m

C2/m

éZ/m

c2/m

Poma

C2/m

Pnoma

2-D
2-D

2-D
2-D

2-D
3-D

2-D

2-D

3-D

2-D

3-D

- 3-D

3-D

2-D

3-D

3-D

Whittaker (1949)
Zussman (1955)

Heritsch, Paulitsch & Walitzi
(1957) ' !

Heritsch, Paulitsch & Walitzi |
(1957)

Zussman (1959)
Ghose & Hellner (1959)

Heritsch, Bertoldi & Walitzi (1960)
Heritsch & Riechert (1960)

Heritsch & Kahler (1960)

Gibbs (1962, 1964, 1969)
Gibbs, Bloss & Shell (1960)

Ghose (1961), Fischer (1966)
Mitchell, Bloss & Gibbs (1971)

Kawahara (1963)

Prewitt (1963), Gibbs & Prewitt
(1968)*

Prewitt (1963), Gibbs & Prewitt
(1968)*

Colville &-Gibbs (1964)*

Lindemann (1964)*

Finger (1967, 1969a); Finger &
Zoltai (1967)

e

Finger (1967, 1970)

L Sl



Kakanui Hornblende

Glaucophane

C-Mn Cummingtonite
P-Cummingtonite
Holmaquistite

K-Richterite

Tremolite
Gedrite 001}
Gedrite 002

Syn Richterite 1
Syn Richterite 2
Fluor-Tremolite

Actinolite

Pargasite
Ti-Pargasite
Kaersutite
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Some investigators have used the space group I2/m instead of the more
conventional C2/m; the relationship between the [-cell (subscript i) and

" the C-cell (subscript c¢) is given below:

i c c
b. = b
1 C
c,=¢
1 e i}

.

Figure 1.1 illustrates the basic clino-amphibole structure,
which is formed from two basic elements, the octahedral strip and the
tetrahedral double-chain, both of which extend infinitely in the ¢ direc-
tion. These two elements link together in the b direction to form infinite
sheets which stack along a%*; the stacking sequence controls the space
group of the resulting structure (Papike and Ross, 1970). At the junc-
tion of the two basic elements, the M(4) site is formed, linking the octa-
hedral sheet to the chain-bridging anions. Sandwiched between two double
chains is the A-site, a large cavity coor‘dinated by eight-twelve anions.
The resulting configuration is one of great stz;:.l[(ural compliance and

accounts for the chemical complexity of the amiphiboles.
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CHAPTER 1I
EXPERIMENTAL METHODS AND RESULTS

SAMPLE DESCRIPTION

In this section, the sample origin and environment (if known)
are outlined, together with details of the chemical analyses and sample
preparation methods. All hew chemical a;xalyses are presented in
Table 2. l,. and the unit formulae are given in Table 2, 2.

. Cell conténts we're calculated on the basis of 23 oxygens
(excluding HZO) except for Oxykaersutite and Tremolite, which were
calculate.d ;)n the basis of 24(0O,OH, F,Cl). Water ;nalysis in minerals
is notoriously difficult and a ‘poor analysis can introduce considerable
error into the calculation of mineral formulae (Hey, 1954). Consequently,
except where experimental evidence confirmed deviitions from 2(OH, 1':') .
per unit fo.rmula, all calculations were made assuming 2(OH, F) per unit
for.m\tila. For tremolite, the neutron refinement is compatible with the H
occuéancy"indic‘ated l;y the cherhical analysis and a 24(OH, F, Cl) ;:alcula-

tion. For oxykaersutite, the absorption band corresponding to the

principal OH stretch in the infra-red spectrum is extremely weak relative to

those of the other amphiboles, indicating that it is OH deficient.

~' -~
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TABLE 2.1: NEW CHEMICAL ANALYSES*

FETSCH FEHAST OXYKER TREMOL
Si0, 40.12 39.51 39.90 56. 67
TiO, 0.87 2.44 4. 65 0.-08
ALO, 18. 67 10. 08 14.35 2.1
Fe O, 2. 64 10.25 9.60 0. 01
FeO 16,75 17. 21 0. 04 0.19
MgO 5.48 4.12 14.52 24, 21
MnO 0.27 1.00 0. 08 0. 034
C30 11. 65 7.61\ 12.1;; 12, 30
Na,O 0.80 432 1.90 1.51
fxzo 0.75 2.20 2.31 0. 68
H, O+ 1. 61 n.d. 0.48 1.12
H,O- 0. 01 n. d. 0. 02 0. 09
F 0. 07 n. d. 0.12 1.52
c1 n.d. n. d. n.d. 0. 05

T Analyses by John Muysson, Dept. of Geology, McMaster University.
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TABLE 2.2: UNIT CELL CONTENTS (Z = 4)

11

FETSCH

FEHAST | OXYKER | ALHAST| ZNCUMM | TREMOL
Si 6. 00 6.17 5.88 5.27 7.87 7.75
v
Al 2.00 1.83 2.12 2.73 0. 09 0.25
Fer - - - - 0.04 -
V1
Al 1.30 - 0.03 0.37 0.58 - 0. 09
3+
Fe 0.30 1,21 1.06 0.79 0. 03 0. 00
Ti 0.10 0.29 0.52 0.39 Zn 0. 75 0. 03
Mg 1.22 0.96 3.19 1.17 3.70 4,94
2+ ‘
Fe 2.10 2.25 0. 00 2.17 0.42 0. 02
Mn 0.02 0.13 0. 01 0. 04 1.60 0. 00
Ca 1.86 1.27 1.92 1.74 0. 26 1.80
Na 0.23 1.31 0.54 0.95 " 0.21 0.40
K 0.14 0.44 0.43 0.30 0. 02 0.12
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Ferrotschermakite

" Ore grade rock was obtained from Frood Mine, Sudbury,
cqurtesy of the International Nickel Company of Canada. A blue-green
amphibole coexists with quartz, alkali feldspar, biotite, magnetite,
pyrite and pyrrhotite. Crygtals were separated by a combination of

magnetic susceptibility and heavy liquid techniques, and finally

bandpicked. /

Ferrohastingsite v

Crystals were obtained through the courtesy of Mr. M. L. Moyd,
curator of the National Museum Collection, N.M.C., Ottawa. Optical
absorption spectra and aﬁ electron probe analysis of this amphibole have
been published (Faye and Nickel, 1970). Since the total of the reported

analysis was low, major oxides were re-determined by atomic absorption.

Oxy-kaers\utite

| This amphibole is from Kangerdluarsuq, S. Greenland, and
was taken from the McMaster University mineral collection. Large !
brown crystals up to one cm. across occur in a very fine-grained

dull red matrix of volcanic dust. Crystals were picked from the rock
with a needle, polished to remove any surface coating of matrix material,
and crushed. Subsequent optical examination confirmed the purity of the

separate.
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Tremolite

The crystal used in this study waa%from the Gouveneur district,
New York State; and was taken from the Mc;v{aster University mineral
collection. It was a large crystal measuring 4''x1-1/2"x3/4" and
showing a well-developed mgrpholqgical habit. Thin slabs were sawn
through the middle of the crystal, and polished; no evidence of zoning or
inclusions was apparent under the optical microscope, except at the ex-
treme edges of the crystal. The material used for experimental work was
taken from the centre of the crystal; no impurities were observed in the

[l
LY

powder used for chemical analysis.

Zinc Cummingtonite

The author is gxtremely grateful to Dr. Jun Ito of Harvard

University for supplying a separate of this mineral. Details of the

chemical analysis and paragenesis are given in Klein and Ito (1968).

Aluminous Hastingsite

~

A separate of this extremely unusual amphibole was very
kindly supplied by Dr. E.C. Appleyard of Waterloo University. Details ’
of the chemical ar;alyais and paragenesis are given in Appleyard (1969,

1973) and Leake (1968).

i
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SPACE GROUP AND CELL DIMENSIONS

Selection of crystals for intensity measurement was made
on the basis of three criteria:

1. Optical clarity and uniform extinction

2. Sharpness and circular shape of spots on precessiondphoto-
graphs.

3. Well-developed crystal form; this criterion was used in order

to facilitate absorption corrections.

) All crystals used for the collection of intensities were examined
by single-crystal precession methods, and all éhowed diffraction symmetry
2/ mC-/- consistent with space éroups C2, Cm and C2/m; statistical tests
made on the data indicat‘ed a centre of symmetry was present in each case,
and the space group C2/m was assigned to all crystals. Preliminary short
exposure precession photographs of oxy-kaersutite and arfvedsonite showed
the gystematic extinction hQl, 1 = 2n+l noted by Kawahara (1963); formally,
this denotes the presence of a c-glide. However, this symmetry element
is incompatible with a double-chain structure, and long >xposure photo-

-~ grapl{s showed that the reflections were present but very weak,‘ a rather

. nice example of the Templeton effect ('1“emp1eton, 1956).
Cell dimensions and orientation matrices were determined
on a single-crystal diffractometer; these are given in Table 2.3, together

with other miscellaneous information concerning data collection and refine-
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ment. The first four crystals in Table 2.3 were mounted on a
GE-XR D6 semi-automatic, four-circle diffractometer equipped

with a 1/4 circle. The machine and the crystals were alligned

n';axmally (Hawthorne, 1972) and then, in eaclr; case) 31 strong reflec-
tions uniformly distributed over reciprocal space were manually aligned.
The cell parameters and orientation mat'rix were calculated by a least-
squares method, with an over-determination factor of four. The remain-
ing crystals were mounted on a Syntex PI automatic four-circle dif-
fractometer and automatically aligned using the software package
provided. Cell parameters and orientation matrix were calculated

as before.

N

INTENSITY COLLECTION AND DATA REDUCTION+

(i) X-Ray
The first four crystals in Table 2.3 were mounted on the

GE-XRD6, and the intensities were collected using Zr filtered Mo radia-

tion (A = 0. 71 0693), a scintillation counter and a pulse-height anal;,'zer

t Where not stated, all programs for data processing and refinement were
from X-Ray 67 and X-Ray 71, Program System for X-Ray Crystallo-
graphy, by J.M. Stewart, University of Maryland, adapted by H.D.

Grundy for the CDC6400.

.
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set to pass 90% of the energy distribution. The 6-26 scan method~was
employed, with a scan rate of 2 degrees/minute. The scan range was
computeﬂ using the formula 1.8+tan 6 (Alexander & Smith, 1964) and a
20 second fixed background count was made at the beginning and end of
each scan. Six standard reflections were measured every fifty reﬂec-.\
tions, and the data output was examined each day to check for electronic [
fluctuations and constancy of crystal alignment.

The remaining crystals were mounted on the Syntex Pl and
the intensities were collected with graphite-monochromated Mo radiation
and a sfcintillation counter. A 6-20 scan method was used in a variable
scan-rate mode with a minimum range of 2° /minute and a maximum
range of 24° /minute. Reflections were gathered up to 65°26 and two
standard reflections were measured every fifty reflections to check for
constancy of crystal alignment,

All data were corrected for absorption using an eight-point
gaussian quadrature integrétion procedure (program from Cornell
University) for polyhedral crystal shape. Subsequently the data were

averaged, corrected for background, Lorents and polarization effects. '

N pe
N .

The criteria used for classification of a reflection as 'observed' is given : y
v . 2
in Table 2.4 together with the total number of reflections collected and the ) 3

final number of FOBS' \\
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(ii) Neutron

An equi-dimensional crystal of volume 0. 28 cm3 was cut
from the largeér crystal, and the preliminary alignment was done on a
precession camera. At this stage, the crystal was transferred to a
semi -automatic fc.mr-circle diffractometerT in the McMaster University
Nuclear Rea;:tor. The incident neutron beam was obtained from the
(220) face of a single crystal of aluminium in the transmission geometry.
Because of the mosaic spread of the aluminium crystal, the wavelength
;f the in;:ident beam was variable across its width. Consequently, the
wavelength was measured at the crystal and found to be 1. 059262; this
would indicate that the amount of secondary contamination is very small.
The crystal was aligned manually and several peak profiles were examined
to ensure that the mosaic spread was not excessive. Diffracted intensities
were measured with a helium 3 countex; using the w-scan method operating

in the step-scan'mode. The scan range was a step-function of two-theta

and was wide enough to include several background counts on either side

of the peak. To negate the effect of flux variations, counting time was )
controlled by a fixed count monitor on the incident beam. Diffractometer

settings were calculated with the program MACDIFﬁ and reflections were ‘ \

t built by Martin Anderson of the Physics Department, McMaster University.

tt written by Martin Anderson and modified by Frank Hawthorne.
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collected up to 100° 26(sin 8/X = 0,723) in one asymmetric unit.

Due to the low 1ntensity of the incident beam, the rate of data collect:on
was slow (about 10 reflections per day); to avoid collecting many "'less
thans, approximate neutron intensities were calculated from the atomic
parameters of a preliminary x-ray refinement (R=6%), and the neutron
reflections were collected in sets of appro\ximately equal intensity.

As the intensity of the reflections decreased, the monitor count interval

Py

was increased 1n order to maintain good counting statistics. A standard
reflection was exa.mined. manually eaclh da').r to ensure constancy of crystal
alignment.

The peak profile of each reflection was examined and those
showing any irregularity were re-collected; in this way, a total of 73]
unique reflections were collected. The data were corrected for back-
ground and the Lorentz effect using the program DIFDAT*. The result-

ing F were classed as unobserved if their magnitude fell below that of

OBS
four times the standard deviation based on counting statistics, this
resulted in 709 unique observed reflections. Because of the extremely \fy

-1 ] )
small absorption coefficient for neutrons (u = 0.004 cm ), no absorption

corrections were made.

t written by Martin Anderson and modified by Frank Hawthorne.
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MOSSBAUER RESONANCE

MbUssbauer spectra were recorded with an Austin Science
Associates drive system used in conjunction with a Victoreen PIP400A
multichannel analyser. The velocity wave form was an asymmetric
triangle with the source velocity varying betwéen limits that were
adjusted for each amphibole to obtain the maximum amount of resolution
while retaining sufficient background either side of the resonant absorp-
tion peaks to delineate the spectrum baseline. The source velocity limits

used are given below:

Zinc Cummingtonite £ 0.55 cm/sec.
Oxy-kaersutite + 0.25 cm/sec.
Rest + 0.45 cm/sec.

The s‘ourc'e w‘38 57Co in a palladium matrix and the velocity
scale was calibrated against the spectrum of iron foil. In order tc:) reduce
asymmetry effects in the spectrum due to sample orientation (Pollak,
de Coster and Amelinckx, 1962), the samples were ground with sugar
before mountihg (R.G. Burns, pers. comm. ). In order to avoid satura-
tion effects, absorber thicknesses were low, of the order of 4 mgs./cm
except in the case of zinc cummingtonite where not much sample was

' 2
available, and the absorber thickness corresponded to 0.3 mgs/cm .

6
Counts in excess of 2x10 per channel were accumulated for each spectrum.

-
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REFINEMENT

(i) X-Ray Refinement -

Scattering curves were taken from Doyle and Turner (1968),
Cromer and Mann (1968) and Tokonami (1965). Initial parameters
for least-squares refinement were the final parameters of the struc-
» ture closest in chemical composition, taken either from this study or
ﬂfrom the literature. Where not specified, all R-factors are of the

form

=2_ “ Forissf ) IFCALC”
leOBSl

and all Rw-factors are of the form

R _zw( IFOBSI"FCALcl)
W= 2
z“’lposs,

R

2

with w = 1 (unit weights).

v | The refinement proce‘dure was fairly similar in all cases.
One cycle of refinement varying atomic positioné was followed'by one
cycle varying site -occupanc.ies ('multiplicity’). A third cycle was .run
varying isotropic temperature factors.’ Subsequently, several cycles of
refinement were performed, gradually increasing the number of variable
parameters until convergence of the isotropic thermal model was

attained. R-factors at this stage are given ip Table 2.5.

o

¥ see Appendix 1.
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TABLE 2.5;: A-SITE REFINEMENT INFORMATION
FETSCH FEHAST | OXYKER ALHAST
Isotropic B for A-site

2
(R 5.4 6.1 5.8 5.3

-factor before splitting(%) 6. 0 7.2 7.3 7.7
;Rw-factor before splitting

(%) 6.3 6.8 7.6 7.7
R -factor after splitting(%)| 6.0 6.2 6.1 6.9
Rw-factor after splitting(%) 6.2 6.0 6.4 7.0
R -factor after refinement \

(%) .1 5.9 "7 5.4 5.6 6.3
R -factor after refinement ‘

) 6.1 5,2 5.6 6.4
Final R-factor (%) - 4.5 3.8 4.0. "4.1
Final Rw-factor (%) —~ | 4.8 4.1 4.3 . 4.

. — B . N

TREMOL* TREMOL
. . . z T

Isotropic B for A-sxte(x ) 8.3 18.8
R -factor before refinement(%)| 6.1 3.8
Rw-factor before refinement(%} 5.9 4.4
R -factor after refinement(%) -| 5.7 3.0
‘R‘w-factor after refinement(%) 5.6 3.5
Final R -factor(%) 3.5 2.2
{ Final Rw-factor(%) ’ 3.8 2.8

23
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. vicinity of the A-site for ferrotschermakite. Electron density maxima

1

24

For those amphiboles containing significant :A-site cations,
the isotropic temperature factors of the cations at this site were unreason-
ably large (see Table 2.5) when compared with temperature factors of
Na+ and K+ in other well-refined silicates (e. g. Clafke, Appleman &
Papike, 1969; Brown & Gibbs, 1969a; Beger, 1969). In each case, the
occupancy of the site was allowed to vary but, except in the case of

“tremolite which \yill be discussed later, there was little change in the
occupancy ané no éignificant improvemen‘t in the temperature factors.
Figure 2.1 shows a series of F<‘>urier sections parallel to {l 00} in the

¢
appear in the mirror plane and along the 2-fold axis, displaced from the
special position at 0, 1/2, 0. Corresponding difference Fourier maps
showed high residual density both in the mirror plane and along the two-

fold axis. - These featuresw‘were common to all four amphiboles with
significant A-site occupancy. They could be- masked by artificially
raising the temperature factors; in this caée. the electron density maxima
be::ame smeared and in extreme cases r;sulted in a high residual on the
special position.

These results were interpreted as two non-equivalent cation

pasitions, one'along the 2-fold axis and one confined to the mirror plane.

The coordinates of the A-site maxima, were taken from the Fourier maps

and used as input parameters to a structure factor calculation for a 4
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positionally disordered model. An immediate reduction in R -factor

was apparent which was marginally significant for ferrotschermakite but
highly significant for the remaining crystals at the 0. 005 level using
Hamilton's test (Hamilton, 1965). These differences in signifitance
reflect the higher partial occupancy of the A-site in the latter cases.
With the isotropic temperature factors set at 1. SXZ, one cycle of
least-squares varying the positions and partial occupancies produced a
reduction in R -factor that was highly significant for all four structures

(see Table 2.5). In view of the double nature of the A-site disorder,

the following site nomenclature is proposed:

A or A(2/m) 0, 1/2, 0
A(m) , ‘ x, 1/2, z.
A(2) 0,y, 0
7~

For the tremoljte, refinement of the A-site occupancy pro-
duced a significant lowering of the occupancy and a reduction in the 1s0-
tropic temperature factor. In addition, Fourier sections in the vicinity
of the A-site indicated that the electron density maxima were confined to
th; mirror plane. Refinement of the neutron data confirmed that the

A-dite cations were overestimated by the chemical analysis, and thus

the occupancy of the A{m) site was refined without constraints.

e
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At this stage, the temperature factors* were converted

to anisotropic of the form

{

and one cycle of refinement was pe{-formed varying the coefficients.

Further cycles were run gradually increasing the number of variables

until convergence of the full matrix refinement,

) Because of the problem of correlation in site-population
refinement (discussed at length elsewhere), the final¥steps of refine-
ment were performed using the program RFINET, a least-~squares
program incorporating an extremely flexible set of linear constraints
which were used to const‘rain the sum of the site chemistries to equal
the bulk chemistry of the crystals as determined by chemical analysis.
Because of the complexity of the chemistry of most of the crystals, not all
site -populations of all species may'be refi'n;ad; some chemical species were
assigned to sites on the basis of cry;atal-'chemical criteria. The derivation

of site-poéulations is not a trivial problem and each crystal will be dis-

Y

cussed in detail, All bond lengths used in cation assignment were calcu- \ g
lated from the input parameters to RFINE which differed little from the &

final' refined parameters. @

* see Appendix 1

T written by L.W. Finger (Finger, 1967, 1969a,b)
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(a) Ferrotschermakite

The { M(2)-0)> distance was significantly smaller than those
of the other octahedra, consistent with an essentially ordered octahedral Al
content; thus all_ available octahedral aluminium was assigned to M(2).

3
All available Ti and Fe * was also assigned to M(2) in accord with the

work on infra-red spectra (Bancroft and Burns, 1969) which indicated

!
|
|

that the majority of Fe3+ ions occupy M(2) positions in alkali amphiboles;
this is also in accord with ionic size criteria since the effective radius of
octahedrally coordinated high spin Fe3+ is less than those <;f the othe;'
remaining octahedral cations (Shannon and Prewitt, 1969, 1970). This
ordering of trivalent cations into the M(2)_ site is also expected on charge
balance criteria Zsince the O(4) anion shows a formal charge deficiency
in the amphibole structure.

The {M(4)-0) distance is si‘gnificantly larger than M(1)
and M(3) distances, and consist.ent with previous work (Papike et al.,
1969; Robinson et al., 1969; Robinson, 197I) all Ca was assigneci to this
site together with excess octahedral cations and sufficient Na for
co;nplete occupancy.

The disordered A-site chemistry was constrhined to the total
A-site chemistry by combining Na and K and treating the vacancies as a
2+

separate species with zero scattering power. The distribution of Mg-Fe

over the four M-sites was refined using bulk chemical constraints.

<
- o gt e o 8
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(b) Ferrohastingsite

The structural formula was slightly low in octahedral cations
and was normalized to full octa};edral occupancy. The {M(2)-07 distance
was significantly smaller than (M(1)-0) and {M(3)-0) at the end of the
unconstrained refinement and, as with ferrotschermakite, all octahedral
Al and Ti w.ere assigned to M(2). All Ca was assigned to M(4) together
with enough Na to fill the site. Initial Eetrahedral Al occupancies were
assigned on mean bond length criteria using Method 2 of Papike et al. (1969).
As before, the A-site chemistry was refined using only a total lsca‘tttering
power constraint. The species Fez+, F‘e3+ and Mn were combined (= Fe¥*)
and expressed as Fez+. The distribution of Fe*-Mg was refined over the
three octahedral sites, and the distribution of tetrahedral Al-Si was re-
fined over '1:(1) and T(2). After convergence, mean bond length considera-

tions indicated that I-"e3+ was ordered into M(2),

L]

(¢} Oxy-kaersutite ’

As before, all Ca and Mn was aésigned to the M(4) site, and
all Ti and A13+ was assigned to the M(2) site. Because of the oxidized nature
of this amphibole, it seemed likely that most of the iron was in"the ferrous
state on formation of the crystal, and therefore w?uld probably be located-

3+
in the M(1) and M(3) sites. Consequently, the distribution of Mg-Fe

was refined over the four M sites.

St
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(d) Tremolite

All Ca was assigned to M(4) and the deficiency was filled
with Na. As indicated previously, no constraints were applied to the
A -site occupancy. x:éfinement since the analysis appeared to be in error

N -’ )
with respect to the alkalis. The distribution of Mg-Fe2+ was refined

over the octahedral sites.

(e) Al-hastingsite

2+
As before all Ca was assigned to the M(4) site and all

. t T . )
Ti and A1°¢" was assigned to M(2). Initial tetrahedral Al occupancies

were assigned by method 2 of Papike, Ross & Clarke (1969). The species

Fe2+ and Fe 3+

were combined and expressed as neutral Fe; the distribu-
tion of Mg-Fe was refined over all four M sites and the distribution of
Al-Si was refined over the T sites, using bulk chemical constraints from

. \
the chemical analysis.

Full-matrix refinement with the program RFINE resulted
in convergence at the R-factors given in Table 2.5. The final positional
paraxr;eters and equivalent isotropic temperature factors are presented in
Table 2. 6 and observed and calculated structure factors are give;f\ in
Appendix 2. Site-occupancies are presented in Table 2. 7. Interatomic

distances and angles were calculated using the program ERRORS (F nger,

¢

E‘Am\ Saiho s
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1969a and poraonal communication) in which the asnociated standard dovia-
tions are those obtained from the fult matrices of errors both in atomic
positions and coll paramoters, Thoae are presontod in Tables 2,8,

2.9 and 2,10 reapactively. Final anisotropic tomperature factor cool- Sy

ficlonts aro given in Tablo 2,11, The magnitudes and orientations of tho
principal axos of tho thermal ump'aotda wero calculated using the program

ERRORS (Fingor, porsonal communication) and aro prosented in 'l%xblu

ala,

(i{) Neutron Refinamont 13
.0

Atomic coordinates and isotroplc temperature factors from
the x-ray refinement of tromolite (Papike et al., 1969) were used as

t,npu! parameters to tho loast<aquares program RFINE. Cohorent

-

nautron scattoring amplitudoo ware taken from tho compilation by the

Neutron Diffraction Commission (1969).

0

e e e Sm

One eyéle of refinament varying the atemiq péstt;ona resulted

An an R-factor of 11,48 varylng the lsotrople temporature factors re-

sultod {n an R-taetor. of 4,1% and a furthor cycle varying atomic positfons

]

and {sotropic loinpcrature factors gave an R-factor of 3,8%, At this

¢

stage, it was noted that the tomporature factor for the A-site was ex-
"\ . ~. C D
tramely large at 1&.&83. Reducing this value to a typleal a.i,nglg A_-atte

value of 6. 032 (Hawthornel U Qrundy, 1972) resulted tn a di-uttq {ncrease

in the R -factor. Thia would ‘imucata that the scattoring péwar at tho A«site
[} ) A ’ \ -'
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{s much loas than that assigned by the chemical analyeie, Consoquently,
tho A-site tomporaturo factor was ot at 6, Oxz and the sito-occupancy

was rofinod; this led to a subatantial reduction in the amount of alkalis )

-

on the"A-site and an R-factor of 3, 7%. Thoe same procodure for the

b e

x=ray data gavo a a,i‘muar roault,

At this stago, 'the temporature factaors were converted to
anicoiroplc and rofined, {;lvma -an R-factor of 3. 1%, Fourier and difference
fourior uo.cuona in tl)p vicinity of the. A-siteo indicated a splitting of the A-

site {n the mirror plang only for both x-ray and neutron data. Since the

. IR SO PR

corrolations between tamperature {actor and sito-occupancy are high in
unconstrained refinement, the {sotropic tomperat\aro !aqtors of the split .o
A-qitol wore sot at a typteal value of 1, GR nnd the positions and occupancy

ware re!med. giving an n-hetor of 3, 0%, Rmniug tha acoupancies of the

N et e - et

octahodral and totrahodrat sites with ehomteal constrainte togethor with
all othior paumeton oxceopt tho temparature factors ot the A{m) aited
gave an R-hetor of 2, %, At m. stage, a paumeter for leotropie ax- —
inction was inuoduee.d into ﬁ_\e rofinament (Zachariason, 1963). o :
A Saveral aycles of refinement gradually u'mgeumg the number of variablos
rasulted in _;)éavor'aeneo at an R«factor of ﬁ. 2%, Blight negative ocoupanciee

ware observed at the M(3) and T(2) sites, but theae were woll within the 4

- standard daviation, 'and sotting thom t0 aero did not produce any aignifi- g

ea;it change in the Refactor or the structural 'pfunmotm. Unconetrained

1

(L
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rofinomeont of t;\o A(m)-altc_a paramotors rosulted in high correlations

betwoen paramoters but the results wore atatiatically the same as thowe '
obgainod from the above pf'ocoduro. This togethor with the parallel '
rosult of tho x-ray rofinemont, indicatos that the chemical analysle i
in orvor with roepoect to the alkalis,

Final positional paramotore and equivalent ieotropic
temperature facto‘ra are predontod in Table 2.6 and oberved and cnlcu.-
latod structuro tactorﬁa aro givon in Appendix &, Slte-occupnncio_ﬁ ave
givon in Table 2,7, . Interatomic éﬁtanecs and anglos wer; calculated
with the prografn E!\RORS and are presonted in Tableenz. 8, 2.9 and

Q 2,10, Final anisotropie tomperature factors are given in Table .11,
Tho magnitudes and orientations of the principal axes of the thermal

\'cmp:otda were caleulated using the program KERRORS, and ave

presanted ln"rablo &1 . - P

(ii1) Mussbaver Rofinomant
Fargétnghegmakite ot

Tho exporimental spactrum showed one resolved forrous
iron dqublot and a amall satollite peak on the upper velocity side of the
lower veloeuy; component poak. This satellite poak was attributed to

-y

ferric {ron with & quadrixpola split gomponent at lower velocity. In

addition, the upper velocity p‘eak he;n A slight shoulder, indicating that it

containe more than one peak, Preliminary fitting of six ‘peaks {ndicated
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that tho J“c:“'/l"‘c»2+ ratio derived from tho chemical analysis was slightly
low., Tho X-ray eito populations for forrotachermakito indicated a
amall amount of ferroua {ron in M(2): {f thia {ron {a considered aw I“o“.

tho MUsabauer F03+/Fez+ vatio agroes with the chomical analysls, Lo ")

F°3+

. ZFoM(a) ' ‘
ro't [ moss | 2roMUNpeM@) |y nay |

B

This suggoste that all the {ron in the M(2) elte of the

térrothchormakno is F‘e”. The preliminary (itting alno ahowed that
the thtonity of the uppor vgloc“‘y doublota waun slightly loss than the

lowor velocity doublets, mdtcath.\g that a elight amount of sample orienta- .
tion wae still prasent., Docausec of this, the compon'ent's of the F‘oz+ :
quadrupole aplit doubletsa wore not constrained to be equal during the ' 1
meﬁngmox;t; Least squaros fitting.o! two forrous doublets and one tex;rtc
doublet.with all half widtha conatralned to be equal and the area ratios
constrainod to t_hp Xty alte-popglatlon gave a atatistically Qccoptqbla
¥9 value of 423,  Thus tha ekpertm\ental results of the MUeebauer spectrum .
are completely compatible wt;h the X-ray otte-pcp\aladena. Tho resolved

.apectrum is shown {n ﬁg\ire 2.3, The halfewidth conatraint waa thon ro-

ha:lod and a conatraint of oqual half-widths for each doublot was ap;.;ued':
" pefinoment converged at a !,z value of 412, The half«widthe are all

virtually ideutical and essontially equal to the half-widthe of the prevlo{\s

refinoment, ] h ‘ L



”-

. T
Flguro 2.2 Tho resolved MBuasbauer Spoctrum for Ferrotachermakdte

All halfewidtha aro equal and the peak aroa ratios have boen vonstralned
to bo equal to the x-ray dorived alte-populations, Exporimental puinta
are reoproasontod by the vertical 'dashes' which covar 1 atandard dovluuon
oithor side of the muauurod point.
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At this stage, the area constraints derived'from the x-ray
refinement were removed. In most work on complex spectra, the areas
of doublet components are constx_'aiixed to be equal to prevent excessive

variable correlation. However, the presence of asymmetry due to )

-

sample orientation invalidates this constraint. This difficulty was over-

come by constraining the area ratios of quadrupole-split peaks to be

equal to the asymmetry factor (= 1. 078 for this spectrum). With this
constraint plus the constraint of equal half-widths for all peaks, the
. N S z

least-squares refinement converged at a L. -value of 419;

Releasing the constraint of equal half-widths for all peaks

3

and imposing the constraint of equal half-width for doublet components,

2 : '
refinement converged at a ') -value of 407. Removing all area constraints |

v

and imposing the constraint of equal half-widths for all peaks, refinement
converged at a'i_z -value of 417. Releasing the constraint of equal half- !

widths for all peaks and imposing the contraint of equal half-widths for

. | 2 . -
doublet components, refinement converged at al -value of 401,

v

Attempts to refine the spectrufn with no imposed constraints

- *

were unsuccgssfui and resulted in divergence. Final parameters for

. . 2
each refinement are given in Table 2.12a together with the X, -value and

the 1% and 99% points of the chi-squared distribution.

b&.




TABLE 2.12a: MOSSBAUER PARAMETERS FOR FERROTSCHERMAKITE . 79

1.S. = .Isomer shift . H.W. = Half-width
Q.S8. = ('Quadrupole splitting " A.R. = Intensity ratio, normalized to LM(I) =1,
' 24 2+ 34 2
CONS INT F X
TRAINTS ‘ eM(l) FeM(3) FeM(Z) 1% 99% -
1.S. - 1.220 1,161 0.444

Q.S. X-ray area constraints 2,884 2,354 0.577 o !

423 312 440
H.W. All half-widths equal 0,420  0.420  0.420
A.R. | 1,00 0.639  0.328
LS. : 1.219  1.161  0.433
Q.5. X-rayarea constraints 2.874  2.335  0.599 |
. _ : 412 311 439
- H.W. Doublet half-widths equal 0. 419 0.461 0.441 _ i
" A.R. 1.0 0.639  0.328 i
| \ . y
LS. 1.219 .1.158 0.442 . s
Q.S. 'Equal’ areas 2,870~ 2,332 0.583 .
. " ' 419 311 439
" H.W. All balf-widths equal  0.427  0.427 ° 0.427 :
A.R.- ‘ 1.0 0.565 . 0.313 - 2
LS. 1.222 . 1.172  0.427
Q.S. 'Equal' areas -2.897 2.377 0.613

: o 407
H.W. Doublet half-widths equal 0. 391 0.513 0.438

T i
AR. \ 1.0 %,, 0.957  0.348




. 80
T‘ABLE 2.12a: continued ' : ' .
| 24 24 3+ 2 E
CONSTRAINTS Feya1y  Fems) FcM(Z) X 1'% . 99%
!
LS. 1,210 1,135 - 0.436
Q.S. Noarea constraints 2,887 - 2,374  0.593 .
‘ ' - 417 308 435
H.W. All half widths equal 0,422  (.422 0,422, !
ARV Lo Las0 - 452 |
ARV - 1,097  .614 .370
LS. 1,212 . 1,152 0.438
Q.S.. No area constraints 2.924 2.418 0. 5‘54 ‘
_ g © - 401 308 . 435
H.W. Doyblethalf-widths equal 0. 369 0.505 0.427 ’ .
ARV L0 . L7690  0.514 f
u.v. | : T

A.R. - 1.240 1,256~ 0,527

L. V signifies lower velocity component

* signifies upper velocity component
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Ferrohastingsite
The experimental spectrum showed one resolved ferrous - .

iron doublet and a fairly intense single peak at ~0.8 mrii/8ec. on the

velocity scale (see figure 2,3), The position of the single peak is

~ -

compatible with it being the higher velocity component of a ferric iron
doublet, -the lower velocity component of which overlaps with tl.lé low ‘

Lo '
velocity ferrous peak(s). The upper. velocity ferrous peak shows two
: : ‘ ' s - I
slight shoulders, indicating that it is made up of three closely over-

lapi;ing peaks; the pregence ?f three ferrous doublets is also indicated
by the x-ray site-population refinement. Thus the lower velocity peak

Ki
consists of three ferrous and one ferric peak, closely overlapped.

e N

Preliminary fitting confirmed that the Fe3+/ Fe2+ ratio
determined by chemical analysis was correct and that orientation effects

were negligible. As before, the area ratios were constrained to be equal

-

to the site-population ratios determined by x-ray refinement. However,

k]

N

L

Mn2+_occurs in the octahedral sites in this particular amphibole, and thus
Lo L 2+ 34

the x-ray site-populations were refined as Fe*, where Fe*=Fe +Fe +Mn,

Usi'ng the rqlgression équations for {M-0) diqtance as a function of'ionic

radius (developed in a later sectmn), site populatmns may be derived.

-1

Assuming all the Fe3+ is in the M(2) site, a {M(2)0) dJstance of 2. 045.2 \

is forecast and is statistically equal to the observed value of’ 2, 047(2)X.

A
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A similar procedure for M(1) and M(3) gives the Mn site-occupances of
M(l) = 0 03Mn and M(3) = 0, 08Mn with the observed and calculated mean

bond lengths .given below: B

. ' *
{M(1)-0) OBSERVED = 2,113(2) CALCULATED = 2,111

{M(3)-0) OBSERVED = 2,126(2) CALCULATED = 2,123

The conﬁdence in the Fe3+ result is hagh but the results fo;:/ Mn

must be treated with caub.on as the correlations for M(1) and M(3) are L

not as well developed as that for M(2). Least- squares fitting of three i
ferrous and one ferric doublet with all half-mdtha conetramed to be equal
and the area ratios constrained to the x-ray results (with the Mn correc-
tion) resnlted ie convergence at a siatisticauy acceptable ¥.Z value of 439.
The resolved spectrum is shown in ﬁgure 2,3, Imposmg the constraint
. of equal half-widths on quadrupole spfit doublets, reﬁnement converged
at a’- va}ue of 432 with n‘egligible- change in the refined pa.rameters.
The asymmetry factor fer the ferx:ous iron doublets was}l. 050.

Remeving the x-ray site-population caneﬁaints and imposing
the constraint of equal areas (corrected for the asymmetry factor) for
_ co@bnent daublet peaks and equal half-widths for all peaks, the least-f
. squares refinement converged to a'x.z-value. of 419. Changing the halfi- i
width constraints to egual half-widths foe component doublets, convergence

!
!

-

v

e




PERCENT RBSORPTION

PERCENT ABSORPTION

Room temperature

] L !
-1 0 1 2 3
VELOCITY (MM./SEC. )

. Low temperature
I l { 1

1 .

4k

-1. 0 1 2 3
VELOCITY (MM./SEC. )
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o~

2 ,
resulted at a 1 -value of 414 after a large number (29) of tterations.

Attempts to remove further constraints during refinement were unsuccess-
ful,
“In an attempt to.improve the resolution of the peaks, spectra T

were recorded at liquid nitrogen temperaturés.‘ Examination of the

experimental data (figure 2. 3) shows that the resolution of the lower

|
}
i
'
'

velocity comprnent peaks is improved but that of the higher velocity
component peaks ig decreased. The same refinement procedure was
employed as for the roc;m temperature spectrum and the results are
similar. With the x-ray site-populaﬁons used as area constraints,
2 .
‘L ~values of 434 and 427 respectively were produced while release
) .
C 2
of further constraints produced lower 1- -values.

Final parameters andxz-values for the room- and low-

temperat{xre fitted spectra are given in Table 2. 14.

Oxy-Kaersutite

N

\i:’:.'eliminary spectra run at 6 mm/sec. c‘onﬁrmed the
chemical analysis result that no ;errous irtn was present, and sub-
séquent spectra were run at 2,5 mm/sgc. in an attempt to achieve
bett:,er. resolution of the overlapping peaks. The experimental s{)ec trum

shows one ferric doublet with only the slightest adymmetry in the peak

shapes; however, a single doublet fit to the spectrum is completely

v »d

“
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unsatisfactory, Least-squares refinement of a single doublet with
the constrain?s of equal areas and equal half-widths converged to a

f-value of 912. Subsequent refinement with the constraints removed .
" -

. 2 -
converged to a X -value of 874; the fitfed spectrum is shown in Figure 3

2,4, The single doublet fits are completely unsatisfactory and as the

1
!
a
{

structure r¢£i~nement indicated that Fe3+ occupied all three octahedral
sites, a three doublet fit was attempted. The peak areas were con-
strained to be equal to the x-ray site-population refinement results and
all half-widths were constrained to be equal; least-squares refinement
resulted in converge‘n-ce at a%z-lghlue of 404. However, a large number
of cycles had to bg performed before convergence was attained as the
correlations between parameters were extremely high and the variables
tended to oscillate. All attempts to remove any of the constraints were

unsuccessful and resulted in divergence. Final parameters are given

in Table 2.15 and the resolved spectrum is shown in figure 2.4,

Zn-Cummingtonite

Mtssbauer investigations into the ferromagnesian amphiboies
have been quite extensive (Bancroft, Burns and Maddock, 1967; Hafner
& Ghose, 197); Buckley & Wilkins, 1971) and the spectra are well charac-

terized. Consegquently, the M&ssbauer: results for Zn-Cummingtonite

were used in conjunction with the x-ray results in an attempt to assign

complete site-occupancies.

i,



MOt a3
Figure 2,4 MUssbauer spectrum of Oxy-kaersutite
(a) 2-Peak Fit

0 %

PERCENT RBSORPTION

VELOCITY ( MM./SEC. )

(b) 6-Peak Fit

PERCENT RBSORPTION
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TABLE 2.15: MOSSBAUER PARAMETERS FOR OXYKAERSUTITE

Legend as in Table 2,12a

(i) Two Peak Fit

90

A

#3 |
3+ 2
CONSTRAINTS Fe X 1% 99%
" LS. _ . 388 i
Q.S. 1,033
None ' 874 311 442 /
Hch P 682 ’ {
AR, 7
/
}
(i1i) Six Peak Fit
3+ 3+ ]
CONSTRAINTS FcM(l)‘ Fe M(2) FeM(3) X 1% 99%
LS. s .389 .393 . .368
Q.S. X-ray area constraints .956 .589 1.533
' _ 404 313 440
.514 .514 .514

H.W. Al half-widths equal

A.R.

1,0 2.092 - .343
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The experimental spectrum shows two quadrupole -"split ‘
ferrous doublets (see figure 2.5); by analogy with the pf-evious work on
ferromagnesian amphiboles, the inner doublet was as‘signe.d to Fe2+
in M(4) while the outer doublet was assigned to Fe2+ in M(1), M(2)
and M(3). This outer doublet could consist of three overlapping /
doublets; however, the small half-v:ridth indicates that either this over-’
lap\is nearly perfect or the octaheldral ;F.?‘e2+ is ordered into one site.

In addition to these two doublets, an inflexion is present
on the uppe;r ve}oci.ty site of the Iowe”r velocity componetit of the M(4)
ferrous doublet. The 'c};emical analysis indicate:v, the presence of Fe
in both octahedral .and tetrabedral coordination, and this inflexion can
be assigned to the high velocity component of an octahedrally coordinated
Fe_:3+ doublet. :Even allowing for the hidden Fei; component, the lower

velocitylabsorption is much greater than-the higher velocity absorption;

~

however, the method of sample preparation precludes -signif‘icant
asymmetry effects due to preferred o;ientation. This sx:;ggests the pre-
sence of another ferric iron doublet in the low velocity part o"f the
spec'trum ag is indicated by the'chexnica.l.anaiysis, ‘and an attemf:ot was
made t; ;'it four doublets to the spé'ctrurn..

Starting parame.te_rs were estimated visually from the

experimental spectrum. The position of the lower velocity component of

the octahedral Fe3+ doublet was estimated from isomer shift and quadru-

.
I

pole splitting values of similar doublets in other amphiboles examined

in thig stn + The * .} and intensities of the hidden Fe3+ doublet

\ b




Figure 2.5 The resolved MBssbauer Spectra of Zn-Cummingtonite
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only slightly larger than those of the single peaks (see Table 2,16),

93

components were estimated by examining the residuals obtained by
subtracting the high velocity ferrous peaks and the octahedral Fe3+

doublet from thelow velocity ferrous peaks. "During the initial refine-

ment cycles, area ratios and all other parameters were kept constant. e

i
|
t
§

Attempts hto vary all the positions with the constraints of equal
half-widths for all peaks and equal area for doublet components resulted
in divergence. Examination of the iterations prior to divergence showed
that the positions of two peaks (initially assigned as the low velocity com-
ponent of the M(4) Fe2+ doublet and ‘the low vdlocity component of the ’
octahedral I"‘e3+ doublet) were converging on the same value, Nand when
they -became equal to within one standard deviation, extreme divergence
immediately occurred indicating an imminent singulari;;y i;x the matrix.
This was taken as indicative og_nearly perfect overlap of these two peaks,
and thus they were combined with the intensity of the joint peak con-
strained to be equal to the sum of the intensities of their high velocity
counterparts. Injaddition, all half-widths except that of th;a 'double’
peak were constrained to be equal, and refine;xxent resulted in con-

vergence at a xz-value of 415. The half-width of the 'double' peak was

thus justifying the assumption of complete overlap of these two peaks.
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To check the validity of this result, the low temperature
(liquid nitrogen) spectrum was recorded. The refinement converged to
ax.z-value of 421 for 8 peaks with the constraint of equal half-widths
for all peaks. All attempts to remove this half-width constraint resulted X
in divergence, and examination of the correlation matrix derived from
the least-squares procedure showed that there was extreme cc:)rrelation

between variables of strongly overlapping peaks (see discussion in

- »

3

- Chapter 3).

Final parameters for both spectra are given in Table 2.16
\ . .

and the fitted spectra are shown in figure 2.5. The MBssbauer parafneters

3+ - 3+ i -
for the octahedral Fe doublst indicate that the Fe is ordered into
M(2) c.f. Oxy-kaersutite, Table ’2.15}; The remaining doublet

<]
is a little more problematical; initially it was tentatively assigned to

Fe  in tetrahedral coordination and the x-ray refinement results are

marginally improved by inclusion of the amount of tetrahedral Fe

indicated by the chemical analysis. In addition, the isomer shift values

are in good agreement with values obtained for a doublet in the spectra

o .

of titanium-zirconium garnets (Dowty, 1971) which was asg;igned to

tetrahedral Fe3+. However, these values are low when céompared with
AY : /
34+ !
the isomer shifts of Fe + in R. E. iron garnets (£ I.S.)=/0. 30 mm/sec., ;
v /

Nicholson & Burns, 1964), spinel-type cubic ferrites ((I’/S.) = 0.25 mm/sec.,

Mizoguc}ﬁ & Tanaka, 1963) and Fe3+ bearing orthoclas7e ({ 1.S)=

{
0.46 mm/sec., Brown & Pritchard, 1969). Dowty's fitting of the garnet

/
. Lot Y /
. ‘ /
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spectra has been critized by Burns (1972) on two counts: firstly that the
garnet structure has only one octahedral site and thus cannot give rise
3+ .
to more than one octahedral Fe~ doublet, and secondly that the isomer
. 3 . ' . 3+

shift of the tetrahedral Fe doublet isdower than that of tetrahedral Fe '

. . . . 3+ .

in sulphides, inferring that the Fe  -O bond is more covalent than the

Fe  -S bond. The first criticism is not relevant to this study but the second

criticism is pertinent and must be considered with reference to the Zn-

cummingtonite spectra.
Examination of the Zn-cummingtonite spectra shows that the

intensity of the diéputed doublet is proportionally much greater at low

temperature than at high temperature, indicating that the recoil-free

fraction of this component is much more temperature depend’ént‘ than the

recoilvf{ee fractions of the octahedral sites. This indicates that the

=¥

- . 3+
bonding is much stronger for the doublet assigned to tetrahedral Fe

than for octahedral Fe3+ as \.vould be expected if the assignment is
correct. - :
The magnitude of the isomer shift is a function of the s-
electron. density at the nucleus, and the extremely low values of the
Cw 3
I.S. for this particular doublet indicates a hig;). s-electron qensity at the

nucleus. Changes in s-electron density at the nucleus are mainly the

result of variations in the shielding properties of the 3d-electrons.
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Increase in oxidation state, increased covalent bonding and/or high spin

— low spin transitions will decrease I.S. values. Tetrahedral low spin ’

34 ©
Fe  has never been recorded and it is extremely unlikely that the

crystal field stabilization energy could be adequate to compensate for '
the spin-pairing energy. Increase in oxidation state would result (in this

Ay

. 4+ - 4+ .
case)in Fe  in tetrahedral coordination. Fe ions do occur in oxygen-

S e S c— -

ligated compounds (e. g. SrFeO3) with I.S. values of 0,05-0.10 mm/sec.
which is fairly conformable with the parameters for Ti-garnet and Zn- N

- 4
cummingtonite, suggesting that this doublet cduld be due to Fe * ions in

-

tetrahedral coordination. AlthougI; 2 substitution of this type is favourable
from a bond-strength viewpoint, the occurrence of unusual cation valence

states in natural minerals is rare and this possibility is considered unlikely.

. , 1 3
Comparison with I.S. values for tetrahedral Fe * inR.E. iron

. i

garnets and other sjlicates would indicate that the increased covalent
//-/

bonding expected in tetrahedral coordination is not, in general, sufficient
to produce 1.S. values as low as those observed here. However, recent
work on synthetic ferri-diopsides (Hafner & Huckenholz, 1971), natural

ferri-augites (Virgo, 1972) and synthetic ferri-phlogopite (Annersten,

Devanarayanan, HuggstrtSm & WH4ppling, 1971) has shown peaks with

parameters compatible with those obtained in the present study. In parti-

|\
3+ : l ’
cular, the ferri-phlogopite spectrum shows a single Fe  doublet with an ' ‘\;

.

I.S. of 0,17 mm/sec. (with no possibility that the doublet could be generated

\
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by the fitting process since no other doublet is present). Thus an oxygen
environment can produce I1.S. values small_er than those generally en-
countered in sulphides. The reason for this becomes apparent from the )
crystallography of these minerals, The x-ray results indicate that the :
Fe  occurs in the T(2) tetrahedron in zinc-cummingtonite which is S ;
analogous to the tetrahedron in the clinopyroxenes. The most apparer;t
feature of these tetrahedra is their extremely short T-O(nbr) l;onds. Brown
& Shannon (1973) have suggested that the covalency of a bO;ld is related to
its le.ngth (see discussion in Chapter 4); accordingly, the T(2)-O(4) and T(2)-
O(2) bonds in the amphiboles and the T-O(2) and T-O(1) bonds in the pyroxenes
will be extremely covalent, and the small amounts of Fe3+ occurr.ing in these
tetrahedra will show very low isomer shifts.

_Combining the peak intensities with the chemical analysjs gives
the site-populations given in Table 2.16. The peak area of ;he tetrahedral
®
Fe3+ peak was not used in the site-population calculation because of the
expected difference in the recoil-free fracgtions between octahedral and
tetrahedral bonding environments. Fe?ﬂ- was assigned to the tetrahedral

sites {_’1‘(2)} to fill them up and the remaining populations were assigned

from the MBssbauer and chemical analysis results.

~

2




CHAPTER 1II

SITE-POPULATIONS BY LEAST-SQUARES FITTING OF X-RAY

AND/OR MUOSSBAUER DATA

Site-populations from X-Ray Data

| The elucidation of cation ordering in crystals is a problem
of great current interest in' mineralogical crystallography. Wh.ere suf-
‘ ficient difference in scatteri.ng power occurs between cation species,
site-populations may be derived during structural refinement. Early at-
tempts involved the manual adjustment of site-populations at non-equi?alent
sites until the isotropic temperaturé factors were equal (Ghose & Hellner,
1959). Subsequent methods involved the least-squares refinement of binary
site-populations (Fischer, 1966) or total site scattering powers (Dollase,
1969). In general it was found that the surnma:tion of the resuiting site -
populations did not agree with the bulk chemistry of the crystal (e.g.
Finger, 1967, 1969a; Burnham, Okashi, Virgo and Hafner, 1971); this is
probably due to high variable‘g correlation during refinement. This problem
was overcome for the refinement of two species distributed over more than

one site by the use of linear constraints in the least-squares process. A

)

100
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least-squares program (RFINE, Finger, 1969a) is currently available
which incorporates linedr constraints of the form

) %
m N
ab+c=0 3.1
1
<1

./ :
where a, is any variable, and b and c are constants.

The upe of linear constraints in site-population refinement

e

was first treated by Finger (1969b) who gave the necessary constraints as

»

n
=1 i =
S aij (i=1, m) 3.2
=1
Y
m -
= vyt Ot 3
i=1
. . .th . .th
where a . is thé fractional occupancy of the i  site by the j atom

1)
h
bi is the multiplicity of the it site

cj is the total number of atoms of species j per unit cell

Although this approach has only been used for cation di'sorder
involving two species, equations 3.2 and 3.3 are completely general |
and apply to any number of cation species distributed over any number of
non-equivalent sites. Thus, there is no a priori reason why the preceding
equations cannot be applied to more complex situations. Inspection of

the existing least-squares programs show that direct application of these

-
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equations in more complicated cases would involve extensive re-writing
of parts of these programs. This may be circumvented by using the

following simple algebraic procedure.

Let m = total number of non-equivalent cation sites
of interest in the unit cell
n = total number of cation species distributed
over these sites.
Each site may be split up into (n-1) 'subsites’, each of
which is occupied by two species with site-occupancies akj and a
where the first subscript denotes the 'subsite’ and takes the values
(k=1, n‘-l), the second subscript denotes the cation species and j takes
the value (j=1, n-1), and the folllowing relation holds
n-1

=1 ' 3.4
Z (akj + akn)
k=1

A set of (n-1) complete occupancy constraints modified

from equation 3.2 may be written for these ’'subsites’

A Y

akj+ akh= Kk (k=1, n-1) 3.5

+

where Kk are a group of constants which may be set by the user.
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There are m sets of equations of type 3.5 corresponding to
the m unique cation sites of interest in the unit cell, and (n-1) non-
redundant bulk chemical constraints of the form of equation 3.3 may be
written.

The initial situation of n species dis'tributed over m sites
involves mn population variables, However, division of each site into
(n-1) 'subsites' produces Zm(n-1) variables, Equation 3.3 provides
(n-1) constraints and equation 3.5 provides m(n-1) constr;tintfs, leaving
(m-1)(n~-1) variables to be determined by refinement,

During refinement, the positional and thermal parameters of
all 'subsites' in a set are constrained to be equal by simple application

\
of equation 3.1 to each parameter in turn. Least-squares refinement

determines the occupancy parameters ai, where iz1, m and j=1, (n-1),

and the occupancies of the dependent species may thus be determined |

uﬂing ) .
n-1
= i=1, 3.7
RS SR
k=1

It should be stressed that this is an algebraic way of obtain-
ing a solution, provided a solution does exist; it does not insure that a

unique solution does occur. The conditions for this are developed now.
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Let Ai (i=1, m) be the scattering power at each site and
th
?cj(j=l,n) be the scattering power of the j atom. The following set of
.
equations define Ai in terms of aij (occupancy factor) and xj
n
Z a,.x = A, (i=1, m) 3.8
ij j i
=
|
The condition for complete occupancy of the sites may be
written as
n
a, =1 (i=1, m) 3.9
2
j=1
There are also (n-1) non-redundant bulk chemical con-
straints of the form
m a
2 a.b =c, (j=1,n-1) 3.10
ij i j

where bi and cj are as defined previously.

o,

%

Thus, there are mn,variables aij .and (Zm+n-1) equations;

solutions only exist for

mn s 2Zm+n-1

P



This c‘on}iition holds for

l1 9@, n=2

(a) m

(b) m

2, n=3 -

<
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3.12

Condition (a) corresponds to the normal constrained refine-~

ment of binary site-populations, while condition (b) applies to refine-

ment of three specieé over two sites (e.g. olivines, pyroxenes). For

all other values of m and n, there is no unique solution to the site-
diétributic;n equations, and hence any attempt to apply the previous
algebraic procedures will rely on the relative proportional fall-off of
scattering factor with sin 8/\. Since this is a marginal effect, it is
only just within the resolution of madern x-ray data and every attempt
must be made to remove systematic error in the data as this could

easily obscure this effect.

»

The presence of high correlations is due to an ill-conditioned

design matrix where two or more of the normal equations are sub-parallel.

. Formally, a limiting condition o s where the rank of the matrix is

greater than that necessary to span the manifold of the variables, when
- \ R}

the matrix becomes singular upon inversion. Consider the distribution

of 2 species of scattering powers Al and AZ distributed over 2 sites

1 and 2. The contribution of these two sites to the structure factors may

be written as .




- = g s .NAQ\‘
.

BT e

e + (aLZIAl +a

r.. -t
bt
(a8 + 2,4, 2280 e

P

= 27(hx. + +
where hkrik (‘<i kyi lzi)

2
ti = B(sin 8/)\)
If the minimization function is given by
2 2
R=2(IF |- IF_h"-5a

assuming unit weights for simplicity, the form of the normal equations

is given by

s eiA’ 5 2| achlzz st 9F |
i=1

hkl @ uj Du, hkl o u,
1

(j=1,n)
J

Assuming that the sites 1 and 2 are completely occupied,

[l

the following constraints may be written

=1 : =1
e ant 3y,

Rearranging the first derivative of these equations with

respect to l F l gives
b C

3F. | 3|

° 1% | = |
Qa, LRy T B3y 22

P
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3.14
!
3.15
3,16
3.17
‘fl
: T,
o
\
3.18 %
LR
%
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:

“:
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A similar situation occurs with the variables 21 and 3" i .
A bulk compositional constraint may be written as
a + a,, = constant 3.19
11 21
22, ~
>3 = -1 3.20 {
11 !
with the derivative with respect to a,, as shown. The derivatives of
[
l Fc \ with respect to ) and a,, may be written as
d|F, (A -A )eh\<r1k't1‘+B 221 A -a )ehkTZk-tZ .
'ba“ R S Ba“ 1 72 . J-cia

‘l
BlF da r.. -t r. -t
. 2
CI = .“ (A, -A )ehk 1k l+(A -A )ehk 2k, 3.21b
‘baZI d aZl 1 "2 1 72

Substitution of 3.20 into 3.-21 shows that the magnitude of the
two derivatives are equal and thus the normal equations for a1 and a5
©
will be parallell. However, if the constraint of 3.19 is not applied, the

derivatives 33.21 /ball and aa” /3 a5 are ignored, and the normal
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equations for 2, and a,, are consequently not parallel. The equations

for the shifts are then

) s Blpcl g (BlFl B\F ‘ Z Z.‘ JF_ lBlFl

( te + e
hkl hkl T =
3, K] 3, a5 D a 'ba i = 3 (hk 2 2., Bul
.3 AR | - |
hkl Da . a, x . s &£Ca ‘

5 2%l el szcz+ iElFIBH

e e ( e. (
3.11 -bal Ba a5, -ba i i=3 1331
> 9E|
c v
= b Pa) ? 321 3.22b

with the derivatives of Fc with respect to 21 and a being given by

JF | bt 3.23a
— -(A.-A_)e
? 2 1772

}F r,. -t
lc‘ =(A_A):\<2kz 3.23b

1772 ’
03, . !
These derivatives are incorrect because the derivative

) 251 has been wrongly set equal to zero, and consequently the normal

equations obtained from 3.22a and 3.22b are poor. This has a drastic

~

f’“"‘f”‘;ﬂ"‘
— ’:‘";l
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effect on the least-squares refinement using this procedure. It is

apparent from equations 3.21, 3.20a and 3.20b that the correct deriva-
3F | 9F |
?3 3 3y

will exhibit a negative correlation (obviously -1 in this case). However,

tives and have the opposite sign and hence the shifts

the derivatives given by 3. 23a and 3. 23b can even have the same sign

depending upon the relative positions of the two sites, and hence the shifts

can exhibit a positive correlation. Thus the bulk chemistry as indicated

by the occupancy parameters cannot stay, on composition during refinement.
This will produce an overall increase or decrease (depending on the sign

of the shift) in the magnitude of all the I Fc I's which will be compensated
by an opposite shift in the scale factor; hence a negative correlation co-
efficient will be exhibited between one or both occupancy parameters and the
scale factor.. In addition, sympathetic variation of the temperature factors
with the accupancy parameters ‘;vill, also help to compensate for the varia- &
tion in total scattering power, and hence a positive correlation will occur
between occupancies and temperature factors.

This type of behaviour has been observed in refinements per-
formed in this manner (Burnham et al., 1971), refinement of all variables
resulted in convergence at a composition markedly different from that
indicated by the chemical analysis. The corr\elatién coefficients quoted

by Burnham et al. (1971) {u-O. 7 between scale an_d oécupancies, +0.5
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0

between occupancies and up to +0.4 between Tnisotropic temperature

factor coefficients and occupancies} conform to the above analysis and
4 ‘

the correct solution was arrived at by a complicated procedure of cyclic

refinement of various combinations of the varidbles in turn. Using the
e

linear constraint of equation 3, 2T (see Finger, 1969a,b), rapid conver-

L4 .
gence with low correlations were obtained. However, as shown above,

i
;
i
t

the movement off-composition is not the result of high correlations as
suggested by both Finger (1969a) and Burnham et al. (1971) but both
the movement off-composition and t}}e high correlations are dl}e to ill-
conditioned normal equations stemming from the incorrect expressions
for the derivatives concérned.

The case of two species distributed over more than two sites
is very similar. In the unconstrained refinement, the matrix is ill-
conditioned because ;:he proper derivatives are not calculated; hence the
spurious correlations arise in this case too. However, when the form
of the derivatives is properly modified (Finger, 1969b) as indicated
previously, the correlations between occupancy parameters and scale and
temperature factors decreases markedly. When more than two chemical
variables are ~x-efiued_si.rnu].taneously using the procedure described pre-

viously, extremely high correlations between occupancy parameters are

encountered. However, the correlation between the occupancy parameters
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and scale and temperature factors is negligible. .Using this procedure,
the derivatives are properly rx;xodified and the total site-population
chemistry is constrained; the matrix is ill-conditioned not because the
normal equations are a poor approximation but because the solution is
defined by an extremely marginal effect. This is illustrated by the ziné
cummingtonite refinement where refinement of all the population para-
meters lead to extremely rapid convergence rather than the slow con-
vergence that is encountered in unconstrained refinement,

Although the presence of high correlations does not invalidate
the use of the least-squares procedure, ;he possibility does arise that the
refinement may converge upon a local minimum rather than the true
minimum, and additional information is needeci to substantiate the final
result. As indicated previously, the measured bulk chemistry may be
used for this purpose in an unconstrained reﬁnemen’t involving two chemical
species, Hov;rever, with more than two species, the known bulk chemistry
is already applied as constraints and it is necessar.y to look elsewhere for
confirmz;tion of true minimurn convergence.

If convergence at a true minimum can be demonstrated,
the 1east-§quares resu}t!:s are perfectly valid despite the large correlations,
provided that the standard deviations are extracted from the full variancg-
covariance matri;c. This stipulation is extremely important as the use of a

partitioned matrix at this stage can give rise to erroneously low standard

deviations. Particular attention was paid to this point in the refinement
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of zinc cummingtonite where two separate methods of refinement were

(i) simultaneous site-population refinement of all three chemical

species;

~

(ii) successive cycles of refinement of site-populations of

chemical species taken in pairs.

-3

i
After convergence was attained in case (i), examination of

the correlation matrix showed extremely high correlation coefficients

-

between the various site~populations (% £0.994) but negligible correlation

coefficients between site-populations and scale and temperature factors.
\

i

The magnitude of the correlation coefficients between the site-

populations is reflected in the magnitude of the standard deviations as-

3

signed to the final calculated site -populations by the least-squares routine
¢ !

{see Table 3.1). The ionic radii of the cations in each site were used to
o

calculate the expected mean bond lengths for the octahedral sites using
. 4 ’ .y
the regression equations developed in Chapter 4. The close correspondence

between these values and those calculated from the final atomic coordinates

appears to indicate (see Table 2. 8) that the reﬁnemrgxt has converged on

the true minimum.

In case (ii) of.the refinement procedure, the final structure
of case (i) was used as input to\each cycle of refinement in turn. There
was no change in the parameters but examination of the correlation matrix }

after each cycle showed greatly reduced correlations between the two

| Wby
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TABLE 3.1: STANDARD DEVIATIONS FOR THE SITE-POPULATIONS
in Zn-CUMMINGTONITE, CALCULATED USING THE FULL
NORMAL EQUATIONS MATRIX AND USING A PARTI-
TIONED NORMAL EQUATIONS MATRIX

(a) Full Normal Equations Matrix

M(1) (0.042) Zn, (0.080) Mg, (0.065) Mn
M(2) (0.053) Zn, (0. 053) Mg AN
M(3) - (0.083) Zn, (0.098) Mg, (0.091) Mn

(b) Partitioned Normal Equations Matrix

4

M(1) (0.004) Zn, ‘(0. 004) Mg, (0, 004) Mn

M(2) (0.004) Zn, (0.004) Mg

M(3) (0.007) Zn, (0.007) Mg, (0. 008) Mn
~N I
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specieks refined (o £0.4) and increased correlation between site-
populations and temperature factors (=4 0.1-0.4). This is reflected in the
much lower standard deviations (see Table 3.1) assigned to the site-
populations during this procedure. This factor of 10 difference
between the magnitlide of the assigned standard deviations has a gre‘e}t
effect on the sirgnificance of the final result. According to method (ii),
the presence of Zn in the M(2) site in zinc cummingtonite is highly
significant whereas utilization c;f the full matrix as in case (i) indicates
thatz\the presen'ce of Zn in M(2) is not significant, i.e. zero to within

1 standard deviation. This would tend to indicate that site-populations
derived by method 2 (e.g. Cameron, 1970; Robinson, 1971; Robinson,
Gibbs & Ribbe, 1973) have erroneous standa;-d deviations, and the
significance of site-populations can only be assessed from a full-

matrix refinement.

Site Populations from MBssbauer Data

Mbtssbauer line shapes for the conditions of this experiment
have been shown to be essentially Lorentzian (Bancroft, Williams &
Easené, 1969); thus the intensity of the transmitted gamma beam y(x)

as a function of its energy x has the form

y(x)=b-——-y-(3)———-

2.
xX-x(z

x-x(z)
W=7z

R




115

where y(z) is the intensity at the resonance velocity x(z), a is the

line width at half-peak height and b is the baseline intensity. The ob-
served spectrum in an experiment performed with a multi-site phase
consists of the resultant envelope o‘f all the single absorption doublets
corrnesponding to each site and species in the phase. Thus for i lines,

the equation of the envelope is gi\;en by ‘ !

Y(z). i
y(x) =b - Z x-x(z)l A
i 14 i) ' (
ai/Z

1

In addition, slight sinusoidal and linear deviations occur in the
baseline due to source movement and instrumental drift; thus b is modified
in the above equation to account for these features. The parameters y(z),
x(z) and a for each component peak, and b together with the correction

terms, are determined by least-squares refinement; the function Ro is

minimized where T\
2 N .

- OBS
R_= g::l W (yix|q) - y_ )

W is the weight of each observation (determined by counting statistics), ”i
m . g

YOBS is the observed count in channel m, y(x)rn is the value of the count ' i,
m

in channel m calculated from the previous equation, n is the total number

of channels in the spectrum and q is the vector of the fitted parameters,

!
1
.
I
'
\4
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The fitting process is not trivial for complex structures such as the
amphiboles, and several aspects of this process warrant further con-

sideration.

If there is no systematic error in the data or the model, the
residual R.will be due entirely to random error in the counting (provided
no other random error such as a dropped channel count is encountered;.
The resulting parameters determined by the least-squares will be

.correct and the residual is defined as
2 -

n
o . 0BS
R_'= m§ =:1 Wm(y(x]q -y )

where q' is the vector of the resultant parameters. Ro' follows the chi-
squared distribution; if a set of parameters q is a valid approximation for
q', then Ro is a value from this distribution.l To test'the hypothesis that
q is a valid approximation for q', the percentdge points of the chi-squared
distribut;on are used to assess the probability that Ro' will exceed the
value Ro (Law, 1h973). "In most MBssbauer work, an Ro value below the
19 point of 'the chi-squared distribution is considered as acceptable.
However,‘ below the 1% point, statistical tests cannot discriminate;

there are no statistical grounds for preferring one Ro value over another

if both lie below the 1% point since there is quite a high probability that

R ' will exceed the lower Ro value in this case.
0

ke e
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The previous discussion relates purely to random error;
the present study indicates that considerable systematic error occurs
in the fitting procedure for complex overlapping spectra. In all the
amphiboles examined, application of area constraints derived from
the x-ray site-populations together with equal half-width constraints
for all lines led to statistically acceptable 1—2 values for the fitting
procedure. Thus the MBssbauer data is competely c‘ompatible with
the x-ray refinement results. Relaxation of the half-width constraints
to equal half-widths for components of a doublet resulted in a reduction
in 12 which, as indicated above, is not statistically significant; results
from both procedures were not significantly different. However, removal
of the x-ray derived area constraints produced considerable changes in the ’ .
refined areas. With the constraint of equal half-widths for all lines and
equal areas for doublet components, considerable reductions in‘xzz were
produced; these reductions are not significant. However, in some cases
the area ratios changed drastically. Relaxation of’the half-width con-
straints to equal half-widths for doublet 'components produced further ‘f3y
reductions inx2 z;nd further change in the area ratios which, in some cases,

bore not the slightest resemblance to the x-ray results. In addition, the

balf-widths of the doublets changed markedly to become significantly dif-
ferent from each other. Removal of the equal area constraints resulted

either in spectra that would not converge, or in spectra with completely
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asymmetric doublets. Subsequent removal of half-width constraints
generally resulted in divergence of the least-squares process.

The good agreement between the x-ray site-population
results and the MBssbauer data.indicates that the unconstrained (no _
x-ray derived area constraints) least-squares fitting procedure 1s |
giving spurious results. Examination of the correlation matrix after
each refinement revealed large inter-parameter correlations. Even
when the x-ray area constraints were applied, correlations of the order
of ~\0.4\ are common; relaxation of the x-ray area constraints pro-
duced increased coefficients in the correlation matrix. Obviously the
design matrix is extremely ill-conditioned, the normal equations being
far from orthogonal. One of the effects apparent was the increase in the
number of iterations necessary before convergence as the constraints
w'ere relaxed. In extreme cases where the refinements failed, con-
vergence could not be attained; the trial parameters were continually
modified by a series of large, apparently random shifts that showed
‘no systen:xatic behaviour as the number of cycles increased. Further

9
relaxation of constraints resulted in divergence where the matrix be-
comes singular. As the. inter-parameter correlation increases, the

minimum of the function becomes less well-defined until in extreme cases,

it 'disappears’; in effect, the minimum becomes so broad that it approaches

b
H
1
!
1

"
=

ey
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a hyper'lplane where convergence is impossible. As the matrix approaches

this condition, the difference between the true minimum and the surround-

ing surface becomes statistically insignificant and ""convergence' may

occurr in any small random flexure in this surface.

This problem is similar to that encountered in the refinement

of x-ray site-populations; in that case, however, small numbers of vari-

_ables were involved and the problem was to some extent, susceptible to
! N

correction. For example, where two normal equations are parallel, the

minimum bé_com'es infinite in one dimension; similarly, where one normal

equation can be expressed as a linear combinatiox; of other normal equa-

tions, the same situation occurs. This may be corrected by application ‘
of a suitable linear constraint. However, in the case of the spectrum

fitting procesos,' a large number of variables are not orthogonal and’ :
thus combine together to produce a hyper-surface with a very small

radius of curvature.

The effect of releasing the constrai;xts in a spectrum is
shown in Table 3.2 where .the correlation matrices for the room
temperature ferrohastingsite épectrum are shown, Clearly, the ,

presence of correlation coefficients of ~|0. 8] in the unconstrained fit

are affecting the refined parameters. Further examples of correlation

»

1

matrices for the refinements of the various spectra are given in

-Appendix 3.

~
g 7
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'i'he unconstrained fit for the ferrotschermakite spectrum
(all half-widths equal) agrees re.asqnably with the x-ray results. Inspec-
tion of the correlatioh matrix (see Appéndix 3) shows that its elements
are not (in general) as large as those of the ferrohdstingsite spectra.
The amount of correlation apéears to depend.on the complexity of the
spectrum and the amount.of overlap of its constituent peaks.

These results indicate that the site-populations derived
from“ Mbssbauer spectra of complex str\xct;;res such as the amphiboles,
must be treated with extreme caution. This is further indicated by the
fact that the errors usually attached to the derived sité—populatipns are
not derived from the full dispersion matrix, but solely frorx; its diagonal‘
elements. The presence of large off-diagonal elements in this matrix
will greatly increase the, size of’the standard deviations of the derivative
inforr;xation. Thus disc\\x;epanciesfa between x-ra.); and MBssbauer site-popula-
tions (e. g. see Burns & Greaves, 1971) could be the result of a poor error
analysis for the spectral site-populations), prclwided the x-ray site-
populations have been calculated using the correct constraints: to reduce
correlation, Conversely, the MBssbauer refinement c:ould have cori‘}erged
at a false mi%i'mm"n.

W here appears to be no way to improve the Ieast-‘squasres fitting

process for MYssbauer spectra. In the case of the x-ray method, chemical

constraints aré usually applied to reduce this problem to manageable pro-
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portions. However, no recourse can be made to this procedure in the
case of MBssbauer spectra. If the values of the ;somer shift anél quadru-.
pole splitting were known, this could provide sufficient information to
reduce correlation sigﬂficantly, but no way exists as yet of accurately
pfedicting these parameters. Possibly an empirical correlation of shesg
parameters with chemical composition could be made from data on a suite
of'well-characterized minerals, but again, these parameters may be sen-
sitive to ordering (a factor that may not be aéparent when examining a sin'gle
suite of minerals) and small errors could make a significant difference to
the fitting process since the area ratios and half-width parameters appear
to be far.mOre‘ sensiti;re than the peak positions in the fitting process.

In summary, two possible situations exist in the fitting pro-
cedure with respect to the disagreement between x-ray and Mbssbauer

techniques noted in the literature:

(i) The spectrum fitting process may have converged on the correct solusion

*

-

but the calculated standard deviations are woefully under-
\w“-—\

estimated.
(ii) The spectrum fitting process méy have converged on a false minimum.

" Before any weight can be given to MUssbauer site-populations

for complex structures, confirmatory evidence is needed from an additional

source such as the constrained site-population refinement of single-crystal

x-ray data. .
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CHAPTER IV
CRYSTAL CHEMISTRY *

THE IDEAL AMPHIBOLE STRUCTURE

The clino-amphibole structure may be conveniently con-
sidered as a sheet structure composed of alternating octahedral and
tetrahedral layers parallel to the b-c plane. The ideal repeat element
for each layer is shown in figure 4.1. The octahedral unit consists of
3 strip of edge-sha}'ing holosymmetric octahedra extending infinitely
in the c¢ direction; the tetrahedral unit consists qf a straight double
ghain of corner -sharing holosw}rmnetric tetrahedra extending infinitely
in the c-direction. These two elements are linked in the a and b
directiog (see Thompson, 1970; Papike & Ross, 1970) to produce an
ideal amphibole structur:with the M(4) and A sites generated by the
joining of adjacent elements. Atomic coordinates may be derived from
this ideal structure; it is c’onvenient to worl: in an orthogonal system
and the axes used to derive-the\ coordinate’s in Table 4.1 were a*, b
and c. Comparison of these coo;-dinaées with those of the refi'ned amphi-
boles (transformed to the same axial 8y‘stem) shows that grunerite (see
Table 4.1) is the least distorted from the ideal confi?guré}jon. closely

{

followed by the Mn-cummingtonites.

123
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TABLE 4.1: METRIC COORDINATES OF THE IDEAL AMPHIBOLE
STRUCTURE (UPPER SET) COMPARED WITH THE METRIC
COORDINATES OF GRUNERITE

Atom ‘ .3 * Yy z
o{1) 0.1340 0. 0833 0.1667
: 0.1120 0. 0882 0.1631 ‘
0(2) 0.1340 0.1667 0. 6667 :
0.1253 0.1735 0. 6679 |
0(3) 0.1340 0 0. 6667
T 00,1147 0o 0.6612
O(4) 0. 3660 0.2500 0. 6667 \ -
0. 3839 0.2416 0.6272
0(5) / 0.3660  0.1250 -0. 0833
0.3483 0.1275 . -0.0767
o(6) 0. 3660 0.1250 0.4167
, 0.3478 ' 0.1182 0.4246
o(7) 0.3660 0 . 0.1667
0.3376 0o - 0.1454
T(1) ) 0.3080 0. 0833 0.1667
: 0.2867 0. 0836 0. 1649
T(2) 0.3080 0.1667 0.6667
0.2993 0.1667 0. 6675
M(1) 0 0.0833 ' 0.5
0 0. 0878 0.5
M(2) 0 o 0.1667 0 ;
' 0 . 0.1794 0 !
M(3) 0 g _ g
0
M(4) : 0 0. 2500 0.5
0 - 0,2574 0,5
g
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It is profitable to examine the deviations from ideality imposed

by the articulation requirements of elements of variable dimensions. If

. the edge length of the octahedra is 2£ and the edge length of the tetrahedra

is 2d, cross linkage in the a and b directions requires that
£=24/3 4.1

when no deviation from ideality occurs (i.e. the double chain is straight
and T-O(br)-T ‘= l4l°). This results in an ideal octahedral:tetrahedral
bond length ratio of 4: 3, Using the ionic radii values of Shannon & Prewitt
(1969, 1970a), the Si-O bond length may be calculated: a value of 1. 628
was derived which is fairly close to the tetrahedral bond length observed
in non-aluminous amphiboles. ’Calculating the mean octahedral bond

length from the above ratio and subtxj'acting the mean anion radius gives
0.782% as the ideal catjon size necessary for no deviation from the ideal
structure. This value.corresponds‘ to [6] -coordinated Fe2+ and correlates

Y

well with the fact that the grunerite structure shows the best agreement of all

the amphiboles with the ideal structure represented by the coordinates of

-~

Table 4.1. }
! .

Substitution of larger cations into the tetrahedral positions and/ |

or smaller cations in the octahedral positions causes the tetrahedral unit

to be oversized with respect to the octahedral unit. Since the elements are

linked by the geminal anions O(1) and O(2), the separation of these anions

&
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{when considered as pa;-t of the chain) must be decreased as to coincide
with their separation on the octa;x‘edral strip. This may be done by
ditrigonal distortion of the double-chain element (while maintaining
ir\xdivif:lual p\eri'/yhedron holosymmetry), If 0 is the’a.ngle; of rotation, simple

geometrical arguments show that the condition
4
{(M-0) = 3 (T-O) cos 6 ) 4.2

is required for complete articulation. This is the only way that the struc-
ture may atﬁ.—\:;: while still retaining the hélosymmetry of the individual
polyhedra. Any changes in tile T-O(br)-T angles des;x.-oy the holosymmetry
of the indJ:.vidual octahedra and/or tetrahedra. By the same token, the ?
ideal structure cannot incorporate larger oct\ahedral cations or smaller
tetrahedral cations while retaining individual holosymmetry.

When th; constraipt of holosymmetry is removed, the misfit
between the octahedral and tetrahedral units may be accommodated both
by ditrigonal rotation and by variation of the T-O(br)-T angles (see next

section). In addition, certain distortions occur that are due to

crystal-chemical factors and these also influence the linkage requirements.

Cation-cation repulsion in the octahedral strip shortens shared edges with

the concommitant extension of unshared edges; thus all octahedral edges

involved in inter-element linkage are increased which will tend tf com-

pensate for the substitution of larger tetrahedral cations and/or fmaller

octahedral cations. Conversely, T-O(br) bonds tend to be longer than




T-O(nbr) bonds (see next section) which extends the dimensions of the
chain in the directions of polymerization, offsetting t}:e; cation-cation re-
pulsion effect in the octahedral strip. Assuming that the individual T-O
bond lengths a;e a function of other stereochemical variations in the
tetrahedra, the most regular te.:trahedra should show the least difference
between (T-O(br)) and { T-O(nbr)) and between the observed {T-O(br)-T)
angle and‘ its ideal value of 1410. This is the case for grunerite; both tetra-
hedra show the least distortion for the Si clino-amphiboles, {T-O(br)-T>)
is close to the ideal value and {T-O(br)) - {T-O(nbr)}; here the lengthen-
ing of the unshared octahedral edges has been compen'gated by ditrigonal
rotation without any great distortion of the individual tetrahedra.

OBviously these linkage constraints may be described completely
rigorously by developing the complex trigonometric condition.s required.
It is of more use, however, to relate changes in topology to chemical
variation in an attempt to acc;ount for the types of chemical substitution
and bulk chemical limitations encountered in the clino-amp}'miboles.
Figure 4.2 shows the variation ;n cos {1890—(0(5)-0(6)-0(5.))} with
3/4 {M-0)/LT-0); this is derived fr;)m equation 4.2 and exhibits
a marked linear correlation with glaucophane deviating significantly
fx.'om the trend. As {M-0O) and {T-O) are a function of the chemistry,

the variation of O(5)-0O(6)-O(5) is seen to be the result of chemical varia-

tion. The effect of tetrahedral Al is to decrease the O(5)-0(6)-0(5) angle"
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as indicated by Robinson (1971) and Hawthorne & Grundy (Min. Mag., in

press); the trend for the alumino-us amphiboles is very w.ell develo;;ed

in figure 4.2 although the O(5)-0(6)-O(5) angle is not inversely propor-

tional to AITET as indicated by Robinson (1971) but inversely proportxo;‘lél

to {T-05 {_‘5 Const. + m, AITETj and directly proportional to {(M-O).

The trend for the Si-amphiboles is less well-defined; as the}-e is no

variation in tetrahedral chemistry, the trend is defined by variations

in {M-0O) much more than in the case of the Al amphiboles. It is '
apparent that the deviation of glaucophane from the trend must be com-

pensated by another mechanism. The relationship between{T-O(br)

and { T-O(Br)-T) is linear for the Si amphiboles (see next section) and

thus neither compensafe in the case of glaucophahe although they do M

compensate for the deviation of the general trend in figure 4. 2 from the

ideal which has a slope of 1. 0 (see equation 4.2). The only other mechanism

available is the variation of the length in the linking octahedral edges; figure

LINKING

4.3 A L
3is élustogram of the ratiolO O)OC'I‘

/< 0-0) for the amphi-

OCT
boles of Table 4. 2. Two distinct populations are apparent, one for the
Si amphiboles and one for the Al amphiboles, the Al amphiboles show

a much greater expansion of the linking edges concommitant with their ™,

greater tetrahedral size. However, glaucophane lies in the aluminous

— e —
o

!
population rather than the Si population corresponding to its much lower i \i
{M-07/{T-0O% ratio. This compensates for the large O(5)-0(6)-O(5)

o
-
I3
~
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angle and may be seen as a result of the large amount of octahedral Al
in glaucophane. It will be shown in a later section that the octahedral layer

. .
tends to 'collapse' around M(2) when that site contains a small cation,

From figure 4.29b, it may be seen that this would cause a major ‘expansion .

of the unshared edges 1n the M(1) and M(3) octahedra, thus compensating

&
s
for the small linking edge in the M{2) octahedron.

Superimposed or:m these linkage effects are the bonding require-
ments of the M(4) site, which has weak bonds to the chain bridging anions
O(5) and Q(6). M(4) may be occupied by Ca, Fe2+, Mn and Na which have
distinctly different ranges of influence (see Figure 4.4). Thus, for glauco-
phane, M(4) requires much shorter M(4)-O(br) bonds than in tremolite (as C
Na contributes a much lower bona strength than Ca for an equivalent bond
length) to satisfy the O(br) anion charge requirements (see Table 4,.10);

this condition i%hibits ditrigonal rotation in‘the double chain, accounting
for the anomalously large O(5)-O(6)-O(5) angle in glaucophane. It is an
elegant feature of the amphibole structure that Na occupancy of M(4)
must be accompanied by substitution of trivalent ions such as Al and/or
Fe3+ to satis{y the clharge at O{4), and that the small size of these tri-
valent cations causes the\ linking octahedral edges of M(1) and M(3) to

expand and offset the effect of the anoma-lously low ditrigonal chain dis-

tortion.




Figure 4.4 Bond-strength versus.ionic radius'[S] for typical

Full lines indicate divalent cations -

amphibole M(4) cations

/

Dashed lines indicate monovalent cations

Bond strength(s) —_—

' 1

‘2¢ '2#‘ 2‘# . 2+

Mg®* Fo“'Mn<'Li ‘Ca Na'

- .
Ionic radius A ——
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Another prominent linkage effect to same extent controls the
distortion of the M(2) site. The O(4)-O(4) edge links along the b crystal-
lographic direction to the T(2) site whi-ch links down on to the next octahedral

strip; the O(4) anion is formally charge deficient and consequently, has very

1]

shotrt bonds to each of the three coordinating cations. Consequently, when

the layers stack together, the O(4)-0(4) edge tends to be extended and as ‘
the M(2) site becomes smaller, the angular distortion of the 0O(4)-0(4) ’ ‘ !

. ) ,

edge becomes larger; this is illustrated in Figure 4.5 which shows the varia-

»

tion in O(4)-M(2)-O(4) with r lf‘errotschermakite deviates significantly

m(2)’
from the trend because of the low partial occupancy of its A-site which does
not keep the 'back-to-back! double chains ?part, as occurs in those amphi-

[}

boles with-completely occupied A-sites. The reasons for the deviations
in tixe ric’};terites is not clear. However, this extension of_ the 6(4)-0(4)'
) edge also extends the O(Z“)-O(4d) edge whi-ch is shared with the M(4) N
anﬁprisfn; in order to keep the mean (O-0O) separations in'the M(2) ‘ ’
, oc‘tqhﬁedron compatible 1.vitha the ionic radi’ha of its substituent catio;xs. one
of the unshared edgea is force;i te contréct. ’fhua. in the M(2) octahedro'n,
Pauling's rule statmg that 'the angle subtended at the cation by a shared

" edge is Ieaa than that subtended by an unshared edge' ia violated and the

cause may be directly traced toa linkage requirement. The same mechanisth
’ lao accounts for the large 0(2) T(Z)-O(4) angle in the '1‘(2) tetrahedron.
* which is the other polyhedron involved in this part of the inter-element

unk&gﬁ. ,‘ o ., ’ 'b‘ - : )
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The steric details of the clino-amphiboles will now be
N ,

examined in an attempt to relate structural changes to various bounding

mo dells .‘ (/ | | | ﬁ(

THE Si-O BOND

.Ink the non-aluminous amphib;).les, individual Si-O bond lengths
range from 1. 572 to 1, 7044, | There have been seteral attempts to ration- ‘
alize these variations in terms of the observed stereochemistry with refer-
ence to particular bonding models (Brown & G‘ibbs, 1969b.‘ 1970; Mitchell,
Bloss & Gibbs, 1970,‘ 197_1; Baur, 1970, 1971), but'these have suffered
from a lack of data and‘consquently do not give sufficient weight to the
' sterec;chemical controls inherent in the ar;mphibole structure. _:I‘wo models
for the Si-O bond have been considered:

(i) th‘e covalent, or dogble bonding model of Pauling (1952) and ‘
Cruickshank (1961);
(i) modifications to the ionic model of Pauling (1929, 1960) as
exemplified by Zachariagen (1963) and Baur. (1961)
These will be ciiscugsod, and bond le;ngth and angle variations in the i

amphibole chain element will be examined in terms of both models.

Table 4; 2.lists th'e structures from which the data was taken for this study.
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TABLE 4.2: DATA FROi\d THE FOLLOWING STRUCTURES ARE USED
IN THE DISCUSSION OF THE Si-O BOND

1. Tremolite Pap'ike. Ross and Clark (1969)

2, Fluor-~tremolite Cameron (1970)

3. Synthetic richterite :
1 Cameron (1970)

4,  Sypthetic richterite } |
- Z Cameron (1970)

5. Glaucophane Papike and Clark (1968), Papike et al. (1969)

6. ' Cummingtonite Ghose (1961), Fischer (1966), Mitchell, Bloss

and Gibbs (1971)
7. Grunerite Finger (1967, 1969)

8. C -centred Mn- ‘
cummingtonite Papike et al. (1969)
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(a) Covalent bonding rmodel

On the basis of the difference between the grand mean
observed Si-O distance of ~1. 63& and the sum of the single-bond radii
‘of 1. 83X. Pauling (19?9) proposed a~dof.1b1e -bond model for tetrahedral
Si. This correlates with the large elcctronega;ivity difference between

these two atoms which suggests (Pauling, ibid.) that the Si-O o bond has

——a— -

a 50% ionic character. Since the residual charge on Si violated the
electroneutrality principle, Pauling suggested that the formation of a
double~bond involving the 3d orbitals (in addition to the 3s and 3p orbitals)
of silicon would ténd to neutralize this excess charge. This idea was ex-
tended by Cruickﬂshank (1961), who used simple group theory arguments to
show that only two strang d-p-T bonds may be formed (by the eg orbitals
¢.>n silicon combining with the Zp’W and 2pW ' orbitals on oxygen) in
pelymerized tetrahedra of T; symmetry. Assuming that this argument
can be extended to tetrahedra showing slight deviations from T4 symmetry,
several predictions can be made concerning the steréochemistry of pol;r‘-

i
¥
merized SiQ4 tetrahedra (Cruickshank, 1961; Brown, Gibbs & Ribbe, 1969): [‘-
: _ !

(1) Si-O(br) » Si-O(nbr)

(ii) Si-O(br) is a function of Si-0-Si \

(iii) O-S{-O angles should decrease in the order O(nbr)-Si-O(nbr))»

O(br)~Si-O(nbr) P O(br)-Si-O(br), as forecast by the

V.S.E.P.R. theory (Gillespie, 1963).
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Subsequent work (Collins, Cruickshank & Breeze, 1972) has
shown that this approach is oversimplified and there is evidence of con-
. siderable participation of the 3d t2 s.ilicon orbitals in @ bonds. However,
the above conclusions are not invalidated.

A considerable amount of work has recently been done on
Extended Huckel Molecular Orbital (E. H. M. O, ) calculations in silicates

(Gibbs, Hamil, Bartell & Yow, 1972; Lbuisnathan & Gibl;s, 1972a,b,¢c) and

1
{
i
{
1

the results‘ tend to substantiate the covalent model. In addition, further
stereochemical relationships have come to light. Si-O (br) is not a linear
function of Si-O-Si, but an inverse function of cos(Si-O-Si) (Louisnathan
& Gibbs, 1972d; c.f. Coulson, 1961). E.H.M.O. calculation’s on hypothetical-
ly distorted tetrahedra show that short Si-O bonds are involved in wide
0-Si-0O angles; this has geen corroborated by calculations and correlations
developed for the olivine structures{XLouisnathan & Gibbs, 1972a,b).

It is of interest to examine the double-chain element of the A
tion-aluminou; amphiboles and compare the observed ster?ochemistrv

with the above predictions..
[«

To conform to the structural nomenclature of the amphiboles,

Si will be denoted as T. The variation of {T-O(br)y with { T-O(br)-T)
is shown in figure 4. 6a; since the total variation in individual T-O(br)-T

angles is only ~10°. the non-linearity of the relationship between the two




In the section onthe Si-O bond, the following legend
is common to all figures; for convenience, this page

may be detached,

E]‘ Tremolite - CazMg5818022(01~{)2

u’ “ < i ‘-
Fluor-Tremolite CaZN_{gSSIBOZZFZ

@  Synthetic Richterite 1 - NazCa MgSi0,,F,

Y ‘Synthetxc Richterite 2 - NaZ.OZCaO‘9Mg3 4s5Fe 1, 68 3 :
] OZZFZ :
Glaucophane - Nal‘ 96080. 04Mg2. 39F°o. 79A11 . 82818 i
o (oa)z‘
Cummingtonite - Ca, 3 Mg, 5Fe, 5oMny 175130;, j
(OH)

M & '
n Si OZZ(O )2

B Giunerite -
. Grunerite - Ca, Mg, .,Fe, (Mn, o

W@  C-Mn Cummingtonite - Cao 18Mg4 uf e, S4Mn2. 02

SiBOZZ(OH)2
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Figure 4.6a (T-0(br)) versus (T-O(br)--r> for the Si clino-amphiboles .

.
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Figure 4.6b {T-O(br)) versus -1/cos ({T-0(br)-T Y) for the Si clino-amphiboles
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quantities is not apparent. This is illustrated in figure 4. 6b wh;:re the
variation in {T-O(br)) is shown as a function of -1 [cos(T-O(br)-T).
The results of linear regression analysis fo; both cases are given in
Table 4.3, and confirm the equivalence of the two relationships over

this angular range.  Thus the variations in the grand { T-O(br))
distances are compatible with the double-bonding model. A more
étringent test of this model is provided by the variation in (T;O(br))
bond lengths with individual T-O(br)-T angles; these relations are shown
in figures 4. 7a, 4.8a and 4.9a for the O(5), O(6) and O(?) anions.

These relationships prove to be extremely non-linear with
glaucophane and synthetic richterite l.deviating considerably from
linearity., The reason for tlhese deviations becomes apparent on examina-
tic;n of th_e tetrahedral chain ¢ octahedral strip linkage in the a* direction.
The geminal antons O(1) and O(2) link to the unshared edges of the M(l)_,
M(2) and M(3) octahedra; the length of these unshared edges is primarily
controlled by the mean ionic radius of their constituent cations (and
anions) and the amount of distortion due to cation-cation repulsion. Thus
in glaucophang, where the M(2) cations are very small, the M(2) site has a

very short O(l“)-O(Z“) unshared edge; to retain interelement linkage, the

T(1)-O(5)-T(2) angle and/or the T-O(5) distance are 'anomalously' small. ,
,This inductive effect of the octahedral strip is shown in figures 4, Tb, 4.8b

and 4.9b which show the variation in the length of the unshared octahedral




Figure 4.7a (T-O(S).) versus T(1)-0(5)-T(2) for the Si clino-amphiboles 142 -
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Figure 4.8a (T-— 0(6)) versus T(1) - 0(6) - T(2) for the Si clino-amphiboles
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TABLE 4.9a T(1) - O(7) versus T(l) - 0(7) - T(l) for the Si clino-amphiboles 144
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edge opposite Of(br) with T-O(br)-T for the O(5), O(6) and O(7) anions.
Compa'r‘ison with fi'gures 4.7a, 4.8a and 4. 9a shows that the two effects
are 'antipathetic, and st;pwise linear regression (Dixon, 1971) with
T-O(br)-T as the dependent variaple shows that in each case it is
entirely # function of {T-O(br) ) and the lengthlof the corresponding
octahedral edge. Stepwise linear regression analysis was repeated with
¢ T-O(br)) as the dependent variable, and the results of these and the
previous analyses appear in Table 4.3. In all cases, correlations are
marginally superior when T-O(br)-T is the dependent variable. This is
more strikingly demonstratéd by repeating the analysis with the data for all
bridging anions taken as a single set, ?

;Ihe results are shpwn in Table 4.3 and suggest that T-O(br)-T
is the depe:ndent variable, rather than { T-O(br)) . Many previous authors
have implicitly assur\ned that variations in T-O(br)-T cause variations i;x
{T-O(br)y, the wider T¢O(br)-T angles p;roducing increased orbital overlap
and a concomitant shortening of ‘the bond. "I‘he above results tend to aug-
gest a reciprocal relationship, that short bonds require increased orbital '
overlap and the T-O(br)-T angles adjusts accordingly. Calculations by

.

Gibbs et al. (1972) tend to negate this alternative mechanism. E.H.M.O.

calculations, on a 512076: group with holosymmetric tetrahedra showed that

the Siao bond overlap population of the bridgigg bond was a function of the
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TABLE 4.3: REGRESSION ANALYSIS RESULTS

The regreasion equations have the form yzmxtc where y is the dependent
variable and x is the independent variable, (R) denotes the correlation
coefficient, and o denotes the standard error of estimate. Unless stated,
‘tl values are calculated for the null hypothesis Ho:m s O,

)
1. £ T-O(br)) dependent, {T-O(br}-T) independent
a." {T-O(br)} dopendent, -1/cos {T-O(br)-T) independent o i

3, T{1)-0(5)-T(2) dependent, < T-O(5)> and O(1")-0(2")  ,. independent

M(2)

4. T(1)-0(6)-T(2) dependent, ¢ T-O(6) and O(1")-0(2") . independent

M(1)
5. T(1)-O(7)-T(1) depéndent,- T(1)-O(7) and 0(1“)-0(L“)M (3) independent

6. {T-O(5)) depondent, T(l)‘:O(S)"‘,T(‘z) and O(l“)-O(Z“)M(Z) tndopondent a

7. < T'_-O(né)'> dependent, T(l)'-O(ﬁ)-T(Z) an;i O(l\.‘)*-O.(Z“) independent

M(1)

8 T(1)-0(7) dependent, T(1j-O(T)-T(1) and O(1")-00")y, 4, {ndependent

9. T«O(br)-T dependent, T-O(br) and'O-OOCT independent, for O(8), O(6) y
’ - F ~ andO(7) ‘ |
10, T-Q(br)) dependent, T-Q(br)-T and 00 independent, for O(5),
< ? - - OCT 7 0(6) and O(7) L.
. & T-Q(3)) dependent, T(1)0(5)-T(2) and Xos) mdepei{denc
12, <T-O(6)) dependent, ' T(l) 0(6) T(Z) and 7’0(6) tndopendent

£

12a, ¢T-O(M}. dependent. T()-0(1)-T() and‘)oo(?) indopendont

£
-

. o

3
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l Number Indep. Var. c m R o [t
1, <'r -O(br)-T)’ J 2,0926 -0,0033(3) 0.977 0.0020 11,00
2, "1/cop¢ T-O(br)-T) 1,4094  0,169(13) 0,982 0,0018 13,00
(£T-0O(5))» ) -221,1(20,8) . 10.63
R 432.2 T 0,986 0.5
SRS UIR LR VTIPS ©22.12.5) 8.84
(LT-0(6)Y L -133,4(31.9) - 4,18
4. 269. 2 T 0,979 0,
(O(r‘/ou )Mu 29.1(6.8) 4,28
. ) ‘
- : ('rm:om T -101,1(27, 4) ' 3,69
5. . ) PR 0.99% 05 -
(0(1 )-on Ny ' 34, 6(2.7) : 12,81
: ( T(1)-O(5)-T(2) e -0, 00433(41) © 10,56
O T L1 0.979, 0,0025
‘g oMN-0@ N 0. 096(14) «. 686
A T()-0(6)-T(2) . +0,0058(14) Y
(U N 2, 0350 . 0,939 0,0037 .
: (ouh)-02 )y o 0,137(T5) | 1,83
L (T-O(M-T() -0.0072(20) - 3,60
3 ) v 1.9108 ©0.930 0. 0040
LR PO ) 0, 232(83) | _z.so
9 (¢T-00br)) L 6T (24.4) , 2,75
‘ 2) - 166.1 0.900. 1,5
00y = +26,9(3.7) . : 7,27
.+ {T-Ofbr)-T . -0, 0040(14) 2,86
0 ) 1,9825 . 0,603 0,012
(0-Qpor . . 0, 065(81) o L2t
co ( T()-0(5)-T(2) - " .0, 0029(1) ° 2, 64
11, ) 2, 0086 0,772 0.0076

- L( * ol8) 0. 0059(70) ‘ 0,84




Number

Indep. Var.

12,

12a.

( T(1)-0(6)-T(2)
) o
()LO(())

{ T()=0(T)-T(Y)

)
koim

jo

2.1875

1. 6692

m
-0, 0038(8)

-0, 0036(42)

<R

']

0.909 0.0044

™~

-0, 00064(20)

0. 0190(21)

0.990 0,001
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. ‘
Si-O-Si angle. However, the total variation in n(Si-Q) was~ 0. 02 for

a vuiation‘ in §1-0O-Si from 130-180°, In the correlations between n(Si-0)
and Si--OOBS presented by Gibbs et al, (1972, figures 8, 9, 10 and 11), devia-
tiox;a of » 0,02 in n(Si-0) occur, and thus it is not clear if the variations in
n(Si~0) of this order in the calculations for thoj 51205' ngo‘.'xp are actually
;ignificant in terms of observed bond len;;ths.

Certainly if 'i‘-O(br) for 0(95), O(6)-and O(7) respectively is
partially a function of T-é(br)-T. then the remaimier of the vaviation in
T»O(br) 18 caused by variationa in (0-0) ., unless the variation in
T-O(br)-;r that controls ’I‘-O(Sr) ial that vari;xtion in T«O(br)-T not control-
lod by (o'o)oct' - Before any decision is made aa to the actual nature
of this mechaniam, it-is circumapect to‘examine th:: possibility that

T«O(byr)- is partially .a function of T«O(br)-T and the doviatic;na from ' | .
~ lnoarity o:xhibited by Iigur'ea.-ﬁt. 7a: 4.8a amci 4.9a are caused by an addition- -
al dependernice of T-O(br). on some other {mrnmetor. "The most obvious
offect is that of non«tetrahedral cationa bonded to Oibr).‘ In figure 4.%a,

5

the deviation of the two synthatic richteritesa coincides with the presonce

of an A-site cation, causing the local environment of th.o Q(7) anion in these U i \K‘
two amphiboles to d‘iffer cor;ddorably‘ from that of the amphiboles correa-‘- A
ponding to the linear tr;md. Simt-la'rly the O(5) em.d 0(6) anions bond to a
varioty ot M(4)- and A«site eatio‘nu. possibly accounting for tho doviations '.
from linoarity in figurda 4, 7a ax;d 4.8a. Tho quostion now arises as tohow REE
to put thh‘factor on a quantitative baais, | ‘It has boen suggosted (Nol@. 1963;
Pant & Gruickehank, 1967 Brown & Gibbs, 1969b, 1970; Mitchell, Bloss &
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Gibbs, 1970, 1971) that Si-O bond lengths 1are partially a function of the
electronagagﬁvity‘ (X.)"‘of the non-tetrahedral cations bonded to the tetra-
hedral group. 'I:his qualn;iqty was calculated for each of the bridging

anions uaing’olectronegativity values .from Allred (1961), and stepwise

linear regression nnal‘yaia was performed on { T-Ofbr)), T-Q(br)-T and
x‘O(br) with (T-O(l;r)) as the dependent variable, The results are pr'eaent-
od in Table 4.3 where the |t} -values are calculated for the hypothesis that
the slopes are equal to rero. These calculated it -vx;luea for xo(br) do
not oxc;aod even the critical value of t(6, 0,90) = 1.94 and hence the null
Syﬁothoaia that ¢ T-O(br)} z}nd I’O( «) Might not be correlated cannot be
rejocted even at a 90% conﬁééqce lifait. An oxception is the result for the
O(7) anion which appeara satiafdctory; however, this does not constitute

an adequate toat as the only variation is the presence or gbsence of Na in
the A-site. f‘or the O(5) and O(6) anions whore a range of elactronegativity
values exiat, ”L('Jt(br) proves. not to be a aatiafactor?/ variable. | This gamnala
the situation in the orthoailicates which have lately beon examined in detail
(Brown, 1970; Brown & Gif:ba. in proas; Novak & Gibbs, 1971), and suggeats
oithor that the offect of eloctronogativity is more complex than has hither-

l to !;os:n raalined (Louisnatﬁa;\,& Qibbe, 1972b) or that the correet variable

is not olactronegativity but another factor that‘aixowa a good corrolation

“with it in some atructurea.

U

,
|

§
!

o
!
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It has been suggested (Louisnathan & Gibbs, 1972b) that
deviations of the kind shawn in figures 4.7a, 4,8a"and 4.9a are the
result of variations in< O-'I‘-O(bx‘))3 angles. Figure 4.10 shows the
variation in { T-O(br) >\and { T-Ofnbr)} with ¢ O-T-O(br)),¥ and
<( 'O-T-O(nbr))a) respectively. The relationsixip ia\approximately
linear but si‘gniﬁcent deviations from linearity do exist for (T:-O(br)} '
the corresponding relationship for (T-O(br)-'r) (see figure 4. 6a) is ¢
linear and, in the case of these amphiboles, variations in <T-O(br)-T> cannéé

.. cause the deviationa exhibited in the <T-O(br)>-< O-T-O(br)>3> relation.

i
% j
'

_ As will become avident in the following conaideration of O-T-O angles, the
inverse relationahip alao does .not apply for the clino amphiboLee. Inapec-
tion of ﬁgure 4.10 provides an explanation of why the b;nd Iemgtha in AN
grunerite do not obey the predicuon that T-O(br) ) T+O(nbr); exj;romum - : '
| valuos of ¢0-T- -Otbr)) 3 and(o 'I‘«O(nbr))3 are exhibited by grunorite

and thoir influance ham cauaed tmo predtcﬁon to be violated, Thoorotical
calculationa by Louianathan and Glbbs (1972a.b) and Gibba ot al. (1972)

have ahown that < 0-'1‘-0)3 is actually’ cjorro‘le\ted with .n(St -0), tha bond

overlap popuhtién calculated by Mulliken population analysis (Mulliken,

l955a.\§) The romionamp bot\ireon a(T-Q) and T-0 diﬂ‘era for bridging
and non-bridging bonda (Barton. Su and Yow, 1970; Gibba ot al. ) 1972)

~ Thus, fora similar { O-T- 0}3 angle, (T-O(br))
will be uhortcr than (’1‘ O(nbr)); this is borne out by simple unear vegres- . . ||+

siop analysis on tho data of figure 4, 10 whore tho rogroaai_on lines for

to
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bridging and non-bridging bonds are shown; numerical results for the
regression analyses are given in Table 4.4. Variations in (o-r-o)3
angles appear to be intimately r;:latad‘to changes in T-O bond length,

a fact that warrants further consideration. Figures 4.11a and b show the
variation in {T-O(br)) bond lengths with £ O-T-O(br)),} for the O(5)

" and O(6) anions. Discuasion of (T-Q(?)) will be deferred until later as
it shows the variation in a single bond length since T-0O(7) is crystal;
lographically uniq&o. For the O(5) and O(6) anions, a linear—elation-
ship i{s displayed and the results of simple linear regression analysis
are given in Table 4.4, Significant deviationg appear to exist; in figure
4. na both synthetic richtevite 1 and glaucophane deviate from. Iinearity.
These two alao deviate from a linear <T O(5)) - (r-0(5)-T) relationship
(see figure 4. 7a); however. for both minerala the diacrepancy is sym-
pathotic, <T 0(5)) being anomaloualy ahort in both cases. Thus
noithor of theae relationshipa can be invoked to account for non-linearity
in the othér. and the 'short! bonds longtha of synthotic richterite 1 and
gl;_ucophano must be caused by aome other fac’tor. Cox:xvoraély. the dif-
forence bot\;éon tho lincar parts of the (‘I‘-O(br)) «T-O(br}=-T curves for
0(‘5) and 0(6): can bo explaiﬁod by the diffcronc-o between the (0-'1‘-0(5)')3
and(O ’1‘-0(6)>3 angles, m\d vice vorsa, Inclusion of the longth of

the linking unghared octahedral edge also accouata for the sman dovia-

tions oxhibited by figures 4.1la,b. Stepwise linecar rogrouion for

B
«




Figure 4.1la (’I‘-O(S)) versus ((0-1‘-0(5))3) for the Si clino-amphiboles 154
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TABLE 4.4: STEPWISE LINEAR REGRESSION ANALYSIS

Legend as for Table 4,3,

l\

8.

9!

10.

11,

¢ T-O(br)) dependent, { O-T-Ofbr)) 3) independent

\

. {T-O(nbr)) dependent, § O-T-O(nbr)) 3» independent

(T-O(S)) dependent, &O-T-O(S))B} independent

¢ T-O(6)) dependent, @ O-T-0(6)) 3) independent\
T and (0-0)

¢ T-O(br)p dependent,& O-T-O(b'r)>3), T-O(br)-

for O(5) and O(6), independent
¢ T-O(br)) dependent, & O-T-O(br)) 3),’ T-O(br)-T and (O-O)OCT

for O(5), 'O(6) and O(7), independent

r . .
T-O(br) dependent, (O--'I‘-O'(hr))3 and (G{-O(br))3 independent
: \.

T-O(br} dependent, { O-T-O(br) ),  0-O(br)) 5, T-Ofbr)-T and
T-O(nbr) depandent, ¢ O-'I,‘-O(nbk‘)):"and (O-O(nbr))3 independent

independont

T-O(nbr) dependent, € O~T-O(nbr)},, {O-O(ubr)p5 € O=T-O(br)} ;)
andQO-O(br)) ) independont -
| -O(nbr) dopendent, (O «T- O(nbr))a. (O-O(nbr))3 and { T~ O(br) 'I‘)

indopondent

L%




Number Indep; Var.
1. & 0-T-O(br)?)
2, & O-T-O(nbr)¥,»
3. & O-T-0(5)3,%
4. & O-T-0(6)2,7
( :
) T-O(5,6)-T
( u U
(10707, 2)
( .
6. ) T-O(5,6,7)-T
( .
1 u *
((6°-0 )34(1.2.3)
({ O-T-Ofbr) ),
( A
1. )
(
( ¢O-O(br) }3
( {O-T-O(br)p,
(
( (Q-O(bx-))3
. (
8. ) 3
(
{ T-O(by)-T
{

fo

3.4973
3.3720
4,5887

3.7663

2.8986

3. 1471

1.2215

1,3277

m {R?
-0.0172(30) 0,921
-0,0159(24) 0,938

-0,0271(47) 0.919

-0.0197(30)0.937

.0. 00989(94)
.0. 00309{34)0. 983

0. 079(13)

-0, 0118(25)
-0.0015(11) 0,837

-0.006(39) ‘

-0, 0201 3(64)
0.982

0.983(49)

-0, 01975(68)
0.949(50)&

0.984
-0, 00037(34)

=0, 0014(116)

0. 0037

0. 0037

0.0043

0. 0034

[=]

. 0022

0. 0082

0.0035

0. 0034

6.57

10,52
9.09

6.08

4.72
1,36

0.15

31.45

20. 06
29. 04

18.98

1.09

0.12

—n




_Number  Indep. Var, < m (RY ¢ [t]
( {O-T-O(nbr)), -0, 0262(39) ~ g&\"zz
9. ) 0. 6029 0.872 0,0093
(
( {O-O(ubr)p, 1.47(18) 8.17
( (5-T-0(nbr)>3 -0, 0275(14) 19. 64
AR :
: (0-Olnby)) 1. 682(56) 30. 04
10, ) 1,2039 0.991 0. 0026
{ ,
(& O-T-O(br)y ¥ 0. 0081(11) 7,36
( .
© (& 0-0(br)d0. -0, 723(88) 8. 22
({O-T-O(nbr)), -0, 0120(32) 3,75
( :
11, ) 0-O(nbr)Yy, -0,9905  1,21(11) 0,960 0,0054 11,00
(¢T-0br)-T) " 0. 00495(77) , o 6,43
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OCT with <T-O(br)> " )

as the depegdent variable for the combined set of O(5) and O(6) data .

T-0(br)-T, {O-T-O(br)),,{T-Ofbr) } and (0-0)

was performod and the results are given in Table 4.4, The rosult
appears sntiafact.ory with a lt l -tost indicating that all variables contri-
bute aignificanily. Howover, inclusion of the data for O(7) in the
analysis decroases tho:signuicanco of the fit and It] -tost 1pdicatua that
only (O--'I‘--O(br))3 is a significant variable (see Table 4.4, )./«

Because of the obvious importance of the relationship botween
(O-T-O)S and T-O, this relationship was examined in more detail.

Ma

The variation of oach cryatallographically unique T-O bond with< O--'l'---0>3
@ -

was, in genornl.,oxtrémoly irregular, and this could not bo attributed to
oloctronegativity variations in non-totrakedral cations, It is therefore
portinent to examine tho roasons for an{ 0-T-0), depondence of T-O

bond lengths, This has been rationalized {Louisnathan & Gibbs, 1972a)

in torms of the non-cquivalont hybridination characteristics of the Si atom; '

‘.
*a

thoir analysis considexod a ;ofral;edral group of C3v symmoetry and thus

the orbitala formod a basis set for the irreducible roprosentation of thia-
< .

-

point group (Cotton, 1963).

Since a groat deal of tho succoss of E. H. M. O. predictions are’
./ .

attributable to orbital symmetry considerations (Allen, 1970, 1972), it is
not cloar whothor ‘the results of this analyaie can bo extended by analogy

to othor point groups, ospecially as the totrahedral groups undor considera-

)
¥y

> 4
. ’ 3

. . :

i
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tion hnv,e minimum lsymmotry (C:'l)' However, making the assumption
that it can, the rolation may be seen to be due to increased o - (andTW -)
ovorlap with increasing (O-T-O)3. In tho‘calculationa perf?rmod by
Gibbs' g-roup'. no account was taken of the non-bonded 1ntorac‘tions be -
twoon anions; these have boon shown to be important in the variation

of P-O and S-O bonds (Bartell, Su and Yow, 1970). Thus, it is feasible
that somo of the variation in T-O bond lengths are duo to vt\riation.in
the nor;-bo:\dod intoractions of tha anions involved in tho (O-'I'"’-O)3

anglos. It has boon shown by many investigators that n(T-0) is a linear

function of £-O; if a similar assumption is made concerning the (0-O)

" non-bonded intoractions, (O-O)3 may ba taken as a moasure of this

intoraction and thus may affect T-O. 'i‘ho_bgaic assumption has been

mado that any ihductive offect of non-totrahedral cationa will bo roflected

in the olectronic atr\;&\u\ro of the TO, oxy-anion, and thus the variations in

T-O may bo rationalized solely in torma bf vhriations in tetrahedral

storoochomiatry.

Consoquently, a stepwiso linear ana.lyaia;w“nfl porformed for
<O-T-o)3, 40.0)3, and '?‘-O wigh thgﬂlattor as the dependent vari-
able, To adequatoly account for the obsorved bond longtha, a singloe
rolationship is nocosaary; if difforont relationshipa are necoasary for

oach bond, tho observed storeochemiatry is not adequately explained,

" One possiblo oxcoption is the division of T-O bonds into two gots, l3ridging
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and non-briduing..alnco MO calculationa uppear to indicate very baaic
dittorencea between ’the two gmupe. Conaaq\mﬁ' » the amphibole data
" was divided into two groupe, bridging and non-bridging bonda, and the
_, itopwine regresaion ax;aiyaie reaulte éve'givandn Tal;le 4.4, Consider
“fivat the reeulta far the bridging bonds variationn tn {Q-T- (Zw(bn‘))3 |
and (0 O(br)73 a‘ppear to account quite ade.q.\mtaly for variationa in

T«Q(br), The. amalyata was ropeated with the addttton ot two more {n-

dependent vaviablea. T-»O(br)-‘l‘ and (Q-O)QCTz theae resulta are given

- e

= {in Table 4.4, No atgniﬂcant improvemant wag apparent and bath addmon-
al vartablae da not contribute aimt‘ieantly ta the varmﬂon et T=Q(br).

* Tma might tend to cormborate a pravious auggaaticn that T«Q(br) tenda
to contml TnQ(br)-T vather than vice verda. Table 4. 8 compaveq the

val\wa eale\uatqd Im‘ 'I‘ Q(br) tmm tba vegresaion eq\mﬁox\

H T-Q(br)al 2220, QZOH(M)(Q T-O(br))sw.9&3(49)<Q-O(bv))3

28 7 with the oboervad vamqa. and ftgun .12 ahewa a siradlar grapmcal

, eomg&xtaon. m g,ene::al. thq deviaﬂona do not emeod { standard du\fia-

' tiem amd the mgmmqn aquatton ammm to he adequatm

. o i\\o ns\\lta m tha nombddgtng hoi\de are mt aa enen\\ragmg .

am\quah a ltl .tut tudtmu ﬁm both vm'lahm qontrib\\tq stgnmcmly , &_;_ N

. .
¢ - N
vy o

' m the mmmn in TnO(nbv). mm ﬂm dua\mtonn oth'\\ickuhmk (m\)

[,
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TABLE 4,8 COMPARISON OF OBSERVED AND CALCULATED T-Q

'DISTANCES IN S§{-CLINO-AMPHIROLES §
. T()-00) T()-0(8) . - T{)-Ol6). T(1)-0(7) .
OBS, - CAlC. OBS, CALC. O0OBS, (GALC, QBS, CALGC,
1,602(2) . 1,604 1,632(2) 1.629 ° 1.629(2) 1,689 1.616(1) 1.619
l.?M(S) ll.6l5 1,628(3) 1.628  1,630(4) 1,629 1,616(2) 1.609
1,882(6) 1,881 4.628(6) 1,623 - 1.641(7) 1,647 1,636(3) 1,636 -
L B94(6) 1,895 1.636(7) 1,630 1.624(T) 1.625  1.631(4) 1,633 |
1,618(6) 1,618 1.616(7) 1,612 1.621(6) 1.616 1.611(3) 1612 b
619 L.618- 1,614 1614 1628 1624 1,613 1,618 §
1,6374) 1641 10627(8) 1,630  1,630(4) - 1630 1.613(2) 1,624 " |7
1L610(3)  .610  1.622(4) 1,622 1,633(3) 1.627 1.616(2) 1.617 ¥
T(2)«0(2) . T@N0H)  T(2)-08) - T(2):0(6) g
OPS: __ CALG, OBS. ' CALG. ODS.  CALG, QRS - CALG,
E6L6(2)  Lo6id | 1;886(2) 1,508 1.683(2) 1.683 L673(2) .67 |
1623(3)  L618 15GT(3) 1484 1.648(4) 1644 1,689(3) 1,689
1 628(6) 1,626 1,878(%) 183 .1,680(T) 1,689 | 1.68(6) "1.681
O626(T° 1628 LATAT) 1513 1.660(8) | L.68T  1.67(T) 1,6T
L 1.618(6) 1,614 1,894(6) 1,593 N.63UT) (1638 L.6BE(T) L6s2 |
TR 16T K6y L6l 1639 lue9 L8 . L.6d8
163, LGRR C L6040) 10604 LGN 618 1638 1.6y
AL 68(3) 168 7 LBOA(S). 1892 LMY 1633 10e3ad) 1.6m
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Rigure 4.12a Graphical eomparisoﬂ of tho observed and calculated T-0(br)
f\\\\ . bond lengths of the st_clino-gyphtbclest

The T-0(b7) gy Wovo calculated fron the following regrossion oquation... |
Y niothe) « 1,222 - 0.02013(64) 10000 ¢ 0.983049) {0-0()) 3
» | 3
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&nci Mitchell ot al.. (19?1 ) it aﬁpeau ﬂiut an internal conatraint on t'ha
varjation-of bond longths i operative. 1f it i assuinod that the mean bond
_ order of an 810 4 &voup {s fairly conatant at l;ﬁ. loengthening of aome.bonda |
will be accompanied by shortening of other bonc}a. If the T-O(br) bond |
lonat-hu are controlled iqlgly by the variations in (C)-"I‘«O(tn'))3 and : '
(O-O(br))a. the mean bond order mquimment could act ag & conatraint
on the vaxtation {n T=O(nbr), Sirice T-O(br) ia a function qf(O «T=O( br)}s
and (OuO(br)‘)s. the mean of theae,parameteu for each tetrafiedron will
reprodant a e’ownuatramt on the v&riaﬂon of T«O(nbr) in that tetgahed,\-on.
Consequently, the aﬁalyaie was ropeated for T«Ofnber) with the v;arinblea
&O-T-0(br]y ) o a1d.§ 0-0(br)) 33  included, The rosults ar givon |
o Table 4.4 m tndependant variabma are n&gnmeant m\d acobunt =
\foquatoly for- tha vavﬁatlon {n TnO(nbr). 'J.‘able 4.8 comparcn the -

" valuow caleulated for vr-omm trom the regreasion equation |

TxOfnbr)el , 20420, ozzstmxour-omm)sn 683(56)(0-9(:\):»))3

" +o. oomm)« e-'r-om);s),r.m m(aa)« O-O(ba))s).r .
g © Do
- Lf - wt&'h tha obnervcd valueé. and ﬂa\m 4,12& :hpw a umuur grapmcal : %\ \
- H compa’nilom h\ aenera\. thq dqvtaﬁam da not emeod l atmdavd devta.ttpm R A ?\
7 . - SRR
dt‘m Mgroum\ eq\\aﬁon aypquu tqhn adequatm L e
1" ' PN .. ) . R . . L ' - {‘!":‘

. . . SHRETREN § (3%
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The T-0(nbr) wore calculatod from the following kogrosgiou equation ...

Pigure 4.12b Graphical comparison of the obsorved and calculatod T-0(nbr)

boﬁq 1on§ths of the Si ciino-amphibolos.
P

T-0(nbr) #1,204-0,0275(14) {0-T-0(nbr) ) ¢+ 1.682(56) {0-Q(b2))

1,64+

+0,0081(11) <KO-T=0Tbx) P 4y = 0.723(88) Q-0 (0T) P )
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Corrolations between T-O(nbr), ('I‘-O(br)-'r),r and -

‘}Lo(nb,) ware Proaonﬁed bv Mitchell gt al. (1971). The data set used

 waa smaller than that used {n the proeont study; five atrucmroa were

comidored. ong of which contained significant amounts of Al in the
. : : 8

T(l) aite. In addition, the value used for (T-O(Sr)-T)T(l) for glaucos

phane was in error by 1 degree (compare figure 2c, M‘tehell etal,, °

197 with Table 6, Pap%kc at al, (1%9)) + which conatitutes 20% of the total

variation {n ¢ T-Q(br)«T ),rm. Thus, the regrossion equation presented

for T(1)-Q(1) {e idgormqt. and correlation is decreased by inclusion of
the correct \iaiue._ In addition, the '{'eqrea sion cosfficionte for each equa-

ton are quito'qurom. ih@icating'that this correlation does not account

" well for the observed atoreochemiatry, 'Howovay, sams correlation is

‘apparent and the reason fox this hocomes apparent upon cona{deration of

lome of the prwio\is mmm. -o(n:')-"r u'parti'any corrvelated with

(Tnﬂ(bx\)) and it ia the vartation in (‘I-O(br)),r that operates the mem\/

bond o:dox Jeonmelnt on ﬂm vulaﬁun of T-@'(nbr) It may he shown ‘\)'(')

ctm (‘I-O(bg)a‘.l‘}.x 1 nof. ) adnqum 8 moawh of thiy conatraint ap

. « u-wqa(bm,),r and@ o-otbn))a)q. hy gemrmmg a ctowm regre&~ -

mx\ on(O‘T-Oanr))y ¢ O-O(nbr))a; T-Q(nhr) and (TFOMI-T) T

vvvvv

\ ,wlth T»O(nb:) a& thn depqudunﬁ vaﬂa@m Thb :«u\tn Qt thh anax\ma W
: am glvqn in 'rablu 4.4 #nd eampamon of tho x-uum with ﬂme et u\n |

;;;;;;

| ‘. .‘ NWXQ\H amwm &ndtuam that (':-O(bg)-'x),r h immg gq((b- ~O bv)a) .
. ‘gnd«OnQ ‘“»3)'1‘ M a mauum ot 6{d qxfdoae cqnlmtnt on fr,-p(ubg), R
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The varation {n individual T-0 diat;ancea in ixmghibolés appear
to bo e\uce{\m;l.o to x'a‘tlona{iamox'\ in tormn' of a_eimpt;) M. 0. model,
Th\niit cguld be profitablo to oxamine th.ia' model a little i‘ux:ther to soo if
any othor relationshipa are apparent. An equation rélating bond length to
%Bnd-ord;r was doduc/bd by Robtfugn (1963‘) and applied to 81-0, P-O

. and 80 bonds by Gilleapie & Robinson (1963, 1964). Tho oquation for S1-0
bonds {a as followay . | ‘ |

T-0 = 1,83 « 0,32/(140, 60[(2sn)/tne1)]

+

" whore n ia the bond order. The form of this oq(mion {a shown in figure ‘

4,14 and resembles a similar curve d_ovéleped for G«C bonds by Coulson -
&: Didglo‘ (1968). Stnee“tho second derdvative of thia curve ia positive,

%

an h\;m&l& in some bond lengthe must be acconipanted by & decroase of

loxsor maghitnde {n the neﬁa&n&ng bondu m:érder that the mean hond order

romnim oomtm\t at~1.8, cqnaoq\xom\y\ the mean bond length will be a

tumtion of the hond lmgth dtsmﬁen (me Appendtx 4). ‘The dependence

3
\‘_‘t " Pt

ot ’1‘-0 haml lenatht on(O-T-O)&nglun.\dmamu. ete. indiema that an

invol\md (umtion eeuld e dﬁx‘ivod to mmm the (T-O)dmaneee by

, mmming* the&re;a\mnt Mgremon aqmiam cmr all the boide in a tatra«

hqdmm : "; ’ e a |
' 'ﬂ\u proegdm h mhar txwolved and & n&mp\cr ulmoxmt&p

| wwld hq élumbh. *m namuion malym mugm that (0-0} dmmm '

. .
- .
’ . [ L ‘,A L . L
JA . g R Lo xd'"'
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Figure 4.14 Tho variations in bond order with bond longth for

the $i-0 bond, calculated (using the mothod of .
Robinson (1963)] from tho equation.
$8-0 = 1,83 = 0.32/[1 + 0.6([2-n)/(n-1))]
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may be an important parameter and figure 4.15 indicates that thie ia o,

, _-Tho slope of the r.egreaaion Unow2 1273. correaponding to the general

rosult for numorous structures examined in this fashion by Drits (1970),
The dependence of T«O diatances on Q«T«0 angles suggeats that the
{T-0)distances might also bo corrolated with angulay distortion. A
good an_gul:\r diatortion paramotor was introduced by Robinson, Gibba

& Ribhe (19'71): this waa dofined as the vnru\ncof of the O«T-0O angles

(or mean square hond angle ngré.'in) and the dependence of T-O bond

longths on O-T+O anglea outlined previously suggests the reason for’

ite widocaproad succesa, Figures ‘é.lémb ghow the‘variation of
('1‘(1)-0} and (’1‘(2)-0) roapactively with the angle V.Ar'mngn\ A rm;aon-
able correlation is daveloped fo:r the T(2) tetrahodron, but not for the
() totmhodron’. Simll'a.rly'. the correlation botwoen {T(2)-Q) and
£T-0(32)-T"3 g 10 fatrly woll dovolopod, but for the T(1 aito, it 1#
vory woak (figures 4.17a,b).  The lnearity of thaso rolations ie a
Nncfign of the int'er-‘parqmete.r (tndependent) ec'zrremton aince togethor

]

thoy are adequate to forecast the mean distances; the above result indi-

\ cates a mfuoh highor inter«correlation for the T(2) tqtrahedren as comparad

with the T(1) tatrahedron,
If the regrestion cquﬁat'iom <\qvélopnd for the Si-amphiboles

NI 6. i ) 'S
- 2
t Angular distortion = 5{.““ ([0~T-0], ~109.47) 13

‘e

~\
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aro an adoquato‘ description of bonding in gho 'covalont' model, they should
ba succeaaful in foroc&utix;g {ndividual boncﬁl longths in othor atructuros cone
taining polymorined Si-totraho‘dra. Fgure 4‘. 14a shows the obaoryéd and
calculated S1-O distancos for a serics of ordered C2/c pyroxenos; tho ,
agroemadt is good. However, the p{'roxone and amphibale structuros
aro falrly similar and {t is possible that tho regression equations ‘contain
impucit storic offocts that aro inhoront in both #tructuros, A more
stringont tost {8 provided by the R. K. pyrosilicatos (Smolin & She.polov.
197Q) which bear no relation to the pyroxeno and amphibole structures, and
alu; oxhibié a wide range of structure ;ype themselves., igure 4.18b showe
the observad and calculatod S1-O distances for this group; again, the
agreement {s roasonable and suggoata'that the rouéauiion equations davelop-
od here may be of wider nppuqabxiuy.

Although no exact ge\imeértcal conatraint on bond length varia-«
tion {a imposed by the rogrcuton oquations dovelopod hero:. the poaatbﬂuy

arisog that an approxtmata canstraint in imposded that aumces to define the

-D length within the limite of acouracy of measurement. ‘This may be

tostod by dovoloping similar relationshipe for other totrahedral cations of T
. A ; \

tho third row of the puiod&c table, since the variation in formal charge

3+

from A" to 8“ should change the eignificance of the bonding and non« |

bonding interactiana; thus simitar iegroie!nn analygebu should give'markedw

A

—— e, e -
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Biauro 4,18 Compariaon of the obsorved and culculatod T-0 distuncos for
ordored clino-pyroxencs
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Pigure 4.18b Comparison of the observed and calculated T-0 distances
for rare earth pyrosilicates
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different slopes for the various parameters if these relationships result
from bonding effects whereas the slopes will be identical if this is a

spurious geometrical effect, This is at present being investigated.

(b) Ionic bonding Model

The utility‘of electrostatic interaction in the understanding
of the chemical bond has long been recognjzed (Bent, .1968), 'I"oéether
with the hard aphe;‘e model of a:toms developéd by Barlow (Bent, ibid.),
i‘t eventualiy led to the theory of t‘he ionic bond. With the advent of x-
rays, the hard sphere mo;lel was extended by Bragg (192‘4, 1926) who also
developed the con'cept of ionic radius (Bragg & West, 1927). Subsequently, ;
sets of ionic radif were developed by Goldschmidt (1929) and Pauling (1929); ;
i:n addition, Pauling extended previous work and producec; a sclat of empiri- :
cal rules (Pauling. 1960) to predict gtable conﬁ'gurations in complex !
ionic crysfé.ls and to ratiorialize observed distortions in terms of ion-ion
interactions. These rules have been tested extensively in minerals and

synthetic inorganic oxides, and have been found to be quite successful.

Of particular interest is Pauling's second rule:

"In a stable fonic structure, the valence of each anion, \

with the sign changed is equel to the sum of the strengths of the electzo-\
\\\\s

W

static bonds to it from the adjacent cations, " ¢

/

-
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where the electrostatic bond strength (s) is defined as the formal valence
of the cation divided by its coordination .number. This has been inter-
preted as a. condition that tends to mini;nise the potential energy of the
resulting configuration (Louisnathan & Gibbs, l972a)&ﬁlthough this s
Iorma{Iy correct, the resulting equation given by Louisnathan & Gibbs
is rather misleading. Bragg (1930) has rationalized this rule in terma[ of
lines of force, and similz;rly the discussions of Zachariasen (1930) and
Brown & Shannon (19.73) indicate ?fat electrostatic bond strengths are an
a nalogue of crystal forces rather than crystal en.ergies.

De;'iations,of up to 40% from Pauling's second rule are;

encountered in mineral structures (Baur, 1970) and many investigators

have noted that these deviations are accompanied by antipathetic variations

in cation-ation distances (Zachari’asen, 1954, 1963; Evans, 1960 Baur, 1961,

1970, 1971). Several schemes that relate bond lengths to bond strengths
have recently been developed. The fir;st comprehensive treatment was due
to Baur (1961 1970, 1971); ‘this relates bond length (R) to the sum of the
average bond strengths (P) around an anion using a linear relationship of

the form .

R=a+bP

-

!

- -
e st — o~
’

e vah et e o
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where a and b are empirical constants derived from a least-squares
procedure using data from a large number of structures, Although this
model has had considerable success, it contains several agpro)dmations

that are of questipnable validity, Primarily, it assumes a linear relation

/thcen bond length and bond strength; inspection of the commonly used forms

of‘ interatomic poténtials (Tosi, 1964) inaicates that this is incorrect, In
addition, in the derivation of the empirical relations, no. allowance 18 made
for the different types of isovalent cations coordinated to the anion, of .the |
bond being conaidered; or\of its relativ'e b:)nd length, Thus, in the devia-

LY

tion of a and b for a particular cation, the effects of all other dations in

A
[

the structures are averaged and this will give‘ rise to discrepancies in the
6cheme. This is hig!rxligl;ted by structures which ‘obéy Pauling's se(c~ond
rule exactly; according to this scheme, there should be nd -:rariation's in
bond length within a coordination ?olyhedron, a feature ,th;a.t is ;:ertainly
xlt observed in atrucéu\}e‘s of this ;ypc;.

Another relationship has been derived by Donnay (i)onnay, 1970;
Donnay & JA'llman, 1970; Donnay & Donnay, 1972) who postulated a x:élation~

ship between bond strength (s) and bond length (R) of the form

v

8= ‘g)ﬂ | R(f{

Y ).

Y’

e
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. R -R . 4 .

- max _ - .

y ‘O(R ~R) Rmax>R>R
max :

(]

ideal Pauliné bond strength

where s
o

'R'

{
max maximum possible bond length calculated {from the ionic !

radii tables of Shannon and Prewitt (1969,1970). .
¥

The calculation of Rmax in this procedure is not satisfactory
as in some structures (y'épecialiy the amphiboles, Bauer, 1971; Hawthorne
& Grundy, 1972b) some very peculiar coordination schemes result which
are not comp;tible with the argument of Bragg (1930) or the noi'mg.l concept
of coordination. In addition, the scheme relates to differences in two
measurﬁed quantities R and R, and errors in bond llengths need not neces-(
‘sarily be aéparent with this scheme. F;Or example, Table 4, 6a is a.-bond ‘ f

strength table calculated for a-quartz using the values:

R=1.609, R =1.603andR, = 1.6168

from Zachariasen and Plettinger (1965), The atom notation used is that of

Smith and Alexander (1963).
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TABLE 4. 6a;: BOND STRENGTH TABLE FOR a-QUARTZ USING THE : o
METHOD OF DONNAY & ALLMAN (1970),

Bond lengths were taken from Zachariasen and Plettinger {1965).

_ }
s TUN A ’

0 Loizxz o, 987x% 1.999 0,001

o 0.98%2 1. Qlei 1,999 0,001
S 3,998 3,998 |

A 0,002 * 0,002 ’ - . o

« 7
i

TABLE 4, 6b::

As for Table 4,15a but using bond lengths in text,

81 s 2 A
o 1,006 o.993x3 1999 0,001
O 0992 10062 19% .00
ST 3998 3,998 |

A 0.002  0.002

i E;'._;;' ‘.
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.

‘A satisfactory result is still obtained (Table 4, 6b) if
0.5A is subtracted from the above values and the following ones are

used:

R=1.109, R, = 1.103 and R, = 1.116] ;

Because ofl this, the sch_eme must be considered as inferio_;- to those of
Baur and Brown & Shannon (1973), althoughqit‘is adequate to fulfil ils
qriginal purpose of distin_guiahing between 02‘, OH and HZO in cr&stal
structures.
A. third method has been derived by Brown and Shannon (1973)
' which relates bond strength to bond length using c‘urves of the formn

=\ |
O_Ro » ‘ o

»

-

- A3

| where .Bo is the icfeai Pauling bond strength and Ro. and N are parameters
derived from least-squa‘res 'fitting'to a large number ;)f refined structures.
'I'h.ia curv;: is similar in form to the previm;s one but only contains one:
measured quantity and hence i8 not subject to the same in#dequacy. A
curve of this form has some the6retical justification as it can be dé;ive.d
from th'e first derivative of a Born;Landé or Born-Mayer type two-bod‘y
potential, The correspondence between the Born eprnent as galculated

by this method and as derived from elasticity measurements (Anderson,

L

—

b

™)



#* wionjc! (bond strength) and ""covalent' (bond order) models that is
) . I

" of1.6253% (uncorrected for anion coordination) or 1.630 X’(co‘rrected for

oS

balanced and the SiO tetr@hed_ron has S
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1970) is perhaps the most impressive feature of this treatment., In
addition, the relation between bond strength and covalence (Brown &

Shannon, 1973, figure V-2-2) indicates a parallelism between the

gradually becoming apparent (Pant & Cruickshank, 1967; Bent, 1968),

Perhaps. the one drawback to the scheme is th.at it only considers nearest-
neighbour interactions, Cohesive ene;g; calculations using a Born-Mayer
type potential (Bensc;n & Der.n;;sey, 1961; Reitz, Seitz &‘Genberg, 1961;
Wackman, Hirthe & Frounfeller, 1967) have indicated that th‘e nearest neigh-
bour apﬁro:dma@ion is not sufficient for a good energeti; description,

Th:;t the method is not quitc; adequate in this r'especjt is shown _

by the garnet structures in which all the ions are formally charge-

4

scheme ;nQicatee that all garnet structures should have an Si-O distance

4 symmetry. The bond étreﬁgth

v
U

anion coordinatior‘\) whereas the observed distances vary between 1, 628 ;
l

an& 1,645 X (Novak & Gibbs, 1971). Howevey, attempts to incorporate

C \ |
anion-anion interactions into the Brown-Shannon scheme have, aﬁyet,

been unsuccessful {l. D, Brown, pers, communication). - o)

Y

has given rise to the concept of ionic radius whick has proved extremely ]

useful in rationalizing structural stability and distortion (Shannon & Prewitt;

i

e

In addition to the concept of bond strength, the ionic model \
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’,

1970; Prewitt & Shannon; 1969; Brown, 1970;wNova.k & Gibbs, 1971).. Modern

compilations of ionic radii’(Shannon & Prewitt, l96§, 1970; Whittal:;r & Muntue

1968) which list radii as a function of valence state and coordination

L]
”

number are extremely usgful in this respect, and when qombine;i with
recent bond '?trength achgmea, provide a pow;:rl'ul tool for the examination
of stz.'uctura'l de‘tail. ' ,

' The tetrahedral dc;uble-chain of the clino-amphibole structure
is of particular intergst as it exhibits a wide ?ange of 5i-O bond lengths
and angles. ‘Six:xice 'it has been s.hc-awn that these are susceptible to analysis
using 9implg Mb theory.qit is of int;reat to examine how well t‘he observed
. stereoéhcmis't‘r'y conforms to thg bond strength models, and to observe

. ¢
apy parallelism that might occur between the 'covalent' and 'ionic' models,

L -2
)

Beforé any systematic analysis of Si~O distances can be made,
it is fxecesaaryté assign the correct anion coordination n\}mbere‘f‘or the
O(5) and O(6) anions; there has been some uncertainty concerning this in

. & )
~recent literature. In his o;'igipal description of the structure of grunerite, -
Finger (1967, 1969a) refers to the M(4) site as s;sc-coordipated on the .
basis of bond lengths, Subsequently, Donnay and Allman (1970) use their
bon;i strength scheme to 'demonstrate’ that the M(4) site in -grunerite has a

one-sided four- fold coordination with no bonding interaction between M(4)

and either of the chain-bridging anions O(5) and O(6). Conversely, Brown
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. -
& Gibbe (1969, 1970) and Mitchell, Blogs & Gibbs (1970, 1971) implicitly
assume that M(4) is eight-coordinated in all non-aluminous clino-amphiholes, .'
and their treatment of 51-6 distances was critized by Baur (1971) bcca;xse

of this, The discussion given by Bragg (1930) would indicate that a one-
sided‘coordination is impossible here, In addition, the subpoaition of

a sharp cut-off in fhe pairwise interaction of ions is incompatible with

all forms of inter-ion pdtential (Tosi, 1964). Baur's dcheme may be used A
’ ’ 4

to test a structuré for the most likely ;:oordination number; Tabl’e’ 4,7a "
shows the mean deviations between the observed and calculated bond
lengths for the tetr;hedral sites in the three cumr;lingtonitcs considered

_here, calculated by the methods outlined by Baur (1971) for [4] -
[_6]- and [8] -fold cdordination of the M(4) site. The results are rather
ambiguous; for C-Mn cummingtonite, a [6] - or [_8] ~-fold coordination is
ir.1dicated, the grunerite results indicate a [4] -fold c‘OQrdination and the
cummingtonite results show no preference. - Since this result is not very
co;xclusive, it is worth perfo:ming a similar analysis with the bond-
strength scheme of Brown and Shannon, Table 4, 7b shows the bond
strength sums around O(5) and O(6) in Zhe three cummingtonites for

different coor'dination numbers of M(4). In all cases, the deviation from

the ideal value of 2 are least for [8] -fold coordination of M(4). However,

inspection of the complete bond strength tables for the non-aluminous
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TABLE 4.7a: MEAN DEVIATIONS FOR THE TETRAHEDRAL BONDS ]
IN THREE CUMMINGTONITES CALCULATED BY
THE METHODS OF BAUR (1971),

h ) ’ P

For Method 1, the {T-O) bond length is calculated (see text);
For Method 2, the observed '(T-OY distance is used.

' Mean deviations were calculated for the M(4) coordination numbers

(C.N.) of [4], (6] and [8].

C.N.  <oT())R CoTDR ¢oTdR
METHOD 1 2 I ) I 2
[4] 0.005 0. 005 0.015 0.012 0,010 0.009
cuMMm [6]  0.007 0.007 0.012 0.010 0.010 0.009
(&] 0.009  0.009 0,009 0.010 0,009 0,010
(4] 0.012 0,007 0.007 0,009 0.010 0.008
GrRUN [6] 0,014 0,013 0,012 0,012 0,013 0,013 . ‘
(] 0.009 0,011 0.018 0.018 0.014 0.015 j
(4] 0.007 0,007 0.019 0.017 0.013 0.012
c-Mn (6] 0.006. 0,006 -0.005 0,004 0,006 0.005
[8] 0.004 0,005 0.009 0.009 0.007 O0.007
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TAELE 4.7Tb: BOND STRENGTH SUMS AROUND O(5) AND OQ(6) IN ~
IN THREE CUMMINGTONITES CALCULATED BY :
THE METHODS OF BROWN & SHANNON
(1973) _
Calculations were performed for M(4) coordination numbers [fi]. [6]
and [_8] using both normal and 'coordination correction' curves
CORRECTED FOR
UNCORRECTED ANION COORD.
C.N. 20(5) 20(6) 20(5) =0(6)
4 1.980 1,894 1.899 1,855 |
1
CUMM 6 1,980 2,020 1,899 2.015
8 2,030 2,020 1.996 2,015
4 2, 034 1.951 1.932 1.862
GRUN 6 2.034 2,038 1.932 2,004
I+
8 2,066 2,038 2,021 2,004
AN
4 1.984 1,899 1.890 1.818
C-Mn 6 1,984 2,033 1,890 1.999
8 2. 033 2.033 1,991 1.999 \
N
3
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>
8

¢lino-amphiboles (sec Table 4.10) shows that the best anion sums occur
around O(5) and O(6); comparison of the deviations for [4]- and [6] -
fsldﬂcom-dination of M(4) with ather a;_xion doviations (where the nature

of the coordination is not in question) shows them to be of the same orgdar.
Hence it is questionable whether significance can be attached to this "
result,

Po'rtinent to this problem are some E, H. M, O, calc-ulationn
perforr;mcd on the M(4) site in grunerite {Cameron, 1970); an electronic
population analysis of the results showed positive bond overlap population
bet’ween M(4) and Both O(5) and O(6), indicatiﬁng an [8] -fold coordination f
for M(4). This would tend to support the bond strength rasults above;
however, no {firm conclusion can be dr;awn although the evidence tends
to indicate bonding intex:actione bet.ween M(4) and the chain-bridging
oxygens O(5) and O(6), In view of this result, the cummingtonites will
be considered for all alternatives.

The bond length prediction formalism of Baur may be used in
three ways, two of which wm‘be used here. The r?gression equation
presented by Baur (1971) may be used to predic t bond leng ths absolutely
from a forecast mean, or they may be used.in conjuncéion with the ob-
agrved mean bond len'gths to predict deviations from that mean, Bond
lengths calculated b\\/ both methods arc; presented in Table 4,8 together

with the observed values, and a graphical comparison of the observed and
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Pigure 4.19 Comparison of the observed and calculated T-O

distances in the' Si clino-amphiboles.

Calculations were preformed using the second method of Baur (1971)

1.68 —

1.66

1.6’2'—'

1060_‘

1.58

1.58 1.60 1.62 1.64 1.66 1.68

(T-0)

calc
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calculated values is given in figure 4.19. The mean bond lengths for
method 1 were calculated from the equation

T-O = 1.584 + 0.0127 {C.N.)

which is derived in Appendix 5. The agreement with the calculated
values is much the same for each method with a gr%nd mean deviation of
) 0. OIX. "The lresults for the cummingtonites may be improved by consider-
ing different coordination numbers for M(4), Table 4.9 shows similar
calculations for these species calculated for M(4) coordinations of [4]
and {'_6] respectively, Because of the problem of assigning co?-xldination
numbers to M(4) in this species, the }absolute significance of the results is
uncertain; however, they do illustrate a major drawback to Baur's scheme
rather well. Consider the results for T(1)-O(6) and T(2)-O(6); for a
[4] -f_pﬂi M(4) coordination, the P_ value for O(6) is 2.00 and all
T(1)-O(6) and T(2)-O(6) distances calculate too low; for a [_6] -fold M(4)
coordination, the Po value for O(6) is 2. 33 ar:d all T(l)j-O(G) and T(2)-0(6)
distances calculdte too high. A similar consideration of T(1)-O(5) and
: T(l)-0(6)-distance’8 for M(4) coordinationhs of [6Ja.nd [8] shows t;le same
.feature. This ipdicates that the Po values are actually intermediate be-
tween 2. 00 and 2. 33, and that the scheme cannot allé)w for weak bonding

interactions. Another illustration of this is seen in Table 4. 8; when M(4)

is [8] ~-coordinated, the scheme predicts. that

-~




TABLE 4.9: BOND LENGTH CALCULATIONS FIOR THREE
CUMMINGTONITES USING THE METHOD OF BAUR
(1971)

»
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Calculations performed for the M(4) coordination numbers [:4] and [6]
with methods 1 and 2 (see Table 4, 7a)

T(1)-0O(1)
T(1)~O(5)

T(1)-0(6)

T(1)-O(7)

T(2)-0(2)

T(2)-0O(4)
T(2)-0O(5)

T(2)-0(6)

0O
%
|y
a -
P

OBS
CAIC 1

OBS
CALC 1
CALC 2

OBS :
CALC 1
CALC 2

OBS
CALC 1
CALC 2

Al
A2

4] -cCOORD
CUMM  GRUN
1,619 1. 637(4)
1.616 1.616
1.619 1.627
1. 614" 1.627(5)
1.616 1.61p
1.619 1,627
1.628 1. 630(4)
1.616 1.616
1.619 1.627
1.613 1.613(2)
1.616 1.616
1.619 1,627
0. 005 0.012
0. 005 0. 007
1.625 1. 633(4)
1, 634 1.634
1. 644 1.637
1. 609 1.604(4)
1. 604 1,604
1. 614 1. 607

" 1,639 1.611(5)
1,619 1,619
1.629 1.622
1. 643 1.638(5)

" 1,619 1.619
1. 629 1.622
0. 015 0. 007
0.012 0. 009

G -Mn

1. 610(3)
1. 616
1. 620

1. 622(4)

1.616
1.620

1.,633(3)
1.616
1.620

1, 616(2)
1.616
1.620

0. 007
0. 007

1.618(3)
1.634
1.640

1.595(3)
1.604
1.610

1.634(3)
1.619
1.625

1.655(4)
1.619
1.625

0.019
0.017

P

6]-COORD
CUMM  GRUN C-Mn
1.619 1.637(4) 1,610(3
.1.611 1,611 1,611
1.611 1.619 1.612
1.614 1,627(5) 1.,622(4
1.611 1.611 1.611
1.611 1.619 1.612
1.628 1,630(4) 1.633(2
1. 641 1. 641 1. 641
1. 641 1. 649 1,642
1.613 1.613(2) 1.616(2
1.611 1. 611 1,611
1.611 1.619 1.612
- 0.007 0. 014 0. 006
0. 007 0.013 0. 006
1.625 1.633(4) 1.618(3
1,622 1.622 1.622
1. 629 1.622 1. 625
1.609 1.604(4) 1.595(3
1.592 1.592 1.592
1.599 1.592 1.595
1,639 1.611(5) 1.634(3
1.622 1. 622 1. 622
1.629 1. 622 1. 625
1. 643 1.638(5) 1.655(4}}
1,653 1.653 1,653
1. 660 1,653 1,656
0.012 0.012 0. 005
0,010 0.012 °  0.004 I}

<.4
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T(1)-O(5) = T(1)-O(6)
T(2)-0O(5) = T(2)-O(6)

Deviations of up to ten standard deviations in the bond lengths
occur in structures where the M(4) coordination is definitely eight (e. g.
Tremoli te); these occur becauselthe M(4)-O(6) interaction is much .
;trbnger than the M(4)-O(5) interaction, and yet no allowance can be
made for this. Baur's scheme is expected to work well for structures
where the anion polyhedra are fairly regular, and has had spectaculér
success when these conditons are fulfilled (Baur, 1972). Some of the
polyhedra in the amphiboles are highly irregular and failure of this
scheme to accurately predict indi:idual.bond lengths is not surprising -
under these circumsta..nces. A theoretical discussion of t};isﬂpoint is
given by Gopal (1972) and although one of his basic premises is incorrect,
the reasoning is unaffected and bears out this particula;- feature, The
\ overall discrepancy of 0 018 between observed and calculated T-O
distances indicates that the amphiboles obey an extended electrostatic

bond theory quite -well and the major discrepancies appear to be related

to deficiencies in the particular model used for bond length prediction

rather than in the priﬁciples of the general model.
Accordingly, it appears that the bond lengths in the double

chain element should be more amenable to analysis using the¢ Brown-
;

'

/
!

&
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°

Shannon formalism, since the strength of interaction (bond strength)
is a function of interatomic distance and weak bonding interactions are
recognised, Table 4,10 shows the results of a complete bond strength
analysis on all eight clino-amphibgles considered here, both with and
without coordination corrections; bond strength parameters for the flu?-
: /
rine anion were supplied by Brown and Wu (pers. communication).
Deviations from the ideal anion sums'are conside;able; mean deviations
for each method are given in Table 4.10 and are also expressed as

equivalent distances (per bond) for each of the cations in the structure,

using the relation
AR = -A8 . R /S .N
o o

which may be derived from the bond strength equation.

The much greater errors associated with the lower valence
cations re.ﬂect the much greater sensitivity of their bond lengths to b9nd
strength values. Certain systematics are apparent in the distribution
of deviations from ideality; in general, d'eviation.s are positive for y’/he
anion sums (with the exception of O(4)) indicating that Ro does not give
a good repres;ntation of the bond length me;ns in these structures, even

when coordination corrections are performed. In addition, the sum of

the deviations around the cations is always far greater than the sum of

-1

!
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TABLE ¢.10 BONDSTRENGTH TABLES FOR THE S(.CII O AMPHINOLES .
HYDROXYTR EMOLITE FLUOR -TREMOLITE
FLUOR -TREMOLITE,
M1} MU M) M(4) A T NEH b M) M) MO M) A Ty >
o) L3600 L0 - .us"g 1 064 200 66 LT L6 1,031 2.063
IR T/ S 1) . 368 1.087 .13 318 .30 BT 1 0%4 .10
o) L340 348 .29 1625 2.0l L370 380 . 296 1 028 2,041
L3878 L2392 1 o130y L1860 388 .91 1.030 2,059
2
[ YT hond .368 1,088 xls
S Y .38 1.0%0 -2z - <873 .
. ;
ot . 408 .38 Ve 1,883 .98 T4 1116 1,008
.400 .32 1076 t.s08' . 190 .M 1,073 1.8508
o) L12s I8 226 Lo 129 99 %16 2,007
126 L9590 L911 1.99% 136 .96 922 2.000
o) 209 L9%9  .as0  2.078 L L9086 359 2,069
L202 966 170 2,038 . .28 L9063 L89T  z,078
o 1025777 2.050 1. 028 2,050
973 1.946 .97 1,946
§ Lue niz0 260 197 4,061 3 247 2,03 2,090 2.098 2,046 4.034 3,936
126 2,028 176 1,904 3.9%5 1,704 . 2,100 . 1.962 3.958 3,922 s
Without ¢.c, {aY =, 0633 <Ca1> » 007857 ,025 Mg ™ 033y Without c.c. €aY+ . 071 ¥ 41D+ .008 51 7,028 Mg T ,0)7Ca
With  c.e.{B) > .0T2T (A1) . 0098 T .027T Mg .04l "a With  c.c.8yv .09 FLA1Ye 01251 7,035 Mg ¥ . 051 Ce T '
SYN, RICHTERITE | SYN, RICHTERITE 2
M) M@ M) M4 A T e > MO} M) M) M) A Ty TR
. L8 .n .us"i 128 L1y L6 L2167 )
Ot 33 L27a L348% 1. 144 138 366 LT an 1.109
. T} I 113 .28 1000 1.996 L0137 237 0.997 2.010 !
o ;a1 S 1,028 2.040 TS I .23 . 1.0} 2,043 A
o o 23657 0,300 , L8082 r r r.
.12 .282 1141 1,898 44 174 1161 1.88e '
o i .40 . 266 Lo 1,767 L4 . 259 LIS 1,803
s . .08  .039  1.000 .74 2,07 .066 042 .970 0y 2.00 ®
o5 - J08s  .034  1.025 948 Z.424 .08y .0M 998 .90 Tow .
' L 038 .037 ]
.o .00 \ .
$ !
. 8T o4l .957 359 2,029 L16%  .038  .1.003 873 2,099
L1852 L014 RT3 L1877 .o014  1.028 %08 2,138 .
ofé . 039 .632 :
° Lo . .o18 |
.078 . 068
052 e . 055 x2 oy 1
on 018 .970 2,082 o014 984 2,108
. 2y . . xly
"ory L34 t.087 060 961 2. 041 4
L0438 " . 049 .
oLz .of0
z T.066 2,088 2,02  1.533 .2700 4 055 3,314 . 2204 . 1,532,265  4.048 3. 942 %
. 2108 - 1486 .25% 4116 5961 . 170 . 1,482,227 4.096 .98 %

Without ¢ ¢. €AY+ . 0893LA1D = 011 SIT 033 Mg Y 016Ca
coc. (B 111 ILOID = 019 8L T 051 Mg T . 062 Ca

With

Without'c.c. CaYs 076 T(51) s 010813 030 Mg 7 .045Cs

With

coe. (ayr 105 B(AID 0 014 SIT 04T Mg 2. 055 Co

&

T’l‘\w\ C emnmt as



TABLE 4.10: contimsad
M) M{2y

o R

o T s

o3 :;};’:’::

o S

o )

oté)

omn ]

z 2,072 1,098
2,072 1.104

CUMMING TONTTE
M3y M(4) A
.m‘i
348"
L3164
.36l
.36
354
T}
L84
. 0458
. 082
.t1o1
114
2.09  2.094
.02 2.0

T T
.o17
1. 041
< 1,000
1.028
1,048
1,018
Loyt .2
1.000 942
2. .92
KT TT
2
1. 034
W ad
€076 3939
o016 4.010

Without ¢.¢. (A%s , 045 FCADS 008 SA ¥ 018 MgV 017 Fe

With

1)

o3
o4}
o8}
o(é1
o

=

e, (OYe OIS T O 006847 QLT Mg T . 01F To

My M
.. 23 . 319
" 322

Ya e
s s

x2o
. 335
RS
391
b 1316
2,144 2.124
2.118 .92

CRUNERIYE
(3) M) A

.!bl'%
L361"
. 358
.387
356
.53
L4838
. 840

.07
.

.04
1.958

2.194
2.1%6

™ T)
.967
.95
.97
1,005
1.060
1.028
.99 1. 040
.M 1.010
186 + 963
L 963 - 945
1,008
3,931 4,04
3.9 3.988

Without c.c. €AY+ 048 T {AL)y .005 SL T 018 Mg ¥ . 017 Fe
€.c. (AYY .04 T £aT)s 003 SI¥ 018 Mg § . 017 Fe

wWith

B

i

.00
t.078

2.030
2,06}

5,057
1.024

1.969
1.883

2,034
1.99%

1,051
z.01%

2,048
2. 010

'
GLAUCOPHANE

M{1) M) M) Mi4) A T T(2) =
.38 370 .m‘i 020 z. 09
L3646 L3ss Lt . 044 2.14)
L3858 4M .18) 1.620  2.029
361 Lame 188 1.044 P oOn2
RV g .67 1047
Y and .353 1,009
. 604 118 1L.091 1,91
.580 .210 1.034  1.044
. 640 1.028 .96 2,072
078 L9988 L9471 2,020
YY) Lot .92 2109
162 L9835 L9088 2.05%
l.uo"’l: z.080
1.010" t o020

2108 2.8%0 2,110 1,300 4« 96 .00

2.106  2.894 2,09 1,286 037 3,98

Without ¢.c. (A% » 0TIV (A1) + 009 SLT 029 Mg ¥ 027 Fai* 1
.08 ALY O&INs
C.e, AP 068 U(AL) » (009 S1T 026 Mg ¥ .08 Ted v
. 038 A1'? L 035Na

with
M) M
T 36
s e
O L3
T PR 71
I Vgt
. 344
.410
L3971
120 2,118
€120 2 a2z

Without ¢ ¢, €8)* .M!L(Al)- L0086 SL Y, 021 MgV . 020 Fe ¥ .020 Mn
€€, (Y% 055 K (A1) . 0aT SL 021 Mg ¥ .03 Fo ¥ .0ZZ Ma

With

C-Mn CUMMING TONITE

M(y)
’

o

L3564

372
.36

2,140
2106,

m{s)

.33
.33

.y
.401

. 050
. 034

134
<137

1.870
1.982

A

T T(2)
1.043
1,068
1.020
1,044
1,091
5. 0854
1.008 978
.98 954
978 Loty
L9%6 906
t.ozs:;:
.99
4,084 4,007
4.002  3.938

=

« 2,070
2.110

1. 064
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L 3

the deviations around the anions which indicates ‘(acc0rding to Pauling's
original 'theox"y) that the model is not electrostatically neutral. The
difference in sensitivity between high and low valence cations indicates that
a small increase in the 'equivalent bond length error' of the former (e. g.
Si) would produce a large decrease in the 'equivalent bond length error'
of the latter. Thus the overall bond length errors probably fall within
the range of 0,01-0. 028 and are comparable with those obtained using
the Baur method,

¢ The observed bond length variations in these structures
appear to conform reasonably well to a modified electrostatic model.
Consequently, it is of interest to examine certain features of the Brown-
Shanfon scheme that allow analysis of the SiO4 groups which parallel »
arguments based on a covalent model. Assuming that the bond strength
sums around the cations are equal to their formal valences, the positive
second derivative of the bond-length—bond-strength curves indicates
that the mean bond length is a function of the amount of bond length dis-

tortion., It is shown in Appendix 4 that the correct form of this distortion,

8§, is given by

o
H
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n
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57 . (R.-R)
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Figures 4.20a,b show the variation of {T(1)-O) and
{T(2)-O) with §; in general, T(2) is more distorted and also shows a L
much greater range of distOrfion than T(1). The fluor-richterites are
the one exception to this, and the large T(1) distortion may be cor-
related with the presence of an A-site cation that causes an increase
in the )(T(l)-O(br)) distance and a corresponding decrease in T(1)-O(nbr).
{T(2)-OY is fairly linear with® but very little correlation is shown by the
T(1) site; th; same result was obtained by covalent distortion criteria.
The spread of § in T(1) is not great and (with the exception of grunerite
and synthetic richterite 1) the points scatter about the trend developed by
the T(2) site. The deviations from this relationship remain unexplained;
possibly grunerite could contain a small amount of Al in the T(I) site
although no indication of any Al is given in the chemical analysis (Klein,
1964; Finger, 1967, 1969a).
'I';xe ‘relationship between <T-O(br)-T7T, <T-O(br)7T and
(T—O)T demonstrated in the previous section combines with the above k
relationships and suggests that <T-O(br)-'1'7 might be related to & ,

the bond strength distortion parameter. Figures 4.21a,b show this

relationship for both tetrahedra; a regular relationship is apparent for

T(1) and T(2). This was to be expected for the T(2) site, but not necessarily

Cum

for the T(1) site since the 'correlating variable' (T(l)-O)did not show
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a good correlation in either case. One rather interesting feature is .
exhibited by both diaérams and that is the gradual decrease in distortion
with increasing { T-O(br}-T). In a sjatistical study of silicate struc- v

tures, the grand {T-O(br)-T) angle was found to be ~140° (Liebau, 1951)
which corresponds approximately to the minimum tetrahedral distortion

in both tetrahedral sites in the amphiboles. The ideal T-O(br)-T angle

in ar;_;deal double chain of undisto%ted tetrahedra is 141° corresponding
to Liebau's mean value and the minimum tetrahedral distortion. In a

previous section dealing with ideal amphibole structures, it was shown
that the minimum distortions from ideality (<’I‘-O(br)-’1‘)=‘ 141°, tetra-

hedra of T , symmetry) would occur for a non-aluminous amphibole with

d

2 . ce s
Fe * octahedra; this accords well with the fact that grunerite is the least
distorted with reference to these criteria. This would tend to substantiate

the view that interelement linkage plays an important part in controlling the

distortions of the major structural elements,.

Ionic and Covalent Bonding L :.

Because of ill usage, these terms have tended to become . \1\

'dirty words' in mineralogical literature. Thus, proponents of the ionic
model have indicated that charges on an ion correspond to their formal
valence state, while supporters of-the covalent theory argue that these

charges are grossly overestimated as can be shown by M.O. calculations.
: ’
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This rather misses the essential point that these two terms refer to
models, not the actual situation that prevails in the solid. Each model is
based on a self-consistent set of propositions; there is no basis for

criticizing one set of propositions from the standpoint of the other since,

as abstractions, they have no common ground. Any comparison of the

, different models must follow a much more utilitarian path; are the theories

useful, can they rationalize the observed facts, and ultimately, can they

/

forecast correctly” If both theories are useful, especially with reference

i

to different facets of chemical behaviour, there is no reason to reject one

of them in favour of the other.

The ionic theory was first proposed to reaticnalize the struc-

tural chemistry of inorganic crystals while the M. O. theory was developed

to aid in the interpretat’xon of spectral transitions. Later work indicated
that they both may be used to 'explain’ more detailed stereochemical
variation, and it is here that much of the controversy has arisen as to
which is the 'correct’' bonding tfeory. Recent work has shown that the
ionic model may be extendedfo homopolar compounds (Bent, 1968) \t;hile
the covalent model may be extended to very heteropolar compounds
(O'Nions & Smith, 1971; Louisnathan & Gibbs, op. cit. }. That both
models may be used to rationalize the same features does not invalidate
either of them; in'deed, in this context they may not be mutually incom—’

patible (Pant, 1968). In a recent paper, Brown and Shannon (1973) show
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s
that mean bond strength is related to covalence as calculated by the

method of Pauling (op, cit.) and suggest that this relationship may
extend‘ to individual bonds. With reference to this suggestion, figure
4.22 shows the variation in E. H. M. O. bond overlap population-(Cameron,
1970) with bond strength for hydroxy- and fluor-tremolite. The correlation
is quite marked and tends to substantiate their prediction.

Thus the parallel nature of both ionic and covalent models
is quite marked and it appears that either is adequate to rationalize ob-
served strixctur:‘-.\l detail. Howev;er, neither model may be discarded; the
ionic theory cannot s'ervg as a l?asis for spectral interpretation nor can
the covalent théory be used to construct feasible structural models to aid

the solution of crystal structures.

ALUMINIUM AND THE TETRAHEDRAL SITES

The Al content of the tetrahedral sites in clinoamphiboles

varies between 0.0 and 2. 73 atoms per formula unit. This will be dis-

tributed over the two crystallographically distinct tetrahedra in the
double chain element. Because the scattering factors of Al and Si are
very similar, least-squares refinement of site-populations depends on

the relative differences in fall-off of scattering power with sin6/X\. g

——— v .
.

Because the relevant normal equations of the design matrix are sub-

e
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Figure 4.22 E.H.M.0. bond overlap population versus bond

strength for the Si-O bonds in hydroxy - and

. fluor-tremolite.
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parallel (see Chapter III), correlation in this procedure is extreme
and thus the resulting site-populations have an extremely large error.
Since the tg:rahedral Al site-populations are of considerable interest
both from a charge-balance and an inter-element linkage viewpoint, it
would be of interest to confirm the refined site-populations and to assign
site -populations for those structures where they were not refined. Table
4.11a (lists the structures from which the data was takén for this section.
Three methods for assigning tetrahedral Al site-occupancies
were described by Papike, et al. (1969) and application to the structure
of ferrotschermakite (Hawthorne & Grundy, 1973) indicated that their
method 2 was superior to the others. Curves have also been derived by
Robinson (1971) relating §T'(1)-O7 and <T(2)-O) to Al site-occupancy using
refined Al occupancies; however, several pyroxenes were included for the
T(2) site regression as the spread of AlT(Z) values was so low in the
small set of data available at that time. The strucéures of Al-hastingsite
and ox ykaersutite refined in this study considerably extend the range of’
Al occupancies and warra;xt a new treatment.

Figure 4.23a shows the variation in {T-0> with total tetra-

hedral Al; with the exception of Kakanui hornblende, the trend is perfectly

linear. A simple linear regression analysis was performed and the results




TABLE 4. 1la:

10.

Tremolite

Actinolite

Pargasite
Tri-Pargasite
Ferrotschermakite
Ferrohastingsite

Oxy-kaersutite

Alumino-hastingsite
X -ray Tremolite

Neutron Tremolite
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DATA FROM THE FOLLOWING STRUCTURES ARE USED
IN THE DISCUSSION OF THE (Si, Al) TETRAHEDRA

Papike, Ross & Clark (1969)

Mitchell (1970), Mitchell, Bloss &
Gibbs (1971)

Robinson (1971)
Robinson (1971)

h 3

Hawthorne & Grundy (1973), this study
U}

This study

Hawthorne & Grundy (in press), this
study

This study
This stuciy

This study
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Figure 4.23a (1‘-0) versus total tetrahedral Al for the clino-amphiboles
of Table 4.11a ‘
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Table 4.23b Mean tetrahedral edge length versus tetrahedral Al pccupancy
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are give‘n in Table 4. 11b; Kakanui hornblende was omitted from this =
regression. This result sm.}bstantiates the extremely unusual analysis
of the Al-hastingsite (Leake, 1968; Appleyard, 1973) and will provide a
check on future refined amphiboles for the validity of the chemical
analysis with respect to tetrahedral Al. >
In the study by Robinson (1971), the slopes for the Al-

occupanc&--mean bond length curves for T(l) and T(2) were identical. 1
Using this result together with the mean bond lengths for tremolite
(Papike et al., 1969) which exhibits similar tetrahedral distortions to
the aluminous amphiboles, predictivé occupancy curves may be derived.
A linear regression was pe::form_ed between (<T(1)—O)+<T(2)—O>) and

TOT

AI'I'ET with the latter as the dependent variable; the resultant equation

.

may be considered as the sum of two independent equations for T(1)
and T(2) occupancy. This gives the slopes of the individual regression

lines, and the sum of the two intercepts; this sum may be broken down by

considering that the intercept on the distance axis is given by the individual
mean bond lengths in tremolite. Using the values of {T(1)-O S =1. 6208 .
and <T(2)-b> = 1. 6328 for tremolite, the sum of the forecast intercepts

agrees with the sum obtained by the regression, The resulting equations

— e - a—

are given below:

o Ap———
.

AIT(I) = -12.911 +. 7.97 {T(1)-O? _

AlT(2)= -13. 097 + 7.97 <’I'.(2)-O>
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TABLE 4.1lb: REGRESSION ANALYSIS RESULTS FOR C LINO-
AMPHIBOLES WITH TETRAHEDRAL ALUMINIUM.

Legend as for Table 4.1.
v

1. Al dependent, {T-O) independent
2 ;AIN dependent T(1)-O0> + (T(Z)-O7 independent
. ToT °°P - 1< ? kS P |
3. AlT(l) dependent, ¢ T(1)-O" independent
. 2
4. AIT(Z) depender?t. (T(2)-0°) independent
P

5. T-O(br) dependent, (O—T-O(br)>3 and (Q-O(br)>3 independent
6. T-O(br) dependent, < O-T—O(br)>3,<0-0(br)>3 and Al'I'(-) independent
. T-O(br) dependent, { O-T-O(br)},,{0-O(br)),, Aly , and

T-O(br)-T independent
8. T-O(nbr) dependent, <O-T—O(nbr)>3, <O--O(nbr))3 and

e

€Q-O(br)), ) independent

A




Number  Indep. Var.
1. LT-0%
2. {<T(1)-o + T(2)-
3. {T(1)-0%
4, < 1(2)-0Y
({O-T-O(br)),
( -
5. )
( .
( <O-O(br)73
(£ O-T-O(br)),
(
6. ) <O-O(br)7.
( 3
( Al,']:_(_)
( <0-T-O(br)73
(
( <0—0(br)73
(
7. )
(
¢ T
( T-O(br)-T
(< O-T-O(nbr)),
(
8.

)(}D-O(dbrﬂ%
(
(& O=O(nbr)yyY

C

-25.943
o)} -25.914
-12.966

-12.938

2,0637

1.3297

1.3913

1.9690

e e . =

m <R?
15.96(40) 0.997
7.97(20) 0.997
8.00(12) 0.999
7.93(47) .0.986
-0. 0182(10)

0.961
0.587(26)

-0.02067(94)
0.965(73) O.

-0.069(13)

-0.02055(97)

0.947(79)

-0. 066(13)

-0. 00020(34)

-0.0180(17)

1.288(64) O.

-0.679(78)

977

977

995

I

. 019

. 019

. 01

. 01

. 0061

. 0048

. 0049

. 0032
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39.
39.
66.
16.
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These are only preliminary ejuations but they may be used
to predict oécupancies in the amphiboles of Table_4. 11a. However, when
these occupancies are calculated, the total Al deviates slightly from that
of the chemical analysis. A total Al constraint may be applied in deriving
these occupancies and this may be done in the following manner
if y and y' are the actual values of the tetrahedral Al occupancies,
and ¥ and y' are the respective values calculated from the initial equations,

an equally good fit for both sets of points to both equations is subject to

the condition that the sums of the squares of the differences for each

N

equation are equal. Thus
2 2
(y-9" = (y'-§")

Since the total amount of tetrahedral Al is known for any one

crystal, the following equation constitutes a necessary constraint.

yty' = ¢

4

where c is a constant. Substituting this equation into the previous equation

gives

"2 2 A2
2y(c-§-3) = ¢ - § 4y - 2y

v
7
A
This may be simplified t8 give y as a function of 9, y' and c,
all of which are known; thus

y = (cHy-y')/2

y' may be calculated from the above constraint equation.

s

AT Db £ 4
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Table 4.12a shows the calculated Al occupancies for all the
refined amphiboles used in this study and figures 4. 24a&b show the
variation in Al occupancy with {T-O7 for each tetrahedron. Linear _ ’
regression analysis of the data with {T(1)-OY and {T(2)-O7) as the depend-
ent variables was performed and the re‘sults are given in Table 4.11b.
These equations may be used for predicting tetrahedral Al occupancies in
future work and are internally self-consistent within the limits of the
statistics quoted in Table 4. 11b.
In the discussions on the Si-O bond, it was shown that the
mean bond length in any tetrahedro‘n is strongly dependent on the degree
of distortion as described by the parameter® . In the derivation of the
above equations to predict Al site-occupancies, the effect of § was
ignored. This to some extent is justified as the amphiboles considered
exhibit a restricted range of § values (see Table 4.14) as compared to the non-
aluminous amphiboles (Table 4.14). The T(2) tetrahedra are more distort-
ed than the T(l) tetrahedra in general, partially accounting for the larger T‘—
intercept in the predictive equation for T(2). Thus, these equations are BN

only valid for amphiboles exhibiting’e'\.' similar range of tetrahedral distor-

tions. This is demonstrated by the richterite structures where no Al

o e - e e

occurs, but the mean T-O distances would indicate tet rahedral Al if the

large tetrahedral distortions are not taken into account.

onn e
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TABLE 4. 12a:

Trem
Trex
Tren
Parg
Ti-Parg
Fetsch
Fehast
Oxy
Alhast

Act

P .

TETRAHEDRA IN THE ALUMINOUS CLINO-AMPHIBOLES

AlT(l)forecast AlT(l)refined Al,l_(z)forecast AIT(Z)refined
0. 007 - 0. 006 .
0. 051 0. 06(4) 0. 011 0. 00(4)
0. 047 0. 06(1) 0.015 0.00(1)
0. 437 0. 38(-) 0. 030 0. 09(-) |
0.470 0. 46(-) 0. 071 0. 08(-)
0. 442 . 46(3) 0. 059 0. 04(3)
0.432 0.42(4) 0. 025 0. 04(4)
0. 462 0.47(4) 0. 071 0. 06(4)
0.493 0. 49(11) 0.190 0.19(11)
0.071 0. 08(-) 0.014 0. 00(-)
ho!
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FORECAST TETRAHEDRAL Al OCCUPANCIES FOR THE

»
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TABLE 4.14: TETRAHEDRAL DISTOR TIONS (§) IN CLINO-AMPHIBOLES

d1) $1(2)
Tremolite* 0.47 5.11
N ’
Tremolite 0.59 4.98
Actinolite 0.37 4,61
Pargasite 0.59 1.42
Ti-Pargasite 0.63 1.74
Ferrotschermakite 0.63 0,6l
Ferrohastingsite 0.25 1.6l
Oxy-kaersutite 0.29 1.16
Al-hastingsite 0.31 0.63

Non-aluminous

$T(1) $T(2)

Tremolite 0.54 4,14
Fluor -tremolite 0.19 2.88
Syn. Richterite 1 2. 06 5.60
Syn. Richterite 2 1. 01 5.79.
Glaucophane 0. 05 1.88
Cummingtonite 0.14 0.67
Grunerite 0.29 0.78
C-Mn Cummingtonite

0.28 1.89

. _7_/}’
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An analysis of bonding in the tetrahedra of clino- >
amphiboles has already been%éented for the Si-O bond, and thus
to avoid repetition, the resulvts' 6b4tained will be applied to the Si- Al
tetrah(?dra.

Initially, a stepwise regression analysis was performed
for T-O(br), {O-T-O(br)> , and (O-O(br))3 with T-O(br) as the {
dependent variable; the results are given in Table 4. 11b, Comparisc;n

of the values of T-O(br) calculated from the regression equation
T-O(br)=2. 0356-0, 0181(11){O-T-O(br)) 3+0. 592(27)(0-0O(br))

with the observed values (see Table 4.15, Calc. 1) showed deviations
of up to 30. Figure4.2% shows the variation of (O-O)T with tetra-
hedral Ai occupancy (from Table 4.12a) for these amphiboles; two

linear trends are apparent, corresponding to each unique tetrahedron.

This woyld suggest that the terms < O-O(b.r)>3 do not completely con-
tain the information concerning the Al occupancy and indicates that the . \
distances will also be a function of Al occupancy. Consequently, the

previous analysis was repeated with the addition of Al as an indepgnd-

TET i

ent variable; the results are given in Table 4. 1lband considerable im- ‘ f
| |

|

provement is noted. Table 4.15 (CALC 2) compares the values calculated

for T-O(br) from the resulting regression equation
. 5
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T-O(b;-):l. 2671-0. 02068(92)<O-T—O(br))3+0. 989(70)(O-O(br)>3- .

.072(12
0.072012)AL

v:rith the observed values and figure 4.25a shows a similar,gx:aphical
comparison; in general, deviations do not appreciably exceed 1. The
role of T-O(br)-T angles has been stressed by many other investigators,
and in view of the minor role it has played in these di;;cussions, its effect |
on the 'Si, Al-O(br) distances was tested by add@ng T-O(br)-T as another
independent variable in a repeat of the previous analysis. The results
atre given in Table4.11b and the lt‘ static indicates that T-O(br)-T (the
last variable to be added to the regression) is not significant. ) ¢

For the n;)n—bridging bonds, a stepwise regression analysis
. was perforr—ned on\'{;—O(nbr), (O-T—O(nbr))3, <O-O(nbr))3. Al,l_(_) t
& O-T-O(br) >, and o-O(br)>3> with T-O(nbr) as the dependent

variable. . This indicated that only the variables O-T-O{nbr)),

{O-O(nbr)y and & 0-O(br)) ) contributed significantly to T-O(rbr)
variations, the other variables being virtually redundant. The results \J
of the regression at this stage are given in Table4, 11b; table_z 4.15 compares
the valfles of T-O(nbr) calculated from the regression equation

T-O(nbr)=1. 899 -0, 0174(17){O-T-O(nbr)) ,+1. 268(64){O-Afnbr)) ;- C

.

0.659(78)E O-O(br) Y, Y .




Figure 4.25a Comparison of the observed and calculated T-O(br) distances

for the (Si, Al) clino-amphiboles

T-O(br) = 1.267 - 0.02068(92) (o-T-O(br)>3 + 0.989(70) £ 0-0(br)

- 0.072(12) Al )

1.70 — @ T(1) distances
& T(2) distances
1.68_

1.66 :

1.64 — +

" T-0(0r) obs A

1.62 ]
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The T-O(br) distances were calculated from the following§ regression equation...

e

o,
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Figure 4.25b Comparison of the observed and calculated T-O(nbr) distances

for the (Si, Al) clino-amphiboles.

The T-O(nbr) distances were calculated from the following regression equation...

T-O(nbr) = 1.899 - 0.174(17) (o-'r-ocnbrn3 + 1.26.8(64)40-0(11131-)73

-0.659(78) LL0-0(b1)Y %

@- T(1) distances

n .
1.68 _ T(2) distances +

1.66

1.62

1.60 —

1.58 —

1 i i 1 | L
1.58 1.60 1.62 1.64 1.66 1.68

*
T-0 (nbr) cél c A —>
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» .
with the observed values and figure 4.25b gives a similar graphical

comparison.

THE OCTAHEDRAL SITES

The octahedral strip is the most rigid element in the clino-

amphibole structure and is thus of great importance in ‘controlling atomic

K
configurations. The wide range of possible anion and cation substitutions

gives rise to considerable variation in octahedral stereochemistry, much

of which may be related to the ionic radius of the constituent chemical
species.

It is most convenient to consider the three octahedral sites

-

separately as the ligancy and local environment differ in each case.
Figures 4,.26a,b and c¢c show the variation in mean bond length with ionic
radius of the constituent cations for M(1l), M(2) and M(3); the results of

simple linear regression analysis are given in Table 4.16. Agreement

for a linear model is excellent for M(2) but considerable scatter occurs

s

for the M(1) and M(3) sites. This results from the difference in ligancy
at each site; M(Z) is coordinated by six oxygens and the constancy of the

coordination results in good agreement with a simple linear model,

Conversely, M(1l) and M(3) are coordinated by four oxygens and two

. - - - 2-
-additional ligands which may be OH , F , %1 or O ; some of the scatter

-in figures 4. 26a and c may be correlated with the ionic radius of the anion




>

Figure 4.26a (M(l) -O7versus
LrM(lﬁ

The full line indicates the
" regression line; the dashed
line indicates the ideal”

relationship.

Figure 4.206b

WM(2)- 07 versus Qr:_l(2)7

f\\

-~

Figure 4.26c¢c

(M(S) -07 versus ( “.\1(3)5
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TABLE 4.16: LINEAR REGRESSION RESULTS.

LEGEND AS FOR

TABLE 4.3
l. <{M(1)-O% dependent, r'M(l) independent
2. < M(2)-O dependent, FM(Z) independent
3. < M(3)-O7)dependent, FM(3) independent
4. LMM-0> oo dependent, M, independent
5. <M(3)-O7CORR dependent, I"‘M(3) independent
" 6. <§A(1)-O?dependeht, Pl;d(l) and r—O(3) independent
7. < M(3)-OYdependent, ™ M(3) and PO(3) independent
Number Indep. Var. _c _m S@ o __t_l
1. r'Mm ©1.3926 0.94(15) 0.836  0.012 6.27
2. FM(Z) 1.5572 0,733(22)0.992 0.0054 32.78
3. "'M(B) 1.2501 1,.13(15) 0.876 0.012 7.50
4, r..lvi(l) ‘1.4069 0.93-(11) 0.903 0. 0084 8. 64
5. FM(3) 1.2801 1.09(11) 0.927 9 0. 0087 9.t81
6. ; "M(l) 0.6626 %2009 0.934 0. 0078 > o~l
( " o(3) 0.57(12) 4,73
7 § TMEG) 0.4578 o) 0.960  0.0073 s
* ¢ ¥ o3 : 0. 64(11) 5.65

222
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occupying the O(3) position. This is illustrated by figures 4.27a,b
which show the variation in{M(1)-O) and <M(3)-O> with O(3) anion
radius for rM(l) = "M(3) < 0.728. When the ap‘propriate cation
radii 3’6 mocplrﬁified'to account for this facto::,, agreement withva linear
moldel ‘ia greatly improved (see Table 4.16); similarly, including r.O(3)
as8 an indei)endent variable in a stepwise linear regression analysis
indicates that it contributes significantly to variations in {M(1)-O>
and (M(B)—O}(aee Table 4.16). In many cases, the anion conteét of
the O(3)-position is not known and assumed to be hydroxyl; small amounts
of fluorine or chlorine would significantly affect M(1l) and M(3) sites.
In ddditon, it appears from this study that monovalent anion deficie?:ies
at O{3) are encountered in non-oxidized amphiboles. In the refinem'%nt of
tremolite, the pos‘ition of the hydrogen atom was located accurately’us?ﬁ‘?
neutrons, and the chemically analysed water content was used to give

. R .

the partial occupancy of the hydrogen position. The very well-behaved

thermal vibrations of the partial hydrogen atom indicate that the chemical

-analysis was most probably correct. The total amount of fluorine and

chlorine from the chemical analysis was insufficient to fill the remainder
. 2~

of the O(3) position not occupied by hydroxyl, indicating that some O

is present in this site. Similar hydroxyl deficiencies in other amphiboles

or small amounts of fluorine could possibly account for some of the remai

ing scatter in the corrected radii and stepwise regression analyses.

.

e,

R
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. Figure 4.27a Qi(ll)-@versus <r0(3)7 for those clino-amphiboles with <r}‘ =0.72A 224
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The variations in distortion of the octahedral sites as a func-

tion of site:chemistry are of great interest as they are undoubtedly a
major factorin determining site—occupanc\ies and compositional stability
ranges, Table 4.17 lists the two distortional parameters ® and o {angle
variance) for all the refined clinoamphiboles considered in this study.

’
As the cation type varies in the octahedral sites, the parameter § was
normalized by dividing it by the mean bond length for that site. Im-
mediately apparent on comparing analogous parameters is the disparity
between the two distortional indices. According to the o parameter, the
relative degree of distortion is in general represented by M(3)) M(1))>M(2)
whereas the § parameter indicates that the sequence is M(2)) M(1)>M(3).
- This lack of concurrence is at fira; surprising since both parameters have
much to commenq them.

The significance of § is shown in Appendix 4 and it has been
shown to apply (in a slightly different form) to a wide range of structures
(Bro;wn & Shannon‘, 1973; Shannpn & Calvo, in press). The suctess of ¢’
as a distortional parameter ha;s been shown by Robinson (1971) and Robinson
_;3_1:_.31. (1971) using another distortional index (X) (quadraéic elongation) al-
though thia author was unable to reproduce his calculated values of Y,
for the amphiboles reported by Robinson (1971). The following considera-

a
tions appear-to indicate that o is controlled by cation size considerations.

The angular distortions of the M(1) and M(3) octahedra appear to be linked

to the occupancy of the M(2) site. Figure 4.28a,b shows the variation in o
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TABLE 4.17: OCTAHEDRAL DISTORTION PARAMETERS FOR THE  2°°
CLINO-AMPHIBOLES

¢’ = octahedral angle variance

Sl = octahedral bond length distortion (without coordinatron correction)
2" octahedral bond length distortion (with coordination correction) p
. ,
M(1) M(2) ' M(3) ?
o 3 1P o9 LY v % 5, |
- - - - - - - - - |
Trem 32.6 0.15 1.45 21.0 5.52 3.69 40.0 0.14 0.38
Trex 33,5 0.35 2.20 22.4 5.79 3.89 40.6 0.04 0.49
Tren 34.4 0.42 2.36 24.2 6.41 4,45 41.0 0.0l 0.63
Flor 43,0 0.70 3,17 21.1 5,76 4.07 43.9 0.03 0.53
Actin 30.5 0.30 1.54 20.8 6.70 4.54 42.8 0.04 0.54
Parg 46.3 1.56 3.09 22.3 5.98 3.81 69.4 O0.19 1.76
Ti Parg _ 43.1 3.50 2.50 24.3 6.13 3.94 69.2 0.14 1.47
Kak 42,9 4.96 3.53 26.4 5.60 3.56 68.5 0.2] 0. 29
Fetsch 52.5 4.00 5.22 18.0 5.00 3.02.97.2 0.48 0.10 T
Fehast 42,1 2.39 3,11 26.3 8.26 5.69 76.2 0.13 0.35
Oxy 43,9 14.29 11.82 28.6 7,06 4.73 65.9 0.44 0.06
Alhast 59.9 3.59 4.57 22.0 6.87 4.48 101.8 0.08 0.35 < ':‘:
K-rich 39.5 0.43 2.29 37.8 13.04 10.19 43.6 0.61 0.02 .
SR1 39.5 2.17 5.62 30.3 12,54 10.30 39.7 0.03 0.56 °
SR2 40.3 2730 5.56 34.3 16.11 13,30 36.5 0.12 0.32° 7
Glauc 63.7 0.21 1.82 32.1 15.77 12.44 . 77.9 0.50 0.10
Cumm 32,5 1.57 2.15 28.6 3.92. 2.50 46.3 0.50 0.10 - :
Grun 33.0 2.29 3.39 39.6 2.79 1.56 55.8 0.02 0.32
C-Mn 31.0 1.08 1.65 23,0 5.90 4.04 38.8 0.51 0.10

Zn 30.2 1.37 2.03 23.7 6.34 4.46 39.5 0.39 0.15




Figure 2.28a Variation of M(1) angle variance (¢) with the mean ionic

C %M

radius of the M(2) cations for the clino-amphiboles
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Figure 4.28b Variation of M(3) angle variance (o) with the mean ionic radius
of the M(2) cations for the clino-amphiboles
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for M(1) and M(3) with the ionic radius of the cations occupying the
M (2) site, while figure 4.29b shows the local configuration of the octa-

hedral sites around M(2).

»

From a purely geometrical viewpoint, 1dentic‘a1 octahedra
may pack together in thas way without any distortion; however, a decrease
in size of the M({2) octahedron will introduce considerable additional
distortion in M(1) and M(3) if the inter-octahedral linkages are to be
maintained. Since the range of sizes of the M(2) cations ¢éxtends to much
smaller values than M(1) and M(3), a negative correlation between the
parameters is expected, and that is what is observed. The angular nature
of this effect is 'well illustrated by its effect on the O(2)-O(2) edge of the
<

M(1) octahedron; figufe 4.29a shows the variation in shear strain for this

edge with ¥ ,» where the shear strain is defined as the angular deviation

M(2)
of the cdge from its ideal in a regular close-packed amion framework;

inspection of figure 4.29b shows that this will P;ave a considerable effect

on several O-M(1)-O angles. Similar.arguments indicate corresponding ?
effects on other parts of the M(1) and M(3) octahedra. This distortion RN
imposed by simple linkage requirements is of great potential importance

as a control on the ordering of cations between the M(1) and M(_3) sites;

this will be considered in the next chapter.

Inspection of Tables 3.9 and 3.10 shows that, in general,

edges shared between polyhedra are shorter and subtend smaller angles

(
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at the cation than unshared edges. Thi;; is compatible with the hypo-
thesis tl:xat cation-cation repulsive interactzions are much stronger
than anion-anion repulsive interactions (Pauling, 1960) and suggests
that cation-cation repulsion plays anlimportant role in determining octa-
hedral di‘stOrtions ir; the amphiboles. There has been little or no‘work
done on quantitative effects of cati;m-ca.tion interactions, and it is
necessary to develop .sqme index representing its e_ffg:__c_ﬁ.'

The fact tha‘xt: tRe interaction is r_nanifest on polyhedron edge
'lengfhs ahd angles s\xggésts that the ratio of unsharefi to shared elements
may be. a repre.sentative index. Figure 4. 30 shows the variation in this
ratio for O-M-O angles with that for O-O distances for all three M sites.
The lin.earityqis not geometr'ic':ally implicit in./these paré;'neters and both
are gle'orﬁetrically independent of cation size; thus, either could serve as
an index a-nd the angular 'ratio was arbitrarily chosen and designed €.

' Simp‘le‘ algebraic arguments show that € is formally independ-

ent of o’ (angular variance) and any relation between them is thus of cry-

-

stallochemical origin. i“igqrea}. 3l1a,b, and ¢ show the variatio'n in o
with € for M(1), M(2) and M(}). .’A fair.ly good linear correlation occur;
for M(1) and M(3) but the varia‘tion’ for M(Z) is essentially random. This
may be related to the local environment of each octahedron. The M(1)

and M(3) sites are completely bounded in thé b-c ‘plane by shared edges

and thus experience cation-cation repulsion from all sides; herice, the

-

-

-




Figure 4.30. Variation in E(0-M-0) with E(0-0) for the octahedral sites in

clino-amphiboles
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Figure 4.31a Variation in ¢
(angle variance) with
E(0-M-0) for the M(1)

site.
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Figure 4.31b Variation in
¢ (angle variance) with

E(0-M-0) for the M(2)
site.

7

o M(2)

Figure 4.3lc Variation in
o (angle variance)'with.
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site.
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shape o the polyhedron will be controlled by the possible'amount of

-~

relaxation caused by cation-cation repulsive forces which surround it,
Conversely, the M(2) site has one unshared edge in the b-c plane and the
M(2) cation can recoil (away from the other octahedral cations) in this

direction. This, combined with the previous size arguments coupling
&

- r‘ .
o M(1) and o~ M(3) with M(2) suggest that the anion framework of

_'_M(Z) does not need to.relax in order to decrease cation-cation repulsion

and its distortion is imposed by those distortions of the bounding octa-
hedra and the ionic radius of its constituent cations.

The parameter € is not s-ufficient to describe individual |
cation-cation repylsion relaxations and their effect on specific bond
lengths and angles. Although Pauling's third rule refgrs to polyhedral
edges and angles, it makes no predictim:s concerning the distortion of
bond lengths. However, if the‘mean bond lengths involved in shared
elements are increased and the mean bond lengths involved in unshared
elements are decreased, this. will lower the(cation—caﬁon repulsive
interaction and consequently help to stabilize the structure. This
s.ituation is illustrated b.y the corundum structures wheve all the anions

are formally charge balanced and cation-cation repulsions across shared

faces and edges distorts the octahedron to produce two crystallographically

"

un{que M-O bénds.

T s e
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The structural parameters which would appear to relate
most to the degree of bond length relaxation due to cation-cation
interactions are the M-M (metal-metal) approaches. In a simple
hard—vsp‘here model, these will also be a function o‘f ionic radius;
thus it is nece-ssary to remove this depe;xdancy before the additional
information contained in these parameters becomes apparent. Below

is shown a simplistic model of the undistorted configuration, where M

represents a cation and A represents an anion: in the figure

~

A
AM =T + F
. M A y iy
MM ={Z (r, + F)

A

The difference between the observed metal-metal approach
a;xd ﬁ( rCATION +~ FANIO N) re:presentsuthe amount of ca.tic;n-cat'ion
relaxation due to their repulsive interaction. Thi}ﬁ parameter, designated
Y is listed for all the cryst.ano_graphicany unique M-M distance# in all
amphiboles in-Table 4.18. Figures 4.32a,b,c,d, e and f show the varia-
tion in {O-M-O > angle subtended by the shared edge vrithﬁ;;cross the

shared edge; in general, the relationships are very encouraging. For the

M(1)-M(1) interaction, two good correlations are developed.

3 v 5t
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TABLE 4.18: CATION-CATION REPULSION PARAMETER, 7/ FOR
THE CRYSTALLOGRAPHICALLY UNIQUE M-M
DISTANCES IN THE CLINO-AMPHIBOLES

Tremolite
Tremolitex
Tremoliten
Flor~-Tremol
Actinolite
Pargasite
Ti-Pargasite
Kakanut HB .
Ferrotscherm
Férrohasﬁxg
Oxy-Kaersut
K-Richterite
Syn Rich }

Syn Rich 2
Glaucophane
Cummingtonite
Grunerite

C -Mn-Cumm

Zn-Cumm

Ml1l-Ml

. 25850
. 28770
. 28970
. 32750
.26720
.33100
.19570
.16290
.30320
. 27420
. 04940
. 29810
.35850
. 35050
. 29640
~.23840

- . 25870

. 20940
@
.+ 23060

Ml1-MZ2 M1-M3

.11900
.12660
. 12790
. 10000
. 11080
. 13480
. 18990
.18810
.20760
. 17620
.25110
.13700
. 11000
. 09960
. 24420
. 14280
. 12040
. 12690
.14010

.13830
.15330
. 15430
.15370
. 11540
.16310
. 12040
. 10560
. 12790
12590
11620
. 15920
. 17070
.16290
. 14120
. 13810
. 11340
. 12760
.13350

M1 -M4

.17310
.18320
.17920
.14510
.15790
. 17020
. 21470
. 21040
. 17340
.17180
.33650
. 14600
. 08100

. 07220
, 02180

-. 00420

-. 02270
. 04860
. 02040

M2-M3

. 22000
. 22860
.23290
. 20100
. 24620
. 23580
. 23890
. 26910
.32050
. 29530
. 27380
. 26320
. 23700
. 24270
. 35420
.23980

.26200

. 22440
. 23130

M2-M4

. 03100
. 00930
. 01400
. 03500
. 03710
. 04170
, 02630
. 02410
.10820
. 02430
. 04070
-. 07210
-. 08820
-.12040

. 01700
-. 06640
-. 09230
-. 04050
-. 06870

MEAN

.13612
. 15023
. 15003
. 13246
. 13215
. 16565
. 15601
. 15977
.19804
.16920
. 18964
. 14225
. 12541
. 11495
.16847’
. 10351
~-09275
.10758
.10398

\




Figure 4.32a
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Figure 4.32b
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A rather speculative reason may be given for the existence
of two trends; the thre‘e amphiboles constituting the lower trend are dis-
tinguished from the others by the presence of considerable Ti in octahedral
coordination. This would‘ indicate that attractive metal-metal interactions
could occur (see Hawthorne & Grundy, in press) which would tend to off-
set the repulsive effect of other next-nearest neighbour interactions. For
ti\e M(1)-M(4) interaction, a fairly good linear relationship is developed;
some deviation does occur and this is to be expected since the O(2) anion
~is not formally charge-balanced and bond strength requirements will also
influence the distortion.

Figure 4.33a and b shov; the variation in O(2)-M(1)-0O(2)
and Q(Z)-M(4)-O‘(Z) with 'YM(‘*)*M(‘?); there is a linear relationship between
O(2)-M(1)-0O(2) and <¥ for the calcic and sodic amphiboles but not for the
ferromagnesian amphiboles. Conversely, for the O(2)-M({4)-0O(2) angﬁ: a
good linear relationship is developed for the ferromagnesian amphiboles
but not for the calcic and sodic amphiboles. These results may be.ration-
alized by considering the form of the bond strength curves for Fe2+, Mn2+
and Caz+ and Na+. Since O(2) is formally charge deficient, one or more
of the M-0(2) bonds must be short.

The sphere of influence of Fe2+ and Mn2+ is much smaller

than that of Ca2+- and Na+ (see figure 4.4) and consequently, the major

part of the formal charge deficiency must be compensated by a short

<
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M(1)-O(2) bond in the ferromagnesian amphiboles as the M(4) cation
also has to bond to the chain bridging oxygens. Thus, relaxation'across
the O(2)-~-0O(2) edge in the ferromagnes.ian amphibole M(1) octahedron is
constrained whereas in the calcic and sodic amphiboles, the constraint
operates in the M(4) antiprism.

Reasonably good correlations are developed for 7

M(1)-M(2)

d~v. . . ith v . .
an M(1)-M(3) and, as with M(1)-M(1) the Ti amphiboles appear to

be a distinct population, The parameter T appears to be an adequate
index for rationalizing some of the angular distortions that occur in the
octahedral layer. However, it is important to emphasize that these
cation-cati%;relaxations are subject to charge-balance and inter-
element linkage constraints.

Examination of Table 4,18 shows that the greatest cation-
cation relaxations occur across the O(l“)-O(ld) and O(3)-0O(3) edges,

——

the two shared edges in the structure that have formally charge-balanced

-

anions. The one notable exception to this is exy-kaersutite where the
relaxation across O(f)-O(3) is extremely small, concordant with the
fact that the O(3) anion in this dehydroxylated amphibole is not formally
charge balanced. " The importance of symmetry is very evident here; the
m'ay recoil away from the shared edge without any necessary expansion

large relaxations also occur along the two-fold axes where the cation J
of ¢he cell dimensions. Any effect of cation-cation repulsion on bond !
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lengths would thus be most apparent on those bonds with a strong compo-
nent in the b direction; this is shown by figure 4.34a which shows the
variation in (R-R)/R for each M(1):O bond with the controlling cation-
cation relaxation parameterY. The M(l)-O(}) and M(1)-O(2) bonds
ghow a small range of T’and little or no dependence as forecast, while
a well-developed linear relationship is exhibited by M(1)~-O(3); the data for
M(1)-O(3) is plotted separately in figure 4.34b to emphasize the relation-
ship. )
Although at first sight, a similar relationship might be
expécted for the M(2) site, thig does not occur. The cation-cation relaxa-
tion between M(2) and M is large but has no apparent relation tasthe
bond length distortions. P’:‘Ie/a;ﬁons coordinating M(2) }}?.ve a large formal
charge imba{ance and the bond length distortions are dominated by this
factor. ) Since tl;is site ia one of large structural compliance, its
constituent cation radius varies much more-than other sites and this is

accompanied by a large variation in the mean ¢ation-cation relaxation

for this site.

.

-

Figure 4,35 shows the variation in'(j‘)with the ionic radius of
the constituent cation for the M(2) site; a fairly good negative correlation

is developed, Examination of Table 4.16 indicates that the slope for the

{

{M(2)-0) - <rM(2)) correlation is anomalously small as it should equal
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Figure 4.34a Variation in (R-R)/R with t for the M(l):O bonds in the
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Figure 4.34b. Variation f%>AR/§ for M(1) - 0(3) with ™M) -M(1)
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1 for a simple hard sphere model. This variation in cation-cation
repulsion relaxation would apparently accoum;. for .thia anon?aloualy
shallow slope, an example of the 'high-order effects' poat\'{lated by
Shannon and Prewitt (1969). It suggests that the site is ''held open"
for small cations and ""hold closed'" for larger cations.

The cation-cation repulsign effect has a great effect on
bond angle distortions in the M sites of the clinoamphiboles. In

addition, some control on the band lengths is exercised although this

is subject to the constraints of electroneutrality .and structural linkage.

Cation-anion electronegativity differences predict a much
more ionic charactor for the octahedral element of these atructurea than

for the tetrahodral element, and it would seem to be of considerable

interest_to oxamine the octahedral sitoaS¥ith the various bond-strength

_mod;nla outlined proviously. Complete calculations for all the refined
amphibolos were p'erforr.ned using tho methods of Baur (1970) and Brown
and Shannon (1973). ‘I-iowevcr. the results wore not encouraging and a
dotailed diacna;ion is not juotified. However, ceortain aystematics

were evidont in the results that are germain to the application of-this t'yp;o

- of approach, and these will be briefly considered:

\

N
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(a) Baur's Scheme

_{i) The magnitude of the deviations between the observed

- .afxd cdlculated bond lengths appears to be a function
‘of the c-ationlvalence; this is reflected in the correlatio\r}'
coefficients given by Baur (1970, Table 1). ]

(i1) The scheme does not work w'ell for very distorted poly-
hedra (e.g. M(2) site) and can forecast bond-~length
variations in the wrong direction.

" (b) Brown & Shaniton's Scheme

-

(1) Bond strongth deviations from ideality are similar for
“.all cations indicating that the observed bond lengths

aro loss in accord with the theory for the lower valence

-

cations (sce Tab}e 4,10).

(i1) Bond strength suma around the lower valence catio_na
(Mz+. M+) are aystematically high, Indicating that aome
factor is affectiné 'tix; mean bond length that ia not

adequately considered in this approach.

The parallel nature of those factors for both £orn}ausma
suggosts that tho basic concept of nearest-neighbour cation-anion inter-
action ia‘npt quite adequate as a daacription of bonding in structures;

this i;npu_ea ﬁhat any furthor developments in this line should consider

'anion coordination

AY

noxt ncarest neighbour intoractions, Indeed, the
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corrections in the Brown-Shannon scheme constitute a consideration
of riext-nearest interactions. Similarly, the consideration of anion-

anion interactions in the Baur scheme (Baur, 1972) has produced im-

pPressive results.

. ..THE A-SITE

The A-site cations can be poaitio'nally disordered into two
cryatallograp}_&icall:unique sites, the A(m) and A(2) sites; these do not g
correspond to the G2/m symmetry of thoae. amphiboles unless a statistical
occupancy occurs. The reason for thi'.s aisorder is not apparent fr?m\
éﬁe study. It is presumably connected with the charge-balance require-
ments of the bridging anions i"n‘t.he chain although né good correlat.ion
w\ith cation species or t“etr.a.hedral ‘Al pccupnri’“éy 18 géparth. In A previous
loc;tion it \:vaa shown that. the steric t9q,u1remente of intor -oih.emo'nng linkage
ha.ve uﬁconaidorablé offectw.or_x tho atta:rboch?mietry of the double-chain
olerr;ant; this 1n‘§\;rnfcop.l.d ix{ﬂupnc: the A-site occ'up'amcioa.e It is , i

a—

probable ;hat all of these factors cont’ribute to tixe A-sita disordering,
and thue a rr;uch la.r'ge:_: data sot ti;an is now available would be necessary
t.o give any quantitative explanation:

The fact that complate site -popul.aitlona’ cnnm;t bo derived by
tho x-ray m;:thod hindera the expl_anat.ion of this giiordpring. The only
mo‘thod by which reliable aite-populations could be §o;ivod is by a .

combined x-ray and noutron diffraction study.

-
LIS L



SUMMARY

1,

" t{onic! and 'covalent! models.

1973) adaquately account for the obsorved bond lengths.

Thia would tond to indica.t;: a strong parallelisam betweon the

249

The amphibole atructure is built up of two elements, the

tetrahedral double chain and the octahedral strip. The size
e

‘of the constituent cations affects the misfit of the ideal

elements, and consequently the linkage r;aquirementa impose

controla on the stereochemistry of the structure.

The varintign in the tetrahedral bond distances for the Si-

‘amphiboles may' be rationalized by both 'covalent' and 'ionic!

-

modeols. With the assumption that any inductive effect of non-

totrahodral cations will be reflected in the eloctronic structure

of the TO, oxy-anion and thus the variation in T-O distances_

4
: . .
may be rationalized solely in terms of variations in tetrahedral

storeochemistry, rogrossion equations have béen doveloped
which adequately account for the ob!served 51-0O bond length
variationa, Convérsely, tho casentially 'ionic’ or bond

1

strength models of Baur (1970, 1971) and Brown & Shannon
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The mean T-O distance appears to be a linear funct/ion of

the tetrahedral Al content for the clino-amphiboles, and

site -9ccupan;:y curves have {:e’en derived for the tetrahedral
sites, In addition, regressaion oq‘x‘mtiona have been developed
which appear to adequately account for the observed T-O dis-

tances in Al-amphiboles. '

Mean M-O distances are a linear function o'f ionic radius of
the constituent cations, provided the coordinating aniops
remain co;\stant. Also the variation in bond angles and bond
Iengt};s may be rationalized on a semi-quantitative basis

as the.result of cation-cation repulsions across shared

polyhedral edges.
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CHAPTER V

. SOME GEOLOGICAL IMPLICATIONS

CATION ORDERING IN CRYSTALS

Numerous criteria have been used to rationalize observed
cation ordering patterns in mineral structures. However, none l<)t’ the.se -
has proved to bg comple’tgly satiaf&ctory and their dcficiencies.have
often been compounded by misuse. In o‘rder to avoid this confusion,

a pr'eliminary discuasion of each of them is warranted.

¢

lonic Size

The concept of ionic size is given in an earlior 'am‘:tion. A
rovorsal of the ideas leading to this concept will obviously give some
indication of the ordering patterns in crystals, For examplo; in
Lo‘ucophanite. Ca.-Na8051306F (Cannino.Giusoppetﬁ & Tazoll, 1967)

) 2 .
the difference in ionic radius indicates that the Ca2+ and Be * will be

‘ordered into the [8]-— and Et]-coord_inntod sitos roapoctively. -

281 -
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This criterion is of use only in extreme cases auch asa the
previous exdmple where distinct variations in cation coordination occur;
for cations of a aimilarw size substituting into similar sites, this method
appears to lose its effectiveness, For example, the M(2)-O distance
in Tremolite (Papike et al., 1969) is tﬁe largest of ;he octahedral aite
mean bond lengths; however, the M(2) site in Actinolite (Mitchell, Bloss
and Gibbs, 1970, 1971) is depleted in F'ez+ with respect to the M(1) and
M(3) sites. Yet numerous examples exist whero ordering patterns of Mg-
Fez+ have been 'rationalized' on this basis; of course, this criterion
will f&rec_ast the corrected distribution in many cases since the number’,-

. /
of possible arrangements is low (often 2), The misuse of this idea is
to bo dia-tinguiehed from the rociprocal relation often used by crystal-
lographers (and shown for the amphiboles in this study) that the size

" (moan bond length) of a sito is a function of the ionic radius of its consti-

tuont cationas,

Charge Balancoe

According to Pauling's lécond rule, all atoms in a crystal
s

should be approximatoly charge balanced; thia has been discussed in detail

; ;o
in a previous section, and although doviations do occur, thoy tend to be

offsot by variations in bond lengths. Tho‘roquiroment that tho anions be

charge balanced imposes cortain restrictions on ordoring for polyvalent

‘a

cation substitutions in crystala, This is well {llustrated by some of the

~
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amphibole structures: if Tremolite (CaZMgSSiBOZZ(OH)Z) is taken as

! t' st '
a 'parent' structure, Glaucophane (NazMg3AIZSiBOZZ(OH)Z) is formed

by subatitution of 2Na' for 2Ca’t and 2a1%" for 2Mg°t.

In tremolite, the M(4) cation forms two strong bonds with
the O(2) and O(4) anlons (see figure 1.1) and consequently, when Ca2+
is replaced by Na+ at M(4), the O(2) a\nd O(4) anions receive half tho
bond atrenéth from the M(4) cation, The M(Z&sito is tho only octahedral
site coordinatoed by both O(2) and O{4) and consequently, .‘\.13+ would be
oxpocted to be orderod into M(2) in order to maintain charge balance
at O(2) and O(4). This result is confirmed by the crystal structure
refinem;nt of Glaucophano (Papike & Clarke, 1968). Restrictions of thie

type are quite common in minerals and af)podr to oxorcise a considorable

influonce upon cation ordering patterns.

Polarization

Strongly polarizing cations usually form covalent bonds

and thus will tend to be ordered into thoso sitea whoro the coordinating

anions are formally stréngly underbondod. The concept of elactronogativity

*

could also be used in the same -argument (a}though seo discussion by Fajans,

~

1967 and Jérgenson, 1966, 1967),

AN
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Crystal Field Stabilization Energy

The basic principles of crystal fleld theory are well-known
and require no discussion; for )dotuils, seec Griffith, 1961; Ballhausen,
1962; Hutchings, 1964,

In a crystal where Fcz+ occurs in more than one site, the
enoergy of the ono spin-paired 3‘di-orbitn1 at c'sach site rolative to the mean
o.rb'ital encrgy at that site is taken to indicate the site-preforenco if all
other energy contributiqna aro ignored. Using this approach, McClure
(1957) and Dunitz & Qrgel (1957) were able to rationalize the structurcs
of transition-metal apinels from optical spectra measurements. Numecrous
othor applications of this §rinciplo (for a review, seo Burns, 1970) have
had partial aucces‘q. and qualitative rules have been doeveloped (e. g.
Burnl.-1'968a.b) to.prodlct ‘Fez+ sito-preferences based on moan bond
on}gth and site-distortion pi\rametora.

Relative C.F.S.E. 's have been estimated from optical
absorption spectra of eilicates. Howover, this is subjoct to error
sinco the interpretationofthese spoctra is not simple and many erroncous
transition assignmonte have boen made in the past [e. g Orthgpyroxono-
Bancroft & Burns (1967); Runciman, Sengupta & Marahall (1973); Olivine-
Burns (1970); Runciman, S‘ongupta & Gourley (1973)] . An attompt wae

made in the prosaent study to calculate C. F.S.E.'s using a first-ordor

pcrturb'ation mothod incorporating tho crystal field and the d-orbital
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wave-cquations in the form of spherical harmqnics (Griffith, 1961); using N
thg‘ froe-ion values of(r'27 and (“4\/ from Freeman & Watson (1965 ), the
agroomont (for trial calculations on simple silicates) with optical spectra

was podr and tho calculations wbro abandoned. Subsequently, a semi-

empiric:‘al mothod of calculation of C. If. S.E.'s was publishod by Wood

& Strons (1972) where the agreemont with optical spoctra 18 excellont,

If moro oxtonsive toats provo this moethod to bo adoqunto: it n%ay form

the basis for a more successful application of crystal field theory to cation

ordering.,

Sito Potentials

A sl te-potontial is dofined au the o‘norgy roquired to soparatoe

a particular fon from ite oquilfbrium position in the structure to an infinite

distanco, The total site-potontial consists of tho electrostatic site-

ecnorgy, tha repulsive cn(ergy.) the van dor Waals oner gy and variouns

t
multipole intoractiona. Fow calculations have, as yot, boon porformod

- * a

on silicatos and thoso havo been fairly simple, All calculations have

o

ignorod ‘tho van dor Waals and polarization onorgios, {m_d ropulaive onorgloy
. w °
havo only involved nearost neighbours, whereas more sophisticated cal-

culations (Reitz, Soitz and Gonberg, 1961; Bo:iaon and Dempaocy, 1961;

Wackman, Herthe and Frounfeldor, 1967) ahow thit ropulsive intoractions
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botwoon other neoighbours are also of importance. In addition, for a cli'u-
ordored at;.ructuro. tho actual configuration surrounding a particular cation
is not known fror{n crystal utrw:xcture rofinoment as only the moan st;ucturo
il detorminod, this difference betwoon the actual :nd moan 'anvi:ronmonta
has been shown to bo of importance in onergy calculations (Das, 1960).
Notwithstanding thoso drawbacks, proliminary calculations
(Raymond, 1971; Whittaker, 1971; Ohashi & Burnham, 1972) have had some
succoau.' although tho quostion doas arise as to how moaningful thia iu,
The most ox:onaivo and systomatic calculations aro those of Whittaker
(19;?1) which.woro performeod on amphibolea. Tho talculated nite-potentials
involved only the gloctrostatic (Madolung) onorgy componont, with the
nuumptiox; that the ropulsive potontial would bo fairly conatant in all

13RI D>

.casos, Thia is moat probably an invalid assumption since nEREP

- EMAD,aR‘ for most, if not all simplo intormolecular intoractions
(Kiitol. 1966; Toai, 1964), This could account {for the markod discro-

pancies botwoon somo of tho sito-proforences forocast by Whittakor (1971)
L]

and some of thoso obsarved in this study (see Tablo 5,1), Because the

aito-proforenco energios involve amall differonces betweon large numhors,
— n

more dotailod calculations are necdoed before much confidenco may be

placed in the rosults,

S
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TABLE 5.1: A GOMPARISON OF THE SITE-PREFERENG S (IN
AMPHIBOLES) FORECAST BY ¥ WHITTAKER (1971) AND '
THOSE OBSER VED FROM SITE-POPULATION
REFINEMENT QF SINGLE-CRYSTAL
X-RAY DATA

Prodioted ‘ : . Oberorved o o

t

Richterite, Na,Ch[M],81,0,,(0H),

&\laj‘\ &%.C&jmw’ ‘ . [_NA]A (_Na\.Ca]Mm

Lithium Richterite, MN&Mgésia aal"

e [eg] MO MU, MM proto-ampbibole,Lt, M, 44S‘e°az“"z

luw
[LQA [LQMM LM ]M(l).M(Z).M(M
O«y-Ampmbole - .
AR TS RLY ‘ \
LM M ] Not appmmblea most oxy-m’nphtbolee
. ' . o T ~have oxidized rapidly in the solld

. stato and quonched. Thus,' the abservid -
sito-populations are those of a normal
hydm:y-nmphlbulm

ok ‘v

Hydmxy- & m\m -ampmhom

“Humblel\&o“

Taehgrmakite

& K + J’ﬂai LS ‘4* J T(! )\

=

v mt e e

<]
W
]

i

|




: . | - e

| Quantitative Considerations _ e , ot
' In a crystal ntr\xct\i'rlo. the atable configuration is ‘dotor- o

, minod by the Gibbs free enorg.)" (Born & Huang..lc)s‘l) which {s at a

minimum at oquiubﬂum. Thus the exprossion

» G‘U'PPV‘TS

h a mtnimum for an obsorved cation distribution at the tomperaturo

and preuure of nqumhmuon. With tompcraturo and proasure conatant,

4

variuuou in cation disorder prgd\ma changon inU, V and 8, 4\@ changne
: \ | in 8 (ontr\‘opyl) will mainly bo ggnﬂgurattonal (Stmg\a. 196,8) glthough some
vibrational contributions are fou_ﬁlo if the relative vibrational enargy
levgh diffor l\xmctex\t!& in vuiom conﬁuuraﬁom. Chunéu' in volume

| are aho p:od\\eod by orderina (Ernat, 1963; Smith, 1968). . Howaver,

i nhanau in mtar.nal enorgy probably contrlbuta mmt to chang(u in a, ai\d ‘

| are um&uy mvoked to rauonauao caﬁon ordenmg.

Intom%l anorgy changos as maiatud with urdoring may be
' divtdqd mto two tnan. ltr\mt\m cmn-gy chansan and C. F.S . changae,
. It nhould be mmé that the total ct:uuturo enq:av md not the lttc-potantm

e thq deturmmma iaetor ln oite-auupamy chahgu {t omy thq intomal , %

(tmmt\\rn) emrgy 3& qom&dercd. Thus, manv tactau are tmmlvod in thn' ‘ '

Q&bbo (tec e:ﬁhuy hanaaq that aceompaxw ordur.ina. N\d faﬂ\m ﬂf m - , g

H‘A;




meothod that does not incorporata all of iho above enorgy terms {8 to be

expectad in many casoes,

" nitea; the prosence of Caz+ {n the tromolites alters the Foa"' site-profarence

. distorted mo. In exaggoratud casu mh as this, the difficulty 13 ovare

| {nto the M(4) ltte. 'rhe twa Mn-qummingtonitu tox- which data are mu-
z . -

-able (Bammtﬁ. Bumu & Maddank‘ 196?*. and this otudy) show tho Fe o ‘“‘;:21

v l(tﬁ-pr@hnmc of. M(N)M(Q))M(l). M(S). o - | | BN 1

f tlmo h Y mupﬂnt in 'Iahte 4. pagc 10&1 of thie qtommez the quuted U
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Empirical Considorations: Cation ordering in Amphiboles

(1) The M«aites

t

The distribution of a cation spocios ovor varioua non-equivalont

sites in'a atructure will be affocted by tho othor cation spocies proa\ont.

. - .
POPF R UV T U U

Thia has been congidered implicitly by most workers but hase been only

e —-—

invoked in the most obvious cases. . For oxample, the Fe“ afto-profc;roncg

M{4))M(1),, M(2), M(3) {8 observed in the non-manganiferous cummingto-

~
b e )

to.Mm. M(2), M((3)>M(4), aven Eft}‘qﬁgh Atho.M(Q {a still the largust m\.d moast

commby eomtdnx\ins the minerals as twn difforont sarias. A uimm\r but

leu prpno\}need ottget oagury in the cummingtonito atructuras; aa‘indi-
catod. abovo. Mé-Fea* eummmgtonitél oﬁhibit the lito-proforonee

M(4)>M(l). M(2), M(S). Whon Mn*"

is preaent, it tonda to whctituto

‘ R K
” . . N 1)
L. ) ¢

a"‘ cqeupancv cf M(a) in thc \mit tqnmula lhqum :uad 0 S'tm 0. 0‘& _ "




260

In thoso obvious c'ano‘s. the prosence of cations-other than
Mg and Fo“»im a markod effect on the -Fn2+ ordoring patterns., This
suggosts that the prosence of cations other than Mg and Fez could Alao
have an etfoct on the Foz site-populations, albeit a more subtle ono'
than the oxamplon given above, In the proviéua chapter, it wae agown
. that the angular distortional paramoters of the M.('l) and M(3) ni‘toé,aro
a function of the mean lonic radlus of the cations occupyin# the M(2)
site. These distortional parameters will have a atrong offect t;n the
* ‘ | lite-prn!orenco onergtel of the cations oecupylng the M(l) and M(S)
sites, Thus te L feaa\tblo that the M(a) cations affect the dogrea of
ordpring bctwgon ;hc M(l) and M(&) m'oa.. Fig\ue 8,1 shows.the varia«
Homon. - _ M(l) - xM(S) ) )

L) v ‘ \\

\ﬂﬂ\ the mesn ton&e radiug of thu M(Z) cations for the amphiboloc comiderad \\j
in thu ut\tdv. A tamy ueod Qerulwon h devekopqd. and umar rogres= i
. lion analylia gwe & eorrol&t&on cuofﬁeienﬁ of 0. 89, \ndiewng an 80% T

»

depan{onqy of ﬂ\e crdor(ng pasm\atu on thu M(2) onﬂona. P iy
' ‘ &mm mﬁhou (E\\rm t meﬁe. H68) Banevoft & B\imu. =
' r1969) have attompted to~ qummlvow relm tlm dngmo ot Mg-n‘e eh-

ordor tn cuno-ampm\iulen tn tim tempnntu:b ef ervntmmﬂen. At
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| (Somnt. 191) lhowed that the Fo [ Fo ‘ ratio in this amphibolo w8e.8

an amphibolo is pamauy a tunction of the temparatura of cryotamaatiou
. (Gompton. t95&x Loake. 965). Thus the chemistry of the M(2) nito s a

_ | bulk rock compaomon (cim:e bulk compoamqn wm alao tund to control the

. total amount ot Fn m the, amphibolo) chee any attempt to rnme the dosme

‘ of °rdﬁtin8 in mphibolu to coﬁd&\t&gt of equmb:mon muut take mto AU & &

| aucount tlmc bk cdmpomtonal ctfem«

262 L

indicated ubovo.. much of the obesorved diaér(ﬁrin'g ia apparantly a steric

F

offact due to bulk compoq\itional variation. The hig.htnL valonce cations

tond to subatituto into the M(2) site, and the spocies and amounts of

.thase cations ia a function of several factora. A correlation betwaen .

octahedral Al and rock composition has been noted by sevaral workers

(Tilley, 1937; Bloxam & Allen, 1960; Loako, 1965): highly aluminous

o

amphiboles occur in highly aluminous rocks. In addition, it has also

H
been suggaated that the amount of octahodral AI is partlany a function of

pressuro (Leake, 1965. page 312) although this offect is not yot well.

R PN

characteriaad and is pos libly of loss importanco ‘than rock compoaition.
The F93+ Eontont {s presumably a function of oxygen fugacity at the time |

i
of cryotalu‘aatlon. A rcebnt atudy of tynthutic magnaesichastingaite 3 .

function of tho oxygen mgncttv of uynthuh. Ftnany. the amount of Ti 1n § " “"

eomplox !\mctton of many kctou, the mqu domtnam ot wm:h is }u obably

L
"
\ R . , B
5 “ :
. ’ ‘ . o P
o .

.‘\'
’, v .
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_(11) 'I‘-he T-sitos’

‘In goneral, tho totrahedral sites iA. t.i\o ampl;ibolos are
ocgupiod only i:y Sl“ and A13+ in 'aignmcanl amounts, Analyeis of the
mc‘t'm bond lengths 1ndt€aton tﬁo Al“.site-plx;?f‘oroncé T(1) P T(2) in all

T clino-nmph(b.olea 8o far examined. “This diztribution doos not agroo
with several achomos of A13+ sito-proforonce prodiction developed
racontly. Whittaker (1971) predicta the A13+ aite-prof;roncé T(2)>T(1)
for "common hornblende" [CézM;;4A1 Si.,Al 0 aa(OH)z:] and tachermakito

tCazMgaAl $1,AL,0,,,(OH),]*: this 18 not campatible with the rosults

LAMEPA A gt

for 'f‘orrotlchorm'aklto. and the consistant rqsultu on a fairly wide range
of amphibolos suggoests that the site<prefofence 'r(a)>'r(i)‘ la unuimly‘.

. Brown & Gibba (1970) proposc that Si“ will prefer those
sites involved in the widest {T-O(br)-Tpangles, and A13+ L+B. Be & Mg] |
will profor those eites {nvelved in the. smalleat{T-O(br)«T) angles; this rule | ‘ , _

wa propoued for framework ailicates and, as they atato. dooo not appoar

to wo:k wcll for chaln lilieatu. thn much laruer data sot avanablo in the

preunt cmdy conﬂrml this eontonuon. “Gibbs (1969) squeated that the

L‘f AI dmrib\mon m ampmbplu wm bo controuod by chargo -bammo

; : conlmuaticmu thu appaau to be. boma out hoth by the obaemd | g
é &utﬂbwom and by the ut:uotunl dheuulom gtvcn {n an euner clmpter.
i - 'I‘ho tarmuln givcn by wmttaku (19?1. page 995. Une 13) tor ’ L
B % . todhorm&ktte-c azMgSAlaSi?Al Oza;oma-h t m-ot. .

=41 o )

48 ' ‘ .

%1% — ‘ ‘ ' ' . e, "
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- The O{4) ag;ion s formally undor-bonded, suggosting that .
the subatitution of A13+ for Si“ in tho T(2) sito {8 not favoured by local
chargo-balanco critoria. Howover, whore the total amount of tetrahedral
Al significantly oxcoodes 2 atoma /formula unit (a8 in Alumino-hastingiste),
significant amounta of Al entor the T(2) site. Thia is in agreoment with
tho Al-avoidance rule (Loowonstein, 1954) which atates that Al-O(br)-Al

linkagos will not occur in eilicates, This rule was rationalized by

Goldamith and Lavea (1955) as being due to local charge-balance roquire-
monts, and this explanation holds well for the amphibolos where the O(7)

anion is coordinated only to two ‘T(1) tetrahedra,

THERMAL STABILITY OF CLINO-AMPHIBOLES

It is apparont from diecugeions tn the provious cﬁaptor:thag
Nnkage requiremente play an important role in controlling structural
' ‘dlgfortiona {in tho cuno-nmpldholoa. Those linkago roqutromontn will
* . also cantrol the tharmal atabimy Hmite which wm beo affected by the
3 - relative thermal expanliog\_l of the octahodral strip and tbo totrahodral

ily‘éft '

-

% It hae been shown that in an ‘ideal' amphibole structure,
-f -the (T-O(M)ﬂ)anglo fam m » correlating wmx thc menn 'r O(br) T
Bl ‘angle found by Ltebm (1981) in & survey of silleato. stmet\sroa. The : % {

% fact that the m&nix;aum \tctmhodml distortions are obaegge'd for thu

B fot "
.
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value of {T-O(br)-T)(aco Figure 5.2) suggoats that thia may bo "

mtn}mum enorgy configuration, With this assumption, cortain gonorl\lim\-‘

tions may bo mado as to the effoct of tomperature on the clina-amphibole

~atructure. If the amphiboles aro asaymed to crystallize in this minimum

enetgy coﬁﬂgumﬁonﬁt ig apparont thf\t & T-O(br)-'r),r(_)> must do-

croase with f‘amng tomperaturae to produce the obaerved values, Thua

the thormdi oxgagaion of th.e octahadra must be groator than that of the
totraho}irn; this has been confirmed fc;r cummingtonite (Brown g:g al.,

~ Thus while at room tomperaturo, the interolemont
lfnkago involyes tho fitting ltogotbﬂor of an octahedral strip with an over-

.“"“d totrahedral doublo chain, the uppor thermal stability {s probably '

controlled by the mtixig togothor of an octahedral atrip with an underained

totrahadral double ef\ain; If this {8 a0, the value of ¢ T-O(bﬂ-T)T( )>

and/or ¢ & SL )) may roﬂect the. amount of contmctton due 40 cooling,

| and hence give an indication of the, uppor thex:mal stability limits and
typloal eryummaauon or oqambratten temporature, Below is given a
| ‘comparuon of tho@ T-O(b:)-'r},r( ))anglc and(au ?wm\ the upper
vtharmal :tnbmty ankb. - e ' " ,

+
’ ‘. ,V' R

P

L am
~




2606 -

Wt

o
-]
L

L~

gz E> wm (Mg r-Ga10- 1S o womeriea 2 sindis

L]

— O¥%1

B a4 4 §

PR AN

- e 1
I L




_ 267

4

((T-O(br)-'l‘),r(_)7 2% Lé() Analoguo® TdC.(lk

S.R.1 135,83 6.
45,76 .[NaZCaM35818022(OH)z] 1031

( [Na,Ca MgSSiBOR(OH)z] 1031

S.R.2 136, 5 32,83 : .
. ( [Na,Ca Fe,81,0,,(0H), ] s

Trom 137,76 32,92 Ca Mgssiaoz‘,‘(OH)z '+ 868

2

| ( Na,MgyALS1,0,,(OH), 868

Glauc 140,48 12,85 } i
(

NaaFo3A1 Si zz(OH)z 388

"
5

The stability data weroe taken from Boyd (1989), Hoffmann (1972)
and Charles (1972). In addition, potrographic rolationdhips (a. g.
Bonnichsen, 1969) indicate that grunerite is often of late-stage, low tem-
parature puag;nom as would be oxpectad from figure 5.2,

Howover, condideration of the other amphiboles in figure 5.2 -

e

. indicates that other factors are involved. The fluor -tromolite of Cameron

(1970).was synthesined at & temporature of 1180°C. which {s about the
maximum. tharmal stability of fluor«tremolite (Troll & Qilbort, 1972),
The cynthcuo richteritos 8. R.1and 8.R. 2 ware synthosized at 1170« 1000° C.

and 1050-680 c. (Camoron & Gibbe, 197) mdicaung that the maximum

“

Large curly huckq}tn denoto that the atructural data comes from an
- amphiboio {ntormediate to those mdioatad: the square braeketa denote that

; @ | tho ltgbtltty limite are for a i\_ydroxy analogue of a ﬂuer-amphihole.

/
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thormal stability of thoso fluorine amphiboloh is at loast as highas that
of their hydroxyl analogues, .'I‘ho’ additional stabilizing effoct of fluorine
(which {e not rocognised in ﬂgu::o 8,2) {n its offoct on the dimonsions of
tho octahedral strip (Camaron, 1970) which are reduced, Comparison
of tho octahedra in fluor- and hydroxy-tremolite shows that the anion
shoots defining the uppuv’and low bounds of tho strip aro much more

shoared {n fluor-tromolite producing a longthening of the unsharod

edges rolativa to thoae of“tromomo: . R
Q [
€Ol - €Oy €(0-0y(3)
Hydroxye
tromolito 1,101 1,039 1,116
Fluor- . | " '
tromolite 1,112 1,041 1. x,ax

This will offsot the neod for smallor T«O(br)«T angles to

" malntain ii\te;olomcnt linkage (ainco the double chaln cannot rotato very
+

2
much because the bonding requirementa of the M(4) catlon (Ca” ') ia the

samoe in both structures). As to porature incroascs, the smaller fluor-

tremolite octahodra have a largor range of tharmal oxpansion while

/
maintaining intor-clemont linkage, and consequently will oxhibit a higher

tﬁormal stability. Tho same argumeonts presumably may be applied to ‘th?
ﬂ\;oi-rtcheorltou which most prdbably have & highor thermal stability.

than thetr hydréxyl. analogues for the same reason.

] [
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L4

Tho abovo relations aro refloctod in tho paragencsis vf those
amphibole typea. Richteritos aro typically found in potas uic lavas
(Pridor, 1939; Carmichael, 1967), lato -stago alkalino intrusives (Larson,
1942), ultramafic nodules in kimborlites (Erlank & Fingor, 1970), and oven

as o primary phaso in kimborlitos (Aoki, Fodor, Keil & Dowty, 1972), all

i
high temperature onvironmaonts, Tromolito m(uongu stricto) ;ypically o
occurs in calc-silicato skarns and marblog (o. g, Engol & Engel, 1953, 1‘)513.

1960 and 1962) and muku the onsot of 'higher tomperatures' (Bowen, 1940), ;
Glaucophanos are typically a high-prounuro. low tomporature minoral - ] ;
ocourring in the glaugaphano achist (or 'bluc schist') facies (o.g. Krnat ;
& Sokd, 1967 Coloman & Loo.l 1963), where estimated tomporatures of
formation are botwoon 200-300°C, (Ernst & Seld, 1967), ‘although this
probably a little low for the glp(mqphnno of Papike & Clark (}‘3;68) {n

~ figure 5,2, Grunorites are typieally found in moetamorphosed ‘tron- )
formations and {s gonarally intorproted as a vory late-stage rotrogi-ada’
mino-ral (Sognlchsen. 1969). Thus the pérage‘mau of these amphlb?lea
corrolatos vory \;;cll with that indicated by an analyau of their ,cryatgl

L]

structure data.

s

The one cxecptton'appoau to be cummingtonite which is

spparenﬂv atabh ln vclcanie racka (e. g+ hyparsthene dacite (Buckley & .

Wﬂkms. 1971; Klom. 1968) at tempemmm ostimated at betwoon 100-000 C. . %L

A}




. In metamorphic rocks, it typically occurs in amphibolite facien rocks of

minerals {# filled only by I*‘ez+ and Ca, Thus the M(4) bonding requirements

" of amphibolo stability Wmits, see [rnet, 1908),
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basio composition (. g. Robinuon & Jaffo, 1969; Stout, 1972) with maximum
tomporaturoo of 600« 100°¢, (Roblnson& Jaffo, 1969). However, &
mechanisﬂx similar to thut n tho ﬂuor amphibolos could occur for i
cummingtonite, Tho c\;mmingmnlto strip dimonsions are signifitantly
smallor than t@ouo of grunoritéz and yot tho site«population refinemants

(Fiecher._ 1966; Finger, 1967, 1969a) indicate that the M(4) elte in both

are the samo, and tho linkage requirements are satisfled by a groater »

]
1
i
!

shoar in the octaliedral shoot in cummingtonite. As before, this allows
& ¢ . .
o greater relaxation during thermal oxpansion and could account for the

4

much higher thormal stability of cummingtonite.
‘Bubstitution of Al into the tetrahedral site results in an
Y
{n¢rease in tho dimensions of a straight chaln; to accommodate this, the

aluminous amphiboles show a much Qreater di-trigonal rotation (see

IMgure 4.'31 that s égmplementnry to the. ctmi\ghpg bonding requiremonts ., "::
of the M(-i) and O(8) and C_)(é) ions, This aliowa more thermal expa:;stan ( _ --; \
of the octahedral atrip Hofore it becomes overalsned with regpect tc;, the i
tutmbedral eham and ncaounts for the much gzemr stabmty of the o %

,f

aluminous amphiboloe with reupaet to the Si-amphibolea (tor a summary

% i

+
€
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This is probably reinforced by the presence of an A-site 3
cation in many amphiboles, which may disorder about the large A- '
qéwity and satisfy the bridging z;pion bond-strength requirements,
~ allowing the chaip to astraighten out more easily as the octal;zédral
strip expands. This mechanism is obviously operative in the richt;rite

structures, allowing the chain a lot more freedom than in the lower

P R T P~ PO S I i

temperature Si‘-aniphibolea wi?h vacant A-sites.- A ’ R
4
These few applications app‘e-ar to indicate that a consic’lerable'
amount of ge_olc;gica.l iixforma'qion is resident in the amphibole structure,
and further studies (especially at high temperatures) should help in -

extracting this information for use as a tool in mineralogy and petrology. '5 X
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APPENDIX I g

2;

X-Ray Scattering f_:“
An atom contains electrons distributed over a finite volume; S

!

due to the spatial separation of the electrons, phase differences exist W
< ' :
between x-rays scattered from different parts of the atom. Hence, the K
» ~li

i

total scattering by an atom is dependent upon its internal electron dis-
¢

-

tribution (Zachariasen, 1945): If U(r)dr is the number of electrons lying
N

between r and r + dr from the centre, the atom will scatter at any parti-

Ly N B T

+ RN

cular 20 angle as though it was equivalent to 3 electrons (Kaspar &

Lonsdale, 1967) where

dr

i
i
i

_ U{r)sin(4Wr sin 0/\)
S = 47t sind/\
o .

and X\ is the radiation wavelength. The function U(r) is given by
14

: 2
Ulr)=r (’(r)

where ((r) is the total charge density at a distance r from the centre.
Values for Q(r) are derived from wave-function calculations (e.g. Doyle

& Turner, 1968). Values of g are generally expressed as the analytic

* 4 T SRR R S T

»o .
function

YR S

* ol e
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. 2 2
?‘ = Z a, exp(--bi sin 0/\ )+ ¢
i=1 ; .
where ai, bi and ¢ are parameters determined by curve-fitting
procedures. ’
The unit cell of a crystal contains atoms in various
positions and the scattered waves from the different atoms will have

phase differences with respect to each other. The amplitude, Fhkl of

the resultant wave is given by the following equation (Buerger, 1960)

%

F = , 2% i(hx +ky +1z.
hkl ZQJ exp 2TFi(hx tky +lz,)
j

.th .
where XJ' is the scattering factor of the j  atom. In general, Fhkl is
a complex quantity; however, for centrig space groups, Fhkl is real

and the above equation reduces to

Fhkl = 2 gj cos 2T (hxj+kyj+lzj)
j
In theory, this expression may be further reduced for space
groups other than PI because of the symr;metry properties of the group
(Bueréer, 1960; Henry & Lonsdale, 1965). In practice, it is far ﬁore ’
comreniex;t to u.se the generalized form given above and generate the full

structure factor by operating on the asymmetric unit with the symmetry

operators to generate the full cell.
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Atoms in a crystal vibrate, and thus in general any two atoms f

that are ideally related by a lattice translation are not actually separa- ff
. 3

v €

< ted by an integral multiple of the cell dimensions. Hence the scattered i
waves are not quite in phase and this has the effect of reducing-the i
I

intensity of the resultant scattered radiation, This effect is incorporated ’ :
.

by modifying the scattering factor of each atom by the function . %
" 2 .2 4

exp(-ﬁj sin 8/\") H

o

.

where ﬁj is known as the (isotropic) temperature factor and is related to C }
:

the vibrational properties of the atom by the equation }
é:"

2 ~2 1

p. = 8T " U i

J J %

——

. ;
‘ .th . L [
where U_2 is the mean square displacement of the j  atom. This function ,

|
assumes that the vibrational properties of atoms in a crystal are isotropic. :

‘Allowance can be made for the fact that vibration is anisotropic by replac- .

/ B
ing the scalar quant;lty ﬁj by a symmetric second rank tensor (Cruickshank, . z |

1956; Cerrini, 1971) of the form \ N T
' l i

3
2/ bhp. . '

i=1  j=1 1§ 1)

where B_. are the nine contravariant components’ of the tensor and hi is the
i

ith index of the set hkl. Symmetry restrictions for this function are tabulated

IR T d

%
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by Peterse and.Palm (1966). For further details of the x-ray method, see

. .

[

E. AP

Zachariasen (1945), Buerger (1960) and Rollet (1965).
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Mbssbauer scattering

L]

T SR
P A0

The MbBssbauer effect is the recoil-free emission and

Y

absorption of gamma-rays by a specific atomic nucleus. The emission of

5t e
o L

- ’ e
BeILE , S

a gamma ray during a nuclear transition causes a recoil of the emitting

k)

-,“
i
¥
.’;,
]
1
$4
i
3
A
{
!

atom; this recoil energy dissipates by transfer to the phonon spectrim
of the lattice. Since the lattice is quantized, this transfer must occur
in integral multiples of the phonon energy, and thus the probability exists
that no energy is transferred (Wertheim, 1964). The effective line-width
of the zero phonon (recoi‘l-free) process is that of the gamma ray; this is

extremely small (Wertheim, 1964; Chapter 4, fig. 1) in rFelation to the

characteristic energies of interaction between the nucleus and its surround-

ing electrons,

If the zero-phonon gamma ray encounters another nucleus, its
energy may be ab;orbed by raising that nucleus to an excited state, pro-
«vided the transition energies of the emission and absorption events are
equal to within the line-width of the gamma ray. Sincgﬁthis is much
smaller than the characteristic interaction energies b;tween nuclei and
electr?ns. a change in environment is sufficient to bring the two nuclei
out of resonance. However, the energy o-f the gamma ray may be modula-

ted by applying a doppler shift to bring the system into resonance. Thus

nuclear transition energies may be compared in varying environments. o
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A change in the s-electron density at the nucleus will result

in a shift in the nuclear energy levels. Thus where there is such varia- 24

. T
PR PN SR

tion between emitter and absorber, the processes are separated in the

energy spectrum by an amount known as the ISOMER SHIFT (I.S.). This

vy "
¥ et g E 8 4

quantity is thus a measure of the relative g-electron density at the nucleus

T v "

-t
arey

and hence may be used to characterize atoms in different environments.
If the nucleus is not spherical or does not have a uniform
charge density, a quadrupole moment arises which can interact with the
'electri;: field gradient (E.F.G.) at the nucleus to life the degeneracy of
| the nmuclear state. This gives rise to a doublet in the energy spectrum;

the separation of the two components is known as the QUADRUPOLE

+
¥
v
A
s
%
Ky
¥
¥
%
g
14
i
»
™y
i
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#
o}
£
£
k1
%
4
:

SPLITTING (Q.S.) and is 4 measure of the E. F.G. at the nucleus. This

is a function of the non-spherical distribution of electrons around the
mucleus and is thus highly sensitive to the occupancy of the outer shell and
the magnitude of the non-spherical crystal field imposed by the structure.

It is of interest in this study to examine the reasons for"

2
variations in these two parameters with respect to the © Fe nucleus. The
screening of the 4s-electrons from the nucleus by the 3d-electrons is more

efficient for Fe2+ than for Fe3+. Consequently, the inner s-orbitals are i

’ 34+ ..
more expanded in Fe2+ which thus shows a larger 1.S. than Fe ; this

difference in 1.S. enables the oxidation state of the Fe in the structure to

LTI S
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be determined. Covalent bonding will tend to deldcalize the 3d-electrons
which lowers the shielding of the nucleus, resulting in a smaller I.S. Thus-
information on bonding characteristics and hence coordination can be

obtained. The non-spherical electron distribution gives rise to the Q.S.

2
and therefore, the Q.S. values for Fe + (d6) are much greater than those

.

34 , .5/ ‘
for Fe (d ). In addition, a component of the total E. F.G. at the

nucleus is provided by the crystal field; thus the magnitude of the Q.S.
gives information on coordination number, site-symmetry and site-

distortion.

&

The most important application of this technique in mineralogy
is the derivation of site-populations in known structures. The basic as-
sumption involved in this usage is that the recoil-free fractions of Fe in
all sites are the same, and thus the site-population is directly proportional
to the peak areas of the doublets involved. Experimental measurements
on ordered Fe silicates appear to uphold this ‘assumption, provided the
bontiing is not significantly different‘at the sites involved in the ordering
(seeAZ‘h-cummingtonite, this study), Further details of the MUssbauer
method are given in Wertheim, 1964; Frauenfelder, 1962 and Goldanskii

& Herj:er (1968), and a discussion of the use of area ratios Eo derive

site -populations is given by Bancroit (1970).

wr

/

o rt cem e A ST v o WD Y A

e
3

-

W et
RN N

L eue -
LA e s

.*'3

R i T

[ Y

™
-

I b w Tt

* P g

R N I v e

e S

)
>
o
5
4
i%
f
!
b
{




a
o~

308 )

3

&

» '_}‘

APPENDIX 2 . ;

Observed and Calculated Structure Factors for - K
.'}

‘ %

Ferrotschermakite
Ferrohastingsite
Oxy-kaersutite ¢ ;
! 4

Alumino-hastingsite f
. i

Zinc cummingtonite . | :
1

Tremolite (X-ray) 3
Tremolite (Neutron) :
f
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FERROTSCHERMAKITE (continued)
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TREMOLITE X-RAY (continued)
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TREMOLITE (X-RAY) (continued)
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APPENDIX 4

Using thewrelation of Brown & Shannon (1973), bond strength

(S) may be related to bond length (R) by the following equation:

-n
S=5_ ﬁR— ‘ (1)
. (o]

where So is the Pauling bond strength (Pauling, 1929) and R is a para-
meter fitted by least-squares analysis to a large number of experimental

data. For a cation polyhedron of p equal bonds (R'), the following equations

7 rR'\ "
St = s0 (ﬁ— ) (2)
X o]

may be written:

Sl = g = R' }-n (3)
P Tz= Pso R

A\ o ,
where z is the formal valence of the cation. Rearranging equation
(3) gives \

' R'= n ‘/pSolz R, (4)

Writing S = S' + §S and R' = R' + SR, equation (1)

L}

becomes

, R'+6rRY" _o fR\NT [, R )7
S +Ss=so ——R———) -SO(R ) T ) (5)

(¢} (o]

Vi

9

——— e —— v a———
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Expanding the R.H. S. of equation (5) using the binomial

expansion gives »

L 1 -n 2 .
S’~I—SS=So (B—) l-n%}? + M(S—R-) + higher order termsz) (6)

'
Ro 2! R

AssuminggR/R' is small, the higher order terms may be

neglected and equation (6) 'may be rearranged to give

-n 2
s (R §R , n(ntl) SR |
SS—SO(RO) (-n R’ ' 2 R ) ) 7

Summing this equation over all bonds (p) and applying

Pauling's electroneutrality rule

1 rR'\" SR n+l rY ¢
L) g gE))

Rearranging this equation (8) gives

2 3R _ntl Z(EBK}; (9)
P ! 2 p R'

If <R> is the mean bond length of the distorted poly-
hedron -
-
ZR) = 1 3 (®'+5R) ) (10)
P P




Rearranging this equation gives
SR 1 p(@ ] 1) s
p R R'

Substitution of equation (11) and equation (4) into equation

(9) gives the following equation which expresses the mean bond length

. 2
L\ as a linear function of the distortion parameter zp (R )

PS +1 ] 2
{R? = n 2 R +2= o &2 = 2 (SR")

z o 2p PS R

\ o o p
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(11)

(12)
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APPENDIX 5

The variation in {Si-O’) bond lengths in structures has
beeg found to be a linear function of the mean coordination number,
{ C.N.) of the anions of the tetrahedral group (Shannon & Prewitt,

. 1969; Brown & Gibbs, 1969).

However, in the study by Brown & Gibbs (1969), the grand
mean Si-O distance for each structure was related to thé overall anion
coordination for each structure. Since these c{xanges in {Si-O > are
related to local environment, it is more appropriate to consider the
variation in individual {Si-O") distances with the mean anion coordina-
tion of that tetrahedrgl group. Linear regression analysis on 134

individual {Si-O) distances from 71 structures gave the relation

¢ Si-O)= 1.584 + 0. 0127 {C.N.}»

with a correlation coefficient of 0, 704, .




