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ABSTRA.CT

Vesuvianite (idocrase) is an accessory orthosilicate mineral found in skarns, rodin-

gites, and altered atkati syenites. Previous studies have failed to determine the true

symmetry, structure and formula of this mineral.

Careful investigation of the optical properties of 75 different vesuvianite speci-

mens has shown that most are detectably biaxial (2V:0-62"). This indicates that

the true symmetry is orthorhombic or lower. The only possible space groups (ar-

rived at by precession photography and group theory calculations) are P2f n, P2,

Pn, PT, and P1. Attemps to refine the structu¡e of a high-birefringence vesuvianite

in space groups P2ln and Pn were inconclusive.

A statistical study of microprobe analyses showed that normalization should

be on the basis of 50 cations per formula unit. Six of the 75 vesuvianites were

found to contain conside¡able amounts of boron. They also had more Mg, less

Al and OH, and larger ¿ cell dimensions than normal vesuvianites. IR spectra of

these specimens are quite different than those of norma.l vesuvianites. Structure

refinement of a boron-bearing vesuvianite showed B at the tetrahedral "T" site and

at a position halfway between O(10) atoms in the channels, coordinated by one

O(10) oxygen and by two new oxygens at the O(11) position. Ilowever, there are

problems with this refinement, related to the occupancy of the new positions.

The channel configuration of the boron-bearing vesuvianite is polar, whereas

there are two possible configurations for normaf vesuvianite, both non-polar. An

argument can be made that for these vesuvianites, growth on the {001} face leads

to ordered arrangements ll c, whereas growth on {100} leads to disorder of channel

configurations between adjacent channels. Such a model would account for the

patterns of diffuse density (indicating short-range disorder) seen in some precession

photographs.

Consideration of the chemistry of vesuvianite has indicated the general formula:

[Ca, Na, Ln, Pb, Th]rn[(AI, Fe3+)*(Mg, F.'*, Mn)rTif+]rsSiisOos.5(OH, F)s.s

with ideal values of x:10.0, y:2.75, z:0.25 atoms p.f.u.

lv
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Chapter 1

INTRODUCTION AND PREVIOUS STUDIES



1.1 Introduction

Vesuvianite (idocrase) is a ¡ock-forming or accessory orthosilicate mineral found

in skarns, rodingites, and altered alkali syenites. The general physical and optical

properties of vesuvianite are listed in Table 1. The formula proposed by Rucklidge

et aI. (1975) is:

CaleFe(Fe, Ti, Mn, Mg, Al)eAl+SiraOzo(OH, F)s

Vesuvianite is one of the least understood of all rock-forming minerals. The

true symmetrv remains unknown, the details of the atomic structure are unresolved,

and there is no adequate general formula. These uncertainties are complicated

by the dive¡se range of conditions under which vesuvianite forms in nature, with
consequent variation in habit, chemistry and occurrence.

Proposed as a tetragonal mineral, vesuvianite should be optically uniaxial, but

many biaxial samples have been described. Some researchers have attributed these

anomalous optical properties to the presence of minor or trace elements. So far,

however, no one has determined why some vesuvianites are biaxial, or what is their

true symmetry.

The general structure of vesuvianite is similar to that of grossular garnet, al-

though vesuvianite has additional atoms that lie along the four-fold axis. Some

recent studies (Giuseppetti and Mazzi (1983), Allen (1983b, 1985), Fitzgerald eú

aI. (1986b, 1987) have shown that cation ordering at these sites can reduce the

symmetry to P4f n, a sub-group of the normal P4f nnc space group.. No one yet has

attempted to refine the structure of vesuvianite in a non-tetragonai space group, as

suggested bv the optics.

These structural ambiguities, coupled with the wide range of possible substi-

tutions, have made ii difficult to determine an adequate general fo¡mula for vesu-

vianite. In addition, the chemical variations and limits of the species remain poorly

characterized.



1.2 Optical Characteristics

The general optical character of vesuvianite is summarized in Table 1. Sections of

vesuvianites frorn some localities show quite complex structures. Many authors have

described complex sector zoning and various types of concentric zoning *'hich can

be related to the external crystal morphology. Aspects of this have been discussed

by Arem (1970, 1973). An idealized case for sector zoning is shown in Figure 1.

There are distinct optical differences between the sectors. They show different

birefringences down [001], and 2lls that range from 0-65o. However, nobody has

recorded any corresponding compositional changes within these vesuvianites.

Othe¡ vesuvianites show complex zonal patterns and lamellae, again with very

irreguiar birefringence from point to point.

None of these optical complexities have been related to anJ¡ compositional,

structural, or symmetry changes in the material, except for the obvious deviation

from unia:iial behaviour. Many authors have related variations in refractive index

of vesuvianite to variations in chemical composition. Such variations are (presum-

abl¡') predicted by the Gladstone-Dale relationship. One other optical character-

istic has been related to chemical composition. Oftedal (1964) found that boron-

bearing vesuvianites u'ith <0.5 u't.% BzO¡ were opticallv negative, while those

with >1.0 wt.Yo BzOs were optically positive ("wiluites"). This was confirmed by

Serdyuchenko et ø1. (1968) and Khotina (1968), although optically positive vesu-

vianites are known in which no appreciable boron has been recorded (Gädeke, 1938;

Peters, 1963).



Table 1: General physical and optical properties of vesuvianite (Deer et a.l.r 1982).

Colour:

Cleavage:

Unit Cell:

Space Group:

Z:

Optic sign:

€:

@:

6:

Dispersion:

Colour (t.s.):
Pleochroism:

yellow, green, brown, rarely red or blue.

{110} poor, {100} and {001.} very poor.

ø L5.4-15.6, c 
=11.8,4.

P4f nnc
2

negative

1.700-1.746
'J..703-7.752

0.001-0.009

strong
colourless to pale yellow, green, or brown.
weak; brownish yellow to yellowish brown.

Some vesuvianites with low birefringence ma¡' show brilliant blue or brown
interference colours. Optically positive and biaxial varieties are also known.

Figure 1: (a) A sector zoned vesuvianite crystal, from Arem (1973). (b) Sections

crystal in (a).through the



1.3 The Symmetry of Vesuvianite

Warren and Modell (1931) solved the crystal structure of vesuvianite in the space

group P4f nnc. This space group vøas assumed to be correct until Arem and Burn-

ham (1969) found that vesuvianite from many localities show reflections that violate

glide-plane extinction criteria for P4f nnc. They showed that violations of P4f nnc

symmetry could be classified into strong and weak,, according to the number and

strength of the glide-violating reflections. In addition, they suggested alternative

space groups for some of the vesuvianites they examined (Table 2). Sapountzis and

Katagas (1980) assigned the space group P4f nnrn to a vesuvianite from Greece.

Giuseppetti and Mazzi (1983) were first to refine a vesuvianite in a space group

lower than P4f nnc, that is P4f n. They also suggested that P4nc is a possible

space group. More recent refinements of vesuvianite in space groups P4ln and P4

have been reported by Allen (1983b, 1985) and Fitzgeraid eú ø/. (1986b, 1987).

Table 2: Space groups from Arem and Burnham (1969)

P4f nnc P4f nzr';m-ttstrong" P4f nnn-ttweak"  frnrnrnP-/---''
Lake Jaco, Mexico

Antamina, Peru

Crestmore, CA
Sanford, ME
Franklin, NJ

Ural Mts., USSR

Wilui River, USSR

Black Lake, PQ

Coleraine, PQ

Laurel, PQ

Eden Mills, VT

Monte Somma, Italy
Telemark, Norway

Franklin, NJ

Asbestos, PQ

Hindubagh, Pakistan

San Benito Co., CA

*Possible space groups: P42rn, P4n2, P4rnrn, P42, arrd P4f rnrnn. A piezoelectric test showed

that the Asbestos, PQ sample is noncentrosymmetric (P4f nrnn eliminated).

Previous authors have suggested the use of symmetries lower than tetragonal,

as indicated by the optical characteristics of most vesuvianites. AIIen (f SSf ), in
particular, stated that space groups Pnn2,, PccZ, P2ln (P2lc), Pn (Pc), P2, PI,
and Pl are ali possible. No one, however, has attempted to refine a vesuvianite

structure in any of these space groups.



1.4 The Structure of Vesuvianite

L.4.L Previous Studies *

The crystal structure of vesuvianite was first solved by \Marren and lVlodell in 1931.

They showed thai it is closely related to that of grossular garnet, but has additional

atoms u'hich lie on the fourfold axes. The symmetry of their basic structure was

P4f nnc,, and it consisted of rods of the garnet structure separated by channels along

Z. Warren and Modell (193i) suggested that there were two calciums along this

channel, each coordinated by face-sharing square antiprisms of oxvgen. Based on

this model they proposed the following formula for vesuvianite:

4[Ca1¡ Äla (Mg, Fe)2 Sig Os+ (OH)+]

During the following 40 years, some modifications to this vesuvianite formula

IÀ¡ere suggested by various authors based on chemical data (see Table 6). These mod-

ifications suggested that although the basic features of the \Marren-Modell model

were correct, some of the more detailed aspects of the structure required further
study.

Coda et aI. (1970) refined the structure of a vesuvianite from Bric Camulá,

Italy, in the space group P4f nnc. They confirmed the basic validity of the Warren-

Modell model, but discovered an additional oxvgen atom on the fourfoid axis that
runs dou'n the centre of the prominent channels (see Figure 4). They suggested that
this O(10) represented a hydroxyl group, and presented a single-crystal infrared ab-

sorption spectrum to support their hypothesis. These authors a.iso focused their

attention on the arrangements of Ca and Fe atoms down the fourfold axis. Their

structural refinement showed that the channel Ca position, designated C, was only

half occupied. This is in accord with the very short C-C distance of = 2.8Å, sug-

gesting that only one of this pair of sites can be occupied by Ca in an¡' particular

* Projecfions of the vesuvianite structure are shown in Figures 2 and 3. These may be referred

to during reading of the following text.



Table 3: Summary of previous structure refinements of vesuvianite.

Allowed

RØ) lR-(%) R(%)

A il
R-(%)

Space

Group

Localit¡' Study

7.gr'

3.9

4.7

5.0

3.4

8.6

6.4

4.8

5.6

4.6

14.0

6.0

6.1''

4.22

5.48

3.04

6.64

5.0

5.9

4.4

4.5

7.0

6.3

4.0

5.8

4.4

9.0

2 2¿:

3.51

6.32

3.71

7.22

10.3

11.3

5.1

6.5

4.7

15.9

6.4

6.1"'

9.6
'J,7.3

or r

4.5

9.8

3.4

lP4/nnc

P4/n

P4f nnc

Pa/n

,,

tt

P4f nnc
tt

,,

t,

P4ln
P4

P4f nnc

Paln

P4f nnc

P4/n

Wilui River, USSR

Bric Camulá, Italy

Turnback Lake, NT
York River, ON

\Makefield, PQ

Ala Piedmont, ltaly

Ludwig, NV

Asbestos, PQ

Eden Mills, VT

Asbestos, PQ

Georgetown, CA
Sanford, ME
Franklin, NJ

Luning, NV
Eden Mills, \¡T

Franklin, NJ

Asbestos, PQ

Nakatatsu Mine,
Japan

San Benito Co., CA

Warren and Modell (1931)

Coda ef ø1. (1970)

Rucklidge .r,, or. ,tnrt,

Giuseppetti and Mazzi (1983)

Allen and Burnham (1983a)

Allen and Burnham (1983b)

Valley et ø.1.1,985

""""i'n'u'

,l

tt

t;

Fitzgerald ei ø1. (1986a)

Fitzgerald er ø1. (1986b)

Yoshiasa and Matsumoto
(1e86)

Fitzgerald et aI. (1.987)

Allowed = only ùhose reflections allowed by the space group were used.
*Isotropic temperature factors.

tSpace group determined on crystals from Franklin, N.J., and Sanford, ME.



Table 4: Selected site occupancies from Giuseppetti and Mazzi (1988)

Site

Population:
Feg+ Fe2iMgAI Total

Occupancy

CA
CB

AA, AB
ALFA
ALFB
BA
BB

0.830

0.170

1.000

1.000

1.000

0.830

0.170

0.830

0.170

1.000

0.564 0.376

0.180 0.145

0.060

0.045

0.830

0.170

instance; there is, however, local order associating Ca at C with a vacancy at the

adjacent C site. They also identified another cation position down the fourfold axis,

designated B, and again haJf occupied, this time by (Fe,Mg). The B-C distance

is = 1.4Å; this is too short for simu-ltaneous occupancy of adjacent B and C posi-

tions, and again a situation of local order must prevail whereby occupancy of one

C position must be accompanied by a vacancy at the adjacent B site. These mod.i-

fications to the basic Warren and Modeil structure resulted in a revised formula for

vesuvianite (see Table 6).

Further work on the channel conformations in vesuvianite was done by Ruck-

lidge eú aI. (1975). They confirmed the basic results of Coda et aI. (Ig70) on three

vesuvianites from Great Slave Lake, N.W.T., Bancroft, Ontario, and Wakefield,

Quebec. They also illustrated the local conformation of the B and C sites down

the fourfold axes, as shown in Figure 4.

Further P4f nnc refi.nements of vesuvianite are given by Allen and Burnham
(1983), Valley et al. (1985), Yoshiasa and Matsumoto (1986), and FitzgeraJd et aI.

(1986a) (see Table 3). The latter refinement was done on a blue copper-bearing

variety (cyprine) from Franklin, N.J., and showed that Cu occupies the B position,

as would be expected.

Arem and Burham (1969) showed thal vesuvianite from some localities shorv

reflections that violate various of the glide-plane extinction criteria for the space

group P4f nnc (see Table 2). This problem was first addressed by Giuseppetti and

Mazzi (1983) who refined the structure of a vesuvianite from Val d'Ala, Italy. This



vesuvianite showed strong h\I and hl¿I reflections that violate the vertical n and c

glides of the P4f nnc space group. They also observed a few weak å.,b0 reflections,

and thus reported thai the horizontal mirror plane is only weakly violated. They

also observed strong differences in intensity between lzkl anà khl reflections, indi-
cating loss of the diagonal mir¡or planes in the Laue group. They refined the crystal

structure in the space group P4f n, which resulted in the splitting of all the cation

sites in the iower symmetry structure. In particular, the B and C sites split into
pairs that show different site occupancies, as summarized in Table 4. They also

suggested that P4nc is a possible space group for vesuvianite, and that domains of

ordered P4ln and P4nc structures can account for the glide-r'iolating reflections in
some vesuvianites.

Fitzgerald et aI. (I986b, 1987) reported P4ln refinements of vesuvianite from
Asbestos, Quebec, and San Benito County, California. With the former sample

they apparently confirmed the Giuseppetti and Mazzi model, but unfortunately do

not give site occupancies, so the pattern of ordering associated with the symmetry

lowering in the structure is not known. The San Benito County vesuvianite was

enriched in Ti and REEs, but again the site occupancies are not explicitly given, so

it is difficult to compare with the Giuseppetti and Mazzi modei.

Allen (1985) reported refinements of six vesuvianites from Asbestos, Quebec;

Georgetown, California; Sanford, Maine; Franklin, N.J.; Luning, Nevada; and Eden

Mills, \iermont. Five of these were refined in space group P4f nnc. These essen-

tialiy confirmed previous models and allowed assignment of site occupancies. Allen

suggested that P4lnnc structures may result from merohedral twinning of a lou'er-

symmetry structure. Vesuvianite from Eden Mills was refined in the space groups

P4f nnc, P4f n, and P4. Allen concluded that this structure contained unequal val-

ues of oppositely-ordered domains, each of which had P4 symmetry, but indicated

that the P4ln-P4nc domain model of Giuseppetti and Mazzi (1983) could also

account for his observations.

All of this work is essentially summarized in Table 3.



Table 5: Atomic positions in vesuvianite (space group PLlnnc).

Site Equi-

point

Site

Oontentsi'

Bonded atomsi' Other

#1.

;tudies

#2

si(1)
si(2)
si(3)
Ca(1)

Ca(2)

Ca(3)

C

B

AlFe
A

o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

4d

16k

16K

4c

16k

16k

4e

4e

16k

8f

16k

16k

16k

16k

16k

16k

16k

16k

8h

4e

16k

Si

Si

Si

Ca

Ca

Ca

0.5 Ca

0.5 Fe

Al,Fe
AI

o
o
o
o
o
o
o
o
o
o,oH
OH

o(1) xa
o(2) o(3) o(4) o(7)
o(5) 0(6) o(8) o(e)b
o(1)xa o(2)xa
o(1) o(2) o(3) o(4) o(5)x2 o(6) o(8)
o(3) o(6)t o(7) o(7) o(7) o(8) o(10)
0(6) xa o(e) xa
o(0)x+ o(t0)
o(1) o(2) o(3) o(4) o(5) oH
Oax2 O(8)x2 OHx2

Si(t) Ca(t) Ca(2) A-tFe

si(z) Ca(t) Ca(2) AlFe
Si(z) ca(z) ca(3) AlFe
Si(z) ca(z) AlFe A
Si(3) Ca(2)x2 AlFe

Si(r) Ca(z) Ca(3)x2t C or
Si(2) ca(3) x3
si(e) ca(z) ca(3) A
Si(3) x2 C
Ca(3)xa B

Ca(3) AlFe A

OH

si(1)
si(2)
si(3)
Ca(r)
Ca(2)

Ca(3)

Ca(a)

M(3)
Þf(2)

M(i)

o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
o(11)

z(1)
z(2)
z(3)
x(1)
x(2)
x(3)
C

B

Y

^

o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
o(11)

Origin at t. The site notation used is that of Rucklidge et al., (1976).

''Site contents and coordinations are for the Great Slave Lake crystal in Rucklidge el o.I. (1976).

f1 Giuseppetti and Mazzi (1983).

f2 Allen (1e85).
t'Bridging oxygen in SizOz group.

tca(3) is designated as nine-coordinated in some studies.

L.4.2 Description of the Structure

Based on the studies outlined in the previous section, Figures 2 and 3 show projec-

tions of the vesuvianite structure down [001] and [100].

The frame\¡¡ork of octahedra and tetrahedra is topologically equivalent for all of

the tetragonal space groups. Differences between structures in each of these space

groups focus on the atomic arrangement down the fourfold axes.
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The basic octahedral-tetrahedral framework of vesuvianite is weil known. There

are three nonequivalent Si sites in the PLfnnc structure (see Table 5), each sur-

¡ounded by four oxygens in a tetrahedral arrangement. The Si(1) and Si(2) tetra-

hedra link to no other tetrahedra, whereas the Si(3) tetrahed¡a share one corner to

form an Si2Oz pyrosilicate Broup. There are two octahedrally- coordinated sites,

-4 and AlFe, normally occupied by Al and (Al,Fe,Mg,Ti...) respectively. The AlFe

site is a slightiy distorted octahedron coordinated by five (symmetrically distinct)

oxygens and one OH. One edge is shared with the L-site octahedron. Both sites

link by corner sharing to the tetrahedra to form a heteropolyhedral framework.

There are three Ca sites that occupy interstices in this framework, Ca(1), Ca(2),

and Ca(3); these are eight and/or (Ca(S)) nine coordinated. This forms a fairly
tightly-bonded part of the vesuvianite structure.

There are two half-occupied cation sites dou'n the channel; these are designated

B and C. The C site is half occupied by Ca, as discussed above; it is coordinated

by eight oxygens at the vertices of a square antiprism. The B site is half occupied

by (Fe,Mg,Ai...) and is coordinated by fi.ve oxygens arranged at the corners of a
square pyramid. The O(iO) oxygen also lies in the channel and the site is fully
occupied. It is bonded to four Ca(3) cations and one B cation, forming a square

pyramid, and is likely closely associated with a hydrogen; many previous authors

have referred to it as an OH group. Chemical analyses and bond valence arguments

show the presence of considerable additional II in the structure associated with the

oxygen occupying the OH position: a hydrogen bond with O(7)(s) as the acceptor

is indicated (see Figure 5). This constitutes the essential features of the normal

P4f nnc vesuvianite structure.

The P4ln structure is characterized by a similar framework but with significant

ordering on the B and C sites. The results of Giuseppetti and Mazzi are shown in
Table 4. The reasons for such ordering are not clear.

1i



1.4.3 Vesuvianite Structure Diagrams
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A projection of the vesuvianite structure down [100].

tions are from Yoshiasa and Matsumoto (1986).
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A projection of the vesuvianite structure down [001].
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Figure 4:

-lã-

The atomic arrangement along the fou¡fold axes. (a) Coordination rvith

each of the B and C positions occupied. (b) An arrangement of singly

occupied B and C sites. The atomic positions are from Yoshiasa and

Matsumoto (1986).
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The atomic arrangement around

lbshiasa and Matsumoto (1986).
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OH. The atomic positions are fromFigure 5:
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I-.5 Transmission Electron Microscopy

There has been a modicum of TEM work done on vesuvianite. Buseck and Iijima
(L974) presented high-resolution images of a vesuvianite from Thetford Mines, Qr.-
bec. An electron diffraction pattern showed weak "forbidden" Izk\ reflections that
the authors thought might be due to antiphase domains. Allen (1935) reported

attempts to image a domain structure but these were not successful. Veblen and

Wiechmann (1988) examined a vesuvianite from Crestmore, California, and found

a highly-variable domain structure. Electron- diffraction patterns appeared to be

consistent with space group P4ln. X-ray analvses showed no detectable compo-

sitional variations associated with the different domains. Veblen and Wiechmann

also found that the twinning u'as not strictl5' merohedral, indicating a true space

grorrp symmetry lower lhan P4f n The authors suggest that the vesuvianite gre\4r

as P4f nnc, u'ith disordered B and C sites, and that subsequent ordering lowered

the svmmetry and produced the domain structure.

Veblen and Wiechmann (1988) also examined a vesuvianite from Eden Mills,
Vermont, and found no large-scale domains, only fine-scale modulations along X.

T7



1.6 The Chernistry of Vesuvianite

The vesuvianite structure can accommodate a wide variety of ions in a number

of different sites. This has contributed to the uncertainties associated with the

structure.

1.6.1 Proposed General Formulae

Cn the basis of their crystal structure results, Warren and Modeil (1931) proposed

a general formu-la for vesuvianite (Table 6). Unfortunatelv, available chemical anal-

yses showed more (Al, Mg, Fe) and less Ca than provided for by this formula. A

vear later, Machatschki (1932) proposed an empirical formula based on published

chemical analyses of vesuvianite. Barth (1963) took a similar approach, and con-

cluded that chemical data should be normalized on a total of 38 anions. A number

of studies on the experimental stability of vesuvianite suggested a formula based on

76 anions (Ito and Arem, 1970). None of these formulae fit the crystal structure
results of Warren and Modell (1931).

Coda et aI. (7970) and Rucklidge et al. (7976) suggested neu, formulae based

on their structural data (Table 6). Both have 19 X and a total of 13 Y cations, with
78 anions rather than the 76 of earlier studies. They differ only in the disposition

of the 13 Y cations and in their approach to data normalization. Coda et aI. (1970)

recalculate their analyses on the basis of 19 Ca ions, while Rucklidge et al. (1976)

normalize their data on 18 Si ions.

Deer ef al. (1982) tried both methods, but sau' no reason to alter their usual

procedure of recalculating analyses on the total number of anions-in this case, on

78(O,OH,F). They also pointed out that the Y group cations are undivided, and

thai aithough the formula of Rucklidge et al. (1976) fits the samples studied by

them, many other natu¡al vesuvianites have less than 1.00 Fe cation p.f.u.. As a
result, Deer eú aI. (1982) proposed two general formulae for the majority of natural
vesuvianite specimens.

18



Table 6: Proposed general formulae for vesuvianite.

Formulae Normal-

ization

Study

4[Ca1¡Ala (Mg, Fe) zSisOsn OHo] 'Warren and

Modell (1931)i'

zlXLsY ßZLs(O, OH, F)zc]

X = Ca (Na, K, Mn)
Y - (Al, Ps3*, Psz*, Mg, Ti, Zn, Mn)
Z_Si

Machatschki
(1930,1932)

4[Xr,,-,,Y6-'-Zo(O,OH,F)cs] u ( 1

X = Ca (Na, K, Mn)
Y: (Al, Ps3*, Ps2*, Mg, Ti, Zn, Mn)
Z=Si

38(O,OH,F) Barth (i963)

2[Ca1e(Mg, Fe, AI, Ti, Mn)sAle(O, OH)ro(SiO4)1o(SizOz)4] 19 Ca Coda el ø1.

( l ezo) ''

2[CaleFe(Fe, Ti, Mn, Mg, Al)eAl+SilsOzo(OH, F)8] 18 Si Rucklidge el al.
( 1ez6 ),'

2[Ca1e(Al, Mg, Fe, Mn, Ti)1aSi18O?o(OH, F)B]

2[ca1e(Al, Fe) 1,,(Mg, F")'si,:; -(oH)"]

78(O,OH,F) Deer ef ø1.

(1e82)

2[Xr" [CrB¡]A4YEZ18 (O, OH, F) zs]

0Si<1, j:2-i
X = Ca, Na, K, P.z*, Mn
Y - Al, Mg, Fez+, Fe3+, Ca, Ti, Cr, Mn, Cu, Zn
Z = Si,.Ll
B : Mg, ps2*, ps3t, C:u, Zn

C = Ca, Na, Fe2+, Mn

50 cations Allen (1985)r'

2[Ca1e(Mn, Fe2+)(F, OH)z(MC, p"zt, lVIn, Al, Fes+, Ti)s*
Al4(oH, F, O)8(SiO4)ro (Si3Or)"]

Yoshiasa and

Matsumoto (1986)'

t'Based on structural data.
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Hoisch (i985) studied the results of Coda et aI. (1970) and Rucklidge et aI.

(1976) and decided that data normalization should be on the basis of 50 cation
sites p.f.u.. Allen (1985) presented a new structural formula, and suggested that
analyses should be recalculated on the basis of 50 cations and 78 anions p.f.u..

Charge balance is maintained by adjusting the 02- IOH- ratio.

No one to date has looked at how well these formulae and normalization schemes

fit a large number of analyses of vesuvianite from a number of localities.

L.6.2 Major Elernent Chemistry *

Both Coda et aI. (1970) and Rucklidge et aI. (1976) suggested that all fourfold
sites in vesuvianite are filled with Si and all occupied eightfold sites with Ca, for
a total of 18 Si and 19 Ca ions p.f.u.. Ito and Arem (1970), however, proposed

a substitution involving Al for Si in the Si(2) site, and many other studies have

suggested that (based on chemical analyses) a small amount of Al+Si substitution
is probable.

In previously published analyses, the Ca content is often less than 19 ions p.f.u.,

usually because of Na substitution (probabiy at the distorted Ca(3) sit,e). It has

also been suggested that a small amount of Fe2* may also ente¡ the Ca(2) site

(Manning, 1975).

If normalizedto 50 cations, analyses should shor¡'a total of 13 cations in the

A, B and AlFe sites. Coda et al. (1g70) and Rucklidge et aI. (1976) both consider

the symmetrical ,4. site to be occupied only by Ai. However, Manning and Tricker
(1975) suggest that a small amount of Fe2+ can enter this site (see Section 1.7.1).

The solid solution in vesuvianite occurs mainly at the B and AlFe sites. The

fivefold B sites are occupied by (Mg, Fe2+, F.t*, Al) and the AIFe sites by (Al, Mg,
Ti, Fe2+, F"3+). These two sites are separated by a SiO+ tetrahedron, and for this
reason it is unlikely that coupled substitution occurs between the two sites (Hoisch,

1e83).

Hoisch (1985) looked at 22 microprobe analyses of vesuvianite from the Big

Maria Mountains in California, and identified eight independent chemical substi-

tutions. Based on an observed one-for-one exchange of Mg for Ti, Hoisch (i985)

* Spectroscopic studies are discussed i¡i more detail in Section 1..?.



suggested subdividing the AlFe site into at least two distinct sites. This is because

the above exchange is possible only when the substitutions

H++AtIh.+TiTiF"

and

2AÌITF" + MeITr. + TilTF"

operate at different AlFe sites. In addition, Hoisch (1985) presented a formula for

a reference composition Mg-vesuvianite (with no Fe, Ti, or Na) in which one of the

AlFe sites is filled with Mg, and the other seven with Al. In addition, the B sites

are filled u'ith Mg. Allen (1985) looked at the limits of solid solution in vesuvianite

as well, and derived sixteen one-for-one substitutions, six coupled substitutions,

and three involving vacancies. Allen (1985) aiso identified a formula for a reference

composition vesuvianite similar to that of Hoisch (1985).

1.6.3 Minor Elernent Chemistry

A wide range of minor elements may be found in the vesuvianite structure. Many

studies have suggested that the anomalous optical properties of some vesuvianites

are due to the presence of minor or trace elements. The following are elements

known to occur in vesuvianite in minor amounts.

Be: Numerous authors have reported minor amounts of beryllium in vesuvianite.

Palache and Bauer (f9SO) found 9.2 wL.To BeO in a vesuvianite from Franklin,

N.J., a.lthough a later spectroscopic examination of the same material (reported

in Hurlbut, 1955) showed only 0.17 wt.To BeO. Silbermintz and Roschkowa (1933)

examined fourteen samples f¡om a number of localities and found Be (0.008-0.18

wt.To BeO) in only three of them. Meen (1939) reported 7.07 wt.To BeO in a

sample from Great Slave Lake, and Hurlbut (1955) described a search for beryllian

vesuvianite in rvhich several hundred analyses gave a maximum of 1.5 wt.Yo BeO.

Beus (1957) suggested that Be replaces Si in vesuvianite, because of their sim-

ilar ionic radii. Deer et aI. (1962) thought that Be might substitute for Mg and

Fe. Deer et aI. (1982) noted that the unit cell volumes of beryllian vesuvianites are

smalle¡ than average, perhaps as a result of Be replacing Si in the tetrahedral sites.
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Rucklidge et al. (1976) suggested that Be repiaces Si in vesuvianite) or may occupy

a vacant tetrahedral site; their crystal structure refinement of the sample anaivzed

by Meen (1939) showed that any Be would be in excess of the required number

of cations. Allen (1985) discovered additional electron density in the structure of

a vesuvianite from Luning, Nevada, and successfuliy refined Be in this (tetrahe-

dral) site. An ion probe analysis, however, did not reveal any Be in the Luning

vesuvianite.

B: Many analvses of vesuvianite report appreciable boron, although as with Be the

structural role of B is unclear.

Jannasch (i884) found 2.8I wt.To BzO¡ in optically-positive vesuvianite from

the Wilui River in Siberia; a later analyses by Wherry and Chapin (1908) gave

4.70 wt.To BzO¡ on material from the same locality. Oftedal (1964) studied boron-

bearing vesuvianites from Norway and concluded that those u'ith )1% 8203 were

optically positive ("wiiuites") and those with less were optically negative. This was

confirmed by l(hotina (1968) and Serdyuchenko et al. (1968). However, other op-

ticaliy positive vesuvianites have been reported u'ith no appreciable boron content.

Isetti and Penco (196i) placed B in the (OH,F) group, and Mel'nitskiy (1966)

stated that B replaced Al in the structure. Serdyuchenko et al. (7968) found that
there are few st¡uctural vacancies in the SiOa tetrahedra, and suggested that a BO3

complex replaces OHs in brucite-like groupings.

F: Fluorine has been reported in a number of recent analyses. Hoisch (1985) found

3.48 u,t.Yo F in a vesuvianite from the Big Maria Mountains in California, and Barth

(1963) reports 2-45 wt.To F in a vesuvianite from Kristiansand, Norway. Fluorine

undoubtedly replaces OH in the vesuvianite structure.

Na: Sodium haö been reported in vesuvianites from a number of localities, but the

most Na-rich specimens are from aitered alkaii syenites and related rocks. Quensel

(1915) found 0.86 wt.% Na2O in a vesuvianite from the nepheline-syenite at Al-
munge? Sweden, and Inoue and Miyashiro (1951) describe a sodium-rich sample

(0.85 wt.% Na2O) from a nepheline-syenite in Ko¡ea. In addition, Kononova (1961)

found 0.87 wt.% Na2O in a metamict sample from an alkaline pegmatite ai Tuva,

U.S.S.R..



Sodium probably substitutes for Ca in vesuvianite, probably at the distorted

Ca(3) site.

K: Potassium is rarely present in vesuvianite. Serdyuchenko et aI. (1968) found

0.I9 wt.% K2O in a vesuvianite from Uzun Tashty, U.S.S.R., and Bradshaw (i972)

reported 0.52 wt.% K2O in the unusual antimonian vesuvianite from Malaysia.

Fitzgerald (1985) found that only one sample out of 53 analyzed for K2O contained

more than background (0.13 u't.% KzO).

Like sodium, potassium is thought to substitute for Ca in the vesuvianite struc-

ture.

Ti: Titanium is often present in vesuvianite, sometimes in appreciable amounts.

Vesuvianites with high rare-earth contents are often enriched in Ti, and Inoue and

Miyashiro (1951) noted that samples from nepheline-syenites and related rocks fre-

quently have higher than average Al and Ti contents. Murdoch and Ingram (1966)

described a cerian vesuvianite from San Benito Co., California, that had 5.5 wt.To

TiO2. Fitzgerald (1985) analyzed a vesuvianite from the same locality and reported

6.69 wt.% TiO2. Fitzgerald (1985) also noted that vesuvianites from the same local-

ity may contain very different amounts of Ti-two samples from Lake Jaco, Mexico,

for example, gave 0.48 and 3.41wt.Yo TiO2, and did not greatly differ in appearance.

Manning (1975) found that high-Ti vesuvianites are brown or yellow, and lou,-

Ti vesuvianites are green. According to Deer et al. (7982), the pink colour seen in
some Ti-rich vesuvianites in thin section is due to the presence of Ti3+, and that in
generai an increase in the specific gravity and refractive indices of vesuvianite may

be related to increasing amounts of Ti and Fe.

Ti is thought to occur in the general AlFe site in vesuvianite, although Man-

ning (1976) suggested that minor amounts occupy the eight-coordinated C sites.

Manning and Tricker (1975) suggest that it can also occupy the fivefold B site.

Cr: Trace amounts of chromium have been found in vesuvianites from a handful

of localities, usually those associated with ultramafrcs. Fitzgerald (1985) describes

a sample from Asbestos, Quebec, with 0.22 wt.% Cr2O3, and a vesuvianite from

a serpentinite in Greece contained <0.69% Cr203 (Economou and Marcopoulos

(1980)). In general, chromium-bearing vesuvianites are a vivid green colour, as Cr
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is a strong chromophore in vesuvianite. Cr probably occurs at the general AiFe site
in vesuvianite.

Mn: Arem (1970) found that almost all vesuvianites contain at least trace amounts

of manganese. GIass et aI. (L944) found 4.48% MnO in a vesuvianite from Iron
Mountain, New Mexico, and Fitzgerald (1975) reports 3.34 wt.% MnO in a Swedish

specimen' According to Fitzgerald (1985), À4n is a chromophore in vesuvianite, and
small amounts often give rise to a purple colouration (but onlv if the Fe content is

low).

Mn is thought to occur in the general AlFe site in vesuvianite, but some authors
have suggested that it substitutes for Ca, probably in the distorted Ca(3) site.

Cu: Copper-bearing vesuvianites have been reported from the Telemark district,
Norway; San Benito Co., California; and Franklin, N.J.. They are often green or
blue ("o'prines"), and may have a fibrous habit. Neumann and Svinndal (1gb5) re-

ported 0.73 wt-% CuO in a vesuvianite from Telemark, and Fitzgerald (1g85) found
1.91 wt.% CuO in a c5'prine from Franklin. Fitzgerald (1985) also discovered that
some red and brown vesuvianites at Franklin contain as much Cu as the cyprines,
and that the amount of Fe probably determines the colour. The crystal structure of
a copper-bearing vesuvianite was refined by Fitzgerald eú ø/. (1987); as expected,
the Cu occurs at the B site.

Znz Zinc is common in vesuvianites from Franklin, N.J.. Steiger (Ig22) and Lewis
and Bauer (1922) report 1.42 and 7.70 wt.Ta ZnO in cyprines from Franklin, and
Fitzgeraid (1985) found 4.27 wt.To ZnO in a crystal from this deposit. Minor
amounts of. Zn have been reported in vesuvianites from some other localities as

well. Zn probabll' occupies the general AIFe site in vesuvianite.

Y and the Rare Earths: A number of vesuvianites with appreciable rare earth
contents have been reported. Orlov and Mart'yanov (196i) described specimens

from the }-enisei Mountains with 4.31 wt.To RE2O3 (Ce, La, Nd). Fitzgerald et aI.

(1987) reflned the structure of a cerian vesuvianite from San Benito Co., California
(77-19 wt.To RE2OI) and found that the rare earths substitute for Ca at the Ca(3)
site. These authors identified a coupled substitution of the rare-earths and Ti for
Ca and Mg (at the AiFe site); note that this is unbalanced.
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Metamict vesuvianites containing U, Th and rare-earth elements have also been

reported, usually from alkali igneous rocks.

HzO : There have been some reports linking high birefringence and large cell di-
mensions in vesuvianite with increased OH content (Deer et al, Ig82). A number

of studies have suggested that a "hydrovesuvianite" might exist, in which H2O re-

places a SiOa Sroup? analogous to the hydrogarnets. Christie (1961, 1962) proposed

that "californite" might be such a phase.

Fitzgerald (1985) analyzed four samples for H2O using the Penfield method,
and found that in all cases the amount recorded was much lower than expected by
charge balance considerations. This may be because (according to Peters, 1961),

most of the structurally-bound water is not lost until = 1030'C, nearl¡, the melting
point of vesuvianite.

Other Elements: Serdyuchenko eú ø/. (1968) reported 0.33 wt.% Cl in a vesuvian-

ite from Uzun Tashty, U.S.S.R.. Ito and Arem (1970) found that minor amounts of
Co and Ni will substitute in synthetic vesuvianite. Dobson (1982) discovered up to
0.6 wt.To SnO2 in vesuvianite from a skarn at Lost River, Alaska. Bradshaw (1972)

reported a vesuvianite from Sarawak, Malaysia, with 15.73 wL.To Sb2OB (replacing

Ca). This sample also contained 0.28 wL.% Li2O.
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1.7 Spectroseopic Studies

L.7.L Mössbauer Spectroscopy

Manning and T¡icker (1975) used optical absorption and Mössbauer spectroscopv

to determine site populations of Fe and Ti ions in a number of vesuvianites. They
found that in green low-Ti samples, more than 90% ol the total iron occurred as

Fe3* at the AlFe positions. In yellow-green vesuvianites with >1.0% Ti02, most
of the iron was present as Fe2* at the B sites. These authors aiso found minor
amounts of Fe2*, Fes+ and Tia+ at the C sites. Ti was thought to occupy the AlFe
sites with lesser amounts in eight and possibly five coordination.

Osborne and Burns (i978) noticed apparent peak asymmetry in some vesu-

vianite spectra. This led them to suggest that both Fe2* and Fe3* are found in the
fivefold B site.

Other Mössbauer studies of vesuvianite include those of Tricker and Manning
(1979) and Vaishnava et aI. (i980). Tricke¡ eú ø/. (1981) found Fe2* in the gen-

eral AlFe site but also in the more symmetrical ,4 site, which conflicts with X-ray
structure refinement results (Ailen, 1985).

Allen (1985) decided that the Fe3+ (\rI) and Fe3* (VIil) doublets seen in
previous studies should be reassigned to F"t+ (\,') and Fe3* (VI) respectively. He

concluded that Fe3+ and Fe2+ may occupy both the B and AlFe sites, although
Fe3+ shows a preference for the fivefold B site and Fe2+ favours the octahedral
AlFe position. Small amounts of Fe2+ may also occupy the eight coord.inated Ca or
C positions.

L.7.2 Optical Absorption Spectroscopy

Manning (1968) described the optical absorption spectrum of a green vesuvianite
from Eden Mills, Ve¡mont. The principle absorptions were attributed to octahe-

drallv bonded Fe3f. However, the energies of sharp bands in this region were

different from those seen in andradite and grossular (Manning 1967,,1969, IgT2).

This suggested that the octahedral sites in garnet and vesuvianite are dissimilar.



Manning (1975) exarnined the optical absorption spectra of three titanium-
bearing vesuvianites. He found that thei¡ colour and pleochroism arise mainly from
Fe2* -- Tia+ and O -- Fe charge-transfer processes. One polarized band was

assigned to charge-transfer betrveen Fe2* and Tia+ ions at adjacent C positions

along the fourfold axes. Another absorption band was attributed to charge-transfer
between Fe2* and Ti4+ in adjacent AiFe and Ca(Z) positions.

Manning (1976) suggested that the strongly-polarized bands present in absorp-

tion spectra of green vesuvianites are due to Fe2* -t Fe3* charge-transfer between

ions in adjacent antiprismatic C positions. This was refuted by Allen (1g85) with
the contention that a coordination number of eight for ferric iron is unreasonable

based on the size ratio of Fe3* to O2-.

Osborne and Burns (1978) suggested that the colour and optical spectra of
vesuvianite are dominated by d-d transitions involving Fe in five- and six-fold co-

ordinations.

L.7.3 Infrared Spectroscopy

Coda et aI. (L970) used single-crystal infrared absorption spectroscopy to confirm
the presence of a hydrogen bond between O(10) atoms. Zabinski (1971) presented

the OH-stretching regions of powder infrared spectra from five iron-bearing vesu-

vianites. Saksena (1961) and Morandi et aI. (1979) aJso present powder infrared
spectra of vesuvianites. To date no one has used single-crystal infrared spectroscopy

to investigate the roie of H in vesuvianites of different compositions.

27



1.8 Vesuvianite Paragenesis

Vesuvianite is found in a variety of rock types, including:

1. Skarns, calc-silicate hornfels, and calc-schists.

2. Rodingites associated with serpentinites.

3. Aitered alkali syenites and related rocks.

It seems to be stable over a wide range of metamorphic temperatures. The compo-

sitional field of vesuvianite is closely related to that of grossular garnet, with which
it is often associated. The controlling factor as to which of these two will actually
crystallize may be the relative activities of H2O and COz. Ito and Arem (1920)

suggested that vesuvianite siability wili tend to increase with increasing water and
decrease as the CO2 activity rises.

1.8.1 Skarns, Hornfels and Calc-Schists

Vesuvianite occurs most commonly in contact metamorphic skarns, such as those

at Lake Jaco, Mexico; Crestmore, California; Sanford, Maine; and Franklin, N.J..
These rocks formed through the metasomatic alteration of impure limestones ad-
joining granitoid intrusions rich in volatile elements. This usually involves migra.-

tion of Fe, Mg, Mn and Si into the country rock at a wide range of temperatures
(500-800'C) and generally low pressures. In these deposits, vesuvianite is usually
associated with diopside, wollastonite and grossular.

It is also found in calc-silicate hornfels, which are similar to calc-silicate skarns

but form by isochemical recrystallization (and ioss of volatiles) instead of metaso-

matism. These rocks are generally fine-grained and more homogeneous than the
skarns. The vesuvianite-bearing rocks ejected from some volcanic pipes (such as

Somma and Vesuvius, Italv) are calc-silicate hornfels.

Vesuvianite may also occur in calc-schists formed by regional metamorphism
of ca^lcareous-pelitic sedimentary rocks. Chatterjee (1962) describes a vesuvianite-
epidote paragenesis resulting from greenschist facies regional metamorphism in the
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Alps. Braitsch and Chatterjee (1964) and Trommsdortr (1968) describe similar
occurrences.

1.8.2 Rodingites

Vesuvianite is commonly found in dense fine-grained rodingites associated with
serpentinites. These are metasomatic rocks resulting from low temperature (<
300"C) serpentini zation of the adjacent ultramafic rock. They usually occur as dikes

or sills enclosed in the serpentinite, and are made up of calc-silicate rninerals such
as vesuvianite, grossular, diopside, prehnite, zoisite and chlorite. These minerals
often form fracture-filling veins within the rodingite. Examples of this paragenesis

are Jeffrey Mine, Quebec; Georgetolvn, California; and Eden Mills, vermont.

1.8.3 Altered Alkali Syenites

Altered alkali syenites and related rocks may also contain vesuvianite, resulting
from the post-magmatic breakdown of melilite with decreasing temperature (Allen,
1985). The only vesuvianite-bearing localities of this type are Egan Chute, Ontario
(a nepheline-gneiss complex); Fukushinzan, Korea; Seiland., Norway; Almunge, Swe-

den; seward Peninsula, Alaska; Iron Hiil, colorado; and ruva, u.s.s.R..

1.8.4 Composition vs. Paragenesis

Inoue and Mivashiro (1951) studied variations in the chemical composition of vesu-
vianite from the three modes of occurrence. Thev found that vesuvianites from
nepheiine-svenìtes are often enriched in Al and Ti. Allen (198b) found that vesu-

vianites from the high-temperature skarn, hornfels, and caic-schist deposits are

usuaily optically unia:iial and show few reflections that violate the P4f nnc space

group ("high"-vesuvianites). Those from the lower-temperature rodingites or al-
tered alkali rocks generally exhibit biaxial character and sector zoning, and many
reflections that violate the P4f nnc space group ("lou,"-vesuvianites). Allen (1985)
believes that this is a result of ordering that takes place during crystal growth,
rather than an ordering transformation on cooling.
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1.9 The Present Status of Vesuvianite

It is apparent from the foregoing discussions that significant crystal chemical prob-

lems persist with respect to vesuvianite:

1. The current structure refinements are not compatible with the optical proper-

ties.

2. The general chemical formula seems to be reu'ritten with each structure refine-

ment or chemical study.

3. The infrared spectra are highly unusual.

4. There seems to be a lack of information in HRTEM images of vesuvianite

when compared to the optical, structural, chemical, and spectroscopic problems

associated with this mineral.

4. The ¡ole of B in the structure is unknown.

Because of the uncertainties associated with work on vesuvianite, it seemed

essential that any further study should try and address every aspect of its crys-

tal chemistry and physical properties. Consequently I decided to examine a large
number of vesuvianites f¡om many localities, to characterize:

i) optical characteristics, including uniaxial/biaxial behaviour, 2V and optic sign.

ii) detailed chemistry, bI microprobe and wet chemical techniques (for Be, Li,
Fe2*, H2O and COz).

iii) diffraction characteristics on selected samples, including sector-zoned crystals.
iv) unit cell dimensions.

v) the crystal structures of non-tetragonal vesuvianites.

vi) polarized (and unpolarized) single-crystal infrared spectroscopy to examine the
(possiblv changing) roie of II as a function of chemistry in the structure.
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Chapter 2

EXPERIMENTÁ.L METHODS
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2.1 Sample Preparation

Each sample was observed under a binocular microscope, and the colour, size and

morphology of the crystals were recorded (Appendix B). All large euhedral vesu-

vianite crystals u¡ere removed for sectioning, and accessory minerals were noted or

set aside for identification by X-ray methods. The remaining material was crushed

with a hammer or jau' crusher to a maximum size of 7-2 mm, and the fragments

were separated manuallv for grinding. A magnet rvas used to remove any metal

introduced at the crushing stage.

The separated material was ground by hand under methanol in an alumina

mortar and pestle, then dried with a heat lamp. The powder was sieved through a

200 mesh nylon screen (ailowing a maximum grain size of 0.7a p.rn) and the process

ü'as repeated several times. This usualiy resulted in 0.5-5.0 g of powder for use in
wet-chemical anaiysis.

The large euhedral vesuvianite crystals were sectioned, usually perpendicular

to Z, with a 0.36 mm thick diamond blade on a homemade saw. With practice,

it was possible to cut sections about 1.2 mm in width. These were labelled and

attached to frosted glass slides with Piccolyte, a reversible heat-setting adhesive.

A Hillquist machine n'ith a diamond lap u'as then used to grind the sections to a
thickness of 0.5 mm for microprobe mounts, 0.25 mm for optical sections, and (100

¡rm for single-crystal IR samples.

The microprobe mounts were made from clear lucite disks (2.5 cm x 4.0 mm).

Crystals and sections chosen for analysis were placed in the bottom of holes drilled
in the disks; these were then filled with Petropoxy and the mounts were cured in an

oven at ry110'C for 12 hours. The surface of each mount was then ground with 600

grit SiC on a cast iron lap, and polished with 6 po, diamond paste followed by 0.05

p,m alumina powder on silk laps. Mounts prepared in this \¡/ay are transparent, and

may be used fo¡ microscopy as well as electron microprobe analysis.

After grinding on a diamond lap, those sections chosen for single-crystal IR
study lryere remounted on fresh slides with Crystalbond adhesive. Each section
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was then hand-ground with 600 grit SiC and corundum paste on a glass surface.

Depending on the expected H content, the final thickness was 10-g0 ¡rm. The
completed section was soaked in xylene to release it from the glass slide.

A number of crystal fragments were selected from each sample for use u,ith
the spindle stage, precession cameras, and the single-crystal diffractometer. These

were usually shaped with a tazor blade until equant and 0.15-0.25 mm in diameter,
and each cr¡'stal was then epoxied to the end of a glass fibre set in a brass pin.
The crystals used for crystal structure analysis were taken from thin sections or
microprobe mounts, shaped in a sphere grinder, and mounted in the same way.
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2.2 }|i.f.ineral Optics

A polarizing microscope v/as used to examine the sectioned crystals for optical zon-

ing, optic sign and biaxiality. Tobi's method (Bioss, 1961) was used to determine2V
from the acute bisectrix figure in biaxial crvstals. With this technique, a microm-
eter ocular is used to measure the intermelatope distance relative to the radius of
the field of view R. If B is known (an average value of 1.715 was used in this study),
the ratio 2Dlzî allows 2l/ to be read from Figure 10-6 in Bloss (1961). Since the

numerical aperture of the objective used was 0.85, it was possible to use this chart
without modification. According to Bloss (1961), this method yields values ol2l/
with an error of one degree or less.

Kamb's method (Bloss, i961) was used to determine2V vaLues greater than
58o, the angle at which the isogyres leave the field of view. With this technique,
the angle of rotation of the stage necessary to move the isogyres to the edge of the
field of view is recorded. If p is known (an average va.lue of 1.715 was used) and

the numerical aperture of the objective is 0.85, I/ may be read from Figure g-20C

in Bloss (1961).

In some cases, 2V was calculated with the program EXCALIBR (Bloss, i981)
from extinction measurements made with a Charles Supper Co. spindle stage, using
a filtered light source () : 590 nm) and Cargilie oil (n: L.720) as an immersion
mediurn.
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2.3 Electron Microprobe Analysis

Approximately one-fifth of the anaiyses presented in this study are from the MAC-
5 electron microprobe at the University of Manitoba, which is equipped with an

energy-dispersion (ED) spectrometer. The bulk of the analyses were done with
the JEOL 733 microprobe at the National Museum of Natural Sciences, which is
equipped with four waveiength-dispersion (WD) spectrometers. AII analyses are by
the author, unless otherwise indicated.

2.3.L Energy-Dispersion Spectrometry

Initial analyses were made with a Ma,terials A.nalysis Company electron microprobe
(model MAC-5)equipped with a Kevex Micro-X 7000 analytical spectrometer. The
ED spectrometer uses a Si(Li) detector with a Be window and a 1024 muttichannel
analyzer. Resolution is 144.6 eV fo¡ Mn Ka at 1000 Hz.

AII ED analyses were done at an accelerating potential of 15 keV, chosen so

as to minimize absorption, yet still provide good peak-to-background ratios of all
lines analyzed (Ercit, 1986). The sample current was 10 nA, measured on fayalite.
Unde¡ standard conditions of operation, the beam diameter was 1-2 p,m.

In all cases. the multichannel analyzer was set for operation at 10 eV/channel,
n'hich allowed a detection range of 1-10 ke\¡. \Mithin this range, at least one a-
Iine was potentiaily available for analysis for all elements from Z : !! (Na) to
Z : 92 (U). Sample spectra were collected for 200 live seconds (acquisition time
less detector dead time).

The data were reduced using Kevex software based on the Magic V program
(Colby, 1980) and modified by T.S. Ercit. Techniques for routine quantitative anal-
ysis of silicate ",inerals using this software v¡ere developed by T.S. Ercit and the
author.
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2.3.2'Wavelength-Dispersion Sp ectrometry

The majority of the analyses were done with a JEOL 733 electron microprobe

equipped with one ED spectrometer and four automated WD spectrometers. The

crystals used were lead stearate (STE), thallium acid phthalate (TAP), pentaery-

thritol (PET), and lithium fluoride (LiF), allowing for analysis of elements from
z : 5 (B) to Z :92 (U).

All WD anal¡'5ss were done with an accelerating potential of 15 keV and a
sample current of. 25 nA. Standards were collected to 0.25% precision or for 25

seconds, whichever was less. Sample collection was to 0.5% precision or for 50

seconds. The beam diameter was intentionally defocused to 20 pm, except for
samples with fine banding, where a 10 ¡rm beam was used. Backscattered-electron

(BSE) imaging was routinely used to investigate compositional differences. For

vesuvianite, which is made up of relatively light elements, it was possible to detect a

difference of only 0.5 in average Z inthe backscatteredimage. The ED spectrometer

was used to preview spectra and to identify accessory phases.

The data were collected and reduced with the Task program by Tracor North-
ern, using conventional ZAF techniques. Rare-earth element data were corrected

for line overlaps, using the methods of Roedder (1985).

2.3.3 Standards

The standards used were chosen primarily to minimize ZAF corrections, and are

listed in Table 8. Spectral lines used in analysis are given in Table 7.

2.3.4 Precision of Microprobe Analyses

The program used to reduce EDS data (Magic !') gives estimates of the standard

deviation in the weight percentages of elements analyzed. These are based solely

on count statistics of the line analyzed (both standard and sample). The standard

composition itself is assumed to be free of error. and other systematic errors are

disregarded. As such, the estimated precision of anaiysis tends to be optimistic.

The program used to process WD analyses (Task) gives estimates of standard

deviation in the ,b-ratio for each element. This vaiue, expressed as a percentage, may

also be used to calculate estimated standard deviations in the weight percentages

of elements analyzed.
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Table 7: X-ray spectral lines used in analysis.

Table 8: Standards used in electron microprobe analyses.

Line Elements

Ka
La.

Ma

B, F, Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe

Zn, La, Ce, Pr, Nd, Sm, Eu, Gd
Pb, Bi, Th

Element EDS standard \Ã¡DS standard

Si

AI
Ti
Mg

Mn
Fe

Cr
Cu

Zn

Ca

Na

K
La

Ce

Pr
Sm

Nd

Eu

Gd

Pb
Bi
Th
U

B

S

F

CI

PyroPe
pyroPe

titanite

Pyrope
spessartine

fayalite

titanite

diopside

almandine

titanite
almandine

willemite
almandine

synthetic nich¡omite
cuprite
willemite
gehlenite

Na-amphibole
Na-amphibole
REE glass (5-254)

REE glass (5-254)

REE glass (5-254)

REE glass (S-2s4)

REE glass (5-254)

REE slass (5-254)

REE glass (5-254)

crocoite
bismutotantalite
monazite

synthetic brannerite
elbaite
anhydrite
fluor-riebeckite
tugtupite
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Table 9: Precision of microprobe analyses.

Analysis V1-1¡.¿ (EDS)

Analysis Vi-l (\ ¡DS)

*Calculated from the standard deviation on the È-ratio.

tEntire spectrum collected for 200 (live) seconds.

Table 9 is a comparison of an ED and a \.4/D analysis on the same sample (Vl).
Standard deviations on major elements are lorver for the ED analysis because of
the 200 second collection time. Minor element standard deviations are lower for the

wD analysis. Detection limits were estimated using the formula:

ll¡here c is the detection limit (in wt.%), å is the background counts per unit of
concentration, and i is the peak counts per unit of concentration (Russ, 1972). The
Task program (WDS) prints out peak and background counts. For the ED analysis,

the counts had to be measured directiy f¡om the dispiayed spectrum. Because of
this the EDS detection limits in Table 9 are presumably less accurate than those

given for WDS.

Oxide

Formula

Oxide

Percent

2a*' Element Ion

Percent

2a* Detection

Limit

Collection

Time

sio?
Al203
Meo
FeO

CaO

36.42

77.28

1.95

3.87

36.08

Si++

Al3+
Mg'+
Fe2*

Ca2+

77.02

9.15

1.18

3.01

25.79

0.11

0.10

0.05

0.09

0.19

0.02

0.04

0.07

0.08

0.02

t200

tt

sio,
Al2o3
Tio2
Meo
MnO
FeO

CaO

36.98

17.04

0.14

1.98

0.11

3.64

36.09

0.40

0.20

0.02

0.04

0.02

0.72

0.46

Si4+

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Cz2*

't7.26

9.02

0.08

1.19

0.09

2.84

25.78

0.18

0.10

0.02

0.02

0.02

0.10

0.34

0.004

0.003

0.03

0.005

0.05

0.009

0.003

5

11

50

50

50

50

1,4
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WD analyses presented in this study (Appendices 8.1 and 8.2) are listed to two
decimal places, because of low standard deviations on minor elements and. because
of lorv detection iimits. ED analyses (Appendix D) are iisted to only one decimal
place because of high detection limits and poor precision on minor elements. In
both cases, calculated ions and statistics are listed to two decimal places.
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2.4 Chernical Methods

2.4.L Atornic Absorption Spectroscopy

Be and Li analyses were done with a Varian AA-975 atomic absorption spectropho-
tometer at the W.M. Ward Laboratories (Government of Manitoba). The steps

used for sample dissolution are listed in Appendix F. For each analysis, 5.0 ml of
doubly-distilled water and 0.5 ml of a 20,000 ppm K buffer (to minimize ionization
of Li in air-acetylene) were added to 5 ml of initial solution. Calibration standards
were supplied by the lab, and internal standards were GSP-1 (30 ppm Li), Sy-2
(31 ppm Be), and GH (45 ppm Li, 6 pp* Be). one vesuvianite sample (v4) was

analyzed at regular intervals to provide a measure of experimental precision. The
relative standard deviation on seven analyses of V4 was 11% for Li and.6To for Be.

Detection limits were =5 ppm for Li and =2 ppm for Be (J. Weitzel, pers. comm.).

The spectrophotomete¡ calculates elemental conteni (pp-) based on an initial
sample weight of 0.2 g. A final va.lue may be obtained by multiplying through by
0.2 g/initial weisht (g).

2.4.2 Determination of Ferrous Iron

Ferrous iron determinations were done at the University of Manitoba using the
modified "Pratt method" described by Donaldson (1982) and outlined in Appendix
F. Nitrogen was bubbled through all soiutions before use to minimize sample oxida-
tion. Standards used were AN-G (2.2a ú.% FeO), SY-2 (8.62), pCC-l (b.06-b.24),
and MRG-I (8.65). SY-2 and a vesuvianite sample (V4) were analyzed at reguiar
intervaJs to provide a measure of experimental precision. The standard deviation
of eight analyses of SY2 was 0.04 (1.10%); of eight analyses of V4, 1.46 relative
percent.

2.4.3 HzO and CO2 Determinations

The HzO and CO2 determinations were done with a LECO 521 induction furnace.

With this technique, =1.0 gm of dry, sieved powder was weighed into a ceramic



crucible, which was then hea.ted to ry1200'C b¡'a RF induction coil for six minutes.
A current of oxygen gas v/as passed over the sample and thence to a glass bulb
containing anhydrous magnesium perchlorate, which selectively absorbs HzO. A
second bulb containing ascarite was used to trap COz. By weighing the bulbs
between each analysis, the amount of II2O and CO2 present was determined; a

sample calculation is presented in Appendix F. Before analyzing samples, a number
of blanks were run to obtain a correction factor. Internal standards were SY-2 (0.48

wt.To Hzo, 0.46 u't.To Coz), MRG-1 (0.98, 1.00), STM-1 (r.44,0.02), BE-N (2.24,
0.74), and PCC-I (4.70,0.15). SY2 and PCC-1 were analyzed, at regular intervals
to provide a measure of experimental precision. The standard deviation on five
analyses of SY-2 was 0.08 (t6.77%); on five analyses of pCC-1, 0.0r (0.22%).
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2.5 Single-Crystal Infrared Spectroscopy

The infrared spectra were collected by F.C. Hawthorne and G.R. Rossman at the
Division of Geological Sciences, California Institute of Technology. A Nicolet 60SX

FTIR (Fourier ?ransform lnfra,Eed) spectrometer fitted with a rotatable polarizer
was used. A series of brass apertures (72-200 pm in diameter) was used to limit the
area of the sample exposed to the beam, making this a true mic¡oprobe method.

The crystal fragments were examined with a polarizing light microscope, and
points were selected for infrared examination on the basis of optical character. A
crystal was then set on a brass plate such that the point of interest was over the
aperture, the size of which was chosen to restrict examination to a homogeneous

region. The orientation of the crystal was then adjusted in cross-polarized light
until the optical axes v¡ere parallel and perpendicular to the polarizer axes in the
spectromete¡. Once in place, the section was attached to the brass plate by putting
a drop of xylene at the crystal boundary (thereby keeping the section in place
by surface tension) and allowing it to evaporate. The mounted crystal was then
attached to a holder and placed in the spectrometer.

Spectra were obtained in both polarizations for both a . a and a . c sections;

unpolarized spectra were also recorded. Spectral data u,ere collected digitally and

then transformed from transmission units to absorbance units.
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2.6 Routine X-ray Diffraction Techniques

2.6.1 Gandolfi Photography

A 114.6 mm diameter Gandolfi camera (Charles Supper Co.) was used with Ni-
filtered Cu radiation (40 keV, 40 nA) to obtain diffraction patterns of included
phases and associated minerals. Patterns were measured with a Supper precision

film reader; with this instrument, the 20 angles of sharp patterns can be determined
to about +0.06'2d (Ercit, 1986). These values were corrected for "film shrinkage"
and intensities were estimated visually.

2.6.2 Unit Cell Refinement

All unit ceil refinements were done u'ith the Nicolet R\m single-crystal diffractome-
ter. The procedure is the same as that used in the initial stages of data collection
for crystal structu¡e analysis, and is described in section z.T.r.

2.6.3 Precession Photography

A Charles Supper Co. l\,Iodel 8000 precession camera was used in this study. All
precession photography used MoKa radiation (40 keV,40 mA), both Zr-filtered and
unfiitered. Crvstal-to-film distances, precession angles, screen radius and settings
all varied depending on the photograph. High-speed Type 57 Poiaroid film was used.

for orientation photographs; Kodak DEF-5 film was used for final photographs.
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2.7 Crystal Structure Á.nalysis

2.7.1 Data Collection

All intensity datasets were collected with a Nicolet -R3rn single-crystal difiractometer
at the University of Manitoba. Data collection with this instrument involves four
preliminary stages:

1. Mounting and optical alignment of the crystal.

2. Orienting the crystal.

3. Automatic reflection indexing.

4. Least-squares refinement of the orientation matrix and unit cell parameters.

These steps a¡e described below.

After shaping, each crystal was epoxied to the end of a glass rod set in a
brass pin. This pin was placed in a goniometer head which was attached to the
diffractometer and adjusted until the centre of mass of the crystal coincided with
the centre of rotation of the goniometer assembly. This was done by using the
optical alignment procedure, in which the crystal is rotated about { at selected
settings of X, and vice-versa.

After optical alignment, a random orientation photograph of the crystal was
taken. Horizontal and vertical spacings between up to 25 equivalent reflections was
used as input to the orienting program, which refined 20, u, and a for each reflection
while holding { constant.

An indexing program uses the refined angles from the orienting routine to set
up a list of up to 60 axial vectors and 59 inter-vector angles. Unless use¡-intervention
is desired, the program automatically selects unrefined values îor a, b, c, e., p and.

7, and indexes the reflections.

After indexing, the unit cell parameters and orientation matrix were refined
using a ieast-squares Procedu¡e. When the starting cell was not appropriate (i.e. a
subcell or a pseudo-symmetric cell), a second program was used to transform the
axes, and to re-refine the orientation matrix and unit cell paramete¡s.
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Intensity datasets were collected using 96 step 20;0 scans with scan ranges

ftom2-0-2.5" 20, adjusted automatically to larger values with higher 2d. Scanning
speeds were automatically varied from 4"/min. for weak diffractions to 29.8./min.
for intense diffraction maxima. Two standards were collected every 46 reflections
to monitor changes in beam intensity or crystal orientation during data collection.
All such changes were minimal. In each case, a hemisphere of data from J-60" Z0

was collected. Background corrections were made during data collection.
After collecting the main dataset, an additional dataset, used in calculating an

absorption correction, was coliected on a subset of 11 strong diffraction maxima.
These data were collected every 10" of 20 rvhile rotating each reflection 360. about
its diffraction vector (r/). Scan parameters \¡/ere the same as those used in the main
collection.

Before removing the crystal from the goniometer, up to 25 strong reflections
with 20 20-40" were selected from the diffraction record and used as input to the
orienting program. This resulted in more precise cell dimensions (Hamor et aJ.,

1987) than those obtained initial.ly using a photograph (2d-"* ã g0").

2.7.2 Data Reduction

Data reduction was carried out with the SHELXTL package of programs. The
datasets were first processed with XTAPE which rejects bad data (based on peak
asymmetrv' centroid location, and background balance), scales on the standard
reflections, and calculaLes Lp corrections.

The program XEMP was used for empirical absorption correction (spherical
absorption and shape correction). This program uses the psi-scan data to caiculate
a correction which is then applied to the main dataset after the method of North
et al- (1968). Usually, a pseudo-ellipsoid is used as the shape model in the cal-
culations' An average value for ¡t - -R is input, where -R is the crystai radius and

¡^r is the absorption coefrcient. The lengths and orientations of the semi-axes of
the ellipsoid are refined while (p,R) is held constant. This approach works well,
even with irregularl5'-shaped crystaJs, when the sample contains no strong X-ray
absorbing elements (as is the case with vesuvianite).
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2.7.3 Structure Refinement

Structure refinement was carried out with the SHELXTL program X, which uses

scattering curves for neutral atoms from Cromer and Mann (1968) and. anomalous
dispersion coefficients from Cromer and Libermann (1g70). X uses full-matrix least-
squares methods in refinement, but uses a blocked-cascade procedure if the number
of refined parameters exceeds 103, which was the case in all of the refinements done
in this study. The residual indices used here are the following:

._ Ðil41 -l4ll

' 
Ir'J-

D -Ð{tl4l -l4ll-å}tlu_m

'.-Ð{-ilr"| -lr.ll'}--e 
Ð [-l''l']

where:

_ : r_rlFol

The index E, ir used for statistical tests (Chapter B).
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Chapter 3

EXPERIMENTAL R.ESULTS
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3.1 Vesuvianite Samples

A total of.75 vesuvianites from =50 different localities was examined in this study.

Most specimens were provided by the Royal Ontario Museum, although some we¡e

donated by individuals, and a few were purchased. Samples, localities, and sources

are listed in Appendix A.

In most cases, there is only one sample per locality, although there are 13

from Jeffrey Mine (Quebec), and three each from Mt. St. Hilaire and Templeton

Township (both in Quebec). Almost half of the specimens are from Canadian

iocalities. The occurrence of one vesuvianite (\r72) is unknown; in some cases

(V49, V72) only the country of origin is specified. A few of the samples are from
well-known localities (..g. Jeffrey Mine, Quebec; Franklin, N.J.; and Witui River,

U.S.S.R.); others (Vl, V2, V4, V51) have not been described in any previous studies.

A number of specimens obtained for this study were found to be minerals

other than vesuvianite. This is not suprising; Hauy (1797) suggested the name

idocrase (from the Greek eidos (appearance), and krasis, (a mixture)) because of its
resemblance to other species. One sample with unusual morphology r¡r¡as found to be

epidote; another, from Vesuvius, was identified as diopside (both were purchased).

Initially, the colour, habit, and size of each sample was recorded; these obser-

vations are in Appendix B.
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3.2 Vesuvianite Optics

The preparation of thin sections and r.ticroprobe mounts was described in Section

2.L. A, polarizing microscope v¡as used to examine the sectioned crystals for optical

zoning, sign, and biaxiality, using methods outlined in Section 2.2. The results are

summarized in Appendix C.

Most of the vesuvianites were optically negative; all those with positive signs

contained significant amounts of boron (Table 10). This confi.rms the observations

of Oftedal (1964), Khotina (1968), and Serdyuchenko eú ø/. (1968).

Table 1O: Optic signs of boron-bearing vesuvianites.

Sample B203 avg. wt.% Sign

v61
v45
v38
v74
v30
v56

7.44

1.47

7.77

2.84

2.90

2.94

?

+
-II

+
+
?

Biaxial figures were obtained for all oriented sections; no uniformly uniaxial
vesuvianites were found, although this may be due to the thickness of the mounts

(<500 ¡lm). Opiic axial angles ranged f¡om 0-)60o, sometimes in the same section

(Table 11). Since optics are very sensitive to slight changes in symmetry, this

suggests that most vesuvianites are nontetragonal.

It is possible to divide vesuvianites into three general groups, based on the type

of optical zoning seen in (001) sections:

1. t'Normalt' vesuvianites show uniform extinction and usually have small 2Il
angles. Most of the vesuvianites studied belong to this group.

2. The second group is made up of vesuvianites with "blocky" zoning, in which

(001) sections are divided into irregularly shaped areas with variable birefrin-

gence and extinction angles. A high-birefingence rim and a rudimentary core
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Table 11: Large 2V angles, as determined by various methods.

Sample 2V (") Standard 2V ()
meas. lit. *

Tobi's Method

V12 (rim) 37 biotite 9 0-2s
V16 39 aragonite 18 18

V12 (rim) 40 muscovitel 45 3O4Z
V14 45 muscovite2 46 ,'

Kambts Method

V13 (rim) 60

V13 (rim) 62

Spindle Stage

V113 32.8(4) baritel 36.1(4) 37

V23, 44.7(2) baritez 39.9(5) "
v27 62.1(3)

*literature values from Roberts et ø1., (1972)

Table 12: Blocky- and sector-zoned vesuvianites.

Sample Locality

Blocky-Zoning

V5 (?) Turnback Lake, NT
V11, V12, V16, V17 (?), V21 (?) Jeffrey Mine, PQ
v22 (?),V23
V32 (?) Wakefield Twp., PQ
V41' Hindubagh, Pakistan

Sector-Zoning

v8 (?)

v13
v45
v77
v74

Black Lake, PQ

Jeffrey Mine, PQ

Laguna del Jaco, Mexico

Eden Mills, VT
Wilui River, USSR
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may be present. Vesuvianites with this type of zoning are usually prismatic
with many high index faces. Most are found in rodingites associated with
serpentinites (Table 12).

3. Sector-zoned vesuvianites \ryere found from five localities (Table 12). Sections
of these crystals show a low-birefringence core, a high- birefringence rim, and

distinct (110) zones extending from the co¡e to the corners of the section. An
intermediate (101) zone may also be present. Sector-zoned vesuvianites are

usually prismatic; common forms are {101} and {001}. They are generally
found in rocks associated with serpentinites.

To further illustrate optical variations within the groups, we will now consid.er

examples from each group.

3.2.1 Normal Vesuvianites

Part of a (001) section of a normal vesuvianite from Ariccia, Italy, is shown in
Figure 6. A BSE image (Figure 7) shows that the optical zoning correspond.s to
differences in mean atomic number. A series of microprobe analyses across the
section show variations in F, Mg, Ai, Ti, Fe and lanthanide content (Figure g).

This boron-bearing vesuvianite (=1.77 wt.To BzOs) is biaxial positive, with a 2V
angle of about 30".

3.2.2 Blocky-Zoned Vesuvianites

Blocky-zoned vesuvianites from Jeffrey Mine, Quebec, are prismatic, with many
high index faces; striations and intergrowths are common. A (001) section of one

of these crystals (V23) is shown in Figure 9. A high-birefringence rim (2V:48")
surrounds a "blocky" intermediate zone with undulose extinction and variable bire-
fringence (2V:16-2I"). Relative to the intermediate zone, the rim is enriched in
Fe and depleted in Al.

3.2.3 Sector-Zoned Vesuvianites

Sector-zoned vesuvianites from Witui River, U.S.S.R., occur as doubly-terminated
crystals; conunon forms are {101}, {001}, and {110} (Figure 10).

Part of a (001) section of one of these vesuvianites is shown in Figure 11.

The core has a cross-hatched pattern suggesting twinning; both the rim and the
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Figure 6: Part of a (001) section of a normal vesuvianite from .A,riccia, Italy (VB8)
(transmitted, cross-polarized light, 16 x ).

Figure 7: A' BSE image of the section in Figure 6. The numbers correspond to
microprobe analyses in Appendices 8.1 and 8.2, and to the points in
Figure 8. Scale bar: 1 i-rr'.
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Figure 9: A (001) section of a blocky-zoned vesuvianite f¡om Jeffrey Mine, Quebec
(V23) (transmitted, cross-polarized light, 16x ).

(110) zones show very fine optical striations. Also noteworthy are the birefringent
grossular inclusions and the f¡actures following the (110)-(100) boundary.

This boron-bearing vesuvianite (=2.84 wt.Yo BzOs) is biaxial positive, with a
2Il angle that increases from 0-10" in the core to 10-25' in the rim. The optical
zoning can be correlated to some extent with changes in composition. Figure 12

shows the results of a 'nis¡sprobe traverse across a section similar to that in Figure
11. There is no evidence of zoning with respect to boron content.

The sector-zoned vesuvianites from Jeffrey Mine are transparent, light brown in
colour, and form singly-terminated prisms \ñ¡ith {101} and {001} faces. A (001) sec-

tion of one of these crystals is shown in Figure 13; note the low-birefringence core,
the intermediate (101) zoîe. and the high-birefringence rim. In plane-polarized
light, the core is colourless, and the outer zones are light brown. In cross-polarized
light, the core appears uniaxial, with very low biref¡ingence. The rim ha{ a higher
birefringence colour than the intermediate zone, indicating a greater difierence be-
tween principal refractive indices. Figure 13 also shows light-coloured V-shaped
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Figure 1O: A sector-zoned vesuvianite crystal f¡om \trilui
(scale in mm).

River, U.S.S.R. (V74)

Figure 11: Pa¡t of a (001) section of a crystal similar to that in Figure 10 (trans-
mitted, cross-polarized light, 16 x ).
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areas extending from the rim into the (101) zone. Another unusual feature is the
low-birefringence (110) zones extending from the core to the corners of the section.

These are also seen in the blocky-zoned section from Jeffrey Mine (Figure g). These

areas are very irregular in shape (note the "loops" in Figure 13) and are always

surrounded by narrow extensions of the (101) zones.

All of the zones are optically positive. The core and rim of the section in Figure
13 gave perfectly centred figures, with optic axial angles of 0-10' for the core and.

60-62" for the rim. The (101) zones showed off-centred figures, such that the acute

bisectrix was tilted towards the core by =10'. Optic axial angles from this region
are È360' with strong dispersion (r(v). In all of the zones, the optic axial plane

is perpendicular to the edges of the section. Precession photographs (Section 3.8.1)
confirm that ø unit cell axes are parallel to the edges of the crystal.

All previous studies have reported that there is no compositional difference

between the various zones. Figure 14 shows a backscattered electron image of a
section similar to that in Figure 13. Note that there is a difference in mean ato'.,ic
number between the zones. Variations in individual elements (from a microprobe
traverse across the crystal) are shown in Figure 15. Note that the low-birefringence
core is higher in Al and iower in Mg than the outer zones, suggesting an Al=Mg
substitution. Compositional differences between the rim and the intermediate zone

are less obvious.

Crystals fragments were removed from the rim, intermediate, and core zones

of a section similar to that in Figure 13, and these were used for X-ray structure
analysis. These crystals are referred to throughout the study as V13" (core), V13¡

(intermediate), and V13" (rim).

Eventualiy an entire V13 crystal was sectioned to investigate changes in zoning
along the length of the crystal (Figure 16). Sections cut through the pyramid faces

show large (101) zones and core regions. In sections taken below the {100}-{101}
edge, the rim increases at the expense of the intermediate zone, and the core (which
may change shape) eventually disappears. The narrow (110) zones may disappear
as well, but the (101) extensions that surround them are seen in every section.

Figure 17 shows a (100) section of yet another V13 crystal. Note the irregular
boundary between the (100) and (101) zones. BSE images show that this optical
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Figure 13: A (001) section of a sector-zoned. vesuvianite f¡om Jefirey Mine, pe
(Vl3) (transmitted, cross-polarized light, 15x).

Figure L4: A BSE image of a section similar to that in Figure 18. The numbers
correspond to microprobe analyses in Appendices E.l and. 8.2, and to
the points in Figure 15. Scale bar : 1 -'n.
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Figure 16: Serial (001) sections of a sector-zoned vesuvianite from Jefirey Mine,

Quebec (VlB).
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Figure l7z A (100) section of a sector-zoned vesuvianite from Jefirey Mine, euebec
(V13)- The arrow points to the boundary between the (100) and (101)
zones. (transmitted, cross-polarized light, 16x ).

zoning corresPonds to difierences in mean atomic number, but not enough analyses
were done to identify variations in specific elements.

The sector-zoned vs5uvianife from Mexico is similar to that from Wilui, and
the Eden Mills sa"'ple is identical to the Jeffrey Mine crystals. The d.ifferences
between these vesuvianites are presumably related to growth cond.itions, although
all four occurrences are associated with serpentinites.
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3.3 Electron Microprobe Analyses

In the first feu' years of this study, several hundred ED analyses vr'ere coliected at
the University of Mánitoba, using the methods described in Section 2.3.1. With
this technique, however, it was not possible to analyze for B or F, and high detec-

tion limits (Section 2.3.4) made it difficult to analyze trace elements. In addition,
electron imaging with the MAC-5 microprobe was verv limited.

In 1986, I had the opportunity to use the automated WDS microprobe at the
National Museum of Natural Sciences (Ottawa). With this machine (a JEOL 733),

it was possible to anaivze B, F, and trace amounts of many other elements. It was

also much easier to detect compositional zoning, and with online processing, many
more analyses could be obtained in a given amount of time.

The original probe mounts used for ED analyses r¡/ere prepared on lead laps,

and despite careful cleaning, some of the spectra contained small PbMa peaks.

Many of these mounts u¡ere poorly polished, and most had very high topographic
relief. Before using the WDS microprobe, new mounts were prepared using the
methods outlined in Section 2.1; this prevented Pb contamination and led to much

better polish and lower reiief.

With the WDS microprobe, points for analysis we¡e chosen from BSE images,

and the elements present in a particular sample were identified from ED spectra.

The Task program (Section 2.3.2) was set up to routinely analyze F, Na, Mg, Al, Si,

S, Cl, K (later replaced by Cr), Ca", Ti, Mn, Fe andzr., and to look for Ce. If cerium
was detected, a second element list was used to ana.lyze La, Ce, Pr, Nd, Sm, Eu and

Gd. Other elements (Cu, Pb, Bi, Th) were added if seen in the ED spectra, and

if Th was present, U was looked for as u'ell. Boron analyses were done separately,

because of a necessarv (manual) change in voltage (15 to 5 keV), a change in slit
width, and electronic re-alignment of the column.

A total of 462 \AID analvses was obtained f¡om 76 sampies; these are listed in
Appendix 8.1. In addition, 111 ED analyses of.74 B- and F-free vesuvianites are
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Table 1-3: Range of oxide weight percents for ED (left) and wD analyses,

Oxide Max.

J t.þ

79.2

0.7

4.3

0.5

5.1

0.5

J l.t)

0.5

0.2

Max.

sio2
Al203
Tio,
Mso
MnO
FeOt
Cr203
CuO

ZnO

CaO

Na:o
KrO
La2O3

Ce203

PrzO¡
Nd2o3

Gd2o3

Pbo
Bi2o3
Tho,
Bros
SO"

F

CI

36.8
't7.6

2.8

2.4

36.8

35.8

14.8

1.3

0.6

36.1

36.5

15.9

3.0

3.1

35.8

33.24
't0.27

0.84

0. L9

30.69

38. L0

19.20

5.06

6.69

3.80

7.43

0.63

L.55

2.35

38.31

0.88

0.04

1.86

3.09

0.50

0.62

0.33

1..57I

2.4eI

1.50
,3.18

1.00+

3.15

1.18Í

0.4

1.1

0.7

1.4

0.4

''Analyses V67-L, -3, -4, -6, and V72-6, -7 not included (see text).
tAIt Fe as FeO.

{Probably highest value ever reported for vesuvianite.

listed in Appendix D. These are included for comparison purposes; unless otherwise

noted, the following discussions concern only the WD analyses.

The range of oxide contents (wt .%) for the \4ID analyses are listed in Table 13. x.

Only five elements (Mg, Al, Si, Ca, Fe) are present in alt the analyses, although
the minimum value for FeO (0.i9 wt.%) is very low. No Sm, Eu or U was found
in any of the samples, even those with high RE or 'Ih contents. Potassium was

* Analyses V67-L, -3, 4, -6, V72-6 and -7 are not included (Seciion 3.3.2)
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dropped from the element iist when several hundred anaiyses showed a maximum
of only 0.04 wt'.% KzO. The maximum values for CI and S, holever, are probably
the highest eve¡ reco¡ded for vesuvianite, and very high concentrations of F, Na
and Fe were found in some sampies. No previous studies have reported Bi or Pb in
vesuvianite.

Table 13 also shows ranges of oxide contents from the ED analyses. As ex-

pected, the maximum values are lower than those found in the iarger W'D dataset,

but mean values for the "essential" elements are generally higher.

The range and distribution of particular elements in vesuvianite will be dis-

cussed in more detail in Sections 3.3.2 and 3.3.3.

3.3.1 Data Normalization

As discussed in Section 1.6, a number of formulae and data normalization schemes

have been proposed in previous studies. No one, however, has looked at how well
these fit a large number of analyses of vesuvianites from many different localities.

Because of this, I decided to apply the various normalization schemes to the 462

\MD analyses. All those containing boron (plus \172-6 and V72-7,, both obviously
non-stoichiometric) were set aside, because at this point the role of B in the structure
was unknown. Unfortunately, not all of the samples were tested for B; some of the
remaining 384 anaiyses may be from boron-bearing vesuvianites.

I began by normalizing on a total of 50 cations, as suggested b¡' Hoisch (1985)

and Allen (1985). This approach is consistent rn'ith both original and recent struc-
ture refinements, and makes no assumptions regarding the oxidation state of Fe,

the degree of hydration, or the distribution of cations among the sites.

If normalized to 50 cations, analyses should show 18 Si, 19 Ca, and 13 other
cations (mainly Al). Figure 18 shows a histogram of Si cations (p.f.o.) for the 384

B-free WD analyses. The observed mean (18.0(2)) is statistically identical to the
ideai value of 18. The histogram itself is aimost perfectly Gaussian. Both skew and

kurtosis* are low (-0.09 and 0.30), indications of a statistically normal distribution.

* A distribution is ('skewed" if it is not symmetrical; values are distibuted d.iferently below

the mean than above it. "Kurtosis" is a measure of the extent of the heaviness of the tails

of a distribution. Both values are zero for a normally distributed population (SAS Institute
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dances (p.f.".). Mean, skew and kurtosis (less outliers) are L3.02(22),

0.62 and 0.83 respectively.

This suggests that all of the fourfold sites are filied with Si, and that there is little
or no Al---+Si substitution.

A histogram of Ca abundance (p.f.".) is shown in Figure 19(a). The observed
mean is 18.9(4), which is statistically identical to the ideal value of 1g, but the
distribution is skewed towards lower values and the tails are heavy with datapoints
(skewness and kurtosis are -1.37 and 4.01 respectively). This suggests that other
elements are substituting for Ca at the eight/nine-coordinated sites. A histogram of
Ca*Na*Ln+Pb+Bi+Th (p.f.u.) (Figure 19(b)) shows a more normal distribution,
although set'eral ana.lvses still give grossl¡' deficient Ca-site sums..x The observed

* These anaìyses (V67-3, -4, and -6) are of a fibrous vesuvianite f¡om Franklin, N.J.. Other

nonstoichiometric analyses are v67-1 ,72-6 andvT2-T (mentioned previously).
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mean (rvithout the outlying analyses) is 19.0(3); skevi'ness and kurtosis are -0.35

and 0.19 respectively.

A histogram of AI abundance (p.f.".) is shown in Figure 20(a). The non-

Gaussian character of the peak was expected, as a number of elements are known
to substitute for Al in the vesuvianite structure. Figure 20(b) is a histogram
of AIfMg*Ti+C¡+Mn*Fe*Cu*Zn abundances (p.f.u.); the observed mean is
13.0(2)' and skewness and kurtosis are 0.62 and 0.83 respectively. The outliers
to the right of the curve are the same outlier analyses seen in the Ca histograms.

Tabie 14 lists mean cation abundances and oxide totals (wt.%) for analyses

from a number of recent microprobe studies; ali are normalized on a total of 50

cations (less B and S) and 78 anions. Fitzgerald's (1985) analyses deviate from the
pattern established here; abundances for the Si, X- and I'-sites are 12.b, 1g.6 and
13.9 respectively. Ail of the WD studies give mean oxide totals scattering about

=99 wt.To, compared to the ED analyses, which give totals nearer 100 wt.%. The
reasons for this are not yet clear.

From the above results, it seems as though normalization on 50 cations is
justified, although it may be possible to use 18 si (assu*irg no Al-+Si substitution).
All of the anaJyses listed in this study were recalculated on the basis of b0 cations
(less B and S) and 78 anions (with water calculated by charge balance). These are

listed in Appendices D, 8.1 and 8.2.

3.3.2 Major Element Chemistry

The follou'ing cations were present in all of the analyses:

Mg: The Mg content of the vesuvianites ranges from 0.84-6.6g wt.% Mgo (0.6a-
4.93 atoms p.f.u.). The most Mg-rich sample is from Wilui River, U.S.S.R., and a

Mn- and Zn-rich cyprine from Franklin, N.J., has the lowest Mg content.

Mg occupies the B and AlFe sites in the vesuvianite structure. The AIFe site
is coordinated by five oxygens and a hydroxyl ion.

These polyhedra are found at the ends of trimers of edge-sharing octahedra,

with the ,4 positions between them. Both Hoisch (1985) and Allen (1g8b) have

suggested the following coupled substitution:

2Al3+=Mg'++Ti4+
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Table 14: Mean cationic abundances and

microprobe studies (based on b0

malization).

wt.To oxide totals for recent electron

cation (iess B and S), 78 anion nor-

#7#6#5#4#34.,Data: #7

Si

s

k

C"
s

k

AI
s

h

Ðx-

s

k

'YI
k

TOT
s

k

18.0(2)

-0.09

0.30

18.e(4)

-1..37

4.01

e.6(8)

-0.96

1.60

18.e(3)

-1..28

5.44

13.0(3)

2-s7

1.4.37

e8.e(e)

-0.33

0.47

1 8.0(2)

-0.05

0.29

18.e(3)

-0.80

0.85

e.6(8)

-1.00

1.64

1e.0(3)

-0.35

0.19

13.0(2)

0.62

0.83

ee.0(e)

-0.35

0.51

17.8(1)

-0.10

0.27

18.7(3)

- 1.28

1.85

7.1(6)
't.77

2.77

18.e(2)

-0.38

0.76

13.3(2)

-0.31

1.53

e8.7(8)

17.8 ( 1)

-0.84

-0.'t7

1e.i (1)

-0.63

0.34

10.0(6)

-0.69

-0.32

1e.1 (1 )

-0.63

0.34

13.1(2)

1.18

0.67

ee.8(5)

-0.19

-0.08

17.5(1)

0.02

-0.07

18.5(2)

-0.70

0.53

10.2(2)

-1.01

1.55

18.6(2)

-0.16

-0.33

13.e(2)

-0.15

0.02

100.4(1.0)

-1.63

4.96

17.8(1)

-0.48

-0.35

18.e(2)

-1..7 4

4.77

10.00(7)

-0.46

-0.61

18.e(i)

-0.13

-0.16

13.2(2)

1.04

0.24

e8.8(4)

-0.11

-0.38

18.01(8)

0.41

-0.44

18.e(1)

-0.64

0.38

e.5(5)

0.41

-1.51

1e.02(e)

-0.13

-1.16

12.e7(7)

0.16

-0.99

e8.5(6)

0.15

-'t.27

#1 All \il'D analyses (except those containing B, v7z-6 andyr2-T) (3g4 analyses).

ft2 As above, but without V67-1, -3, 4 and -6 (380).

#3 All WD analyses containing B (76).

#4 All ED analyses (rit).
#5 WD analyses from Fitzgerald (1985) (wilhout analysis of REÞvesuvianite) (52).

#6 WD analyses f¡om Allen (1985) (wirhour M4 and M14) (BS).

#7 WD analyses from Hoisch (1985) (22).

s = skewness lc : ku¡tosis TOT : wt.% oxide totals
DX = (ca*Na*K*Ln*Pb*Bi+Th+u) Ðy : (Al+Ti+Mg*Mn*Fetcr+cufzn)
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in which Mg and Ti replace Al in neighbouring AlFe sites. Local charge balance

is maintained by changing bond lengths. It is unlikely that this substitution can

account for all divalent cations at the AlFe sites, as the amount of Ti in most

analyses is low.

Á.1: The amount of Al in the vesuvianites ranges from 10.27-L9.20 wt.Yo Al2O3

(6.23-11.03 atoms p.f.".). A cyprine from Norway (Vag) has the most Al, and a

boron-bearing sample from Itaty (\r38) has the least.

Figure 21 is a histogram of Al abundance (p.f.".). There is a bimodal distri-
bution, with Al from analyses of boron-bearing vesuvianites clustered about 6.6 Al
atoms P.f.u., and those from non-boron vesuvianites clustered around 9.8 atoms

p.f.u..

Al occupies the A, B, and AlFe sites in the vesuvianite structure. A wide

range of elements are known to substitute for AI at the AlFe and B sites. If the
stoichiometric va-lues of Si and the X-site cations are 18 and 19 (Section 3.3.1),
then the sum of A1+Mg*Ti*Cr+Mn*Fe*Cu*Zn (Ãt and those cations which
substitute for it) should be 13. Figure 22 shorvs a graph of Al versus those cations

that substitute for Al in the vesuvianite structure. A least-squares fit of the line
gives a slope of -1.092(8) and a y-intercept of 13.9(2), which is somewhat higher
than the ideal value of 13. The bimodal distribution seen in the histogram of Al
abundance is also evident here. Most of the analyses with <8.00 Al atoms p.f.u.
are of boron-bearing vesuvianites.

Mg is the major divalent cation replacing Al in the vesuvianite structure. Fig-
ure 23 is a graph of Al versus Mg (atoms p.f.u.). Most of the analyses above the
arbitrary dividing line are of boron-bearing vesuvianites. These samples generally
contain less OII than other vesuvianites (Section 3.4.3), which suggests that the
substitution:

Al3+ +Mg'*+H+

is important in boron-bearing vesuvianites.

Si: All of the vesuvianites contain =18 Si ator¡rs p.f.u., which suggests that there
is no Al --- Si, B --+ Si or H -+ Si ("hydrovesuvianite") substitution in the samples

studied.
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Figure 21: Histogram of Al abundance (p.f.n.; 4b6 WD analyses).
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Figure 222 LI vs. Mg+Ti+Cr*Mn*FefCu*Zn (atoms p.f.u.). A least-squares

fit of the line gives a slope of -1.0g2(g) and a y-intercept of 13.9(2).
Most of the analyses with <8.00 A.l atoms p.f.u. are of boron-bearing
vesuvianites.
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to be B-free is V40-8.

The amount of Si often seems to vary inversely with the amount of Ca (see

Figures 14 and 16), because of the closure effect of normafizing on 50 catións.

Because Si+Ca account for (37 of these, a slight variation in one effects the other.

Ca: There are up to 19 Ca atoms in the formula unit. Na, K, lanthanide elements,

Pb, Bi and Th replace Ca in the \MD analyses, and are discussed in Section 3.3.3.

Fe: Iron. although not an essential element in vesuvianite, is present in all of the
analyses, in amounts ranging from 0.19-7.43 wL.Tçt FeO (0.08-9.26 atoms p.f.u.).
The most Fe-rich sample is a partialiy metamict. vesuvianite from Alaska (V53),
and the specimen with the least Fe is a cyprine from Norway (\¡49). In general,

vesuvianites from rodingites associated with serpentinites have the lowest Fe con-

tents.
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Fe occupies the AlFe and B sites in the vesuvianite structure, although minor
amounts may occur at the A, C and Ca sites (see Section 1.7).

3.3.3 Minor Elernent Chemistry

The foilowing eiements were present in minor amounts:

B: Boron was found in six of the 49 samples analyzed for B. Few points were

analvzed for B because of (1) time constraints, and (2) the points had to be analyzed

manually. An average B2 03 value was added to other analyses from the same section
(Appendices E.1 and E.2).

The highest amounts of boron (=3.18 wt.Yo Bz O¡ ) were found in samples from
Templeton Township, Quebec (v30), and Tulare County, California (Vb6). The
amount of boron in a particular sample may vary considerably. Most of the boron-
bearing vesuvianites are optically positive, and two (\¡45, V74.) arc sector-zoned.

Boron-bearing vesuvianites generally contain more Mg, less Al (and less OH) than
those without boron. Four of the six samples also have high concentrations of
lanthanide elements (although V56 has no rare earths). Boron does not appear to
be replacing other elements, which suggests that it occupies a vacant site in the
structure. One possibility is the "T" site at 0.05, 0.051 7f 4, which is coordinated
bv 2 O(7) and 2 OH positions in an approximat,ely tetrahedral arrangement. If this
is the case, the coupled substitution:

Al3+ + 2H+ ;=+ B3+ + Mg'*

could account for the high Mg, lou' Al (and OH) contents of the boron-bearing
vesuvianites.

A histogram of boron abundance (p.f.u.) is shown in Figure 24. There is a
bimodai distribution; because so few analyses were obtained it is difficult to tell
whether this is significant.

F: Most of the vesuvianites analyzed in this study contained minor amounts of F.
A vesuvianite from Richardson Mountains, Y.T. (V33) contained up to B.1b wt.%
F (4.84 atoms p.f.o.). Both cyprines from Norway are F-rich; sample V4g had up
to 2-82 wt.To F (4.32 atoms p.f.".). Stoichiometric analyses of a leached, metamict
vesuvianite (V72) indicate a maximum of. 2.70 wt.% F (4.25 atoms p.f.u.). Four



2.00
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Figure 242 A histogram of B abundance (p.f.".).

othe¡ vesuvianites (V5, V6, V82 and V70) gave analyses with more than 4.00 F
atoms p.f.u.. :-

Vesuvianites from altered aikali syenites and related rocks are generally de_

scribed as being F-rich, but the material from York River, Ontario, had no fluorine.
None of the vesuvianites from rodingites have more than trace amounts of F. 

.

Fluorine replaces OH in the vesuvianite structure, probably at the OH site
rather than the mo¡e tightly-bound O(10) position.

Na: The most Na-rich vesuvianites are found in altered alkali syenites and. re-

Iated rocks. A vesuvianite from the nepheline-gneiss complex near York River,
Ontario (\r7; described by Osborne, 1930) contained =0.88 wt.% Na2o (0.g5 atoms
p.f.".). A partially metamict sample from Alaska (V53), found in syenite boulders
with nepheline and cancrinite (Eimmelberg and Miller, 1980), gave 0.38-0.44 wt.Yo

Na2 O. About half of the vesuvianites studied contain no Na; most of these are from
rodingites associated with serpentinites.

Considering its ionic radius, Na probably replaces Ca in the Ca and C sites.
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Charge balance is maintained through coupled substitutions such as the follor¡,ing:

Ca2+ + Mg'* ;+ Na+ * FeS+

C.2++Al3++Na+a1¡++

which involve either the B or AlFe sites.

S: Up to 1.00 wt.% SOs (0.37 atoms p.f.u.) was found in the boron-bearing vesu-

vianite from Laguna del Jaco, Mexico (V45). This is probably the most S reported
in vesuvianite. The other sample f¡om this iocality (V46) showed a maximum of
0.63 u't.% SOr (0.29 atoms p.f.".). A vesuvianite from Mt. St. Hilaire in Quebec
(\/25) contained 0.87 wt.% SO, (o.gz atoms p.f.u.). Many of the sulfur-bearing
vesuvianites are rich in F, and some contain both S and Cl.

Cl: The F-rich vesuvianite from Long Lake Mine in Ontario (V6) also contains up
to 1.18 wt.Yo Cl (0.56 atoms p.f.u.), and a vesuvianite from Amity, New York, gave

a maximum of 0.37 wt.To Cl (0.31 atoms p.f.u.).

Aimost all of the chlorine-bearing vesuvianites contain significant amounts of F,
and a few have both S and Cl. Like F, CI repiaces OH in the vesuvianite structure,
probably at the OH sites.

K: Only one vesuvianite (V67) out of several hund¡ed analyzed for KzO contained
more than background (0.04 wt.% KrO), possibly because the Ca sites are too small
to accommodate this ion. Nonstoichiometric analyses of a leached vesuvianite (VZ2)
show up to 0.35 rvt.% KzO. The iack of K in all other vesuvianites suggests that
this is due to a minor admixed phase.

Ti: Titanium is a common accessary element in vesuvianite. A histogram of Ti
abundance is shown in Figure 25. The highesi TiO2 analysis (5.06 wt.Yo,l.g¡ atoms
p.f.u.) is of a vesuvianite f¡om Laguna del Jaco, Mexico (V46). Other analyses of
this sampie, however, show 0.26-1.33 wL.To Tio2 (0.10-0.49 atoms p.f.o.).

In general, the highest-Ti vesuvianites are from altered alkali syenites and
related rocks. The sample from Yo¡k River, Ontario (V7) contained 4.3g-4.6T wt.
% TiO2 (7-64-7.67 atoms p.f.u.). One of the partially metamict vesuvianites from
Aiaska (V53) had 2.80-3.09 wt.% TiO2 (1.10-1.20 atoms p.f.u.). Both of these

samples are enriched in Na. Figure 26 shows tha'u there is a correlation between
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Na and high Ti content. The "usual" AI + Ti substitution is only effective up to

=0.18 Na atoms, after which all Na is introduced by the coupled substitution:

Ca2+ + Al3+ - Na+ a1¡++

Other Ti-rich vesuvianites include three from Quebec (V28, V29, V31) with
2.6I-2.93 wt.Yo TiO2 (0.96-1.09 atoms p.f.r.). It is interesting to note that a boron-

bearing vesuvianite (\t30) from the same locality as V29 and V31 (Templeton Town-
ship) has only 0.15-1.55 wt.To Ti02. There may be an inverse correlation betu,een

Ti and B in vesuvianite.

Seventeen of the 75 samples contained no detectable Ti. Most of these are from
rodingites associated with serpentinites. The maximum amount of Ti found in a

vesuvianite from Jeffrey Mine, Quebec, was 1.20 wt.Yo (0.44 atoms p.f.u.). AII of
the low-Ti samples from this locality are green, while all those with >0.10 wt.Yo

TiOz are brown, confirming observations made by Manning (1g7b).

Ti is generally thought to occupy the ÄlFe site in vesuvianite, although Man-
ning (1976) suggested that it may occupy the C site and Manning and Tricker
(1975) suggest that it may also be found in the B site.

Cr: A dark green vesuvianite from Xanthi, Greece (V36) had the most Cr, with
0.34-0.63 wt.To CrzO¡ (0.13-0.24 atoms p.f.u.). This is the sample described by
Frenzel et ø1. (1969); they reported a maximum of 0.48 wt.To CrzOs. Other vesu-

vianites contained only minor amounts of Cr. A sample from El Dorado County in
California (V59) gave 0.15 ,,vL.Yo Cr2O3 (0.05 atoms p.f.u.), and a vesuvianite from
Black Lake, Quebec (V9) had 0.09 wt.% Cr2O3 (0.08 atoms p.f.u.).

In general, the chromium-bearing vesuvianites are a vivid green colour, as Cr is
a strong chromophore in vesuvianites. Chromium is probably found at the general

AlFe site in the vesuvianite structure.

Mn: Although most of the vesuvianites contained minor amounts of Mn, very feu,

had more than 0.5 wt.To MnO (Figure 27). Manganese in the bright red Bi-rich
vesuvianite from Langban, Sweden (V50) ranged f¡om 3.10-8.80 wt.% MnO (I.92-
1.61 atoms p.f.u.). Both samples from Franklin, N.J., were rich in Mn; V66 had

1.68-1.97 wt.To MnO (0.71-0.85 atoms p.f.u.) and V6z gave 1.28-r.57 wt.% I\{nO
(0.52-0.67 atoms p.f.u.). One of the cyprines from Norway (V49) contained 0.8b
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wt.% MnO (0.39 atoms p.f.u.), and the F- and Cl-rich vesuvianite from Long Lake
Mine in Ontario (\t6) had 0.7b-0.80 wt.To MnO (0.33-0.84 atoms p.f.u.). The MnO
content of the high-F vesuvianite from the Richardson Mountains (YT) ranged from
0.67-0-80 wt.Yo (0.28-0.33 atoms p.f.u.). Aithough Arem (1970) found thar almost
all vesuvianites contain trace amounts of Mn, no manganese was found in 1b of the
75 samples analyzed in this stud¡'. Mn is a chromophore in vesuvianite; a small
amount in Fe-poor samples causes a pink or lilac colour. Some of the crystals from
Jeffrey Mine, Quebec, have lilac-coloured (Mn-rich) pyramidal faces ca.pping green
(Fe-rich) prisms.

Manganese probably occupies the general AlFe site in the vesuvianite structure,
although some authors have suggested that it substitutes for Ca, possibly at the
distorted Ca(3) site.

cu: Copper was found in vesuvianites from Franklin, N.J. (V66 , v62) and Nor-
way (v48, v49). sampie \¡62 contained 1.18-1.55 u't.% cuo (0.a3-0.59 atoms
p-f-u.), and V66 had 0.41-0.63 wi.% Cuo (0.16-0.24 atoms p.f.u.). Copper in the
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Norwegian samples ranged from 0.44-0.94 wt.% Cuo (0.16-0.3b atoms p.f.u.).
All of these samples are "cyprines" (blue or green in colour) although Fitzgerald

(1985) found that some red and brown vesuvianites at Franklin contain as much Cu

as the cyprines, and that the amount of Fe probably determines the colour. The
sampies from Franklin also show a fibrous habit often reported for cyprines. The
crystal st¡ucture of a copper-bearing vesuvianite v¡as refined by Fitzgerald et. al.

(1987); they found that Cu occupies the B site.

Zn: Both copper-bearing vesuvianites from Franklin, N.J., also contain Zn, in
amounts ranging from 1.43-2.35 wt.% ZnO (0.53-0.87 atoms p.f.u.). The pb-rich

material (V67) contains slightly more Cu and less Zn than the other sample. Only
trace amounts of Zn were found in any other vesuvianites.

Zinc probably occupies the general AlFe site in vesuvianite, although it may

enter the pyramidal B position as well. It is interesting to note that samples V66

and V67 contain 0.99-1.04 and 1.03-1.13 CutZn cations respectively, enough to
completely flll the B site.

Lanthanide Elements: Lanthanides were found in a number of vesuvianites,

usually with Ce)La>Nd>Pr>Gd. No Sm or Eu was found in any of these samples.

Only four vesuvianites had >0.45 wt.Yo Ln2O3. The highest amounts (=6.00 wt.To

Ln2O3, or È1.15 atoms p.f.u.) were found in the B-rich samples from Templeton
Township, Quebec (V30) and Ariccia, Italy (VBs). Figure 28 shows that the Ln
content of the Ariccia vesuvianite is highest in the core and rim (compare with
Figures X and Y). The other boron-bearing vesuvianites contain only minor amounts

of these elements.

One of the partially metamict vesuvianites from Alaska (V53) showed 3.17-3.86
wt.To LnzOs (0.56-0.72 atoms p.f.u.), and the F-rich material from Long Lake Mine
in Ontario (V6) had up to 1.39 wt.% LnzOs (0.26 atoms p.f.u.). All of these samples

show varying amounts of F and Ti, and most lanthanide-bearing vesuvianites also

contain appreciable amounts of iron.

The lanthanides replace Ca in the vesuvianite structure, probably at the Ca(3)
site (Fitzgerald et a\.,1987).

Pb: Stoichiometric analyses of the unusual Cu-rich vesuvianite from Franklin, N.J.
(V67) show 0.31-1.57 wt.To PbO (0.04-0.2r atoms p.f.u.). No Pb was found., how-
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ever, in the other sample from this locality (V66). This is the first study to report
Pb in vesuvianite; it replaces ca in the vesuvianite structure.

Bi: Up to 2.49 wt.To BizOs (0.32 atoms p.f.u.) was found in the Mn-rich vesuvianite
from Langban, Sweden (V50); no previous studies have reported Bi in vesuvianite.
The Bi replaces Ca in the vesuvianite structure, possibly at the Ca(3) site.

Th: The partially metamict, Fe- and Ln-rich vesuvianite from Alaska (Vb3) was

found to contain 1.43-1.50 wt.To ThOz (0.17-0.18 atoms p.f.u.). Thorium replaces

ca in the vesuvianite structure. No u was found in this sample.

Hzo : \Mater rvas calculated by charge balance, assuming 78 anions p.f.u. and
ferrous iron. Figure 29 is a histogram of OH abundance. There is a bimodal
distribution, with OH from analyses of boron-bearing vesuvianites clustered around
5.5 (atoms p.f.u.), and the others centred about 9.5 OH atoms p.f.u.

Mean OH content of the 76 boron-bearing analyses was 5.8(1.5) atoms p.f.u.;
for the 380 non-boron analyses it was 8.4(2.0). This is considerabiy iower than g.5,

presumably because the dataset contains analyses of some boron-bearing vesuvian-
ites that were not identified as such.

The role of OII in the vesuvianite structure will be discussed in more detail in
Section 3.8.
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3.4 Chemical Analyses

3.4.L Li and Be Analyses (AAS)

A number of previous studies have reported minor amounts of Li and/or Be in
vesuvianites (Section 1.6.3). As described in Section2.4.!, atomic absorption spec-

troscopy was used to anaiyze for these elements.

A total of 39 analyses (for both elements) was done on 30 different samples

from a number of iocaiities. The ¡esults are listed in Appendix F. One vesuvianite
(\14) was periodically analyzed throughout the run as a measure of experimental
precision. The relative standard deviation on seven anaJyses was L\Yo for Li and
6% for Be. Internal standards for the Li analyses were GSp-1 (80 ppm) and GH
(45 ppm); measured values were 46 and 30 ppm respectively, suggesting that the
samples were switched. Fresh solutions were made and the analyses were repeated
in absorbance mode. This time the Li contents were identical for both solutions,
indicating that the problem was due to analytical precision. Internal standards for
the Be analyses were GH (6 pp-) and SY2 (23 ppm); the measured values were 4
ppm and 23 ppm respectively.

The results shorv a maximum of 0.04 wt.To Li2O and 0.15 wt.% BeO in the
vesuvianites examined. Tltus Li s,nd Be a.re present in aesuuianites only in aery

rninor amounts.

3.4.2 Ferrous Iron Determinations

A total of 39 ferrous iron determinations was done on 25 different samples, using the
methods described in Section 2.4.2. A number of internal standards were used, and
in each case, the measured amount of Fe2+ was almost identicat to the accepted

value (Appendix F). One vesuvianite sample (V ) and one standard (SY2) were

reanalyzed eight times; in both cases the (average) relative standard deyiation was

=7T0.
The amount of Fe3+ in each sample was obtained by subtracting the measured

Fe2* value from the average amount of Fe present in the microprobe analysis. The
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Fe2+/Fe3+ ratio u¡as then used to calculate the amounts of ferrous and ferric iron
present in each analysis. These are included in the ED and WD analyses given in
Appendices D, E.1 and E.2. Details of the calculations are presented in Appendix
F.

Oniy 7 of the 25 samples had more ferrous than ferric iron (Fez+/F.t+ > 1.00).

The F- and Mn-rich vesuvianite from the Richardson Mountains, YT (V33), has

the highest a"z+/Fe3* ratio (9.14). Most of the iron in the low-Fe vesuvianites from
rodingites associated rvith serpentinites is ferric; the Fe2+/FeS* ratio is generaliy

<0.50.

There are many possible substitutions involving Fe in the vesuvianite structure.
However, there are no simple substitutional trends involving Fez+ and/or Fe3+,

apart from the ¡elationship between F and the Fe2+/Fe3* ratio (Figure 30). The
role of Fe in the vesuvianite structure will be considered in more detail in Section

3.8.

3.4.3 HzO and CO2 Deterrninations

Water and COz analyses were done using the methods described in Section 2.4.3.

Because of the amount of material required (È1 gm) only 22 analyses were done on
18 different samples. The results are summanzed in Appendix F.

Two standard samples (SY2 and PCC-1) were analyzed at regular intervals to
provide a measure of experimental precision. Five analyses of PCC-1 gave aver-
age values of a.6a(1) wt.To H2O and 0.I7 wt.To COz; these compare well with the
accepted values of 4.70 wt.Yo H2O and 0.15 wt.% COz. For SY2 the averages of
five determinations were 0.48(8) wt.% H2O and 0.5b(1) wt.To CO2 (the accepted

values are 0.43 wt.To H2O and 0.46 wt.7o COz). A number of other standards were

analyzed as well; these are listed in Appendix F.

The amount of H2O in the vesuvianites ranges from 0.61-5.37 wL.%. Figure 31

shows the relationship between measured H2O content and the amount calculated
from averaged microprobe analyses. In most cases, the results are comparable. The
highest measured I[2O content (5.37 wt.%) belongs to a fibrous vesuvianite from
Mt. St. Hilaire, Quebec (V26). The calcuiated H2O content is much lower (2.10

wt.Yo), which suggests that the sample was not completely free of ad.sorbed water,
despite heating at 110o for 12 hours.
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The trend shown in Figure 31 is curvilinear. This suggests that water calcula-
tions are only good for samples with up to 3.00 wt.% HzO. Additional water may
enter the structure as molecula¡ H2O and as such could not be predicted by simple
charge balance calculations.

Figure 31 also shows that the B-bearing vesuvianites have low II2O contents.
Samples V56 and V7a (both with ry2.90 wt.Yo BzOs) have the lowest H2O contents
(0-61 and 0.86 rvt.%). This is approximately 2 OH atoms per formula unit. Sample

V61,withlessB (x7.44wt.Yo Bzos) hasmorewater (r.41 wt.% Hzo,orã4oH
atoms p.f.u.). The role of water in the vesuvianite structure will be considered in
more detail in Chapter 4.

Only minor amounts of COz were found in the vesuvianites ana.lyzed. One of
the boron-bearing sampies (V56) had 0.50 wt.Yo COz, and three more vesuvianites
(V44, V60 and \¡61) had >0.30 wt.To COz. The role of COz in the vesuvianite
structure is unclear; possibly these smali amounts result from carbonate inclusions
in the separates analyzed.
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3.5 Vesuvianite Cell Dimensions

All of the cell dimensions given in this study were recorded with a Nicolet .R3nz

single-crystal diffractometer, using the orienting routine discussed in Section 2.J.1.
'Wherever possible, 25 reflections were used as input; both constrained (tetragonal)
and unconstrained cells were output, with the latter transformed such that ø2 was
av¡ays greater than ø1. One crystal (V4) was remounted and reoriented five times, as

a measure of experimental precision (Tabte 15). The standard deviations obtained
by averaging these results were similar to those calculated by the orienting program,
which uses a least-squares aJgorithm.

The diffractometer uses a random orientation photograph to record reflections
for orienting; these reflections are limited to 20,, u* = 30o. For those crystals selected

for crystal structure data coliection, an additional2S reflections with 20 20-40" werc
chosen from the diffraction record and used for reorienting; this should ¡esult in more
precise cell dimensions (Hamor et a\.r 1987). The values obtained for both methods
are listed in Table 16. The "high-angle" cells are larger than those resulting from
Iow-angle reflections, but the standard deviations are comparable.

A total of 86 sets of cell dimensions v/ere recorded from 71 different specimens;
these are listed in Appendices F.1 and F.2. In most cases, the crystals used were
from the bulk sample, and were not taken from microprobe mounts or thin sections.

Three of the vesuvianites were found to be microcrystalline aggregates (V3, \¡52,
and V58) and one was completely metamict (\¡72). The minimum cell volume
belongs to a copper-bearing vesuvianite from Norway (V4g2); the largest cell was
recorded from a partially metamict sample from Alaska (V5B). The ø1 anð. a2

dimensions for unconstrained cells are plotted in Figure 32. It is obvious that
the ¿ dimension varies a great deal in vesuvianite; however, most samples with
a > 15-62Å either contain boron (fiÌted squares) or are partiallv metamict (Vb2,
\¡53). Evidently boron has a major effect on the cell dimensions of vesuvianite.
Two of the samples with ¿ > 15.62Å contain no boron and are non-metamict (V6
and v21o); there is no apparent compositional reason for this.
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Table 15: Constrained ceil dimensions for sample V4.

Sample " (Å)
" (Å) r, (,{")

v4
Y4nz
V4nc

V4n.n

V4nt

AVG

15.557(1)

15.56 1 (1)

15.556(1)

15.550(1)

15.554(1)

11.7e 1( 1)

77.787(2)

1 1.7e0(2)

11.785(1)

11.786(1)

2853.7(5)

2854.0(6)

2853.0(6)

284e.5(4)

2851.3(5)

15.555(4) 11.788(3) 2852(2)

Table 16: Const¡ained cell dimensions, using low- and high-angle reflections.

Sample " (Å) . (Å) I/ (,{")

Low-Angle Reflections

v1.3"

V13¡

v1.3.

v74.

v13"
V13i

v13,

v74,,

Ls.522(1)

15.521(1)

1 1.802(2)

11.813(1)

2843.3(7)

2845.7(6)

2853(1)

2e03.4(6)

284s.2(6)

2853.e(7)

2860( 1)

2e03.5(7)

15.538(3) 11.81e(3)

15.750(1) 77.704(2)

High-Angle Reflections

15.5236(8) 11.807(2)

15.538(1) 11.821(3)

15.552(2) 11,.824(4)

1s.7474(e) 11.70e(3)

The smallest ø dimensions are from the copper-bearing sample from Norway.
Ito and Arem (1970) found that synthetic and natural copper-bearing vesuvianites
all have small cell volumes. The ø cell length for copper-bearing vesuvianites in this
study ranges from 15.490-15.541Å, and seems reiatively insensitive to variation in
Cu content.

Note that many of the points in Figure 82 lie above the ø1 : ø2 line, indicating
relatively major differences in the ø cell dimensions for the unconstrained ceil. This
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squares are boron-bearing vesuvianites; they are (Ieft to right) V45

(top), V46, V61, V38, V30, V56, and \r74". Sample V46 was not ana-

lyzed for B but is from the same locality as V45. Samples V45 (V46)-
V74. contain, on average, L.47r 1.44, I.77r 2.901 2.94, and 2.84 wt.To

BzOs respectiveiy. Samples V52 and \r53 are partially metamict, and
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deviations.
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point will be considered later in the discussion.

In the next diagram (Figure 33), ø is plotted against c (constrained cells). Note
that the boron-bearing vesuvianites have much larger ¿ dimensions than other vesu-
vianites, but only slightly smaller c dimensions. Most of the remaining points define
a general trend whereby ø and c increase sympathetically. Part of this diagram is
shown enlarged in Figure 34. Samples from Jeffrey Mine, euebec, a.re shown as

filled squares; vesuvianites known to be from similar environments (rodingites asso-

ciated with serpentinites) are represented by dotted squares. These samples seem
to define a distinct group within this diagram. As vesuvianites from these local-
ities are known to be Al-rich and Mg-poor, d, was plotted against Mg/(Al+Mg)
(averaged NI\{NS analyses) for all of the samples (Figure 35). There is an obvious
inverse relationship between ¿ cell dimensions and Al content, and a direct rela-
tionship between ¿ and Mg. The relationship between ø and Mg/(Al+Mg) is not
suprising, as the ionic radii of Al and Mg (octahedral coordination) differ by 0.18Ä
(Shannon, 1976). A second graph showed that the¡e is no relationship between c

and Mg/(Al+Mg). Other elements (Ti, Fe, etc.) were piotted against ø, c and I/,
but no correlations were seen.

Ito and Arem (1970) found that a synthetic Mg-vesuvianite had a larger cell
than most natural samples, and reasoned that this was indirectly because most
natu¡al sampies contain F or are partially dehydroxylated. Numano et at. (ISTB)
attributed the large cell dimensions of some Japanese vesuvianites to high water
contents. Graphs of. a, c and i/ against F and F+cl+oH-(calc.) showed no such
relationship in the samples of this study.

As mentioned earlie¡, a number of samples ga\¡e very different {r,1 and d,2 values
for the unconstrained cell (see Tabie 17), although att interaxial angles were within
3a of 90'. In one case (\¡13,, high-angle reflections), az - at :0.044Å; this is about
15 times the combined standard deviation. This difference in ¿ ceil edges was first
described by Allen (198b) for a crystaf from Eden \,{ills, vermont.

It is obvious that for some vesuvianites, there is a metric difference in ø1 and
ø2; these samples cannot be tetragonal. Figure 36 is a graph of ø1 vs. a2 îor samples
from Jeffrey Mine, Quebec. Note that aithough most samples plot on a line defined
by ot : a2¡ man-v lie above the line. This departure from tet¡agonal symmetry
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Table 17: i\{aximum values of (a2 - or).

Sample a2 - a1 (A)

v23"
v522
v20
vl3,
v21

v13. (HA)

0.020

0.021

0.024

0.026

0.031

0.044

Table 18: Selected2V angles and associated values of (ø2 - ¿1).

Sample 2Ir() ø2 - a1 (A)

v113

v23"
v21

32.8(4) 0.018

44.7(2) 0.020

62.i(3) 0.031

can be correlated with the optic axial angle (21'-) as measu¡ed with the spindle
stage (Tabie 18). In general, those vesuvianites with a iarge 2V also show a large
difference between a,1 and ø2 in the unconstrained cell.
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3.6 Single-Crystal Infrared Spectroscopy

Single-crystal infrared spectra were collected from six different samples using the

methods outlined in Section 2.5. The initial spectra suffered from interference

effects, resulting in a periodic modulation imposed on the real spectrum (Figure

37). This was due to internal reflection of the transmitted beam, and was overcome

by coating the crystal surfaces with a thin fiim of mineral oil.

Approximately 50 spectra, both polarized and unpolarized, were collected from
six different vesuvianite samples, selected on the basis of optical zoning and chem-

istry. The following are qualitative comparisons. Significant structural interpreta-

tion requires integration with the structu¡al and chemical results, and will be dealt

with in Chapter 4.

V13 Jeffrey Mine, Quebec: Figure 38 shows unpolarized spectra from the (001)

and (101) zones in the (100) orientation (propagation vector ll[tOO]); the spectra

are offset vertically for clarity. Smail differences in the two zones are apparent,

particularly below =3600 cffi-l, indicating that the birefringence differences do

correlate with small differences in hydrogen-bonding. There are two fairly sharp

bands ai 3672 and 3637 cm-l, and there is a suggestion of a third band at =3650
cm-]. Sharp bands such as these are fairly typical of OH groups invoived in fairlv
weak hydrogen-bonding. Below 3600 cm-l is a very irregular and intense envelope

consisting of at least 5 very broad bands. The band widths are much greater than
normally encountered in hydroxyl-stretching spectra, and the band energies (going

down to =3000 cm-1) are also lorver than normal.

Figure 39 shows polarized spectra from the (001) sector in (100) orientation.

The basic features are similar to the unpolarized spectrum, with the addition that
there is a very strong orientation dependence of the absorption intensity; the more

intense spectrum occurs when the electric vector is ll[001]. Comparison of polarized

spectra (E ll[001]) for the (001) and (101) sectors, as shown in Figure 40, indicates

slightly more OH in ihe (10i) zone than in the (001) zorle.
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Figure 41 shows polarized spectra from the (001) sector in (001) orientation
(propagation vector ll[001]). This has verylorv birefringence and 2Il (0-10'), and in
agreement'¡'ith this, there is very little difference between the spectra rvith Ell[100]

and Ell[010].

V28 Jeffrey Mine, Quebec: This crystal has a blocky-zoned core and a high-
birefringence rim zone. No spectral differences r¡¡ere seen between the different

blocky zones of the core. Figure 42 shows an unpolarized spectrum from the block¡'
core in (001) orientation. The general features are similar to V13 from the same

location, with a sharp doublet above 3600 cm-1 and a broad irregular envelope

belolr'3600 cm-l. Horvever, the shape of the low'energy envelope differs in detail

between the two samples.

Polarized spectra of the birefingent rim ((00i) orientation) are shown in Figure

43 (n'here the spectra are verticallv offset for clarìty). At high energies, the spectra

are identical, but the lower energy envelopes differ significantiy, showing that the
deviation from tetragonal character apparent in the optics also finds expression in

the infrared spectra. Obviousll' the genesis of these peculiar peaks is very pertinent
to the non-tetragonal nature of the vesuvianite structure.

V30 Templeton Township, Quebec: Polarized spectra in (100) orientation are

shown in Figure 44; there is a strong dependence of intensity on orientation, with
maximum absorption occurring when Ell[00i]. The spectra are similar to those of
the A¡iccia vesuvianite (V38), u'ith a major peak at 3570 cm-l and minor peaks

at 3630 cm-1 and 3490 cm-1. IÌowever, the relative intensities of the three peaks

differ, the higher energì' peak being relatively more intense in V30. In addition,
there is a prominent high-energ¡'shoulder at =3665 cm-1 in this vesuvianite.

V38 Á'riccia, Italy: Figure 45 shows polarized spectra of the (low) birefringent
rim in (001) orientation; note the slight polarization dependence of intensity only
at the maximum absorption. There is a major peak at 3570 cm-l that shows

some evidence of fine-structure, together with a prominent higher-energy shoulder

at =3630 cm-1. At lolver energies, there is a prominent symmetrical peak at 3480

cm-l, and at lower energies the absorption tails away, but is still significant at 3000
_1cIIr

In (001) section the Ariccia vesuvianite shovvs several narrow- zones surrounding
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a substantial core (see Figure 6). Figure 46 shou's unpolarized spectra from these

zones, starting at the rim (lowest spectrum) and ending at the core (highest spec-

trum)' Moving inwards, there is a gradual increase in intensity. As the thickness of
the section is uniform, this indicates a zoning of the H content (assuming no radial
change in the transition probability), n'ith an increase of =50 from rim to core.

In addition, the relative intensities of the three principal peak changes, indicating
some change in the hydrogen-bond conformations in the various zones.

Y45 Laguna del Jaco, Mexico: Because of sample preparation problems and
limited material, only a (100) sample couid be prepared. The polarized spectra are

shown in Figure 47,in which the intense spectrum has Ell[001]. The spectra a¡e

radically different from those from the Jeffrey samples. At =3658 cm-1, there is
a broad band with a suggestion of a shoulder at =3681 cm-l. Beiow these is the
most intense band at 3570 cm-1; but with E ll[001], the band seems to have a fine-
structure with (at least) 3 components- There is a third broad band at =3475 cm-l.
The less-intense spectrum then tails away at lower energies, but the more-intense
spectrum shows a very broad band at 3170 cm-l. Note the prominent transmission
window in the range 3400-3250 cm-l in the intense spectrum, and contrast this
with the intense absorption right across the energy range in the Jeffrey samples.

V74 Wilui River, U.S.S.R.: The Wiiui vesuvianites show complex optical zon-

ing, and the IR spectra show significant differences between these zones. Figure 48

((a) and (b)) shows polarized spectra for different zones in the (i00) orientation;
intense spectra are for Ell[001]. The energies of the bands are identical in the differ-
ent spectra, but there is a significant difference in the relative intensities. There is
a prominent band at 3570 cm-l with significant fine-structure (cf. V30 and V38),
and prominent weaker bands at 3490 and 3630 cm-l, the latter having a prominent
shoulder at =3660 cm-l. In addition, there is a broad weak band in the lower
energy region at =3150 cm-1

Figure 49 shows polarized (Ell[001]) spectra for all the major zones. The bands
are as described above (see Figures 48a, b), but the relative intensity of the spectra

change, indicating a zoning of H; however, no obvious pattern emerges from this.
However, u'hat is prominent in these spectra is the iack of a broad absorption in
the low-energy region, as observed in the Jeffrey vesuvianite spectra (samples V13



q

CO

t!
(J
z
cj
tU
tf
Ða
mc

NI

O

3600 3too 3zoo
I,JRVENUMBER

Figure 45: Poiarized IR spectra of the lot, birefringence rim zone of sample VB8
((001) orientation).

:

q

o 3çoo

Unpolarized IR

((001) section).

spectra from the core (top) to the rim of sample V3g

td(o
CJzc
TD
ccoa3'
co
<E

I^IâVENUMBER

Figure 46:

99



I
NI

q
NI

lrll.n
CJzÀ(f
co(r
3o
to

t.r

C'

3600 3qoo
t^¡ÊVENUMBER

oo 3000

o
q
cr)

lnt
ÑJ

l!
UZ¡
s{rf_
O
1Í)
fÐ
<t t-r)

f--

ùll.n
(J
za(f
m
ff
Bo
co

Figure 47: Polarized IR spectra, sample V45 ((100) section).

2
N

I,,¡ÊVENUMBEF

Figure 48: a) and b) Polarized IR spectra for different zones in (100) orientation
(sample V74).

I"IRVENUMBER

100



t!
LJzc
tD ^,LL
Oa
co
<f

Figure 49: Polarized (Ell[001]) IR spectra for all the ma,jor zones in sample VZ4.

and V28).

3600 3trOO
I"¡ÊVENUMBER

101



3.7 Space Group Symmetry of Vesuvianite

Many different space groups have been suggested for vesuvianite; these were dis-
cussed in Section 1.3. Use of the correct space group is a fundamental assumption
in crystal structure analysis; an incorrect choice wili necessarilv lead to some in-
correct stereochemical conclusions. For this reason, a number of methods .were

used to determine the space groups of those crystals selected for crystal structure
refinement.

3.7 .L Precession Photography

Four crystals (V74", \¡13., V131 and V13,) were selected for intensity data col-
lection. The \4¡ilui vesuvianite was choosen because microprobe analysis indicated
significant B and the wet-chemical analyses and IR spectroscopy showed it to have
a low hydrogen content. The Jeffrey sampie r¡,as chosen because of the spectacular
optical zoning and variable2I/; crystals were removed from the core, intermediate
zoÍte) and rim of a (001) section similar to that in Figure 13; these were designated
\I13., V131 and V13, respectively.

All four crystals were shaped in a sphere grinder to minimize differential ab-
sorption' Up to 14 precession photographs rvere taken of each crystal; some of these
are shown in Appendix H. Man¡' of the photographs showed reflections that violate
P4f nnc symmetry. There are two types of violating reflections to consider; those
that vioiate translational symmetry elements, and ¡eflections that violate point sym-
metry elements. Reflections of the first type can be divided into three classes (Tabte
19), depending on which extinction conditions of space group P4f nnc they violate.

In some cases' Renninger (double diffra.ction) reflections were observed violating
certain translational svmmetry elements (Figure 50). Trvo full sets of precession

photographs rvere taken (using different precession angles) in order to identify these

diffractions.

Reflections that violate point symmetry elements are most apparent in å,Ë0

or upper level photographs. If the fourfold axis is violated, reflections related by
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Table L9: P4f nnc extinction conditions.

Symbol Glide Plane Violating Conditions

l¿È0, /¿*Ë odd

/201, à+l odd

0,t1, ,t-l-I odd

/zä1, I odd

a rotation angle of 90' u'ill have nonequivalent intensities (as judged by eye). Be-

cause P4f nnc beiongs to the Laue group P4rnrn, r'iolations of giide-plane extinction
criteria can al.so be accompanied by intensity equivalence violations across the corre-

sponding mirror plane. We will norv discuss the results of the precession photographs

for each crystal in detail.

Y74cz No violating reflections are seen in any of the V74" photographs. The
allowed reflections are sharp and of uniform shape, and no streaking is seen. Atl
reflections related by mirror planes or by a g0o rotation about the fourfoid axis are

of equal intensity.

V13c: Figure 50(a) shows the ñ.0/ zero-level photograph for V13". The allowed

reflections are not as sharp as those in the equivalent V74. photograph, and there

are many å'-type violating reflections (Table 20). Some of those are quite strong
(especially 104), but most are relatively weak and show streaking in the ø* direction.
This streaking (indicating short-range disorder) is especially noticeable around the
stronger allowed refl.ections such as 004 and 008, and along the ñ.03 and å.06 ro.ws.

Also seen in this photograph is a sharp Renninger reflection (702) that is not seen

in an equivalent photograph taken at a different precession angle (Figure 50b). All
allowed and violating reflections related bv the horizontal mirror plane (n glide
I c) were judged to be of equal intensity. The å.1/ photograph (Appendix H) shou,s

much less streaking, and the violating reflections along the c" axis (014 and 016)

are poorly defined.

The äk0 photograph shows faint streaking ll i10, especially around 440 and 880.

AII reflections related by a 90" rotation about the fourfold axis appeared of equal

intensity, but this was not the case for reflections related by vertical mirror planes.

Weak, high å,k reflections such as 77 7 0 (:7 lt 0) show the greatest differences in

o,l

b'

c'

a glide -L c

n glide I ø

c glide I[110]
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(")

(b)

Figure 5O: (a) Iz0l photograph of V13". Note the Renninger reflection (202) not
seen in (b). (b) ä01 photograph taken at a different precession angle.

Note that the Renninger reflection is absent.
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Figure íLz h\I photograph of V13¡.

105

Figure 52: h\I photograph of V13..



Figure 1a32 hkI photograph of V13"-

intensity. A number of ct-type violating reflections are seen in the lzå1 upper level
photograph. Once again, all reflections reiated by a g0o rotation about the fourfold
axis are equivalent. More c'-type violating reflections are seen in the hÉ3 upper
level photograph.

Vl3i: Precession photographs of this crystal show many of the features seen in
the \¡13" photographs. The violating reflections are less intense, presumably be-

cause the crystal itself is smaller. The å.01 photographs (Figure 51) show the same
streaking seen in the equivalent V13. photographs. Once again, 104 is the strongest
violating reflection, and the 702 Renninger reflection is seen in lhe ¡t : 25" pho-
tograph- No violations of the horizontal mirror plane are seen. Reflection 014 is
present in the lzll upper level photograph, but is more indistinct than for V13".

In the lz,b0 photographs, the same non-equivalency of refl.ections across the
vertical mirror planes is apparent. A few very faint c'-type reflections are seen in
the upper level l¿Ë photographs.

V13r: Many violating reflections are seen in the lz0l photographs of this crystal
(Figure 52 and Table 20). Compared to those in previous photographs, violating
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I F aF F/cF øt b, ct aF FføF ø' b' cl

o 4 33.42 5.42

06**
o 72 40.34 9.94

0 3 19.98 4.96

0 6 50.66 6.27

41,**
02**
0 6 28.10 6.44

7 4 77.90 5.29 L4.73

1 6 36.42 5.35 6.81

18'ß**
1 72 50.02 8.97 5.58

11,4***
0 4 95.87 5.35 17.92

0 6 36.77 5.49 6.70

0g***

x

x
x

x

x

o 72 53.57 9.25

0 3 31.84 4.88

0 4 18.80 4.54

06**
0g**
ol2**
47**

5.79

6.52

4.14

x

x

"Ff aF < 3.00

Table 2O: Unique (positive quadrant) violating reflections from precession pho-

tographs (top to bottom, v13c, v13i and v13,; f' and aF are from the
intensity datasets).
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reflections are sharp, and there is much less streaking. The 702 Renninger reflection
is present in the lt:25'photograph. Violating reflections present in the ä1l
photograph are 014, 016, 018, 0 1 12, and 0 1 14. No st¡eaking is seen, and. the
reflections themselves are sharp.

The å.&0 photograph (Figure 53) shovvs the same non-equivalency across the
vertical mirrors seen previously. Ail reflections related by a 90' rotation about
the fourfold axis are equivalent, as judged by eye. The å.kl photograph shorvs a

number of c'-type violating reflections. Nothing unusual is seen in 3'd and 4th level
photographs in this orientation.

Diffraction evidence from the precession photographs allows us to make some

conclusions about the space groups of the four crystals. Photographs of the Wilui
crvsta^l show no reflections violating P4f nnc extinction conditions, so this was the
only space Sroup used in the st¡ucture work. All photographs of the Jeffrey crystals
show many ó'-type and c'-type violating reflections. No øt-type violating reflections
are seen in any of the photographs. For these reasons, the maximum space group for
the \¡13 crystaJs is P4ln. There is no evidence to suggest ioss of the fourfold axis,
even though optical investigation shows that these crystais cannot be tetragonal.

3.7.2 Diffraction Evidence from x-ray rntensity Data collections

Additional diffraction evidence was obtained from the X-ray intensity data col-
lections (Section 3'9.5). The program X in SHELX automatically flags violating
reflections, and treats them as unobserved in subsequent stages of the refi.nements.

Appendix I lists these reflections (with FlaF > 3.00) for all four of the crystais.
The histograms in Figure 54 show the number and distribution of unique (positive
octant) violating reflections with FloF > 4.00 in the V13 datasets. These are listed
in Table 21.

The diffraction evidence from the X-ray intensity data coilections correspond.s

to that in the precession photographs. The V74" collection shows only one violating
reflection with FloF > 4.00 (111). The VlB datasets show many ö,- and c,-type
vioiating reflections; one of these (10a in \¡13.) has a FlcF value of IT.g2. !-ery
few a'-type violating reflections are seen.

Some of the stronger violating ¡eflections were examined with psi scans to de-

termine whether or not they were due to double diffraction. The psi scans are
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F/aF atbt c' FfoF at bt ct

014
0174
063
083
0 10 3

0 10 11

0 11 8

0 'J.4 11

104

26.86 5.43

42.99 10.30

26.20 s.77

27.09 6.54

47.60 8.73

40.38 10.03

47.30 9.32

70.29 'J,2.34

33.42 5.427

4.95

4.17

4.54

4.1.4

5.45

4.03

5.08

5.70

6.L7

x

x

x

x

x
x
x

x

xx
xx
xx

x
x
x
x
x
x

x
x
x
x

x

x
x
x
x

1 0 72 40.34 9.94 4.06

1 í 11 42.92 8.s3 s.o3
2 0 3 19.98 4.96 4.03
2 2 3 23.02 5.28 4.36
3 0 6 50.66 6.27 8.08

5 0 6 28.10 6.44 4.36
7 7 3 40.44 8.44 4.?9
7 7 7 43.73 9.67 4.52

L9 0 2 130.29 13.34 9.77

0 0 3 22.L2

0 0 7 26.48

0 0 11 109.75

0 L 4 77.90

0 1 6 36.42

0 1 72 50.02

0 2 3 33.35

0 4 3 54.38

o 4 5 24.49

0 4 7 29.86

o 4 11 38.37

0 5 6 27.56

0 6 3 29.62

0 8 3 30.11

0 I 10 34.93

0 10 3 78.53

0 10 7 59.95

0 11 2 70.86

0 11 6 47.91

1 0 4 95.87

1 0 6 36.77

4.54 4.87

5.68 4.66

9.59 77.44

5.29 'J,4.73

5.35 6.81

8.97 5.58

5.03 6.63

5.29 10.28

5.23 4.68

6.21 4.81

8.32 4.61

5.97 4.62

5.48 5.41

6.03 4.99

8.50 4.t1,

8.30 9.46

8.84 6.78

8.16 8.68

8.71 5.50

5.35 77.92

5.49 6.70

1 0 't2

111
203
,,?

304
333
403
407
506
540
603
663
.rnt
ttJ

777
803
881

1003
1007
11 02
11 1.1 3

14 0 11

53.57 9.25 5.79

19.34 2.53 7.64

31.84 4.88 6.52

51.32 5.05 10.16

18.80 4.54 4.'J.4

42.57 5.20 8.19

54.91 5.10 70.77

37.13 6.31 5.88

27.68 5.79 4.78

32.10 4.62 6.95

36.90 5.28 6.99

35.29 6.38 5.53

54.41 7 .73 7.04

83.43 9.41 8.87

31.81 6.08 5.23

27.99 6.92 4.04

78-35 8.06 9.72

45.45 8.41 5.40

62.'1.7 7.94 7.83

49.19 9.63 5.11

48.18 77.42 4.22

x
x
x
x
x

x

x

x

x

x
x

Table 21: Unique violating reflections (F I aF > 4.00) from X-ray intensity datasets
(top to bottom, V13c, V13i and VlB,).
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Table 222 Intensities (cpsx10-3) for 346 and equivalent reflections (P4lnnc).

ILkl v74. v13" VL3i vL3,

ãeo
4tø
la,6
z+a
346
346
436
436

2i 5(3)

217(3)

21,4(3)

21 e (3)

211 (3)

2 15(3)

216(3)

213(3)

4ee(4)

4e6(4)

4e0(4)

4e5(4)

484(4)

476(4)

482(4)

484(4)

235(3)

223(3)

228(3)

233(3)

225(3)

228(3)

227(3)

223(3)

2eo(3)

2e3(3)

263(3)

257(3)

2e8(3)

2ee(3)

260(3)

264(3)

shown in Figure 55; note that scans of the ¿,-tvpe reflections show irregular peaks

superimposed on a zelo background. This suggests that these are Renninger refl.ec-

tions. The scans of the other diffractions, hovvever, show peaks superimposed. on a
background of 1800-2100 cps, which indicates that these are real.

Allen (1985) reported that a crystal from Eden Mills showed unequal inten-
sity distribution for the 346 set of equivalent reflections, indicating P4f m Laue
symmetry. Table 22 lists intensities (with background correction) for the 346 set of
reflections in each dataset. Note that reflections related by a mirror plane I c, or by
a 90o rotation about the fourfold axis, are statistically identical. Those reflections
in the \¡13' column related by vertical mirror planes are non-equivalent, indicating
Palrn Laue symmetry.

3.7.3 Possible Space Groups for Vesuvianite

In the previous two Sections, the diffraction evidence for space group selection was

discussed. As is common for diffraction evidence, often one cannot make a unique
choice for a space group, as the extinctions are not totally definitive.

The basic vesuvianite structure has space group P4f nnc; structura^l modifica-
tions of this can onll' 6..nt in space groups that are subgroups (or supergroups)

of this basic structure. There are no 3-dimensional supergroups of. P4f nnc and
thus an additional constraint on the symmetry of vesuvianite is that it must as-

sume a symmetry that is a subgroup of P4f nnc. This may be easily derived using
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techniques of elementary group theory.

The space group P4f nncis of rank 16. Any subgroup (except itself; every group
is a subgroup of itself) must have a rank that is a factor of 16, i.e. 7,2,4 ot g.

Using the basic axioms of group theory, we can systematically delete each svmmet¡y
eiement in turn to derive all subgroups of rank 8. Iteration of this procedure gives
us the lower rank space groups.

An example of this is shorvn in Figure b6. We begin by removing the 2, op-
eration from the muitiplication table for space group P4f nnc. First we delete the
column and rou' headed 2'; inspection of the table shows that 2' operations re-
main in the table. \Me remove these by systematically serially deleting all rou,s and
columns containing lhe 2t operation. This is not a unique series of steps, as differ-
ent combinations of deleted rov"s and columns give rise to different space groups,
but by working through each possible alternative, all the possible space groups are
derived. Repeating this procedure for all symmetry elements and for all possible
combination of symmetry elements gives us the space group tree seen in Figure 52,
which lists the only possible space groups for derivatives of the P4f nnc vesuvianite
structure.

We can go farther by continuing these arguments with some conclusions based
on the optical measurements. Most of our vesuvianites are detectably biaxial. For-
maily, this preclucles a tetragonal structuie (however. it must be realized that op-
tics is extremely sensitive to very small changes in svmmetrv, and such deviations
might not alrvavs be apparent in the diffraction data). Biaxial vesuvianites can be
orthorhombic, monoclinic o¡ triciinic.

The group reduction techniques used above shou, that any orthorhombic vesu-
vianites must have (orthogonal) axes at 45' to the ideal tetragonal axes (orthorhom-
bic space Sroups use the diagonal 2t and 2" axes). We know the orientation of the
ideal tetragonal axes from the morphology of the crystal and its correspondence
with the tetragonal axes of the ideal P4f nnc structure. An orthorhombic derivative
would therefore have its crystaliographic axes at 45" to the ideal tetragonal axes,

that is corresponding to a tetragonal orientation of [110] and [ii0]. As orthorhombic
symmetry constrains the optic axes to correspond with the crvstallographic axes,

the optic axial plane thus has to correspond to a principal plane in the ortho¡hom-
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Figure 56: Multiplication table for p4f nnc. Iî. aII

taining 2' (bold) are deleted, only the

remain.

of the columns and rows con-

symmetry operators lor P4f n

bic system. In Section3.2,I showed that the optic axial plane for the V13 crystal
is always parallel to (100) and/or (010) of the ideal tetragonal morphology. This
is at 45o to the o¡ientation required for orthorhombic symmetry. The iJeriuatiue
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P4f nnc

P4ln P4nc, P42r2, P42c, P4n2

TetragonaJ

Orthorhombic

Monoclinic

Triclinic

Figure 57: Space group tree for vesuvianite. Ito ortho¡hombic space groups are
included, because optical investigations show that the optic axiaJ plane
is parallel to (100) and/or (010) of the ideal tetragonal morphology, and
this is at 45" to the orientation required for o¡thorhombic sfrnrnst¡y.
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uesuaianite structures tlt erefore

or triclinic. A similar argument

P2lc and Pc. The space groups

cannot be orthorhombic; they must be monoclinic

forbids the occurrence of the monoclinic subgroups

remaining to us are P2f n, P2, Pn, Pl, and pl.
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3.8 Crystal Structure Analysis

All intensitv datasets vr'ere collected using the methods outlined in Section 2.7.I.
In each case, a hemisphere of data from 3-60" 20 was collected. Miscellaneous

information conce¡ning the data collections and reductions are listed in Table 28.

Structure refinement was carried out with the SHELXTL program X, using
techniques discussed in Section 2.7.3. Table 24 outiines the general steps followed
in most of the refinements.

3.8.1 Y74c Wilui River, U.S.S.R..

This particular vesuvianite was selected for structure refinement because micro-
probe analvses indicated significant B and the wet-chemical analvsis and rnfrared
spectroscopy showed it to have a low hydrogen content. 2V is in the range of 0-
10o, and no violating reflections ïr¡ere seen in the precession photographs. Onlv
one violating reflection with FloF > 4.00 (111) rvas present in the X-ray intensity
dataset. Consequently, the space group P4f nnc was adopted. The input model used

was taken from Yoshiasa and Matsumoto (1986), modified for known differences in
composition.

Full-matrix least-squa¡es refinement of all variables for an isotropic vibration
model resulted in convergence at an R index of 70.4%. At this stage, there .were a

number of discrepancies between the model and the data:

1. The temperature factor for O(10) was extremely iarge (t/:0.19), indicating
much less scattering than was formally assigned. Having decided that this was

due to partial occupancy of the site, I fixed the temperature factor at a value

typical for oxygen atoms in the vesuvianite structure (t/:0.015), and let the
occupancy refine.

2. Difference-Fourier maps showed the presence of signifrcant unassigned intensity
at or near two special positions in the structure. These \¡rere:

i) L 14 t 14 714 (2")

177



Table 23: Miscellaneous information for data collections and refinements.

v74, v13" Vl3i v13,

ai
ai

1.5.746(2)

15.7s 1 (3)

1 1.708(2)

8e.e7(2)

e0.00(1)

e0.00 ( 1)

0.22

Mo/Gr
18477

1.22

15.521(3)

15.523(2)

11.807(2)

e0.01 ( 1)

8e.ee(1 )

8e. ee( 1 )

0.28

Mo/Gr
18021

1.07

15.538(1)

15.547(3)

t7.822(2)

8e.e8(2)

8e.e8(1)e0.01(2)

8e.e8(1)

0.15

Mo/Gr
18037

0.90

15.523(3)

15.s67(2)

t7.825(2)

e0.01(1)

eo.o3(1)

0.20

Mo/Gr
18028

0.93

c

a.

p

t

Crystal size (mm)

Rad/Mono
Data Collected

Rotirnutl"ol(%)

Table 24: General crystal-structure refinement sequence.

1. The refinements began with positional parameters modified from Yoshiasa and Matsumoto
(1986). Initially, the isotropic temperature factors were fixed, but the scale factor and posi-
tional parameters were refined (for V13., there were 48 parameters at this stage; the final ,R

value was 77.0%).

2. The isotropic temperature factors were ¡efined (Gg parameters; .R=?.S%).
3. An extinction correction was applied, and c and y for O(9) were combined as a single variable

(6e;7.0).
4. Anisotropic temperature factors used for all atoms except ca(3), c, B, 0(6) and o(10) (140;

6.8).

5. Ca(3) and 0(6) were set anisotropic (150; 3.9).

6. The channel atoms (.B, C and O(10) were set anisotropic (153; 3.6).
7. The occupancy of the AlFe site was refined for Al/Mg and Fe (3.6).

8. The occupancy of the B site was refined for AJ/Mg and Fe (3.5).
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Figure 58: Difference-Fourier maps for V13. (normal vesuvianite-left) and \¡24.
(boron vesuvianite-right) u'ith channel cations removed.
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V74, (analysis V74-15)

(Ca1s.7¡Ce1,.urL.u.ur)r".zz (A16.75lr{go.s7FellrFe|lrrTiu..r)rr.33Si17.e1.B2.c2.(Oz¡.zoOHn.r")r".ru,

37.6 +

V13" (average of 4 analyses)

34.9+

Ca1e.11.(Al1n.orMgr.r,+Fel.+o*n fr.+r.fio.r"Mnu.nq)r".r" Sirz.ro (O6s.31OHs.o")rr.oo

-zi-' '.3z38'2+ 38.1+ 7L.0+ 1.12.3-

Figure 59: Chemical formula of \i74. compared to that of V13".

ii) 0.05 0.05 1/4 (8å)

Figure 58 shows difference-Fourier maps for \¡13. (normal vesuvianite) and

V74.,, with the channel cations left out. The unassigned intensity at the 2a

position in \¡74. is not seen in the normal vesuvianite. However, the O(10)

position has only half the density seen in \¡13", and it is more spread out. The
B and C positions are similar for both structures.

An oxygen atom was assigned to each of the new positions as a general scat-

tering species. Isotropic temperature factors were fi.xed at U:0.015 and the occu-

pancies were considered as variables in the following cycles of refinement.

Full-matrix least-squares refinement of this model converged to an -R index of
6.5%. When the temperature factors of the heteropolyhedral framework atoms were

set anisotropic, this fell to 5.71%. The O(7) oxygen was extremely anisotropic and

was split into two half atoms, which refined to a stable arrangement with an O(7)"-
O(7)o distance of =0.5Å and an .R index of 5.I%. At this point, more unassigned

intensity was seen at the general position:

iü) 0.18 0.23 0.30 (i6k)

An oxygen was assigned to this site. with a fixed isotropic temperature factor and

variable occupancy. Refinement of this model converged to an -R index of 4.4%.

Bond lengths and angles were calculated in order to aid in the interpretation of this
density for the final ¡efinement steps.
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"ï_

Figure 60: ORTEP diagram of the local stereochemistry around the Bo(1) posi-
tion.

"f-
Figure 61: ORTEP diagram of the local stereochemistry around the Bo(2) and

O(11) positions.
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At this point, it r¡'as necessary to consider information from other experimental

techniques in order to interpret the stereochemistry of this vesuvianite. Chemical
analyses shou'ed that the Wilui River vesuvianite contains significant B and greatiy

reduced H, suggesting a B=H dependence of some sort. In Figure 59, the chemistry

of this vesuvianite is compared to that of a "normal" vesuvianite (V13"). The

differences are summarized below:

1. There are larger amounts of small divalent cations replacing Al in the Wilui
vesuvianite. Comparison of the total formal charges of the small divalent and

trivalent cations shows a sum of 36* for normal vesuvianite and 33* for the

Wilui material.

2. Normally, there are =9 hydrogen atoms p.f.u. in the vesuvianite structure.

Wet-chemical analyses of the Wilui vesuvianite show it to have a.lmost exactly

2 H atoms per formula unit.

3. In most vesuvianites, the O(10) position is fully occupied by O for a total
charge of. 4-. In the Wilui material, this site is only half-occupied, for a charge

of 2-.

The local stereochemistry of the three new positions is shown in Figures 60 and

61. The "?" site (8h.) is coo¡dinated by four oxygens in an approximately tetrahe-

dral arrangement, with a mean bond length of 1.54Å. Position 2ø is coordinated by
three oxygens in a triangular arrangement with a mean bond length of 1.34Ä.. Both
of these sites can accomodate B. The last position (16fr) is 2.23-2.70Å away from
three Ca(3) cations. As Ca(3) is completely occupied, the atom at the 16k position
must be an anion, and thus the atom at the 2ø position must be a cation. Con-

sequently, B rvas inserted at the 8h. and 2ø positions, subsequently labelled Bo(1)

and Bo(2). Least-squares refinement of this model (which included anisotropic tem-
perature factors for all atoms except O(7)" and O(7)u, O(10), and the th¡ee nevv

atom positions) converged to'an .R index of 4.4% and R- of 2.9%. Final atomic

parameters and temperature factors are listed in Appendix J. Selected interatomic
distances and bond-valence calculations (from the parameters of Brown, 1981) are

listed in Tables 25 and 26.

The charge consequences of this model are discussed in more detail in the next

chapter. A total of 5 boron atoms have been added to the formula unit, resulting in
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Table 25: Selected interatomic distances for \r74..

Si(l)-0it) i.b34(21 x4 C-0(5) ?.320Q) x4

C-0(9) 2.625(2) x4
{siil}-0i 1.634

2.47?

qi f?i -n f 'r-l 'l i-Jo f ')iu¡\i, ui¿J L.!Lur-Lt

Si(2)-0t3) 1.623(2) B-0(b) 2.085(2i x4
si{?) -c(4) 1.663(?) B-0ilc) ?.21.c(0} x4
siil) -0i7)b 1.b57(4i

isi i2) -0i i. É+3

2. 09b

AIFe-0tl) 1.969(Z)
Sr(31 -0(5] 1.b:4(2) AtFe-0Qi 1.934(2)
Si(3)-0(5) l.blz(?l AlFe-0(3) Z.}t|et
Si(3)-0(8) 1.531(2) AlFe-0(4) ?.054(2)
Si(3)-0(9) l.6t6il) AtFe-0(5) 2.0SS(Z)

AlFe-0H 1.9',r9(2)
isi (3) -c) t.933

===::::: iAlFe-C,. 2.Ò14
: =:: :: =:

Ca(i)-0(ll '2.337lJi x4

Ca(1)-0(2) !.+y7(2) x4 A-0(4) 1.941(2) x2

?.417
A-0(81 l. 30{ (2) x!
A-0H 1.945(2) rî

(A-oi 1.930
Ca(2] -0(l) ?.498(2) =:::::=:
cai2j -0(2i r,4r'{(2)
Ca(!)-!i3) 2.338(2) 8o{1)-û(7)b l.St0flOl xi
r,'aG) -0(4) ?.47b(2) Bo{ll -0H 1.450(b) ri
Ca(?) -0(5i 2.337 ft)
Ca{i)-0(5) ?.{?4(Ii iEoili-rli 1.43ù
l: f 'rì -fllril ? 

'1f 
,ll'}t

Ca(?) -0(8i 2.357{?l

{Ca(2) -0} 2.412

Ca(3) -0(3) 1.381(2)
Ca(3) -0(6) -t.405(2)

./n.l1l-n'.. j, Cgl
\UO!.J¡' !.J ¿¡UJ¡

::: : =:::
r23

i

Eo(?) -C( l0) 1.357(81 x2

Fo(?) -û(ll) 1.290(l4l xl

,l 1.''o

Ca(3) -0(6) 2.791 (21 B-C t.014(3)
Ca(3)-0(7)a ?.440(4)
Ca{31 -0(7)b ':.487(4) C-C 2.80t(4}
Ca(3)-0(7la ?.597{41

Ca (31 -0 i9) ?.4'iS(:l
[¡(3]-0(!C) ?.6l7tli
Ce(-?) -0ll 1.5Ê4(?)



Table 26: Empiricai bond-valence'' table for YT4..

si(1) si(2) si(3) ca(1) ca(2) ca(3) Br: AlFe t

o(1) o.e66T +

o(2)
o(3)
o(4)
o(5)

o(6)

o(7).,

o(7)r,

o(8)

o(e)

o(10)
OH

0.979

0.997

0.896

1.005

1.027

0.873

0.924

0.979

o.88eY

035514 0.240
J

o.n714 o.zBB

0.300

0.244

0.274
0.335

0.078

0.319

0.447

0.479

0.355

0.370

0.369

0.173 I4 0.408 /2
tt

1.988

1.983

1.955

0.463I4 1.923
J

1.983

0.303

0.289
0.128

0.176
0.1 81
0.263

0.184
0.073
0.233

0.234

0.182Í
0.204

o.oeor-5

1.893

1.493

1.474

0.505I'? 2.037
¿

1.958

0.866

0.456I '? 1.075
J

0.275/2

0.415

3.864 3.771 3.894 2.078 1.895 1.052 2.732 2.435 2.848

Bo(1)

o(7)r, o.560l' t.sz+

oH 0.724T2 t.7ss

2.568

a charge increase of 15*. If O(7)" was fully occupied Bo(1) would be coordinated by
two OH and tv"'o O(7) atoms in an approximately tetrahedral arrangement (Figure
60). In normal vesuvianite, each OH hydrogen bonds to O(7). In boron vesuvianite,
the hydrogens are absent, replaced by a central B which provides (more than) the
necessary charge to satisfy the bond-va.lence requirements of O(7) and OH. A total
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of 8 H are lost from the normal vesu'i'ianite formula unit in this way. One extra
oxYgen (p.f.".) is added at the 1/8 occupied O(11) position, u'hich is vacant in
normal vesuvianite. The overall result is that the current model has four excess

charges relative to normal vesuvianite.

There are a number of problems with the current model:

1. Both the Bo(1) and Bo(2) sites are fully occupied, for a total of 5 boron atoms

per formula. unit. This is double the amount of boron in the microprobe anal-

yses.

2. There is no explanation for the apparent disorder at the o(z) site.

3. The Bo(2) position is coordinated by O(10) and O(11)oxygens. However, the

o(i1) site is only 1/8 occupied, for a total of 1 o(11) oxvgen p.f.u., half the

amount needed.

In an attempt to resolve these problems, the isotropic temperature factors for
the boron positions were fixed at U:0.006, and those for O(10) and O(11) were fixed
at [/:0.015 (a typical value for framework oxygens). Occupancies of the boron sites

were halved, and the occupancies of all four sites (Bo(1), Bo(2), O(10) and O(11))
were refined. In each case, the values obtained were similar to the occupancies in
previous refinements.

The Bo(1) position rvas then split into tu'o half-occupied positions separated

by =0.5,Å.. A refinement of this arrangement v¡as unsuccessful.

It is obvious that there are some inconsistencies in the details of the current
model with respect to the three new sites. The rest of the structure, horvever, is

similar to that of other vesuvianites. Refinement of the occupancy of the B site for
Fe and Mg/Al showed a totai of 0.40 Fe atoms p.f.u. (mean bond length:2.096Å).
This is similar to the value obtained for Fe2+ in the wet-chemical analyses. The
smalier AlFe site (mean bond length:2.014Å) contained 0.84 Fe atoms p.f.u., which
is almost identical to the wet-chemical value of 0.87 Fe3* atoms per formuia unit.
If Al is assumed to fill the L site exclusively, Mg is the dominant cation in the AlFe
site, and the amounts of x{g and Fe in the B site are approximately equal.

3.8.2 V13 Jeffrey Mine, Quebec

This vesuvianite was selected for cr¡istal structure refinement because of the spec-
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tacular sector zoning and variable 2V. A (001) section of a \r13 crystal is shown
in Figure 13; there is a low birefringence core (2Iz=0-10o), a patchy intermediate
zone (2It-=36") and a high birefringence rim (ZV:60-62.).

Crystals removed from the intermediate zone, core and rim showed increasing
numbers of å'- and c'-type violating reflections in precession photographs and in
the intensitl' ¿.t. sets. Some reflections related by vertical mirror planes had non-
equivalent intensities. This evidence suggests a Laue symmetry no higher than
4l*.

Initial refinements of all three crystals were carried out in the space group
P4f nna The input model was taken from Yoshiasa and N4atsumoto (1g86), and was

modified for known differences in composition. Full-matrix least-square refinements
for anisotropic vibration models resulted in convergence at -R indices for V18",
\¡13¡ and V13' of 3.5,4.3, and5.57o respectivel5'(Table 27; atomic parameters and

temperature factors are listed in Appendix J). Thus the -R indices correlate with the
increase in2V from core to rim. Difference-Fourier maps for \¡13" showed additional
unassigned intensity at the following positions:

114 714 0.22

0.03 0.06 0.r7

correspond.ing to H atoms bonded to 0(10) (H(1)) and O(11) (H(2)). Both were
included in subsequent refinements (u'ith fixed occupancies and temperature factors)
but onlv H(1) refined to a stable position (0.854. arvay from O(10)), and the -R value
was unchanged.

In all three refi.nements the Ca(3) atom w'as the most anisotropic U"nx}.16T).
U for 0(10) increased from 0.104 in the core refinement to 0.151 in the intermediate
zone and 0.164 in the rim. 0(6) and B also had reiatively high temperature factors.

Occupancies of the AiFe and B sites were refined for Fe and Mg/Al, resulting
in 0.18, 0.14 and 0.22 Fe atoms p.f.u. at the B sites, and 0.g4, 1.10 and 1.11 Fe

atoms p.f.u. at the AlFe sites for V13", V13i and V13, respectively. The mean B-O
bond length was shorter in \¡13, (2.055Å) than in the other two crystals (=2.068Å).

The wet chemical analvses showed 0.56 Fe2+ atoms p.f.u., r.i,hich suggests that
in the Jeffrey vesuvianite, fetrous iron occupies the B and AlFe sites. Mg is probably
found in both these sites, and Al is the dominant cation at the AlFe site.
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Re f Ineuent R(r) Rs(t) Rf¡(t) UnIque
Reflectlons

v13c P4r/nncr

P4/n

P-4

P4

P{./nnct

P1/nI

7,0
3.5

7.7
4.3

6.0
3.4 e

L2.2 g

7-6
1.2

7-6
1.2

6.0
2.5

5.3
3.0

4.9
2.7

10 .9

6.3
3.1

6.3
3.1

5.9
2.8

6.0
3.2

4.8
2.8

11 .8

6.0
3.3

6.0
3.3

208 5

{00 I

7 429

7 4L6

7 4L6

7 1L6

V13i P4l./nnc 7.2
4.3

5-9
3-0

5.4
3.0

2070

Vl3r P4./nnc

p4/n

P2/n

Pn

5.0 4.3

8.0 6.3
s.4 € 3.9

4.3 3.9
8.2 7.1 5.1

8.4 6.7 6.0

5.5

6.2 4 -9

4.1

5.7
3.7

{.5
3.0

2094

4030

? 580

77584.2 g 3.2
*fsotroplc nodel (top) and anisotropic roodel (botton)
lReflned usfng p4 Fo flle (no vlolatlng reflectlons)gDld not converge

Table 272 R values obtained for \¡13 crystal structure refinements. compared to
that of \¡13. (average of four analyses).

V13. was also refi.ned in space group P4f nnc using an input dataset (from
the P4 refinement) that includes reflections that violate P4f nnc extinction crite¡ia.
The resulting .R value (anisotropic model) was 4.2Y0.

\"13. and \¡13, lvere also refined in space froup P4ln as suggested by the
diffraction evidence. As shown in Tabie 27, there \¡¡as no significant improvement
in the -t? indices. The value for V13. (4.3%) was almost identical to that obtained
using P4f nnc and the P4 dataset.
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V13. was also refined in space groups P4 and P4. Neither refinement converged

satisfactorily. Temperature factors were either unrealistically high or low, and the
refinements faiied to converge. This is a result of high correlations between atoms
that are equivalent in P4f nnc.

Since the optical data suggest that the high-birefringence rim zone is the most
non-tetragonal, V13r 'was refined in P2ln and Pn space groups. The p2f n re-
fi-nement (anisotropic model) converged to an -R value of.5.4To, a"lmost identical to
that of P4f nnc. Temperature factors, however, varied considerably for P4f nnc-
equivalent atoms.

The Pn refinement (isotropic model) converged to an -R index of 6.2T0,lower
than that of the other refinements. The anisotropic model, with =1200 parameters,
failed to converge, even after =50 cvcles. Once again, the high degree of correlation
between pseudo-equivalent atoms resulted in unrealistic temperature factors, and
in some cases, non-positive definite atoms.

Although the optical and IR studies indicate nontetragonal symmetry, it was

not possible to determine the true space group using X-ray crystallography. There
was littie difference between the resuits obtained using monoclinic or tetragonal
space groups. Thus the deviation from tetragonal symmetry must be very slight.
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Chapter 4

DISCUSSION AND CONCLUSIONS
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4.1 Channel Configurations in Vesuvianite

Much effort has gone into the study of channels in the vesuvianite structure (Chapter
1). The string of sites down the channel is shown diagramatically in Figure 62.

Previous authors have shown that adjacent C sites and adjac ent C and B sites

cannot be simultaneously occupied because of unrealistic cation-cation approaches.

This seems to be the reason for half occupancy of both the B and C sites in the
channel' However, no one seems to have examined the longer-range corsequences

of such stereochemical restrictions on channel configurations.

4.L.L Norrnal Vesuvianite

The column labelied "normal"in Figure 62 begins with an atom at the first B
position. This requires the adjacent C position to be vacant, with B bonding to
the O(10) atom below. O(10) bonds to four Ca(3)'s, each with a bond-valence
of 0.5 v.u.; it also bonds to the B cation with a bond-valence of 0.5 v.u.. This
gives a valence sum of 1.5 v.u. and leaves O(10) needing an additional 0.5 v.u.
to completely satisfy its locai bond-valence requirements. Many previous workers
have assigned O(10) as a hydroxyl, and the obvious way for O(10) to receive this
additional 0.5 v.u. is from a hydrogen atom. In some of my structures, I have also

observed a small peak between the O(10)s that can also be assigned to a II atom.
Consider next the bond-valence requirements around this H. It provides 0.5 v.u.

to the overlying O(10)' and consequently must provide 0,5 v.u. to an underlying
O(10). It is thus a symrnetrical hydrogen bond. Consider no\Ã¡ the bond-valence

requirements of the lower O(10). This is bonded to four Ca(3)s and one H, supplying
a bond-valence of 1.5 v.u.. It must therefore bond to an underlying B site cation
to satisfy its requirement for electrons. As this B site is occupied, the underlying
C site must be empty. This provides us with a configuration that is labelled ,,f in
Figure 62.

Let us continue this procedure. The next C site can be filled; its bond va-

lence requirements are satisfied by four 0(6) and four O(9) oxygens that lie off
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the channel. The adjacent B site below is empty, but as O(10) is fulty occupied,
both the subsequent O(10) sites are occupied by oxygen. Novr, let us examine the
bond-valence requirements of these O(10)s. Each is bonded to   Ca(3) cations that
provide it with a total of 1.0 1'.u.; as there are no neighbouring cations, this must
be provided by 2 H atoms. These cannot occupy the space between the two O(10)s,
as there is no room. Instead, they must point outward.s towards the adjacent B
positions (the upper one of which we have already shown to be empty). The H
atom bonded to the lowe¡ O(10) points downwards towards the adjacent B posi-
tion which consequently must be unoccupied; this allows the adjacent C position
to be occupied, and forces the subsequent C position to be vacant. This second
configuration is labelled "2" in Figure 62.

It is very important to note the different H bonding arrangements in these two
different configurations as these have important consequences on the stoichiometry
of the mineral.

In a perfectly ordered crystal with half-occupied B and C sites, configurations
1 and 2 will alternate down a single channel (however, at the moment v¡e see no
mechanism that would connect configurations in adjacent channels in an ordered
fashion). It is possible, in fact easy, to disorder these configurations up and down
the channel by omitting a C cationfrom the second type of configuration. However,
extensive amounts of this will produce nonstoichiometry in the mineral, so presum-
ably it does not occur to any great extent. Note also that neither configurations
are polar.

4.L.2 Boron Vesuvianite (YT c)

Let us start at the top of the column labelled Y74.in Figure 62, and iet us start in
exactly the same way as u'e did before, putting a B atom at the first B position and
a vacan'cy in the adjacent C position. The B atom bonds to the adjacent O(10), åuú

this O(10) is bonded to a boron. Note that the B-O(10) bond lengthens to accom-
modate the much stronger Bo(2)-O(10) bond. The next O(10) down the channel
must be unoccupied. y'foúe that tlze full occupancy of the Bo(2) position thus accounts

for the half occupancg of the O(10) position in tl¿e Wilui uesuaianite. Ignoring po-
sitional disorder and some stoichiometry problems, the O(11) atoms complete the
trigonal coo¡dination around Bo(2). This unit provides a basic configurational unit
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for Wilui vesuvianite. The next B site dorrgn must be unoccupied because it has no
O(10) with which to bond and satisfy its bond-strength requirements. To maintain
stoichiometry the adjacent C sites must be occupied, the following C site must be
vacant, and we start again lvith our basic unit repeating down the channel. Hence
the Wilui vesuvianite only has one configurational unit down the channel rather
than two. Hovt'evet, unlike normal vesuvianite, this unit is polar. A perfectly or-
dered (stoichiometric) channel is polar, but there seems to be no reason for adjacent
channels to show the same polarity.
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4-2 channel configurations as a control of space Group

In normal vesuvianite, there are two channel configurations as deduced above. As
all structure refinements and systematic examinations of chemistry shou,, the B
and C sites are half-occupied. Hence, the two channel configurations must occur in
equal atnounts.

Let us first consider a single channel. If the configurations do not alternate
along the channel, additional vacancies are introduced at the B and C positions. As
the latter would cause significant departures from the observed stoichiometry (i.e.
Iess than half-filled B and C sites), we can conclude that the two configurations r¿zsú

alrernate along the channel (i.e. paraliel to Z). Such an ordered arrangement along
the channel direction is also suggested by the fact that the precession photographs
of all crystals do noú show diffuse intensity parallel to c*(:Z), the channel direction.
å.Ë0 and lz0l precession photographs of all three zones of the Jeffrey crystal show
diffuse intensity parallel to the principal axes. Such diffuse intensity is indicative of
short-range order/disorder in the direction of the streaking. In turn, this suggests

that adjacent channel configurations are disordered, that is they do not obey the
P4f nnc space group operations that ideally relate them.

Adjacent channels are separated by =8Å, and it seems difficult to suggest
interactions between channels over this type of distance. However, the channels are
the most variabie part of the structure, and consequently it is here that we must
look for the reasons for the space group complexities in vesuvianite.

Jeffrey vesuvianite shows three sectors, corresponding to growth out to the

{001}, {101} and {100} forms (core, intermediate and rim zones respectively). The
complexities of the Jeffrey crystals documented in the section on optics suggests
that these sectors are the result of growth zoning: simiiar textures are observed. in
other high symmetry minerals such as beryl and milarite. Thus we will consider
what can occtll as a vesuvianite crystal grows with these fo¡ms as its external growth
faces.
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Let us consider first the (001) zone. This is bounded bv the {001} face that
cuts orthogonally across all the channels of the growing crystal. At nucleation, the

{001} face will start to lotm identical channels paraJlel to c, as conditions will be
uniform across the minute proto-crystal face. Continued growth of alternating 1

and 2 configurations (forced by the observed stoichiometry) will produce ordered
channels that obey Pl/nnc symmetry.

Consider next the (i00) zone. This is bounded by the {100} face that is parallel
to the channels in the grou'ing crystal. Thus on a {100} grou,ing face of a crystal,
the whole length of a channel is exposed at any one time. Atoms at the B and
C sites will nucleate essentially at random along the channel, and ord.ered 1- and
2-type configurations will grolv av¡ay from the initial nucleating sites. There a¡e
norv 2 possibilities for growing ordered configurations that impinge upon each other:

1. they may be reiated by the translational symmetry of the crystal, whereupon
they merge to form a single ordered array.

2. they are not related by translational symmetry of the crystal, wherupon they
form two domains related by an anti-phase boundary.

If the process is entirely random, then we may expect equal amounts of both types of
chains with continued growth. We know that the number of anti-phase boundaries
must be fairly low or the stoichiometry of mineral would be significantly aitered-
There is no disce¡nabie diffuse intensity (streaking) paraliel to the Z-axts (i.e. paral-
lel to the channel), indicating littie short-range disorder along Z. The stoichiometry
constraint of half-occupied B and C sites suggests that there are few (fairly large)
anti-phase configurations along any one channel in the (100) sector of the crystal.

As the growing surface of the (100) sector advances along [100], the nucleation
and growth process outlined above occurs along each new channel length that forms.
As nucleation in each adjacent channel along [100] is essentially random, the local
ideai symmetry relationships between channels are in many cases violated, resulting
in short-range disorder. Within a singie unit cell, there are two chains related by 

"r-and c-glides. If these glide-symmetries were broken by long-range ord.er, we would
see sharp glide-violating relections in the diffraction patterns. However, the glide
violating intensities tend to be diffuse, with additional streaking parallel to [100]..
This is indicative of short-range disorder between adjacent-channels. However,
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within the diffuse intensity are sharper diffractions violating the glide symmetry
conditions' These are indicative of a longer range order in the symmetry-,r,iolating
structural array. These tli'o types of diffraction phenomena are characteristic of an
anti-phase relationship in which the domain size spans the range of the transition
from diffraction incoherence to diffraction coherence; this dimension is of the order
of 200Å for MoKa X-rays. Thus the long-range symmetry is iowered in the (100)

zone of normal vesuvianite.

The (101) zone is bounded by the {101} face, structurally intermediate be-
tween the {001} and the {100} faces. Consequently one would expect a grou,th
mechanism intermediate between those suggested for the (001) and (100) sectors,

with intermediate-type diffraction and optical evidence for non-ideal space group
symmetry. As outlined in previous sections, this indeed is the case. In Jeffrey vesu-

vianite, the (101) sector shon's an intermediate 2Iz- value (36') and streaking with
much more diffuse and weak glide-violating reflections.

Let us now summarize the arguments and evidence that pertain to the space

group symmetry and sector zoning of Jeffrey vesuvianite:

The heteropolvhedral framework of the 'idealized' vesuvianite structure has

P4f nnc space group symmetry. Group theory arguments used to derive the
possible sub-group svmmetries for derivative arrangements show that only a

limited number of space groups are possible.

Optical measurements shou'that the orientation of the optic axial plane (OAP)
is parallel to the 'ideal'tetragonal axes. Group theory arguments shor¡, that the
principal æres of the possible o¡thorhombic space groups must be at 4b. to the
"ideal" tetragonal axes. In the orthorhombic system, the OAP is constrained
to be parallel to two principal axes. These three observations are not mutually
consistent, and thus aesuuianite cannot haue orthorhombic symmetry.

None of the vesuvianites rvere optically uniaxial; all were biaxial, indicating
orthorhombic, monoclinic and triclinic as possible symmetries. Point (2) pre-
cludes orthorhombic svmmetry, and thus oeszuíanites must be monoclinic or
triclinic. However, in some cases, the measured2V angle was small (< 5"), in-
dicating that the deviation from uniaxia"l character (compatible with tetragonal
symmetry) is very small. In addition, optics are extremely sensitive to sym-

1.

,
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4.

metry' much more so than X-ray diffraction, and hence the lower symmetry
character need not necessarily be apparent in the diffraction record.

Optical observations in cross-polarized light on (100) and (001) sections showed

the presence of sector zoning, in which the difrerent sectors had different bire-
fringence and optic anial angles. The sectors could be correlated with the
external forms of the crystal (specifically {001}, {i01} and {100}), such that
each face subtended a sector that narrowed. towards the centre point of the
crystal. This is indicative of growth zoning.

Both precession photographs and complete single-crystal intensity data col-

lections show the presence of glide-r'iolating reflections when compared with
the extinction criteria for space group svmmetrv P4f nnc. Vertical n- and c-
glides are vioiated but the horizontal n-glide seems intact. In terrns of the

glide-aiolating refl'ection criteriø, tetragonal space groups are stü possible.

Precession photographs indicated the presence of streaking (diffuse intensity)
along some reciprocal lattice rov¡s parallei to ¿" but not along rolvs parallel to
c*. The glide-violating reflections were embedded in this streaking, and became

less diffuse in the order (001)>(101)>(100). Such diffuse intensity is indicatiae
of short-range order.

There are two possible chain configurations, and an argument can be made
that growth on the {00i} face will lead to configurations ordered aiong the
c-axis, whereas grorvth on 100 rvill lead to disorder of chain configurations
between adjacent channels in the [t00] and [0t0] directions. Such a model
would account for the patterns of diffuse intensity recorded in the precession

photographs from each of the three sectors.

Crystal structure refinements of fragments from the three different sectors led
to gradually increasing .R indices in the sequence (00i)<(101)<(100). dll at-
tempts (and there ïvere man,v) at refinement in monoclinic space groups were

unsuccessful; either the refinements would not converge properly, or the statis-
tics of the refinement were not improved over the higher symmetry (pale rc-
finement. These results also suggest that there is a contribution to the diffrac-
tions in the (100) crystal (and to a lesser extent the (101) crystaJ) that is

not being adequately modeled. The local disorder proposed for these sectors

5.
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suggests that this intensity contribution is diffuse scattering that cannot be
modeled by the normal Bragg diffraction (long-range) scattering model used
here. Thus the higher R indices obtained for the (100) and (101) sector crys-
tals may be due to increased diffuse scattering due to the increased. short-range
disorder in these crystals.

In terms of the evidence so far gathered, this is as specific a model as is possible. This
proposal may be easily tested by imaging the structure through the glide-r,iolating
reflections in a verv high resolution transmission electron microscope.
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4.3 Channel Conformation and Space Group of Boron Vesuvianite

As outlined previousl¡', there is only one channel configuration in boron-bearing
vesuvianite (see Figure 62), and hence it cannot disorder u,ith an aiternate configu-
ration as was the case for normal vesuvianite. However, this arrangement is polar,
and hence it can occur in two different orientations. Attempting to incorporate ad-
jacent arrangements of different polarity in a single channel leads to a very unlikely
stereochemistrv at the boundary, suggesting that this does not occur. This is in line
with the lack of diffuse intensity parallel to the c-axis in precession photographs of
this type of vesuvianite.

Conversely, neighbouring channels may be of differing polarity without causing
any local stereochemical problems at all. However, the difference between adjacent
channels in an anti-phase arrangement is extremely slight in terms of scattering

Po\/er' and consequently there is very little (i.e. no observable) ditruse intensity (or
glide-violating reflections) parallel to [100] or [0t0]. Hence boron-uesuuianite may
be søtisfactory refined in space group p4f nnc.
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4-4 The chemical Formura of "Normal" vesuvianite

4.4.L Cation Contents

A chemical analysis gives the reløtiue porportions of different elements in a mineral,
and is usually expressed as wt.%'s of oxides. The reduction of a chemical analysis
to the unit formu-la of a mineral (expressed as atoms per formula unit, or p.f.u.) is
a non-trivial problem' One needs some basis on which to normalize the ratios that
one derives by chemical analvsis. As discussed in previous sections, several difierent
schemes have been proposed, and these were investigated in detail.

In a mineral containing hydroxyl or molecular HzO, one cannot norma-lize to a
specific number of anions without either

1. having an analvsis for hydrogen (expressed as H2O), or
2. assuming a fixed (and known) amount of H (as hydroxyl) in the structure.

Although (2) has often been assumed, the (OH) content is often variable. The
ideal case is (1), but usually an analysis for H is not available or (in micro-samples)
impossible to get.

In these circumstances, it is preferable to normalize to a fixed number of cations
if possible. Crystal structure work suggested that the unit cell contains 50 cations
(Hoisch, 1985; Ailen. 1985; this studl'), and this rvas taken as a provisional approach.
The 50 cations are constituted as follows:

18 tetrahedrally coordinated cations (primarily Si).
19 [8]-coordinated cations (primarily Ca).

13 [6]- and [5]-coordinated cations (primarily AI. Mg, Fe).

Although the total number of cations is constrained by the normalization proce-
dure (to a sum of 50), the individual cations are not. Consequently the dist¡ibution
of all cations in all analyses should be crystal-chemically compatible with the known
structural characteristics of vesuvianite as outrined in points (1)-(g) above.

The <Si-O) distances in vesuvianite range from 1.628-I.642Å,, typical of the
range found for silicate garnets when the tetrahedral site is occupied by Si only. For

1.

2.
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the (large number of) analyses done here, the Si content distribution is symmetri-
cally Gaussian, shor','ing that there is insignificant substitution of other cations (i.e.
Al) for Si at the tetrahedral sites in vesuvianite. Note also that the observed mean
vai.ue of the Si content is 18.0(2), exactly equal to the number of tetrahedral sites
available in the vesuvianite structu¡e.

We cannot make the same size argument for the [8]-fold sites, as these more
weakly-bonded coordination polyhedra alu,ays show strong inductive effects from
the rest of the structure that perturb the bond lengths. However, simple ionic
radii arguments suggest that those sites can potentially be occupied by alkaline
earth, alkali and REE cations. The distribution of the Ca content is negatively
skewed, suggesting substitution of additional cations at these sites. In addition,
the mean value of 1S.9(a) is slightty less than the ideal value of 1g, supporting this
contention. Including probable substituents at these sites (Na, Ln, pb, Bi, Th)
results in a svmmetric Gaussian distribution and a mean value of 19.0(3), exactly
equal to the number of available sites.

The [5]- and [6]-coordinate sites contain the medium sized divalent, trivalent
and tetravalent cations, with Al as the dominant species. The Al distribtion shows a
strong negative skew and mean value of =9.8. Incorporating the other substituents
into the sums gives an almost symmetrical Gaussian (a slight positive sker¡, is ob-
served) with a mean value of 13.0(2), again exactly equal to the number of available
sites.

The fact that the distributions of the three different groupings of cations are

symmetric Gaussians indicates that partition of the cations into these three groups
is correct. Similarly, the fact that the indiuiduøI means for the sums were all exactly
equal to the number of availabie sites for each group substantiates the normalizøtion
of the aesuuianite formula on the basis of 50 cations (exclusiue of boron).

4.4.2 Anion Contents

We have seen above that there are 50 cations in the unit formula of vesuvianite. If
we knew the vaience state of all the elements and the OH content, then the anion
content would be fixed by the electroneutraJity principle. Ilowever, we do not and
so we have to resort to othe¡ means.

The refined crystal structures show the presence of 68 anions that may definitely
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be identified as 02- on the basis of bond-valence considerations. Another 8 anions
may similarly be identified as OH-. This leaves (from the structure refinement
results) another 2 anions, designated as O(10) in the refined structures. This has

been interpreted as both 02- and oH-, and as half-occupied by both 02- and
OH-, giving total OH- contents of the unit formula as 8, 10 and g respectively.
Thus the area of uncertainty involves the exact identitS, of the O(10) anion.

At the beginning of this chapter, the possible channel configurations were con-
sidered; these were illustrated in Figure 62. As O(10) is a component of these
configurations and because the stoichiometry of vesuvianite constrains these con-
figurations to occur in equal amounts, then the sum of the channel configurations
gives the total (sum) identity of the O(10) anion. In the type 1 configuration, there
are two O(10) oxygens and one associated hydrogen; in the type 2 configuration,
there are two O(10) oxygens and two associated hydrogens. Summing these val-
ues and normalizing to the equipoint rank of the O(10) position gives Ol-Hr+.r,
or Ofr;OH¡.u. Thus we can write the anion part of the vesuvianite formula as

Oos.¡(OH)s.s, and the full formula becomes

[C", . . .Jrn [Al, Mg, Fe2+, F.t*, Ti4+ . . .]13 [Si]1BOos.s(OII)s.s

First of all, what direct evidence do we have for the de¡ived (OH) content?
First let us consider the calculated (OH) content. There is an initial problem in
using this data, because as we u'ill see later, the (OH) content of vesuvianite is
sensitive to its B (boron) content. Boron is not easy to anah,ze (or even detect).
and not all the sampies rvere examined for boron. Consequently, even if we remove
the known boron-vesuvianites from these data, lve cannot knovv if the remaining lor.r,

(OH) vesuvianites contain boron or not. Inspection of all data for (OH) (Figure
29) shows a bimodal distribution. The upper population has a fairly symmetric
Gaussian distribution with a mean value of =g.5 (oH) p.I.u.. This supports the
above formula.

4.4.3 Cation Oxidation States and Substitutions

The principal substitutions that concern the charge-balance r¡,ithin the vesuvianite
cell occu¡ at the [5]- and [6]-coordinated sites; at t]re [8]-coordinate sites, Ca dom-
inates the chemistrv, with only minor Na* and Ln3+; this leaves the small divalent,
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trivalent and tetravalent cations. Taking a mean Tia+ content of 0.25 atoms p.f.u.,
electroneutrality gives the following,,formula":

[(Al, Fe3+ )ro.oo (Mg, F"'*, Mn)z.zsTion]r] r,

The distribution of Al, a negatively skewed Gaussian with a mean value of ryg.8
atoms p.f.u., is compatible with the above formula.

The above discussion ignores the presence of fluorine. This is present usually
in small quantities (often zero), but can reach substantial amounts in some vesu-
vianites, up to 5 atoms p.f.u.. Here, F obviously substitutes for OH, accounting for
some of the lor¡' values of H in non-boron bearing vesuvianites. Thus F must be

incorporated into the vesuvianite formula as a solid solution substituent for OH.
From the above considerations, we may u'rite the general formula of vesuvianite

as:

[ca, Na' Ln, Pb, Th]tn[(Al, Fe3+)*(Mg, F"'*, Mn)"Tij+]rssireooa.5(oH, F)s.s

u'ith ideal va.lues of x:10.0, y:2.75, z:0.25 atoms p.f.u.
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4.5 The Substitution of Boron in Vesuvianite

This study has recognized the incorporation of B into vesuvianite as a more common
occurrence than hitherto ïr¡as recognized. This is of particular interest as the substi-
tution has drastic effects on the general chemistry and spectroscopy of vesuvianite.
First we r¡'ill consider the crystal structure results.

4.5.1 Structure Refinements and Boron Substitution

There are some significant problems associated rn'ith the structure refinement of
Wilvi vesuvianite; the following points are pertinent:

7. the site-occupancg refinements for Bo(1) and Bo(2) show these sites to be futly
occupied bV B.

2. Bo(1) is coordinated by four anions in a tetrahedral arrangement, but there is
some positional disorder perturbing the situation. The site is ostensibiy sur-

rounded by two OH and two O(7) atoms. However, the O(Z) shows strong
positional disorder, and can only be satisfactorily modeled as a'split'position,
with =0.5,4. separating the O(7)" and O(7)5 half-atoms. Tetrahedral coordina-
tion of Bo(1) occurs only for occupancy of O(7)5. \Mhen O(7)" is occupied, the
distance is far too long (= 2A) to be considered as a B-O bond, and there is
not a reasonable coordination for Bo(1), eithe¡ in terms of geometrical criteria
or in terms of local bond-valence requirements. Thus the local coordination
around Bo(1) is compatible only with half-occupa,ncy of the site.

3. Bo(2) is coordinated to O(10) and to O(11). The latter is in a general position,

but the site occupancy refinement shows that the site is only 1/8 occupied.

There are 8 symmetrically equivalent O(11) sites adjoining Bo(2), but all of
them cannot be occupied, both from the low partial occupancy of this site,

and also because the resulting interatomic separations would be unreasonable.

Stereochemical expectations are satisfied by filting 2 of the 8 possible positions,
whereupon Bo(2) has a planar triangular coordination. IIowever, the O(11)

occupancy is exactly half what it must be fo¡ such a triangular coordination.
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Thus the local coordination around Bo(2) is compatible only uith hatf-occupa,ncy
of the site.

4.5.2 Analytical Aspects of Boron Substitution

Again there are some significant results that pertain to the boron problem:

1. The electron microprobe results for B in Wilui vesuvianite ind.icate exactly If 2

of the B suggested by the site-occupancy refinement results.

2. The HzO analysis for V74. indicates exact,ly 712 the H suggested by the charge-
balance calculations from the electron-microprobe and wet-chemical analvses.

Let us first consider the overall charge-balance in the structure of boron-free
and boron-bearing vesuvianite. Parts of the structure are essentially identical in
both types of vesuvianite in that the charge associated with them does not change.
In this category are the [8]-coordinated (Ca) sites, the [4]-coordinated Si sites and
the O(1)-O(9) oxygen sites. Of greater interest are the [5]- and [6]-coordinated
(Al,Mg...) sites, O(10) and O(11), the H sites and the boron sites. Table 2g sum-
marizes the charge-balance differences at these (groups of) sites in each type of
vesuvianite, with the charge due to hydrogen being denoted by X and Y for boron-
bearing vesuvianites. Electroneutrality requires that the sum(s) of the charges in
the boron-bearing vesuvianite be the same as the sum of the charges in the boron-
free vesuvianite.

It is apparent from Table 28 that this criterion cannot hold for positive values
of X. Hence ll/ilai aesuuianite cannot høue fully occupied boron siúes. However, the
crite¡ion does hold for Y:5, that is for 5 hydrogen atoms in the formula unit. This
compares rT'ith 2 H p.f.u. de¡ived from the chemical analysis for Y74", and 4 H p.f.u.
derived by charge-balance criteria. Hence this argument suggests half-occupancy of
the boron sites.

We may summarize the above arguments as foilows:

1. The site-occupancy refinements indicate 5 83+ atoms p.f.u.
2. The local sterochemistry suggests Z Il2 83* atoms p.f.u.

3. The electroneutralit.y criterion indicates that 5 B3* atoms p.f.u. is not possible.
4. The electron microprobe results indicate 2.b 83+ atoms p.f.u.
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Table 28: Charge-ba,lance in boron-bearing and boron-free vesuvianites.

v1.3" v74i. v74,,1

Cato

Sir.
Oes

B¡+
I(Al, Ms...)
H

o(io)
o(11)

Ð

:
:

f .Ð r

34+

Y
o-

2-

i E+tu

tA+

X
c-

,-

37+

9.5+

4-

42.'o+ 45++X 37.5++Y

V74. with boron from structure refinement_

tV74. with boron from electron microprobe analyses.

5. The analyzed H content is about half what it should be for 2.5 83+ atoms p.f.u.
but is not compatible with 5 B3+ atoms p.f.u.

The weight of the evidence suggests that Wilui vesuvianite contains 2.b 83+
atoms P.f.u., and the structure results sholg the B3+ to occur in both tetrahedral
and triangular coordinations. The chemical substitution may be written as:

83++Mg'*=-2II++Ais+

but the structural aspects are much more complex than this, as outlined above.

Notu'ithstanding the problems still extant rvith the model for boron-bearing
vesuvianite, certain aspects of vesuvianite chemigtry are nolv clear:

1. Chemical analyses of boron-bearing vesuvianites generally show <8.00 Al atoms
per formula. unit, and more than 2.5 Mg atoms p.f.u. (Figure 23). It is apparent
that the wide range of Ai3+ ;+ Mg2+ and 02- = OH- substitutions are due to
the occurrence of 83+ in the structure. The compositional range of boron-free
vesuvianite is thus much more constrained than was previously thought.

2- Boron-bearing vesuvianit,es contain much less OH than those without boron.
Figure 29 shows that normal vesuvianites have, on average, 9.5 OH atoms p.f.u.
(as calculated for charge balance), compared with = b.5 OH atoms p.f.u. for
boron-bearing vesuvianites.
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3. Boron-bearing vesuvianites are opticail¡' positive, whereas normal vesuvianites
are optically negative.

4. Boron-bearing vesuvianites have longer ø cell dimensions and slightiy shorter
c axes than boron-free vesuvianites. Samples with ø > 15.62Å are generally
boron-bearing or partially metamict.
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4.6 Infrared Spectroscopy of Vesuvianites

The polarized single-crystal infrared spectra of vesuvianite show great variability.
Several other workers have investigated this problem, but they were unabie to in-
terpret the results; thus little published work has appeared. The samples used in
this study were selected on the basis of optical variability and the suitability of the
material for sample preparation (i.e. large, well-developed crystals). The reasons
for problems encountered b¡' previous workers became apparent upon detailed anal-
ysis and structure refinement of (some of ) the vesuvianites. The presence of boron
had previously gone unrecognized, and as the substitution of B into vesuvianite in
part involves the substitution B + H, it has a marked effect on the infrared spec-
trum in the principal OH stretching region. Interpretation of the spectra is stiil not
straightforward, but some reasonable assignments may be made.

We begin by considering u'hat happens when 83* substitutes into vesuvianite.
The Bo(2) site is occupied and O(10) no longer has an accompanying H atom; thus
there should be a peak in boron-free vesuvianites that is absent in boron-bearing
vesuvianites. Furthermore, this peak should háve two specific characteristics:

1. As the O-H bond is ll[001], there will be a strong absorption when Ell[001] and
no absorption rn'hen El-[0011. As seen in Figure 3g, the peak at =3150 cm-l has

this polarization dependence, but seems too intense, given the relative amount
of H in this configuration in the structure. This suggests that the transition
probabilities of the crystallographically distinct H-bonds in the structure are
radically different.

2. The confrguration O(10)-H-O(10) in boron-free vesuvianites is very unusual.,
as it infers a svmmetrical hydrogen bond. Trvo models have been proposed for
this, as seen in Figure 62. A symmetrical H-bond will have a potential weil
with a single minimum at the centre; alternatively, there is a doubie-potential
well with a lou'barrier between the minima. The latter appears to be the more
common case, and is compatible with the spectra shown here. In particular,
if the hydrogen between the adjacent O(10) atoms shows such static (or even
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dynamic) disorder r¡'ith a very lon' energy barrier between the two positions,
the transition probability (for absorption) wilt be much higher than is the case

for a "normal" hydrogen bond, accounting for its greatly enhanced intensity
in the non-B vesuvianite spectra. Further experiments are planned to test this
idea by taking low-temperature IR spectra of sample V13 to see if the relative
intensity of the peak at 3150cm-1 is positiveiy correlated with temperature (as

our argument would suggest).

Next let us consider the high energy peaks near 3600cm-1 (t100cm-1). It
is apparent from Figures 39, 4!,43 and 44 that the peaks at =3670 and =3640
cm-l have the same relative intensit¡' in different polarizations for the same sample.
This indicates that these two peaks are due to OH bonds with identical spatial
configurations. The fine-structures are due to different local confrgurations. There
is additional hyperfine structure (see Figure 40, on the major peak at 3640 cm-I)
that we will ignore for the moment. This doublet is present in all spectra, but
its intensity relative to the rest of the spectrum is much less in the boron-bearing
vesuvianites than in those lvithout B, and the resolution is poorer.

Prominent in the spectra of the boron-bearing vesuvianites is the peak at =3570
cm-1, the intensity of which shows considerable polarization dependence, with max-
imum absorption when Ell[001]. Careful examination of the spectra of the boron-free
vesuvianites shows a siight shoulder at =3520 cm-1 that could be the same peak
but rvith much less reiative intensity

Similarly, the peak al =3475 cm-l is present in both boron-bearing and boron-
free vesuvianites. Conversely, there are three pro'ninent peaks at =3530, 3380 and
3230 cm-1 thãt are present in boron-free vesuvianites but not in boron-bearing
vesuvianites. This results in seven prominent peaks in the spectra of normal vesu-

vianites.

Let us first consider the OII-O(7) configuration. Each OH is coordinated to
one cation at each of the Ca(3), A and AiFe sites. Variation in the species of
the cations (here called M) at these sites u'ill cause changes in the strength of the
l\{-OH bond and changes in the associated H-O(7) hydrogen bonds. Consequently
there will be different populations of hydrogen bonds with different strengths, giving
rise to different bands in the infrared. There is possible variation at the Ca(3), A
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Table 29: The possible local combinations of cations that can bond to a single OH.

Cations Importance

Ä13+ - Al3+

Al3+ - Mg2+

Al3+ - Fe3+

Al3+ - Ti4+

Mgz+ - P"s1

Mg2+ - 1'¡+a

Mgz+ - l¡4gz+

Fe3+ - Ti++

Figure 63: Diagram of the A and AlFe octahedra with their associated OH anions.

and AiFe sites; however, all of the Ca sites are effectively filled with Ca (including
Ca(3)). From the extensive discussions on chemistry given previously it is apparent
that AlFe (and perhaps A) are occupied by AI, Mg, FeS+ and Tia+ in decreasing
order of importance. The possible local combinations of cations that can bond to
a single OH are listed in Table 29. In terms of the known chemistry of vesuvianite,
the most important of these are marked by asterisks; the small amount of Ti4+
normally present in vesuvianites indicates that local arrangements invoft,ing Tia+
are less common, and thus will not be observed in the spectra.

The situation is not as straightforward as this, because the A and AlFe octa-
hedra form a trimer (Figure 63). Any cation at the AlFe site coordinates one OH
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Table 30: Tentative assignments of principal oH stretching bands.

Energl. Configuration

See text See texl

Mg2+ - 1¿*z+

Mg2+ - 41s1

Mg2+ - Fes+

Al3+ - Al3+
Al3* - Fec+

See textSee text

anion, whereas a cation at the A site coordinates two OH anions. Thus the long-
range ordering of cations over the AIFe and A also affects the reiative intensities of
the OH stretching bands.

With this background, we can now consider the assignment of bands in the
vesuvianite spectra. There are two important points:

1. The general configuration of the OH-O(7) bond(s) indicate that the coïre-
sponding absorption band(s) should appear in all polarizations in all principal
orientations, but that Ell[001] should be stronger than the other polarizations.

2. The arguments given above indicate that there should be five significant peaks

due to local ordering around OH.

From detailed infrared spectroscopy of amphiboles (Hawthorne, 1g83), it is well-
known that coordination to cations of progressively higher rnass and, higher charge

shifts the principal OH stretching band to lower energies. Consequently we can

make the tentative assignments listed in Table 30. The relative intensities of the
peaks correspond reasonably well with these assignments and the known chemical
compositions of the various samples. However, a quantitative comparison cannot
be made at the moment, as the degree of ordering over the AlFe and A sites is not
known fo¡ individual samples. More crystal structure work is needed to test this
model at a fulll' quantitative level.

Peak A (the doublet at æ3640 cm-1) has been left unassigned in Table 80. The
characteristic aspects of this peak are the strong polarization dependence of the
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intensity (again Ell[001]) and the fairly high energy (indicative of a weak hyd.rogen

bond). \Me saw earlier that in boron-free vesuvianite, there are two distinct channel
arrangements that involve the following configurations around O(10):

1. n -B-O(10). . .H. . .O(10)-B-{r

2. ! -H-O(10)-tr -O(10)-H-tr

Configuration (1) gives rise to the peak G. In configuration (2), the bond-valence to
O(10) is approximately equal to unity, exclusive of the hvdrogen atom associated

with O(iO). This indicates that any hydrogen-bonding will be weak, and thus the
principal stretching band will be of high energy; this suggests that band A can

be assigned to this configuration. Furthermore, this band is very sharp, another
feature indicative of weak hydrogen-bonding. If we examine the local environment
around O(i0) in configuration (2), we see that there is no anion along the channel
that is close enough to hydrogen bond to O(10), and consequently the hydrogen
bonding must be to an anion off the channel axis, suggesting that the hydrogen
in this arrangement is slightly positionally disordered off the axis to attain the
necessary configuration. This would account for the polarization dependence of the
A band, which has a strong intensity when Ell[001] and a much weaker intensity
when El[001]. However, the reason for the occurrence of a doublet is not ciear;
perhaps this is due to occupancy of the Ca(3) site by a another cation (Na?) in
addition to Ca.
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4.7 General Surnmary

We can summarize the principal conclusions (and remaining questions) as follows:

1. The general chemical formula of vesuvianite can be written thus:

XrsYi. 21s Ts-5 Ooa (OH, O)ro

where X: Ca, Na, Ln, Pb2+, Sbt+

Y: Ai, Mg, Fe3+, F.r*, Tin*, Mn, Cu, Zn

::"T:B

Important aspects of this work are the discovery of B as a significant compo-
nent in some vesuvianites, and its effect on the rest of the chemistry via the
substitution:

B3++Mg'*+2H++Al3+

Also, the details of the possible channel configurations have been identified,
and their effect on the OH content is nou, understood. Similarly, the site-
occupancJ' restrictions indicated b¡' the above definitions for X, Y and Z have
been established as generally applicable for vesuvianites from all environments.
AII vesuvianites shou'optical evidence of biaxiai symmetry, although optic ax-
ial angles show great variation. Group theory may be used to determine the
possible space group svmmetries of vesuvianite. Measurements of the orien_

tation of the optic axial plane preclude orthorhombic symmetry, and thus the
space g¡oups P2ln, Pn, P2, P1 and Pl are possible. However. efforts to re-

fine biaxial vesuvianite in non-tetragonal space groups produced no significant
improvement in the refined models. The next step is to examine these cr.ystals

bv HRTEIVI to look for possible low-symmetry domain structures.
Details of the substitution of B into the structure are now known, although
details of the substitution at the atomic level are not completely clear. Boron

2.
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occllrs in both tetrahedral and triangula¡ coordination, and its incorporation
into the structure is associated with significant local disorder.

4. The wide variations seen in infrared spectra of vesuvianite are shown to be due
to seven (principal) OH-stretching bands that can be assigned to the hydrogen-
bond configurations within the structure. Substitution of B by the 83+ *
Mg'* i= 2H+ + Al3+ substitution drastically effects the infrared spectrum
because of the selecti.ue replacement of specific H configurations. It is the
substitution of B (previously unrecognized) that results in the wide variation
in appearance of the vesuvianite spectra.

Although significant advances in the crystal chemistry of vesuvianite haye re-
sulted from this studl', the follou'ing research is necessary:

1. Further structure refinements on the known boron-bearing vesuvianites to try
and completelv elucidate the substitution mechanism.

2. HRTEM work to examine the stronglv non-tetragonal vesuvianites for short_

range domain st¡uctures, as the crystal st¡ucture has shown that the non-
tetragonal aspects of the structure are not long-range.
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VESUVIANITE SAMPLES

Sample Count,ry Locality Source

V1
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v3
V4
v5
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V9

v10
vl1
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,1 ,,

t, ,,

,, 22

2' ,,

,, ,,
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tt t2

t, t,

), ,,
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Mount St. Hilaire, PQ
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tt tt

Quebec
Templeton Twp., Ottawa Co., PQ

tt t, tt

t, ,, 7'
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Richardson Mountains, YT

t, t, tt

Silent Lake Mine, Raft River, BC
Flye's Island, Charlotte Co., NB
Marne Claims, NT
Turnback Lake, NT
Long Lake Mine, Olden Twp., ON
York River, Dungannon Twp., ON
Black Lake, Megantic 

""., ",,O

Coleraine Twp., Megantic Co., pe
Jeffrey Mine, Richmond Co.,, Pe

S.G. Baker Collection
Royal Ontario Museum (MS460)

P. Lhotka
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tt

,,
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VESUVIANITE SAMPLES

Sample Country Locality Source

v37
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Hindubagh, BaÌuchistan

Chichibu Mine, Saitama Pref.

Magadi

Cerro Los Muerlos, Chihuahua
Laguna del Jaco, Chihuahua

tt tt

Othuren

Stromsheia, Setesdal

??

Langban

Feng Tien Mine

Brooks Mountains, AK
Seward Peninsula, AK
Magnet Cove, AR
Big Sandy Draw, Mahave Co., -êtZ

Bill rtraley Mine, Tulare Co., CA
Butte Co., 

"O ,, 1,

El Dorado Co., CA
Plumas Co., CA
Tulare Co., CA
Italian Mountains, CO
Sanford, York Co., ME 

,,

Woodstock, ME
Flanklin, Sussex Co., NJ

Royal,onta::" t"ï"* (M5442)
(M1e263)

purchased

Royal Ontario Museum (E1541)

(M21515)

(M26108)

(M32e14)

" " (MlgooL)
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Royal Ontario Museum (M31?45)

,t
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(M28255)
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*"'l,""'"li -", * 
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(M5453)
B. Dutrow
RoTal,Ontario Museum (M5448)

(M151e3)

t, tt ,,

tt tt tt
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VESUVIANITE SAMPLES

Sample Country Locality Source

v67
v68
v69
v70
v77
v72

v73
v74

v75

,,

,,

,,

tt

,,

t,

USSR
t,

?

Ludwig, NV
Amity, Orange Co., NY
Olmstedville, Essex Co., NY
Mt. Belvidere, Eden Mills, VT

???

Lupikko, Fennoscandia
'Wilui River, Yakutskaya ASSR

purchased

RoÏal,Ontario Museum (M28637)

(M5461)
tt " " (M21483)
)' " " (M313sg)

Dr. B. Chakomakous

Royal Ontario Museum (M23644)
purchased

Royal Ontario Museum (M22188)?
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Appendix B

VESUVIANITE SAMPLE DESCRIPTIONS

ABBREVIATIONS USED IN APPENDIX B

("), identified with EDS

(e), identified with Gandolfi camera
(w): identified with WDS
(*)r identified with XRD

Crystal dimensions are in order from smallest to largest. In some
cases a dimension is labelled as being associated with a particu-
lar axis. Forms are listed in order of decreasing area. Forms of
approximatel5' equal area are not separated by commas.
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Sample Colour Habit Size

V1 yellow-green massive, with
irregular crystal

faces

(1 mm

v2 yellow-brown irregular prisms,

striated ll Z
upto6mmxZmm

V3 light green mi c ro cryst alline
aggregate

\/4 dark green prismatic crystal,
coarsely striateà ll Z

3cmx4cmxScm(Z)

v5 dark brown prismatic crystal Tmmx9mmx2cm(Z)

\¡6 dark brown to
black

prismatic cr5'stal,

striated ll Z
4mmx4mm

\/7 dark brown masslve uptoTmmxTmm

V8 dark green st,riated prismatic
crystals

up to 8 mm wide

V9 light to dark
green, purple

granular aggregate

with some irregular
crystals

(1 mm

vI0 light green striated prismatic
crystaìs

lmmx4mm

\/ 11 lighi green 3mmx3.5mmxTm.m(Z)

VESUVIANITE SAMPLE DESCRIPTIONS

v72 light green prismatic crystals,

striated ll Z
2.5 mm x 5 mm (Z)

vl3 dark brown prismatic crystals,

finely striateà ll Z
uptoSmmxSmmxl.3crr:.(Z)

\¡14 light green masslve

v15 light purple masslve

v16 light green irregular crystals,

striated ll Z
2.5mmx6mm
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Sample Forms Inclusions Associated Minerals

V1 quartz

v2 {001}, {100} (indisrincr)

V3 clinochlore* clinochlore'c

v4

V5 {100}, {110}, {001} + orhers galenas

V6 {1oo}, {110} diopside*, pyritec

v7 {100}, {r10} (indistinct)

v8 {roo}, {oo1}, i11o} crystals are rimmed
with garnet

V9 andradite*, chromite",
grossulars (?)

v10 many forms apatite' almandine*, chrysotiles,
diopside*

\¡1 1

v72 many forms

v13 {100}, {101}, {001},
sometimes {1L0}

lizardites

v14

v15

v16 grossulars

VESUVIANITE SAMPLE DESCRIPTiONS
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Sampìe Colour Habit Size

v77 light green masslve, or ln
radiating aggregates

0.5 mm x 5 mm (Z)

v18 light green prismatic crystals up to 0.5 mm x 2 mm (Z)

v19 brown radiating aggregates

of prismatic crystals,

finely striated ll Z

up to 0.5 mm x 3 mm (Z)

v20 brown radiating aggregates

of prismatic crystals,

finel¡'striated ll Z

up to 0.5 mm x 3 mrn (Z)

v27 light green to pink
(along edges)

masstve

v22 light yellow-green massive with poorly
developed crystals
(often finely striated)

up to 1 cm in length

v23 light green striated prismatic
crystals

5mm x 5mm x 2.5crn(Z)

v24 yellow masslve

v25 yellow' poorly developed

prismatic crystals
upto5mrnxlcm

v26 yellow-green radiating aggregates

of acicular crystals
up to 0.2 mm x a mm (Z)

v27 yellow-brown columnar crystals lmmxSrnm(Z)

v28 brown fractured prismatic
crystals

up to 1.8 cm x 2.6 cm (Z)

v29 brown prismatic crystals up to 1 cm x 2.5 cm (Z)

v30 black massive with
subconchoidal fracture

6mmx6mm

v31 brown prismatic crystals 6mm x 7mm x l.2cm(Z)

v32 dark brown coarsely striated
prismatic crystals

up to 1 cm wide

VESUVIANITE SAMPLE DESCRIPTIONS
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Sample Forms Inclusions Associated Minerals

\¡17

v18 man5'forms

v19

v20

v27 some poorly developed forms

v22 many complex forms

v23 {100}, {110i + many others

v24

v25

\¡26 apatite", apophyllite',
pectolite*

v27

v28 {100}, {001}, sometimes {110}
and {101}

quartz'

v29 {100}, {001}, {110}, {101} quartz

\¡30 {1oo}, {110) cuspidine* (?) quartz

v31 {1oo}, {ooi}, {110}, {101} quartz

\¡32 {1oo}, io01}

VESUVIANITE SAMPLE DESCRIPTIONS

777



Sample Colour Habit Size

\f2t Iight brown to

green

masstve 4mmx5mm

\¡34 Iight to dark

Sreen

radiating aggregates

of acicular crystals

up to 0.5 mm x I cm (Z)

\¡35 dark brown masslve (8 mm

v36 dark green prismatic cr¡'stals 2cmx 2cm x 1.5cm(Z)

v37 pale green prismatic crystals 4mm x 4mm x 1.7cm(Z)

v38 dark brown-green prismatic crystals

(often finely striated)
<7 mm (X)

\¡39 dark brown prismatic crystals,

finely striated ll Z
3mm x 3mm x arr.m(Z)

v40 brown prismatic crystals (3.5 mm (X)

v41 light green granular aggregat,e (5 mm across

v42 brown masstve

v43 yellou' granular aggregate (8 mm across

Y44 yellow masslve

v45 yellow prismatic crystals (1.3 cm (X) x 7.2 cm (Z)

v46 ¡'ellovr' massive with some

irregular crystals

v47 light brown masstve

v48 dark green to
light blue

massive, with some

coarsell' striated
crystal faces

v49 light blue masstve

v50 red granular aggregate up to (1 mm across

Võ1 light green prismatic crystals,

finelv striated ll Z
2mmx2mmx1,cm(Z)

v52 dark green granular aggregate

VESUVIANITE SAMPLE DESCRIPTIONS
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Sample

chrysotilex

Inclusions Associated Minerals

calcite", fluorite. fluorites, orthoclase,
phlogopites

{101}, {oo1i, {112}

{100}, {101}, smail {oo1}

{100} i101} {110} {001}

V3e | {too}, iool}, {110} + orhers

{1oo} {1io} {oo1} {101} grossular", phlogopite"

{oo1}, {110}, {100}, {101}

hausmannite*A

Many prism faces: large {001},
small {101} and {111}

VESUViANITE SAMPLE DESCRIPTIONS
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Sample Colour Habit Size

v53 dark brown masslve

v54 light yellow-brown masstve

v55 light brown radiating aggregates of
prismatic crystals,

striated ll Z

5mm x 3cm(Z)

v56 black massive with some poorly
developed crystal
faces

faces up to 5 mm across

võt Iighl green prismatic crystals lcmxlcmxTmm

v58 light green microcrystalline aggregate

\¡59 Sreen prismatic crystals 3cm x 3cm x 1,.5lr.m(Z)

v60 yellow masstve

v61 yellow-brown masslve (5mmx7mm

\¡62 light yellow-brown masstve

v63 dark brown prismatic crystals 6mmx6mmxlcrr.(Z)
v64 light yellow-brown massive aggregate of

acicular crystals, finely
striated ll Z

VESUViANITE SAMPLE DESCRIPTIONS

acicular crystalsdark green to
light blue

dark to light blue acicular crystals

Iighi green masslve

mlcfoscoPrc

(0.1 mmxl.mm

prismatic crystals,

coarsely striated ll Z
2 cm (Z)

prismatic crystals

dark brown

774
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Sample Forms lnclusions Associated Minerals

v53 orthoclase*, quartz

v54 perovskite*'

v55 quartz

v56 calcites, diopsider,
loellingites, pyrrhotitee

v57 {101i, {001}, {112} calcite'*', cuspidine*',
diopside'', monticellite. .

wollastonite'

v58 grossularE

\¡59 {101}, {oo1}, {112} clinochlore*' quartz

v60 diopside*, grossular"

v61 grossularE

v62 diopside* clinochlores, diopsides

v63

v64 quartz

v65

v66 andradite*

v67 calcite", grossularß,

hedenbergitss, willemite.,

v68 diopside* diopsidec

v69 quartz

v70 diopside (?)

VESUViANITE SAMPLE DESCRIPTIONS
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Sample Colour Habit Size

v71 light green prismatic crystals 6 mm.x 6 mm x 2.5 cm (Z)

v72 blacli massive with
conchoidal fracture

v73 light brou'n massive with some

prismatic crystals
l..2mm X 2mm

v74 dark green prismatic crystals, often
faintly striated ll X;
step features seen on

{100} and {ii0}

11 mmxL1 mmx16mm
to

2.2 crn x 2.2 cm x 4.2 cm (Z)

v75 light green microcrystalline aggregate

VESUVIANITE SAÀ4PLE DESCRIPTIONS

Inclusions

{100}. {001}. {110} phlogopite''

{100}, {110}, {101}, {oo1};
on some smaller

crystals the order is

{1oo}, {oo1}, {101}, {110}

chrysotile*, grossularß

i 100 i, { i1o} andradite*', diopside*

apatite", calcite.,,

diopside', zircon.
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Appendix C

VESUVIANITE OPTICAL DESCRIPTIONS

ABBREVIATIONS USED IN APPENDIX C

(k): 2lz determined using Kamb's method
(r)r 2V determined using spindle stage

Colours are those seen in plane polarized light (sections (500 ¡rm
thick)- Multiple entries under colour refer to different sections; re-
marks that applv to only one section are labelled (i.e. (1)). All 2Vs
were determined using Tobi's method unless otherwise indicated-
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Sample Colour Sign 2t/ () Remarks

V1 light brown

v2 colourless to light yellow 13, 13, 17, 19 faint banding near

heavily fractured
rrm

V3 light brown to green microcrystalline

v4 yellow-brown L2, 16, 27 11, 24 variable 2Vs

heaviìy fractured

V5 light brown 7 (core)

8, 16, 19 (rim)
blocky-zoned (?)

faint banding near rim
undulose extinction

V6 light brown 8, 13, 18, 21 (rim) diopside, pyrite, quartz
inclusions

v7 dark brown 6,6,8 wide banding near rim
man¡' regular fractures
quartz inclusions

V8 coìourless

light brown

large 2I¡ (rim)

6,8,9

probably sector-zoned

some banding seen

Vg I colourless to green

purple

microcrystalline; grains
(0.2 mm in diameter

microcrystalline; grains
(0.06 mm in diameter

VESUVIANITE OPTICAL DESCRIPTIONS

v10 colourless to light yellow-

v11 colourless (9 (core)

24 (core near rim)
29-31 (rim)

32.8(4). (V113)

blocky-zoned

undulose extinction

v't2 colourless 30-33 (core)

10. L2,1e ((101))

3?. a0 (rim)

blocky-zoned

dispersion r(r' (core),

rcv ((i01) and rim)
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Sample Colour Sign 2rr () Remarks

v13 colourless to pale yellow' 0-10 (rim)
36, 36 ((101))

60-62k (rim)

sector-zoned

core appears uniaxial
wide, complex (101) zone

narrow (t10) zone

dispersion r6v ((rOr)),
r(r' (core and rim)

v14 colourless

colourless

18, 18 (core)

431 43, a3 (rim)

19-21 (core)

41, 45 (rim)

some fine banding
undulose extinction
dispersion r(v (core),

r(v (rim)

v15 colourless to light yellow

\¡1 6 colourless 0->60 blocky-zoning

undulose extinction
variable 2lls

v17 colourless blocky-zoned (?)

vl8 colourless to light yellow

v19 colourless to light yellow blocky-zoned

v20 yellow

\¡21 colourless with pink edges Iarge 2Ll

62. i (3)'

blocky-zoned (?)

\/rt yellow blocky-zoned (?)

v23 colourless

colourless

13 (core)

15-20 ((101))

ìarge 2Il (rim)

21 (core)

16-21 ((101))

a8 (rim)

62.1(3). V23"

blocky-zoned

rudimentary core (1)

dispersion r<v ((101)) (2)

VESUVIANITE OPTICAL DESCRIPTIONS

779



VESUVIANITE OPTICAL DESCRIPTIONS

Sample Colour Sign 21t () Remarks

v24 yellow

v25 colourless to light yellovr

v26 colourless to yelìow very fibrous

v27 pleochroic yellow to pink 45

v28 medium brown 14, 14, T4 unusual fracture pattern
quarta inclusions

v29 medium brown A a
I, 10, 12, 13 quartz incìusions

v30 medium brown + Iarge 2I fine banding near edge

v31 light brown

light brown

10, 11 11, 11

0-'J.7

wide banding near edge

undulose extinction
unusual fracture pattern
quartz inclusions

v32 light brown

light brown

9, 11, 23

0-10 (core)

1a (rim)

blocky-zoned (?)

wide banding near rim
undulose extinction
dispersion rcv (rim) (2)

v33 colourless 11, 13, T4, 21 fine banding around rim

v34 yellow-brown heavill' fractured

v35 light brown

medium brown

medium brown

9,10,11, L3

0-7

(, 10

v36 light green large 2V

v37 colourless to light yellou'

v38 yellou'to brown large 2I fine banding

v39 light brown Iarge 2l undulose extinction

\¡40 Iight to medium brown 9 (core)

15, 16 (rim)
fine banding
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Sample Colour Sign z\'. (") Remarks

v41 colourless to light green large 2\r blocky-zoned

v42 pleochroic pink to green

v43 colourless

Iight green

v44 colourless 18 some fi.ne banding

v45 colourless to light yellow + large 2l' sector-zoned

fine banding near edge

v46 colourless large 2Ír fine banding near edge

v47 light brown 13-16

v48

v49 light blue 0-5

v50 red

v51

vs2

v53

v54 colourless io light brown large 2lr

v55 medium brown 0-5 some wide banding

v56 dark brown

v57 colourless to light brown 16

v58 colourless to light green microcrystalline

v59 colourless to light green some banding near edge

v60 light brown

v61 medium brown

v62 pleochroic colourless to

light yellow
Large 2I/

VESUVIANITE OPTICAL DESCRIPTIONS

181



Sample Colour Sign 2V (") Remarks

v63 light brown

v64 yellow-brown 0-10 heavily fractured

v65 yellow-brown 0 (?)

v66 blue fibrous

v67 dark blue fibrous

v68 colourless

v69 light brown

v70 light brown

\r71 pale green sector-zoned

fine banding near edge

many grossular inchrsions

v72 light brown many inclusions

v73 brown 0-5

v74 dark green +
+

0-10 (core)

10-25 ((110) and rim)
sector-zoned

fine banding

grossular inclusions

v75 light green microcrystalline

VESUVIANITE OPTICAL DESCRIPTIONS
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Appendix D

EDS ANALYSES OF VESUVIANITE (UM)

ABBREVIATIONS USED IN APPENDIX D

ÐX : (Ca*Na*Kt-REE*Pb+Bi+Th+U)
ÐY : (Al*Ti*Mg*Mn*Fe*Cr*Cu*Zn)
ÐZ: (Si)

Fe2O3 values are derived from total Fe (by EDS) and bulk Fet+ (by
wet chemistry). The analyses are normalized to S0-cations (less B,
S) and 78 anions per formula unit.
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QUANTITATIVE EDS RESULTS (UM)

\¡1-1M V1-2M V1_3¡r V1_4rr V1_5M \/1_6Nr V1_7v Vl_gM V1_gv v1_i0M

sio2
Al2o3
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CaO

So¡
CI

HrO''

O:Cl

36.4

17.3

2.0

3.9

36.1

3.1

36.3

17.3

1.5

0.1

4.2

36.2

36.3

1.7.2

7.7

4.2

36.2

36.4

1.7.2

1.7

4.3

36.5

JO.Ð

'J.7.0

2.r

3.8

36.4

3 7.1

77.2

t2

2Z

36.6

0.2

0.1

3.0

37.1

77.1

,A

36.6

3.1

36.7

77.1

2.4

3.4

36.6

0.1

0.1

3.13.23.23.13.1

36.9 36.5

17.0 77.1

2.4 2.4

'¡ '_,

36.6 36.4

0.2

0.1 0.2

3.0 3.2

98.8 98.7 98.7 99.3 99.8 99.5

0.0

99.0 100.0

- 0.0

99.8 99.4

0.0 0.0

TOTAL 98.8 98.7 98.7 99.3 99.0 100.0 99.8 99.5 99.8 99.4

Si++

Al3+

Ti++

Mg'+
Mn2-i

-le'1

Fec+

Cr3-
\Ja-'

s6+

cl-
oH-.'
o

17.89 77 .92

10.02 10.06

1.47 1.10

- 0.04

t_uo tlt

19.01 19.14

rore rorr
67.81 67.89

19.01 19.14

13.10 12.94

77.89 17.92

17.90 17.86

10.00 9.95

1.25 1..24

,.: ;:t

19.12 19.19

to¿t ro¡s
67.79 67.66

79.72 19.19

12.98 12.95

77.90 i7.86

77.92 18.02

9.84 9.85

1.54 7.67

'-', 
;:,

19.15 19.05

- 0.07

- 0.08

10.33 9.60

67.67 68.32

Statistics

19.15 19.05

12.93 12.93

77.92 18.02

18.01 17.90

9.79 9.83

r.74 7.7s

;:, ,_,,

19.04 19.13

- 0.04

- 0.08

10.19 10.06

67.81 67.86

L7.96 17.85

9.75 9.86

L.74 '1,.7-õ

;: ;:,

19.08 19.07

0.07

0.08 0.!7
9.81 10.28

68.10 67.55

'XÐY
ÐZ

19.04 i9.13

72.94 12.97

18.01 1,7.90

19.08 19.07

72.96 13.08

17.96 17.85

''Calculated for charge balance.
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QUANTITATIVE EDS RESULTS (UM)

v1-11.Àf \/1-12n¡ \/1-13rvr VL-14¡,.r V1-15M V1_16M \¡1_17v V1_1gM V1_1gM V1_20M

sio,
AI203
Tio,
Mgo
lvlnO

FeO

Fe2O3

Cr203
CaO

Soc
C1

Hrot'

O:Cl

36.6

77.2

0.2

7.4

0.2

4.4

36.1

36.5

17.4

0.3
ata.J

4.3

36.1

36.6
'J.7.6

1.6

4.3

36.1

36.5

17.4

0.3

1.5

0.1

4.2

36.2

36.6

17.4

0.2

1.5

4.2

36.1

36.8

17.3

2.1

3.9

36.5

36.8

77.4

2.4

3.6

36.7

36.8
't7.5

1.9

4.2

36.5

3.13.23.23.03.03.02.93.0

36.7 36.7
'J.7.1 1.7.3

2.'J. 1.9

s.z 3.7

36; ¡0.+

3.1 3.1

99.1 98.8 oo .) oot 99.0 99.8 100.1 100.0 99.0 99.1

TOTAL 99.1 98.8 99.2 99-2 99.0 99.8 100.1 100.0 99.0 99.1

Si4+

Al3+
Ti4+
Mgt+
Mn2*
Fez+

Fe3*

Cr3+

Ca2*

Sc+

ct-
oH-'
o

18.01 'J.7.99

9.97 10.11

0.07 0.11

1.03 0.96

0.08

1.81 7.77

19.03 19.06

9.87 9.69

68.13 68.31

17.94 1,7.92

10.17 10.07

- 0.11
'J..77 1.10

- 0.04

':u ':'

18.96 19.04

gss g¡e
68.05 68.12

18.00 1.7.92

10.08 9.93

0.07

1.10 1..52

tjt r_rn

19.02 19.04

sja nt+
68.22 67.76

Statistics

19.02 19.04

L2.98 13.04

18.00 't7.92

17.83 17.89

9.93 70.02

'J..73 1.38

'j' ;:'

19.05 19.01

10.41 1.0-27

67.59 67.79

19.05 19.01

73.t2 13.10

17.83 17.89

18.00 77.99

9.88 9.99

7.54 1.39

1.52 1..52

rg¡z rgr r

10.13 10.03

67 .87 67.97

19.07 19.11

12.93 12.90

18.00 't7.99

DX

'YÐZ

19.03 19.06
"t2.97 12.94

18.01 18.00

18.96 19.04

13.10 13.04

17 -94 'J.7 -92

r'Calculated for charge balance.
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QUANTITATIVE EDS RESULTS (UM)

v3-lN4 v3-2M V3-3Nf V3-4v V3_5M V3-6À{ \¡3_7M V3_8M V3_9M V3_10M

sio,
Al203
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CaO

SO.

CI

H:O"

O:Cl

36.9

16.6

4.0

0.2

1.8

37.7

36.8

16.8

4.0

0.2

1.6

37.3

0.2

3.1

36.7

16.2

4.0

0.2

2.0

37.2

36.9

17.0

3.8

0.1

1.3

37.2

0.5

2.8

36.7

16.5

4.0

0.2

1.9

37.0

0.5

2.9

37.1

1b. t

3.8

0.2

2.7

ta 1

0.3

0.1

90

36.6

16.6

4.0

0.2

2.2

36.9

36.9

16.4

4.2

0.2

1.9

37.2

0.2

0.1

3.1
at3.2

36.7 36.9

I7.1. 16.3

4.1. 4.0

0., 0J
1.6 2.3

37.0 37.1

0.2

3.1 3.2

99.8 100.0 99.6 99.6 99.7 100.3
_ 0.0

99.7 100.2

- 0.0

100.0 100.1

TOTAL 99.8 100.0 99.6 99.6 99.7 100.3 99.7 100.2 100.0 100.1

Si++

Al3+

Ti4+

Mg'+
Mn2*
¡e-'

Fe¡+

Cr3f
C¿2*

Sc+

cl*
oH-,'
o

't7.79 77.7L

9.43 9.53

2.88 2.87

o¡s o¡s
0.65 0.58

79.77 79.23

- 0.07

10.33 10.04

67.67 67.96

19.17 79.23

13.04 13.06

17.79 77.71

77.77 1,7.82

9.24 9.68

2.89 2.74

o¡e o¡¿
0.73 0.47

19.29 19-25

- 0.18

10.50 9.1.2

67.50 68.88

't7.76 17.85

9.41 9.47

2.88 2.72

o¡e o¡e
0.69 0.76

19.18 19.1.2

0.18 0.11

- 0.08

9.30 19.35

68.70 68.57

Statistics

19.18

13.06

17.76

17.68 77.75

9.45 9.30

2.88 3.01

o¡e o¡e
0.80 0.69

19.10 'J.9.17

- 0.07

- 0.08

10.38 10.00

67.62 67.92

17.65 17.77

9.69 9.25

2.94 2.87

o¡a 0.12

0.58 0.83

19.06 19.15

0.07

10.00 10.37

68.00 67.63

'X
'YÐz

19.29 19.25

72.94 12.93

77.77 't7.82

L9.12

13.03

17.85

19.10 19.17

73.22 13.08

17.68 17.75

19.06 19.15
'J-3.29 13.08

17.65 77.77

1'Calculated for charge balance.
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QUANTITATIVE EDS RESULTS (UM)

V10-1rrr \/10-2r'a v10-3M v10-4M v10-5M v12-LM v1,z-zM vL2-3M v7z-4M v12-sM

sio,
Al?03
Tio,
Mso
MnO
FeO

Fe2O3

Cr2O3

CaO

So¡
CI

HrO''

O:Cl

37.0

18-2

,,
0.4
,.,

36.6

36.9

1.7.9

o2

0.4
Ð?

36.6

3.1

36.7

18.3

2.1

0.5
,t

36.6

36.5

17.5

0.1

2.3

0.3

2.4

36.4

3.0

Jb. /

77.9

2.2

0.5

2.6

36.6

3.1

37.4

18.9

2.8

1.0

37.0

37.0

18.6

2.4

"J..2

37.1

3.0

37.3

18.6

2.4

0.2

r.4

37.2

37.0 37.r

18.7 18.8

2.6 2.5

0.2

'-',-'

37.1 37.2

.)o3.13.03.03.03.0

99.6 99.5 99.4 98.5 99.6 100.1 99.3 100.1 100.0 99.4

TOTAL 99.6 99.5 99.4 98.5 99.6 100.1 99.3 100.1 100.0 99.4

Si4+

Al3+
Ti++

Mgt+
Mn2*
Fe3*

Fe3*

Crs+
\Ja-'

So+

cl-
oH-''
o

t7.94

10.40

1.59

0.16

0.89

19.01 19.05 19.06

13.05 13.02 13.10

17.94 17.93 17.84

17.93 1.7 .84 1,7 .97

10.25 10.48 10.12

0.04

L.67 7.52 L.68

0.16 0.27 0.72

o_n'o-'no_n'

77.84 'J.7.92

10.25 10.68

1.59 2.00

0.2t
1.06 0.40

19.06 19.00

10.08 9.48

67.92 68.52

Statistics

19.06 19.00

13.10 13.08

77.84 1,7.92

77.92 17.93

10.62 10.54

'1..73 7-72

- 0.08

oj'

19.25 19.16

sss s-5e

68.45 68.41

19.25 19.16

12.83 12.91

77.92 17.93

17.80 L7.91

10.60 10.69

1.86 1.80

0.08

o':' o_ru

19.12 't9.24

sts s.4s

68.21 68.51

19.01 19.05 19.06 19.14

9.72 9.89 9.84 9.98

68.28 68.11 68.16 68.02

sl\¡

'YÐZ

19.14

12.95

77.97

79.1.2 't9.24

13.08 12.85

17.80 17.91

1'Calculated for charge balance.
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QUANTTTATiVE EDS RESUTTS (Uh{)

\¡1'2-6u v'12-7', \¡12-8M \¡12-9Mv12-1iJMv12-11,Mvt2-1,2vv12-13*\r-J,2-l4Mv12-15M

sio,
AI2O3

Tio,
Meo
MnO
FeO

Fe203

Cr2O3

CaO

So.
C1

H:o''

O:Cl

37.1

79.2

2.5

0.9

37.0

37.2

19.0

2.6

0.9

37.7

2.9

37.2

18.8

2.6

1.1

37.1

37.2

18.7

2.6

7.2

37.3

3 7.1

18.6

or

0.1

1.1

37.2

3.0

37.0

19.1

t^

1.1

37.1

37.3

18.9

o(

0.9

to

37.2

19.1

2.6

1.0

37.2

3.03.03.03.02.9

37.5 37.4

19.1 18.6

,'7 0,t

0.8 1.0

37.3 37.4

3; 3;

99.6 99.7 99.6 99.799.8 100.0 99.8 100.1 100.4 100.1

TOTAL 99.6 99.7 99.8 100.0 99.6 99.7 99.8 100.1 100.4 100.1

Si++

Als+
Ti++

Mgt+
Mn2*
Fe?+

Fe3+

C13+

Ca2*

S6+

ct-
oH-*
o

17.86 17.89

10.89 10.77

7.79 1.86

,_trt_t,

19.09 79.12

9.38 9.4:õ

68.62 68.55

19.09 79.72

13.0õ 12.99

17.86 17.89

17.90 77.87

10.66 10.59

1.87 1.86

;: 
'--'

19.13 19.20

gsn s-62

68.46 68.33

19.13 19.20

L2.97 12.93

17.90 17 .87

17.90 77.83

10.58 10.85

1.80 7.72

0.04

o:n o.:n

1.9.23 19.15

s^61 g.4g

68.39 68.s1

Statistics

19.23 19.15

1.2.87 13.02

17.90 I 7.83

17.93 17.84

10.71 10.79

1.79 1.86

,_ttr_-,

19.21 19.11

9.43 9.53

68.57 68.47

79 .27 19.11

72.86 13.05

i7.93 77.84

77.9t 77.94

10.75 10.51

1.92 1.93

0.32 o.+O

19.09 19-22

9.42 9.61

68.58 68.39

19.09 79.22

13.00 72.84

17.91 77.94

ÐX
ÐY
DZ

''Calculated for charge balance.
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QUANTiTATIVE EDS RESULTS (UM)

v14-1M v14-2¡"r v14-3M v14-4M v14-5M V14-6v v'J.4-TM v14-8v v14-9Mv14-10M

sio,
Al2O3

Tio,
Mgo
MnO
FeO

Fe2O3

Cr2O3

CaO

SO"

CI

HrO''

O:Cl

37.4

18.5

2.8

0.2

1.2

37.3

18.6

2.6

0.2

1.1

37.0

2' 2

L8.5

2.8

0.2

1.1

37.2

37.t

18.8

2.8

0.2

0.8

2a e

37.2

18.5

2.7

0.2

1.2

37.0

19.0

2.6

0.2

0.9

2a a

18.6

2.6

0.2

7.2

37.2

37.4

18.4

,.7

0.3
1ar.o

37.2 37.2

18.4 19.1

2.6 2.s

o; o-.2

1.3 0.8

37.1 37.1

2.92.92.93.09q3.0to2.8to
2.8

100.3 99.6 100.0 100.2 100.0 100.2 100.0 100.2 99.8 99.7

TOTAL 100.3 99.6 100.0 100.2 100.0 'J.00.2 100.0 100.2 99.8 99.7

Si++

Al3+
Ti++
Mg'+
Mn?*
Fe2*

Fe3*

Cr3+
\Ja- ¡

S6+

ct-
OH_'.
o

77.91 17.98 77.9't. 17.77

1,0.44 10.57 70.47 10.61

2.00 1.87 2.00 2.00

o¡s o¡s o¡a o¡s
0.43 0.40 0.40 0.29

t9.74 19.11 19.14 19.25

77.87 77.74

10.48 10.7 4

1.93 1.86

o¡e o¡s
0.43 0.32

19.20 1.9.26

e3+ s.4o

68.66 68.54

Statistics

19.20 79.26

12.93 13.00

17.87 77.74

77.93 17.95

10.54 10.41

1.86 1-93

o¡e 0.72

0.43 0.47

19.16 19.13

g.77 S2Z

68.83 68.77

9.31 9.08 9.31

68.69 68.92 68.69

1,9.14 19.11 79.14

12.95 't2.97 72.95

77.97 17.98 77.97

17.93 17.89

10.45 10.83

1.87 1..79

o.'t2 o¡a
0.47 0.29

19.16 79.12

s2z slo
68.78 68.90

19.16 19.1,2

12.97 L2.99

17.93 17.89

ÐX

'YÐz

9.56

68.44

79.25

12.98

1.7.77

19.16 19.13
'J.2.97 72.92

17.93 17.95

r'Calculated for charge balance.
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QUANTITATiVE EDS RESUTTS (UM)

v14-11Nrvl4-12Mv1'4-73¡"1 \¡16-1¡a v16-2M \¡16-3M v16-4M vl6-5M v41-1M v41-2M

sio,
AI203
Tio2
Meo
MnO
FeO

Fe2O3

Cr2O3

CaO

So"
CI

HrO''

O:Cl

37.2

19.1

2.6

0.2

0.9

37.4

2.9

37.3

18.8

2.8

0.1

0.7

37.2

37.2

18.7

2.6

0.2

0.9

37.2

36.6

1,7.4

2.2

0.4
90

37.0

36.6

77.3

t,

0.3

2.6

Jt.I

36.7

77.6

tt

0.3

2.7

37.0

36.8

77.3

t,

0.3
,,7

37.0

36.4

77.4

0.3

2.7

36.6

36.6 36.5

15.4 15.0

2.9 3.1

4.3 4.8

'.-,''_'

3.43.23.13.23.1?o2.990
J.O

100.3 99.8 99.7 99.7 98.8 99.7 99.4 99.0 99.2 100.0

TOTAL 100.3 99.8 99.7 99.7 98.8 99.7 99.4 99.0 99.2 100.0

Si4+

Al¡+
Ti4+

Mg'+
Mn2*
Fe?*

Fes+

Cr3*
Ca2*

SG+

cl-
oH-''
o

17.80 77 .92 17.92 17.80

70.77 10.64 10.61 9.97

1.85 2.00 7.87 1.60

o¡s o¡¿ o¡e Ï.ll
0.32 0.25 0.33

19.t7 19.74 L9.20 19.28

77.94 77.84

9.99 10.08

1.61 1.59

0.12 0.12

'-o''_'o

19.27 19.27

10.13 10.25

67.87 67.75

Statistics

't9.27 79.27

72.79 12.89

17.94 77.84

9.31

68.69

9.27 9.23 t0.42
68.73 68-77 67.58

17.93 17.81

9.93 10.03

1.60 1.7s

0.'J.2 0.1.2

1.10 1.10

19.31 19.18

70.21 10.36

67.79 67.64

19.31 19.18

72.76 13.0i
17.93 17.81

77.96 17.81

8.91 8.63

2.72 2.26

tjr t-r'

79.24 19.35

rr.rz rr:¡¡
66.83 66.25

19.24 19.35

12.80 1,2.84

L7.96 17.81

EX

'YÐz

19.17 19.14 19.20 19.28

13.03 1.2.94 12.88 12-92

17.80 77.92 't7.92 17.80

r'Calculated. for charge balance.
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QUANTITATIVE EDS RESULTS (UM)

v41-3M v41-4M V41-5rvr v54-1M v54-2M vs4-3M v54-4M \¡54-5v v58-1M v5g-2M

sio,
Al203
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CaO

SO"

CI

H:o''

O:CI

36.7

15.6

3.1

4.5

36.9

36.7

14.8

3.1

5.1

36.6

'E

36.6

15.1

3.0

4.7

36.7

36.4

76.2

0.4

3.0

4.3

36.8

36.0

16.5

0.4

3.1

3.8

36.4

36.5

16.4

0.6

3.1

4.7

36.3

36.4

16.2

0.7

3.4

4.L

36.5

36.1

16.4

0.5

3.1

3.8

36.4

37.0 37.7

78.7 18.9

2.8 2.8

0J 0;
1.1 1.1

37.7 36.9

2.93.4aÈtÀ3.43.52t .)(¡

100.3 99.8 99.6 100.6 99.6 100.4 100.8 99.7 99.899.7

TOTAL 100.3 99-8 99.6 100.6 99.6 100.4 100.8 99.7 99.7 99.8

si4+

AI3+

Ti4+

Mgt+
Mn2*
Fe?t

Fe3+

C¡3*
\/a-,

So+

cl-
oH-*
o

17.81 17.95

8.92 8.53

, ,^ , .re.

r¡s zìg

rsJg rsle

L7.92 77.62

8.71 9.24

- 0.15

2.'J.9 2.76

'J..92 'J..74

1,s-.25 r9-0g

19.09
't3.29

'J.7.62

17.55 17.68

9.48 9.36

0.15 0.22

2.25 2.24

1.55 1.66

'J.1.12 10.84

66.88 67.16

Statistics

19 .02 1 8.84 18.8 7

17.59 L7.81 17.84

9.42 10.61 10.71

0.18

2.25 2.01 2.01

1.55 0.04 0.04

- 0.40 0.40

19.00 19.13 19.01

ri¡s s3z s2,
66.97 68.63 68.78

19.00 19.13 19.01

1 3.41 13.06 1 3. 15

17.59 17.81 17.84

11.45 11.58 11.45 7I.23
66.55 66.42 66.55 . 66.77

17.56

9.27

0.25

2.45

1.65

11 .15

66.85

ÐX
ÐY
DZ

19.19 19.18 1,9 .25

13.00 "t2.87 12.83

17.81 I7.95 't7.92

19.02 18.84 18.87

13.43 13.48 'J.3.57

17.55 17.68 17.56

'*Calculated for charge balance.
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QUANTITATiVE EDS RESULTS (UM)

v58-3M v58-4M v58-5M v59-1M v59-2À{ v59-3Nr vs9-4M vsg-sM v60-1M v60-2M

sio,
Al2O3

Tio,
Mgo
MnO
FeO

Fe2 03

Cr2O3

CaO

SO.
Cì

H:o*

O=Cl

37.5

79.2

2.7

0.0

0.7

37.2

36.9

18.3

2.8

0.1
't.7

37.0

37.0

18.5

2.9

0.1

0.9

36.8

36.7

18.2

3.7

0.1

0.9

0.3

36.9

3.1

36.4

18. 1

3.7

0.2

7.2

0.1

37.7

36.3

1.7.7

3.8

0.2

1.5

0.3

36.8

0.2

,1

36.7

18.1

,5.1

0.1

0.9

0.2

37.0

36.5

18.0

ó,ð

0.1

0.9

0.5

36.9

a1o.t3.2,o2.92.8

35.8 36.2

16.6 16.8

3.7 3.7

0; 0;
3.1 3.1

36.2 36.5

- 0.3

3.2 3.0

100.1 99.7 99.1 99.9 100.0 99.9 99.9 99.5 99.2 100.2

TOTAL 100.1 99.7 99.1 99.9 100.0 99-9 99.9 99.5 99.2 100.2

Si4+

Al3+
Ti4+

Mg'+
Mn2*
Fe2*

Fes+

Cr3*
Caz*
S6+

cl-
oH-"
o

77.94 17.80

10.82 10.40

1.93 2-O7

o¡o o¡¿
0.25 0.62

19.06 19.72

9.05 9.38

68.9s 68.62

19.06 19-1,2

13.00 13.08

17.94 17.80

17.91 17.61

10.55 't0.29

2.09 2.65

o¡+ o¡+
0.33 0.32

- 0.11

19.08 18.97

9.31 10.0s

68.69 67.95

17.48 17.49

10.24 10.05

2.65 2.73

o¡e o¡e
0.43 0.54

0.04 0. 1 1

19.08 18.99

- 0.07

10.34 9.88

67.66 68.1.2

Statistics

19.08 18.99

73.44 13.52

17.48 1,7.49

77 .63 17.61

10.25 'J,0.24

2.65 2.52

o¡+ o¡+
0.33 0.33

0.08 0.19

19.04 19.08

10.10 10.02

67.90 67.98

17.46 17.50

9.54 9.57

2.69 2.67

otq o¿+
1.14 1.13

t8.92 18.90

- 0.11

10.39 9.66

67.61 68.34

ÐX

'YÐz

19.08 18.97

13.01 't3.42

17.91 17.61

19.04 19.08

13.33 13.31

17.63 77 61.

18.92 18.90

13.62 13.60

17.46 17.50

{'Caìculated for charge balance.
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QUANTITATIVE EDS RESULTS (UM)

v60-3M v60-4v v60-5M v68-1M v68-2M v68-3M v68-4M v6B-sM vzl-lM vlr-z-

sio2
Al2o3
Tio2
Meo
MnO
FeO

Fe2O3

Cr2O3

CaO

SO"

CI

HtO*

O:Cl

36.2

16.9

0.2

ó.!

0.6

3.2

36.2

0.2

3.0

36.2

16.6

0.3

3.6

0.7

36.2

0.2

3.0

36.2

76.7

0.2

3.6

0.6

3.2

36.2

0.2

3.0

36.7

18.2

3.9

1.0

36.7

37.1,

18.1

4.0

1.L

36.9

78.2

3.8

1..2

37.2

0.2

37.1.

18.0

4.3

0.9

37.7

3.4

37.0

77.9

1.8

37.0

36.8 36.5

75.7 15.6

3.0 3.0

- 0.1

4.5 4.6

0.2 0.2

'u-''u-n

?Ett3.2tta2
3.6

100.2 100.1 99.9 99.8 100.5 101.0 100.8 100.7 100.5 100.5

TOTAL 100.2 1.00.1 99.9 99.8 100.5 101.0 100.8 100.7 100.5 100.5

Sir+
Al3+
Tia+

Mg'+
\4n2+

Fe2+

Fe¡+

Cr3+

Caz*
So+

ct-
oH-*
o

't7.49 77.54

9.62 9.48

0.07 0.11

2.67 2-60

0.24 0.28

1.16 7.20

18.74 18.79

0.07 0.07

9.65 9.59

68.35 68.41

17.56 77.62

9.55 10.30

0.07

2.60 2.79

0.24 0.40

r.17

18.81 18.88

0.07

9.59 10.45

68.41 67 -55

17.69 17.68

10.17 10.20

2.84 2.69

0.44 0.48

ra3¡ re.gs

- 0.07

10.44 10.01

67.56 67.99

Statistics

18.85 18.95

13.46 13.37

77.69 17.68

77.63 17.66

10.08 10.07

3.05 2.63

0.36 0.72

re^8g re^gz

10.66 10.61

67.34 67.39

18.89 18.92

13.48 '1,3.42

17.63 17.66

77.84 1,7.72

8.97 8.93

2.17 2-77

- 0.04

1.82 1.87

0.08 0.08

79.72 19.19

't t.27 11 .55

66.73 66.45

ÐX
DY
Ðz

18.74 18.79

73.77 13.67

77.49 17.54

18.81 18.88

13.63 13.50

17.56 17.62

75.72 19.19

13.04 13.09

17.84 77.72

*Calculated for charge balance.
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QUANTiTATIVE EDS RESULTS (UM)

v7i-3M v71'-4M v?l-5N{ v75-1M v75-2M \¡25-3M vrs-4* vz5-5M \¡25-6r,¿ vzs-?À{

sio2
Al2o3
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CaO

SO"

CI

HrO"

O:Cl

36.6

15.5

3.0

4.4

0.1

36.8

óo.1

15.2

2.8

4.7

0.2

36.7

36.9

15.4

3.0

4.6

37.0

36.7

18.6

3.1

0.1

0.7

37.2

3.0

37.5

18.7

ta

0.2

1.0

36.9

37.2

18.7

3.2

0.1

0.6

37.4

37.4

18.7

3.2

0.2

0.8

37.6

ot.a

18.7

3.4

0.2

0.8

37.3

36.4 36.6

17.4 18.1

0.2

3.1 3.3

0.4 0.2

1.9 1.1

0.5

36.8 37.0

3.03.13.13.02.9,É3.43.5 3.1

99.9 99.7 100.4 100.1 100.2 101.0 100.7 99.7 99.499.4

TOTAL 99.9 99.7 100.4 99.4 100.1 100.2 101.0 100.7 99.7 99.4

Si++

Al3+
Ti++
Mg'+
Mn2*
Fez+

Fes+

Cr3*
Caz*
Sc+

cl-
oH-*
o

17.85 '1.7.96

8.91 8.76

2.18 2.04

tls L.92

0.04 0.08

19.23 79.24

11.36 11.25

66.64 66.75

1,7.97 77.69

8.81 10.57

2.77 2.23

r¡z o¡¿
- 0.25

19.24 19.22

1.7.37 g.7g

66.63 68.21

77.97 1,7.78

10.56 10.53

2.07 2-28

o¡e o¡+
0.36 0.22

18.95 19.15

9.13 9.69

68.8 7 68.31

Statistics

18.95 19.15

13.08 13.07

17.g'.i 77.78

'1.7.76 17.71

70.47 10.49

2.27 2.41

0.08 0.08

0.29 0.29

19.14 'J.9.02

g.72 S.8r

68.28 68.19

17.62 77.68

9.93 10.31

0.07

2.24 2.38

0.16 0.08

0.69 0.40

0.19

19.09 19.15

9.79 9.93

68.21 68.07

ÐX
ÐY
DZ

L9.23 19.24

L2.92 12.80

17.85 'J.7.96

79.24 L9.22

1.2.85 13.09

17.91 17.69

19.14 19.02

13.10 't3.27

17.76 77.71

19.09 19.15
't3.29 13.17

17.62 17.68

"'Caìculated for charge balance.

L94



QUANTITATIVE EDS RESULTS (UM)

v75-8M

sio, 37.2

Al?O3 18.7

Tio,
MSO 3.5

MnO
FeO 0.1

Fe2O3 0.7

Cr2 O3

CaO 37.2

SO"

CI

H"O'' 3.1

100.5

O:CI

TOTAL 100.5

si++ 77.73

Al3+ 10.50

Ti4+

Mgt+ 2.49

Mn2*
Fe2+ 0.04

Fe3* 0.25

Cr3*
Ca2* 18.99

Sc+

ct-
oH-,' 9.79

o 68.27

ÐX
ÐY
DZ

18.99

13.28

77.73

''Calculated for charge balance.
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Appendix 8.1

\MDS ANALYSES OF VESUVIANITE (NMNS)

Oxide Percents

ABBREVIATiONS USED IN APPENDIX 8.1

(c): centre of grain
(t), rim of grain
(i), intermediate between core and rim
(d): dark in BSE image
(l)' light in BSE imase

Subscripted numbers refer to different grains. Fe2O3 values are
derived from total Fe (by WDS) and bulk Fer+ (by wet chemistry).

196



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v1-11 V7-22 V1-32 v7-42 V1-53 V1-6¡ vt-74 v2-'1,. v2_2" V3_1

sio,
Al2o3
Tio2
Meo
N{nO

FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

NazO

KrO
La2 O3

Ce2O3

PrsO3

Nd?o3
Sm2O3

Eu2O3

Gd2O3

Pbo
Bi2o3
Tho?
Uot
Bao"
So.
F

CI

HrO*

O:F
O:Cl

36.98 36.61

t7 .04 16.31

0.14 0.17

1.98 2-36

0.11 0.00

t_un n.:,

o¡o oìo
36.09 36.0i
0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.98 3.15

36.98 36.69 37.72

77.74 16.50 16.41

0.28 0.11 0.18

7.27 2.32 2.33

0.19 0.00 0.00

n':t t-nn 4:01

o¡o o¡o o¡o
36.56 36.18 36.65

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

--_

o¡o o¡o o¡o
0.00 0.00 0.00

0.05 0.00 0.00

2.96 3.15 3.77

37.15 37.04

16.39 16.63

0.16 0.13

2.40 2.39

0.08 0.06

'_'''_''

o¡o o¡o
36.35 37.05

0.00 0.00

0.00 0.00

0.00 0.00

--

o¡o oio
0.00 0.00

0.00 0.00

3.!2 3.27

37.09 37.07

17.48 16.83

0.54 0.71,

7.48 1.72

0.36 0.35

3.18 3.49

o-tt o:8e

0.00 0.00

35.46 35.54

0.13 0.06

o-oo o:oo

2a 22

76.42

0.00

3.87

0.06

0.27

1.58

0.00

0.00

36.46

0.00

0.00

0.00

0.00 0.11 0.19

3.04 2.99 0.00

0.00 0.00 0.07

1.32 1.32 2.86

98.96 98J3 99.68

0.01

98.94 99.87 99.50 100.44 100.89 101.08 99.06

- '_,' ,.:u 
0,,

TOTAL 98.96 98.73 99.67 98.94 99.87 99.50 100.44

797

99.61 99.82 99.04

{'Caìculated for charge balance.

V2 includes 0-02 Lí2O,0.11 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v3-2 lfa , v3-4 v3-5 v4-1. v4-2, v4-3, v4-4 v4-5 V4-6

sio,
Al2o3
Tio,
Mso
MnO
FeO

Fe2O3

Cr2O3

CuO
ZnO

CaO

Na2O

KrO
La2O3

Ce203

Pr2O3

Nd203
Sm2O3

Eu2O3

Gd?o3
Pbo
Bi2o3
Tho2
UOt
B:O"
SO¡

F

cl
HrO*

O:F
O:Cl

36.84 37.02

16.38 76.27

0.00 0.00

3.89 3.90

0.07 0.00

0.20 0.20
"J..52 7.47

0.00 0.00

0.00 0.00

37 .91, 36.17

o_ooo_oo

0.00 0.00

- oio
0.25 0.35

0.00 0.00

0.00 0.00

3.77 2.75

37.05 36.98

15.89 76.44

0.00 0.00

4.00 3.77

0.00 0.00

0.24 0.19

1.78 1..41

0.00 0.00

0.00 0.00

38.00 36.86

0.00 0.00

o¡o o¡o

0.'t2 0.25

0.00 0.00

0.00 0.00

3.26 2.92

35.97 35.96

1.4.52 74.26
't .46 1.66
'J..72 7.67

0.32 0.36
nlt c()1

'jn 'j'
0.00 0.00

34.86 34.49

0.09 0.11

0.00 0.00

0.00 0.10

0.09 0.17

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

o¡o o¡o
2.00 2.35

0.24 0.2'J.

1.64 1.43

36.19 36.17

14.50 14.61

7.37 7.20

1.88 '1 .82

0.36 0.32

2.70 2.72

t':' r_nn

0.00 0.00

34.98 35.05

0.08 0.08

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

o¡o o¡o
2.76 2.73

0.18 0.17
'J..62 1.65

35.97 35.77

14.55 14.33

L.27 1.61

1.87 7.77

0.33 0.33

2.73 2.78

t_ut t.:,

0.00 0.00

34.81 34.61

0.08 0.08

0.00 0.00

0.00 0.13

0.00 0.27

0.00 0.00

0.00 0.16

0.00 0.00

0.00 0.00

o-ooo_oo

o¡o -
0.00 0.00

1.98 2.31.

0.20 0.21,

1.71 1.48

100.23 98.07 100.34 98.82 99.11 99.41

- 0.84 0.99

- 0.05 0.05

99.49 99.42 98.95 99.41

0.91 0.90 0.83 0.97

0.04 0.04 0.05 0.05

TOTAL 100.23 98.07 100.34 98.22 98_3798.82

198

98.54 98.48 98.07 98.39

i'Calculated for charge balance.
V4 includes 0.03 Li2O, 0.02 BeO.



QUANTITATIVE \MDS RESULTS (NMNS)
Oxide Percents

v4-7 v4-8 v4-9 v5-1 v5-2 v5-3 v5-4 v5-5 v5-6 V5-?

sio2
Al203
Tio2
Meo
MnO
FeO

Fe203

Cr2O3

CuO

ZnO
CaO

NazO

KrO
La2 03

Ce2O3

P12O3

Nd203

Sm2O3

Eu2O3

Gd203

Pbo
Bi2O3

Tho,
UOt
Bzo"
SO.
F

ct
H:o*

O:F
O:Cl

36.37 36.35

15.33 15.52

7.34 1.36

1.59 1.54

0.31 0.31

2.41 2.39

t_on t.:,

0.00 0.00

35.26 34.43

0.13 0.14

0.00 0.00

0.00 0.00

0.08 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.44 2.21

0.19 0.15

7.44 1.40

36.22 36.31

75.44 16.81

1.34 0.91

1.56 1.7t
0.33 0.35

2.43 2.93

3.'12 7.20

o¡o o¡o
34.84 35.33

0.14 0.07

0.00 0.00

0.00

0.00 0.00

0.00

0.00

0.00

0.00

0.00

0.00 0.09

2.39 2.71.

0.18 0.09

7.41 1.41

36.78 36.53

16.78 77.14

0.96 0.65

1.69 1.59

0.38 0.31

2.87 2.95

'j' ':'
0.11 0.00

35.29 35.27

0.06 0.04

0.00 0.00

0.00 0.00

0.00 0.00

2.49 2.38

0.09 0.09

1.50 7.57

36.45 36.38 36.49 36.?0

16.96 16.95 16.80 16.94

0.73 0.72 0.75 0.84

1.63 1.65 1.63 1.63

0.33 0.32 0.32 0.37

2.90 3.00 2.94 2.99

t_tn 
':t '':t ':t

0.00 0.00 0.00 0.00

34.91 35.21 35.00 35.19

0.04 0.00 0.05 0.05

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o¡o o¡o o¡o l.ii
2.42 2.57 2.46 2.50

0.08 0.06 0.08 0.09

7.49 1.49 7.49 1.48

99.97 98.87 99.41

1.03 0.93 1.01

0.04 0.03 0.04

99.92 100.18 99.73

1.14 1.05 1.00

0.02 0.02 0.02

99.'J.4 99.57 99.23 100.01

1.02 L.08 1.04 1.05

0.02 0.01 0.02 0.02

TOTAL 98.90 97.97 98.36 98.76 99.11
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98.71 98.10 98.48 98.17 98.94

''Calculated for charge balance.

V4 includes 0.03 Li2O, 0.02 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v5-8 v6-1 v6-2 v6-3 v6-4 v6-5 v6-6 v7-1 v7-2 V7-3

sio,
Al2o3
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La2 03
Ce2O3

Pr2O3

Nd203
Sm203

Eu203

GdzO3

Pbo
Bi203
Tho?
UO:
BrO"
So"
F
CI

Hto''

O:F
O:Cl

36.56 36.24

16.59 16.11

0.82 0.82

1.68 2.78

0.36 0.78

3.11 1.70
'J..28

0.00 0.00

34.86 34.13

0.04 0.00

0.00 0.00

- 0.29

0.00 0.64

- 0.00

- 0.00

- 0.00

- 0.00

- 0.00

0.00 0.00

2.30 2.6s

0.06 0.77

1.56 'J..23

34.85 36.05

15.16 15.99

t.97 1.26

2.55 2.63

0.77 0.75

2.47 1.77

0.00 0.00

32.65 34.93

0.17 0.00

0.00 0.00

0.37 0.32

t.oz 0.77

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.27 0.21

2.20 2.32

1.18 0.77

1.09 1.33

36.02 36.10

16.12 16.06

0.83 0.86

2.78 2.84

0.77 0.79

7.78 1.81

0.00 0.00

34.48 34.51

0.00 0.00

0.00 0.00

0.27 0.29

0.65 0.60

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

0.00 0.00

2.53 2.43

0.75 0.7r

1.38 1.45

36.23 36.91

16.00 15.19

7.12 4.49

2.74 7.28

0.80 0.00

'_n''_'n

0.00 0.00

34.90 33.55

0.00 0.87

0.00 0.00

0.20

0.39 0.00

0.00

0.00

0.00

0.00

0-00 
_

0.00 0.00

z.s'J. 0.00

0.73 0.00

1.43 2-34

36.76 36.48

15.15 15.33

4.67 4.49
't.26 7.28

0.00 0.00

tjn r_tn

o¡o o¡o
34.09 33.50

0.88 0.88

0.00 0.00

o_ooo_oo

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

2.45 2.40

99.22 98.09 96.72 99.09 98.37

0.97 7.'J.2 0.93 0.98 1.07

0.01 0.16 0.27 0.17 0.77

98.45 98.97 97.77 98.45 97.50

1.02 1.06

0.16 0.16

TOTAL 98.24 96.81 95.52 97.91 97.13

''Calculated for charge balance,
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QUANTITATiVE \MDS RESULTS (NMNS)
Oxide Percents

v7-4 v7-5 v7-6 v7-7 vg-11. vg-21" Vg-32¿ Yg_4t vg_L1 v9-21

sio2
Al2O3

Tio2
Mgo
MnO
FeO

Fe203

Cr2O3

CuO

ZnO
CaO

Na2O

KrO
La2O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu2O3

Gd2O3

Pbo
Bi?o3
Tho,
UO.
BrO¡
So"
F

CI

HrO*

O:F
O:Cl

36.48 36.71

15.21 15.39

4.54 4.39

1.33 1.31

0.00 0.00

'-'n'_''

o¡o o¡o
33.82 33.57

0.86 0.86

0.00 0.00

o-oo

o¡o 0.72

0.00 0.00

0.00 0.00

2.45 2.30

36.50 36.92
't 5.25 15.1,7

4.49 4.61
'J..29 1.28

0.00 0.00

'-o''_''

0.00 0.00

33.64 33.86

0.87 0.88

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.40 2.38

36.69 37.38

16.67 16.5 9

0.00 0.00

2.49 2.48

0.18 0.16

n.:n t.:,

o¡o o¡o
36.42 36.12

0.00 0.00

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

3.30 3.13

37.72 36.50

18.44 16.90

1.28 1.06

L.10 2.0'J,

0.06 0.40

'-o'n_''

o¡o o¡o
35.77 34.23

0.10 0.05

o-ooo_oo

o¡o -
0.00 0.00

1.81 2.65

0.00 0.07

1.63 1.53

37.26 36.71,

18.94 18.45

0.00 0.13

2.82 3.17

0.08 0.09

0.47 0.49

0.07 0.03

o¡o o¡o
37.06 36.39

0.00 0.00

o_ooo_oo

_:

0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.94 2.96

97.88 97.78 97.49 99.89 99.88 100.92

0.76

99.79 99.64 98.42

7.72

0.02

98.21

TOTAL 97.88 97 -78 97.49 98.21 99.89 99.88 100.16

*Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v9-32 V10-1 V10-2 V10_3 V11_1 v17-2 V11-3 v17-4 Vl1-5 V11_6

sio,
Al?o3
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KzO
La2 O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu2O3

Gd2o3

Pbo
Bizo3
ThO2

UOt
BzOs

So"
F

CI

Hzo*

O:F
O:Cl

37.01 36.92

18.97 17.88

0.33 0.00

t.62 2.04

0_20 0.60

1.95 2.20

0.09

o¡o o¡o
36.70 37.06

0.00 0.00

0.00 0.00

- 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.80 3.08

37.30 36.75

17.33 16.97

0.00 0.00

2.24 2.08

0.29 0.29

,.:n 3:51

o¡o o¡o
36.24 36.33

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.96 3.10

37.33 37.21

18.73 1,8.77

0.00 0.00

2.44 2.42

0.13 0.15

0_5e o:,

o¡o oio
36.91 36.46

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.82 2.78

37.40 37.37

18.54 18.33

0.00 0.00

2.36 2.49

0.28 0.15

t.:, 0:e0

o¡o o¡o
36.59 35.92

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.82 2.69

37.35 36.99

18.39 18.59

0.00 0.00

2.37 2.43

0.2't 0.15

0:e8 o.:n

o¡o o¡o
36.60 36.38

0.00 0.00

0.00 0.00

0.00 0.00

-_

0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.81 2.80

99.67 99.78 99.15 99.03 98.95 98.51 99.06 97.8s 98.71 98.13

TOTAL 99.67 99.78 99.15 99.03 98.95
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98.51 99.06 97.85 98.71 98.13

*Calculated for charge balance.



QUANTITATIVE \MDS RESULTS (NMNS)
Oxide Percents

v11-7 V11-8 V72-1 vt2-2 V12-3 V13_11 V1.3_21 V13_31 V13_41 Vl3_51

sio,
AI203
Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La203
Ce2O3

Pr2O3

Nd203
Sm2O3

Eu203
Gd2o3

Pbo
Bi203
Tho2
Uot
Bzo.
SOs

F

CI

Hzo''

O:F
O:Cl

37.20 37.38

18.93 18.25

0.00 0.00

2.49 2.18

0.08 0.26

0.00 0.00

36.72 36.09

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.72 2.70

37.38 37.39

18.63 18.55

0.05 0.07

2.59 2.62

0.07 0.00

o_n'o-,0

o¡o o¡o
37.01 37.55

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.90 2.99

37.40 36.69

18.78 16.91

0.00 0.43

2.60 2.27

0.08 0.09

0.99 1.45

_ 
,:n

0.00 0.00

36.94 36.38

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.91. 2.83

36.81 36.86 36.35 37.03

17.44 17.60 17.29 77.04

0.92 0.72 0.99 0.52

2.02 1.96 1.86 2.1,7

0.10 0.00 0.08 0.06

1..17 1.28 L.28 7.42

1:57 
':' 

t.:, r_nt

0.00 0.00 0.00 0.00

36.22 37.L4 36.13 36.70

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o¡o o¡o o¡o o¡o
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

2.64 2.81 2.65 2.80

98.22 98.05 99.54 100.07 99.70 98.99 98.89 100.09 98.35 99.65

TOTAL 98.22 98.05 99.54 100.07 99.70 98.99 98.89 100.09 98.35 99.65

*Calculated for charge balance.
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QUANTITATiVE WDS RESULTS (NMNS)
Oxide Percents

v13-61 v13-7r v13-81 v13-91 v13-101 v13-111 v13-121 v13-131 vi.3-141 vr.B-lsr

sio2
Al203
Tio2
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO
ZnO

CaO

Na2O

Kro
La203
Ce2O3

Pr2O3

Nd2o3
Sm2O3

EuzO¡
Gd2o3

Pbo
Bi2o3
Tho,
UO,
Bro¡
SO"

F
CI

Hro*

O:F
O:Cl

37.t2 36.72

17.00 77.04

0.32 0.43

2.37 2.27

0.06 0.06

1.43 L.50

'':' '':'

0.00 0.00

35.97 37.15

0.00 0.00

0.00 0.00

0.00 0.00

-_

o¡o o¡o
0.00 0.00

0.00 0.00

2.72 2.97

36.61 36.7 4

17.43 17.68

0.84 0.60

1.89 1.86

0.08 0.00

1.36 1.35

1.83 1.81

o¡o o¡o
36.20 36.94

0.00 0.00

0.00 0.00

0.00 0.00

o¡o oio
0.00 0.00

0.00 0.00

2.67 2.79

36.62 37.09

77.98 L7.66

0.40 0.77

1.83 1.99

0.09 0.00

1.35 7.21

'-'''_u'

0.00 0.00

36.70 37.03

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.80 2.76

36.59 36.84

17.89 77.73

0.61 0.51

1.69 1.83

0.10 0.08

1.36 1.36

'_'''_''

0.00 0.00

35.98 36.96

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.07 0.00

2.60 2.80

36.77 36.66

77.72 18.01

0.82 0.55

1.72 1.58

0.09 0.06

1.36 7.45

t':' t_nt

0.00 0.00

36.76 36.82

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00
,.7' 

"tL.I J

98.85 100.15 98.91 99.77 99.58 100.08 98.72 99.94 99.78 99.83

0.02

TOTAL 98.85 100.15 98.91 99 .77 99.58 1 00.08

r'Calculated for charge balance,

204

98.70 99.94 99.78 99.83



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

V13-16r V13-171 V13-181 V13.191 V13-20r \¡13-211 v73-zzt V13-231 vl3-241 V13-25r

sio,
Al203
Tio,
Mgo
MnO
FeO

Fe2 03
Cr203
CuO
ZnO
CaO

Na2O

KrO
La2O3

Ce203

Pr2O3

Nd203
Sm2O3

Eu203
Gd2o3

Pbo
Bi2o3
Tho,
UOt
Bzo"
SO¡

F

CI

Hzot'

O:F
O:Cl

36.33 36.37

18.04 17.69

0.66 0.60

7.49 1.86

0.07 0.08

1.39 1.35

'-'u'_''

0.00 0.00

36.47 35.95

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.05 0.00

2.68 2.68

36.72 36.72

17.85 1,7.66

0.61 0.37

1.84 1.87

0.06 0.00

1.29 7.41

':' 1188

0.00 0.00

36.66 36.34

0.00 0.00

0.00 0.00

o_ooo_oo

o¡o o¡o
0.16 0.00

0.00 0.00

2.67 2.72

36.65 36.16 36.68

18.16 18.75 18.84

0.63 0.44 0.35

7.45 7.37 1.36

0.00 0.00 0.06

1.39 L.29 L.34

'.:, ,.:n 
'_'o

0.00 0.00 0.00

36.91 36.27 36.95

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

oio o¡o o¡o
0.00 0.00 0.00

0.07 0.00 0.07

2.69 2.66 2.73

36.49 36.61 36.44

18.77 18.09 78.27

0.38 0.37 0.31

1.33 1.55 1.48

0.07 0.72 0.00

1.30 7.47 1.48

'':n t_æ r_nn

0.00 0.00 0.00

36.05 36.81 35.89

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.00 0.00 0.00

2.58 2.77 2.61.

99.03 98.39 99.59

0.07

0.01

98.97 99.83 98.68

- 0.02

100.1 1 98.71 99.61 98.47

TOTAL 99.02 98.39 99.52 98.97 99.81

*Calculated for charge balance.
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98.68 100.11 98.71 99.61 98.47



QUANTiTATIVE WDS RESULTS (NMNS)
Oxide Percents

v13-261 v1'3-27r v13-28r v13-291 v13-302.v13-312.v13-322..v13-332"v13-342"v13_3s2i

sio,
AI203
Tio,
Mgo
MnO
FeO

Fe2O3

Cr2 03

CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2 O3

Pr2 O3

Nd2O3

Sm2O3

Eu203

Gd2o3

Pbo
Bi203
Tho3
Uot
Bro.
SO"

F

CI

HrO''

O:F
O:Cl

36.14 36.69

1,8.72 18.11

0.32 0.28

1.29 1.51

0.06 0.10

1.33 1.45

t':t t_nn

0.00 0.00

36.96 36.45

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.79 2.70

36.46 36.33 36.23

18.26 18.35 18.39

0.25 0.78 0.77

7.52 1..43 'J..43

0.09 0.00 0.08

L.44 7.32 1.30

t_rt tjr t:n

0.00 0.00 0.00

37.00 36.14 36.68

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

--o¡o
0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

2.83 2.59 2.71

36.06 36.07 36.36

18.21 18.38 18.39

0.76 0.76 0.73

1.40 1..44 7.40

0.08 0.08 0.09

1.31 'J..29 1.30

':u ':n '':n

0.00 0.00 0.00

36.23 36.25 36.27

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.04 0.00

2.64 2.64 2.62

36.43 36.45

18.50 18.00

0.76 0.77

1.47 1.69

0.06 0.08

I .29 1.3 6

tjt t_rt

0.00 0.00

36.92 36.57

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00
,,t, q a,L.ta z.t¿

99.39 99.23 99.78 98.72 99.33 98.45 98.69 98.90 99.82 99.48

0.01

TOTAL 99.39 99.23 99.78 98.72 99.33 98.45

*Calculated for charge balance.

98.68 98.90 99.82 99.48
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QUANTITATIVE \MDS RESULTS (NMNS)
Oxide Percents

v13-362iv13-372iv13-38?iv13-392.v13-402"v13-4'l,z,vlJ-422,V13-332¡ y!3-442iv13-452¡

sio,
Al2'O3

Tio2
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

NazO

Kzo
La2O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
ThOe

UOt
BtO"
So"
F

cl
HrO*

O:F
O=CI

36.50 36.45

17.79 17.82

0.77 0.84

1.64 7.7'1.

0.08 0.09

1.38 L.34

'_'''_'o

0.00 0.00

36.58 36.22

0.00 0.00

0.00 0.00

0.00 0.00

o¡o oìo
0.00 0.00

0.00 0.00

2.77 2.66

36.54

1.7.42

0.80

1.84

0.07

1..47

1.88

36.50 36.51

17.83 18.14

0.62 0.45

1.83 1.88

0.06 0.00

1.31 1..32

t.76 1,.77

0.00 0.00 0.00

36.82 36.64 37.07

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00

0.00

0.00

2.79

- 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.77 2.87

36.39 36.50

17.98 17.77

0.37 0.71

1.86 1.68

0.09 0.09

1.39 1.38

1_87 t-tt

0.00 0.00

36.72 36.74

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.8s 2.75

36.44 36.22 36.45

17.81 77.54 77.87

0.82 0.72 0.79

1.55 1.61 '1.74

0.07 0.07 0.07

7.44 1.47 1.30

t_nt ,.:, ,:n

0.00 0.00 0.00

36.51 36.97 36.20

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.06 0.00 0.00

2.67 2.82 2.66

99.30 98.93 99.57 99.32 100.01 99.52 99.41 99.29 99.39 98.82

0.01

TOTAL 99.30 98.93 99.57 99.32 100.01

{'Caìculated for charge balance.

99.52 99.41 99.28 99.39 98.82
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v13-462i V1,3-472iV13-482,V13-492"V13-502.\r13-512 V1,3-522 V13-532 V13_543. V13_553i

sio2
Al?Os

Tio,
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO
ZnO

CaO

Na3O

KrO
La2O3

Ce2O3

Pr2O3

Nd2O3

Sm203

Eu2O3

Gd203

Pbo
Bi2o3
Tho2
UO=

BtO"
SO.
F

CI

HtO*

O:F
O=Cl

36.74 35.95

77.84 L7.77

0.65 0.54

1.65 1.83

0.00 0.00

7.43 't.32

'':' 'j'
0.00 0.00

36.59 36.78

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.69 2.86

36.70 36.65

1 7.8 5 77 .87

0.38 0.39
'J..82 1.85

0.10 0.07

1.36 1.35

7.82 1.81

0.00 0.00

36.72 36.09

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.79 2.68

36.62 36.46 36.58

17.70 77.49 18.11

0.77 0.95 0.40

1.68 1.80 1.86

0.08 0.00 0.08

1.46 1.38 1.31

t_nu t_ru tju

0.00 0.00 0.00

36.59 36.60 36.81

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00
0.00 0.00 0.00

0.00 0.00 0.00

2.72 2.72 2.83

35.97 36.33 36.69

18.38 17.95 1.7.63

0.66 0.54 0.3?

1,.43 1.53 1.85

0.07 0.09 0.07
't.29 1.43 7.46

'.:n ,.:, 
'_nu

0.00 0.00 0.00

36.04 36.65 36.84

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.00 0.00 0.00

2.64 2.75 2.83

99.51 98.83 99.54 98;70 99.52 99 -25 99.74 98.22 99.19 99.70

TOTAL 99.51 98.83 99.54 98.70 99.52

*Calculated {or charge balance.
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99.25 99.74 98.22 99.19 99.70



QUANTITATiVE WDS RESULTS (NMNS)
Oxide Percents

v14-1. V'J,4-2, V15-1 V15-2 V15_3 V16_1 v16-2 V16-3 V17_1 V17_2

sio,
Al2o3
Tio,
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KzO
La2O3

Ce2O3

Pr2O3

Nd203
Sm2O3

Eu203
Gd2o3

Pbo
Bi?o3
Tho?
UO,
Bzo"
Sos
F

CI

Hzo*

O:F
O:Cl

36.98 37.21

77.96 18.01

0.00 0.00

2.57 2.46

0.10 0.72

0.19 0.22

t_ou ,.:n

0.00 0.00

37.04 36.65

0.00 0.00

0.00 0.00

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

2.86 2.75

38.07 37.40

18.02 18.08

0.00 0.00

2.48 2.58

0.16 0.17

o_n'o_'n

o¡o o¡o
36.81 36.95

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.76 2.89

37.58 37.04

18.08 16.90

0.00 0. 1 1

2.73 2.33

0.11 0.31

o_nt ,.:t

o¡o o¡o
36.8i 36.44

0.00 0.00

0.00 0.00

0.00 0.00

__

o¡o o¡o
0.00 0.00

0.00 0.00

2.87 3.03

36.99 37.28

16.98 17.00

0.t2 0.07

2.26 2.31,

0.46 0.43

,:, ,.:,

o¡o o¡o
36.38 35.98

0.00 0.00

0.00 0.00

0.00 0.00

_-

0.00

0.00 0.00

0.00 0.00

0.00 0.00

3.03 2.97

36.83 37.7L

17.39 77.28

0.00 0.00

2.38 2.3i
0.00 0.05

0.72 0.74

2.26 2.34

0.00 0.00

36.58 36.06

0.00 0.00

0.00 0.00

0.00 0.00

-_

0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.82 2.69

98.76 98.66 99.27 98.96 99.09 98.89 98.94 98.55 98.98 98.62

TOTAL 98.76 98.66 99.27 98.96 99.09

*Calculated for charge balance.
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98.89 98.94 98.55 98.62



QUANTiTATIVE WDS RESULTS (NMNS)
Oxide Percents

v17-3 V77-4 V17-5 v1.7-6 V17-7 \r17-8 V17-9 V17_10 V18_11 V18_21

sio,
Al203
Tio,
Mgo
MnO
FeO

Fe2O3

Cr203
CuO

ZnO

CaO

Na2O

KrO
La2O3

Ce203

Pr2O3

Nd?03

Sm203

Eu203

Gd2O3

Pbo
Bi203
Tho,
Uot
Bzo"
SO¡

F

CI

Hzo*

O:F
O:CI

36.88 36.79

77.27 77.37

0.00 0.00

2.39 2.32

0.00 0.00

0.72 0.71,

':' '':'

0.00 0.00

36.72 35.93

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.84 2.69

37.06 36.48 36.77

17.11 17.00 77.7L

0.04 0.05 0.00

2.45 2.5L 2.43

0.00 0.00 0.00

0.75 0.74 0.77

2.38 2.35 2.43

o¡o o¡o o¡o
36.61 36.20 36.35

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.00 0.00 0.00

2.81 2.82 2.80

36.94 37.1,8

77.07 17.08

0.00 0.00

2.34 2.44

0.06 0.00

0.73 0.75

,.:o ,.:,

0.00 0.00

35.45 36.57

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.59 2.78

37.31 37.53 38.10

1.7.13 18.52 18.45

0.00 0.00 0.00

2.37 2.56 2.70

0.00 0.09 0.06

0.77 1,.20 1.04

2.42

0.00 0.00 0.00

35.70 37.58 36.96

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.00 0.00 0.00

2.60 3.02 2.84

99.09 98.04 99.21 98.15 98.66 97.48 99.17 98.30 100.50 100.15

TOTAL 99.09 98.64 99.27 98.15 98.66 97.48

*Calculated for charge balance.
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99.77 98.30 100.50 100.15



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

vl8-31 V1g-42. \¡L8-5r. V19-L v19-2 Vl9-3 V19_4 v19-5 V19-6 V20_1

sio2
Alro"
Tio,
Meo
MnO
FeO

Fe203

Cr2O3

CuO
ZnO

CaO

NazO

Kzo
La2O3

Ce2O3

Pr2O3

Nd203
Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
ThO2

UOt
BrO"
So"
F

CI

HzO*

O:F
O:Cl

37.60 37.72 37.32 37.00

78.52 18.26 18.50 16.89

0.00 0.00 0.00 0.89

2.72 2.67 2.60 2.44
0.00 0.00 0.13 0.08

t_ro t_tr t.:, 2.65

0.00

o¡o oio o¡o o¡o
37.41 36.70 37.07 36.16

0.00 0.00 0.00 0.00
0.00 0.00 0.00

0.00 0.00 0.00 0.00

o¡o o¡o o¡o o¡o
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

3.03 2.84 2.97 2.89

36.90 36.92

16.95 16.82

0.46 0.38

2.47 2.61

0.16 0.16

2.53 2.63

0.00 0.00

0.00 0.00

37.05 35.56

o-oo

0.00 0.00

__

0.00 0.00

0.00 0.00

0.00 0.00

3.11 2.89

36.93 37.48

16.73 16.99

0.38 0.47

2.58 2.52

0.13 0.18

2.50 2.46

0.00 0.00

o¡o o¡o
37.99 35.95

o-oo o:oo

0.00 0.00

__

o¡o o¡o
0.00 0.00

0.00 0.00

3.29 2.84

37.31 36.86
'J.7.77 76.44

0.68 1,.20

2.35 2.53

0.18 0.15

2.47 2.58

0.00

o¡o o¡o
37.78 36.93

0.00 0.00

- 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

3.13 3.03

100.58 99.34 99.76 99.00 99.63 97 .97 100.53 98.89 101.01 99.72

TOTAL 100.58 99.34 99.76 99.00 99.63 97.97 100.53

t'Calculated for charge balance.
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98.89 101.01 99.72



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

Y20-2 V20-3 V21-11 V27-21 V27-32, V27_42, V21._52, V2l_62. V2.J,_72. V21_g2.

sio,
Al203
Tio?
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO
CaO

NazO

Kro
La2 O3

Ce2O3

Pr2O3

Nd2o3

Sm2O3

Ðu203

Gd?03

Pbo
Bi2o3
Tho,
UO,
BrO"
SO"

F

CI

HzO*

O:F
O:Cl

37.05 36.66 37.05

16.68 16.62 18.05

1.10 1.20 0.00

2.46 2.57 2.95

0.15 0.15 0.18

2.64 2.61 0.37

- 0.00

0.00 0.00 0.00

36.28 36.80 35.58

0.00 0.00 0.00

0.00 0.00

0.00 0.00 0.00

o¡o o¡o oìo
0.00 0.00 0.00

0.00 0.00 0.00

2.89 3.03 2.71.

37.'J.t 37.7'J.

17.87 77.81,

0.00 0.00

2.38 2.83

0.28 0.27

0.47 0.42

0.00 0.00

0.00 0.00

37.18 36.31

o_ooo_oo

o_ooo_oo

o¡o o¡o
0.00 0.00

0.00 0.00

2.87 2.73

37.08 36.93

1.8.47 18.63

0.00 0.00

2.65 2.57

0.12 0.1.2

0.31 0.31

0.00 0.00

0.00 0.00

37.48 36.14

0.00 0.00

,_.''_.'

0.00 0.00

0.00 0.00

0.00 0.00

2.97 2.73

37.07 37.43 37.29

17.75 18.70 78.44

0.00 0.00 0.00

2.63 2.40 2.50

0.00 0.09 0.22

1.49 0.52 0.50

0.00 0.00 0.00

o¡o o¡o o¡o
37.02 36.02 37.47

o_ooo_ooo_oo

0.00 0.00 0.00

- 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

3.01 2.63 2.94

99.25 99.58 96.89 98.16 98.02 99.08 97.43 98.97 97 -79 99.36

TOTAL 99.2'r 99.58 96.89 98.16 98.02 99.08 97.43

t'Calculated for charge balance.

2L2

98.97 97.79 99.36



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v27-92,v27-t02,- v22-7 v22-2 v22-3 v23-1. Y2J-2i V2J-3i v2}-4i V23-5i

sio,
Al203
Tio,
Meo
MnO
FeO

Fe2O3

Cr2 03
CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2O3

Pr2O3

Nd2O3

Sm2O3

Eu203

Gd2o3

Pbo
Bi2o3
Tho2
Uot
Bro"
Sos
F

CI

Hzo*

O:F
O:CI

36.99 37.24

18.18 18.12

0.00 0.07

2.06 2.55

0.30 0.00

0.93 1.21

0.00 0.00

o¡o o¡o
35.82 37.24

o-ooo_oo

o_ooo_oo

o¡o o¡o
0.00 0.00

0.00 0.00

2.64 2.97

37.11 36.87

16.56 76.71.

0.96 1.01

2.89 2.60

0.00 0.07

0.31 0.35

,:u ,:,

0.00 0.00

36.09 36.95

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.65 2.78

37.04 37.68

16.52 1,7.79

0.98 0.00

2.85 2.i,7

0.00 0.15

0.30 0.35

':o t_rt

0.00 0.00

36.30 36.51

0.00 0.00

0.00 0.00

0.00 0.00

- oro
0.00 0.00

0.00 0.00

0.00 0.00

2.68 2.77

37.64 37.67

18.09 18.05

0.00 0.00

2.60 2.56

0.15 0.16

0.23 0.25

0.90 0.96

o¡o o¡o
37.1.1 36.80

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.8L 2.7s

37.28 37.53

17.99 77.87

0.00 0.00

2.54 2.55

0.18 0.22

0.27 0.28

'_o''-0,

0.00 0.00

37.02 36.73

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.84 2.76

96.92 99.40 98.73 99.81 98.77 99.t4 99.53 99.20 99.77 99.03

TOTAL 96.92 99.40 98.73 98.77 99.14

*Calculated for charge balance.

99.81

273

99.53 99.20 99.17 99.03



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v23-6i V23-7i V23-8. V24_1 v24-2 V24-3 v25-11 V25-21 V25_32 V26_1,

sio,
Al203
Tio,
lvtgO

MnO
FeO

Fe2O3

Cr2O3

CuO
ZnO

CaO

Na2O

KrO
La2 O3

Ce203

Pr2O3

Nd2O3

Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
Tho,
Uot
Bro"
SO.
F
cl
Hro*

O:F
O:Cl

Jf.Ðl ót.t5

18.03 18.10

0.00 0.00

2.57 2.55

0.22 0.20

0.27 0.25

t_ou o.:,

0.00 0.00

37.29 36.60

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

2.86 2.70

37.33 37.34

17.78 16.28

0.00 2.38

2.56 3.41

0.18 0.00

0.38 0.63

0.00 0.00

36.76 36.42

0.00 0.08

0.00 0.00

0.00 0.00

oìo ors
0.00 2.r0
0.00 0.11

2.87 1.58

36.80 37.15 36.91

16.17 16.30 76.72

2.27 2.22 2.09

3.45 3.45 3.63

0.00 0.00 0.11

0.65 0.64 1.11

0.35 0.34

o¡o o¡o o^oo

35.92 36.47 36.40

0.09 0.06 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.27 ore 0.41

2.33 2.38 0.75

0.12 0.13 0.00

1..42 1.50 2.26

37.03 37.04 36.03

76.24 1,7.05 16.13

1.84 0.88 0.72

3.33 3.35 2.1,0

0.12 0.06 0.00

1.39 7.23 0.52

-_'-nn

0.00 0.00 0.00

36.06 36.90 35.18

0.00 0.00 0.17

0.00 0.00 0.00

0.00 0.00

0.00 0.09 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0_00 o_oo 
_

--o¡o
0.82 0.87 0.48

0.70 0.86 1.55

0.00 0.00 0.00

1.92 2.03 1.54

99.87 99.72 99.29 100.85

0.88

0.02

99.84 100.82 99.80

0.98 1.00 0.32

0.03 0.03

99.45 100.38 98.36

0.29 0.36 0.65

TOTAL 99.87 99.72 99.29 99.95 98.83 99.79 99.48

214

99.16 100.02 97.71

''Calculated for. charge balance.

V26 includes 0.02 Li2O, 0.03 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v26-2 V26-3 V26-4 v26-5 V27-1 v27-2 V27-3 v27-4 \¡28-1 V28-2

sio,
Al?03
Tio,
Mgo
MnO
FeO

Fe2 03
Cr203
CuO

ZnO

CaO

Na:O
KrO
La2 O3

CegOs

Pr2 O3

Nd2O3

Sm2O3

Eu2O3

Gd?o3

Pbo
Bi203
Tho,
UOt
BtO"
SOs

F

CI

Hzo*

O:F
O=Cl

36.30 36.02

16.28 -t7.44

0.58 0.27

2.79 2.48

0.07 0.08

0.47 0.29

t_un ,.:t

0.00 0.00

35.30 35.93

0.77 0.14

0.00 0.00

0.00 0.00

o.+g o:+
1.54 1.58

0.00 0.00

1.61 1.87

35.33 35.90

15.93 1.7.36

0.89 0.65

2.25 2.56

0.00 0.00

0.49 0.24

t:' t_rt

0.00 0.00

35.45 36.62

0.11 0.09

0.00 0.00

0.00 0.00

__

o¡o o¡o
2.05 1.9i
0.00 0.00

7.75 2.00

36.14 36.28 36.23

16.13 16.11 76.29

0.07 0.06 0.00

2.94 2.84 2.90

0.24 0.27 0.30

t.:' t.:' 
'_"

0.00 0.00 0.00

36.36 35.75 36.51

0.04 0.06 0.06

0.00 0.00 0.00

0.00 0.00 0.00

--o¡o
0.00 0.26 0.00

1.90 1.92 1.92

0.00 0.00 0.00

2.46 2.13 2.48

36.33 36.82 36.63

16.10 76-24 16.06

0.04 2.65 2.82

2.86 1.80 t.75
0.28 0.00 0.00

3.24 2.46 2.58

- 0.00 0.00

o¡o o¡o o¡o
35.49 35.92 37.02

0.05 0.15 0.16

0.00

0.00 0.00 0.00

otz o¿o o¿t
1.61 L.36 1.38

0.00 0.23 0.24

2.23 7.74 1.93

98.53 98.65 98.01 99.14

o_ut o_ut o_tu 0.80

99.51 98.92 99.87

0.80 0.81 0.81

98.50 99.56 'J.00.77

0.68 0.57 0.58

- 0.05 0.05

TOTAL 97.88 97.98 97.75 98.34 98.71

2L5

98.1 1 99.06 97.82 98.94 100.14

1'Calculated for charge balance.

V26 includes 0.02 Li2O, 0.03 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v28-3 V28-4 V28-5 v29-1 v29-2 \¡29-3 V29-4 v29-5 V30-1,r V30_2.r

sio,
AI2O3

Tio,
Meo
MnO
FeO

Fe2O3

Cr2 03

CuO

ZnO
CaO

NazO

KrO
Laz Os

Ce2O3

Pr2O3

Nd203
Sm203

Eu203

Gd2o3

Pbo
Bi203
Tho,
UOt
BrO"
SO"

F

CI

HzO*

O:F
O:Cl

36.60 36.86

16.16 16.18

2.80 2.74

1.81 'J..73

0.00 0.00

2.63 2.55

0.00 0.00

0.00 0.00

35.34 36.41

0.18 0.16

0.00 0.00

0.00

0.23 0.17

1..77 7.40

0.17 0-22

7.77 1.81

37.10 37.15

16.10 16.15

2.85 2.78

7.73 1.80

0.00 0.00

2.83 2.63

0.00 0.00

o¡o o¡o
35.18 34.41

o_0, o.:o

0.00 0.00

o¡o o¿o
1.20 1.31

0.17 0.14
't .72 1.51

36.76 37.01 37.01

16.09 16.46 76.07

2.93 2.67 2.90

1,.77 1.79 1..64

0.00 0.00 0.06

2.67 2.56 2.74

0.00 0.00 0.00

o¡o oio o¡o
35.56 34.18 35.72

o':' o_tr 
':'

0.00 0.00 0.00

o¿q orz o¿s
1.16 7.4'J. 1.15

0.18 0.18 0.20

1.78 I.44 1.78

37.30 33.25 34.23

76.26 10.36 10.63

2.87 7.1,2 't.24

1.65 4.19 4.2t
0.00 0.30 0.27

2.79 6.22 5.97

0.00 0.00 0.00

o¡o o¡o o¡o
34.09 30.69 32.82

0.21 0.00 0.00

- 1.86 1.68

0.00 3.09 2.67

- 0.28 0.28

- 0.57 0.38

- 0.00 0.00

- 0.00 0.00

_ 
o_'u o.:,

_-_
- 3.17 t

0.20 0.00 0.00

1.45 0.85 0.77

0.16 0.00 0.00

7.34 0.38 0.84

98.86 100.23 98.91

0.49 0.59 0.51

0.04 0.05 0.04

98.27 99.30 98.05

0.55 0.49 0.59

0.03 0.04 0.04

99.73 98.33 96.49 99.04

0.48 0.61 0.36 0.32

0.05 0.04

TOTAL 98.33 99-59 98.36 97.69 98.77 97.42 99.20 97.68 96.13 98.72

*Calculated for charge balance. tAverage value of 2.90 8203 used in calculations.

2L6



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v30-3. V30-4,¿ V30-5,ì V30-6 v30-7. V30-8 V30_9,r V31_1. v31_2i V31_3,

sio,
Al2o3
Tio2
Meo
MnO
FeO

Fe203

Cr2O3

CuO

ZnO

CaO

NazO

KzO
La2O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu203

Gd2O3

Pbo
Bi2o3
Tho,
UO,
BrOc
SO"

F

CI

HrO*

O:F
O=Cl

34.47 35.50

11.91 11.80

1.55 7.23

4.04 4.70

0.25 0.23

5.25 4.95

0.00 0.00

0.00 0.00

32.49 34.46

0.00 0.00

L.43 0.73

1.58 0.80

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-oo o:oo

t 2.55

0.00 0.00

0.94 0.59

0.00 0.00

0.50 1.30

34.90 35.35

11.36 12.76

1.07 0.15

4.64 5.37

0.27 0.27

5.74 4.40

0.00 0.00

o¡o o¡o
32.39 34.65

0.00 0.00

1.13 0.82

1.77 0.76

0.50 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o:tu o-oo

aatl
0.00 0.00

0.73 0.70

0.00 0.00

0.79 7.24

36.11 35.87

11.58 11.73

0.65 0.38

5.63 5.73

0.19 0.22

4.58 4.62

0.00 0.00

o¡o o¡o
34.79 33.47

o-oo o-ou

0.63 0.43

0.57 0.33

0.00 0.00

0.18 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

--
2.se i
0.28 0.00

0.64 0.61

0.00 0.00

0.95 1..11

33.75 36.67

10.30 16.54

1.06 2.77

4.76 7.42

0.29 0.00

6.15 2.74

0.00

o¡o o¡o
32.22 35.40

0.05 0.28

- 0.00

1.83

3.08

0.34

0.62

0.00

0.00

o:' 
_

t ,r,
0.00 0.00

0.94 1,.47

0.00 0.13

0.78 7.79

36.67 36.93
'J.6.42 1.6.46

2.80 2.67

1.55 't.70

0.00 0.00

2.82 2.54

oìo o^oo

35.50 35.84

0.21 0.20

o-oo

0.22 0.19

1.64 1.55

0.15 0.18

1.57 1.66

97.32 98.84 97.74

o-no o-'u o:31

98.77 99.77 97 .45

0.29 0.27 0.26

98.75 99.21 99.54 99.86

0.40 0.62 0.69 0.65

- 0.03 0.03 0.04

TOTAL 96.92 98.59 97.43 98.48 99.50 97.19 98.35 98.56 98.82 sg.17

1'Calculated for charge balance. tAverage vaìue of 2.90 Bz03 used in calculations.

2L7



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

\¡32-1 V32-2 v32-3 v32-4 V32-5 v33-1. V33-2. V34-1 V34_2 v34-3

sio,
Al2O3

Tio,
Mgo
MnO
FeO

Fe203

Cr2 O3

CuO

ZnO
CaO

Na2O

KtO
La2 03

Ce2O3

Pr2O3

Nd203

Sm2O3

Eu203

Gd2O3

Pbo
Bi2o3
Tho,
Uot
B, o¡
SO.

F

CI

Hro''

O:F
O:Cl

37.1.5 37.31

16.89 16.81

0.67 0.77

2.05 2.09

0.00 0.00

3.18 3.47

0.00 0.00

0.00 0.00

35.49 34.03

0.15 0.14

0.00 0.00

0.10 0.72

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-oo o:oo

or¿ oro
'J..78 1.77

0.14 0.18

1.85 1.60

37.05 37.24

76.43 16.63

0.75 0.77

2.70 2.07

0.00 0.00

3.46 3.36

0.00 0.00

o¡o o¡o
35.94 33.98

0.'J.2 0.15

0.00 0.00

0.17 0.11

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo_oo

o¡o o:o
1..73 1.85

0.21 0.15

2.06 1.51

37.01 37.61

16.75 77.40

0.67 0.64

2.71 1.77

0.00 0.67

3.31 3.16

- 0.37

0.00

0.00 0.00

36.08 35.21

0.15 0.09

- 0.00

0.00

0.08

0.00

0.00

0.00

0.00

0_00 
_

- oro
0.16 0.00

1.90 3.05

0.15 0.00

1.94 L.26

37.47 36.91

77.26 1,5.52

0.69 0.97

1.80 1.80

0.80 0.40

3.16 4.78

o-,'-

0.00 0.00

35.64 35.13

0.11 0.08

0.00 0.00

-o-oo

o¡o o¡o
3.15 2.26

0.00 0.23

1.35 1.78

36.10 36.64
't5.27 16.00

0.89 0.90

1.96 1.78

0.41 0.36

n':o n_to

o¡o o¡o
34.96 35.91

0.06 0. 1 0

0.00 0.00

o-ooo_oo

0.00

0.00 0.00

2.05 1.99

0.18 0.22

1.99 2.0i

99.59 98.33 100.03

0.75 0.72 0.73

0.03 0.04 0.05

98.02 100.30 101.17 101.81 99.86 98.57 100.01
0.78 0.80 7.28 1.33 0.95 0.86 0.84
0.03 0.03 0.05 0.04 0.05

TOTAL 98.81 97.57 99.25 97.27 99.47 99.89 100.48

218

98.86 97 .67 99.1,2

r'Calculated for charge balance.

V33 includes 0.15 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v34-4 \/34-5 V35-1,. V35_2, V36_1 v36-2 V36-3 V36-4 v36-5 V37-1

sio,
Al2o3
Tio2
Meo
MnO
FeO

Fe203

Cr2O3

CuO

ZnO

CaO

Na2O

K,O
La2 03
CesO3

Pr2O3

Nd?os
Sm2O3

Eu2O3

Gd?O3

Pbo
Bi2O3

Tho,
UOt
BrO¡
So"
F

CI

HrO*

O:F
O:Cl

36.02 36.49

75.25 15.65

0.88 0.81

7.94 1.91

0.37 0.40

4.87 4.55

0.00 0.00

34.62 35.20

0.06 0.10

0.00 0.00

o_ooo-oo

o¡o o¡o
2.79 2.1.6

0.15 0.11

1.89 1-95

36.63 36.69

16.28 16.40

1.78 'J,.75

1.38 7.14

0.00 0.00

n:tr n.:o

0.00 0.00

35.59 35.27

0.07 0.09

0.00 0.00

0.00 0.00

_

0.00

0.00 0.00

2.32 2.14

0.00 0.00

1.61 1.60

36.46 36.84

15.96 16.04

0.14 0.13

3.80 3.49

0.00 0.00

0.42 0.37

3.29 2.89

0.34 0.62

0.00 0.00

36.77 35.58

0.00 0.00

,_trt_a,

0.13 0.00

0.00 0.00

0.00 0.00

3.09 2.84

36.76 36.55
't 6.77 15.98

0.11 0.L4

3.49 3.55

0.00 0.00

0.37 0.40

2.89 3.11

0.51 0.63

0.00 0.00

36.37 35.25

0.00 0.00

o¡o o¡o

0.00

0.00 0.00

0.00 0.00

0.00 0.00

3.00 2.84

36.67 36.89

15.93 16.01

0.15 0.74

3.78 2.78

0.00 0.11

0.43 3.88
2 tAu.J=

0.47

0.00 0.00

36.86 36.88

0.00 0.00

- 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

3.77 3.35

98.24 99.33 99.85

0.92 0.9i 0.98

0.03 0.02

99.27 100.34 98.80 99.67

0.90

98.45 100.74 100.04

TOTAL 97.29 98.40 98.87 98.37 100.34 98-80

279

99.67 98.45 100.74 100.04

r'Calculated for charge balance.

V35 includes 0.04 Li2O.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v37-2 v37-3 v38-1.r v38-2.r v38-3"¿ V38-4.r v38-5ir v38-6ir v38-?i¿ v38-gir

sio,
A.l2o3

Tio2
Mso
MnO
FeO

Fe2O3

Cr303
CuO

ZnO

CaO

Na:o
K,O
La203
Ce2O3

Pr2O3

Nd?os
Sm2O3

Eu2O3

Gd2O3

Pbo
Bi2o3
Tho,
UOt
BrO"
SO"

F

CI

Hro*

O:F
O:Cl

37.30 36.73

16.40 1.6.21

0.13 0.17

2.85 2.89

0.08 0.07

t:n r_"

o¡o o¡o
36.67 36.38

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

3.19 3.22

33.24 33.56

70.27 '1,0.67

1.50 1.55

4.87 4.72

0.11 0.11

5.79 5.70

0.00 0.00

31.41 32.79

0.05 0.00

0.00 0.00

1.58 1.33

3.05 2.62

0.38 0.34

0.56 0.48

0.00 0.00

0.00 0.00

o_'' ,:,

rss ;
0.31 0.24

0.64 0.85

0.00 0.00

1..74 1.53

34.46 33.70 34.53

11.30 10.82 11,.21

0.91 r.45 1.13

5.03 4.79 5.04

0.12 0.72 0.15

t_nt t:n u_ot

o¡o o¡o oio
33.8s 32.59 34.03

0.00 0.00 0.00

0.00 0.00 0.00

1.09 1.29 1.13

1.82 2.36 1.66

0.26 0.30 0.15

0.28 0.42 0.20

0.00 0.00 0.00

0.00 0.00 0.00

o_oo o:' o_oo

*rrr;
0.00 0.00 0.00

0.78 0.58 0.69

0.00 0.00 0.00

2.01 1.49 2.00

34.77 35.56 34.75

17.44 10.49 10.97

0.87 0.82 0.87

5.2'J. 5.72 5.48

0.19 0.22 0.16

t_to n':' u_rt

o¡o o¡o oio
33.91 34.59 33.75

0.00 0.00 0.00

0.00 0.00 0.00

0.95 0.76 0.80

1.35 0.88 1.08

0.14 0.'J.4 0.14

0.16 0.16 0.18

0.00 0.00 0.00

0.00 0.00 0.00

o_ooo-ooo-oo

I

0.00

0.69

0.00

2.04

ii
0.00 0.00

0.00 0.57

0.00 0.00

2.47 2.75

99.86 98.95 97.38 97.94

0.27 0.36

99.11 98.27 98.74

0.33 0.24 0.29

98.53 98.55 98.00

0.29 - 0.24

TOTAL 99.86 98.95 97.11 97.58 98.78 98.03 98.45 98.24
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98.55 97.76

''calculated for charge balance. tAverage value of l.z7 Bzor used in calculations.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

\¡38-9¡¿v38-10idv38-L1ir \¡38-12i,rV38-L3i¿v38-14ir V38-1si,rV38-16¡¿V3g-1.71 V3g-18ir

sio,
Al2O3

Tio,
Meo
MnO
1.-eO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce3O3

Pr2O3

Nd?O3

Sm203

Ðu2O3

Gd2o3

Pbo
Bi2o3
Tho,
Uot
BrOt
SO"

F

CI

HtO*

O:F
O:Cì

35.35 35.55

11.33 17.75

0.87 0.84

5.29 5.20

0.18 0.18

t_on n:u

o¡o o¡o
35.03 34.29

0.00 0.00

0.00 0.00

0.70 0.39

0.77 0.56

0.13 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-oo o:oo

-ttt
0.00 0.00

0.76 0.64

0.00 0.00

2.13 2.00

35.32 35.85

11.53 12.0'J.

0.84 0.40

5.32 5.42

0.19 0.77

5.07 4.78

0.00 0.00

34.61 34.47

0.00 0.00

0.00 0.00

0.64 0.42

0.70 0.51

0.15 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-oo o-oo

ii
0.00 0.00

0.59 0.7r

0.00 0.00

2.\5 2.03

35.33 35.28

11.86 11.46

0.68 0.92

5.47 5.33

0.22 0.16

n_''n_''

0.00 0.00

35.24 34.45

0.00 0.04

0.00 0.00

0.52 0.58

0.48 0.59

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_oo o-oo

-;tl
0.00 0.00

0.41 0.74

0.00 0.00

2.34 2.04

35.56 35.68 35.81 35.51

11.73 L2.75 72.06 11.84

0.95 0.71 0.54 0.45

5.27 5.40 5.31 5.45

0.17 0.19 0.16 0.22

"_" ^:' ':_' n:o

0.00 0.00 0.00

35.37 34.89 35.26

0.04 0.05 0.00

0.00 0.00 0.00

0.33 0.25 0.36

0.44 0.28 0.52

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o-ooo_ooo_oo

0.00

34.96

0.00

0.00

0.53

0.47

0.00

0.00

0.00

0.00

0.00

1.46 t T T

0.72 0.00 0.00 0.00

0.71 0.75 0.54 0.57

0.00 0.00 0.00 0.00

2.33 2.06 2.21 2.23

99.40 98.12 98.89 98.55

0.32 0.27 0.25 0.30

98.90 98.24 99.38

0.17 0.31 0.30

98.61 99.26 98.70

0.32 0.23 0.24

TOTAL 99.08 97.85 98.64 98.25 98.73 97.93 99.08 98.29 99.03 98.46

''Calculated for charge balance. tAverage value of l.ZT B"O3 used in calculations.
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QUANTITATIVE \A¡DS RESULTS (NMNS)
Oxide Percents

v38-19i¿V38-20ir v38-21i¿v38-22¡,¡v38-23,r v38-24,r v38-2s.r v39-1 v39-2 v39-3

sio2
Al2o3
Tio2
Mso
MnO
FeO

Fe2O3

Cr2O3

CUO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2O3

Pr203

Nd?03

Sm2O3

Eu2O3

Gd203

Pbo
Bi?o3
Tho:
UO=

Br O¡

SO"

F

cl
HrO"

O:F
O:Cl

35.76 35.65

12.20 11.40

0.70 0.25

5.40 5.48

0.19 0.31

n':n r_ot

o¡o o¡o
35.46 34.60

0.00 0.00

0.00 0.00

0.14 0.68

0.19 0.64

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo

-_
tt

0.00 0.00

0.62 0.61

0.00 0.00

2.77 2.21

34.22 35.00

10.83 10.62

1.19 1.36

4.28 4.30

0.25 0.28

t:n u_r'

0.00 0.00

33.24 33.71

0.00 0.00

0.00 0.00

1.24 7.44

1.50 1..97

0.00 0.00

0.24 0.28

0.00 0.00

0.00 0.00

-;rt
0.00 0.00

1.13 0.98

0.00 0.00

1.61 1.66

35.99 35.40 34.54

72.35 72.1,9 10.39

0.60 0.27 0.67

5.31 5.44 4.84

0.19 0.27 0.24

n_''n-,nu-o'

o¡o o¡o o¡o
35.74 34.99 33.77

0.00 0.00 0.00

0.00 0.00 0.00

0.10 0.43 1.30

0.15 0.4't 2.17

0.00 0.00 0.00

0.00 0.00 0.35

0.00 0.00 0.00

0.00 0.00 0.00

o_oo o_oo o.:,

;;;
0.00 0.00 0.00

0.76 0.57 0.92

0.00 0.00 0.00

2.72 2.23 1.99

36.35 36.05 36.43

14.31 74.34 14.33

1.65 1.47 L.64

2.54 2.57 2.56

0.15 0.12 0.L2

1.00 1.00 0.96

4.79 4.27 4.05

0.00 0.00 0.00

0.00

35.07

0.00

0.00 0.00

36.41 34.91

0.00 0.00

0.00 0.00 0.00

0.00

0.00

0.00

2.sl

- 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.80 2-46

98.94 98.63 99.43

0.26 0.26 0.32

98.36 99.19 97.45

0.24 0.39 0.48

99.38 97.77 98.91 97.46

0.47

TOTAL 98.68 98.37 99.1 I 98.12 98.80 96.97 98.97 97.77
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98.91 97.46

*CaÌculated for charge balance. tAverage value of l.ZT B2O3 used in calculations.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v39-4 v39-5 v40-1..r v40-2¡.r v40-3¡¿ \¡40-4i¿ V40-5i¿ v40-6¡,¡ v40-zi¿ v4O-gir

sio,
Al2O3

Tio,
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

NazO

Kro
La2Os

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu203
Gd?o3

Pbo
Bi2o3
Tho2
UOt
BzO"
SO"

F

CI

HzO*

O:F
O:Cl

36.28 36.65

14.74 14.19

1.79 1.63

2.54 2.57

0.12 0.11

0.98 7.02

4.73 4.26

0.00 0.00

0.00 0.00

36.46 35.02

o_ooo_oo

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.74 2-46

36.35 36.92

17.00 16.44

1.00 1.51

2.79 2.98

0.32 0.29

,.:n ,:n

o¡o o¡o
34.99 35.48

0.14 0.10

0.00 0.00

0.00 0.00

0.19 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

o¡o o¡o
1.11 7.42

0.07 0.07

2.45 2.2s

36.51 36.36

16.87 77 .69

7.74 0.73

3.01 2.84

0.30 0.27

,_'n ,.:,

0.00 0.00

35.29 35.90

0.07 0.08

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

o¡o o¡o
7.2I 7.37

0.0s 0.07

2.44 2.51,

36.52 36.70 36.s0 36.12

15.94 16.08 1.4.75 13.40

7.42 0.52 0.70 0.74

2.64 3.00 3.46 3.40

0.28 0.32 0.29 0.24

r_nn n:, u_nu 6.35

o¡o o¡o o¡o o¡o
35.08 35.83 35.02 34.97

0.11 0.07 0.05 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.48

0.00 0.00 0.00 0.74

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.10

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o_oo o_oo o_oo 0.00

0.00

0.37

0.00

2.37

- 0.00

0.00 0.00 0.00

1.66 1.48 1.56

0.08 0.00 0.08

2.55 2.73 2.76

99.18 97.91 99.31 100.21 99.77 700.74

0.47 0.60 0.51 0.58

0.02 0.02 0.01 0.02

99.72 101.29 100.44 100.95

0.58 0.70 0.62 0.66

- 0.02 - 0.02

TOTAL 99.18 97.97 98.82 99.59 99.2i 100.14 99.14 100.57 99.82 100.27

''Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v40-9.,r v41-1 v4I-2 V41-3 V41,-4 v41-5 V42-7 v42-2 V42-3 v42-4

sio,
Al203
Tio2
Mso
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2O3

Pr2O3

Nd2o3

Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
Tho,
Uot
BrO¡
So.
F'

CI

Hro"

O:F
O:Cl

36.61 37.17

15.35 15.72

0.48 0.08

2.85 3.14

0.32 0.07

5.60 4.34

- 0.00

o¡o o¡o
35.38 34.63

0.03 0.00

0.00

0.00

0.00 0.00

0.00

0.00

0.00

0.00

o_oo_

o¡o o¡o
1.63 0.00

0.06 0.00

2.59 3.0s

36.69 37.36

74.37 14.98

0.09 0.07

3.23 3.14

0.09 0.09

5.00 4.37

0.00 0.00

0.00 0.00

36.75 35.27

0.00 0.00

o¡o o¡o

- 0.00

0.00 0.00

0.00 0.00

0.00 0.00

3.59 3.14

36.92 36.85

14.92 1.4.57

0.11 0.07

3.00 3.04

0.06 0.00

4.75 4.87

0.00 0.00

o¡o o¡o
36.55 34.68

0.00 0.00

,_" 
'¡'

0.00 0.00

0.00 0.00

0.00 0.00

3.44 3.72

36.91 36.60

14.22 13.99

0.36 0.37

3.81 3.88

0.00 0.00

t_nt t.:,

o¡o o¡o
35.96 36.10

0.00 0.00

o-ooo_oo

0.00

0.00 0.00

0.90 0.85

0.00 0.00

2.94 3.04

37.34 36.85

14.13 74.77

0.37 0.38

3.86 3.80

0.00 0.00

'_nn'-n'

0.00 0.00

35.85 36.84

0.00 0.00

o-ooo_oo

--

o¡o o-oo

0.90 0.85

0.00 0.00

2.89 3.14

100.90 97.54

0.69

0.01

98.42 99.75 97.20 99.04 98.76 99.33

0.38 0.36 0.38

99.81 100.01

0.36

TOTAL 100.2r1 97.54 99.81 99.75 97.20 98.66

+Calculated for charge balance.

98.42
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QUANTiTATIVE WDS RESULTS (NMNS)
Oxide Percents

v42-5 V43-1 V43-2 v43-3 V43-4 V44-1 v44-2 V44-3 V44_4 v45-1.

sio,
Al203
Tio,
Meo
lt4nO

FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

K:O
La2O3

Ce2O3

Pr2O3

Nd2O3

Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
Tho,
Uot
B:o"
SO"

F

CI

Hzo*

O:F
O:Cl

36.82 36.50 36.30

L4.28 15.07 1,4.78

0.41 0.31 0.31

3.88 3.25 3.32

0.00 0.00 0.00

4.00 0.38 0.39

_u-on'-,'

0.00 0.00 0.00

35.92 35.44 36.58

0.00 0.00 0.00

0.00 0.00 0.00

- 0.00

0.00
_ 0.00

0.00

0.00
_ 0.00

_-o_oo

-o¡o-
0.00 0.00 0.00

0.77 0.00 0.00

0.00 0.00 0.00

3.03 2.78 3.03

36.07 36.23

14.86 14.92

0.38 0.40

3.34 3.35

0.00 0.00

0.39 0.39

5.15 5.'t7

0.00 0.00

35.76 36.03

0.00 0.00

0.00 0.00

37.25 37.1,9

17.61 77.45

0.00 0.00

4.33 4.26

0.00 0.00

0.92 1.04

0.00 0.00

0.00 0.00

34.85 36.44

o_oo

0.00 0.00

o¿e o.+s

0.64 0.61

0.00 0.00

2.45 2.64

37.05 36.60

77.93 14.96

0.00 0.44

4.33 5.19

0.00 0.00

0.75 L.85

0.00 0.00

o¡o o¡o
34.82 37.15

0.00 0.00

- 0.00

0.00 0.00

- 0.00

- 0.00

- 0.00

- 0.00

- 0.00

36.90

77.54

0.00

4.46

0.00

0.7s

0.00

0.00

36.51

0.00

0.00

0.00 0.00 0.31

0.00 0.00 0.44

0.00 0.00 0.00

2.91 2.94 2.88

0.25

0.48

0.00

2.55

!
I

0.18

0.73

0.00

2.08

99.11 98.77 99.92 98.86

0.32
99.43 99.79 98.33 100.08 98.16 100.65

_ 
o_rn o:, 0.26 0_20 0.31

TOTAL 98.79 98.77 99.92 98.86 99.43 99.60 98.06 99.82 97.96 100.34

''Calculated for charge balance. tAverage value of 7.47 B2O3 used in calcu-lations.
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v45-2, v45-3" v45-4. v45-5" v45-6" v45-7. v45-8. v46-1 v4G-z V46-3

sio,
Al203
Tio,
Mso
MnO
FeO

Fe203

Cr203
CuO

ZnO

CaO

Na2O

KrO
La2O3

Ce2O3

Pr2O3

Nd?o3
Sm2O3

Eu2O3

Gd203

Pbo
Bi2o3
Tho?
UOt
BtO"
SO¡

F

CI

HrO*

O:F
O=Cl

36.59 36.57

75.24 1.5.02

0.45 0.49

5.00 5.1.2

0.07 0.00

2.24 2.02

0.00 0.00

oìo oìo
34.92 36.35

0.00 0.00

0.00 0.11

0.14 0.24

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o:oo o-oo

7.62 7.07

0.16 0.22

0.85 0.72

0.00 0.00

1.54 2.23

36.50 36.46

15.00 15.21

0.44 0.45

5.15 4.96

0.00 0.00

2.L6 2.02

0.00 0.00

0.00 0.00

34.96 36.68

0.05 0.00

0.11 0.11

0.18 0.17

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

tÌ
0.25 0-25

0.74 0.78

0.00 0.00

1.71 1.91

35.91 36.32

14.53 13.94

1.24 7.74

5.25 4.89

0.07 0.06

2.1.8 2.09

0.00 0.00

o¡o o¡o
35.20 36.27

0.00 0.00

0.00 0.15

0.13 0.30

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo

7.7r 1,.46

0.16 1.00

0.68 0.84

0.00 0.00

1.65 1.18

36.06 36.32

14.42 1,2.67

0.99 5.06

5.28 3.79

0.07 0.06

2.L8 0.68

- 1.36

0.00 0.00

0.00 0.00

35.33 34.96

0.00 0.00

0.00 0.09

0.13 0.25

0.00 0.00

0.00 0.17

0.00 0.00

0.00 0.00

o_ooo-oo

rt-
0.15 0.18

0.43 0.75

0.00 0.22

2.00 1.80

37.26 36.69

15.41 74.43

0.88 0.26

4.81 4.74

0.07 0.10

0.46 0.97

0.92 1.93

0.00 0.00

0.00 0.00

34.89 35.92

o_ooo_oo

- 0.16

0.00 0.33

- 0.00

- 0.00

- 0.00

- 0.00

-o-oo

osz o-e g

0.76 0.81

0.07 0.00

2.13 2.46

98.82 100.16 98.72 100.48

o_tu o_to o_tt o_tt
98.72 100.23 98.51

0.29 0.35 0.18

98.37 98.23 99.43

0.32 0.32 0.34

0.05 0.02

TOTAL 98.46 99.86 98.41 100.15 98.43 99.88 98.33 98.00 97.89 99.09

+Calculated for charge balance. tAverage value of 'J'..47 BzO3 used. in calculations.
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QUANTITAT]VE \AIDS RESULTS (NMNS)
Oxide Percents

v46-4 V46-5 v47-7 v47-2 V47-3 v48-1 v48-2 V48-3 v48-4 V49_1

sio,
Al2o3
Tio,
Mgo
lr{nO
FeO

Fe2O3

Cr2 O3

CuO

ZnO

CaO

Na2O

KrO
La2O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu2O3

Gd2O3

Pbo
Bi2o3
Tho,
UOt
B:Os
So"
F

CI

Hzo''

O=F
O:Cl

37.35 37.01

15.19 15.5s

1.33 1.00

4.58 4.97

0.10 0.09

0.48 0.42

0.94 0.84

0.00 0.00

0.00 0.00

34.41 36.02

o_o'o_oo

0.00 0.00

o¡¿ o.zL

0.72 0.76

0.07 0.00

2.00 2.65

36.82 36.59

16.75 76.22

7.57 2.23

1.51 1.52

0.09 0.00

3.83 3.81

0.00 0.00

35.91 35.37

0.06 0.08

0.00 0.00

- 0.00

0.00 0.17

- 0.00

- 0.00

- 0.00

- 0.00

- 0.00

0.00 0.12

2.27 1.90

0.00 0.00

7.72 1.64

36.83 36.66

16.73 1.7.34

1.63 0.53

1.59 1.96

0.07 0.22

3.7t 1,.57

- 0.94

0.00 0.00

36.23 36.63

0.06 0.09

0.00 0.00

0.00 0.00

0.00 0.00

L.98 2.64

0.00 0.00

1.88 1.73

36.61 37.05

77.24 i7.86
0.68 0.53

1.89 1.91

0.30 0.27

1.73 t.4t

0.88 0.86

0.00 0.00

3s.90 36.39

0.r0 0.10

0.00 0.00

0.00 0.00

o¡o oìo
2.67 2.43

0.00 0.00

r.62 7.77

36.75 36.97

16.96 18.54

0.77 0.00

2.05 2.00

0.08 0.95

,:, t_to

0.81 0-44

0.00 0.00

35.92 35.90

0.09 0.06

0.00 0.00

o-ooo_oo

o¡o o¡o
2.58 2.51

0.00 0.00

1.65 1.67

97.76 99.52 100.47

0.30 0.32 0.93

0.02

99.65 100.71 100.31

o_'oo_'''_''
99.56 100.46 99.73 100.14

t_to ,.:, t_on 1.06

TOTAL 97.44 99.20 99.54 99.88

r'Calculated for charge balance.

98.85
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v49-2 V49-3 V49-4 v49-5 \¡50-1 v50-2 v50-3 v50-4 V51_1 V51_2

sio2
Al203
Tio2
Mso
MnO
FeO

Fe2O3

Cr3O3

CuO

ZnO

CaO

Na2O

KrO
La2 03
Ce2O3

Pr2O3

Nd203
Sm2O3

Eu203

Gd2o3

Pbo
Bizo3
Tho2
UOt
B:O¡
So¡
F

CI

HtO''

O=F
O:Cl

36.75 37.00 37.04

18.62 18.67 19.00

0.00 0.00 0.00

2.17 1.96 L.94

0.68 0.90 0.74

o:, oju 0:54

0.56 0.54 0.51

0.00 0.00 0.00

37.23 35.78 36.52

0.03 0.08 0.06

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
2.82 2.68 2.62

0.00 0.00 0.00

1.69 'J..52 1.61

37.29 35.49 35.84

19.20 13.86 13.80

0.00 0.00 0.00

1.75 4.22 3.70

0.61 3.11 3.51

o_tn 
'':u t:n

0.69 0.13 0.00

0.00 0.00 0.00

36.02 34.08 35.35

0.12 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

,_ ,l: ,¡,

o¡o o¡o o¡o
2.60 1..62 1.43

0.00 0.63 0.18

1.45 2.52 2.95

35.56 35.98

14.09 13.84

0.00 0.00

4.22 4.r5
3.10 3.80

'-'' 
,:,

0.00 0.00

0.00 0.00

34.57 34.53

0.0ú 0.00

0.00 0.00

0.00 0.00

2.14 o¡A

o^oo o¡o
1.49 'J..25

0.66 0.16

2.63 2.89

37.49 37.24

77.92 77.62

0.09 0.16

1.87 2.70

0.1,2 0.10

,.:, ,.:n

o¡o o¡o
36.31 37.10

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.85 3.08

100.97 99.90 100.58 99.91

t-tn t-tt t-to 1:oe

99.40 99.71 99.64

0.68 0.60 0.63

0.14 0.04 0.15

98.35 99.56 100.39

0.53

0.04

TOTAL 99.78 98.77 99.48 98.82 98.58

"'Calculated for charge balance.
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99.07 98.86 97.78 99.56 100.39



QUANTITATI\¡Ð WDS RESULTS (NMNS)
Oxide Percents

\¡51-3 V52-1 v52-2 V52-3 v52-4 v53-1 V53-2 V53_3 \¡54-1 V54-2

sio2
Al203
Tio2
N{gO

MnO
FeO

Fe2O3

Cr2O3

CUO

ZnO

CaO

Nau O

Kzo
La2 O3

Ce2O3

Pr2O3

Nd203

Sm2O3

Eu2O3

Gd2O3

Pbo
Bi?o3
Tho,
UO,
BzO¡
SO"

F

CI

Hro*

O:F
O:Cl

37.10 35.41

77.87 10.83

0.10 1.43

1.89 4.39

0.10 0.26

0.00 0.00

36.87 35.86

0.00 0.00

0.00 0.00

0.00 0.00

--

o¡o o¡o
0.00 1.50

0.00 0.13

3.03 3.24

35.65 3s.72

11.69 72.32

0.66 0.58

4.41 4.54

0.24 0.24

6.68 5.92

0.00 0.00

35.20 35.83

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
1.83 1.99

0.14 0.77

2.98 2.95

35.68 34.25 34.08

11.58 11.70 11.69

7.74 2.87 2.80

4.31 7.82 1.83

0.29 0.77 0.20

u_uo t_tt ,:t

o¡o o¡o o¡o
35.00 32.08 31.60

0.00 0.39 0.39

0.00 0.00 0.00

- 1.01 1.03

0.00 1.83 1.81

- 0.26 0.24

- 0.45 0.34

- 0.00 0.00

- 0.00 0.00

_ 
o_tt ojo

- 1..43 1.50

0.00

0.00 0.77 0.16

1.66 2.15 1.83

0.18 0.06 0.05

2.92 1.81 1.92

34.90 36.35 36.27

72.37 15.48 15.36

3.09 0.72 0.51

7.76 3.33 3.74

0.17 0.00 0.00

6.60 4.10 4.52

- 0.00 0.00

0.00 0.00 0.00

32.06 35.83 36.34

0.44 0.00 0.00

0.00

0.70

7.46 0.00 0.00

0.21

0.39

0.00

0.00

o':' 
_ _

T_

ore o¡o o¡o
"t.77 0.00 0.00

0.00 0.00 0.00

1.81 3.32 3.45

100.04 99.99 99.48 100.27

0.63 0.77 0.84

0.03 0.03 0.04

99.26 100.08 99.10

0.70 0.91 0.77

0.04 0.01 0.01

99.60 99.13 99.59

0.75

TOTAL 100.04 99.33 98.68 99.39 98.52 99.16 98.32 98.85 99.13 99.59

"Calculated for charge balance. tAverage value of 1.47 ThO, used in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v54-3 V54-4 v54-5 V55-1.. \¡55-2. \/56-1r V56-2r VS6-3d V56-4., V5Z-1

sio,
AT2O3

Tio,
Mgo
MnO
FeO

Fe203

Cr203
CuO

ZnO

CaO

Na2O

Kro
La2 O3

Ce2O3

Pr2O3

Nd2O3

Sm2O3

Eu203

Gd2o3

Pbo
Bi?03
Tho?
UO,
BzO.
So.
F

CI

Hzo*

O:F
O=Cl

35.80 36.46

15.97 15.36

0.59 0.56

3.06 3.06

0.00 0.00

3.78 4.39

0.00 0.00

o¡o o¡o
37.71 36.08

0100

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

3.53 3.33

35.73 36.77

14.95 1.6.44

0.62 1.01

3.24 1.30

0.00 0.22

4.60 4.55

0.00

o¡o o¡o
36.85 34.94

0.00 0.03

- 0.00

0.2t
0.20 0.00

0.00

0.00

0.00

0.00

o-oo_

- ono
0.00 0.00

0.39 2.r0
0.00 0.07

3.45 1.69

36.49 34.57 34.77

16.31 11.63 11.85

1.54 0.54 0.47

1.19 4.20 4.18

0.22 0.22 0.22

4.63 3.85 3.83

_ '-,n ':,

0.00 0.00 0.00

35.14 34.53 35.36

0.11 0.00 0.04

0.00 0.00 0.00

0.00

- ,nu 2.82

0.00 0.00 0.00

1.85 0.47 0.55

0.00 0.00 0.00

1..87 7.23 1,.22

35.01 35.25

12.73 12.18

0.43 0.41

4.84 4.84

0.13 0.13

3.67 3.60

tju r_un

0.00 0.00

35.31 35.50

0.00 0.00

o-ooo-oo

36.87
't6.62

0.29

3.51

0.00

t90

0.00

0.00

36.37

0.00

0.00

sla s^og -
0.00 0.00 0.00

0.00 0.00 0.42

0.00 0.00 0.00

1.28 1.34 3.00

99.84 99.24 100.23

__o_'u
99.06 99.35 97.85

0.88 0.78 0.20

0.02

99.23 99.7 4 100.03 99.38

o-,'__0.18

TOTAL 99.84 99.24 100.0 7 98.16 98.57 97.65 99.00

*Calculated for charge balance.
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99.74 100.03 99.20



QUANTITATiVE WDS RESULTS (NMNS)
Oxide Percents

v57-2 V57-3 V57-4 v57-5 V57-6 V57-7 V57_8 v58-1 V58-2 V58_3

sio?
Al203
Tio2
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu2O3

Gd2O3

Pbo
Bi203
Tho,
Uot
B,O¡
So"
F

CI

HzO''

36.54 35.87

16.51 15.15

0.60 0.74

3.59 3.37

0.00 0.00

2.75 4.85

0.00 0.00

o¡o o¡o
37.64 35.43

o_ooo_oo

0.00 0.00

o¡o o¡o
0.41. 0.00

0.00 0.00

3.25 3.41

36.49 36.63

76.17 16.30

0.80 0.70

3.49 3.56

0.00 0.00

2.73 2.23

0.00 0.07

o¡o o¡o
38.31 36.35

o-oo o:oo

0.00 0.00

o¡o -
0.00 0.00

0.00 0.54

0.00 0.00

3.60 2.93

36.61 36.19

16.34 16.52

0.86 0.70

3.68 3.62

0.00 0.00

2.15 2.14

0.00 0.00

o¡o o¡o
37.86 36.23

o_ooo-oo

0.00 0.00

0.00 0.00

0.39 0.44

0.00 0.00

3.28 3.02

36.16 37.10

16.49 77.75

0.75 0.00

3.40 2.93

0.00 0.00

2.93 0.06

- 1.10

0.00 0.00

0.00 0.00

37.73 37.1,7

o-oo

0.00 0.00

oìo o¡o
0.50 0.00

0.00 0.00

3.32 2.93

36.49 36.71.
't 7 .87 18.0 2

0.00 0.00

3.01 2.86

0.00 0.00

0.05 0.05

0.96 0.87

0.00 0.00

0.00 0.00

35.91 37.14

0.00 0.00

oìo -
0.00 0.00

0.00 0.00

0.00 0.00

2.80 2.96

O=F
O:Cl

100.68 98.82 101.59 99.32

o_''_-o_''
98.87 101.28 99.04 97.09 98.61
0.19 0.27

101.17

0. 16

TOTAL 100.51 98.82 101.59 99.09 101.01

*Calculated for charge balance.
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98.68 101.07 99.04 97.09 98.61



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v59-1 V59-2 V59-3 v59-4 V59-5 v60-1 v60-2 v60-3 v60-4 v60-5

sio2
Al?O3

Tio2
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KzO
La2O3

Ce2O3

Pr2O3

Nd2O3

Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
Thos
UOt
B. O,
SOs

F
CI

Hzot'

O:F
O:Cl

36.85 36.88

17.80 1.7.62

0.00 0.00

3.65 3.82

0.00 0.00

0.15 0.17

0.93 0.96

0.15 0.07

0.00 0.00

36.89 36.41

0.00 0.00

t¡' r_'.

o¡o o¡o
0.00 0.00

0.00 0.00

3.10 3.05

36.85 37.14

17.53 77.57

0.00 0.00

3.76 3.79

0.00 0.00

0.15 0.19

0.94 1.13

0.00 0.14

0.00 0.00

37.75 36.74

0.00 0.00

0.00 0.00

0.00

0.00 0.00

0.00 0.00

0.00 0.00

3.28 3.08

36.80 37.21 37.22

17.68 16.80 16.'J.2

0.00 0.1,2 0.33

3.72 3.29 3.53

0.00 0.00 0.00

0.17 0.58 0.67

1.07 2.79 3.26

0.00

0.00 0.00 0.00

37.87 35.29 35.54

0.00 0.00 0.00

0.00 0.00

0.00 0.00 0.00

36.88 36.78 37.02

16.31 16.36 16.35

0.29 0.77 0.19

3.53 3.51 3.49

0.00 0.06 0.00

0.64 0.64 0.62

'-on

0.00 0.00 0.00

35.43 35.95 35.90

0.00 0.00 0.00

0.00 0.00 0.00

o-ooo_ooo-oo

_-_

_-_

0.00

0.14 0.15 0.00

0.00 0.00 0.00

0.00 0.00 0.00

2.7s 2.86 2.90

0.00

0.00

0.00

3.30

0.13 0.17

0.00 0.00

0.05 0.00

2.63 2.70

99.52 98.98 100.26 99.78 100.61 98.89 99.54 99.06 99.64 99.47

0.01

TOTAL 99.52 98.98 100.26 99.78 100.61

*Calculated for charge balance.
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98.88 99.54 99.06 99.64 99.47



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v61-1 V6r-2 V61-3 v6'J,-4 V61-5 V62-1. V62-2 v62-3 V62-4 V62-5i¿

sio?
Al203
Tio,
Mso
MnO
FeO

Fe203

Cr2O3

CuO

ZnO

CaO

NazO

Kzo
La2 O3

Ce2O3

Pr2O3

Nd203
Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
Tho,
Uot
B.O"
SO¡

F

cl
Hzo*

'O:F
O:Cl

35.72 35.59

12.20 12.65

0.54 0.63

4.98 4.81

0.08 0.09

r.28 7.24

4.29 4.14

0.00 0.00

0.00 0.00

34.88 35.85

o-ooo-oo

0.00 0.00

I 1.44

0.00 0.00

0.38 0.44

0.00 0.07
'J..97 2.06

35.82 36.22

13.30 L2.54

0.46 0.58

4.81 4.84

0.10 0.11

1.10 '1.20

3.68 4.01

0.00 0.00

0.00 0.00

34.63 36.37

o_ooo-oo

0.00 0.00

ti
0.00 0.00

0.00 0.43

0.08 0.08

2.03 2.08

35.89 36.93

1.2.51 76.'t7

0.61 0.65

4.94 3.64

0.10 0.00

7.23 2.47

4.10

0.00

0.00 0.00

34.91 35.82

0.00 0.00

- 0.00

0.00 0.00

:-T-
0.00 0-22

0.51 0.66

0.08 0.07

1.85 2.63

36.71 36.89

16.09 16.21,

0.64 0.63

3.65 3.69

0.06 0.07

2.56 2.49

0.00 0.00

36.19 35.61

0.00 0.00

0.00 0.00

0.00 0.00

ore 0.22

0.74 0.77

0.07 0.06

2.74 2.58

36.98 36.85

1.6.77 16.80

0.87 0.59

3.61 3.47

0.06 0.06

'':' '':'

o¡o o¡o
36.05 35.78

0.00 0.00

0.00 0.00

0.00 0.00

0.1,7 0.18

0.81 0.88

0.09 0.06

2.58 2.49

97.76 99.02 97.45

0.16 0.L9

- 0.02 0.02

99.90 99.77 99.27

0.18 0.21 0.28

0.02 0.02 0.02

99.63 99-27 99.72 99.27

0.31 0.32 0.34 0.37

0.02 0.01 0.02 0.01

TOTAL 97.60 98.81 97 -43 99.70 9?.94 98.97 99.30 98.88

.\t t4ùù

99.36 98.89

''Calculated for charge balance. tAverage value of 1.44 Bz03 used in calculations.



QUANTITATiVE WDS RESULTS (NMNS)
Oxide Percents

v62-6¡¿ v62-7it v62-81 v62-9 v62-10 v62-11, v6z-"J.2" v63-1 v63-2 v63-3

sio,
Al2O3

Tio,
Mso
MnO
FeO

Fe2O3

Cr2O3

CUO

ZnO

CaO

NazO

Kzo
La2 03
Ce2O3

Pr2O3

Nd203

Sm2O3

Eu203

Gd2O3

Pbo
Bi2o3
Tho,
Uot
BrO¡
So.
F

CI

HrO*

O:F
O:Cl

36.82 37.24

16.49 76.25

0.54 0.88

3.58 3.40

0.00 0.07

,.:, ,:t

o¡o o¡o
36.46 35.96

0.00 0.00

0.00 0.00

0.00 0.00

- 0.00

0.18 0.20

0.76 0.76

0.06 0.06

2.74 2.48

36.97 37.72

16.27 16.58

0.90 0.4'J,

3.35 3.54

0.10 0.07

2.40 2.32

0.00 0.00

36.11 35.79

0.00 0.00

0.00 0.00

0.00 0.00

ors o¿a
0.66 0.60

0.09 0.07

2.63 2.60

37.25 36.89

16.45 16.30

0.61 0.48

3.46 3.54

0.00 0.07

'':n '':u

0.00 0.00

36.05 35.53

0.00 0.00

0.00 0.00

0.00 0.00

o]2s o:e
0.73 0.56

0.07 0.05

2.53 2.58

37.09 36.30

16.48 16.96

0.48 0.51

3.53 1.45

0.06 0.62

2.38 2.99

- 1.03

- 0.00

0.00 0.00

36.43 34.83

0.00 0.15

0.00

0.00 0.00

o¡s o¡o
0.63 2.15

0.05 0.00

2.64 'J,.74

36.63 36.90

16.7 6 16.88

0.36 0.50

1.61 1.66

0.53 0.53

3.17 2.97

1.10 1.03

0.00 0.00

0.00 0.00

35.79 34.47

o-to o_tt

0.00 0.00

o¡o o¡o
2.48 2.06

0.00 0.00
't.75 1.65

100.03 99.s2 99.63

0.32 0.32 0.28

0.01 0.01 0.02

99.36 99.80 98.65 100.12 98.74 100.32 98.77
0.25 0.31 0.24 0.27 0.91 1.08 0.8?
0.02 0.02 0.01 0.01

TOTAL 99.70 99.19 99.33 99.09 99.47 98.40 99.84

''Calculated for charge balance.

97.83 99.24 97.90
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v63-4 V63-5 V63-6 V63-7 \¡64- 1 v64-2 V64-3 v64-4 V64-5 V65-1

sio,
Al203
Tio?
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na3O

KrO
La2 O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu203
Gd2o3

Pbo
Bi2o3
Tho,
UOt
BzO,
SO.
F

CI

Hro*

O:F
O=Cì

36.36 36.30

16.97 16.59

0.50 0.52

7.49 't.73

0.52 0.58

2.96 2.97

L.03 1.03

0.00 0.00

0.00 0.00

35.61 34.83

0.14 0.10

0.00 0.00

0.00

0.00 0.00

2.16 2.28

0.00 0.00

1.86 1..70

36.26 36.45

16.83 17.08

0.61 0.34

1.50 1.60

0.62 0.49

3.05 2.99

1.06 1.03

0.00 0.00

0.00 0.00

35.83 34.56

0.13 0.11

0.00 0.00

0.00 0.00

2.78 2.3'J_

0.00 0.00

1.91 1.61

36.63 36.23

16.03 16.21

1.08 7.25

1.80 1.56

0.72 0.72

4.43 4.28

0.00 0.00

0.00 0.00

35.05 36.04

0.09 0.12

o¡o o¡o

0.00 0.00

2.43 2.24

0.07 0.72

7.77 2.00

36.54 36.87

16.54 17.01

0.93 0.74

1.63 7.47

0.57 0.42

4.38 3.55

0.00 0.00

0.00 0.00

34.74 36.39

o_'o

0.00 0.00

o¡o -
0.00 0.00

2.2'J. 2.28

0.00 0.00

1.81 1.90

37.27 37.10

1.7.27 17.38

0.00 7.67

7.67 1.37

0.47 0.06

3.79 2.98

0.00 0.00

o¡o o¡o
35.25 34.53

ojo o_tt

0.00 0.00

o¡o o¡o
2.38 7.62

0.08 0.00

1.72 1.60

99.60 98.63 99.98

o_nt o_nu o.:,
98.57 100.10 700.77

0.97 1..02 0.94

- 0.02 0.03

99.45 'J,00.77 100.00 98.44

0.93 0.96 1.00 0.68

0.02

TOTAL 98.69 97.67 99.06 97.61 99.06 99.80 98.52

''Calculated for charge balance.

.)ÐK
,lJ ù 1)

99.81 98.98 97.76



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v65-2 V65-3 V65-4 v65-5 V65-6 V66-1 v66-2 V66-3 v66-4 \¡66-5

sio,
Al2O3

Tio,
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La:Os
Ce2O3

Pr2O3

Nd2O3

Sm2O3

Eu203
Gd2o3

Pbo
Bi203
Tho,
Uot
Bro¡
SO"

F

ct
Hzo*

O:F
O:CI

37.13 37.44 36.83

77.29 16.84 17.28
'J-.70 L.72 1.68

7.47 L.73 1.45

0.06 0.07 0.07

2.82 3.05 2.78

0.00 0.00 0.00

o¡o o¡o o¡o
36.10 34.55 35.42

o.:, o_tt ojt

0.00 0.00 0.00

-_-

-_-

o¡o o¡o o¡o
1.55 7.54 7.57

0.00 0.00 0.00

1.91 1.67 1.80

37.14 37.20 35.91

77 .'t 4 L7 .34 16.35

1.66 7.62 0.05

1.38 1.35 0.88

0.07 0.07 1.83

2.91 3.02 2.1,9

0.00 0.00 0.00

0.46

0.00 0.00 2.20

34.29 35.51 35.02

ojt o_tt o_oo

0.00 0.00 0.00

orz o¡o o¡o
1.56 1.62 1.28

0.00 0.00 0.00

1.48 '1.76 2.42

35.64 35.57

15.96 15.87

0.00 0.05

0.93 0.91

1.97 7.97

2.29 2.40

0.00 0.00

0.44 0.46

2.32 2.35

34.16 35.44

o-oo o:oo

0.00 0.00

- oro
0.00 0.00

1.34 1.34

0.00 0.00

2.32 2.57

35.99 36.06

16.10 16.83

0.06 0.00

0.84 0.87

L.77 1.68

2.30 1.53

0.00 0.00

0.47 0.63

2.29 2.76

33.94 35.66

o-oo o:oo

0.00 0.00

0.00 0.00

1..27 1.23

0.00 0.00

2.27 2-45

100.14 98.72 98.99

0.65 0.65 0.66

97.86 99.60 98.59 97.37 98.93 97.18 99.10
o_uu o_ut o_un 0.56 0.56 0.53 0.52

TOTAL 99.49 98.07 98.33 97.20 98.92

''Calculated for charge balance.

236

98.05 96.81 98.37 96.65 98.58



QUANTITATiVE WDS RESULTS (NMNS)
Oxide Percents

v66-6 V67-1 V67-2 V67-3 v67-4 V67-5 V67-6 v67-7 V68-1 V68_2

sio,
Al?03
Tio,
Mso
MnO
FeO

Fe203

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu3O3

Gd2o3

Pbo
Bi?03
Tho,
UOt
BrO"
SO.
F
CI

H:O*

O:F
O:Cl

36.12 34.93

16.48 19.34

0.04 0.00

0.88 7.07

L.92 1.27

1.91 0.94

0.00

0.43 7.49
,ta 1 Ea
-.el l.JJ

34.14 34.24

0.00 0.00

- 0.00

0.00 0.00

- 0.86

0.00 0.00

7.26 1.57

0.00 0.00
,t, tn,

36.09 35.37

16.63 17.35

0.05 0.00

1.19 3.89

7.23 1.59

1.41 0.66

rs¡ 0.67

7.47 1.87

35.06 3t.26

0.00 0.00

0.00 0.04

o-ooo-oo

o¡r z¡r

o¡o o¡o
1.81 1.15

0.00 0.00

2.'J.0 2.50

35.74 35.55

18.34 77.52

0.00 0.00

3.47 1,.71

7.42 1.56

o.:,

0 .32 1. 13

7.73 1.62

31.84 33.67

0.00 0.00

0.03 0.00

0.00 0.00

,¡, ;ï

o¡o o¡o
1.33 1.03

0.00 0.00

2.32 2.43

35.27 35.95
't8.72 1,7.1,0

0.00 0.00

2.67 1.30
't.44 1.53

o-''o-n'

0.66 r.34
1.65 7.43

32.98 34.56

0.00 0.00

0.00 0.00

0.00 0.00

'_tt 
t-t'

o^oo o¡o
7.37 1.52

0.00 0.00

2.33 2.1,9

36.94 36.63

77.43 1,7.52

0.00 0.00

4.27 3.84

0.00 0.00

,.:, ,.:u

oro o¡t
36.03 36.62

0.00 0.00

0.00 0.00

0.00 0.00

- 0.00

0.18 0.27

0.00 0.00

0.00 0.00

3.08 3.08

97.67 99.45 98.90

o_tt o_uu o:u
98.35 98.27 98.60

0.48 0.56 0.43

98.84 98.91 99.05 99.19

o_u'o-un-

TOTAL 97.74 98.79 98.14 97.87 97.71 98.17 98.26

,,1,7

98.27 99.05 99.19

'tsCalculated for charge balance.

V67 includes 0.06 BeO.



QUANTITATIVE WDS RESULTS (N[{NS)
Oxide Percents

v68-3 V68-4 v68-5 V69-1 v69-2 V69-3 v70-11. Y70-21, V70_32 V7I_1,

sio,
Al2O3

Tio,
Meo
MnO
FeO

Fe2O3

Cr303
CuO

ZnO

CaO

NazO

Kro
La2O3

Ce2O3

Pr2O3

Nd2o3
Sm203

EulO3
Gd2o3

Pbo
Bi203
Tho,
UO,
BtO"
SO"

F

CI

Hzo*

O:F
O:Cl

36.75 37.31

17.36 77.46

0.00 0.00

4.28 4.27

0.00 0.00

'_'' 
,.:,

0.00 0.00

36.04 35.60

0.00 0.00

0.00 0.00

0.00 0.00

0.13 0.00

0.00 0.00

0.00 0.00

3.15 3.06

37.26 36.88

17.30 L6.33

0.00 2.76

4.07 L.76

0.00 0.00

t_ou ,:n

o¡o o¡o
36.50 36.28

0.00 0.09

0.00 0.00

0.00 0.00

o¡g o:¿
0.00 1.76

0.00 0.34

2.76 1.60

36.54 36.84

16.59 16.19

2.68 2.75

L.7 7 1.93

0.08 0.00

':' ':'

o¡o o¡o
35.61 36.32

0.09 0.08

0.00 0.00

0.00 0.00

o¡o 0.22
"J..67 1.91

0.30 0.37

1.68 7.s2

36.82 37.20

15.52 1,5.42

2.45 2.33

7.82 1.81

0.09 0.07

3.28 3.22

':' ':n

0.00 0.00

34.81 34.86

0.29 0.25

0.00 0.00

0.00 0.00

-_

0.00

0.00 0.00

2.38 2.33

0.07 0.07

7.47 1.42

36.43 36.61

15.51 15.27

2.40 0.05

1.83 3.10

0.07 0.12

3.22 4.45

'_''_

0.00 0.00

34.70 36.20

0.24 0.00

0.00 0.00

0.00 0.00

-_

o¡o o¡o
2.83 0.00

0.08 0.00
'J..25 3.42

98.84 98.76 99.57 100.68

0.74

0.08

99.68 100.89 100.22 100.23 99.?5 99.22
0.70 0.80 1.00 0.98 1.19
0.07 0.08 0.02 0.02 0.02

TOTAL 98.84 98.76 99.57 99.86 98.91 100.01

i'Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v77-2 V71-3 V77-4 V71-5 v72-7 v72-2 V72-3 v72-4 V72-5 v72-6

sio,
Al203
Tio,
Meo
It{nO
FeO

Fe2O3

Cr2O3

CUO

ZnO

CaO

Na:o
KzO
La2O3

Ce203

Pr2O3

Nd203
Sm3O3

Eu2O3

Gd2O3

Pbo
Bi2o3
Tho,
UOt
Bt O¡
So"
F

CI

HzO*

O:F
O:CÌ

3 7.06 36.7 7 3 7.11

15.12 75.20 75.27

0.04 0.00 0.05

3.1,2 3.15 3.72

0.13 0.13 0.10

n_uu n:' n':'

o¡o o¡o o¡o
35.80 36.26 35.89

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o--
0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

3.32 3.41 3.27

37.22 36.48 36.87

15.02 15.19 74.87

0.00 't.25 1.21

3.23 2.72 2.74

0.11 0.56 0.52

4.70 4.74 4.99

- 0.00 0.00

o¡o o¡o o¡o
36.67 33.53 34.85

0.00 0.06 0.00

0.00

0.00 0.00 0.00

36.49 36.57

15.76 15.40

0.84 1.01

1.91 2.00

0.33 0.32

4.42 4.60

0.00 0.00

0.00 0.00

33.75 35.47

o-oo o:oo

0.00 0.00

oìo o¡o
0.00 0.00

0.00 0.00

2.56 2.65

0.20 0.27

1.39 1.65

36.69 36.98

15.78 18.43

0.88 0.80

1.90 1.69

0.29 0.27

4.45 4.04

0.00 0.00

0.00 0.00

35.10 27.70

0.05 0.06

o.oo o¡o

0.00 0.00

0.00 0.00

0.00 0.00

2.70 1.56

0.22 0.13

L.56 0.65

- 0.00 0.00

- 0.00 0.00

0.00 0.1.2 0.00

0.00 2.55 2.23

0.00 0.08 0.15

3.49 1..42 7.82

99.24 99.13 99.06 100.44 98.10 99.64 97.65 99.94 99.62 97.92

7.07 0.94 1.08 'J..'tz 1.14 0.66

0.02 0.03 0.05 0.06 0.05 0.03

TOTAL 99.24 99.13 99.06 100.44 97.01 98.67 96.52

*Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v72-7 V73-7 V73-2 V73-3 V74-'J., V74-2 V74-3 V74_4 V74_5 V74_6

sio,
Al203
Tio,
Mso
MnO
FeO

Fe2O3

Cr203
CuO

ZnO

CaO

NazO

K:O
La203
Ce2O3

Pr2O3

Nd2o3
Sm2O3

Eu2O3

Gd2o3

Pbo
Bi2o3
Tho,
UOt
BrO"
Soc
F

CI

Hro"

O:F
O=CI

46.03 36.29

1.9.57 13.33

1.23 0.00

1..70 3.80

0.34 0.19

5.45 5.48

0-00

o¡o o¡o
3.96 35.47

0.59 0.00

0.35 0.00

o-on o:oo

_.-

0.00

0.00

0.00 0.00

0.00 2.13

0.00 0.16

-3.32 2.57

36.33 35.84

1,3.24 13.51

0.00 0.00

3.96 3.92

0.17 0.20

t':n r_rt

o¡o o¡o
36.24 35.62

0.00 0.00

0.00 0.00

0.00 0.00

--

o¡o o¡o
2.04 1..92

0.21 0.19

2.74 2.76

35.69 35.52

1,2.25 11.87

0.99 7.02

6.29 6.43

0.00 0.00

1.16 1.22

,_tt ,.:n

0.00 0.00

35.67 35.52

0.00 0.00

0.00 0.00

0.00 0.08

0.12 0.11

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo-oo

¡¡s ;
0.00 0.00

0.49 0.00

0.00 0.00

1.04 1.46

35.52 35.95

12.05 11.85

0.71 0.95

6.45 6.54

0.00 0.06

7.24 7.22

,.:n ,:n

0.00 0.00

35.42 35.27

0.00 0.00

0.00 0.00

0.00 0.00

0.16 0.19

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_oo

lrtt
0-00 0.00

0.00 0.00

0.00 0.00

1.49 1.40

35.99 36.26

11.84 7't.79

0.93 0.93

6.59 6.64

0.06 0.07

7.22 '1.22

,:o ,:n

0.00 0.00

35.89 35.39

0.00 0.00

0.00 0.00

0.11 0.11

0.16 0.20

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo

3.02 ;
0.18 0.00

0.50 0.00

0.00 0.00

1.03 7.4-t

75.99 99.43 100.17

- 0.90 0.86

- 0.04 0.05

99.27 98.93 98.36

0.81 0.21.

0.04

98.56 99.82 99.15

- 0.27

98.22

TOTAL 75.99 98.49 99.26 98.42 98.72 98.36 98-22 98.56
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99.61 99.15

{'Calculated for charge balance. tAverage value of 2.84 B303 used in calculations.
V74 includes 0.03 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v74-7 Y74-8 v74-9 V74-10 V74-7r V74-12 V74-73 V74_14 V74_t5 V74_76

sio2
Al203
Tio2
Meo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO
CaO

Na:o
K:O
La2 O3

Ce2O3

Pr2O3

Nd?o3

Sm2O3

Eu2O3

Gd203

Pbo
Bi2os
Tho,
UOt
B:O"
Sos
F

cl
HzO*

O:F
O=Cl

36.00 36.01

77.45 77.42

0.93 0.90

6.68 6.67

0.00 0.08

7.23 7.24

2.31 2.34

0.00 0.00

35.63 35.54

0.00 0.00

0.00 0.00

0.11 0.11

0.26 0.27

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

l¿tt
0.23 0.21

0,00 0.00

0.00 0.00

1.33 'J..34

35.84 36.46

11.82 77.71,

0.87 0.89

6.62 6.60

0.00 0.00

7.21. 1.23

,:, ,:,

0.00 0.00

35.87 35.53

0.00 0.00

0.00 0.00

0.18 0.13

0.27 0.25

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

t 2.40

0.21 0.24

0.00 0.00

0.05 0.00

1.39 1.58

36.28 35.92

11.66 11.61

0.90 0.93

6.62 6.57

0.00 0.00

7.24 7.25

,.:t ,_rt

0.00 0.00

35.86 3'õ.74

0.00 0.00

0.00 0.00

0.11 0.1,2

0.25 0.26

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo_oo

ti
0.27 0.25

0.00 0.00

0.00 0.00

1.34 1.33

35.82 36.01

11.63 11.63

0.85 0.89

6.69 6.63

0.00 0.00

7.24 1..2t

,.:n ,.:,

0.00 0.00

35.62 35.67

0.00 0.00

0.00 0.00

0.14 0.16

0.25 0.24

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o:oo

::1T
0.26 0.19

0.00 0.42

0.00 0.00

1.35 1.16

36.36 35.82

11.63 11.63

0.88 0.88

6.63 6.56

0.00 0.00

7.24 7.22

2.34 2.29

0.00 0.00

35.45 35.41

0.00 0.00

0.00 0.00

0.14 0.13

0.24 0.23

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

2.7e t
0.30 0.30

0.00 0.00

0.00 0.00

7.24 7.24

99.00 98.97 99.44

0.01

99.33 99.64 99.77 99.03 99.32 99.24 98.55

0.18

TOTAL 99.00 98.97 99.43 99.33 99.64 99.17 99.03 99.14 99.24 98.55

tCalculaied for charge balance. tAverage value of 2.84 B2O3 used in calculai,ions.
V74 includes 0.03 BeO-
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QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v74-17 V74-78 V74-79 V74-20 V74-27 V74-22 V74-23 V74_24 V74_25, V75_1

sio2
Al2o3
Tio2
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO

ZnO

CaO

Na2O

KrO
La2 O3

Ce2O3

Pr2O3

Nd203
Sm2O3

Eu2O3

cd?o3
Pbo
Bizo3
Tho,
Uot
BrO"
SO"

F

CI

Hro*

O:F
O:Cl

36.74 36.L7 35.88

7'J..67 11.59 11 .9I
0.84 0.82 0.74

6.64 6.67 6.52

0.00 0.00 0.00
'1.26 1..24 7.20

':' '':' ':u

0.00 0.00 0.00

36.03 35.43 35.98

0.00 0.00 0.00

0.00 0.00 0.00

0.14 0.1.2 0.09

0.28 0.31 0.1,7

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

'-" '_'' '-"

fti
0.30 0.29 0.14

0.00 0.49 0.00

0.00 0.00 0.00

7.34 1.01 1.45

36.11 36.42 35.86

72.03 11.90 11.84

0.80 0.55 1.00

6.48 6.46 6.43

0.00 0.00 0.00

1.21 1.36 7.22

'':' '':u ':n

0.00 0.00 0.00

35.5.1 35.43 35.58

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.10 0.00

0.18 0.19 0.19

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o-ooo_ooo-oo

35.78 35.92

11.87 11.98

7.25 0.99

6.36 6.48

0.09 0.00

1.27 7.21,

2.28 2.26

0.00 0.00

35.84 35.75

0.00 0.00

0.00 0.00

0.00 0.00

0.13 0.11

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

;;
0.12 0.00

0.00 0.00

0.00 0.00

1.38 7.47

35.94 35.46

11.81 1.8.97

1.13 0.05

6.42 3.27

0.06 0.00

1..22 0.1,7

'':n o_rt

0.00 0.00

35.99 35.76

0.00 0.00

0.00 0.00

0.00

0.14 0.00

0.00

0.00

0.00

0.00

o-oo_

2.66 -
0.00 0.00

0.39 0.00

0.00 0.00

1.44 2.99

3.06

0.00

0.00

0.00

1,-25

¡f,tt
0.00 0.00

0.00 0.00

0.00 0.00
'1..47 'J.-43

99.85 99.32 99.26 98.94

- 0.2't

99.22 98.68 99.15 99.01 99.49 97.'J.2

- 0.16

TOTAL 99.85 99.1 1 99.26 98.94 99.22 98.68 99.15 99.01
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99.33 97.12

à'Calculated for charge balance. tAverage value of 2.84 B:03 used in calculations.
V74 includes 0.03 BeO.



QUANTITATIVE WDS RESULTS (NMNS)
Oxide Percents

v75-2 V75-3

sio2
Al203
Tio2
Mgo
MnO
FeO

Fe2O3

Cr2O3

CuO
ZnO

CaO

NazO

Kro
La2O3

Ce2O3

Pr2O3

Nd?o3
Sm203

Eu2O3

Gd2o3

Pbo
Bi2o3
Tho2
Uot
Bzo"
SOs

F
ct
HzO*

35.80 36.57

17.54 77.46

0.00 0.00

3.69 3.53

0.06 0.00

0.21 0.77

o_u'

0.00 0.00

37.15 36.74

0.00 0.00

0.00 0.00

0.00 0.00

0.00

0.00 0.00

0.00 0.00

0.00 0.00

3.30 3.07

98.38 98.10

O:F
O:CI

TOTAL 98.38 98.10

r'Calculated for charge balance.
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Appendix E.2

WDS ANÁ.LYSES OF VESUVIANITE (NMNS)

fons p.f.u. (50-Cation Normalization)

ABBREVIATIONS USED IN APPENDIX 8.2

(.)t centre of grain
(.)r rim of grain
(i)r intermediate between core and rim
(d)r dark in BSE image

(l), light in BSE image

XX : (Ca*Na*K*REE*Pb+Bi+Th+U)
EY : (Al*Ti+Mg+Mn+Fe+C¡*Cu*Zn)
DZ : (Si)

Subscripted numbers refer to different grains. The analyses are
normalized to 50-cations (less B, S) and 78 anions per formula unit.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

vl-11 V7-22 v1-32 V'J.-42 V1-53 v1-64 VL-7 4 V2-7" v2-2, V3-1

Si++

Al3+
Ti++

Mgt+
Mn2*
Fez+

Fe:+

C13*
(ju- ¡

Zn2*
Caz1.

Na+

K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bis+

Th++

U++

B¡+
So+

F_
cl-
oH-"
o

18.14 18.03

9.85 9.47

0.05 0.06

1.45 1.73

0.05 0.00
'J..49 7.70

0.00 0.00

18.97 19.00

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.76 10.34

68-24 67.66

18.97 19.00

L2.89 12.96

18.14 18.03

18.10 18.02

9.89 9.55

0.10 0.04

0.93 1.70

0.08 0.00

1.74 1..64

o¡o o¡o
19.17 19.04

0.00 0.00

0.00 0.00

o-ooo-oo

o¡o o¡o
0.00 0.00

0.04 0.00

9.67 10.32

68.28 67.68

19.17 1.9.04

12.73 '12.93

18.10 18.02

18.07 18.14

9.42 9.48

0.07 0.06

1.69 t.75
0.00 0.03

t_ut t.:,

o¡o o¡o
79.72 19.02

0.00 0.00

0.00 0.00

0.00 0.00

--

o¡o o¡o
0.00 0.00

0.00 0.00

10.30 10.17

67.70 67.83

Statistics

19.'J.2 19.02

12.81 12.84

18.07 18.14

'J.7 .93 1 8. 16

9.49 10.09

0.05 0.20

7.72 1.08

0.02 0.15

7.57 1.30

- 0.30

0.00 0.00

79.22 18.60

0.00 0.72

0.00 0.00

o_oo-

- oro
0.00 0.00

0.00 4.71

0.00 0.00

10.56 4.32

67.44 68.98

79.22 t8-72

12.85 r3.t2
77.93 18.16

0.04 0.07

4.63 0.00

0.00 0.06

4.30 9.28

69.06 68.66

18.71 18.98

13.14 12.89

18.16 18.13

18.16

9.72

0.26

7.26

0.15

1.43

0.33

0.00

18.65

0.06

0.00

18.13

9.40

0.00

2.80

0.02

0.09

0.58

0.00

0.00

18.98

0.00

0.00

ÐX
EY
EZ

{'Calculated for charge balance.

V2 includes 0.01 Li, 0.04 Be.
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QUANTITATIVE \VDS
Ions p.f.u. (S0-Cation

RESULTS (NMNS)
Normalization)

v3-2 \r9 D v3-4 v .t-Ð v4-1, V4-2, V4-3, v4-4 v4-5 V4-6

Si4+

Al3+
Ti++

Mg'+
Mn2*
Fe2*

Fe3+

Cr3*
Cu2*
Zn2+

Ca2I
Na+

K+
La3*
Ce3*

P13*

Nds+

Sm3*

Eus*
Gd3+

Pbz+

Bis+

Th4+

U++

B¡+
So+

F_
ct-
oH-*
o

17 .72 18. 15

9.29 9.37

0.00 0.00

2.79 2.85

0.03 0.00

0.08 0.08

0.55 0.54

0.00 0.00

0.00 0.00

19.54 19.00

o-ooo_oo

0.00 0.00

- oro
0.09 0.13

0.00 0.00

0.00 0.00

10.18 9.01

67.82 68.99

19.54 L9.00

12.74 1,2.84
'J.7.72 18.15

17.81 18.01

9.00 9.43

0.00 0.00

2.87 2.74

0.00 0.00

0.10 0.08

0.64 0.52

0.00 0.00

0.00 0.00

19.57 'J,9.23

o-oo

0.00 0.00

o¡+ o¡g
0.00 0.00

0.00 0.00

70.47 9.49

67.53 68.51

19.57 1,9.23

!2.62 12.76

17.81 18.01

18.08 18.10

8.60 8.46

0.55 0.63

7.29 7.25

0.14 0.15

1.L4 L.23

'':' '':'

0.00 0.00
't 8.77 18.60

0.09 0.11

0.00 0.00

0.00 0.02

0.02 0.03

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

'-" 'l'

o¡o o¡o
3.18 3.74

0.20 0.18

5.50 4.80

69.11 69.28

Statistics

18.88 18.76

13.04 13.13

18.08 18.10

0.00 0.00

18.75 18.80

0.08 0.08

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo_oo

0.00 0.00

18.75 18.68

0.08 0.08

0.00 0.00

0.00 0.02

0.00 0.05

0.00 0.00

0.00 0.03

0.00 0.00

0.00 0.00

'-" 'l'

18.11 18.11 18.08 18.02

8.55 8.62 8.62 8.51

0.52 0.45 0.46 0.61

1..40 1.36 1.40 1.33

0.15 0.14 0.14 0.t4
1.13 7.14 1.15 7.'J.7

t_tt t_tr t_tt 1.35

0.00

3.42

0.15

5.40

69.03

-oro-
0.00 0.00 0.00

3.37 3.15 3.68

0.14 0.17 0.18

5.51 5.74 4.99
68.97 68.94 69.15

ÐX

'YÐz

18.83 18.88 18.83 18.86

13.06 13.02 13.09 13.11

18.11 18.11 18.08 18.02

"'Calculated for charge balance.
V4 includes 0.01 Li, 0.01 Be.
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QUANTITATIVE WDS
Ions p.f.u. (50-Cation

RESULTS (NMNS)
Normalization)

v4-7 v4-8 v4-9 v5-l v5-2 v5-3 v5-4 v5-5 v5-6 V5-7

si4 + 19.10

Al3+ 8.99

Ti4+ 0.50

Mg'+ 1.L8

Mn2* 0.13

Fe?* 1.00

Fe3* 1.16

C13*

Cu2*
Zn2'r 0.00

Caz* 18.g0

Na+ 0.13

K+ 0.00

La3* 0.00

Ce3* 0.01

Pr3* 0.00

Nd¡+ 0.00

Sm3* 0.00

Eu3* 0.00

Gd3+ 0.00

Pbz+

Bic+
Th4+

U'1+
D3+D'

So+ 0.00

F- 3.84

cl- 0.16

oH-* 4.76

o 69.24

18.23 18.11 17.98

9.77 9.10 9.81

0.51 0.50 0.34

1. L5 1.16 t.26
0.13 0.14 0.15

1.00 'J..02 7.27

t_tu ,.:,

0.00 0.00 0.00

18.50 18.66 78.74

0.14 0.14 0.07

0.00 0.00 0.00

0.00 0.00

0.00 0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

'_''.-''-

0.00 0.00 0.03

3.51 3.78 4.24

0.13 0.15 0.08

4.68 4.7L 4.66

69.68 69.36 69.02

18.13 18.07

9.75 9.99

0.36 0.24

7.24 r.77
0.16 0.13

1.18 7.22

o:n oju

0.04 0.00

18.64 18.69

0.06 0.04

0.00 0.00

0.00 0.00

o¡o o¡o
3.88 3.72

0.08 0.08

4.93 5.18

69.11 69.02

Statistics

18.70 18.73

13.!7 1,3.21,

18.13 18.07

ÐX
ÐY
ÐZ

18.94

12.96

18.10

18.64 18.80 18.81

13.13 13.09 13.21

18.23 18.11 17.98

18.13 18.05 18.15 L8.72

9.94 9.91 9.85 9.86

0.27 0.27 0.28 0.31

r.zt 1.-22 L.27 7.20

0.14 0.13 0.13 0.15

1.21 1.24 1.22 1.23

o_nu o.:u o_nr oju

0.00 0.00 0.00 0.00

18.61 18.71 18.65 18.62

0.04 0.00 0.05 0.05

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o¡o o¡o o¡o :.::
3.81 4.03 3.87 3.90

0.07 0.05 0.07 0.08

4.96 4.92 4.95 4.89

69.17 69.00 69.11 69.13

18.65 18.77 18.70 18.66

73.22 73.24 13.15 1,3.22

18.13 18.05 18.15 18.12

i'Calculated for charge balance.
V4 includes 0.01 Li, 0.01 Be.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v5-8 v6-1 v6-2 v6-3 v6-4 v6-5 v6-6 v7-1 v7-2 V7-3

si4+ 18.18

Al3+ 9-72

Ti4+ 0.31

Mg'+ 1'.25

Mn2r 0.1s

Fe2* l.2g
Fe3* 0.48

Cr¡+
Cu2*
Znz+ 0.00

Ca2* lg.sg
Na+ 0.04

K+ 0.00

La3*
Ce3* 0.00

Pr3*
Nd¡+
Sms*
Eu3*
Gd3+

Pb2+

Bis+
Th++

U4+
D3+D '

s6+ 0.00

F- 3.62

cl- 0.05

oH-" 5.19

o 69.14

18.31 18.05

9.59 9.25

0.31 0.77

2.09 7.97

0.33 0.34

o.:, ,.:,

0.00 0.00

78.47 18.12

0.00 0.77

0.00 0.00

0.05 0.07

0.'J.2 0.19

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_oo o-oo

18.15 18.16

9.58 9.52

0.31 0.33

2.09 2.73

0.33 0.34

oju olu

o¡o o¡o
18.62 18.60

0.00 0.00

0.00 0.00

0.05 0.05

0.12 0.11

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo

--

0.00 0.00

4.03 3.87

0.64 0.61

4.65 4.87

68.68 68.66

Statistics

18.79 18.76

13.06 13.08

18.15 18.16

18.13 18.39

9.44 8.92

0.42 1.68

2.04 0.95

0.34 0.00

o_'''-''

oio o¡o
18.71 77.97

0.00 0.84

0.00 0.00

0.04

0.07 0.00

0.00

0.00

0.00

0.00

o_oo_

-_
0.00 0.00

3.97 0.00

0.62 0.00

4.76 7.78

68.65 70.22

18.22 18.23

8.85 9.03

7.74 L.69

0.93 0.95

0.00 0.00

t':' t_rt

o¡o oro
18.10 't 

7 .94

0.85 0.85

0.00 0.00

0.00 0.00

0.00

0.00 0.00

0.00 0.00

0.00 0.00
' 8.09 7.99

69.91 70.01

18.94 18.79

12.84 12.98

18.22' 18.23

18.08

9.45

0.48
'J..97

0.32

0.74

0.00

78.77

0.00

0.00

0.06

0.14

0.00

0.00

0.00

0.00

0.00

'X
'YÐZ

18.61

13.20

18.18

- 0.00 0.00

0.00 0.10 0.08

4.23 3.60 3.68

0.61 1.04 0.65

4.16 3.75 4.43

69.00 69.61 69.23

18.64 18.55 18.97

13.05 13.40 1.2.95

18.31 18.05 18.08

18.82 18.75

13.05 12.86

18.13 18.39

*Calculated for charge balance.
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QUANTITATiVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v7-4 v7-5 v7-6 v7-7 vg-11. \¡g-2r. vg-32d yg_4zt vg_11 vg_21

Si4+

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Fes+

Cr3*
Cu2*
lrll- |

Ca2*
Na+

K+
La3*
Ces+

P13*

Nd3+

Sm3*

Eu3t
Gd3+

Pb2+

Bi3+

Th¿+

U++

Bs+

S6+

F_
cl-
oH-*
o

18.17 't8.29

8.93 9.04

1.70 1..64

0.99 0.97

0.00 0.00

'_'''-'o

o¡o o¡o
18.05 77.92

0.83 0.83

0.00 0.00

0.00 0.00

o¡o o¡+
0.00 0.00

0.00 0.00

8.16 7.66

69.84 70.34

18.88 18.75

72.95 'J.2-96

18.17 18.29

78.24 18.32

8.98 8.87

1.69 7.72

0.96 0.95

0.00 0.00

'':' '':n

o¡o o¡o
18.01 18.00

0.84 0.85

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

8.01 7.89

69.99 70.11

77.87 18.18 1.8.29

9.57 9.51 10.54

0.00 0.00 0.47

1.81 1.80 0.79

0.07 0.07 0.02

'_un '-u' ,:,

o¡o o¡o o¡o
19.00 18.82 18.58

0.00 0.00 0.09

o_ooo-ooo_oo

0.00

0.00 0.00

0.00 0.00

0.00 0.00

10.70 10.14

67.30 67.86

0.00

0.00

2.77

0.00

5.28

69.94

18.07 77.91 1.7.86

9.86 't0.73 10.58

0.39 0.00 0.05

1.48 2.02 2.30

0.17 0.03 0.04

1.81 0.19 0.20

- 0.03 0.01

o¡o o¡o o¡o
18.i6 19.09 18.97

0.05 0.00 0.00

o-ooo_ooo-oo

0.00

4.15

0.06

5.05

68.75

- 0.00

0.00 0.00

0.00 0.00

0.00 0.00

9.42 9.60

68.58 68.40

18.21 19.09 18.97

13.72 13.00 13.17

18.07 't7.97 17.86

ÐX

'YÐZ

Statistics

18.85 18.85 19.00 18.82 18.67
'J.2.90 12.83 13.13 13.01 13.04
't8.24 18.32 77.87 18.18 18.29
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v9-3, V10-1 v10-2 v10-3 v11-1 vl1-2 V11-3 V11-4 vl1-5 V11-6

Si++

Al3+
Ti4+

Mg'+
Mn2*
Fe2*

Fgt+

Cr3*
Cu2*
Znz't
Caz*
Na+

K+
La¡+
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi¡+
Th4+

U¡+
Bc+

S6+

F_
cl-
oH-r'
o

17.93 1,7.97

10.83 10.22

0.1.2 0.00

7.'J.7 1.48

0.08 0.25

0.79 0.89

0.09

0.00 0.00

19.05 19.26

0.00 0.00

0.00 0.00

- 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.04 9.97

68.96 68.03

19.05 19.26

13.02 12.83

17.93 17 .97

18.20 18.02

9.97 9.81

0.00 0.00

1.63 'J,.52

0.72 0.12

t:n ,.:n

0.00 0.00

18.95 19.09

0.00 0.00

0.00 0.00

0.00 0.00

-_

0.00 0.00

0.00 0.00

0.00 0.00

9.63 10.15

68.37 67.85

18.95 19.09

12.85 12.89

18.20 18.02

18.09 18.11

10.70 1,0.77

0.00 0.00

7.76 1.76

0.05 0.06

o.:n o.:n

o¡o o¡o
19.16 19.01

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.13 9.01

68.87 68.99

Statistics

19.16 19.01

t2.75 12.88

18.09 18.11

18.14 18.31

10.60 10.58

0.00 0.00

1.77 1,.82

0.L2 0.06

o_n'o_''

0.00 0.00

19.01 18.86

0.00 0.00

0.00 0.00

0.00 0.00

-_

o¡o o¡o
0.00 0.00

0.00 0.00

9.13 8.80

68.87 69.20

19.01 18.86

12.85 12.83

18.14 18.31

18.17 18.08

10.55 10.71

0.00 0.00
't..72 7.77

0.09 0.06

o_noo_',

0.00 0.00

19.08 19.05

0.00 0.00

0.00 0.00

0.00 0.00

__

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

9.11 9.13

68.89 68.87

19.08 19.05

72.75 12.87

18.17 18.08

DX
ÐY
DZ
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QUANTiTATIVE WDS RESULTS (NMNS)
Ions p.f.u. (5O-Cation Normalization)

v11-7 Vl1-8 V72-1 vt2-2 V12-3 V13-11 Vt3_21 v13_31 V13-41 V13_51

Si4+

Al3+
Ti4+

Mgt+
Mn2*
Fe2*

Fe3+

Cr3*
Cu2+

Zn2*
Ca2*

Na+

K+
La3*
Ce3+

Pr3*
Nd¡+
Sm3*

Eu3*
Gds+

Pb2+

Bi3+

Th4+

U*+

B¡+
S6+

F-
cl-
oH-*
o

18.14 18.32

10.88 10.54

0.00 0.00

1.81 1.59

0.03 0.11

o-" o-4e

o¡o o¡o
18.87 18.95

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.85 8.82

69.15 69.18

18.87 18.95

13.00 t2.73

18.14 18.32

78.02 17.94

10.59 10.49

0.02 0.03

1.86 1.87

0.03 0.00

o_''o_'u

o¡o o¡o
19.12 19.31

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.34 9.57

68.66 68.43

79.'t2 19.31

12.86 72.75

18.02 77.94

18.00 t7.98

10.65 9.76

0.00 0.16
't .87 1.66

0.03 0.04

0.40 0.59

- 0.72

0.00 0.00

19.05 19.10

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.35 9.25

68.65 68.75

Statistics

19.05 19.10
't2.95 12.92

18.00 17.98

18.02 77.85

10.06 10.05

0.34 0.26

7.47 't.42

0.04 0.00

0.48 0.52

o-u'o_u'

0.00 0.00

19.00 19-27

0.00 0.00

0.00 0.00

0.00 0.00

oio o¡o
0.00 0.00

0.00 0.00

8.63 9.09

69.37 68.91

17.93 18.02

10.05 9.77

0.37 0_19

7.37 7.57

0.03 0.02

0.53 0.58

o_un ojo

0.00 0.00

19.09 19.14

0.00 0.00

0.00 0.00

0.00 0.00

o¡o oro
0.00 0.00

0.00 0.00

8.73 9.10

69.27 68.90

DX
EY
Ðz

19.00 19.27

12.98 72.73

18.02 17.85

19.09 19.14

1.2.91 72.84

17.93 18.02

''Calculated for charge balance.
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QUANTiTATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

Vl'3-61 V13-71 V13-81 V13-91 V13-10r V13-111 V13-12r V13-131 Vl.3-141 V13-151

Si++

Al3+
Ti++
Mgt+
Mn2*
Fe2*

Fe3*

Cr3t
\-u- |

Zn2*
Ca2*

Na+

K+
Las*
Ce3*

Pr3*
Nds+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

Bs+

S6+

F_
ct-
oH-"
o

18.18 17.80

9.81 9.74

0.L2 0.16

1.69 7.64

0.02 0.02

0.59 0.61

0.71 0.73

0.00 0.00

18.88 19.30

0.00 0.00

0.00 0.00

0.00 0.00

oio o¡o
0.00 0.00

0.00 0.00

8.88 9.61

69.72 68.39

18.88 19.30

1,2.94 72.90

18.18 17.80

17.95 17.86

10.07 10.13

0.31 0.22

1.38 1.35

0.03 0.00

0.56 0.55

o_u'o_uu

0.00 0.00

19.02 1.9.24

0.00 0.00

0.00 0.00

0.00 0.00

-_

o¡o o¡o
0.00 0.00

0.00 0.00

8.73 9.06

69.27 68.94

79.02 19.24

13.03 12.90

17.95 17.86

't7.82 17.95

10.31 10.07

0.15 0.26

1.33 1..44

0.04 0.00

0.55 0.49

o-uu o_'e

0.00 0.00

19.14 19.20

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.08 8.92

68.92 69.08

Statistics

19.14 1.9.20

13.04 72.85

77.82 17.95

1,7.97 17.88

10.36 10.14

0.23 0.19

7.24 7.32

0.04 0.03

0.56 0.55

o-u'o_u'

0.00 0.00

18.93 79.22

0.00 0.00

0.00 0.00

0.00 0.00

oro o¡o
0.00 0.00

0.06 0.00

8.52 9.06

69.42 68.94

1.8.93 't9-22

13.10 'J.2.90

t7.97 17.88

17.88 17.82

10.16 10.32

0.30 0.20

7.25 1.15

0.04 0.02

0.55 0.s9

0_67 o:,

0.00 0.00

19.16 19.18

0.00 0.00

0.00 0.00

0.00 0.00

oro o¡o
0.00 0.00

0.00 0.00

8.81 8.92

69.19 69.08

19.16 19.18

12.96 13.00

17.88 77.82

DX
ÐY
DZ

t'Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v13-161 V13-171 V13-181 V13_191 V13_201 v13-27r V13-22r V13_231 V73_247 V13_25,

Si4+ lT.B7

Al3+ 10.42

Ti++ 0-24

Mgt+ 1.og

Mn2+ 0.03

Fe2* o.s7

Fe3* 0.69

Cr3*
Cu2+

Zn21 0.00

Ca2* 19.15

Na* 0.00

K+ 0.00

La3*

Ce3* 0.00

Pr3*
Nd3+

Sm3f
Eu3*
Gd3+

Pb2+

Bi3+

Th++

u'r+
D3+D'

s6+ 0.00

F- 0.00

cl- 0.04

oH-* 8.75

o 69.27

77.91 17.88 17.98

70.27 10.25 10.19

0.22 0.22 0.14

1..37 1.34 1.36

0.03 0.02 0.00

0.56 0.53 0.58

0.67 0.63 0.69

0.00 0.00

18.97 19.13

0.00 0.00

0.00 0.00

0.00 0.00

_-

0.00 0.00

0.00 0.25

0.00 0.00

8.79 8.66

69.21 69.09

17.83 77.75

10.41 10.85

0.23 0.16

1.05 1.00

0.00 0.00

0.57 0.53

o_u'o-un

0.00 0.00

19.23 19.07

0.00 0.00

0.00 0.00

0.00 0.00

--

__

0.00 0.00

0.00 0.00

0.06 0.00

8.74 8.70

69.20 69.30

Statistics

'J.9.23 19.07

72.94 13.18

17.83 17.75

17.76 17.89

10.75 10.85

0.13 0.14

0.98 0.97

0.02 0.03

0.54 0.53

o_uu o':n

0.00 0.00

19.16 18.94

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.06 0.00

8.83 8.44

69.'J.7 69.56

19.16 18.94

13.08 73.1,7

17.76 17.89

17.83 17.93

10.38 10.60

0.14 0.11

1.13 1.09

0.05 0.00

0.57 0.61

o_un o:n

0.00 0.00

19.21 78.92

0.00 0.00

i,.00 0.00

0.00 0.00

--

_-
0.00 0.00

0.00 0.00

0.00 0.00

8.99 8.57

69.01 69.43

19.27 18.92

12.96 13.15

17.83 17.93

0.00

19.06

0.00

0.00

0.00

0.00

0.00

0.00

8.89

69.1 1

ÐX
ÐY
DZ

19.15

13.04

17.81

18.97 19.13 19.06

13.12 1.2.99 12.96

17.91 17.88 17.98

a'Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v13-261 v1'3-27| v13-281 vl}-zgt v13-302, v13-312.vL3-322.v13-332.vL3-342.v13_B5zi

Si4+

Aì3+

Ti4+

Mg'+
Mn2*
Fe2*

Fe3*

C¡3*
Cu2*
Zn2t
C,a2*

Naf
K+
La3*
Ce3*

Pra+

Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

B3+

S6+

F-
Cì_
oH-*
o

17.63 17.93

70.77 10.43

0.'t2 0.10

0.94 1.10

0.02 0.04

0.54 0.59

o_uu o.:,

0.00 0.00

19.32 19.09

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.08 8.79

68.92 69.2t

19.32 19.09

13.05 12.98

17.63 1.7.93

77.73 17.84

70.47 10.62

0.09 0.29

1.10 1.05

0.04 0.00

0.59 0.54

ojt o_uu

0.00 0.00

79.28 19.0L

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.18 8.48

68.82 68.52

1,9.28 19.01

12.99 13.15

17.73 17.84

't7.69 17.77

10.59 10.57

0.28 0.28

1.04 1.03

0.03 0.03

0.53 0.54

0.64 0.65

o¡o o¡o
19.19 19.12

0.00 0.00

0.00 0.00

0.00 0.00

0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.82 8.68

69.18 69.32

Statistics

19.19 79.'J.2

1,3.72 13. 1 1

17.69 77.77

77.73 17.82

10.65 10.62

0.28 0.27

1.05 't.02

0.03 0.04

0.53 0.53

0.64 0.64

0.00 0.00

19.09 19.05

0.00 0.00

0.00 0.00

0.00 0.00

_-

o¡o o¡o
0.00 0.00

0.03 0.00

8.67 8.55

69.30 69.45

19.09 19.05

13.18 13.13

17.73 1,7.82

77.70 77.78

10.60 10.35

0.28 0.28

1.02 1.23

0.02 0.03

0.52 0.55

o_u'o-u'

0.00 0.00

19.22 19.11

0.00 0.00

0.00 0.00

0.00 0.00

o¡o oio
0.00 0.00

0.00 0.00

8.81 8.87

69.19 69.13

19.22 19.11

13.08 13.11
't7.70 1,7.78

EX
ÐY
Ðz

"'Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v13-362i v1.3-372¡ v13-382i v13-392, vrz-402,v13-412" v'1.3-422,v13-332i y-J,3-442¡v13_4bzi

Si++

Al3+
Ti4+
Mgt+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Zn2*
Caz*.

Na+

K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th4+

U++

B¡+
Sc+

F_
ct-
oH-*
o

77.84 17.87 77.82 77.82

70.25 10.30 10.01 10.26

0.28 0.31 0.29 0.23

1.19 t.25 7.34 1.33

0.03 0.04 0.03 0.02

0.56 0.55 0.58 0.53

o_ut o_uu o_un o_ut

0.00 0.00 0.00 0.00

19.16 1.9.02 'J.9.24 19.16

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

8.83 8.68 9.07 9.01

69.17 69.32 68.93 68.99

19.16 19.02 t9 -24 19.16

13.00 13.11 12.94 13.02

17.84' 17.87 17.82 77.82

17.69 17.73

10.36 70.32

0.16 0.14

1.36 1.35

0.00 0.04

0.53 0.57

o-ut o:6e

0.00 0.00

79.25 79.17

0.00 0.00

0.00 0.00

0.00 0.00

_-

__
0.00

0.00 0.00

0.00 0.00

0.00 0.00

9.28 9.26

68.72 68.74

Statistics

19.25 79.17

13.06 13.10

17.69 1,7.73

17.82 17.83

10.19 1,0.27

0.26 0.30

7.22 1.1.3

0.04 0.03

0.56 0.59

o_ut o:t

0.00 0.00

1,9.22 19.14

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.05

8.96 8.77

69.04 69.24

77.72 17.88

10.11 10.33

0.26 0.29

1.17 1.27

0.03 0.03

0.60 0.53

ojt o_un

0.00 0.00

19.38 19.02

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

9.20 8.69

68.80 69.31

ÐX

'YÐZ

79.22 19.14

72.96 13.03

77.82 17.83

19.38 19.02

12.90 13.10

77.72 17.88

+CalcuÌated for charge balance.
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QUANTITATiVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

V13-462¡ Y73-472iv1.3-482.vi.3-492"v13-s02,v13-s1,2 v'J.J-sz2 v13-53, v13-54¡.v13_55¡i

Si4+

Al3+
Ti4+
Mgt+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Znz*
Ca2*
Na+

K+
La3*
Ce3*

P13*

Nd3+

Sm3*

Eu3*
Gd3+

Pbz+

Bi¡+
Th4+

U++

B¡+
So+

F_
ct-
oH-''
o

t7.97 77.64 1.7.87 17.98

70.25 10.28 10.25 10.30

0.24 0.20 0.14 0.14

L.20 1.34 !.32 1.35

0.00 0.00 0.04 0.03

0.58 0.54 0.55 0.55

ojo o_uu o_ut 0.67

0.00

19.1 1

0.00

0.00

0.00

0.00 0.00 0.00

19.34 19.16 18.97

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

17.87 17.83

10.18 10.08

0.26 0.35

7.22 1.31

0.03 0.00

0.60 0.56

0.72 0.68

o¡o o¡o
19.13 19.18

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.85 8.88

69.15 69.72

Statistics

19.L3 19.18

13.00 'J.2.99

77.87 17.83

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

8.75 9.38 9.07 8.78

69.25 68.62 68.93 69.22

19.11 19.34 19.16 18.97

12.98 13.02 72.97 13.05

17.91 17.64 17.87 17.98

'J.7.77 77.75

10.37 10.69

0.15 0.24

1.35 1.05

0.03 0.03

0.53 0.53

o_uno-u'

0.00 0.00

L9.16 19.06

0.00 0.00

0.00 0.00

0.00 0.00

:_

o¡o o¡o
0.00 0.00

0.00 0.00

9.16 8.67

68.84 69.33

17.78 17.86

10.35 10.11

0.20 0.14

1.12 1.34

0.04 0.03

0.59 0.59

0.7'J. 0.72

o¡o o¡o
79.22 19.27

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.98 9.18

69.02 68.82

ÐX
ÐY
Ð,2

19.16 19.06

13.07 13.20

77.77 17.75

19.22 79.27

13.00 1,2.93

L7.78 17.86

"Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v14-1. V"J.4-2, V15-1 v15-2 V15-3 v16-1 v16-2 V16-3 V17_1 v77-2

Si4+

Al3+
Ti4+
Mgt+
Mn2*
Fe2+

Fe3*

Cr3*
Cu2*
Znz+

Caz+

Na*
K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bis+
Th{+
U++

Bs+

So+

F-
ct-
oH-''
o

18.00 18.14

10.30 10.35

0.00 0.00

7.87 'J..79

0.04 0.05

0.08 0.09

o-'no-nu

0.00 0.00

19.32 19.14

0.00 0.00

0.00 0.00

o-ooo-oo

-_

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

9.30 8.93

68.70 69.07

'1.9.32 19.14

12.68 1.2.73

18.00 18.14

18.41 18.15

1,0.27 10.34

0.00 0.00

1..79 1.87

0.07 0.07

o_'no-'u

0.00 0.00

19.07 79.21,

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

8.91 9.36

69.09 68.64

19.07 79.21,

12.52 72.64

18.41 18.15

18.20 18.14

70.32 9.75

0.00 0.04

1.97 't .70

0.05 0.13

o_tt ,.:,

o¡o o¡o
19.10 79.1,2

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00
o90 ()ao

68.71 68.11

Statistics

19.10 19-72
't2.70 12.71

18.20 18.14

18.11 18.30

9.80 9.83

0.04 0.03

1065 1.69

0.19 0.18

'-'''_o'

o¡o o¡o
19.09 18.92

0.00 0.00

0.00 0.00

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

9.88 9.52

68.12 68.48

19.09 18.92

12.80 72.78

18.11 18.30

77 .99 18. 18

L0.01 9.98

0.00 0.00

7.73 t.72

0.00 0.02

0.29 0.30

o-83 o-tu

0.00 0.00

1,9.74 18.93

0.00 0.00

0.00 0.00

0.00 0.00

oro -
0.00 0.00

0.00 0.00

0.00 0.00

9.18 8.79

68.82 69.21

1,9.74 18.93

12.86 12.88

18.00 18.18

'XDY
Ðz

+Calculated for charge balance.
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QUANTITATIVE WDS
Ions p.f.u. (50-Cation

RESULTS (NMNS)
Normalization)

v17-3 Vt7-4 V17-5 V-J.7_6 vt7-7 v17-8 v17-9 V17-10 V18_11 V18_21

si4+ 18.00 18.13 18.07 17.98
AI3+ 9.93 10.09 9.83 9.8?
Ti4+ 0.00 0.00 0.01 0.02
Mg'+ 1.74 1.70 t.7B 1.84
Mn2* 0.00 0.00 0.00 0.00
Fe2* 0.29 0.Zg 0.31 0.30
Fe3* 0.83 0.83 0.82 0.82
C¡3+

Cu2*
Znz* 0.00 0.00 0.00 0.00
Cazt 19.20 18.9 Z tg .1,2 19.11
Na+ 0.00 0.00 0.00 0.00
K+ 0.00 0.00 0.00 0.00
La3*
Ce3+ 0.00 0.00 0.00 0.00
p.3+

Nde+

Sm¡*
Eu3*
Gd3+

Pb2+

Bi3+

Thc+
U++

B3+

s6+ 0.00 0.00 0.00 0.00
F- 0.00 0.00 0.00 0.00
cl - 0.00 0.00 0.00 0.00
oH - * 9.24 8.84 9.13 9.2?
o 68.76 69.16 68.8? 68.73

18.03 18.30

9.89 9.97

0.00 0.00

1.78 7.73

0.00 0.03

0.32 0.30

o-to 0:86

0.00 0.00

19.10 18.82

0.00 0.00

0.00 0.00

0.00 0.00

_-

0.00 0.00

0.00 0.00

0.00 0.00

9.16 8.57

68.84 69.43

Statistics

19.10 18.82

12.88 12.88

18.03 18.30

18.13 18.33

9.82 9.92

0.00 0.00

r.77 1,.74

0.00 0.00

0.31 0.32

o-tt o:8e

0.00 0.00

19.11 18.80

0.00 0.00

0.00 0.00

0.00 0.00

-_

0.00 0.00

0.00 0.00

0.00 0.00

9.06 8.52

68.94 69.48

1.7.95 18.25

70.44 1,0.42

0.00 0.00

1.83 1.93

0.04 0.02

o_nt o.:,

o¡o o¡o
79.26 18.97

0.00 0.00

0.00 0.00

0.00 0.00

--

0.00 0.00

0.00 0.00

0.00 0.00

9.65 9.09

68.35 68.91

ÐX
EY
ÐZ

19.20 18.97 79-'J.2 19.11

12.80 L2.91 12.8i 12.91

18.00 18.13 18.07 17-98

19.11 18.80

12.76 1,2.87

18.13 18.33

79.26 L8.97

12.79 1,2.78

17.95 18.2s

*Calculated for charge balance.
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QUANTITATIVE WDS

Ions p.f.u. (5O-Cation

RESULTS (NMNS)
Normalization)

\'19-31 VLg-42. V1g-52. V1.g-1 v19-2 V19-3 v19-4 v19-5 \¡19-6 V20_1

Si4+

Aì3+

Ti4+

Mgt+
Mn2*
Fe2*

Fe3*

Cr3+

Cuz+

Ln'I

Ca2*

Na+

K+
La3t
Ce3*

Pr3*
Nd3+

Sms*

Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

Bc+

S6+

F_
ct-
OH_"
o

17.96 78.22 17.98 18.09

10.43 10.40 10.50 9.74

0.00 0.00 0.00 0.33

1..94 7.92 't.87 1.78

0.00 0.00 0.05 0.03

o.:, o_nu o.:, t_ot

0.00

o¡o o¡o o¡o c,¡o
19.15 18.99 19.13 18.95

0.00 0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00 0.00

o¡o o¡o o¡o o¡o
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

9.64 9.16 9.55 9.42

68.36 68.84 68.45 68_s8

19.15 18.99 19.13 18.95

12.89 12.78 12.89 12.96

77.96 18.22 17.98 18.09

77.94 1,8.27

9.71 9.78

o.'J.z 0.14

7.79 7.92

0.07 0.07

1.03 1.09

0.00 0.00

o¡o o¡o
19.30 18.80

o-oo

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

10.08 9.51

67.92 68.49

Statistics

19.30 18.80
't2.76 12.99

77.94 18.21

'J.7.87 18.31

9.51 9.78

0.14 0.1,7

1.85 1.84

0.05 0.07

1.01 1.01

0.00 0.00

0.00 0.00

19.63 18.82

o_ooo_oo

0.00 0.00

__

o¡o o¡o
0.00 0.00

0.00 0.00

10.60 9.25

67.40 68.75

19.63 18.82

12.56 72.87

17.81 18.31

77.91 17.93

9.68 9.43

0.25 0.44

1.68 1.84

0.07 0.06

0.99 1.05

0.00

0.00 0.00

19.43 19.25

0.00 0.00

- 0.00

0.00 0.00

ÐX
EY
DZ

0.00 0.00

0.00 0.00

0.00 0.00

10.02 9.83

67.98 68.17

19.43 79.25

72.66 1,2.82

17 -9r 17.93

*Calculated for charge balance.
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QUANTITATIVE WDS RÐSULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v20-2 V20-3 V27-71 V27_2r V2-J._32. V2!_42. V27_52, v2l-62" V2'J._7 2. Y2-!._gz,

si++ 18.09

Al3+ 9.60

Ti4+ 0.40

Mgt+ 7.79

Mnz+ 0.06

Fe2* 1.0g

Fe3*

C13*

Cu2*
Zn2* o.0o

Ca2+ 1g.9g

Na+ 0.00

K+ 0.00

La3*
Ce3* 0.00

Pr3*
Nd3+

Sm3*

Eu3*
Gd¡+
Pbz+

Bi3+

Th4+
TI4+U'

B¡+
so+ 0.00

F- 0.00

cl- 0.00

oH-,' 9.42

o 68.58

17 .86 18.29 18.16

9.54 10.50 10.31

0.44 0.00 0.00

1.82 2.77 L.74

0.06 0.08 0.72

1.06 0.1s 0.19

- 0.00 0.00

o¡o o¡o o¡o
19.21 18.82 19.49

0.00 0.00 0.00

0.00

0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.00 0.00 0.00

9.86 8.93 9.38

68.14 69.07 68.62

79.21 18.82 'J.9.49

72.93 72.90 72.35

17.86 18.29 18.16

18.42 77.95

70.25 10.53

0.00 0.00

2.06 1.91

0.09 0.05

0.1,7 0.13

0.00 0.00

0.00 0.00

19.00 19.43

o:oo o-oo

0.00 0.00

-_

-_

0.00 0.00

0.00 0.00

0.00 0.00

8.90 9.58

69.10 68.42

Statistics

19.00 19.43

72.57 12.62

18.42 17.95

18.14 18.03

10.78 10.17

0.00 0.00

1.88 1.91

0.05 0.00

0.13 0.61

0.00 0.00

o¡o o¡o
19.02 19.29

o-ooo_oo

0.00 0.00

__

0.00 0.00

0.00 0.00

0.00 0.00

8.94 9.78

69.06 68.22

18.32 18.01

10.79 10.50

0.00 0.00

7.75 1-80

0.04 0.09

0.2'J. 0.20

0.00 0.00

o¡o o¡o
18.89 19.39

o:oo

0.00 0.00

--

-_

0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.57 9.47

69.43 68.53

'XÐY
Ðz

18.98

12.93

18.09

19.02 't9.29

72.84 12.69

18.14 18.03

18.89 19.39

72.79 12.59

18.32 18.01

*Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v 2'1,-9 2.v 21-1,0 2,. V 22-1, v22-2 V22-3 V23-1. V23_2i V23_3i y23_4i \¡23_5i

Si4+

Al3+
Ti4+
Mg'+
Mn2*
Fez+

Fe3*

Cr3*
Cu2*
Zn2*
Caz*
Na+

K+
La3*
Ce3*

P13*

Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bis+

Th++

U++

B3+

Sc+

F_
cl-
oH-*
o

18.33 18.01

10.62 10.33

0.00 0.03

1.52 1.84

0.1.3 0.00

0.39 0.49

0.00 0.00

0.00 0.00

19.02 19.30

o_ooo_oo

0.00 0.00

__

o¡o o¡o
0.00 0.00

0.00 0.00

8.72 9.59

69.28 68.41

79.02 19.30

72.65 12.68

18.33 18.01

18.15 17.9 0

9.55 9.56

0.35 0.37

2.77 1.88

0.00 0.03

0.13 0.14

0.80 0.90

0.00 0.00

18.92 79.22

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.64 9.00

69.36 69.00

18.92 79.22
't2.93 12.88

18.15 77.90

18.72 18.28

9.s2 10.17

0.36 0.00

2.08 1.86

0.00 0.06

0.I2 0.14

0.77 0.50

0.00 0.00

1,9.02 18.98

0.00 0.00

0.00 0.00

0.00 0.00

_ 0.00

0.00 0.00

0.00 0.00

0.00 0.00

8.75 8.76

69.25 69.24

Statistics

19.02 18.98

72.86 t2.74

18.72 18.28

18.17 78.24

70.29 10.30

0.00 0.00

1..87 1.85

0.06 0.07

0.09 0.10

o_''o_'u

0.00 0.00

19.19 L9.09

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

9.05 8.87

68.95 69.13

19.19 19.09

1.2.64 72.67

78.77 78.24

18.08 18.22

10.28 10.23

0.00 0.00

1.84 1.85

0.07 0.09

0.11 0.11

o_38 o-no

0.00 0.00

1,9 .24 19. 11

0.00 0.00

0.00 0.00

0.00 0.00

-_

o¡o o¡o
0.00 0.00

0.00 0.00

9.18 8.94

68.82 69.06

't 9.24 19.11

12.69 12.67

18.08 18.22

EX
EY
Ðz

*Calculated for charge balance.
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QUANTITATIVE WDS

Ions p.f.u. (50-Cation
RESULTS (NMNS)
Normalization)

v23-6i Y23-7i V23-8. V24-7 v24-2 V24-3 V25-7r V25_2t V25_32 V26_1

Si++

Al3+

Ti't+
Mgt+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Znz*
Ca2*

Na+

K+
La3*
Ce3*

P13*

Nds+

Sm3*

Eug*
Gd3+

Pb2+

Bi3+

Th4+

U+r-

B¡+
S6+

F-
ct-
oH-*
o

18.10 18.29 18.11 18.06

70.23 10.33 10.16 9.28

0.00 0.00 0.00 0.87

1.85 1.84 1.85 2.46

0.09 0.08 0.07 0.00

0.11 0.10 0.15 0.25

o_rt o_tu o_un o.:,

0.00 0.00 0.00 0.00

19.24 19.00 19.10 18.88

0.00 0.00 0.00 0.08

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o¡o o¡o o¡o
0.00 0.00 0.00

0.00 0.00 0.00

9.19 8.74 9.08

68.81 69.26 68.92

0.07

3.27

0.09

5.10

69.60

19.24 1.9.00 19.10

1,2.66 72.71 1.2.79

18.10 18.29 18.11

18.01 18.01

9.33 9.31

0.84 0.81

2.52 2.49

0.00 0.00

0.27 0.26

o_tt o.:,

0.00 0.00

18.83 18.94

0.09 0.06

0.00 0.00

0.00 0.00

__

o¡o o¡z
3.61 3.65

0.10 0.11

4.64 4.84

69.65 69.40

Statistics

18.92 19.00

13.07 13.00

18.01 18.01

1-7 .93 18.08

9.23 9.34

0.76 0.68

2.63 2.42

0.05 0.05

o-,uo-u'

o¡o o¡o
18.95 18.86

0.00 0.00

0.00 0.00

- 0.00

0.00 0.00

- 0.00

- 0.00

- 0.00

- 0.00

-o-oo

ors o:o
1.15 1.08

0.00 0.00

7.33 6.27

69.52 70.65

L7.90 17.99

9.77 9.49

0.32 0.27

2.41 1.56

0.02 0.00

0.50 0.22

_'_n'

0.00 0.00

19.11 18.82

0.00 0.16

0.00 0.00

0.00

0.02 0.00

0.00

0.00

0.00

0.00

o_oo-

-- o^oo

0.32 0.18

1.31 2.45

0.00 0.00

6.61 5.14

70.07 70.4'J.

ÐX

'YÐZ

18.95

1.2.99

18.06

18.95 18.86
't 3.72 13.06

17.93 18.08

19.13 18.99

12-97 13.02

17.90 17.99

''Calculated for charge balance.

V26 includes 0.01 Li, 0.01 Be.
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QUANTITATIVE V/DS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v26-2 V26-3 v26-4 v26-5 V27-7 v27-2 v27-3 V27-4 V28-1 v28-2

Si4+

Al3+

Ti4+

Mg'+
Mn2*
Fe2+

Fe3*

Cr3*
Cu2i
Zn2*
Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nds+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th4+

U++

B3+

Sc+

F_
cl-
OH_"
o

18.06 'J.7.79 77.74

9.55 10.15 9.43

0.22 0.10 0.34

7.62 L.83 1.68

0.03 0.03 0.00

0.20 0.12 0.21,

t:n o.:, , 

:,

0.00 0.00 0.00

18.82 19.02 19.0 7

0.16 0.13 0.11

0.00 0.00 0.00

0.00 0.00 0.00

0.16 0.13

2.42 2.47

0.00 0.00

5.33 6.15

70.25 69.38

0.00

3.26

0.00

5.85

68.90

17.66 17.80 17.98

10.07 9.36 9.41

0.24 0.03 0.02

1.88 2.76 2.70

0.00 0.10 0.11

0.10 1.33 t.34
o-u'--

0.00 0.00 0.00

19.30 19.19 18.98

0.09 0.04 0.06

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o oro
2.97 2.96 3.01

0.00 0.00 0.00

6.58 8.07 7.06

68.45 66.97 67.93

Statistics

19.39 19.22 19.04

12.95 12.98 12.98

17.66 17.80 17.98

17.78 18.04 18.14 17.88

9.42 9.42 9.43 9.24

0.00 0.01 0.98 1.04

2.72 2.72 1,.32 7.27

0.72 0.72 0.00 0.00

1.30 1.35 1.01 1.05

0.00 0.00

o¡o o¡o o¡o o¡o
19.19 18.89 18.96 19.36

0.06 0.05 0.14 0.15

0.00 0.00

0.00 0.00 0.00 0.00

o¡o---
0.00 0.10 0.07 0.08

2.98 2.53 2.'t2 2.13

0.00 0.00 0.19 0.20

8.10 7.37 5.71 6-29

66.92 68.10 69.98 69.38

79.25 18.93 19.11 19.51

!2.97 t3.02 12.75 t2.61
17.78 18.04 18.14 1?.88

ÐX
EY
EZ

18.98
't2.96

18.06

19.15 19.18

13.06 13.08

17.79 77.74

*Calculated for charge balance.

V26 includes 0.01 Li, 0.01 Be.
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QUANTIT.A.TIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v28-3 V28-4 V28-5 v29-'t v29-2 V29-3 V29_4 v29-5 V30-1"r V30_2"r

Si4+

Al3+
Ti4+
Mgt+
Mn2*
Fe2*

Fe3*

C13*

Cu2*
Zn2*
Caz*
Na+

K+
La3*
Ce3*

Pr3*
Nds+

Sms*

Eus*
Gds+

Pb2+

Bis+
Th4+

U¿+

Ba+

S6+

F_
cl-
oH-"
o

18.50

9.48

1.04

1.34

0.00

1.10

0.00

0.00

18.36

0.19

18.14 18.06 18.39

9.44 9.35 9.40

1.04 1.01 1.06

1..34 'J..26 1.28

0.00 0.00 0.00

1.09 1.05 "t .77

0.00 0.00 0.00

o¡o o¡o o¡o
18.77 19.1,2 18.68

o:, oju o_0,

18.16 1,8.47

9.37 9.68

1.09 1.00

7.26 1.33

0.00 0.00

1.10 7.07

0.00 0.00

o¡o o¡o
18.82 'J.8.27

o:' o_rt

0.00 0.00

o¡s o¡o
1.81 2.23

0.15 0.15

5.86 4.79

70.18 70.83

Statistics

19.03 18.45

12.82 13.08

18.16 -t 8.47

78.21 18.59 17.86 77.78

9.32 9.55 6.56 6.51
1.07 1.08 0.45 0.48

t.20 1.23 3.36 3.26

0.03 0.00 0.14 0.1,2

1.13 L.16 2.79 2.59

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

18.83 18.20 'J.7.67 18.27

o.:, ojo o_oo o_oo

0.37 0.32

0.00 0.00 0.61 0.50

0.05 0.05

0.10 0.07

0.00 0.00

0.00 0.00

_-o-o'o-on

- - 2's4 trto
0.08 0.07 0.00 0.00

7.79 2.28 'J..44 7.27

0.17 0.14 0.00 0.00

5.86 4.46 7.37 2.97

70.19 77.'J.2 75.18 73.83

19.04 18.40 18.84 19.25

72.75 13.01 13.30 72.96

18.27 18.59 17.87 77.78

0.00 0.00 0.00 0.00

0.00

0.09 0.06 0.00 0.07

1.83 2.77 1.88 2.06

0.14 0.18 0.14 0.12
5.87 5.93 5.70 5.01

70.16 69.72 70-28 70.81

ÐX

'YÐz

18.94
't2.91

18.14

't 9.27 18.70 18.55

1,2.66 72.92 12.95

18.06 18.39 18.50

i'Calculated for charge balance. tAverage value of 2.90 8203 used in calculations.
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QUANTITATIVE WDS

Ions p.f.u. (S0-Cation
RESULTS (NMNS)
Normalization)

v30-3. v30-4,.r V30-5.r V30_6 v30-7. V30-8 V30-g.r v31-1" V31_2i V31_3"

Si++

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Fe3*

C13*

Cu2*
Znz*
Ca2*

Na+

K+
La3*
Ce3*

P13*

Nd3+

Sm3*

Eu3*
Gd3+

Pb?+

Bi3+

Th++

U++

Bs+

S6+

F_
cl-
oH-"
o

17.91 17.90

7.29 7.Ot

0.61 0.47

3.13 3.53

0.11 0.10

2.28 2.09

0.00 0.00

o¡o o¡o
18.09 18.62

0.00 0.00

0.27 0.14

0.30 0.15

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-oo o-oo

tz¡o 2.22

0.00 0.00

1..54 0.94

0.00 0.00

1.74 4.37

74.7't 72.69

18.02 17.78

6.91 7.27

0.42 0.06

3.57 4.03

0.72 0.12

2.48 1.85

0.00 0.00

o¡o o¡o
1.7.92 18.67

0.00 0.00

0.22 0.15

0.22 0.14

0.09 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.03 0.00

I2.ss t2.52

0.00 0.00

1.19 1.11

0.00 0.00

2.77 4.16

74.70 72.72

77 .98 18.15

6.80 7.00

0.24 0.14

4.18 4.32

0.08 0.09

1.91 1.96

0.00 0.00

o¡o o¡o
18.56 18.15

0.00 0.05

0.72 0.08

0.10 0.06

0.00 0.00

0.03 0.00

0.00 0.00

0.00 0.00

o_ooo_oo

2.57 tZ^¡s
0.10 0.00

1.01 0.98

0.00 0.00

3.16 3.75

73.83 73.28

Statistics

18.81 18.34

13.27 13.51

17.98 18.15

77.74 18.L3

6.38 9.64

0.42 1.03

3.26 1.05

0.13 0.00

2.70 1.13

0.00

0.00

18.14

0.05

0.35

0.59

0.07

0.'t2

0.00

0.00

0.05

0.00

18.75

0.27

0.00

tz-o¡ o¡o
0.00 0.00

1.56 2.30

0.00 0.11

2.73 5.90

73.71 69.69

19.38 19.02

12.89 12.85

17.74 18.13

18.11 18.15

9.56 9.53

1.04 0.96

l.'J.4 7.2s

0.00 0.00

'_'u'-on

o¡o o¡o
18.78 18.87

0.20 0.19

- 0.00 0.00

oìe o¡z
2.56 2.41.

0.13 0.15

5.17 5.45

70.15 69.99

18.99 19.06

12.90 72.79

18.11 18.15

'XÐY
Ðz

18.66 18.90

13.43 13.20

17.91 1?.90

18.48 18.96

13.50 13.26

18.02 77.78

*Calculated for charge balance. tAverage value of 2.90 B203 used in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v32-1 V32-2 V32-3 v32-4 v32-5 V33-1,. V33_2. V34_1 V34_2 V34_3

Si++

Al3+

Ti4+

Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Ltt- l

Ca2*

Na+

K+
La3*

Ce3*

Pr3*
Ndc+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

Bs+

So+

F_
cl-
oH-*
o

18.20

9.51

0.28

7.54

0.00

7.42

0.00

0.00

18.91

0.11

0.00

0.03

0.00

0.00

0.00

0.00

0.00

0.00

2.69

0.17

b. tb

68.37

18.28 18.57

9.79 9.86

0.25 0.29

1.50 1.55

0.00 0.00

1.31 1,.42

0.00 0.00

0.00 0.00

18.71 18.1.5

0.14 0.74

0.00 0.00

0.02 0.02

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.05 0.06

2.77 2.69

0.12 0.15

6.08 5.33

69.03 69.83

18.61 'J.8.72 18.34

9.79 9.66 10.00

0.29 0.25 0.23
"J..54 7.54 7.24

0.00 0.00 0.28

1.40 1.35 1,.29

0.14

0.00 0.00

0.00 0.00 0.00

18.19 18.92 18.40

0.15 0.14 0.09

0.00

0.00 0.00

0.02 0.01

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo_

--o¡o
0.08 0.06 0.00

2.92 2.94 4.70

0.13 0.72 0.00

5.03 6.32 4.10

69.92 68.61 69.20

18.19 1,8.32

9.87 9.08

0.25 0.36

1.30 1.33

0.33 0.17
'J..28 1.98

0.14

o¡o o¡o
18.53 18.68

0.10 0.08

0.00 0.00

- 0.00

o¡o o¡o
4.84 3.55

0.00 0.19

4.38 5.90

68.78 68.36

18.64 18.76

13.1,7 72.92

18.19 18.32

18.13 18.10

9.04 9.31

0.34 0.33
't.47 1.31

0.17 0.15

1.97 1.69

o¡o o¡o
18.82 19.00

0.06 0.10

0.00 0.00

0.00 0.00

o¡o -
0.00 0.00

3.26 3.11

0.15 0.18

6.67 6.63

67.92 68.08

18.87 19.1,0

72.99 12.80

18.13 18.10

DX
EY
ÐZ

19.06

72.75

18.20

18.87 18.31

12.85 73.t2

18.28 18.57

Statistics

18.36 19.08 18.48

13.03 12.80 13.18

18.61 18.12 18.34

*Calculated for charge balance.

V33 includes 0.05 Be.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v34-4 V34-5 V35-1. V35-2, \¡36-1 v36-2 V36-3 V36-4 V36_5 \¡37-1

Si4+

Al3+

Ti4+

Mgt+
Mn2*
Fe2*

Fe3*

C13*

Cu2t
Zn2*
Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pbz+

Bis+

Th4+

U++

Be+

S6+

F_
ct-
OH_*
o

18.77 18.16

9.06 9.18

0.33 0.30
'J..46 7.42

0.16 0.77

2.05 1.89

0.00 0.00

18.71 1.8.77

0.06 0.10

0.00 0.00

o_ooo_oo

0.00 0.00

3.49 3.40

0.13 0.09

6.37 6.49

68.00 68.02

't8.77 18.87

13.07 L2.97

18.17 18.16

18.14 1.8.25

9.50 9.62

0.66 0.65

7.02 0.85

0.00 0.00

7.73 7.75

o¡o o¡o
18.88 18.80

0.07 0.09

0.00 0.00

o-ooo-oo

--

o¡o -
0.00 0.00

3.63 3.37

0.00 0.00

5.33 5.29

69.03 69.34

18.95 18.89

72.9't 12.86

18.14 18.25

17.62 18.03

9.09 9.25

0.05 0.05

2.74 2.55

0.00 0.00

0.17 0.15

1.20 1.06

0.13 0.24

0.00 0.00

19.01 18.66

0.00 0.00

o¡o o¡o

0.05 0.00

0.00 0.00

0.00 0.00

9.96 9.28

68.04 68.72

Statistics

19.01 18.66
't3.37 13.30
't7.62 18.03

17.85 't_7.97

s.25 9.26

0.04 0.05

2.53 2.60

0.00 0.00

0.15 0.16

1.06 1.15

0.20 0.24

0.00 0.00

18.92 18.56

o-oo o:oo

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

9.7\ 9.31

68.29 68.69

1,8.92 18.56
'J.3-23 13.47

17.85 77.97

17.65 17.93

9.04 9.77

0.05 0.05

2.71 2.01,

0.00 0.05

0.77 1.58

1.27

0.16

0.00 0.00

19.01 19.21

0.00 0.00

0.00

0.00 0.00

'XÐY
Ðz

0.00 0.00

0.00 0.00

0.00 0.00

10.19 10.86

67.81 67.74

19.01 't9.27

13.34 12.86

17.65 'J,7.93

i'Calculated for charge balance.
V35 includes 0.02 Li.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v37-2 v37-3 v38-1"r v38-2"r v38-3"¿ V38-4"r v38-sil v38-6u v38-zi.r v38-Bir

Si4+

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Fe3*

C¡3*
Cu2*
Zn2+

Ca2*

Na+

K+
Lao*
Ce3*

P13*

Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bis+

Th4+

U++

B¡+
So+

F_
cl-
oH-*
o

18.10 18.00

9.38 9.36

0.05 0.06

2.06 2.7'J.

0.03 0.03

'-'''-'n

o¡o o¡o
19.06 19.10

0.00 0.00

0.00 0.00

0.00 0.00

__

o¡o o¡o
0.00 0.00

0.00 0.00

10.33 10.52

67.67 67.48

19.06 19.10

72.84 't2.90

i8.i0 18.00

17.58 17.57

6.40 6.58

0.60 0.61

3.84 3.68

0.05 0.05

,.:u ,_ro

o¡o o¡o
77.79 18.05

0.05 0.00

0.00 0.00

0.31 0.26

0.59 0.50

0.07 0.06

0.11 0.09

0.00 0.00

0.00 0.00

o-ou o:os

1.4t T 1.60

0.12 0.09

7.07 'J,.4L

0.00 0.00

6.72 5.33

70.81 77.26

17.56 77.57 77.6't

6.79 6.63 6.74

0.35 0.57 0.43

3.82 3.7t 3.83

0.05 0.05 0.06

,.:' ,:n 2.15

o¡o o¡o o¡o
18.48 18.L5 18.59

0.00 0.00 0.00

0.00 0.00 0.00

0.20 0.25 0.2'J.

0.34 0.45 0.31

0.05 0.06 0.03

0.05 0.08 0.04

0.00 0.00 0.00

0.00 0.00 0.00

o_ooo_ouo_oo

t r.so 2.06 t r.so
0.00 0.00 0.00
't.26 0.95 1.11

0.00 0.00 0.00

6.83 5.18 6.81

69.91 7L.86 70.07

Statistics

't7.65 77.93 17.72

6.86 6.23 6.59

0.33 0.31 0.33

3.95 4.30 4.77

0.08 0.09 0.07

,.:, ,.:o ,:,

0.00 0.00 0.00

18.48 18.68 18.44

0.00 0.00 0.00

0.00 0.00 0.00

0.18 0.14 0.15

0.25 0.16 0.20

0.03 0.03 0.03

0.03 0.03 0.03

0.00 0.00 0.00

0.00 0.00 0.00'l' '-" '_''

¿ra
| 1.55 | L.54 | 1.56

0.00 0.00 0.00

1.11 0.00 0.92

0.00 0.00 0.00

6.92 8.31 7.30

69.97 69.69 69.78

'X>Y
DZ

18.98 19.01

73.44 13.40

lt.Ðö LI-õt

19.04 19.19

13.45 13.2't

17.51 17.61

18.96 19.04 18.85

13.39 13.03 13.43

17.65 17.93 17.72

19.12

17 -56

r'Calculated for charge balance. tAverage value of 1.77 B2O3 used in calculations.

268



QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (S0-Cation Normalization)

v38-9¡¿ v38-10;¿ v38-11¡r V38-1.2i,i v38-13i¿ v38-14¡¡ v38-15i¿ v38-L6¡¿ V3g-171 v3g-18ir

Si++

Al3+
Ti4+

Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
\Ju- ¡

Znz*
Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nd¡+
Sm3*

Eu3*
Gd3+

Pb2+

Bis+

Th++

U4+

Bs+

So+

F_
cl-
oH-*
o

0.00

18.81

0.00

0.00

0.13

0.74

0.02

0.00

0.00

0.00

0.00

19.10

13.18

L7.72

T t.s¡
0.00

1..12

0.00

6.80

70.08

77.72 t7.93 77.75

6.69 6.98 6.83

0.33 0.32 0.32

3.95 3.91 3.99

0.08 0.08 0.08

,.:t ,.:n ,.:t

't7.96

7.09

0.15

4.05

0.07

2.00

o¡o o¡o o¡o
18.52 18.63 18.50

0.00 0.00 0.00

0.00 0.00 0.00

0.07 0.12 0.08

0.10 0.13 0.09

0.00 0.03 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o_ooo_ooo_oo

77.64 17.81

6.98 6.82

0.26 0.35

4.07 4.01

0.09 0.07

'_'' 
,:,

0.00 0.00

18.86 18.63

0.00 0.04

0.00 0.00

0.10 0.11

0.09 0.11

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo

--
tr.s¡ tr.s+
0.00 0.00

0.65 1.18

0.00 0.00

7.81 6.88

69.54 69.93

Statistics

19.04 18.89

13.32 13.30

77.64 17.81

17.77 77.82

6.88 7.15

0.36 0.27

3.87 4.02

0.07 0.08

,.:, t_rt

o¡o o¡o
18.87 18.67

0.04 0.05

0.00 0-.00

0.06 0.05

0.08 0.05

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo_oo

1,.25 T t.Se

0.04 0.00

7.'t2 1.18

0.00 0.00

7 -74 6.87

69.14 69.95

17.81 1,7.78

7.07 6.99

0.20 0.t7
3.94 4.07

0.07 0.09

t_nu ,.:,

o¡o o¡o
18.79 18.7s

0.00 0.00

0.00 0.00

0.07 0.10

0.09 0.09

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo_oo

lf
| 7.52 | 1.53

0.00 0.00

0.85 0.90

0.00 0.00

7 -34 7.44

69.81 69.65

¿rI
| 1.53 r1.54 t1.54

0.00 0.00 0.00

7.20 1.02 0.94

0.00 0.00 0.00

7.73 6.77 7.22

69.67 70.27 69.84

ÐX
ÐY
ÐZ

18.70 18.91 18.67

13.37 13.34 13.37

17.93 77.75 1?.96

19.05 18.82

73.24 13.36

77.77 17.82

18.95 18.94

73.24 13.28

17.81 77.78

*Calculated for charge balance. tAverage value of 1..77 BzO3 used. in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

V38-19¡¿ V38-201 V38-21¡a v38-22idV38-23"r V38-24.r V3B-25.r V39-1 V39-2 VB9-3

Si4+

Als+
Ti{+
Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Zn2r
Ca2*

Na+

K+
La3*
Ce3*

P13f
Nd3+

Smg*

Eu3*
Gd3+

Pb¿+

Bi3+

Th4+

U++

Bs+

S6+

F_
cl-
OH_*
o

17.77

7.75

0.26

4.00

0.08

1.80

77.92 17.80

6.75 7.20

0.09 0.22

4.'l.t 3.92

0.13 0.08

,.:, t_ro

o¡o o¡o o¡o
18.88 18.63 18.94

0.00 0.00 0.00

0.00 0.00 0.00

0.03 0.13 0.02

0.03 0.72 0.03

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o_oo o-oo o-oo

it.sz it.sq t,r,
0.00 0.00 0.00

0.97 0.97 1.19

0.00 0.00 0.00

7 -20 7.40 6.99

69.82 69.63 69.82

1.7.74 77.73 17.81

7.20 6.28 6.64

0.10 0.26 0.47

4.06 3.70 3.32

0.11 0.10 0.11

t_tn ,.:, ,.:,

o¡o o¡o
18.79 18.57

0.00 0.00

0.00 0.00

0.08 0.25

0.08 0.40

0.00 0.00

0.00 0.06

0.00 0.00

0.00 0.00

o-ooo-o*

0.00

18.53

0.00

0.00

0.24

0.29

0.00

0.04

0.00

0.00

0.03

77.93 18.19

6.41 8.44

0.52 0.62

3.28 1.89

0.12 0.06

2.49 0.42

- 1.58

- 0.00

0.00 0.00

18.50 18.80

0.00 0.00

0.00

0.27

0.37 0.00

0.00

0.05

0.00

0.00

0_03 
_

I
| 7.57

0.00 0.00

1.59 0.00

0.00 0.00

5.67 8.37

70-75 69.63

17.86 1,8.27

8.37 8.47

0.55 0.62

1.85 1.91

0.05 0.05

0.47 0.40

1.57 1.53

0.00 0.00

0.00 0.00

19.33 18.75

o-ooo_oo

0.00 0.00

--

- oro
0.00 0.00

0.00 0.00

0.00 0.00

9.24 8.24

68.76 69.76

19.33 18.75

72.81 72.98

17.86 18.27

18.94 18.88 18.98

13.29 13.20 t3.22
77.77 77.92 17.80

tr*, tr¡z t r*un

0.00 0.00 0.00

0.90 'J..49 1.86

0.00 0.00 0.00

7.47 6.80 5.58

69.63 69.70 70.56

Statistics

18.94 19.31 19.72

73.32 12.96 13.06

17.74 17.73 17.81

1,9.22 18.80

72.84 13.01

17.93 18.19

EX
EY
Ðz

t'Calculated for charge balance. tAverage value of 1.77 B'2Os used in calculations.
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QUANTITATIVE WDS
Ions p.f.u. (50-Cation

RESULTS (NMNS)
Normalization)

v39-4 v39-5 v40-1.¿ v40-2id v40-B¡.1 v40-4i¿ v40-5i¿ V40-6¡¿ y40-Ti¿ v40-8ir

si4+ 77.93

AI3+ 8.24

Ti*+ 0.67

Mg'+ 7-87

Mnz* 0.05

Fe2* 0.41

Fe3* 7.54

Cr3* 0.00

Cu2*
Zn2* 0.00

Caz+ 19.31

Na+ 0.00

K+
La3*
Ce3* 0.00

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th4+

u4+

Bs+

s6+ 0.00

F- 0.00

cl- 0.00

oH-* 9.04

o 68.96

1 8.31 17.85 77 .99

8.35 9.84 9.44

0.61 0.37 0.55

1.91 2.04 2.76

0.05 0.13 0.'t 2

0.43 1.19 L.'J.2

1.60

0.00

0.00 0.00 0.00
'J.8.74 18.41 18.52

0.00 0.13 0.09

- 0.00 0.00

- 0.00 0.00

0.00 0.03 0.00

- 0.00 0.00

- 0.00 0.00

- 0.00 0.00

- 0.00 0.00

- 
o-oo o-oo

o¡o o¡o o¡o
0.00 1..72 2.'J.9

0.00 0.06 0.06

8.21 8.04 7.32

69.79 68.18 68.43

L7.84 17.60

9.71, 10.09

0.42 0.27

2.79 2.05

0.r2 0.11

t_tt tlt

0.00 0.00

78.47 18.62

0.07 0.08

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

._','_',

0.00 0.00

1._87 2.10

0.04 0.06

7.94 8.09

68.15 67.75

Statistics

18.54 18.70

13.62 13.70

17.84 17.60

- 0.00

0.00 0.00 0.00

2.55 2.29 2.44

0.07 0.00 0.07

8.26 8.93 9.72

67.12 66.77 66.37

17.96 77 .81 17.89 17.88

9.24 9.20 8.52 7.82

0.53 0.19 0.26 0.28

t.94 2.17 2.53 z.sl
0.72 0.13 0.1.2 0.10

t_un t_rt ,.:n 2.63

o¡o o¡o o¡o o¡o
18.48 18.63 18.39 18.55

0.10 0.07 0.05 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.09

0.00 0.00 0.00 0.13

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.02

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o_oo o_oo o_oo 0.00

0.00

2.73

0.00

7 -77

68.10

ÐX
ÐY
EZ

19.31

12.76

17.93

1,8.74 18.58 18.62

12.95 't3.57 13.39

18.31 17.85 17.99

18.59 18.69 18.44 18.79

13.45 13.50 13.67 13.33

17.96 17.81 17.89 17.88

*Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v40-9..r V41-1 v41-2 V41-3 v41.-4 v41-5 V42-1 V42-2 v42-3 V42-4

Si++ 77.91

AI¡+ 8.85

Ti++ 0.18

Mgt+ 2-08

Mnz+ 0.13

Fez+ 2.29

Fe3t

Cr3*
Cuz+

Znz* 0.00

Ca2* 18.s4

Na+ 0.03

K+ 0.00

Las+ 0.00

Ce3* 0.00

Pr3* 0.00

Nd3+ 0.00

Sm3* 0.00

Eu¡+ 0.00

Gd3+ 0.00

Pbz+

Bi3+

Th++
TTiI+U

Bs+

so+ 0.00

F- 2.52

cl- 0.05

oH-* 8.45

o 66.98

18.47 't7.96 18.45

8.87 8.29 8.72

0.03 0.03 0.03

2.33 2.36 2.37

0.03 0.04 0.04

1.81 2.05 1.80

0.00 0.00 0.00

o¡o o¡o o¡o
18.47 19.27 18.66

o_ooo-ooo-oo

0.00 0.00 0.00

--o¡o
0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

10.13 't 1.72 10.34

67.87 66.28 67.66

1.8.47

i 3.06

18.47

1.9.27 18.66

1.2.77 72.90

17.96 18.45

18.06 18.46

8.60 8.60

0.04 0.03

2.19 2.27

0.02 0.00

7.94 2.04

0.00 0.00

o¡o o¡o
19.15 18.61

o_oo

0.00 0.00

-_

_-

0.00 0.00

0.00 0.00

0.00 0.00

77.27 70.44

66.?9 6?.56

Statistics

19.15 18.61

72.79 1,2.94

18.06 18.46

18.19 18.10

8.26 8.15

0.13 0.74

2.80 2.86

0.00 0.00

':' '':'

o¡o o¡o
18.99 19.13

0.00 0.00

o:oo o:oo

_-

o¡o -
0.00 0.00

1.40 1.33

0.00 0.00

9.68 10.04

66.91 66.63

18.99 19.13

12.81 72.77

18.19 18.10

18.34 18.01

8.18 8.16

0.14 0.1,4

2.83 2.77

0.00 0.00

1.64 1.63

o¡o o¡o
18.87 t9-29

0.00 0.00

o-ooo_oo

_-

o¡o oro
1.40 1.31

0.00 0.00

9.46 't 0-22

67.74 66.46

18.87 19.29

72.78 't2.70

18.34 18.01

'XÐY
ÐZ

18.57

13.52

77.91

1'Calculated for charge balauce.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

Y42-5 V43-1 V43-2 v43-3 V43-4 v44-1 \t4+2 V44-3 V44_4 V45_1,

Si4+

Al3+
Ti++

Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Znz*
Ca2*

Na+

K+
La3*
Ces+

P13*

Nds+

Sm3*

Eu3+

Gdg+

Pb2+

Bi¡+
Th++

U4+

Bs+

So+

F_
cl-
oH-''
o

18.13 17.99 1,7.74 1?.79

8.28 8.76 8.51 8.64

0.15 0.11 0.11 0.14

2.85 2.39 2.42 2.46

0.00 0.00 0.00 0.00

1.65 0.16 0.16 0.16

_ 
t_tt t':' t_nt

-oro--
0.00 0.00 0.00 0.00

7.20 0.00 0.00 0.00

0.00 0.00 0.00 0.00

9.96 9.16 9.88 9.58

66.84 68.84 68.12 68.42

18.94 78.72 19.15 18.90

72.93 1.3.29 13.11 13.31

18.13 17.99 77.74 77.79

oio o.rr
0.00 0.67

0.00 0.00

9.63 9.23

68.37 68.10

Statistics

18.94 18.81

13.29 '13.44

Ll.l I !(.(í)

18.16 17.88 18.06 -J.7.66

70.12 9.89 10.30 8.51

0.00 0.00 0.00 0.16

3.15 3.05 3.15 3.73

0.00 0.00 0.00 0.00
0.38 0.42 0.31 0.75

0.00 0.00 0.00 0.00

o¡o o¡o o¡o o¡o
18.20 78.77 18.19 19.20

o_oo o_oo

_ 0.00

0.00 0.00 0.00 0.00
- 0.00
- 0.00

- 0.00
- 0.00

.o-oo

oro o¡o o¡g ':l::
0.99 0.93 0.74 1.11

0.00 0.00 0.00 0.00
7.97 8.46 8.29 6.69

69.05 68.61 ' 68.97 70-20

18.20 18.77 18.19 19.20

13.64 13.35 13.75 13.14

18.16 17.88 18.06 77.66

0.00

18.90

0.00

0.00

77.77

8.63

0. L5

2.45

0.00

0.16

1.91

0.00

18.94

0.00

0.00

17.75
qaá

0.00

3.20

0.00

0.30

0.00

0.00

18.81

0.00

0.00

oro oro oro
18.94 18.72 19.15

0.00 0.00 0.00

0.00 0.00 0.00

0.00

0.00

0.00

0.00

0.00

0.00

__o_oo

EX
EY
Ðz

*Calculated for charge balance. tAverage value of 7.47 P,2Oa used in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (S0-Cation Normalization)

v45-2, v45-3. V45-4. V45-5, v45-6. v4s-?. V4s-8. v46-1 v46-2 v46-3

si++ 17.98 't7.75 t7.95 17.66
AI3+ 8.83 8.59 8.70 8.68
Ti4+ 0.17 0.18 0.16 0.16
Mg'+ 3.66 3.70 3.78 3.S8

Mnz* 0.03 0.00 0.00 0.00
Fe2* 0.92 0.82 0.89 0.82
Fe3f
Cr3* 0.00 0.00 0.00 0.00
L/U- ¡

Znz* 0.00 0.00 0.00 0.00
Ca2* 18.39 18.90 18.42 19.04
Na+ 0.00 0.00 0.0S 0.00
K+
La3* 0.00 0.02 0.02 O.O2

Ce3* 0.03 0.04 0.03 0.03
Pr3* 0.00 0.00 0.00 0.00
Nd3+ 0.00 0.00 0.00 0.00
Smc* 0.00 0.00 0.00 0.00
Eu3* 0.00 0.00 0.00 0.00
Gd3+ 0.00 0.00 0.00 0.00
Pbz+

Bi3+

Th++

U++

B¡+ L.zr o.9o t t.zs l tzt
so+ 0.06 0.08 0.09 0.09
F- 't.32 1.10 1.15 7.20
cl- 0.00 0.00 0.00 0.00
oH-* 5.05 7.22 5.62 6.19
o 7L.62 69.67 77-23 70.62

17.70 t7.77 77.77

8.44 8.04 8.38

0.46 0.64 0.37

3.86 3.57 3.88

0.03 0.02 0.03

0.90 0.86 0.90

0.00 0.00 0.00

0.00 0.00 0.00

18.s9 19.02 18.66

0.00 0.00 0.00

0.00 0.03 0.00

0.02 0.05 0.02

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o_oo o_oo o_oo

__
7.45 7.23 i r.zs
0.06 0.37 0.06

1.06 1.30 0.67

0.00 0.00 0.00

5.44 3.85 6.5?

71.50 72.8s 70.76

Statistics

18.61 19.10 18.68

13.69 13.13 13.55

77.70 17.77 77.77

18.16 18.31 1?.99

7.47 8.92 8.34

1.90 0.33 0.10

2.83 3.52 3.46

0.03 0.03 0.04

0.28 0.19 0.40

0.51 0.34 0.7L

0.00 0.00 0.00

0.00 0.00 0.00

18.73 18.37 18.87

0.00 0.00 0.00

0.02

0.05

0.00

0.03

0.00

0.00

0.00

- 0.03

0.00 0.06

- 0.00

- 0.00

- 0.00

- 0.00

-o-oo

ÐX
ÐY
Ðz

18.41 18.96 18.52 19.09

13.61 73.29 13.53 13.25

17.98 77.75 17.95 17.66

o¡z o:r o¿s
1.19 1.18 1.26

0.19 0.06 0.00

6.02 6.98 8.04

70.61 69.78 68.70

18.82 18.37 18.96

13.02 L3.33 13.05

18.16 18.31 17.99

t'Calculated for charge balance. tAverage value of 1,.47 B2or used in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v46-4 V46-5 V47-1 v47-2 V47-3 V48-1 v48-2 V48-3 v48-4 V49-1

Si4+

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Zn2*
Ca2*

Na+

K+
La3*
Ce3*

P13*

Nd3+

Sms*

Eu3*
Gd3+

Pb2+

Bi3+

Th4+

Ur+
B¡+
So+

F_
ct-
oH-*
o

18.45 77.94

8.84 8.88

0.49 0.36

3.37 3.59

0.04 0.04

0.20 0.'J,7

0.35 0.31

0.00 0.00

0.00 c.00

78.21 18.71

o-o'o_oo

o-ooo-oo

0.20 0.08

7.12 t-77

0.06 0.00

6.59 8.58

70.22 68.26

18.26 18.71

13.30 13.35

18.45 17.94

18.07 18.72

9.69 9.47

0.58 0.83

1.10 7.12

0.04 0.00

,:, t_ut

oìo o¡o
18.89 1,8.77

0.06 0.08

0.00 0.00

- 0.00

0.00 0.03

- 0.00

- 0.00

- 0.00

- 0.00

-o-oo

o¡o o¡+
3.43 2.98

0.00 0.00

5.63 5.43

68.94 69.60

18.01 77.96

9.64 10.01

0.60 0.20

1.16 1.43

0.03 0.09

t':' o_un

- 0.35

0.00 0.00

18.98 79.23

0.06 0.09

0.00 0.00

0.00 0.00

0.00 0.00

3.06 4.09

0.00 0.00

6.13 5.67

68.81 68.24

Statistics

19.04 19.31

12.95 1,2.73

18.01 17.96

18.07 18.07

10.03 1,0.26

0.25 0.19

1.39 1.39

0.13 0.09

o':' o_ut

0.33 0.32

0.00 0.00

18.99 19.01

0.10 0.09

0.00 0.00

0.00 0.00

_-

o¡o o¡o
4.07 3.75

0.00 0.00

5.34 5.56

68.59 68.69

18.11 18.04

9.85 10.67

0.29 0.00

1.51 t.46
0.03 0.39

0.85 0.45

o¡o o.ro

0.00 0.00

18.97 78.77

0.09 0.06

0.00 0.00

0.00 0.00

o¡o o¡o
4.02 3.87

0.00 0.00

5.42 5.43

68.56 68.70

19.05 18.83

L2.83 13.12

18.L1 18.04

'XDY
Ðz

18.94 18.88

L2.98 13.00

18.07 18.12

19.08 19.11

1.2.84 12.83

18.07 18.07

''Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v49-2 V49-3 V49-4 v49-5 V50-1 v50-2 v50-3 v50-4 v51-1 V57_2

si4+ 17.80

Al3+ 10.63

Ti4+ 0.00

Mg'+ l-57
Mn2* 0.28

Fe2* 0.lT
Fe3*

Cr3*
Cuzr- 0.20

Zn2* 0.00

Ca2* 19.32

Na+ 0.03

K+ 0.00

La3*
Ce3* 0.00

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bis+

Th4+
Tt4+U'

B¡+
So+ 0.00

F- 4.32

cl- 0.00

oH-* 5.47

o 68.20

18.10 1,7.97 18.18
't0.76 10.87 11.03

0.00 0.00 0.00

L.43 1.40 1.27

0.37 0.30 0.25

o_tt o':' o_ot

0.20 0.19 0.25

0.00 0.00 0.00

18.75 18.99 18.82

0.08 0.06 0.11

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
4.15 4.02 4.01

0.00 0.00 0.00

4.97 5.22 4.77

68.88 68.76 69.28

18.83 19.04 18.93

13.08 72.99 12.89

18.10 77.97 18.18

17.91 77.82

8.25 8.09

0.00 0.00

3.18 2.74

1.33 1.48

o-ut o:e5

0.05 0.00

0.00 0.00

18.43 18.83

0.00 0.00

0.00 0.00

0.00 0.00

--

0.32 0.08

o¡o o¡o
2.59 2.25

0.54 0.15

8.48 9.79

66.40 65.81

Statistics

18.75 18.92

13.04 13.26

77.97 77.82

77 .84 1 8.01

8.33 8.17

0.00 0.00

3.16 3.10

7.32 1.61

o-uoo_u'

0.00 0.00

0.00 0.00

18.58 't 8.52

0.00 0.00

0.00 0.00

0.00 0.00

tjr r-r'

o¡o o¡o
2.36 1.98

0.56 0.14

8.79 9.64

66.29 66.25

18.86 18.58

13.30 13.41

17.84 18.01

78.22 77.97

10.26 10.02

0.03 0.06

1.35 1.51

0.05 0.04

t_tt ,.:,

0.00 0.00

18.90 19.19

0.00 0.00

0.00 0.00

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 o.oo

9.24 9.91

68.76 68.09

18.90 19.19

12.88 't2.84

18.22 17.97

ÐX
ÐY
DZ

19.35

12.85

17.80

*Calculated for charge balance.
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QUANTiTATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v51-3 V52-1 Vs2-2 v52-3 V52-4 v53-1 V53-2 v53-3 V54-1 v54-2

Si4+

Al3+
Ti¿+

Mgt+
Mn2*
Fe2*

Fe3*

Cr3*
\Ju- |

Zn2*
Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th4+

U++

B¡+
S6+

F_
ct-
oH-*
o

1,7.97 77.66 17.82

70.20 6.37 6.89

0.04 0.54 0.25

1.36 3.26 3.29

0.04 0. 1 1 0. 10

,.:u ,.:o ,.:n

oio o¡o o¡o
19.14 L9.16 18.86

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

oìo o¡o o¡o
0.00 2.37 2.89

0.00 0.11 0.L2

9.78 10.76 9.95

68.22 64.76 65.03

19.14 19.16 18.86

12.89 13.18 1,3.32
'J.7.97 't7 -66 1,7.82

17.69 17.88 17.83 1.7.87

7.19 6.84 7.78 7.23

0.22 0.43 1.10 1. L 0

3.35 3.22 1..47 7.43

0.10 0.t2 0.07 0.09

,.:u ,:, '.:, '_ru

0.00 0.00 0.00 0.00

19.01 18.79 17.90 17.75

0.00 0.00 0.39 0.40

0.00 0.00 0.00 0.00

0.19 0.20

0.00 0.00 0.35 0.35

0.05 0.05

0.08 0.06

0.00 0.00

0.00 0.00

__o_ouo_o'

18.04 17.83 17.75

7.54 8.95 8.86

1.20 0.27 0.19

1.36 2.44 2.29

0.07 0.00 0.00

2.85 1.68 1.85

- 0.00 0.00

o¡o o¡o o¡o
77.76 18.83 19.06

0.44 0.00 0.00

0.00

0.13

0.28 0.00 0.00

0.04

0.07

0.00

0.00

o-on--

I
10.18

_--
0.06 0.00 0.00

2.89 0.00 0.00

0.00 0.00 0.00

6.24 10.85 7't.26

68.87 67.15 66.74

- 0.17 0.18

0.00

0.00 0.07 0.06

2.63 3.54 3.04

0.15 0.05 0.04

9.77 6.29 6.7't

65.45 68.12 68.21

0.00

3.72

0.14

9.75

64.99

ÐX
DY
Ðz

Statistics

19.01 18.79 19.19 19.02

13.30 13.33 12.98 13.11

17.69 17.88 17.83 17.87

18.93 18.83 19.06

13.02 13.34 13.19

18.04 17.83 17.75

*Calculated for charge balance. tAverage value of 1.47 ThOz used in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (5O-Cation Normalization)

v54-3 Ys4-4 V54-5 v55-1. V55-2. V56-1r V56_2r V56_3d V56_4.r V57_1

Si4+

Al3+
Tin+
Mgt+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Zn2*

Ca2*

Na*
K+
Las*
Ce3+

P13*

Nd¡+
Sm3*

Eu3*
Gd3+

Pbz+

Bi3+

Th¿+

U++

Bc+

So+

F-
cl-
oH-+
o

77.46 17.89

9.18 8.88

0.22 0.21,

2.22 2.24

0.00 0.00

7.54 1.80

0.00 0.00

o¡o o¡o
19.39 18.97

o-oo o-oo

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

L1.48 10.91

66.52 67.09

19.39 18.97

13.15 13.14

17.46 17.89

17.49 18.3L

8.63 9.66

0.23 0.38

2.36 0.97

0.00 0.09

1.88 1.90

0.00

o¡o o¡o
19.33 18.67

0.00 0.03

- 0.00

0.04

0.04 0.00

0.00

0.00

0.00

0.00

o_oo-

-- o¡o
0.00 0.00

0.60 3.31

0.00 0.06

71..25 5.63

66.14 69.00

17.44 'J.7.93

7.10 9.53

0.15 0.11

3.57 2.55

0.05 0.00

7.49 0.93

7.37

- 0.00

0.00 0.00

18.82 18.95

0.00 0.00

0.00

- 0.00

18.14 17.58 17.45 't7 -39

9.56 6.97 7.01. 7.70

0.58 0.21 0.18 0. 1 6

0.88 3.18 3.13 3.58

0.09 0.09 0.09 0.05

1.93 L.64 1.61 1..52

_ '-u' '-n. ,:'

0.00 0.00 0.00 0.00

1,8.72 18.82 19.01 18.79

0.11 0.00 0.04 0.00

0.00 0.00 0.00 0.00

0.00

____

- ,-.rn 2.44 ZIS
0.00 0.00 0.00 0.00

2.97 0.76 0.87 0.00

0.00 0.00 0.00 0.00

6.20 4.18 4.09 4.23

68.89 73.06 73.04 73.77

Statistics

18.82 18.82 19.05 18.79

13.03 13.60 13.50 13.82

18.14 17.58 17.45 1?.39

ÐX

'YÐz

19.40 18.70

13.11 13.00

17.49 18.31

2.64 -
0.00 0.00

0.00 0.65

0.00 0.00

4.42 9.75

73.58 67.67

18.82 18.95

13.74 13.72

t7.44 17.93

*Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v57-2 V57-3 V57-4 v57-5 V57-6 v57-7 V57-8 vs8-1 V58-2 V58_3

si4+ 17.58

Al3+ 9.36

Ti++ 0.22

Mgt+ 2-57

Mn2* 0.00

Fez* 0.87

Fe3*

Crs* 0.00

\,u- |

Zn2* 0.00

Ca2* 19.40

Na+ 0.00

K+
Las*
Ce3* 0.00

Pr3*
Nde+

Sm3*

Eu3*
Gds+

Pb2+

Bis+

Th++

U4+

B3+

sc+ 0.00

F- 0.62

cl- 0.00

oH-* 10.42

o 66.95

77.70 77.43 17.86

8.81 9.10 9.37

0.27 0.29 0.26

2.48 2.49 2.59

0.00 0.00 0.00

2.00 1.09 0.91

0.00 0.00 0.03

o¡o o¡o o¡o
18.73 19.61 18.99

o_oo o_oo o_oo

0.00 0.00 0.00

-oro-
0.00 0.00 0.00

0.00 0.00 0.83

0.00 0.00 0.00

7t.24 77.47 9.54

66.76 66.53 67.63

18.73 19.61 18.99

13.57 12.96 13. L5

17.70 1,7.43 17.86

77.54 77.71

9.23 9.53

0.31 0.26

2.63 2.64

0.00 0.00

0.86 0.88

0.00 0.00

o¡o o¡o
1.9.43 18.99

o_ooo-oo

0.00 0.00

_-

0.00 0.00

0.59 0.68

0.00 0.00

10.48 9.86

66.92 67.45

Statistics

19.43 18.99

13.03 13.30

77.54 77.77

17.37 17.99

9.33 10.15

0.27 0.00

2.43 2.72

0.00 0.00

L.18 0.02

- 0.40

0.00 0.00

0.00 0.00

79.42 19.32

o_ooo-oo

0.00 0.00

o¡o o¡o
0.76 0.00

0.00 0.00

10.63 9.47

66.61 68.53

79.42 79-32

73.21 72.69

17.37 77.99

18.02 77.87

10.40 1.0.34

0.00 0.00

2.22 2.08

0.00 0.00

0.02 0.02

0.36 0.32

0.00 0.00

0.00 0.00

18.99 19.37

o_oo

0.00 0.00

o¡o -
0.00 0.00

0.00 0.00

0.00 0.00

9.22 9.60

68.78 68.40

18.99 19.37

12.99 12.76

18.02 17.87

ÐX

'YÐz

19.40

13.02

17.58

*Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (S0-Cation Normalization)

v59-1 V59-2 v59-3 v59-4 V59-5 V60_1 v60-2 v60-3 V60_4 V60_5

Si++

Al3+
Ti++

Mg'+
N{n2+

Fe2*

Fe3*

Cr3*
Cu2't
Zn2*
Caz*
Na+

K+
Las+

Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

B¡+
So+

F_
cl-
oH-*
o

17.76 17.86

10.11 10.05

0.00 0.00

2.62 2.76

0.00 0.00

0.06 0.07

0.34 0.35

0.06 0.03

0.00 0.00

L9.05 18.89

o_ooo-oo

o_ooo_oo

o¡o o¡o
0.00 0.00

0.00 0.00

9.97 9.86

68.03 68.14

19.05 18.89

13.19 13.25

17.76 17.86

77.65 17.86

9.90 9.96

0.00 0.00

2.68 2.72

0.00 0.00

0.06 0.08

0.34 0.41

0.00 0.05

0.00 0.00

19.37 18.93

o-ooo-oo

0.00 0.00

0.00

0.00 0.00

0.00 0.00

0.00 0.00

1.0.47 9.86

67.53 68.14

79.37 18.93

12.98 73.21,

17.65 17.86

'J.7.57 1,8.77

9.95 9.67

0.00 0.04

2.65 2.39

0.00 0.00

0.07 0.24

0.38 1.03

0.00

0.00 0.00

L9.38 18.46

0.00 0.00

- 0.00

0.00 0.00

18.10 18.01

9.24 9.39

o.'J.z 0.11

2.56 2.57

0.00 0.00

0.27 0.26

'jn '.:n

0.00 0.00

18.52 18.53

0.00 0.00

0.00 0.00

0.00 0.00

- oro
0.06 0.05

0.00 0.00

0.00 0.00

8.76 8.94

69.24 69.06

18.52 18.53

13.38 13.46

18.10 18.01

77.87 77.99

9.37 9.37

0.06 0.07

2.54 2.53

0.02 0.00

0.26 0.25

L.16 1.10

0.00 0.00

78.72 18.69

0.00 0.00

0.00 0.00

0.00 0.00

o¡s o¡o
0.00 0.00

0.00 0.00

9.28 9.41,

68.72 68.59

1.8.72 18.69

13.41 13.32

1.7.87 1,7.99

ÐX
ÐY
DZ

0.00 0.05

0.00 0.00

0.00 0.04

10.52 8.55

67.48 69.40

Statistics

19.38 18.46

13.05 L3.37

77.57 18.17
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QUANTITATiVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v61-1 V61-2 v61-3 V61-4 V61-5 v62-1. V62-2 v62-3 V62-4 V62_5i¿

Si++

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Zn2*
Ca2*

Na+

K+
La3*
Ce3*

P13*

Nd¡+
Sm3*

Eug*
Gd3+

Pb2+

Bi3+

Th++

U¿+

B3+

S6+

F-
cl-
oH-*
o

17.92 17.66

7.21 7.40

0.20 0-24

3.72 3.56

0.03 0.04

0.54 0.51

L.62 1.55

0.00 0.00

0.00 0.00

18.75 L9.06

o-ooo_oo

0.00 0.00

trr, 1..2J

0.00 0.00

0.60 0.69

0.00 0.06

6.58 6.83

70.82 70.42

18.75 19.06

13.33 13.28

77.92 17.66

17.93 17.80

7.85 7.26

0.77 0.21

3.59 3.55

0.04 0.05

0.46 0.49

1.39 1.48

0.00 0.00

0.00 0.00

18.57 19.15

o-ooo-oo

0.00 0.00

-_
t t.z+ t tzz
0.00 0.00

0.00 0.67

0.07 0.07

6.76 6.82

7't.17 70.44

18.57 19.15

13.50 13.05

17.93 17.80

17.93 18.04

7.37 9.31

0.23 0.24

3.68 2.65

0.04 0.00

0.51 1.01

1.54

0.00

0.00 0.00

18.69 18.75

0.00 0.00

- 0.00

0.00 0.00

t t.zq -
0.00 0.08

0.81 1.02

0.07 0.06

6.16 8.57

70.96 68.35

Statistics

18.69 18.75

13.38 1.3.21,
' 17.93 18.04

77.90 18.04

9.24 9.34

0.23 0.23

2.65 2.69

0.02 0.03

'-on'_o'

o¡o o¡o
18.90 18.65

0.00 0.00

0.00 0.00

0.00 0.00

o¡z o¡s
1.14 1.19

0.06 0.05

8.90 8.40

67.90 68.36

18.90 18.65

13.20 13.31

1.7.90 18.04

18.00 77.99

9.28 9.67

0.32 0.22

2.62 2.5s

0.02 0.02

o_n'o_'u

o¡o o¡o
18.80 't 8.72

0.00 0.00

0.00 0.00

0.00 c.00

o¡e o¡z
1.25 1.36

0.07 0.05

8.38 8.1,2

68.30 68.47

18.80 1.8.72

13.19 73.29

18.00 1,7.99

ÐX
DY
Ðz

rCalculated for charge balance. tAverage value of '1..44P,2O3 used in calculations.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

V62-6i,r \¡62-71 V62-8¡r v62-9 \¡62-10 \¡02-11 v62-12, V63-1 V63-2 V63-3

Si++ 17.86

Al3+ 9.43

Ti++ 0.20

Mgt+ 2-59

Mn2* 0.00

Fe2* 0.98

Fe3*

Cr3*
Cuz+

Znz+ 0.00

Caz* 18.9s

Na* 0.00

K+ 0.00

La3*
Ce3* 0.00

P13*

Nd3+

Sm3*

Eua*
Gd3+

Pb2+

Bi3+

Th4+

U++
D3+D'

56+ o.o?

F- 'J..17

cl- 0.05

oH-* 8.85

o 67.93

18.15 18.02

9.34 9.34

0.32 0.33

2.47 2.43

0.03 0.04

o-n'

o¡o o¡o
18.78 18.85

0.00 0.00

0.00 0.00

0.00 0.00

o¡o -
0.07 0.05

t.'J.7 7.02

0.05 0.07

8.05 8.54

68.72 68.37

18.78 18.85

13.07 13.13

18.15 18.02

18.09 18.10 18.11

9.52 9.42 9.43

0.15 0.22 0.18

2.57 2.51, 2.59

0.03 0.00 0.03

0:e5 o.:, o.:,

o¡o o¡o o¡o
18.69 78.77 18.69

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

oro o¡s o¡o
0.92 7.12 0.87

0.06 0.06 0.04

8.44 8.20 8.46

68.58 68.62 68.63

Statistics

18.69 18.77 18.69

13.22 13.12 13.20

18.09 18.10 18.11

17.97 18.11

9.41 9.97

0.17 0.19

2.55 1.08

0.02 0.26

0.96 1..25

- 0.39

- 0.00

0.00 0.00

18.91 18.61

0.00 0.15

0.00

0.00 0.00

or¡ o¡o
0.97 3.39

0.04 0.00

8.54 5.80

68.46 68.81

18.91 18.76

73.12 13.14

77 .97 18.11

18.04 18.36

9.73 9.90

0.13 0.19

1.18 1.23

0.22 0.22

1.31 '1.-24

0.41 0.39

0.00 0.00

0.00 0.00

18.89 18.37

o_'oo_''

0.00 0.00

__

o¡o o¡o
3.86 3.24

0.00 0.00

5.75 5.49

68.39 69.27

18.98 18.48

12.98 13.16

18.04 18.36

DX

'YÐz

18.95

13.19

17.86

1'Calculated for charge balance.

282



QUANTITATIVE WDS
Ions p.f.u. (50-Cation

RESULTS (NMNS)
Normalization)

v63-4 V63-5 v63-6 V63-? v64-1 V64-2 v64-3 v64-4 V64-5 V65_1

si4+ 77.99

Al3+ 9.89

Ti++ 0.19

Mg'+ 1.10

I\{n2+ 0.22

Fe2* 1.22

Fe3* 0.38

Cr3* 0.00

Cu?*
Zn2* 0.00

Caz* 18.82

Na* 0.13

K+
La3f
Ce3* 0.00

P13*

Nds+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

83+ 0.00

s6+ 0.00

F- 3.38

cl- 0.00

oH-+ 6.13

o 68.49

18.13 77 .90 18.20

9.77 9.79 10.05

0.20 0.23 0.13

7.29 1.10 1.19

0.25 0.26 0.2'J.

7.24 7.26 7.25

0.39 0.39 0.39

0.00 0.00 0.00

0.00 0.00 0.00

18.64 18.95 18.49

o_to o':' o_tt

0.00 0.00 0.00

o¡o o¡o oio
3.60 3.40 3.65

0.00 0.00 0.00

5.68 6.29 5.37

68.72 68.30 68.98

18.74 1.9.07 18.59

13.13 13.03 73.27

18.13 17.90 18.20

18.12 77.82

9.35 9.40

0.40 0.46

1.33 7.74

0.30 0.30

1.83 '1..76

0.00 0.00

o¡o o¡o
18.58 19.00

o-ono-''

0.00 0.00

o¡o o¡o
3.80 3.49

0.06 0.10

5.83 6.56

68.31 67.85

Statistics

18.67 19.11

13.2't 13.07

18.12 1,7.82

18.14 18.03

9.68 9.80

0.35 0.27

1.2t 7.07

0.24 0.1,7
't.82 1.45

0.00 0.00

o¡o o¡o
18.48 79.07

0.00 0.00

o¡o
0.00 0.00

3.47 3.53

0.00 0.00

5.98 6.20

68.55 68.27

18.57 79.20

73.29 1,2.77

18.14 18.03

18.33 18.43

10.01 10.17

0.00 0.62

7.22 1.01

0.20 0.03

1.56 7.24

0.00 0.00

o¡o o¡o
18.58 18.37

o:to o-tt

0.00 0.00

--

_-
0.00 0.00

3.70 2.54

0.07 0.00

5.65 5.31

68.58 70.15

18.67 18.50

t2.99 13.07

18.33 18.43

sr'!¡

ÐY
ÐZ

19.01

13.00

17.99

*Calculated for charge balance.
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QUANTiTATIVE \\¡DS RESULTS (NMNS)
Ions p.f.u. (5O-Caiion Normalization)

v65-2 V65-3 V65-4 v65-5 V65-6 V66-1 v66-2 V66-3 V66_4 V66_5

Si++

Al3+
Ti++

Mg'+
Mn2*
Fe2+

Fe3*

Cr3*
Cu2*
Zn2*
Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gd3+

Pb2+

Bi3+

The+

U++

Bs+

S6+

F_
cl-
OH-*
o

18.15 18.53

9.96 9.83

0.62 0.64

L.O7 7.28

0.02 0.03

1.15 7.26

0.00 0.00

0.00 0.00

18.90 18.33

o_''o_''

0.00 0.00

o¡o o¡o
2.40 2.41

0.00 0.00

6.21 5.52

69.39 70.07

19.02 18.43

12.83 13.03

18.15 18.53

18.20 18.55

10.07 10.09

0.62 0.62

7.07 1.03

0.03 0.03

1.15 'J..22

0.00 0.00

0.00 0.00

18.76 18.35

o-tt o:11

0.00 0.00

o¡o o¡+
2.45 2.46

0.00 0.00

5.93 4.93

69.61 70.61,

18.86 18.46

1.2.94 't2.99

18.20 18.55

18.29 18.06

10.05 9.69

0.60 0.02

0.99 0.66

0.03 0.78

7.24 0.92

0.00 0.00

- 0.17

0.00 0.82

18.70 18.87

ojo o:oo

0.00 0.00

o¡o o¡o
2.52 2.04

0.00 0.00

5.77 8.1 1

69.71 67.85

Statistics

18.81 18.87

12.97 13.06

18.29 18.06

19.10 L8.54 't9.07

13.09 13.10 12.93

17.81 18.35 I8.00

18.17 17.89 18.35 18.00

9.59 9.41 9.68 9.90

0.00 0.02 0.02 0.00

o.7L 0.68 0.64 0.65

0.85 0.84 0.76 0.71

0.98 1.01 0.98 0.64

0.00 0.00 0.00 0.00

0.17 0.77 0.16 0.24

0.87 0.87 0.86 0.80

18.66 19.10 18.54 19.07

o-oo o:oo o-oo o-oo

0.00 0.00 0.00 0.00

-oìo--
0.00 0.00 0.00 0.00

2.16 2.73 2.05 1..94

0.00 0.00 0.00 0.00

7.97 8.64 7.52 8.16

67.93 67.23 68.43 67.90

'XÐY
Ðz

18.66

13.1 7

18.17
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QUANTiTATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v66-6 V67-1 V67_2 v67-3 V67-4 v67-5 V67-6 v67-7 V68-1 V68_2

Si++

Al3+
Ti4+
Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cu2*
Znz+

Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nd¡+
Sm3*

Eu3*
Gd3+

Pb2+

Big+

Th++

U++

B¡+
So+

F_
cl-
OH_*
o

18.30 77 .40 18.1 1 t7 .78

9.84 1L.36 9.84 10.28

0.02 0.00 0.02 0.00

0.66 0.79 0.89 2.97

0.82 0.54 0.52 0.68

0.81 0.39 0.59 0.28

0.00

0.16 0.56 0.59 0.25

0.85 0.56 0.54 0.69

18.53 18.28 18.85 16.83

0.00 0.00 0.00 0.00

- 0.00 0.00 0.03

0.00 0.00 0.00 0.00

- 0.72 0.04 0.27

0.00 0.00 0.00 0.00

2.02 2.47 2.87 1.83

0.00 0.00 0.00 0.00

7.57 7.36 7.03 8.37

68.47 68.16 68.10 67.80

18.53 18.39 18.89 1?.13

13.17 14.21 12.99 15.09

18.30 17.40 18.11 1,7 .78

'J.7.64 17.90

10.85 10.40

0.00 0.00

2.60 I.28
0.60 0.67

o-11 o-tn

0.72 0.43

0.64 0.60

17. 13 18. L 7

0.00 0.00

0.02 0.00

0.00 0.00

-_

--
o-,' o:,

0.00 0.00

2.17 1.64

0.00 0.00

7 .77 8. 16

68.72 68.20

Statistics

77.43 18.38

14.93 73.72

77.64 17.90

17.66 18.07

10.71 10.13

0.00 0.00

2.00 0.97

0.61 0.65

o-'uo_'n

0.25 0.51

0.61 0.53

77 -72 18.61

0.00 0.00

0.00 0.00

0.00 0.00

;: 
'-'-

o¡o o¡o
2.17 2.42

0.00 0.00

7.79 7.33

68.03 68.26

18.00 18.75

74.34 13.18

17.66 18.07

17.86 77.74

9.93 10.00

0.00 0.00

3.08 2.77

0.00 0.00

o-nu o:so

o¡o o¡o
18.67 19.00

0.00 0.00

0.00 0.00

0.00 0.00

--

- oro
0.07 0.10

0.00 0.00

0.00 0.00

9.95 9.94

68.05 68.06

18.67 19.00

1.3.47 13.26

17.86 17.74

'XEY
DZ

*Calculated for charge balance.

V67 includes 0.02 Be.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v68-3 V68-4 V68-5 v69-1 v69-2 V69-3 V70-11" v70_21, V70-32 v71_1

Si4+

Als+
Ti4+
Mgt+
Mn2*
Fe2+

Fe3*

C13*

Cu2*
Znz*
Ca2*
Na+

K+
La3*
Ces+

Pr3*
Nd3+

Sm¡f
Eu3*
Gd3+

Pb2+

Bi3+

Th++

U++

B3+

So+

F_
cl-
oH-+
o

0.00

79.02

0.09

0.00

0.00

0.00 0.00 0.00
'J,8.72 18.47 18.86

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

17.81 18.07 1.7.97 18.05

9.92 9.97 9.83 9.42

0.00 0.00 0.00 'J,.02

3.09 3.04 2.93 1..28

0.00 0.00 0.00 0.00

o_nu o_nu o.:, t.1,2

18.03 18.01

9.65 9.33

0.99 1.01

1.26 1..4t

0.03 0.00

'_'''_''

o¡o o¡o
18.83 19.03

0.09 0.08

0.00 0.00

0.00 0.00

o¡o o¡e
2.67 2.95

0.25 0.31

5.54 4.95

69.61 69.79

Statistics

18.91 19.10

13.06 12.88

18.03 18.01

18.18 18.35

9.03 8.97

0.91 0.86

1.34 1.33

0.04 0.03

1.35 1.33

o_nuo_nu

0.00 0.00

18.42 18.43

0.28 0.24

0.00 0.00

0.00 0.00

oìo -
0.00 0.00

3.72 3.64

0.06 0.06

4.84 4.68

69.39 69.62

18.69 18.67

13.13 12.98

18.18 18.35

78.12 17.97

9.09 8.83

0.90 0.02

L.36 2.27

0.03 0.05

1.34 1.83

0_45 
_

0.00 0.00

18.49 19.04

0.23 0.00

0.00 0.00

0.00 0.00

oro o-oo

4.45 0.00

0.07 0.00

4.15 1i.19
69.34 66.81

1,8.72 19.04

13.16 72.99

18.12 77.97

ÐX
EY
Ðz

0.05 0.00 0.23 0.05

0.00 0.00 0.00 2.72

0.00 0.00 0.00 0.28
10.17 9.90 8.87 5.22
67.83 68.10 69.13 69.77

18.72 1,8.47 18.86 19.11
'J.3.47 1,3.46 73.77 1,2.84

17.81 18.07 't7.97 18.05

{'Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v71-2 V71-3 V71-4 v71-5 V72-7 v72-2 V72-3 V72_4 V72_5 v72-6

Si4+

Al3+
Ti4+
Mg'+
Mn2*
Fe2+

Fe3*

Cr3*
Cu2+

Zn2*
Ca2*

Na+

K+
La3*
Ce3*

P13*

Nds+

Sm3*

Eu3*
Gd3+

Pb2+

Bi¡+
Th4+

U{+
B¡+
Sc+

F_
cl-
oH-*
o

18.18 18.02 18.27

8.74 8.79 8.83

0.01 0.00 0.02

2.28 2.3r 2.28

0.05 0.05 0.04

t_nt 
':u '':n

18.06

8.59

0.00

2.34

0.05

1.91

0.00 0.00 0.00 0.00

18.82 19.07 18.87 19.06

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

oìo---
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

10.87 11.16 10.71 1't.29

67.13 66.84 67.29 66.?1

18.43 18.35

9.05 8.72

0.47 0.45

1.60 1.59

0.24 0.22

2.00 2.08

0.00 0.00

o¡o o¡o
18.15 18.59

o-ouo_oo

0.00 0.00

-_

o¡o o¡o
0.00 0.00

0.05 0.00

4.07 3.51

0.07 0.1.3

4.79 6.03

69.07 68.33

Statistics

18.21 18.59

L3.36 13.06

18.43 18.35

18.49 18.18

9.41. 9.02

0.32 0.38

1.44 1.48

0.14 0.13

7.87 1.91

0.00 0.00

o¡o o¡o
18.32 18.89

o-ooo_oo

0.00 0.00

o¡o o¡o
0.00 0.00

0.00 0.00

4.10 4.77

0.17 0.23

4.70 5.47

69.03 68.13

18.32 18.89

13.19 12.93

18.49 18.18

18.26 19.49

9.26 11.45

0.33 0.32

7.47 1.33

0.12 0.1,2

1.85 1.60

0.00 0.00

o¡o o¡o
78.72 15.64

o_o'o-ou

0.00 0.00

oro oio
0.00 0.00

0.00 0.00

4.25 2.60

0.19 0.12

5.17 2.30

68.39 72.99

78.77 15.70

1.2.97 14.81

18.26 19.49

ÐX
ÐY
Ð,2

18.82

13.00

18.18

19.07 18.87 19.06
'J.2.91 72.92 12.88

18.02 18.21 18.06

t'Calculated for charge balance.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v72-7 \173-1 v73-2 v73-3 V74-7, V74-2 v74-3 v74-4 V74-5 v74-6

si4+ 27.64

Al3+ 13.85

Ti¿+ 0.56

Mg'+ L.52

Mn2+ o.l7
Fe2* 2.74

Fe3*

Cr3* 0.00

Cu2*
Zn2í 0.00

Caz+ 2.55

Na+ 0.69

K+ 0.27

Lag+

Ce3* 0.02

P13*

Nd3+

Sm¡*
Eus+

Gds+

Pbz+

Bi3+

Th++ 0.00

u¿+ 0.00

Bs+

s6+ 0.00

F- 0.00

cl- 0.00

oH-* -13.30

o 91.30

18.07 77.95 17.85

7.82 7.71 7.93

0.00 0.00 0.00

2.82 2.92 2.91

0.08 0.07 0.08

':' ':' ':'

o¡o o.oo o¡o
1.8.92 19.19 19.01

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o¡o o¡o o¡o
3.35 3.19 3.02

0.14 0.18 0.16

8.55 9.03 9.18

65.96 65.61 65.63

18.92 19.19 19.01

13.01 1,2.86 13.14

18.07 17.95 17.85

17.67 17.85

6.85 6.84

0.34 0.34

4.82 4.87

0.02 0.03

0.50 0.50

o_''o_'u

0.00 0.00

18.88 18.66

0.00 0.00

0.00 0.00

0.02 0.02

0.03 0.04

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo-oo

zso tz.+t

0.07 0.00

0.78 0.00

0.00 0.00

3.36 4.64

73.86 73.36

EX
EY
Ðz

2 Eq

18.84

27.64

17.65 77.63 17.64 77.79

7.74 6.94 7.05 6.91

0.37 0.38 0.27 0.35
4.64 4.76 4.78 4.82
0.00 0.00 0.00 0.03
0.48 0.51 0.52 0.50

o-''o-'uo_''

0.00 0.00 0.00 0.00
18.90 18.89 18.85 18.?0

0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

0.00 0.01 0.00 0.00

0.02 0.02 0.03 0.03

0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00

o-oo o-oo o-oo o:oo

2-.60 tz.+s Iz.qz iz.qs

0.00 0.00 0.00 0.00

0.77 0.00 0.00 0.00
0.00 0.00 0.00 0.00

3.42 4.84 4.93 4.63
73.81 73.16 73.07 73.37

Statistics

18.92 18.92 18.88 78.74

1.3.43 13.45 13.48 73.47

17.65 17.63 77.64 t7.79

18.93 't8-72

13.40 13.43

17.67 17.85

t'Calcu-lated for charge balance. tAverage value of 2.84P,zO3 used in calculations.
V74 includes 0.01. Be.
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QUANTITATIVE WDS
Ions p.f.u. (S0-Cation

RESULTS (NMNS)
Normalization)

v74-7 V74-8 V74-9 V74-10 V74-11, V74-1.2 V74-73 V74_74 V7+7s V74_16

Si++ 17.78

Al3+ 6.67

Ti4+ 0.35

Mg'+ 4-92

Mn2* 0.00

Fe2* 0.51

Fe3* 0.86

Cr3*
Cu2*
Zn2* 0.00

Ca2* 18.86

Na* 0.00

K+ 0.00

La3* 0.02

Ce3* 0.05

Pr3* 0.00

Nds+ 0.00

Sm3* 0.00

Eus* 0.00

Gd3+ 0.00

Pb2+

Bi3+

Th++

U++

83+ t z.+z

se + 0.09

F- 0.00

cl- 0.00

oH-* 4.38

o 73.62

17.80 17.64 77.92

6.65 6.85 6.78

0.33 0.32 0.33

4.91 4.86 4.84

0.03 0.00 0.00

0.51 0.50 0.51

o_''o_'no_''

0.00 0.00 0.00

18.82 18.91 18.71

0.00 0.00 0.00

0.00 0.00 0.00

0.02 0.03 0.02

0.05 0.05 0.04

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

'_'''-'''-''

t z.+z i z.+t 2.04

0.08 0.08 0.09

0.00 0.00 0.00

0.00 0.04 0.00

4.41 4.56 5.16

73.59 73.39 72.84

77.80 17.72

6.74 6.75

0.33 0.35

4.84 4.83

0.00 0.00

0.51 0.52

o-tu o:87

0.00 0.00

18.85 18.89

0.00 0.00

0.00 0.00

0.02 0.02

0.04 0.05

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o-ooo_oo

l!
| 2.4L t 2.42

0.08 0.09

0.00 0.00

0.00 0.00

4.39 4.36

73.61 73.64

Statistics

18.91 18.96
'1,3.29 73.32

17.80 77.72

17.69 L7.76

6.77 6.76

0.32 0.33

4.93 4.88

0.00 0.00

0.51 0.50

o-tt o:84

0.00 0.00

18.85 18.85

0.00 0.00

0.00 0.00

0.03 0.03

0.05 0.04

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

'-''._''

t z.+z I z.+z

0.10 0.07

0.00 0.66

0.00 0.00

4.44 3.80

73.56 73.54

17.91 17.77

6.75 6.80

0.33 0.33

4.87 4.85

0.00 0.00

0.51 0.51

o_87 o-tt

0.00 0.00

18.70 18.82

0.00 0.00

0.00 0.00

0.03 0.02

0.04 0.04

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o:oo o-oo

2.37 TZ.qz

0.11 0.L1

0.00 0.00

0.00 0.00

4.07 4.L2

73.93 73.88

ÐX
ÐY
ÐZ

18.92

13.30

77.78

18.89 18.99 18.78

13.31 13.37 13.30

17.80 77.64 17.92

18.92 18.93

13.39 13.31

17.69 17.76

78.77 18.89

13.32 13.34

17.91 't7.77

"'Calculated for charge balance. tAverage value of 2.84 Bz03 used in calculations.
V74 includes 0.01 8e.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v74-77 V74-18 V74-79 V74-20 V74-21 V74-22 V74_23 V74_24 V74_25, V75_1

Si++

Al¡+
Ti4+
Mg'+
Mn2*
Fe2*

Fe3*

Cr3*
Cuz+

Zn2*
Ca2*

Na+

K+
La3*
Ce3*

Pr3*
Nd3+

Sm3*

Eu3*
Gdg+

Pb2+

Bis+

Th4+

U++

B3+

S6+

F_
ct-
oH-*
o

17.77 17.85 17.65 17.80

6.74 6.74 6.95 6.99

0.31 0.30 0.27 0.30

4.85 4.97 4.78 4.76

0.00 0.00 0.00 0.00

0.52 0.51 0.49 0.50

o-tt o:87 o-tn o-tt

0.00 0.00 0.00 0.00

18.92 18.74 18.96 78.77

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.03 0.02 0.02 0.00

0.05 0.06 0.03 0.03

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

o_oo o_oo o_oo o_oo

t z.+o i z.qz I z.+t 2.60

0.11 0.11 0.05 0.00

0.00 0.76 0.00 0.00

0.00 0.00 0.00 0.00

4.40 3.33 4.77 4.12
73.60 73.90 73.23 ?3.88

77.92 77.74 77.64

6.90 6.90 6.90

0.20 0.37 0.46

4.74 4.74 4.67

0.00 0.00 0.04

0.56 0.50 0.50

o-nu o:85 o-tu

0.00 0.00 0.00

18.68 18.86 18.93

0.00 0.00 0.00

0.00 0.00 0.00

0.02 0.00 0.00

0.03 0.03 0.02

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

o_oo o_oo o_oo

tz.+t iz.+z tz.+z

0.00 0.00 0.04

0.00 0.00 0.00

0.00 0.00 0.00

4.62 4.72 4.52
73.38 73.28 73.48

Statistics

18.73 18.89 18.95

13.35 13.37 13.41

77.92 77.74 77.64

77.69 77.67 17.47

6.96 6.84 't 7.02

0.37 0.42 0.02

4.76 4.71, 2.36

0.00 0.02 0.00

0.50 0.50 0.0?

o_'no_'uo-'n

0.00 0.00 0.00

18.87 18.96 18.88

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00

0.02 0.03 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

o_ooo_oo-

t z.st 2-.26 -
0.00 0.00 0.00

0.00 0.61 0.00

0.00 0.00 0.00

4.82 4.72 9.82

73.18 72.67 68.18

ÐX
ÐY
ÐZ

19.00 18.81 19.01 18.80

13.29 13.34 13.34 13.40

t7.71 17.85 17.65 17.80

18.89 18.99 18.88

13.42 1.3.43 13.65

77.69 77.67 77.47

*Calculated for charge balance. tAverage value of 2.84 F.2O3 used in calculations.
V74 includes 0.0L Be.
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QUANTITATIVE WDS RESULTS (NMNS)
Ions p.f.u. (50-Cation Normalization)

v75-2 V75-3

Sie+ 77.47 77.87

Al3+ 10.09 10.05

Ti4+ 0.00 0.00

Mg'+ 2.68 2.sT

Mn2* 0.02 0.oo

Fe2* 0.09 0.07

Fe3* 0.23 O.2L

Cr3*
Cu2*

Zn2* o.oo 0.oo

Caz* L9.42 'l.9.z3

Na* o.0o o.oo

K+ 0.00 0.00

La3*
Ce3* 0.00 0.00

Pr3*
Nd3+

Sm3*

Eus+

Gdg+

Pb2+

Bi3+

Th++

U{+
Bs+ 0.00

s6+ 0.00 0.00

F- 0.00 0.00

cl- 0.00 0.00

oH-'' 10.75 10.01

o 67.25 67.99

ÐX

'YDZ

19.42 19.23

13.11 12.90

77.47 77.87

*Calculated for charge balance.
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Appendix F

DETAILS OF CHEMICAL METHODS
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Table F.1: Sample dissolution for atomic absorption spectroscopy.

1. Weigh =0.2 g of dry, sieved powder into a teflon beaker.
2. Add enough distilled water to completely rvet the powder.
3. Add ry40.0 rnl HF and reflux for =30 minutes, or until the HF fumes.
4. Add =4.0 mI HCIO4 and reflux overnight.

5. Remove cover and fume to near dryness.

6. Add =20 ml of distilled water and fume until nearly dry.
7. Wash the remaining liquid into a 25 rri, volumetric and add 0.25 mI of J% HCI.
8. Bring the volume up to 25 ml with distilled water after the solution has reached

room temperature.

Table F.2: HzO and COz calculations.

H2O (CO2 ) wt.% - 
¡weieht-(s) - þlan\ (e) 

x 100
sample weight (g)

e.g. for analysis SY-21:

rr ^ (86.0262 s - 86.0194 g) - 0.0022 g ..ft2L.r : X 100 :0.4õ wt,.Yo
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Table F.3: Condensed procedure for ferrous iron determinations.

1. Weigh =0.2 g of dry, sieved powder into a teflon beaker.

2. Add =15 ml HCI and =4 ml HF and refl.ux for 10 minutes.
3. Wash the sample into a 500 ml Erlenmeyer flask containing =150 ml drowning

solution (40 mt boric acid * 5 rnt H3pO q * 5 mI H2SO4 + 100 rnl HzO).
4. Add 2-5 drops of Na-DPS (diphenylaminesulphonate) indicator solution and

titrate with 0.01N standardized potassium dichromate to the violet blue end-
point.

Calculations

Fez+ wt.To - 
(V" - Vu) x Fe"o. 

x 100
sample mass (mg)

FeO (wt.%) :7.28f x rvt.% Fe2*

where:

V" : volume (rnt) of potassium dichromate required by the sampie solution.
Vt : volume (rnl) of potassium dichromate required by the reagent blank solution.
Fe"n : iron equivalent (mg/ml) of the potassium dichromate solution.

e.g. for analysis V41

r.^2* _ (7.25 rnl - 0.00 ml) x 0.5b86 ms/rnl-Fe-': x100:2.0ïu,t.Vo

FeO : L.287 x 2.03 :Z.GI wt.Yo
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Sample

Table F.4: Li and Be analyses (pp- andwt.To oxide).

Li?o Sample LirO BeO

V2
V3

V4t
Y4z
V4.
Y4n
V4t
V4o

Y4z
\¡5
vl1
v13
v14
v17
v22
v23
v24
v26
v27
v30
v31
v33
v35

98

8

1,14

728
'126

1L7

1.28

160

741

52

t2
"J.4

23

15

77
Ðr

34

87
tt

57
ot

767

407

74

/5

77

68

bt

68

61

44

o

6

89

19

I
19

552

20

0.02

0.02

0.03

0.03

0.03

0.03

0.03

0.03

0.01

0.1 1

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.03

0.01

0.01

0.15

0.01

v36

v43

v44
v46

\'Ðb

v58
v59
v60
v61
v671

\167 z

v70

v74L

v742
v743

13 21

2t

13

207

204

6

0.01

0.01 0.06

0.01 0.06

7

30

27

150.01

0.01

0.02

0.01

0.02

0.04

108

98

98

*

24

I

"'Below detection limit (=5 ppm for Li and æ2 ppm for Be.

Li standards were GSP-1 (30 ppm) and GH (a5 ppm). Measured values were 46 and 30 ppm.
Be standards were GH (6 ppm) and sy2 (23 ppm). Measured varues were 4 and 23 ppm.
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Table X: Ferrous iron determinations (values in wt.%).

Sample Fe2*
t!

;;37Fe Fe3+

v2
Y2,
V3
v4
Y4,
V4"
Y4n

Y4,
V4o

Y4z

V4"
V5
V5,
\¡13
v14
v1,7

v'J,7 2

v22
v23
v24
v26
v33
v332

v36

v39

v43

v46

v56
v562

v58
v5g2

2.56

2.63

0.16

2.03

2.02

2.03

2.05

2.10

2.08

2.05

2.04
nra

1..06

0.16

0.57

0.58

0.25

0.22

0.50

0.31

2.43

2.46

0.31

0.77

0.30

0.47

2.94

2.87

0.04

0.05

3.19

3.19

7.24

4.42

4.42

4.42

4.42

4.42

4.42

4.42

4.42

3.15

3.15

2.34

0.96

2.2'J.
., ,1

1..82

0.99

0.74

2.44

2.70

2.70

2.48

3.68

3.89

1.31

5.58

5.58

0.72

0.72

0.63

0.56

1.08

2.39

2.40

2.39

2.37

2.32

2.34

2.37

2.38

0.92

0.78

L.28

0.80

7.64

1.63

1.57

0.77

0.24

2.'J.3

0.27

0.24

2.1,7

2.91,

3.59

0.84

2.64

2.77

0.68

0.67

4.06

4.70

0.15

0.85

0.84

0.85

0.86

0.91

0.89

0.86

0.86
, Á.t

3.04

0.83

0.20

0.35

0.36

0.16

0.29

2.08

0.15

9.00

10.25

0.14

0.26

0.08

0.56

1.11

1.06

0.06

0.07

0.80

0.82

0.13

0.46

0.46

0.46

0.46

0.48

0.47

0.46

0.46

0.71.

0.75

0.45

0.'J.7

0.26

0.26

0.14

0.22

0.68

0.13

0.90

0.91

0.13

0.21

0.08

0.36

0.53

0.51

0.06

0.07
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Table F.6: Hro (measured and caiculated) and Co, values.

Sample HrO (meas.) H2O (calc.)+ CO2 (meas.)

v2
V3
Y3,
v4
V5

V5,
v11
vl7
v'J,7 2

v22
v24
v26
1¡?"

v43

v44
v442

v56
v58
v60
v61

v74

v7s

1.66

4.29

4.1.8

1.56

7.70

7.70

¿.t I

2.79

2.95

2.87

1..5 1

Ð.J /

1.63

2.47

1.79

1.88

0.86

2.96

2.16

7.41

0.61

3.5?

't.32

3.00

3.00

1.53

1.50

7.64

¿.t I

2.75

2.75

2.70

1.50

1..75

1.30

2.92

2.63

2.63

7.27

2.89

2.77

2.00

1"

3.r2

0.20

0.09

0.1.7

0.13

0.10

0.1 1

0.11

0.'t2

0.09

0.14

0.13

0.23

0.29

0.18

0.33

0.26

0.50

0.14

0.36

0.38

0.72

0.15
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Appendix G.1

UNCONSTRAINED CELL DIMENSIONS

Single-Crystal Diffracto meter

ABBREVIATIONS USED IN APPENDiX G.1

(.), centre of grain
(t), rim of grain
(i)t intermediate between core and rim
(b), blue
(e)r green

(p)' pink
(r.r'): white

Subscripted numbers refer t,o different crystals.

too



UNCONSTRAINED CELL DIMENSIONS
Single-Crystal Diffractometer

Sample "' (-{) ", (Ã)
" 

(Å) c (o) p() 7 (') y (.&.) aa (Å)

V1

v2
V3

v4
V5

V6

v7
V8

v8"
V8r,

V9

v10
v111

v11.2

v113

v12
v13.
V13¡

v13.
v14
v15
v16
\¡1 7

v18
v19
v20
v27
v21Þ

v21*
v22
v23.
v23.
v24
v25
v26
v27
v28

1 1.780(1)

11.7e i ( 1)

1 1.786(1)

1 1.828(2)

11.84e(1)

1 1.821(1)

1 1.820(i)
1 1.760( 1 )

11.803(2)

1 1.81s(1)

1 1.8 16(2)

11.812(2)

1 1.82e(3)

1 1.815(1)

11.800(2)

1 1.810( 1)

1i.816(2)
11.802(1)

11.807(1)

1,1.874(2)

11.818(2)

11.814(1)

1 1.822(1 )
11.816(1)

11.812(2)

11.751(2)

1 1.7e8(1)

11.818(1)

1 i.808( 1)

11.7ee(2)

11.785(1)

71,.822(1,)

1 1.802(1)

11,.7s7(2)

11.7e 1( 1)

eû.01(1)

e0.01(1)

e0.oo(1)

e0.03(1)

s0.04(1)

e0.01( 1)

eo.o1(1)

eo.oo(1 )

e0.04(1)

e0.02(1)

8e.e7(1)

e0.01 (2)

8e.e8(2)

e0.02(1)

e0.00(1)

8e.ee(1)

8e.s6(1)

e0.02(1)

e0.02(1)

e0.01(1)

e0.02(1)

e0.00(1)

e0.02( 1)

e0.01(1)

e0.01(1)

8e.ee( 1)

8e.e8( 1)

e0.01( 1)

e0.00(1)

e0.01(1)

e0.05(1 )

8e.e8(1)

eo.o0(1)

s0.oo( 1)

e0.02(1)

300

e0.oo(1 )

e0.03(1)

e0.02( 1)

e0.02(1)

e0.01(1 )
e0.02(1)

e0.04(1)

e0.oo( 1 )

eo.o3(1)

8e.e8(1)

eo.oo(1)

eo.o1 (1)

so.o0(2)

e0.01 ( 1)

e0.05( 1)

e0.05(e)

e0.05(1)

e0.02(1)

e0.02(1 )
e0.01 (1)

e0.04( 1)

e0.01 (1 )

e0.0i(1)
eo.o1(1 )
e0.01( 1)

e0.03(1)

e0.02(1 )
e0.01(1)

e0.01 (1)

e0.02(1)

e0.00( 1)

e0.01(1)

e0.00(1 )
e0.02(1)

eo.o2(1)

8e.ee(1)

eo.o2(1)

e0.00(1)

8e.ee(1)

8e.ee(1)

e0.02(1)

e0.02(1)

8e.ee(1)

8e.e8(2)

8e.ee(1)

e0.01 (1)

e0.01(2)

e0.00(2)

e0.05(1)

8e.e7(1)

e0.02(1)

e0.07(i)
e0.oo(1)

e0.00(i)
e0.02( 1)

eo.oo(1)

e0.01( 1)

8e.ee(i)
8e.ee(1)

8e.e7(1)

e0.03(1)

e0.00(1)

e0.02(1)

e0.01(1)

8e.e6(1)

e0.00(1)

8e.ee(1)

8e.ee(1)

8e.e7(1)

8e.e6(1)

15.53e(2) 15.543(2)

15.516(2) 15.516(3)

microcrystalline
1s.557(1) 15.55?(1)

15.527(1) 1s.528(1)

15.645(2) 15.652(3)

15.585(2) i5.5e3(2)
15.538(2) 15.s5s(2)

15.541(1) 15.550(2)

15.501(2) is.502(2)
15.524(3) 15.535(3)

15.536(2) 15.536(2)

1,5.51,7(2) 15.530(3)

1s.506(3) 1s.507(4)

1s.514(3) 1s.532(3)

15.534(1) 1s.535(2)

15.516(2) 15.s21(1)

15.518(2) 15.51e(2)

1,s.s22(2) 15.548(2)

15.516(i) 15.51e(2)

15.521(2) 15.53e(2)

15.s31(3) 1s.53e(2)

15.541(2) 15.s45(3)

7s.524(2) 15.528(2)

15.52e(2) 15.531(2)

15.s0e(3) 15.534(2)

15.s14(2) 15.545(2)

15.683(2) 15.68e(3)

15.511(1) 15.513(1)

15.537(1) 15.543(2)

15.504(2) 15.524(1)

15.515(2) 15.577(2)

15.523(2) 15.52e(2)

15.5se(1) 15.568(2)

15.s50(2) 1s.553(3)

15.543(2) 15.548(2)

15.534(1) 15.540(1)

2836.0(7) 0.000

2853.e(4) 0.000

2847.5(4) 0.002

28e6.5(8) 0.007

287e.4(6) 0.008

2857.1(5) 0.018

2856.4(5) 0.00e

2825.6(5) 0.001

2846.6(8) 0.011

2851.5(6) 0.000

2847.3(8) 0.012

2840(1) 0.001

2850(1) 0.018

2851.1(5) 0.000

2841,.e(7) 0.005

2844.1(6) 0.001

2851.6(7) 0.026

2841,.8(4) 0.003

2847.5(s) 0.018

2851.3(7) 0.008

2855.1(7) 0.004

2847.9(5) 0.003

2851.3(6) 0.002

2846.6(6) 0.024
2848.7(6) 0.031

28e1.3(8) 0.006

2838.e(4) 0.002

2854.1(4) 0.006

2842.1(5) 0.020

2840.6(6) 0.002

2840.8(6) 0.005

2863.3(5) 0.00e

2854.3(7) 0.003

2850.8(7) 0.005

2846.1(4) 0.006

11.811(1) 8e.e6(1) 8e.s7(1) e0.01(1) 2852.6(5) 0.004



UNCONSTRAINED CELL DIMENSIONS
Single-Cr¡'stal Diffractometer

Sample o' (Å) ¿, (Å) . (Å) a (o) þ (o) 'v (") Y(Å') aø (,4)

v29
v30
v31
v32
v33
v34

1¡?:

v36

\¡37

v38
v39
v40

v47

v42

v43

v44L
v442
v45
v46

v47

v4g1

v4g2
v4g1

v 492

vs0

v51

1 5.s35(1)

15.728(2)

15.541 (2)

15.530(1)

15.503(3)

15.5se(2)

15.58s(2)

15.5e6(2)

15.5s4(2)

ls.622(3)
15.622(3)

1s.518(2)

15.520(2)

15.4ee(3)

15.487(2)

15.541(1)

1,5.732(2)

1 s.s57(3)

1 5.s32(1)

15.572(2)

15.s64(2)

15.586(2)

15.600(2)

1s.5s7(2)

15.641(3)

1s.624(3)

15.s20(2)

15.522(1)

15.51i(2)

15.488(2)

7t.7e2(t)
11.731(1)

1 1.807(2)

1 1.788(1)

11.763(2)

tl.773(1)

11.786( 1 )

11.780(1)

7r.763(2)

1 1.763(1 )

e0.01(1)

eo.o1(1)

8e.e8(1)

eo.0o( 1)

8e.e4(1)

e0.01( 1)

e0.01(1 )
e0.02( 1)

e0.01(1)

e0.02( 1)

e0.02(i)
e0.02( 1)

8e.e8(1 )

8e.ee(1)

eo.06(i )
8e.e7(1)

e0.03(1)

8e.e6( 1)

e0.04(1)

8e.e7(1)

e0.00(1)

eo.o 1(2)

8e.e5(2)

15.523(1) 15.525(1)

15.562(2) 15.564(1)

15.534(2)

1,5.702(2)

15.564(1)

15.57e(3)

15.543(1) 15.s61(1)

15.5ee(1) 1s.604(2)

11.827(1) 8e.ee(1) e0.03(1)

11.854(1) e0.00(1) e0.oo(1)

2852.6(5) 0.003

28e7.8(8) 0.00e

2868.3(6) 0.001

2872.8(s) 0.00s

e0.03(1) 2860.6(3) 0.018

8e.ee(1) 2885.s(5) 0.005

2847.0(4) 0.006

2e02.6(5) 0.004

2854.5(8) 0.015

2843.5(5) 0.002

2828.7(8) 0.00e

2850.7(5) 0.005

2873.e(6) 0.001

2866.8(6) 0.004

2861.6(5) 0.003

286e(1) 0.01e

2875(1) 0.002

11.778(1) 8e.e8(i) s0.00(1) e0.00(1) 2838.3(4) 0.002

11.837(1) 8e.e7(1) e0.00(1) e0.01(1) 2867.1(6) 0.001

15.537(2) 11.81e(1) e0.00(1) 8e.ee(1) e0.00(1)
15.711(3) 77.747(2) 8e.ee(1) 8e.e6(1) 8e.s7(1)
15.566(2) 11.83e(2) e0.01(1) e0.03(1) e0.01(1)
15.584(3) 11.833(1) se.ee(1) e0.00(i) 8e.ee(2)

1 1.831(1)

1 1.784(1 )
i 1.766(1)

1 i.746(3)
11.780(3)

8e.ee( 1)

e0.02( 1)

e0.02( 1)

8e.ee(2)

eo.1 o(2)

8e.e8(1)

e0.03( 1)

8e. e8(1 )
e0.06(2)

e0.05(2)

15.516(3) 15.526(4) 1,1.773(2) e0.01(2) 8e.ee(2) e0.01(2) 2s36(1) 0.010

e0.01(1)

8e.ee(1)

e0.03(1)

8e.e7(1)

8e.ee( 1)

e0.02( 1)

e0.oi (2)

8e.e7( 1)

8e.e8(1) 283s.5(6) 0.003

e0.00(1) 2837.7(4) 0.002

eo.0e(1) 2827.8(8) 0.012

8e.e8(1) 2821.6(6) 0.001

1s.5e0(3) 15.5e1(3) i1.780(3)

1s.518(2) 1,5.521.(2) 11.807(1)

e0.02(2) e0.01(2) se.e6(1) 2863(1) 0.002

8e.e7(1) e0.02(1) e0.02(1) 2843.8(5) 0.004
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UNCONSTRAINED
Single-Crystal

CELL DIMENSIONS
Diffractometer

Sample ø,. (Å) "' (Å) . (Å) a (o ) F ()
" 

(") Y(Å") aø (Å)

v521

v522
v53
v54
v55
v56
v571

v572
v58
v59
v60
v61
v62
v63
v64
v65
v661

v662

v67
v68
v69
v70
v71
\r72

v73
v74.

v75

AVG

1 1.762(8)

11.744(3)

1 1.ee3(6)

1.1.827(2)

11.788( 1)

11.730(2)

11.833(2)

11.821( 1)

i 1.827(1)

11.821(1)

1 1.76e(1)

r.1.813(1)

11.763(1)

1 1.76s(1)

1 1.781 (1)

7L.787(2)

11.771(1)

71,.7s1(2)

11.830(2)

11.811(2)

11.7e1(1)

11.832(1)

e0.03(5)

e0.01(2)

e0.03(4)

e0.03( 1)

e0.03(1 )
e0.00(1)

eo.0o(1)

8e.e8(1 )

8e.se( 1)

e0.oo(1)

8e.e8(1)

e0.03(1)

e0.oo(1)

8e.e7(1 )

8e.e7(1)

e0.01 (1)

e0.01(1)

e0.03(1)

e0.01(1)

e0.02(1 )

e0.00(1 )

8e.e8(1)

eo.0e(4)

e0.14(2)

e0.06(4)

8e.e8(1)

8e.e7(1)

eo.oo(i)
e0.00(1)

e0.00(1)

e0.01 (1)

8e.ee(1)

e0.01( 1)

e0.02(1)

e0.01 (1 )

eo.o1 (1)

8e.se(1)

e0.00(1)

e0.02(1)

e0.02(1)

e0.03(1)

eo.o1 (1)

e0.oo(1)

e0.03( 1)

8e.e4(3)

8e.e5(2)

8e.e7(3)

e0.00(1)

8e.ee(1)

e0.oo(1)

e0.02(1)

e0.00(1 )

e0.00(1)

e0.01( 1)

8s.ee(1)

e0.02(1)

8e.e8(1)

8e.ee(1)

8e.ee( 1)

8s.ee(1)

e0.02(1)

e0.01 (1)

e0.:00(1)

8e.ee( 1 )

e0.00(1)

e0.02( 1)

15.665(6) 15.684(7)

15.651(5) 1,5.672(4)

1.5.787(7) 15.7e2(6)

15.561(2) i5.566(2)
15.533(2) 75.544(2)

15.735(2) 1.5.742(2)

15.563(1) 15.568(2)

15.550(1) 15.5s2(1)

microcrystalline
15.55e(2) 15.562(2)

1s.582(2) 15.585(2)

15.662(2) 15.666(1)

15.56e(1) 15.575(2)

15.50e(1) 15.516(2)

1s.523(2) 15.526(1)

15.504(2) 15.516(1)

15.53e(2) r^s.s44(2)

15.51e(2) 15.520(2)

15.s18(3) 15.525(2)

15.563(2) 15.565(2)

15.555(3) 15.556(2)

15.540(2) 15.544(1)

15.547(2) 15.564(2)

metamict

1s.64e(2) 15.653(2)

75.743(2) 7s.752(2)

microcrystalline

11.7e2( 1) e0.01(1)

11.704(1) se.se(1)
e0.oo(1) e0.oo(1)

s0.00(1) 8e.e7(1)

288e(3) 0.01e

2880(1) 0.021

2ee0(2) 0.005

2864.e(6) 0.005

2846.0(6) 0.011

2e05.6(6) 0.007

2867.0(6) 0.006

2858.5(4) 0.002

2863.6(6) 0.004

2870.7(6) 0.003

2887.7(s) 0.004

2864.5(5) 0.006

2830.6(5) 0.007

2835.5(s) 0.004

2834.0(6) 0.011

2847.0(7) 0.004

2835.0(5) 0.001

2840.7(7) 0.007

2865.7(6) 0.002

2857.e(8) 0.000

2848.1(5) 0.004

2863.1(6) 0.017

2888.5(6) 0.004

2s02.4(5) 0.00e

15.56(6) 15.57(6) 11.80(4) e0.00(2) e0.01(3) e0.00(3) 2860(24) 0.01
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UNCONSTRAiNED
Single-Crystal

CELL DIMENSiONS
Diffractometer

Sample ", (Å) ¿, (Å) " (Å) a (o) I (') 'Y (') y(Å") aø (Å)

v4
V4o,
V4ns

V4nn

V4no

A\/G

\¡13.
VL3¡

vr.3,

v74"

15.557(1)

15.558(2)

1s.554(2)

15.547(1)

15.5s3(2)

Repeat Refinements (Same Crystal, Remounted)

15.557(1) 11.?e1(1) e0.01(1)

15.5se(2) 11.786(1) e0.01(1)
15.55s(2) 11.78e(2) 8e.e?(1)
15.554(1) 11.78s(1) eo.o0(1)
15.554(2) 11.786(1) e0.02(1)

e0.03(1) e0.02(1)

8e.ee(1) e0.03(1)

e0.00(1) e0.02(1)

e0.02(1) 8e.e8(1)

e0.00(i) e0.00(1)

2853.e(4) 0.000

2853.0(6) 0.001

2852.2(6) 0.000

284e.e(4) 0.007

2851.1(5) 0.002

15.554(4) 1s.556(2) 71,.787(2) e0.00(2) e0.01(2) e0.01(2) 2852(7) 0.002

15.521 (3)

15.538( 1)

15.523(3)

15.746(2)

High-angle Reflections

15.523(2) 1i.807(2) e0.01(1) se.se(1) 8e.ee(1) 2844.6(8) 0.002
15.547(3) 11..822(2) 8e.e8(2) 8e.e8(1) 8e.e8(1) 2855.8(8) 0.00e
15.567(2) 11.s25(2) e0.01(1) e0.01(2) e0.03(1) 2857.3(8) 0.044

15.751(3) 11.708(2) 8e.e7(2) e0.00(1) e0.00(1) 2e03.7(8) 0.005
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Appendix G.2

CONSTRAINED CELL DIMENSIONS

Single- Crystal Diffractometer

ABBREVIATIONS USED IN APPENDIX G.2

(.)r centre of grain
(.)r rim of grain
(i)r intermedi¿te between core and ¡im
(b)' blue
(g), green

(p), pink
(w): white

Subscripted numbers refer to different crystals.
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CONSTRAINED CELL DIMENSIONS
Single-Crystal Diffractometer

Sample " (Å) . (Å) l'(Å") Sample " (,{) " (Å) v(.{")

V1

v2
V3

v4
V5

V6
v7
V8

V8s

V8n

v9
v10
v111

vL 12

v113

v72
v1.3.

v13i
v13,
v14
v15
v16
vI7
v18
v19
v20
v27
v2rP
v21*
v22
v23.
v23.
v24
v25
v26
v27
v28

28s1.7(6)

2836.3(7)

2853.7(5)

2847.5(4)

28e5.e(8)

2880.8(7)

28s7.3(7)

2856.1 (6)

2825.7(s)

2846(t)

2851.2(6)

2847.2(e)

2840(1)

2850(1)

2852.2(6)

2843.3(7)

2845.7(6)

2853(1)

2842.r(4)

2848.0(7)

2852.2(7)

2855.6(8)

2847.e(5)

2852.i(6)
2848.0(8)

2848(i)
28e2.3(8)

2838.7(4)

2853.e(4)

2843.s(7)

2842.4(6)

2842.4(7)

2862.6(5)

28s4.5(7)

2850.e(8)

2847.2(6)

v40

v41

v42

v43

v44L

v442
v45
v46

v47

v481

v4g2

v491

v492

v50

v51

v521

v522
v53
v54
v55
v56
v571

v57 2

v58
v59
v60
v61
v62
v63

2868.1(7)

2862.3(5)

2872(1,)

2876(2)

2835( I )

2838.2(6)

2838.2(5)

282e(1)

2822.e(7)

2864(1)

2844.0(6)

2888(3)

2876(2)

2ee1(3)

2864.8(6)

2847.2(7)

2e05.2(6)

2866.5(6)

2858.4(4)

2863.5(6)

2870.8(5)

2887.8(5)

2862.e(6)

282e.8(s)

15.540(1) 11.soe(1)

15.516(2) i1.781(1)
microcrystalline
15.557(1) 11.7e1(1)

75.s27(r) 11.786(1)

15.648(2) 71..827(2)

15.5e1(2) 11.851(2)

15.s46(2) 17.822(2)

15.544(1) 11.820(1)

15.501(1) 11.760(1)

1s.52e(2) 11.803(2)

15.535(2) 11.81s(1)

15.523(2) 11.816(3)

15.507(2) 11.813(2)

ls.522(2) 1i.82e(3)
i5.537(1) 11.815(2)

15.522(1) 11.802(2)

15.521(1) 1i.813(1)
15.538(3) 11.81e(3)

15.518(1) 11.803(1)

15.531(2) 11.807(1)

15.537(2) 11.815(2)

15.543(2) 11.820(2)

15.526(1) 11.814(i)
15.532(1) 11.823(1)

1,s.526(2) 11.815(1)

1,5.s2e(2) 11.813(3)

15.68e(2) 1.1.7s7(2)

1s.512(1) 11.7e8(1)

ls.540(1) 11.818(1)

15.51e(1) 11.808(2)

15.520(1) 11.s0i(2)
15.s2e(2) 11.787(1)

15.562(1) 11.821(1)

1õ.5s2(2) 11.802(1)

15.s45(2) lt.7s7(2)
15.53e(1) 17.7s2(2)

15.581(2) 11.833(1) 2872.8(8)

15.548(2) 11.826(2) 285s.7(7)

15.602(i) 11.854(1) 2885.5(5)

15.s85(1) 11.830(2) 2873.3(6)

15.600(2) 11.786(2)

15.5e7(1) 1,7.767(t)

is.634(3) 71,.747(3)

15.624(3) 11.780(5)

15.51e(2) 1,1.773(2)

15.s18(1) 11.786(1)

1,5.522(7) 11.780(i)
15.508(2) 11.763(3)

15.4e0(2) 71..765(2)

1s.5e2(2) i1.780(3)

15.520(2) 1i.807(1)

15.670(5) 11.75e(e)

1s.656(4) 11.736(4)

15.7e2(5) 11.ee3(8)

15.564(1) 1,7.827(2)

15.541(2) 11.78e(2)

15.738(1) 11.730(2)

15.564(1) 11.833(2)

15.551(1) 11.820(1)

microcrystalline
15.560(1) 1i.827(1)
15.584(1) 11.822(1)

15.664(1) 11.76e(1)

15.s6e(1) 11.811(2)

15.510(1) 1L.763(2)
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Sample " (,{) " (.{) i'(,{")

CONSTRAINED CELL DIMENSIONS
Single-Crystal Diffractometer

Sample " (.{) " (Ä) i, (Ä')

v29
v30
v31
v32
v33
v34

v35

v36

v37
v38
v39

V4

V4nt
V4n.
V4n.,

V4oo

AVG

15.53e( 1 )

15.730(1)

75.547(2)

15.530(1 )

15.510(2)

15.564(1)

15.524(1)

15.565(1 )

1 i.7e3(1)
11.731(1)

1 1.806(3)

11.788(2)

11,.766(2)

11,.774(2)

17.777(1.)

1 1.83e(2)

2847.5(5)

2e02.6(s)

2853.6(e)

2842.7(6)

2830(1 )
2851.e(6)

2838.1 (4)

2868.0(s)

2852.s(5)

28e8.5(8)

286e.1 (5)

v64
\/65
v661

v662

v67
v68
v69
v70
v71
v72

\7Fr2

v74.

v75

AVG

15.524(1)

15.513(1 )
15.541 (1)

15.51e(2)

7s.524(2)

15.565(1)

1 s.556(2)

1 5.543(1)

15.ss5(2)

metamict

15.65i (2)

15.750(1)

1i.764(1)
1.1.77e(2)

71,.787(2)

11.771 (1)

1,7.7e3(2)

11.831(2)

11.811(2)

11.7e 1( 1)

11.833( 1)

2834.e(5)

2834.5(6)

2846.7(6)

2834.7(6)

2841,.8(7)

2866.s(5)

2858.3(7)

2848.4(5)

2862.8(7)

15.535(1) 11.81e(1)

15.708(2) 11.748(2)

15.566(1) 11.841(2)

11.7e2(1) 2888.3(6)

11,.704(2) 2e03.4(6)

Repeat Refinements
(Same'Crystal, Remounted)

microcryst alline

15.56(6) 11.80(4) 2860(24)

High-angle Refl.ections

15.557(1)

1s.561 (1)

15.556(1 )
15.550(1 )
1s.554(1)

11.7e1(1)

1,7.787(2)

11.7e0(2)

1 1.785(1)

1 1.786(1)

2853.7(5)

2854.0(6)

2853.0(6)

284e.5(4)

2851.3(5)

\¡13.
v13i
v13.

v74.

i 1.807(2)

11.821(3)

1.7.824(4)

11.70e(3)

2845.2(6)

2853.e(7)

2860(1)

2e03.5(7)

1 5.5236(8)

1 5.538(1)

15.552(2)

75.7474(e)

15.s55(4) 11.788(3) 2852(2)
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Appendix H

PR,ECESSION PHOTOGR,APHS

N.B. All precession photos were taken with Ni-filtered Cu radiation
(40 keV, 40 ma). Each photograph is actually one of a pair; in every .,i :.;

case a second photo was taken at a different precession angle (p)
to isolate double diffraction (Renninger) effects (see section 2.1)
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Figure H.1: V74" Iz0l precession photograph (102.5 hrs.).

Figure H.2: Y74. hLI precession photograph (g0.0 hrs.).
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Figure H.3z Y74" ILII} precession photograph (81 hrs.).

Figure H.4: V74. hkl precession photograph (89.5 hrs.).
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Figure H.5: V74 " hkT precession photograph (96 hrs.).

Figure H.6: Y74" hk4 precession photograph (95 hrs.).
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Figure H.7: \¡13. Iz0/ precession photograph (82 hrs.).

Figure H.8: \¡13 " h7I precession photograph (88 hrs.).
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Figure H.9: V13. hk} precession photograph (g4 hrs.).

Figure H.lO: V13. ¡¿Ë1 precession photograph (gg hrs.).
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Figure H.11: V13" ¡¿b3 precession photograph (92 hrs.).

Figure H.12: VLï. hk4 precession photograph (28 hrs.).
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Figure H.13: V13i l¿OJ precession photograph (83 hrs.).

Figure H.LA: V13i ¡¿1¿ precession photograph (BZ hrs.).
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Figure H.15: V13i I¿Ë0 precession photograph (g4 hrs.).

Figure H.L6: V13¡ I¿,t1 precession photograph (86.b hrs.).
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Figure H.17: V13i l¿È3 precession photograph (g1.b hrs.).

Figure H.18: VLSi hk4 precession photograph (81.5 hrs.).
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Figure H.19: V13. I¿0¿ precession photograph (82 hrs.).

Figure H.2O: V13, ¡¿1¿ precession photograph (80.0 hrs.).
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Figure H.2Lz V13, I¿Ë0 precession photograph (82 hrs.).

Figure H.22: \¡13, I¿lú1 precession photograph (84.5 hrs.).
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Figure H.23: V13. l¿Ë3 precession photograph (80.0 hrs.).

Figure H.242 Vlï, hk4 precession photograph (80.0 hrs.).
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Appendix f
VIOLATING REFLECTIONS

Crystal Structure Refinernents

ABBRÐVIATIONS USED IN APPENDIX i

(ø'): reflection violates a glide I c

(b')t reflection violates æ glide I a

("'), reflection violates c glide l- [110]

All reflections with 3[ølF l] ) lI'l were flagged as ,,unobserveds" in
the data processing stage of the refrnements. The following ,,ob-

served" reflections violate P4f nnc extinction criteria..
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VIOLATING REFLECTIONS (Pa/znc)
V74. Wilui River, USSR

aF FfaF a'b' ct aF FfoF a'bt ct

L7010
490

33.89 10.88 3.11

22.55 6.36 3.55 x

0

7

15 8 35.41 70.62

7 73 39.51 11.51

2 tt

2 At

32r



VIOLATING REFLECTIONS (Pa/nzc)
V13,. Jeffrey Mine, Richmond Co., Pe

F aF FfaF øt b' ct F aF FfaF at bt cl

19

16

1,4

1,4

13

n
11

11

11

11

11

10

1o

10

10

10

10

I
I
I
;I
;I
=I

7

i
1
;
I

7
6

5

ãü

4

4

4

4
;

o t ß6.J2 tz.To 10.23

0 3 34.30 9.74 3.52

0 11 50.41 72.04 4.7g

14 3 49.57 12.17 4.07

0 t2 45.74 72.78 3.53

0 t¡ 45.67 12.37 3.69

0 i4 42.55 t2.55 3.39

0 2 23.44 7.70 3.04

0 14 36.84 12.19 3.02

11 5 38.38 10.52 3.6s

11 3 33.00 10.61 3.11

0 7 27.43 8.?5 3.13

o 5 35.69 8.oz 4.42

0 3 31.72 8.26 3.84

10 5 4't.74 s.82 4.25

10 3 49.33 9.95 4.96

10 5 28.45 9.38 3.03

0 8 31.39 8.66 3.62

0 2 2L.97 6.11 3.59

0 14 48.30 12.73 3.98

0 14 42.1,5 11.06 3.81

0 14 45.78 11.35 4.03

7 7 J4.67 s.34 3.21

7 i 2s.1,4 8.09 3.60

7 3 47.59 8.02 5.93

7 5 23.70 7.84 3.02

7 7 48.43 9.60 5.04

7 t'1 36.21 10.77 3.36

0 13 32.1,9 7ø.27 3.L5

0 6 25.58 6.51 3.93

5 I 29.29 8.44 3.47

o 5 zz.s8 s.2t 4.4'J.

0 15 50.33 12.27 4.10
4 í 15.91 s.15 3.09

1 1 19.94 5.23 3.81

0 6 18.38 5.89 3.12

x
x
x

x
x
x
x

x

x

;qõouJ

i z 5

iz3
t on
106
To4
lo4
lo6
ro72
îr5
T1s
î111
0 0 11

001
007
0 0 11

0l:.2
016
014
014
0114
025
03,
0415
045
043
047
0 415
056
063
076
083
0910
0910
010 1

0103

x
x
x

x

x
x
x
x
x

x
x
x

x

x

x

x
x

x
x
x
x

17.20 5.40

20.57 5.24

22.55 5.16

47.2'c 10.16

23.87 5.82

37.26 5.45

29.03 5.59

26.58 5.88

34.53 10.41

16.62 4.92

15.92 5.20

30.16 8.86

47.07 9.98

27.33 6.11

2'J..96 6.41

36.23 9.75

33.87 9.59

29.37 5.84

33.85 5.46

26.86 5.43

42.99 10.30

20.63 5.07

77.'1.5 5.04

39.77 11.75
'J.8.72 5.49

19.69 5.42

23.08 6.91

43.41 11.98

29.47 6.59

26.20 5.77

22.54 7.36

27.09 6.54

28.76 9.57

31.67 9.56

31.82 9.28

51.95 8.66

3.19

3.93

4.37

4.06

4.10

6.84

5.19

4.52

3.32

3.38

3.06

3.40

4.71

4.47

3.43

3.72
, Éa

5.03

6.20

4.95

4.77

4.07

3.40
242

3.47

3.63

3.34

3.62

4.47

4.54

3.06

4.74

3.01

3.31
2 At

6.00

xx
xx
xx
xx
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x

x

x.-
x
x
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VIOLATING REFLECTIoNS (p4lznc)
V13.. Jeffrey Mine, Richmond Co., PQ

oF FfcF øtb' ct cF FfaF ø¡ bt ct

0 10

010
010
0 11

0 11

0 11

014
014
021
10
10
10
10
10
11
20
20
t.)

to

30
30
30

x
x
x
x

x
x

x
x*
x

x

x

x

x

x
x

015
06
65
615
77
73
77
08
0 10

0ã
03
07
0 11

0,
02
90
012
OTT
0 11

08
02

x

x

3

7

11

10

6

8

11

11

2

14

n
4

4

72

11

1

3

5

3

I
6

6

47.60 8.73

30.78 9.02

40.38 10.03

29.45 9.72

82.24 9.73

47.30 9.32

41.26 72.74

70.29 12.34

37.22 12.01

39.51 10.76

40.06 10.26

40.28 5.46

33.42 5.42

40.34 9.94

42.93 8.53

1,3.27 3.35

L9.98 4.96

1.9.97 5.41

23.02 5.28

25.60 7.29

45.81 6.18

50.66 6.27

38.80 11.54 3.36

28.L0 6.44 4.36

36.96 7.77 5.20

42.93 13.11 3.27

33.46 9.87 3.39

40.44 8.44 4.79

43.73 9.67 4.52

27.84 8.72 3.19

33.88 9.37 3.62

34.0i 8.07 4.27

27.68 8.11 3.47

34.77 8.97 3.88

30.65 10.15 3.02

72.52 8.41 8.62

30.11 7.67 3.96

35.53 9.26 3.84

42.27 12.'J.3 3.48

45.23 12.98 3.48

43.36 1.2.77 3.40

39.90 10.91 3.66

130.29 13.34 9.77

5.45

3.47

4.03

3.03

8.45

5.08

3.21

5.70

3.10

3.67

3.90

7.38

6.17

4.06

5.03

3.96

4.03

3.69

4.36

3.51

7.47

8.08

4
tJ

b

6

7

I

.|

9

o

10

10

10

10

11

11

12

13

74

"J.4

't7

19

x
X

x
x
x
x
x

x

x
x

Ðc!t
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ViOLATiNG REFLECTiONS (Palzzc)
V13¡ Jeffrey Mine, Richmond Co., PQ

oF FfaF ø'bt c' aF FfaF a'b' cl

x
x*

x

x

x

x

x

x

x

09,
010 7
2oE
,r2

270
449
506
508
6 6 15

663
7 010
?77
775
777
993

12 13 0

x

x
x

x
x

x
x
x
x
x

1003
1010 E

7 211
531
,10
õo?aaJ

T04
To4
t t 13

0 0 11

005
0 0 11

016
047
0 4 11

07t
076

24.00 7 -02
tD o., È, 2a

26.76 8.46

25.37 5.66

10.40 3.36

40.61 4.99

16.50 4.77

74.59 4.85

30.46 8.49

30.96 8.00

26.59 5.08

27 .71 8.12

19.04 5.11

29.57 6.02

23.58 7.64

50.79 5.39

35.55 6.28

3.42

3.11

3.16

4.47

3.10 x
8.14

3.46

3.01

3.59

3.87

5.23

3.41

3.73

4.91

3.09

9.42

5.66

x

xx
xx
xx

34.38 5.86 5.87

26.55 7.17 3.70

24.76 4.93 5.02

16.63 4.80 3.46

14.86 4.80 3.10 x
26.83 7.06 3.80

24.1.9 5.70 4.24

19.35 6.27 3.72

34.74 10.19 3.41

17.60 5.74 3.07

57.92 8.29 6.99

23.56 7.62 3.09

26.L4 6.48 4.03

23.23 7.35 3.16

20.82 6.65 3.13

27.83 7.55 3.69 x
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VIOLATING REFLECTIONS (Pa/nnc)
V13, Jeffrey Mine, Richmond Co., PQ

F aF FfaF ø'b' cl F oF FfaF a'b' c'

x

x

x
x

x

x*
x

x
X

x

x

x
x

x
x
x

x
x
x
x
x
x

x
x
x
x

773
=(tJ

iTT
7 TrJ,
605
603
6013
6 615
oot
665
663
6615
506
506
508
ÐÐJ

4 0 11

401
405
403
407
4 011
441
44t
504
5s5
333
; "Jù'

,03
,01
,03
205
, zi
,zJ
1 0 16

1 on

x
x
x

x

x
x
x
x
X

x
x

x

x
x
x
x

x
x

18 0 3

1,704
160F
1,4 0 1i
1407
14 0 l1
!414 5

13 on
1304
1306
13 0:-2
11 0 8

11 0 6

11 0,
il 0 2

11 0 6

1111 5

11 11 3

i0o7
10 0 5

1003
1007
m10 5

10103
10 10 5

so10
go8
0oB
0 o10
805
ao3
a e13
ea1
ioz
i Tn
7zi

29.29 9.04 3.24

27 .88 8.31 3.35

25.05 7.83 3.20

49.36 10.83 4.56

35. 1 t 8. 19 4.29

70.37 10.89 6.46

31.48 70.23 3.08

31.38 10.43 3.01

32.69 7.32 4.47

28.93 7.57 3.82

53.37 'J.0.75 4.96

21.90 6.9õ 3.15

22.37 7.04 3.18

44.90 6.93 6.48

21..97 6.60 3.33

39.45 7.46 5.29

45.25 9.66 4.68

51.06 9.69 5.27

48.86 7.66 6.38

76.88 7.62 L0.09

70.44 7.51. 9.38

31..27 8.21 3.81

47.93 8.72 5.50

34.90 8.73 4.00

27.53 8.20 3.36

35.16 7.81. 4.50

28.69 6.77 4.24

35.35 7.63 4.63

35.84 8.70 4.L2

47.75 5.71 7.31

17.68 5.52 3.20

30.14 9.97 3.02

27.33 7 -27 3.79

14.03 4.52 3.10

46.67 9.50 4.97

76.70 8.81 8.71

x
x

x
x
x
x
x
x
x

43.59 7.24 6.02

47.78 7.79 6.65

700.77 9.00 7r.20

75.58 9.85 7.67

34.40 4.78 7.20

28.44 4.79 5.94

33.10 8.84 3.74

53.64 10.83 4.95

28.69 6.96 4.72

49.00 6.20 7.90

39.56 6.53 6.06

54.65 77.24 4.86

27.85 5.34 5.22

26.87 5.61. 4.79

24.86 6.94 3.58

20.02 5.04 3.97

29.77 7.63 3.82

19.31 5.75 3.36

52.28 4.91 10.65

46.28 4.95 9.35

27.37 6.1_7 4.43

33.45 7.72 4.33

19.39 4.69 4.1.3

22.62 4.90 4.62

74.34 4.30 3.33

52.21 4.98 10.48

54.90 5.09 L0.79

25.89 5.98 4.33

34.43 4.46 7.72

11.03 3.23 3.41

28.33 4.93 5.75

16.30 4.65 3.51

51.02 4.80 10.63

5'1..27 5.21 9.84

48.29 10.63 4.54

54.08 9.00 6.01
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FF

VIOLATING REFLECTIONS (Pa/nnc)
V13. Jeffrey Mine, Richmond Co., PQ

oF FfaF a'bt cl aF FfoF øtb'c'

T

T

T

T

T

T

T

T

T

I
î
1

1

1

î
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

06
0a
02

51.98 5.16 10.07

76.92 5.06 1,5.20

26.87 3.73 7.20

6.14 6.07

4.82 3.90

5.10 10.50

5.29 10.28

5.23 4.68

6.21 4.81

8.32 4.67

6.66 3.88

5.66 6.23

4.56 3.90

5.97 4.62

8.77 3.65

5.02 5.49

5.48 5.41

5.48 3.07

7.79 3.75

5.31 4.08

4.88 3.4L

6.73 3.22

6.68 3.02

6.08 4.84

5.27 4.86

6.03 4.99

8.25 5.49

7.62 4.33

8.20 3.90

8.50 4.11

8.95 4.44

8.73 5.59

8.07 10.07

8.30 9.46

8.84 6.78

7.90 4.75

7.30 3.73

8.16 8.68

8.71 5.50

x
x
x
x
x
x
x
x
x
x*
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x -.
x
x
x
x
x
X

x
X

X

x

047
045
045
043
045
047
0 411
058
056
052
056
0613
065
063
065
0 710
074
072
076
087
083
087
083
0910
098
098
0910
01011
010 7

010 5
0 10 3

0107
0 11 6

011 t
011 2

0 11 6

x
x
x
x
x
x

x

x
x
x

x
x

xx
xx
xx
xx
xx
xx
xx
xx
x
x

x
x
x

x
x
x
x
x
x

37.25

18.79

53.54

54.38

24.49

29.86

38.37

2s.87

35.28

17.77

¿t.õb

32.05

27.58

29.62

16.82

26.94

21.69

16.64

2'J..68

20.15

29.40

25.31

30.11

45.33

33.03

31.99

34.93

39.72

48.76

81.23

78.53

59.95

37.56

27.26

70.86

47.9't

0 4 79.25 5.34 74.84

0 6 47.67 5.51 8.64

0 72 61.66 8.99 6.86

0 14 31.49 9.27 3.42

1 13 30.17 8.56 3.52

1 11 27.08 7.56 3.58

1 5 ts.zo 4.s4 4.zJ

1 5 20.26 4.so 4.so

1 3 31.41 4.87 6.45

1 5 17.03 4.69 3.63

1 7 16.92 5.27 3.21

2 0 13.08 3.77 4.13 x
0 13 41.37 11,.27 3.69

0 11 100.96 9.30 10.86

o 1 2s.33 s.32 4.76

o B 2s.36 4.4s s.6s

0 3 22.72 4.54 4.87
0 5 14.34 4.58 3.13

0 7 26.48 5.68 4.66

0 11 109.75 9.59 7'J..44

1 16 41.65 10.69 3.90

7 1.2 48.33 8.82 5.48

1 6 35.1,2 5.06 6.94

1, 4 83.42 5.04 16.55

I 4 77.90 5.29 74.73

1 6 36.42 5.35 6.81

1 t2 50.02 8.97 5.58

2 13 23.62 7.85 3.01.

2 i 37.1s 4.TB 2.85

2 3 33.35 5.03 6.63

3 6 '17.70 4.80 3.56

3 2 19.25 4.90 3.93

4 15 39.59 10.30 3.84
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F

\¡IOLATING REFLECTIONS (Pa/znc)
V13. Jeffrey \4ine, Richmond Co., PQ

oF Ff aF a¡ bt ct F aF FfaF at b' cl

01213
0 12 13

01312
0134
01372
0 14 11

0 4 11

0154
017 8

1016
1014
101.2
106
104
10t
104
106
1012
1016
1 1 13

1 1 11

115
115
113
115
1113
1115
208
205
203
.rrõ

J

223
304
e?1UJJ

2at
dJJ

3 3 11

37.99 10.62 3.58

37.03 77.37 3.26

47 .03 11.18 4.27

30.81 7.63 4.04

38.00 77.32 3.36

60.57 11.50 5.27

4t.59 'J.'1..74 3.54

36.75 9.25 3.97

37.35 10.33 3.62

61.98 10.75 5.77

33.84 9.09 3.72

52.42 8.75 5.99

38.70 5.29 7.32

75.67 5.17 't 4.64

30.05 3.75 8.01

95.87 5.35 1.7.92

36.77 5.49 6.70

53.57 9.25 5.79

4'J..79 10.70 3.91

37.72 8.58 3.70

35.90 7.73 4.64

19.06 4.50 4.24

19.33 4.57 4.23

1.7.2'J. 4.79 3.59

15.43 4.66 3.31

28.13 9.16 3.07

30.78 9.97 3.09

16.00 4.54 3.52

30.66 4.88 6.28

31.84 4.88 6.52

42.71 4.92 8.56

51.32 5.05 10.16

18.80 4.54 4.14

50.20 4.99 iÛ.06

42.57 s.20 8.r I
24.79 7.54 3.21

x
x
x
x
x

x
X

x

x
x
x

x
x
x
x
x

x
x
x
x

x
x
x

x
x
x
x

x
x

x

x
x

o7
05
03
07
0 11

49
08
06
06
08
40
013
05
03
615
^=b/

65
63
615
04
0,
06
010
7n
II

73
73
77
717
05
03
81
010
08
07
05

x
x

x
x

x

x
x
x

x
x
x
x

x
x
x
x
x

x
x
x
x

x

I

4

4

4

4

4

5

E

J

5

6

6

6

tl

6

6

6

6

I

7

7

7

7

7

7

7

7

I

I
8

8

I
o

10

10

x
x
x
x

x
x
x

35.55 6.03 5.90

45.00 5.03 8.95

54.91 5.10 70.77

37.13 6.31 5.88

29.24 8.05 3.63

23.92 7.'1.6 3.34

23.75 7.03 3.38

20.01 5.62 3.56

27.68 5.79 4.78

25.94 6.90 3.76

32.10 4.62 6.95 x
27.32 9.09 3.01

29.81 4.95 6.02

36.90 5.28 6.99

49.53 11.51 4.30

33.42 7.27 4.60

31.26 5.94 5.26

35.29 6.38 5.53

42.23 17.92 3.54

16.23 5.20 3.1.2

16.77 5.00 3.23

19.75 6.37 3.10

28.98 7.83 3.70

45.84 9.57 4.79

7'J..32 8.86 8.05

51.15 7.22 7.08

i4.11 7.73 7.04

83.43 9.41 8.87

37.36 9.84 3.80

30.68 5.83 5.26

31.81 6.08 5.23

27.99 6.92 4.04

34.64 8.48 4.08

27.90 7.64 3.65

53.77 8.44 6.37

23.76 6.91 3.35
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VIOLATING REFLECTioNS (Palnzc)
V13. Jeffrey Mine, Richmond Co., PQ

aF FfaF ø'b' cl aF FfaF ø'bt ct

10

10

10

10

10

10

10

11

0

0

0

0

10

10

10

0

8.01

8.06

8.41

8.85

8.32

8.52

9.29

8.19

3.76

7.83

5.11

Cr. lt)

3.16
A 

'''
3.22

3.84

x
x

x
x

2

2

3

ii
7

11

È

a

x
x
x

x

x

t

I

11

b

;

6

88.31

78.35

45.45

30.47

27.57

33.27

31.23
o( 10

1 1.02

9.72

5.40

3.44

3.31

3.90

3.36

3. 10

28.02

62.77

49.19

77.63

28.84

48.18

29.01

37.98

I.1A

7.94

9.63

tl.49
9.72

"J.7.42

9.02

9.89

11

11

11

14

14

L4

16

18

0

0

11

0

0

0

0

0

328



Appendix J

ATOMIC PÄRAMETERS AND TEMPER,ATURE FÁ.CTORS
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Table J.I-: Atomic positions fot Y74. (PLlnnc).

Atom u*equ¡v.

si(1)
si(2)
si(3)
ca(1)
ca(2)
Ca(3)

ct
Bt
AlFe
A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)"
o(7)o
o(8)
o(e)
o(10)
o(11)
OH
Bo(1)

Bo(2)

3/4
0.82180(4)

0.e158e(4)

3/4
0.80e2e(3)

0.8e871 (3)

3/4
3/4

0.88858(4)

0

0.7800(1)

0.8788(1)

0.e584(1)

0.e382(1)

0.8281(1)

0.8782(1)

0.0552(3)

0.0435(2)

o.e3e8(1)

0.8536(1)

3/4
0.178e(e)

o.ee82(1)

0.4e2(6)

7/4

t/4
0.4382(5)

0.84ee7(4)

1/4
0.04540(3)

0.82055(3)

3/4
3/4

0.12017(4)

0

0.172e(1)

0.160e(1)

0.2254(7)

0.1045(1)

0.0111(1)

0.7227(7)

0.1733(3)

0.1455(3)

0.e078(1)

0.8536(1)

3/4
0.2286(e)

0.0577(1)

0.0582(6)

1/4

0

0.87260(6)

0.3648e(6)

7/4
0.37e84(4)

0.8e718(s)

0.142s(2)

0.0563(2)

0.12807(6)

0

0.0843(2)

0.2834(2)

0.0783(2)

0.4774(2)

0.17e6(2)

0.0525(2)

0.31e0(3)

0.3070(3)

0.0667(1)

1/4
0.8668(7)

0.2e7(1)

0.146e(2)

t/4
1/4

e.4(3)

13.1(2)

1,0.2(2)

11.3(3)

11.8(1)

17.s(2)

12.6(5)

14.6(7)

6.8(2)

8.e(3)

12.7(5)

15.3(5)

15.2(5)

12.e(5)

13.?(s)

17.0(5)

16.7(6)

16.7(6)

11.e(5)

14.4(s)

22.5(77)

12.e(28)

1e.o(6)

15.1(12)

s.7(74)

*U.quiu.:Uequi*,. X 102.

tPosition half-occupied.
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Table J.2: Anisotropic temperature factor coeffi.cients: YT4" (palnnc).

4,,ursUzzU=tU,,ul,Atom

si(1)
si(2)
si(3)
ca(1)
ca(2)
Ca(3)

C
B
AlFe
A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)"
o(7)o
o(8)
o(e)
o(10)
o(11)
OH

Bo1

Bo2

107(3)

122(3)

121(3)

155(5)

tt2(2)
134(2)

104(6)

77(8)

71(4)

77(5)

774(e)

187(e)

1e3(e)

161 (e)

747(s)

2oe(10)

167(6)

167(6)

1 1o(8)

1,64(7)

225(77)

12e(28)

742(e)

151 (12)

e7(74\

107(3)

16e(3)

8e(3)

104(4)

140(2)

161(2)

104(6)

77(8)

75(4)

73(4)

110(8)

132(e)

154(e)

121 (8)

146(e)

144(e)

110(8)

764(7)

168(e)

6e(6)

102(3)

e7(3)

81(4)

103(2)

247(3)

16e(1 1)

282(77)

58(3)

118(5)

e8(8)

138(e)

107(8)

104(e)

118(e)

155(s)

137(e)

104(11)

25s(11)

0

27(3)

6(2)

0

0(2)

-31(2)
0

0

-4(3)

-5(4)

6(7)

18(7)

t4(7)
4(7)

-27(7)
54(7)

-10(7)
23(7)

-73(8)

0

-e(3)

3(3)

0

-e(2)

-41(2)

0

0

6(3)

2(4)

-e(7)

-53(7)

32(7)

-13(7)

3(7)

32(8)

22(6)

-23(7)

3o(8)

0

11(3)

13(2)

0

16(2)

-2(2)
0

0

4(2)

8(4)

-1(7)

-16(7)

s8(7)

1o(7)

54(7)

28(7)

1,2(7)

-4(10)

-17(8)

*U¿i:U¿j x 103.
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Table J.3: Atomic positions for VlB" (PLlnnc).

Atom uxequ¡v.

si(1)
si(2)
si(3)
ca(1)
ca(2)
ca(3)
ct
Bt
AlFe
A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

3/4
0.81e11(4)

0.e1686(4)

3/4
0.81081

0.8e868(3)

3/4
3/4

0.887e7(4)

0

0.780e(1)

0.8827(1)

o.e5oe(1)

0.e377(1)

0.82e81(e)

0.8811(1)

0.0558(1)

0.e3e0(1 )

0.8555(1)

3/4
0.ee52(1)

7/4
0.04110(4)

0.84e15(4)

7/4
0.0437e(3)

0.81877(3)

3/4
3/4

0.1208e(4)

0

0.1726e(e)

0.15e6(1)

0.221s(1)

0.1066(1)

0.0150(1)

0.72e3(1)

0.1731(1)

0.e08ee(e)

0.8555(1)

3/4
0.0616(1)

0

0.870ee(5)

0.36482(5)

7/4
0.37ee0(4)

0.886e8(4)

0.14e3(2)

0.0358(1)

0.L2640(5)

0

0.08s5(1)

0.2?83(1)

0.0764(1)

0.4702(7)

0.1783(1)

0.0601 (1)

0.321e( 1)

0.0662(1)

t/4
0.8661 (3)

0.1364(1)

6.0(2)

6.2(1)

7.2(7)

7.7(2)

7.e(1)

16.e(1)

s.e(3)

10.e(3)

6.7(2)

7.2(2)

8.2(4)

8.e(4)

8.4(4)

8.4(4)

e.e(4)

13.2(4)

11.5(4)

8.8(4)

0.2(4)

15.1(7)

e.5(4)

* U.qui",:U"qrir. X 102.

tPosition half-occupied.
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Table J.4: Anisotropic temperature factor coefficients: V13. (e+¡nn").

ur. U,,Uzsui, u", U""Atom

si(1)
si(2)
si(3)
ca(1)
ca(2)
ca(3)
C
B
AlFe
A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

65(3)

57(2)

100(3)

e8(4)

6e(2)

116(2)

7o(4)

62(5)

66(3)

64(4)

105(7)

8o(7)

e5(7)

s2(7)

e1(7)

1eo(8)

73(7)

72(7)

118(6)

111(e)

86(7)

65(3)

62(2)

51(2)

71(4)

e1(2)

138(2)

7o(4)

62(5)

65(3)

61(4)

66(7)

87(7)

76(7)

68(7)

122(7)

88(7)

135(8)

76(7)

118(6)

111(e)

113(7)

51(5)

66(2)

64(2)

61(3)

78(2)

252(3)

158(8)

202(8)

72(3)

e1(4)

75(7)

ee(7)

8o(7)

e3(7)

84(7)

118(7)

737(7)

1,77(7)

70(e)

231,(77)

88(7)

0

6(2)

-1(2)

0

5(1)

-7e(2)

0

0

-2(2)

7(3)

4(5)

6(5)

-7(5)

e(5)

-1(6)

2e(6)

-17(6)

14(5)

14(6)

0

-21(5)

0

1(2)

-6(2)

0

-5(1)

-80(2)

0

0

e(2)

6(3)

-4(5)

-1e(6)

-5(6)

-13(5)

8(6)

28(6)

13(6)

27(5)

-14(6)

0

-1(6)

0

0(2)

4(2)

0

6(1)

4s(2)

0

0

0(2)

e(3)

7(6)

-5(6)

-1 (6)

3(6)

40(6)

31(6)

1o(6)

7(5)

-23(8)
0

-10(6)

*u¿i:u;j x Lo3.
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Table J.5: Atomic positions for V13¡ (e+¡nn").

Atom u*equ ¡v.

si(1)
si(2)
si(3)
Ca(1)

ca(2)
Ca(3)

ct
Bt
AlFe
A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

3/4
0.81e21(4)

0.e1661(5)

3/4
0.81082(3)

0.8e868(4)

3/4
3/4

0.88806(4)

0

0.7805(1)

0.8828(1)

0.e512(1)

o.e37e(1)

0.82e6(1)

0.8806(1)

0.0560(1)

0.e3e1(1)

0.8552(1)

3/4
0.ee55(1)

7/4
0.040e1(4)

0.84e1e(4)

7/4
0.043e 1(3)

0.81867(4)

3/4
3/4

0.1208e(4)

0

0.1726(1)

0.15e7(1)

0.221,7(7)

0.1065(1)

0.0147(1)

0.72e0(1)

0.1731 (1)

0.e0e0(1)

0.8552(1)

3/4
0.0615(1)

0

0.87113(6)

0.36482(6)

1/4
0.37e77(4)

0.886e8(5)

0.74e4(2)

0.0361 (2)

0.1264(6)

0

0.0854(2)

0.2788(1)

0.763(2)

0.4701(1)

0.1785(2)

0.05e6(2)

0.321e(2)

0.0662(2)

3/4
0.865e(3)

0.1363(1)

6.2(3)

6.4(2)

7.6(2)

7.e(2)

8.1(1)

16.5(2)

10.3(4)

1,2.4(4)

6.e(2)

6.e(3)

8.5(5)

8.e(s)

8.1(5)

8.7(5)

10.4(5)

14.0(5)

11.8(5)

8.e(5)

10.4(5)

16.2(e)

s.e(5)

*U.ooi".=tf"qri,. X 102.

tPosiùion half-occupied.
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Table J.6: Anisotropic temperature factor coefficients: V13¡ (r+¡nn").

U,,ur"ur"UstU,,UÏ,Atom

si(1)
si(2)
si(3)
ca(t)
ca(2)
ca(3)
C
B
AlFe
A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

7s(4)

61(3)

114(3)

107(4)

72(2)

118(2)

76(5)

72(6)

7o(3)

62(4)

114(8)

85(8)

e4(8)

e7(e)

e5(e)

208(10)

74(8)

81(8)

t27(7)
121(1 1 )

101 (8)

7o(4)

65(3)

54(3)

72(4)

e6(2)

133(2)

76(5)

72(6)

6e(3)

65(4)

76(8)

e8(8)

82(8)

74(8)

131 (e)

102(e)

14e(e)

83(8)

727(7)

121(11 )
123(8)

46(6)

66(3)

5e(3)

58(4)

7s(2)

242(3)

15e(10)

227(70)

6e(3)

81(4)

65(8)

85(8)

67(8)

eo(8)

86(8)

11 i (e)

130(e)

101(8)

58(11)

243(21,)

72(8)

0

8(2)

-1(2)

0

3(2)

-73(2)

0

0

-4(3)

-3(4)

7(6)

6(6)

-e(6)

15(6)

-5(7)

38(7)

-1e(7)

13(6)

20(7')

0

-22(7)

0

2(3)

-7(2)

0

-4(2)

-78(2)

0

0

15(3)

e(4)

-1(7)

-22(7)

-4(7)

-L4(7)

6(7)

28(8)

e(7)

25(6)

-20(7)

0

2(7)

0

-1(2)

5(2)

0

7(2)

47(2)

0

0

1(2)

e(4)

4(7)

-7(7)

5(7)

3(7)

35(7)

26(7)

e(7)

8(7)

-31(10)

0

-7(7)

*u;j=u¿i x Lo3.
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Table J.7: Atomic positions for V13, (r+¡nn").

Atom u*èqu¡v.

si(1)
si(2)
Si

ca(1)
Ca(2)

ca(3)
ct
Bt
A-lFe

A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

3/4
0.81e2e(6)

0.e1648(6)

3/4
0.81080(4)

0.8e862(5)

3/4
3/4

0.88782(6)

0

0.7801(2)

0.8827(1)

0.e516(1)

0.e383(2)

0.82e5(1)

0.8800(2)

0.05s7(2)

0.e3e2(1)

0.8550(1)

3/4
o.ee6o(2)

r/4
0.04076(6)

0.84e20(6)

7/4
0.04407(4)

0.81833(5)

3/4
3/4

0.12101(6)

0

0.172e(1)

0.15e8(2)

0.221,e(2)

0.1063(2)

0.0146(2)

0.7288(2)

0.7726(2)

0.e0e0(2)

0.8550(1)

3/4
0.0610(2)

0

0.87172(7)

0.36477(7)

7/4
0.37e66(5)

0.88725(7)

0.14e4(2)

0.0347(2)

0.12637(7)

0

0.0855(2)

0.2e784(2)

0.0761(2)

0.4702(2)

0.17e0(2)

o.o5e8(2)

0.3218(2)

0.0663(2)

1/4
0.86se(4)

o-1362(2)

6.5(3)

6.3(2)

7.5(2)

7.e(3)

7.e(2)

16.7(2)

e.7(s)

12.0(5)

7.3(3)

6.6(3)

8.5(6)

e.2(6)

7.3(6)

8.e(6)

10.5(6)

13.e(7)

11.1(7)

8.4(6)

10.3(6)

16(1)

e.7(6)

*U"qti*.=f/.qri". X 102.

tPosition half-occupied.
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Table J.8: Anisotropic temperature factor coefficients: Y13, (r+/nnc).

U,,Ut"UztUzzUzzui,Atom

si(1)
si(2)
si(3)
ca(1)
ca(2)
ca(3)
C
B
AIFe

A
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
OH

73(4)

60(4)

721(4)

107(5)

68(3)

116(3)

7t(7)
73(7)

71(5)

53(6)

1 13(10)

78(10)

83(10)

100(11)

e8(11)

220(73')

67(11)

78(10)

121 (e)

124(14)

e8(11)

73(4)

61(4)

44(4)

73(5)

e5(3)

132(3)

71(7)

73(7)

73(4)

6e(6)

75(10)

10e(11)

76(10)

85(11)

133(1 1)

e6(12)

1,44(72)

76(10)

121(e)

t24(14)
L22Q,r)

51(7)

67(4)

6o(4)

56(5)

75(3)

253(4)

150(12)

276(72)

76(4)

75(5)

68(e)

8e(11)

60(10)

82(11)

85(10)

1oo(11)

123(1 1 )

e8(11)

66(12)

243(28)

70(10)

0

8(3)

0(3)

0

6(2)

-78(3)

0

0

-1(3)
-1(5)

-1 (e)

1o(8)

-6(8)

17(e)

-e(e)

27(e)

-24(e)

25(8)

1e(10)

0

-28(8)

0

1(3)

-6(3)

0

-5(2)

-81(3)

0

0

8(3)

-1 (5)

-10(8)

-14(8)

0(8)

-6(8)

3(e)

3o(io)
8(e)

31 (8)

-1e(10)

0

-x(e)

0

-3(3)

3(3)

0

s(2)

38(3)

0

0

-1(3)

11(5)

e(e)

-10(8)

1o(8)

12(8)

40(10)

3o(e)

1 (e)

8(8)

-30(12)

0

-4(e)

*a¿j=u¿j x 103.
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