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REVIEWS in MINERALOGY

FOREWORD

It was immediately preceding the annual meetings of the Geological Societ

"short course'" was sponsored t

of America in 1965 that the first mineralogical
the American Geological Institute. That course on feldspars was convened by
J.V, Smith of the University of Chicago; approximately one hundred geologlsts
participated in the lectures, discussions and workshops. The notes for that
course were exactly that: skeletal outlines with a few hand drawn figures int
spersed. They were duplicated on Ditto machines and assembled in small 3-ring
binders. The thirty to forty pages of notes have long since faded to unreada-
bility. I recall David Stewart once saying that that would be an appropriate
fate for all geological literature. But such is not to be, for mineralogical
short courses have become institutionalized.

The Mineralogical Society of America revived the short course '"movement"
in 1974 with lectures and workshops on sulfides in Miami. It was attended by
approximately one hundred geologists. Volume 1 of "Short Course Notes,"
Sulfide Mineralogy, was 284 pages long and represented contributions from six
authors. It is in its third printing. This year (1981), participants in the
course on amphiboles at Erlanger, Kentucky, convened by David Veblen, will
number approximately one hundred geologists, but the published "notes" may
threaten many of them with excess baggage charges on their return flights.

No less than two (2) volumes totalling 750 pages were prepared for this event
by no less than seventeen (17) authors. The first press run will total 2 x 450
copies (up from 1 x 1500 copies in 1974), with the first 1450 copies of volume
9A and 9B being sent to all of M.S.A.'s institutional and library subscribers.

Furthermore, the ink is unfading and the covers are plastic-coated!

Paul H. Ribbe
Series Editor
Blacksburg, VA

N.B. - Additional copies of this and other volumes now published by the
Mineralogical Society of America under the title "Reviews in Mineralogy" are

available at a moderate cost (about 2¢ per page). See details on page 7.
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PREFACE and ACKNOWLEDGMENTS

This volume of '"Reviews in Mineralogy' was prepared in conjunction
with the Mineralogical Society of America Short Course on Amphiboles and
Other Hydrous Pyriboles, Fall, 1981. Had it not been split into two
volumes, 9A and 9B, it would have resembled in some respects the Manhattan
telephone directory (it is hoped, however, that the content is more read-
able and relevant to the geological sciences). The length of this col-
lection of papers appears to result from a combination of phenomena. The
amphiboles themselves must accept most of the blame: their structural
complexity and resulting chemical variability and diversity of petrologic
behavior preclude brief description. In addition, while some of these
papers are relatively brief summaries of the published literature that
easily and quickly can be consumed by students, others are exhaustive
(and lengthy) discourses that may not be digestible in one sitting by
even the most dedicated amphibole researcher. Finally, it appears that
some geologists, probably with justification, love amphiboles so much
that they would never have stopped writing had there been no publication
deadline.

The extremely short time between the preparation of papers and pub-
lication of "Reviews in Mineralogy" and the authors' intimate knowledge
of their fields ensure that the papers reflect the very latest in re-
search results. The rapild production of the "Reviews," however, inevi-
tably results in a few errors that might be caught in a more leisurely
publication process; the editors apologize for any such errors that are
included in this volume. In addition, the sequence of presentation of
papers reflects not only the editors' notions of order in the amphibole
universe, but also somewhat the order in which papers were received.

Although a collection of reviews of this sort cannot claim to give
exhaustive coverage to all aspects of a topic, it is hoped that the
papers presented here do review most of the important areas of active
amphibole research. The papers have been split in a somewhat arbitrary
fashion into Volume 9A, Amphiboles and Other Hydrous Pyriboles -
Mineralogy, and Volume 9B, Amphiboles: Petrology and Experimental Phase
Relations. Everyone is encouraged to purchase both volumes, however,
because there is a hefty dose of petrology in 9A (witness the paper by

Thompson, for example) and not a little mineralogy in 9B.

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



EBSCChost -

Colleagues too numerous to mention assisted in the preparation of
these volumes of "Reviews in Mineralogy" through their advice and en-
couragement. Institutional support was provided by Arizona State Uni-
versity, The Johns Hopkins University, and Virginia Polytechnic
Institute and State University. I thank the authors for producing
readable copy, especially those who submitted their papers by the first
(of many) deadlines! Above all, I thank Paul Ribbe for being of invalu-
able assistance during all phases of this endeavor and most obviously
for producing the camera-ready copy from which these volumes were
reproduced. Finally, I thank Sarah Veblen for proofreading and for
maintaining a much-needed sense of humor throughout. Margie Strickler,
Ramonda Haycocks, and Rachel Elliott of Blacksburg, Virginia, were
responsible for typing the final manuscripts. John Grover provided
invaluable assistance as local organizer for the Short Course
itself.

David Veblen

Baltimore, MD
September 1981
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Chapter 1
CRYSTAL CHEMISTRY of the AMPHIBOLES
Frank C. Hawthorne

INTRODUCTION

An appreciation of the crystal chemistry of a mineral group is fun-
damental to our perception of the role of such minerals in petrologic
processes. This premise has particular validity when considering the
amphiboles. Few other mineral groups show such a wide range of para-
geneses and none show as wide a range in chemistry. Consequently, our
understanding of the amphiboles has not progressed quite as rapidly as
for the less complex silicate minerals. Schaller (1916) was first to
derive the formula of tremolite when he recognized that hydroxyl is an
essential constituent of that mineral. It had long been recognized that
there was a strong relationship between the chemistry, physical properties
and paragenesis of the pyroxenes and the amphiboles. Warren (1929) and
Warren and Modell (1930a) showed that this relationship also extended to
the unit cell dimensions and diffraction patterns, and solved the struc-
tures of tremolite and anthophyllite by analogy with the known structures
of diopside (Warren and Bragg, 1928) and enstatite (Warren and Modell,
1930b). Warren (1930) and Kunitz (1930) showed the structural and
chemical homology of the amphiboles, emphasizing the importance of both
homovalent and heterovalent substitutions to the chemistry of this group.

Since 1965 there have been significant technological advances in the
fields of x-ray diffraction, electron microprobe analysis and resonance
spectroscopy. The resulting proliferation of structural and chemical
data has led to a substantial increase in our understanding of the am-

phiboles. A synthesis of this information is presented here.

CLASSIFICATION AND NOMENCLATURE

A standard amphibole formula may be written

Ag_1BoCsTg0,, (OH,F,CL),
A = Na,K C = Mg,Fe?,Mn,a1,Fe>t, T4
B = Na,Li,Ca,Mn,Fe2+,Mg T = Si,Al

- printed on 2/13/2023 5:05 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



Table 1. Prefixes and Adjectival Modifiers for the Amphiboles

Prefixes
alumino- see Tables 2, 3 and 4, also text
chlor~ when Cl »1.00 (~v4% Cl)
chromium~ when Cr »1.00 (n9% Cr203)
ferri- when Fe3 2 1.00 (~9% Fe203) except in alkali amphiboles and hastingsite
ferro- see Tables 2, 3 and 4, also text
fluor- when F21.00 (~27 F)
hydro- when OH >3.00 (V3% H,0)
manganese- when Mn > 1.00 (~10% MnO) except in end-members contairing Mn
magnesio- see Tables 2, 3 and 4, also text
oxy- when (OH+F+Cl) is confirmed as <1.00
potassium- when K20.50 (v2.7% KZO)
sodium- see Table 2
titanium- when Ti > 1.00 (~10% TiOZ) except in kaersutite
zinc- when Zn > 1.00 (~5%Z ZunO)
Adjectival modifjers
calcian see Tables 2 and 5
chromian when Cr = 0.25~0.99 (v2.3-9% Cr203)
ferrian when Fe3 = 0.75-0.99 (~6.8-9% Fezoa) except in alkali amphiboles
and hastingsite
ferroan see Figure 2 (only with pargasite and pargasitic hornblende)
lithian when Li 20.25 (v0.4% Li,0) except in alkali amphiboles when lithian

is used for Li>0.50 (~0.8% LiZO). Not used with holmquistite
and clinoholmquistita

magnesian see Figure 2 (only with hastingsite and hastingsitic hornblende)
manganoan when Mn = 0.25-0.99 (~2.5-10% Mn0O) except in end-members containing Mn
plumbian when Pb >0.08 (~1.1% Pb0O)

potassian when K = 0.25-0.49 (~1.3-2.7% KZO)

silicic see Figure 2 and Table 3

subcalcic see Table 3

subsilicic see Table 3
titanian when Ti = 0.25-0.99 (v2.5-10% TiOi)
zincian when Zn = 0.25-0.99 (v1.2-5% ZnO)

The complexity of the amphiboles has given rise to a proliferation
of mineral names that has no systematic basis. The need for a precise
nomenclature that is sufficiently flexible to encompass the chemical
variations within the group has long been apparent (Leake, 1968). The
report of the I.M.A. Subcommittee on Amphiboles (Leake, 1978) provides
such a nomenclature. This classification is based largely on crystal
chemistry, having as its foundation the chemical contents of the formula
unit calculated to 24 (0,0H,F,Cl) where possible. The basic philosophy

of the scheme is to denote principal stoichiometries by generally
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well-established names, with prefixes and adjectival modifiers to indi-
cate the presence of substantial substitutions that are not essential
constituents of the end members. Prefixes are an inseparable part of the
name and should be attached by a hyphen. Consequently, an amphibole should
be indexed under (the initial letter of) the prefix, with perhaps a cross-
reference under the species name. Adjectival modifiers are not an essen-
tial part of the amphibole name, but are simple adjectives ending in -ian
or -oan according to the valency of the substituting ion. They denote
minor substitutions and are not an essential part of the amphibole name;
consequently, they are not used in the first stage of indexing and the
amphibole should be indexed under its species name. Prefixes and adjec-
tival modifiers of general application are listed in Table 1, together
with the limits and restrictions on their use. Additional adjectives may
be approved as needed (e.g., nickeloan, cuprian). A few prefixes must be
defined differently in the different amphibole groups; these will be given
later. The prefixes magnesio-, ferro-, alumino- and ferri- are often used
with names that refer to part of a series. Alternate names are often so
widely used for ends of some series that they are preferable to the ideal
names (e.g., tremolite instead of magnesio-actinolite; tschermakite instead
of alumino-tschermakite). The prefix "pure" may be used to indicate a
theoretical end-member formula.

The amphiboles are divided into four principal groups on the basis

of the B group cation occupancy:

(Ca+Na)B < 1.34 Iron-magnesium-manganese group
(Ca+Na)B > 1.34 Calcic amphibole group

NaB < 0.67
(Ca+Na)B > 1.34 Sodic-calcic amphibole group

0.67 < Nay < 1.34

NaB > 1.34 Alkali amphibole group

General formulae, end-member formulae and limits on the use of end-
member names for each of these groups are given in Tables 2-5 and Figures
1-4.

Fe-Mg-Mn amphiboles: This group naturally divides into two subgroups,

the orthorhombic and the monoclinic groups.

3
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Figure 1.

< 1.0 atoms p.f.u. From Leake (1978).

The nomenclature of the iron-magnesium-manganese amphiboles for which Liis

Figure 2 appears on the facing page.

(Na+K), < 0.50

( Na«tK)A 20.50

1.0 T 0.0
l ARFVEDSONITE
WINCHITE BARROTSITE FERRO-ECERMNNITE | (kozuucte 1r M, 22.5)
Mg Mg
M9+F."°‘5 MaTFet 05
FERRO- FERRO-BARROISITE ECKERMANNITE MAGNESIO0-ARFVEDSONITE
WINCHLTE
0.0 1 1.0
80 7.5 6.5 6.0 0.0 0.5 1.0
—Sipfu ————— - Fe3*/(Fe3h A" }—s
(Na+K), 20.50 (Na+ K), < 0.50
1.0 T 0.0
. MAGNESIO- ‘ FERRO- RIEBECKITE
ICHTERITE | MAGNESI0-KATOPHORITE TARALTE GLAUCOPHANE
Mg Mg
0. .
Mg+ Fe*" 5 Mg+ Fa? 0.5 CROSSITE
FERRO- MAGNESIO-
TA OPHANE
RICHTERITE KATOPHORITE RANITE GLAUC RIEBECKITE
0.0 1 1.0
8.0 7.5 6.5 6.0 0.0 03 0.7 1.0
Si ptu. “——— Fad¥/(Fedt+ AV ) — =
Figure 3. The nomenclature of the sodic- Figure 4, The nomenclature of the alkali
calcic amphiboles. From Leake (1978). amphiboles. Modified from Leake (1978).
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(Na+K)<0.50; Ti< 0.50
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Table 2. The Iron-Magnesium-Manganese Amphiboles: General Formulae,
End Member Names and End Member Formulae
Orthorhombic forms
. 2
Anthophyllite Nax(Mg,Mn,Fe ) Al (Al 8 e y)OZZ(OH’F'Cl)Z
End member Formula
Magnesio-anthophyllite Mg7S,.8 2,,(OH)
. 2
Ferro-anthophyllite Fe7S1BOM(OH)2

Sodium-anthophyllite

2
. “ 2 ,
Gedrite Nax(Mg,Ln,Fe )7—yAly(Alx* SlB-x—y)OZZ(OH’F’Cl)Z
End member Formula
Magnesio-gedrite 5Al 516&12022(0!{)2
~ - . 7
Ferro-gedrite eSAIZS:LsAlZO,,Z(OH)2
. . 2 .
Sodium-gedrite Na(Mg,Fe )6A1516A12022(OH)2
2
i i i Fa~ T
Holmquistite le(Mg,‘e )3(Le ,AL) Slsooz(OH,F,Cl)2
End member Formula
Magnesio-nolmquistite Li Mg3Al Si 0 (OH)2
Ferro-holmquistite Li FeZ Al Si 0 2(OH)

Na(Mg,Fe )7AlSi7022

2

Monoclinic forms

(0H),

Cummingtonite series (Mg,FeZ,Mn) 518027(OH)2
End member Formula
Magnesio-cummingtonite Mg7S18022(OH)2
Grunerite Fe§518022(OH)2
Tirodite anMg5518022(0H)2
Dannemorite anFegal 0, (OH)
Clinoholmquistite Liz(Mg,Fez,Mn)3 (Fe3 Al) 518072(0H,F,C1)2
End member Formula
Magnesio-clinoholmquistite Li MgBAl 518022(0!{)2
Ferro-clinoholmquistite lere3Al 518022(01{)2

Prefixes and adjectival modifiers specific to Fe-Mg-Mn amphiboles

AlVI

Anthophyllite Alumino- 20.50

Gedrite Sodium- Na30.75

Cummingtonite series Sodian Na3 0.25

Fe-Mg~Mn group Calcian Cax»0.50
6
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Table 3.

The Calcic Amphiboles:
End Member Formulae

End Member Names and

End member

Tremolite
Ferro-actinolite
Edenite
Ferro-edenite
Pargasite
Ferro-pargasite

Hastingsite

Magnesio~hastingsite

Alumino-tschermakite

Ferro-alumino-tschermakite

Ferri-tschermakite

Ferri-ferro-tschermakite

Alumino-magnesio-hornblende

Alumino~ferro~-nornblende

Kaersutite

Ferro-kaersutite

Formula

Ca MgSSJ.SOZZ(OH)2

CBZFESSI OZZ(OH)Z

NaCaZMgSSL7A1022(OH)2

2.
NaCazFESSL7A1022(0H)2

NaCazM34A151 Al,OZ,(OH)2

6

NaCa_Fe,. AlSL Al.0 (OH)2

2 6772722

2 3.
NaCazFebFe SléA‘Z 22

VaCa WO Fe351 Al_0,, (OH)

672722

(0H)

2

2

Ca Mg3A1 Si.Al1,0,,(0H),

2776772722

Ca_ FeZ Al Sl Al D (OH)7

273 6772722

3
CazMgaFe 516A12022(CH)

2

Ca FezFe Si,Al1.0 (OH)7

372746 2722
CayMg, A1S1,410,, (0H),

2 1
Ca,Fe;A181,410,,(OH),

NaCa MgATiSi6A12(0+OH)24

2

2
NaCa,Fe, TiSi AL, (O+OH)

Prefixes specific to calcic amphiboles

Alumino-

Sodian

Subcalcic

Silicic

Subsilicic

Al

Na

Ca

Si

VI

> 1.00

> 1.00 (~3.5% NaZO)
< 1.50 (~9.5% Ca0)

> 7.25 (¥a+K)?30.50

5.75> Si3» 5.50

printed on 2/13/2023 5:05 AMvia .

Calecic amphiboles:

Alkali amphiboles:
the symbol G, C, O or R for the four possible orientations (Borg, 1967b).

With tschermakite, tschermakitic hornblende,

Sodic-caleic amphiboles:

fixes alumino- and ferri- immediately precede the fundamental amphibole

the order in which prefixes are used is not fixed.

ferro-tschermakite and ferro-tschermakitic hornblende, the prefixes

Neither ferri- nor

ferrian should be used with hastingsite, as hastingsite implies high Fe

As with the calcic amphiboles, the pre-

name; otherwise, the order in which the prefixes are used is not fixed.

alumino- and ferri- immediately precede the word tschermakite; otherwise,

3+

Optic orientation may be indicated by prefixing
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General considerations

For amphiboles that are not precisely characterized (e.g., identified
from optical properties without chemical analysis), it is not possible
to allocate a precise name. In this case, the assigned amphibole name
should be made into an adjective followed by the word amphibole, thus,
tremolitic amphibole, pargasitic amphibole. Similarly, hornblende is to
be used for calcic amphiboles identified by physical and/or optical prop-
erties and not confidently identifiable as near to an end member.

For the various asbestiform amphiboles, mineralogical usage should
involve the precise mineral name followed by -asbestos; thus, anthophyllite-
asbestos, actinolite-asbestos (see chapter by Zoltai, this volume). Where
the nature of the mineral is not known, asbestos alone may be appropriate.
When the approximate nature of the mineral is known but not its precise
composition, the assigned amphibole name should be made into an adjective
followed by the word asbestos; thus, anthophyllitic asbestos. For this
purpose, crocidolite is used to cover alkali amphibole asbestos in general,
whereas the above recommendations are to be followed when the precise com-
position is known.

A large number of amphibole names have been formally abandoned (Leake,
1978) and should not be used; this included barkevikite, basaltic horn-
blende, ferrohastingsite and carinthine. This nomenclature is fairly sim-
ple considering the complexity of the amphibole group and should result

in rapid and unambiguous naming of amphiboles.

THE AMPHIBOLE CRYSTAL STRUCTURES

The essential feature of the amphibole structure is a double chain

of corner-linked tetrahedra that extends infinitely in one direction and

)
11
merization of the double-chain unit defines the Z-axis of the amphibole

has the general stoichiometry (TAO The direction of infinite poly-

"
cell in the normal orientation. The actual value of the repeat distance
in the Z-direction is the c¢-dimension of the unit cell and is dependent
on such factors as the occupancy of the tetrahedrally-coordinated cation
sites and the stereochemistry of the tetrahedra; however, these factors
produce only minor perturbations from the ideal value of ~5.3 & for an

(si )w chain. It is convenient to recognize two different types of

4011
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Figure 5. The crystal structure of C2/m amphibole projected down [001]. Shaded areas
show the I-beam units of the structure. From Cameron and Papike (1978).

oxygen anions in this double-chain element. The oxygens lie in two planes
parallel to the chain direction. All oxygens lying in the plane containing
the linkages between adjacent tetrahedra are called basal oxygens, while
the oxygens lying in the other plane are called apical oxygens. Oxygens
bonded to two tetrahedrally-coordinated cations are called bridging (link-
ing two TO4 tetrahedra together) and here are denoted as O(br), while
oxygens bonded to one tetrahedrally-coordinated cation are called non-
bridging and here are denoted as O(nbr).

The (T,0,),,
2) divalent and trivalent cations that bond to the O(nbr) anions of the

chains are linked by medium-sized (ionic radius 0.53-0.83

chains. Two types of inter-~chain linkage may be recognized. First, a
strip of divalent and trivalent cations are intercalated between two

layers of apical oxygens belonging to double chains that adjoin each other
orthogonally to the plane of the basal oxygens. The adjacent double chains
are staggered in the Z-direction so that the apical oxygens of adjacent
chains assume a pseudo-octahedral arrangement around each of the linking
divalent and trivalent cations. In order to complete the coordination of
the cations in the center of this strip, it is necessary to add another
anion to the plane of the apical oxygens; this is the monovalent anion in
the amphibole formula. Thus, these adjacent double chains are tightly

bonded together and form a modular unit, an I-beam, that plays an important

10
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role in model amphibole structures (Thompson, 1970; Papike and Ross,
1970; see chapters by Thompson and Veblen, this volume).

The second type of inter-chain linkage joins these modular units
together in a three-dimensional array (Fig. 5). The divalent and tri-
valent cations at the edges of an I-beam unit link laterally to the non-
bridging basal oxygens of adjacent I-beams. These divalent and trivalent
cations, together with their coordinating anions, define a strip of edge-
sharing octahedra that extends infinitely in the Z-direction. Thus, an
I-beam may also be thought of as a strip of edge-sharing octahedra sand-
wiched between two double chains of corner-sharing tetrahedra.

As described thus far, the structure consists of G- and T-type cations.
Further linkage between the modular units is provided by the A and B
cations. The B cations are situated at the margins of the octahedral
strips, where they provide additional linkage both within individual I-
beams and between adjacent I-beams. The inter-chain linkage provided by
the B-type cations differs from the second type of inter-chain linkage
described above. The C-type cations all bond to non-bridging anions
whereas the B-type cations bond with the non-bridging and bridging anions.
The B cations are surrounded by eight anions, not all of which are neces-
sarily bonded to the central cation. These anions are arranged in a dis-
torted square antiprism, the exact configuration of which is a function
of the central cation and local structural requirements. Between the
back-to-back double chains is a large cavity that is surrounded by 12
bridging oxygens. The A cations are situated within this cavity; the
actual position assumed by the A-type cations and the number and con-
figuration of the surrounding anions to which it is bonded are a function
of local stereochemical requirements, and vary with the chemistry of the
amphibole. The A cations thus provide additional linkage between adjacent
double chains orthogonal to the plane of the double chain. The complete
structure is one of great elegance; schematic projections are shown in

Figures 5 and 7.
Choice of axes

The original crystal structure determination for tremolite by Warren
(1929) was referred to an I-centered cell and conformed to the early mor-

phological convention of defining B as the acute angle between the X and

1"
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Figure 6. The geometrical relationships between the I- and C-
centered cells of the clinoamphiboles. Modified from Whittaker
and Zussman (1961).

the 7 axes. Some confusion subsequently arose concerning this point
(Whittaker and Zussman, 1961). Warren's work was done before the intro-
duction of the Hermann-Mauguin symbols and the space group was reported
as 2Ci-3 using the Wyckoff notation. This was translated into the
standard form C2/m by later workers, but the unit-cell parameters were
still given in the I-centered orientation. Current crystallographic
convention for the monoclinic crystal system defines B as the obtuse
angle between the X and Z crystallographic axes. Several later studies
(Zussman, 1955; Heritsch et al., 1960; Heritsch and Kahler, 1960;
Heritsch and Reichert, 1960) report atomic coordinates in an I-centered
cell with B obtuse; in these studies, the signs of the z coordinates
should be reversed.

Here, all crystallographic information has been standardized to a
C-centered cell with B obtuse. Maintaining a right-handed set of crystal-
lographic axes with B obtuse, Figure 6 summarizes the relationships be-

tween the I- and C-centered cells.

Principal structure types

The extensive morphological investigations of the 19th century had
shown that amphiboles occur in both monoclinic and orthorhombic varieties,
and Warren's studies showed that these were related structures with space
group symmetries C2/m and Pnma, respectively. More detailed work during
the past 20 years has unearthed three more structural variants with dif-

ferent space groups. Gibbs et al. (1960) reported the synthesis of

12
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Table 6. Site-Nomenclature Scheme for Amphibole Structure Types

C2/m P21/m P2/a Pnma Punmn
fetranedra’ly 1() T(1A) T(B) T()A T()B TIA TIB T1
porein T(2) T(2A) T(2B) T(2)A T(2)B T2A T2B T2
sites
octahedrally M(1) M(1) M(1)A M(1)B ML M1
coordinated M(2) M(2) M(2)A M(2)B M2 M2
sites M(3) M(3) M(3) M3 M3
cubic
antiprismatic  M(4) M(4) M(4)A M(4)B M4 M4
sites
{127 cavity* A A A(2) A A

o) 0(1A) 0(1B) G(1)A 0(1)B 0la 01B 0l
non-bridging 0(2) 0(2a) 0(2B) 0(2)a 0(2)B 024 Q2B 02
anion sites 0(3) 0(3a) 0(3B) 0(3) 03A 03B 03
0(4) 0(44) 0(4B) 0(4)YA 0(4)B 04A 04B G4

0(5) 0(54) 0(SB) 0(5)A 0(5)B 034 05B 0S5
0(6) 0(6a) 0(6B) 0(6)A O0(6)B 06A 06B 06
on 0(74) 0(7B) BIQ)] 07a 078 07

bridging
anion sites

*the more complex nomenclature used to describe the positiomal dis-
order of cations occupying this site is described in the section on
the A-site.

protoamphibole, a new orthorhombic amphibole with space group symmetry
Pnmn; Gibbs (1964, 1969) subsequently refined the protoamphibole struc-
ture. Deer et al. (1963) postulated the existence of a magnesium-rich
Fe-Mg-Mn amphibole with P21/m symmetry. Bown (1966) subsequently re-
ported such an amphibole, and the structure of a tirodite P21/m was
refined by Papike et al. (1969). Moore (1968a,b) reported the existence
of a peculiar amphibole-like mineral from L&8ngban, Sweden. The unit-cell
dimensions and space group (P2/a) were compatible with an amphibole-type
structure but the chemical analysis was not. Subsequent solution and
refinement of the structure of this mineral (joesmithite) showed it to be

a bona fide amphibole with a beryllo-silicate double chain (Moore, 1969).

Site nomenclature in amphiboles

In order to facilitate inter-structure comparison of structural
features in the amphiboles, it is desirable to have a site-nomenclature
that differentiates between structure types but maintains some sort of
congruence between analogous sites in different structures. A completely
general site-nomenclature that would satisfy these restrictions for all
possible structures would have the same type of basis as the nomenclature
schemes that have been derived for the pyroxenes (Burnham et al., 1967)

and the feldspars (Megaw, 1956). Such a scheme would also be extremely
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cumbersome and is not really necessary unless numerous additional struc-
tural varieties are discovered. The scheme developed here is not as
systematic as those for pyroxenes and feldspars, but 1s convenient
(Table 6). The site-nomenclature used by Robinson et al. (1973) and
Hawthorne and Grundy (1973a,b) is adopted here for the C2/m amphibole
structure type. The site-nomenclatures for the other structural vari-
ants can be derived from this nomenclature by changes that correspond to
the space group differences of the structures involved. The difference
between the monoclinic and orthorhombic amphiboles may be indicated by
the presence or absence of parentheses in the site symbols. This is
consistent with the current nomenclature of the Pnma amphiboles (Finger,
1970; Papike and Ross, 1970) which is thus adopted in the current scheme.
The site-nomenclature of the Pnmn structure (Gibbs, 1969) is changed;
the parentheses are not used and the $Si(l) and Si(2) sites become the T1
and T2 sites. For the P21/m structure type, parentheses were added to
the nomenclature scheme of Papike et aql. (1969, Fig. 2). The site-
nomenclature scheme for the P2/a structure (Moore, 1969) does not resem-
ble that of the other amphiboles and was completely revised. The site
numbering was adjusted to correspond with numbering in the other amphi~
bole structures. For the "pseudo-mirror equivalent" pairs of atoms,
those with the smaller value of the y-coordinate were labelled by addi-
tion of a suffix A while those with the larger value of the y~coordinate
were labelled with the suffix B. Parentheses are used because this
structure type is monoclinic; however, in order to distinguish sites in
this structure type from similar sites in the PZl/m structure type, the
parentheses enclose the numbers only in the P2/a structure type. The

sites of all the various structure types are summarized in Table 6.

The C2/m amphibole structure

This is the most common of the amphibole structure types, suggest—
ing that this must be the most flexible, or chemically compliant, of
these structures. A schematic polyhedral representation of this struc-
ture type is shown in Figure 7. There are three non-bridging atoms:

0(1), 0(2) and 0(4); of these, 0(1) and 0(2) are apical oxygens and 0(4)
is a basal oxygen. There are three bridging anions: 0(5), 0(6) and 0(7);

all of these are basal oxygens, and 0(5) and 0(6) bridge along the length
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Figure 7. The C2/m amphibole structure projected onto (100); the space group symmetry
elements are shown. From Hawthorne (1982).
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Figure 8. The P2)/m amphibole structure projected onto (100); the space group sym-
metry elements are shown. From Hawthorne (1982).
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of the (T4011)0o double chain while 0(7) is the anion that links the two
pyroxene-like components of the double chains together. TIn addition,
there is the 0(3) anion that is bonded to three octahedrally-coordinated
cations; the 0(3) site may be occupied wholly or in part by OH, F, Cl or
02—. The anions are arranged in layers parallel to the (100) plane.
These layers are not close-packed but bear a simple relationship to both
cubic and hexagonal close-packed arrangements.

There are two unique cation sites with pseudo-tetrahedral coordina-
tion, the T(l) and T(2) sites, both of which have point symmetry 1. The
T(1l) site is coordinated by three bridging and one non-bridging anions,
whereas the T(2) site is coordinated by two bridging and two non-bridging
anions. T(1) and T(2) tetrahedra alternate along the chain; thus, all
linkages |]Z are of the type T(1)-T(2). Cross-linkages ||Y are of the
type T(1)-T(1l), as required by the symmetry of the chain. All tetrahedral
chains in this structure type are identical.

There are three unique sites with pseudo-octahedral coordination,
the M(1), M(2) and M(3) sites; the point symmetry of the M(1) and M(2)
sites is 2 and the point symmetry of the M(3) site is 2/m. Both the M(1)
and M(3) sites are coordinated by four oxygens and two 0(3) anions;
around the M(l) site, the 0(3) anions are in a cis arrangement whereas
around the M(3) site they are in a trans arrangement. The M(2) site is
coordinated by six oxygens and is situated at the margins of the octa-
hedral strip. These three sites differ significantly in next-nearest-
neighbor configuration, and thus afford great opportunity for differen-
tial ordering of C-type cations in this structure type.

There is one unique cation site surrounded by eight anions, the M(4)
site with point symmetry 2. The anions are arranged in a distorted square
antiprism, but the actual cation coordination may vary with cation occu-
pancy. The M(4) site is situated at the periphery of the octahedral strip
and is occupied by the B-type cations of the standard formula. Between
the back~to-back chains is a large cavity surrounded by 12 anions, at the
center of which is the A-site with point symmetry 2/m. This site may or
may not be occupied depending on the chemical composition of the amphi-
bole. Detailed studies have shown that the cation occupying this cavity

is postionally disordered off the center of symmetry.
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The P21/m amphibole structure

A schematic polyhedral representation of this structure type is
shown in Figure 8. There are six non-bridging anions: O0(lA), 0(24),
0(4A), 0(1B), 0(2B) and 0(4B); of these, 0(4A) and O(4B) are basal oxygens
and the remainder are apical oxygens. There are six bridging anions:
0(54), 0(6A), 0(7a), 0(5B), O(6B) and 0(7B); all of these are basal oxy-
gens, with O(7A) and O(7B) cross—linking the double chains and the re-
mainder bridging dlong the length of the (T4011)°° double chains. In
addition, there are two anion positions, 0(3A) and 0(3B) that are coor-
dinated to three octahedrally-coordinated cations; these positions are
generally occupied by OH in this structure type.

There are four unique cation sites with pseudo-tetrahedral coordi-
nation, the T(1lA), T(2A), T(1B) and T(2B) sites, all of which have point
symmetry 1. The topological details of their coordination are similar to
the coordination of the corresponding sites in the C2/m structure type,
with the restriction that cation sites labelled A always bond to anions
labelled A, and likewise for the B-labelled cations. The double chains
in this structure still have mirror symmetry and retain the same linkage
configurations as the C2/m structure in regard to the labelling of the
atoms of the chains. However, the back-to-back double chains are crystal-
lographically non-equivalent, and are designated the A~ and B-chains. The
B-chain shows a much greater deviation from an extended chain configuration
than does the A-chain, with the average chain kinking being similar to
that found in structures of similar composition with C2/m symmetry.

There are three unique sites with pseudo-octahedral coordination, the
M(1), M(2) and M(3) sites; the point symmetry of the M(1) and M(2) sites
is 1 and the point symmetry of the M(3) site is m. The relative configura-
tion of these sites and their coordinating anions is similar to the corre-
sponding sites in the C2/m structure; note that the anions on one side of
the octahedral strip are A-type anions while the anions on the other side
of the octahedral strip are B-type anions. Whereas there are two types
of tetrahedral double chain in this structure type, there is only one
type of octahedral strip.

At the margins of the octahedral strip is the M(4) site, with point
symmetry 1, surrounded by eight anions arranged in a very distorted square

antiprism. The cations occupying the M(4) site may not bond to all of the
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surrounding anions; indeed, the existence of this structure type seenms
to hinge on the bonding requirements of the M(4) cation(s). Between the
back-to-back A- and B-chains is the A-site, with point symmetry m and two
degrees of positional freedom. This site is identified by analogy with
other structure types, as it is unoccupied in all PZl/m structures

examined thus far.

The P2/a amphibole structure

Only one representative of this structure type has so far been dis-
covered. Joesmithite is a beryllo-silicate amphibole whose unusual struc-
ture can be directly related to its unusual chemical composition. A
schematic polyhedral representation of joesmithite is shown in Figure 9.
Note that the site nomenclature is different from that used by Moore (1969).
There are six non-bridging anions: O0(1)A, 0(2)A, 0(4)A, 0(1)B, 0(2)B and
0(4)B; of these, O(4)A and 0(4)B are basal oxygens and the remainder are
apical oxygens. There are five bridging anions: 0(5)A, 0(6)A, 0(5)B,
0(6)B and 0(7); all of these are basal oxygens, with 0(7) cross-linking
the double chain and the rest bridging along the length of the double
chain. In addition, there is the 0(3) anion position that is coordinated
to three octahedrally-coordinated cations and is occupied by OH.

There are four unique cation sites with pseudo-tetrahedral coordina-
tion, the T(1)A, T(2)A, T(1)B and T(2)B sites, all of which have point
symmetry 1. The topological details of their coordination is similar to
the coordination of the corresponding sites in the P21/m structure type.
Whereas in the P21/m and Pnma structures the four unique tetrahedrally-
coordinated sites occur in two distinct tetrahedral double chains, in the
P2/a structure the four unique tetrahedra are all found in just one double
chain, and all double chains in this structure type are identical.

There are five unique sites with pseudo-octahedral coordination, the
M(1)A, M(2)A, M(1)B, M(2)B and M(3) sites, all of which have point sym—
metry 2. The relative configurations of these sites and their coordina-
ting anions are similar to the analogous sites in the C2/m structure.
Cations denoted by A and B bond to A~ and B-type anions, respectively.
There is only one type of octahedral strip. At the margins of the octa-
hedral strip are the M(4)A and M(4)B sites, both of which have point

symmetry 2. The anions surrounding each site are arranged in a distorted
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square antiprism, with all the anions bonded to the central cation in
joesmithite itself. Sandwiched between the back-to-back double chains
is the A-site cavity, surrounded by 12 anions. 1In joesmithite, this
cavity is fully occupied by divalent cations that assume an ordered off-
center position, the A(2) site. This displacement is along the two-fold

axis towards the T(1)B site that contains Be.

The Pnma amphibole structure

This is the only structure type found thus far for naturally-occurring
orthorhombic amphiboles. A schematic polyhedral representation of this
structure type is shown in Figure 10. There are six non-bridging anions:
01A, 02A, O4A, O1B, 02B and 04B; of these, 04A and 04B are basal oxygens
and the rest are apical oxygens. There are six bridging anions: O05A, 06A,
07A, O5B, 06B and 07B; all of these are basal oxygens, with O7A and 07B
bridging across the chains and the rest bridging along the length of the
chains. In addition, there are the 03A and 03B anion positions, both of
which are coordinated to three octahedrally-coordinated cations and are
occupied by OH, F, Cl1 or 02—.

There are four unique cation sites with pseudo-tetrahedral coordina-
tion, the T1A, T2A, T1B and T2B sites, all of which have point symmetry 1.
The T1A and T1B sites are coordinated by three bridging and one non-
bridging anions and the T2A and T2B sites are coordinated by two bridging
and two ﬁon—bridging anions. Sites designated A and B are coordinated
respectively to A- and B-type anions only. There are two crystallograph-
ically distinct double chains, the A-chain and the B-chain, that are con-
stituted from A- and B-type atoms, respectively. Both A~ and B-chains have
mirror symmetry and all of the intra-chain linkages are analogous to those
in the C2/m structure type. There is generally a significant decrease in
the degree of ditrigonal rotation of each chain, the B-chain being more
kinked than the A-chain.

There are three unique sites with pseudo-octahedral coordination,
the M1, M2 and M3 sites, with point symmetries 1, 1 and m, respectively.
Apart from the differences in point symmetry, the coordination of these
sites is similar to the corresponding sites in the C2/m structure. The
anions on one side of the octahedral strip are A-type anions and on the
other side are B-type anions. There is only one type of octahedral strip

in this structure type.
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At the edges of the octahedral strip is the M4 site, with point sym-
metry 1, surrounded by eight anions. The actual coordination number almost
certainly varies with cation occupancy of this site and is possibly one
of the more important factors in the occurrence of this structure type.

The cations occupying this site may bond to bridging anions of both the

A and B tetrahedral double chains. Thus, the cations occupying this site
have great flexibility with regard to the possible coordination geometry
they assume. Between the back-to-back A and B double chains is the A-site,
point symmetry m, that is coordinated by six bridging anions. This site
may or may not be occupied depending on the chemical composition of the
amphibole. Unlike the C2/m amphibole structure, there seems to be no
significant positional disorder of the cations occupying this position in

amphiboles of the Pnma structure type.

The Pnmn amphibole structure

No naturally-occurring amphiboles with this structure type have yet
been found. Protoamphibole (Gibbs et al., 1960) is a synthetic amphibole
with orthorhombic symmetry and the only representative of this structure
type known. A schematic polyhedral representation of this structure type
is shown in Figure 11. There are three non-bridging anions: 01, 02 and
04; the latter is a basal oxygen and the other two are apical oxygens.
There are three bridging anions: 05, 06 and 07; all of these are basal
oxygens with 07 bridging across and 05 and 06 bridging along the tetra-
hedral double chain. 1In addition, there is the 03 anion position which
is coordinated to three octahedrally-coordinated cations and is occupied
by ¥ in protoamphibole. There are two unique cation sites with pseudo-
tetrahedral coordination, the Tl and T2 sites with point symmetry 1. The
Tl site 1s coordinated by three bridging and one non-bridging anions and
the T2 site is coordinated by two bridging and two non-~bridging anions.
There is only one symmetrically distinct tetrahedral double chain in this
structure type.

There are three unique sites with pseudo-octahedral coordination, the
M1, M2 and M3 sites, with point symmetry 2, 2 and 2/m, respectively. The
coordination of these sites is similar to the analogous sites in the C2/m
amphibole structure, and there is only one symmetrically distinct octa-

hedral strip. At the edge of the octahedral strip 1s the M4 site, with
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Figure 11. The Pnmm amphibole structure projected onto (100); the space group sym-

metry elements are shown. From Hawthorme (1982).
point symmetry 2, surrounded by eight anions only six of which are bonded
to the central M4 cation. Although only coordinated by six anions, the
M4 site still differs significantly from the pseudo-octahedrally coordi-
nated ML, M2 and M3 cation sites of the octahedral strip in that its
central cation bonds both to non-bridging and bridging anions. Between
the back-to-back double chains is a large cavity surrounded by 12 anions,
in the center of which is the A-site with point symmetry 2/m. According
to the chemical analysis of protoamphibole, this site should be almost
completely occupied by Li; however, Gibbs (1969) could not locate the
position of Li (a very weak x-ray scatterer) in the structure refinement

and suggested that it is positionally disordered within this cavity.

Amphiboles as layer structures

Amphiboles may be considered as ordered stacking sequences along X
of alternate layers of octahedra and tetrahedra (Figs. 5 and 12). Be-
cause the apical oxygens of the tetrahedral layers provide the octahedral
coordination of the octahedral layers, there is a stagger of approximately
+ ¢/3 between adjacent tetrahedral layers. For the C2/m, P21/m and P2/a
structure types, this stagger is always in the same direction. The ortho-

rhombic amphiboles require a regular reversal of this stagger in order

22

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



Figure 12. The Pnma amphibole structure projected onto (010); the arrows indicate
the direction of stagger of the octahedral layers. From Papike and Ross (1970).

Table 7. Observed Amphibole Space Groups and
Representative Structures

CZ/ml calcic amphiboles, sodic-calcic amphiboles
alkali amphiboles, monoclinic Fe-Mg-Mn amphiboles
P21/m2 magnesio-cummingtonite
P2/a joesmithite
Pnma orthorhombic Fe-Mg-Mn amphiboles,
holmquistite
Pnmn protoamphibole

1Ginzburg (1965) reports clinoholmquistite with P2/m symmetry;
however, Litvin et al. (1975a) have refined the structure of
clinoholmquistize in the space group C2/m.

2WDensdregt and Hartman (1969) report a hormblende with le/m
symmetry,
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Figure 13. Schematic representation of the layer stacking sequences projected down

Y for the various amphibole structure types. Modified from Gibbs (1966). The P2;/m

and P2/a sequences are the same as for the C2/m structure type, and are not depicted

here.
that the resulting structures conform to the requirements of orthorhombic
symmetry. For the Pnma structure type, the stagger between adjacent
tetrahedral layers is +e3,+e/3,-¢/3,-¢/3 (or simply ++-), while for the
Pnmn structure type, the stacking sequence stagger is +e¢/3, -e/3, +e/3,

-¢/3 (or +—+). This is summarized in Figure 13.

Space group variations in amphiboles

There are at present five known structural variants of amphiboles,
details of which are given above. The amphiboles known to occur with
these structure types are listed in Table 7. 1In regard to the existence
of other possible structure types, it is instructive to consider the
P2/a and P21/m structures. The P2/a structure has the same topological
arrangement as the C2/m structure, but a different topochemical arrange-
ment. It is the difference in cation ordering that leads to the dif-
ferent space group; note that there is no major change in the shape or
size of the unit cell and that the space group P2/a is a subgroup of the
space group C2/m. The P21/m structure has the same topochemical arrange-
ment as the C2/m structure. Whether or not the topological arrangement
is the same is a moot point. However, we can understand the difference
in symmetry between these two structure types as a relaxation of symmetry
constraints to allow local relaxation in the structure; there is no major
topological change in the structure type, such as a change in stacking
sequence. Again, the space group P21/m is a subgroup of the space group

C2/m. Thus, we can identify the C2/m, Pnma and Pnmn structures as
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principal structure types in the amphiboles, as none of these can be
considered as simple subgroup derivatives of the other(s). All possible
space groups for amphibole structures derivative from the C2/m, Pnma and
Pnmn structures without a change in shape or size of the unit cell are
subgroups of these space groups. The possible supergroups of these three
space groups are not consistent with the amphibole structure without a
change in shape and size of the unit cell, and thus all possible space
groups may be derived from C2/m, Pnma and Pnmn by group reduction (for
an introduction to group theory and symmetry, see Yale, 1968).

A space group G may be written as G = P-Q, where P is the primitive
lattice group and Q is the factor group (Zachariasen, 1945). Thus, all
space groups that are subgroups of G may be formed by taking the semi-
direct product of P and all subgroups of Q. For each of the space groups
under consideration, the rank of Q is 8; thus, the ranks of all relevant
subgroups of Q are 4, 2 and 1. In each case, all elements of Q are binary
and thus all subgroups, H, of Q with rank 2 are (I-e) where e is a non-
identity element of Q. All subgroups, F, of Q with rank 4 may then be
derived from the relation H.F = Q.

Subgroups of C2/m, Pnma and Pnmn derived in this manner are listed
in Table 8. The two PI space groups listed as subgroups of C2/m are
structurally distinct as there are two symmetrically distinct centers of
symmetry in C2/m. This situation does not arise for Cl as both centers
of symmetry are elements of this space group. Other amphibole structure
types in addition to the ones examined here are possible. However, they
involve a change in the shape and size of the unit cell or a change in the

stacking sequence along the X axis.

THE TETRAHEDRAL DOUBLE CHAIN

There are at least two unique sites with pseudo-tetrahedral coordi-
nation in each of the amphibole structure types. Considerable variation
in local environment from structure to structure causes significant
stereochemical differences among the tetrahedra. This in turn has pro-
moted studies of these variations in relation to bonding models. In
addition to being of intrinsic interest, such studies have considerable
implication in regard to cation ordering and constraints on chemical

substitutions in amphiboles.
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Table 8. Subgroups of C2/m, Pnma and Pnmn

*C2/m *Pnma *Pumn
Monoclinic (y) Orthorhombic Orthorhombic
P
21/a Pnzla Pu2n
*P
21/m anZl anZ1
*p2 P2 2
/a 1ma P 1mn
P2/ 2.2
m P21212l P21-1 1
Cm i
Monocliniec (x) Monoclinie (x}
c2
P2_/n P2./n
02 1 1
71 P2 P2
P2 ! !
Pn Pn
Pa
Pm Monoclinic (y) Monoclinic (y)
le/m P2/m
Triclinie le 2
ci Pm Pa
Ccl Momoclinic (z) Monocliniec (z)
P1 P 2
1 21/3 P_l/n
Pl P
21 P21
Pl Pa Pn
Triclinic Triclinie
pI pI
Pl Pl

*
reported as amphibole space groups

The C2/m amphiboles

Individual Si-O bond lengths range from 1.572 to 1.704 ! and there
have been several attempts to rationalize these variations in terms of
particular bonding models. Two models for the Si-O bond have been con-

sidered.

Covalent bonding model. Pauling (1939) suggested the formation
of a double bond involving the 3d orbitals (in addition to the 3s and 3p
orbitals) for silicon tetrahedrally coordinated by oxygen. This idea
was extended by Cruickshank (1961) who used simple group theory arguments
to show that only two strong d-p-T bonds will be formed (by the eg orbi-
tals on silicon combining with the 2pm and 2p7T' orbitals on oxygen) in
polymerized tetrahedra of Td symmetry. Assuming these arguments can be
extended to tetrahedra showing some deviation from Td symmetry, several
predictions can be made concerning the stereochemistry of polymerized

tetrahedra (Cruickshank, 1961; Brown et al., 1969):
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(i) Si-0(nbr) bonds are usually shorter than Si-O(br) bonds,
providing the Si-0(br)-Si angle is not wide and ¥ (the mean
electronegativity of the non-tetrahedral cations) is not large;

(ii) the shorter Si-0(br) bonds are usually associated with the
wider Si-0(br)-S5i angles;
(iii) tetrahedral angles usually decrease in the order O(mbr)-Si-
0(nbr) > 0(nbr)-Si-0(br) > 0(br)-Si-0(br).
Brown and Gibbs (1969, 1970) examined the steric details in the
double chains of four C2/m amphiboles and showed that they conform to the
above predictions. In addition, they correlated individual Si-O bond
lengths with X (the mean electronegativity of the non-tetrahedral cations).
This approach was developed further by Mitchell et al. (1971) who presented
equations relating the T-O(nbr) bond lengths to <T-0(br)-T> and i:

T(1)-0(1) = 1.137 + 0.0029 <T-0(5,6,7)-T> + 0.051 io(l)
T(2)-0(2) = 1,211 + 0.0029 <T-0(5,6)-T> + 0.007 )‘(0(2)
T(2)-0(4) = 1.213 + 0.0026 <T-0(5,6)-T> + 0.009 5(0(4)

An equation relating bond length to bond order was deduced by Robin-
son (1963) and applied to Si-0, P-0 and S-0 bonds by Gillespie and Robin-
son (1963, 1964). For Si-O bonds:

$i-0 = 1.83 - 0.32/(1 + 0.6[(2-n)/(n-11) ,

where n is the bond order. As the second derivative of this curve is
positive, an increase in some bond lengths in a polyhedron must be accom-
panied by a decrease of lesser magnitude in the remaining bonds if the
mean bond order is to remain constant at Vv1.5. Consequently, irregular
tetrahedra that are characterized by large differences between their
individual Si-0 bond lengths will have a larger <Si-~0> bond length than
more regular tetrahedra (Fig. 14).

A considerable amount of work has been done on Extended Hiickel Molec—
ular Orbital (EHMO) calculations in silicates (Gibbs et al., 1972; Louis-
nathan and Gibbs, 1972a,b,c), and further stereochemical relationships have
come to light as a result of these studies:

(i) Si-0(br) is not a linear function of Si-0(br)-Si but an in-

verse function of cos(Si-0(br)-Si);

27

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



Figure 14 (to the right). Variatiom in mean +
bond length as a function of polyhedral dis- 163 ~

tortlion parameter A for C2/m amphiboles with +
little or no tetrahedrally coordinated Al.

&G-0 (a)

Figure 15 (below, center). Variatiom in 162 4 M*
grand <T-0(br)> as a function of grand
<T=-0(br)-T> for the C2/m ampniboles with ° T(I)-O>
little or no tetrahedrally coordinated 2
Al. The variation in <T-O(br)-T> angle T(Z)'O)
is not sufficient to show the non-
T 1 i

ii:ﬁ:f‘ity inherent in the graph to the 0.0 o2 04

DISTORTION A

!
21.64 $21.64
S ¢ AN *
i ¢ a ¢
163 4 ‘c;a'l.ss— ¢
N & 4,
T T T T T 0
1.30 1.35 136 138 140 142
-1 /c0s [CT-0(br)- D] — G-0(br)-TD(*) ——

Figure 16 (to the left, below). Variation in individual Si-0 bond lengths as a function of the

mean value of the three 0-5i-0 angles involved in that bond for the C2/m amphiboles with little
or no tetrahedrally coordinated Al.

o F {*M iy

¢
1.65 1 *
Hi¢§ | y
P §
: +% | L Py
t" ! | : b
o Si-~0{br) +

* Si-0(nbr) 4 + * { 1.60 1 t

e non-bridging bond “
© bridging bond

T T T T T T T
106 108 10 0.46 0.48 0.50 052
o-si-0) (O)— BOND OVERLAP POPULATION n (Si-0)——
3

Figure 17 (to the right, above). Variation in observed Si-0 bond lengths for tremolite (30) and

fluor-tremolite (36) as a function of bond overlap population calculated using extended Huckel
molecular orbital theory.
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(ii) Si~0 bond lengths are a function of the 0-Si-0 angles in
which they are involved.

These predictions are examined for the C2/m amphiboles in Figures
15 and 16, where it can be seen that the results support the above con-
tentions.

Cameron and Gibbs (1973) performed EHMO calculations for tremolite
(30)* and fluor-tremolite(36), and noted that the observed bond lengths
are inversely correlated with the Si-0 bond overlap populations (Fig. 17).
Although a valence basis set was used for these calculations, the Si-0(br)
and Si-O(nbr) seem to form two separate populations (e¢f. Gibbs et «l.,
1972). 1In a series of calculations for idealized orthosilicic acid mole-
cules, Louisnathan and Gibbs (1972¢) found that bond overlap population
is non-linearly correlated with 0-Si-0 angles involved in the bond. This
correlation varies with differing molecular orbital environments along
the basal-apical bond directions and can be rationalized in terms of
changes in the non-equivalent hybridization characteristics of the cen-
tral Si atom. Thus, the presence of two ordered populations in Figure 17
is not inconsistent with the conclusion of Gibbs et aql. (1972) that at
least part of the S$i-0 bond length variations observed in silicates can

be rationalized in terms of a covalent bonding model.

Bond-valence model. The utility of the ionic model in under-
standing the chemical bond in solids has long been recognized (Bent,
1968). Bragg (1924, 1926) extended the hard sphere model of atoms orig-
inally developed by Barlow and developed the idea of ionic radius (Bragg
and West, 1927). Pauling (1929, 1960) extended previous work and pro-
duced a set of empirical rules to predict stable configurations in in-
organic crystals and to rationalize 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 success-
ful. Of particular interest is Pauling's second rule: "In a stable
ionic structure, the valence of each anion, with the sign changed, is
equal to the sum of the strengths of the electrostatic bonds to it from

the adjacent cations,'" where the electrostatic bond strength is defined

*
Numbers in parentheses following amphibole names refer to structure
refinements in Table A-~1 at the end of the chapter.
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Figure 18. Comparison of observed Si-O bond lengths in C2/m amphiboles (with little

or no tetrahedrally coordinated Al) with values calculated according to the methods

of Baur (1970, 1971). The left-hand graph shows values calculated using predicted

<S1-0> distances and the right-hand graph shows values calculated using observed

<$1-0> distances.
as the formal valence of the cation divided by its coordination number.
Deviations of up to 407 from this rule are encountered in mineral struc-
tures and these deviations are accompanied by antipathetic variations in
cation-anion distances. Several schemes that relate bond lengths to
bond strengths have been developed; of these, the schemes of Baur (1970,
1971) and Brown and Shannon (1973) are the most general.

Baur (1971) has derived an equation relating Si-0 bond length to the
total Pauling bond strength received by the oxygen anion. This equation
may be used both to predict individual bond lengths absolutely from a
forecast mean bond length, or it may be used in conjunction with the ob-
served mean bond length to predict deviations from that mean. A graphical
comparison of the observed and calculated bond lengths is given in Figure
18. The agreement with the observed values is much the same for each
method, with a grand mean deviation of 0.01 k. This indicates that the
amphiboles obey the extended electrostatic valence rule (Baur, 1970) quite
well, and the predictive nature of this scheme promises to be useful in

structure modelling by distance least-squares methods (DLS; Meier and

Villiger, 1969).
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Brown and Shannon (1973) have derived curves relating bond length to
bond valence. Although they are not immediately predictive as is the
scheme of Baur (1970, 1971), they recognize weak bonding interactions that
are elther ignored or overemphasized in the previous method. Additional
bond-strength curves, including some for the fluorine anion, have been
presented by Brown and Wu (1976) and Brown (1978). Table 9 shows the
results of a complete bond-valence analysis on eight clinoamphiboles con-
taining little or no tetrahedral Al, where the results are compared with
the bond-strength sums calculated from the formal Pauling scheme. It is
apparent that the bond length variations observed in the refined struc-
tures tend to minimize the deviations from ideality in the bond-valence
sums around the anions. This is of particular significance with respect
to cations coordinating the 0(4) anion, all of which show extremely short
bonds to 0(4). Thus in the clinoamphiboles, generally T(2)-0(4) € 1.60 Iy
regardless of other variations in chemistry and/or structure. In
order to maintain a mean bond length in accord with the size of its con-
stituent cation (Si), there is a concomitant lengthening of the other
bonds. As a result of this, T(2) is generally the more distorted of the
two tetrahedra.

Brown and Shannon (1973) and Shannon (1975, 1976) have shown that
mean bond lengths are significantly correlated with polyhedral distortion

n
6= (] 1a-1)/1 1%/} x 10%,

i=1
where li = bond length, lm = mean. bond length, n = coordination number.

In the non—AlIV amphiboles, <T(2)-0> varies between 1.622 and 1.636 &,
and Hawthorne (1976) showed that this variation correlates with A.
Figure 14 shows the relation between mean bond length and A for C2/m
amphibole tetrahedra containing little or no Al. Although the correla-
tion is well developed, its significance is not clear as the factors af-
fecting mean bond lengths in tetrahedral oxyanions are not clear. Cal-
culation of the ideal relationship from the Si-O bond strength curve of
Brown and Shannon (1973) suggests that any relationship between mean bond
length and distortion should be obscured by random error in the observed
values. Baur (1974) has shown that <P-O>IV is significantly correlated
with tetrahedral distortion. Conversely, Baur (1978) showed that <Si-0>

in a large number (314) of silicate tetrahedra was not significantly
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e correlated with tetrahedral distor-
tion but was a linear function of the
o number of O(br) anions per tetra-

1.05
hedron and the mean coordination

o

number of all O atoms within the

1.00 o tetrahedron. This would suggest that

4

the correlation of Figure 14 is
spurious, while the phosphate study
0957 (Baur, 1974) could be taken as sup-

porting this correlation. As indi-

BOND STRENGTH (V.U)

. cated earlier, an argument based on

§

e Si-0(br) the covalent model for the Si-0 bond
L4 o Si-0O(nbr)

has been put forward (Mitchell et al.,

T
0.46 0.50

BOND OVERLAP POPULATION n(Si=0) 1971) to rationalize the same trend.

However, Figure 14 has considerable
Figure 19. Variation in bond strength, implications Concerning the deriva-

calculated from the equations of Brown
and Shannon (1973), with bond overlap tion of Al/Si site-occupancies (Haw-

population calculated from extended
Hickel molecular orbital theory (Cameron thorne, 1976) and is perhaps best

and Gibbs, 1973).
considered as an empirical correla-
tion at present.

The arguments presented above indicate that the steric variations in
the tetrahedral double chain of the C2/m amphiboles may be rationalized
by both covalent and bond-strength models of the chemical bond. That both
models may be used to rationalize the same features does not invalidate
either of them; indeed, in this context they may not be mutually incom-
patible. With regard to the amphibole structure, Figure 19 shows the
relationship between the bond-valence of the Si-0 bonds in tremolite(30)
and fluor-tremolite(36), calculated from the curves of Brown and Shannon
(1973), and the corresponding bond overlap populations calculated using
EHMO theory (Cameron and Gibbs, 1973). Both bond valence and bond over-
lap population are a measure of the strength of a bond, and the extremely
well-developed correlation between them suggests a certain compatibility
between the two models. This correlation is also in accord with the dis-
cussion of Brown and Shannon (1973) where they suggest that the covalence

of an individual bond is a function of its bond length.
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The PZl/m amphiboles

Papike et al. (1969) showed the "average structure" of P21/m cumming-
tonite(27) to be very similar to tirodite(28) and hence this amphibole
will behave as tirodite in all correlations involving average parameters
(see previous section on C2/m amphiboles). With regard to individual bond
lengths, Si-O(br) tend to be longer than Si-O(nbr), although there is some
overlap of the values. Similarly, there is a tendency for the bond angles
to order themselves in the sequence O(nbr)-Si-O(nbr) > 0(br)-Si-0(nbr) >
0(br)-Si-0(br), although some discrepancies do occur. Thus, the observed
stereochemistry shows qualitative agreement with predictions made from
d-p-m bonding theory (Cruickshank, 1961). Examination of the bond-valence
distributions in the tetrahedral part of the structure (Table 10) shows
that the tetrahedral bond-length variations may be adequately rationalized
using a bond-valence model. As with other amphibole types, the 0(4A) and
0(4B) anions play a major role in controlling bond-length variations. In
the A-chain T(2A)-0(4A) is very short and the T(2A)-0(br) bonds are long
in order to compensate for this. This effect is less important in the B-
chain, where the M(4) cation(s) contributes a much greater bond valence
than in the A-chain. Accordingly, T(2B)-0(4B) > T(2A)-0(4A), and hence
the T(2B) tetrahedron is far less distorted than the T(2A) tetrahedron.

The P2/a amphiboles

The joesmithite structure (Moore, 1969) shows reasonable corre-
spondence with the predictions (cited above) of a covalent bonding model.
Si-0(br) is usually larger than Si-O(nbr) although some overlap between
the two populations does occur. Also, the 0-Si-0 angles tend to order in
the sequence O(nbr)-Si-O(nbr) > O0(br)-Si-O(mbr) > O(br)-Si-0(br), although
some overlap does occur. A bond-valence table for joesmithite is shown in
Table 11. As with all other amphibole types, the bond-valence requirements
of the 0(4)A and 0(4)B anions are a major factor in the control of the
tetrahedral bond-length variations. Superimposed upon this is the effect
of Be occupying the T(1)B site, together with the occupancy of the A(2)

site by a divalent cation.

The Pnma amphiboles

Let us first examine the tetrahedral chains using the covalent model

for the Si-0 bond. Although Si-0(br) bonds (grand mean value = 1.628 K),
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Table 10. Bond-Valence Table for Cummingtonite P21/m «n
ML) M2)  M(3) M(4) T(14) T(2a) T(1B) T(28) I

oAy 0352 0.308 0.337% 1.089 2.086

0(24)  0.315  0.362 0.337 0.995 2.009

0(38)  0.346%3 0.372 1.064

0(44) 0.395 0.386 1.134 1.915

0(54) (0.048) 1.061  0.961 2.002 (2.050)

0(64) 0.168 1.016  0.869 2.053

078 0.984%5 1.968

o) 0.368 0.303 0.351% 1.003 2.025

0(2B) 0.335 0.326 0.327 1.035 2.023

0(3B)  0.348%3 0.347 1.043

0(4B) c.396 0.454 1.032 1.882

0(58) (0.075) 0.969 0.966 1.935 (2.010)

0(68) 0.127 0.9646 0.966 2.057

0(73) 1.052%% 2.104

1.7990F
T 2,066 2.090 2.095  1.87411 4.130  3.959 3.988 3.999
1.922
éﬂj:;e 00 2.00 2.00 2.00 4.00 4.00  4.00  4.00
Table 11. Empirical Bond-Valence Table for Joesmithite(25)
) M)A M(2)A M(L)B M(2)B M(3) M)A MA)B  A(2)  T()A T(2)A T()B T()B L
O(1)A  0.368 0.348 0.315 1.107 2.138
0(2)A  0.362 0.367 0.277 1.016 2.022
0(1)B 0.471 0.434 0.392 0.500 1.847
0(2)B 0.385 0.461 0.219 0.95  2.021
0(3) 0.352 0.393 0.386 1.131
0(4)A 0.399 0.351 1.075 1.825
0(5)A 0.166 0.977 0.896 2.039
0(6)A 0.184 0.977 0.922 2.083
0(4)B 0.551 0.328 " 1.128  2.007
0(5)B 0.226 0.2427 0.458 0,924  1.850
0(6)B 0.214 0.220%2 0.453 0.944 1.831
0 0.235%¢  1.113 0.604 1.952
L* 9164 2.228 2.498 2.992 2.186 1.956 1.976 (1.396) " 4,174 3.909 2.015 3.592

éﬂ:ﬁ;e 2.15  2.26 2.68 3.00 2.00 2.00 2.00  2.00 400 4.00 2.00  4.00

*
all M-site bond strengths (v.u.) have a multiplicity of 2 in the cation sum.
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Figure 20. Variation in individual Figure 21. Variation in individual $i-0
<T-0(br)> as a function of individual bond lengths as a function of the mean
<T-0(br)~-T> for the Poma amphiboles with Value of the three 0-Si-O angles involved
little or no tetrahedrally coordinated in that bond for the Pnma amphiboles with

Al. little or no tetrahedrally coordinated Al.

tend to be larger than Si-O(nbr) bonds (grand mean value = 1.618 ), there
is considerable overlap between the two different populations. There is
some tendency for shorter Si-O(br) bonds to be associated with wider Si-0
(br)-Si angles (Fig. 20), but as with the C2/m amphiboles, the correlation
is not well developed. The 0-Si-O angles do tend to decrease in the fore-
cast order, but again there is considerable overlap among the different
populations. Figure 21 shows the variation in Si-0 with <O—Si—0>3 for the
non—-AlIV orthoamphiboles. As with the C2/m clinoamphiboles, the correla-
tion is significant, indicating that at least part of the variation in
Si-0 distances can be rationalized in terms of a covalent bonding model.
An examination of tetrahedral bond-length variations in terms of
bond valence is shown in Table 12. The results are very similar to those
for the other amphibole types, confirming the importance of anion bond-
strength requirements in controlling bond lengths and emphasizing the

role of the 0O4A and 04B anions in this regard.

The Pnmn amphiboles

Gibbs (1969) has discussed in detail the stereochemical variations

in protoamphibole and has shown that these variations are consistent with
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the d-p-7 bonding model of Cruickshank (1961). Si-0(br) bonds are longer
than Si-O(nbr) bonds, and the angles of the Tl tetrahedron decrease in
the sequence O(nbr)-Si-0(nbr) > O0(br)-Si-O(nbr) > O(br)-Si-O(br). The
angles of the T2 tetrahedron deviate somewhat from this sequence due to
perturbing electrostatic and geometrical factors. Possibly as a result
of this, the Si1-0 bond lengths do not show good correlation with the

<0-8i-0>., angles. The T2 tetrahedron shows a far greater range of 0-Si-0

angles tﬁan the Tl tetrahedron, presumably the result of relaxation due
to cation-cation repulsion across the shared edge between the T2 and M4
polyhedra. As is the case for most non—AlIV amphiboles, <T2-0>1s larger
than <T1-0>, a feature that Gibbs (1969) ascribes to the difference in
mean anion coordination numbers for the two tetrahedra.

An examination of tetrahedral bond-length variations in terms of a
bond-valence model is shown in Table 13. It is immediately apparent that
the observed bond-length variations tend to minimize the deviations from
ideality in the bond-valence sums around the anions. This is of particu-
lar importance with regard to the cations coordinating the 04 anion, all
of which show extremely short bonds to 04. Thus, the other bonds involving
these cations have to lengthen in order to maintain ideal bond-valence sums
at the cations. M2-01 lengthens and T1-01 accordingly shortens to main-
tain the required bond-valence sum around Ol. Similarly, M4-06 lengthens
and the T-06 bond lengths presumably compensate for this. It is inter-
esting to note that the expected decrease in T-06 bond valence because of
the presence of the M4-06 bond occurs entirely in the T2-06 bond where it
compensates for the increase in the T2-04 bond strength. The way in which

Tl compensates for the increase in the T1-0l bond valence is not apparent.

Ordering of tetrahedrally-coordinated Al

The Al content of the tetrahedral sites in the amphiboles varies be-
tween 0.0 and 3.0 atoms p.f.u., although it should be noted that amphi-
boles in which tetrahedral Al exceeds 2.0 atoms p.f.u. are rather un-
common (Appleyard, 1975; Bunch and Okrusch, 1973). The Al will be dis-
tributed over the crystallographically distinct tetrahedral sites in the
double-chain element of the structure. Because the x-ray scattering fac-
tors of Al and Si are very similar, determination of site populations by

direct refinement of single-crystal x-ray data is not a practical proposition.
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Table 13. Empirical Bond-Valence Table (v.u.) for
Protoamphibole [20]

M1 M2 M3 M4 A T1 T2 2

01 0.350 0.282 0.357%2 1.083 2.072
02 0.33% 0.361 0.289 1.046  2.010
03 0.201% 0.305 0.887
04 0.417 0.339 1.083  1.839
0s - 1.016  0.989  2.005
06 0.151 - 0.997  0.917 2.065
07 - 0.995% 1.990
£ 1.950 2.080 2.038 1.558 - 4.091  4.035

ideal sum is 1.75 v.u. ALl M-site bond-valences have a multi-

plicity of 2 in the cation sum.
Consequently, tetrahedral site occupancies must be derived from mean
bond-length considerations.

Papike et al. (1969) proposed that the Al be assigned to the T(1)
and T(2) sites in the C2/m amphiboles by comparison of the mean bond
lengths with those of tremolite(30). Using data for five clinoamphiboles
and a series of pyroxenes, Robinson et al. (1973) developed separate
equations for predicting Al occupancy of T(1l) and T(2) in C-centered
clinoamphiboles by plotting the <T(1)-0> and <T(2)-0> distances against

the refined Al site occupancies

= 760(77)<T(1)-0> ~ 1230(4) R = 0.98

Alp(1y

766 (54)<T(2)-0> ~ 1248(2) R = 0.98 .

AlT(Z)
Bocchio et al. (1978) proposed the following equation relating total

AlIV per formula unit to the <T(1)-0> distance:
AV (p.fu) = (KT(1)-0> - 1.620) x 37.7 .

Here, it is assumed that there is no AlIV at the T(2) site (except in
obvious examples such as subsilicic titanian magnesian hastingsite(58)).
Hawthorne (1976) and Ungaretti (1980) suggest that variatioms in both
individual and mean bond lengths occur as a result of other cation sub-
stitutions in the structure (Fig. 14); Ungaretti (1980) suggests that
much of the variation in <T(2)-0> in aluminous amphiboles is due to these

I
other factors rather than substitution of Al V. This may well be the case.
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Figure 22. Variation in grand <T-0> distance with total AlIv per T(1)+T(2) site in the C2/m am-
phiboles (left) and Pnma amphiboles (right). For the C2/m amphiboles, the hatched region shows
the range of <<T-0>> values observed for amphiboles with AlTV A 0.0 (see Fig. 14); the variation
in this region correlates with polyhedron distortion. The solid line and solid squares are from
Hawthorne and Grundy (1977a); the hollow squares are additional data, much of which is of lower
accuracy. For the Pnma amphiboles, the full line is drawn parallel to the trend for the C2/m
amphiboles, through the three data points shown; the point for gedrite [32] was modified as
indicated by Hawthorne (1982).
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Figure 23. Variation in individual <T-0> distances with constituent Al site occupancies in the
Poma amphjboles; the broken lines are the individual relationships for the T(1l) and T(2) sites
in the C2/m amphiboles (Hawthorne and Grundy, 1977a).
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Hawthorne and Grundy (1977a) showed that the grand <T-0> distance in a
series of 10 clinoamphiboles was linearly related to the total amount of

tetrahedral Al per T(1)+T(2) site (i.e., AlIv p.f.u./4.0) by the equation

AlTET = 16.252<T-0> - 26.434 R =0.997 .

With the assumption that the slopes of the individual relationships
for the T(1l) and T(2) tetrahedra were the same, the following two equa-—

tions relating <T(1l)-0> and <T(2)-0> to the Al occupancies were derived:

= 8.126<T(1)-0> -~ 13.170 ; = 8.126<T(2)-0> - 13.262.

AlT(l) AlT(Z)

As indicated above, the second equation may not be very reliable at
small Al occupancies, but it should indicate where significant AlIV occu—-
pancy of T(2) does occur. Figure 22 shows a comparison between the total
AlIV p.f.u. and some of the equations given above. No matter which curve
is considered, some scatter is encountered; this is presumably the per-
turbing effect of non-tetrahedrally coordinated cations (or unrepresen-—
tative chemical analyses).

The primitive clinoamphiboles and the Pnmn orthoamphiboles contain
little or no tetrahedral Al and thus the question of tetrahedral Al or-
dering does not arise.

The natural orthorhombic (Pmnma) amphiboles may contain up to V2.25
tetrahedral Al p.f.u., and this is distributed over the four unique
tetrahedral sites in the structure. Figure 22 shows the variation in
grand <T-0> distance with the amount of tetrahedral Al per unique tetra-
hedral site in the structure; the trend is distinctly nonlinear. How-
ever, comparison with the analogous relationship for the monoclinic am—
phiboles (Hawthornme and Grundy, 1977a) shows three of the four data points
to be collinear, defining a trend parallel to that of the moneoclinic
amphiboles but displaced downwards by 0.004 X. The deviant value for
gedrite{32] is probably wrong; an estimate of 1.36 AlIV p.f.u. (Haw-
thorne, 1982) agrees with the trend of the other data. Assignment of Al
to the four individual sites is taken from Hawthorne (1982); the resulting
bond length vs. site-occupancy curves are shown in Figure 23; the curves
shown are the C2/m amphibole curves shifted down by 0.004 &, as there is
insufficient data available to warrant the development of independent

Pnma predictive curves.

4

printed on 2/13/2023 5:05 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



THE OCTAHEDRAL STRIP

There are at least three unique sites with pseudo-octahedral coor-
dination in each of the different amphibole structure types. The wide
difference in ligancy ensures considerable and complex cation ordering
at these sites, a detailed knowledge of which is essential to understand
amphibole crystal chemistry, phase relations and physical properties.
Thus, considerable effort has been expended in the characterization of
cation ordering at these sites. The steric details of this part of the
structure are of primary importance both in the interpretation of or-
dering patterns and frequently in the actual derivation of complete site-

ordering patterns in the more complex chemical variants.

The C2/m amphiboles

There are three unique sites with pseudo-octahedral coordination in
this structure type, the M(1l), M(2) and M(3) sites. The M(1l) site has
point symmetry 2 and is coordinated by four oxygens and two 0(3) anions
that may be OH-, F_, Cl or 02—, with the 0(3) anions arranged in a cis
configuration. The M(l) octahedron shares five edges with the surround-
ing octahedra and one edge with the M(4) polyhedron. The M(2) site has
point symmetry 2 and is coordinated by six oxygens; the M(2) octahedron
shares three edges with neighboring octahedra and one edge with each of
the two adjacent M(4) polyhedra. The M(3) site has point symmetry 2/m
and is coordinated by four oxygens and two 0(3) anions, the latter being
arranged in a tramns configuration. The M(3) octahedron shares six edges
with the adjacent octahedra.

The variation in grand mean bond length as a function of grand mean
ionic radius for the M(1l), M(2) and M(3) sites is shown in Figure 24. A
linear relationship is reasonably well developed, being described by the
equation

<M-0> = 1.527 + 0.764(17)<r> .

Some of the scatter is due to chemical variation at the 0(3) anion
position, as the data for the fluor-amphiboles indicates [r(FIII) =
1.30 &; r(ou!!!

due to bad or unrepresentative chemical analyses (Fig. 24); hence, this

) = 1.34 X1. However, some of the scatter seems to be

relationship should be a useful check on the compositional data for
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Figure 24. Variation in grand <M-0> with mean ionic radius of the constituent cations for the
C2/m amphiboles. The regression line was calculated for hydroxyamphiboles only, using data where
the e.s.d. of the individual bond lengths <0.01 &; data deviating significantly from the line
were omitted from the regression analysis as their chemical composition is suspect.
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Figure 25. Comparison of the grand <M-0> with the corresponding sum of the constituent cation
and anion radii for the C2/m amphiboles.
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the crystal. Inclusion of the ionic radius of the 0(3) anion into the

above equation gives the relation

<M~-0> = 1.017 + 0.817(13)<r> + 0.354(37)r0(3) .

The grand <M-0> bond length can also be calculated by summing the
relevant cation and anion radii; a comparison of the values obtained with
the observed data is given in Figure 25. There is a systematic deviation
from the ideal hard sphere model; the calculated values are less than the
ideal values at larger ionic radii, but the reason for this is not clear.
The fluor—-amphiboles also deviate from the general trend of Figure 25;
the reason for this is also not apparent.

Where mean bond length-ionic radius relationships are well charac-
terized, they are extremely useful in deriving complete site occupancies
when the results of site-occupancy refinement do not give a unique solu-
tion. As the ligancy and local environment of the three octahedrally-
coordinated M sites differ considerably among themselves, it is best to
examine such relationships separately for each site. This was originally
done by Hawthorne for a series of 19 C2/m amphiboles and has been extended
here for the much larger data set now available. Figure 26 shows the mean
bond length-ionic radius relationships for approximately 70 amphibole
structures; the less precise structures from Table Al were not used. The
relationship for the M(2) site is well developed and is similar to those
developed in previous studies. For the M(1) and M(3) sites, there is
considerable scatter in these relationships; much of this stems from the
variable occupancy of the 0(3) site by OH , F , C1~ and/or 02_. Inclu-
sion of the mean ionic radius of the 0(3) anion as an independent variable
in a stepwise linear regression analysis indicates that this factor con-
tributes significantly to variations in the mean bond lengths at the M(1)
and M(3) sites; the results of this analysis are summarized in Table 14,
and a comparison of the observed and calculated mean bond lengths is
given in Figure 26, As is apparent in Figure 26, significant scatter
still exists, particularly in the relationship for the M(3) site. Coor-
dination polyhedron distortion does not significantly contribute to mean
bond-length variations in amphiboles (Hawthorne, 1978a). However, the
results of Ungaretti et al. (1981l) suggest some kind of inductive effect

of other cations on the <M-0> bond lengths. Figure 27 suggests that this
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Figure 27. Variation in <M(3)-0> as a function
of the mean ionic radius of the constituent M(2)
cacio;is for values of ™M(3) in the range 0.72-
0.73 A.
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Table 14. Regression Analysis Results for C2/a aAmphiboles
Dependent Independent 1
variable variable c n R ¢ el

rM(l) 0.82(3) 26.39
<M(1)-0> r 0.877 0.46(5) 0.961 0.004 8.50
0(3)
<M(2)-0> rw(z) 1.488 0.827(8) 0.997 0.004 97.08
rM(S) 0.73(4) 16.34
- 5 5
<M(3)-0> r 0.387 0.87(9) 0.925 0.007 9.08
0(3)
<M-0> <r> 1.527 0.76(2) 0.983 0.004 43.68
<r> 0.82(1) 64 .40
<M-0> r 1.017 0.35(4) 0.993 0.002 9.46
0(3)
rM(3) 0.69(4) 18.08
<M(3)-0> r0(3) 0.773 0.64(9) 0.949 0.006 7.06
rM(Z) ~0.07(1) 5.43

1 -
|t|-values are calculated for the

null hypothesis Ho:m = 0.0

is the case, <M(3)-0> being significantly affected by the mean size of

the constituent M(2) cation.

shows <M(3)-0> to be significantly affected by <r

*M(2)°

However,

Multiple regression analysis (Table 14)

<M(1)-0> and <M(2)-0> are dependent only on their constituent cation

and anion radii.

A somewhat different approach has been taken by Litvin et aZ.
(1972a) and Ungaretti et al.

for complete occupancy of an octahedral site by a specific cation.

(1978), who proposed ideal mean bond lengths

These

values (Table 15) were subsequently used together with other structure

Ideal <M-0> Distances (&) for Complete Occupancy

Table 15.
of M(1,2,3) Sites by a Single Cation
1 2 3
M(1,2,3)  M(1) M(2) M(3) ML) M(2) M(3)
AL 1.90 - 1.929 - 1.924  1.931  1.947
Feot  2.03 - 2.031 - 2.014  2.022  2.027
4t - - 1.960 - 1.982  1.989  1.998
113t - - - - 2.035  2.043  2.045
Mg 2.07  2.078  2.078  2.083  2.075  2.084  2.082
Fe? 2.4 2119 2.119  2.125  2.126  2.13&  2.126
w2t - - - - 2.165  2.175  2.163
Lt - - - - 2.109  2.117  2.112
lLitvin (1973); 2Ungatec:i et al. (1981); 3calculated from the
curves of Table 14 with 0(3) = OH.
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refinement results for cation occupancy assignment in amphiboles.
Ungaretti et al. (1981) have developed a scheme for deriving both cation
occupancies and cell contents from structure refinement using charge
balance and the mean bond length-cation occupancy relationship at the
M(2) site:

(i) AlIV is estimated from <T(1)-0>;

(ii) total charge at A+M(4) is estimated from site-occupancy re-
finements, Na (4K when available from chemical analysis) at
the A-site and Ca+Na+Fe2+ at M(4) (Fe2+ being included only
when indicated by difference Fourier maps);

(iii) total charge of C-type cations = total charge of (Si,Al)8022(OH%
minus total charge at A+M(4);

(iv) the M(2) site populations are calculated from the refined elec-
tron density at M(2) and the observed mean bond length using
the mean bond lengths of Table 15. If the Ti content is
available from chemical analysis, it can be incorporated into
the procedure at this stage; otherwise, M(2) is assumed to be
occupied only by Al, Mg and Fe3+ at this stage;

(v) the residual charge (Q) to be neutralized by the M(1) and M(3)
cations can now be calculated; in general, this will be equal
to 6. If Q < 6, M(1)+M(3) is assumed to be occupied by di-
valent cations only and sufficient Fe2+ is introduced into
M(2) to make Q = 6 and satisfy the corresponding electron
density and distance equations. If Q > 6, trivalent cations
are introduced into M(1l) and/or M(3), substituting Fe3+ for
Fe2+ and estimating the amount of Mg, Fe2+ and Fe3+ from mean
bond lengths;

(vi) 1if the total charge imbalance <0.07, AlIV is modified to ob-
tain a neutral chemical formula. If the total charge im—
balance >0.07, the A and M(4) compositions are adjusted by
considering the occupancy of A by K, and then the occupancy of
M(4) by Ca, Na and Fe2+.

Ungaretti et al. (198l) get excellent agreement between amphibole
compositions determined in this fashion and by electron microprobe analysis.
Compositions determined by x-ray methods are closer to the wavelength-

dispersive spectrometer analyses than are the energy-dispersive

47

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



spectrometer analyses. It will be interesting to see how well this
method works for a wide variety of amphiboles.

Amphiboles exhibit considerable deviations from Pauling's second
rule (Pauling, 1960) for a formal bond-valence model, and thus bond-
valence requirements should have an extremely strong effect on bond-
length variations in amphiboles. Table 9 shows empirical bond-valence
tables for C2/m amphiboles, in which it can be seen that the bond-length
variations observed tend to minimize the deviations from ideality in the
bond-valence sums around the anions. As we saw when examining the tetra-
hedral double chain, this is particularly significant with respect to
cations coordinating the 0(4) anion, all of which show extremely short
bonds to 0(4). In order to maintain mean bond lengths in accord with
the size of the constituent cations, there is a concomitant lengthening
of the other bonds to these cations, resulting in extremely distorted
cation sites. This is evident from Table 16 which lists some distor-
tional parameters for the cation polyhedra in selected amphibole struc-
tures. Also in accord with this argument is the correlation between the
dispersion of the M(2)-0 bond lengths and the mean charge of the M(4)
cations (Fig. 28).

Table 16. Polyhedron Distortion Parameters in Selected C2/m Amphiboles

T(1) T(2) M(1) __ M(@2) M(3)
4 02 A 02 A 02 [} 02 [ 02
Crunerite(22) 0.29 0.8 0.78 15.8 2.25 36.0 2.79 43.2 0.11 60.9
Glaucophane(26) 0.05 0.6 1.88 17.4 0.21 69.5 15.77 35.0 0.34 85.0
Tremolice(30) 0.54 5.0 4.14 19.9 0.15 35.6 5.52 22.9 0.09 43.6
Fluor-richterite(34) 2.06 14.3 5.60 22.4 0.62 43.1 12.54 33.1 Q.97 43.3
Fluor-tremolite(36) 0.38 6.2 3.45 19.3 0.01 46.9 5.76 21.9 1.03 47.9
Potassian pargasite(38) 0.59 6.6 1.42 19.1 1.25 50.5 5.98 24.3 0.01 75.7
Ferro-tschermakite(54) 0.63 4.8 0.61 17.0 4.00 57.3 5.00 19.6 0.33 106.0
Potassian oxy-kaersutite(55) 0.29 5.8 1.16 18.9 14.35 47.9 7.06 31.2 0.05 56.8
Potassian ferri-taramite(59) 0.25 3.6 1.53 13.8 2.45 45.8 8.53 28.7 0.08 82.3
Potasslum-arfvedsonite(67) 1.05 11.4 5.54 21.4 0.51 44 .6 17.27 44.5 0.60 67.6
Fluor-riebeckite(68) 0.02 4.4 2.02 12.7 0.29 47.9 15.48 39.1 0.26 68.7
Ferro-glaucophane(69) 0.06 0.7 2.04  14.8 0.39 70.5 14.36  31.9 1.14  97.4

n
A= {2 f(!i—lm)/lmlz/n)xlob,where li = individual bound length, lm = mean bond length, n = number of bond
i=1

n
in coordination polyhedron; 02 = T (Oi—Om)Z/(n—l),whcre 9i = individual bond angle, Om = jdeal boud angl
i=1

n = number of boud angles 1in coordination polyhedron.
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. Figure 28. Variation in polyhedral distortion A
1.5 . of the M(2) polyhedron as a function of the mean
- formal cation charge at the M(4) site in the C2/m
o amphiboles. After Hawthorne (1976).
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It has been suggested (Pauling, 1960) that cation-cation repulsive
interactions are much stronger than anion-anion repulsive interactions
and that as a result, edges shared between polyhedra are shorter and
subtend smaller angles at the cation than unshared edges. In the octa-
hedral strip of the clinoamphibole structure, the M(1l), M(2) and M(3)
octahedra share six, five and six edges, respectively, with adjacent
cation polyhedra, suggesting that cation-cation repulsion should play an
important role in bond angle distortion. As indicated in Figure 29, this
appears to be the case. TFor the M(1) and M(3) octahedra, the separation
of the edges and angles into two populations corresponding to shared and
unshared elements together with the marked linear correlations exhibited
suggests that cation-cation repulsion is of prime importance. For the
M(2) octahedron, although there is a tendency for the data to separate
out into two populations corresponding to shared and unshared elements,
considerable overlap occurs and the linear correlation is far less marked
than for the M(1) and M(3) octahedra.

There is considerable variation in the sizes of the octahedra in
the clinoamphiboles with variation in cation occupancy. As polyhedral
elements are shared between octahedra of disparate size, shared elements
must adjust accordingly. Prominent in this respect is the mean size of
the cations occupying the M(2) site, and the octahedral angle variance
of both the M(1L) and M(3) sites is negatively correlated with mean ionic
radius of the constituent M(2) cations (Fig. 30), a feature that could

have a significant effect on site occupancies at the M(1l) and M(3) sites.

The PZl/m amphiboles

There are three unique sites with pseudo-octahedral coordination in
this structure type, the M(1), M(2) and M(3) sites. Both the octahedra
and the way they link together are similar to the corresponding octa-
hedra in the C2/m amphiboles. However, the point symmetry of the M(1l),
M(2) and M(3) sites is 1, 1 and m, respectively. Our understanding of
this structure type suggests that it should be of magnesian cummingtonite
compositions. In agreement with this, nearly all PZl/m amphiboles reported
are restricted to this compositional range (Ross et al., 1968; Kisch, 1969;
Rice et al., 1974; Yakovleva et al., 1978). This being the case, the

octahedral sites will show virtually complete occupancy by Mg, and the
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only octahedral bond-~length variations expected in this structure type
will be due to inductive effects of the M(4) cation(s). Thus, the octa-
hedral strip element of P21/m tirodite(27) should be fairly representative
of all compositional variations in this structure type.

In PZl/m tirodite(27), the octahedral sites are completely occupied
by Mg, and the mean bond lengths are not significantly different from
those in tremolite(30). The bonding radii of Mg and Fe are much smaller
than that of Ca, and thus the interaction between the M(4) cation(s) and
the chain-bridging anions will be much weaker in Fe-Mg-Mn amphiboles.

In order to satisfy the bond-valence requirements of the M(4) cation(s),
the bonding to the non-bridging anions 0(2) and 0(4) will have to be
stronger in PZl/m tirodite(27) than in tremolite(30). 1In order to accom-
modate this, the M(1)-0(2) bonds are longer in tirodite. Examination of
the differences between the M-0(A) and M-0(B) bonds (Table 10) shows that
the only significant differences occur for the 0(2A) and 0(2B) anions.
This reinforces the above conclusion that the inductive effect of the
M(4) cation affects the octahedral strip through the 0(2A) and 0(2B)
anions.

All edges shared between adjacent octahedra are shorter than all
unshared elements, indicating the influence of cation-cation repulsion.
In addition, this amphibole agrees with the correlations developed for
the C2/m amphiboles (Hawthorne, 1978a), indicating that packing con-
siderations and bond-strength requirements significantly affect inter-
bond angles and the amount of structural relaxation due to cation-cation

repulsion.

The P2/a amphiboles

There are five unique sites with pseudo-octahedral coordination in
this structure type, the M(1)A, M(1)B, M(2)A, M(2)B, and M(3) sites.
The M(1)A and M(1)B sites have point symmetry 2 and are coordinated by
four oxygens and two 0(3) anions that are OH in the only representative
of this structure type yet found (Moore, 1968a,b, 1969); the 0(3) anions
are arranged in a cis configuration. The M(2)A and M(2)B sites have
point symmetry 2 and are coordinated by six oxygens. The M(3) site has
point symmetry 2 and is coordinated by four oxygens and two 0(3) anions
arranged in a trans configuration. The edge-sharing characteristics of

these octahedra are similar to those found in the C2/m amphibole structure.
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Joesmithite (Moore, 1969) is the only amphibole of this structure
type that is known. Polyhedral distortions, aside from effects of local
electroneutrality, result largely from cation-cation repulsion effects.
Shared edges between octahedra are the shortest distances for each of

the polyhedra and subtend the smallest angles at the central cation.

The Pnma amphiboles

There are four unique sites with pseudo-octahedral coordination in
this structure type, the M1, M2, M3 and M4 sites. However, the M4 site
will not be regarded as part of the octahedral strip and discussion of it
will be deferred until later. The M1l site has point symmetry 1 and is
coordinated by four oxygens and two O3 anions that may be OH , F_, or 02_,
with the 03 anions arranged in a ¢is configuration. The M1 octahedron
shares five edges with the surrounding strip octahedra and one edge with
the M4 octahedron. The M2 site has point symmetry 1 and is coordinated
by six oxygens; the M2 octahedron shares three edges with neighboring
strip octahedra and two edges with the adjacent M4 octahedra. The M3 site
has point symmetry m and is coordinated by four oxygens and two 03 anions,
the latter being arranged in a trans configuration. The M3 octahedron
shares six edges with the adjacent strip octahedra. For the octahedral
strip derived from the cations of the asymmetric unit, anions with x > 0O
are B-type anions while anions with x < 0 are A-type anions (note corre-
spondence with u-d nomenclature of the monoclinic amphiboles).

The variation in grand mean bond length as a function of grand mean
ionic radius for the M1, M2 and M3 sites is shown in Figure 31. The
trend is linear and is similar to the corresponding trend in the C2/m
amphiboles, the regression curve from which is shown in this figure.
Analogous relationships for the individual sites are shown in Figure 32.
Consider first the relationship for the M2 site. The minimum value for
holmquistite[31], the maximum value for gedrite[33] and anthophyllite[23]
are collinear. The values for gedrite([32] assigned from the site occu-
pancy of Papike and Ross (1970) straddle this trend. For the M1 and M3
sites, the values for anthophyllite are well defined and as a starting
approximation, the curves were assumed to pass through the values for

anthophyllite with a slope of 1.0. The values for each site consistent
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with the overall stoichiometry of each amphibole are marked on each of
the graphs (Fig. 32). The paucity of the data does not warrant linear
regression analysis at the present time.

The Pnma orthoamphiboles show considerable deviations from Pauling's
second rule (Pauling, 1960) for a formal bond-strength model, and thus
bond-strenth requirements should have an extremely strong effect on bond-
length variations in orthoamphiboles. Table 12 shows bond-valence tables
together with the formal bond-strength sums around the anions. Inspec-
tion of this table shows that the bond-length variations observed tend to
minimize the deviations from ideality in the bond-valence sums around the

anions. As with the C2/m amphiboles, this accounts for the cations showing
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Table 17. Comparison of M-0 Bond Lengths in Four Amphiboles Where
the Octahedral Sites are Occupied by Magnesium

Protoamphibole Fluor-tremolite Tremolite Fluor-richterite

[20] (36) (30) 34)
M(1)-0(1) 2.072(4) 2.059(3) 2.064(2) 2.060(6)
M(1)-0(2) 2.094(4) 2.054(4) 2.078(2) 2.031(6)
M(1)-0(3) 2.063(4) 2.057(3) 2.083(2) 2.069(5)
<M(1)-0,F> 2.070 2.057 2.075 2.053
M(2)-0(1) 2.179(&) 2.146(4) 2.133(2) 2.186(6)
M(2)-0(2) 2.084(4) 2.077(3) 2.083(2) 2.059(6)
M(2)-0(4) 1.986(4) 2.024(%) 2.014(2) 2.011(6)
<M(2)-0> 2.084 2.082 2.077 2.085
M(3)-0(1) 2.062(4) 2.055(3) 2.070(2) 2.071(5)
M(3)-0(3) 2.021(4) 2.011(4) 2.057(3) 2.028(6)
<M(3)-0,F> 2.048 2.040 2.066 2.057

short bonds to the 04A and O04B anions. In addition, when M4 is occupied
by a monovalent cation (Li+), the M2 octahedron is much more distorted
than when M4 is occupied by a divalent cation. Examination of the ortho-
rhombic amphiboles using the scheme of Baur (1970, 1971) parallels the
results given for the C2/m amphiboles. Bond lengths calculated for the
ML and M3 octahedra are generally larger than the observed values,
whereas the deviation between the observed and calculated bond lengths
for the M2 octahedron is correlated with the mean ionic radius of the
constituent M2 cation.

The distortion of the three octahedra in terms of shared and un-
shared elements is examined in Figure 33. The results are similar to
those of the C2/m amphiboles. For the M1 and M3 octahedra, the data
separate into two populations corresponding to shared and unshared ele-
ments. For the M2 octahedron, there is some overlap between the two
populations and the linear correlation is far less marked than for the
Ml and M3 octahedra. The arguments put forward by Hawthorne (1978a) for
the C2/m amphiboles should be directly applicable to the Pnma amphiboles.
Thus, the angular distortion of the M1 and M3 octahedra should be a func-
tion of the mean ionic radius of the constituent M2 cations, and Figure
34 shows this to be the case. Similarly, the 04A and 04B bond-strength
requirements should considerably affect the angular distortion of the M2

octahedron.
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The Pnmn amphiboles

There are three unique sites with pseudo-octahedral coordination in
this structure type, the M1, M2 and M3 sites; these are similar to the
analogous sites in the C2/m amphiboles. It should be noted that the M4
site is also probably [6]-coordinate, but this polyhedron will be con-
sidered in the section on the M(4) site. Only one example of this struc-
ture type has been reported (Gibbs, 1962, 1969; Gibbs et al., 1960); this
was called "protoamphibole" as it appears to bear the same relationship
to tremolite and anthophyllite as protoenstatite (Smith, 1969) does to
diopside and enstatite. In protoamphibole, the M1, M2 and M3 sites are
completely occupied by Mg. Table 17 compares the octahedral bond lengths
in protoamphibole[20] with those in tremolite(30), fluor-richterite(34)
and fluor-tremolite(36). The <M1-0> in protoamphibole[20] is significantly
greater than the corresponding distances in fluor-richterite(34) and
fluor-tremolite(36), being almost as large as <M(1)-0> in tremolite(30).
However, <M3-0> for protoamphibole[20] is intermediate between the values
for fluor-richterite(34) and fluor-tremolite(36), and it is difficult to
explain the large <M1-0> distance. <M(2)-0> is statistically identical in
all three fluor—amphibole structures and is equal to the corresponding
distance in tremolite(30).

Inspection of the empirical bond-valence table for protoamphibole[20]
(Table 13) shows that the bond-length variations tend to minimize the
deviations of the bond-valence sums from their ideal values. As is evi-
dent from Tables 13 and 9, the M2 octahedron is far more distorted than
the corresponding octahedra in tremolite(30) and fluor-tremolite(36), as
expected for an amphibole with a high M4 occupancy of monovalent cations.
Polyhedral elements shared between adjacent polyhedra are generally shorter
than the unshared elements, presumably as a result of cation-cation re-~
pulsion (Gibbs, 1969). The steric effects of the 04 bond-valence require-
ments significantly affect the interbond angles of the M3 octahedron, as

has been shown for the C2/m amphiboles.

THE M(4) SITE

In all amphibole structure types, the M(4) site is situated at the

junction of the octahedral strip and the tetrahedral chain. The importance

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



Table 18. Comparison of the M(4) Polyhedra in
Tirodite P21/m(27) and Tirodite(28)

Tirodite P21/m(27) Mean(27) Tirodite(28)

A-set B-set <A+B> -
M(4)-0(2) 2.195(6) 2.208(6) 2.202 2.204(3)
M(4)-0(4) 2.139(8) 2.074(8) 2.107 2.109(4)
M(4)-0(5) 3.209(6) 2.932(6) 3.071 3.101(3)
M(4)-0(6) 2.511(8) 2.650(8) 2.581 2.592(4)
<M(4)-0>[8] 2.490 2.490 2.502
<M(4)-0>[63 2.296 2.296 2.302

Table 19. Bond Lengths (R) and Bond-Valences* (v.u.) around
the M(4) Site in Tirodite&ZS), Tirodite P2./m(27),
Average Tirodite P2 /m(27), Anthophyllite[23]
and Gedrite[33].

(28) @2n 27 23] [33]

e o Tme e fmg g
Moo 2109 TN 2107 TOEED otecs
Moo(ns o T o T eie
wooes assa AR ase i) 301
Moo 02 g, o g 0
Woo(os 00l Uit oasss ZRE 80
Moo 008 gos 0.0 iR 0-I
Wootps O g eas2 gfl oo
gVt 1.850 1.870 1.870  1.937 1.933
AR 1.734 1.734 1.736 (1.7437  1.851

*
calculated from the curves of Brown and Wu (1976).

of this site and its influence on the structure type of amphibole re-
sulting from a given bulk chemistry has long been known (Warren, 1930)

and has been reemphasized by recent studies.

The C2/m amphiboles

The M(4) site has point symmetry 2 and is surrounded by eight oxy-
gens, not all of which are necessarily bonded to the cation(s) occupying
the M(4) site. If the eight nearest-neighbor anions are included, the
coordination polyhedron is a distorted cubic or tetragonal antiprism.
The antiprism shares seven edges with adjacent polyhedra, four with the

tetrahedra and three with the octahedra.
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There has been some discussion as to the actual coordination number
of the M(4) site in the ferromagnesian amphiboles, although for the calcic
and sodic amphiboles the coordination number [8] is generally accepted
(Hawthorne and Grundy, 1977b). The coordination number [6] seems most

likely for Fe-Mg-Mn amphiboles.

The P21/m amphiboles

The M(4) site has point symmetry 1 and is surrounded by eight oxy-
gens, not all of which are necessarily bonded to the central cation(s).
Comparison of the individual bond lengths with those in tirodite(28)
(Table 18) show the effect of the relaxation in symmetry constraints.
The most noticeable differences involve the bridging oxygens of the
tetrahedral chains; the differential kinking of the two symmetrically
distinct chains in the PZl/m structure causes large changes in the bond

lengths to bridging anions in each chain.

The P2/a amphiboles

The M(4)A and M(4)B sites have point symmetry 2 and are surrounded
by eight oxygens arranged in a distorted cubic antiprism. All eight
oxygens around each site bond to the central cation, and the overall
arrangement around each site is very similar to that in tremolite. Each
site shares three edges with adjacent octahedra, four edges with adjacent

tetrahedra and two edges with the rather irregular A(2) polyhedron.

The Pnma amphiboles

The M4 site has point symmetry 1 and is surrounded by eight oxygen
atoms, not all of which bond to the central cation. The M4 cation coor-
dination may differ somewhat with change in amphibole type. Finger (1967,
1970) suggests that the M4 cation has [7]-fold coordination in antho-
phyllite, Papike and Ross (1970) suggest [6]-fold coordination in gedrite,
and Irusteta and Whittaker (1975) note that the M4 dite in homlquistite
has five close neighbors. However, no quantitative justification was
given for these assignments. Table 19 shows selected bond-valence sums
in these structures. In general, the best agreement with ideal bond-
valence sums occurs for a coordination number of [8]; however, the dif-
ference between the coordination numbers [8] and [7] is definitely not

significant and thus [7] is to be preferred to [8]. The bond-valence
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sums around M4 for a coordination number of [5] are significantly less
than their ideal values, suggesting that the preferred M4 coordination
number is greater than [5]. If this is the case, the M4 coordination
number is [7] in anthophyllite and holmquistite as the sixth and seventh
strongest bonds (M4-05B and M4-06B) are of approximately equal strength.
For the gedrites, bond-valence considerations indicate that an M4 coor-
dination number of [7] is to be preferred, although geometrical consider-
ations suggest a coordination number of [6]. As with the monoclinic am-
phiboles, the question of M4 coordination number is far from clearcut when

this site is occupied by Fe2+ and Mg.

The Pnmn amphiboles

The M4 site has point symmetry 2 and is surrounded by eight anions,
only six of which appear to be bonded to the central cation. These six
oxygens are arranged in a very distorted octahedron. The M4 octahedron
shares three edges with octahedra of the octahedral strip, one edge with
the T2 tetrahedron, and one corner with the Tl tetrahedron. Examination
of the bond valences in the protoamphibole structure (Table 13) shows that
the actual sum around the M4 cation (1.56 v.u.) is considerably less than
the ideal value (1.75 v.u.); inclusion of the two next-nearest anions does

not significantly improve the bond-valence sum (1.63 v.u.).

General considerations

The cation occupancy of the M(4) site is the primary feature upon
which the current nomenclature scheme of the amphiboles is based and is
a major factor in the crystal chemistry of the amphiboles. This was
recognized in earlier studies (Warren, 1930; Kunitz, 1930; Sundius, 1946)
and in the work of Whittaker (1960) who emphasized the importance of the
M(4) site to the structure and chemistry of the whole group. Whittaker
(1960) treated the amphiboles as a packing of silicate double chains, with
the B-angle of the unit cell controlled by the inter-chain contacts, the
most important of which involve the M(4) polyhedron and the relative
arrangement of the 0(5) and 0(6) anions in adjacent chains. Variation
in B is strongly correlated with the mean ionic radius of the cations
occupying the M(4) site (see also Gibbs, 1966). Note that here we use
the C-centered orientation whereas Whittaker (1960) used the I-centered

orientation. Decreasing B results in a closer packing of the tetrahedral
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chains because the increasing stagger in the arrangement of the 0(5) and
0(6) anions in adjacent chains allows closer approach without decreasing
inter-chain anion-anion contacts. In the orthorhombic amphiboles, the
staggering of adjacent silicate double chains is almost complete, per-
mitting a closer packing of the chains than does the monoclinic structure;
according to the data of Finger (1967), the molar volume of pure antho-
phyllite and the extrapolated value of monoclinic Mg7Si8022(OH)2 are
equal, but with Fe2+ substitution in anthophyllite, the molar volume
curve deviates strongly from the extrapolated curve of the monoclinic
amphiboles. This argument is a persuasive one but more recent data would
suggest that other factors are also of importance. The importance of Mg
occupancy of M4 in anthophyllite led Whittaker (1960) to suggest that
Fe2+ should order preferentially at the M1 and M3 positions in order to
avoid perturbing the "edge-wise" packing of the chains. X-ray and Moss-
bauer studies of anthophyllites show this not to be the case. Fe2+ is
always strongly ordered at the M4 site, although the M4 site always con-
tains significant Mg. Conversely, Whittaker (1960) indicated that a
larger cation than Mg should not occur at M4 unless a smaller cation
substitutes at M2. In line with this, the data of Seifert (1977) indi-
cate an increase in AlVI (and AlIV) with increasing Fe/FeiMg and X¥22+
in anthophyllites.

Ross et al. (1968, 1969) and Papike et al. (1969) emphasize the
importance of the M(4) cation occupancy on the phase relations of the
Fe-Mg-Mn and calcic amphiboles. At high temperatures, the divalent
cations Ca, Mn, Fe and Mg can substitute readily at the M(4) site and
there is complete solid solution, as suggested by both natural assemblages
(e.g., Klein, 1968) and phase studies (Cameron, 1975). At lower temper-
atures, amphiboles intermediate between the Fe-Mg-Mn and calcic series
are unstable because the difference in size (and bonding characteristics?)
between Ca and Mn/Fe2+ is not compensated by large amplitudes of thermal
vibration as occurs at higher temperatures. The M(4) site of the C2/m
Fe-Mg-Mn amphiboles often contains up to “0.40 Ca p.f.u., and the M(4)
site of tremolite-actinolites can contain significant Fe2+ (Goldman and
Rossman, 1977; Hawthorne et al., 1980). Whether these small amounts of
cations are distributed uniformly throughout the structure or are segre-

gated to form G.P. zones or incipient exsolution lamellae must await
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transmission electron microscopy studies. When the M(4) site of a mono-
clinic Fe-Mg-Mn amphibole is partially occupied by Mg, the symmetry may
be PZl/m rather than C2/m. Papike et al. (1969) suggest that cummingtonite
PZl/m occurs because the increase in positional degrees of freedom of the
atoms at and around the M(4) site can allow the necessary coordination

for the joint Ca/Mg occupancy of the M(4) site. This infers that the
occurrence of Ca at M(4) is also a controlling factor in the existence of
the P21/m structure. As cummingtonite PZl/m can occur with down to "0.06
Ca p.f.u. (Rice et al., 1974) and cummingtonite C2/m frequently contains
up to .40 Ca p.f.u., the importance of Ca in this regard is somewhat
questionable. In principle, this question may be examined using synthesis

methods along the Mg.Si,0,.,(OH) -Fe2+Si 0,,(0H), join. Popp (1975) and
7 2 7 2

Popp et al. (1976) havessiﬁthesized ampsiigles along this join but they
are orthorhombic and of unknown structure; whether or not this further
complication to the situation reflects the complete absence of Ca from the
system is not clear. Yakovleva et al. (1978) have determined the transi-
tion composition between the C2/m and PZl/m structures as 717% Mg7818022(0H)Z
This is approximately the boundary between cummingtonite and magnesio-
cummingtonite and is exactly the composition FeZMgSSiSOZZ(OH)Z at which
Mg must begin to enter M(4) for the cummingtonite to be any more magnesian.
This is not to say that the slightest amount of Mg at M(4) causes the
c2/m ~ PZl/m transition. Mossbauer experiments (Hafner and Ghose, 1971;
Ghose and Weidner, 1972) have shown that Fe2+ occurs at the M(1,2,3)
sites in the most magnesian cummingtonite known (Kisch, 1969), from which
we may draw the inference that Mg partially occupies M(4) at compositions
l;zs magn;zian than FeZMgSSiSOZZ(OH)2° If a Kd [= X§?1’2’3)(1—X§?4))/
XM(4)(1—XM(1,2,3))] value of 0.03 is assumed (e¢f. Ghose and Weidner, 1972)
as an average value for the composition FeZMgSSiBOZZ(OH)Z’ the site occu~-
pancy Xﬂ%4) = 0.23 is obtained. Although this value for ;&e PZl/m + C2/m
transition is highly speculative and may vary with Mn, Fe and Ca contents
of the M(4) site, it is in accord with the known occupancy values for PZl/m
magnesio-cummingtonites and tirodites (Papike et al., 1969; Ghose and
Weidner, 1972) and values for C2/m cummingtonites if allowance is made for
Ca and Mn occupancies of M(4).

The C2/m ~ PZl/m transition has been very well characterized experi-

mentally, and the qualitative explanation that the tramsition occurs to
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provide the necessary coordination around Mg at M(4) appears satisfactory.
However, attempts to provide a more quantitative rationalization in terms
of bonding around the M(4) site are not as yet adequate. Bond lengths
and bond valences around the M(4) site cations in tirodite(28), P21/m
tirodite(27), anthophyllite[23] and gedrite[33] are shown in Table 19.
Comparision of the bond valences in tirodite(28), PZl/m tirodite(27) and
the average values for P21/m tirodite(27) show there to be no apparent
significant difference among the three sets of values. Thus, an em—
pirical bond-valence analysis of the C2/m - PZl/m transition does not
seem to bear out the qualitative explanation given above. However, it
should be noted that the bond-valence sums around M(4) are not satis-~
factory for coordination numbers of [6] or [8], except perhaps for [8]-
coordination in anthophyllite[23] and gedrite [33] where these coordination
numbers do not appear to be reasonable. It should be noted that very ir-
regular coordination polyhedra (such as M(4) in amphiboles and M2 in py-
roxenes) are not amenable to close examination using bond-valence models.
If the entry of Mg into the M(4) polyhedron requires a tighter coordina-
tion about the M(4) site, this could be achieved in the C2/m structure
by S-rotation of the silicate double-chain element (see Thompson, 1970;
Papike and Ross, 1970, for chain rotation nomenclature). The reasons
why this does not occur are not clear, but may involve cation-cation
repulsion between the M(4) and T(2) cations.

Klein (1968, 1969), Himmelberg and Papike (1969), Dobretsov et al.
(1971), Miller (1977) and Raith et al. (1977) have documented the coexis-
tence of calcic and alkali amphibole pairs, and the problem of miscibility
between calcic and sodic amphiboles has been reviewed by Robinson and
Ghose, this volume. As with the Fe-Mg-Mn and calcic amphiboles, the
stability of these amphibole pairs seems to hinge upon the occupancy of
the M(4) site. However, unlike the Fe-Mg-Mn and calcic amphiboles, am-
phiboles intermediate to calcic and alkali amphiboles occur; in fact,
amphiboles of this type constitute the sodic-calcic group (Leake, 1978).
Inspection of the available analyses suggests that the immiscibility in-
volves glaucophane only as there appear to be no well-documented accounts
of amphiboles of the magnesio-riebeckite riebeckite series coexisting with
calcic amphiboles, whereas intermediate amphiboles of this composition do

occur (Katagas, 1974). This is in accord with the conclusions of Ernst
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Table 20. A-Site Nomenclature in
C2/m Amphiboles

Site Wyckoff symbol Coordinates
A(2/m) 2b 0, 1/2, 0
) A(2) 4g 0, v, 0
A(m) 41i x, 1/2, z
A(D) 83 X, ¥, z

Figure 35. The configuratjon of the tetra-
hedral chains around the A~site in the €2/m
amphibole structure, projected onto (100).

(1979) who discussed the occurrence of alkali and calcic amphibole pairs
in high-pressure metamorphic belts. Although the evidence is far from
conclusive, coexisting amphibole pairs of this type are favored by low
temperatures and relatively high pressures, consistent with the stability
of glaucophane (Maresch, 1977).

No study has yet addressed the question as to why a miscibility gap
appears between glaucophane and the calcic amphiboles at high pressures.
Crystal structure refinements at high pressure may help to solve this

problem.

THE A-SITE

The A-site is a large cavity situated between the back-to-back tetra-
hedral chains of the amphibole structures, surrounded by an irregular
array of 12 chain-bridging anions (Fig. 35). Warren (1929) noted that
this site is empty in tremolite, but proposed (Warren, 1930) that it was
occupied by alkali cations in hornblende; this was later confirmed by

Heritsch et al. (1957, 1960).

The C2/m amphiboles

Early 3-D structure refinements showed the presence of highly aniso-
tropic electron density at the A-site in several C2/m amphiboles. This
has been interpreted as positional disorder of the A-site cation about
the ideal site at the center of the cavity. The site nomenclature and

positional relationships are shown in Table 20.
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In general, there are three species (Na, K and vacancy) to be dis-
tributed over more than one site, and thus it is possible to obtain only
the electron density at each site and not the actual cation site popula-
tions. Various reasons have been suggested for the positional disorder
of the A-site cations, including the type of 0(3) anions, the type of A-
site cation and the presence of tetrahedral Al. The A-site disorder
patterns in potassium-magnesio-katophorite(29), potassium-arfvedsonite(67)
and potassium~fluor-richterite (Cameron et al., 1973a) suggest that the
identity of the 0(3) anion is not the major factor in the cation disorder.
Cation bond-valence requirements suggest that K will order at the A(m)
site and Na will order at the A(2) site (Hawthorne and Grundy, 1978).
Observed electron densities at the A(2) and A(m) sites are approximately
compatible with this scheme but do not prove it. Even if the A-site
cation identity is the most important factor, variable occupancy of T(1),
T(2), M{(4) and 0(3) could still exert a secondary effect.

Hawthorne and Grundy (1978) have examined the possibility of inter-
action between the A-site cation and the H atom in hydroxy-amphiboles.
They concluded that Na could occupy the A(2) site without any appreciable
bonding interaction with the H atom. However, K could not occupy the A(m)
site in a disordered configuration without the formation of a hydride bond
between K and H, and the H atom may be positionally disordered in potas-
sium~hydroxy-amphiboles if K occupies the A(m) site. In natural potassium
amphiboles, this could be alleviated by a coupled association between
occupancy of the one disordered configuration adjacent to 0(3) with oc-
cupancy of 0(3) by F or 02—. This would account for the anomalously weak
high frequency principal OH band observed in natural clinoamphiboles (Row-

botham and Farmer, 1973).

The P21/m amphiboles

As this structure type is restricted to very magnesium-rich cumming-
tonite compositions, the A-site is empty (or perhaps has a very low cation
occupancy). The geometry of the cavity is very similar to that exhibited

by the C2/m Cummingtonites.

The P2/a amphiboles

In joesmithite(25), the A-site cations occupy the A(2) site that is

displaced 0.6 % along the two-fold axis away from the central A position;
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Table 21. Bond-Valences (v.u.) around Selected Aniomns in
the Joesmithite(25) Structure

M(4)B A(2)  T()B T(2)B T(La It g2 g3
0(5)B  0.23 0.26 0.45 0.94 1.62 1.73 1.88
0(6)B  0.21  0.24 0.44  0.97 1.62 1.73 1.86
o 0.26 0.47 1.08 1.55 1.66 1.81

1

Bond strength sums without A-site cation contribution.
2 . X

Sums with contribution from central A-site catiom.

Sums with contribution from A(2) site cationm.

the A(2) site is analogous to the A(2) site in the C2/m amphiboles.
However, in joesmithite this displacement is ordered, with the A-site
cation displaced towards the T(1)B site that is occupied by Be. It is
probably this coupled ordered arrangement that results in the unusual
space group of this amphibole. Joesmithite is also unique in that it is
the only amphibole to have the A-site occupied by divalent cations, al-
though Pb-bearing pargasite (Gillberg, 1959) may have small amounts of
Pb at the A-site. Certainly, the joesmithite A-site content of (0.6 Ca
+ 0.4 Pb) is unusual, although the occurrence of Pb is probably fortuitous
(Moore, 1969) and any large divalent cation could possibly occupy this
site.

There is little doubt that the coupled relationship between (Ca+Pb)
and Be is the result of local bond-valence requirements. As Be contri-
butes only about half the bond valence that Si does, the anions coordi-
nating Be would be extremely undersaturated if the central A-site were
occupied instead of the A(2) site (Moore, 1969). This is illustrated in
Table 21 which shows the bond valence contributed to the anions coordina-
ting Be in the joesmithite structure. Although the bond-valence sums
deviate considerably from their ideal value of 2.0, the values with the
A(2) site cation contribution are significantly closer to ideality than
the values calculated assuming the A-site cations occupy the central A-
site position. However, there is no convincing argument for why the

structure adopts an ordered rather than a disordered configuration.

The Pnma amphiboles

The A~site cations in this structure type are much more tightly
coordinated than the A-site atoms in the C2/m amphiboles. This is the

result of the different configurations of the tetrahedral chains
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‘B’ TETRAHEDRAL CHAIN adjacent to the site in the two
structure types (Fig. 36). 1In the
C2/m amphiboles, the ditrigonal
distortions of the tetrahedral
chains above and below the site are
oppositely directed, and the coordi-
nation number of cations at the
A(2/m) site is [12] or [10], with
no obvious cutoff in the cation-
anion distances to signify a defi-
nite coordination number. In the

Pnma amphiboles, the tetrahedral

chains above and below the A-site
are identically directed (Fig. 36).
This results in six short A-0 dis-

‘A’ TETRAHEDRAL CHAIN
Figure 36. The configuration of the tetra-
hedral chains around the A-site in the Pama tances and six long A-0 distances,

amphibole structure, projected omto (100).
suggesting that the A-site cations

in gedrite are [6]-coordinate with the anions in a distorted octahedral

arrangement.

The Pnmn amphiboles

The A-site in protoamphibole is occupied by Li, according to the
unit-cell contents derived from the chemical analysis. However, Gibbs
(1969) noted that difference maps of the A-site cavity did not show any
significant concentration of electron demsity that could be attributed
to Li, and suggested that Li was randomly distributed around the periphery
of the cavity, being particularly close to the short 05-07 edge of the

Tl tetrahedron.

THE 0(3) SITE

Warren (1929) used Pauling's second rule (Pauling, 1929) to indicate
that the 0(3) position in tremolite is predominantly occupied by OH. 1In
a general examination of the chemistry of the monoclinic amphiboles,
Warren (1930) also assigned F to the 0(3) position. Chemical analysis
(Warren, 1929) showed that 0(3) could be completely occupied by OH.
Synthesis of fluor-amphiboles was accomplished by Bowen and Schairer
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(1935), and chemical analysis of synthetic
Table 22. The H Environment

in Tremolite(56) fluor-tremolite (Comeforo and Kohn, 1954)
x 0.2088(6) showed that the 0(3) position could be
y 0 .
letel d by F. -
0.7628(14) completely occupied by Chemical analy
0(3) - & 0.960(6) & sis of natural amphiboles (Geijer, 1959;
H-0(7) 2.764(7) Leelanandam, 1969%a,b; Fominykh, 1974) shows
0(3)-0(7) 3.305(3) . .
PG 116.4(2)° that Cl also occurs in amphiboles, appar-
0(3) '-0(3)~H 90.4(2)° ently substituting for OH at the 0(3) site;

Leake (1968) records an analysis (673)
with 0(3) completely occupied by C1, al-
though no end-member Cl1 amphiboles have yet been synthesized.

The first information concerning the attitude of the OH anion was
derived from infrared spectroscopic studies. Hanisch (1966) showed that
the three-dimensional absorption figure for the OH-stretching frequency in
riebeckite is a lemniscate, rotated around its longer axis which coincides
with X*; the O-H bond is thus parallel with X*., A similar result was also
found by Burns and Strens (1966); the absence of bands in the first over-
tone region of the polarized B spectrum show the O-H bond to be confined
to the (010) mirror plane, while from the relative overtone absorbances
in the polarized o and Yy spectra, calculations showed the O-H bond to
make an angle of 85(8)° with the Z-axis. Papike et al. (1969) and Haw-
thorne and Grundy (1973a) approximately located the position of the hydro-
gen atom in tremolite(30) and ferro-tschermakite(54) using x-ray diffrac-
tion; these results were in agreement with the infrared results concerning
the orientation of the O0-H bond. More precise data were provided by the
neutron diffraction study of tremolite(56b) (Hawthorne and Grundy, 1976),
as summarized in Table 22, The 0(3)-H bond length of 0.960(6) X is fairly
typical for an hydroxyl ion and shows that little or no hydrogen bonding
with the chain~-bridging anions occurs; the infrared spectrum of this am-
phibole showed a single narrow band at 3684 cm_l. The occurrence of the
fundamental O-H band in amphiboles between 3600-3700 cm_l is also indi-
cative of little or no hydrogen bonding, in agreement with the crystal
structure results.

The 0(3) position may also be occupied by 02_ in oxy-amphiboles, but
the origin and role of 02_ in this position are not well understood. Ex-

tensive studies on dehydroxylation and oxidation of both natural and
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synthetic amphiboles have shown that these are cooperative processes in
iron-rich amphiboles, and hence the amount of 02_ at 0(3) produced by
dehydroxylation in the solid state should correlate with the amount of
Fe3+ produced by the accompanying oxidation. No general correlation of
this sort is apparent in natural amphiboles, and the question arises as

to whether this correlation is obscured by cation substitutions involving
Fe3+, or whether post-crystallization oxidation is not an important
process in producing dehydroxylated amphiboles, except in certain high

pO2 environments. Certainly an alternate possibility is that amphiboles
may crystallize hydroxyl deficient, with the 02— 2 OH substitution
balanced by a polyvalent cation substitution. This possibility has been
suggested by Leake (1968), with Ti being involved in the substitution.
Kitamura et gl. (1975) have shown that Ti preferentially occupies the

M(1l) site in potassian oxykaersutite(40), a feature they interpreted as
resulting from cation disorder accompanying oxidation-dehydroxylation.
Presumably, the strong ordering of Ti at M(l) occurs as a result of local
bond-valence requirements upon loss of the hydrogen atom. This is cer-
tainly in line with the negative correlation between (OH+F+Cl) and Ti
shown by Leake (1968) for the Engel and Engel (1962) data, although the
paragenesis of these amphiboles suggests that the hydroxyl deficiency may
have originated during crystallization rather than by post-crystallization
oxidation. However, the general significance of this is not clear. Other
sets of good quality analyses with fairly variable (OB+F+Cl) contents give
different correlations or no correlations at all (e.g., Binns, 1965;
Appleyard, 1976). Certainly it appears that 02_ substituting for mono-
valent anions at the 0(3) position may be coupled with polyvalent cation
substitutions as an integral part of amphibole chemistry as well as being
involved in oxidation-dehydroxylation reactions.

A question of some uncertainty is the role of "excess" OH in the am-
phibole structure. This has been documented in both natural (Leake, 1968)
and synthetic (Witte et al., 1969; Maresch and Langer, 1976) amphiboles.
However, the structural details of the substitution and its general sig-

nificance in natural amphiboles are unknown.
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Table 23. Normal Cation Site-Assignments
in Amphiboles

Cation A M(4)  M(1), M(2), M(3) T(1), T(2)

Si

Al

Fedt

Ti

Felt

Mn

Mg

Li —
Ca

Na —_—
K .

CATION DISTRIBUTIONS IN AMPHIBOLES

The wide variety of cation coordinations in the amphiboles, together
with the large structural compliance of some of the sites results in
considerable chemical complexity in these minerals. A knowledge of the
site occupancies and order-disorder relationships in the amphiboles is
essential to a better understanding of their crystal chemistry, phase
relations, optical and electrical properties and oxidation-dehydroxyla-
tion mechanisms. Consequently, the amphiboles more than any other
mineral group have been studied from the viewpoint of site-population
characterization. However, before examination of the results of the
various techniques used to study this problem, a few preliminary con-
siderations are in order.

Most of the spectroscopic techniques used for site-population
characterization are sensitive only to one or two cations in the struc-
ture while the remaining techniques, although in principle sensitive to
all (or most) cation species in all (or most) sites, camnot practically
distinguish between some cation species in all possible arrangements.
Thus, it is necessary to assign certain cations or groups of cations to
certain sites or groups of sites in the structure. Based on knowledge
of the general chemical variations in amphiboles, certain assignments
may be made with a fair degree of confidence (Table 23). However, these
assignments are strongly dependent on the accuracy of the chemical analy-
sis, errors in which may not be immediately apparent from the general
criteria of a ''good" amphibole analysis (Leake, 1968; Papike et al.,
1974).
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The 0(3) position in the amphiboles may be occupied by OH , F , C1~
and/or 02-. Although it is not generally considerdd as an important
constituent, Cl does occur in considerable amounts in amphiboles accord-
ing to Geijer (1959) and Leelanandam (1969a,b); thus, it is necessary to
analyze for HZO’ F and Cl unless it can be demonstrated that 0(3) is
occupied completely by one or two of these species. Cameron (1970) has
suggested that Fe2+ may prefer sites coordinated by OH and avoid sites
coordinated by F. Obviously, the interpretation of ordering patterns
in natural amphiboles, where 0(3) may be partially occupied by both OH
and F, is contingent upon accurate knowledge of the monovalent anion
contents of the unit cell if this is the case. We have seen that the mean
bond lengths at the M(1) and M(3) sites are partially a function of the
anion occupancy of 0(3). If relationships of this sort are to be further
developed, and used for site-population characterization of cations that
are resistant to direct experimental examination, a knowledge of the anion
occupancy of 0(3) is essential.

Another problem concerns the occurrence of certain elements in the
amphiboles that have a variable valence state. By far the most important
is Fe, which may occur in both divalent and trivalent states. As the
role of Fe in the structure is strongly dependent on its valence state,
it is extremely important to know the amounts of Fe2+ and Fe3+ in the
cell as accurately as possible. For example, many studies are concerned
with the site-ordering of Mg and Fe2+; if the Fe3+/Fe2+ ratio of the unit
cell contents is not known, the problems in characterizing exact site-
populations become more intractable. In addition to problems such as
this, the calculation of the cell contents from the chemical analysis
will be in error if the Fe3+/Fe2+ ratio is unknown. The relative amounts
of FeO and Fe203 may be measured by wet-chemical techniques or by Moss-
bauer spectroscopy, so that this should not constitute a major problem.
However, increasing numbers of mineral analyses are now obtained using
the electron microprobe, which cannot distinguish valence states; al-
though various schemes have been devised to determine Fe3+/Fe2+ ratios
from microprobe data (Papike et al., 1974; Vieten and Hamm, 1971), these
assume various stoichiometric requirements of the mineral concerned that
may or may not be valid and will also be greatly affected by error in

the data. The only answer to this problem would appear to be a combination
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of microprobe and wet-chemical techniques or Mossbauer spectroscopy in
the event that a clean separation of the amphibole can be achieved.

The valence states of Ti andMn are not well characterized in amphi-
boles. There has been much speculation on the valence state of Ti in
silicates. Traditionally, it has been assumed that Ti is quadrivalent
in silicates. However, there has been recent support for the idea that
trivalent Ti can occur in pyroxenes. The similarity of the coordination
polyhedra in the pyroxenes and the amphiboles suggests that what is a
possibility in one structure is a possibility in the other, and thus
amphiboles could contain both T13+ and/or Ti4+. A similar situation
occurs for Mn. In general, it has been assumed that Mn is divalent in
amphiboles, and the stoichiometry of Mn-rich amphiboles supports this
(Tirodite....Dannemorite - Mn§+(Mg,Fe2+)5818022(OH)2; natural and syn-
thetic Mn-rich tremolites and actinolites). However, electronic absorp-
tion spectra of some Mn-bearing tremolites show the presence of some Mn3+
(Goldman, 1977). Electron spin resonance studies of Mn-bearing tremolites
of similar composition (but different geographic location) show the Mn
to be divalent (Bershov et al., 1966; Manoogian, 1978). Thus, amphiboles
can feasibly contain both Mh2+ and/or Mn3+. These problems of mixed
valences are compounded for Ti and Mn by the fact that we do not have a
convenient characterization technique for oxidation ratio as is the case
for Fe by Mossbauer resonance. In view of this situation, it is perhaps
fortunate that Ti and Mn are minor constituents in most amphiboles.

The ordering pattern of Table 23 is essentially due to Warren (1930).
Whittaker (1949) showed a non-random distribution of group C cations over
the M(1), M(2) and M(3) sites in magnesio-riebeckite(3), and Papike and
Clark (1967) showed a non-random distribution of group T cations over the
T(1) and T(2) sites in potassian titanian magnesio-hastingsite(24). 1In
the last 15 years, considerable effort has gone into the characterization
of cation ordering in amphiboles; a summary of the current knowledge

follows.
Aluminum

Al is both a C~group and a T-group cation, occurring in both octa-
hedral and/or tetrahedral coordination. In the monoclinic (C2/m) amphi-

boles, Al shows the site-preference T(1) >> T(2); subsilicic amphiboles
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definitely have Al at the T(2) site, but the presence of Al at T(2) in
amphiboles where Si > 6.0 atoms p.f.u. is somewhat questionable (Ungaret-
ti, 1980). In the orthorhombic (Pnma) amphiboles, Al shows the site-
preference T1B > T1A > T2B > T2A; as indicated in Figure 23, the T2B

site shows considerable Al occupancy in the gedrites.

When Al is a C-group cation, it is very strongly ordered at the M(2)
site. This result was derived from mean bond length-ionic radius rela-
tionships that are not sufficiently accurate to tell whether or not this
ordering is complete. Bancroft and Burns (1969) have assigned weak peaks
in the infrared spectra of glaucophanes to cation arrangements involving
Al at the M(1) or M(3) sites. Because of the problems associated with
the derivation of site-occupancies from infrared spectra, this cannot be
considered as good evidence for occupancy of M(1l) or M(3) sites. 1In
support of this view, Strens (1974) reports that of 15 glaucophanes
examined by this method, none showed minor bands. 1In a detailed crystal-
lographic analysis of 26 blue amphiboles, Ungaretti et gql. (1978) used
mean bond-length and charge-balance arguments to show complete order of
Al at M(2). Thus, there is no direct evidence of Al occurring at the
M(1) and M(3) sites, the current evidence favoring complete order at the

M(2) site (except perhaps for oxy-amphiboles?).

Ferric iron

Fe3+ is a C-group cation; there is no convincing evidence for tetra-
hedrally-coordinated Fe3+ as is the case in the pyroxenes (Hafner and
Huckenholz, 1971; Virgo, 1972). Although it has long been surmised that
Fe3+ is strongly ordered at the M(2) site, it was not until the structure
refinements of potassian ferri-taramites(51) and (59) that there was con-
vincing crystallographic evidence for this. A considerable number of
more recent refinements have confirmed this. Detailed analysis of mean
bond lengths and charge requirements indicates complete Fe3+ order at
M(2) in some cases (Ungaretti et al., 1978) and the occurrence of small
amounts of Fe3+ at the M(1) and/or M(3) sites in other cases (Ungaretti
et al., 1981; Hawthorne and Grundy, 1977a); it is not clear if the latter
represents the equilibrium crystallization configuration or is the result
of post-equilibration oxidation by dehydroxylation.

Unequal doublet half-widths in Fe Mossbauer spectra have been taken

as evidence for Fe3+ at the M(1) and/or M(3) sites in amphiboles.
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This cannot be considered as significant because the larger Fe3+ half~
width may be an artifact of the fitting procedure (Hawthorne, 1981) and/
or the result of subtitutional broadening (Dowty and Lindsley, 1973;
Dollase and Gustafson, 1977). Similarly, minor peaks in the infrared
spectra have been assigned to Fe3+ at M(1) and/or M(3); it has been

suggested that these are not valid peaks (Strens, 1974).
Titanium

Ti is generally considered as a C-group cation, although some
authors do assign Tia+ to the T group when Si+Al < 8.0. There is no
direct evidence for tetrahedrally-coordinated Ti in amphiboles. In most
x-ray studies, Ti has been assigned to the M(2) site together with all
the other trivalent cations in the formula unit. However, there is no
direct evidence for this assignment of Ti. The only experimental evi-
dence for Ti ordering in amphiboles is the neutron refinement of potas-
sian oxy-kaersutite(40) by Kitamura et al. (1975). They showed that Ti
is strongly ordered at the M(1l) site. Whether this is an equilibrium
crystallization feature or whether it is associated with post-crystal-

lization disorder during oxidation-dehydroxylation is not known.
Ferrous iron

Fe2+ is generally assigned to the B and C groups of the amphibole
formula and can occupy the M(1), M(2), M(3) and/or M(4) sites. As the
character of the ordering patterns exhibited by Fe2+ changes with the
amphibole type, it is convenient to consider each principal amphibole

group separately (see Table 24).

Fe-Mg-Mn amphiboles. In the amphiboles of the magnesio-cumming-
tonite...grunerite series, extensive site-occupancy studies by structure
refinement, Mossbauer, infrared and electronic absorption spectroscopies
have shown that Fe2+ is very strongly ordered at the M(4) site. The
relative ordering of Fe2+ between the M(4) and M(1,2,3) sites is a func-
tion of equilibration temperature (Ghose and Weidner, 1972). The rela-
tive ordering of Fe2+ over the M(1), M(2) and M(3) sites is less well
characterized, as Mossbauer measurements do not give this information.
Structure refinements indicate the ordering scheme M(3) > M(1) > M(2);
this is also compatible with the results of combined Mossbauer and infra-

red experiments (Bancroft et al., 1967a).
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Table 24. Fe2+ Site Occupances from Crystal Structure Refinements

M(1) Mt M(3) M(4)

Iron-magnesium-manganese group

(21) 0.29 0.05 0.29 0.76 M(4) >>M(1) ~ M(3) > M(2)
(22) 0.85 0.77 0.89 0.99 M(4) > M(3) > M(1) > M(2)
(28) 0.03 0.16 - 0.09 M(2) > M(4) > M(1) > M(3)
(57) - 0.17 - 0.05 M(2) > M(4) > M(1) ~ M(3)
(61) 0.25 - 0.30 - M(3) > M(1) >>M(2) ~ M(4)
[23] 0.03 0.02 0.03 0.51 M(4) > M(1) ~ M(2) ~ M(3)
[313 0.40 - 0.56 - M(3) > M(1) >>M(2) ~ M(4)
(323 0.12 (0.04) 0.10 0.42 M(4) > M(1) ~ M(3) > M(2)
[33] 0.33 (0.09) 0.39 0.65 M(4) > M(3) > M(1) >>M(2)
Calcic group
(24) 0.35 (0.11) 0.35 - M(1) ~ M(3) > M(2) > M(4)
(37)* 0.61 0.46 0.58 - M(1) 3 M(3) > M(2) >>M(4)
(38) 0.23 (0.20) 0.24 - M(1) ~ M(3) > M(2) » M(4)
(39) 0.32 (0.17) 0.32 - M(1) ~ M(3) > M(2) » M(4)
42) 0.29 - - - M(1) >>M(2) ~ M(3) ~ M{4)
(44) 1.00 0.59 0.59 - M(1) > M(2) ~ M(3) >>M(4)
(43) 0.46 0.35 0.48 - M(1) ~ M(3) > M(2) >>M(4)
(46) 0.49 0.42 0.27 - M(1) > M(2) > M(3) >>M(4)
(48) 0.52 - 0.52 - M(1) ~ M(3) >>M(2) ~ M(4)
(49) 0.7 - 0.6 - M(1) > M(3) >>M(2) ~ M(4)
(50) 0.6 - 0.4 - M(1) > M(3) >>M(2) ~ M(4)
(54) 0.61 0.05 0.78 - M(3) > M(1) >>M(2) > M(4)
(58)** (0.69) (0.31) (0.84) 0.07 M(3) > M(1) >>M(4) > M(2)
(60) 0.36 0.18 0.45 - M(3) > M(1) > M(2) >>M(4)
(61) 0.30 0.07 0.24 - M(1) > M(3) >>M(2) > M(4)
(70)** 0.17 (0.15) 0.22 0.03 M(3) > M(1) >>M(4) > M(2)
(71)** 0.19 (0.15) 0.28 0.03 M(3) > M(1) >>M(4) > M(2)
(72)** 0.17 (0.16) 0.29 0.04 M(3) > M(1) >>M(4) > M(2)
(73 0.32 (0.21) 0.45 0.17 M(3) > M(1) > M(4) >>M(2)
Sodic calcic group
(35) 0.20 0.52 0.15 0.04 M(2) > M(1) > M(3) > M(4)
(51) 0.85 0.18 0.85 - M(1) ~ M(3) >>M(2) > M(4)
(59) 0.73 0.13 0.71(0.85) - M(3) > M(1) >>M(2) > M(4)
Alkali group
(26) 0.16 - 0.29 - M(3) > M(1) >>M(2) ~ M(4)
(64) 1.00 - 0.67 - M(1) > M(3) >>M(2) ~ M(4)
(65) 0.93 0.34 0.88 - M(1) > M(3) >>M(2) > M(4)
(66) 0.75 - - - M(1) >>M(1) ~ M(2) ~ M(3)
(67)* 1.00 0.42 0.76(0.89) - M(1) > M(3) > M(2) >>M(4)
(68)* 0.93 - 0.48(0.64) - M(1) > M(3) >>M(2) ~ M(4)
(69) 0.59 - 0.80 - M(3) > M(1) >>M(2) ~ M(4)

:values given in parentheses for the M(2) site are predominantly Fe3+.
considerable Mn is included in the site occupancies given; where an estimate
of Mn site occupancies has been made, individual estimated Fe site occupan-
sies are given with the combine§+Fe+Mn occupancy in parentheses.

results suggest significant Fe at the M(l) and/or M(3) sites.

In the amphiboles of the tirodite-dannemorite series, Mn2+ is
strongly ordered at M(4); however, Mossbauer measurements show this or-
dering is not complete and Fe2+ also occurs at M(4). Combined Mossbauer
and infrared measurements (Bancroft et al., 1967a) show Fe2+ to be

strongly ordered at M(2) relative to M(1) and M(3) in tirodite.
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The Fe2+ distribution in holmquistite is very different from that
exhibited by the other Fe-Mg-Mn amphiboles. Crystal structure refinement
shows the Fe2+ site preference M3 > M1 >> M2 v M4 ~ 0.0, and this is con-
firmed by Mossbauer (Law, 1973) and infrared spectroscopy (Wilkins et al.,
1970).

Anthophyllites :show strong ordering of Fe2+ at M4; this ordering is
temperature dependent (Seifert, 1978). Gedrites show the same site-
preference, but the degree of ordering is not as great. In addition,
the M2 site in gedrite is occupied by Al, whereas Fe2+ is approximately
equally distributed among the M1, M2 and M3 sites in anthophyllite.

Caleic amphiboles. The calcic amphibole group shows an extremely
complex variation in Fe2+ ordering. The results of crystal structure
refinements are summarized in Table 24 where it can be seen that no exact
overall pattern is apparent. However, the predominant Fe2+ ordering pat-
tern seems to be M(1l) > M(3) > M(2) » M(4). Obviously, the Fe2+ ordering
pattern is strongly dependent on bulk composition, and it may not be
reasonable to look for an overall pattern. Thus, the Fe2+ content of
M(2) is affected by the trivalent cation content of that site. Goldman
and Rossman (1977) have shown that low Fe2+ tremolite may show the or-
dering scheme M(4) > M(1,2,3), whereas actinolites show M(1,2,3) > M(4),
a result of the fact that M(4) is predominantly occupied by Ca in tre-
molite. More subtle inductive effects may also be present, but these

will need more adequate experimental data to characterize with any

certainty.

Sodic-caleic amphiboles. The hydroxy~amphiboles of this group
so far examined tend to show the site-occupancy pattern M(3) > M(1) >>
M(2) > M(4). All of these amphiboles show significant trivalent cation
occupancy of M(2); a different pattern is expected for the richterites.
In fluor-richterite, Fe2+ shows the ordering scheme M(2) > M(1) > M(3)
> M(4); this pattern presumably results from the well-known antipathy of

+ . . s
Fe2 for F-coordinated sites in minerals.

Alkali amphiboles. Metamorphic amphiboles of the glaucophane...
ferro-glaucophane...magnesio-riebeckite...riebeckite series show a
regular Fe2+ distribution (Fig. 37) with the ordering pattern M(3) > M(1).

This may be perturbed by the presence of Li, which preferentially orders
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at M(3) and can lead to a reversal of the Fe2+ ordering pattern. Fe2+

ordering in nyboites is somewhat irregular. Generally, these show M(3)
> M(1), but Fe2+ may be strongly ordered into M(2) or completely avoid

M(2); this could be clarified by examination of less magnesium-rich

varieties.

Magnesium

The behavior of Mg in amphiboles is generally antipathetic to that
of Fe2+ and will be considered only where it is of particular crystal-
chemical interest. In C-centered amphiboles of the magnesio-cumming-
tonite...grunerite series, Mg seems to be virtually excluded from the
M(4) site. In studies where the derived Fe2+ occupancy of M(4) is less
than 1.0, the balance may be assigned to the small amount of Ca generally
present. Any significant M(4) occupancy by Mg occurs only in P21/m
tirodite(27) and is thought to be the cause of this particular struc-
ture variant (Papike et al., 1968, 1969). The orthorhombic Fe-Mg-Mn
amphiboles anthophyllite[23] and gedrites[32] and [33] show considerable
occupancy of M4 by Mg, as does protoamphibole[20] and synthetic (Li,[])
(Li,Mg)zMg5818021+x(0H)3_X (Maresch and Langer, 1976). The only other
amphibole of note with regard to unusual Mg site-occupancy is the syn-
thetic monoclinic Fe-Mg-Mn amphibole NaMgNaMgSSisozz(OH)2 prepared by
Witte et al. (1969), in which the M(4) site is presumably occupied by

Mg and Na in equal proportions.
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Manganese

In Fe-Mg-Mn amphiboles, Mn is strongly ordered at the M(4) site
(Bancroft et al., 1967a; Hawthorne and Grundy, 1977b). For the remaining
amphibole groups, there is little information on the distribution of Mn.
When the C-group cation sum exceeds 5.0, some studies have assigned the
excess cations to the B-group in the order Mn > (Fe,Mg); there is no
direct proof of this, although it is consistent with the behavior of Mn
in the Fe-Mg-Mn amphiboles. Some studies (Hawthorne, 1976; Hawthorne and
Grundy, 1978) have attempted to derive Mn site-preference in sodic-calcic
and alkali amphiboles on the basis of mean bond lengths at the M(1), M(2)
and M(3) sites; the preference M(3) > M(1) v M(2) was observed in both
studies, although these results are highly speculative. When Mn is
present in the trivalent state, ordering at the M(2) site is to be ex-

pected by analogy with the behavior of Al and Fe3+.

Lithium

Li occurs in significant quantities only in certain amphibole types,
although it is capable of occupying a wide variety of sites in amphiboles.
In the Fe-Mg-Mn amphiboles, only holmquistite and clinoholmquistite show
significant Li. Crystal structure refinements show Li to be virtually
completely ordered at the M(4) site. This agrees with the infrared re-
sults of Wilkins et al. (1970), which show that no significant Li occurs
at the M1 + M3 sites in holmquistite. L1 also occurs in protoamphibole
[20] and (Li,[] (Li,Mg) MgsSig0, . (OH);  (Maresch and Langer, 1976), both
the M4 site (together with Mg) and at the A-site.

Analyses of calcic amphibole coexisting with holmquistite (Knorring
and Hornung, 1961; Wilkins et al., 1970) show only small amounts of Li
(“0.16 atoms p.f.u.), and there is no evidence where the Li occurs in
the structure. Conversely, Li can be an important constituent of
alkali amphiboles, and stoichiometric considerations (Sundius, 1946;
Borley, 1963) suggest that Li is a C-group cation in these amphiboles.
On the basis of infrared spectroscopy, Addison and White (1968) proposed
that Li occurs at the M(1l) +M(3) sites in riebeckite. Subsequent crystal
structure refinement of a fluor-riebeckite(68) containing significant Li
showed Li to be almost completely ordered at the M(3) site. However, it

should be stressed that this ordering pattern is for a fluor-amphibole

77

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



[0(3) ~ 0.6F + 0.40H] and the ordering may be different in a hydroxy-
amphibole, although high Li contents are generally associated with high
F contents in alkali amphiboles (Lyons, 1976).

Calcium

Ca is virtually always assigned to the B-group in the unit formula,
and all x-ray studies of calcic and sodic-calcic amphiboles appear to be
compatible with this assignment, Ca occupying the M(4) site in all struc-
tures so far examined. It is not certain whether Ca is ever significantly
in excess of that required to fill the B-group in the unit formula.
Hawthorne (1976) has suggested that some alkali amphiboles may have small
amounts of Ca at the M(1,2,3) sites or that many of these amphiboles con-
tain significant amounts of minor components (e.g., Li) that have been
ignored during analysis but would show significant C-group occupancy.

In the Fe-Mg-Mn amphiboles, the small amounts of Ca are assumed to occu-
py the M(4) site; whether this occupancy is real or whether these amphi-
boles contain incipient calcic amphibole lamellae must await detailed
transmission electron microscopy studies. Certainly in coexisting Fe~
Mg-Mn and calcic amphibole assemblages, exsolution of calcic amphibole
by the Fe-Mg-Mn amphibole is widespread. In the rare amphibole joe-
smithite, Ca occupies the two M(4) sites and the A(2) site; this is the
only recorded amphibole where the A-cavity is occupied by a divalent

cation.
Sodium

Na is assigned to the A- and B-groups of the unit formula. Warren
(1929, 1930) proposed that Na would occupy the M(4) and A-sites in the
amphibole structure, and this was confirmed by Whittaker (1949) and

Heritsch et al. (1957) by crystal-structure refinement. All subsequent

crystal-structure work has confirmed these results.
Potassium

K is always assigned to the A-group in the amphibole formula unit,
and all experimental work so far published is in agreement with this
(Papike et al., 1969; Cameron et al., 1973b; Hawthorne, 1976). The
positional disorder of Na and K observed in crystal structure studies

is discussed in detail in the section on the A-site.
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Beryllium
Joesmithite is a remarkable amphibole in which Be2+ occupies the
T(1)B site, apparently showing no disorder with Si over the four dis-

tinct tetrahedral sites.
Boron

Kohn and Comeforo (1955) report the synthesis of a calcic fluor-
amphibole containing considerable B3+. The chemical analysis indicates
1.12 BV and 0.33 8"!

coordination in an oxide enviromment, additional evidence is needed be-

p.f.u.; as B3+ has not been recorded in octahedral

fore this result can be accepted.
Cobalt

Co2+ occupies the M(1), M(2), M(3) and M(4) sites in the structure
of "NaZHZCOSSiBOZZ(OH)2" (Prewitt, 1963; Gibbs and Prewitt, 1968), which
apparently deviates somewhat from its ideal composition. Similar results
are apparent from the chemical analysis of fibrous cobalt amphibole syn-
thesized by Nesterchuk et aql. (1968). On the basis of optical absorption
spectra, Chigareva et al. (1969) proposed that Co2+ occurs in both octa-

hedral and [8]-fold coordination in synthetic cobalt fluor-richterite.
Nickel

Chemical analysis of synthetic nickel richterite (Fedoseev et al.,

1968) shows Ni to occupy the M(1), M(2), M(3) and M(4) sites.
Chromium

On the basis of optical absorption spectra, Chigareva et al. (1969)
propose that Cr3+ occurs in [8]-fold coordination in "chromium fluor-
amphibole."

Conversely, Goldman (1977) presents electronic absorption spectra

+ +
for Cr3 -bearing actinolites that indicate Cr3 to be in [6]-coordination.
Zinc

Klein and Ito (1968) report chemical analyses and physical data for
several zinc-bearing amphiboles from Franklin, New Jersey. The chemical

analyses suggest that Zn occurs at the M(1,2,3) sites.
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Germanium

Sipovskii et al. (1972) and Grebenshchikov et al. (1974) report

the synthesis and characterization of a fibrous amphibole, NazMg6Ge8022

(OH)2 where Si is entirely replaced by Ge.
FACTORS AFFECTING CATION ORDERING IN AMPHIBOLES

Several studies have examined the factors affecting cation ordering
in amphiboles (Ghose, 1965, 1977; Litvin, 1966; Hawthorne, 1978b), but

as yet the problem is far from being resolved.

Structure energy

In a refinement of the crystal structure of magnesio-riebeckite(3),
Whittaker (1949) found that the monovalent cations were ordered at the
M(4) site and the trivalent cations were ordered at the M(2) site. The
preferential occupancy of M(2) by trivalent cations was explained as
arising from the lower electrostatic potential at M(2) that results from
the occupancy of the adjacent M(4) site by a monovalent cation. As in-
dicated by Whittaker (1971), this does not completely explain the situ-
ation, because the question then arises as to why the monovalent cation
occupies the M(4) site. 1In the case of riebeckite, this may be assumed
to result from the large size of the Na atom. However, for holmquistite
and clinoholmquistite, which show a similar cation charge arrangement,
this argument cannot apply as Li is small enough to occupy the M(1),
M(2) and/or M(3) sites, and has been shown to do so in Li-bearing rie-
beckite (Hawthorne, 1978c). Ghose (1965) has also cited this factor as
affecting cation-ordering in amphiboles and further suggested that Fe3+
and TiA+ may occupy the M(1l) and M(3) sites in oxy-amphiboles. The ef-
fect of relative electrostatic potentials at different sites in the
amphibole structures has been considered in more detail by Whittaker
(1971), who made the following predictions:

(i) Richterite has Na at A and NaCa at M(4); this is the case
for fluor-richterites(34) and (35).

(ii) Clinoholmquistite has Li2 at M(4); this is true for clino-
holmquistite(62).

(iii) LiNaMg6SiSOZZF2 has Na at A, Mg at M(4) and Li at M(3).
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(iv) Oxy-amphiboles have a preference for trivalent or quadri-
valent cations at M(1l); this is the case for potassian oxy-
kaersutite (40).

(v) All amphiboles (except oxy-amphiboles) have trivalent C-type
cations strongly ordered at M(2); this is generally the case.

(vi) In magnesio-hornblende and tschermakite, Al is preferentially
ordered at T(2); this is not the case for magnesio-hornblende
(45) and ferro-tschermakite(54).

(vii) 1In edenite, katophorite and taramite, T(1l) should be prefer-
entially occupied by Al; this is the case for potassian

ferri-taramite(59).

Bond-valence

The effect of local charge balance around the bridging anions in
amphiboles with occupied A-sites has been examined by Ghose (1965) who
concluded that tetrahedral Al should order into the T(l) site. Hawthorne
(1978b) has considered the effect of local bond-valence requirements on
the cation ordering patterns in amphiboles. Recent work has shown the
importance of local bond-valence requirements and their relationships
to variation in bond length, suggesting that the same mechanism should
exert stringent controls on cation ordering. Calculation of the mean
square (R.M.S.) deviation from exact agreement with Pauling's second
rule (Pauling, 1960) for all possible charge arrangements consonant with
a particular amphibole stoichiometry shows the arrangement with the
smallest R.M.S. deviation to be the preferred cation arrangement for

that specific stoichiometry.

Miscellaneous factors

Although reasonable success has been achieved in the rationalization
of cation ordering in amphiboles by energy and bond-valence methods, these
only apply to the relative ordering of cation species with different
formal valences. They do not apply (at least at the present level of
sophistication) to Al/Fe3+ and Mg/Fe2+/Mn ordering, and an appeal to
other criteria must be made. Ghose (1977) has reviewed several factors

that may influence ordering in amphiboles:
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Ionie size. Ghose (1965) suggested that this factor plays a role
in the site-occupancy of the M(4) site. The large [8]-fold site in the
monoclinic amphiboles can accept Ca and Na, whereas the smaller [6]-fold
site in the orthorhombic amphiboles can accept only Fe2+, Mg and smaller
cations. Papike and Ross (1970) suggest that size plays a role in the

distribution of tetrahedral Al in gedrites.

Strongly polarizing cations. Strongly polarizing cations like
Fe2+ tend to form more covalent bonds with oxygen and hence will prefer
the M(4) site (Ghose, 1961, 1962). Strongly polarizing cations will
tend to avoid each other. In addition, strongly polarizing cations will
tend to distort the octahedral sheet and hence will be repelled from the
M(1) and M(3) sites, in accord with the fact that in orthopyroxene-
cummingtonite assemblages, orthopyroxenes are more Fe2+ rich than the

coexisting cummingtonite.

Relief of Si-0-Si bond strain. Devore (1957) suggested that
tetrahedral Al is more likely to order into the T(l) site, as the occu-
pation of this position by Al causes fewer Si4+ cations to share more
than two anions with other Si4+ cations, hence relieving the Si-0-Si

bond strain.

Steric considerations. When M(4) is occupied by Ca or Na, Ghose
(1965) proposed that the 0(4) atoms recoil away from the M(4) site causing
an anticlockwise rotation of the T(2) tetrahedron; substitution of Al
into T(1l) will cause T(l) to rotate clockwise to compensate for this
rotation.

Certain remarks are in order concerning some of the mechanisms pro-
posed above. Firstly, the use of ionic size to forecast site-ordering
patterns is of use only in exaggerated cases where gross differences in
cation radius (e.g., Ca and Mg) occur. In general, the coordination
polyhedron of a cation adjusts to accommodate its constituent cation,
and its size is irrelevant to the possible occupancy of other cations
with the exception that the normal radius ratio rules will probably apply.
With regard to the possible effect of highly polarizing cations, Fe2+
does prefer the M(4) site in the Fe-Mg-Mn amphiboles (Ghose, 1961; Finger,
1967, 1969, 1970) and in tremolite (Goldman and Rossman, 1977). However,

+
an has an even higher preference for the M(4) site (Bancroft et al.,

82

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



1967b; Hawthorne and Grundy, 1977b) that is not in accord with this
mechanism. In addition, if strongly polarizing cations tend to avoid
each other, then there should be a lack of clustering of Fe2+ cations
in the structure. Except for the cummingtonite-grunerite series, this
is not in accord with the infrared results of Strens (1966) which indi-
cate significant clustering of Fe2+ (and Mg) in holmquistite, glauco-

phane, riebeckite, tremolite and anthophyllite.

Crystal field stabilization energy

In the free ion or in a spherically-symmetric potential field, the
3d-orbitals are energetically degenerate. Application of a potential field
of lower symmetry removes the complete degeneracy of the orbital energy
levels as the reducible representation spanned by these orbitals must
contain the irreducible representations of the symmetry group. High-
spin Fe2+ has a d6 configuration, and thus the lowest energy 3d-orbital
is occupied by two electrons. As the average energy of the five orbitals
is equal to the energy of the degenerate levels in a corresponding
spherically-symmetric crystal field, the difference between this value
and the energy of the lowest energy 3d-orbital thus enhances the sta-
bility of the undegenerate configuration and is known as the crystal
field stabilization energy (C.F.S.E.). Thus, the greater the orbital
energy level splitting, the greater the C.F.S.E. term, and hence Fez+

will tend to occupy the site with the largest C.F.S5.E. term.

Several studies have attempted to correlate C.F.S.E. with nearest-
neighbor configuration on the assumption that the bonded anions reflect
the strength and symmetry of the crystal field. According to this ar-
gument, increased distortion will produce a greater splitting of the
energy levels and enhance the C.F.S.E., providing that the "bond type"
is identical in each coordination polyhedron. The agreement is not
particularly good; Fe2+ is often enriched at the M(1l) and M(3) sites as
compared with the predicted enrichment at the M(2) site. There are
several factors that are pertinent to the use of this criteron. Firstly,
the effects of polyhedron distortion on the C.F.S.E. are not well under-
stood. Variation in individual bond lengths and variation in bond angles
affect the magnitude of the orbital splitting. Some studies have examined

the effect of varying bond angles in a simple systematic way (Krishnamurthy
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and Schaap, 1970; Garner and Mabbs, 1970) with constant bond length; the
relative orbital energy levels are considerably affected by this. The
effect of variation in individual bond lengths (with a constant mean
bond length) is not well characterized. Thus, deciding which of two
irregular pseudo-octahedral coordinations is the more irregular with
regard to estimating the larger C.F.S.E. is extremely difficult unless
gross differences occur. Another factor that may influence the magni-
tude of the C.F.S.E. is the effect of next-nearest neighbor ions. This
factor has been examined by Jager and Perthel (1967, 1970), who concluded
that non-coordination ions have a considerable effect on orbital splitting
in an octahedral environment. Thirdly, the C.F.S.E. is dependent on the
local environment in the crystal, not on the average environment as char-
acterized by crystallographic studies, and this may also significantly
affect the orbital splitting (Das, 1965). Thus, using the average con-
figuration of the coordination polyhedra in a structure is not strictly
applicable unless that structure is an Fe2+ end member.

Ribbe and Gibbs (1971) have suggested that the C.F.S.E. may also be
a function of anion type, noting that Dq (a measure of the orbital split-
ting in an octahedral crystal field) decreases along the spectrochemical
series for octahedrally-coordinated Fe2+X6 groups. Consequently, Fe2+
will tend to avoid sites coordinated by F, as suggested by the site-
populations exhibited by the fluor-richterites(34) and (35). This argu-
ment is supported by data for micas (Rosenburg and Foit, 1977) and humites
(Ribbe and Gibbs, 1971).

The C.F.S.E. method, as with the Madelung energy and site-potential
methods, predicts ordering on the basis of part of the total structure
energy, with the assumption that the remainder of the structure energy

terms remain constant and thus do not contribute to the ordering process.

General considerations

The ordering pattern assumed by a specific cation can be strongly
. . : . 2
affected by other cations in the structure. Thus in cummingtonite, Fe

2+
shows a site-occupancy arrangement M(4) > M(1,2,3). In tirodite, Fe

shows a site-occupancy arrangement M(1,2,3) > M(4); the presence of Mn2+
+

has strongly affected the ordering pattern of Fe2 . In extreme cases,

this effect is automatically acknowledged by the use of separate amphi-

+
bole names; for example, glaucophane does not show the same Fe2 ordering
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Figure 38.. Infrared spectra of natural and heated magnesio-riebeckite {C-~4980) and

glaucophane (TP-1). From Ernst and Wai (1970). C-4980D and TP-1A were heated at

one atmosphere, f02 = 10‘°~3, T = 705°C for one hour; C-4980C and TP-1B were heated

at one atmosphere, T = 705°C for 94 hours. TP-4XR was hydrothermally treated at

2 kbar Pgiygqs fO7 v 10722, T = 513 (+10)°C_for 15,667 hours. Note the rapid loss

of bands due to configurations involving FeZ+,
pattern as cummingtonite, because the M(2) site is blocked by Al and the
M(4) site is blocked by Na. This effect is much more subtle in such

: - 2+ 24+ .

cation combinations as (Mg,Fe” ,Mn) or (Mg,Fe” ,Li), and yet can still

. 2+ .
have a considerable effect on the Fe~ site-occupancy pattern observed.

OXIDATION-DEHYDROXYLATION IN AMPHIBOLES

The behavior of amphiboles on heating has been the subject of a
large number of studies over the past century. Early studies were
prompted by the similarity of heated hornblende to "basaltic hornblende,"
combined with the controversy concerning the origin of the peculiar op-
tical properties of "basaltic hornblende."

Dehydrogenation occurs rapidly at high temperatures in amphiboles
that contain Fe2+. Infrared spectra (Fig. 38) show that all OH groups
coordinated to Fe2+ are lost, with only the [MgMgMg]OH configuration
being unaffected by heating (Patterson and O'Connor, 1966; Ernst and Wai,
1970). This provides good evidence for oxidation-dehydroxylation pro-

ceeding by the reaction
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Figure 39. Mossbauer spectra of natural (top)
and heat-treated (bottom) riebeckite. From
Ernst and Wai (1970).
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as suggested by Barnes (1930). Mossbauer spectra of the heated products
indicate that dehydroxylation is accompanied by oxidation, with extra
Fe3+ doublets in the spectra being assigned to Fe3+ at the M(1) and M(3)
sites. In crocidolite, there is a 1l:1 correlation between the Fe0 con-
tent and the loss of OH from the sample (measured as the sum of the inte-
grated absorbances of the OH bands), indicating that while OH is present,
oxidation proceeds by dehydrogenation (Rouxhet et al., 1972). 1In fibrous
grunerite, there is a 3:2 correlation between FeO content and OH content,
indicating that dehydrogenation and oxidation occur together (Addision
et al., 1962; Hodgson et al., 1965; Ernst and Wai, 1970). Oxidation is
accompanied by a loss of tensile strength of the fibers (e.g., Aveston,
1969). Examination of the Mossbauer spectra of natural and heat-treated
magnesio-riebeckite (Fig. 39) shows a drastic change in the ratio of Fe
at the various sites upon heating, suggesting that considerable cation
disorder has also accompanied oxidation. This has been substantiated by
structure refinement of natural and heat-treated crystals (Ungaretti,
1980).

HIGH-TEMPERATURE CRYSTAL STRUCTURE STUDIES

Although heating studies on amphiboles have been carried out for

several decades, these have been concerned mainly with oxidation-
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dehydroxylation relationships. It is only recently that high-tempera-
ture crystal structure studies have been carried out on amphiboles. The
first studies involved cummingtonite and the possibility of a high-tem-
perature phase transition. Ross et al. (1968, 1969) pointed out that
cummingtonite PZl/m (Bown, 1966) is the amphibole analog of pigeonite,
suggesting that cummingtonite PZl/m would invert to a C2/m phase at high
temperatures. This was demonstrated by Prewitt et al. (1970) who showed that
a PZl/m<+~CZ/m transition occurred at Vv45°C for a cummingtonite of com—
position (caO.36NaO.O6MnO.96MgO.57)Mg5518022(0H)2' Sueno et al. (1972)
showed that a tirodite P21/m inverted to C2/m symmetry at “v100°C, and
refined the crystal structure of the C2/m phase at 270°C [tirodite(41)].
The high-temperature structure is very similar to that of tirodite(28).
Perhaps the most significant aspect of the primitive- to high-cumming-
tonite transition concerns the degree of kinking of the tetrahedral
double chains. At room temperature, the 0(5)-0(6)-0(5) angles are
166.2(4) and 178.4(4)° for the B and A chains, respectively. As the
temperatures increases, the A chain becomes more kinked and the B chain
straightens until they become equivalent at the transition. Sueno et al.
(1972) suggest that differential expansion of octahedra and tetrahedra

is an important factor in this transition. Octahedra expand more rapidly
than tetrahedra, and hence increasing temperature affects the structure
in the same way as substitution of larger cations into the structure.
Perhaps of more significance is the attitude of the chain-bridging anions
in the neighborhood of the M(4) site and the relative position of the M(4)
cation with respect to the adjacent non-bridging anions. Associated with
this is the anomalously low increase in the isotropic temperature factor
for the M(4) site cations; Sueno et al. (1972) suggest that this results
from a decrease in positional disorder at the M(4) site, which offsets
the effect of increased thermal vibration.

Other structures that have been refined with high~temperature x-ray
data are tremolite(53), fluor-richterite (Cameron et al., 1973a) and
potassium-fluor-richterite (Cameron et al., 1973b). These three amphi-
boles are notable in that they all have the same octahedral strip and
tetrahedral chain chemical components. The thermal expansion data for
these structures are shown in Figure 40. The a and ¢ dimensions show

the largest and smallest mean thermal expansion coefficients, respectively.
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Sueno et al. (1973) contrast the thermal expansion behavior of tremolite
with that of diopside, where the b dimension has the largest mean thermal
expansion coefficient; in tremolite(53), the A-site has a large mean
thermal expansion coefficient, resulting in the large value of this
parameter along X. Expansion along Z is controlled in part by the
straightening of the double chains of relatively inert silicon tetra-
hedra. The small amount of chain straightening coupled with the negli-
gible increase in size or distortion of the tetrahedra result in a
"clamping effect' on expansion of the octahedral strip in the Z direc-
tion. Similar arguments may be applied to the parallel behavior of the
richterites (Fig. 40). The relative displacement of the back-to-back
tetrahedral chains strongly affects the anion arrangement about the

M(4) site; increasing temperature increases this displacement while in-
creasing M(4) cation size decreases this displacement. Sueno et al.
(1973) showed that chain displacement is positively correlated with the
"coordination coefficient' of M(4), a measure of the dispersion of the
M(4)-0 distances. Thus, the M(4) cation tends to become more six-coor-
dinated with increasing temperature.

The high-temperature structure refinements for tirodite(4l) and
tremolite(53a) and (53b) show marked differential polyhedral expansion
with increasing temperature, a feature that is also exhibited by the
two fluor-richterites (Cameron and Papike, 1979). The silicate tetra-
hedra are virtually unaffected by increasing temperature with no sig-
nificant increases in either mean bond length or bond angles. However,
the remaining polyhedra show significant increases in mean bond lengths
that are linear with temperature (Fig. 41), although bond angles are
only slightly changed except where affected by differential polyhedral
expansion. Thus with increasing temperature, the octahedral strip module
shows considerable thermal expansion as a result of expansion of the in-
dividual octahedra, an effect that is not present in the double-chain
element. This produces a potential misfit between the two modules that
is accommodated by a straightening of the tetrahedral double chain, to-
gether with a tilting of the tetrahedra (Fig. 42). The effects involved
here are similar to those involved in accommodation of the two structure

modules with variable chemical composition.
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Figure 42. The room temperature structure of tremolite projected down [001]. The
dashed lines associated with the tetrahedral chains show their movement (highly
exaggerated) with increasing temperature. After Suenc et al. (1973).

Figure 43. The variation in gsinB as a function EFe-Mg-Mn
of B for C2/m amphiboles. Modified from Gibbs
(1966). 4 cacic
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Figure 44. The back-to-back double-chaing in
the €2/m amphibole structure, showing the
centers of the tetrahedral rings (@and @)
and the chain displacement (d) projected onto
(100); from Sueno et al. (1973).
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CELL DIMENSIONS

Variations in cell dimensions of amphiboles show gross correlation
with bulk compositional variations. This is well illustrated by the
asinB versus B plot of Figure 43. The amphiboles tend to separate out
into fields corresponding to the four principal groups based on M(4)
cation occupancy. Hence, M(4) cation type is an important factor af-
fecting the B angle (Whittaker, 1960). This is a result of the inter-
relationship between the tetrahedral chain displacement and the configu-
ration of the chain-bridging anions around the M(4) site. The tetrahedral
chain displacement is defined as the distance between the centers of two
opposing six-member rings, projected on to (100) as shown in Figure 44.
As is apparent from this figure, increasing this chain displacement in-
creases the length of the M(4)-0(5) bond. The relationships between
chain displacement, M(4)-0(5) bond valence and the B-angle are shown in
Figure 45. Increased bond valence requirements of 0(5) correlate with
decreasing chain displacement and increasing f angle.

Considering the amphibole structure as a combination of tetrahedral
double chain and octahedral strip, Figure 46 shows the relative contribu-
tions of these two modules to the b parameter in the C2/m amphiboles. The
chain width is “9.0+0.11 &, wider chains being associated with AlIV—rich
amphiboles. The octahedral strip width shows a much greater variation
(8.6-9.5 &) that correlates strongly with the b parameter. As the width
of the octahedral strip is a function of the mean ionic radius of the
C-type cations, this is the main control on the b parameter.

There have been several studies concerned with cell parameter vari-
ation as a function of amphibole composition; these are summarized in

Table 25.

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The structures of most amphiboles have now been refined, and the
general outlines of amphibole crystal chemistry are in place. There is
much interesting work to be done concerning cation ordering as a function
of crystal composition (to say nothing of T, f0, and P), work that is
fairly tractable with current experimental techniques. O0f some impor-

tance is the role of monovalent anions (OH4+F+Cl) in the structure: Is
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Table 25. Studies (post 1960) Concerning Cell-Dimension
Variations in Amphiboles
Composition Reference
Anthophyllites Finger (1967)

Fe-Mg orthoamphiboles
Fe-Mg-Mn clinoamphiboles

Edenite...potassium-edenite
Pargasite...potassium-pargasite
Pargasite...ferro~pargasite

Natural hornblendes
Pargasite...richterite
Richterite...potassium-richterite
Richterite...ferro-richterite
Glaucophane. ..riebeckite
Magnesio-riebeckite. ..ferro-glaucophane
Arrvedsonite...eckermannite

Popp et al. (1976)

Klein (1964)

Viswanathan and Ghose (1965)
Finger (1967)

Hinrichsen and Schurmann (1977)
Hinrichsen and Schurmann (1977)
Charles (1980)

Wenk (1971)

Braue and Seck (1977)

Huebner and Papike (1970)
Charles (1974a,b)

Borg (1967b)

Borg (1967b)

Kempe (1969)

All amphiboles Colville et al. (1966)
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Figure 45.

The variation in f-angle as a function of M(4)-0(5) bond-valence (left)

and tetrahedral chain displacement (right) for a selection of C2/m amphiboles.

The variation in width of the octa-

Figure 46.
hedral strip as a function of the b parameter in
C2/m amphiboles. The heavy central line denotes
the ideal b parameter for a tetrahedral chain of
9.0 A; the broken lines denote the maximum
observed limits of variation in chain width.
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0(3) completely occupied by (OH+F+Cl) upon crystallization (with all
02_ occupancy of 0(3) caused by post-crystallization oxidation-dehydro-
xylation), or does the amphibole structure during crystallization admit
chemical substitutions of the form

n+

™+ (on,F)” 2 u®FDT 4 02"

0 ?

Whether or not such substitutions are possible and evaluation of their
importance in natural amphiboles is one remaining major uncertainty in
amphibole chemistry.
The following topics are of particular interest:
(i) systematic characterization of Mg/Fe2+ cation ordering along
pseudo-binary joins;
(ii) characterization of minor element (Mn2+,Cr3+,Ti3+,TiA+) or-
dering, particularly Mn2+ in calcic amphiboles;
(iii) neutron structure refinement and infrared spectroscopic
examination of amphibole with definite "excess HZO"; \
(iv) characterization and comparison of cation ordering patte%ns

in associated ferromagnesian minerals (pyroxenes, amphiboles,

micas) from natural assemblages.
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Chapter 2
AMPHIBOLE SPECTROSCOPY
Frank C. Hawthorne

INTRODUCTION

The diversity of cation coordinations and chemical compositions in
the amphiboles has encouraged the use of a wide variety of spectroscopic
techniques on these minerals. Much of the early work was concerned with
the oxidation and dehydroxylation characteristics of fibrous and asbesti-
form amphiboles; although this was only qualitative, it showed the poten-
tial of these techniques for amphiboles. A considerable amount of work
has been done in the past 15 years, particularly in the area of site-
population characterization. Most studies have used three types of
spectroscopy: Mossbauer resonance, vibrational and electronic (optical)
absorption. Brief descriptions of each method are given here. More de-
tailed reviews with a bent towards mineralogy can be found as follows:
Mossbauer spectroscopy —— Bancroft (1973); vibrational spectroscopy —-—
Lazarev (1972), Farmer, (1974), Karr (1975); electronic absorption
spectroscopy —— Burns (1970).

In what follows, we will concentrate on understanding the spectro-
scopic characteristies of amphiboles and determining what crystal-chemical
information we can or cannot derive from experiments. We will not dwell
on the use of such crystal-chemical information in a petrologic context,

because this 1is covered in subsequent chapters.

MUSSBAUER SPECTROSCOPY

The Mossbauer effect is the recoil-free emission and absorption of
Y-rays by a specific atomic nucleus. The emission of a y-ray during a
nuclear transition causes a recoil of the emitting atom; this recoil
energy dissipates by transfer to the phonon spectrum of the structure.

As the phonon spectrum is quantized, this transfer must occur in integral
multiples of the phonon energy and the probability exists that no energy

is transferred. The effective line-width of the zero-phonon (recoil-free)
process is that of the y-ray; this is extremely small (Wertheim, 1964) in
relation to the characteristic energies of interaction between the nucleus

and its surrounding electrons. If the zero-phonon y-ray encounters
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another nucleus, its energy may be absorbed by raising that nucleus to

an excited state, provided that the transition energies of the emission
and absorption events are equal to within the line-width of the y-ray.

As the line-width of the y-ray is much smaller than the characteristic
interaction energies between nuclei and electrons, a change in structural
environment is generally sufficient to bring the two nuclei out of reso-
nance. However, the energy of the y-ray may be modulated by applying a
doppler shift to bring the system into resonance. In this way, nuclear
transition energies may be compared in different environments.

A change in the s-electron density at the nucleus of an atom will
result in a shift in the nuclear energy levels. Where such a variation
occurs between emitter and absorber, the processes are separated in the
energy spectrum by an amount known as the Isomer Shift (I1.S.) or Chemical
Shift (C.S.). This quantity is thus a measure of the relative s-electron
density at the nucleus. Two factors are principally responsible for vari-
ations in isomer shift. Screening of s-electrons from the nucleus by
valence electrons is strongly affected by valence state and degree of
covalent bonding. Thus isomer shift may be used to characterize valence
state and coordination number. If the nucleus does not have a uniform
charge density, a quadrupole moment arises which can interact with the
electric field gradient (E.F.G.) at the nucleus to lift the degeneracy
of the nuclear state. This gives rise to a doublet in the energy spec-
trum; the separation of the two components is known as the Quadrupole
Splitting (Q.S.) and is thus a measure of the E.F.G. at the nucleus.
Principal factors affecting the E.F.G. at the nucleus are the non-
spherical electron distribution in the atom itself, a function of
valence state, and the non-spherical component of the crystal field.

Thus quadrupole splitting may be used to characterize valence state and
variations in structural environment.

There are 30 or isotopes that are sensitive to the Mossbauer effect;
of these, only 57Fe is of use in amphibole studies. However, the almost
ubiquitous occurrence of Fe2+ and Fe3+ has resulted in application of
this technique to a wide variety of amphiboles. The hyperfine param-
aters of amphiboles show significant variation with changes in coordi-
nation, site-occupancy and compositional type of amphibole. The sys-

tematics of these variations are of interest both with regard to peak
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Figure 1. Room-temperature Mossbauer spectra of anthophyllite (left) and gedrite (right).
From Seifert (1977). 1In the anthophyllite spectrum, the more intense inner doublet is due
to Fe2t at M4 and the weaker outer doublet is due to Felt at M1,2,3.

assignment in Mossbauer spectra and the crystal-chemical systematics of

the amphiboles themselves.

Some of the general conclusions of Ingalls

(1964) concerning the behavior of the quadrupole splitting of high spin

24 .
Fe” with changes in ligand environment are pertinent. In particular,

+
Fe2 in a cubic field has no quadrupole splitting; slight distortion of

the field from cubic symmetry produces a large quadrupole splitting

(~3.7 mm/sec), with increasing distortion of the ligand environment

producing a gradual decrease in the quadrupole splitting. The crystal

field contribution to the quadrupole splitting contains both distance

and angular terms and hence it sensitive to distortion of the coordina-

tion polyhedron with regard to both bond lengths and bond angles. Con-

sequently, the criterion by which distortion is measured should encompass

both these factors, and failure to do so has led to some confusion in

discussions relating Mossbauer parameters to crystal structure. Next-

nearest-neighbor cations will also have a significant effect on the

quadrupole splitting. This is of particular importance in the amphiboles
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where coupled polyvalent cation substitutions at the M(2), M(4), T(l),

T(2) and A sites are particularly common.

Site-occupancy characterization

In a typical experimental set-up, the y-ray source is repeatedly
swept through a range of velocities at constant acceleration. This
energy-modulated y-ray beam passes through a randomly-oriented powdered
sample where absorption occurs. The resultant beam is recorded in a
multi-channel analyzer, in which each channel accumulates the counts
recorded while the y-ray source was moving in a specific velocity in-
terval. Two experimental Mossbauer spectra are shown in Figure 1.

Each data point represents the number of counts recorded over that
particular source velocity interval. The counts at the margins of the
spectra represent the background counts and are approximately constant;
the average background value is termed the off-resonance count. Towards
the center of the spectra, the counts decrease. This is due to the res-
onant absorption of y-rays of this specific energy by the sample. The
ideal shape of a single absorption peak (line) in a Mossbauer spectrum
is Lorentzian. Thus, the observed spectra consist of a series of
Lorentzian peaks, the number and characteristics of which are a func-
tion of the structural type and chemical composition of the amphibole.
Deconvolution of an observed envelope into its component peaks is done
using least-squares refinement techniques. This is a non-trivial process,
and the problems associated with it are discussed in detail by Hawthorne
(1981).

Bancroft et al. (1967a) have considered the assumptions inherent
in using the Mossbauer effect for site-population characterization of
iron in silicates when two distinct quadrupole split doublets occur in
the spectrum. We may generalize this to r quadrupole split doublets in
the spectrum. The area under a peak is given by (Bancroft et al., 1967a)

I
Ay =7 £5F,0,T6(ny 5 F5,0,0my
where fi is the recoil-free fraction of the absorber

f 1is the recoil-free fraction of the emitter

e
9 is the maximum resonant absorption cross-—section
T is the half-width of the peak (peak width at half-height)
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G(ni,fi,oo) is the saturation correction,

n, is the number of atoms per formula unit.

Expressing the area of the jth doublet as a function of the total ab-
sorption,

i E
A,/ A, = n./ C.n, ,
S5 E A =

f. 1. G,(n,,f,,0)

i i Tivi’Ti%7e
where C, = —— — ———"——— .

i £, 71.6.(n,,f.,0)

J 1 31 3 1 o
In most studies, Ci is assumed to be unity. Considering the individual
terms in the above expression for Ci’ this generally seems to be a rea-
sonable assumption., Saturation corrections approach unity for thin ab-
sorbers, and deviations from this value should be self-cancelling pro-
viding that the o, values are not radically different from each other.
Extensive experimental evidence has confirmed that half-widths of single
peaks are approximately equal; in principal, the recoil-free fractions
can be determined, but this has rarely been done. Some studies have
derived C values different from unity but such results have often been

somewhat controversial. Thus, site occupancies, nj, can be derived from

T
area ratios, Aj/ z Ai’ in minerals.
i=1

Amphibole spectra

The general appearance of amphibole Mossbauer spectra varies con-
siderably with amphibole type, and the peak assignment in such spectra
is frequently not straightforward. Consequently, we will look at a
variety of amphibole spectra and consider the systematics of the Moss-—

bauer parameters.

Fe-Mg-Mn amphiboles. Spectra for the orthorhombic Fe-Mg-Mn amphi-
boles are shown in Figure 1. The anthophyllite spectrum consists of two
doublets; the outer doublet is attributable to Fe2+ at the M1, M2 and M3
sites, with the inner doublet due to Fe2+ at the M4 site. This contrasts
with the gedrite spectrum, where only a single wide doublet occurs. The
reason for this is apparent in the systematics of the quadrupole split-
tings for these amphiboles as shown in Figure 2. Extrapolation of the

quadrupole splitting values for the M4 and M1+M2+M3 (= M1,2,3) peaks in
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2 2804 the anthophyllite spectra to Al
E
E \:, . values typical of gedrite shows
g o that the Q.S. values overlap,
" 275 1 o . with a concommitant lack of
g' resolution in the gedrite spec-
-3
tra.

2.70 L AN
= -~ The spectrum of holmquistite
3 -
E %7 a0 (Fig. 3) has three doublets that
o . . R 3+
o ..__,,,—” may be assigned to Fe at the
s . M2 site (D1D2) and Fe2+ at the
= 180 o
= T . T  M1(A1A2) and M3(C1C2) sites.

o. 0.4
Al (pfy) —  » It is unlike any other Fe-Mg-Mn

amphibole spectra, because of the
Figure 2. Quadrupole splitting (at room

temperature) as a function of Al p.f.u. in differences in next-nearest-
orthorhombic amphiboles. After Seifert
(2977).

neighbor cation configurations.
In holmquistite, these are
similar to those in the glaucophane-riebeckite amphiboles, the spectra
of which bear a strong similarity to that of holmquistite.

Typical Mossbauer spectra for the monoclinic Fe-Mg-Mn amphiboles
are shown in Figure 4; note the slightly greater resclution attained in
low-temperature spectra, a feature also exhibited by anthophyllite spec-
tra. The spectra are similar to the anthophyllite spectra, with the
outer and inner doublets assigned to Fe2+ at the M(1)#M(2)+#M(3) and
M(4) sites, respectively.

Perhaps the most notable feature of the Fe-Mg-Mn amphibole spectra
is the complete overlap of doublets due to Fe2+ at the M(1), M(2) and
M(3) sites. At first sight, this appears to be incompatible with the
fact that these amphiboles show considerable differences in nearest-
and next-nearest-neighbor configurations among these three sites. How-
ever, closer examination shows an inverse relationship between the dis-
tance (A) and angle (02) distortion parameters (Fig. 5). One may thus
surmise that the differences in angular distortion at the M(1), M(2),
and M(3) sites are compensated for by the differences in bond length
variations, with the result that the quadrupole splittings at the
various sites are similar. This similarity is enhanced by the occu-

2+

pancy of the four M sites by Mg + Fe~ + Mn only, leading to as similar
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tortion as a function of composition for the monoclinic Fe-Mg-Mn amphiboles.

a next-nearest-neighbor environment for the M(1l), M(2) and M(3) sites
as is possible in the amphibole structure.

The quadrupole splitting of Fe2+ at M(4) is significantly less than
that of Fe2+ at M(1),(2),(3). This is in agreement with Ingalls (1964)
model, the M(4) site having the more distorted environment. Further
systematic variations of MOssbauer parameters have been characterized
in several studies (Bancroft et al., 1967a,b; Barabanov and Tomilov,
1973; Seifert, 1977; Goldman, 1979). As shown in Figure 6, the quadru-
pole splitting of Fe2+ at M(4) is negatively correlated with the Fe/
(Fe+Mg) ratio of the amphibole, a slight non-linearity in the relation-
ship being apparent, particularly at low Fe/(FeiMg) ratios when the
orthorhombic amphiboles are included in the correlation. The correla-
tion is perhaps improved slightly if the M(4) Fe2+ quadrupole splitting
is plotted against the mean Fe/(Fe+Mg) content of the M(1), M(2), and
M(3) sites. This is in line with the suggestion of Hafner and Ghose
(1971) that the octahedral distortions and thence the quadrupole split-
tings are dictated not by the site-occupancy of the specific site but
by the linkage between the octahedral and tetrahedral parts of the
structure. Certainly the geometry of the M(4) site in the monoclinic
amphiboles is consonant with this suggestion. Figure 5 shows the vari-

ation in M(4) polyhedral distortion A with the mean Fe/(Fet+Mg) content
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the fact that the M4 polyhedron is far more regular in gedrite than in

anthophyllite.

Alkali amphiboles. Spectra for alkali amphiboles are shown in
Figure 7. The glaucophane spectrum consists of three doublets, one of
which is assigned to Fe3+ at M(2)(BB') and two of which are assigned to
Fe2+ at M(1)(AA') and M(3)(CC'), respectively. The magnesio-riebeckite
spectrum is fairly similar, except the Fe3+ doublet is stronger than
in the glaucophane spectrum. Substitution of an actinolite and/or arfved-
sonite component into riebeckite can give rise to a third Fe2+ doublet
due to a contribution from Fe2+ at M(2). The arfvedsonite spectrum con-
sists of four doublets, one due to Fe3+ at M(2) and three due to Fe2+ at
M(1), M(2) and M(3), respectively.

The systematics of the hyperfine parameters are shown in Figure 8.
The quadrupole splitting of Fe2+ at M(1) is fairly constant at v2.80
mm/sec, but has greater scatter at larger values of the M(2) cation
radius; there does not seem to be any correlation with the M(4) site-
occupancy. The quadrupole splitting of Fe2+ at M(3) shows a positive
correlation with the mean ionic radius of the M(2) cations. In this
particular case, the effect of next-nearest-neighbor cation charge vari-
ation is minimized, as the M(2) cations are mainly trivalent and the only
varlable at this site is cation size, and the M(3) site is remote from the
M(4) site, where some variation in cation charge does occur. Thus, the
change in quadrupole splitting of Fe2+ at M(3) is due to a change in
M(3) polyhedral distortion and/or a change in the next-nearest-neighbor
cation distances. As was shown in the previous chapter, the angular
distortions of the M(1l) and M(3) polyhedra are strongly dependent on
the M(2) site-occupancy. Thus, increasing M(2) cation size causes de-
creased angular distortion of the M(3) octahedron, which results in
increased quadrupole splitting of Fe2+ at M(3), in agreement with the
deductions of Ingalls (1964). The reason why the quadrupole splitting
of Fe2+ at M(1) does not exhibit analogous behavior is not clear. There
seems to be no systematic variation of isomer shift with composition for

+
Fe2 at M(1) or M(3) in the alkali amphiboles.
Sodic-caleie amphiboles. Little has been done on the amphiboles of

this group; the one available spectrum is shown in Figure 9. The spectrum
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Figure 10. Room-temperature Mossbauer spectra of actinolite (left) and magnesio-hornblende
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2+
of ferro-richterite consists of two resolvable doublets due to Fe and
Fe3+; the Fe2+ doublets consist of three closely overlapping quadrupole

split doublets from Fe2+ at M(1),(2),(3).

Caleic amphiboles. Interpretation of calcic amphibole spectra is
not straightforward and peak assignments differ from study to study.
Typical spectra are shown in Figures 10 and 11. Burns and Greaves (1971)
have resolved actinolite spectra into four quadrupole-split doublets as-
signed to Fe ' (DD') and Fe?® at M(1)(AA'), M(2)(CC') and M(3) (BB'), re-
spectively. Bancroft and Brown (1975) have resolved the spectra of a
series of "hornblendes" in a similar fashion, except that the assign-
nent of the C and D peaks was reversed. Goldman and Rossman (1977)
presented the Mossbauer spectrum of a tremolite with one Fe3+ doublet
(CC') and two resolvable Fe2+ doublets (Fig. 11); they advance per-
suasive evidence in the form of electron absorption spectra (see fol-
lowing sections) that the two Fe2+ doublets represent Fe2+ at M(4)(BB'")
and M(1),(2),(3)(AA'), respectively. As Fe2+ contents of M(4) in
tremolite-actinolite amphiboles are low, any doublet due to Fe2+ at
M(4) should be swamped out in ferro-actinolites by greatly increased
response from Fe2+ at M(1),(2),(3); Goldman (1979) shows that this is
indeed the case.

Goldman (1979) proposed that the Fe2+ peak assignments in previous
studies of actinolites be altered as follows: AA' = M(1)+M(3), BB' =
M(2), CC' = M(4); in some cases, this is backed up by electronic absorp-
tion spectral evidence. This argument is based on:

(i) the Q.S. value for the CC' doublet (V1.8 mm/sec) is similar
to M(4) doublet values in the Mg-Fe-Mn amphiboles,

(ii) comparison of amphibole spectra with corresponding pyroxene
spectra,

(iii) stoichiometric indications that C-type cations must occur

at the M(4) site in the calcic amphiboles examined,
(iv) systematics of the hyperfine parameters in amphiboles.

Examination of Figure 8 shows that in the sodic amphiboles, the re-—
solution of the M(1) and M(3) Fe2+ doublets decreases with increasing
mean ionic radius of the M(2) cation. This would suggest that in am-
phiboles with large divalent cations at M(2), the resolution between

the Fe2+ M(1) and M(3) doublets is much less than in the sodic amphiboles.
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Goldman (1979) has documented a similar systematic variation in Q.S.

values for a series of hornblendes (Fig. 12).

Further complications may be illustrated by examining the spectrum

of pargasite (Fig. 11).

Fe 3+

respectively.

This has been resolved into a doublet due to
at M(2) and three doublets due to Fe2+ at M(1)M(3), M(2) and M(4),

Comparison with the spectrum of magnesio-hornblende (Fig.

10) shows them to be very similar, suggesting that it will be difficult

to recognize either an M(4) or an M(2) Fe

General considerations

z+ doublet when both are present.

A general summary of the variation in Fe2+ quadrupole splitting with

cation site and amphibole type is given in Figure 13; this should aid

Fe -MgMn amphiboles
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Figure 13. Ranges of quadrupole splitting

for Fe2* at the M(1), M(2), M(3) and M(4)
sites in amphiboles.

peak assignment in the examination
of as yet uncharacterized amphibole
types. As 1s apparent from the above
discussion, the refinement and assign-—
ment of calcic amphibole spectra is
not always straightforward; however,
some of the problems can be circum-
vented by use of a combination of ex-
perimental techniques.

The magnetic behavior of amphi-
boles has been investigated by Mdss-
bauver spectroscopy, and low-temper-
ature experiments have shown the
presence of magnetic ordering (Buckley

and Wilkins, 1971; Borg et al., 1974;
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Borg and Borg, 1974, 1980; Eisenstein et al., 1975). The ordering has
an overall antiferromagnetic character, and the ordering temperature

varies with the site occupied by Fe2+ (Eisenstein et al., 1975).

VIBRATIONAL SPECTROSCOPY

Vibrational spectroscopy involves the interaction between electro-
magnetic radiation and the vibrational modes of a crystal. A vibra-
tional mode in a crystal will absorb electromagnetic radiation if the
frequencies of the vibration and the radiation are coincident and if
the excited vibration changes the dipole moment of the crystal; this
effect gives rise to infrared absorption spectroscopy. Electromagnetic
radiation may be elastically scattered by a crystal (Rayleigh scatter-
ing). Scattering may also occur inelastically. In this case, the
scattering episode is accompanied by a vibrational transition in the
crystal, where energy is absorbed from or imparted to the scattered
radiation; this is the Raman effect and gives rise to Ramam spectroscopy.

Most vibrational spectroscopic work on the amphiboles has been
concerned with infrared examination of the hydroxyl stretching region.
However, some work has been done in the higher wavelength regions.

Figure 14 summarizes infrared spectra for a variety of calcic amphiboles.
There have been suggestions that such spectra be used for identification
purposes, but this has not met with general acceptance. However, cor-
relations of band frequency with chemical composition (Fig. 14) may be
of use.

There has been little Raman spectroscopic work on amphiboles. The
Raman effect requires exact translational symmetry over several unit
cells in order to produce a sharp spectrum. Perturbation of this sym—
metry by disorder causes rapid peak broadening and loss of detail in the
Raman spectrum. Experimental evidence to this effect can be seen by
comparing the Raman spectra for actinolite and tremolite (Fig. 15).
Tremolite is fairly well ordered and produces a detailed spectrum, where-
as actinolite has significant cation disorder and gives a smeared weak
spectrum. These features are independent of the different techniques

used to record the spectra.
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Figure 14. Left: infrared spectra for calcic amphiboles, numbered 1 to 1l4. After Kukovskii
and Litvin (1970). Right: correlation between band frequency and chemical composition in
the monoclinic Fe-Mg-Mn amphiboles. Solid circles show the variation of the frequency of

the 640 band as a function of FeQ content in wt %; empty circles show the same band varia-
tion as a function of Mg/(Mg+FeZtiMn) in the amphibole. After Barabanov et al. (1974).
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Figure 15. Left: powder Raman spectrum of actinolite. Right: laser Raman spectrum of a
crystal of tremolite. From White (1975) and Blaha and Rosasco (1978).

118

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



The hydroxyl stretching region

The fundamental band of the O-H stretching vibration occurs from
1500-3800 cm—l. The exact position of this band in the infrared region
is a function of the strength of the hydrogen-oxygen bond. Strong bonds
are associated with higher frequencies, the lower end of the range being
characteristic of symmetrical hydrogen bonds. In the spectra of amphi-
boles, the fundamental band occurs from 3600-3700 cm_l, indicative of
a strong hydroxyl bond and little or no hydrogen bonding; this is com-
patible with the 0(3)-H distance of 1.0 ! found in crystallographic
studies. End-member amphiboles show a single sharp hydroxyl stretching
band in this region. However, the principal stretching band in inter-
mediate amphiboles shows considerable fine structure (Fig. 16) that has
been attributed to cation substitution effects at those cation sites
coordinated by the hydroxyl ion. This is a result of the fact that the
frequency of the stretching band varies with the actual cations bonded
to the hydroxyl ion. It is instructive to consider the case where the
C-type cations are Mg and Fe2+ only. There are eight possible ways of
distributing two types of cations over the three M sites coordinating a
single hydroxyl (Table 1). However, the three M sites coordinating the
hydroxyl are in a pseudo-trigonal arrangement that introduces an acci-
dental degeneracy to some bands, reducing the overall number of resolvable
bands to four. The cation distribution can be partially derived from the
intensities of these peaks. Using the nomenclature of Table 2, the total
Fe2+ content of the M(1l) and M(3) sites in a binary (Mg,Fe2+) amphibole
solid solution is given by

T.=B +2C + 3D .
f o o o

If the total Fe content of the amphibole is known from the chemical
analysis, the Fe content of the M(2) and M(4) sites may be derived by
difference. Where Mg and Fe are confined to the M(1l) and M(3) sites,
amphibole compositions may be derived. Strens (1966) proposed that the
ratio p be used to indicate Mg/Fe ordering over the M(1l) and M(3) sites,
with p values greater than unity indicating preferential ordering of Fe2+
at the M(3) site.

Such band intensity considerations have been used to derive site-

occupancies in Fe-Mg-Mn amphiboles (Burns and Strens, 1966; Strens, 1966;
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Figure 18. Frequency shift of the principal

OH band in C2/m amphiboles as a function of and Langer, 1976). Many of these
the wean electronegativity of the cations
bonded to 0(3). studies involved amphiboles with

other C-type cations present in

addition to Mg and Fe2+. It is generally assumed than Mn2+ can be grouped
with Fe2+, but the presence of any other cations at the M(1) and M(3) sites
will give rise to additional bands. Numerous minor bands have been recog-
nized in these studies. Figure 17 gives an example of an actinolite
spectrum where minor bands are apparently present; these were assigned
to cation configurations involving Fe3+. It is well known that the band
frequency is a function of the electronegativity of the cations bonded
to the hydroxyl, and this aids in the assignment of these minor bands.
Table 3 is a compilation of the bands assigned in previous work, and
Figure 18 shows the electronegativity dependence of the frequency shift
of these bands. The resolution of these bands in the hydroxyl spectrum
is a function of both band width and frequency shift. The intrinsic
width of the A and D bands in end-member monoclinic amphiboles is 5
cm_l, which may be broadened to "6 cm_1 by instrumental and/or minor
substitutional effects. Generally, the frequency shift is considerably
greater than the band width, ensuring resolution from the A band. Thus,
the principal resolution problems arise from accidental overlap of con-
figurations having similar frequency shifts.

Cation substitutions at other sites besides M(1) and M(3) also

cause a frequency shift:
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(i) Each Ca present in the group of four M(4) positions around
each A-site increases the stretching frequency by "2 cm_l.

(ii) Alkali cations entering the A-site increase the OH stretch-
ing frequency considerably: +24 cm_l in riebeckite (Strens,
1974); 30-40 cm—l for hastingsite and pargasite (Semet, 1973),
56 cm—l and 62 cm_l, respectively, for sodium and potassium
richterite (Rowbotham and Farmer, 1973).

(iii) The substitution Fe3+ Z Al at the M(2) site in alkali amphi-
boles (Bancroft and Burns, 1969) appears to increase the
stretching frequency slightly. Possibly substitution at the
tetrahedral sites could also have a slight inductive effect
in AlIV—amphiboles.

(iv) 1In orthorhombic amphiboles, the presence of two nonequivalent
hydroxyl groups results in a slight broadening of the band
width to "7 cm_l in anthophyllite (Burns and Law, 1970).

In the more complex amphiboles, such as the hornblendes and the
gedrites, the large number of bands together with the considerable band
broadening may result in spectra that are too complex to be resolved.

There are several problems associated with the application of this
technique to general site-population studies. Problems associated with
the curve-fitting procedure are discussed by Hawthorne (198l). One im-
portant point has been raised by Strens (1974). 1In principal, vibratiomnal
bands are Lorentzian in form, but Strens (1974) has claimed that line-
broadening usually results in a band shape that approximates a skewed
Gaussian. If this is the case, use of normal Gaussian curve shape in
the spectrum refinement will give rise to spurious bands. Many of the
minor bands in previous studies could be of this origin.

The derivation of ordering patterns from band intensities assumes
that the band intensity for a specific configuration is related to the
frequency of occurrence of that configuration in the same way as all other
bands are related to their corresponding configurations. Thus, the tran-
sition moment of the OH stretch is assumed to be independent of the type
of configuration. Work on micas (Rouxhet, 1970) suggests that this is not
the case; however, there is no evidence either way for the amphiboles.
The occurrence of weak hydrogen bonding may significantly effect the

transition moment of the OH band, whether or not the strength of the
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Figure 19. Variation of calculated band intensities as a function of M(3) site population
¢3 for two actinolites; observed band intensities are indicated by the horizontal broken
lines and the solution for ¢3 is indicated by the vertical broken lines. Modified from
Law (1976).

hydrogen bonding is related to the cation configuration at the coordi-
nating octahedral sites.

The 0(3) position may be occupied by F, 02_ and Cl in addition to
OH. Thus, in order to derive site-occupancies in OH-deficient amphi-
boles, it is necessary to assume random mixing of the 0(3) anions, with
no segregation at specific M(1),(2),(3) cation configurations. Unfor-
tunately, the latter would not appear to be the case, either in F-rich
amphiboles, where Fe2+ tends to avoid F-coordinated sites (Cameron,
1970; Rosenburg and Foit, 1977), or in oxy-amphiboles where higher-
valence cations (Fe3+,Ti) are closely associated with 02_ at the 0(3)
position (Kitamura et al., 1975).

Law (1976) has considered the criteria for ordering characterization

and has shown them to be misleading. Consider the standard equations
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relating peak intensity to mole fraction (see Table 2 for nomenclature):

2
Al = My Mg

By =MD g+ 20601, = (=07, + 2(1-6,); (1-6,)

(1-6)%(1-0,)

C, = 65 1y + 2w 610, = 95(1-0,) + 2(1-6,)9,6,
Y 2
De = &1 #3 = 1%y

Inasmuch as ¢l = %(Tf - ¢3), each of the peak intensities can be
related to the single variable ¢3. The behavior of Ac’Bc’Cc’Dc and pc
with varying ¢3 is strongly a function of Tf (i.e., the chemical compo-
sition of the amphibole). This can be seen in Figure 19, which shows the
behavior of these parameters as a function of ¢3 (the site-occupancy
variable) for amphiboles of different bulk compositions. Site-occupancies
may be derived by setting Acu" equal to Ao.u. in the above equations and
solving for ¢3; four values of ¢3 are obtained, and hence where the solu-
tion is poorly defined by one or more equations, a fairly precise value
is still obtainable from the remaining equatioms.

Clustering is the tendency for the arrangements [FeFeFe]-OH and
[MgMgMg]-OH to occur more often than expected for random mixing. Strens
(1966) noted that the infrared technique was sensitive to this effect and
suggested that clustering is indicated if the observed intensities of
the A and D bands (A0 and Do) exceed the calculated values assuming ran-
dom mixing. Law (1976) questions the validity of this criterion for
ordering, and Whittaker (1979) has systematically examined the behavior
of band intensities with variation in degree of clustering and anti-
clustering (the mutual avoidance of like cations). Clustering of Fe
increases the intensity of both the A and D bands (although not equally)
and anticlustering of Fe has the reverse effect. However, the inten-
sities of the B and C bands are also affected by clustering in a very
complex manner that is also a function of bulk composition. If clus-
tering proves to be a common effect in amphiboles, it will almost cer-
tainly preclude any widespread use of the infrared method in cation-

ordering studies.
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ELECTRONIC ABSORPTION SPECTROSCOPY

The 3d orbitals of a transition metal ion are energetically degen-
erate in a spherically-symmetric potential field. Application of a
potential field of lower symmetry removes this degeneracy, as the re-
ducible representation spanned by these orbitals must contain the ir-
reducible representation of the symmetry group. When light passes through
a crystal containing a transition metal ion, certain wavelengths are
absorbed by excitation of electrons between the nondegenerate 3d-orbital
energy levels. As the character and amount of separation of the orbital
energy levels is a function of the potential field applied by the crystal,
occupancy of different sites in a crystal will produce absorption of dif-
ferent wavelengths of light. The spectra may also be complicated by
inter-element electron transitions, i.e., charge transfer bands where the
electron transitions take place from cation to anion, anion to cation or
cation to cation. These transitions are particularly common when adjacent
cations have variable valence states (e.g., Fe2+ and Fe3+, Ti3+ and T14+,
Fe2+ and Ti4+) and are a major cause of color and pleochroism in amphi-
boles (Manning and Nickel, 1969; Faye and Nickel, 1970; Strens, 1970).

The intensity of this type of band is about two orders of magnitude
larger than the intensity of normal d-d transitions. Thus, overlap of
these two types of band in an absorption spectrum can obscure the d-d
transition bands. The occurrence of more than one type of transition-
metal cation in the structure, as is common in most amphiboles, will
further complicate the interpretation of the absorption spectra.

The intensity of an absorption band depends on the probability of
the transition. The transition probability is governed by the Laporte
selection rule (King, 1964) which forbids transitions between 3d orbitals.
When a transition-metal cation occupies a site without a center of sym-—
metry, mixing of the 3d and 4p orbitals allows a transition, the inten-
sity of which is a function of the degree of 3d-4p mixing, which is, in
turn, related to the deviation of the cation environment from centro-
symmetry. Thus, when a transition-metal cation occurs in more than one
site in a crystal, the intensities of the d-d bands are a function of
both the cation occupancies and the deviation of the cation environment

from centrosymmetry. In centrosymmetric sites, some 3d-4p orbital mixing
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Figure 21. Polarized electronic absorption spec-
tra of cummingtonite (left) and grunerite (right).
From Burns (1969) and Goldman (1979), respec~
tively. ..... @ spectrum; —--— B spectrum;

Y spectrum.

wavelength (A)

may occur by vibronic coupling and hence very weak bands can result from
cations in these sites. Local disorder can also give rise to intensifi-
cation of d-d bands in solid solutions. Robbins and Strens (1972) have
noted this effect in micas and termed it "substitutional intensification.”

This could lead to nonlinear relationships in Beer's law type plots.

Amphibole spectra

There is considerable variation in spectral appearance with amphi-
bole type, and as with Mossbauer spectra, the interpretation and assign-

ment of spectra is not a trivial matter.

Fe-Mg-Mn amphiboles. Spectra for these amphiboles are shown in
Figures 20 and 21. The anthophyllite spectra are dominated by an intense
band at "10, 800 cm_l that is particularly intense in the § spectrum and
a broad intense band at V4200 cm_l that is particularly intense in the a
spectrum. These are assigned to d-d transitibns in Fe2+ at the M4 site;
the predominance of these bands in the spectra is a result of the very
noncentrosymmetric configuration about the M4 site that allows violation
of the Laporte selection rule. The polarization characteristics of these

bands are also compatible with this assignment. The remaining features
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of the spectra are much less Intense. The sharp spike on the o spectrum
at 7300 cm-1 is an overtone of the principal OH stretch. There are
several minor bands in the region 17,000-23,000 cm-l; these are assigned
to spin-forbidden transitions in Fe2+. The gedrite spectra are fairly
similar to those of anthophyllite. They are also dominated by intense
bands at 10,800 cnrl in B and ~4500 cm—l in o that can be assigned to
d-d transitionms in Fe2+ at M4; however, these bands are significantly
weaker than in anthophyllite in response to the more regular M4 environ-
ment in gedrite. These bands are also broader than in anthophyllite,
presumably the result of substitutional broadening. The strong sloping
absorption in the gedrite spectra in the region >15,000 cm—l results
from the presence of Fe3+ in the structure, causing the migration of the
metal-ligand charge-transfer band into the visible region. The holm-
quistite spectrum is shown in Figure 20; it is dominated by an intense
charge-transfer band in the 12,000-20,000 cm_1 region of the B and ¥y
spectra. There is also a spin-forbidden Fe3+ band at ~22,800 cm_l and a
weak spin-allowed Fe2+ d-d band at ~10,800 <:m_1 in the 7y spectrum. Faye
and Nickel (1970) chose to deconvolute the major absorption into two
bands; discussion of this is deferred until later.

Cummingtonite and grunerite spectra (Fig. 21) show prominent bands
at 1000 cm_l (V1000 nm) in B and 4000 cm_l (~v2450 nm) in o, assigned to
d~-d transitions in Fe2+ at the M(4) site. Also common to both spectra
are the sharp but weak spin-forbidden Fe2+ bands at 18,000-21,000 cm_l
(v500 nm) and the fine-structure overtones of the principal OH stretch
around 7100 cmnl. In the cummingtonite spectra, there is a very weak
band at 8400 cm__l (V1200 nm), becoming more prominent in the o and Yy
spectra of grunerite. Both the compositional dependence of the intensity
and the position (by analogy with the orthopyroxene and pigeonite spectra)
suggest that this may be assigned to a d-d transition in Fe2+ at the M(1),
M(2) and M(3) sites. Inasmuch as the environment of M(2) is much more
noncentrosymmetric than those of the M(1) and M(3) sites, this should
primarily be due to Fe2+ at M(2). Comparison with the spectrum of
hedenbergite (Rossman, 1980) suggests that other d-d bands due to Fe2+
at M(1), M(2) and M(3) may be incorporated into the major absorption
bands at 10,200 em (v1000 nm).
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Caleic amphiboles. Spectra for these amphiboles are shown in Figure
22, The tremolite and actinolite spectra are dominated by an intense
band at 9800 cm_l in the B spectrum; also present is a broad absorption
at "v4200 cm_l. Through examination of several amphiboles and heating
experiments, Goldman and Rossman (1977) show that the intensity of the
9800 cm_l and 4200 cm"l bands are related, and thus the bands must arise
from the same Fe2+ cation. Comparison with the Mg-Fe-Mn amphiboles,
stoichiometric arguments and band intensity considerations show that
these two bands can be assigned to d-d transitions of Fe2+ at the M(4)
site. Weak spin-forbidden Fe2+ and Fe3+ transitions occur from Vv18,000-
23,000 cm_l, and the overtone of the principal OH stretch is prominent at
7300 cm-l. Bands at 15,200 cm_1 in B and ~v13,800 em b oin Y may be as-
signed to Fe2+/Fe3+ intervalence charge-transfer (IVCT) bands (in the
absence of Cr3+); there is no comparable band in the o spectrum where

VI 24+ VI 3+
e - "Fe

there is no component of an " F separation parallel to the

electric vector. The broad weak bands between 8000 and 12,000 cm_-l in
the vy spectrum are probably d-d transitions of Fe2+ at the M(1), M(2)
and M(3) sites, particularly the M(2) site. The fine-structure in the
region of V4200 cm_l can be attributed to infrared combination modes.

The spectrum of pargasite (Fig. 22) lacks the prominent bands at
710,200 cm in B and 4200 cm_l in o that are characteristic of Fe2+ at
M(4); this is in agreement with the stoichiometry of this particular
amphibole which indicates no excess of C-type cations at M(4) (Goldman
and Rossman, 1977). Weak bands in the 8000-13,000 cm—l region are most
probably d-d transitions of Fe2+ at M(1),(2),(3), and weak spin-forbidden
Fe2+ and Fe3+ bands occur above 20,000 cm—l. In the B and y spectra are
broad bands at V15,000 cm_l; their position and polarization dependence
suggest that they are Fe3+/Fe2+ IVCT bands, but they are surprisingly
weak compared with corresponding bands in other amphibole spectra. The
wing of the ultraviolet charge-transfer band extends well into the visible
region in the B and y spectra, presumably the result of significant Fe3+

at the M(2) site.

Sodie-calceie amphiboles. Spectra are shown in Figure 23. The
spectra of potassian ferri-taramite are dominated by broad assymetric
bands centered on “16,000 cm_l and 15,000 cm_l in the B and Yy spectra,

respectively. The polarization dependence, position and intensity show
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Figure 24. Polarized electronic ahsorption spectra of glaucophane (left) and riebeckite
(right). From Bancroft and Burns (1969) and Faye and Nickel (1970). For glaucophane;
..... o spectrum; ————— B spectrum; Y spectrum.

this to be an intervalence charge-transfer band. There is a prominent
shoulder at ~10,800 cm—l in both the B and the y spectra, with possibly
a secondary shoulder in the Yy spectrum at 9100 cm_l. These may be as-
signed to d-d transitions of Fe2+; without the o spectrum at lower wave-
lengths, it would be premature to assign these to Fe2+ at any specific
site. Faye and Nickel (1970) deconvoluted the IVCT band into two com—
ponent bands at V17,600 cm—-l and 14,300 cm_l, assigning these to

F 2+ > F 3+ and F 2+ > F 3+ interacti respectivel This
eM(1) eM(3) eM(l) ey(p) interactions, respec y.
assignment is rather unlikely considering the cation arrangement and
configuration in this amphibole (Hawthorne and Grundy, 1978). However,
these charge-transfer bands should be composite. The B spectrum should

2+/Fe3+

+
have two Fe IVCT bands of approximately equal intensity: Fe§(3)

3+ 2+ 3+ .
- FeM(Z) and FeM(l) > FeM(Z)’ the y spectrum shduld have a single
Fe2+/Fe3+ IVCT band approximately equal in intensity to the resultant

band in the B spectrum: Feﬁtl) -> Feﬁ?z). This amphibole also contains
significant Ti and Mn, giving rise to the possiblity of heteronuclear

IVCT bands contributing to the major absorption.

Alkali amphiboles. Spectra for alkali amphiboles are shown in

Figure 24. The spectra of glaucophane are dominated by intense charge-
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transfer bands at V18,500 cm—l and V16,100 cm_1 in B and Yy, respectively.
+ .
The Yy band will contain only a component of the Feﬁ?l) > Feﬁ(z) inter-

. ; . 24 3+
action, whereas the B8 band is due to both this and the FeM(l) > FeM(Z)
interaction; the f band is slightly asymmetric, suggesting an

2+
FeM - Fe;+ component to its total intensity. The relative energies

(L) 2 ) 3+ 2+ 3+

of the Feft . -+ Fe and Fe + Fe

M(1) M(2) M(3) M(2)
their cation distances, are (M(1)-M(2) < M(2)-M(3)). The spin-forbidden

interactions, as expected from

Fe3+ peak at 22,300 cm_l and the OH stretch overtones at 7100 cm_1 are
also present. The remaining weak bands between 8000 and 13,000 crnml are
d-d transitions of Fe2+ at M(1) and M(3).

The spectrum of riebeckite (Fig. 24) is similar to that of glauco-
phane in that it also is dominated by intense charge-transfer bands in
the B and Yy spectra. The reason for the much greater band width in rie-

beckite as compared with glaucophane is not clear.

Other transition metals

Thus far we have only considered spectral contributions from Fe2+
and Fe3+. Amphiboles are very gregarious and frequently associate with
other transition metals, particularly Mn and Ti. When present in sig-
nificant amounts, these will contribute to the absorption spectrum, pri-
marily through d-d transitions and heteronuclear IVCT tramsitions. It
is necessary to characterize the spectra of these cations in chemically
simple amphiboles so that their presence in more complex amphibole
spectra can be recognized.

Figure 25 shows the spectra of a tremolite containing significant
Mn. The wide bands at 15,000-20,000 cm_l (550 nm) have been assigned
to d-d transitions in Mn3+, with the sharp bands at 22,000 cm_l (420
nm) being spin-forbidden Mn2+ or Mn3+ transitions. Many amphiboles have
prominent Fe2+/Fe3+ IVCT bands around V15,000 crn_-l (v650 nm) in their
B and y spectra that will tend to obscure any Mn bands; however, the Mn
bands should still be observable in the o spectra.

Tremolite with significant Cr3+ (Fig. 26) shows broad bands at
15,400 cm © (V650 nm) and n22,200 em b (V450 om) that are (spin allowed)
d-d transitions of Cr3+, with sharp bands at 14,400 em T (695 nm) and
14,600 cm_l (685 nm) being spin-forbidden transitions. Figure 27 shows

. R . R 3+
the spectrum of an actinolite with significant Cr~ , The bands at

133

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



[ 1L.O}
w
o
2
3 o5
@ o
o
(2]
@
<
0.0k R N 3

400 600 800
WAVELENGTH (NM) ———

o
o
T

ABSORBANCE ——»
o e)
) 'S
T T

400 600 800
WAVELENGTH (NM) —

ABSORBANCE —M

500 1000 1500 2000 2500
WAVELENGTH (NM) ————»

Figure 25 (top). PYolarized electronic absorption
spectra of Mn~containing tremolite.

Figure 26 (center). Polarized electronic absorp-
tion spectra of Cr-bearing tremolite.

Figure 27 (bottom). Polarized electronic absorp-
tion spectra of Cr-bearing actinolite.

All three figures from Goldman (1977).
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~15,400 cm-l (w650 nm) are characteristic, particularly in the a spec-
trum; without the 0 spectrum, it is possible that these could be con-
fused with an Fe2+/Fe3+ IVCT band. This illustrates the importance of
characterizing all transition-metal spectra in amphiboles so that tran-

sitions are not overlooked or wrongly assigned.

OTHER TYPES OF SPECTROSCOPIC INVESTIGATION

Other types of spectroscopy have not been extensively applied to
the amphiboles, and any studies have been solely exploratory in nature.
Kalinichenko et al. (1977) used proton magnetic resonance (PMR) to char-
acterize the cation occupancies of the M(1) and M(3) sites; this method
is subject to all the drawbacks of the infrared method. X-ray photo-
electron spectra of anthophyllite and magnesio-riebeckite are reported
by Adams et ¢l. (1972); the occurrence of Fe2+ and Fe3+ in magnesio-
riebeckite did not lead to any broadening of the Fe 2p or 3s lines.
Bershov et al. (1966) and Manoogian (1968) have examgned the electron
spin resonance (ESR) of an+ in tremolite; both studies concluded that
w2t occupied "one site," and by analogy with the results of Vinokurov
et al. (1964) on diopside, Bershov et al. (1966) suggest that this is
the Mg site, i.e., M(1), M(2) and/or M(3). Ghose et al. (1968) and
Ghose and Schindler (1969) advance a persuasive argument to reverse the
site-assignment of the spin Hamiltonian parameters in diopside. Applying
the same argument to the results for tremolite indicates that Mn2+ occu-
pies the M(4) site. Diffuse reflectance spectra of several amphiboles
are presented by Hunt and Salisbury (1970), Adams (1975) and Smith and
Strens (1976). These spectra exhibit far less resolution that corre-

sponding polarized transmission spectra.

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

In the decade of the 1970's there has been considerable advance in
our understanding and interpretation of the spectroscopy of amphiboles.
In many cases, this has involved the discovery of hitherto unrecognized
problems in the application of these methods. However, this should be
viewed as an important step forward as it leads to a more realistic use

of each method. Particularly in minerals as complex as the amphiboles,
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it is necessary to regard experimental techniques as complementary rather
than competitive or mutually exclusive. The very specific sensitivity of
many of the spectroscopic techniques make them a natural counterpart to
both diffraction techniques and other spectroscopic methods. The diffi-
culties and ambiguities involved in an experimental method can often be
substantially reduced by using a combination of experimental techniques
pertinent to the specific problem at hand.

Many of the problems of spectral interpretation could be alleviated
by systematic examination of analyzed synthetic amphiboles:

(i) Mossbauer examination of Fe2+ and Fe3+ end~-member composi-
tions; because the relative peak intensities are fixed, the
correct association of peaks and assignment of doublets will
be apparent.

(ii) polarized electronic absorption spectroscopy of synthetic
(or possibly matural) amphiboles containing a single transi-
tion metal, particularly Ti and Mn.

(iii) polarized electronic absorption spectroscopy of synthetic
(or possibly natural) amphiboles containing pairs of transi-
tion metals in different valence states; this would allow
evaluation of the different IVCT bands which must occur in
the more complex natural amphiboles.

(iv) preparation of a series of synthetic amphiboles with M(2) =
Al [or Scl (pargasite/ferro-pargasite, glaucophane/ferro-
glaucophane) and their characterization by Mossbauer and
infrared spectroscopy and crystal structure refinement.

This would allow a practical evaluation of the infrared

method under optimum conditions.
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Chapter 3

An INTRODUCTION to the MINERALOGY and PETROLOGY of the BIOPYRIBOLES

EBSCChost -

James B. Thompson, Jr.

INTRODUCTTION

Although this volume is concerned primarily with amphiboles and other
hydrous pyriboles, it is convenient to consider them in this paper as
part of a larger mineral supergroup, the biopyriboles, including the
pyroxenes (anhydrous pyriboles) at the one extreme and the trioctahedral
micas (biotite, talc, etc.) at the other. All hydrous pyriboles may be
regarded, at least in an idealized way, as being made of layer modules as
in Figures 1 and 2, some of which are pyroxene-like, and some of which are
mica-like (see Thompson, 1970, 1978).

The hydrous pyriboles thus have many crystallographic and crystallo-
chemical features in common with either pyroxenes or trioctahedral micas,
or both. Because they also have much in common chemically and are often
intimately associated in rocks with pyroxenes, micas, or both, it is im-
possible to consider their phase relations and thermodynamic stability
other than in the context of the biopyriboles as a whole.

Hydrous pyriboles have a variety of distinct crystallographic sites
that can be occupied, wholly or in part, by all of the major elements
found in rocks, as well as many of the minor ones. Indeed, certain common
basaltic compositions may, under appropriate conditions (Yoder and Tilley,
1962), be recrystallized wholly to amphibole. Amphiboles play a major
role in the metamorphism of mafic rocks and of impure carbonate rocks
(Robinson et al., Chapter 8 in the companion volume of this one, Volume 9B).
Certain amphiboles, in fact, may be stable well into the Earth's upper

mantle.

PYRIBOLE POLYSOMES

The idealization of pyriboles as successive layers (010), along their
b-axes, of pyroxene and mica modules, leads to their preliminary charac-
terization by means of a stacking formula giving the sequence of mica (M)
and pyroxene (P) layers. If the pyribole is an ordered polysome, the

sequence is necessarily cyclic, and one cycle is a sufficient characterizatio
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Amphibole

|-—Mica——l <Py>§<—Micu—’;*Py-> |‘Pyroxene*

(a) (b)y (c}

Figure 1. Idealized beam-modules for biopyriboles as seen in cross-section. A sites
of amphibole and K sites of micas are shown by open half circles, M4 sites of amphi-
boles and M2 sites of pyroxenes are shown by solid half circles or quarter circles.
All other M sites are idealized as regular octahedra of equal size, and all Si sites
are idealized as regular tetrahedra of equal size. The ratioc of the tetrahedral edge
to the octahedral edge is v3/2.
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Figure 2. Idealized section | c of a C2/m (I2/m , 1f referred to pyroxeme axes)
amphibole such as tremolite. Dashed vertical lines show (010) cuts that factor it
into mica and pyroxene layer modules.

i
Pyx { Mica } Mica | Pyx
1

Figure 3. Idealized beam-module found in chesterite and jimthompsonite. $ilicon-
oxygen strips are of the triple-chain type.
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Figure 4. Sections ] ¢ of some simple pyribole forms. The series on the left
(M(n-1)P) includes pyroxene, amphibole and jimthompsonite. That on ‘the right
(MnPM(n_l)P) includes chesterite (MMPMP). The form (MPP) is a possible form that
may yet be found in uralites or smaragdites (amphibole-like alterations of
pyroxenes).

Common pyroxenes are thus (P) rather than (PPP---), and common amphiboles
are (MP) rather than (MPMPMP----- ).

Structurally, the appearance of the sequence ---PP-— in a formula
implies the existence of single-chain or pyroxene-like beams parallel to
the ¢-axis, and the sequence ---PMP--- implies the presence of double-
chain or amphibole-like beams. Triple-chain beams such as that of Figure
3 are implied by the sequence ——-PMMP---, and so forth.

The pyriboles thus far known, at least those that can be isolated as
single crystals, fall into two series, as shown in Figure 4, The principal
series conforms to the general formula (M(n—l)P) where »n is a positive in-
teger giving the number of silicon-oxygen chains in each tetrahedral strip.
Thus, if » = 1 we have the single-chain pyroxene structure (P) and if n = 2
the double-chain amphibole structure (MP). If n = 3 we have the triple-
chain structure (Veblen and Burnham, 1978a,b) of the jimthompsonite type
(MMP) .

Although only one member has yet been found as isolated single
crystals, it appears that a second series exists conforming to the general

formula MnPM(n-l)P' In this series, the tetrahedral strips are of two
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types, one containing (n+l)-fold chains and the other n-fold chains. If
n = 1, the form MPP would result, yielding a crystal intermediate in both
chemical and physical properties between amphibole and pyroxene. It has
not yet been isolated as an ordered single crystal, but still might be
found, perhaps in an alteration of the uralite or smaragdite type of
pyroxenes, The uralites thus far examined, however, are disordered poly-
somes (approximately amphibole) containing only isolated occurrences of
the sequence MPP (Veblen, pers. comm.). If n = 2, we have structures of
the chesterite-type (MMPMP), intermediate between amphibole (MP) and jim-—
thompsonite (MMP).

The 1limit as n + © for both series is talc or a trioctahedral mica
(M). Other more complex forms, not belonging to either series, are struc-
turally possible. Of the known, ordered forms, however, it seems probable
that only pyroxene, amphibole, and trioctahedral mica occur as other than
metastable or '"Ostwald" phases. In particular, chesterite and jimthomp-
sonite occur as alteration products of anthophyllite embedded in talc and
hence may be metastable relative to anthophyllite-talc (Veblen and Burnham,
1978a,b). Disordered sequences like those in uralites also occur in am-
phibole-to-talc or amphibole-to-mica alterations. Highly disordered poly-—
somes are at best crystalline in only two dimensions, inasmuch as they are
devoid of long-range periodicity along their b-axes (Veblen and Buseck,
1979).

The chemical formulas of ordered polysomes are readily deduced from
the polysome stacking formula, if the compositions of the isolated P- and
M-layers are known. Thus, if the P-layers are chemically diopside and the
M-layers are chemically talc, then each P-layer contributes Ca Mg2814 12
and each M-layer contributes []Mg3514 lO(OH)Z' The five simplest pyri-

boles obtainable by combination of these two modules are then

P Ca Mg281 or CaMgS:'LzO6 (diopside)

4712

MP E]CazMg5518022(0H)2 (tremolite)

MMP EJZCaZMg85112032(OH)4 or CaMg4816016(0H)2 (see nephrites in

Veblen, this volume)

MPP E]Ca4Mg7Si (OH)2 (not yet observed at this composition)

12934
MMPMP []3Ca4Mg135120054(0H)6 (not yet observed at this composition)
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All are collinear in composition space with talc and diopside.

PYRIBOLE POLYTYPES

It is apparent from Figure 2 or Figure 4 that pyriboles may also be
regarded as made of layer modules parallel to (100). Specifically, layers
containing octahedral strips alternate along the a-axes with layers con-
taining tetrahedral strips. The octahedral strips, furthermore, may have
two orientations related by a half-rotation about the normal to (100).
These two orientations may be characterized by means of a stacking vector
parallel to the c-axis. With (100) horizontal, we shall take the stacking
vector as positive in the direction in which the ducks (Fig. 5) swim. This
corresponds closely to the horizontal projections of the stacking vectors
of Smith and Yoder (1956) for characterizing mica polytypes. The orien-
tation of the Smith-Yoder vector, however, is a bit uncomfortable for the
bird (Fig. 6); hence, we shall continue with the one defined here.

The key to the major pyribole polytypes is whether or not the stack-
ing vector reverses between two neighboring octahedral layers. We shall
therefore assign a dot (*) to the intervening tetrahedral layer if the
two adjacent stacking vectors point the same way (parallel) and a cross
(X) to the tetrahedral layer if the vectors are opposed (anti-parallel).
By making cuts along the median planes of the octahedral layers, we may
thus factor any pyribole into a series of layer modules that are either
dot or cross modules. With a sequence of dots and crosses, we now have
a system of polytype mnotation that is independent of the accident of
initial orientation, unlike the common system using + and - octahedral
orientations (see Hawthorne, Chapter 1, and Veblen, this volume). A pre-
liminary characterization of a polytype is then obtained by a stacking
formula consisting of a sequence of dots and crosses. If the stacking is
an ordered one, the sequence is necessarily cyclic and, again, one cycle
is sufficient.

The most frequently encountered polytype, that of the clinopyriboles,
is that in which all vectors point the same way (*). Reversal of the
vectors at each opportunity yields the protopyriboles (x), and the form
(*x) yields the common orthopyriboles. These three simple polytypes are

shown schematically in Figure 7. The clino- and protopyriboles contain
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(+) _— (-)

Figure 5. The octahedra in pyriboles are in strips along ¢ and are oriented so
that symmetry planes of the octahedra are parallel to (010). The stacking vector
for a pyribole, with (100) horizontal, 1s taken as parallel to ¢ and its positive
direction as that in which the ducks swim.

|
|

(+) =)

Figure 6. The stacking vector of Figure 5 corresponds to the horizontal projec-
tion of the Smith-Yoder (1956) vector for micas. The S-Y vector is distinctly
uncomfortable but not necessarily fatal. A real duck so afflicted appeared on
television and in the newspapers this past spring. Surgery was successful and
the duck has recovered.
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Figure 7. The three simplest pyribole polytypes (shown for pyroxene but applicable
to any pyribole). Stacking vectors toward and away from the observer are shown by
(+) and (-), respectively. The dot-cross notation discussed in the text is based
on whether reversals do not (¢) or do (X) occur between successive octahedral
layers.
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two octahedral layers per unit cell (a sin B ~ 9.0 R), and the ortho-
pyriboles contain four octahedral layers (a v 18.0 ). Some exotic forms
are known with six or more octahedral layers per cell (Bystrom, 1943;
Buseck and Iijima, 1975; Buseck et al., 1980). These exotic forms, how-
ever, rarely occur in sufficient volume to be regarded as discrete single
crystals. The rarity of pyriboles of exotic polytype suggests that these
long-period forms are metastable relative to the three simplest omes: (°),
(X), and (+x).

It is also evident from the work of Buseck and Iijima that there are
disordered polytypes. As with disordered polysomes, these are truly crys-
talline in, at most, only two dimensions, inasmuch as there is no period-
icity along a. If disordered both polysomatically and polytypically, there
can be long-range periodicity in a pyribole only along c.

UNIT CELLS AND SPACE GROUPSl

Pyriboles are conventionally described so that the c¢-axis is parallel
to the tetrahedral and octahedral strips (hence parallel to the intersec-
tion of the polysomatic and polytypic layers). The b-axis is taken
parallel to the polytypic layers, insuring that these are always (100),
and the g-axis is taken parallel to the polysomatic layers, insuring that
these are always (010). The conventions for mica, however, are different
in that (001), mica, corresponds structurally to (100), pyribole.

It is evident that the polysomatic and polytypic formulas are closely
analogous in some of their properties. Certain numerical properties of
either kind of stacking formula prove useful. In the polysome formula
these are n_, the number of P's per cycle; nos the number of M's per cycle;
and n, (=n_ + nm), the number of modular interfaces per cycle. Any two
of the three may be odd, or all may be even. This yields a primary dis-
tinction between P-C, M-P, and M-C pyriboles, in which n_ and Ny My and
n_, and ", and n,s respectively, are odd (the odd-odd combinations); and
E-E polysomes (all n's even). The first three may be thought of as pyro-
xene-like (including the common pyroxenes), amphibole-~like (including the

common amphiboles), and mica-like, respectively. The corresponding

lThis section is a concentrated dose of material to be presented in ex-
tended form in The Mineralogical Magazine (1979 Hallimond Lecture).
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quantities in the polytype cycle are g the number of dots; nx, the number
of crosses; and n, (=nd + nx), the number of modular interfaces (octa-
hedral layers) per cycle. We have then D-Z, D-X, and Z-X polytypes (the
odd-odd combinations), and E-E polytypes (all n's even). Here the first
three include the common clino-, ortho- and protopyriboles, respectively.

We have selected our layer—-modules so that their median planes and
the modular interfaces contain the loci of all possible symmetry elements
other than (001l) glides. Symmetry elements other than (001) glides can
occur in a pyribole crystal only if there is a symmetry node (a point from
which the forward and backward readings are the same) in the stacking for-
mula. The kinds of possible symmetry nodes, and the nature of (001) glides
and of the unit-cell translations with q or b components, can all be deduced
from the numerical properties of the stacking formulas. These considera-
tions also permit a more complete classification by type of stacking for-
mula. For the odd-odd formulas, we shall let A-B imply A- and B-nodes and
A-Bo imply the same numerical properties but no nodes. For even-even for-
mulas we shall let A-A, B-B, etc. imply A-nodes, B-nodes, etc., and let
the symbols S-S and T-T imply E-E polysomes and polytypes, respectively,
with no nodes. Our polysome classification is now P-C, P-Co, M-P, M-Po,
M-C, M-Co, P-P, M-M, C-C, and S-S; and that for polytypes is D-Z, D-Zo,
D-X, D-Xo, Z-X, Z-Xo, D-D, X-X, Z-Z, and T-T.

If we label the beams, as viewed in Figures 2 and 4, so that o-beams
are diagonally linked only to B-beams and vice-versa, we find that the oc-
tahedral layers (and the modular interfaces they contain) are alternately
o and B along the polytype axis (a). Stacks of beams are also alternately
o and B along the polysome axis (b). Either the a-beams, collectively,
are crystallographically equivalent to the B-beams, collectively, or they
are not., If they are equivalent it is because some symmetry operation
(including translation) makes them so. The only symmetry operations that
do this involve properties of both the polysome and the polytype formulas
and must meet the following two conditions:

(1) The polysome formula must have either np odd, or P-nodes, or

both;

(2) the polytype formula must have either n, odd, or nodes other

than Z-nodes, or both.
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All combinations of the polysomes that are P-C, M-P, P-Co, M-Po, and P-P
with the polytypes that are D-Z, D-X, Z-X, D-Zo, D-D, and X-X meet con-
straints (1) and (2), and hence have equivalent o- and B-beams or ¢~ and
B-octahedral layers (or polytype interfaces). They are thus compatible
polysome-polytype pairs, and as such, we shall call pyriboles of this sort
Class I pyriboles. No combination of polysomes that are M-C, M-Co, M-M,
C-C, or S-S with polytypes that are D-Xo, Z-Z, or T-T meets constraints
(1) or (2), but all are compatible polysome-polytype pairs. We shall
designate these last as Class II pyriboles.

Because a's and B's are non-equivalent in Class II pyriboles, it is
useful to insert Z's in their polytype formulas with subscripts alter-
nately o and B. Class II polytypes that otherwise might be mistaken for
D-Z or Z-X forms thus become, for example, (* Zu . ZB) and (X Za X ZB)’
respectively, emphasizing that both are in reality Z-Z polytypes. Con—
versely, runs of M's and C's that separate P's in the polysome formula
may be identified, alternately, by o and B subscripts. (PCaPCB) is thus
a C-C polysome, and (CaMCBPCuMCBP) is an M-M polysome. The last can be
written more concisely as (MQPMBP) and still convey the same information;
hence, C's are not needed everywhere. Thus, if the polysome is clearly
Class II, but the polytype appears to be Class I, we may rectify the
situation by inserting Zu's and ZB's in the polytype formula. If the
polytype formula is clearly Class II, and the polysome formula appears to
be Class I, we may insert Cu's and CB's or, in many instances, simply add
subscripts to the M's and again rectify the situation.

The polysome series on the left of Figure 4 is of Class I and alter-
nately P-C and M-P. That on the right of Figure 4 is of Class II and all
are M-C. The non-equivalence of the successive octahedral layers or stacks
of beams in the latter series is clearly visible.

The notation introduced thus far is sufficient to deduce the unit
cell and space group for pyriboles in which the modules and their inter-
faces permit the same symmetry operations as the idealized forms of Figures
1 through 4. The results, classified first by generalized polysome and
then by generalized polytype, are given in Tables 1 and 2. A similar
treatment of mica polytypes (Thompson, 198l) may be of interest. All of
the space groups of Table 2 are, with the g- and c-axes interchanged,

possible space groups for mica polytypes of the fully symmetric type.
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TABLE 1. Space groups of Class I Pyriboles.
123
Polysome Space Groups ' Remarks
c2 P%’ 2 2 P%’% 7:3
P-C € B ¢ A First row represents maximum
ce P ;‘ Pbc2y P2yen symmetries of simplest forms.
c2 Pb21a Ph2n
P-Co May be subgroups of index 2
c1 P2y rb-- Pe-n of corresponding P-C forms.
2
12 2y e 2
M-P 2 First row represents maximum
Im P';‘ Pnm2y P2ymn symmetries of simplest forms,
I2 Pn2ya Pn2n
M-Po May be subgroups of index 2
Il P2y Pn-- P--n of corresponding M-P forms.
pr‘ p——?;‘ P22 2
P-P . May be subgroups of index 2
Pn pi P21 p2y-- of corresponding P-C or M-P
forms.
1. In each two-line array the polytype array 0-2 D-X Z-X
follows the scheme: D-Zo 0-0 X-X Z-Xo
2. The space groups in the second line of each array may be subgroups of index 2 of the groups
diagonally above in the first line.
3. To maintain axial correspondence some triclinic groups are referred to unconventional

centered cells, and some monoclinic ones to unconventional orientations. In the latter

the dashes are place markers.

EBSCChost

printed on 2/13/2023 5:05 AMvia .

Table 2. Space groups of Class II Pyrliboles.

1,243

Polysome Space Groups Remarks
2
An A21ma First row represents max|mum
H-C symmetries of slmplest forms.
AM
A2 A--a
M-Co May be subgroups of index 2 of
a1 corresponding H-C forms.
p% P2ica May be subgroups at Index 2 of
c-C corresponding M-C or P-C forms,
Pc Includes pyroxenes of Class IT
polytype.
P % P21ma
H-M Pm May be subgroups of index 2 of
corresponding M-C or M-P forms.
Includes amphiboles of Class II
polytype.
P2 P--a
5-S May be subgroups of [ndex 2 of
Pl corresponding P-Co, M-Po, P-P,

H-M or C-C forms.

1. In each two-line array the polytype array -7 b-Xo
follows the scheme: T-T

2. The space groups in the second line of each array may be subgroups of
Index 2 of the groups diagonally above in the first line.

3. To maintain axial correspondence some triclinic groups are referred to

unconventional centered cells, and some monoclinic ones to unconventional
orientations. In the latter the dashes are place markers.
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Such micas, however, may also have mirrors in the polytype plane, whereas
pyriboles may not.

If the modules are less symmetric than the idealized forms, owing to
such phenomena as cation ordering or to certain geometric distortiomns, it
is necessary to add additional symbols to the stacking formulas to take
this into account. In any case, however, the results lead to space groups
that must be subgroups of those in Tables 1 and 2, many of which are already
subgroups of each other. The selection of the g-axis in D-Z and D-Zo pyri-
boles is somewhat arbitrary. 1In Tables 1 and 2 it is oriented so that
(010) glides at P-nodes are n-glides. This requires the P-C forms to be
C-centered and the M-P forms to be I-centered. If the g-axis had been
selected so that the P-node glides were a-glides, then the (- and I-
centerings would have to be reversed, and the P-P groups P2/n and Pn
would be P2/a and Pa, respectively. The relation between C and I cells
has been discussed in more detail by Whittaker and Zussmann (1961), Jaffe
et al. (1968), and Hawthorne (Chapter 1, this volume). A more complete
discussion of the foregoing,as well as an extension of the methods to take
lowered modular symmetry into account, will soon appear elsewhere (Thomp-

son, in preparation).

POLYSOME STABILITY

Mineral assemblages containing three or more biopyriboles with dis-
tinct M-P ratios, such as clinopyroxene-clinoamphibole-biotite, are wide-
spread, both in rocks and in the products of experimental runs. These
occurrences imply heterogeneous reactions in which the intermediate form
may dissociate or partially dissociate into the extremes (or the corre-
sponding associative reactions if these reactions proceed in the opposite
direction). The stoichiometric equations for such reactions, or for their
corresponding equilbria, can be written in terms of three biopyribole com-
ponents, as in Table 3. A sufficient set qf stoichiometric relations,
however, will also involve certain cation exchanges if the actual phase
compositions do not correspond to a set of collinear end members.

All of the equations in Table 3 relate an amphibole component to
pyroxene and mica components. Others may be written, as in reactions

relating other hydrous pyriboles to pyroxene and mica or to amphibole and
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TABLE 3. Blopyribole reactions.

MICA PYROXENE AMPHI BOLE AV (en® /ol amph. )
ﬂg35i,.ow{uujz [te] + Mg, siy0,, [en] + "915‘3022{0"11 [ah] +3.54
Hgf‘»lhom(oﬂlz [te] + Na,Al Si,0,, [jd] = Nazﬂgsnlzsisbu(oﬂz C10] ¥ 577
ngsI“Dw(DH)z [te] + CajMg,5i,0., [di] =+ cazugsuaoﬂ(ou)z tr] + 4.85

n.ngqusow(ouiz [np} + cayhg,sipo,, (di] =+ Hatazﬂgsalﬂ?ozztoull [et] - 2.h2

KHg AISI 0|, (0H), [ph] + CajMg,$1,0., [dI] =+ KCa MgAlSio0,, (OH), [k-et] - 2.88

(f)

HKMgj Si3Og

HMgAIO3

Ph‘\ AR
HMgAIOy

Figure B. (a) through (f) are composition planes defimed by CaMg5i90g-(D1) and the mica end-
members Mg3(S1;010) (OH)3-(Te), EMp3(ALlSi301p)(CH)2-(Ph), NaMg3(AlS1301p) (OH)2-(Ma-Ph), and
CaMg3(A12512010) (0H)3-(Cl). These include the stable amphibole end-members CaMgs(Sig022) (0H)g-
(Tr), NaCagMgs(A1S17077) (OH)y-(Ed), NapCaMgs(Sig0zz) (0H)2-(Ri), and KNaCaMgs(5ig022) (OH)2-(R-Ri},
and the metastable ones KCapMgs{(AlS517072) (OH)2-(K~Ed) and Ca3jMgs(Al2514022) (OH)z-(Ca-Ed).
Lightly stippled areas are inaccessible to blopyriboles. (g) shows phases coexisting with
diopside in the system that may be defined by Di, Ph, Na-Ph, and Cl. Darker stippling shows
fields of amphiboles and wicas that coexist with diopside. Micas appear when the amphibole is
metastable relative to the mica-pyroxene pair.
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either pyroxene or mica, for example. Veblen and Buseck (1979) have con-
sidered several reactions relating chesterite and jimthompsonite to antho-
phyllite and talc. In the absence of clear evidence that either chesterite
or jimthompsonite is ever stable relative to anthophyllite or enstatite and
talc, however, we are left with equations such as those of Table 3 as the
ones of principal interest.

The diagrams of Figure 8 show, schematically, the phase relations in
the simple biopyribole systems, as indicated by known natural occurrences.
Some readers may be surprised by the inclusion of sodic trioctahedral
micas, but these are now known both from natural occurrence (Keusen, 1972;
Kulke, 1976; Keusen and Peters, 1980; Schreyer et al., 1980; Spear et al.,
1981) and by direct synthesis (Carman, 1974b; Hewitt and Wones, 1975; Franz
and Althaus, 1976). Compositions range from Na-phlogopite to a high-alumina
form, preiswerkite. The form wonesite has abundant A-site vacancies and
is thus chemically intermediate between sodic-biotites (or phlogopites) and
talc. Carman (1974b) found that at least some sodic micas form hydrates
at low temperatures and high H20—activities. This smectitic behavior may
occur in weathering or hydrothermal alteration and is probably responsible
in part for the rarity of these micas. As pointed out by Carman, many
occurrences of sodic vermiculite or montmorillonite may simply be altered
sodic micas. Similar materials have also appeared in many attempts at am—
phibole synthesis (Ernst, 1961, 1968; Carman, 1974a; Greenwood, 1979),
commonly with a pyroxene, and may represent sodic micas that hydrated on
quenching. Natural occurrences of pyroxenes with biotite or phlogopite
and of diopside with clintonite indicate, as shown in Figure 8, that am-
phiboles with high contents of potassium or calcium in their A-sites are
metastable, under normal geologic conditions, relative to the correspond-
ing pyroxene-mica pair. Amphiboles in which the A-site is filled by
potassium, however, have been synthesized by Huebner and Papike (1970) and
by Hinrichsen and Schurmann (1977), and the unusual beryllium-bearing am-
phibole, joesmithite, described by Moore (1969) has A-sites occupied by
calcium and even some lead!

It is clear from the volume data in Tables 3 and 4 that the to-
tal volume of a polysomatic mineral such as amphibole can not be taken as

simply the linear sum of the volumes of its isolated component parts,
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although the differences are comparatively small relative to those asso-
ciated with many other heterogeneous reactions. The volumetric strains,
and anticipated differences in other thermodynamic properties, can un-
doubtedly be related to the mismatches at the modular junctions. It is
interesting that the AV's of dissociation appear to be consistently nega-
tive for amphiboles with vacant A-sites and consistently positive for

amphiboles with occupied A-sites, at least as measured at room temperature

and one atmosphere. Thils makes crystallochemical sense, in that the volumes

TABLE 4. Unit cell dimensions of biopyriboles.
[ R °
A. Pyroxenes a sin B b c -a cos P v (A%) Ref.
thghSl“OIZ [en] 18.236 8.821 5.182 0 833.58 (1)
2xNa A1,$1,0,, [jd] 8.979 8.563 5.211 2.843 400,64 (2)
2xCa,Mg,$1,0,, [di] 9.378 8.931 5.249 2.663 439.62 (3)
B. I‘licas2 c sin B b a c cos B v (R\_’) Ref .
thgsslho‘o(OH)z [tc, 20] 18.72 9.145 5.252 0 899.17 (1)
2‘"93S'h°10(°”)z [tc, M} 9.36 9.145 5.252 1.751 449.59 (1)
2xNaMg3AISi30]O(0H)2 [op] 9.903 9.203 5.265 1.348 479.82 (h)
ZxKMg3AlSl3010(0H)2 [phl 10.156 9.203 5.317 1.776 496.95 (5)
€. Amphiboles’ asinp b c a cos B v (A1) Ref
thg7Si8022(0H)z [ah] 18.61 18.01 5.24 0 1756.27 (1)
ZxNaZMgJAIZSIBOZZ(OH)Z {q1] 9.23 17.67 5.29 3,040 862.7h (6)
ZxCaZHgsslsozz (oH)2 [tr] 9.519 18.054 5.268 2.803 905.33 (7
2xNaCazMgsAlSl7022(0H)z [et] 9.562 17.951 5.310 2.701 911.1 (8)
ZxKCaZMgsAlSI7022 (OH)2 [k-et] - - - - 927. {*) (8)

1. Monoclinic forms referred to C-centered cells.
2. Molar volume,a and b of talc assumed independent of polytype. ¢ cos B for 1M form assumed to be a/3.
3. Monoclinic forms referred to I-centered cells.

REFERENCES
(1) Greenwood, 1963; (2) Frondel and Klein, 1965; (3) Turnock et al., 1973; (4) Carman, 1974b;

(5) Hewitt, 1975 ; (6) Borg, 1967; (7) Colville et al., 1966; (8) Hinrichsen and Schiirmann, 1977.
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of the A-sites may vary freely in a mica, depending on their occupancy,
but are constrained by the cross-linkage between the beams in an amphibole
or other hydrous pyribole. Micas also exhibit an unusually high compres-
sibility in the direction normal to the cleavage (Hazen and Finger, 1978);
hence, it is probable that at sufficiently high pressures gll of the AV's
of dissociation may become negative. These considerations imply that am-
phibole components with vacant A-sites will be destabilized by increasing
pressure, and that other amphibole components will be initially stabilized
and subsequently destabilized by increasing pressure.
In the simple systems corresponding to the formulas given, the equa-
tions of Table 3 may represent univariant equilibria. The amphiboles
glaucophane, tremolite, and anthophyllite all dissociate at high pressures
into talc and pyroxene (Greenwood, 1963, 1971; Essene et al., 1970; Gilbert
and Popp, 1973; Gilbert and Troll, 1974; Carman, 1974a, as summarized by
Maresch, 1977; Chernosky and Autio, 1979; Day and Halbach, 1979; Gilbert
et al., Chapter 9, Volume 9B). These dissociations are consistent with
the volume data in Table 3. Although all these univariant curves are not
yet precisely located, the slopes appear to be positive, indicating that
the enthalpy and entropy differences have the same signs as the volume
differences (as is usual).
End-member edenite has been reported as synthesized by several authors
(Colville et al., 1966; Widmark, 1974; Peto, 1976), but the identification
of these amphiboles as true edenites has been questioned by Greenwood
(1979), inasmuch as other phases occurred in the run-products. The unit-
cell parameters of the edenite of Colville et al. (1966), moreover, are
suspiciously like those of synthetic tremolites (for which all necessary
ingredients were present). An "end-member edenite" with the expected
‘ cell-parameters, however, was synthesized by Hinrichsen and Schirmann,

who also synthesized a variety of Na-K edenites and pargasites, as well as

a (probably metastable) K-edenite. As reported by Greenwood (1979), many

of his runs produced diopside and a "soda montmorillonite," indicating
that under some conditions end-member edenite may indeed be metastable
relative to the diopside and Na-phlogopite.

The decomposition experiments of Hinrichsen and Schurmann (1977, Fig.

1) on two intermediate Na-K edenites invariably yielded diopside and

phlogopite among the decomposition products. Also present in some runs
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were nepheline, enstatite and forsterite, the dehydration products of Na-
phlogopite. Their curves are not equilibrium boundaries, but the presence
of edenite, diopside, and phlogopite along them strongly implies that iso-
pleths on the composition of the edenite coexisting with diopside and
phlogopite, as in Figure 8d, will have positive slopes, at least in the
range 0-5 kbar, such that increasingly K-rich edenites will be stabilized
by increasing pressure at any given temperature. Such a bundle of isopleths
would presumably be bounded by the univariant curves for the pure Na- and
K-end members. Owing to the high compressibility of phlogopite normal to
(001), however, these same isopleths may well be encountered again at much
higher pressures. This last conjecture is, in fact, reinforced by the ex-
periments of Merrill and Wyllie (1975) on a natural kaersutite. At pres-
sures less than 15 kbar the kaersutite decomposes, along a boundary of
positive slope, to an assemblage that includes phlogopite and clinopyroxene.
At pressures above 20 kbar the same phenomenon occurs along a boundary of
negative slope. Similar results have been obtained with generalized mafic
rock compositions by Merrill and Wyllie (1975) and others (Merrill and
Wyllie, 1975, summarized earlier work; see Allen et al., 1975; Allen and
Boettcher, 1978; and Gilbert et al., Chapter 9, Volume 9B, for more recent
results). These studies imply, collectively, that isopleths on the com-
positions of amphiboles having filled A-sites, and that coexist with
pyroxenes and trioctahedral micas, should have the general form as in curve D
in Figure 9, as should the univariant curves for the limiting end-member

reactions.

POLYTYPE STABILITY

Clinopyriboles of the simplest polytype (*) are overwhelmingly the
most abundant. In these there is a large cation site designated as M2 in
pyroxene, or M4 in amphibole (we shall here call it Mlec), that is occupied
in the more common forms by Ca, less commonly by Na, Mg, Fe, or Mn. Ortho-
(*x) and proto- (X) pyriboles, on the other hand, are virtually limited to
forms in which the Mlc sites are occupied largely by the smaller species
Mg and Fe2+. If Mg-Fe2+ ortho- or protopyriboles coexist with an Mg-Fe
clinopyribole, the clinopyribole is the richer in Fe. The tolerance of

Mlc for Ca or Na in orthopyriboles is very limited, and in protopyriboles
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Figure 9. Association-dissociation reactions relating amphibole to mica and
pyroxene. (a) and (b) are from Gilbert (Chapter 9, Volume 9B); (c) is from Day
and Halbach (1979). The dotted curve (d) shows, schematically, a possible form
for univariant curves for end-member amphiboles with occupied A-sites, or iso—
pleths on amphibole compositions in generalized 3-phase assemblages. (d) is
consistent with the observations of Merrill and Wyllie (1975), Hinrichsen and
Schiirmann (1977), and other experiments summarized by Gilbert (this volume); the
high-temperature segment is probably metastable due to melting in most instances.

is even less (Longhi and Boudreau, 1980, Fig. 2). It is thus clear that
cross-modules are strongly favored, other things equal, by small species
(especially Mg) in Mlc, even though the crystallochemical reasons for this
are complex (see Hawthorne, Chapter 1, this volume). Pyroxenes of the com-

position MgSiO. show all three forms, and those of composition FeSiO. show

at least (*) aid (*x). The experimental results on their relative sgabi-
lities have been summarized in Volume 7 of this series by Lindsley (1980,
Figs. 2 and 3). The phase diagram for MgSiO3 is consistent with the
generalization that volume, enthalpy, and entropy all increase as the
proportion of cross-modules increases, although the crystallochemical
reasons for this are, again, complex. The diagram for FeSiO3 is puzzling
in that there is a second, high-temperature field for the clinopyroxene.

This writer is inclined to believe that these clinopyroxenes, as suggested

by Lindsley (1965), were protopyroxenes that inverted to clinopyroxenes on
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quenching and agrees with Lindsley's later (1980) conclusion that the
pyroxenoid Fs-III is not a quenching product.

Both clino- and ortho- forms appear among the Ca-poor Mg-Fe amphi-
boles, but the phase relations are still poorly known (Cameron and Papike,
1979). Only the Fe end member appears to have both forms occurring
naturally.

Certain clinopyriboles, again those low in Ca or Na, have primitive
(P21/b, pyroxene and P21/m, amphibole) rather than centered cells at low
temperatures. The inversions to centered forms have many of the charac-
teristics of lambda-transformations, though they are commonly interpreted
as first-order. The primitive cell appears to be caused by a rotation of
the tetrahedra that makes successive tetrahedral layers non-equivalent
(Thompson, 1970; Papike et al., 1973). This loss of symmetry can be shown
by the addition of the symbols "0" and "S" (or "0" and "H," Thompson, 1981)
to the polytype formula. The primitive forms would then have polytype
formulas such as (0+0 H*H), which is that of a D-D pyribole. Their primi-
tive space groups are thus consistent with Table 1.

The primitive-to-centered transformation in Ca-poor clinopyroxenes
has been studied in detail by Prewitt et al. (1971), Smyth and Burnham
(1972), Brown et al. (1972), Ohashi and Burnham (1973), Smyth (1974), Ohashi
et al. (1975), and Ohashi and Finger (1976). It is evident that the cen-
tered forms are favored by high temperatures and, from the volume effect,
low pressure. Inversion temperatures are lowered by increasing iron con-
tent (from >1100°C to <500°C), and they are lowered drastically by even
small amounts of calcium. The corresponding transformation in Ca-poor
clinoamphiboles has been studied by Prewitt et al. (1970) and Sueno et al.
(1972) and behaves much like that in the corresponding clinopyroxenes, but

over a much lower range of temperatures (Vv100°C).

THE CHEMICAL DESCRIPTION OF COMPLEX MINERALS

Mineralogists and petrologists have traditionally used additive or
end-member components in the description of chemical variations in minerals.
Where the composition space is one- or two-dimensional this rarely presents
problems, but in more complex crystals, such as the biopyriboles, where the
composition spaces are multidimensional, the end-member methods (see, for

example, Perry, 1967, 1968, 1970; Cawthorn and Collerson, 1974), are
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cumbersome and can be misleading unless used with great care.

A much neater method was suggested long ago by W. L. Bragg (1937;
and partially reproduced in Bragg and Claringbull, 1965), who suggested
that the departures from a composition be accounted for in terms of the
substitutions by which the composition may be varied. With a few notable
exceptions, as in a paper by J. V. Smith (1959), this suggestion has not
been fully exploited until recently (Thompson, 1979; Thompson et al., in
press). Briefly, we describe chemical variations in terms of exchange
components or vectors that represent displacement vectors in composition
space. Formulas for such components may be written by the use of negative
subscripts as, for example, KNa_1 or AlZMg—lSi—l’ a positive subscript
indicating "atom-in" and a negative one "atom out." These may be mani-
pulated in stoichiometric equations in the same way as conventional addi-

tive components as, for example:

CaMgSi + AlZMg_ Si . = CaAl,SiO

2% 1911 2510

Mg _Si . = CaAl,Si0

or: Al _151 4 2 6

- CaMg$i,0

2 276

An exchange vector may thus be expressed as a difference between two ad-
ditive components. Because linear equations can be written between ex-
change vectors and additive components, the transformations to sets of
components that include exchange vectors behave algebraically like all
other transformations of components. Specifically, these are simple linear
transformations, as in the classical calculation of a norm or in the re-
calculation of a mineral analysis. The new composition variables or ad-
vancements on the exchange vectors, xex’ are simply the ratios of the
numbers of formula units of the various vectors to the numbers of formula
units of the additive components selected. Thus, if we select an additive
amphibole component as Ca Mg5518022(OH)2, then the compositions corresponding
to XA’ZMg 15i_1 having values of 1 and 2 are Ca MgAAl 517022(01-1)2 and
Ca Mg3A14816022(0H)2, respectively. A set of exchange vectors sufficient
for the chemical description of most biopyriboles is given in Table 5,
and a three-dimensional section of clinoamphibole space is shown in
Figure 10.

Several aspects of Table 5 may puzzle the reader. One is that such

components are concerned only with bulk chemistry, hence not with specific
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TABLE 5. Exchange Components.

Exchange Component Expressed as Oxides Expressed in Other Ways
KNa_1 = QKZO—iNaZO = KA]S|308-NaAlSI3O8
NlFe_‘ = NiO-Fe0

MnFe_I = MnO-Fe0 = iMn203-iFe203

FeMg_I = Fe0-Mg0 = FeS|03-MgS|03=&Fe25|0h-iﬂg25|0b
CrFe_I = }Cr203—§Fe203

TlFe_1 = Fe0+T|02-Fe203

FeAl_| = &FeZOB—iAIZO3

HgCa_I (mc) = Mg0-Cal

Al Mg_\SI_\ (tk) = A1 0,-MgO-Si0,

NaSlCa_lAl_](pl) = '}N320+S|02-Ca0-§A1203 = NaAIS|308—CaAIZSIZO8
NaAlSl_l (ed) = §N320+iAl203-S|02 = NaAIOZ-SiO2

1. All formulas refer to gram-formula or mol units.

Figure 10. A part of the composition space for Na-Ca clinocamphiboles. The additive
component is CapMgsSig022(0H)2 (tr), and the coordinate axes AlpMg.jSi.), NaAlSi-j,
and NaSiCa-1Al_; correspound to Xtk, Xed, and sz, respectively (sea text). The space
corresponds to that of Figures 1 of Smith (1959), Phillips (1966) and Leake and
Winchell (1978). The symbols correspond to idealized compositions for tremolite
(tr), tschermakite (ts), winchite (wn), barroisite (br), glaucophane (gl), edenite
(et), pargasite (pg), richterite (rt), katophorite (kt), taramite (tm), and ecker-
mannite (ek), and also the compositions CagMg4alpS17022(0H)7 (at), NaCagMgqAlsSis0,,
(OH)7 (ap), and Na3Mg3A13517022(OH)2(m1). Compositions above the shaded plane are
not accessible to clinoamphibole. (mi) corresponds to the "miyashiroite” of
Phillips and Layton (1964).
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(=)

Fe FeO Fe304 Fez03

neg. Ox.
Mol units: FeO-Fe,04-TiO,

Figure 11. The system Fe-Ti-O based on the reference triangle Fe0-Fe304-Ti02 in wmol
units. The line "T103-Fe02" is at projective infinity, and more oxygen-rich compo-
sitions plot negatively. The point TiFe.j represents the exchange vector common to
armalcolite-pseudobrookite, ilmenite~hematite, (lvospinel-magnetite, and Ti~Fe

alloys. If weighted in oxygen 2quivalents rather than mol units, the line Fe-Ti-TiFe_j
would be at projective infinity, and the lines radial to TiFe.j would be parallel.

structural sites nor with the valence states of the species involved.
The vector TiFe_l, for example, represents a variation possible in many

phases in the system Fe-Ti-0O, as shown in Figure 11. In most minerals

24, b 3

the detailed substitution is Fe i Fe_z, but in an Fe-Ti alloy or im an

-+
armalcolite withTi3 , the details are obviously different. By the same

1 includes either Mn2+Fe3; or Mn3+FefI.

may also find that some expected vectors are missing. This is because the

token the vector MnFe_ Readers
set in Table 5 has been pruned so that all are linearly independent (i.e.,
none can be expressed in terms of the others). Most of the "missing'" ones

are, in fact, effectively included by virtue of relations such as:

NaAlCa_lMg_l = AlZMg—ISi-l + NaSiCa_lAl_l
KAlSi_l = NaAlSi_l + KNa_l

CaAlzsi_2 = NaAlSi_l - NaSiCa_lAl_l
MgTiAl_2 = TiFe_l - FeMg_l + 2FeA1_1

Thermodynamic calculations are also simplified by the use of exchange
vectors. If the molar Gibbs energy is formulated in terms of P, T, and

the various Xem’ then the chemical potential associated with an exchange
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TABLE 6. EquationsI for condensation into Na20-Ca0-MgO-A1207-SiOZ-HZO(NCMASH)

"01d" components (all additive)

sio, (s) = $i0,
A1,0, (A) = (a1 203+Fe,044Cr,0 ) + Tio,
Mg0 M) = (MgO+Fe0+MnO+Ni0) - Tlo2
‘'New'" additive
Components Ca0 c) = Ca0
Na,0 N) = (Na20+KZO)
HZO (H) = HZO
FeAl , = 2(Fe203+Cr 0,) + 2Tio,
CrFe_‘ = 2Cr203
Tife_, = Ti0,
‘'New'' exchange
Components FeMg_l = {Fe0+MnO+Ni0) - TiOZ
MnFe_1 = MnO
Nife_, = NiO
KNa _ = 2K, 0

1. Each formula represents here the number of molar units of the component in a given gquantity of
matter.

vector (its exchange potential) is simply the first partial derivative of
G with respect to the appropriate Xex (Thompson et al., in press; Laird
in Robinson et al., Chapter 8, Volume 9B). The equilibrium condition for
a pure exchange reaction between two phases is then obtained simply by

equating the two exchange potentials.

CONDENSED COMPOSITION SPACES, PYROXENES AND MICAS

Condensed composition spaces are obtained by transformation from a
set of purely additive components to a mixed set of additive components
and exchange vectors, and then projecting along the exchange vectors.
Thegse are not as unconventional as they may seem. Many of the familiar
diagrams of petrology, such as those of Eskola (1939) and Niggli (1954),
are essentially of this kind, inasmuch as they may be regarded as projec-
tions along vectors such as FeMg_l and KNa_l into a space of fewer dimen-

sions (see also Robinson et al., Chapter 8, Volume 9B).
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2
and by replacing the remaining ones with the exchange vectors in Table 5

By retaining only the additive components SiOZ—A1203—MgO—Ca0—Na O—HZO

that involve other elements, we obtain the equations of Table 6, giving
the formulas of the new components in terms of the old. The condensed com-
position space is then obtained by projecting along (i.e., neglecting) the
exchange vectors and plotting mineral compositions in terms of the new
additive components. Variations along the neglected vectors are invisible,
but many revealing relationships remain. The full condensed space has six
components and hence is five-dimensional, but pyroxenes, Figure 12, and
trioctahedral micas, Figure 13, occupy only three-dimensional subspaces of
it. Each of these spaces has been extended to its full physical limits;
hence, only a part of each is accessible to pyroxene or mica. In each
subspace there are three exchange vectors that can relate other composi-
tions to a single additive component. The weighting in each diagram is in
oxygen equivalents, so that displacements on a given exchange vector
(oxygen-conserving) are on parallel lines.

In Figure 12 crystallochemically reasonable pyroxenes are limited
to the pyramidal volume bounded by jd, di, ct, en and al-en. The more
aluminous compositions, however, are stable relative to other phases or
phase assemblages only at high pressures, and al-en (MgAlZSiO6) is probably
always metastable relative to some combination involving garnet, corundum,
cordierite, sapphirine or spinel. Garnmets lie along the line gr-pr and
are more dense than pyroxenes of the same compositions; hence, they are
stabilized by increasing pressure, producing garnet or garnet-pyroxene
pairs rather than pyroxenes alone.

Even if only pyroxene is present, the composition may be represented
by two- or three-pyroxene assemblages such as augite-hypersthene-pigeonite
or pairs of these three. Ortho- and protopyroxenes have little tolerance,
as already noted, for Ca or Na. These are separated from each other and
from the clinopyroxenes by first-order differences; hence, two-phase regions
where the two pyroxenes are of different polytype are commenplace. Clino-
pyroxene-clinopyroxene pairs arise either through nonideality, as along the
vector MgCa_1 (me), producing augite-pigeonite pairs, or through cation
ordering, producing omphacite-diopside or omphacite-jadeite pairs. An
ordered omphacite may be described polysomatically as an alternation of

diopside-like and jadeite-like pyroxene modules along the b-axis (c-glides
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Al,03

Figure 12. Condensed pyroxene space (see text). Vectors such as FeMg.j, FeAl.,,
etc., are lines of projection into the simpler space here shown. The volume bounded
by NaAlS170g (3d), CaMgSi0¢ (di), CaAl,S10¢ (ct), MgAloSiOg¢ (al-em), and MgSi03 (en)
represents crystallochemically plausible pyroxene cowmpositions, although some may be
everywhere metastable relative to other phases. The line Mg3A1;S1307) (pr) -
Ca3jAlyS1i3077 (gr) is a condensed garnet space. (om) -and (ft) represent idealized
omphacite and fassaites, respectively.

{ H2N08M97O|2)

(H,NagMg-0;5) HoNaAI70pp

HoMg7 AlgO)n

J.-" “THeCoy 24170,
7 HoAlgSiO),

tc
M93$|4OIO(OH)2

Figure 13. Condensed trioctahedral mica space (see text). The volume bounded by
Mg38i4010(0H) 2 (te), MgpAlySi30719(OH), (al-tc), NaMgjAlSi3010(OH); (np), NaMgpAlsSizOig
(OH)y (pw), CaMg3Al517010(0H); (cl) and CaMgyAl,S1010(O0H); (al-cl) is accessible to
mica. Owing to condensation on KNa.j, the potassium micas plot with their Na analogs.
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Tale

Na-mica K-mica Na-mica K-mica
(a) (b)

Figure 1l4. Schematic phase relations for talc and K-Na trioctahedral micas. (a) is
consistent with observations of Schreyer et al. (1980). All phases are low in alumina.
(b) is consistent with the observations of Spear et al. (1981). The alkali-rich micas
are here considerably advanced on the vector AlpMg_3Si.1 (tk) compared to those in
(a).

at the modular interfaces are therefore no longer possible). The polysome
formula may then be written as (Pde) which is that of a P-P clinopyroxene
yielding the space group P2/n (or P2/a if the alternate choice of g-axis
is taken).

In Figure 13 crystallochemically reasonable micas are limited to the
wedge bounded by np, pw, cl, al-cl, tc, and al-tec, although al-tc is
probably always metastable relative to other phases. There are also mis-
cibility gaps, owing to nonideality along vectors such as KNa_1 (not shown
owing to condensation along it) and NaAlSi_l. Assemblages such as phlogo-
pite, Na-phlogopite (or wonesite), and talc are now known (Schreyer et al.,
1980; Spear et al., 198l). These are shown schematically in Figure 14.

As in other systems, solid solution is more extensive from the side with
the greater cell volume; the greater the volume difference, the more marked
the asymmetry.

We may imagine the triangles of Figure 14 as expanded into triangular
prisms by adding the vector Aleg_lSi_1 (tk) as a third coordinate. It is
of interest that when alkali micas coexist with talc, the micas show a
notably greater advancement on A12Mg_lSi_l. Clintonites, furthermore, show
a greater advancement on this vector than do coexisting phlogopites. A
plausible explanation for this is that the local balance of valences about
the shared oxygens of a tetrahedral sheet is improved by advancement on

Al Mg .Si_

2 if the A-sites are occupied. The optimum values of th are

1 1
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nil if the A-site is empty, 1/3 if it is occupied by Na or K, and 2/3 if
it is occupied by Ca. The optimum formula for an alkali mica would then

be of the form KMg8/3A15/3Si (OH)2 and that for a clintonite would

8/3010
be CaMg7/3Al7/3317/3010(OH)Z. These formulas are approximated by a sur-
prising number of natural occurrences, and it is also noteworthy that less
aluminous clintonites are difficult or thus far impossible to synthesize
(Olesch, 1975). The corresponding optimum formula for a chlorite would

be Mg14/3A18/3318/3010(0H)8 or 7:4:4 chlorite (see Albee, 1961). These
considerations also imply a negative deviation from ideality along the
vector AlZMg—lSi—l in biopyriboles, and hence little chance of miscibility

gaps related to it.

CONDENSED AMPHIBOLE SPACE

Amphiboles (and other hydrous pyriboles) can not be represented so
simply as pyroxenes and micas, inasmuch as their subspaces in the six-oxide
system are four-dimensional. By successively applying the constraints (i)
A-site empty, (ii) A-site full, (iii) M4 wholly Ca and Na, and (iv) M4
wholly Mg, however, we obtain the four special sections of condensed am-—
phibole space shown in Figures 15-18. Figures 15 and 16 are closely
analogous to Figure 12, and Figure 18 is similar to Figure 13. The space
of Figure 17 is essentially that of Figure 10, as extended to show its
physically possible limits.

The amphibole spaces of Figure 10 and Figures 15-18 have been cut off
arbitrarily at a value of 2 for th, although more extensive substitution

on this vector (Aleg_ Si_l) is not crystallochemically unreasonable.

The 1limits shown, howeier, encompass all known forms. Two-phase regions
related to polytype differences and miscibility gaps related to the vector
MgCa_l(mc) parallel directly the corresponding phenomena in pyroxenes,
although observed solubilities are generally less in the amphiboles than

in corresponding pyroxenes, owing to their lower temperatures of formation.
There are also gaps along the vector NaSiCa_lAl_l(pZ), as in pyroxenes,

but ordered amphiboles analogous to omphacites have not yet been identified.
This would be expected in amphiboles such as winchites, barroisites,

katophorites, and taramites, where the M4-site is approximately half Na

and half Ca. Such amphiboles would have the polysome formula (MPjMPd),
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{HoNazAlz024)

{to H,CaoMa)3024!

H,Ca Al 3024

™ H,CaxAlgSi5024

HpAlgSiz024

HoM93Sio024

Figure 17. Condensed space for amphiboles with M4 occupiled wholly by Ca or Na. This
1s the space of Figure 10 showing its extension to the physical limits.

(H,NaigMg)50p4)

- RoMgAl GOz
[ \=H,C0y pAk5024
7 HpAl| 451054
(HyNaigMai5024}

ah
Mg-,SiaOzz(OH)Z
Figure 18. Condensed space for amphiboles with M4 occupied by Mg or Fe. Abbrevia-
tions are as in Figures 15 and 16.
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Figure 19. Schematic phase relations

{condensed) for the actinolite-

hornblende miscibility gap. Heavy

tie-lines are consistent with observed

1 occurrences (see references in text);
ts dashed tie-lines are conjectural.

na ng

Figure 20. Schematic phase relations
for the anthophyllite-gedrite misci-~
e bility gap. Heavy and dashed tie-
2(9 lines as in Figure 19.

and hence would be P-P clinoamphiboles yielding the space group P2/n (or
P2/a if the alternate choice of g-axis is taken).

Other miscibility gaps in amphiboles may be expected to parallel those
in micas, although much more work needs to be done. Nonideality along the

vector KNa_, is probable, but the experiments of Huebner and Papike (1970)

and of Hinrichsen and Schirmann (1977) are above the usual temperatures of
critical mixing for K-Na solutions. Nonideality along the vector NaAlSi_l
is strongly indicated by actinolite-hornblende (Compton, 1958; Shido and
Miyashiro, 1959; Klein, 1969; Brady, 1974) and anthophyllite-gedrite pairs
(Ross et al., 1969; Robinson et al., 1969, 1970, 1971; Stout, 1971; Spear,
1977, 1980), although continuous, supercritical variation along the vector
NaAlSi_l(ed) is also known. As in the micas, the solvus appears to be
highly asymmetric, and the phase with the higher A-site occupancy is the
more advanced along the vector tk. The probable relations are shown
schematically in Figures 19 and 20. 1If Figures 19 and 20 are essentially

correct, as seems likely, the distinctions between "actinolite"
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and "hornblende" and between "anthophyllite” and '"gedrite" as recommended
by the recent I.M.A. commission (Leake and Winchell, 1978) may prove

awkward to maintain.

CONDENSED BIOPYRIBOLE SPACE

By applying constraints on A-site and Mlc-site occupancy in pairs,
as indicated, we obtain the interesting spaces of Figures 21-24. 1In
these the various polysomes lie in parallel lines or planes. Only
pyroxene, amphibole, and mica fields are shown; other polysomes lie in
intermediate lines or planes parallel to these.

In Figures 12-24 it has been assumed that the vector MgCa_l does not
represent a possible variation in mica, and that the vector NaAlSi_l (the
only one in Table 5 that alters the metal~to-oxygen ratio) does not repre-
sent a possible variation in pyroxene. The latter, however, is probably
not strictly true, as indicated by experimental work summarized by Robin-
son (1980, p. 431) in Volume 7 of this series, and by natural occurrences
such as the pyroxenes from eclogite inclusions in kimberlites reported
by Smyth (1980). 1In most crustal pyroxenes, however, the variation in
metal-oxygen ratio is minor (if indeed outside analytical error) and
hence is neglected here.

Many other sections of our condensed pyribole space can be con-
structed. Two of special interest are those of Figures 25 and 26.

These show biopyribole spaces containing silica, feldspar, and feldspathoid
components. In each of these the pyroxene and mica spaces are lines at
opposite edges of a tetrahedron containing a central amphibole plane.
Figure 27 combines some of the interesting features of both and has a
triangular field for mica.

Further condensations are possible. By replacing the oxide NaZO by
the vector NaSiCa_lAl_1 and projecting along it, we may project biopyri-
boles into the simpler space SiOZ-AlZOB-MgO—CaO—HZO. A projection of
this space through SiO2 and H20 is shown in, Figure 28, and the equations
for the new additive components are given in Table 7a. Figure 28 has
many features in common with the classical ACF projection of Eskola (1939).
The principal difference is due to projection along NaSiCa_lAl_l rather

than through NaAlSi308. Glaucophane and tschermakite are thus coincident
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HpAlgSiO2 s
CaAl,SiOg

ft

di
CaMgSi,0¢

tc

(7]
/&
Nt

7>

NOzMgSi5O|2

Figure 21. Condensed biopyribole space: A-sites empty and Mlc-sites wholly
Abbreviations as in earlier figures.

occupied by Ca or Na.

al-en

L 1o

13
. |5 ¥
e |e 2
s < 2

e

\J Q>‘

GN en

MgSiO3

A-sites empty and Mlc-sites wholly

Condensed biopyribole space:
Abbreviations as in earlier figures.

Figure 22.
occupied by Mg or Fe.
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HCaAig0g

HNQA'-,O'Z

cs
CaAl,SiOg

HMgAIO3 -

ft

cl

di
CGMgSi206

Mg3Si04(0H),
(Hydroxy — norbergite)

&
1/
N02Mgsi50|2

Figure 23, Coundensed biopyribole space: A-sites full and Mlc-sites wholly
occupied by Ca or Na. Abbreviations as in earlier figures.

1 Al,03

Tal-en

L or
HaCaMgOz*—— __

H4N0203
Figure 24. Condensed biopyribole space: A-sites full and Mlc~sites wholly

occupied by Mg or Fe. Abbreviations as in earlier figures.
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TABLE 7. Equations for condensation into CMASH and CMSH

a 5+0, (s) = SIOZ-Z(Na20+K20)
A1203 (A) = (A1203+Fe203+Cr203) + Tio, + (Na20+K20)
Mg0 (M) = (MgO+Fe0+MnO+Ni0) - Tio,
Into 4
CMASH Ca0 (c) = Ca0 +2(N320+K20)
H,0 (#) = H,0
I NaSICa_|AI_'(p1) = 2(Na20+K20)

(Last seven equations as in Table 6)

b si0, (s) = Sl02+(A1203+Fe203+Cr203) +Ti0, - (Na20+K20)
Mg0 M) = (MgO+FeO+MnO+NI0) + (Al203+Fe203+Cr203) + (Na20+K20)
Ca0 ) = Ca0 + 2(Na20+K20)
Into 4
CMSH H,0 W) = H,0
Nasica_,Al_, (p1) = 2(Na,0+K,0)
| AlMg_ Si_, (k) = (AI203+Fe203+Cr203) + Ti0, + (Na,0+K,0)

(Last seven equations as in Table 6)

1. Corresponds to condensation used by O'Hara, 1968.

here, rather than widely separated. The transformation of components of
Table 7a and the condensed space shown in projection in Figure 28 corre-
spond in all essentials to the projection scheme devised by M. J. 0'Hara
(1968) for representation of the compositions of mafic rocks and magmas.
The only difference is that we have omitted a phosphate component.

If we also replace the additive component Al
Al Mg .Si

2 17 -1
space SiOz-MgO—CaO—HZO, we obtain the diagram of Figure 29. In this

2O3 by the vector

as in the transformation of Table 7b, and condense into the

projection we can plot the compositions of nearly all rock minerals, as
viewed from H20. The biopyriboles occupy a tetrahedral region.

Pyroxenes and trioctahedral micas occupy the anhydrous and hydrous edges,
spectively, and an amphibole plane lies midway between. The common clino-
pyriboles lie to the left, and the common orthopyriboles to the right,

of the projected mica line. Yet another alternative would be to use the

additive components SiOz-—NaAlOZ-CaA1204—H2Mg3O4 with condensation on
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Figure 29. A further condensation of composition space that includes projection
along both pl and tk. The view shown here 1s as viewed from H30. The biopyriboles
ocecupy the tetrahedral volume bounded by clinopyroxene, orthopyroxene, talc, and
biotite. The common clinopyriboles lie to the left and the common orthopyriboles
to the right.

AlZMg—lSi—l and MgCa_l, but not on NaAlSi_l or NaSiCa_lAl_l. The geometry
of the space defined by these last additive components would be essen-
tially that of Figure 27, with all non-sodic pyroxene components projected
at ct, all sodic ones at jd, and corresponding condensation of the amphi-
boles. (The transformation for such a projection is left as an exercise

for the reader.)

BIOPYRIBOLES AND OTHER ROCK MINERALS

The number of independent closed system reactions possible in a
mineral assemblage is found by determining the number of independently
variable components, C¢, in each phase ¢, and summing these quantities.
The number, N_, of independent stoichiometric equations (possible reac-

tions) that can be written is then the excess of this sum over the number
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Figure 30. Schematic exchange relations between clinocamphiboles and plagioclase.
Abbreviations as in earlier figures. Probable relations at high temperatures are
shown in (a) and at lower temperatures, with possible miscibility gaps, in (b).

of independently variable components, Cs’ of the system as a whole:
Ny = % Cp = Cq - ¢H)

By the use of a single additive component for each phase, with vari-
ations therefrom shown by exchange vectors, it is possible to identify a
great many of these possible reactions as pure exchange reactions be-
tween pairs of phases. Schematic relations between a line in amphibole
space and the plagioclase feldspars are shown in Figure 30, with and
without the possible complications arising from miscibility gaps in
either series. Many other examples of exchange relations are possible.

Most feldspars and feldspathoids have pl and KNa . exchange capacity,

melilites have tk exchange capacity, some feldspaihoids have ed exchange
capacity, and garnets and carbonates have mc exchange capacity. FeMg_l
exchange capacity is common to nearly all ferromagnesian minerals. The
number of independent exchanges associated with a given vector is one
less than the number of phases in which it operates; hence, those of the
N

R
reactions have a negligible effect on modal abundances. All remaining

reactions that are pure exchanges can be readily identified. Exchange

reactions must then involve a transfer from phase to phase of additive
components and hence do affect modal abundances. The number NT of such

net transfer reactions is then given by:

Np =1 Cp = Cg = Wy (2)
¢
where Nex is the number of NR reactions that are pure exchanges.

In open systems there is one additional net transfer reaction for

each additive component (such as HZO or COZ) gained or lost. A formal
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algebraic reduction scheme is presented elsewhere (Thompson et al., in
press), whereby all the unknowns in equations (1) and (2) may be deter-
mined and a sufficient and independent set of possible net transfer
reactions obtained. We shall limit our examples here to a few of the
simpler ones relating biopyriboles to other minerals.

Garnets, pyroxenoids, and many R203 oxides have composition spaces
that are embedded in pyroxene space; hence, we may write many simple re-

actions of the form:

2CaMgSi,0¢ + 2MgCa_, + AL,Mg  Si_; = Mg,AL,Si 0 3)

2% 1 2 2°13%

where the mec capacity may be provided by either pyroxene or garnet. O0li-
vine and spinel may be related by the vector tk as in:

Si_

Mg,Si0, + AlZMg_ 4)

27774 1

in which the necessary exchange capacity may be provided by any associated

= MgAlZO4

1
biopyribole (or by melilite). A more complicated relation can be found

relating amphibole and quartz to epidote:

CaZMgSSlgozz(OH)2 - ZMgCa_1 + 3A12Mg_151_l + SlO2 = ZCa2A13813012(0H) (5)

In this reaction the mc capacity can be provided by amphibole (at high T),
or by associated garnet or carbonate.
Additive components along the join SiOZ—NaAlo2 may be related, in

pairs, by the vector ed as, for example:

NaAlSis0q = 4810, + NaAlSi (6)
3510, + NaAlSi_, = NaAlSi,O )
3NaAlSiz0p + NaAlSi ; = 4NaAlSi,O, (8)

Any two of these three examples may be taken as independent in a quartz-
plagioclase~jadeitic pyroxene assemblage. By elimination of ed between

any two we have the familiar relation:

NaAlSi,O0, = NaAlSi,O, + SiO 9)

378 276 2"
Similar relations may be found for components on the joins SiOz—KAlO2 and
SiOZ—CaAlZO4 by utilizing the vectors KNa_l and NaSiCa_lAl_l. We have
thus identified an important class of net transfer reactions relating

biopyriboles to the silica minerals, feldspars, and feldspathoids.
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Figure 31. Amphibole space in the
system $102-A1703-MgO-Nap0-H20. This
18 essentially the space of Figure 10
as transformed by the vector me. The
point wr is magnesiorichterite:
NapMggSig022 (CH) 7.

ah A{ZMg_] S|_]—’

An important consequence of relations (6), (7), and (8) is, other things
being equal, that a low silica activity favors a high A-site occupancy in
a mica or amphibole.

We may illustrate the above approach by considering, briefly, the
occurrence of sodic amphiboles in the system SiOz—A1203—MgO—NaZO—H20
(true, not condensed), and the problem of glaucophane stability. The
amphibole space in this system is quaternary and has the form of Figure
31. This is essentially the space of Figure 10 transformed by the vector
Al

1" -1
nonideal substitution; hence, glaucophane and other amphiboles in the

me. The vector NaSiMg_ in Figure 10 probably represents a strongly

upper face of the polyhedron would be unlikely to show significant
solubility toward those lower down. The upper face contains the vectors
tr and ed. These also relate talc and the sodic trioctahedral micas.

With the vector NaSng_lAl_ eliminated, we have the pyramidal composi-

1

tion space bounded by the quadrilateral NaAlOZ—NaZMgOZ—HzMg3O4—HA1305and

the vertex SiOz. The triangular section of this space that is bounded
by SiOZ, NaAlOz, and HZMg304 is also a section of Figure 25. In Figure
32 we see this section and some end-member compositions in it. We may
also regard it as the full quaternary system as viewed along the vector
tk. 1If the view is from the positive end of tk, then eckermannite,
NaBMgQAlSi 0 (OH)2 (ek), lies behind "mi," NaBMg3Al Si_0 (OH)Z’ and

8722 3777722

preiswekite, NaMg2A13SiZOlO(OH)2 (pw), lies toward the observer from

Na-phlogopite. The only pyroxene component is NaAlSiZO6.
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Oxy-Fraction

NaAIO, HyMg30,

Figure 32. End-member compositions in the plane S107-NaAlOz-H;Mg30;. Mlca-amphibole
pairs may be quaternary. If the vector tk is added and directed toward the observer,
there is a possible variation behind the plane from mi toward ek, and there are
possible variations toward the observer from np toward pw and from tc toward al-tc.
The pair ek + pw is chemically equivalent to mi + np; hence, tk exchange may take
place normal to the projection.

Let us now consider a hypothetical assemblage containing quartz, al-
bite, jadeite, talc, glaucophane, and an additional mica and amphibole,
each with greater A-site occupancy than talc or glaucophane. Such an as-
semblage would, in this simple system, have a negative variance (seven
phases, four components), but we may still obtain a sufficient set of
possible reactions that must include those of its invariant, univariant,
and other subassemblages. Micas and amphiboles are here ternary, and all
other phases are of fixed composition. There are thus 15 minus four, or
11, independent reactions. Six of these may be taken as pure exchanges,
three each on the vectors ed and tk. We are therefore left with five
independent net transfer reactions. Two of these may be selected from
(OH)2 and NazMgaAl 51,0 (OH)2

4010 2778722
as the additive mica and amphibole components, respectively, the remaining

equations (6) through (9). With Mg3Si

three may be written as:

2NaAlSsi,0

2% + Mg3Si

(OH)2 = NaZMg3A1 Si,0 (OH)2 (10)

4010 2778722
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(6)

20

24

28
(9)

Figure 33. Net-transfer reaction space (a vector space) for assemblages in the
system (§102-NaAlOp-HyMg304-AlyMg_1Si-1). Basis vectors are unit advancements,

as defined in text, on reactions (6), (%), and (10). The truncated tetrahedrom
ac de fg is the physically accessible region for the compositions of gl + 25107,
and the volume b ¢ d ¢ f g 1s that for the composition gl. See text for further

explanations.
Mg3Si4010(OH)2 [Mica A] = Mg3Si4010(OH)2 [Mica B] (1)
and
NazMg3AlZSi8022(OH)2 [Amph. A] = Na2Mg3A123i8022(0H)2 [Amph. Bl . (12)

It is also possible to construct a net-transfer reaction space
(Thompson et al., in press) by taking advancements on the reaction coor-
dinates as a set of basis vectors. By considering only total mica and
total amphibole (i.e., neglecting miscibility gaps) we may thus portray
the above assemblage as modified by displacements in reactions (6), (9),
and (10). Three-dimensional reaction spaces of this kind are presented
by Thompson et al. (in press) and by Laird in Robinson et gl. (Chapter 8§,
Volume 9B).

A net transfer reaction space defined by (6), (9), and (10) is shown
in Figure 33. The unit advancement of each reaction is taken as that

which transforms one oxygen equivalent from the additive components on
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the left of each equation to the additive components on the right. The
physically possible part of such a space is limited in any given direc-
tion either by loss of a reactant phase (i.e., loss of its additive
component) or by loss of a necessary exchange capacity. The truncated
tetrahedron in Figure 33 is that appropriate to matter containing 24
oxygen equivalents NaZMg3A12518022(0H)2 and four oxygen equivalents of
SiO2 (i.e., the compositions of glaucophane plus quartz). The origin

(a) is taken as the chemically equivalent assemblage albite plus talc.
The plane acde represents amphibole-free assemblages. Planes parallel

to it represent constant amounts of amphibole and of mica, both in oxygen
equivalents, and the point g corresponds to 24 equivalents of amphibole,
four of quartz, and none of mica. The plane acfg plays a similar role with
respect to jadeite, as does defg with respect to albite. The upper and
lower planes represent loss of ed exchange capacity, the upper plane re-
quiring that all amphibole and mica A-sites are filled and the lower that
all such sites are vacant. The albite-mica-quartz assemblage of Figure
34 is consistent with a point in the line be. Vectors parallel to de

and be correspond to reactions (7) and (8), respectively, both of which
are linear combinations of (6) and (9), and the plane beg is one of
constant quartz. Other special linear combinations of (6), (9), and (10)

are:

2NaAlSl3O8 + Mg3814010(OH)2 = 28i0

corresponding to vectors parallel toag and cf;

+ Na,Mg,Al,S10, . (OH), (13)

2 2778722

6510, + Mg3Si (OH)2 + 2NaAlsSi . = NazMg3Al 51,0 (OH)2 (14)

2 %10 1 251809

corresponding to vectors parallel to fg; and

3NaAlSi308 + ZMg3Si4OlO

corresponding to vectors parallel to bg. The amphibole-mica-quartz assem-

(OH), + NaAlSi_; = 2Na,Mg,Al,S8i.0, (OH),  (15)

blage of Figure 35 corresponds to a point near g on fg.

Disequilibrium as well as equilibrium assemblages may be represented
here. Points in the edges ae and cod, in the faces containing them, and
in the interior of the polyhedron contain quartz-albite-jadeite as a sub-
assemblage and hence can not have a variance greater than one and are con-
strained to a single univariant line in P-T space. If we accept the

further probable constraint that glaucophane has no tk capacity in either
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Figure 34. Schematic phase relations in the system of Figure 32 at low to moderate
pressures. Relations are qualitatively consistent with the experimental results of
Carman (1974b) and with the natural assemblages observed by Schreyer et al. (1980)
and by Spear et al. (1981).

np
Oxy-Fraction

NaA|02

Figure 35. Schematic phase relations in the system of Figure 32 at high pressures.
The variation of the amphibole coexlsting with mica and quartz, as indicated by

the arrow, would be consistent with the decrease in unit-cell volume recorded by
Ernst (1963) and as interpreted by Maresch (1973, 1977). Arrows in other assemblages
indicate effect of increasing pressure. There may be a miscibility gap in the
amphiboles.
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direction, then points in the lines ag and eg also represent assemblages
that can not have a variance greater than one, and the plane aqeg corre-
sponds to assemblages that are invariant. Stable assemblages of variance
two or more are thus restricted to the planes acde and acfg and lines

and vertices bounding them other than the lines ag and eg. Examples of
such assemblages are given in Figures 34 and 35, corresponding to points
in the lines bc and fg, respectively.

If, on the other hand, we consider matter corresponding to 24 oxy-
gen equivalents of end-member glaucophane composition, then the plane
beg is one of zero quartz and only points in or above it are physically
possible. A consequence of this is that experiments on the glaucophane
end-member composition can produce pure glaucophane only if neither quartz
nor albite is present. Otherwise, as argued by Maresch (1973, 1977), any
amphibole formed must have a non-zero A-site occupancy.

Figure 34 is also consistent with the low-to-moderate pressure as-
semblages reported by Schreyer et aql. (1980) and by Spear et al. (1981),
as well as with assemblages implied by the experiments of Carman (1974).
Figure 35 is a possible configuration at higher pressure. The arrow in
the assemblage quartz-mica-amphibole Indicates a variation in the amphi-
bole consistent with the decrease in cell volume with increasing pressure,
as recorded by Ernst (1963) and as reinterpreted by Maresch (1973, 1977).
It is thus likely that the 'glaucophane I" of Ernst is an amphibole near
mi or ek in Figure 31, although a magnesiorichterite (mr) component can

not be ruled out entirely.

SUGGESTIONS FOR FURTHER WORK

The discerning reader will have realized, from the liberal use of
qualifiers in the foregoing text, that much of what has been said is
somewhat speculative. Each conjedture is thus a challenge to confirm or
negate as the case may be. Two particularly urgent fields for study are
the reactions relating mica, amphibole, and pyroxene, both in end-member
and more complex systems, and a close examination of Na-Ca amphiboles to
determine whether or not these show an ordering analogous to that in

omphacite.
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Chapter 4
NON-CLASSICAL PYRIBOLES and POLYSOMATIC REACTIONS in BIOPYRIBOLES
David R. Veblen

INTRODUCTION

As shown by Thompson in Chapter 3, it is possible to visualize the
amphibole structure as consisting of two types of slabs, parallel to
(010), that have the structures of a pyroxene (P) and a mica or talc (M)

(Thompson, 1970, 1978). The pyroxenes and micas consist of only one type
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Figure 1. (a) The double-chain clinoamphibole structure, viewed parallel to the silicate
chains, consists of (010) slabs having Mica and Pyroxene structures, arranged in the se-
quence ...MPMPMPMP...(after Thompson, 1978.) (b) The triple-chain clinojimthompsonite
structure can be constructed from the same slabs, but in the sequence ...MMPMMPMMPMMP....

189

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



of slab (PPPPPP and MMMMMM), while in amphiboles, these M and P slabs
coexist in rigorous alternation (MPMPMP; Fig. la). In fact, M and P
slabs can fit together in any order, resulting potentially in an in-
finitely large family of structures that are collectively called bio-
pyriboles. For example, if the M's and P's are assembled in the sequence
MMPMMP, as shown in Figure 1b, the result is not a silicate with double
chains (amphibole), but instead a structure containing triple chains.
It is not even necessary to assemble the slabs in an ordered sequence;
M's and P's theoretically can be put together in disordered sequences,
even at random, resulting in biopyriboles with disordered chain widths.
Recently, there have been numerous reports, starting with Chisholm
(1973) and Drits et al. (1974, 1976), of both ordered and disordered
biopyriboles other than pyroxenes, amphiboles, and micas (including
talc). It is the intent of this chapter to explore the range of these
observed structures, reviewing x~ray, electron microscopic, and chemical
results. Since these nonclassical biopyriboles are typically produced
by solid-state replacement reactions from pyrozenes and amphiboles, we
will also explore the reaction paths and the structural mechanisms by

which replacement occurs.

BIOPYRIBOLE NOMENCLATURE

As with most evolutionary systems of nomenclature, confusion has
occasionally arisen over certain aspects of biopyribole terminology.
In this section, an attempt is made to clarify some of the potentially
confusing terms. The term biopyribole was coined by Johannsen (1911) to
collectively denote the micas (biotite), pyroxenes, and amphiboles (bio-
pyribole does not refer to a pyribole that has formed by a biological
process!). Johannsen used pyribole to refer to the biopyriboles ex-
cluding the micas (i.e., the pyroxenes and amphiboles together).
Thompson (1970, 1978) reinstituted Johannsen's terminology and extended
it to include other minerals, at the time still hypothetical, that could
be assembled from pyroxene and mica slabs. Thus, biopyribole now refers
to any member of the homologous series extending from pyroxene to mica,
whether structurally ordered or disordered, and pyribole refers to any
member excluding the micas, talc, and pyrophyllite. In some cases,

these terms have been interpreted to mean only the nonclassical
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biopyriboles that have been discovered during the past few years; this
is not the case, and proper use of the word biopyribole still denotes
the group including pyroxene and amphibole.

Additional biopyribole nomenclature has evolved as the need for it
has arisen, largely in papers by Veblen and coworkers. Hydrous pyriboles
has been used to describe the pyriboles exclusive of pyroxenes, i.e.,
amphibole, jimthompsonite, etc. Though simple and descriptive, this
term might be confusing because it is possible to replace the hydroxyl
in pyriboles with fluorine and because natural pyroxenes commonly con-
tain appreciable water (Martin and Donnay, 1972). As used, hydrous
pyribole is meant to include fluorpyriboles but exclude even very wet
pyroxenes. The term wide-chain pyribole has been used to denote pyri-
boles with triple chains or chains wider than triple, i.e., chesterite,
jimthompsonite, disordered pyribole with predominantly triple or wider
chains, etc. Some other authors have used multiple chain to denote
chains wider than double, but-this usage is not followed in the present
paper. The terms clinopyribole, orthopyribole, and protopyribole have
been used to describe collectively all pyriboles having the stacking
sequences found in clinoenstatite, orthoenstatite, and protoenstatite,
or cummingtonite, anthophyllite, and protoamphibole, respectively (see
chapters by Hawthorne and Thompson, this volume).

Mixed-chain pyriboles are those that contain silicate chains of
more than one width. Mixed-chain pyriboles that have a disordered
sequence of silicate chain widths are said to be structurally disordered,
to draw a distinction between this type of disorder and the cation site
occupancy disorder that occurs in most biopyriboles; this type of dis-
order can be more specifically denoted as chain-width disorder. More-
or-less isolated chains of anomalous width that occur in otherwise
ordered pyribole can be referred to as chain-width errors or chain-width

defects.

ORDERED NON-CLASSICAL BIOPYRIBOLES

The first wide-chain silicates to be recognized were synthetic
barium silicates, which contain triple, quadruple and quintuple chains
(Katcher and Liebau, 1965; Liebau, 1980). The silicate chains of these

phases are topologically distinct from those of pyriboles, however,
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Figure 2. The silicate chains of barium silicates, which have their apical
oxygens alternately pointing up and down. In each chain, one "subchain"
was drawn white, while the others are black. (a) Triple chain. (b) Quad-
ruple chain. (c) Quintuple chain. (After Liebau, 1980.)
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Figure 3. Structure of the triple-chain NaMg silicate synthesized by Drits et al. (1974).
Topologically identical to the MMP clinopyribole shown in Figure lb, this structure contains
Mg in regular sites of a wide octahedral strip, with Na in the outermost, distorted sites of
the strip. Articulation of the triple silicate chain to the octahedral strips is analogous
to that in pyroxenes and amphiboles. (After Drits et al., 1974.)
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because the apical oxygens of the tetrahedra alternately point in oppo-
site directions (Fig. 2). The first report of a structurally ordered
wide-chain material that could be constructed from M and P slabs, and
hence is a pyribole, was that of Drits et al. (1974). This synthetic
phase was produced during experiments aimed at synthesizing amphibole
asbestos, and the structure was solved using Fourier methods in conjunc-
tion with electron diffraction intensity data. The structure contains
triple silicate chains, is monoclinic, and is an analog of the clino-
pyroxene and clinoamphibole structures. As shown in Figure 3, from
Drits et al. (1974), the regular octahedra of the wide octahedral strips
are occupied by Mg and the distorted, outermost sites of these strips,
which are analogous to the M2 sites of pyroxenes and the M4 sites of
amphiboles, are occupied by Na.

Based on bulk chemical analyses and the apparent absence of Na in
the A-sites (which correspond to the A-sites of amphiboles and the inter-
layer sites of micas), Drits et al. concluded that the formula of their

triple-chain silicate is [:12Na2Mg8[Si (OH)Z](OH)4 (formula written

12030
on the basis of 36 oxygens to be consistent with amphibole formulas con-
taining 24 oxygens). In this formula, two of the oxygens that are bonded
to silicon are replaced by hydroxyl, suggesting that this material is

the analog of a NaMg hydroamphibole having the composition NaZMgS[SiB
OZO(OH)Z](OH)Z’ or a NaMg hydropyroxene having the formula NaMg[SiZOS(OHH.
However, the inherent poor quality of electron diffraction intensity data
casts some doubt on the ability of Drits et al. to ascertain the exact
structural formula. A later synthesis by Tateyama et al. (1978) yielded
a material with occupied A-sites, giving the formula NagNazMgS[Silzo3z]
(OH)4. The chemistry of these triple-chain silicates is discussed
further in a later section.

Independently of the work by Drits and coworkers, Veblen and Burn-
ham (1975, 1976) discovered four new minerals intergrown with antho-
phyllite and cummingtonite in the blackwall alteration zone of a meta-
morphosed ultramafic body near Chester, Vermont. Details of the occur-
rence, physical and optical properties, chemistry, and crystal struc-
tures of three of the minerals were subsequently reported by Veblen and
Burnham (1978a,b). Structurally, the new minerals are chain silicates

analogous to pyroxenes and amphiboles, but with either triple chains or
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both double and triple chains occurring in regular alternation; one of
them is isostructural with the triple-chain silicate of Drits et al.
(1974). 1In this paper, the crystal structures and chemical properties
of these nonclassical ordered pyriboles will be discussed, but the

reader is referred to the earlier reports for other details.

Pyribole structures, unit cells, and symmetries

The crystal structures of pyribole minerals can be conveniently
illustrated by using the I-beam representation (Thompson, 1970; Papike
and Ross, 1970; Veblen et al., 1977), in which the structures are viewed
parallel to the direction of the silicate chains. As shown in Figure 4,
each I-beam consists of a strip of octahedrally-coordinated cations
sandwiched between two silicate chains. I-beams can be constructed with
single chains (Fig. 4a,b), with double chains (Fig. 4c), with triple
chains (Fig. 4d), or with chains wider than triple. I-beams may be
oriented in two different ways with respect to the crystallographic
axes, as shown for the single-chain I-beams in Figure 4a,b; these two
orientations are commonly called + and -, as indicated.

Using the simplified representations of I-beams shown on the bottom
of Figure 4, we can construct diagrams of the pyribole structures, Figure
5. These structures can be broken into two large groups based on the
sequences in which I-beams in the + and - orientations are stacked. The
four structures on the top of Figure 5 have the stacking sequence
v tH—=++—-,.. in the a crystallographic direction; these structures

are orthorhombic¢ and are called orthopyriboles. The four structures
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Figure 5. The orthopyriboles, top, all have the I-beam stacking sequence ++-- and g = 184
(Opx = orthopyroxene, Oam = orthpgmphibole, Jt = jimthompsonite, Ch = chesterite). The
clinopyriboles, bottom, have all of their I-beams oriented in the same way and g = 94 (Cpx =
clinopyroxene, Cam = clinoamphibole, Cjt = clinojimthompsonite, Cch = momoclinic analog of
chesterite). From left to right, the pyriboles are divided according to the widths of their
silicate chains, which also determine the lengths of the b-axes, as shown: pyroxenes have
single chains, amphiboles double chains, jimthompsonite triple chains, and chesterite alter=~
nating double and triple chains. (After Veblen et al., 1977.)

on the bottom of Figure 5 have the stacking sequence ...+H-+H+. ..
(which is equivalent to ...====———= ...); these structures are monoclinic
and are called clinopyriboles. The ordered pyriboles are further

divided according to the widths of the silicate chains. Thus, as shown
in Figure 5, orthopyroxenes and clinopyroxenes have single chains, ortho-
amphiboles and clinoamphiboles have double chains, jimthompsonite and
clinojimthompsonite have triple chains, and chesterite and its monoclinic
analog have alternating double and triple chains.

The diagrams of Figure 5 can easily be related to the unit cell
parameters of the various structures, as presented in Table 1. The e-
axes of all pyriboles are parallel to the silicate chains; the length
of ¢ 1s determined by the chain periodicity and is about S%A for all of
the structures. The g-axis is parallel to the stacking direction and
is about 18A for orthopyriboles and about 9A for clinopyriboles, as
shown in Table 1. Figure 5 and Table 1 also show that the lengths of
the b-axes depend on the widths of the silicate chains and are approxi-
mate integral multiples of 9A: about 9A in pyroxenes, 18A in amphiboles,

27A in triple-chain pyriboles, and 45A in pyriboles with alternating
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double and triple chains. Space group symmetries of the pyriboles also
reflect both the stacking sequences and the chain widths (Veblen and
Burnham, 1978b). For example, it can be seen in Table 1 that pyroxenes
and triple-chain silicates, which have chains of odd width, have c-glide
planes parallel to (010), while amphiboles, with chains of even width,
have mirrors parallel to (010). Chesterite, which contains both double
and triple chains, likewise contains both c-glides and mirrors. The

cell parameters and space groups of all the ordered pyribole groups thus
show many similarities that result from the structural similarities among

them.

Crystal-chemical details of ordered nonclassical pyriboles

Most of what is known of the structural and chemical details of
ordered pyriboles containing triple silicate chains is based on struc-—
ture refinements and electron microprobe analyses of coexisting jim-
thompsonite, clinojimthompsonite, and chesterite from Chester, Vermont
(Veblen and Burnham, 1978a,b). We will review briefly some of the de-
tails revealed by this work, comparing them with the details that are

known from structure refinements of pyroxenes and amphiboles.

Polyhedral geometries. The polyhedral distortions found in ordered
pyriboles with triple silicate chains are strikingly analogous to those
encountered in pyroxenes and amphiboles; these similarities arise because
analogous polyhedra in all of these structures reside in similar environ-
ments with respect to their neighboring coordination polyhedra.

To aid in discussion of the polyhedral distortions, three projec-
tions of the jimthompsonite structure and one of chesterite are shown in
Figure 6. There are two symmetrically distinct triple silicate chains in
the jimthompsonite structure, called the A- and B-chains; these are anal-
ogous to the A- and B-chains in orthopyroxenes (Cameron and Papike, 1980)
and orthoamphiboles (Hawthorne, Chapter 1, this volume). In all these
structures, the A-chains lie between (100) octahedral layers having op-
posite octahedral orientations (between + and -, or between - and +),
while the B-chains lie between octahedral layers of like orientation
(between + and +, and between - and -); the A- and B-chain layers are
indicated in Figure 5. These triple chains each have three symmetrically

distinct tetrahedra, which include two inner tetrahedra, Sil and Si2,
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Table 2. Ranges of 0-5i-0 angles in the inner and outermost
tetrahedra of pyribole silicate chains.

Inner Tetrahedra Outermost Tetrahedra
Structure Polyhedron 0-Si-0 Range Difference Polyhedron 0-5i-0 Range Difference
Jimthompsonite SilA 110.1-109.1° 1.0° Si3A 117.0-100.7° 16.3°
Si24 111.6-108.1 3.5 Si3B 116.4-103.5 12.9
S11B 110.2-108.9 1.3
S12B 112.0-108.4 3.6
Clinojim~ Sil 110.0-108.1 1.9 Si3 116.0-102.5 13.5
thompsonite S$12 111.6-107.5 4.1
Chesterite SiT1A 111.2-107.8 3.4 SiT3A 117.0-100.6 16.4
SiT2A 111.3-107.7 3.6 SiT3B 117.2-103.4 13.8
SiT1B 111.9-108.3 3.6 SiD2A 117.5-99.0 18.5
SiT2B 113.3-107.1 6.2 SiD2B 116.4-103.7 12.7
SiD1A 111.7-107.8 3.9
SiD1B 110.8-107.9 2.9
Anthophyllite T1A 110.8-108.4 2.4 T2A 116.7-100.1 16.6
T18 110.1-108.7 1.4 T2B 116.5-104.0 14.5
Cummingtonite T1 110.5-108.6 1.9 T2 116.3-104.7 11.6
Orthoferrosilite TA 116.7-101.0 15.7
TB 116.6-105.4 11.1
Clinoferrosilite TA 116.9-102.1 14.8
TB 116.3-105.3 11.0
Difference, Average Inner = 3.0° Difference, Average Outermost = 14.2°

Bond angles from Veblen and Burnham, 1978b; Finger, 1970; Ghose, 1961; Sueno et al., 1976;
Burnham, 1967. All data refer to room temperature and pressure.

analogous to the inner tetrahedra (Tl) of amphiboles and the tetrahedra
of sheet silicates, and one outermost tetrahedron, Si3, which is analogous
to the tetrahedron of a pyroxene chain or the outer tetrahedron (T2) of
amphiboles. Using the range of tetrahedral 0-Si-0 angles as a simple
measure of distortion, Table 2 shows that the outermost, pyroxene-like
tetrahedra in all of these structures are rather distorted compared with
the other, mica-like tetrahedra. These distortions arise primarily be-
cause the outermost tetrahedra share O-..0 edges, or nearly share edges,
with the outermost M cation polyhedra of the octahedral strips of the
structures (M5 in triple-chain silicates, M4 in amphiboles, and M2 in
pyroxenes). Shortening of the shared edges and lengthening of other

edges leads to more distorted tetrahedra.
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Table 3. Ranges of M-0 distances in the inner and outermost
polyhedra of pyribole octahedral strips.

Inner Octahedra Outermost Octahedra
Structure Polyhedron M~-0 Range Difference Polyhedron M-0 Range Difference
Jimthompsonite Mm 2.08-2.07A 0.01A M5 2.80-2.00A 0.80A
M2 2.10-2.07 0.03
M3 2.12-2.07 0.05
M4 2.15-2.03 0.12
Clinojim= M1 2.08-2.06 0.02 M5 2.66-2.03 0.63
thompsonite M2 2.09-2.08 0.01
M3 2.10-2.07 0.03
M4 2.13-2.05 0.08
Chesterite MT1 2.12-2.02 0.10 MI5 2.82-2.04 0.78
MT2 2.11-2.04 0.07 MD4 2.81-2.02 0.79
MT3 2.16-2.05 0.11
MT4 2.16-2.00 0.16
MD3 2,10-2.04 0.06
MD1 2.16-2.03 0.13
MD2 2,12-2.06 0.06
Anthophyllite M3 2.08-2.06 0.02 M4 2.87-2.00 0.87
Ml 2.13-2.05 0.08
M2 2.14-2.01 0.13
Cummingtonite M3 2.10-2.07 0.03 Mé& 2.70-2.04 0.66
ML 2.12-2.08 0.04
M2 2.13-2.03 0.10
Orthoferrosilite M1 2.20-2.09 0.11 M2 2.60-1.99 0.61
Clinoferrosilite M 2.20-2.08 0.12 M2 2.59-1.99 0.60
Difference, Average Imner = 0.07A Difference, Average Outermost = 0.72A

Bond distances from Veblen and Burnham, 1978b; Finger, 1970; Ghose, 1961, as calculated by
Papike et al., 1969; Sueno et al., 1976; Burnham, 1967. All data refer to room temperature
and pressure.

Similarly, as can be seen in Figure 6, triple-chain structures con-
tain wide strips of cation polyhedra. The coordination polyhedron of
the outermost cation of the strip (M5) is quite distorted and is not even
drawn in as a polyhedron in Figure 6. The inner polyhedra (M1, M2, M3,
M4) are, however, much more regular octahedra. The distorted outermost
polyhedra are analogous to the distorted outermost sites of amphiboles
(M4) and pyroxenes (M2) (Hawthorne, Chapter 1, this volume; Cameron and
Papike, 1980). Likewise, the regular inner octahedra of triple-chain
pyriboles are analogous to the regular octahedra of amphiboles (M3, M1,

M2) and pyroxenes (Ml). The similarities in the degree of distortion
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found in the M polyhedra of triple-chain pyriboles, amphiboles, and
pyroxenes are shown in Table 3, which uses the largest difference in M-0
distances within an octahedron as a simple measure of octahedral distor-
tion. By this measure, the inner octahedra of all pyriboles are rela-
tively regular; for those given 1in the table, the average range of M-0
distances is only 0.07 A. For the distorted, outermost sites, however,
the distance difference between the closest and farthest of the six
nearest oxygens averages 0.72 A, indicating very distorted coordination.

As mentioned earlier, the striking similarities between octahedral
distortions in all of the pyribole groups results because analogous poly-
hedra have very similar environments with respect to their nearest
neighboring polyhedra. It is this local control of polyhedral geometry
that permits the polysomatic M and P model of pyribole structures to
predict not only ideal structures, but also to predict with some accuracy
the distortions found in amphiboles and wide-chain pyriboles.

In addition to the tetrahedral and octahedral cation polyhedra,
wide-chain pyriboles also possess A-sites, analogous to the A-sites of
amphiboles (Hawthorne, Chapter 1, this volume) and the interlayer sites
of micas and talec. As in the amphiboles, the precise geometries of the
A-sites depend on the rotations of tetrahedra in the chains and the dis-
placement parallel to ¢ between six-membered tetrahedral rings in the two
chains that coordinate the A-site. Unlike the A-sites of most amphiboles,
however, those of triple-chain pyriboles do not have mirror symmetry.
Difference Fourier syntheses of the A-sites of jimthompsonite and ches-
terite suggest the presence of small amounts of electron density, pre-—
sumably from partial occupancy by sodium. As in some amphiboles, the
sites appear to be split, but in a less symmetrical way than in amphi-
bole (Veblen and Burnham, 1978b).

The geometries of coordination polyhedra in wide-chain pyriboles
clearly bear very close resemblances to those found in pyroxenes, amphi-
boles, and micas. In addition to these similarities, there are also close
analogies in the ways that the polyhedra, particularly the tetrahedra, are
rotated in the different pyribole groups. These polyhedral rotations have
been discussed in detail by several authors. It is not the intent of this

paper to review them, but the reader is referred to Cameron and Papike
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(1980), Veblen and Burnham (1978b), Sueno et al. (1976), Papike et al.
(1973), Papike and Ross (1970), and Thompson (1970).

Structural control of chemistry. The stoichiometries of all bio-
pyriboles are easily understood by noting that the stoichiometry of a
P slab can be represented as M4T4012, while that of an M slab is
AM3T4010(0H)2, where A = A-site, M = octahedral sites, T = tetrahedral
sites. It is very easy to find the structural formula for any pyribole,
whether structurally ordered or disordered, simply by noting the number
of M and P slabs in the structure and adding up the M and P formulas in

the appropriate ratio. Thus, amphibole (MP) is

M4T4012 + AM3T4010(0H)2 = AM7T8022(OH)2 .

Similarly, triple-chain silicate (MMP) is

M, 1,01, + 2AM3T,0,,(0H), = AM, T, ,04, (OH),

and so on. This method can be elaborated to include ratios of distorted
and regular M sites, outermost and inner tetrahedral sites, etc.

Specific compositions can be derived by substituting appropriate
cations for the A's, M's, and T's in the general formulas for the M and
P slabs. Thus, a pure Mg jimthompsonite, Mg105112032(OH)4, consists of
an enstatite P slab, Mg4814012, and two talc M slabs, Mg3314010(0H)2.
However, the chemistry of the slabs becomes more complicated for the
synthetic sodium triple-chain silicates. The composition of Drits et al.
(1974), NayMgg[si
slab, NagMgZ[SiAOlo
replaced by hydroxyl, and two talc M slabs having the same composition

12030(0H)2](0H)4, can be made from a "hydropyroxene' P
(OH)2], in which part of the tetrahedral oxygen is

and structure as those in clinojimthompsonite.
The triple-chain silicate of Tateyama et al. (1978) represents yet
another case in which the M and P slabs are not electrostatically neutral.

Their composition Na?NagMgs[Si (OH)4 can be assembled from one

12%32]

doubly-charged P unit, {NagMgZ[Siholz]}z_ and two singly-charged M slabs,
{Nang3[Si4Olo](OH)2}l+. It is interesting that an analogous amphibole,

in which there are equal numbers of M and P slabs, cannot be made from
these slabs, because it would not be charge balanced. As shown by
Thompson (1978), it is, however, possible to combine M slabs of this

composition with singly-charged P slabs, {Na?CalMgz[Si4012]}l-, resulting
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Figure 7 (left). The Mg/(Mg+FedMnitCa) ratios from electron microprobe analyses, plotted
against the ratios of regular octahedral M sites to total M sites for coexisting anthophyllite,
chesterite, jimthompsonite, and talc from Chester, Vermont. Error bars represent lo calcu-
lated from 17, 14, 14, and 5 analysis points for An, Ch, Jt, and Tc, respectively; analyses
are from single crystals used for x-ray studies. The correlation between Mg content and num-
ber of regular M sites results because Mg partitions strongly into the regular M sites, while
Fe partitions into the distorted sites, just as in MgFe pyroxenes and amphiboles (only minor
Mn and Ca are present), The line in this diagram connects the refined occupancies of distorted
(M5) and regular octahedral (M1, M2, M3, M4) sites in jimthompsonite; refined occupancies are
thus in accord with the analytical data for jimthompsonite. (Data from Veblen and Burnham,
1978a,b.)

Figure 8 (right). Analyzed (Si+Al)/(Si+Al+Mg+Fe+Mni+Ca) plotted against the ratio of tetra-
hedral sites to tetrahedral plus M sites for anthophyllite, chesterite, jimthompsonite, and

tale. Error bars are described in the caption of Figure 7. The analytical results are con-
sistent with the stoichiometries. The overlapping analytical results also demonstrate the
difficulty inherent in attempting to identify chesterite and jimthompsonite from microprobe
data alone. (Data from Veblen and Burnham, 1978a.)

in richterite, NaiNaTCalMgs[Sigozz](OH)Z. Thompson suggested that amphi-
boles of this sort might be less stable than some other compositions, be-
cause charge compensation is not purely local. In the triple-chain com-
position of Tateyama et al. (1978), however, the charge balancing takes
place over an even longer range than in amphiboles consisting of charged
M and P slabs.

The geometries and charge balance characteristics of the various
polyhedra in wide-chain pyriboles can be expected to influence cation
partitioning trends in much the same way as these factors affect the
chemistry of pyroxenes and amphiboles. Thus, the distorted, outermost
octahedral sites (M5) in triple-chain silicates should behave much as M2
of pyroxenes and M4 of amphiboles, accepting cations such as Na, Ca, Fe,
Mn, and Mg. Likewise, the inner, regular octahedral sites should act
like M1 of pyroxenes and M1, M2, and M3 of amphiboles; cations such as
Mg, Al, and Fe should be able to reside in these regular octahedra.

(For discussions of cation occupancies in pyroxenes and amphiboles see

Cameron and Papike, 1980, and Hawthorne, Chapter 1, this volume.)
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The only direct evidence on cation partitioning in wide-chain pyri-
boles is from the occupancy refinements of Veblen and Burnham (1978b) on
jimthompsonite, clinojimthompsonite, and chesterite. As in low-calcium
pyroxenes and amphiboles, these wide-chain silicates exhibit a marked
preference for Fe in the distorted M sites and a preference for Mg in
the regular octahedral sites. Microprobe analyses of coexisting antho-
phyllite, jimthompsonite, clinojimthompsonite, and chesterite support
the results of the occupancy refinements. If Fe is, in fact, partitioned
equally into the distorted sites of all these structures, then the Fe/Mg
ratios should be correlated with the ratio of distorted to regular M
sites. This is, in fact, the case, as shown in Figure 7. This analytical
data is also consistent with the theoretical stoichiometry of these
minerals, as shown in Figure 8. Thus, the ratios of tetrahedral cations

to all cations also agree with the refined structures.

Electron microscopic observations of ordered wide—chain biopyriboles

Ordered wide-chain pyriboles have been observed in several high-
resolution transmission electron microscopy (HRTEM) studies. These ob-
servations can be separated into those involving structure types already
known from single-crystal x-ray studies and those involving ordered struc-

tures that have not been observed by other means.

Known structure types observed with HRTEM. Both the g-axis and c-
axis have been used as viewing directions for observations of pyribole
chain width in the TEM. Figures 9 and 10 illustrate the appearances
of the anthophyllite, jimthompsonite, and chesterite structures in these
two orientations, for the imaging conditions utilized by Veblen et al.
(1977) and Veblen and Buseck (1979a). Clinopyriboles produce images
similar to those of these orthopyriboles when viewed parallel to ¢, but
a-axis images of clinopyriboles differ somewhat from those of Figure 9,
because the stacking sequences parallel to a are different; experimental
images of structurally ordered clinoamphibole have been shown by Buseck
and Iijima (1974), and Mallinson et al. (1980) have calculated the image
contrast expected for monoclinic amphibole and triple-chain silicates.

Specimens of the new ordered pyriboles from the type locality at
Chester, Vermont, have been studied extensively with HRTEM. These in-

vestigations in part served to confirm that extensive areas of amphibole,
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Figure 9. a-axis HRTEM images and electron diffraction patterns of anthophyllite, jimthomp-
sonite, and chesterite. The positions and widths of the silicate chains are indicated.
(After Veblen et al., 1977.)
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Figure 10, c-axis HRTEM images of anthophyllite, jimthompscnite, and chesterite. The widths
of the silicate chains are indicated, as are the unit cells and correspondence between experi=-
mental images and I-beam representations. (After Veblen and Buseck, 1979%a.)
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Figure 11, Ordered triple-chain silicate in a nephrite. An uninterrupted sequence of 11
triple chains occurs between the vertical arrow, an amphibole-triple chain interface, and the
symbol "A." (After Mallinson et al., 1980.)

triple-chain pyribole, and pyribole with alternating double and triple
chains do, in fact, exist in a perfectly ordered state.

Of greater interest are observations of ordered wide-chain pyriboles
in materials previously not known to contain them. Jefferson et al.
(1978) and Mallinson et al. (1980) have shown domains consisting of as
many as 11 uninterrupted triple chains existing in nephrite (actinolite)
jade (Fig. 11). Although chemical analysis of this triple-chain structure
has not yet been possible, it is likely that this material will prove to
be the triple-chain analog of the calcic pyriboles diopside and tremolite,
with the chemical composition Caz(Mg,Fe}SSilzﬁ32(0H)4. This silicate
could be assembled with P slabs of diopside composition and M slabs of
talc composition (Thompson, 1978) and would be isostructural with clino-
jimthompsonite, although with a larger M5 site to accommodate the Ca atom.

Other reports of triple-chain silicate include that of Nissen et al.
(1979), who found small domains of jimthompsonite in disordered materials
intermediate in composition between anthophyllite and jimthompsonite; this
specimen was from a hydrothermally altered olivine-bearing ultramafic rock.
Nakajima and Ribbe (1980) found relatively large regions of clinojimthomp-
sonite structure in altered augite (see Fig. 17 in the section "Chain-
width disorder in pyroxenes"), as did Veblen and Buseck (1981) as noted
in Buseck et al. (1980). As is the case with triple-chain siliecate in
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nephrites, the M cation chemistry of these materials is unknown; they
could be clinojimthompsonite in the strict sense, since the final alter-
ation products appear to contain talc, or they could be the triple-chain
analogs of the calcic pyriboles diopside and tremolite, or augite and
hornblende. In the future, microanalysis in the TEM should resolve
these chemical questions.

In addition to naturally-occurring triple-chain silicates, another
occurrence of chesterite has recently been reported. In a study of antho-
phyllite asbestos from Paakila, Finland, Cressey et al. (1981) found
relatively abundant lamellae of chesterite; most of these lamellae are

less than 10 unit cells wide, and the widest is 25 unit cells wide.

New pyribole structure types discovered with HRTEM. In the HRTEM
studies of specimens from Chester, Vermont, several new ordered pyribole
structures were discovered (Veblen and Buseck, 1979a). Like the macro-
scopically occurring chesterite structure, these materials contain
silicate chains of two or three different chain widths, which are ar-
ranged in an ordered sequence. A test was utilized to separate statis-
tically significant ordered mixed-chain structures from those that have
a high probability of occurring simply by the random combination of
chains of different widths. The sequences of double (2), triple (3),
and quadruple (4) silicate chains found in a primitive unit cell of
these new structures are (2233), (233), (232233), (222333), (2332323),
(2333), (433323), (2234), and (43332343332423)., HRTEM images of two of
these structures are shown in Figure 12.

The complexity and stoichiometric coincidences of some of these
structures suggest that they are probably not thermodynamically stable.
Furthermore, some of the geometrical aspects of their occurrence suggest
that they did not form by a simple spiral growth mechanism around a screw
dislocation (see Verma and Kirshna, 1966, for a discussion of spiral
growth). Therefore, Veblen and Buseck were unable to explain satisfac-
torily why these rare ordered mixed-chain structures occur, and the
question of a mechanism for their formation remains open. In contrast,
the mixed-chain silicate chesterite occurs abundantly enough to suggest
that it represents a minimum in free energy compared to other configura-

tions for the same chemical composition (Veblen and Buseck, 1979a, Fig. 8).
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Figure 12. HRTEM images and electron diffraction patterns of rare, large-unit-cell ordered

pyriboles from Chester, Vermont. (a) g-axls image of a structure with the chain sequence

i;ggs}i (b) c-axis image of a structure with the chain sequence (2333). (Veblen and Buseck,
8.

CHAIN-WIDTH DISORDER IN PYRIBOLES

Up to this point, we have discussed only structurally ordered pyri-
boles, those that contain silicate chains of only one width or that con-
tain chains of more than one width that are arranged in a regularly
repeating sequence. In this section, we turn to pyribole crystals that
are structurally disordered, in that they contain chains of mixed widths
that are arranged in sequences that are not perfectly periodic. Because
it involves a lack of order in the widths of the silicate chains, this

type of disorder has been referred to as ''chain-width disorder."

Chain-width disorder in amphiboles

Amphibole asbestos. The first report of chain-width defects in
chain silicates was that of Chisholm (1973), who examined a number of
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different amphibole asbestos specimens with electron diffraction and
conventional TEM techniques. Chisholm noted that electron diffraction
patterns were streaked parallel to a* and b* in three specimens of
amosite (grunerite asbestos) and three specimens of crocidolite (rie-
beckite asbestos). The ag* streaking was attributed to stacking disorder,
and the b* streaking was attributed to the intercalation of pyroxene
chains or silicate chains with widths wider than double, parallel to
(010). 1In addition, planar defects were imaged parallel to (010) with
conventional TEM methods.

Chisholm's results were confirmed and elaborated in a HRTEM study
by Hutchison et al. (1975), and since this time most studies of chain-
width disorder have relied on high-resolution methods. Hutchison et al.
observed planar defects parallel to (010) in amosite, tremolite asbestos,
and anthophyllite asbestos, and they argued that their images showed that
these defects consisted of triple-chain structure in the host double-chain
amphibole. More recent calculations of image contrast (Jefferson et al.,
1978; Veblen and Buseck, 1979a; Mallinson et al., 1980) support this
interpretation., More recent observations of triple-chain defects in
asbestiform amphiboles include those of Chisholm (1975), Veblen et al.
(1977), Alario Franco et al. (1977), Veblen and Buseck (1979a, 1980),
Veblen (1980), Dorling and Zussman (1980), Whittaker et al. (1981), and
Cressey et al. (1981).

Although the intercalation of triple-chain structure is the most
common type of chain~width disorder in amphibole asbestos, chains of
other widths have also been reported. Quadruple, quintuple, sectuple,
and wider chains have been reported in the fibrous portions of antho-
phyllite from Chester, Vermont (Veblen et al., 1977; Veblen and Buseck,
1979a). The widest chains observed in this material have widths greater
than 300. Since very wide chains essentially have the talc structure,
there is a semantic problem in whether to refer to such wide structures
as chains or sheets; the existence of material with extremely wide chains
demonstrates that there is a continuum of structures from the chain
silicates to the sheet silicates. Figure 13 shows chains of several
widths intergrown in anthophyllite. Chains wider than triple have also
been reported in good-quality anthophyllite asbestos and amosite (Cressey
et al., 1981; Veblen, 1980) and in tremolite—actinolite asbestos (Dorling
and Zussman, 1980).
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Figure 13, c¢-axis HRTEM image of anthophyllite from Chester, Vermont, containing triple,
quadruple, and sextuple chain-width errors. Double-chain material is not labelled.

Nephrite (actinolite jade). The microstructures of nephrite have
been extensively investigated with HRTEM techniques (Hutchison et al.,
1976; Jefferson et al., 1978; Mallinson et al., 1977; Mallinson, 1980;
Dorling and Zussman, 1980). Much of this work has recently been summarized
by Mallinson et al. (1980). In many respects, the microstructures found
in nephrite are identical to those that occur in amphibole asbestos.
There is generally at least some amount of chain-width disorder, with
single, triple, quadruple, quintuple, and sextuple chains having been
observed, and in some cases, the degree of disorder can be quite extreme.
A variety of defects in which silicate chains of a given width transform
along their lengths to chains of different width have been observed in
nephrite (Mallinson et al., 1980); such chain-terminating microstructures

are discussed in the section on "Chain terminations."

Acicular and massive amphiboles. It has been noted by a number of
workers that acicular or massive amphiboles typically possess far less
chain width disorder than asbestiform amphiboles and nephrite (Chishelm,
1975, Veblen et gl., 1977; Veblen, 1980; Cressey et al., 1981). Other
electron microscopic studies of non-fibrous amphiboles in which chain-
width disorder was not studied specifically (for example, Ghose et al.,
1974; Gittos et al., 1976) further support this general conclusion, since

extensive chain-width disorder probably would have been recognized had it
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been present. Known exceptions to this correlation between acicular or
massive habit and paucity of chain-width defects occur in anthophyllites
and cummingtonites, in which substantial numbers of chain-width errors
have been reported in a few specimens (Champness et al., 1976; Veblen

and Buseck, 1979b; Veblen, 1980; Cressey et al., 1981). It is not known
specifically what chemical and physical factors promote significant chain-
width disorder in some acicular amphiboles, but it is likely that wider
silicate chains tend to form during growth at relatively low tempera-
tures, and HRTEM work with synthetic anthophyllites and ferroantho-
phyllites of various compositions has shown that the number of wide-chain
defects in this system decreases with increasing Fe content (Veblen, 1982).
Chain-width errors in acicular amphiboles can also form by alteration, as
shown by the acicular portions of anthophyllite from Chester, Vermont

(Veblen et al., 1977).

Chain-width disorder in wide-chain pyriboles

Just as amphiboles exhibit a range of chain-width disorder phenom-
ena, the wide-chain pyriboles jimthompsonite and chesterite and their
monoclinic polymorphs can also occur in states ranging from perfect
structural order to substantial disorder. The chain-width order and
disorder phenomena in these minerals and in the anthophyllite that occurs
with them has been detailed by Veblen et al. (1977) and Veblen and Buseck
(1979a). Jimthompsonite and chesterite from Chester, Vermont, contain
perfectly ordered regions up to at least a few tens of microns wide
(in the b crystallographic direction). Some of the jimthompsonite con-
tains scattered double-chain errors, as well as lamellae of chain width
greater than triple (Fig. 14). Likewise, chesterite can contain isolated
errors in the alternating sequence of double and triple chains; the most
abundant chain width defects in chesterite, however, are coupled errors
that preserve the chesterite stoichiometry. Three mistakes of this
sort are shown in Figure 15.

In some regions of pyribole from Chester, there is extreme dis-
order, and it is not possible to apply a mineral name; material like this
has been called "disordered pyribole." Figure 16 shows a small area from
such a disordered region, in which double, triple, quadruple, and sep-

tuple chains occur together; another example is given by Zoltai, Figure 8,
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Errors with chain

Chain-width errors in jimthompsonite from Chester, Vermont.
widths of 2, 4, 6, and 11 are shown, with some of the errors terminating.
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Double chains are not labeled. (After Veblen et al., 1977.)

and septuple silicate chains.

Figure 16.
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this volume. Nissen et al. (1979) have also reported low-calcium pyri-
bole with extremely disordered chain widths in metamorphosed ultramafic
rocks from the Alps. The stoichiometry of disordered regions generally
does not conform to that of any of the known ordered pyriboles. In dis-
ordered material that does not contain pyroxene chains, the stoichiometry
(as determined using the method described in the section ''Structural
control of chemistry") has been observed to vary from compositions near
that of amphibole to compositions approaching that of talc. The latter

regions consist of disordered mixtures of very wide chains.

Chain-width disorder in pyroxenes

The chain-width disorder that occurs in pyroxenes has recently been
summarized by Buseck et al. (1980) in Volume 7 of this series, PYROXENES,
(pages 187-194) and is discussed in more detail by Veblen and Buseck
(1981); therefore, only a brief description of the observed phenomena
will be presented here.

Most, if not all, observations of double and wider chains intergrown
with pyroxene structure are consistent with mechanisms of formation for
the hydrous pyribole involving alteration (hydration reactfon), although
it has also been proposed that narrow lamellae of amphibole in clino-
pyroxenes may form by exsolution (Smith, 1977; Yamaguchi et al., 1978).
The structural mechanisms of reactions that produce hydrous pyriboles
in pyroxenes are discussed briefly in the section "Polysomatic reactions
in pyriboles."

Lamellae of amphibole as narrow as one double chain have been obser-
ved with HRTEM, but such narrow lamellae typically contain an even num—
ber of amphibole chains, as a result of their growth mechanism. Blobs
and rods of amphibole have likewise been reported. Lamellae of triple-
chain pyribole have also been observed in pyroxenes, typically as
narrow as one triple silicate chain. Larger regions of triple-chain
pyribole have been observed in some cases. Figure 17, from Nakajima
and Ribbe (1980), is an excellent example of the complex microstructures
that can arise by the replacement of pyroxene. On the left of this
figure, narrow lamellae of amphibole and triple-chain pyribole are
intergrown with pyroxene. On the right are large areas of ordered and

disordered clinojimthompsonite, as well as wider-chain silicate having
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Figure 17. Altered augite that has largely been converted to clinojimthompsonite, Remnant
pyroxene on the left contains narrow lamellae of amphibole and triple-chain material, and the
clinojimthompsonite contains chain-width errors with widths 2, 4, 5, and 8. See Nakajima
and Ribbe (1980) for further explanation of this complex microstructure. (After Nakajima and
Ribbe, 1980.)
chain widths of 4, 5, and 8. Figure 17 also shows very clearly a variety
of terminations of (010) lamellae having various chain widths. Such ter-

minations will be considered in the next section.

TERMINATION DEFECTS

Chain terminations

A chain termination is a defect in which one or more silicate chains
terminate completely or turn into silicate chains of a different width.
Two types of chain terminations were recognized by Veblen et al. (1977).
First, chains can terminate at low-angle grain boundaries, as shown in
Figure 18. The crystal structure at such boundaries may be largely in-
coherent. In the case shown, double, triple, and quadruple chains all
terminate along the defect, which was probably formed during natural
deformation of the crystal. A second type of chain termination involves
the cooperative termination of the chains in two or more (010) lamellae.

Such terminations occur not only in low-calcium pyriboles, as shown in
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parallel to ¢.

disordered anthophyllite from Chester,

A low-angle grain boundary in
which double, triple, and quadruple chains terminate.

1 can be observed by viewing the figure at a low angle

Figure 18,
1977.)

The structure is distorted in

best viewed at a low angle parallel to o.
the region of the termination. (After Veblen and Buseck, 1980.)

From left to right, the three terminations involve changing the chain sequence 322 to 223,
(b) Termination of a double chain (arrowed) by a dislocation

and 32 to 23.

best seen by viewing at a low angle parallel to .

(a) Cooperative chain terminatioms,

3322 vo 2323,

mechanism,

Figure 19,
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right are experimental HRTEM images, structural models of the terminations,
culated from the models to support the interpretation of the HRTEM results.
slab immediately to the right of the sextuple zipper in a is ignored in the
doubly-terminated sextuple-chain zipper. (d,e) The terminations of septuple
zippers. (After Veblen and Buseck, 1980.)
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Figure 19a, but have also been extensively studied in nephrites (Jeffer-
son et al., 1978; Mallinson et al., 1980; Mallinson, 1980). An example
of a cooperative chain termination in nephrite is shown in Figure 10 of
Zoltai (this volume), where a slab of material containing a single and a
triple chain separated by four amphibole chains turns into a slab of
normal amphibole structure s$ix chains wide. A schematic interpretation
of the terminations is included in that figure.

A third, noncooperative type of chain termination has also been
recognized but appears to be rare. This type involves the termination
of a (010) slab at a dislocation, combined with structural readjustment
parallel to a*. An example of a double-chain termination is shown in

Figure 19b.

Zipper terminations

In some cases, (010) slabs having a given chain width or combina-
tion of chain widths terminate along lines parallel to the c-axis. Such
terminations do not cut across any of the silicate chains and hence are
not chain terminations. When viewed down the c-axis in HRTEM images,
wide-chain lamellae commonly resemble zippers (Fig. 20a,b), and hence
the term "zipper termination'" has been applied to these features. Many
zipper terminations are coherent, which means that they do not involve
disruption or distortion of the crystal structure except for the linear
disruption parallel to ¢ in the immediate neighborhood of the termina-
tion. Coherent terminations can be of two types: simple and cooperative.
Figure 20 shows examples of the simple terminations of sextuple, septuple,
and octuple zippers in anthophyllite and disordered pyribole; included is
one example of a doubly-terminated zipper. Cooperative terminations
occur when two or more zippers end together. Six different examples of
such defects are shown in Figure 21 to give an idea of the variety of
such features that is possible in pyribole structures.

In addition to the coherent types of zipper termination, there are
two types of incoherent termination possible, again simple and cooperative.
In simple incoherent terminations, a single zipper terminates, but in such
a way that the surrounding structure is disrupted or distorted. Figure 22
shows two examples of this phenomenon, one in which a triple-chain slab
terminates and becomes a double-chain slab by a dislocation mechanism,

and one in which the termination of an octuple-chain zipper results in
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bending of the silicate chains. Like noncooperative chain terminations,
simple incoherent zipper terminations are rare in some pyriboles, compared
to other termination types. Whittaker et ql. (1981) have shown, however,
that termination of (010) double-chain slabs can occur with some frequency
in grunerite (Fig. 23), along with other dislocations having burgers vec-
tors with components parallel to the g-axis, rather than the b-axis.
Simple incoherent terminations also appear to be reasonably abundant in

at least some uralites.

Cooperative incoherent zipper terminations involve two or more zip-
pers, the terminations of which are connected by planar faults in the host
structure. Figure 24 shows two examples of the cooperative termination
of a pair of zippers; the type of planar fault is different for the two
cases. The cooperative incoherent termination of three zippers is also
illustrated (Fig. 24c,d). With the apparent exception of the grunerite
asbestos described by Whittaker et al. (1981), most pyriboles with much
chain-width disorder appear to contain more of these cooperative termina-
tions than simple incoherent terminations, which necessarily require

substantial structural distortion.

Termination rules

Two geometrical rules that can be used to determine whether a ter-
mination will be coherent or incoherent were derived by Veblen and Buseck
(1980); an alternative derivation of these rules was presented by Whit-

taker et al. (198l). The two rules are as follows:

Rule #1 (the "subchain rule'). For structural coherence at a ter-
mination, there must be an equal number of subchains in a (010) pyribole
slab and in the material it replaces. (A pyroxene chain contains one
subchain, an amphibole chain has two, a triple chain three, and so on.)
A violation of this rule is shown in Figure 25a, where a slab of double-
chain pyribole (two subchains) replaces a slab that is three pyroxene
chains wide (three subchains). There is a gap in the structure that
would have to be taken up either by distortion around a partial disloca-
tion or by the formation of a planar fault. In contrast, in Figure 25b,
a triple-chain slab (three subchains) can coherently replace a slab of
pyroxene three chains wide (also three subchains) with no structural

distortion or planar faults.

220

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



EBSCOhost -

AIBBEE
bt
3
C
at
.
l!ll
I!'
umuats
15":_ )

3 a

Figure 24. Cooperative incoherent zipper terminations and their associated planar faults.
(a) A planar defect with projected displ % [o010] ing the terminations of triple

and quintuple zippers in anthophyllite.
% [100] connecting the termipations of two quadruple zippers.

(b) A planar defect with projected displacement

(c,d) Both types of planar

faults occurring together at the cooperative terminations of one quadruple and two triple
zippers. (Afcer Veblen and Buseck, 1980.)

¥ =

EQ /AN Eﬂ
E§§§ §§ﬁ§ =
=

ARl

s

LYERR SH

\w/a\wy

E E E E Figure 25. I-beam diagrams of zippers re-
E E g E placing pyroxene. (a) A zipper of amphibole
one chain wide cannot coherently replace a
E E g E slab of pyroxene three chains wide (note
the unfortunate gap that results). (b) A
E E E E triple-chain slab can coherently replace a
E E E E E slab of pyroxene three chains wide. (c) If
E E Z E E a double-chain zipper replaces a slab of
H E g E E pyroxene two chalns wide, a nonsensical
structure results. (d) A slab of amphibole
E E E g two chaing wide, however, can coherently
\w/a\w/ AW/ replace a slab of pyroxene four chains wide.

\w/a\w)
d

printed on 2/13/2023 5:05 AMvia .

m

Al use subject to https://ww. ebsco.conterns-of-use

HOE—ToF  HHE T,
B S B, B
XX EE%E% Egﬁéﬁéﬁg N SRCHOROH,

\w/

X
5t

7.



Rule #2 (the "odd-even rule"). TFor structural coherence at a ter—
mination, there must either be an even number of chains on both sides of
the termination, or there must be an odd number on both sides. Figure
25c shows a violation of this rule where a slab containing a double chain
and a single chain (two chains and hence an even number) turns into a
slab three pyroxene chains wide (three chains and hence odd). Although
the number of subchains is the same in both slabs (three), a nonsensical
structure results. The termination in Figure 25d, on the other hand, is
a "legal" coherent termination. Here, a slab two double chains wide (two
chains = even) turns into a slab that is four single chains wide (four
chains = even); since the number of chains is even in both cases, the
odd-even rule is obeyed. Likewise, the termination in Figure 25b is also
coherent, because an odd number of triple chains (one) turns into an odd
number of pyroxene single chains (three).

The zipper terminations of Figures 20-24 can also be used to illus~
trate the termination rules. For example, in Figure 20a,b, a sextuple
zipper one chain wide (six subchains, one chain = odd) replaces a slab
of amphibole structure three chains wide (six subchains, three chains =
odd); the reader can satisfy himself that the other simple terminations
of Figure 20 obey the rules. The cooperative terminations of Figure 21
are also in compliance. A slab that is two quadruple chains wide (eight
subchains, two chains = even) in Figure 2la turns into a slab of amphibole
four chains wide (again eight subchains, four chains = even). A more
complex case is shown in Figure 2le, where the chain sequence 3332423
(20 subchains, seven chains = odd) becomes the sequence 2432522 (also 20
subchains, seven chains = odd).

Similarly, observed incoherent terminations can be shown to violate
the coherent termination rules. In Figure 22a,b, a slab with the chain
sequence 232 turns into a slab of amphibole structure three chains wide;
although there is an odd number of chains in both cases, the sequence
232 has seven subchains, compared to only six in the sequence 222, and
structural distortion results because the subchain rule is broken. In
Figure 22c,d, an octuple-chain zipper one chain wide (eight subchains,
one chain = odd) turns into a slab of amphibole four chains wide (eight
subchains, four chains = even), thus violating the odd-even rule and

distorting the structure in the neighborhood of the termination.
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The incoherent terminations of Figure 24, which are associated with
planar displacive faults, likewise violate the rules for coherent ter-
mination. Thus, the observed structures of coherent and incoherent
terminations are consistent with those that are predicted by the

theoretically-derived rules for coherent zipper termination.

POLYSOMATIC REACTIONS IN BIOPYRIBOLES

Polysomatic reactions can be defined as reactions that turn one
polysome into another. In biopyriboles, any reaction that changes the
widths or sequences of the silicate chains, or that converts silicate
chains into sheets, is thus a polysomatic reaction. Such reactions have
long been recognized as important for pyribole mineralogy, starting with
the observation of Goldschmidt (1911) that uralites are pseudomorphs of
pyroxene that have been replaced by amphibole. Likewise, partial altera-
tion of pyroxenes to amphiboles, micas, and talc, as well as similar al-
teration of amphibole, can commonly be observed in hand specimen or with
a petrographic microscope. Recent work has shown that polysomatic reac-
tion of pyriboles, generally in the direction of increasing hydration,
is also a common feature on the scale observable with TEM methods. Much
of the current attention has been focussed on the mechanisms of poly-
somatic reactions and on the question of how wide-chain pyriboles and
pyriboles with chain-width disorder form (Veblen and Burnham, 1978b;
Veblen and Buseck, 1980, 1981; Nakajima and Ribbe, 1980; Cressey et al.,
1981).

Mechanisms of polysomatic reactions

In the broadest sense, polysomatic reaction mechanisms can be
separated into two categories: (1) bulk reaction mechanisms,
in which transformation occurs along a broad reaction front; and (2)
lamellar and ledge mechanisms, in which reaction proceeds by the growth
of narrow lamellae of the product phase or by the migration of narrow
ledges in the interface between two phases. Mechanisms of the first type
are roughly analogous to the massive transformation mechanisms that have
long been recognized by metallurgists (Christian, 1965), except that
structural transformation must also be accompanied by diffusion in the

case of polysomatic reactions. Mechanisms of the second type are in many

223

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



ways analogous to the mechanisms that operate in the nucleation and growth
of exsolution lamellae in some silicates (Champness and Lorimer, 1976).

Replacement by a bulk reaction mechanism is apparently the primary
mode of formation of uralites (Veblen and Buseck, 1981). Figure 26 shows
the interface between amphibole and remnant pyroxene in such a specimen
that is almost entirely replaced; such interfaces need
not have any specific orientation with respect to the pyroxene and amphi-
bole structures, but the two structures are topotactically related so that
the pyroxene and amphibole crystallographic axes coincide, as initially
noted by Goldschmidt (1911). This mechanism presumably involves nuclea-
tion of amphibole followed by migration of the interface, with diffusion
of water into and octahedrally-coordinated cations out of the structure
along the interface. The replacement of pyriboles by sheet silicates in
some cases may also occur by a bulk mechanism (Fig. 27);

Although bulk mechanisms may operate in many cases of polysomatic
reaction in biopyriboles, most electron microscopic observations have been
made on materials that have been replaced at least in part by lamellar or
ledge mechanisms. In the simplest form of lamellar reaction, a zipper of
material having a different chain sequence from that of the host nucleates
and grows. For example, sextuple-chaln zippers, such as those shown in
Figure 20, may nucleate and grow into the amphibole structure. Likewise,
lamellae more than one chain wide can nucleate and grow cooperatively.

In many of the partially-reacted pyriboles that have been studied, most
of the nucleation events apparently obey the rules for coherent termina-
tion set forth in the last section, leading to lamellae that terminate
coherently. It is, of course, possible for nucleation events that do
not obey the rules to occur, leading to the growth of incoherently ter-
minating zippers of either the simple (Fig. 22) or cooperative (Fig. 24)
types. In the latter case, growth must involve not only the formation of
the zippers, but also the dissolution and recrystallization of the
material between them along the displacive planar faults. For example,
the two triple zippers and quadruple zipper in Figure 24c,d could all
grow cooperatively, but only by the reconstruction of the anthophyllite
along the two planar faults connecting the zippers. The portionm of the
reaction taking place along these displacive faults could be classified

as having a bulk mechanism that is analogous to the massive, non-diffusional
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Figure 26 (to the left). Amphibole replacing
pyroxene in a uralite by a bulk mechanism
along a reaction front; this is a crystallo-
graphically oriented reaction. The amphibole-
pyroxene interface in this case is inclined
to the viewing direction (the c-axis), re-
sulting in moiré constrast where the two
structures overlap. (After Veblen and Buseck,
1981.)

Figure 27 (below). Anthophyllite that has
been partially replaced by tale via a bulk
mechanism. In this case, the reaction is
oriented. (a) Overview of the talc-amphi-
bole interface. (b,c,d) Detailed views of
the talc-amphibole interfaces oriented
parallel to (010), (210), and (100) of the
anthophyllite, respectively. (After Veblen
and Buseck, 1980.)
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reactions that are common in metals (Christian, 1965), in that it re-
quires complete reconstruction of the structure along a reaction front.

It is also possible that chain-width ordering and disordering reac-
tions could occur by the migration of displacive planar faults, without
any compositional changes occurring. A possible example of such a reac-
tion is shown in Figure 28, where perfectly ordered chesterite on the top
is separated from disordered pyribole on the bottom by an en echelon
series of planar faults. Although it is disordered, the material on the
right-hand two-thirds of the figure 1s stoichiometrically identical to
chesterite. Migration of the planar faults toward the bottom of the
figure would thus constitute an ordering reaction, since it would result
in the replacement of disordered pyribole by ordered chesterite. It has
been proposed that the replacement of amphibole by chesterite and jimthomp-
sonite may take place by the nucleation and growth of wide-chain zip-
pers, followed by such ordering reactions involving the migration of
displacive planar faults (Veblen and Buseck, 1980).

Once a narrow lamella of pyribole having a different chain width
from that of the host has formed, it is possible for the lamella to widen
by the nucleation and migration of growth ledges. An example of such a
ledge is shown in Figure 29, which is from an orthopyroxene that has been
partially replaced by narrow amphibole lamellae. The amphibole ledge in
this case is two chains wide, and migration of the ledge causes the re-
placement of a slab of pyroxene structure four chains wide. Because such
ledges are simply a special case of zipper termination, in most cases
they obey the termination rules outlined above, although amphibole ledges
that are one chain wide and are combined with misfit dislocations have
also been reported (Veblen and Buseck, 1981).

As noted above, the replacement of pyriboles by micas and talc in
some cases may proceed by a bulk replacement mechanism, but in cases
where there is a topotactic relationship between the two structures,
reaction by ledge mechanisms can also occur. An example of ledges in
the interface between talc and chesterite is shown in Figure 30. Migra-
tion of the ledges toward the bottom of the figure would result in re-
placement of part of the chain silicate by talc. In this case, ¢* of the
talc is approximately parallel to a* of the pyribole, and the interface

is parallel to pyribole (010), but growth ledges have also been observed
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Figure 28, Structurally ordered chesterite, top, separated §*"chesterite having chain-width
disorder (bottom) by a series of planar faults. Groups of dou.ﬁla and triple chains are {ndi-
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Figure 29. (a) HRTEM image of an amphibole lamella in an orthopyroxene. There 1s a growth
ledge (arrowed) in the lamella that is two amphibole chains wide. The lamella is eight
amphibole chains wide below the ledge and ten chains wide above it, (b) I-beam model of such
a ledge, showing that a ledge two amphibole chains wide can coherently terminate and replace
pyroxene structure four chains wide.
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Figure 30. Growth ledges (arrowed) in an oriented interface between a
talc lamella and chesterite. The straight, black lime in the talc is for
reference, showing that the talc layers are bent. (After Veblen and
Buseck, 1980.)

for other orientation relationships and interface orientatioms between
sheet and chain silicates (Veblen and Buseck, 1980).

Kinetics of polysomatic reactions

At the present time, experimental data that give some indication of
the rates of polysomatic reactions in biopyriboles are extremely limited.
TEM observations of experimental run products indicate that anthophyllite
reacts to talc by a dissolution-precipitation mechanism, rather than a
solid-state mechanism, when placed far enough into the talc stability
field to achieve reasonable reaction rates (Veblen, 1982)., Observations
on natural anthophyllites suggest, in fact, that in the 600-700°C range,
a slow metamorphic cooling rate is a prerequisite for an appreciable de-
gree of reaction to chesterite, jimthompsonite, and talc via the lamellar
mechanisms outlined above. On the other hand, the presence of amphibole
lamellae in the pyroxenes of plutonic igneous rocks (Smith, 1977; Veblen
and Buseck, 198l) indicates that at least limited lamellar reaction can
occur at more rapid cooling rates under autometamorphic conditioms.
Similarly, the extensive degree of reaction from pyroxene to amphibole
that is commonly exhibited by uralites in skarns and gabbros suggests
that polysomatic reaction by bulk mechanisms can be a relatively rapid
process under appropriate conditions.

Unlike polymorphic reactions, which require only reconstruction or
distortion of the crystal structure, polysomatic reactions require

chemical transport to occur together with reconstruction, because
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polysomatic reactions involve a change in stoichiometry. This require-
ment for chemical diffusion in polysomatic reactions precludes the rapid
reaction rates that are observed in many polymorphic reactions. Indeed,
the extremely sluggish rates of diffusion in most silicates at metamorphic
temperatures raise the question of how solid-state reaction involving
chemical change occurs to the degree that is observed. The answer prob-
ably lies in the mechanisms of diffusion that operate in polysomatic
reactions.

The diffusion coefficients that are usually used for solids, and
the ones to which most geologists and mineralogists are accustomed, are
measures of the average transport properties of a crystal structure; for
most silicates, in which diffusion apparently occurs primarily by a
vacancy-hopping mechanism, this average diffusion rate is very slow.

In contrast to most silicates, some materials exhibit '"ultrafast" or
"pipe" diffusion, which occurs by the rapid motion of atoms or ions along
structural tunnels (Peterson, 1968). Examples of such ultrafast diffu-
sion include the transport of copper along tunnels in the tetragonal tin
structure (Dyson et al., 1967), the diffusion that occurs in some solid
ionic conductors, and the diffusion of ions and molecules in zeolites.
Such interstitial diffusion processes can occur on time scales of seconds.
Similarly, it has recently been shown that there is very rapid diffusion
of oxygen along dislocation cores in albite, with the pipe diffusion co-
efficient exceeding that for the non-defective feldspar structure by
several orders of magnitude (Yund et aZl., 1980).

It has been suggested that a similar case of localized ultrafast
diffusion may operate during lamellar polysomatic reactions in pyriboles
(Veblen and Buseck, 1980). As can be seen in Figures 20, 21, and 22, the
local structures at the terminations of zippers probably involve tunnels
where parts of I-beams are missing, owing to the mismatch of the two
structures. These tunnels are very large compared to the sizes of the
ions that must diffuse during polysomatic reactions in pyriboles, and
they are also large compared to the tunnels of many zeolites that exhibit
extremely rapid ion exchange properties even at room temperature. Like-
wise, as can be seen in Figures 25 and 29, the terminations of polysomatic
lamellae in pyroxenes also involve relatively large structural tunnels.

Diffusion along these tunnels presumably proceeds by an interstitial
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mechanism and is therefore likely to be far more rapid than diffusion in
more normal parts of the pyribole structures. Therefore, in the growth
of polysomatic lamellae, there may be ultrafast diffusion localized along
the line at which the reaction is actually taking place, and the neces-
sity of transporting hydrogen and octahedral cations in and out of the
reacting structure may not impose as great a kinetic barrier as would be
implied by the diffusion coefficients of the bulk structures. Of course,
transport of this sort is restricted to the ¢ direction, and pyribole
crystals tend to be elongated in this direction, suggesting that trans-
port distances may be rather long; however, chemical communication with
the crystal's environment would probably be facilitated by rapid chemical
transport along fractures that cut the c-axis, which are commonly observed
petrographically in pyroxenes and amphiboles and have also been observed
with HRTEM (Fig. 18).

The cooperative growth of zippers that are connected by displacive
planar faults is slightly more complicated than the growth of lamellae
with no associated displacive faults. This can be seen by examining
Figure 24c,d and noting that in order for the triple and quadruple zippers
to grow into the amphibole structure, it is necessary to break up and re-
crystallize the amphibole that lies between the zippers. This recrystal-
lization process takes place along the displacive faults and requires no
long-range diffusion beyond that required for the formation of the wide-
chain material. As noted above, the mechanism of recrystallization of
the material between the zippers would be analogous to the massive trans-
formations known from metallurgy, in that there is no compositional change
of these regions, except that in this case the structure is replaced by
itself, rather than a new structure. Under appropriate conditions, such
massive transformations can occur very rapidly.

Also closely related to massive polymorphic transformations are the
polysomatic reactions that take place by a bulk mechanism along a reac-
tion front, as in the case of amphibole replacing pyroxene in uralites
(Fig. 26). The difference between these mechanisms again lies in the
requirement for diffusion of octahedral cations and hydrogen in pyribole
polysomatic reactions. In this case, the diffusion presumably takes
place along the structurally disordered interface between the two poly-

somes. The complete replacement of pyroxene by amphibole in many
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uralites implies that this bulk mechanism, which combines diffusion and
recrystallization, must be a very efficient process under certain con-

ditions.

Distinguishing primary growth microstructures from reaction

microstructures

It is clear from observations of triple and wider silicate chains
in the products of anthophyllite synthesis experiments that chain-width
errors in amphibole can form during primary growth of the crystals
(Veblen, 1982). It is also quite obvious from textures observable in
petrographic and electron microscopes that polysomatic reactions do occur
in biopyriboles and that they can produce chain-width disorder in pyroxenes,
amphiboles, and other pyriboles. It is therefore not a trivial matter to
distinguish chain-width errors that form during primary growth from those
that form subsequently by reaction.

In some cases, such as the nearly complete pseudomorphic replacement
of pyroxene by amphibole in some uralites, it is clear simply from the ex-
tent of reaction that the replacing phase formed by polysomatic reaction
(Veblen and Buseck, 1981). 1In most cases, however, more subtle textural
relationships are the only basis for distinguishing between growth and
reaction defects. In some cases, cross—cutting relationships among
chain-width errors and fractures can be used to show that chain-width
disorder arose after growth of the crystal (Veblen et al., 1977; Veblen
and Buseck, 1980; Cressey et al., 198l). Some fractures simply offset
recognizable sequences of chain-width errors, implying that the fractures
and the deformation that caused them postdate the formation of the chain-
width disorder (see Fig. 8 of Veblen and Buseck, 1980, for two obvious
examples). 1In other cases, chain-width errors clearly terminate at
fractures, as shown in Figure 31, demonstrating that the chain-width de~
fects formed after the fracture and hence after growth of the crystal;
this textural relationship constitutes clear evidence that chain-width
errors can form by polysomatic reaction. Similarly, the proximity of
terminating chain-width errors to grain boundaries and fractures can
demonstrate an alteration reaction mechanism for their formation (Veblen,

1980; Veblen and Buseck, 1981).
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Figure 31. Conventional bright-field TEM micrograph of anthophyllite, showing the relation=-
ships between two fractures and pumerous chain-width errors. The crystal was tilted out of
perfect ¢-axis orientation to enhance the contrast of the chain-width errors, which are the
dark lines running parallel to the trace of the ga-axds ("a"). Fracture A merely displaces

the chain-width errors by a small amount, indicating that the fracture formed after the chain-
width defects. Fracture B, T, terminates most of these chain-width errors, indicating
that the wide chains grew intoA thophyllite crystal after the formation of the fracture.

It has also been suggested by Cressey et gl. (198l) that triple-
chain defects in amphiboles do not form by reaction because they cannot
terminate coherently within the amphibole structure; all triple-chain
errors would thus be the result of primary growth. Cressey et agl. and
Whittaker (1981) discount the possibility of the cooperative growth of
incoherently-terminating zippers that are connected by planar displacive
faults because it requires the displacement of the amphibole structure
lying between the zippers, as discussed in the last sections. This is
probably not a valid argument, since this displacement can occur by a
simple massive mechanism that is known to be kinetically rapid in other
systems; the displacement of this material is also mechanistically little
different from simple recrystallization processes, which obviously occur
at geologically reasonable rates. Furthermore, there is textural evidence

in some specimens that cooperative growth does occur and that triple-chain
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defects can form subsequent to primary crystallization. For example, in-
coherent zippers terminating cooperatively in some cases are associated
with alteration along fractures and grain boundaries (see Fig. 22b of
Veblen and Buseck, 1980, and Fig. 1b of Veblen, 1980). 1In additionm,
triple-chain errors are commonly terminated by fractures, indicating that
they have formed by polysomatic reaction (Fig. 17, for example). This
does not mean that triple-chain errors do not form during primary growth
in nature, but simply that they can form by either growth or reaction

processes.

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

It has become clear during the last decade that the crystal chemistry
of the pyribole minerals is far more complicated than previously recog-
nized. In addition to the pyroxenes and amphiboles, there are other
groups of ordered pyriboles, and in some cases structural disorder in-
volving mixed silicate chain widths can be important. The range of be-
havior exhibited by pyriboles undergoing polysomatic reactions is quite
varied and can give rise to an extraordinary variety of microstructures.
Both x-ray and electron microscopic techniques have been applied to the
study of polysomatic variations by biopyriboles, but the work to date is
far from complete. The following are a few of the areas in which future
work should prove fruitful:

1. Chemical characterization by TEM microanalysis of "clinojim—
thompsonite" occurring in nephrite and augite. These may prove to be the
triple-chain analogs of actinolite and hornblende.

2. Synthesis and phase equilibrium experiments extending the work
on Na-Mg compositions to other chemical systems. Careful work is needed
to determine whether or not the clinojimthompsonite structure has a true
field of stability at low temperatures in the Na-Mg system. Synthesis
of this material as crystals suitable for x-ray structure refinement
would also extend our understanding of pyribole crystal chemistry.

3. Kinetic experiments, particularly on pyroxenes, to determine
rates of hydration reactions under different conditions of temperature
and water pressure.

4. X-ray and TEM studies of many more specimens from a range of

geological environments to determine how widespread polysomatic variations
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are in pyroxenes and amphiboles. This is petrologically important, be-
cause polysomatic variatiomns can significantly affect the geochemical
behavior of pyriboles.

5. TEM examination of amphibole synthesis and phase equilibrium
run products, especially those grown or equilibrated at relatively low
temperatures, to determine whether such products really are amphiboles

in all cases and to ascertain the state of chain-width order or disorder.
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Chapter 5
AMPHIBOLE ASBESTOS MINERALOGY
Tibor Zoltai

INTRODUCTION

Asbestos is one of the most desirable industrial minerals. This
is because it possesses an unusual combination of exploitable properties,
such as long fibrous shape, high strength and flexibility, low thermal
and electric conductivity, high adsorbency, high chemical and mechanical
durability, and relative incombustibility. Ironically, the industrially
desirable physical properties of asbestos also appear to be responsible
for a highly undesirable property, carcinogenicity.

Initially, asbestos was the name of a mineral (Zoltai, 1978). Today
it is a commercial term applied to fibrous minerals utilized in indus-
trial processes. The corresponding mineralogical term, asbestiform habit,
specifies a unique crystallization habit. When minerals crystallize in
this habit, they develop some or all of the industrially desirable prop-
erties of asbestos. Only a few minerals are known to both crystallize
with this habit in large quantities and possess all the properties of
commercial asbestos. There are also a significant number of other
minerals which may crystallize in the asbestiform habit and possess all
the properties of asbestos, but are not available in sufficient concen-
tration or quantity for industrial exploitation. Some are available in
sufficient quantity, possess all the properties of commercial asbestos,
but exist only in shorter fibers which cannot be used commercially as
asbestos. They may have other industrial applications, however. For
example, palygorskite (also known as attapulgite) is one of the few
minerals which is almost unknown in other than asbestiform habit
(Marshall et al., 1942; Huggins et al., 1962). Palygorskite's property
of high absorbance (ten times greater than that of kaolinite) makes it
an excellent ingredient in cosmetics, dietary food supplements, and cer-
tain drugs (Walker et gl., 1981). The asbestiform fibers of palygor-
skite are not mineralogically different from the fibers of commercial
asbestos.

It is most unfortunate, however, that health scientists and regu-
latory agencles have adopted the commercial definition of asbestos rather
than the mineralogical one. Consequently, all particles of the five

known commercial asbestos minerals are considered to be asbestos, pro-
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vided that they have elongated shapes (with an aspect ratio of 3 to 1
or greater), regardless of their asbestiform crystallization. Due to
this misconception, asbestiform fibers of other minerals are neglected,

and their potential carcinogenic properties have not been investigated.

FIBROUS AND ASBESTIFORM HABITS

These terms, fibrous and asbestiform, are'not synonymous: a mineral
is said to have crystallized with a fibrous habit if it gives the appear-
ance of being composed of fibers, whether the mineral actually contains
separable fibers or not. On the other hand, the term asbestiform is more
restricted: the mineral must resemble asbestos. Although this resem-
blance was limited to visual observation in the past, it implied the
presence of asbestos properties by virtue of the fact that the character-
istic appearance of asbestos is a consequence of its unique properties.
These are (1) hair-like elongated shape resembling organic fibers. Their
cross sections may be polygonal, circular, or irregular, and their faces
are exceptionally smooth and may display unusual adamantine or silky
luster. (2) The asbestiform fibers are stronger, more flexible and
usually more durable than the same mineral crystallized in other habits.
The development of these physical properties is gradational, but they
are always well developed in high-quality commercial asbestos. The
strength of well-developed asbestiform fibers may be as much as 50 times
higher than that of single crystals of the same minerals. (3) The
fibers usually crystallize in bundles of easily separable fibers and/or
fibers which are composed of smaller diameter fibrils. Asbestiform
fibers of various qualities may occur in different habits of crystal

aggregation. The columnar habit is the most common.

The columnar growth habit

Most commercial asbestos crystallizes in colummnar aggregation.

Fibers are found in parallel, columnar arrangement in veins of differing
widths. TFibers perpendicular to the wall of the velns are referred to
as cross fibers. Inclined fibers are called slip fibers.

The common commercial asbestos minerals are chrysotile, anthophyllite,
riebeckite, actinolite-tremolite, and cummingtonite-grunerite. Chrysotile
is a serpentine in which the layered structure is curled up to form
tubular or scroll-like patterns. Because of the unusual structural

pattern, this asbestiform serpentine is considered a distinct mineral,

238

- printed on 2/13/2023 5:05 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



called chrysotile., The other commercial asbestos minerals are all amphi-
boles. The asbestiform variety of riebeckite has the varietal name
crocidolite. Historically, crocidolite is the only asbestiform amphi-
bole which has a valid varietal name, because it was known by that name
before the parent mineral riebeckite was discovered. The identify of

the two minerals was not firmly established until the crystal structure
of crocidolite was determined by Whittaker (1949). The name amosite was
introduced as a new mineral name (Hall, 1918) for a mineral occurring in
major asbestos deposits in South Africa. Rabbitt (1948) demonstrated
that "amosite" 1s not a distinct mineral but is a mixture of asbesti-
form varieties of actinolite-tremolite and cummingtonite-grunerite.

He proposed that the name "amosite . . . should be restricted to commer-
cial use," and thus "amosite" was promptly discredited as a valid mineral
name (Fleischer, 1949).

In addition to the well-known commercial asbestos minerals, there
are many other minerals known to crystallize in the columnar asbesti-
form habit on occasion, and possess comparable asbestos properties.
Nuttal (1821) found some asbestiform brucite in New Jersey which he
named nemalite. He claimed that nemalite is difficult to identify be-

' Many other occurrences of

cause of its "asbestos-like appearance.’
asbestiform brucite have since been found. Chester (1877) identified

the asbestos he found in two-inch thick veins in Utah as copper-con-
taining sepiolite. Kauffman (1943) also reported on the occurrence of
sepiolite asbestos in Arizona. MacAdam (1886) gave the name of agalite

to asbestiform tale. Although most asbestos-like talc was later deter-
mined to be pseudomorphic after chrysotile, some occurrences were con-
firmed to be primary talc asbestos. Some eight-inch long asbestos

fibers found in Switzerland were identified as tourmaline by Dietrich

et al. (1966). Ten years later Tarnovskii et al. (1976) also found

some fine (1 pm diameter) and extremely flexible tourmaline asbestos

in pegmatites. The chrysotile-like structure of tubular halloysite has
long been known and has been repeatedly observed in electron micrographs
(e.g., Kohyama et al., 1978). Imogolite was also found to have similar
tubular structure (Cradwick et al., 1972). The good quality of paly-
gorskite asbestos was described by Huggins et al. (1962); they con-

cluded that asbestiform palygorskite would make good asbestos "if deposits
of economic size could be found." Good quality potassium~winchite as-

bestos from Texas was described recently by Wylie and Huggins (1980),
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A number of other minerals are also found in asbestiform habit.

Some of these have limited asbestos properties and are more brittle than
most commercial asbestos. Gruner (1946) makes references to asbestiform
or fibrous minnesotaite and stilpnomelane. Fibrous quartz is rare, but
not unknown (Braitsch, 1957; Frondel, 1978). Certain mieas were also
found to crystallize in fibers, and some of them display reasonably good
asbestos properties (Rutstein, 1979; Zoltai, 1979; Given et al., 1980).
Reutelspacher and van der Marel (1968) show several electron micrographs
of fibrous crystals of minerals which are usually not considered to be
fibrous. These include caleite, nontronite, hydromagnesite, and amesite
(not to be mistaken for discredited "amosite').

The development of asbestos properties by fibers is a gradual process.
Fibers in different stages of development possess different strengths and
flexibilities. Poorly developed amphibole asbestos, for example, is
usually referred to as '"brittle asbestos" or "byssolite." The latter is
the name introduced for poor-quality asbestos by Saussure in 1796.
Similarly, the tubular or scroll-like structure of chrysotile may only
be partially developed in some samples. This was illustrated by Veblen
and Buseck (1979a) in electron micrographs (Fig. la). Some serpentine
fibers have no obvious tubular or scroll-like structures and display
low-quality asbestos properties. Such serpentine fibers are frequently
referred to as picrolite. A special type of serpentine fibers, described
by Cressey and Zussman (1976), is composed of segments of plamar serpen~
tine layers (Fig. 1b); it is called "polygonal serpentine" or "Povlen

chrysotile."

The reticulated growth habit

In a reticulated growth habit, bundles of fibers of varying length
are interlaced to produce a layer of limited thickness, resembling the
texture of textiles. In these specimens asbestos is usually the only
component, although occasionally some crystals may be "caught" in the lace.
The layers of woven asbestos are strong and flexible, and go by varietal
names, such as "matted chrysotile" or '"mountain leather." In some cases
the interlaced asbestos structure is extended in the third dimension.

In such cases, it is called "mountain cork."
The fibers in the matted chrysotile of the Coalinga deposit, for

example, are of high quality and provide commercial ore (Mumpton and
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Figure 1. (a) Photograph taken by transmission electron microscope (TEM) of partially de-—
veloped chrysotile fibers grading into planar serpentine. (After Veblen and Buseck, 1979%a.)
(b) Polygonal serpentine fibers. (After Cressey and Zussman, 1976.)

Figure 2. (a) Transmission electron micrograph of the replica of a chrysotile matc. (After
Mumpton and Thompson, 1975.) (b) Scanning electrom micrograph of palygorskite "mountain
leather" from Templeton, Canada. (Photo by D. S. 0'Hanley.)
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Thompson, 1975). Figure 2a illustrates the attractive interlacing pat-
tern of fibers in the Coalinga matted chrysotile. The most common as-
bestos mineral in mountain leather is palygorskite, as that which was
first identified by Heddle in 1879 (he called this mineral pilolite --
it was later found to be identical with palygorskite). Sepiolite fibers
in mountain leather are relatively rare but not unknown (Caillere, 1936).
Actinolite-tremolite is more common (Fersmann, 1908), and according to
Frondel (1980) most mountain leathers found in marble shear zones are
actinolite~tremolite. Although chrysotile in the reticulated habit is
currently referred to as matted chrysotile, it was previously called

mountain leather (Fersmann, 1908; Caillere, 1936).

The radiated growth habit

In this habit acicular or fibrous crystals grow from what is ap-
parently a central point along the radial directions of a sphere.
Usually only a small segment of a sphere is represented by crystals,
and only a few are actually joined at the center. Most of the crystals
are shorter, start at a distance from the center, and fill the space
between the longer crystals. This is a relatively common aggregation
habit of minerals which have distinct chain structures. The crystals
are acicular, fibrous or asbestiform. Radiated asbestiform fibers of
cummingtonite-grunerite and of anthophyllite are relatively common.

In most cases, however, their asbestos properties are poorly developed.
Even the better developed fibers have low apparent tensile strength

caused by the separation of fibers along the shorter fibrils.

The massive-fibrous growth habit

In most cases the massive-fibrous growth habit may be considered
to be a special class of the radiated aggregation habit. This is because
the fibers in this habit are frequently in radiated pattern. However,
they may also contain fibers in straight and curved bundles. Both the
radiating groups and the bundles have random orientation and there is
some interlacing between the loose ends of fibers. The best example of
the massive-fibrous habit is the amphibole jade, nephrite (actinolite).
In macroscopic samples nephrite appears glassy and massive, but on a
microscopic scale it is fibrous. The fibrous texture of nephrite has

been observed by many investigators, and electron micrographs have been
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Figure 3. Photographs taken by scanning elec-
tron microscope (SEM) of (a) nephrite. (After
Bradt et al., 1973.) (b) Meerschaum from Norway.
(Photo by D. S. O'Hanley.) (c) Polarized light
micrograph of massive-fibrous minnesotaite from
the Mesabi Range, Minnesota. (Photo by T.
Sabelin.)

published (Bradt et al., 1973; Rowcliffe and Fruhauf, 1977). While the
fracture surface energies of silicates are on the order of 3,000-5,000
ergs/cmz, Bradt et al. (1973) found that the fracture surface energy of
high-quality nephrite is over 200,000 ergsfcmz. Figure 3a is a repro-
duction of their scanning electron microscope (SEM) photograph of nephrite.
(It should be noted that Bradt et gl. found that the crystals in jadeite
jade are not fibrous, and that its fracture surface energy is still over
100,000 ergs/cmz. The possible reason for the toughness of the non-
fibrous pyroxene jades will be discussed later in this paper.) The
apparent differences in the mechanical properties of different nephrites
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may be attributed to the differences in the texture and the quality of
asbestos properties of the fibrous components. The possible asbestiform
character of the fibers in nephrite is also supported by the observation
of chain-width and other defects characteristic of amphibole asbestos
fibers (Hutchison et al., 1976a; Mallinson et al., 1980).

The massive-fibrous habit is also found in other minerals, although
their jade-like properties are, in general, less spectacular. The
fibrous texture of meerschaum (sepiolite) has long been recognized be-
cause the fibers are usually large enough to be seen with a simple 10X
loupe (see Fig. 3b). Some glassy, massive varieties of serpentine, known

' may also contain some fibrous

as "bowenite" or "preclous serpentine,’
crystals. The similarity between nephrite and bowenite was recognized
by Bowen (1822), who referred to these minerals as "nephrite," but they
were later identified and named bowenite by Dana (1950). Caillére (1936)
made an extensive study of the serpentines and commented on the bowenite
as having a "texture compacte qui rappelle le jade, sans en avoir la

' More recently, in an electron microscopic study, Huggins (1962)

durete.'
compared the fibers of chrysotile with those in a massive serpentine.

He found that the major difference between the two is that in chrysotile
the fibers are long and parallel, and in the massive serpentine they are
shorter and the bundles are randomly oriented. The fibrous microstructure
of some chalcedony (Braitsch, 1957; Frondel, 1962) is again similar to

the characteristic texture of nephrite. The compact variety of minneso-
taite (Fig. 3c) approaches the toughness of jade and is composed of both

fibrous and curved platy crystals.

Isolated fiber growth habit

In the habits discussed thus far, the fibers are always small in
diameter and usually occur in bundles. Some individual fibers, dis-
seminated in rocks or grown in cavities, have comparable diameters.

Most of them, however, are thicker. Some of these thicker crystals may

be composed of smaller fibers or fibrils, but most are single crystals.

Fibers which are larger diameter single crystals are usually referred to
as "capillary" or "filamentary' crystals, instead of "fibers.'" Strictly
speaking, these larger single crystals are not asbestiform.

Most of the isolated small diameter asbestiform fibers are composed

of fibrils and possess the properties of commercial asbestos. Some
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mineralogists prefer to describe these isolated fibers as "'fibrous" in-
stead of asbestiform because they do not constitute commercial ore
(Trendall and Blockley, 1970). However, in some cases the concentration
of isolated fibers may be sufficient to justify mining, and then the
product is sold as asbestos (Mumpton and Thompson, 1976). Consequently,
this distinction does not appear to be a valid mineralogical criterion.
The term "fibrous' should be restricted to those fiber-sized crystals
which do not possess asbestiform properties.

Many minerals can be found in isolated growth habit. They may be
of fiber, capillary, or filamentary crystal dimensions. Their physical
propertiés, except for not aggregating in bundles, resemble those of
asbestos. Dana (1914), for example, described millerite as "brittle;
capillary crystals elastic.”" Individual fine crystals of wollastonite
were identified in a meteorite by Miyamoto et al. (1979). The diameter
of these crystals ranged between 0.5 and 5.0 um, and the authors re-

ferred to them as "whiskers."

Synthetic asbestos and whiskers

Most attempts to crystallize synthetic asbestos have involved am-
phiboles devoid of aluminum and with fluorine substituted for hydroxyl
(e.g., Shell et gl., 1958; Nadgornyl et al., 1965; Fedoseev et al., 1970).
These fibers were referred to as synthetic asbestos. Fibers of many other
inorganic compounds have been synthesized, but only a few were labeled
synthetic asbestos, e.g., the potassium-lead silicate fibers of Shell
et al. (1957). Most others are called "needle-like," "filamentary,'" or

' The difference between the

"hair-like" crystals, or simple "whiskers.'
terms "synthetic asbestos" and '"whiskers" is strictly semantic and arbi-
trary. Most synthetic whiskers have mineral equivalents (wurtzite,
sphalerite, halite, sylvite, fluorite, corundum, bromellite, zincite,
periclase, quartz, forsterite, etc.). Some are also known to have
asbestiform natural occurrences (e.g., wurtzite and brucite). It is
interesting to note that the whiskér possessing the highest strain rate
(11%) is synthetic forsterite (Sears, 1962).

The basic physical properties of whiskers are identical to those
of mineral asbestos fibers. Some whiskers may even grow in bundles.
The natural-synthetic correlation between whiskers and asbestos usually

is recognized by most investigators, inasmuch as they include asbestos
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in the list of whiskers, under the heading of "cleaving whiskers."
Several mineralogists have also accepted that relationship (Taber, 1916;
Frondel, 1978) and a more extensive account of the comparison is given

by Walker and Zoltai (1979).

THE UNIQUE STRUCTURE OF AMPHIBOLE ASBESTOS

The unique character of the physical properties of amphibole as-
bestos has long been recognized. Most evident is the conspicuous
property of easy separation of bundles into increasingly smaller fibers
and fibrils. This is in contrast to the higher stress required to cleave
single crystals into acicular cleavage fragments. However, the individual
asbestos fibers and acicular cleavage fragments are strikingly different.
The fibers are extremely strong and flexible, while the acicular cleavage
fragments are weak and brittle. Such conspicuous differences in proper-
ties obviously intrigued mineralogists.

Practically all amphibole asbestos, including monoclinic amphiboles,
displays orthorhombic optical properties. Under crossed Nicols the ex-
tinction of the fibers is parallel to the fiber axis. Peacock (1928)
in his classical study of amphibole asbestos described crocidolite, the
asbestiform variety of riebeckite, as "a monoclinic amphibole in which

" the asbestos mineral named

the extinction angle is zero" and "amosite,
by Hall (1918), as an orthorhombic amphibole. (It was later in 1948 that
Rabbitt demonstrated that "amosite" is a mixture of two monoclinic am-
phiboles.) This peculiar parallel extinction of the common monoclinic
amphibole asbestos (riebeckite, actinolite-tremolite, and cummingtonite-
grunerite) is a distinct property of these fibers and can be applied to
discriminate between their asbestiform and nonasbestiform varieties
(Wylie, 1979).

The apparent orthorhombic optics of -the asbestiform varieties of
monoclinic amphiboles imply that the fiber is composed of many crystals
whose chain directions are parallel but differently rotated about [001].
Supporting observations were obtained from single-crystal diffraction
patterns. Wylie (1979) found that the reciprocal lattice points in the
[001] zone of thin actinolite asbestos fibers form a continuous line in
Weissenberg patterns. Zoltai (1979) found the same effect in precession

photographs of thin (10 ym diameter) fibers of grunerite asbestos.
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The ((100)) twinning is not unknown in prismatic or acicular am-
phibole crystals. However, in monoclinic asbestos fibers, polysynthetic
twinning on the ((100)) plane is frequent, and the twin lamellae may be
very thin. In crocidolite and "amosite'" the lamellae can be as thin as
a few nanometers,while in some tremolite asbestos fibers twin planes are
almost non-existent (Chisholm, 1973; Whittaker, 1979). Stacking faults
on the (100) plane and planar faults on the (010) and (110) planes also
appear to be common in fibrous amphibole crystals (Chisholm, 1973, 1975;
Hutchison et al., 1976). Twinning and stacking faults may account for
the orthorhombic optical properties of monoclinic asbestos. A more
satisfactory explanation was offered by electron microscope observations
of the cross sections of brittle and flexible asbestos fibers. Appar-
ently, the fibers contain differently oriented single-crystal fibrils.
An excellent photograph taken by Alario Franco et al. (1977) is repro-
duced in Figure 4a. The different types of grain boundaries were
studied by Veblen (1980). Figure 4b shows one of these low-angle (99°)
boundaries observed in anthophyllite asbestos. A more complex boundary,
containing different chain-width defects, was described by Crawford
(1980) and is shown in Figure 4c. The presence of differently oriented
fibrils and of different types of boundaries between fibrils can account
fully for the observed optical and x~ray diffraction properties.

With the advent of the high~resolution electron microscope it became
possible to observe some of the minute details of the crystal structures
of minerals. Although some deviations from the known average crystal
structure were already accepted (like domain structures), the high-
resolution microscope offered unexpected variations (e.g., Buseck and
Iijima, 1974; Czank and Liebau, 1980). One of the most exciting details
was found in the crystal structures of pyroxenes, amphiboles and micas.
It was known that the I-beam units of the pyroxenes and amphiboles were
composed of similar chains of single and double tetrahedral width, and
that both were derivable from the layer structures of the talcs and micas
(or vice versa: see chapter by Veblen, this volume). It was not known,
however, that intermediate-width tetrahedral chains also exist. Using
x-ray diffraction followed by high-resolution electron microscopy, Veblen
et al. (1977), for example, found two new minerals which are composed of

triple tetrahedral chains (jimthompsonite) and of alternating double
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Figure 4. (a) Illustration of different crystallographic orientarions of crocidolite fibers
in a bundle. (After Alario Franco et al., 1977.) (b) Low-angle boundary between anthophyl-
lite fiberswith triple and quintuple chain-width defects. (After Veblen, 1%50.)
(c) A complex boundary pattern between crocidolite fibers. (After Crawford, 198C.)

and triple chains (chesterite). The discovery of these minerals and
observations on the intimate coexistence of micas, pyroxenes and amphi-
boles (Chisholm, 1975; Veblen and Buseck, 1979b, 1980) provided a strong
impetus for the recognition of the mineral group name of biopyriboles.
This name was introduced by Johanmnsen in 1911 and was revived by Thompson
in 1970 to emphasize the similarities of the mica (biotite), pyroxene,
and amphibole structures and their possible intermediates.

According to Thompson (1970), the structures of the minerals in
this group can be visualized as being composed of layer modules, parallel
to [010]; these structural relationships are described in the chapter by
Thompson, this volume. A slightly different approach is followed here,
using the mica modules of Thompson, which are the [010] single tetrahedral
chain bands in the tetrahedral (T) - octahedral (M) - tetrahedral (T)
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units in layered silicates. In line with the classification of layered
silicates, which possess di- or tri-octahedral layers and C interlayer
cations or vacancies, four types of layer modules can be recognized
(Fig. 5): the Di, Tri, DiC and TriC modules. The width of these modules
is one tetrahedral chain, and their height (¢) is four times the height
of an ideal polyhedral layer. These modules can be combined into com-
plete crystal structures with a vertical displacement between the
modules, T = nt; where »n may be 0, 1/2, or 3/4. When n is equal to
zero, the major layered silicates are produced. When # is equal to 1/2,
the pyroxene structures occur, and when 7 alternatingly equals 0 and 1/2
between subsequent modules the amphibole structures are built. The
sequence of 7n of 0 and 3/4 between modules produces palygorskite, and
the sequence 0, 0, and 3/4 gives the sepiolite structure. The layer

module constructions of the major biopyriboles are illustrated in Figure 6.

Structural defects in amphibole asbestos

The possible construction of the crystal structures of the biopyri-
bole minerals from basic layer modules is more important than a simple
descriptive scheme. It also illustrates a close genetic relationship
among these minerals. Although each layer module construction pattern
has a definite range of crystallization conditions, the differences be-
tween them may be relatively minor. Oversaturation, elevated temperature-
pressure conditions, and instability of these and other parameters can
cause structural faults, like the occasional incorporation of erroneous
layer module combinations, in the same way that post-~crystallization
reactions can. Genetically, such "chain-width" errors are comparable
to stacking errors in close-packed structures. Extremely rapid crystal-
lization may also result in the development of similar errors. Whiskers
under one-directional tension can grow almost instantaneously, and under
some conditions asbestos fibers may grow rapidly. One of these reasons
or a combination of some or all of them may be responsible for layer
module defects in amphibole asbestos, as well as for the coexistence and
structural continuity of different biopyribole minerals, such as those
described by Veblen (1980) in the anthophyllite occurrence at Pelham,
Massachusetts.

The existence of a certain type of planar defect in non-stoichio-

metric crystals was suggested by Wadsley (1955). These structural faults
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Di Tri DiC TriC
Figure 5. Illustratiom of the four basic layer modules of the biopyriboles. The tetra-
hedra are completely rotated so that the anions are in close-packed sheets. Di = diccta-
hedral, Tri = trioctahedral, € = interlayer cation. The second octahedra in Tri and TriC
modules are dotted. (Intermediate layer module, not shown, is }4Tri, intermediate between
Di and Tri; 4 indicates that one-half of the ¢ sites are vacant.)
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Figure 6., Illustration of the layer module construction of the major mineral groups of the
biopyriboles. Mote that in pyroxene a half Tri and a half C cation constitute the M-II
octahedra, and in amphibole two 3 cations make up the M-IV cation.
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are mistakes in the ordering of crystallographic shear planes and are
usually referred to as Wadsley defects. Chisholm (1973) observed the
streaking of the b* diffractions in amphibole fibers and interpreted
that as being due to the presence of faults in crystallographic shear
planes, that is, Wadsley defects (Fig. 7). Hutchison et gl. (1975,
1976b) published high-resolution electron microphotographs that clearly
identify Wadsley defects as triple-chain layers in the (010) plane.
Subsequently, the presence of triple-chain layer defects have been
observed in all the major amphibole asbestos fibers (crocidolite, antho-
phyllite, actinolite-tremolite and cummingtonite-grunerite) as well as
in the fibers of mephrite (Hutchison et al., 1976a; Jefferson et al.,
1978; Mallinson et al., 1980).

It has also been found that triple-chain defects may not be limited
to layers, but rather may be isolated or form different patterns of
grouping. Furthermore, quadruple-, quintuple- and sextuple-chains were
found in different asbestiform amphibole fibers (Hutchison et al.,
1976a,b; Mallinson et al., 1980). Even wider chains, up to more than
300 times the single chain width, were reported in the biopyriboles from
Chester (Veblen et al., 1977; Buseck and Veblen, 1978; Veblen and Buseck,
1979b, 1980). TFigure 8 illustrates quadruple and quintuple chain defects
in a matrix of a disordered double and triple chain structure (Veblen
and Buseck, 1979b).

In c-axis orientation, slabs of chain defects resemble "zippers.”
The various types of zipper terminations were surveyed by Veblen and
Buseck (1980). Most zippers appear to terminate coherently without other
coordinated defects; other terminations are accompanied by displacive
faults., Figure 9 shows a rather spectacular displacive termination.

An interesting termination pattern, resembling coupled edge dislocations
(Mallinson et al., 1980), is shown in Figure 10.

The observation of these unusual structural details in amphibole
asbestos fibers, combined with the apparent absence of the same features
in most non-fibrous amphibole crystals strongly implicates that they may
hold the secret to the unusual properties of amphibole asbestos. Chis-
holm (1975) postulated that '"the (010) Wadsley defects inhibit the
propagation of ((110)) cleavage cracks" and that they '"may also play a

part in accounting for the high strength ... the most important and
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An early TEM photograph

illuscrating Wadsley defeccs (#) in
"amosite". (After Hutchison et al.,
1974; as interpreted by Chisholm,

1975.)
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TEM photographs and the incerpretation of a displacive fault termination of
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"zippers" in a c-axis orientarien of anchophyllite. (After Veblen and Buseck

photograph of anthophyllite.
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Figure 10. TEM photograph and the ia-
terpretation of lonmgitudinal cermina-
tion of chain-width defects in a fiber
of nephrite. (After Mallinsom 2t al.,

1980.)

remarkable properties of asbestos." Veblen (1980) took a different
view. He states that "the primary mechanism for the formation of in-
dividual fibers must be the separation of the crystallites along grain
boundaries." However, he also believes that in some asbestos fibers
(from Chester, for example) "breakage along the (010) chain-width
errors and the (100) exsolution lamellae and stacking faults" is the
mechanism for the separation of fibers and fibrils; such breakage was
observed with TEM. Crawford (1980) found no indication for such
cleavage along (010). 1Instead, he observed cleavages along (100)
faults in crocidolites and found that all cleavages propagated in the
presence of (010) Wadsley defects without interference.

At this point it is not possible to connect chain-width defects
with the development of the asbestos properties. The existence of
wider chain defects would be expected to increase the surface energy
and require more force to complete the fracture along the normal ((110))
cleavage plane. Conversely, it is also conceivable that there is a
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significant concentration of stress around the misfit edges and longi-
tudinal terminations of the chain-width defects. Such stress concen-
trations could enhance the cleavage of fibers. The same stress con-
centrations, however, would also decrease the strength of the crystals.

Whittaker (1979) has expressed skepticism about the possible ex-
planation of the properties of asbestos fibers with the observed defects.
Instead, he suggests that '"The key to the problem is perhaps to be found
in the work of Cook and Gordon (1964)" who have demonstrated that the
strength of "cleaving whiskers" is increased through the longitudinal
propagation of cracks along the cleavage planes. Whittaker proposes
that an analogous situation may exist in fibers. The adhesion between
fibers and fibrils is weaker than the bonds within the crystals. Initial
cracks in the surface fibrils may be diverted to progress between and
along fibrils before they break across the internal fibrils.

The spiral growth of many types of whiskers around a central screw
dislocation has been demonstrated by Sears (1953) and by others, and has
been suggested for quartz fibers by Frondel (1978). The possible growth
of asbestos fibers around screw dislocations was raised by Walker and
Zoltai (1979), and was proposed as a possible mechanism responsible for
the unusual dissolution patterns observed in some amphibole asbestos
(Walker, 1981). Whittaker et al. (1981l) have interpreted structural
irregularities in some grunerite asbestos (''amosite") fibers as screw
dislocations with Burgers vectors having a %o component.

It has been generally accepted that the exceptionally high strength
of the whiskers is a consequence of their low surface defect density.

In the following section it will be shown that the surface structure of
a fiber must be different from its internal structure, that the surface
structure by itself or through the low density of surface defects may be
responsible for the strength and flexibility of the fibers, and that the
strength of the surface structure appears to affect the strength of all

fibers.

THE SURFACE STRUCTURE OF FIBERS

The bonding of atoms or ions on the surface must be different from

that inside the crystal. The bonding pattern inside the crystal extends
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in three dimensions. However, there are only two dimensions available
for the termination of the structure on the surface, and thus a dif-
ferent structural scheme has to be developed. In the early 1930's
crystallographers speculated on the possible patterns of surface struc-
tures. From their observation of the lower-than-theoretical strength
of crystals arose a concentrated study on defective surface structures
which could explain the weakness of the crystals. Mosaic, block, and
lineage structure concepts and the relevance of dislocations to crystal
strength were proposed. During the following decades, the importance
of these concepts have been amply demonstrated, and modern material
science is heavily dependent on their applicationms.

It is equally conceivable, however, that the surface structure is
not weaker, but stronger than the internal structure of the crystal.

In order to balance the incomplete bonds on the surface, some bond dis-
tances may become shorter and additional atoms or ions may be incor-
porated in the surface structure. Such modifications of bonding may
produce a layer of exceptionally strong surface. Surface structures

of asbestos or whisker fibers have not been investigated yet. How-
ever, the surface structures of other crystals have been studied by
LEED (Low Energy Electron Diffraction) and Auger electron spectroscopy.
Several features, such as shorter bond length, which may increase the
strength of the surface structure, have been observed. The composition
of the surface layer in small A1203 (corundum) crystals, for example,
was found to contain higher cation~-anion ratios. These ratios were
found to be as high as 2:1, giving the formula of as A120 (French and
Somorjai, 1970). Such an increase in the cation-anion ratio suggests
stronger cation-anion bonds. The possible existence of strong surface
structure was proposed by Griffith (2921), Orowan (1933), Weibull (1939),
and others, in reference to the explanation of the strength of glass
fibers and whiskers.

The increase in the strength of the surface structure can be aug-
mented by decreased surface defect density. This, of course, consti-
tutes an additional modification of the surface structure. The lower
density of surface defects was observed in whiskers by a relatively
large number of authors. More recently, Walker (1981) has shown that

the density of surface defects, as illustrated by the density of etch
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Figure 11. 1Illustration of the dis-
solution of a grunerite asbestos fiber
("amosite") in acids. This dissolution
pattern indicates that the surface

layer is more resistant to the acid than
the fiber's internal structure. (After
Walker, 1981.)

pits, is lower in amphibole asbestos than in cleavage fragments. He

also found that the extended dissolution of cleavage fragments proceeds
along cleavage planes and produces subsequently smaller acicular cleavage
fragments before the complete dissolution of the mineral. By contrast,
the dissolution of high quality asbestos fibers is initiated at the end
of the fiber and proceeds inward before the surface layer is dissolved.
This is illustrated by the initial development of inverted dissolution
cups at the end of the fiber and by partially developed cylindrical
structures, as shown in Figure 11.

The overall strength of an asbestos fiber is the composite of the
strength of the surface and the internal structure of the fiber. The
relative weight of the two strengths is proportional to the ratio of the
surface area and the volume of the fiber. That ratio increases as the
diameter of the fiber decreases.

The increasing strength of wires with decreasing diameter was first
observed by Karmarsch in 1859. 1In the following 125 years, over a hundred
similar observations were reported. Most of these studies were done on
glass fibers and on whiskers. Only two investigations (Nadgornyi et al.,
1965; Aveston, 1969) involved natural (chrysotile, crocidelite, and
anthophyllite) and synthetic (Mg-fluorichterite and Li-fluoramphibole)
asbestos fibers. These experiments suggested that the role of the sur-
face structure dominated the strength of both major types of asbestos,

chrysotile and amphiboles (Fig. 12).
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If we assume that the strong surface layer is only a couple of atoms
deep and is uniform throughout the fiber, the proportional significance
of the surface and the internal structure can be expressed by a simple

equation:

op =0, (1+ KAVS) (1)

where Og is the strength of the fiber, o is the internal strength of the
fiber, K is a constant expressing the increased strength of the surface
structure, As is the surface area and V the volume of the fiber per unit
length. It should be noted that the meaning of the internal strength in
this equation is not necessarily the strength of the internal structure,
but is a hypothetical value of strength where the internal and the sur-
face structures are in balance and the ultimate fracture may be initiated
anywhere in the fiber.

In the majority of the available strength-diameter measurements, the
internal strength of the fibers, 0y» is near the known '"bulk' strength of
the glass or the single crystal strength of the corresponding inorganic

compound or mineral, within a range of expected experimental error. These

fibers may be referred to as type S (single crystal strength). In some
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10,000 (2). The dots are the data from the synthetic
Li-fluoramphibole asbestos cooled at the rate

of 1.3°C per hour, and the solid line repre-
sents the linear regression of these points. The
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fibers the internal strength is significantly greater than the bulk or
single crystal strength and may be referred to as type X (extra strong).
As expected from their tubular or scroll-like structures, chrysotile
asbestos and graphite whiskers are in this category. 1In some other
fibers the internal strength is lower than the accepted bulk or single
crystal strength. Yet, the fibers become stronger through the effect
of the surface structure. These fibers may be classified as type W
(weak) .

Most fibers are either circular, square, or hexagonal in cross
section. They have the same surface area to volume ratio, provided that
D is elther the diameter of the circle, or is measured between parallel
faces of square or hexagonal cross section fibers. Accordingly, for

most fibers, equation (1) can be simplified to:

op = ci(l + K%) . (2)

The measurement of the ultimate strength of different diameter
fibers can be plotted into a graph format, such as the one shown in
Figure 13. The ordinate is the ultimate strength of the fiber (Uf), and
the reciprocal of the diameter (1/D) is the absissa. The Y intercept of

the linear regression of the data points gives the value of the internal
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Table 1. The parameters of the mechanical properties of natural and
synthetic asbestos fibers.

9y Projected ¢ Correlation Number of

Material Type kg/cm2 K k at D=ium coefficient points Reference
Chrysotile X 28,700 +2.1 +0.7 »106 0.68 30 Aveston (1969)
(from Canada}
Chrysotile W 2,450 +1.0 +0.1 127,000 0.88 11 Nadgornyi et al. {196
(from Bazhenovskii)
Crocidolite X 6,150 +0.6 - 22,100 0.77 28 Nadgornyi et al. (196
(from Africa)
Anthophyllite X 3,000 +1.5 - 21,000 0.81 N Nadgornyi. et al. (196!
(from Seysert)
Synthetic:
Mg-fluor-richterite S 2,950 +1.8 - 24,000 0.83 46 Nadgornyi et al. (196
Li-fluoramphibole S 1,650 +1.8 - 13,200 0.92 27 Nadgornyi et al. (196
(cooling 10°C/hour)
Li-fluoramphibole S 2,150 +3.9 - 35,000 0.92 23 Nadgornyi et al. (196

(cooling 1.3°C/hour)

strength (ci), and K can be calculated from the slope of linear regres-
sion line as:
¢
f
Qg— -1 . (3)
i

Nadgornyi et al. (1965) measured the diameter dependent strength of

K =

] =)

crocidolite from South Africa and anthophyllite from Seysert, Russia,
and synthetic asbestos, Including Mg-fluor-richterite and an Li-fluor-
amphibole. The fiber parameters (Oi and K) as calculated from their
data are given in Table 1. The correlation coefficients (Pearson Moments)
of the regression lines are reasonably good. The internal strengths of
the fibers are essentlally within the range of the expected single-crystal
strength of amphiboles. The only apparent exception is crocidolite, which
has more than double the internal strength of the others. Although the
number of strength-diameter measurements provided by Nadgornyl et al.
are insufficient to justify firm conclusions, it is interesting to note
that this high internal strength of crocidolite is in accord with the
generally accepted opinion that crocidolite is the strongest amphibole
asbestos. The higher internal strength of crocidolite also appears to
be in accord with the observed lower density of chain-width defects in
crocidolite than in anthophyllite and grunerite asbestos (Whittaker,
1979).

Equation (1) cannot be satisfactorily used for a large number of

whiskers as the calculation gives negative internal strengths. Such is the
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the exponential fit of equation (4) giving
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-5, 000 N — of these whiskers.

reciprocal fiber diameter um
case of the Cu6Sn5 whiskers shown in Figure 14 (Davies, 1964). 1In these
fibers the relative weight of the strength of the surface structure in-
creases more rapidly with decreasing diameter than that allowed by the
surface area to volume ratio at any value of K.

In the derivation of equation (1), the strong surface structure was
assumed to have practically no depth. With that assumption, the relative
weight of the surface strength was related to the surface area of the
fiber, rather than to the volume of the surface layer. There are several
other possibilities: (a) It is conceivable that the stronger bonds of
the surface structure may extend deep into the fiber, through the de-
creased length of the more distant bonds. (b) It is also possible that
the small growth steps on the longitudinal surfaces as observed in some
fibers become shallower with decreasing fiber diameter, and the stress
concentration around the steps diminishes. This theory was introduced
by Friedel in 1962 and Marsh in 1963 in order to explain the diameter-
strength effect. (c) The increased weight of the surface strength in

some fibers may also be explained by an indirect effect of axial cleavage.

Figure 15. Illustration of the diversion of an initial
crack by the axial cleavage of a "cleaving whisker'.
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Cook and Gordon proposed in 1964 that the propagation of surface cracks
may be diverted by the axial cleavage in the so-called "cleaving whisk-
ers.'" Figure 15 illustrates how an initial crack may be diverted after
the first layer.

The nature and the geometric expression of these three possible
causes for the increased effect of the surface structure are different.
However, they are similar in the sense that their individual or combined
effect on the fiber's strength can be expressed by an exponential factor,
k. This exponential factor, still proportional to the surface area to

volume ratio, can be added to equation (2):

4
4 l+k5

9 = 0, (1 +Kp) . (4)

With this equation the calculated internal strength of the Cu6Sn5 whiskers
becomes positive, with a magnitude that is comparable to the expected
single-crystal strength of this sulfide (Fig. 14). Davies (1964) ob-
served a relatively high density of surface steps in the Cu6Sn5 fibers,
and the value of Xk may be an expression of the effect of these steps.
The increasing strength of the chrysotile fibers with decreasing
diameter has long been known (Cosette and Delvaux, 1979). The strength-
diameter data of the Russian chrysotile (Nadgornyi et al., 1965) and the
similar data of the Canadian chrysotile (Aveston, 1969) gave unrealis-
tically low values for internal strength (e.g., 610 kg/cm2 for the Rus-
sian chrysotile) when analyzed with equation (1). However, when equa-
tion (4) was used more realistic values were obtained (Table 1). 1In
these fibers the constant k may be a consequence of the axial cleavage
of the fibers. The two sets of chrysotile fibers appear to have sig-
nificant differences in their mechanical properties. The internal
strength of the Canadian chrysotile appears to be 10 times higher than
that of the Russian. The higher internal strength of the Canadian
chrysotile appears to be more realistic, as the rolled-up structure of
the chrysotile is expected to increase the strength of the crystal.
It is, of course, possible that the chrysotile of Nadgornyi et al. was
of relatively poor quality. On the other hand, the scatter of the data
points of the Canadian chrysotile (Fig. 12) is much broader than that

of the Russian chrysotile. This may be due to differences in the
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Table 2. The parameters of the mechanical properties of selected whiskers
which have corresponding minerals.

oy, Projected or Correlation Number of
Material Type kg/cm? X X 2t D=lym coefficient points Reference

LiF X 4,250 +0.4 +0.2 19,000 0.60 32 Fridman and Shpunt (1963)
KCL S 120 +0.7 +0.3 2,250 0.7 22 Marsh (1963)

NaCl S 90 +0.3 - 200 0.23 11 Swald and Polanyi (1925)
NaCl 3 325 +0.6 +1.7 3,500 0.75 55 Gyulal (1954)

NaC1L s 450 +0.5 - 1,400 0.66 18 Marsh (1963)
NaCl 5 250 +0.9 +0.7 7,600 0.84 42 Gyulai et al. (1961)
(ceramic substrate)
NaCl S 170 +1.5 +0.7 60,000 0.84 27 Gyulai et al. (1961)
{foll substrate)

NaCl w 100 +2.9 +1.0 949,000 0.74 46 Gyulai et al. (1961)
(from aleohol solution)
Mg0 S koo +6.1 +1.7 »106 0.76 [ Wolff and Cockren (1965)
Zn0 S 5,800 +0.6 +0.3 10,400 0.73 27 Evans et al. (1964)
510, X 5,000 +7.1 - 147,000 .79 11 Reinkober (1931)
Aly03 S 5,600 +4.1 +1.2 106 0.76 36 Campbell (1970)
ALl;03 [100] fiber axis X 13,000 +2.1 - 123,000 0.70 46 Bayer and Cooper /1967)
Al304 X 19,000 +2.1 - 178,000 0.61 27 Mehan et al. (1965)
A1203 X 21,000 +1.5 - 144,000 0.46 35 Mehan and Feingold (1965)
41503 at 25°C X 26,500 +2.3 - 266,000 0.78 15 Brenner (1962)

41,03 at 1,1109C X 18,700 +2.5 - 205,000 0.66 28 Drenner (1962)

Alp03 at 1,5500C X 14,500 +0.7 - 57,000 0.66 12 Brenner (1962)

Alp0g at 2,030°C X 11,500 +0.5 - 36,000 0.20 10 Brenner (1982)

41,03 X 30,650 +2.5 - 341,000 0.62 32 Sutton (1970)

4103 {001] fiber axis X 35,000  +0.5 - 108,000 0.38 34 Bayer and Cooper (1967)
Alp03 X 36,000 +0.2 - 100,000 0.39 4o Mehan and Feingold (1966)
Alp04 X 38,000 +0.3 - 82,000 0.34 92 Mehan and Feingold ‘1967)
ALy03 X 39,500 +0.6 - 139,000 0.60 33 Soltis (19€7)

Alp03 X 45,500 +0.5 - 130,000 0.39 26 Herzog (Mehan and Herzog, 1970)
Alo03 X 49,500 +1.3 - 299,000 0.20 9 Cunningham (1960)

Alp03 X 58,000 +0.5 - 150,000 0.63 33 Relsey and Krock (1967)
41505 [001] fiber axis X 73,000 +0.3 - 166,000 0.66 29 Bokshtein et al. (1968)
41504 (1013 fiber axis X 79,000 +0.2 - 146,000 0.49 62 Bokshtein et al. (1968)
Alz05 £100] or [110]

fiber axis X 90,000 +0.2 - 164,000 0.47 38 Bokshtein et al. (1968)
A1,03 X 16,000  +3.7 1.2 »ob 0.89 40 Regester et al. (1967)

C Grafil A W 13,850 +0.9 - 64,000 0.31 1 Perry et al. (1971)

C Grafil HT (1,500°C} W 7,150 +2.6 +0.9 »106 0.80 98 Lamotte and Perry (1970)
C Grafil & S 24,000 - - 24,000 0.31 96 Nicoll and Ferry (1973)
€ Grafil HT s 23,000 +0.4 - 61,000 0.08 92 Nicoll and Perry (1973)
C Thornel SO W 5,250 +2.4 +0.8 »106 0.40 36 Jones and Duncan (1971)
C PAN precursor W 1,800 +i.6 +1.3 »106 0.4 36 Jones and Duncan (1971)
-same at 1,000-1,200°C 5 25,400 +0.2 +0.1 61,000 0.04 82 Jones (1971)
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experimental techniques. TFor example, Aveston did not employ a rigid
control on the length of the fibers. Further studies are needed before
this puzzling question can be resolved.

Unfortunately, the quantity of information available on the strength-
diameter relationships of asbestos fibers is limited to two publications.
The publications on whiskers are more numerous, and many of the whiskers
have mineralogical equivalents. The strength-diameter data of the latter
category of whiskers is listed in Table 2. (For a more detailed develop-
ment and discussion of the surface effect on the strength of fibers see
Zoltai, 1981.)

Fiber length and strength

The decreasing strength of fibers with increasing length, at con-
stant diameter, was also observed by many investigators. The first was
Reinkober (1931). Figure 16 illustrates the same relationship observed
in asbestos fibers (Zukowski and Gaze, 1959). These patterns are similar
to those obtained for the diameter dependence of the strength. However,
the strength-length relationship is not directly related to the diameter
of the fiber.

Two somewhat related explanations have been offered for this phenome-
non. One stipulates that longer fibers contain more short
fibrils, and that premature fracture will occur by pulling the fiber apart
along these shorter fibrils. The other explanation postulates that there
are occasional high concentrations of strength-reducing defects in the
fibers, and that they cause a rupture below the expected stress. These
defect concentrations are expected to be more frequent as the length of
the fiber increases. Both of these features act like '"weak links" in
the chain. If the distribution of shorter fibrils, defect concentrations,
or both, are uniform, their effect on the strength of increasingly longer
fibers can be statistically estimated (Tippett, 1925; Pierce, 1926;
Weibull, 1939). Moreton (1969), for example, found an excellent match
between the observed and calculated length-dependent strength pattern

in some carbon whiskers.
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Table 3. The mechanical properties of some polycrystalline materials
expressed in terms of fiber parameters.

9y Projected ¥y Correlation

Material Iype ‘kgin_\e * L3 a Lﬂ't:i_c_ﬂerlt Reference
Gold (2% Cu) wire s 1,750 +121 - 780,000 0.93 3 Karmarsch (1859)
Silver wire S 2,500 +79 - 800,000 0.95 5 Karmarsch (1859)
Steel wire s 6,750 +122 - over 106 0.96 5 Karmarsch (1859)
Zine wire s 1,25C  +50 - 250,000 0.97 L] Karmarsch (1359)
Zine wire W 320  +47 - 60,000 0.91 9 Greenwood and Quarrell (195%)
Zinc wire W 320 +1 - 18,00¢ 0.9 29 Petch (1954)
René 41 wire X 19,800  +5.9 - 500,000 0.98 7 Roberts (1961)
-sage annealed X 14,150 +1.7 - 110,600 0.94 6 Roberts (1961)
Steel wire (0.9% C) X 32,000  +7.8 - >106 0.99 4 Roberts (1961)
Tungsten wire b4 14,200 +3.6 - 210,000 0.96 27 Burwood-Smith {1970)
Molybdenum wire X 7,300 +91 - »106 0.99 5 Burwood-Smith (1970)
(0.5% Ti)
Niobium wire X 4,300 +400 - »106 0.95 3 Burwood-Smith (1970)
Iron ignot s 5,350 +3.3 - 76,000 9.97 26 Petch (1953)
Mild steel S 5,800 +2.7 - 68,000 0.96 30 Peteh (1953)
Cr-base allaoy s 2,500  +16 - 150,000 0.89 12 Havekotte et al. (1954
Cr-base alloy s 2,900 +28 - 325,000 0.99 10 Havekotte et al. (1954)
Martinsite 8650 X 15,000 +3.4 - 220,000 0.97 21 Grange (1966)
Martinsite 4340 X 13,500 +4.3 - 250,000 0.96 12 Grange (1966)
Bel W 300  +26 +5.3 b 0.97 S Hyde gt al. (1956)
41,03 s 1,650 +0.8 - 7,150 0.96 24 Spriggs and Vasilos (1963)
MgO (heat treated) s 1,600 +0.7 - 7,550 0.88 13 Spriggs and Vasiloa {1953)
MgQ (machined) S 1,000 +1.5 - 42,500 0.71 8 Spriggs and Vasilos (1963)

(Ultimate strength of wires is given as lower yvield siress. The ceramic materials used ire either nonporous or the data were
corrected for porosity. Strength of ceramics usually measured as transverse bending strength.}
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Fibers, crystals and fragments

In contrast to the strong surface structures of fibers, the sur-
faces of crystal fragments are expected to be weaker than the internal
structure, as they are artificial surfaces and contain various types
and sizes of defects introduced by the fracturing process. This argu-
ment holds for any fragment shape, including the acicular cleavage
fragments of amphibole crystals. Consequently, cleavage fragments of
.amphibole crystals should yield the opposite strength-diameter effect
than that observed in asbestos fibers. The strength of the fragments
should decrease with decreasing fiber diameter and should yield nega-
tive values for K (and/or for k).

Unfortunately, there is no data available for the strength-diameter
pattern of acicular amphibole cleavage fragments. (A project has been
initiated at the University of Minnesota under the sponsorship of the
U. S. Bureau of Mines, and some data are expected to be available
by late 1981.) Some indirectly applicable data are available, however.
Bartenev and Izmailova (1962) have investigated the mechanical properties
of different diameter amorphous aluminoborosilicate fibers. They found
that under normal conditions, the strength of the fibers increased with
decreasing fiber diameter (K = +0.01 and ci = 21,500 kg/cmz). After
aging and exposing the fibers to stresses of thermal treatment, the
diameter effect reversed its slope. The K value became negative (K =
-0.01), while the internal strength remained the same (21,500 kg/cmz).
The surfaces of natural wool are also exposed to external abusement, and
their surface structure is expected to become weaker. The reported
strength-diameter data of wool (Mathews' Textile Fibers, 1947) provide
such information. The calculated values of K are -2.0 and -0.7, for

imported (Australian and British) and domestic wool, respectively.

Polycrystalline wires and aggregates

The strength-diameter effect observed in single-crystal fibers is
demonstrated in polycrystalline wires as well. That is, most wires do
not fracture along grain boundaries, but break across the grains. The
effect of the strength of the surface structure of the grains appears

to be comparable to that of single-crystal fibers.
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Similar grain-size effects are observed in other polycrystalline
materials, like martinsites and hot-pressed ceramics. The fracture of
these materials also usually progresses across the grains, rather than
along grain boundaries. Their tensile or bending strengths increase
with decreasing grain size. That implies strongly that the surface
structure and/or the intergranular bond is stronger than the internal
strength of the single-crystal grains.

The cross sections of these polycrystalline substances resemble
the cross sections of bundles of fibers, where the diameter of the
grains corresponds to the diameter of the fibers. In this analogy the
combined strength of the surface structure and the intergranular bond
takes the role of the strength of the surface structure of fibers, and
their strength can be approximated by the equations derived for fibers..
Table 3 lists some of the avallable data on polycrystalline wires,
plates and blocks, with the mechanical parameters derived by using
equations (2) and (4). The validity of these calculations are, of
course, functions of the validity of the assumption made in their com-
parison with bundles of fibers. Further studies are needed to test the
merit of such comparison. Independent of the conclusions of such studies,
the basic concept of a relationship between the strength of the surface
and intergranular structure and the internal structure of the grains
appears to be correct.

The unusual strength of the amphibole jade, nephrite, can be ade-
quately explained by the strength of the fibers and their partial inter-
lacing. The strength of the pyroxene jade (e.g., jadeite jade) cannot
be explained by the same argument, because this jade does not contailn
fibers. It is composed of randomly-oriented prismatic or platy crystals
(Fig. 17). Bradt et al. (1973) assume that the random orientation of
the crystals and their cleavage planes may be responsible for the en-
hanced strength and toughness. It is also possible that the surface
structures of the crystals and/or the intercrystalline bonds between
the crystals may produce a strengthening effect. Strength measurements
on pyroxene jades having different grain sizes could clarify the rela-
tive role of the two proposed causes of increased strength. The enhanced
mechanical properties of nonfibrous, platy bowenites and quartzites, for

example, may also have similar causes.
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Figure 17. SEM photograph of the fracture
surface of a jadeite jade. (After Bradt
et al., 1973.)

ORIGIN OF ASBESTOS AND WHISKER FIBERS

The natural-synthetic identity of asbestos and whisker fibers can
be further enlightened by the comparison of the geological origin of
asbestos fibers and the laboratory conditions maintained in the crystal-
lization of whiskers. In the following, the respective origins of the
two types of fibers will be briefly described, discussed and compared.

Whisker growth

The various methods of whisker growth are all characterized by the
restrictive, one-directional growth of the crystals. This one-dimen-
sional growth is achieved by crystallization conditions which either
(1) forbid growth in other directions or (2) promote growth in only one
erystallographic direction, or both. 1In the first case, the conditions
can be produced by dense nucleation in one plane and free growth in a
direction perpendicular or inclined to that plane. Such conditions for
crystallization or recrystallization can exist in rocks, caused by strain
relaxation and consequent one-dimensional tension. The laboratory design
of such settings is rather difficult, however. It is simpler to design
conditions which promote growth in one direction. Consequently, most
whisker growth methods follow the second route of synthesis.

Whiskers can be crystallized both from solutions and from vapor,
provided that the conditions allow growth in one direction only. One

simple way to create such conditions is through restricted directional
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Figure 18, Illustratjon of the ever-present growth
step (and kinks) of a central screw dislocation
(Sc.A.). The direction of the growth is illustrated
by arrows. One effect of this spiral growth, a
twist in the fiber (Tw), can sometimes be observed.

supply of the material needed for growth. If a porous ceramic plate 1s
partially submerged in a saturated solution, for example, whiskers will
grow on the surface of the plate (Taber, 1916). This occurs by adding
new material to the base of the crystal from the supply coming through
the porous ceramic plate. Through capillary mechanisms the growth
material is transported to the tip of the whisker, where it can evaporate.
Whiskers may also be grown within a solution, provided, for example, that
the crystal is structurally anisotropic and the level of saturation,
temperature, and pressure conditions permit growth on one crystal face
but are below the level required for growth on other faces. The one-
dimensional growth of crystals from solution may also be caused by the
existence of a central screw dislocation that provides ever-present growth
steps and kinks on the face perpendicular to the screw axis (Fig. 18);
fibrous crystals can develop through spiral growth. Screw dislocations
are common in some types of whiskers (e.g., Eshelby, 1953; Sears, 1953;
Webb et al., 1957; Hamilton, 1960), and in some cases they are believed
to be the exclusive cause of whisker growth (Evans, 1972).

Whiskers are commonly grown by vapor-condensation methods. Substances
which will not decompose upon heating and can produce appreciable vapor
pressure below the melting temperature can grow as whiskers by a direct
evaporation-condensation process. The transportation of the source
material to the cooler growth zone in the container is achieved by effu-~
sion. In the case of other materials, a chemical reaction is involved to

lower the temperature of the process and to provide suitable transportation
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SILICON
VAPOR CRYSTAL

T Figure 19. Illustration of the uni-direc-
tional growth of a fiber by the VLS mecham~
ism. (After Wagner and Eillis, 1965.) The
vapor condenses on a gold seed () im the

~ cooler portion of the tube and initiates
the crystallization of the fiber. The con-
SILICON SUBSTRATE tinuous condensation of the vapor on the
(0) (b) tip of the fiber (b) provides the necessary
material for the growth of the crystal.

\l/ Au-si Liquio
ALLOY
<3

(B

agents (usually volatile oxides). Most refractory whiskers are grown by
this process, including aluminum oxides, silicon carbides and nitrides.
The chemical reaction provides a stable gaseous phase which can be trans-
ported to the growing whisker and supplies the material needed for growth.
Although the theoretical understanding of this process is still developing,
the so-called VLS (Vapor-Liquid-Solid) mechanism of Wagner and Ellis (1965)
is generally accepted. According to this theory, the vapor condenses on
a suitable substrate or around nucleation seeds (usually gold). The im-
purities evaporate from this initial drop of liquid as crystallization
proceeds (Fig. 19a). The subsequent crystallization of the whisker is
assured by the continuous condensation of the vapor at the tip of the
fiber (Fig. 19b). Whiskers grown by the VLS method usually do not have
a central screw dislocation, except when such dislocations are continua-
tions of the substrate surface (Evans, 1972).

Growth of fibers from solutions and by vapor-condensation requires
special conditions, a balanced coexistence of a number of factors. It
is conceivable that such conditions may exist in smaller, partially en-
closed geologic units. However, neither of these growth processes or
other less common whisker growth processes (like electrolysis) appear to
be applicable to the explanation of the origin of the major asbestos de-

posits.

Origin of asbestos

The method of whisker growth which seems to offer the most reasonable
comparison with the crystallization of major asbestos deposits is where
the unidirectional growth is caused by unidimensional tension. A brief

review of the geological environments of asbestos deposits indicates that
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all major asbestos deposits are closely associated with structural ac-
tivity which could produce unidirectional tension.

The overwhelming majority of commercial asbestos deposits contain
columnar cross and slip fiber veins. As early as 1895 Merrill recog-
nized ". . .the efficacy of pressure in the production of fibrous ser-
pentine. . . ." He proposed that the presence of shearing stress is
responsible for the crystallization of cross and slip fiber veins. Taber
(1916) postulated that '". . .the fibrous structure must [therefore] be
attributed to the circumstance that the material for growth was acces-=
sible only in one direction. . . ." Because of the columnar aggregation
of the fibers, ". . .crystal growth may be limited to the direction of
least pressure. . .'' from whence the material for growth was available.
According to Taber, the direction of "least pressure" was not related
to the strain in the rocks, but was caused by the unidimensional source
of growing materials. In fact, he states that the one-dimensional growth

of fibers in the veins made ". . .room for themselves by pushing apart the

' The force needed for "pushing the walls apart" was,

enclosing walls.'
accordingly, provided by the expansion of the crystallizing material.

On the other hand, Graham (1917) believes that the decrease in the volume
of the initial peridotite due to thermal contraction is greater than the
increase in the volume due to later serpentinization. Thus, conditions

of "differential pressure'" develop in the rock. Therefore, the conditions
are set for ". . .an expansive strain in one direction, which will deter-
mine the direction of elongation of the fibers."” Peacock (1928) recog-
nizes the possible importance of the "relief of pressure" as the

cause of fibrous crystallization. However, he maintains that the primary
cause of the fibrous growth is the ". . .control which boundary surfaces
exert on the orientation of the structure of fibrous minerals crystal-
lizing from solutions and gels."

Following these early studies, the relationship between unusual
stress conditions and asbestos crystallization became broadly accepted.
Vermaas (1952) concluded from his extensive studies of the South African
amphibole asbestos deposits that the asbestiform varieties, "amosite” and
crocidolite, are the stress habits of the corresponding minerals. Tren-
dall and Blockley (1970) surveyed the northwest Australian banded iron

formations and the associated amphibole asbestos deposits. They concluded
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that the crystallization of crocidolite is limited almost exclusively to
those locations in the folded rocks which were subjected to a "stress
reversal" process. In his review, Anhauser (1976) refers to chrysotile
as a "stress controlled” mineral and states: ''Systematic structural
studies in many asbestos deposits throughout the world have shown that
cross-fiber asbestos seams require tensional conditions, whereas slip
fibers are localized in planes along which shearing has taken place."
Dreyer and Robinson (1978) make comparable statements concerning the
crystallization of amphibole asbestos. They observed that '"the greatest
development of fiber occurs where two sets of folds intersect to form

' There does not seem to be any doubt among geologists

domes or basins.'
that the development of vein~type asbestos deposits require certain
stress—-related structural conditiomns.

Although the majority of commercial asbestos deposits contain the
fibers in veins, there are a few exceptions. Most of these deposits are
relatively insignificant. The chrysotile deposit at Coalinga, California,
however, is one of the important sources of asbestos in the United States
(Mumpton and Thompson, 1975). The fibers are found in various aggregates
and are of variable length and quality. They believe that the chrysotile
was transformed from nonasbestiform antigorite and lizardite as "a result
of intensive shearing that it [the rock] underwent during or after emplace-
ment." The rocks in the commercially important anthophyllite deposits in
Finland are also intensely deformed. [For a more detailed description of
the geology of the major asbestos deposits, see the chapter by M. Ross

(this volume) on the geological occurrence of amphibole asbestos.]

CONCLUSIONS

The crystal structures of amphibole asbestos fibers contain a variety
of structural aberrations which are either unique to this crystallization
habit, or that occur more frequently in fibers than in other crystals.

It is conceivable that further studies will relate a few of these struc-
tural defects with some of the properties of asbestos fibers. However,
the structural features observed so far fail to explain their total
physical properties.

A comparison of the properties of asbestos, whisker, and glass fibers

indicate that there is a basic similarity between their properties and
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that there may be a fundamental structural character common to all fibers.
This common character of fibers appears to be the exceptional strength of
their surface structures. The surface structure of a crystal must be
different from the internal structure of the crystal, as one dimension

of bonding 1s not available at the surface. It is conceivable that the
bonding of atoms in the surface layer of some crystals may be signifi-
cantly stronger than that of the basic internal structure of the crystal.
The unusual unidirectional growth of the fibers produces continuous and
consistent parallel surfaces, and this may represent the conditions needed
for the development of strong surface structures. The possible validity
of this theory is supported by the observation that the strength of fibers
increases with decreasing diameter, in proportion to the ratio of the sur-
face area (or the volume of the surface layer) to the volume of the fiber.
This observation appears to be valid even for fibers which contain tubular
or scroll-like structures. The stronger surface structure theory is fur-
ther supported by the apparently better quality of the surfaces of fibers
than of other crystals. This is demonstrated by the smoother and shinier
appearance of the fiber surfaces.

The hair-like shape and the strong surface structure of the fibers
develop during the unidirectional growth of the crystal. The conditions
for unidirectional growth can be provided by various methods. For the
development of major asbestos deposits the conditions are set by one~
dimensional tension. As the quality and the magnitude of the conditions
can be variable, the quality of the asbestos properties of the fibers can
also vary. Fine (cc. < 15 um in diameter) and well-developed (strong and
flexible) fibers, when crystallized in bundles, are referred to as as-
bestiform. Larger elongated crystals are called capillary, filamentary,
or acicular, instead of fiber.

In different deposits the conditions of crystallization may be dif-
ferent, and asbestiform fibers of the same mineral may exhibit different
degrees of asbestos properties (strength and flexibility). They may also
have different biological activities. Pott et al. (1974, 1976) and Palekar
et al. (1979) have demonstrated that cleavage fragments and asbestos fibers
of different qualities appear to have differences in the level of their
biological properties, including hemolitic activity, cytotoxicity, and

possibly carcinogenecity. Stanton and Layard (1979) concluded that "the
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carcinogenecity of asbestos is greatly reduced 1f asbestos is heated

sufficiently to increase its fragility," i.e., to destroy its asbestos

properties.
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Chapter 6

The GEOLOGIC OCCURRENCES and HEALTH HAZARDS
of AMPHIBOLE and SERPENTINE ASBESTOS

Malcolm Ross

INTRODUCTION

The problem

The widespread use of amphibole and serpentine asbestos1 by indus-
trial society has contributed greatly to human safety and convenience by
service in brake and clutch facings, electrical and heat insulation,
fire-proofing materials, cement water pipe, tiles, filters, packings,
construction materials, and many other products. Yet, while these very
tangible benefits were accruing to our society, some asbestos workers
were dying of asbestosis, lung cancer, and mesothelioma.

The hazards of certain forms of asbestos under certain conditions
have been so great that several countries have taken extraordinary ac-
tions to greatly reduce or even ban their use. Recent experiments with
animals demonstrate that the commercial asbestos minerals as well as
other fibrous materials can cause tumors to form when the fibrous parti-
cles are implanted within the pleura.2 These experiments have convinced
some health specialists that asbestos-related diseases can be caused by
many types of elongate particles; the mineral type, according to these

health specialists, is not the important factor in the etiology of

lAt present, the most widely used definition of asbestos by vari-
ous groups concerned with environmental health problems is from the no-
tice of proposed rule-making for "Occupational Exposure to Asbestos"
published in the Federal Register (Oct. 9, 1975, p. 47652, 47660) by the
U.S. Occupational Safety and Health Administration (OSHA). In this no-
tice, the naturally occurring amphibole minerals amosite, crocidolite,
anthophyllite, tremolite, and actinolite and the serpentine mineral
chrysotile are classified as asbestos if the individual crystallites or
crystal fragments have the following dimensions: length greater than 5
micrometers, maximum diameter less than 5 micrometers, and a length to
diameter ratio of 3 or greater. Any product containing any of these
minerals in this size range 1s also defined as asbestos.

2The lungs are invested by a double membrane, the two layers of
which form the closed pleural sac. For discussion of these animal experi-
ments see Stanton and Layard (1978) and Pott (1978).
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disease, but rather the size and shape of the particles which enter the
human body.

The question now before the United States health and regulatory
establishment is whether the hazards of asbestos outweigh the benefits.
Should the asbestos minerals and perhaps other asbestos-like minerals be
banned from use? Minerals belonging to the amphibole group are parti-
cularly important in this regard, for they are ubiquitous and commonly

have crystalline habits which are considered by some to be asbestos-like.
The dilemma

The concern for human health, the great usefulness of many asbestos
products, the appearance of asbestos minerals or asbestos-like minerals
in the natural background and in many kinds of mining operations, and the
uncertainty of the exact health effects of different kinds of minerals,
different mineral particle sizes, and different mineral dust concentra-
tions combine to present a formidable problem to minerals scientists, the
minerals industries, and legal and health professionals. Must the use of
all commercial asbestos be stopped? Must all mine dusts containing such
particles be controlled to the lowest feasible levels and wastes from
those mines be considered toxic and thus isolated from surrounding air
and water?

To obtain an insight so that we might intelligently address these
questions, I will review the role of asbestos in the world economy, past
and present, the important geological occurrences of commercial amphibole
and chrysotile asbestos, and the health hazards of asbestos use. As we
will see, the six asbestos minerals utilized in commerce are not identical
in crystal structure, chemical composition, abundance, and geologic
occurrence; nor do the different asbestos dusts have the same impact on
human health. Evidence will be presented to indicate that many of the
benefits obtainable from asbestos may be retained with minimal health
risk through utilization of the common chrysotile form of asbestos, pro-
vided that dust emissions are controlled to levels presently in force at
the mines and mills of Quebec. It would appear that, instead of treating
all asbestos minerals and other fibrous industrial and gangue minerals as
equally potent carcinogens, each mineral should be examined on its own
merits with regard to its usefulness to society and its potential to

cause disease.
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THE ASBESTOS MINERALS

Standard references published over the past 50 years usually list
six forms of asbestos; the amphibole varieties are amosite, crocidolite,
anthophyllite, tremolite, and actinolite, and the serpentine variety is
chrysotile. A detailed understanding of the chemistry and crystal
structures of these asbestos minerals postdates their discoveries; thus,
some of the older literature can be confusing with regard to mineral
identifications.

The commercial deposits of asbestos contain one of the following
minerals: chrysotile, MS3SiZOS(OH)4; amos;ie, (FeZZng)7818022(OH)2 (a

variety of grunerite); crocidolite, Naz(Fe ,Mg)3Fe ZSiSOZZ(OH)Z (a vari-

ety of riebeckite); '"fibrous'" anthophyllite, (Mg,Fe)7818022(OH2); and

"fibrous" tremolite and actinolite, Caz(Mg,Fe)SSi8022(OH)2. Tremolite
and actinolite are now, as they were in the past, of little economic

importance; anthophyllite is of little economic importance now. About
95 percent of the commercial asbestos now used in the United States is

chrysotile, of which about 90 percent is imported from Canada.

Amphibole asbestos

The crystal structures of the amphibole asbestos minerals are
composed of strips or ribbons of linked polyhedra, which join together
to form the three-dimensional crystal. The individual strips are com-
posed of three elements -- two double chains of linked (Si,Al)O4 tetra-
hedra that form a "sandwich" with a strip of linked Mg06, Fe06, or AlO6
octahedra. The structural relationship of the upper double tetrahedral
chain to the octahedral part of the strip is shown in Figure 1. The
three-dimensional arrangements of these strips or "I-beams" in ortho-
amphibole (anthophyllite) and in clinoamphibole (tremolite, amosite,
actinolite, and crocidolite) are shown in Figure 2. Complete reviews of
the amphibole crystal structures are given by Cameron and Papike (1979)
and Hawthorne, Chapter 1, this volume.

Amosite is the very rare asbestiform variety of grunerite,
(Fe,Mg)7518022(0H)2; the name is derived from the word Amosa -- an
acronym for the company '"Asbestos Mines of South Africa" (Hall, 1918,

p. 13-14). This valuable commercial asbestos, mined only in the Trans-

vaal Province of South Africa, was first discovered in 1907 in
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Figure 1. Structural relationship between the upper double
chain of linked (Si,A1)0; tetrahedra and the octahedral
part of the amphibole strip or "I-beam.” The circles rep-
resent Mg, Fe, or Al atoms in octahedral coordination; at
the apices of the polyhedra are oxygen atoms. Tetrahedral
S1 and Al atoms are not shown. The "I-beams" extend in-
finitely in a direction parallel to the c-axis (the fiber
axis). The width of the "I-beam" in the b-direction is
three octahedra. Modified from Papike and Ross (1970).

m.,.J Sy SR
- % ...a WEW

0 —-'——*4
——b——j cLINOAMPHIBOLE C ¥

Figure 2. Arrangement of the amphibole strips or "I~beams" in (A) orthoamphibole (space
group Pmma) and (B) clinoamphibole (space group C2/m). The "I-beams” are viewed end-on
(parallel to the fiber c-axis). The central portion of the "I~beam" is composed of
(Mg,Fe,Al)0g octahedra; the upper and lower portions are composed of double chains of
(51,410, tetrahedra. The I-beams are stacked in two ways: (1) ++... (clinoamphi-
bole), and (2) ++--... (orthoamphibole). Modified from Papike and Ross (1970).

Table 1. Chemical analyses and formulas of amphibole asbestos.

Amosite Croctdolite Anthophy111te
1. 2. 3. 4, 5. 6. 7. A,
sin; 49,70 51.30 50,90 50.70 52,00 55.65 52.R5 57.20
Ala03 0.40 nil il a7 nil 4.0n n.ia -
Fez03 0.03 0.90 16.85 18.30 16.05 13.01 18.55 0.3
Fel 39,70 35.50 20,50 17.50 17.65 3.84 14,94 10,12
Mn0 0.22 1.76 0.ns .08 trace trace trace -
Ma0 6.44 6.90 1.06 3.05 4.28 13.09 4.64 29.21
Ca0 1.04 0.95 1.45 1.3 l.‘Zﬂ 1.45 1.ny 1.02
K20 0,63 0.51 0.20 trace n,06 n.39 n.05 --
Kaz0 0.09 0,08 6.20 5.30 6.21 6.9 5.97 -
Hy0* 1.83 2.3 2,37 2.63 2.43 178 2.77 2.18
Ha0" 0.09 0.05 a.22 n.29 0.26 trace 0.22 0.28
€0z 0.09 _0.25 _0.20 .48 8.0 _trace _0.23 -
100,26 100,48 100,00 ™o, 18 100.23 100,12 101.47 100,14
NUMBER DF IONS ON BASIS OF N=22, OHs2
si 7.n9s] A.USS} 7.919} v.nu} 1.942} 7.79;} 7.927} 7.m}
1.973 nss 7,949 7,950 7.942 R.a00 7.959 7.84R
Al 0,075 -- - N2y - 0,20 0.032) -
Al - -~ - -- -- 0.45) - -
Fe3* 0,004 0,106 1.980] 2.125 1.844 1.3n 2.094 0.013
Fel* 5.217 4,662 2.678 2.259) 2.254 0.450) 1.874 1.6
Mn 0,030] n.23 n.007 0, 00R| - - .- X -
7.165 .94 7.072 .A93 7.119 7.166 6.923 7.296
Mg 1,525 1.615 0.247 n.m n.974 2.1 1.027 5.972]
Ca, 077 f.160 0.243 n.215 0,196 0.218 0.z 0.150]
K 128 0.102 n.nan - n,.m2 n.azn 0.010| -
Na 0.028; 0.015 1.R77 1.585 1.839 1.R75 1.736, --

1. Amosite, Penge, Transvaal, South Africa (Hodason, 1979)

2. Amosite, Meltevreden, Transvaal, South Africa (Hodason, 1979)

3. Crocidolite, Koeqs, Cape Province, South Africa (Hodgson, 1979)

4. Crocidolite, Kuruman, Cape Province, South Africa (Hodqson, 1979)

§. Crocidolite, Pomfret, Cape Province, South Africa {Hodgson, 1979)

6. Crocidolite, Cochabamba, Balivia (Hodason, 1979)

7. Crocidolfte, Hammersley Range, W. Australia sNodqsnn 1979; see also Trendall and Rlockley, 1970)
8. Anthophyl)ite, Paakkila, Finland (Hndasnn, 1979, see alsn Haapala, 1 936}
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Sekukuniland. Until relatively recently, its true relationship to
grunerite was not known. It is now clear (Hutchison et al., 1975;
Champness et al., 1976) that amosite and grunerite are the same mineral
species, having identical crystal structures and similar chemical com-~
positions. The chemical compositions of samples of amosite from the
important Penge and Weltevreden mining areas are given in Table 1.
Crocidolite is the asbestiform variety of riebeckite, ideally
Naz(Fe2+,Mg)3Fe3;SiBO22

in the Transvaal and Cape Provinces of South Africa, in the Hammersley

(OH)Z’ and has been mined in only four localities:

Range area of Western Australia, and in the Cochabamba area of Bolivia.
Only the South African mines are still active. Five chemical analyses of
crocidolite from three of these areas are given in Table 1.

The only other form of amphibole asbestos that has been mined com-
mercially on a significant scale is anthophyllite, (Mg,Fe)7Si8022(OH)2,
from the Paakkila area of East Finland, a chemical analysis of which is
given in Table 1.

There are numerous reports of minor occurrences of tremolite
asbestos, CazMgSSi (o] (0H)2, and relatively few reports of actinolite

822
asbestos, CaZ(Mg,Fe)SSi 0 (0H)2, occurrences. No mining of these

asbestos minerals on a 2i§§ificant scale has occurred, save perhaps some
of the early mining of tremolite asbestos in the Alps of northern Italy.
Much of the reported "tremolite asbestos™ from this area may have actu-
ally been chrysotile. Asbestiform hornblende has been reported (for

example, Shannon, 1926, p. 56-57; Hall, 1918, p. 97) but has not appar-

ently been used in commerce.

Chrysotile asbestos

Chrysotile, one of the three common polymorphs of serpentine
(lizardite, antigorite, and chrysotile), is generally fibrous, although
non-fibrous massive varieties are known. The structure of chrysotile
asbestos consists of double sheets, each double sheet being composed of
a layer of linked S:LO4
of linked MgOZ(OH)4 octahedra through the sharing of oxygen atoms. This

tetrahedra that is coordinated to a second layer
composite double sheet, due to a misfit between the SiO4 and MgOz(OH)4
layers, rolls up like a window shade to form long hollow tubes. The

diameters of the individual tubes are approximately 25 nm; the lengths
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vary from a few hundred to a few million nanometers. Chemical analyses
of chrysotile asbestos from four important mining localities are given

in Table 2.

ASBESTOS IN THE WORLD ECONOMY

Early beginnings

While the general use of asbestos in international commerce dates
only to the late 19th century, its utility in human culture goes back to
at least 2500 B.C. Archeological studies (Europaeus—ﬁyrapaa, 1930) show
that the inhabitants of the Lake Juojirvi region of East Finland knew
how to strengthen earthenware pots and cooking utensils with antho-
phyllite asbestos. This asbestos probably came from the same areas
where it was commercially exploited in recent times. According to
Huuskonen (1980; see also Europaeus Xyrapaﬂ, 1930; Noro, 1968), the use
of asbestos-strengthened ceramic wares began during the Stone Age and
continued throughout the Bronze Age and into the Iron Age. The use of
such utensils spread over a wide area of Finland, Scandinavia, and
Russia. The most important modern use of asbestos, to strengthen mate-
rials, was apparently also the first use -~ dating back several thousand
years.

Until recently, however, most other uses of asbestos were trivial;
its fabrication into such curiosities as cremation cloth (Pliny refers
to this as a rare and costly cloth -- linum vivum -~- the funeral dress
of kings), tablecloths (reputedly, Charlemagne, or according to some
writers, Charles V, astonished guests by throwing the cloth into fire and
later withdrawing it cleansed, but unconsumed), and lamp wicks (Plutarch
recorded that the vestal virgins used "perpetual" lamps). The fabrica-
tion of lamp wicks may have been a cottage industry during certain times
in history; Herodotus clearly documented use of such asbestos wicks in
the earlier Greek civilization. Even well into the last century, asbes-
tos could not be regarded as a product of commerce unless one includes
such endeavors as the small industry developed in Russia during the rule
of Peter the Great, where chrysotile asbestos from the Urals was used
for a ghort period in the production of textiles.

In the 1860's and 1870's the market for asbestos products rapidly
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changed, probably for three reasons: the need for insulation for the new
steam technology, the formation of an international trading company of
Italian and English entrepreneurs, and the reopening of the chrysotile
asbestos deposits of northern Italy and simultaneous exploitation of the
vast chrysotile resources in Quebec. The supply for the first time was

ample, and the market was ready.

The modern industry

The reopening of the asbestos deposits of northern Italy, deposits
which had previously been worked as far back as Roman times, serves to
mark the beginning of the modern asbestos industry. The Italian asbestos
was unusually silky and long fibered3 and thus readily woven into tex-
tiles. The shrouds and cloths of antiquity may have been made from this
asbestos.

By 1890 the modern asbestos industry was full blown, with hundreds
of applications being introduced (Jones, 1890); by the turn of the cen-
tury the large South African crocidolite deposits had been opened up, and
the Russian deposits in the Urals were once again producing in large
quantity. Within a few years, the amosite deposits of the Transvaal
would be exploited.

From the time of the first recorded use of asbestos by Stone Age
man to 1900, the total world production of all types of fiber was prob-
ably about 200,000 metric tonnes, certainly no more than 300,000 tonnes.
Of this, 150,000 tonnes came from Quebec. By 1980 over 100 million tonnes
of asbestos had been mined throughout the world; of this over 90 percent
was chrysotile and over 5 percent crocidolite and amosite. Total produc-
tion of anthophyllite asbestos to date is probably no more than 400,000
tonnes, 350,000 tonnes being produced by Finland alone. Production of
tremolite asbestos has been sporadic; it was mined in various parts of

the world for short periods of time. Total production to date for this

3Two samples of Italian asbestos on deposit at the U.S. National
Museum are both chrysotile. One, U.S.N.M. No. 73539, is from '"Piedmonte,"
Italy, and was acquired by the museum in 1900 from the Isaac Lea Collec-
tion.. The fibers in this sample are up to 120 cm long! The second sam-
ple, U.S.N.M. No., R3172 (Roebling Collection) is from Val Malenco,
Sondrio, Lombardia, Italy. Fibers are up to 15 cm long in this speci-
men.
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form of asbestos is probably no more than a few thousand tonnes. Com-
mercial exploitation of actinolite asbestos is practically unknown.

The world asbestos production for 1978 is given in Table 3. Russia
leads with 46.1 percent and Canada is second with 28.9 percent of the
world output. Both countries mine only chrysotile asbestos, and most of
the fiber comes from the Urals and Quebec. The third leading asbestos
producer is the Republic of South Africa (7.1 percent); the asbestos ore
consists of amosite, crocidolite, and chrysotile. These three countries
furnished 82.1 percent of the world's asbestos in 1978. The other coun-

tries listed in Table 3 produce mostly chrysotile.

Modern asbestos uses

As alluded to before, heat insulation was one of the most important
uses of asbestos during the early beginnings of the modern industry;
apparently the first application for this purpose was in 1866 (Bowles,
1937, p. 9). The principal uses of asbestos in the United States in
1978 in order of importance were as follows: 1in cement pipe (145,800
metric tomnes), in flooring products (122,400), in friction materials
(81,600), in roofing products (58,300), in asbestos cement sheet (29,200),
in coatings and compounds (29,100), in paper (29,100), in packings and
gaskets (23,300), and in insulation (14,300) (Clifton, 1979).

MAJOR GEOLOGICAL OCCURRENCES OF AMPHIBOLE ASBESTOS

There are many minerals, including the amphiboles and chrysotile,
that are described variously as fibrous, asbestiform, acicular, filiform,
and prismatic, terms which suggest an elongate habit. Although such
minerals are extremely common, in only relatively few places do they
obtain suitable physical and chemical properties to be valuable as com-
mercial asbestos. Locally, amphibole minerals may show an asbestiform
habit, for example in vein fillings and in areas of secondary alteration,
but usually they do not appear in sufficient quantity to be profitably
exploited.

Deposits of commercial asbestos are found in four types of rocks:
(1) banded ironstones (amosite and crocidolite), (2) alpine-type ultra-
mafic rocks, including ophiolites (anthophyllite, tremolite, and chryso-

tile), (3) stratiform ultramafic intrusions (tremolite and chrysotile),
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and (4) serpentinized limestone (chrysotile). Of these, the banded iron-
stones of South Africa and Western Australia and the alpine-type ultra-
mafic rocks of East Finland are or were the only major sources of amphi-

bole asbestos.

Amosite and crocidolite in ironstones of South Africa

The mining of amphibole asbestos is now essentially confined to
South Africa.4 The amosite and crocidolite asbestos occur in the banded
ironstones of the Transvaal Supergroup, a thick succession of Precam-
brian sediments (v 2200 m.y., Truswell, 1977, p. 42) with widespread
outcrops in the Transvaal and Cape Provinces and in southeastern
Botswana. The two asbestos producing localities are the Transvaal
Asbestos Field in the morth-central part of the Transvaal Province and
the Cape Asbestos Field in the northern Cape. At present about 200,000

tonnes of amphibole asbestos are produced yearly from these two fields.

Transvaal Asbestos Field. This field stretches from Chuniespoort
easterly to beyond Penge, Transvaal Province, a distance of about 100 km
(Fig. 3). Most of the amosite presently mined is derived from the Penge
area, about 80 km north of Lydenburg. Minor amounts of amosite and
crocidolite are mined intermittently in the Chuniespoort-Malips Drift
area to the west of Penge (Dreyer and Robinson, 1978). The Penge area
is sometimes referred to as the "Lydenburg asbestos field" and the
Chuniespoort-Malips Drift area as the "Pietersburg asbestos field."

In the Transvaal the rock members of the Transvaal Supergroup con-
sist essentially of quartzite, shale, dolomite, and conglomerate at the
base (Wolkberg Formation, Black Reef Series), dolomite, banded ironstone,

and shale in the center zone (Dolomite Series); and quartzite, shale
and hornfelses at the top (Pretoria Series). The asbestos-bearing rocks

lie within the Banded Ironstone Stage of the Dolomite Series (Fig. 3).
These rocks have been intensely folded along two major fold axes (Dreyer
and Robinson, 1978), the folding predating the deposition of the Pretoria

Series. The banding within the ironstones is fine and regular; the

4Small amounts of anthophyllite and tremolite asbestos come into
the international market sporadically, at most a few thousand tonnes a
year. These types of fiber are generally from small, marginally profit-
able, deposits.
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Figure 3. Index map of the crocidolite and amosite asbestos-bearing iron formations of
the Transvaal and Cape Provinces of South Africa. After Truswell (1977).

light colored bands consist of chert with some siderite, the dark bands
of magnetite and grunerite. Within the banded ironstone sequences the
asbestos-bearing seams occupy definite stratigraphic horizons, generally
known as the Lower Zone, the Main Zone, the Short Fibre Zone, and the
Upper Zone. Some intermediate zonmes are developed locally. Each zone
consists of a large number of individual fiber seams or groups of seams
which are given local names (Coetzee et al., 1976). In the Pietersburg
asbestos field amosite and crocidolite are sometimes observed occurring
in adjacent seams (Hall, 1930, Fig. 38, p. 212). East of the Mohlapitse
River, crocidolite decreases rapidly, so that only amosite is found in the
Lydenburg asbestos field near Penge.

Within the Transvaal Province there is evidence of thermal meta-
morphism of the Transvaal Supergroup rocks as a result of the intrusion
of the Bushveld Igneous Complex. For example, the shales of the Pretoria
Series overlying the banded ironstones were recrystallized to hornfelses,
scapolite appears in the dolomites underlying the ironstones, and amphi-
bolization took place throughout most of the banded ironstone sequence.

Crystallization of the amphibole asbestos, however, took place after
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emplacement of the diabasic sills (considered forerunners of the main
Bushveld intrusion) and before cooling of the main body of the Complex
(Cilliers, 1964).

Cape Asbestos Field. This field is in Griqualand West, Cape
Province, 700 km to the west of the asbestos mining areas of the Trans-
vaal. It lies along a line of low hills (Asbestos Mountains, Kuruman
Hills) that stretches from 40 km south of Prieska, northward past
Kuruman to Pomfret near the Botswana Border, a distance of 480 km (Fig.
3). The crocidolite asbestos-bearing ironstones of this area are in-
cluded within the Pretoria Series of the Transvaal Supergroup and are
suggested to be correlated with the Pretoria Series rocks to the east in
the Transvaal (Cilliers, 1964, p. 581). Stratigraphic correlations
between the Transvaal and Cape regions are subject to somewhat different
interpretation (Cilliers, 1964; Cilliers and Genis, 1964; Beukes, 1973,
1980). New nomenclature proposals by Beukes (1980) place the crocidolite-
bearing banded ironstones of the Cape within the Griquatown and Kuruman
Iron Formations of the Asbesheuwels Subgroup. Cilliers (1964, p. 5881)
states that it may be accepted that the banded ironstones in the Cape
Province and in the Transvaal were formed contemporaneously and under
similar conditions. The asbestos deposits of the Cape are generally

located in the monoclinal folds. Metamorphism is generally absent.

Formation of banded ironstones. The origin of the Precambrian
banded ironstones of South Africa is still the subject of much debate,
but it is possible to summarize some of the main ideas on their para-
genesis. The deposition of the sediments probably occurred in rela-
tively shallow water, in some places in saline basins. Iron and silica
were derived from normal weathering processes. Primary precipitates such
as silica and hydrous iron oxides and silicates may have been the pre-~
cursors to the later-formed stidpnomelane , minnesotaite, and riebeckite.
Biochemical actions of organic matter also probably had an important
influence on the mineral chemistry. The change of amphibole mineralogy
from amosite in the Penge area, mixed amosite-crocidolite in the
Chuniespoort-Malips Drift area, to crocidolite in the Cape suggests that
there was a gradual change of conditions of sediment formation: deposi-

tion in_ a predominantly fresh water environment in the Transvaal to a
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predominantly saline enviromment in the Cape (Cilliers, 1964).

The reason why the amphiboles crystallized in an asbestiform habit
rather than the typical prismatic form is a subject of some interest.
It is pertinent to note the comments of Dreyer and Robinson (1978), who
state (p. 3-4) "the greatest development of fibre occurs where two sets
of folds intersect to form domes or basins. It is firmly believed that
the development of fibre deposits could only have taken place in a favour-
able stress environment." For further comments on crystal growth of

asbestos minerals in stress fields, see Zoltai (Chapter 5, this volume).

Crocidolite in ironstones of Western Australia

Crocidolite asbestos is also found in the banded ironstones of the
Hamersley Iron Province, Western Australia (Fig. 4). These formationms
are remarkably similar to those of the Cape Province of South Africa and
are included among the great iron formations of the world which formed
under very similar conditions and during a single geologic epoch approxi-
mately 1900 to 2500 m.y. ago (James and Sims, 1373).

The banded ironstones are widely distributed in the Marra Mamba,
Brockman, and Boolgeeda Iron Formations of the Hamersley Group, Mount
Bruce Supergroup. The ironstones are approximately 2000 m.y. old
(Trendall, 1973). Although riebeckite is widely distributed in these
three iron formations, it is only abundant in fibrous form (crocidolite)
in four narrow zones.

The Hamersley ironstones are thought to have formed in much the
same way as those of South Africa, by precipitation of volcanically
derived iron and silica in a shallow basin. Massive riebeckite developed
during diagenesis from previously existing minerals, with crocidolite
asbestos crystallizing later in a stress environment. The major asbestos
deposits are confined to the northern limb of the broad syncline of the
Hamersley Range (Trendall and Blockley, 1970). These authors propose a
"'stress-reversal' for asbestos growth; they state (p. 18) "Crocidolite
grew later by splitting and dialation of magnetite mesobands in banded
iron formation as a relief from balanced compression from two sides in
particular structural situations, where gravitational sliding opposed
'tectonic' stress."

Crocidolite mining in Westerm Australia began on a very small scale
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in 1933, but it was not until 1944 that significant production started.
By 1966, the year of the final closing of the mines, 138,000 tonnes of
crocidolite had been shipped. Ninety-eight percent of this fiber came
from two mines in the Wittenoom Gorge (Fig. 4), the Colonial Mine and
the Wittenoom Mine. Here mining was entirely within the Dales Gorge
Member of the Brockman Iron Formation (Trendall and Blockley, 1970).

T T
ns* 20" 123*

Figure 4. Index map of the crocidolite asbestos-bearing irom
formations in the Hammersely Range of Western Australia.
After MacLeod (1966).
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Anthophyllite in Alpine-type ultramafic rocks of East Finland

In the Karelian Mountains of East Finland there occur a number of
ultramafic bodies in the form of pods or lenses which were originally
dunite or enstatite-bearing peridotites. These alpine-type serpentinized

ultramafic masses are thought to have been once a part of much larger
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slabs of oceanic or continental mantle material, which during the mountain
building episode broke up into smaller volumes of rock and were injected
upwards into overlying rocks of the Karelidic schist belt. The Karelide
metasediments are thought to range in age from ~2200 to ~2000 m.y.
(Simonen, 1980). Late Karelian granites (71900 m.y.) were injected into
the schist belt rocks, and where they make contact with the serpentinized
periotites, commercial quality anthophyllite asbestos is developed -- at
Paakkila, located on the northern shore of Lake Juoj¥rvi, East Savo, and
at Maljasalmi, 10 km to the southeast.

The main asbestos producing area at Paakkila is comprised of bio-
tite gneiss with numerous pods or lenses of ultramafic rock cut by
Maarianvaava granite (Fig. 5). These pods typically contain relict oli-
vine surrounded by serpentine aggregates and bundles of anthophyllite
needles. Commonly the anthophyllite needles penetrate poikiloblasti-
cally the relict olivine (Wiik, 1953). Talc sometimes has replaced
anthophyllite and olivine; there is not much serpentinization (Haapala,
1936).

N
(72

N
Figure 5. Geological map of Paakkila region, East
Finland. 1 - anthophyllite-bearing ultramafic
—_— pods, 2 - granite, 3 - biotite gneiss, 4 - quartz-
0 250 500m ite. After Aurola (1954, p. 96).

The country rocks in the Maljasalmi area, the secondary anthophyllite
asbestos producing locality, are Karelian mica schist cut by granite peg~

matite dikes. The serpentinized peridotites within the schists are
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similar to those of Paakkila, with the exception that anthophyllite has
clearly replaced enstatite. Relict enstatite is still present, pene-
trated by needles of anthophyllite; in addition, olivine-bearing serpen-
tine, talc, and chlorite have been observed (Aurola, 1954).

The anthophyllite asbestos deposits at Paakkila were first leased
in 1907 but not worked to any degree until 1918, when they were taken
over by Suomen Mineraali Oy and operated continuously until production
stopped for economic reasons in 1975. Paakkila produced in total 350,000
tonnes of asbestos, of which 230,000 tonnes was exported (Huuskonen et
al., 1980). The asbestos mine and mill at Maljasalmi was operated con-
temporaneously by the same company, but the ore was inferior to that from

Paakkila.

MINOR GEOLOGICAL OCCURRENCES OF AMPHIBOLE ASBESTOS

Anthophyllite asbestos

Small deposits of anthophyllite asbestos have been worked in many
localities, but none approached the Paakkila output of 350,000 tonnes.
In the United States anthophyllite has been mined in a number of locali-
ties, particularly in Georgia, North Carolina, Idaho, Maryland, and
Massachusetts. Some of the more active mines were the Sall Mountain and
Calhoun mines, Sall Mountain, Georgia; the Hollywood mine, Habersham
County, Georgia; the Kamiah mine, Idaho County, Idaho; the Bok Asbestos
mine and Alberton mine, Baltimore County, Maryland; and the Pelham
quarry, Hampshire County, Massachusetts. The mode of occurrence of
anthophyllite asbestos in these localities is very similar to that in
Paakkila and Maljasalmi, East Finland. Typically these anthophyllite
deposits are found in metamorphosed ultramafic bodies, generally serpen-
tinized and amphibolized dunites and harzburgites caught up as inclusions
within the country rock schists and gneisses. In localities within the
Appalachian Orgenic belt, metamorphism is regional and repeated; in
Kamiah, Idaho, much of the metamorphism was accomplished by the intru-
sion of the Idaho batholith. Granitic intrusions are noted in some
localities and may have contributed to the metamorphism, particularly in
regard to supply of heat, SiOz, and H,O.

2
The Kamiah deposit (Anderson, 1931) is particularly interesting in
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its similarity to the Finnish deposits. Here also the ultramafic lenses
(dunites and harzburgites) are included within mica schists and gneisses.
Anthophyllite clearly replaced olivine and enstatite, for needles grew
idinto the relict grains. In addition, anthophyllite replaces antigor-
ite, the antigorite having previously replaced olivine. Talc is a minor
constituent in the Kamiah deposit but replaces anthophyllite, antigorite,
and olivine. The various assemblages observed at Kamiah, Paakkila, and
Maljasalmi can be explained with the phase diagrams suggested by Hemley
et al. (1977), three of which are shown in Figure 6.

EN
AN
TC
oL
3 AT
EN
T AN
TC
oL
2
s 2 AT
AN /ey
Figure 6. Proposed phase relations in the system MgO-SiO;p-H20
TC (Hemley et al., 1977). EN - enstatite, AN - anthophyllite,
AT - antigorite (serpentine), OL - olivine, TC - talc. Sug-
oL gested reactions which could occur at lower or higher PHy0
AT (1, 2, or 3) are: EN + AN (M,K), OL =+ AN(P,K), OL > AT (P,K),
1 AT +~ TC (K), AN + TC (P,K). Reaction at lower PH20 only:
OL + TC (P,K). Reaction at higher PH20 only: AT + AN (K).
M - Maljasalmi, Finland; P - Paakkila, Finland; K - Kamiah,
TEMPERATURE —— Idaho.

Tremolite asbestos

Although there are numerous references to tremolite asbestos in the
literature, relatively little of this fiber entered the world market.
Probably the most famous reference to tremolite asbestos is to that from
the Ttalian Alps, reportedly the asbestos of the Romans. Inquiry into
this, however, leads one to believe that most of the asbestos fiber from
the Alps was chrysotile, not tremolite.3 Fibrous tremolite has not been
reported in the recent and extensive literature on metamorphosed ultra-
mafic rocks from north Italy, whereas chrysotile is often mentioned.
Also, in a letter to Oliver Bowles, asbestos commodity specialist, U.S.
Bureau of Mines (Bowles, 1937, p. 6), the chief mineral inspector in Rome

stated in part:
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"For a long time it was believed that the Italian 'amianti' were
all the tremolite type because the first examinations of the mate-
rial were based on samples of tremolite. It was only in recent
years that, after further studies, the producers recognized that
their products were for the most part chrysotile with a long,
flexible fiber."

Tremolite asbestos has been mined in the Natal, South Africa, where
it occurs in green talcose rocks =-- probably altered ultramafic rocks
similar to those of the Jamestown Series in the Barberton district of
South Africa (Hall, 1918, p. 109). In the United States tremolite
asbestos has been mined in small quantities near Powhatan and Pylesville,
Maryland, where it occurs in amphibolized ultramafic rocks. Anthophyl-

lite asbestos also occurs in these same rocks.

Actinolite, amosite, and crocidolite asbestos

Commercial mining of actinolite asbestos is practically unknown.
No mining of amosite asbestos occurs outside the Transvaal. In the past
crocidolite was mined in the Cochabamba, Bolivia, from rocks of igneous

origin.

MAJOR OCCURRENCES OF CHRYSOTILE ASBESTOS

The commercially most important form of asbestos, chrysotile, is
found in three distinct types of deposits: (Type I) alpine-type ultra-
mafic rocks, including ophiolites, (Type II) stratiform ultramafic
intrusions, and (Type III) serpentinized limestones. Type I deposits are
by far the most important, furnishing at least 85 percent of the world's
chrysotile fiber. Type III deposits are relatively unimportant but do
furnish some high quality fiber.

Type I deposits

One example of a Type I deposit has already been discussed, the
Paakkila and Maljasalml fields of East Finland. In these deposits, how-
ever, the valuable asbestos mineral is énthophyllite, not chrysotile.

The two most important asbestos producing localities in terms of
production, past and present, are the serpentinized ultramafic rocks of

the central and southern Urals and of the Appalachian Mountains in
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southeast Quebec and northern Vermont. The Russian and North American
occurrences are similar; the serpentinites are of the alpine-type and
part of ophiolite sequences {(Coleman, 1977).

The chrysotile asbestos deposits of Quebec, and their extension
into northern Vermont, occur in altered peridotites, which form part of
an ophiolite suite of rock types. Included in this suite, in addition
to the peridotites (dunites and harzburgites), are gabbro cumulates,
diabase sills, tholeiitic pillow lavas, and red argillites. These
units were emplaced tectonically into the country rocks in early Ordo-
vician time. The peridotites, regarded as fragments of oceanic crust
and mantle, are suggested to have undergone the following sequence of
events: (1) the formation of peridotites in an oceanic environment
through lithosphere accretions and sea-floor spreading; (2) the fragmenta-
tion and tectonic emplacement; and (3) deformation of the ultramafic
rocks within the Cambro-Ordovician country rocks (Laurent and Hébert,
1979). These same authors propose that serpentinization occurred in two
stages: (1) early serpentinization in an oceanic environment at low
temperatures, where lizardite was the principal serpentine mineral, and
(2) late serpentinization in a dynamic regime of tectonic transport and
emplacement, where fracturing of the peridotite masses took place.
Chrysotile asbestos formed in these late-stage fractures, probably in a
stress environment.

Chrysotile-bearing serpentinites form a part of a discontinuous
belt of ultramafic bodies and associated rocks extending for almost the
entire length of the Appalachian Mountain chain. The major and active
chrysotile deposits are, however, centered in Quebec in the towns of
Black Lake, East Broughton, Thetford Mines, and Asbestos; smaller active
deposits are at Baie Verte, Newfoundland, and Eden Mills, north-central
Vermont. Further south in the Appalachian Chain, the ultramafic bodies
generally contain only small amounts of chrysotile; thus, only minor
production of this fiber, with the exception of the Vermont Asbestos
Group operation at Eden Mills, has occurred in the eastern United States.
As already alluded to, these ultramafic rocks in Maryland, Virginia,
North Carolina, and Georgia have been the sources of minor amounts of
anthophyllite and tremolite asbestos.

The Quebec chrysotile deposits were first discovered in 1877 in the
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serpentine hills of Thetford and Coleraine. By 1900 this area had al-
ready produced 150,000 tonnes of chrysotile fiber; by 1980 nearly 40
million tonnes had been mined -~ approximately 40 percent of the world's
total asbestos production to that date. At present Quebec is the second
leading producer of asbestos, approximately 1.4 million tonnes per

annum, and is led only by the Ural areas of Russia, where the annual pro-
duction is approximately 2.4 million tonnes.

The serpentinites associated with ophiolites within the Ural Moun-
tain belt of the Soviet Union account for about 95 percent of the Russian
production, all of which is chrysotile fiber. The two principal centers
of production in the Urals are the Uralasbest complex, 90 km northeast of
Sverdlovsk, and near Dzhetygara, in the southern Urals.

Other major Type I chrysotile asbestos deposits are found in the
Italian Alps, the Troodos Mountalns of Cyprus, and the Coalinga area of
California. The classic asbestos deposits of north Italy are located in
the Susa, Lanzo, Aosta, and Val Malenco areas of the Alps. These are
areas underlain by metamorphosed ultramafic rocks of the alpine-type.

At present the Balangero mine, located 30 km northwest of Turin in the
Lanzo area, is the only operating asbestos mine in western Europe of any
significance. The mine opened in 1916 and its present production is
about 160,000 tonnes of chrysotile fiber per year.

The occurrence of asbestos on Cyprus may have been known many cen-
turies ago, but significant production of chrysotile fiber began only in
the 1920's. Production is now about 40,000 tonnes per annum. The
deposits are in the Mt. Troodos Ophiolite Complex, one of the best studied
ophiolite sequences in the world.

Near Coalinga, California, and located in the southern extension of
the Diablo Range is a serpentinite dome exposed to the surface in an area
19.2x6.4 km and extending in depth to perhaps 4.5 km. This serpentine
diapir consists of highly sheared serpentine minerals, which replaced the
original olivine-orthopyroxene assemblage. The diapir probably formed by
dismemberment of an ophiolite peridotite by tectonic forces, the sheared
mélange moving upwards diapirically during subsequent orogenic events
(Coleman, 1977, 1980; Mumpton and Thompson, 1975). The chrysotile asbes-
tos 1s mined by several companies at Coalinga, but mining is sporadic and

production is limited. Even though the ore runs up to 50 percent
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chrysotile (Quebec ore usually runs 3 to 6 percent), mining has lagged
because of environmental controls and the shortness of the fibers

(grades nos. 6 and 7). The reserves at Coalinga are tremendous; per-
haps tens of millions of tonnes of short fiber are available near the
surface, making Coalinga a vast resource for a type of asbestos which

will be useful to strengthen plastics, tiles, etc.

Type II deposits of southern Africa

Whereas most of the chrysotile mined in the two major asbestos
producing countries, Canada and the U.S.S.R., is from serpentinized
ultramafic rocks within ophiolite sequences, almost all of the southern
African production comes from Archean ultramafic stratiform complexes.
These are generally associated with the ancient greenstone belts on the
Rhodesian and Kaapvaal Cratons (Anhaeusser, 1976). Within the African
greenstone belt, and particularly in the Lower Ultramafic Unit, a number
of layered differentiated ultramafic pods and sills are developed which
contain chrysotile fiber of economic importance. While age, strati-
graphic, and genetic relationships of these Archean ultramafics are quite
different from those of the ophiolites, both contain peridotite assem-
blages, including dunites, which have altered to chrysotile-bearing ser-

pentinite.

South Africa and Swaziland. Here the two largest producers of
chrysotile asbestos are the Msauli and Havelock mines, situated approxi-
mately 30 km southeast of Barberton, South Africa. The Havelock mine is
situated just over the Transvaal border in Swaziland. These deposits are
included within the Swartkoppie Formation, which straddles the Swazi-
land-Transvaal border. This formation includes green and gray schists,
banded cherts, and a number of serpentine pods or lenses positioned in
the same stratigraphic horizon. The serpentinized ultramafic inclusions
are considered to represent parts of a once continuous or nearly con-
tinuous differentiated sill emplaced penecontemporaneously with the
remaining Swartkoppie rocks and conformable with the latter (Anhaeusser,
1976). The other active chrysotile mines in South Africa occur in ultra-
mafic bodies similar to those in the Msauli-Havelock area. Deposits
located in Barberton Mountain Land of South Africa occur in the Stolz-

burg, Koedoe, Handsup-Mundt's Concession, Kaapsehoop, Kalkkloof, and
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Rosentuin ultramafic bodies. Three small deposits are situated within
the Muldersdrif ultramafic body about 25 km north of Johannesburg.
Chrysotile production in Swaziland for the year 1978 was 48,000
tonnes —— mainly from the Havelock mine. South African production of
this fiber for 1978 was 113,000 tonnes and came from the Type II ultra-
mafic deposits described above, as well as from Type III sedimentary

deposits of the Carolina district.

Zimbabwe. The two principal chrysotile producing mines in Zimbabwe
are located within the Mashaba and Shabani igneous complexes. The
Mashaba complex occurs at the western end of the Fort Victoria green-
stone belt in southern Zimbabwe. It is a layered ultramafic intrusion
which includes pyroxenites and serpentinized dunites and harzburgites.
The Shabani ultramafic body, located approximately 100 km west of Fort
Victoria and immediately east of the Great Dyke, is a lenticular ultra-
mafic sill and is suggested to have intruded into the Archean gneisses
at the northeast margin of the Belingwe schist belt (Anhaeusser, 1976).

Small chrysotile deposits are found in the Filabusi ultramafic com-
plexes located about 50 km west of the Shabani deposits and at the Ethyl
deposit at the north end of the Great Dyke. The Great Dyke is an elon-
gate mass of mafic and ultramafic rocks extending nearly 500 km across
the Rhodesian Craton. It is not a true dike but rather the remains of
four lopolithic intrusions. Chrysotile asbestos is found in the vicin-
ity of faults where serpentinization apparently was promoted.

In 1978 the Zimbabwean chrysotile production was 210,000 tonnes,
of which about 60 percent came from the Shabani and 35 percent from the

Mashaba deposits.

Type III deposits

Commercially less important, yet geologically very interesting
chrysotile deposits occur in serpentinized limestones; two notable
localities are in the Globe area of central Arizona and in the Carolina
area of the Transvaal.

The Arizona asbestos-bearing strata occur in the Precambrian Mescal
limestone formations of the Apache Group, where diabase sills a few centi-
meters to a few meters thick have intruded. The commercial asbestos is

developed by replacement of the limestones by serpentine, usually occurring
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within 40 meters of the diabase intrusion (Bateman, 1923; Stewart, 1961).
Although only about 50,000 tonnes of chrysotile asbestos has been pro-
duced from Arizona from the time the deposits were opened early in this
century to the present, the fiber is of very high quality and much sought
after for applications in advanced technology.

An occurrence very similar to that in Arizona is found in the
Transvaal Basin, where dikes and sills of diabase have intruded and
altered the Malmani Dolomite. The principal asbestos deposits are lo-
cated 1n eastern Transvaal west of Barberton Mountain Land and east of
Carolina. The sills commonly produced a metamorphosed assemblage in the
dolomite extending for a meter or more above the upper chilled contacts
with the diabase. The controls on serpentine mineralization involve
dedolomitization to calcite to furnish magnesium, solution of chert to
furnish silica, and the presence of the diabase sill to furnish HZO and
heat (Anhaeusser, 1976). Fiber is not developed in chert-free dolomite
but is seen replacing chert where present immediately above the sill.

As with the formation of amphibole asbestos discussed previously,
it appears that in addition to the necessary chemical controls, a stress
environment resulting from folding, faulting, or differential heating is
required to promote the growth of chrysotile fiber. Anhaeusser (1976)
suggests that the dominant regional controlling factor for asbestos

development is folding.

HEALTH HAZARDS OF ASBESTOS

Diseases related to asbestos exposure

There are three principal diseases which are related to exposure to
one or more of the commercial asbestos minerals. These are: (1) lung
cancer, which includes cancer of the trachea, bronchus, and lung proper;
(2) mesothelioma, a cancer of the pleural and peritoneal membranes which
invest the lung and abdominal cavities, respectively; and (3) asbestosis,
a diffuse interstitial fibrosis of the lung tissue often leading after
long exposure to severe loss of lung function and respiratory failure.
The lung cancer of asbestos workers is also associated with cigarette
smoking, which leads to considerable difficulty in assigning relative

risks of asbestos exposure to smokers, Mesothelioma, a disease which is
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usually fatal in one to two years after diagnosis, is rare, accounting
for about 280 deaths per year in the United States and Canada. Of these
deaths, there was a definite or a probable exposure to some form of
asbestos in about 50 percent of the cases. Exposure to asbestos was un-
likely in about 30 percent of the cases (McDonald and McDonald, 1980).

There are some epidemiological studies which suggest that asbestos
workers may suffer excess cancer of the digestive tract (Selikoff and
Lee, 1978); other studies do not support this conclusion (McDonald and
McDonald, 1980; Meurman et al., 1974; Rubino et al., 1979; Nicholson et
al., 1979). There is still some question, then, as to the role played by
asbestos in the etiology of digestive tract cancers. Becklake (1976),
Selikoff and Lee (1978), and Simpson (1979) give complete reviews of the
subject of asbestos and disease.

Although there seems to be no question that the residency of asbes-
tos fibers within the lung and pleura for long periods of time can cause
lung cancer, asbestosis, and mesothelioma, the exact mechanisms of dis-
ease production and the relative potencies of the different asbestos
minerals are subjects of much study and many differences of opinion. By
reviewing in the next section the health of miners exposed to specific
minerals dusts and asbestos trades workers exposed to a variety of dusts,
perhaps we can become more enlightened on this subject.

Particle size and shape appear to be the controlling factors with
regard to whether mineral particles enter the lung and remain in the lung
or are removed from the lung after entering. Particles such as asbestos
fibers which have diameters greater than approximately 5 um can not enter
the bronchial airwayss; those with smaller diameters do. Particles with
diameters < 3 um can penetrate to the smaller bronchioles and even to
the alveolar sacs, the critical gas exchange portions of the lung. Most
particles which enter the upper respiratory tract (the mainstem, bronchi,

and bronchioles) are quickly and effectively removed by the mucocilliary

5The airways of the lung form the bronchial tree, which is subdi-
vided into the main stem and then into 22 additional branchings. The
first several branchings constitute the bronchi, the last several the
bronchioles. The terminal bronchioles lead to the respiratory bronchi-
oles, which are lined with alveoli; the latter constitute the lower res-
piratory tract.
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escalator; this is a system of mucous membranes and cilia lining the air-
wvays of the upper respiratory tract, which moves foreign particles up-
ward to the pharynx, where they are unconsciously swallowed or spit out.
A second lung clearance mechanism operates in the lower respiratory tract
(the respiratory bronchioles and alveoli). Here pulmonary macrophages,
or scavenger cells, engulf the foreign particles (phagocytosis) and then
(1) move to the upper respiratory tract, where the mucociliary escalator
is operative, or (2) move through the alveolar wall into the interstitium
and eventually to the lymph channels.

Asbestos fibers which are longer than approximately 5 um are not
readily phagocytized by the macrophage cells and thus tend to remain in
the lower respiratory tract, or they may penetrate the pleural membrane
and enter the interpleural space. It is thought that when such fibers
remain in the lung for lengthy periods of time, various biochemical re-
actions take place which promote the growth of interstitial collagen
within the lung tissue, causing it to become fibrous with ensuing asbes-
tosis. Long term residency of fibers in the lung and pleura also causes
lung cancer and mesothelioma; the mechanisms by which this occurs are far
from being understood.

Pleural cancer as we will see seems to be caused by crocidolite
asbestos but not by chrysotile or anthophyllite asbestos. Lung cancer is
caused by chrysotile, anthophyllite, amosite, and crocidolite asbestos in
asbestos workers who smoke cigarettes. Evidence for excess lung cancer
in non-smoking asbestos workers is weak. Two completely different sub-
stances, asbestos and cigarette smoke, combine to produce a very signifi-
cant risk to many asbestos workers, particularly those who were heavily
exposed to asbestos dusts.

Generally, asbestos-related diseases appear in asbestos workers
only after many years have elapsed since first exposure. A significant
increase in the lung cancer death rate appears 10 to 14 years after first
exposure and peaks at 30 to 35 years. The mesothelioma death rate be-
comes significant 20 years after first exposure but continues to climb
even after 45 years have elapsed. The asbestosis death rate becomes
significant 15 to 20 years after first exposure and apparently peaks at
40 to 45 years (Selikoff et al., 1980a).
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Epidemiology

Before considering the mortality studies of the various occupational
groups exposed to asbestos, it is useful to briefly consider the roles the
three important types of asbestos (amosite, crocidolite, and chrysotile)
have played in the commerce of Morth America and Furope, the areas where
the major epidemiological studies of asbestos workers were made.

In North America, chrysotile entered the market in large quantities
early in this century. Crocidolite was apparently first used in the
United States in 1912 when 9 tonnes was imported, but it was not until
World War I that its use for high temperature insulation became estab-
lished -- particularly in the ship building industry. By 1930 nearly
32,000 tonnes of crude crocidolite fiber had been imported into the
United States (Mimeral Resources of the United States, 1907...1929, U.S.
Dept. Interior, Washington, D.C.). It was not until the mid 1930's that
amosite asbestos gained a market in North America when it began to re-
place crocidolite for high temperature insulation. Crocidolite was
milled in Bound Brook, New Jersey, in 1920, and in 1924 the operation
moved to larger facilities in Millington, New Jersey. The many adver-
tisements in the trade journal Asbestos during the period 1920 to 1945
indicate that crocidolite was used in many products and particularly for
insulation of steam boilers, locomotives, and pipes. As an example, a
product containing crocidolite asbestos and called "85% Magnesian Sec-
tional Pipe Covering' was advertised monthly in Asbestos from 1920 to
1945 (see also McCullagh, 1980). Amosite, crocidolite, and chrysotile
were almost universally used aboard ships during World War II, amosite
for high temperature boilers and pipes, crocidolite for packings exposed
to acids or salt water, and chrysotile for low temperature and electric
insulation.

The use of asbestos in Europe paralleled that in North America,
with one notable exception -- the extensive use in Europe of crocidolite

asbestos as a sprayed-on coating to fireproof ships6, railroad cars,

6Mesothelioma is prevalent in the shipyard workers of Europe; at
Walcheren, Wilhelmshaven, Plymouth, Trieste, Hamburg, Nantes, Rotterdam,
and Malmb (McDonald and McDonald, 1977). The extensive use of crocido-
lite aboard European ships prior to and during World War II is suggested
to be an important factor in the etiology of this disease.
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buildings, etc. Sprayed-on coatings were also used in the United States
after World War II, but the coatings contained, with few exceptions,
chrysotile rather than crocidolite. Sprayed-on asbestos coatings were
not used on U.S. ships, the principal use being to fireproof steel

building girders and as acoustical coatings in schools and offices.

Asbestos trades workers. A very significant increased incidence,
relative to the general male population, of lung cancer, asbestosis, and
mesothelioma is found in men who were employed in the "asbestos trades”
=-— the Insulation of steam locomotives, bollers, ships, and buildings;
and the fabrication and installation of asbestos~containing textiles,
roofing materials, cement products, tiles, wallboards, brake linings,
clutch facings, filters, packings, gaskets, etc. Those in the "trades"
generally used several types of asbestos minerals during their working
careers; most commonly these were chrysotile, crocidolite, and amosite,
and rarely anthophyllite. Significant exposures of any group of workers,
at least for the past fifty years, to tremolite or actinolite asbestos
dusts has probably not occurred.

Thirteen major mortality studies of asbestos trades workers are
presented in Table 4; five of these are of workers engaged in the asbes-
tos insulation trades, and eight are of workers in the factory and tex-
tile trades. Most of the workers are male, a few are female. In all,
38,904 individuals were followed; of these, 5,450 have died, including
998 (18.3 percent) who died of lung cancer and 327 (6.0 percent) who died
of mesothelioma. In the thirteen studies the lung cancer mortality
varied from 6.1 to 24.5 percent of all deaths; mesothelioma mortality
varied from 0 to 9.5 percent of all deaths. The workers involved in
studies nos. 1 through 12 worked with more than one form of asbestos;
those in study no. 13 worked only with chrysotile asbestos.

Estimates of expected cancer mortality are very difficult to pre-
dict, because cancer rates are modified by the individual's "lifestyle,"
as well as by occupation. The major "lifestyle" contribution to lung
cancer is cigarette use. To better assess the significance of these
health studies, it is necessary to examine the cancer mortality patterns
of cigarette smokers who were not exposed to asbestos dusts. Unless

prevalence of smoking within the study group is carefully evaluated, it
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is impossible to predict accurately the health effects of occupational
exposure to carcinogens such as asbestos, radon gas, and arsenic. Unfor-
tunately, in only a few of the studies listed in Table 4 have adequate
assessments been made of the proportion of workers who smoke cigarettes.

The contribution of cigarette smoking to the increased incidence
of disease has been evaluated in several studies and has led to a con-
census that this habit produces a very significant increase in risk of
dying of lung cancer, as well as of fhe various cardiovascular diseases.
The largest study of cigarette smokers is that of E. Cuyler Hammond and
colleagues under the auspices of the American Cancer Society. This study
i1s based on questionnaires and mortality follow-up accomplished between
July 1960 and June 1971 for approximately 51,000 men (Hammond et al.,
1978). The proportional mortality of lung cancer (percent lung cancer
deaths relative to deaths by all causes), based on the Hammond study, is
shown graphically in Figure 7. For a group of men who all smoke ciga-
rettes (cohort of 100 percent smokers) lung cancer mortality is approxi-
mately 7 percent at age 45, reaches a maximum of approximately 10 per-
cent at age 70, then decreases slightly at older ages. For a cohort of
male non-smokers, lung cancer mortality is 2 percent at age 45 and then
decreases continuously to approximately 1 percent at age 95.

Smoking is most prevalent in blue-collar occupations relative to
professional and managerial occupations (Sterling and Weinkam , 1978).
This prevalence also holds true for the asbestos trades, mining, and
milling occupations. In a group of 13,722 asbestos insulation workers
whose smoking habits were recorded, 70 percent had a history of ciga-
rette smoking (Selikoff and Hammond, 1975; Saracci, 1977). In a group of
1,015 chrysotile asbestos miners and millers, 85 percent were smokers
(McDonald et al., 1974). Data given in Figure 7 predicts that the lung
cancer mortality for a cohort composed of 75 percent smokers would be at
least 6 to 7.5 percent, regardless of occupation. In Table 4 we see that
the lung cancer mortality for the total of 13 cohorts of asbestos
"trades" workers was 18.3 percent —— approximately three times that
expected if mortality predictions were based only on the apparent smoking
habits.

The increased risk of lung cancer due to asbestos exposure in non-

smokers is very low (Saracci, 1977). There appears to be no relationship
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from lung cancer., Graphical presentation based on data from Hammond et al. (1978).

Table 4. Cancer mortality for men working in the asbestos "trades”

Study No. 1n No. Lung cancer Mesothel1om:

No. Ref.l/ Occupation cohort deaths No. (1)3/ No. ()3

1 (R) Insulators, NY-NJ 632 451 89 (19.7) 35 (7.8)
(1943-74)

2 (8) Insulators, U.S., 17800 2270 485 (21.4) 175 (7.7)
Canada (1967-76})

3 (A) Factory, N.J. 933 483 83 (17.2) 10 (2.1)
(1941-74)

4 {c) Insulaters, U.S. 7289 446 79 (17.7) 23 (5.2)
(1967-71)

5 (8) Factory, U.S. 689 274 3% (12.8) 26 (9.5)
(1959-75)

6 (0) Factory, Enqland 1062/ a7 5 (16.1) 10 (3.2)
(1931-74)

7 {E) Insulators, N.Y. 152 46 10 {21.7) 3 16.5)
(1945-65)

8 {F) Insulators, 170 98 24 (24.5) 7 {7.1)
Belfast (1940-66)

9 (6) Textiles, London 6760 350 63 (18.0) 24 (6.9)
(1931-70§

10 (H) Factory, Cardiff 1165 133 n (8.3) 1 (0.8}
(1936-62)

n n Factory, Penn. 1265 330 35 (10.6) 8 (2.8)
(1938-64)

12 {3) Textiles 679 186 29 (15.6) 5 (2.7)
(1933-73)

13 (K) Factory, U.S.A.%/ 264 66 4 (6.1) 0 0
(1945-74)

Total of cohorts 38904 5450 998 (18.3) 327 {6.0)

1/ References: (A) Selikoff, 1977; (B) Nicholson et al., 1978; (C) Selikoff et al., 1973;
{D) Peto et al., 1977; (E) Klelnfeld et al., 1967; (F) £1mes and Simpson, 1971;
(G) Newhouse, 1973; (H) Elwood and Cochrane, 1964; (I) Mancuso and E1 Attar, 1967;
(J) Peto, 1978; (K) Weiss, 1977.

2/ tncludes 284 women

3/ percent of al) deaths (proportional mortality)

4/ workers were exposed only to chrysotile asbestos
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between smoking habits and the incidence of mesothelioma; this disease
is equally prevalent in smokers and non-smokers alike. Of the studies
listed in Table 4, only Study no. 13 of chrysotile factory workers shows
a lung cancer mortality that would be expected from the smoking habits

alone.

Asbestos miners and millers. Men working in the mining and milling
of asbestos ore are generally exposed to only one form of fiber. A few
exceptions occur in the mining regilons of South Africa, where some
workers have been employed in crocidolite, amosite, and chrysotile mines.
Anthophyllite and tremolite asbestos miners may have been exposed to
some chrysotile asbestos, because these minerals can coexist in meta-
morphosed ultramafic rocks, for example those of Paakkila, Finland, and
Kamiah, Idaho.

Epidemiological studies of asbestos miners and millers who were
exposed to only one form of asbestos are useful for understanding how
the different asbestos minerals affect human health. 1In Table 5 are
given the mortality data for the five major epidemiological studies of
asbestos miners and millers. In addition, three studies are given of
miners exposed to cummingtonite and grunerite amphibole dusts and one
study of tunnel workers exposed to hornblende amphibole dust. Some
classify these amphiboles as asbestos, even though they do not possess
the physical properties requisite to be valuable commercially. Such a
classification has been made in the case of taconite mining by the courts
(United States District Court for Minnesota, 380 F. Supp. 11) and by the
U.S. Environmental Protection Agency (Reserve Mining vs EPA, U.S. Court
of Appeals Eighth Circuit, March 14, 1975), which has sued to prevent the
Reserve Mining Company from dumping taconite tailings into Lake Superior
because of the perception that these tailings contain "amosite asbestos"
and thus constitute a threat to public health. For a complete review
of the case, see 514 Federal Reporter, 2d Series, 492-542, 1975; 256
North Western Reporter, 2nd Series, 808-852, 1977. Of interest re-
garding this suit are the health studies accomplished on the Reserve iron
ore miners exposed to cummingtonite and grunerite in the taconite rock

(Table 5, Study II) and on the Homestake gold miners exposed to
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cummingtonite in the gold-bearing schists (Table 5, Study IV, V).7 Studies

II and V show no evidence of asbestos-related diseases appearing in the
study groups.

Mortality comparisons, trades vs. mines. The cancer mortality
pattern for those in the asbestos trades and mining occupations is

graphically presented in Figure 8, where lung cancer mortality is plotted
with respect to mortality due to mesothelioma. The studies of the
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Figure 8. Graphical comparison of the proportional mortality due to lung cancer and
mesothelioma for the asbestos trades workers (''trades," Table 4, Studies 1-13), the
asbestos miners and willers ("mines," Table 5, Studies I-IX), the male population of
the Ziirich area of Switzerland, and the male populations of five nations (Table 6).
Regression analysis of the mortality of the asbestos trades workers (Studies 1-4,
6-13) shows a positive correlation between the two diseases; 78 percent of the vari-
ance (r2) of lung cancer is accounted for by mesothelioma. The regression line 1is

of the form: y(mesothelioma) = -2.94 + 0.446x (lung cancer). The intercept at y = 0
is 6.6 percent lung cancer, a reasonable estimate of mortality for this disease if the
asbestos trade workers had never worked with asbestos but had retained their smoking
habits.

7Study V (McDonald et al., 1978) discredits Study IV (Gillam et al.,
1976). Study IV was accomplished on a sub-cohort of the Study V cohort.
The latter study is much more complete; statistically it is based on 631
deaths, whereas Study IV is based on 71 deaths. 1In addition, Study IV
presents an implausible mortality pattern: (1) No deaths due to silicosis,
tuberculosis, or silico-tuberculosis were reported, despite the fact that
the mining company has been coping with a quartz dust problem for a cen-
tury, and (2) a 14-1 percent respiratory cancer mortality (incorrectly
included as resplratory cancer were a sinus and a mediastinal carcinoma)
was attributed to “cummingtonite asbestos,' yet no mortality due to
asbestosls was reported. The cummingtonite found in the quartz-cumming-
tonite schist host rock is not asbestos, but rather garden-variety, rock-
forming amphibole.
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asbestos trades workers (Table 4; Fig. 8, solid circles) show a very sig-
nificant excess of mortality due to mesothelioma relative to that found
in the miners (Table 5, Fig. 8, open circles) -~ with one exception, the
crocidolite miners of Western Australia (Study VI). For the asbestos
trades workers a disease correlation is evident. Neglecting Study 5
(Table 4, Fig. 8), which is somewhat anomalous, regression analysis of
the twelve trades data points (Studies 1-4, 6-13, Table 4, Fig. 8) shows
a positive correlation between lung cancer and mesothelioma mortality;
78 percent of the variance (;2) of lung cancer is accounted for by
mesothelioma. Part of the remaining variance (22%) can be accounted for
by inter-cohort differences in prevalence of cigarette smoking. This is
because the smoking habits of asbestos workers seem to greatly influence
the lung cancer incidence but not mesothelioma incidence.

In regard to high mesothelioma mortality, it is important to note
the health studies of two groups of specialized factory workers who,
during World War II, were employed at the task of placing crocidolite
filter pads into gas mask canisters. One group working in Canada, com-
posed of 109 men and 90 women, suffered 12.5 and 16.1 percent lung cancer
and mesothelioma mortality, respectively (McDonald and McDonald, 1978).

A second group of 1600 people, mostly women, were employed at this same
task at a factory in Nottingham, England. Jones et al. (1976) reported
that 26 mesothelioma deaths have occurred in this group; 25 were women.
A large number of workers in these two groups were exposed to asbestos
only during this brief World War II work period. The high proportion of
women with their more moderate smoking habits in the gas mask worker
cohorts would suggest that the ratio of mesothelioma to lung cancer

(1.3 for the Canadian group) would be higher than that observed in the
more typical "trades" cohorts (Table 4), where the ratio averages 0.44
(Fig. 8).

With the exception of the crocidolite miners (Study VI), the mor-
tality patterns of the hardrock miners (Studies II, V), the tunnel
workers (Study III), the asbestos miners (Studies I, VII-IX), and the
chrysotile factory workers (Study 13) is quite different from that of the
"trades" (Studies 1-12), The most apparent difference between the
"trades" cohorts and these miners, tunnel workers, and chrysotile factory

workers is the relative incidence of mesothelioma. The latter groups,
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composed of individuals who did not come into contact with crocidolite,
have very low mesothelioma mortality.

To make further comparisons it is useful to examine the mortality
with respect to lung cancer and mesothelioma in national populations.
In Table 6 are given the lung cancer and mesothelioma mortality of all
males over 24 years of age in five nations. These data are plotted in
Figure 8. We find that the average lung cancer mortality of these five
national populations is 5.7 percent, a figure identical to the 5.7 per-
cent average mortality of the miners and tunnel workers (Table 5, ex-
cluding crocidolite miners). The mesothelioma mortality of the five
national populations is 0.03 percent (Table 6) and is probably signifi-
cantly underreported because of (1) the great difficulty in diagnosing
this disease, even after autopsy (McDonald and McDonald, 1977, 1980;
Vejlsted and Hansen, 1980; Kannerstein and Churg, 1980; Legha and Muggia,
1977) and (2) complications arising in properly and consistently coding

this disease for later information retrieval.

Table 6. Cancer mortality in men over 24 years of age for 5 nations
(McDonald and Mchonald, 1977)

Nation Neaths {year) Lung cancer MesotheTioma
No. (%)L/ No. (%)1/
England-Wales 278,617 (1970) 24913 (8.9) 154 (0.06)

Finland 22,332 (1970) 1586 (7.1) 8 (0.04)
Italy 272,795 (1970) 11867 (4.7) not reported
U.S.A. 988,620 (1969) 50481 (5.1} 250 (0.03)
Canada 82,052 (1970) 4312 (5.3) 25 (0.03)
Totals 1,624,416 93159 (5.7) 437 (0.03)

1/ percent of all deaths (proportional mortality)

It is more meaningful to compare mesothelioma mortality among asbes-
tos workers and miners in whom this disease 1s looked for to the mortal-
ity in a population where the causes of death are based on a large number
of autopsies and where asbestos exposure i1s minimal., A review has been
made by Riittner (1978) of the deaths in the Ziirich area of Switzerland,

where there are no asbestos mines, mills, or industries and where the
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cause of death is often based on autopsy. Among the 28,110 male deaths
(all autopsied) over the period 1961 to 1976, 51 deaths were due to
mesothelioma (0.18 percent) and 2466 were due to lung cancer (8.8 per-
cent). Among women (22,583 deaths) 23 were caused by mesothelioma
(0.10 percent) and 368 caused by lung cancer (1.6 percent). The pro-
portional mesothelioma mortality for hard-rock miners, tunnel workers,
and asbestos miners (other than crocidolite) is 0.17 to 0.20 percent
(Table 5). The asbestos trades workers, by contrast, have an average
mesothelioma mortality of 6.0 percent (Table 4).

Among the asbestos miners and millers there is no question that
those exposed to heavy concentrations of chrysotile and anthophyllite
dust over long periods of time have suffered a significant excess mor-
tality due to lung cancer and asbestosis -- but not to mesothelioma
(Studies I, VIII, Table 5). The most detailed health study of asbestos
miners to date is that of the chrysotile asbestos miners of Quebec
(Table 5, Study IX). Here McDonald et al. (1980) have carefully docu-
mented the relationship between lung cancer incildence and cumulative
dust exposure. The average dust concentrations that the miners and
millers experienced during the working day were divided into four cate~
gories depending on the work tasks performed during their careers in
the mines: 1low level 2.5 to 4.2 mpcf8, medium level 4.3 to 9.4, high
level 14.4 to 23.6, and very high level 46.8 to 82.6 mpcf. The mean
within these four categories in terms of chrysotile fibers per cm3 is:
low 10 fibers/cm3, medium 21 fibers/cm3, high 95 fibers/cms, and very
high 194 fibers/cm3. For the men exposed for over 20 years in the low
and medium dust categories (averaging 6.6 mpcf or approximately 20
fibers/cm3), total mortality was less than expected (SMR = 0.94).9 For

8mpcf = millions of particles of rock dust per cubic foot. Con-
versions of this figure into asbestos fibers per cubic centimeter, the
usual measurement for industrial hygiene monitoring, is difficult, but an
approximate and conservative figure is: 1 mpcef = 3 fibers/cm3 (McDonald
et al., 1980, p. 21, 23; see also McDonald et al., 1976).

9SMR (standard mortality ratio) = number of deaths expected in a
cohort at risk divided by the number of deaths in a cohort not at risk

(control cohort). "Standard" implies that the control cohort does not
differ in a way from the cohort at risk other than exposure to a
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these men there was a slight excess risk of lung cancer (SMR = 1.15) and
respiratory tuberculosis (SMR = 1.14). Since exposures of 20 fibers/cm3
are an order of magnitude higher than that experienced now (dust levels
for the past few years have been maintained at less than 2 fibers/cm3),
miners working a lifetime under the present dust levels are not expected
to present any significant health problems relative to those in other
mining industries.

McDonald et al. (1980) have also studied the health statistics of
a cohort of 440 women who also worked in the Quebec chrysotile asbestos
mines and mills. Of the 84 who have died, there was one death due to

Jlung cancer and one due to mesothelioma.

Crocidolite exposure. There is persuasive data, much already sur-
veyed, which shows that crocidolite asbestos is much more hazardous than
chrysotile, anthophyllite, and amosite. Of the mining populations of
the world only those in the crocidolite mining area of the Cape Province
of South Africa and at Wittenoon Gorge, Western Australia, have a sta-
tistically significant increase in mortality due to mesothelioma. Also,
mesothelioma deaths have been reported among the residents of these areas
who are not employed in the mines or mills. For example, Webster (1978)
reports that the South African Asbestos Tumour Reference Panel placed 712
cases of mesothelioma on the register, which included all the known cases
since 1956. Of these, occupational and envirommental background was
established for 420 cases. Actual mining exposure accounted for 139 of
the 420 cases, of which 120 were in connection with Cape crocidolite
mining and two with Transvaal crocidolite mining. There were only four
mesothelioma cases in those associated with amosite mining, and two of
these had been exposed to Cape crocidolite as well. In the chrysotile
mining industry there was only one case -~ a miner from Rhodesia. Of the
100 environmental cases (those not employed in any occupation where
asbestos is used), 93 had been exposed to Cape crocidolite, two to Trans-
vaal crocidolite, and one possibly to amosite.

Additional prevalence studies in the Cape Province (Talent et al.,

particular occupational or lifestyle hazard. SMR's are useful to compare
total mortality as well as mortality related to a particular disease or
accident provided a proper control cohort can be chosen.
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1981) discovered 65 active cases of mesothelioma in people who had pre-
sented themselves for medical examination. Fifteen of these cases ap-
peared in two groups, numbering 755 and 947 individuals, who were once
employed in the crocidolite mines. An additional thirty-eight mesothe-
lioma cases appeared in a survey of certain patients at the St. Michael's
Hospital in Kuruman, Cape Province, who were not responding to treatment
for suspected pulmonary tuberculosis. Fourteen of these mesothelioma
patients were known to have worked in the crocidolite asbestos mines.
Lastly, 12 of the 65 cases appeared in a medical survey of 53 females
who, in the past, had hand-cobbed crocidolite asbestos.

In contrast to the prevalence of mesothelioma in the Cape Province,
this disease is very rare in the Transvaal, where all of the world's
amosite is mined. Wagner et al. (1960), in regard to their initial dis-
covery of the association of crocidolite asbestos with mesothelioma,
state (p. 260) "the tumour (referring to mesothelioma) is rarely en-
countered elsewhere in South Africa. During the past five years, with
the exception of the present series (in Cape Province), no neoplasm of
this nature has been diagnosed amongst 10,000 lungs examined at the
Pneumoconiosis Bureau in Johannesburg, or in the Pathology Department of
the South African Institute for Medical Research. Higginson and Oettle
(1957) did not observe a single case in their survey of malignant tumours
occurring in the Bantu and Cape Coloured population of Johannesburg and
the North Eastern Transvaal."

The incidence of mesothelioma in Zimbabwe (Rhodesia), a country
which is a major producer of chrysotile but mines no other form of
asbestos, is very low. In a communication to Mostert and Meintjes
(1979), the Secretary of the Rhodesia Pneumoconiosis Board stated that
no cases of mesothelioma were reported in the mining industry. It is of
interest to note that two cases of mesothelioma were reported in the
Rhodesian railway industry, a locomotive engineer and a storeman. The
locomotives were insulated with crocidolite asbestos to which these two
men were exposed (Mostert and Meintjes, 1979). Cochrane and Webster
(1978) report 12 cases of mesothelioma in men employed as inmsulators in
the locomotive workshops of the South African Railways.

The prevalence of mesothelioma among the miners of Wittenoon Gorge

has been discussed (Table 5, Study VI). The town of Wittenoon, the
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center of crocidolite mining in Western Australia, reached a peak popula-
tion of about 1,000 in the 1960's. At present the population is down to
about 200 and the West Australian State Government has suggested the
closing of the town and evacuation of the residents because of con-
tinuing risks of airborne asbestos dust (Chemical Week, December 8,

1978, p. 25). The risk of mesothelioma among the residents of the town
who were not employed by mines is demonstrated by the case of a 27-year-
old woman who had an environmental childhood exposure to crocidolite

(Langlois et al., 1978).

SUMMARY
Production

0f the six forms of asbestos, only four have been used to any sig-
nificant degree in commerce. These are amosite, crocidolite, anthophyl-
lite, and chrysotile. Although asbestos was used by Stone Age man, it
was not until the latter part of the 19th century that it came into
widespread use in the industrialized world. The modern industry began
in Italy and England after 1860, with Quebec being the main supplier of
the crude fiber. By 1900 two to three hundred thousand metric tonnes had
been mined, mostly in Quebec. By 1980 over 100 million tonnes had been
mined worldwide of which about 90 percent was of the chrysotile variety.
Approximately 75 percent of all asbestos ever mined has come from just
three chrysotile mining localities, Quebec, Canada, and the central and
southern Urals of the Soviet Union. The chrysotile producing countries
in order of importance are the Soviet Union (46.1 percent of the world's
total asbestos production in 1978), Canada (28.9%), Zimbabwe (3.8%),
China (3.8%), Italy (2.9%), South Africa (2.1%), Brazil (1.8%), U.S.A.
(1.7%), and Australia (1.0%).

Two to three percent of the world's asbestos production has been
the crocidolite variety, most of which came from South Africa. Western
Australia was a minor producer of crocidolite between 1944 and 1966. All
amosite has been mined in the Transvaal Province of South Africa and
accounts for about two to three percent of all asbestos ever produced.
The only significant anthophyllite production came from Finland, where
350,000 tonmnes was mined between 1918 and 1966. Total production of
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anthophyllite asbestos probably accounts for no more than 0.5 percent of

the world's total asbestos production to date.

Geology

Deposits of commercial asbestos are found in four types of rocks:
(I) alpine-type ultramafic rocks, including ophiolites (chrysotile,
anthophyllite, and tremolite); (II) stratiform ultramafic intrusions
(chrysotile and tremolite); (III) serpentinized limestone (chrysotile);
and (IV) banded ironstones (amosite and crocidolite). Type I deposits
are by far the most important and probably account for over 85 percent
of the asbestos ever mined. The most important Type I deposits are
those of Quebec and the Urals.

Type II deposits are found mostly in South Africa, Swaziland, and
Zimbabwe. These furnish mostly chrysotile asbestos. Type III deposits
are small in size; the most notable of these are located in Globe,
Arizona, and in the Carolina area of the Transvaal Province of South
Africa. Type IV deposits are found only in the Precambrian banded
ironstones of the Transvaal and Cape Provinces of South Africa and of
Western Australia. Only the South African deposits are still in produc-
tion.

There is considerable geologic evidence that commercial asbestos
deposits form only where there is a favorable stress environment, such

as where folding or faulting occurs.

Asbestos and health

The three principal diseases which are related to asbestos exposure
are (1) lung cancer, (2) cancer of the pleural and peritoneal membranes
(mesothelioma), and (3) asbestosis, a condition in which the lung tissue
becomes fibrous and thus loses its ability to function. Lung cancer can
be caused by exposure to chrysotile, anthophyllite, amosite, and croci-
dolite asbestos; however, increased risk of this disease is probably
found only in those who also smoke cigarettes. Asbestosis is also caused
by heavy and prolonged exposure to all four forms of asbestos. Mesothe-
lioma is caused principally by exposure to crocidolite asbestos. There
is good evidence that anthophyllite and chrysotile asbestos do not cause

any significant increase in mesothelioma mortality, even after heavy
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exposure for many years. Thus far only about 10 or 12 deaths among
anthophyllite and chrysotile miners have been attributed to this disease.

There is some question as to the relationship between exposure to
amosite asbestos and incidence of mesothelioma. Transvaal amosite miners
seem not to show this disease, whereas, according to I.J. Selikoff and
coworkers, fourteen men exposed to amosite during World War II at a
Patterson, New Jersey, factory have died of pleural or peritoneal meso-
thelioma (Selikoff et al., 1980b). It should be noted, however, that
only one mesothelioma case was noted on the death certificates. The
thirteen other deaths were recorded by Selikoff from a postmortem "best
estimate." Such "adjustments" of death certificate data make it impos-
sible to compare different epidemiological studies or to compare to
"control" groups. In addition, there are two other observations relating
to amosite asbestos that Selikoff does not address: (1) the very low
mesothelioma rates in the Transvaal amosite miners and (2) the strong
possibility that many of the Patterson factory amosite workers had previ-
ous work experience in New Jersey factories that processed crocidolite
asbestos. McCullagh (1980) in a review of the Patterson workforce sug-
gests that "something like one-third, or some 300 members, of the Patter-
son cohort may have been occupationally exposed to asbestos before
entering the cohort."

Chrysotile asbestos, which accounts for about 95 percent of the
asbestos in the present market, is much less harmful to miners than is
crocidolite and probably amosite. McDonald et al. (1980) found that for
men exposed for over 20 years to chrysotile dust averaging 20 fibers/cm3,
the total mortality was less than expected (620 observed deaths, 659
expected deaths). Risk of lung cancer was slightly increased: 48 deaths
observed, 42 deaths expected. Exposures to 20 fibers/cm3 are an order of
magnitude greater than those experienced now (generally less than 2
fibers/cm3); thus, chrysotile miners working a lifetime under these pre-
sent dust levels should not be expected to suffer any measureable excess

10
cancer.

lOIf there is no threshhold below which there is a zero risk of
developing cancer from exposure to a carcinogen (many believe such a
threshhold exists, many do not), then even exposures to chrysotile
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Epidemiological evidence does not exist to assess the health
effects of tremolite or actinolite asbestos, The minerals cummington-
ite, grunerite, and hormblende, which are sometimes considered to be

asbestos-like, have been shown not to cause asbestos diseases in miners.
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asbestos as low as two fibers per cubic centimeter could cause a few
cancers to develop within a significantly large work force. Yet, the
same also can be said of the human cost of operating heavy mining and
manufacturing machinery; there will be some accidents resulting in in-
jury and loss of life no matter how carefully the safety procedures are
designed and followed. If, as some propose, soclety is to abandon the
use of chrysotile asbestos despite the optimistic health picture for the
present Quebec asbestos miners and millers, we should first be able to
answer these questions:

(1) What will the health risk be to those exposed to the asbestos sub-
stitutes?

(2) Will the substitutes be less effective for fire protection, for
braking efficiency, and for strengthening materials, resulting in in-
creased injury and loss of 1life?

(3) Will the costs of the substitutes prevent their use, for example,

as replacement material for asbestos in cement water pipe and reinforced
construction cement?
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Chapter 7
SUBSOLIDUS REACTIONS and MICROSTRUCTURES in AMPHIBOLES
Subrata Ghose

INTRODUCTION

In this chapter we describe the subsolidus phenomena in amphiboles,
which include four different topics: (1) the thermodynamics and kinetics
of Mg—Fe2+ order-disorder in ferromagnesian and sodic amphiboles, (2)
miscibility gaps and exsolution, (3) phase transitions in ferromagnesian
amphiboles, and (4) thermal decomposition of amphiboles. The first two
phenomena can be regarded as two different expressions of the cation or-
dering process. In contrast with pyroxenes, our knowledge of the sub-
solidus phenomena in amphiboles is relatively meager for several reasons.
First, the stability limits of many amphiboles are much lower in temper-
ature than the pyroxenes; hence, the subsolidus reactions take place at
relatively lower temperatures, where reaction kinetics are slower, giving
rise to microscopic exsolution textures which may go unnoticed. Secondly,
experimentation at these lower temperatures (Vv700°C or below) under con-
trolled partial water and oxygen pressutes is difficult. In spite of these
problems, significant progress has been made since 1960 through the ap-
plication of single-crystal X-ray and electron diffraction and electron
microscopy, as well as spectroscopic techniques. Experimental deter-
mination of solvus gaps in amphiboles has been made in two cases; however,
considerable work. remains to be done in this field. Nonetheless, the
crystal-chemical principles guiding the subsolidus phenomena are fairly
clear, and in spite of the tremendous chemical complexity of the amphi-
boles, a comprehensible general picture is emerging. Hopefully, in the
next decade most of the details of the subsolidus phenomena in amphiboles
will be clarified through a concerted effort of petrologists and mineral-
ogists working both in the field apd in the laboratory.

THERMODYNAMICS AND KINETICS OF THE Fe2+—Mg2+ ORDER-DISORDER
REACTION IN FERROMAGNESTAN AMPHIBOLES

Mg-Fe in cummingtonite and actinolite

Anthophyllite and cummingtonite-~grunerite belong to an essentially
binary solid solution series, Mg7818022(0H)2—Fe7818022(OH)2, with minor
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amounts of Al in anthophyllite and Ca,Mn in cummingtonite. In spite of
the difference in symmetry, the natures of the four crystallographically
different octahedral sites in both mineral series are closely comparable:
the M1 and M3 sites are nearly regular with 4(0) and 2(0OH) as ligands,
M2 is quite regular with 6(0) as ligands, and M4 is very highly dis-
torted from the octahedral symmetry. In grunerite, the M4 site is co-
ordinated by four near-oxygen atoms, two at 2.135A and two at 1.988A,
and by two more oxygens at a distance of 2.757A (Finger, 1969). 1In
anthophyllite, the M4 site is effectively five-coordinated, with four
oxygen atoms at an average distance of 2.081+0.057A, a fifth oxygen at
2.387A, and two further ones at 2.865 and 2.867A (Finger, 1970). The M4
site plays a very special role in all amphibole structures regardless of
symmetry, since it holds adjacent T-O0-T slabs ('I-beams') together.

Because of the intrinsic differences in the chemical and structural
environments among the different octahedral cation sites in ferromagnesian
amphiboles, it was expected that Fe2+ and Mg2+ would be distributed un-
equally among these sites (see discussions by Hawthorne in Chapter 1 of
this volume). From single-crystal X-ray refinements of a grunerite
(Ghose and Hellner, 1959) and a cummingtonite (Ghose, 1961), it was found
that Fe2+ has a strong preference for the M4 site, Mg2+ for the M2 site,
and that Fe2+ and Mg2+ are nearly equally distributed in Ml and M3. Sub-
sequent X-ray refinements of cummingtonite and grunerite by Fischer (1966)
and Finger (1969) confirmed this trend. Based on the cummingtonite re-
sults, Ghose (1962, 1965) predicted that anthophyllite would show a similar
ordering trend, subsequently confirmed by infrared and Mossbauer spec—
troscopy (Bancroft et al., 1966) and crystal structure analysis (Finger,
1970).

Mueller (1960) considered the Fe2+—Mg2+ distribution in coexisting
actinolite and cummingtonite from a metamorphosed iron formation near
Bloom Lake, Quebec, Canada. From the smooth variation of the Fe-Mg dis-
tribution coefficient between coexisting mineral pairs, he concluded that
the minerals closely attained local equilibrium. The ion-exchange reac-

tion between coexisting actinolite and cummingtonite is the following:

1 1 v, W
g CazFe5518022(0H)2 + > MgzMg5818022(0H)2 2z

Fe Fe"'si 0 (OH) 9 (a)

V.
Ca Mg551 0 (OH)2 + ,FesSig0,,

8722

2] ]
Nl
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where superscripts V and W denote sublattices M4 and (M1,M2,M3), respec-
tively. The equilibrium relation for reaction (a) is given by Mueller
(1962) :
ngt(l " X?Em) XMg
.= ;ﬁg—zz—:—;ﬁg—; exp 0.40 (1 - 2 Cum) s
cum act

where Xgit and Xfﬁm are the mole fractions Mg/(Mg+Fe) in actinolite and
cummingtonite, respectively. The value of the equilibrium constant Ka
was found to be 1.80. The observed intercrystalline cation distribution
was explained by Mueller (1961) on the basis of the assumption that ac-
tinolite behaves as an ideal solution, whereas cummingtonite behaves as
a regular solution (Guggenheim, 1952). The deviation of cummingtonite
from ideal behavior was considered to be due to the strong site preference
of Fe2+ for the M4 site in cummingtonite, whereas this site is occupied
by ' Ca in actinolite. Mueller (1962) reasoned that since the configura-
tions of the M1, M2 and M3 sites are not very different in either actino-
lite or cummingtonite, to a first approximation, the intracrystalline
Fe-Mg distribution in cummingtonite can be considered to be between the
M4 site ("V sublattice'") on the one hand, and M1,M2,M3 sites taken to-
gether ("W sublattice') on the other. Indeed, subsequent Mossbauer
spectroscopy of cummingtonite (Whitfield and Freeman, 1967; Bancroft et
al., 1967; Hafner and Ghose, 1971) has failed to distinguish the Fe2+
occupancies of the M1, M2 and M3 sites. Following Dienes (1955), Mueller
(1962) proposed a treatment of the Fe2+—Mg2+ order-disorder in cumming-
tonite as an ion exchange reaction between the V and W sublattices, which

we will denote as M4 and M1,2,3, respectively:
reltou) + mgZtm1,2,3) = Mg?Tws) + Felt(u,2,3) . ®)

Assuming ideal solution behavior at each set of sites, the equilib-

rium constant Kb for reaction (b) can be written as

Fe Fe
_Har,2,3 ~ Ky

Fe Fe

X O = X 9,9

where Xﬁi 2.3 and Xﬁz are the mole fractions Fe/(FetMg) in the (M1,M2,M3)
3 b

%

and (M4) sites, respectively, as determined by single-crystal X-ray dif-

fraction studies or Mossbauer spectroscopy. However, to explain the
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observed intercrystalline partitioning data, Mueller (1962) postulated

a partially regular solution model for cummingtonite, where the mixing

of Fe and Mg in the W sublattice is ideal, and all the excess free energy
of mixing is associated with the V sublattice (M4). Matsui and Banno
(1965), on the other hand, used the ideal site model to explain the Fe-Mg
partitioning between coexisting actinolite and cummingtonite. For the
most general case, where the mixing of Fe and Mg at the M4 and the M1,2,3
sites deviates from ideal solution behavior, the equilibrium constant Kb
can be written as

Fe Fe Fe Mg
_X1,2,3% " X B0 st
Fe .  Fe Mg Fe ’
N = K 2,8 B2, 3fm
where the f values are the partial activity coefficients for Fe or Mg in

M1,2,3 or Ma.

We now have to define the partial activity coefficients. Mueller
(1964) has considered two coexisting phases in equilibrium, o and B, each
of which behaves as a regular solution. For an exchange reaction in-
volving two ions A and B between the two phases, the equilibrium constant

K can be written as

i (1—x§)x§ exp [(1-2X})W,/RT]

k= ) B B
(l—XA)XA exp [(l—ZXA)wA/RT]

where X% is the ionic mole fraction A/(A+B) in phase o and XB the corre-

spondin: mole fraction in phase B. Wd and WB are exchange eﬁergies asso-
ciated with phases o and B, respectively.

If we consider the "V" and "W" sublattices to be coexisting subphases
in ion-exchange equilibrium within the cummingtonite phase, the above

equation can be recast in the following form:

Xﬁi 2,34 - X§2> erp [(1—2x§i,2 3)WM1’2’3/RT]

Fe Fe Fe, M4
Q= Byp g Ky, o0 [A-2G0W " /x)

Fe Fe . .
N
where XM]., 2 , 3 and )%41 are mole fractions Fe/ (Fe+Mg) at the Ml, 2 > 3 sites

2 4 . .
and the M4 site respectively; le’ »3 and WM are ion exchange energies
associated with these sites, respectively. The partial activity coefficients

can be defined now in the form
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This is the regular solution model of Hildebrand (1929) and Guggenheim

in £

(1952), which implies that the entropy of mixing at each site is that

of an ideal solution and that the partial molar heat of mixing varies
with the square of the concentration, but is independent of temperature.
The two heat constants WM1’2’3/RT and WMA/RT are associated with (M1,2,3)
and (M4) sites, respectively. The magnitudes of these constants serve
as a measure of the deviation of Fe-Mg mixing at each set of sites from
ideal behavior.

Although Bancroft et al. (1967) determined Fe-Mg distributions in a
number of cummingtonites by infrared and Mossbauer spectroscopy, the ob-
served distributions showed a large scatter, and a test of these thermo-
dynamic models was not possible. Subsequently, Hafner and Ghose (1971)
determined the Fe-Mg distribution in 26 cummingtonite-grumnerite specimens
ranging in composition from 0.96 to 0.18 Fe/(FetMg), all except one being
derived from the metamorphosed iron formations of Quebec (Mueller, 1960;
Klein, 1966; Butler, 1969). Since these specimens came from well-equili-
brated amphibolite facies granulite rocks, it was expected that the ob-
served Fe-~-Mg distribution data would show a smooth trend, which would
allow testing of the postulated thermodynamic models. Figure 1 shows
the Fe-Mg distribution data, which can be approximated by a regular
solution model.

If we consider the Mueller (1960) samples only, the equilibrium
constant is 0.19, and WM4/RT and WM1’2’3
0.54, respectively (Hafner and Ghose, 1971). 1In rocks studied by Mueller

/RT have values of 1.58 and
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(1960), the oxygen isotope ratios 016/018 between coexisting quartz and

magnetite indicate a '"quench-in" temperature for ion exchange of 600+20°C
(Sharma et al., 1965).. This represents a lower limit for the temperature
of formation of these rocks. It is expected that the Fe-Mg ion exchange
within the crystals will continue to lower temperatures, as a function

of reasonably slow cooling of a regionally metamorphosed rock. If we
assume 425°C to be the effective '"quench-in" temperature for the intra-
crystalline Fe-Mg exchange for cummingtonites from the metamorphosed

iron formation (see below), then AG°, the Gibbs free energy of the ion
exchange, can be calculated from the relationship AG® = -RT In K as 2.32
Kcal/mole.

The rocks from Klein's (1966) and Butler's (1969) areas crystallized
at a higher temperature than the rocks from Mueller's (1960) area, since
they contain orthopyroxene as a thermodynamically stable phase coexisting
with cummingtonite, actinolite and clinopyroxene. If we consider Klein's
(1966) samples only, a good fit is obtained using an ideal solution model
with the distribution coefficient K = 0.092.

Ghose and Weidner (1971b) have determined the Mg-Fe distribution iso-
therms in natural cummingtonites at 600 and 700°C. Cummingtonites, rang-
ing in composition from 38 to 84 mole percent Fe7SiBOZZ(OH)2’ were sealed
with 3 wt % HZO in silver capsules and were equilibrated under 2 kbar
total pressure (90% Ar, 107 Hz). The Mg-Fe distribution at M4 and
(M1,M2,M3) sites was determined by Mossbauer spectroscopy. At 600°C the
mixing of Mg and Fe is regular at each set of sites. The equilibrium
constants, K,WM4 and WM1’2’3 at this temperature are 0.26, 1.09 and 1.23,
respectively (Fig. 2). The Gibbs free energy change at 600°C is 2.35
Kcal/mole. On the other hand, if we assume an ideal distribution model
to be valid at each set of sites, the equilibrium constant, K, and the
Gibbs free energy change, AG°, obtained from Ghose and Weidner's data

(Fig. 3) are:

T(°C) K AG® (Kcal/mole)
600 0.106 3.9
700 0.153 3.6

The enthalpy change, AH, is estimated to be "3.6 Kcal/mole, indicating a

small contribution of the configurational entropy to free energy. In view
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of these results, it would appear that Klein's (1966) samples were equi-
librated in terms of intracrystalline Mg-Fe distribution at a tempera-
ture slightly less than 600°C.

To be able to use the Fe-Mg order-disorder in cummingtonite as a
geothermometer, Ghose and Weidner (1972) heat treated three magnesium-
rich cummingtonites at various temperatures. These results are plotted
in Figure 4. From extrapolation, the ''quench-in" equilibration temper-

atures of the cummingtonites were as follows:

Table 1. Estimated crystallization aud/or equilibration temperatures
of cummingtonites

Rock type [sample no.] Fe/ (Fe+M§) L"CZ
Metamorphosed iron-formation -- (amphibolite facies) [DH7-482] 0.38 425%20
Chlorite-amphibolite schist, Baltimore, Maryland [118125] 0.36 290x20
Chlorite-amphibolite, Cooma Complex, Australia [10141] 0.18 265+30

The cummingtonite sample [118125] was heated at 398°C for 672 hours,
and showed no cation migration at this temperature. On the basis of this
result and the observed equilibration temperature (425°C) of the sample
DH7-482 from the metamorphosed iron formation (Mueller, 1960), which
crystallized at or above 600°C, Ghose and Weidner (1972) concluded that
the temperature TC below which no cation migration takes place is 425°C.
The observed low temperatures of cation equilibration for the other two
samples were believed to reflect their crystallization temperatures,
which were below TC. Although this possibility cannot be completely
ruled out, in view of the kinetic data on Mg-Fe order-disorder in antho-
phyllite subsequently reported by Seifert and Virgo (1974, 1975), the

above interpretation needs revision.

Mg-Fe in anthophyllite and the cooling rate of rocks

Seifert and Virgo (1974, 1975) have studied the kinetics of Mg2+—Fe2+

order-disorder between M4 and M1,2,3 sites in an anthophyllite from Montana
with the chemical composition NaO.OSCaO.OQMgS.79Fel.17(Si7.81A10.18)022(OH)2’
using Mossbauer spectroscopy at 77°K. They carried out a series of heating
experiments in the temperature range 400-720°C at 2 kbar in standard cold-
seal bombs and with controlled oxygen fugacity (quartz-fayalite-magnetite
buffer). At temperatures of 600°C and above, an equilibrium distribution

is attained within a few days. The exchange reaction can be written as:
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as a function of run duration at 550°C, 2 kbar. Open circles, starting material
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phyllite previously disordered at 720°C, 2 kbar for 1 day. From Seifert and
Virgo (1974).

Mg(M1,2,3) + Felt () 2 Fe2t(M1,2,3) + Mg(u4)

The equilibrium distribution coefficients KD found at 600, 670 and 720°C
define a straight line on a KD versus l/Tk diagram, indicating a con-
stant exchange reaction Gibbs free energy AG®° = 4247+54 cal/mole.
Assuming the ideal distribution of Mg and Fe at each set of sites and
assuming the AG®° to be constant and the same at lower temperatures, the
cation distribution of the unheated anthophyllite corresponds to a tem—
perature of cation equilibration of about 270°C. Detailed rate experi-
ments were made at 500 and 550°C, starting from unheated and previously
partially disordered material (720°C, 1 day). The results presented in
Figure 5 can be fitted by the rate equation for a second-order competing

rate process (Mueller, 1967):

dX; n-1 n~1
- 30 =, Z Vi3855 %) - € Z MPTLIFLIR SC, SOpp
j=1 j=1
. 2+, . .
where Xi = mole fraction of Fe~ in site i,
vij and v‘i = gtoichiometric coefficients,
k., and kj. = rate constants for competing ordering and disordering

processes,

¢ij and ¢ji = activity coefficients for the intracrystalline ex-
change, and
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2+
C0 = total Fe" concentration of all sites per unit cell volume.

In anthophyllite there are two M4 and a total of five M1, M2 and M3
sites per formula unit. Hence, assuming anthophyllite to be a Mg—Fe2+
binary solid solution, the above equation becomes:

dxX
4 _ c 8

Tt o 7 %4-123%4-123%, (1K

_c S _
123 7 € 7 9123-4%123-4%123(17K,)

where X4 and X are mole fractions Fe2+/(Fez++Mg) at M4 and M1,2,3 sites,

123
respectively. This equation can be reduced to a logarithmic decay for one

site occupancy with time (Mueller, 1969) by substituting in the equilibrium

constant K’ and the bulk XFe value and by assuming ideal mixing at

123-4
the sites, namely ¢123_4 = ¢4_123 =1,

Xh(l—X

)k
123 123-4 7
K® = = [Note that X =X -%2X,.
123-4 X123(1—X4) k4_123 123 5

The rate equation now becomes

4 2, 4
T F T Kge103(CK, HPX @),
_ o Fe
where g = K123_4X R
_ o Fe _ Fe 2 o 5
b=Xpy X ~ X T3 Ky, *ty, and
= 2 -K°
¢ =5 (IKpps )

Moeller (1969) has provided a solution for this differential equation.

The disordering rate constants k4_123 and activation energies determined
by Seifert and Virgo (1975) at 550°C and 500°C are given in Table 2.

The activation energy of the disordering process (V55 Kcal) and the tem-
perature dependence of the rate constants in anthophyllite are much higher
than those reported for orthopyroxenes (E = 20 Kcal) by Virgo and Hafner
(1969). The rate constants are expected to drop very rapidly at lower
temperatures, the rate constant for disordering decreasing more rapidly
than that for ordering. The calculated rate constant for disordering at
400°C indicates that a change of XEZ by 0.001 would require a heating run
of four years. From these kinetic results, there is no evidence of a high
temperature thermal barrier for ordering in anthophyllite, as was pre-
viously suggested for orthopyroxene (Virgo and Hafner, 1969) and cumming-

tonite (Ghose and Weidner, 1972). Hence, the degree of ordering in natural
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Table 2. Disordering rate constants k4-123, where
Kf23-4 = k123-4/k4~123, determined for a natural
anthophyllite at 500° and 550°C, and calculated ac—~
tivation energies for disordering, Eap. From Sei-
fert and Virgo (1975).

k4-123 (year-1) E

aD
Experiments  ~ToheF " 500°C (kcal)
Ordering 37.8432 3,3112 61.6

Disordering 5.0458 0.57816 54.8

anthophyllite can be quantitatively interpreted in terms of measured rate
constants. At very low temperatures, the ordering process will cease,
due to slow reaction kinetics. Provided the Xﬁz of a natural (unheated)
anthophyllite is known, from these rate constants the Xﬁ: values that are
attained after a given time interval at a given temperature can be calcu-
lated. Seifert and Virgo (1975) and Seifert (1977) have presented a
time-temperature— (percentage) transformation (T-T-T) diagram (Fig. 6)
plotted on a logarithmic time scale, which can be used to derive the
cooling history of a rock in terms of temperature and time. Assuming
that the anthophyllite of Seifert and Virgo crystallized at 720°C, a

-5°C/yr for the rock can be derived.

linear cooling rate of 2.5 x 10
In view of the kinetic results on anthophyllite, it now appears
very likely that the low temperatures indicated by the cation distribu-
tion in two cummingtonites derived from metamorphosed ultrabasic rocks
(290° and 265°C) and one from a metamorphosed iron formation (425°C)
studied by Ghose. and Weidner (1972) are indeed cation equilibration tem-
peratures and not crystallization temperatures of the rocks. However,
if one assumes no high-temperature thermal barrier to cation order to be
present in cummingtonites, the relatively high temperature of equilibra-
tion (425°C) for the iron formation cummingtonite cannot be explained on
the basis of available results. In fact, all of the samples from the
metamorphosed iron formation of Quebec studied by Hafner and Ghose (1971)
indicate an apparent equilibration temperature of 425°C or higher. One
must either assume that the cooling rate for these cummingtonites was
unusually fast or that the rate constants of cummingtonites are con-
siderably different from those of anthophyllites. The latter possibility
is rather unlikely in view of the fact that samples 118125 and DH7-482
(Table 1) have very similar XFe values (0.364 and 0.378) and yet indicate

very different temperatures of cation equilibration (290 and 425°C).
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We urgently need kinetic studies on cummingtonites to clarify these
anomalies so that eventually they can be used to determine cooling rates

of rocks. Ganguly and Ghose (1982) are currently studying this problem.

Mg-Fe in sodic amphiboles

In the sodic amphiboles, where the M4 site is occupied by Na+, the
M2 site is occupied by trivalent ions such as Al and Fe (Whittaker, 1949;
Ghose, 1965). The Fe2+ and Mg2+ ions are concentrated in the MI and M3
sites. Fe2+ shows a preference for M3 in glaucophane, as indicated by
crystal structure refinement and Mossbauer spectroscopy (Papike and Clark,
1968; Bancroft and Burns, 1969). In the glaucophane-crossite-riebeckite
series, the Mossbauer and infrared spectra indicate a change in the rela-
tive enrichment of Fe2+ ions from M3 to Ml with increasing Fe3+ content
(Bancroft and Burns, 1969). Ungaretti et al. (1978) and Ungaretti (1980)
have determined cation distributions in 26 blue sodic amphiboles that are
relatively poor in ferric iron. The Fe2+ in these amphiboles shows a
relatively strong preference for the M3 site; in addition, the Fe2+—Mg2+
distribution between M1 and M3 sites shows a smooth hyperbolic pattern,
indicating an ideal distribution of Fe2+ and Mg at each site (Fig. 7).

The equilibrium constant,

Fe Fe
KD=XMl'(1"XM3)
Fe Fe
Xy - - Xy

= 0.403 .
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If we assume the temperature of crystallization and the temperature of
equilibration of these sodic amphiboles to be about the same (v300°C),
we obtain an estimate of the Gibbs free energy, AG®°, of the ion-exchange

reaction to be about 1.09 Kcal/mole.

PHASE TRANSITIONS IN FERROMAGNESIAN AMPHIBOLES

The P21/m ~ (C2/m phase transition in magnesium-rich cummingtonite

Nature of the structural changes. It was Bown (1965) who first
showed that the exsolved lamellae of magnesium-rich cummingtonite in tre-
molite possess PZZ/h symmetry, rather than the usual (C2/m symmetry shown
by other clinoamphiboles. Such "primitive" cummingtonite has since been
identified in many metamorphosed ultrabasic rocks (Ross et gl., 1969;
Kisch, 1969; Rice et al., 1974). The crystal structure of a primitive
manganoan cummingtonite with the chemical composition (CaO.BéNaO.OGMnO.96

Mes5 577€0.014%0.017518%2
it is characterized by two crystallographically distinct double silicate

(OH)2 has been determined by Papike et al. (1969);

chains with different degrees of kinking. However, because of the high
Mn occupancy of the M4 site (0.49 Mn, 0.28 Mg, 0.19 Ca, 0.03 Na, 0.01 Fe),
the configuration of this site is comparable to that found in other, C-
centered (Mg,Fe) cummingtonites, i.e., four short oxygen bonds at an
average distance of 2.154A and two further ones at 2.511 and 2.650A.
High-temperature X-ray studies indicated that this primitive manganoan
cummingtonite transforms reversibly to C-centered cummingtonite above
40°C (Prewitt et al., 1970). The crystal structure of the high-tempera-
ture form at 100°C is very similar to another manganoan cummingtonite
that is C-centered at room temperature (Sueno et al., 1972). 1In both
forms, the configurations of the M1, M2, M3 and M4 octahedra are similar.
The principal structural changes due to temperature or differences in
chemical composition are brought about by the rotation of tetrahedra in
the silicate chains, so that above the transition temperature, both
chains become crystallographically identical. In contrast to the
pigeonite P21/c + C8/c transition, in the PZI/M + C82/m transition in
magnesiocummingtonite, no chemical bonds are broken, the transition being
purely displacive (Sueno et al., 1972). Apparently, the P21ﬁw cumming-

tonite is a metastable phase, which forms instead of the more stable
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orthorhombic (anthophyllite) phase, due to the sluggishness of the
clino + ortho transformation, which is reconstructive and involves con-
siderable breakage and reformation of M-0O bonds.

The chemical composition range of the PZJAW (Mg,Fe) cummingtonite
is known to extend from 77 mole % of the Mg component (Ghose, 1974, un-
published) to more magnesian compositions. The crystal structure deter-
mination of a primitive (Mg,Fe) cummingtonite with 86 mole % of the Mg
component (specimen #31B, Ticino, Switzerland, Rice et aql., 1974) indi-
cates that the configuration of the M4 site (highly enriched in Fe2+) is
close to that found in anthophyllite (Finger, 1970), i.e., it is five-
coordinated with four oxygen atoms at an average distance of 2.070A, with
a fifth oxygen atom at 2.415A; the sixth and seventh oxygen atoms are at
distances of 2.868 and 2.889A (Ghose and Wan, 198l; in preparation).
These new data further support the idea that the PZJAW cummingtonite is

a metastable phase.

Possible anti-phase domains in cunmingtonite. When C-centered
cummingtonite transforms into primitive cummingtonite, it is expected
that domains of P-cummingtonite will form which will have anti-phase
relationships with one another (¢f. pigeonite; for a review of anti-
phase domains in pigeonite, see Morimoto, 1974), The formation of the
primitive phase is expressed in X-ray diffraction photographs by the
appearance of extra reflections (h + k = 2n + 1), which violate the C-
centering. In principle, it is possible to view the anti-phase domains
directly, when the crystal is imaged through these reflections in the
electron microscope, using the dark-field téchnique. The reflections
(W + %k =2n+ 1) on the A0 net of primitive cummingtonite from Ruby
Mountain, Montana, are usually sharp but in some cases may be weak and
diffuse (Ross et al., 1969). By analogy with pigeonite, we postulate that
the degree of sharpness of these reflections indicates the size of the
anti-phase domains which are present in primitive cummingtonite (cf.

Hamil et al., 1973, and Ghose et al., 1972).

Although anti-phase domains probably exist in primitive cumming-
tonite, attempts to image the anti-phase domain boundaries directly by
transmission electron microscopy have failed so far (Lally and Ghose,
1972, unpublished; G. L. Nord, Jr., 1973, unpublished results). The reason

for the failure may lie in the low transition temperature (v100°C) for
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P > C cummingtonite; presumably the sample heats up under the electron
beam to a temperature higher than Tc’ thus obliterating the anti-phase
domains. However, if this explanation is true, according to Nord (1981,
private communication), one would expect to see some h + k # 2n spots
disappearing from the electron diffraction pattern while moving about
the thin foil, since only the position of the specimen under observation
is heated. As a matter of fact, mo Z + k # 2n spots can be found in the
diffraction pattern, except a diffuse streak in the overexposed pattern.
Hence, heating up of the specimen may not be a satisfactory explanation.
Whether anti-phase domains exist in primitive cummingtonite is still un-

certain.

Anthophyllite-cummingtonite phase relations

By analogy with pyroxene phase relations and on the basis of the
observed exsolution phenomena in cummingtonites and the primitive to (-
centered inversion in magnesium-rich cummingtonites, Ross et al. (1969)
and Prewitt et al. (1970) postulated the following phase relations among
primitive and C-centered cummingtonite and anthophyllite: "A C2/m am-
phibole containing Ca and Mg (or Fe2+) in the M4 site, which is stable
at high temperature with respect to anthophyllite, on cooling unmixes
sufficient calcic clinoamphibole to place its composition in the stability
field of anthophyllite. Recrystallization to anthophyllite should occur
but since this would require a complete reconstruction of the crystal
structure, inversion is prevented and a displacive transformation to
PZJ/M cummingtonite proceeds’; the primitive cummingtonite may persist
as a metastable phase. '"The cummingtonites from the Gouverneur, New York
area, which are very magnesium rich, may show part of the reaction se-
quence described above, but the reaction has stopped well before complete
unmixing of the Ca-component and inversion to anthophyllite."

The rest of the sequence in this scheme has now been found in the
primitive cummingtonite from Ticino, Switzerland (Evans et al., 1974).

The amphibole is primarily Mg-rich primitive cummingtonite (86 mole % Mg),
with fine lamellae of anthophyllite parallel to the (010) and (100) planes.
Single-crystal precession photographs of the A0l net indicate three oriented
intergrown phases: (1) the bulk of the crystal consists of cummingtonite

(space group PZJ/M); (2) a small amount of anthophyllite (space group Puma)
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sharing the a* axis with the cummingtonite; and (3) a very small amount
(v5%) of tremolite (space group C2/m) sharing the c* axis with the cum—
mingtonite. Hence, the anthophyllite and tremolite phases have respec-
tively (100) and (101) planes in common with the cummingtonite. This
situation is completely analogous to the inversion of a lunar pigeonite
studied by Ghose et al. (1973), in which the pigeonite exsolved augite
lamellae parallel to (00l) and subsequently inverted to orthopyroxene
sharing the (100) plane with the host pigeonite. By analogy with this
situation, we conclude that the Ticino cummingtonite first exsolved
tremolite, and then inverted to the orthorhombic anthophyllite phase.
Strictly from the orientation relationship of these three phases, of
course, it is not possible to determine the direction of this reaction
and determine which is the low-temperature phase. However, the indirect
evidence indicates that the anthophyllite is the low-temperature phase.
The indirect evidence includes the fact that the anthophyllite has diffuse
X-ray spots elongated parallel to a*, indicating the presence of very
fine anthophyllite lamellae parallel to (100), which are at the most only
a few hundred Angstrdms thick. Secondly, it is well known that the cumming-
tonite, which is monoclinic, can accommodate more calcium in the structure
than anthophyllite, which is orthorhombic. Hence, the reaction we are
observing is retrograde. In this case, from other geological evidence

one concludes that a fluid phase was present, which may have made the

inversion possible.

MISCIBILITY GAPS AND EXSOLUTION TEXTURES IN AMPHIBOLES
Introduction

Many compositionally complex amphiboles are expected to break down
under equilibrium conditions intp two or more compositionally simpler
phases. The attainment of thermodynamic equilibrium at temperatures
below 800°C is hindered considerably, however, by the slow diffusion
rates of the exchanging cations. As a result, even if an amphibole that
has equilibrated at low temperatures is effectively a two-phase assemblage,
detection of exsolution may be very difficult optically, because the ex-
solution lamellae are commonly extremely fine and submicroscopic. Hence,

application of techniques that are capable of a resolution better than
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that possible with optical microscopy, such as single-crystal X-ray dif-
fraction or electron diffraction and microscopy combined with chemical
analysis using energy dispersive detection, may be necessary to observe
exsolution. Fine-scale oriented lamellar intergrowth of two amphiboles
is the most reliable proof of exsolution in amphiboles. These results
should be corroborated by the determination of subsolidus phase relations
between appropriate amphibole pairs. Again, because of slow reaction
kinetics, attainment of equilibrium within a reasonable time period in
the laboratory is hampered; unless reversed reactions have been achieved,
such experimental results may be suspect.

In spite of these difficulties, a number of miscibility gaps between
amphibole pairs have been confirmed from observed exsolution phenomena,
two of which have been further confirmed by experimental determinations
of the subsolidus phase relations in the laboratory. These pairs in-
clude: anthophyllite-gedrite, cummingtonite-actinolite, cummingtonite-
hornblende, actinolite-hornblende, tremolite (actinolite)-riebeckite,
arfvedsonite-cummingtonite, and richterite-riebeckite. 1In addition,
although not yet confirmed, miscibility gaps between actinolite-glauco-
phane, hornblende-glaucophane and cummingtonite-riebeckite are very
likely on crystal-chemical grounds.

Analogy of the amphibole pairs with corresponding pyroxenes allows
us to draw some general crystal-chemical rules with respect to exsolution
in amphiboles. Immiscibility is to be expected between two amphiboles
under the following conditions:

Rule (1): where the M4 site is filled with large cations such as

Ca2+ in one amphibole and small cations such as Fe2+ and Mg2+ in

the other (hornblende-cummingtonite, actinolite-cummingtonite);

Rule (2): where the A-site is fully or partially occupied in one

and empty in the other (hornblende-actinolite, hornblende-cumming-

tonite, gedrite-anthophyllite, richterite-riebeckite);

Rule (3): where the M4 site is occupied by Ca in one and by Na in

the other (actinolite-riebeckite).

Hence, the size and the charge of the cations occupying the M4 and
the A-sites play critical roles. On the other hand, between two amphi-

boles such as glaucophane and riebeckite, no miscibility gap is to be
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expected except under very low-temperature conditions (below perhaps
300°C), since the exchanging cations involved (Al3+ and Fe3+ in the M2
site) have similar charges and ionic radii. 1In spite of the perplexing
chemical complexity of the amphiboles, a generally consistent picture is
emerging in terms of miscibility gaps, many of which can be experimentally
confirmed in judiciously chosen systems. Obviously, much work is still
needed both on natural assemblages and synthetic systems to clarify the
subsolidus phase relations in amphiboles.

On the basis of a large number of analyses for members of the antho-
phyllite-gedrite, cummingtonite-grunerite and tremolite-actinolite series,
Sundius (1933) was able to outline the miscibility gaps among these
series. Non-existence of amphibole compositions between these three
series was taken as the indirect proof of the existence of miscibility
gaps. Since then, a considerable number of analyzed amphibole pairs
have been reported in the literature (see Klein, 1968). Provided it can
be shown that chemical equilibrium has been established, such pairs prove
the existence of miscibility gaps. However, establishing chemical equi-
librium can be difficult, since such pairs often appear as intergrowths,
which can be (a) primary intergrowths of two amphibole phases, (b) re-
placement of one amphibole by another, (c) overgrowth of one amphibole
on another, and (d) exsolution or unmixing of two amphiboles from a
homogeneous primary phase. Replacement of one amphibole by another and
overgrowth can be sometimes recognized. Distinction between primary in-
tergrowth and exsolution cannot be made without detailed single-crystal
X-ray investigation. In clinoamphiboles, the host and the exsolved
phases usually share the (101) and (100) planes in the space group C2/m.
In the I2/m orientation, which corresponds to the C2/¢ orientation of
clinopyroxenes, these lamellae are parallel to the (001) and (100) planes
(Fig. 8—-refer to Fig. 26 in chapter by Robinson et al., p. 56, Vol. 9B).
For further discussion we will exclusively use the (C2/m orientation for
clinoamphiboles. Very fine-scale exsolution, as observed through single-
crystal X-ray diffraction and electron microscopy, is a clear proof of
miscibility gaps in amphiboles.

Unmixing of two amphiboles from a primary homogeneous phase can
proceed by two mechanisms: (1) nucleation and growth; or (2) spinodal

decomposition. In the latter mechanism, compositional waves are set up

343

EBSCChost - printed on 2/13/2023 5:05 AMvia . Al use subject to https://ww. ebsco.conlterns-of-use



within the homogeneous phase in the initial stages of exsolution. These
compositional modulations subsequently develop as regularly spaced ex-
solution lamellae. Nucleation and growth appears to be the most common
mechanism, but the spinodal mechanism seems to operate in some cases

(e.g., gedrite-anthophyllite).

Actinolite-hornblende

Shidd and Miyashiro (1959) reported a miscibility gap between ac-
tinolite and blue-green hornblende from metamorphosed basic rocks from
the Central Abukuma Plateau, Japan, which crystallized in the lowest
temperature range of the amphibolite facies. The two amphiboles with
sharp boundaries in discontinuously zoned crystals, actinolite grains
with hornblende patches, and fibrous intergrowths of two amphiboles were
considered to indicate an equilibrium assemblage. Numerous actinolite-
hornblende occurrences from metamorphic rocks have since been described
(see Klein, 1969) where subhedral grains show irregular zomes and patches
of hornblende in actinolite and vice versa. From the textural evidence,
these two amphiboles are most likely not in equilibrium, but represent
arrested stages of reaction during recrystallization (Grapes, 1975; Grapes
and Graham, 1978). Actinolite and hornblende in apparent chemical equi-
librium occur as separate grains in amphibolites at Hanover, New Hamp-
shire (Brady, 1974). Klein (1969) described a rock from Tsintobolovolo,
Madagascar, where equidimensional grains of the two amphiboles are inter-
woven. The green hornblende shows abundant exsolution lamellae 0.25 um
in thickness parallel to (101) and (100), which are most likely actino-
lite in composition. Cooper and Lovering (1970) observed exsolution
lamellae of hornblende in actinolite and vice versa from metamorphosed
basic rocks of southern New Zealand. Tagiri (1977) suggested that the
lamellar intergrowths of actinolite and hornblende in some metamorphosed
igneous rocks represent an equilibrium assemblage which may indicate a
miscibility gap. A miscibility gap is also suggested by the composi-
tional gap between analyses of tremolites and aluminous hornblendes from
the lower medium range of the amphibolite facies rocks from the North
Cascades, Washington (Misch and Rice, 1975).

Oba (1980) has experimentally determined the phase relations on the

tremolite-pargasite join in the temperature range 750-1150°C under water
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At 800°C and 1 kbar, there is a solvus between tremolite and pargasite
(Fig. 9). Under these conditions between Tr90Palo and TrlOPa90 tremo~
litic and pargasitic amphiboles coexist with vapor. These results seem
to be in agreement with field relations. Plots of amphibole compositions
from skarns and marbles (low pressure and high temperature) within the
Tr-Ts-Ha (Tr = tremolite, Ts = tschermakite, Ha = hastingsite) ternary
system show the existence of a compositional gap, whereas amphiboles

from igneous rocks formed at high temperature and high pressure (above

1 kbar) do not show the compositional gap (Oba, 1980).

Hornblende—~anthophyllite

Sundius (1933) postulated a miscibility gap between hornblende and
anthophyllite, i.e., a monoclinic and an orthorhombic amphibole. How-
ever, exsolution in such systems is always of a second amphibole of the
same crystal system. For example, in a hornblende-anthophyllite assem-
blage from New Hampshire, the hornblende exsolves primitive cummingtonite
parallel to (101) and (100), and the anthophyllite exsolves gedrite
(Robinson and Jaffe, 1969; Ross et al., 1969). These phenomena can be
explained on the basis of crystal structural control exerted by the host
on the nucleated phases. The comparable analog in pyroxenes is augite-

orthopyroxene, where augite may exsolve metastable pigeonite along (001).
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The hornblendes coexisting with anthophyllite have less iron than those
coexisting with cummingtonite (Robinson and Jaffe, 1969). Furthermore,
hornblendes coexisting with anthophyllite generally exsolve primitive
cummingtonite, whereas hornblendes coexisting with cummingtonite exsolve

C-centered cummingtonite.

Actinolite (tremolite)-anthophyllite

Klein (1968) has analyzed the coexisting tremolite-actinolite and
anthophyllite (+ talc) from Balmat, New York. This pair has a distinctly
higher Mg/(Mg+Fe) ratio than the hornblende-anthophyllite pair described
above., Kamineni et al. (1980) have described an equilibrium assemblage
of actinolite-cummingtonite-anthophyllite from metamorphosed ultramafic
rocks of Baffin Island, Arctic Canada. All three amphiboles occur as in-
dependent grains and with all three in mutual contact. All three amphi-
boles are homogeneous and devoid of any microscopic exsolution features.
From the metamorphosed ultramafic body at Chester, Vermont, Veblen and
Buseck (1980) describe composite amphibole crystals consisting of low
calcium amphibole (anthophyllite) at one end and actinolite at the other.
The intermediate parts of such composite crystals consist of a fine inter-
growth of anthophyllite and actinolite on planes (100). The actinolite
contains cummingtonite lamellae exsolved on (101).

The calcic amphiboles (hormblende or actinolite) have higher Mg/
(Mg+Fe) ratios than anthophyllite that coexists with them (Klein, 1968).
A similar Mg-Fe distribution is found in igneous and metamorphic ortho-
pyroxene-calcic pyroxene pairs (Kretz, 1963). These observations can be
explained by the fact that the M4 site in anthophyllite and the M2 site
in orthopyroxene strongly prefer Fe2+, whereas these sites in calcic am—

phiboles and pyroxenes are occupied by Ca2+.

Hornblende-cummingtonite

Although Eskola (1914) first noticed hornblende-cummingtonite inter-
growths which may have been due to unmixing, he interpreted them to be due
to replacement of hornblende by cummingtonite. Asklund (1923) first
suggested an exsolution origin of the hornblende-cummingtonite intergrowth
and proposed that a miscibility gap exists between these two amphiboles.
This suggestion was subsequently verified by detailed optical microscopy

and single-crystal X-ray diffraction studies of coexisting hornblende and
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cummingtonite from amphibolite rocks at Skothagen, Sweden, which revealed
fine (101) lamellae of cummingtonite in the hornblende and vice versa
(Asklund et al., 1962)., Similar exsolution lamellae in coexisting horn-
blende and cummingtonite observed through optical microscopy were reported
from amphibolite rocks in Pernio, Finland (Seitasaari, 1952), Queensland,
Australia (Vernon, 1962), Orange, Massachusetts, and New Hampshire (Robin-
son, 1963), New South Wales, Australia (Binns, 1965), Novarra, Italy
(Boriano and Minutti, 1965), and Adamello, Italy (Calleghari, 1966), and
other areas.

In addition to the (101) lamellae, fine (100) lamellae in hornblende
and cummingtonite were noticed through optical microscopy and X-ray dif-
fraction (Robinson, 1963; Binns, 1965; Calleghari, 1966; Jaffe et al.,
1968; Robinson et al., 1969).

Hornblende-cummingtonite, hornblende-anthophyllite and actinolite-
cummingtonite intergrowths have been extensively studied using optical
microscopy, microprobe analysis and X-ray diffraction by Ross et al.

(1969) and Robinson and Jaffe (1969). These papers should be consulted
for details. We summarize here some of their results. Table 3 shows
unit-cell dimensions of 10 hornblende and cummingtonite specimens that
show exsolution phenomena. The hornblende coexisting with C-cummingtonite
contains exsolution lamellae of C-cummingtonite, but when it is coexisting
with anthophyllite, the exsolution lamellae in hornblende are P-cumming-
tonite, indicating the structural control of the host and the metastable
nature of the P-cummingtonite. The (101) lamellae are usually thicker
than the (100) lamellae. The exsolution lamellae may subsequently be
obliterated by intergranular recrystallization. Hornblendes coexisting
with anthophyllite contain less iron than those associated with cumming-
tonite; furthermore, the coexisting anthophyllite shows exsolution lamellae
of gedrite (Robinson and Jaffe, 1969).

Gittos et al. (1974, 1976) have studied exsolution intergrowths of
hornblende and grunerite with transmission electron microscopy. The
hornblende contains coherent lamellae of grunerite approximately parallel
to (100) and (I01), which nucleated héterogeneously. In turn, the grunerite
also contains heterogeneously nucleated lamellae of hornblende approximately
parallel to (100) and (1o1). Figure 10 shows hornblende lamellae that

have nucleated at a (100) twin boundary of grunerite. The semi-coherent
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Table 3. Crystallographic data for amphiboles showing exsolucion, from
metamorphosed volcanics from Massachusetts and New Hampshire (Ross et
al., 1969).
. Crystal . % of 5]
No. ;\)I':a Amphibole Intergrowths g/x")a?n a(A) b(A) ¢(A) B8 GE":E; V(A3)
6A9X 1 hornblende host 90 9.80 18.00 5.32 105°0° C2/m 906.5
P-cummingtonite on (100) 7 9.51 18.00 5.31 102°15’ P2y/m 888.3
P-cummingtonite on (101) 3 9.50 18.00 5.31 102°0° P2y/m 888.2
2 anthophyllite host 70 18.57 18.05 5.29 — Pnmna 1773.1
gedrite 30 18.57 17.88 5.29 — Prina 1756.4
N30X 1 anthophyllite host S0 18.58 18.04 5.29 — Puina 1753.5
gedrite 50 18.58 17.84 5.29 — Prma 1773.1
2 hornblende host 90 9.81 18.02 5.31 105°0" C2/m 906.7
P.cummingtonite on (I01) 5 9.49 18.02 5.30 101°55’ P/m 886.8
P-cummingtonite on (100) S 9.49 18.02 5.30 102°5’ P2i/m 886.3
TE8BX 1 C-cummingtonite 100 9.50 18.18 5.31 101°55' C2/m 897.3
2 hornblende host 99 9.77 18.02 5.32 104°40" C2/m 906.1
C-cummingtonite on (100) 1 9.51 18.02 5.30 102°5' C2/m 888.1
7A8BX 1 C-cummingtonite host 92 C2/m
hornblende on (100) 4 C2/m
hornblende on (101) 4 C2/m
2 C-cummingtonite host 88 9.51 18.15 5.31 102°5’ C2/m 896.2
hornblende on (101) 10 9.82 18.15 5.33 104°50 C2/m 918.3
hornblende on (100) 2 C2/m
3 hornblende host 90 C2/m
C-cummingtonite on (101) 10 C2/m
4 hornblende host 94 9.82 18.12 5.31 104°55' C2/m 913.0
C-cummingtonite on (100) 3 9.51 18.12 5.33 102°10/ C2/m 897.8
C-cummingtonite on (I01) 3 C2/m
134X 1 gedrite host >99 18.55 17.81 5.29 — Pnrma 1746.8
rutile <1 4.58 — — — — —
134-1 1 gedrite 100 18.601(4)* | 17.839(3) | 5.284(2) — Pnma 1753.2(5)
138DX 1 gedrite host 80 18.56 17.87 5.29 — Prma 1754.5
anthophyllite 20 18.56 18.11 5.29 — Prma 1778.1
WoSJX 1 gedrite host 80 18.54 17.76 5.27 — Prma 1735.2
anthophyllite 20 18.54 17.98 5.27 — Prme 1756.8
138A A C-cummingtonite host 90 9.49 18,13 5.30 10205’ C2/m 891.7
hornblende on (100) 6 9.80 18.13 5.30 104°45' C2/m 910.6
hornblende on (101) 4
C-A C-cummingtonite host 98 C2/m
hornblende on (100) 2 C2/m
1 hornblende host 85 9.80 18.08 5.31 104°45' C2/m 909.8
C-cummingtonite on (100) 10 9.52 18.08 5.31 102°10' C2/m 893.4
cummingtonite on (101) 5 C2/m?
2 anthophyllite host 55 18.58 18.11 5.28 — Prnme 1776.6
gedrite 45 18.58 17.85 5.28 — Pnma 1751.1
QB27C 1-H hornblende host 75 9.79 18.02 5.31 104°57 C2/m 905.2
P-cummingtonite on (100) 25 9.48 18.02 5.31 102°5' P2y/m 887.0
1-P P-cummingtonite host ; 85 9.45 ; 18.00 5.30 10205’ P2/m 881.6
hornblende on (100) : 15 | 9.75 | 18.00 5.30 L 104955 C2/m 898.8
; . ! :
2-A anthophyllite host 80 18.57 | 18.00 5.30 | — Pnma 1771.6
{ 20 1 18.57 1 17.81 ©5.30 i — Pnma 1752.9

i gedrite

!

|
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Figure 10. Nucleation of (I01) hormblende
lamellae at a (100) twin bowndary T-T in
grunerite. From Gittos et al. (1976).

Homogenous precipitation of

Figure 12.
(100) platelets (Guinier Preston Zones)
between heterogeneous (101), X-X and (100),

Y=Y lamellae in grunerite. TFrom Gittos et

al. (1976).
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Grunerite lamellae in horm-

Figure 11.
From

blende showing growth ledges.
Gittos et al. (1974).

0.1mm

Figure 13. Composite photomicrograph showing
actinolite host and cummingtonite host that co-
exist in the same rock sample. The grain on the
left is actinolite (dark areas) containing about
55% primitive cummingtonite lamellae oriented
parallel to (101). The grain on the right is
primitive cummingtonite containing about 10%
actinolite lamellae (darker areas) orienmted
parallel to (101) of the host. 0i1 mount, un~-
crossed polarizers. From Rosg et al. (1969).

Al use subject to https://ww. ebsco.conterns-of-use



interface between integrown grunerite and hornblende may also act as a
nucleation site for additional lamellae; these exsolution lamellae are
completely coherent with the host (i.e., the lattice planes of the pre-
cipitate and matrix are continuous across the interface), even for lamellae
up to 0.5 um thick. The exsolution lamellae often pinch out, and some-
times irregularly-spaced steps or ledges are observed at the interfaces
of the (100) lamellae (Fig. 11). Similar ledges have been observed at
the interfaces of (100) lamellae of augite in orthopyroxene. These ledges
have been interpreted as growth features, and the motion of these ledges
along the interfaces provides the thickening mechanism for the exsolution
lamellae. "If such ledges are arranged in a systematic manner on each
side of a lamella they could explain the fact that although the (100) or
(101) lattice planes are always nearly parallel in the matrix and preci-
pitate for a lamella approximately parallel to (100) and (101), the in-
terface may lie at a small to moderate angle to these planes. However,
the rarity of this phenomenon suggests it is an unlikely explanation for
the angular relations observed by Robinson et agl. (1971a)" (Gittos et al.,
1976).

The cummingtonite and grunerite examined by Gittos et al. (1976)
also contain a homogeneous distribution of fine (100) platelets between
the (100) and (101) hornblende lamellae (Fig. 12). "A precipitate-free
zone occurs adjacent to the lamellae and indicates that the platelets
formed after the lamellae in areas where the calcium supersaturation was
high enough to overcome the energy barrier for homogeneous nucleation

(Gittos et qZ., 1976).

(Tremolite) actinolite-cummingtonite

Coexisting actinolite and cummingtonite from amphibolites and meta-
morphosed iron formation rocks most commonly show fine (101) exsolution
lamellae through optical microscopy. Such intergrowths have been exten-
sively studied by Ross et al. (1969). We report some of their results
here. Figure 13 shows fine (101) exsolution lamellae of primitive man-
ganoan cummingtonite in tremolite and vice versa from Gouvermeur, New
York. X-ray precession photographs of these amphiboles reveal common
b* and e* axes and separate g* axes of the two amphiboles (Fig. 14). An
electron microscopic study of the primitive cummingtonite by G. L. Nord,

Jr. (unpublished) revealed fine-scale (101) lamellae of tremolite (Fig. 15).
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Figure 14 (to the left). Precession photograph of a primitive mangancan cummingtonite

grain. The strong set of reflections marked by axes aX and ¢} are due to cummingtonite

host. Some of the stronger reflections violating the '2/m space group Symmetry are

circled (i.e., 502, 304, 302, 104 and 704). The weaker set of reflections marked by

a&m a}l& and cfy are due to the tremolite lamellae. MoKm radiation. From Ross et al.
969) .

Figura 15 (to the right). Exsolution lamellae of tremolite along (101) of primitive

manganoan cummingtonite host, Taleville, New York (sp. no. 115046; Ross et al., 1968).
A narrow stacking fault along (010) cuts across both host and lamellae. Bright-field
electron micrograph, g = 101, 200 keV. Courtesy of G.L. Nord, Jr.
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Figure 16, The actinolite-cummingtonite solvus in the pseudo-binary join
Ms3_sFu3.5813022(Oﬁ) =Catg, cFe, ;S1,0,,(0H), + excess H,0 at P fluid = 2 kbar and

oxygen fugacities defined by the fayalite-magnetite-quartz buffer. From Cameronm (1375).
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Similar orientation relationships are shown by actinolite exsolving

primitive cummingtonite and vice versa from Ruby Mountain, Montana.

Ross et al. (1969) have proposed an asymmetric solvus within the pseudo-

binary join actinolite-cummingtonite with a steep cummingtonite limb.

This suggestion has been confirmed by the experimental study of Cameron

(1975), who studied the pseudobinary join Mg3.5Fe3.SS:[,‘_8022(OH)2—CaZMg2-5
Si 0 (OH)2 with excess H

Fey. 5518027 2
gen fugacity defined by the fayalite-magnetite~quartz buffer (Fig. 16).

0 at fluid pressure of 2 kbar and at oxy-

Tremolite (actinolite)-riebeckite

A miscibility gap at lower metamorphic temperatures (500°C or less)
between tremolite and riebeckite is postulated on the basis of the lack
of complete solid solution in lower metamorphic grades. The exsolution
between these two end members involves cation exchange of the type
Na+Fe3+ z Ca2+Mg2+. Immega and Klein (1976) described an amphibole
paragenesis from the Carter Creek area of southwestern Montana, which
“consists of a pale green sodic tremolite, which shows patchy anomalous
extinction and rims of finer grained blue magnesioriebeckite. Boundaries
between the Na-tremolite and the rimming riebeckite within a grain are
optically sharp; there is no visible exsolution within either amphibole....
Precession photographs of single crystals of Na-tremolite with no optically
visible riebeckite usually have riebeckite reflections,' both phases
sharing a common b axis and both possessing the space group C2/m. The
unit-cell dimensions of the Na-tremolite are ¢ = 9.80, b = 18.01, ¢ =
5.24A, B = 104°40', and those of the riebeckite, a = 9.79, b = 18.01,
e¢ = 5.28A, B = 103°. Similar observations on the Na~tremolite have been

made by the author and S. Varadarajan (1977, unpublished).

Actinolite-glaucophane

Klein (1969) has assembled reports of coexisting actinolite-glauco-
phane assemblages. Because of zoning which is commonly present, it is
not always possible to determine if these phases are in equilibrium.
However, as in tremolite-riebeckite, a miscibility gap is expected at
lower metamorphic temperatures on crystal-chemical grounds. From the
glaucophane schists from Marin County, California, and the Cazadero area,
Sonoma County, California, Dudley (1967) and Lee et al. (1966) have de-

scribed the coexistence of actinolite and glaucophane, which are present
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in distinct individual grains in apparent chemical equilibrium. Often
a single amphibole grain may consist of both actinolite and glaucophane.
This observation, which is common in other amphibole paifs as well, does
not contradict chemical equilibrium but reflects the kinetic ease with
which one amphibole may act as a nucleation center for the second amphi-
bole. Similar coexisting actinolite-glaucophane has been reported by
Ernst et al. (1970).

Iwasaki (1963) describes zoned amphiboles from the Kotu Bizan area
of Eastern Shikoku, Japan, where actinolite cores are rimmed by glauco-
phane and vice versa. The boundaries of the :.cores and rims are sharp.
This occurrence may also indicate chemical equilibrium and can be ex-
plained on the basis of the ease of nucleation of one amphibole phase on
the other. Single-crystal X-ray photographs usually show a common orien-
tation of the b axes of the lattices in such cases. Electron microscopic

examination of the boundary regions of two amphiboles would be of interest.

Hornblende-glaucophane

Hornblende-glaucophane schists from Marin County, California, show
textures similar to the actinolite-glaucophane pairs (Dudley, 1967). No
exsolution lamellae have been found in these coexisting amphiboles. Due
to the patchy texture, a replacement origin cannot be ruled out, although
optically and chemically sharp boundaries may indicate a miscibility gap
(Klein, 1969).

Glaucophane-riebeckite

A complete solid solution series between glaucophane and riebeckite
has been found in alkali amphiboles from the blueschists of the Cazadero
area, California (Coleman and Papike, 1968). Since immiscibility would
require Al3+—Fe3+ unmixing, the complete solid solution in this series is
not surprising. Koslowski and Hinrichsen (1979) synthesized a glaucophane-
riebeckite mixed crystal (crossite) at 700°C and 4 kbar HZO pressure. The

upper stability limit is near 800°C at 1-2 kbar H20 pressure.
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Table 4 (after Ghose et al., 1974).

ELECTRON MICROPROBE ANALYSES OF CLEAR PATCHES AND HOST-LAMELLA
PAIR IN TIRODITE, TIRODI MINE, MADHYA PRADESH, INDIA

m @ ©) @
SiOs 56.0 55.2 556 56.7
AlOs 0.8 08 12 0.9
FeO 14.7 14.9 6.3 14.5
MnO 1.0 84 6.1 42
MgO 146 143 17.3 16.7
Ca0 0.2- 1.1 31 1.6
Na,O 71 67 53 6.7
KO 02 0.3 14 0.2
Si 8.00 8.00 8.00 8.00
Al 0.14 0.14 0.19 0.14
Fe 1.76 5.14 1.80 6.04 075 5.39 171 5.86
Mn 0.12 1.02 0.74 0.50
Mg 312 3.08 37 3.51
Ca 0.03 0.17 048 0.24
Na 1.98 2.06 1.88 2.10 1.47 2.19 1.83 2.10
K 0.03 0.05 0.24 0.03
(O,0HF) 2 % 24 %4

(1) Ca-poor phase: Magnesio-ricbeckite, extremal composition in a clear patch in
tirodite. Analyst, E. Olsen.

(2) Ca-rich phase: Magnesio-richterite, extremal composition in a clear patch in
tirodite, Analyst, W. C. Forbes.

(3) Host in tirodite, Analyst, W. C. Forbes.

(4) Lamella in tircdite. Analyst, W. C. Forbes.

Table 5 (after Ghose et al., 1974).

CELL DIMENSIONS OF MAGNESIO-RIEBECKITE, MAGNESIO-RICHTERITE AND
EXSOLVED AMPHIBOLE PHASES IN TIRODITE (SPACE GROUP C2/m)

Magnesio- Magnesio-

riebeckite  richterite
NaMgFe,*+ Na,MgsSis Exsolved amphibole phases in tirodite
SisOn(OH). O=(OH). Crystal no. 1 Crystal no, 2 Crystal no. 3
(Emnst 1968) (Witte er al Phase 1 Phase 2 Phase 1 Phase2 Phasel Phase2.
1969)

a(R) 9.73 973 9.77 9.56 9.75 967 9.82 9.56
bo(R) 17.95 17.91 17.99 17.99 17.92 17.92 17.98 17.98
() 5.30 528 533 5.30 534 5.34 528 5.28
B(“) 103.3 1026 104.0 102.9 1037 102.8 1043 102.5

Richterite-magnesio-riebeckite

The straw-yellow alkali amphibole from Tirodi, Madhya Predesh, India,
originally described as tirodite* by Dunn and Roy (1938), occurs as coarse
bladed prisms associated with braunite, spessertite, rhodonite and quartz.
In terms of the bulk chemical composition, it is a manganoan magnesio-
richterite-arfvedsonite. Ghose et al. (1974) made a detailed optical,
X-ray, electron microprobe and electron microscopic examination of this

amphibole, which turned out to be a lamellar intergrowth of two amphiboles.

*The type tirodite is a manganoan alkali amphibole. Segeler (1961) mis-
takenly used this name for a manganoan cummingtonite. This mistake seems
to have received the blessing of the I.M.A. commission on amphibole
nomenclature (Leake, 1978). However, it is strongly recommended that this
mistake not be perpetuated. [See Chapter 1, this volume, for discussion
of nomenclature.]
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Optically, the bulk of this material consists of very fine lamellae of two
different kinds parallel to (101), with occasiénal clear patches. The sub-
micron lamellae are discontinuous and are themselves variable in composi-
tion. The electron microprobe analyses of the clear patches also show
variable composition. Two of the extreme compositions, as well as an
attempt to determine the chemical differences of two adjacent lamellae,

are listed in Table 4.

X-ray precession photographs of single crystals of the Tirodi amphi-
bole show the presence of two clinoamphibole phases with common b and ¢
axes. The unit-cell dimensions, particularly B angles (Table 5), indicate
a variability of chemical composition of the two exsolved phases. In one
case, the (h00)-type X-ray diffraction spots from the two phases are
connected by diffuse streaks running parallel to c¢*, indicating a rather
early stage of exsolution (¢f. lunar pigeonite-augite: Ghose et al., 1972).

Under dark field conditions in the transmission electron microscope,
the exsolution lamellae can be very clearly observed (Fig. 17). The lamel-
lae are apparently coherent and run parallel to (I01). The most interesting
feature observed with the electron microscope is the presence of dark round
patches distributed throughout a lamella which also shows fine exsolution
lamellae. In a different part of the crystal, these dark patches coalesce
and form irregular domains of the second phase, which coexists with areas
showing fine-scale exsolution (Fig. 17). From the similarity of the dif-
fraction contrast, it appears that one set of exsolution lamellae and the
irregular domains are similar in chemical composition. Subsequent elec-
tron microscopic examination revealed a second set of extremely fine-scale
irregular exsolution lamellae parallel to (100) cutting through the (I101)
lamellae (Fig. 18). "There are no interfacial dislocations between the
lamellae, and the electron diffraction patterns do not show any extra
spots apart from a slight splitting. The very slight strain at the inter-
face of the lamellae can only be seen when they cross a bend contour.

The two phases are therefore nearly coherent. In Figure 19, the 8.4A
lattice fringes due to the (110) planes are seen to rum through both (101)
and (100) lamellae without any interruption or deviation at the boundaries
between the two phases' (Phakey and Ghose, 1974). This evidence suggests
spinodal decomposition in this amphibole, in contrast to the case of the

nucleation and growth mechanism found to operate in actinolite-grumerite
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Figure 17. Dark-field tfansmission electron micrograph of exsolution lamellae in the
alkali amphibole tirodite from Tirodi Mine. The regular exsolution lamellae are ap-
proximately 500 & wide. Note that one set of exsolution lamellae (darker contrast) in
places has coalesced into irregular patches. After Ghose et al. (1974).

Figure 18. Higher magnification of the same area in tirodite showing another set of
extremely fine-scale and not so regular exsolution lamellae (trace 100) approximately
parallel to (100) cutting through the (101) lamellae. From Phakey and Ghose (1974).
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Figure 19, High resolution electron micrograph of the same area shawing the 8.4 h 4
lattice fringes due to (110) planes running through both (101) and (100) lamellae
without any interruptionm or deviation at the phase boundaries. After Phakey and
Ghose (1974).

(Phakey and Ghose, 1974). Another sample revealed exsolution of (I101)
and (100) lamellae in nearly equal amounts (Fig. 20).

Single-crystal photographs of another sample of tirodite from the
same locality indicated the absence of exsolution. This indirect evidence
corroborates the suggestion that the exsolution observed in the other

sample is in the beginning stages.

Anthophyllite-gedrite

Anthophyllite and gedrite are both essentially ferromagnesian amphi--
boles and are orthorhombic in symmetry (space group Pmma). Chemically,
gedrite can be distinguished from anthophyllite by a much higher content
of Al and Na in the former (Robinson and Jaffe, 1969). The sodium ions in
gedrite partially fill the A-site (Papike and Ross, 1970).

The solvus between anthophyllite and gedrite was first discovered
through single-crystal X-ray photographs of these minerals, which showed
doubled reflections, indicating that they are actually oriented inter-
growths of two orthorhombic amphiboles (both with space group Prma).

The orientation of the a, b and ¢ axes were common to both phases, and
only the b dimensions differed, indicating that the two sets of lamellae
were gedrite and anthophyllite (Robinson and Jaffe, 1969; Ross et al.,
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Figure 20 (above, lefr). Coexisting (101} and (100) exselution lamellae in tirodite.
The (100) lamellae are vertical. (Phakey and Ghose, 1974, unpublished electron
micrograph)

Figure 21 (above, right). Interlinked exsolution lamellae approximately parallel to
{120} in anthophyllite. Wote also the (100) linear features.

e L 4 5 i s N
%" - s 1 : #° & i
Figure 22 (above, left). Exsolution in anthophyllite. In localized areas the precipi-
tates are isolated, '"wavy" particles. Between them are smaller (010) platelets, some
of which have nucleated on the (100) faults (shown by arrows).

Figure 23 (above, right). (010) exsolution lamellae of gedrite in anthophyllite.

Figures 21, 22 and 23 from Girtoe et al. (1376, Figs. 3, 4 and 6).
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1969; Robinson et al., 1971b). Optical examination revealed pervasive fine
(010) lamellae in two very aluminous gedrites, 0.2 and 0.8 pym thick. An-
thophyllites show no optically observable exsolution lamellae although in
hand specimen in some cases they show strong schiller effect with variable
blue, green and yellow colors, indicating the presence of fine-scale
exsolution lamellae (as in peristerites and labradorites). Exsolved an-
thophyllite and gedrite lamellae in the intergrowths from New Hampshire
and Massachusetts typically contain approximately 0.2 and 1.6 tetrahedral
Al per formula unit, respectively (Robinson et al., 1971). Coexisting
anthophyllite and gedrite from Telemark, Norway, also suggest a solvus
between these two amphiboles (Stout, 1970, 1971, 1972).

Coexisting high Na-Al gedrites and low Al-Na anthophyllites from
the Post Pond volcanics, Vermont, described by Spear (1980), exhibit a
variety of equilibrium growth textures, including discrete grains, bladed
intergrowths, patchy intergrowths, overgrowths and lamellar intergrowths
with lamellae parallel to (120). Coexisting orthoamphiboles show opti-
cally visible exsolution lamellae parallel to (010). Exsolution is much
more pronounced in the gedrite than in the anthophyllite, which suggests
that the solvus is steeper on the anthophyllite limb. The crest of the
solvus is estimated by Spear (1980) to be about 600°C.

An electron microscopic examination of one gedrite and two antho-
phyllite specimens was made by Gittos et al. (1976). Interlinked lamellae
lying on irrational matrix planes close to {120} were found in an antho-
phyllite with 34% gedrite component (Fig. 21). '"Localized areas of the
matrix are depleted in aluminium. Here the volume fraction of the second
phase decreases and the structure degenerates into a series of 'wavy'
precipitates straddling the (010) plane or, in regions very low in
aluminium, into isolated particles, some of which are surrounded by a
second generation of small (010) precipitates" (Fig. 22; Gittos et al.,
1976). A set of very fine planar features only a few unit cells thick
were also found to lie parallel to (100); these have acted as nucleation
sites for some of the (010) platelets.

In the second specimen of anthophyllite (with 417 gedrite) examined
by Gittos et al. (1976), periodic, coherent lamellae of gedrite were seen
whose interfaces were not strictly planar but on the average parallel to

(010) (Fig. 23). A similar microstructure in an orthoamphibole with 60%
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Figure 24. The microstructure of gedrite showing (010) lamellae of anthophyllite with
a complicated morphology and small (010) platelets between them. Some of these platelets
have nucleated on planar faults parallel te (100). x 24,000, From Gittos et al. (1976).

gedrite component has been observed by Christie and Olsen (1974). The
homogeneous distribution of the lamellae with a periodicity of about 0,16
um indicates that the exsolution may have occurred by spinodal decomposi-
tion followed by coarsening.

The specimen with 607% gedrite component examined by Gittos et al.
(1976) reveals a complex texture consisting of (010) lamellae of antho-
phyllite with a complicated morphology and small (010) platelets between
them (Fig. 24). Some of the platelets have nucleated on thin (100) "faults.'
The anthophyllite lamellae also contain planar features parallel to (010).

A three-stage exsolution sequence has been proposed by Gittos et al. (1976):
"heterogeneous nucleation and growth of the large lamellae at a high temper-
ature followed by the heterogeneous nucleation of the platelets on the (100)
'fault' at a lower temperature and, finally, homogeneous nucleation of the

platelets at an even lower temperature."

Arfvedsonite-cummingtonite

Klein (1966, 1968) described the equilibrium occurrence of the amphi-
bole pair manganoan magnesioarfvedsonite-manganoan cummingtonite from the
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Figure 25. Photomicrographs of magnesicarfvedsonite and c d ite from
the Wabush Iron Formation, Labrador, under crossed nicols. A) Composite grain of cum—
d ite and ioarfvedsonite (lower right cormer) showing abundant thicker

lamellae and a few thin lamellae (left side). B) Magnesioarfvedsonite grain at ex-
tinction showing two illuminated sets of cummingtonite exsolution lamellae. The
thinner lamellae lie in the obtuse angle between the thicker lamellae and the o
erystallographic axis, Length of scale bars: 50 um. From Robinsen et al. (197la).

Table 6. Optical and x-ray for magnesio-arfvedscnite
and manganoan cummingtonite (Robinson et al., 1971a).

Magnesioarfredsoni Mang c g
Optical Properties
o 1.630 +.001 1.650+ 001
8 1.643 +.001 1.644 +.001
« 1,638+ .001 1.628 +.001
y—a 0.2 0.022
Zhe 39°41° 22°41°
2V (cale) 80°+ 63°—
¢\ thicker exsolution lamellae 123%+1° 125%+1°
¢/\thinner exsolution lamellae 6°+1° 6°+1°
Angle hetween thinner and 1nr:1* 1197 +1°
thicker lamellae
Color very pale yellow; not colorless
pleochroic; anomalous
blue and brown inter-
ference colors.
Unit Cell Paramelers!
Space Group €2/m
a 9.885+.005 A 9.620£.002 &
b 18.006+ .006 A 18.062+.002 &
¢ 5.295+.004 A 5.314% 002 &
I} 104.04° 4 .05° 102.78°+.02°
v 914,23 + .83 A2 900.51 £.33 &
Space Group J2/m
(caleulated)
'3 10.018 A 9.907 A
8 106°49" 108°45"
! Based on slow scan X-ray diff: powder patterns (goni speed 1° per

minute, chart speed § inch per minute) in ascending and descending modes, using high
purity silicon as an internal standard. Parameters calculated using a Jeast squares refine-
ment program (Burnham, 1962} frum 15-17 biguously indexed diffraction lines
Tretween 20° and 80° 26 (CuKa).
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metamorphosed Wabush Iron Formation, southwestern Labrador, Canada.

The sodic amphibole was incorrectly identified then as riebeckite.
Further investigation of these two amphiboles by Robinson et al. (1971a)
revealed that they most commonly occur as closely intexrgrown, independent
subhedral grains, both exhibiting numerous fine exsolution lamellae,
observable under crossed nicols at high magnification. The magnesio-
arfvedsonite is light yellow in color, whereas the cummingtonite is
colorless. A set of lamellae (vl um) occur at angles of 123° and 125°

to the ¢ axis in magnesioarfvedsonite and manganoan cummingtonite, re-
spectively, and a thinner set of lamellae (<1 um) occurs at an angle of
6° to the ¢ axis (Fig. 25). On the other hand, single-crystal X-ray
precession photographs of the two amphiboles show that the lattices of
the host and the lamellae are oriented very closely along (101) and (100).
This difference between the lattice orientation and the spatial orienta-
tion of the lamellae in the host has been explained by the theory of
optimal phase boundaries (Robinson et al., 1971a). The lattice dimen-
sions of the lamellae match closely those of the other coexisting host
amphibole (Table 6). Careful microprobe analyses of the host and quali-
tative probe scans across the lamellae confirm the identification that
the lamellae in magnesioarfvedsonite are those of manganoan cummingtonite
and vice versa (Table 7). The fractionation of MnO, CaoO, Na20 and KZO

is very pronounced in the two amphiboles. The lamellae in cummingtonite
are more Fe poor and Mn rich than the host, whereas the Mg content is

about the same.

Tremolite-richterite

Aoki et al. (1972) have described an amphibole intermediate in com-
position between tremolite and richterite (tremolite 57 mol.%Z, richterite
31%, pargasite 6.3%, cummingtonite 5.4%, eckermannite 0.6%) occurring in
kimberlite from Buell Park, Arizona. Single-crystal photographs indicate
no exsolution, with unit-cell dimensions a = 9.876, b = 18.065, ¢ = 5.281A,
B = 104°40' (space group C2/m). On crystal-chemical grounds (see Rule 2)
one would expect this amphibole to break down into two amphiboles at tem—

peratures below “600°C under appropriate geologic or laboratory conditions.
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Table 7. Chemical analyses and ionic ratios for magnesio-arfvedsonite
and manganoan cummingtonite (Robinson et al., 197la).

(1) Wet chemical analysis of bulk sample of approximately 80 percent magnesioarfved-
sonite and 20 percent cummingtonite. Analyst: Jun Tto. I'eO not detected; if present
probably less than 0.5 weight per cent.

(2) Electron probe determination of individual magnesioarfvedsonite. n.d.=not detected.
Total Fe recalculated as Fe.O; only.

(3) Electron probe determination of individual manganoan cummingtonite. n.d.=not
detected. Total I'e recalculated as Fe.O; only.

(1) (2) 3) Recalculated on basis of 23 oxygens
Si0. 55.32 54.9 55.8 2) 3)
TiO. 0.00 n.d. n.d. Si 7.890 8.000
AlLO; 0.10 0.1 0.1 Al .016 —
Fe:0; 6.86 8.3 2.3 Fet .094 —
2 (tet.) 8.000 8.000
¥eO n.d. 1] 0
MnO 7.65 6.0 15.3 Si — .010
MgO 18.18 17.6 20.8 Al — 016
Ca0 2.11 2.3 0.7 Fe¥t .804 .252
Na,0 4.65 5.7 1.1 Mg 3.770 4.450
K0 1.97 2.2 0.1 Mn2+ 426 .272
2 [M(1-3)) $.000 5.000
H.0(+) 2.98
H.0(-) .50 . Mn?* .305 1.589
F 15 Ca .354 .108
100.47 97.1 96.2 Na 1.341 .303
z[M@) 2.000 2.000
—0=F 0.06
100.41 Na .246 .002
K .404 .017
= (A) .650 .019
100 Mg/Mg+Fe+Mn 69.8 67.8
100 Mn/Mn+Fe+Mg 13.5 28.4

100 Na/Na+XK+Ca  67.7 70.7

Conclusions

It is clear that although exsolution has been observed in a number
of amphiboles, the details of the exsolution process are far from clearly
understood. Nucleation and growth seems to be the mechanism operating in
cummingtonite-actinolite (hornblende) exsolution, whereas the spinodal
mechanism is likely in some of the anthophyllite-gedrite and richterite-
riebeckite pairs that have been examined. The study of exsolution in
amphiboles through transmission electron microscopy and microanalysis

will be highly rewarding in the next decade.

363

printed on 2/13/2023 5:05 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



THE THERMAL DECOMPOSITION OF AMPHIBOLES
INTO PYROXENES AND OTHER PHASES

Crocidolite and sodic amphiboles

The thermal decomposition of crocidolite (fibrous riebeckite, approx-
imately NazFeg+Fe§T6Mgo.4818022(OH)2) has been studied by a number of
workers (Addison et al., 1962a,b; Addison and Sharp, 1962; Hodgson et al.,
1965; Patterson, 1965; Patterson and O'Connor, 1966; 0'Connor and Patter-
son, 1966; Clark and Freeman, 1967; Freeman and Frazer, 1968). When
crocidolite is heated in argon or nitrogen, the uncombined water is lost
between 50-400°C. At 500-700°C an endothermic dehydroxylation takes place,
yielding an anhydrous amphibole with a crystal structure similar to the
original material. At about 800°C, the anhydride decomposes endothermally
into acmite, cristobalite, spinel and a liquid. By contrast, when croci-
dolite is heated in oxygen or air, at 300-450°C hydrogen ions and elec-
trons are lost to yield an oxyamphibole NaZFe2+FeéT6MgO.ASiSOZA' The
process is exothermic and probably occurs by proton and electron migra-
tion (Hodgson et al., 1965a; Addison et al., 1962a). At 600-950°C the
oxyamphibole decomposes endothermically, during which most of the Fe2+
is oxidized, giving acmite, hematite, cristobalite and spinel. The py-
roxene formed under both oxidizing and reducing conditions, as well as
the oxyamphibole and the amphibole anhydride, maintain a strong axial
orientation relationship with the original amphibole (Hodgson et al.,
1965a; Patterson, 1965; Freeman and Frazer, 1968). Small structural
rearrangements take place during oxidation and dehydroxylation, as indi-
cated by the broadening and shifting of the main infrared absorption
bands; decomposition of the structure produces marked changes in the
spectra (Patterson and O'Connor, 1966). The kinetic data on the dehydro-
xylation of crocidolite im vacuo have been interpreted by Clark and Free-
man (1967) in terms of a diffusion-controlled reaction based on radial
diffusion out of a cylinder. The activation energy of the dehydroxyla-
tion process is 49 kcal/mole.

Thermal behavior of 12 natural sodic amphiboles within the field of
magnesio-riebeckite, riebeckite, glaucophane and ferroglaucophane has
been studied using Mossbauer, infrared, X-ray and optical methiods by

Ernst and Wai (1970). Heat treatment of iron-bearing sodic amphiboles
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in air at 705°C results in rapid loss of hydrogen and concomittant in-
crease in Fe3+/Fe2+ ratio. When Fe2+ ions are available in the M1 and

M3 sites, electrons are transferred to the adjacent (OH) groups, resulting
in neutralization and expulsion of hydrogen atoms. Subsequent to the
fairly rapid loss of hydrogen, oxydation takes place slowly, presumably
involving electron and/or ionic diffusion. Simultaneously, considerable
cation disordering occurs. The resulting sodic amphiboles have shorter

a, b and ¢ axes and higher indices of refraction and birefringence com—
pared to the original material.

The crystal structure of a riebeckite with the chemical composition
LiO.04Na1.96Mg1.21Feif79FeiT54AlO.46818022(0H)2 was determined before and
after heating in air at 650°C for four days (Ungaretti, 1980). The unit-
cell volume decreased by about 2.57%, and the crystal changed color as a
result of heating. The M1-03 and M3-03 distances decreased from 2.111 and
2.087A respectively to 1.954 and 1.988A. The average M1-0 and M3-0 bond
lengths also decreased from 2.099 and 2.112A respectively in the unheated
crystal to 2.028 and 2.049A in the heated crystal. The Si-0, M4-0 and
M2-0 bond distances remained relatively unchanged. Considerable rearrange-

ment of the cations as a result of the heat treatment was also confirmed.

Tremolite

Freeman and Taylor (1960) have investigated the dehydroxylation of
tremolite by single-crystal methods. Crystals of tremolite heated be-
tween 700 and 900°C show X-ray reflections from both unreacted tremolite
and pyroxene. Those heated above 1000 or 1100°C show only pyroxene re—
flections. The c-axis oscillation and %k0 Weissenberg photographs show
that the resulting pyroxene is a good single crystal, which retains the
axial orientation of the tremolite (in I2/m orientation). The unit-cell
dimensions of the tremolite are g = 9.91, b = 18.04, ¢ = 5.3A, B = 107.2°,
and those of the pyroxene, which has the composition CazMgSSi7021, are:
a=9.73, b = 8,87, ¢ = 5.3A, B = 107.2°. The pyroxene X-ray photograph
contains weak reflections which violate the C-centering. The space group
probably is P21/c. The sequence of oxygen, silicon and cation layers
parallel to (100) are the same in both tremolite and the pyroxene;
furthermore, both have 12 oxygens and eight silicons in the oxygen and

silicon layers, respectively. 1In the cation layer, tremolite has seven
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(CatMg), whereas the pyroxene has eight (CatMg). Freeman and Taylor
(1960) postulated a donor region (1/8 of the tremolite) which provides the
(CatMg) cations necessary to form the pyroxene within the acceptor region
(7/8 of the tremolite). Through small atomic movements parallel to the
(100) plane, tremolite can transform into a Ca-Mg pyroxene (Fig. 26).

The reactions taking place within the donor and acceptor regions are

shown below:
. + 2+ 2+ .
CazMg5818024H2 + 14H > 2Ca” + SMg~ + 88102 + 8H20
. 2+ 2+ : +
7(Ca2Mg5818024H2) + 2Ca” + 5Mg - 7(Ca2%Mg52518024) + 14H .

A determination of the resulting pyroxene structure would be worthwhile.

Grunerite (and amosite)

Ghose and Weidner (1971a)have observed two different phenomena that
occur as a result of heating grunerite at 500 bars argon pressure: (a)
decomposition under relatively oxidizing conditions to form a second am-
phibole phase ("oxygrunerite"), accompanied by dehydrogenation and the
formation of trace amounts of magnetite; (b) breakdown under reducing
conditions to form a pyroxene phase, silica and water.

In the first reaction the oxyamphibole that forms retains the a, b
and ¢ axes of the original grunerite, but the cell dimensions are slightly
smaller. A similar relationship between amosite and the oxyamphibole
produced by heating has been observed by Hodgson et al. (1965b). The
oxyamphibole forms as a result of loss of hydrogen, which combines with
oxygen molecules to form water. If the oxyamphibole product is completely
anhydrous, the reaction can be written as a partial oxidation of Fe2+ to
Fe3+ and dehydroxylation (Hodgson et al., 1965b): Fe§+818024H2 + 1/202
> Fe2+Fe3+Si 0 + H,0.

5772 778724 2

The breakdown of grunerite into clinoferrosilite under reducing
conditions involves no oxidation of Fe2+ ions. The reaction takes place
fairly quickly (1 hour) at about 775°C, resulting in an oriented inter-
growth where the a, b and ¢ axes of the pyroxene are parallel to the a,

b and ¢ axes of the amphibole in the I2/m orientation (Fig. 27). The
grunerite utilized by Ghose and Weiidner (1971a) had the chemical composi-

tion (Cay 110Mny 14.Feq ca5M8g 096) (517 96g8l0.016) 022 (OH), and the
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Figure 26. Idealized atomlc arrangement of silicon, oxygen and cation layers paral-
lel to (100) in tremolite and Ca-Mg pyroxene. Silicon (Siliziwm) layer: dashed lines
connect the atoms which belong to the same silicate chain. Oxygen (Sauerstoff) layer:
full lines connect the atoms which form the bases of 510, tetrahedra in a chain. The
dashed lines connect the apices of the tetrahedra of the same layer. Cation (Kation-
en) layer: lines indicate the cation-oxygen bonds. Only bonds on one side of the lay-
er are shown. Arrows show the possible atomic movements during the phase transforma-
tion. D.R. = movement of atoms out of the domor region. From Freeman and Taylor (1960)
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Figure 27, Upper halves of (a) a*c* and (b) a*b* precession photographs of a
gruperite crystal heated at 775°C for 30 min. Arrows indicate clinoferrosilite
spots. MoKs radiarion. From Chose and Weidner (1971).
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following unit-cell dimensions: a = 9.964, b = 18.453 and ¢ = 5.343A
and B = 109.65° in the I2/m orientation. The unit-cell dimensions of
the resulting clinoferrosilite are a = 9.77, b = 9.08 and ¢ = 5.30A
and B = 109.5° (space group P21/c). The identity of the clinoferro-
silite was confirmed by Mossbauer spectroscopy, which indicated a
quadrupole splitting of 2.56 mm/sec and an isomer shift of 1.92 mm/sec
(with respect to Fe) at room temperature. The area ratio of the two
quadrupole split doublets from Fe2+ at M1 and M2 was one-to-one, indi-
cating the chemical composition to be very close to Fe251206. Following
Freeman and Taylor (1960), a similar model of donor and acceptor regions
has been proposed to explain the oriented transformation of grunerite

into clinoferrosilite. The chemical reactions taking place within the

donor and acceptor regions are:

. + 2+ .
Fe7818024H2 + 14H > 7JFe +.88102
24, . +
2 81206) + 2H] .

+ 8H20

. 2+
7[Fe7518024H2 + Fe" '] - 7[4(Fe

This postulate of donor and acceptor regions seems to be substantiated
by long exposure k0l and Okl precession photographs showing sharp spots
from the pyroxene phase and weak powder rings (Fig. 27). The sharp spots
originate from the pyroxene formed within the acceptor region, whereas
powder rings are formed from partial breakdown of the donor regions of
grunerite. An electron microscopic examination of such pyroxene-amphi-
bole intergrowths would yield a more exact picture of the reaction

mechanism (e¢f. Veblen and Buseck, 1980).
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