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“I would like to believe that the roads we choose depend less on
economic problems or political battles or the imperfections of our
external world, and more on our intemal calling, which compels us to
£0 anew into the mountains, to the heights beyond the clouds, making
our way to the summits. The sparkling summits and the fathomless sky
always draw humanity, which loves all that is beautiful. This was, is
and will be the magnetic strength of the mountains, independent of the
worldly, trivial vanities and fusses, beyond which, at times, we cannot
see the real, the beautiful, and the eternal.”

Anasoli Boukreev, 1996
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ABSTRACT

The crystal-chemistry and paragenesis of astrophyllite group minerals (AGM) from
over- and undersaturated alkaline rocks has been documented by a combination of electron
microprobe analyses, single-crystal and powder X-ray diffraction, Mossbauer spectroscopy,
Fourier-transform infrared spectroscopy, nuclear reaction analysis, thermal gravitational
analysis, thermal decomposition, wet-chemical methods and optical measurements. A
standardized general formula for AGM has been developed, based on 31 anions, and is of the
form A;BC2DTyO25(OH)uXo1, where UOH%l4 = K, Rb, Cs, H;0", H;0, or O0; "B = Na or
Ca: 1C = M, Fe**, Fe**, Na, Mg, or Zn; D ="°ITi, Nb, or Zr; ¥IT = Si or Aland X=¢ =F,
OH, O, or . Results from Méssbauer spectroscopy, bond valence sums and thermodynamic
calculations indicate F to order at X [¢(16)] whereas the monovalent anion sites in the O-
sheet are host solely to OH. On this basis, eight species and two AGM polytypes are
recognized, the most recent, niobokupletskite, identified from Mont Saint-Hilaire during the
course of this study. The AGM heterophyllosilicate structure consists of two composite
sheets stacked along [001] in a 2:1 ratio resulting in a layered HOH structure. Single-crystal
X-ray refinements indicate the existence of two kupletskite polytypes, kupletskite-14 and
kupletskite-Ma2b2c, the result of polytypic stacking of identical HOH layers. Méssbauer
spectroscopy indicates all Fe to be present in the O-sheet, and Fe**/Fe.x ratios in AGM to
range from 0.01 to 0.21, corresponding to 0.05 to 0.56 apfu Fe**, confirming that Fe*" is the
dominant valence state for iron in the AGM structure. AGM from oversaturated alkaline
intrusions are characterized by a restricted range of Mn/Mn+Fe (0.03 to 0.69) and
enrichments in K, Rb, Ti (with positive values of Nb-Zr) and Si. AGM from undersaturated
intrusions display a wide range in Mn/Mn+Feix (0.09 to 1.00) and have been further
subdivided into a kupletskite subgroup (Mn/Mn+Fe 2 0.50) and an astrophyllite subﬁroup
(Mn/Mn+Fey < 0.50). Kupletskite subgroup samples are enriched in Na, Mn, Zn, Fe™", Nb
and Zr (with positive values of Nb-Zr), whereas astrophyllite subgroup samples are enriched
in K, Ca, Fe**, Ti, Zr (with negative values of Nb-Zr) and F. Crystal-chemical parameters in
AGM (such as Mn/Mn+Fe,, and Nb/Nb+Zr) can be used as petrogenetic indicators. At Mont
Saint-Hilaire (Québec), two distinct paragenetic trends are recognized in the AGM
population: (1) an oxidizing magmatic to post-magmatic oxidizing trend resulting in
enrichment of the AGM in Na, Mn, Fe** and Nb, and (2) a reducing trend resulting in
enrichment in Ca, Fe?*, Zr and F by hydrothermal or metasomatic processes. The second
evolutionary trend is thought to be the result of interaction of an exsolved magmatic fluid
with either meteoric waters or sediments. Both trends lend evidence for late-stage
mobilization and concentration of high field-strength elements (such as Nb and Zr) in highly
alkaline systems.



SOMMAIRE

Nous documentons la cristallochimie et la paragénése des minéraux du groupe de
Iastrophyllite par une combinaison de plusieurs méthodes analytiques incluant la microsonde
électronique, la diffraction-X sur poudres et monocristaux, la spectroscopie de Méssbauer, la
spectroscopie infra-rouge par transformée de Fourier, ’analyse par réaction nucléaire, la
thermogravimétrie, la décomposition thermique, la chimie en solutions et la microscopie
optique. Nous proposons une nouvelle formule chimique généralisée pour ce groupe qui est
fondée sur 31 anions et dont la forme est 4,BC2D;T302(OH)Xo.1, o UH!*I4 =K, Rb, Cs,
H;0", Hz0, ou O; "B = Na ou Ca; IC = M, Fe**, Fe**, Na, Mg, ou Zn; D = ©ITi, Nb, ou
Zr, “IT=Siou Alet X=$=F, OH, O, ou 0. Les résultats des analyses par spectroscopie
de Mossbauer, les sommes des valences ainsi que des calculs thermodynamiques indiquent
tous que le fluor est préférentiellement localisé dans X[¢(16)] tandis que les sites des ions
monovalents des couches-O sont eux occupés seulement par OH. Nous reconnaissons ainsi
huit espéces comme membres du groupe de l'astrophyllite, la plus récente étant la
niobokupletskite, découverte dans le cadre de cette étude au Mont Saint-Hilaire, et aussi deux
polytypes d’empilement. La structure cristalline hétérophyllosilicatée des minéraux du
groupe se caractérise par deux couches composés empilés le long de [001] dans un rapport
2 :1 et résultant en une structure HOH feuilletée. Des affinements-X pratiqués sur des
monocristaux indiquent la présence de deux polytypes d’empilement pour la kupletskite, soit
la kupletskite-14 et -Ma2b2c, tous deux les résultats de différentes séquences d’empilements
des feuillets HOH identiques. La spectroscopie de Mdssbauer nous indique que tout le fer
est dans la couche-O, que les rapports Fe**/Fe,x dans la suite d’échantillons varient de 0.01 &
0.21, correspondant & 0.05 &4 0.56 atomes par unité formulaire, et confirmant ainsi la
dominance du fer ferreux dans la structure de ces minéraux. Les minéraux du groupe de
I’astrophyllite provenant des suites alcalines sursaturées sont caractérisés par un écart
restreint de valeurs de Mn/Mn+Fe,, (0.03 & 0.69) et par des enrichissements en K, Rb, Ti
(avec des valeurs positives de Nb-Zr) et Si. Ceux des intrusions sous-saturées possédent un
écart de valeurs Mn/Mn+Fe,« beaucoup plus étendu (0.09 & 1.00) et sont subdivisés en un
sous-groupe de la kupletskite (Mn/Mn+Fex > 0.50) et un sous-groupe de I’astrophyllite
(Mn/Mn+Fey < 0.50). Les échantillons du sous-groupe de la kupletskite sont enrichis en
Na, Mn, Zn, Fe** et Zr (a des valeurs positives de Nb-Zr), tandis que ceux du sous-groupe de
I’astrophyllite sont enrichis en K, Ca, Fe*', Ti, Zr (a des valeurs négatives de Nb-Zr) et F.
Les paramétres cristallochimiques des minéraux du groupe de l’astrophyllite tel que
Mn/Mn+Fex et Nb/Nb+Zr peuvent servir d’indicateurs pétrogénétiques. Au Mont Saint-
Hilaire (Québec), la cristallisation des minéraux du groupe de I’astrophyllite a procédé selon
deux lignés possibles: 1) soit sur une lignée oxidante d’origine magmatique a
postmagmatique qui a mené a des enrichissements en Na, Mn, Fe’* et Nb, ou soit 2) selon
une lignée réduisante d’origine hydrothermale ou métasomatique qui a mené i des
enrichissements en Ca, Fe?*, Zr et F. Nous croyons que cette demniére lignée réduisante
résulte d’une interaction entre une phase volatile exsolue du magma avec soit des eaux
météoriques ou des sédiments. Les deux lignées fournissent I’évidence d’une mobilisation
tardive et d’une concentration des éléments tels le Nb et le Zr dans des systémes hautement

alcalins.
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which the central 50% of the values fall (box edges/hinge: 1% and 3"
quartile). Lower and outer fences represent lower/upper hinge +
(1.5einterquartile range). Whiskers represent lower/upper hinge +
(3einterquartile range). Open circles are outliers.

11B  Boxplots depicting the distribution of O-sheet cations in AGM
from under- and oversaturated intrusions. Localities and boxplots
are defined as in Fig. 11A.
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Boxplots depicting the distribution of H-sheet cations and F in AGM
from under- and oversaturated intrusions. Localities and boxplots are
defined as in Fig. 11A.

Content of Na versus that of Ca at B of astrophyllite group minerals.
Circles: OVER, Closed diamonds: MNU; Open diamonds: FEU. 1:1
substitution line is indicated.

The coupled substitution Na + Si <> Ca + Al in astrophyllite group
minerals. Circles: OVER; Closed diamonds: MNU; Open
diamonds: FEU.

K+Na,y versus Rb+Cs+Sr+Ba+Ca in the interlayer of astrophyllite
group minerals. The dashed line represents the 1:1 substitution line
for an ideal 4+B sum of three apfu. Points which plot above the line
represent samples with excess Na. Circles: OVER,; Closed diamonds:
MNU; Open diamonds: FEU.

The content of Mn versus that of Fe** at C of astrophyllite group
minerals (Linear regression, R* =0.977). 1:1 line indicated.
Circles: OVER; Closed diamonds: MNU; Open diamonds: FEU.

The content of Ti versus that of (Nb+Zr) in D of astrophyllite group
minerals. (Linear regression: B> =0.986, N = 659).

The content of Ti versus (Nb-Zr) in D of astrophyllite group
minerals. Circles: OVER; Closed diamonds: MNU; Open
diamonds: FEU. In general, MNU and OVER samples have Nb>Zr
whereas FEU samples have Zr>Nb.

Mn# versus (Nb-Zr) at D of astrophyllite group minerals.
Circles: OVER; Closed diamonds: MNU; Open diamonds: FEU.
In general, MNU and OVER samples have Nb>Zr whereas FEU
samples have Zr>Nb.

The content of Si versus that of Al in T in astrophyllite group minerals.

Circles: OVER; Closed diamonds: MNU; Open diamonds: FEU.
(Linear regression: R? = 0.745)

Average quadrupole splitting, <QS>, versus the fraction of F (X) for
members of the astrophyllite group and micas of the biotite series.
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22

Content of Nb versus that of F. Substitution of Nb into the astrophyllite 95
group mineral structure occurs in niobokupletskite, niobophyllite and
Nb-bearing kupletskite as the result of the substitution Ti + F <> Nb + 0.
Samples of the astrophyllite subgroup and those from oversaturated

rocks do not show significant enrichment in Nb and can therefore be
expressed by the substitution Ti + F < (Zr,Nb) + OH. Nb = 0.50 apfu
represents the limiting value at which these two substitutional mechanisms
exchange dominance in the AGM structure. The regression line (R* =0.7601)
demonstrates the strong negative correlation between Nb and F in only
kupletskite subgroup samples. Circles: OVER; Open diamonds: MNU;
Closed diamonds: FEU.

Substitutional mechanism for incorporation of Nb5+ into the AGM 96
structure: M** +M" +F & (Na,Fe*") + Nb*" + 0%
(Linear regression, R* = 0.870).

CHAPTERIIL

1

Comparison of site refinement and electron microprobe data: Ca SREF 134
versus Ca EMPA (apfu). The 1:1 substitution line is indicated. Linear
regression: y=0.6596x, R* =0.688. Analytical errors indicated.

Comparison of site refinement and electron microprobe data: Naix 134
SREF versus Na,w EMPA (apfu). The 1:1 substitution line is indicated

as a solid line. Dashed lines outline the range in data points observed.
Analytical errors indicated.

The O-sheet in AGM projected down [001]. 139

The H-sheet in AGM projected down [001] showing open branched 140
zweier single chains of [SisO12]* parallel to [100]. ¥17=red, 1D =blue.

The Ad12 polyhedron. Distances range from 2.825 to 3.746 A 142

The configuration of the H-sheet chains around the 4 site in the 142
(001) plane. Upper chain shown. Lower chain (clockwise): 7{4), 1(3),

T(3) and T(4). Splitting of the A4 site results in displacement of 4 along
bsin(y) of 0.3t0 09 A.

Difference Fourier map through the 4 site in astrophyllite group minerals 143
showing splitting of 4 into A(1a) and A(1b). Interlayer shown projected
on the (001) plane.

The BOs¢: polyhedron. Distances range from 2.589 10 2.715 A. 145
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Average B-¢ bond length versus the content of Ca. Closed diamonds
indicate Ca contents from EMPA (R* =0.823). Open diamonds
indicate Ca contents derived from SREF (R* =0.599).

The three strips of octahedra of the AGM O-sheet. The M(2)
octahedra form chains parallel to [100]. M(3) and M(4) alternate
along [100] in a 2:1 ratio. M(1), the largest and least distorted of
the octahedra, links the two composite strips together to form
infinite sheets in the (001) plane.

The attachment of the H-sheet to the O-sheet. T sites: grey shades
as indicated, D = black, M sites are outlined. The OH groups are
indicated as solid circles.

Variation in grand mean M-O bond length, <<M-0>>, with mean
ionic radius, <<tM>>, of the O-sheet. Linear regression, R> = 0.938.

Average ionic radius, <<tM>>, versus the average octahedral angle
}zariance, <QAV>, for the O-sheet octahedra. Linear regression,
=(.846.

Average octahedral flattening (‘) versus the average octahedral angle
;zariance, <OAV>, for the O-sheet octahedra. Linear regression,
=0.983.

Octahedral flattening (V) versus the octahedral angle variance (OAV)
for each of the M sites in the O-sheet.

The M(1)Os(OH), M(2)0(OH),, M(3)O4(OH) and M(4)O«(OH):
octahedra in AGM. Average distances are given in A.

Distribution of M-O bond distances in the O-sheet of AGM.

Average octahedral flattening, ‘¥, versus the average ionic radius,
<rM>, in the O-sheet. Linear regression, R*=0.7533.

Comparison of Ti contents derived from site occupancy refinements
(SREF) and electron-microprobe analyses (EMPA). The 1:1 line is
indicated.

The D¢ octahedra in AGM. Average distances (A) and bond angles
(°) shown.
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21 The variation in mean D-¢ bond Iength with average ionic radiusin D. 165
Linear regression, R* =0.899.

22 The variation in mean D-¢ bond length with Zr content (apfu). 165
Linear regression, R = 0.901.

23  Bimodal distribution of D-¢upicat bond lengths observed in the D 166
octahedra in AGM.

24 Distribution of 0(2)-D-Ovesat and ¢(16)-D-Ovesi bond angles in the 171
Dés octahedra.

25 Correlation between 0(2)-D-Obecat and $(16)-D-Opesat bond angles in the 171
Désoctahedra. (Linear regression, R* = 1.00)

26 Distortion of the Dés octahedra versus the ¢apicai-D-Ovesal bond angles. 173
Closed triangles: O(2)-D-Obesat. Open triangles: ¢(16)-D-Ouasal-

27 Control by HFSE contents on apical bond lengths in the Ds octahedra. 174
28 Variation in O(2)-D-¢(16) bond length with composition in D. 175

A. Effect of Nb < Ti substitution: no correlation. B. Effect of
Zr <> Ti substitution: R*>=0.844 -

29A Distribution of 7-O bond distances in the H-sheet of AGM. 178
A: Non-bridging Si-O bonds (A).

29B  Continued. B: Bridging Si-O bonds (). 179

30 Distribution of O-7-O bond angles. Five subgroups of bond angles 181
exist in AGM:

I. Opp-Si-Ogb: O from the O-sheet and D
II. On-Si-Obr: On from O-sheet, O

III. Ow-Si-Opb: Onp from D only

IV. Ow-Si-Obr: Oy only

V. Ow-Si-Ope: O from D, Ore

31 Distribution of M-0-Si bond angles: A: M-O-7,B: D-O-T,C: 7T-O-T 183
32 Average octahedral flattening (Wavenage) Of the O-sheet versus the 186
average ionic radius (rtM) in AGM (closed diamonds) and members

of the biotite seriesR(zopen circles; Shabani 1999). AGM.
Linear regression: R* = 0.753, Biotite. Linear regression: R*=0.869.

xviii



33

Tetrahedral rotation (arrows) in the H-sheet. The ideal Oue-Ope-Obr
angle is 120° (exaggerated in order to show o angles). Tetrahedral
rotation angles (cc) range from 0 to 2.82 ° (average: 1.24 °).

Dark grey: D. Tetrahedra are shaded from dark grey [7(1)] to
light grey [T(4)].

CHAPTERIV.

Effects of non-randomness in the absorber on astrophyllite group
mineral M6ssbauer spectra (MSH10B). A. Random absorber:
A-/A+=1.000. B. Textured absorber: A-/A+=1.294.

Effects of preferred orientation on the spectrum from astrophyllite
group mineral absorbers. Dashed line: A-/A+: 1.214, Fe*'/Fei: 0.19.
Solid line: A-/A+: 1.000, Fe**/Feu: 0.21. AFe’/Feix =0.02

(0.03 apfu Fe**).

Oriented mosaic experimental setup. At = 0°, the incident y-ray beam
is perpendicular to the (001) cleavage plane on which all the crystals
are lying. ‘

Folded, raw Mdssbauer spectra collected at various © angles. Note the
deepening of the high-energy contribution with increasing angle
(indicated by arrows). At 6 = 0°, the y-ray beam is aligned parallel to
[001], and represents the most extreme case of texture.

Thickness corrected, folded room temperature 57Fe M6ssbauer
spectrum of the randomly oriented sample used for the mosaic. The
solid line running through the data points is the fit result. The fit for
the Fe** and Fe** contributions are also shown as a solid line.
A-/A+=1.000.

(A-F) Thickness corrected, folded room temperature *’Fe Mossbauer
spectra of the oriented mosaic. The solid line running through the data
points is the fit result. The fit for the Fe* and Fe** contributions are also
shown as a solid line.

Observed variations in A-/A+ at each value of © for uncorrected and
thickness corrected (T-corr) oriented mosaic data.

Theoretical and observed variations in A-/A+ at each value of ©.
The dashed line represents the theoretical curve for single, near-normal
EFG direction (¢’qQ <0).
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(A-F) Select Mossbauer spectra of astrophyllite group minerals.

The solid line running through the data points is the resultant fit. The
additional solid lines represent the separate contributions for both the
Fe** and Fe** generalized sites.

Representative quadrupole splitting distributions for the Fe*
generalized site.

End-member quadrupole splitting distributions for the Fe*" generalized
site. L Wasp: 0.912 mm/s, <QS>: 2.202 mm/s, QSpeak: 2.305 mm/s.
IL. Wgsp: 0.563 mm/s, <QS>:2.416 mm/s, QSpeax: 2.510 mm/s.

(Note: average values presented) '

Average QS versus the width (W) of the QSD for astrophyllite group
minerals (closed diamonds) and biotites g?en circles). Linear
regression: Wosp = 4.390 - 1.603<QS> (R” = 0.833). Biotite data from
Shabani (1999)

Average QS versus the QSpea of the QSD for astrophyllite group
minerals (closed diamonds) and biotites (open circles). Biotite
data from Shabani (1999).

The relationship between the QS high energy edge (H-edge) and

low energy edge (L-edge) of the QSD in astrophyllite group minerals
(closed diamonds) and biotites (open circles). Biotite data from
Shabani (1999).

The relationship between the <QS>/QSpcak and the low energy
edge (L-edge) of the QSD in astrophyllite group minerals. Closed
diamonds: <QS> (R2 =0.9049). Open diamonds: QSpea R= 0.8308).

<QS> versus the average octahedral radius, <tAf> in astrophyllite group
minerals (closed diamonds) and in members of the annite-
phlogopite series (open circles; data taken from Shabani 1999).

<QS> versus Mn# in astrophyllite group minerals. Note the presence
of two populations within the sample suite.

Average flattening angle, ¥, versus <QS> in astrophyllite group
minerals (closed diamonds) and members of the annite-phlogopite
series (open circles; data from Shabani 1999).

<QS> versus Mn# in astrophyllite group minerals showing the two
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20B
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21B

populations. Closed diamonds: Zr-deficient (< 0.40 apfur Zr).
Open diamonds: Zr-rich (> 0.40 apfu Zr).

Representative quadrupole splitting distributions for the Fe** 246
generalized site in Zr-poor astrophyllite group minerals (Mn# in brackets).

Representative quadrupole splitting distributions for the Fe** 247
generalized site in Zr-rich astrophyllite group minerals (Mn# in brackets).

The Zr content versus the O(2)-D-¢(16) distance in the D¢ octahedron. 248

The O(2)-D-¢((16) distance versus <M-0(2)>. 249

CHAPTER V.

1

Crystal structure of triclinic, P1, kupletskite projected down [100] 27
(unit cell outlined). 4 = hatched, B = white, O-sheet = stippled,

D = dark grey, 1(1) to I{4) = medium to light grey. The four T sites

are numbered to illustrate the symmetry across the interlayer.

Crystal structure of monoclinic, C2/c, kupletskite projected down [100] 272
(unit cell outlined). 4(1) = hatched, 4(2) = diagonal lines, B = white,

O-sheet = stippled, D = dark grey, 7(1) to 7{4) = medium to light grey.

The four T sites are numbered to illustrate the symmetry across the interlayer.

Monoclinic and triclinic kupletskite polytypes projected down [100]. 274
Unit cells for both structures are outlined. In kupletskite-Ma2b2c,

+HOH and -HOH layers are related to each other by the two-fold rotation
around b. Arrows depict stacking sequence.

CHAPTER VL

Back-scattered electron images of Type-I niobokupletskite. 281
A. Nb-rich kupletskite (Kpt, dark grey) with irregular zonation and a

sharp contact with niobokupletskite (Nkpt, light grey). Note the pyrochlore
inclusions (white) along fractures in the kupletskite. B. Niobokupletskite
(Nkpt) rimming kupletskite (Kpt). The zoning in the kupletskite is from
Nb-poor to Nb-rich in the direction of the arrow (dark to medium grey).

Scale bar: 100 um.

Infrared transmittance spectrum of niobokupletskite. 285
Mossbauer spectrum of Type-II niobokupletskite. The solid line 288

running through the spectral data represents the best fit. The subspectral
contributions corresponding to !Fe** and !Fe** are shown superimposed



on the data. The difference between the observed and calculated spectrum
is shown on An exaggerated vertical scale at the top of the figure.

Content of Ti*" versus that of Nb®" in the kupletskite-niobokupletskite ~ 302
solid-solution series (Linear fit, R*: 0.742).

Content of Nb*>* versus that of F in the kupletskite-niobokupletskite 302
solid solution series (Linear fit, R*: 0.893).

CHAPTER VIL

3A

3B

3C

Classification of MSH AGM based on the composition of the O-sheet. 308

Classification of MSH AGM based on the composition of the H-sheet. 309
Kpt: kupletskite, Nbkpt: niobokupletskite, Zrt: zircophyllite, Nbt:
niobophyllite, Fe-Zrt: Fe-dominant zircophyllite, Ast: astrophyillite.

Boxplots depicting the distribution of interlayer cations in AGM 310
from MSH. APEG: altered pegmatites, APLITE, META: metasomatic

unit, NPEG: natrolite pegmatites, PEG: unaltered pegmatites, SS:

sodalite syenite, SSX: sodalite syenite xenoliths. The central horizontal

line of each box represents the median of the population. The length of

each box represents the range within which the central 50% of the values

fall (box edges/hinge: 1% and 3™ quartile). Lower and outer fences represent
lower/upper hinge % (1.5 ¢ interquartile range). Whiskers represent
lower/upper hinge + (3 « interquartile range). Open circles are outliers.

Boxplots depicting the distribution of H-sheet cations in AGM 311
from MSH. Environments and boxplots are defined as in Figure 3A.

Boxplots depicting distribution of interlayer cations and F in AGM 312
from MSH. Environments and boxplots are defined as in Figure 3A.

Composition of AGM from the syenitic pegmatites at MSH 314
A. Fe-Mn-(Mg+Na) compositional space.

B. Speckled fill = Kupletskite subgroup: kupletskite, niobokupletskite

and zircophyllite. Solid fill: Astrophyllite subgroup: astrophyllite and Fe-
zircophyllite. '

Composition of AGM from the altered syenitic pegmatites at MSH. 315
A. Fe-Mn-(Mg+Na) compositional space. ’

B. Speckled fill = Kupletskite subgroup: kupletskite and niobokupletskite
Solid fill: Astrophyllite subgroup: astrophyllite and Fe-zircophyllite.

Compositional zoning in AGM from the syenitic pegmatites. Primary 321
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15

kupletskite shows compositional zoning toward both Fe** and Mn
enrichment in secondary overgrowths.

Compositional zoning in AGM from the syenitic pegmatites. Primary = 322
kupletskite shows compositional zoning toward both Nb (I) and Zr (II)
enrichment. _

Evolution of MSH AGM from the syenitic pegmatites. A-A’. Increased 323
Mn#, decreased Nb/Zr with Nb>Zr, decreased Ti+F, and increased

Fe**/Feix. B-B’. Decreased Mn#, decreased Nb/Zr with Zr>Nb,

increased Ca+Ti+F and decreased Fe>'/Feq.

Composition of AGM from the natrolite pegmatites at MSH. 326
A. Fe-Mn-(Mg+Na) compositional space. B. Solid fill: Astrophyllite
subgroup: astrophyllite.

Composition of AGM from the aplites at MSH. 329
A. Fe-Mn-(Mg+Na) compositional space. B. Speckied fill = Kupletskite
subgroup: kupletskite. Solid fill: Astrophyllite subgroup: astrophyllite

Composition of AGM from the sodalite syenites at MSH. 332
A. Fe-Mn-(Mg+Na) compositional space. B. Speckled fill =

Kupletskite subgroup: kupletskite and niobokupletskite. Solid fill:
Astrophyllite subgroup: astrophyllite.

Composition of AGM from the sodalite syenite xenoliths at MSH. 334
A. Fe-Mn-(Mg+Na) compositional space.

B. Speckled fill = Kupletskite subgroup: kupletskite. Solid fill:

Astrophyllite subgroup: astrophyllite.

Composition of AGM from the metasomatic unit at MSH. 340
A. Fe-Mn-(Mg+Na) compositional space showing the two populations

of AGM porphyroblasts. B. Speckled fill = Kupletskite subgroup:
kupletskite. Solid fill: Astrophyllite subgroup: astrophyllite.

Paragenesis discrimination plot for astrophyllite group minerals in the 357
East Hill suite at Mont Saint-Hilaire. A. Magmatic or post-magmatic.

B. Hydrothermal or metasomatic. Open triangles: syenite pegmatites

(PEG); Crosses: altered syenite pegmatites (APEG); Filled circles: natrolite
pegmatites (NPEG); Open circles: sodalite syenite (SS); Closed diamonds:
sodalite syenite xenoliths (SSX); Closed squares: metasomatic unit (META).

Mn# in astrophyllite group minerals versus the whole rock alkalinity 358
index (AI) for Mont Saint-Hilaire (Québec, Canada, dark grey) and the
Larvik complex (Langesundsfjord area, Norway, LANG). Nb+Zr values



16

are averages in apfu. NPEG: natrolite pegmatite, META: metasomatic
unit, SSX: sodalite syenite xenolith, SS: sodalite syenite, APLITE:
aplite, PEG: syenite pegmatite, APEG: altered syenite pegmatite.

Schematic representation of the paragenetic sequence of the East Hill
suite at Mont Saint-Hilaire. Modified from Piilonen ez al. (1998) to

359

include the paragenesis of astrophyllite group minerals. Solid lines indicate
magmatic trends. Dashed lines indicate the influence of a fluid phase. Kpt:

kupletskite, Ast: astrophyllite, Zrt: zircophyllite, Fe-zrt: Fe-zircophyllite,

Nbkpt: niobokupletskite.

LIST OF PLATES

CHAPTERI]

Bladed, dark brown astrophyllite from Barkevikskjar, Larvik complex,
Langesundsfjord area (Oslo rift valley, Norway; NOR8). Associated

Minerals include aegirine, biotite and microcline. Field of view: 8.1 cm.

Platy, brown astrophyllite with microcline from Barkevikskjar, Larvik
complex, Langesundsfjord area (Oslo rift valley, Norway; NOR9).
Field of view: 6.5 cm.

Orange-brown kupletskite from RS10, Lysebo, Larvik complex,
Langesundsfjord area (Oslo rift valley, Norway; NOR13). Associated
minerals include aegirine, albite, catapleiite, microcline and natrolite.
Field of view: 4.7 cm.

Kupletskite (light brown) from the Gjerdingen alkali granite,
Nordmarka, Oppland province (Norway; NOR3). Associated minerals
Include elpidite, nenadkevichite, narsarsukite, brookite, anatase,
Gearksutite, ralstonite, aegirine, quartz and microcline.

Field of view: 3.5cm.

Bladed astrophyllite from Mount Rosa, St. Peter's Dome, Pikes Peak
(El Paso Co., Colorado; USS). Field of view: 7.8 cm.

Prismatic astrophyllite with aegirine, eudialyte, nepheline and
microcline from the Khibina massif, Kola Peninsula (Russia; RUS2).
Field of view: 8.3 cm.

Prismatic astrophyllite defining a trachytic texture in nepheline syenite
from the Khibina massif, Kola Peninsula (Russia; RUS3).

14

16

18

22



Field of view: 7cm.

CHAPTER 1L .
1 Back-scattered electron image of pyrochlore inclusions (white) in

Nb-bearing kupletskite (grey) from MSH. Scale bar: 100 um.

2 Back-scattered electron image of apatite inclusions (white) in
kupletskite (grey) from MSH. Scale bar: 10 pm.

CHAPTER VIL

1 Primary kupletskite (dark brown) and fibrous niobokupletskite
(light brown) with rhodochrosite and microcline in a syenitic pegmatite
from Mont Saint-Hilaire (MSH10AB). Field of view: 4.1 cm.

2 Primary kupletskite (dark brown) with a fibrous overgrowth of
Zr-bearing astrophyllite (orange-brown) in an altered syenitic pegmatite
from Mont Saint-Hilaire, Québec (MSH23AB). Field of view: 5.5 cm.

3 Primary kupletskite with a fibrous overgrowth of Zr-bearing astrophyllite
and secondary dogtooth spar calcite in an altered syenitic pegmatite from
Mont Saint-Hilaire, Québec (MSH26AB). Field of view: 4.2 cm.

4 Back-scattered electron images of compositional zoning in AGM from
syenitic pegmatites at Mont Saint-Hilaire (Québec, Canada). Trend A-A":
Increasing Mn and Nb with decreasing Fe** and Ti. Kpt: kupletskite,
Nbkpt: niobokupletskite.

5 Back-scattered electron images of compositional zoning in AGM from
syenitic pegmatites at Mont Saint-Hilaire (Québec, Canada).
Trend B-B": Decreased Mn and Nb with increasing Ca, Fe, Ti, Zr and F.
Kpt: kupletskite, Ast: astrophyllite.

6 Astrophyllite in the natrolite pegmatites at Mont Saint-Hilaire (Québec,
Canada). Associated minerals include microcline, natrolite and analicime
(MSH31). Field of view: 9 cm.

7 Astrophyllite in the natrolite pegmatites at Mont Saint-Hilaire (Québec,
Canada). Associated minerals include calcite, rhodochrosite, microcline,
natrolite and analcime (MSH32). Field of view: 5.8 cm.

8 Radiating astrophyllite in aplite with analcime and microcline (MSH33).
Field of view: 5.1 cm.

9 Astrophyllite (Ast) with annite, microcline and sodalite in sodalite

47

47

316
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319
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325
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328

330
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syenite from Mont Saint-Hilaire (Québec, Canada; MSH44).
Field of view: 3.7 cm.

Astrophyllite porphyroblasts in the metasomatic unit at Mont 337
Saint-Hilaire (Québec, Canada; MSH29). The fine grained groundmass
consists of albite, aegirine, sodalite and carbonate. Field of view: 10 cm.

Photomicrograph of astrophyllite porphyroblast in plane polarized (top) 338
and cross polarized light (bottom; MSH28) from the metasomatic unit.
Note the optical continuity throughout the grain. Field of view: 2 mm.

Photomicrograph of astrophyllite in plane polarized light (MSH41). 341
The fine grained groundmass consists predominantly of aegirine and
albite. Field of view: 2 mm.

Backscattered electron image of astrophyllite (MSH41, medium grey) 341
altering to aegirine (dark grey), sodalite, natrolite (black), pyrochlore
(white) and unidentified Na-Mn and Na-Zr silicates. Scale bar: 100 um.

Photomicrograph of astrophyllite porphyroblasts in plane polarized (top) 342
and cross polarized light (bottom; MSH49) from the metasomatic unit.

The fine grained groundmass consists predominantly of albite and aegirine.
Field of view: 2 mm.
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GENERAL INTRODUCTION

Astrophyllite group minerals (AGM) are triclinic and monoclinic, alkali titano-,
niobo- and zirconosilicates that occur in peralkaline intrusive rocks ranging in composition
from nepheline syenite to alkali granite, and their metamorphic equivalents. Astrophyllite,
sensu stricto, was first discovered in a nepheline syenite pegmatite on the island of Léven,
within the Larvik complex of the Oslo Rift Valley, southeast Norway, by Weibye (1844) and
described in detail by Brogger (1890). The crystal structure of astrophyllite was first
determined by Peng & Ma (1963), and later refined by Woodrow (1967). To date, eight
species of AGM have been described; the most recent of which from Mont Saint-Hilaire
(MSH) during the course of this study.

The purpose of this study is to describe the crystal chemistry of AGM from over- and
undersaturated alkaline intrusions, and to shed light on the paragenesis of these complex
sheet silicate minerals using a combination of electron microprobe analysis, single-crystal X-
ray diffraction and Mossbauer spectroscopy. The main objectives of this study are (1) to
establish a systematic crystal-chemical nomenclature for the astrophyllite group, (2) to
describe the chemical variations observed in members of the astrophyllite group, particularly
with respect to Na, Mn, Fe, Zn, Mg, Ti, Zr, Nb and F, between different parageneses and
localities; (3) to describe new and potentially new species and polytypes of AGM; (4) to
describe, in detail, the crystal chemistry of AGM with a focus on the effects of chemical
substitutions on the crystal structure; (5) to describe, for the first time, the M6ssbauer spectra "

of members of the astrophyllite group and correlate Mossbauer spectral parameters with



crystal chemistry; and (6) to use the above findings to provide information on the paragenesis
of this group of minerals.

Chapter I provides information regarding the samples used in this study, including
geological setting and species descriptions.

Chapter II presents information pertaining to the chemistry and nomenclature of the
astrophyllite group. A standardized general formula and cation-distribution scheme for the
group has been developed with the objective to redefine the group, and this has been
presented to the IMA Commission of New Minerals and Mineral Names for approval. The
chemical variations of astrophyllite group minerals from over- and undersaturated intrusions
are discussed and substitution schemes proposed. This chapter will be submitted for
publication in the European Journal of Mineralogy following submission of the the;is,

Chapter III discusses the crystal chemistry of the astrophyllite group in light of 21
single-crystal X-ray structure refinements and associated electron-microprobe analyses. The
details of each of the structural elements are discussed and the effects of isomorphous
substitutions on the various polyhedra presented. This chapter will be submitted for
publication in the European Journal zf Afineralogy following submission of the thesis.

Chapter IV presents data obtained by Mossbauer spectroscopy on members of the
astrophyllite group. The results of an oriented mosaic study are presented in order to discuss
the effects of preferred orientation of crystals on the Méssbauer spectra. Details regarding
the individual spectra are discussed, including Fe*'/Fe’" ratios and the relation between

quadrupole splitting distributions and crystal-chemical parameters.



Chapter V presents the first natural example of polytypism in the astrophyllite group,
kupletskite-14 and kupletskite-Ma2b2c. The crystal structures of both polytypes and their
relation to each other are discussed in detail. The thermodynamic stability of triclinic and
monoclinic astrophyllite group mineral polytypes is discussed. This chapter has been
accepted for publication in the European Journal of Mineralogy (Piilonen et al. 2001, April
4", 2001).

Chapter VI describes niobokupletskite, a new member of the astrophyllite group
discovered at Mont Saint-Hilaire (Québec, Canada) during the course of this study. The
physical and optical properties and crystal structure of niobokupletskite are presented. The
paragenesis of niobokupletskite is discussed and comments made on the mobilization of Nb
and Zr in hydrothermal or post-magmatic systems. This chapter was published in the
Canadian Mineralogist (Piilonen et al. 2000, 38, 627-639).

Chapter VII discusses the paragenesis of astrophyllite group minerals and comments
on the role of Ti, Zr and Nb in alkaline systems. Results obtained from specimens from the
Larvik complex (Norway) and Mont Saint-Hilaire (Québec, Canada) are used as a case study

for this discussion.



CHAPTER L

GEOLOGICAL SETTING AND SAMPLE DESCRIPTIONS

1.0. SAMPLE SELECTION

An attempt was made to analyse members of the astrophyllite group from a number
of well-documented over- and undersaturated intrusions in order to ensure the widest range
of chemical and paragenetic variations as possible. In order to attain this goal, samples were
obtained from various museum collections, in particular the Canadian Museum of Nature
(Ottawa, Canada), the Royal Ontario Museum (Toronto, Ontario), the Fersman Mineralogical
Museum (Moscow, Russia), and from a large number of generous mineral collectors. In
addition, analyses of from two previous studies were included in the chemical database:

Mount Gharib, Egypt (Abdel-Rahman 1992) and Greenland (Christiansen 1998).

2.0. MONT SAINT-HILAIRE, QUEBEC, CANADA

Mont Saint-Hilaire (MSH), located 40 km east of Montréal, Québec, is one of ten
early Cretaceous alkaline intrusions collectively referred to as the Monteregian Hills (Adams
1903). The peralkaline East Hill suite (EHS) is host to a variety of rock types or
microenvironments (Fig. 1) including pegmatites (PEG), altered pegmatites (APEG),
natrolite pegmatites (NPEG), sodalite syenites (SS), sodalite syenite xenoliths (SSX), aplites
(APLITES), and a metasomatic unit (META), all of which contain AGM. In all cases, AGM
account for < 1% to 10% of the modal mineralogy of the petrological units at MSH. To date,
five species of the astrophyllite group have been described: astrophyllite, kupletskite,

niobokupletskite, zircophyllite and a potentially new species, Fe-dominant zircophyllite
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(Horvith & Gault 1990, Piilonen ef al. 2000), making it the most prolific site for astrophyllite
group species from either over- or undersaturated intrusions. The physical characteristics of
AGM in each microenvironment are distinct and can be used to determine qualitatively the
specific species in any given sample. Mont Saint-Hilaire AGM also show the widest
chemical and physical diversity with respect compared to all other localities studied.

Detailed sample descriptions for MSH AGM can be found in Chapter VIL

3.0. THE LARVIK COMPLEX, OSLO RIFT VALLEY, NORWAY

During the late Carboniferous and early Permian, the southeastern region of Norway
was the site of intracontinental rifting, followed by extensive plutonic and volcanic activity.
The Oslo rift valley was active from approximately 305 to 240 Ma (Sundvoll et al. 1990,
Neumann et al. 1992, Sundvoll ef al. 1992), and extends approximately 400 km NNE from
the Sorgenfrei-Tornquist zone to Lake Mjosa (Fig. 2, inset). The rift is divided north-south
into two grabens: (1) the Oslo graben to the north is exposed on land with an exposure level
of one to three kilometers beneath the original surface, and (2) the Skagerrak graben, which
is submerged and buried under younger (Mesozoic) sediments. The Oslo Region itself refers
to a province of Paleozoic rocks (200 km long and 35-65 km wide) within the Oslo graben,
130 southwest of the capital city of Oslo. It is within this region that undersaturated AGM-
bearing plutonic rocks of the Oslo alkaline province are found (Bregger 1890).

Unlike most other rift valleys, which are the result of hotspot activity, the Oslo rift is
the product of recurrent extensional activity along pre-existing Precambrian lineaments,

driven by a weak thermal anomaly and/or decreased solidus temperatures due to increased
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fluid contents in the mantle (Neumann 1994). Large-scale fractional crystallization of the
parental basaltic magma at depth led to the intrusion of intermediate to felsic, over- to
undersaturated plutonic rocks that extend over 5205 km? in the Oslo graben alone (Ramberg
1976, Neumann 1994). The tectonomagmatic evolution of the rift will be discussed briefly
so ‘that the origin of these astrophyilite group mineral-bearing plutonic rocks can be better

understood.

3.1. Tectonomagmatic evolution of the Oslo Rift Valley

All geophysical and geochemical evidence compiled for the evolutionary model of
the Oslo rift has been gained from studies on the Oslo graben due to the inaccessibility of the
submerged Skagerrak graben. Rifting and volcanism in this area can be divided into five
main periods (Neumann et al. 1992):
Stage 1 - Development of a shallow depression and intrusion of intermediate to felsic sills
(>300 Ma).
Stage 2 - Initial rifting and basalt volcanism (300-295 Ma).
Stage 3 - Main rifting and volcanic stage (295-275 Ma).
Stage 4 - Central volcano and composite intrusion stage (275-240 Ma).
Stage 5 - Post-rift intrusion of dikes (<240 Ma).

The main magmatic stage (Stage 2) began with vertical movement and rifting along
NNW-SSE to N-S-trending faults shortly after 300 Ma, reflecting ENE-WSW crustal
extension, followed by extensive basaltic shield volcanism. Extrusion temperatures for the

basaltic lavas have been estimated to be between 1270 and 1340 °C (Neumann 1994).



Basalts (B;) range in composition from nephelinite, alkali basalts, olivine tholeiites, quartz
tholeiites to trachybasalts, and show a northward decrease in thickness and alkaiinity
(Ramberg & Larsen 1978, Neumann ef al. 1992, Neumann 1994). All basaltic rocks from
Stage 1 have low Mg#’s, and are enriched in lithophile elements relative to the primordial
mantle, with ratios of SO to 100 for elements such as Th, U, Ta and La. Isotopic ratios
(Rb/Sr, Sm/Nd and U-Th-Pb) indicate mixing between an undepleted mantle (eng = +1, €sr =
-10 to -15), a mildly depleted mantle (ena = +4, €5 = -10) and an enriched deep-crustal source
(Neumann et al. 1988, 1990, 1994). Mixing of magmas from these heterogeneous sources
occurred within deep-crustal magma chambers, at which point extensive fractionation and
moderate contamination occurred, resulting in the wide range of rock compositions observed
at the surface.

Stage 3, the main period of rifting, is characterized by a change from shield volcanism
to more siliceous, intermediate lavas with a latitic composition, accompanied by
development of extensive normal faults, fractures and dikes oriented NNW-SSE and N-§,
and the development of central volcanoes on the rift floor (Neumann e# al. 1992). Rb-Sr age
dating of the flows indicates younging tov;rard the north of the Oslo graben, with volcanism
lasting from 294 + 6 to 283 + 8 Ma in the south, and from 290 + 4 to 276 + 8 Ma in the north
(Sundvoll & Larsen 1990). These volcanic rocks have an areal extent of 1153 km? and make
up 60% of the Oslo graben. Referred to as ‘rhomb porphyries’ due to the presence of rhomb-
shaped alkali feldspar phenocrysts, these rocks grade from basalt at their base to trachyte and

rhyolitic ignimbrite toward the top of the sequence. The trachyandesite flows are enriched,
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relative to primordial mantle, in incompatible elements and show similar isotopic signatures
as those of the stage 2 (B) basalts (Neumann et al. 1992).

Locally, sequences of basaltic lavas and trachyandesites are bounded by syenitic ring-
dikes and faults, indicating that the end of the extrusive period included devdopment of
central volcanoes which, in tumn, developed into calderas, marking the beginning of stage 4
(275 - 240 Ma). Following caldera collapse, large circular, post-extensional batholiths
ranging in composition from intermediate to felsic (monzonites, monzosyenites and
granodiorites) were intruded into the lower lava pile (Neumann et al. 1992). Gravity
modelling has shown that these batholiths, which cover 5100 km? of the rift floor, reach
depths of 3 to 12 km (Ramberg 1976). A number of small, gabbroic and granitic intrusions
were emplaced at the same time (266 + 6 Ma, Neumann et al. 1985). Following
emplacement of the batholiths, late-stage intrusion of dikes, ranging in composition from

basalt to syenite, continued into the Triassic period (Dons 1977).

3.2. The Larvik complex

The Larvik ring complex is located at the southem-most point of the Oslo rift in the
Langesundsfjord area. It was formed during stage 4 and is the largest differentiated
monzosyenitic body in the Oslo region (Neumann 1980). The complex is represented by a
series of weakly over- to undersaturated intrusions, composed of both “larvikite” or
monzosyenite (277 + 3 Ma) and “lardalite” or syenite (269 + 5 Ma, Neumann 1980)
respectively, which are crosscut by quartz syenite pegmatites in the east and nepheline

syenite pegmatites in the west (Brogger 1890). The complex can be divided into 10 ring
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sections (RS, Fig. 2). Ring sections 1 and 2 coﬂsist of quartz-bearing monzonite and
monzosyenite (not shown on map). Moving westward in the complex (RS 3 to 8) the rocks
become slightly undersaturated until RS 9 and 10 where undersaturated, nepheline-bearing
monzosyenites and nepheline syenites are the -dominant rock type (Neumann 1980). To
account for the uniform degree of silica saturation in the intermediate rocks and the strongly
divergent trends observed in the more evolved felsic rocks, Barth (1945) proposed two
evolutionary trends for the rocks of the intrusion, one towards oversaturation (monzosyenite-
quartz syenite-alkali granite), and one towards undersaturation (monzosyenite-syenite-
nepheline syenite). The ring complex is the result of the second differentiation trend, but
later alkali granite, the result of the oversaturated trend, will also be discussed. The various
rock types in the complex have been described by Brogger (1890), Neumann (1976) and
Peterson (1978). The mafic mineralogy of the dikes has been studied by Neumann (1976)
and Larsen & Raade (1997), and felsic minerals by Neumann (1980).

Astrophyllite group minerals have been found in RS4, 6 and 10 (Fig. 2). In RS 4,
astrophyllite is rare and occurs as very coarse-grained, dark brown, platy, anhedral crystals
associated with quartz and aegirine in a quartz-bearing syenite pegmatite within
monzosyenite. In RS6, astrophyllite is a common species within the nepheline syenite
pegmatites which are hosted by monzosyenite. The type locality for astrophyilite, the island
of Liven, is also located within RS6 and was described extensively by Bregger (1890).
These pegmatites are often large, attaining dimensions of 10 to 20 m in thickness and 120 m
in length (Bregger 1890, A.O. Larsen pers. comm.), and occur as irregular veins or pods

composed mostly of microcline, aegirine, nepheline, ferroedenite, magnetite, biotite, zircon,
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and a wide range of exotic minerals that are typical of peralkaline intrusions enriched in Ti,
Zr, Nb, REE, and Be (see Raade et al. 1980 for a complete list). Astrophyllite occurs as
postmagmatic, coarse-grained (up to 3 x 3 cm), anhedral, platy to slightly tabular, dark brown
to red crystals embedded in matrix (Plate 1 & 2). Crystals do not display any compositional
zonation.

Syenite and nepheline syenite are the dominant rock types within RS10, the youngest
and most undersaturated portion of the complex. Late-stage kupletskite occurs embedded in
matrix and within vugs or fractures in nepheline syenite pegmatite. The kupletskite occurs as
medium grained (average: 0.5 x 0.5 cm), anhedral, tabular to platy, brown to reddish brown
crystals with a bronze luster (Plate 3). It is associated with microcline, aegirine, catapleiite,
natrolite, anaicime and albite. This is the first documented occurrence of kupletskite within
the Larvik complex.

In addition to the pegmatites of the Larvik complex, two samples were obtained from
a small alkali granite body located in the Luksefjell district, 30 to 40 north of the
Langesundsfjord district (A.O. Larsen, pers. comm.). Radiometric dating of the intrusions in
this northern portion of the complex indicate that they are 11 Ma younger than the host
monzosyenite (A.O. Larsen & S. Dahigren pers. commun.). The species of AGM described
from these alkali granites is astrophyllite. It occurs as coarse-grained (ave. 0.5 x 0.75 cm),
reddish-brown to orange-brown plates rimmed by quartz and embedded in a matrix of quartz,
perthitic feldspar and sodic amphibole. The crystals seem to have undergone extensive

oxidation and are covered by a thin unidentified black-brown coating.



Plate 1. Bladed, dark brown astrophyllite from Barkevikskjar, Larvik complex,
Langesundsfjord area (Oslo rift valley, Norway; NORS). Associated minerals
include aegirine, biotite and microcline. Field of view: 8.1 cm.

Plate 2. Platy, brown astrophyllite with microcline from Barkevikskjer, Larvik complex,
Langesundsfjord area (Oslo rift valley, Norway; NOR9).
Field of view: 6.5 cm.
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Plate 3. Orange-brown kupletskite from RS10, Lysebo, Larvik complex,
Langesundsfjord area (Oslo rift valley, Norway; NOR13).
Associated minerals include aegirine, albite, catapleiite, microcline and natrolite.
Field of view: 4.7 cm.
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4.0. GJERDINGEN, NORWAY

A number of Permian alkali granite bodies occur in the Oslo region, younger than the
Larvik complex. The Gjerdingen alkali granite, often referred to as “ekerite”, is a 8 km®
pluton ESE of Lake Gjerdingen in the Nordmarka district, 30 km north of Oslo (10°42°,
60°IO’N). The exposure is actually composed of a number of boulders scattered along a
forest trail (Raade & Haug 1982). The granite is unique as it is strongly enriched in Na, F,
Mn, Ti and Zr, and is host to numerous exotic minerals (see Raade & Haug 1982 for a full
list) which occur in small pegmatite lenses and miarolitic cavities. The granite is fine- to
medium-grained and contains albite, microcline, aegirine and arfvedsonite. Kupletskite
occurs within these miarolitic cavities as medium grained (average: 0.1 x 0.3 cm), light

brown to reddish brown, subhedral, platy to tabular crystals (Plate 4).

5.0. MOUNT RoSA, PIKES PEAK, ST. PETER’S DOME, COLORADO, USA

The 1000 Ma quartz-bearing pegmatites in the Mount Rosa alkali granite (St. Peter’s
Dome, Pikes Peak, Colorado) have been studied extensively by Gross & Heinrich (1966).
Two suites of pegmatite dikes intruded into the Pikes peak granite/fayalite granite have been
described from the district; an older subalkaline Pikes Peak type, and a younger, alkaline
Mount Rosa type. The Mount Rosa type pegmatites occur as tabular, irregular bodies
consisting of quartz, microcline and riebeckite with accessory zircon, fluorite, thorite,
pyrochlore, rutile, columbite, bertrandite and a large suite of aluminofluoride minerals.
Astrophyllite, described as early as 1877, is a common secondary mineral in the exterior

pegmatites. It occurs in the border zones as a late-stage replacement mineral after riebeckite,
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Plate 4. Kupletskite (light brown) from the Gjerdingen alkali granite, Nordmarka,
Oppland province (Norway; NOR3). Associated minerals include
elpidite, nenadkevichite, narsarsukite, brookite, anatase, gearksutite
ralstonite, aegirine, quartz and microcline.

Field of view: 3.5 cm.
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and as late fracture-fillings in the Mount Rosa granite (Gross & Heinrich 1966). The
astrophyllite is commonly very coarse grained (grains up to 2.5 x 10 x 25 cm have been
discovered, ave: 3 x 2 x 2 cm), platy to slightly tabular, and dark red-brown (Plate S).
Samples are commonly strongly altered to chlorite, sericite and hematite and contain

inclusions of quartz, albite, riebeckite and ilmenorutile.

6.0. THE KHIBINA-LOVOZERO COMPLEX, KOLA ALKALINE PROVINCE, RUSSIA

The Kola and Karelia alkaline province is located in nprthwestem Russia, north of the
White Sea. Igneous rocks of the alkaline province are intruded into Archean granitic
gneisses and Proterozoic vmetavolcanic and metasedimentary rocks of the Baltic Shield
(Gerasimovsky et al. 1974). The Khibina and Lovozero massifs, located in the centre of the
peninsula, are two of approximately 37 alkaline igneous and carbonatitic bodies in the
province which range in age from the middle Proterozoic alkaline gabbros of Yelet’ozero and
Gremjakha-Virmes to Hercynian, peralkaline nepheline syenites of Khibina (400 to 365 Ma,
Kogarko ef al. 1995) and Lovozero (418 to 361 Ma, Kogarko et al. 1995), the middle
Paleozoic stages of which are related to the formation of the central Kola paleorift (Kogarko
et al. 1995).

The Khibina-Lovozero complex (2000 km?) is the largest alkaline complex in the
world (Gerasimovsky ez al. 1974). It comprises two layered, conical peralkaline massifs that
extend to depths of greater than 8 to 10 km (Khomyakov 1995). The intrusions were
emplaced into fractures in the folded Archean and Proterozoic basement, a long-lived

tectonic zone with a NE strike which can be traced into Sweden and Norway (Gerasimovsky



Plate 5. Bladed astrophyllite from Mount Rosa, St. Peter's Dome, Pikes Peak
(El Paso Co., Colorado; USS).
Field of view: 7.8 cm.

18
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. et al. 1974). Both intrusions have been mined extensively in the past, Khibina for apatite and

nepheline, and Lovozero for apatite, eudialyte group minerals and loparite (Kogarko ef al.

1995).

6.1. The Khibina massif

The Khibina massif (Fig. 3) covers 1327 km” and comprises eight main intrusive
phases, decreasing in age from the periphery to the center, in which astrophyllite can be
found in nepheline syenite and associated pegmatites of phases 4, 6 and 7 (Kogarko ef al.
1995). There is no significant geochemical variation within the intrusion, and the overall
composition is close to that of an average nepheline syenite.

Phase 4 consists of massive, homogeneous nepheline syenite which forms a complex,
ring-like intrusive body, characterized by poikilitic textures and graphic and micropegmatitic
intergrowths of alkali feldspar and nepheline thought to be of a metasomatic origin
(Galakhov 1959, Tikhonenkov 1963). Additional minerals in phase 4 include aegirine,
arfvedsonite, biotite, eudialyte group minerals, titanite, lamprophyllite and apatite (Kogarko
et al. 1995). Phases 6 and 7 comprise both massive (phase 6) and trachytic (phase 7)
nepheline syenites containing microcline, nepheline, aegirine, arfvedsonite, biotite and
titanite. Albite-aegirine fenites and hornfels are well-developed along the outer edges of the
complex, further evidence of metasomatic activity.

Astrophyllite and magnesium astrophyilite have been studied from the Khibina
massif Astrophyllite from phases 4 and 6 (specimens RUS1, 2, 4, 6, 7, & 8), in modal

proportions ranging from 10 to 30%, is coarse-grained (average: 1.0 x 0.5 x 0.2 cm),
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Figure 3. The Khibina massif, Kola alkaline province, Kola Peninsula, Russia
(after Zak et al. 1972)
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strongly tabular to platy, dark red-brown to orange-brown, anhedral to subhedral crystals
which often occur in radiating aggregates. An intimate relation is observed between
astrophyllite and aegirine, as they are often intergrown and seem to have crystallized
simultaneously (Plates 6). Astrophyllite from phase 7 (RUS3) occurs as coarse-grained
(average: 0.7 x 0.075 cm) tabular to lath-like, bright orange-red, subhedral crystals. The
astrophyllite crystals, which account for 25 to 30% of the rock, are aligned parallel or
subparallel to their a axis, defining the strong trachytic texture that is characteristic of Phase
7 nepheline syenites (Plate 7). The matrix consists of unaltered, granular microcline,
prismatic aegirine, arfvedsonite and subhedral to euhedral nepheline. = Magnesium
astrophyllite from Mount Koashua occurs with villiaumite and pectolite as yellowish-green,

fine-grained, extremely fibrous, matted intergrowths.

6.2. Lovozero massif

The Lovozero massif (Fig. 4), located southwest of Khibina, is a complex laccolith
formed during four intrusive stages, extending to 7 km at depth with an area of 650 km” at
surface (Kogarko ef al. 1995). The lower part of the intrusion (phase I) consists of a
concentrically zoned stock of nepheline and nosean syenites. The upper portion of the
intrusion, exposed by erosion, is a rhythmically layered, differentiated sequence of urtites,
foyaites and lujavrites (Phase I & III, Gerasimovsky et al. 1974). Coarse grained and
pegmatitic nepheline syenites are often found along the outer contact of the intrusion and

crosscut the earlier intrusive phases (Gerasimovsky et al. 1974, Kogarko ez al. 1995).



Plate 6. Prismatic astrophyllite with aegirine, eudialyte, nepheline and microcline
from the Khibina massif, Kola Peninsula (Russia; RUS2).
Field of view: 8.3 cm.

Plate 7. Prismatic astrophyllite defining a trachytic texture in
nepheline syenite from the Khibina massif, Kola Peninsula (Russia; RUS3).
Field of view: 7 cm.
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Figure 4. The Lovozero massif, Kola alkaline province, Kola Peninsula, Russia
(after Gerasimovsky et al. 1966)
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Kupletskite, a rare mineral in the Lovozero massif, was initially described by
Semenov (1956) in late-stage, phase IV nepheline syenite pegmatites from the Kuivchorr
(RUS12, holotype material) and Lepkhe-Nelm (RUS9) mountains of the massif. It occurs as
coarse grained (average: 0.2 x 0.3 x 0.1 cm), anhedral to subhedral, dark brown, platy to
acicular crystals associated with aegirine, natrolite, eudialyte group minerals, microcline,

manganoan pectolite and neptunite.

7.0. OTHER LOCALITIES

Chemical analyses were done on AGM from two Labrador (Canada) localities: Seal
Lake, the type locality for niobophyilite (LAB1), and Letitia Lake (LAB2). Only grain
separates were obtained for both samples and detailed information concerning associated
minerals or paragenesis is not available.

Analyses of two AGM samples from the Zomba-Malosa complex, Chilwa alkaline
province (Malawi, Africa; Wooley & Platt 1988) were done. Sample AFRI1 is a kupletskite
from a granitic pegmatite where it occurs as coarse-grained, strongly altered and oxidized,
slightly foliated grains in a pegmatite vein. It is associated with quartz, microcline and
ilmenorutile. Sample AFR3 is from a nepheline syenite at Junguni Hill. It occurs as fine-
grained (0.75 x 1.0 mm), acicular to lath-like, orange-brown crystals in a matrix of aegirine,
sodalite, perthitic feldspar, biotite and nepheline.

Electron-microprobe data for 13 AGM from Greenland were generously provided by
Mr. C.C. Christiansen (University of Copenhagen, Denmark) and have been included in the

data set for the present study. Méssbauer spectroscopy was done on four of these samples



using material provided by Mr. Christiansen. Similarly, EMPA data for a suite of 18 AGM
from the granitic Mount Gharib complex (Egypt, Africa) were taken from a study by Abdel-

Rahman (1992) and used in this study.
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OVERVIEW

This chapter provides information concerning the nomenclature and chemical
variations within AGM from both over- and undersaturated intrusions. The first part of the
chapter describes the new proposed nomenclature for AGM and defines the group on a
crystal-chemical basis. This section has been submitted to the IMA Commission on New
Minerals and New Mineral Names in order to officially redefine the astrophyllite group. The
second part of this chapter provides information concerning chemical variations observed in

the sample suite studied. This chapter will be submitted for publication in the European

Journal of Mineralogy following submission of the thesis.
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ABSTRACT

The chemical variations of 135 samples of astrophyllite group minerals (AGM) from
15 localities have been measured by EMPA, ICP-AES, FTIR, TGA, thermal decomposition,
NRA and Mdssbauer spectroscopy. Data for 31 representative samples are presented. A
standardized general formula for AGM has been developed and is of the form
A3BC:D;Ts02(OH)uXo.1, where [°H1%4 =K, Rb, Cs, H30", H;0, or O0; ''B = Na or Ca; IC
= Mn, Fe**, Fe**, Na, Mg, or Zn; D =ITi, Nb, or Zr; IT=Si or AL X=¢=F, OH, O, or O.
Calculation of formulae for all AGM (except magnesium astrophyllite) should be based on
31 anions. If Nb,Os > 5.00 wt.%, formulae should be calculated on the basis of 26 O + 4
(OH) + (F,0). IfNb,Os < 5.00 wt.%, formulae should be calculated on the basis of 26 O + 5
(OH,F). Calculation of the formula for magnesium astrophyllite should be based on a total of
30 anions, with 26 O + 4 (OH,F). On this basis, the eight species of AGM have been
redefined and new empirical formulae presented. Zircophyllite has been redefined as the
Mn-Zr end-member in a solid solution series with Fe-zircophyllite, a potentiaily new species.
Results from Mossbauer spectroscopy indicate Fe*'/Fe.x ratios in AGM to range from 0.01 to
0.21, corresponding to 0.05 to 0.56 apfu Fe**, confirming that Fe** is the dominant valence
state for iron in the AGM structure. Both Fe** and Fe®* are restricted to the O-sheet. Results
indicate AGM from over- and undersaturated alkaline intrusions to be distinctly different in
chemical composition. In oversaturated rocks the dominant member of the group is
astrophyllite, sensu stricto. It occurs as a late-stage postmagmatic phase, enriched in Rb,
Fe*", Ti, Si and F. Only samples from Gjerdingen (Norway) and Point of Rocks (New

Mexico, USA) show enrichment in the kupletskite component. In contrast, undersaturated
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intrusions, in particular MSH, show the greatest species diversity and range in chemical
composition. Kupletskite subgroup samples are enriched in Na, Mn, Fe**, Zn, Zr and Nb,
whereas astrophyllite subgroup samples are enriched in K, Ca, Fe**, Ti, Zr and Al
Enrichment of kupletskite subgroup samples in Fe'*, Mn and Nb suggests crystallization
under more oxidizing conditions than those of the astrophyllite subgroup. Incorporation of
Nb into the astrophyllite group structure and the formation of Nb-bearing kupletskite and
niobokupletskite are the result of the oxidizing substitution M(1)** + M(2,3)*" + (Zr,Ti) + F
o MNp +M2OEH + Nb + 0. Additional substitutions include K <> (Cs,Rb), Si+Na <
Al+Ca, Ti © Nb, Ti  Zr, Mn < Fe*", (Mg,Zn) < (Mn,Fe’) and (Mn,Fe) < Na.
Astrophyllite group minerals from Mont Saint-Hilaire have the widest crystal-chemical

diversity with five documented species (Ast, Kpt, Nbkpt, Zrt, and Fe-Zrt).



1.0. INTRODUCTION

Astrophyllite, sensu stricto, is a Fe-dominant alkali titanosilicate first discovered in a
nepheline syenite pegmatite on the island of Laven, in the Larvik complex of the Oslo Rift
Valley, southeast Norway, by Weibye in 1844 and later described in detail by Brogger
(1890). There are now eight species of astrophyllite group minerals (AGM), the most recent
of which, niobokupletskite, recently described from Mont Saint-Hilaire (MSH; Piilonen et al.
2000). Astrophyllite group minerals have been described from many alkaline intrusions,
most commonly as accessory or rock-forming minerals in quartz or nepheline syenites,
alkaline granites, and their associated pegxnaﬁt&s, but also from metamorphic rocks such as
nepheline syenite gneiss and riebeckite gneiss. Members of the astrophyllite group have
been documented at the following localities: Mont Saint-Hilaire, Mont Royal and the Saint
Amable sill (Québec, Canada; e.g. Martin 1975, Mandarino & Anderson 1989, Horvith &
Gaultr 1990, Wight & Chao 1986), the McGerrigle plutonic complex (Gaspé, Québec;
Wallace ef al. 1990), Burpala, Dara I Pioz, the Azov region, and the Khibina and Lovozero
massifs of the Kola Peninsula (Russia; Semenov 1956, Valter et al. 1965, Portnov &
Rastsvetayeva 1966, Ganzeyev et al. 1969, Shi ef al. 1998), Illimaussaq, Kangerdlugssuaq,
Narssarssuk and the Wemer ABjerge complex (Greenland; Brooks ef al. 1982, Layne et al.
1982, Christiansen et al. 1998, Christiansen 1999), Zomba-Malosa (Malawi, Africa; Wooley
& Platt 1988), Mount Rosa, Pikes Peak (Colorado, USA; Gross & Heinrich 1966), Hurricane
Mountain (New Hampshire, USA; Dr. C. Francis, pers. commun.), Strange Lake, Seal Lake
and Letitia Lake (Labrador, Canada; Nickel ef al. 1964, Birkett et al. 1996), Mount Gharib

(Egypt; Abdel-Rahman 1992), Northwest Spain (Floor 1961), the Gjerdingen intrusion



30

(Norway; Raade & Haug 1982), and Finland (Eskola & Sahlstein 1930).

Following Brogger’s original description in 1890, there have been relatively few
detailed crystal-chemical studies of the astrophyllite group. The crystal structure of
magnesium astrophyllite was first determined by Peng & Ma (1963) and the structure of
triclinic astrophyllite (sensu stricto) was later determined by Woodrow (1967) who described
it as a layered titanosilicate with strong affinities to biotite. Until recently, most analyses of
AGM present in the literature were done as part of larger studies on the petrogenesis of the
alkaline complexes in which they occur.

Ganzeyev et al. (1969) were among the first researchers to specifically investigate the
isomorphous substitution of alkali cations such as Rb, Cs and Li for K in the interlayer.
Similarly, Chelishchev (1972) did the only known experimental work on AGM, examining
the ion exchange properties K with Na, Rb and Cs under supercritical conditions (400 to 600
°C). Results from this @dy indicate increasing K < Na substitution with increasing
temperature, with high temperatures (600 °C) favoring exchange of Rb and Cs for K.

MacDonald & Saunders (1973) produced the first extensive compilation of chemical
analyses of AGM from a variety of intrusions and attempted to correlate chemical
composition with paragenesis. Results from this study indicated AGM from undersaturated
rocks to be characterized by higher Al, Ca, Mg, Mn, OH, F, K, Na and Zr compared to AGM
from oversaturated rocks. No attempt was made to distinguish between Mn-dominant
species and Fe-dominaﬁt species which display strongly contrasting chemical characteristics
within a single petrogenetic environment.

Layne ef al. (1982) did electron-microprobe analyses on astrophyllite from over- and
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undersaturated pegmatite dikes at Bagnasset and Kramers Island, Kangerdlugssuaq (East
Greenland) and were the first to document a correlation between astrophyilite composition,
habit and paragenesis. Tabular crystals of astrophyllite from the oversaturated dike were
found to be enriched in Si, Ti, Fe, K and Na relative to prismatic, acicular astrophyllite
crystals from the undersaturated dike.

Abdel-Rahman (1992) studied astrophyllite from peralkaline granites and associated
metasomatized wallrocks of the Mount Gharib intrusion (Egypt, Africa) and concluded that
astrophyllite is the product of a metasomatic reaction, forming at the expense of arfvedsonite.

Christiansen (1998) studied the chemical variations in a suite of AGM from various
localities in Greenland and did a single crystal X-ray structure refinement on kupletskite
from Kangerdlugssuaq (Christiansen et al. 1998).

Regardless of the number of analyses done by various authors, considerable debate
still exists regarding the anionic scheme, calculation of the general formula, and AGM
chemical variation trends between over- and undersaturated alkaline intrusions. This paper
presents the results of an extensive study on the chemical variations observed in AGM from a
large number of over- and undersaturated alkaline intrusions (Table 1), the geological setting
and sample descriptions for which can be found in Chapter I. The main objectives of this
study were to (1) establish a systematic crystal-chemical nomenclature for the astrophyllite
group, and (2) describe the chemical variations observed in AGM, particularly with respect
to Na, Mn, Fe, Zn, Mg, Ti, Zr, Nb and F, between different parageneses and localities. This
is the first in a series of papers dealing with the crystal chemistry and paragenesis of AGM;

details regarding crystal structure variations, Mossbauer spectroscopy, and paragenesis can



TABLE 1. LOCALITY INFORMATION FOR ASTROPHYLLITE GROUP MINERAL
SAMPLES IN THIS STUDY

Sample code Sample (Collection) # Locality and rock type
AFR Zomba-Malosa, Malawi, Africa
AFRI1 (OVP) jtii i

- granitic pegmatite
EGY Mount Gharib, Egypt, Africa (analyses from
Abdel-Raman, 1992)
R1200 - peralkaline grani
R3090 metasomanzedwalltock, peralkaline granite
GJER Gjerdingen intrusion, Norway
NOR3 (RW-3) - alkali granite
GREEN Various locations, Greenland (analyses taken from
Christiansen, 1999)
CC4 - granitic pegmatite, Astrophyllite Island,
Kangerdlugssuaq
CC7AB - nepheline syenite pegmatite, Bagnasset,
Kangerdlugssuaq
KHIB Khibina massif, Kola Peninsula, Russia
RUS1 - nepheline syenite pegmatite
RUS3 (CMNMI-44135) - trachytic nepheline syenite
RUS6 (CMNMI-53309) - nepheline syenite pegmatite

LAB Letitia Lake, Mann #1, Labrador, Canada
LAB2 (GSC-62047) - peralkaline nepheline gneiss
LANG Langesundsfjord area, Oslo Rift Valley, Norway
NORI (RW-1) - nepheline syenite pegmatite (Vesle Aroya)
NORI10 (AOL-3) - nepheline syenite pegmatite (Saga I Quarry, Morje)
NORI14 (AOL-7) - nepheline syenite pegmatite (Bratthagen,
Lagendalen)
LOV Lovozero massif, Kola Peninsula, Russia
RUS9 (HC-1048) - nepheline syenite pegmatite (Lephke-Nelm)
LUKS Luksefjell, Norway
NOR21 (AOL-11) - alkali granite pegmatite
MSH Mont Saint-Hilaire, Québec, Canada
MSH2 (NMNS-4) - nepheline syenite pegnnﬁte
MSH3 (NMNS-5) - nepheline syenite pegmatite
MSH7 (NMNS-11) - nepheline syenite pegmatite

MSHI10AB (NMNS-14) - nepheline syenite pegmatite
MSHI8AB (NMNS-25) - altered nepheline syenite pegmatite
MSHI19AB (NMNS-26) - altered nepheline syenite pegmatite
MSH20 (NMNS-27) - nepheline syenite pegmatite

MSH29 (CMNMC) - metasomatic unit
MSH3 l_(CMNMC-FSSZ) - natrolite pegmatite
MSH42 - nepheline syenite pegmatite
MSH44 - sodalite syenite
MSH45 - sodalite syenite xenolith
POR Point of Rocks, New Mexico, USA
US9 (HDL) - nepheline syenite
PP Mount Rosa, Pikes Peak, Colorado, USA

US1 (CMNMI-44288) - granitic pegmatite
CMNMC/CMNMI/NMNS = Canadian Museum of Nature collection, GSC = Geological Survey
of Canada collection, OVP = O.V. Peterson collection, RW = R. Werner collection, CC=C. C.
Christiansen collection, AOL = A.O. Larsen collection, HC = L. Horvéth collection, HDL = H.
DelLinde collection
° Holotype niobokupletskite
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be found in Chapters I IIT and VII, respectively.

2.0. ANALYTICAL METHODS
2.1. Electron microprobe analysis

A total of 659 electron microprobe analyses (EMPA) were done on a JEOL 733
electron microprobe, operating in wavelength-dispersive mode, using Tracor Northern 5500
and 5600 automation software. The operating conditions were as follows: beam diameter of
20 um, operating voltage 15 kV and a beam current of 20 nA. Data reduction was performed
using a PAP routine in XMAQNT (pers. commun., C. Davidson, CSIRO). A total of 24
elements were sought and the following standards were employed: Na-amphibole (NaKa
and SiKa), sanidine (KKa and AlKa), diopside (CaKe and MgKa), tephroite (MnKa),
almandine (FeKa), rutile (TiKa), synthetic MnNb,Os (NbLa), vlasovite (ZrLla), zincite
(ZnLa), phiogopite (FKa), pollucite (CsLa), celestite (SrLa), sanbornite (BaLa), Rb-
microcline (RbLa), synthetic NiTa;0s (TaMa), and hafnon (HfMa). Count times for all
elements were 25 seconds or 0.5% precision, whichever was obtained first, except for Cs and
Rb (100 s), and Hf (50 s). Overlap corrections for Si(Ka)-Sr(La), Zr(Lp)-Nb(La) and
Mn(KB)-Nb(La) were performed. Also analyzed for but not detected were Cl, La, Ce, Yb, P,
Th, Pb, Ni, V, U, W, Sc, S and Mo.

Many of the AGM crystals, in particular those from MSH, show extensive chemical
zoning when viewed in back-scattered electron images (BSEI). An attempt was made to
analyze the composition of all the zones at a scale of > 20 um. It was not possible to analyse

smaller zones due to constraints on the beam diameter; analyses performed with beam



diameters < 20um resulted in extensive volatilization of the sample.

2.1.1. The effects of electron-beam diameter during EMP analyses

During the course of the study it was noted that EMPA of AGM typically produced
low analytical totals (= 96 to 98 wt.%) with a standard defocused 20 um diameter beam. It
was suspected that decomposition of the sample and migration of light elements such as Na
and Si could be responsible for these low totals. Migration and volatilization (i.e. burn-up) of
alkali elements and Si under the electron beam, the result of beam-induced heating and
charging effects, have been noted by many authors in minerals, their synthetic analogues and
glasses, particularly in K and/or Na-bearing silicates (Nielsen & Sigurdsson 1981, Autefage
& Fontan 1935, Roberts et al. 1990, Spray & Rae 1995, Cooper et al. 1998, McDonald pers.
comm.). A study was done to further investigate electron beam effects on the composition of
AGM, the results of which are presented below.

Decomposition of AGM with respect to time at a fixed beam diameter was first
investigated. Two separate samples were chosen for analysis on the basis of chemical
homogeneity and lack of inclusions: NORS3, a kupletskite from the Gjerdingen intrusion,
Norway, and RUSI, an astrophyllite from the Khibina massif, Kola Peninsula, Russia. The
three elements most likely to undergo volatilization or migration, Si, Na, and K, were
analyzed at three second intervals for a total of 105 s. Results of this study are presented in
Figure 1. It can be concluded that volatilization of these elements during the specified time-
period and operating conditions is insignificant at the 3¢ level and can therefore be ruled out

as a potential cause of low analytical totals. Previous work on AGM (T.S. Ercit pers.
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comnmm.) using both a point-focused and a 20 pm defocused beam over a period of 360 s
indicates decomposition of Si, Na and K with only the point-focused beam.

In cases where volatilization is a factor, defocusing the electron beam can help retard
the amount of decay. Increasing the diameter of the electron beam results in an increased
interaction volume, thus decreasing the actual beam flux (proportional to the beam-current
ratio:beam-diameter ratio). To ensure that all chemical variations observed were responses
to changes in analytical conditions, a single sample, NORS (astrophyilite, Barkevik,
Langesundsfjord area, Norway), was chosen for analysis, on the basis of (1) the
compositional homogeneity of the crystals, (2) lack of inclusions, and (3) large grain size,
the latter allowing for multiple analyses at varying beam diameters on a single crystal. Data
were obtained under identical analytical conditions through a range of beam diameters from
S to 50 um using S um increments. Corrections (PAP) were not done on the results as this
would lead to analytical error by compensating for the apparent increase or decrease of the
unmobilized elements and yielding incorrect values (Spray & Rae 1995). Five points were
analyzed at each beam diameter on crystals mounted both perpendicular and parallel to the
(001) cleavage. Averaged counts are shown as a function of beam area in Figures 2 through
4.

Results indicate that Si is most strongly affected by the change in beam diameter. For
analyses both perpendicular and parallel to the (001) cleavage, Si counts decrease as beam
area increases: 3.4 % perpendicular to cleavage and 4.6 % parallel to cleavage (Figs. 2A &
B). Neither Na nor K show significant variation, remaining statistically constant (+30)

throughout the range of beam diameters (Figs. 3 & 4). The most probable explanation for
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these results is alkali volatilization. As both Na and K occur in concentrations a magnitude
lower than Si in AGM analvses; a 4 % fluctuation in counts may not be detectable due to the
relatively larger standard deviations (1o = 2 %) of the alkalis. However, a decrease in the
number counts for K and Na will artificially increase the apparent counts for the other
elements; as Si is the dominant element in AGM analyses, it will be most strongly affected.
A 4 % reduction in counts for both K and Na accounts for a reduction of approximately 0.08
and 0.04 apfu for these elements, respectively. Volatilization of these elements is noted, but
correction factors have not been applied to the data, as factors other than alkali volatilization
may also be playing a role in the production of low analytical totals.

Although analytical totals for the majority of our AGM are < 100 % (= 95 to 98 %),
the resultant cation sums are excellent (= 19.85 to 20.00 apfiz). The fact that these sums are
close to ideal suggests that the low totals are not entirely the result of errors in the
experimentally determined Na,O+K20 contents, or that instrument calibration was
inadequate, but that the counts for all the elements analyzed are depressed. The cause of the
low totals is therefore likely due to a combination of factors which may or may not include:
(1) standard selection, (2) differing conditions of carbon coating of samples and standards,
(3) micron-sized scratching of the grains, (4) plucking of crystals out of the epoxy mount, (5)
sample charging, or (6) the presence of undetected structural water or adsorbed water, either
on the surface or in the interior of the crystals. The last factor is thought to be the largest
contributor to the observed low oxide totals; interpretation of Fourier-transform infrared
(FTIR) spectra and thermal gravitational analysis (TGA) has confirmed the presence of
adsorbed water in all AGM (~ 0.2 wt. %). Analysis of such grains by EMPA will result in
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analytical totals less than ideal, but as the adsorbed water is not structural, empirical formula

calculations will still yield excellent cation sums.

2.2. ICP-AES analyses for Li

A suite of 15 samples from MSH were analysed for Li using ICP-AES (inductively-
coupled plasma atomic emission spectroscopy). Samples were ground in a mortar and pestle,
weighed (range: 6.1 to 81.0 mg depending on availability of material), and rinsed with
deionized water. Digestions were done as follows: 5 mL of hydrofluoric acid was added to
each sample and allowed to digest for one hour at room temperature (RT). Nitric acid (2 mL)
and perchloric acid (1 mL) were then added to the solution and allowed to further digest for
24 hours (RT). An additional 5 mL of hydrofluoric acid, 2 mL nitric acid, and 1 mL
perchloric acid were added to the solution and left to further digest the residual for one hour
on a hot plate until all the liquid had evaporated. The final residum was mixed with 3 mL
hydrocixloric acid in a volumetric flask and filled to 25 mL with deionized water to be
analysed by ICP-AES. Three standards were used during the analysis procedure: SY-3
(syenite rock, 92 ppm Li), MRG-1 (Mount Royal gabbro, 4.2 ppm Li) and Mica-Fe (1200

ppm Li). Lithium contents in the AGM studied range from 42.7 to 453.3 ppm.

2.3. Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy was done on selected samples in
order to evaluate the presence of OH™ and to ascertain whether species such as H;O or COs*

are present. Samples were handpicked under the binocular microscope and then ground
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under acetone in a mortar and pestle to a coarse powder (~ 20 um). All analyses were
performed on a Bomem Micheison MB-100 Fourier transform infrared spectrometer
equipped with a mercury cadmium telluride (MCT) detector, at the Canadian Conservation
Institute (Ottawa, Canada). A small mass of powder was mounted in a diamond-anvil
microsample cell and pressure was applied to crush the sample further, thus causing it to
disperse as a randomly-oriented powder. The diamond cell was then positioned in the
microbeam chamber of the spectrometer. A room-temperature spectrum was collected from
4000 to 400 cm™ using the spectrum of the empty diamond anvil cell collected with the same
parameters as a reference.

The absorbance spectra of all AGM examined show broad peaks in the high-
frequency range (4000 to 1000 cm™) attributable to O-H stretching (= 3600 cm™ and an
associated shoulder centered at =~ 3300 cm™), adsorbed H20 (= 3400 cm™), and a weak peak
at 1650 cm™ attributable to H-O-H bending of absorbed or molecular H;O (Farmer 1974).
Some of the spectra show a small peak at 1900’<:m'l which may be attributed to molecular
H;0. The middle- to lower-frequency end of the spectrum (1000 to 400 cm™) is
characterized by symmetric Si-O stretching (= 1000 cm™) and bending (= 690 and 650 cm™)
bonds. The two niobokupletskite samples (MSH10B and MSH42) show one asymmetric Si-
O stretching band (= 965 cm'), whereas samples which are Ti-dominant have two prominent
Si-O stretching bands (= 1050 and 960 cm™). Low-freqﬁency bands between 400 and 450
cm™ can be attributed to (Mn,Fe)-O stretching (Farmer 1974). Infrared spectra for a suite of

representative AGM are shown in Figure 5.
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Figure. 5. FTIR absorbance spectra for representative AGM.
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2.4. Nuclear reaction analysis

Nuclear reaction analysis (NRA) is a technique that has the ability, unlike most other
methods, to accurately determine hydrogen contents in solids with a sensitivity on the order
of 10 ppm. Nuclear reaction analysis employs MeV ion beams to induce nuclear reactions,

in a solid materials (Cohen er al. 1972). All NRA analyses on AGM were performed by Dr.

D.J. Chemiak at the Department of Earth and Environmental Sciences at Rensselaer
\ Polytechnic Institute (Troy, NY, USA).

The most common ion beam used for hydrogen determination is "N, using the
reaction:

N +'H = ‘He + y-ray (1).

A beam of "N ions is used to bombard the sample and the number of characteristic y-
rays produced (i.e. those that achieve resonance of 6.385 MeV) are measured. The y-rays are
detected by a scintillation detector located approximately 2 cm behind the sample. The
number of y-rays produced is directly proportional to the number of H atoms on the surface
of the sample. Conversion of raw counts to H contents (H/cm?) is given by

H content = KY dE/ox (2)
where Y is the y-ray yield (counts/concentration of incident ions), K is an experimental
: constant independent of the material being analysed, and 0E/0x is the energy loss of the
incident ion beam (Lanford 1992). Increasing the energy of the beam allows for analysis of
the sample at depth such that as the higher energy beam loses energy through surface-level
collisions, resonance can only occur at increasing depth. In this way, depth profiling of H

can be accomplished (Lanford 1992). For the purpose of determining H contents in AGM,
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an average H content was measured assuming an average density of 3.2 g/cm’.

Results from NRA give a range of 4.4 to 7.4x10?' H/cm3, corresponding to 3.1t0 5.0
H apfu, respectively. The range in H contents can be primarily explained by the two anion
substitutions - < OH and F <> 07, and the chemical heterogeneity that is inherent in the

samples studied.

2.5. Thermal decomposition and thermal gravitational analyses

Five samples of AGM were studied by a combination of thermal decomposition and
thermal gravitational analyses (TGA). Thermal decomposition analysis (duplicate or
triplicate) was done at Norsk Hydro ASA (Research Centre Porsgrunn, Norway) on a LECO
RC-412 multiphase analyzer using 0.07 to 0.12 g of sample. Samples were heated in an
oxygen combustion chamber to 1000 °C and the quantity of expelled water was detected
using a FTIR spectrometer and calibrated using known standards. The range of measured
H;O contents given by thermal decomposition is 3.55 to 3.99 + 0.1 wt. % HO,
approximately 1 to 1.5 wt.% higher than calculated H2O values. Thermal gravitational
analysis of the same samples indicated that ~ 0.2 wt.% H;O is given off below 105 °C,
whereas the majority of the water was lost between 120 °C and 850 °C. The gradual loss of
H,0 over a wide range of temperatures indicates that bond strengths to the HO groups are
quite variable, suggesting that it may be adsorbed on surfaces or weakly bonded in the
interlayer. The small molecular water component (1 to 1.5 wt.%) does not appear to be
important on a structural level and was not detectable during single-crystal X-ray structure

refinements.



2.6. Mdssbauer spectroscopy

Until recently, Fe** was thought to be a minor component in AGM, a conclusion
based primarily on wet-chemical determinations (MacDonald & Saunders 1973) and charge-
balance calculations. Non-standardized anionic schemes and the presence of vacancies
complicates the calculation of Fe*/Fe** ratios in AGM. Iron-bearing mineral inclusions are
common in AGM (e.g. pyrochlore group minerals, oxides and phosphates; Plates 1 & 2),
which also limit the possibility of obtaining reliable Fe*'/Fe’" ratios by wet-chemical
methods yet yield Mossbauer spectra which are significantly different from those observed
for AGM. Mossbauer spectroscopy was used in an effort to determine Fe*'/Fe** ratios, while
at the same time providing information on the coordination number of both f-’e’* and Fe** in
the structure, and variations in the local electronic environment around the Fe cations.
Results presented here pertain only to the Fe*"/Fe’” ratios as they apply to the chemical
variations observed in the astrophyllite group; a detailed discussion of the *’Fe Mossbauer
spectroscopy of AGM is presented in Chapter IV. Details concerning the collection of
Maossbauer data can also be found in Chapter IV.

Samples studied by Mossbauer spectroscopy have Mn# [Mn/(Mn+Fe.)] which range
from 0.10 to 0.81. While a wide variation in chemical composition between the samples has
been noted, the Mdssbauer spectra of all AGM examined are remarkably similar. The
spectra display two strong absorption peaks centered at = -0.1 and 2.3 mm/s and a third,
weaker shoulder at = 0.9 mm/s which respectively correspond to (1) the sum of the low-

energy lines from '“IFe** and IFe’* doublets, (2) the high-energy lines from SlFe? doublets,



Plate 1. Back-scattered electron image of pyrochlore inclusions (white) in
Nb-bearing kupletskite (grey) from MSH. Scale bar: 1000 um

Plate 2. Back-scattered electron image of apatite inclusions (white) in
kupletskite (grey) from MSH. Scale bar: 10 um.
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and (3) the high-energy lines from “IFe** doublets. Manning (1969) performed an optical
spectroscopic study of an astrophyllite from St. Peter’s Dome (Colorado, USA) and
suggested that the observed pleochroism is the result of Ti*’-Ti*" intervalence electron
transfer, rather than electron transfer between Fe** and Fe**. The lack of an absorption band
at ~ 14,000 cm™, corresponding to an Fe*"-Fe*" electron transfer suggested that the two
cations are not located in the same sheet and, as such, Manning (1969) proposed a Fe' o
Ti*" substitution in D. Results from the Mossbauer spectroscopic study indicates that Fe*
occurs only within the O-sheet (C) and does not substitute for the high field-strength
elements (HFSE) in D. Furthermore, “/Fe** does not appear to play a role in the AGM
structure; the characteristic “IFe** contribution in mica spectra, occurring at = 0.4 to 0.5

mnv/s (Rancourt et al. 1992, Lalonde et al. 1996), is not observed in any of our spectra.

3.0. OVERVIEW OF THE STRUCTURE

The AGM structure (Fig. 6A and B) can be considered as two composite sheets
stacked along [001] in a 2:1 ratio. The first is an O-sheet extending from Z =~ 0.40 to 0.60 in
triclinic species and from Z = -0.05 to 0.05 in monoclinic kupletskite, which consists of a
closest-packed sheet of MOg octahedra (where M = Mn, Fe**, Fe'*, Mg or Na). There are
four crystallographically distinct MOs O-sheet octahedra, designated M(1) through M(4).
The O-sheet is sandwiched between two H-sheets, extending from Z = -0.15 to -0.05. The H-
sheets consist of open-branched zweier [100] single chains of [Si«O12)* (Liebau, 1985) which
are in turn cross-linked by corner-sharing DOg octahedra, or DOs polyhedra as in magnesium

astrophyllite (Shi et al. 1998), where D = Nb,Ti,Zr. The resultant Si:Ti ratio is 4:1.
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Figure 6A. Crystal structure of triclinic, P 1, AGM projected down [100]
(unit cell outlined). O-sheet = yellow, D =blue, T =red, 4 =purple, B = green.
The four T sites are indicated to show symmetry across the interlayer.
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Figure 6B. Crystal structure of monoclinic, C2/c, kupletskite projected down [100]
(unit cell outlined). O-sheet= yellow, D =blue, T=red, K = purple, Na = green.
The four T sites are indicated to show symmetry across the interlayer.
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'Individual Dés octahedra are linked across the interlayer space via a common apical anion

[$(16), where ¢ = unspecified anion]. The interlayer space contains two crystallographically

distinct cation sites, 4 and B, which are host to [11] to [13]-coordinated K and [10}-

coordinated Na, respectively. Structural details of the astrophyllite group will be discussed

in Chapter II1.

4.0. ASTROPHYLLITE GROUP NOMENCLATURE AND A STANDARDIZED GENERAL FORMULA
4.1. Previous work

There has been little consensus among researchers regarding the correct general
formula for AGM. In fact, some workers have considered AGM to be “non-stoichiometric”
due to the presence of vacancies and cation sums regularly less than the ideal 20.00 apfu.
The problem with defining a general formula for this group relates to a combination of
slightly non-stoichiometric compositions exhibited by most samples (i.e. vacancies in the
interlayer and a variable anion composition), a lack of complete and accurate chemical
analyses, and a lack of in-depth single-crystal X-ray structure refinements on members of the
group. The general formula currently accepted by most researchers is A3B7C:DeX3), with
formulae typically being calculated based on 31 (O+OH+F). However, a number of ideal
anion compositions have been proposed including X =31 (0,0H,F) (Woodrow 1967, Nickel
et al. 1964,); 30 O (Layne et al. 1982); 27 O and 4 (OH,F) (Kapustin 1973); 26 O and 5
(OH,F) (MacDonald & Saunders 1973, Martin 1975, Abdel-Rahman 1992); 24 O and 7

(OH,F) (Layne et al. 1982); 26 O, 4 (OH) and F (Christiansen ef al. 1998), and 26 O and 4

(OH,F) (Shi et al. 1998).
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The most commonly accepted anion scheme used to calculate empirical formulae is
24 O and 7(OH.F). This scheme may have been used to compensate for the characteristically
low analytical totals exhibited by most AGM; specifically calculation of formulae on the
basis of 7 (OH,F) results in sums that are = 2 wt.% higher relative to those calculated with
5(0H,F) (i.e. ~ 100 wt.% versus ~ 96-98 wt.%, respectively). However, resultant cation
totals are deficient by as much as 0.50 atoms per formula unit (apfy; i.e. Zcuions < 20.00).

The purpose of this study is to redefine the astrophyllite group on a crystal-chemical
basis. This includes development of a standardized general formula and cation distribution
scheme for the eight AGM described to date, and which will allow for compatibility with

new species to be described in the future.

4.2. Results of the current study
4.2.1. Anionic scheme

Previously, direct measurement of the volatile contents in AGM, in particular H;O,
has been limited to TGA (Martin 1975) and wet-chemical analyses (MacDonald & Saunders
1973). In order to establish the anion composition of AGM, analyses of select samples were
done by FTIR, NRA, TGA and thermal decomposition. Detailed results from these studies
can be found in Anabytical Methods. In addition, bond valence sum (BVS) calculations were
done using data obtained from single-crystal X-ray structure refinements, the details for

which can be found in Chapter III.



4.2.1.1. Anionic bond valence sums

Single-crystal X-ray structure refinements and bond valence calculations of 19
triclinic samples and of kupletskite-Ma2b2c indicate the presence of 13 sites in general
positions occupied by divalent anions (BVS range: 1.842 to 2.140 v.u.), two sites in general
positions occupied by monovalent anions [0(4) and O(5), BVS range: 0.985 to 1.177 v.u.],
and a mixed valence site, $(16) (where ¢ = unspecifed anion with a BVS range of 1.105 to
1.86 v.u.), known to contain both F and O as a result of the coupled substitution, Ti + F &
Nb + O, proposed by Piilonen ez al. (2000) for the incorporation of Nb into the astrophyllite
group structure. The corresponding anionic scheme, based solely on results from single-
crystal X-ray structure refinements, is O,s(OH)«(F,0,0H).

Calculations of BVS for the anions in the structure of magnesium astrophyllite (Shi ef
al. 1998) indicate 13 sites in general positions occupied by divalent anions [O(1) to O(13)],
and two sites in general positions occupied by monovalent anions [O(14) and O(15)]. As F
does not play a significant role in magnesium astrophyllite (F = 0.07 apfu, Shi et al. 1998),
the two monovalent anions are assumed to be OH. The main difference between magnesium
astrophyllite structure and that of other AGM is the presence of a TiOs tetragonal pyramid,
unlike the Dds octahedra present in other species. The presence of such a coordination
polyhedron results in the absence of one anion [i.e. a vacancy at ¢(16)] in the formula for
magnesium astrophyllite relative to that of other AGM. As such, the corresponding anionic
scheme for magnesium astrophyllite should be written O;(OH)O, rather than
024(OH)((OH,F); [as reported by Shi e al. (1998)] to conform to the general chemical

formula proposed for AGM in this study.



4.2.2. Discussion

Given the above results, the general anionic scheme proposed for any AGM is
025(OH)«(F,0,0H,00). Given this, calculated H,O contents should approach 3.00 wt.%, with
an additional maximum F content of 1.00 wt%. Direct determinations of volatile
components by thermal decomposition indicate contents between 3.55 and 4.00 wt.%,
attributable mainly to OH, although portions of these are known to include adsorbed,
absorbed or molecular H;O weakly bound in the interlayer. Results from TGA, which
indicate Z(H,O0+F) ~ 4.00 wt.%, and from NRA (3.9 - 5.0 apfu H) also support the anionic
scheme 4(OH)F,0,0H). No evidence exists in support of the currently accepted anionic

scheme 7(OH,F), which would correspond to ZH0+F) ~ 5.00 wt.%..

4.2.3. Cationic composition

A total of 659 electron-microprobe analyses, 20 X-ray structure refinements, and 24
Fe?'/Fe** determinations by Mossbauer spectroscopy have allowed us to examine all possible
chemical variations in the astrophyllite group, and develop a standardized cation distribution
scheme. The detailed crystal chemistry of each of the AGM structure components can be

found in Site Chemistry; details given here are a summary of the site populations.

4.2.3.1. Interlayer
Results from single-crystal X-ray refinements indicate that 4 and B are

crystallographically distinct two distinct interlayer sites are therefore recognized: ('*°H"3l4 and
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0lp which occur in a 2:1 ratio. Potassium is the dominant cation at 4, with variable
substitution of Cs, Rb and Sr. There is no evidence for H3O", as suggested to be present in
hydroastrophyllite (Hubei Geologic College 1974). The B site is host only to Na and Ca.
Vacancies at 4 are common, with cation totals often as low as 1.71 apfu (ideally 2.00 apfu).

There was no evidence for the presence of vacancies at B.

4.2.3.2. O-sheet (C)

The O-sheet in AGM contains four distinct octahedral sites, M(1) to M(4), in a 2:2:2:1
ratio (Ec = 7.00 apfi). The largest of the four octahedra, AM(1), has been found to be
occupied by Mn, Fe** and Na; M(2), M(3) and M(4) are occupied by Mn, Fe**, Fe*", Mg and
Zn. There is no evidence for JAl. Méssbauer spectroscopy indicates that all Fe occurs in

the O-sheet, with Fe>*/Fe, ratios ranging from 0.01 to 0.21, corresponding to 0.05 to 0.56

apfu Fe**.

4.2.3.3. H-sheet (D and T)

The H-sheet has the ideal composition [(Ti,Nb,Zr)SisO12]* and consists of open-
branched zweier [100] single chains of [SicO12)* (Liebau 1985) which are in tumn cross-
linked by corner-sharing Dés octahedra in triclinic species and kupletskite-Ma2b2c, and by
TiOs tetragonal pyramids in magnesium astrophyllite (Shi et al. 1998). There are four
distinct T sites (1 = 8.00 apfi) which are occupied dominantly by Si, with only minor Si <
Al substitution. M6ssbauer spectroscopy has indicated that Fe'* is not present at the T sites

of the AGM structure. Similarly, neither Fe** nor Fe** are found to occur at D, which is



occupied predominantly by Ti, Zr and Nb, with minor substitution of Hf and Ta (Zp = 2.00

apfu).

4.3. Proposed general formula for the astrophyllite group

The general formula proposed for any AGM, based on the results described above, is:

ABC3D;T502(0H)eXo1 (3)

where 4 = '"HBIK Rb, Cs, Na, H;0, [, and potentially H0*; B = "'Na or Ca; C = ©IMn,
Fe**, Fe*", Na, Mg, or Zn; D = 'Ti, Nb, or Zr; T=Si and Al, and X=¢ =F, OH, O or O.
Calculation of general formulae should be based on a total of 31 anions with 26 O and
5(OHF,0,0). For magnesium astrophyllite, which has a vacant X site, the formula should
be based on 30 anions with 26 O and 4(OH,F,0). To account for the variability in X in AGM
resulting from the Ti + F & Nb + O substitution, two methods of formula calculation are
proposed, depending on the Nb,Os content of the analysis in question:
1. If Nb2Os < 5.00 wt.% (= 0.5 apfu Nb), the formula should be calculated assuming 26 O
and 5 (OH,F).
2. If Nb;Os > 5.00 wt.%, the formula should be calculated assuming 26 O, 4 (OH) and one
(F,0).

Considering results from single-crystal X-ray structure refinements and EMPA data,
it is recommended that cations in the general formula be assigned to structural sites according
to the following scheme:

i) Sum T to 8.00 using Si, then Al;

i)  SumD to2.00 using Ti, Nb, Zr, Ta and Hf.
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iii) Sum C to 7.00-using Mn and Fe?*, followed by Fe*', Mg, Zn, Ce, Y and Na;
iv) Sum B to 1.00 first with Ca, then with Na;
v) Sum 4 to 2.00 using excess Na from C and B, then K, Rb, Cs and Sr.

Type specimens of zircophyllite, cesium kupletskite and hydroastrophyllite could not
be obtained for analysis and confirmation of their anionic scheme. Such species still have
their formulae defined by 7 (OH,F) in the literature.

In the original description of zircophyilite (Kapustin 1973), the formula is given as
(K1.70Nao 71Mno.35Ca0.24)x-3.00(Fe€3.s7M3 43)5=7.00(Zr1.58Nbo 25 Tio.17)£~2.00
(Si7.26T0.24)£-8.00024[(OH)1.2402.84F0.90]5-6.5800.9H;0. (4)

The distribution of cations in this formula, in particular the presence of Mn in the interlayer
and Ti at 7, is inconsistent with our proposed scheme. The chemical analyses in the original
description are incomplete; neither Al,O; nor MgO, two important oxides in all AGM, were
analysed for. This has the effect of creating an excess in cationic charge and thus higher
overall cation sums at the C, D and T'sites. As a result, Mn was assigned to the interlayer, an
unconventional practice at best, and Ti to the T sites. Evidence in support of such site
assignments has not been found in our study. Recalculation of the formula for zircophyllite,
given the available chemical analyses and our proposed scheme, yields the following:
K1.67(Nag70Ca0.23)z~0.93(Fe3.52Mn3 71)5~7.23(Z 1155 Tio.40Nbo.24H0 08)~2.27
Si7.60026(OH)«(Fo.280Ho.12)z=1- (5)

It is important to note that zircophyllite has been described in the literature as the Zr-

dominant end-member of a solid-solution series with astrophyllite. Calculation of the Mn#

[(Mn/(Mn+Fe,y)], using data from the analysis provided, yields a value of 0.51, indicating
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that zircophyllite is Mn-dominant and therefore should be considered as the Zr-dominant
end-member of a solid-solution series with kupletskite. At Mont Saint-Hilaire, zircophyllite
occurs as 10 to 50 zm z;anw in Zr-rich kupletskite, whereas Fe-dominant zircophyllite occurs
as extensively altered, acicular crystals, possibly after kupletskite or astrophyllite. The small
size and poor crystallinity of these crystals made it impossible to collect single-crystal X-ray
intensity data for either species. Table 2 lists the original and revised general formulae for

AGM.

5.0. SITE CHEMISTRY

Table 3 lists representative EMP analyses and calculated formulae, based on the
general formula proposed above, for 31 representative AGM. Due to the wide range of
chemical compositions observed in the undersaturated category, samples have been further
divided into two separate populations on the basis of their Mn# (Mn/Mn+Fe): (1) Fe-
dominant (FEU) or the astrophyllite subgroup, and (2) Mn-dominant (MNU) or the
kupletskite subgroup. Figures 7 through 9 show the range in compositions observed in this
study. _The mean and range of compositions observed in the sample suite are presented in
Figures 10A to 10C, values for which can be found in Table 4. Similar diagrams have been

developed for each of the localities and are shown in Figures 11A to 11C.

5.1. Interlayer sites (A and B)

The A site(s) in all AGM studied are K-dominant. Potassium contents range from

1.35 to 2.07 apfu, with the astrophyllite subgroup samples from undersaturated localities



59

(¥L61) 9891100 91801090 19GAH  ‘cL61 unsndey , ‘(#961)

1012 1WOIN , ‘(8661) ‘1912 S , ‘(L961) MOIPOOM . ‘(1L61) 'Iv 12 Aoy ,‘(100T) ‘10 10 uduoiLd, ‘(9561) ACUAIIS ; ‘(000T) ¥ 12 WO,

I (HO)POMSULYS(UN', 99) 8D (M'OH)
4" (HO)ZZOUSUAN 1Z)(UN', PN BD ‘BN)*M
4 (HO)ZOMSUAN IZ)X, 24 UIN NED BN)N

(0'DNHOP*OMSU(LL INIHUN', P BN M

0'(HO)* OMSULITBNY (U ‘d4)eNTeN)
J(HO)TOMSULLUN', P4)eNN

I (HO)ZOBSUAN L1194 WN)BNZ( '5D)
IM(HO)TOMSTLY(, ;24 UN)BNN

I (HO)POUSUAN WL, P4 UN)BNEN
(4'0)(HO)POMS (11 1Z AN UZ UN)BNZ)

(HO'0)MISULYS(UN', 2D (®DN'OH)  anjiAydonseolpAH,

aujjAydoonz ueurwop-a4

(4 HO)OUSUANIZ)UUN', 2D (8D BN N) anlihydoonz,
H{I'HO'0)ZOMSI(IL AN (UIN', Pd)E(BN ") amjiAydoqoiN,
aujAydonse

Y4'HO)(HO)(Z'OMS)ULLSBNY(UN ‘O )eNBNEN wnisouSejy,
HHO'0)ZOMSTLUUN', 2 (eN‘N) anjikydonsy

H4'HO'O)OMSUAN LLE(T I UN) (BN N'sD)  amysialdny wnisa),
I*(HO)*OMSULL(, LA UN)EN®N IZToN-oMNsIdNY
HHO'0)*OMSUANILIH(, P4 V(BN ) amysiapdnyy,
(4'0)(HO)OMSHILIZ' IO UZ UN)ENT  A14s19]dnYoqoIN,

B|NILIO PASIARY

gjnwioj pnsuO s3190dg

AVININNOA AASIATY ANV TVNIONO 'dNO¥D FLITIAHIOYLSY HHL 40 SYdENTIN T 3TEV.L



D __MCOTY hemy 1S MINUIE _MINIS MNDY MEO! M3
LT 04 04 023 004 006 021 0! 023 008 000
10 147 15 LT 181 (87 1% 164 1M IS5 184
25 005 012 006 GOT 040 0O7 012 006 006 O.I3
330 000 000 000 Q00 000 Q00 000 00I 000 0O
250 002 001 003 0O0L 000 002 002 003 003 000
250 00l 000 000 000 000 000 000 002 000 000
204 193 203 206 19 205 22 198

&
3
N

17 090 100 O™ 095 100 087 089 06 o7 095
028 006 000 O0.I3 Ol 034 09 000
100 100 100 100 100 100 {00 095

S
E:
8
g

L7 014 026 000 012 005 000 000 009 000 0
30 016 OI8 042 018 005 OI4 OIS 030 020 0.05
13 619 S 33 192 S@ 393 308 162 194 3.0
10 038 014 296 20 14 292 401 47M 507 053
A0 012 089 000 007 QOI 003 000 001 000 .73
990 000 000 000 000 000 000 000 000 000 0.00

“STEERE [OF pReRETE
8
e
8

Ce 300 00f 000 001 000 000 000 000 001 001 0.00
Sum C NB 700 700 723 700 700 703 T4 700 I 700
T os 188 LI6 121 098 Q13 121 LIS ™ 127 024

Sa 990 000 000 000 000 000 000 000 000 000 000
/4 20 000 001 06 02 04 010 030 0OI6 04 041
Hf 90 000 000 00I 000 000 000 0OI 000 OO 000
Nb 20 0.I8 084 013 085 LM O 027 Q4 026 133
Ta 310 000 000 000 0Ol 00¢ GO0 000 000 OO 004
Sum D NB 206 201 203 203 199 203 (96 208 203 202
St [ K] N 1B 1M IO TEl 19 165 18 T2 17
A 16 009 007 034 031 036 029 027 02 03 013
Sum T N8B 791 790 182 799 197 I8 197 I8 180 03
F 100 086 059 095 04 0I5 064 085 097 087 289
OH NB 413 400 405 400 400 400 41l 403 413 400
o NB 3014 3041 2005 305! 3085 3036 3001 3003 0.3 30t

Taton NB 2001 2004 2011 1995 1999 2000 001 1999 2007 1998
Mns# NB 094 098 03 0% 080 057 043 025 028 091
* Electron-microprobe data

** Number of analyses inciuded o the mean

NA: Not snalysed for

NB: Not detennined

lﬂﬁn(n).(.l'un_l'--“
» SH B® 80 t4

12 1e8
Q05 o008
041 000
Qo1 000
Q00 0.00
19 L7

omy 086
009 0.4
098 Loo

000 03
006 023
1% 438
35 202
Q00 007
000 000
003 000
707 700

12 L
0.00 000
050 004
000 000
04 Oom
000 001
199 202

s I
037 o
195 &02

069 0683
431 407
3031 0¥

1988 1981

.00
[}
0.00
202

784
o.19
03

[} rd
a8
.13

19.89

LANG
0.09
L
0.05
0.02
0.01
0.00
195

0.68
[ k3
1.00

0.09
0.25
L35
a3
0.02
0.00
0.01
691

132
002
0.4
ool
als
0.01
m

763

034

794
0.74

426
30.26

1994

090
a.lo
1.00

0
0.12
30
308
0.08
0.00
0.02
6.66

167
0.00
0.2
0.00
023
oot
20

794
0.03
197

(8]
in
¥R

2002

T a2 M M 3 MEM MEN MM LANG LANG GAR LANG
Sauple s » MG MET MINY MNNIC MEMIO MEMIS MNIS MNOS MND: MINGI MENGS MENES NORD  NORD NORZ NORLIS
[ng 13__ 10 v $ 6 6 2 5 & 3 & 6 12 _10 s
Ns,O L7 351 387 209 244 238 240 221 2 178 262 199 264 283 199 382 IS8
K0 10 Il S3T S76 613 611 S9T S&T 593 624 397 619 ST S&8 619 S69 SIS
Rb0 25 035 081 040 047 067 049 07 042 03 082 033 037 075 036 037 067
Cs0 350 000 003 001 000 000 002 00s 007 002 012 009 003 101 021 003 0%
C0 20 040 000 LI3 026 000 0S¢ 043 L2 LIE 000 037 0S6 108 13t 04t 105
SO 250 015 006 024 006 000 QI 0.I6 021 026 000 GO4 0O0L 007 008 007 009
BeO 250 OI1 000 000 000 000 000 000 Q27 000 NA 000 000 000 000 000 000
MgO 30 046 OS5I 121 053 016 04 044 L& 09 QIS OIS 068 08I 07 036 0fS
MnO LS 3238 211 1934 1995 2698 2006 1SSt 80 9% 2637 7i2 12 1248 9.1S 1763 1312
FeO 10 200 071 SIS 1394 705 IS09 2049 2545 2602 268 289¢ 1065 2123 2590 160! 2L.G
0 20 0715 SIS 003 04 00 010 000 004 000 408 000 043 03 012 047 0126
ALO, L6 033 024 I3 LI2 1B 105 Q% 104 140 114 135 OT8 om 127 050 L8
Y0, 990 000 000 000 000 000 000 000 000 Q00 NA 000 000 000 000 000 000
[o Xo ¥ 300 013 000 0I5 000 000 003 000 Q17 QI3 NA 03 000 OII OIf 023 028
Tio, os 107 664 693 S@ 073 693 67 1057 T4 1M S87 TO 9N 19 978 196
Sn0O, 990 000 000 000 000 000 000 000 000 600 NA 000 000 Q05 021 0.00 0.09
Z0, 20 002 007 SN0 187 418 093 437 1 425 30 447 03 185 430 107 393
HD, 990 002 000 022 000 000 000 0.3 000 013 000 000 000 0Of OJ! 000 0.1
Nb,0, 20 L2 802 126 806 1234 692 29 1% 247 1213 450 6% LT3 LI 227 199
Ta,04 30 007 000 006 023 056 000 000 000 Ol 063 003 008 000 O3 009 000
S0, 0s 3466 3366 3200 314 IS N2 266 77 D IS5 28 IS M9 387 392 B4l
F 10.0 121 o080 128 067 020 o0m 121 137 LIB 014 095 089 LIS 104 165 LID
H0 NB 215 258 260 29 20 2% 260 260 267 288 20 269 280 23 152 275
O=F NB 051 O3 054 A2 009 037 051 057 050 005 040 O 048 Q4 069 08

Total NB__ 9671 9634 9535 9706 9682 9703 9621 9790 9730 93585 9789 9710 9843 9924 9648 978!
- e = 0 D TP 910 RO 9924 9%4i 978!

074
0l
1.00

0.02
0.9
2354
409
0.0¢
0.00
0.02
6.98

137
0.0
0.4
0.01
o
0.00
02

168
034
197

o8l
419
30.19

1988

020 068 037 026 053 038

60 - 6!



62

Ast subgroup
Kpt subgroup

Hydroastrophyllite | Cesium kupletskite

Cs

Figure 7. Ternary diagram depicting members of the astrophyllite-group
based on the predominant cation at 4. All samples in this study represent
K-dominant species. Ast: astrophyllite, Kpt: kupletskite.
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Figure 8. Ternary diagram depicting members of the astrophyllite group
based on the predominant cation at C.
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Figure 9. Ternary diagram depicting members of the astrophyllite group based on tl}e
predominant cation at D. Kpt: kupletskite, Zrt: zircophyilite, Nbkpt: niobokupletskite,
Fe-Zrt: Fe-dominant zircophyllite, Nbt: niobophyllite, Ast: astrophyllite.




TABLE 4. MEAN AND RANGE OF CATIONS (apfiz) IN THE ASTROPHYLLITE GROUP"

Oversaturated Undersaturated

~Kupletskite Subgroup__ Astrophylite Subgroup_
Cation Mean Min. Max. Mean Min. Max. Mean Min. Max

Na 1.21 062 159 1.22 076 186 092 063 191
K 1.59 141 186 169 135 190 .76 143 207
Rb 0.11 000 0.20 008 000 0.20 006 000 0.8
Cs 001 000 003 000 000 0.11 002 000 O0.16
Sr 000 000 0.03 001 000 005 -003 000 007
Ba 001 0.00. 0.03 000 0.00 0.5 001 000 0.04
Ca 0.10 001 047 0.12 000 039 030 008 048
Mg 006 000 052 024 003 070 035 006 200
Mn 148 0.16 4.60 477 311 650 203 036 344

Fe* 504 199 671 179 0.00 3.37 453 307 567
Zn 0.16 000 082 012 000 173 002 000 011
Ti 152 051 197 119 010 2.04 1.50 082 208
Sn 004 000 0.24 000 000 004 000 000 0.03
Zr 0.14 000 035 021 000 102 033 000 08l
Hf 000 000 0.02 000 0.00 003 001 000 004
Nb 031 004 168 061 006 151 0.19 004 049
Ta 001 000 0.13 001 000 005 001 000 004

Si 789 744 808 768 736 8.0l 760 712 8.13
Al 012 000 0.54 025 002 073 033 004 0353
F 089 000 132 063 000 107 081 054 117

Mn#¥ 023 002 069 0.73 050 1.00 031 0.09 049
* Electron-microprobe analyses
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Figure 10A. Boxplots depicting the distribution of interlayer cations in AGM from
SiO, under- and oversaturated intrusions. FEU: Fe-dominant, undersaturated;
MNU: Mn-dominant, undersaturated; and OVER: oversaturated.

The central horizontal line of each box represents the median of the sample. The length of
each box represents the range within which the central 50% of the values fall
(box edges/hinge: 1* and 3™ quartile). Lower and outer fences represent
lower/upper hinge % (1.5 ¢ interquartile range). Whiskers represent
lower/upper hinge = (3 « interquartile range). Open circles are outliers.
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Figure 11A. Boxplots depicting the distribution of interlayer cations in AGM from
under- and oversaturated intrusions. AFR: Zomba-Malosa, Malawi, Africa;
EGY: Mount Gharib, Egypt; GJER: Gjerdingen, Norway; GREEN: Greenland;
KHIB: Khibina massif, Kola Peninsula, Russia; LAB: Seal Lake, Labrador;
LOV: Lovozero massif, Kola Peninsula, Russia; LUKS: Luksefjell, Norway;
MSH: Mont Saint-Hilaire, Québec; POR: Point of Rocks, New Mexico, USA;
PP: Mount Rosa, Pikes Peak, Colorado, USA
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having the highest K contents (average: 1.76 agpfu) and the samples from oversaturated
intrusions being the most depleted in K (average: 1.59 apfu). Other cations substituting for
K at 4 include Rb, Cs, Sr, Ba and Na. The presence of vacancies at 4 has been confirmed
through single-crystal X-ray structure refinement, consistent with EMPA data which indicate
cation sums at 4 as low as 1.71 apfu (i.e. 15% vacancies).

Rubidium occurs in concentrations up to 0.20 apfur, with samples from oversaturated
intrusions displaying the highest average contents (0.11 apfu), whereas samples from
undersaturated intrusions display slightly lower contents (0.06 and 0.08 apfu, respectively).
As shown by Ganzeyev ef al. (1969), the Cs <> K substitution appears to be more limited
than Rb <> K. The highest Cs contents occur in samples from undersaturated intrusions with
a maximum of 0.16 (astrophyllite subgroup) and 0.1! apfir (kupletskite subgroup). Cesium
enrichments approaching those observed in astrophyllite from Dara I Pioz (10.08 wt. %,
Ganzeyev et al. 1969) or in cesium kupletskite (Efimov et al. 1971) were not observed in any
of the samples studied.

Ganzeyev et al. (1969) proposed that K and Na occur in crystallographically distinct
sites and do not substitute isomorphously in the AGM structure. This fact is confirmed by
both single-crystal X-ray structure data (which indicate that two crystallographically distinct
interlayer sites, 4 and B, host to K and Na, respectively), and by EMPA data (which indicate
that Na < K substitution is limited, occurring up to a maximum of 24.5% of available 4
sites; 0.49 apfu Na in kupletskite from MSH). Sodium appears to occur at 4 only if excess
contents remain after B and C are filled. Lithium appears to be a trace element in the

samples studied, with contents ranging from 42.7 to 453.3 ppm. However, Li contents up to



0.59 wt. % have been noted in astrophyllite from Dara I Pioz, Russia (Ganzeyev et al. 1969).

Ten-coordinated Na (B) is loétd in the interlayer in a cage between bridging $(16)
anions. The average Na content for all AGM in this study is 0.83 apfu, and Na is the
dominant cation at B in all cases. The only other cation observed to substitute for Na is Ca,
up to a maximum occupancy of 48%. The Ca content in samples from undersaturated
intrusions ranges from zero to 0.48 apfu, with an average of 0.14 gpfu in members of the
kupletskite subgroup and 0.28 apfu in members of the astrophyllite subgroup. Samples from
oversaturated intrusions show a range in Ca content from 0.01 to 0.40 apfu, the average being
0.08 apfu. The Ca content of all AGM correlates negatively with Na content (Fig. 12), the
two being related by the coupled substitution Ca + Al <> Si + Na (Fig. 13).

Figure 14 shows the correlation between (K + Nay), the dominant interlayer cations,
and the substituting cations (Rb+Cs+Sr+Ba+Ca). All points plotting above the 1:1 line
represent analyses in which the sum of cations at 4 and B exceeds the ideal value of 3.00
apfu. This discrepancy is generally due to an excess of Na, which must be subsequently

allocated to the [6]-coordinated C sites, a feature discussed in the following section.

5.2. Cand Fe*'/Fe’" ratios

The substitution Mn <> Fe** at C results in a complete solid solution series (96%
observed) between astrophyllite and kupletskite (Fig. 15). This is the dominant substitutional
mechanism observed in all AGM, regardless of the bulk composition of the O-sheet or
petrogenetic affinity. As has been noted by other authors (MacDonald & Saunders 1973;

Layne et al. 1982), AGM from undersaturated intrusions show the strongest enrichment in
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Figure 12. Content of Na versus that of Ca at B of astrophyllite group minerals.
Circles: OVER, Closed diamonds: MNU; Open diamonds: FEU.
1:1 substitution line indicated.
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Mn (up to 6.34 apfir). However, they also show the strongest enrichments in Fe** (up to 6.71
apfu), leading to an extensive range of possible compositions in undersaturated environments
alone (Mn# range: 1 0.09 to 1.00). Astrophyllite group minerals from oversaturated
environments show a variable but restricted range of Mn# (0.03 to 0.69) and tend towards
Fe-enrichment; only samples from the Gjerindgen (Mn#: 0.38 to 0.51) and Point of Rocks
(Mn#: 0.65-0.69) intrusions show slight enrichment in the kupletskite component.

The Fe**/Fey ratios in the AGM studied, as determined by Mdssbauer spectroscopy,
range from 0.01 to 0.21, corresponding to 0.05 to 0.56 apfu Fe*" and accounting for a
maximum of 8% of C (Table 5). Although Fe** enrichment in AGM is minor relative to Fe**
and Mn, a difference in Fe*'/Fe,x ratios is observed between members of the kupletskite and
astrophyllite subgroups. The lowest Fe*'/Fe., ratios are observed in near end-member
astrophyllite (ave.: 0.04, range: 0.01 to 0.08) from both over- and undersaturated rocks,
whereas the highest ratios occur predominantly in members of the kupletskite subgroup
(ave.. 0.10, range: 0.04 to 0.21), in particular in Nb-bearing kupletskite and
niobokupletskite. The enrichment of Fe** in such samples is consistent with the oxidizing
coupled substitution Ti + F <> Nb + O proposed for incorporation of Nb into the astrophyllite
structure (Piilonen et al. 2000). It is well-documented in other rock-forming minerals (e.g.
biotites, amphiboles; Czamanske & Mihilik 1972, Czamanske & Wones 1973) that an
increase in oxygen fugacity (fO,) in alkaline systems results in a decreased activity of Fe**,
increased activity of Fe’*, and a subsequent enrichment in Mn and Mg, concomitant with a
decrease in Ti, Al and F. In particular, the dominant magmatic process controlling the

distribution of Mn in silicates is oxidation (Czamanske & Mihalik 1972). It is therefore not



TABLE 5. LOCALITY INFORMATION AND Fe**/Fe** RATIOS
FOR ASTROPHYLLITE GROUP MINERALS STUDIED BY *’FE

MOSSBAUER SPECTROSCOPY
Sample # Locality’ Mn# Fe*'/Fe’* Fe''[Fea Fe ' (apfu)
Us2 PP 010 1147 0.08 0.45
USs PP 0.15 3233 0.03 0.16
NORI LANG 037 1293 0.07 0.28
NOR9 LANG 026 17.80 0.05 0.26
RUS4 KHIB 037 - 2539 0.04 0.14
RUSS KHIB 026 1523 0.06 0.28
RUS7 KHIB 026 8596 0.01 0.05
RUSS KHIB 031 1780 0.05 0.21
CC2A GREEN 0.3 3806 0.03 0.17
CC7A GREEN 033 46.17 0.02 0.09
MSH6 MSH 053 12381 0.07 0.22
MSH7 MSH 056 2381 0.04 0.12
MSH10A MSH 059 384 021 0.56
MSH10B MSH 080 3.85 0.21 0.29
MSH11 MSH 061 8.17 0.11 0.28
MSHI5S MSH 081 1547 0.06 0.08
MSHI8A MSH 057 13.16 0.07 0.21
MSH26A MSH 053 1120 0.08 0.26
MSH26B MSH 041 17.38 0.05 0.20
MSH28 MSH 027 7146 0.01 0.05
MSH32 MSH 033  30.06 0.03 0.14
MSH33 MSH 038 1636 0.06 0.26
MSH34A MSH 027 2632 0.04 0.20
MSH35 MSH 052 1752 0.05 0.16

* PP: Mount Rosa, St. Peter’s Dome, Pike’s Peak, Colorado, USA;
LANG: Larvik complex, Langesundsfjord Area, Norway; KHIB: Khibina
massif, Kola Peninsula, Russia; GREEN: Kangerdlugssuaq, Greenland,
MSH: Mont Saint-Hilaire, Québec, Canada



.sutprising that in the astrophyllite group, we observe the highest Fe*'/Fey ratios in Mn-rich
samples, suggesting that crystallization proceeded under oxidizing conditions. As such, by
quantifying the niobokupletskite and astrophyllite components of an individual AGM, it may
be possible to use this chemical information to make inferences about the prevailing fO; at
the time of crystallization. In those intrusions that exhibit a wider species diversity and range
in chemical composition of AGM (i.e. Mont Saint-Hilaire, Québec, Canada), we may use
these components as petrogenetic indicators for determining the geochemical evolution of the
magma/melt, and thus the crystallization history of the intrusion. The paragenetic
implications for AGM will be discussed Chapter VII.

Assuming only typical divalent and trivalent cations (e.g. Mn, Fe**, Fe’", Mg, Zn,
etc.) at C generally results in low cation sums (Zc = 6.70 apfir). Conversely, in all analyses
of AGM, the total Na content is greater than the ideal sum of 1.00 apfu for the B site,
indicating excess Na. Single-crystal X-ray structure refinements on 20 AGM indicate the
presence of “INa at the large M(1) site. Such refinements have shown that all Ca should be
assigned to B, with Na added to a sum of 1.00 apfu. All excess Na should be assigned to C,
upto the ideal sum of 7.00 apfir. The presence of “INa is most likely the result of the extreme
peralkalinity and Na activity of the parental alkaline melt. Astrophyllite group minerals from
oversaturated rocks show the highest ©Na content (average: 0.26 apfus) with a range from
0.07 to 0.43 apfu, a feature which may be attributable to their elevated ['°ICa contents.
Kupletskite and astrophyllite subgroup samples from undersaturated rocks have slightly
lower “INa contents (average: 0.11 and 0.09 apfu, respectively). In magnesium astrophyllite,

Na is the dominant cation at a single [6]-coordinated site within the O-sheet, (average: 1.10
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apfu), crystallographically equivalent to M(1) in triclinic AGM and kupletskite-Ma2b2c.

Other cations assigned to C include Mg and Zn. Elevated Mg contents occur in AGM
from undersaturated environments (up to 0.70 apfu), with the highest Mg content being
observed in magnesium astrophyllite (2.00 apfir), a member of the high-alkali subgroup. The
presence of a high Mg content in AGM appears to require a modification of the structure
from triclinic to monoclinic in order to accommodate the smaller Mg cation, with a
concomitant occupation of a single M site by Na. This modification is not the result of
polytypic stacking (i.e. the structure of magnesium astrophyllite cannot be simply related to
other AGM by stacking of HOH layers) and magnesium astrophyllite should therefore be
considered as a completely different structure type. As such, the structural differences
between magnesium astrophyllite and either astrophyllite or kupletskite subgroup members
are significant, thus inhibiting extensive solid solution between them.

Astrophyllite group minerals from undersaturated environments, in particular
members of the kupletskite subgroup, show an extensive range of Zn contents; kupletskite
from syenite pegmatites at MSH contain up to 0.91 apfu Zn. The presence of high Zn
contents supports the observation that AGM are Zn-concentrators (MacDonald & Saunders
1973). As discussed in Chapter VI, the presence of elevated Zn contents in AGM may
indicate that the prevailing sulphur fugacity (fS2) at the time of crystallization was too low to

allow for the crystallization of a distinct Zn-S species (e.g. sphalerite, wurtzite).

5.3. Dsite
The D site is dominated by high field-strength elements (HFSE: Ti, Zr, Nb). Other
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elements at D in;lude Ta (maximum 0.13 apfiz) and Hf (maximum 0.04 apfu). Thereis a
strong positive correlation between Zr+Nb and Ti (Fig. 16) yet correlations between Zr and
Nb are poor. This phenomenon has also been noted in eudialyte group minerals (Johnsen &
Gault 1997), suggesting extensive Ti <> Nb and Ti <> Zr substitution, but a lack of Nb & Zr
substitution. Niobium can occupy up to 75% (1.50 apfu Nb) of D in kupletskite subgroup
samples, as observed in niobokupletskite from MSH, and, up to 84% (1.68 apfu Nb) of D in
niobophyllite from Letitia Lake (Labrador, Canada). Niobium-bearing kupletskite and
niobokupletskite samples from MSH are common hosts of pyrochlore inclusions (up to = 40
um) in fractures and along cleavage planes, suggesting late-stage enrichment of the melt or
fluid in Nb.

Zirconium shows limited substitution for Ti and Nb (maximum: 1.02 apfv in
zircophyllite from MSH), presumably due to a difference in ionic radius between the two
cations (°'Ti**: 0.61 A, ©1Ze*: 0.72 A, Shannon 1976). The dominance of Zr-rich MNU
samples over Zr-rich FEU samples suggests that the presence of the large Mn®" cation
('Mn?*: 0.83 A versus “IFe**: 0.78 A, Shannon 1976) may be required to permit the
expansion of the O-sheet imposed by the large Zr cation at D. The crystallographic details
concerning Zr substitution and its effects on the O-sheet will be discussed in Chapters III and
Iv.

Variations in Nb and Zr between environments are best represented by Nb-Zr versus
Ti and Nb-Zr versus Mn#. As shown in Figures 17 & 18, kupletskite subgroup samples (with
the exception of four specimens from MSH) have strongly positive Nb-Zr values, indicating

Nb>Zr. Astrophyllite subgroup samples from undersaturated environments show negative
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values of Nb-Zr, indicating enrichment in Zr. Astrophyllite group minerals from
oversaturated intrusions tend to have slightly positive Nb-Zr values, indicating slight
enrichments in Nb over Zr. Such samples also have the lowest Zr contents (average: 0.20
apfu, range: 0.03-0.35 apfu). The lack of Zr in AGM from such oversaturated environments
is directly related to the alkalinity and degree of SiO; saturation of the melt from which they
crystallized. At an alkalinity index [AI = (Na+K)/Al as calculated from molecular
proportions] of 1.0 in saturated magmas, Zr saturation occurs early in the crystallization
sequence, promoting early crystallization of zircon and inhibiting the formation of either Zr-
rich alkali silicates. With increasing alkalinity and increased degree of undersaturation,
alkali zirconosilicates are the dominant Zr-bearing minerals to form. Zirconium-poor
astrophyllite containing inclusions of zircon have been noted from oversaturated dikes at
Mount Rosa (Colorado), and on Krzmers Island (Kangerdlugssuaq, East Greenland; Layne

et al. 1982), supporting this hypothesis.

5.4. Tsites

The dominant cation occupying all four unique 7 sites in AGM is Si. Méssbauer
spectroscopy of many samples shows the absence of “IFe””. Similarly, site-scattering
refinements of all four T sites during single-crystal X-ray structure refinements do not
indicate significant departures from unity, implying the absence of any heavier X-ray
scatterers (e.g. Ti, Fe*), and therefore indicating complete occupancy by Si+Al.  Silicon
contents range from 7.29 to 7.99 apfu, with Al ranging from zero to 0.47 apfu. As expected,

a positive correlation exists between Si and Al (Fig. 19). Samples from oversaturated
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Circles: OVER, Closed diamonds: MNU; Open diamonds: FEU.
(Linear regression: R?=0.745)
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alkaline intrusions show the least Si < Al substitution (average: 0.21 apfu Al), likely
reflecting crystallization under SiO:-enriched conditions, whereas kupletskite and
astrophyllite subgroup samples from undersaturated environments show the greatest Sie Al
substitution (average: 0.25 and 0.32 apfu Al respectively). In general, Al is a minor
component in AGM from both over- angi undersaturated environments, perhaps the result of
depletion of the melt in Al due to early crystallization of Al-bearing minerals such as

nepheline and feldspars.

5.5. Anionic scheme and the ¢§(16) site

The composition of the two monovalent anion sites in the O-sheet [0(4) and O(5)]
and the mixed valence $(16) site has been the subject of debate in past studies of AGM. In
particular, we are concerned with ordering of OH and F over the three sites. It has been
previously suggested that F orders preferentially at the ¢(16) site and does not substitute for
OH in the O-sheet (Christiansen ef al. 1998). This bgsis for such an assumption is the fact
that F contents in all AGM (both from this study and in the literature) exhibit a limited range
between zero and one apfu, suggesting a single site for F. Due to their similarity in scattering
powers (MoKa radiation), site refinement involving F and 0% could not be done in order to
prove the validity of this ordering. Further evidence, including Mdssbauer spectroscopy,
thermodynamic estimates, and results from EMPA, are presented to resolve the issue of
ordering of OH, F and O.

Previous Mossbauer spectroscopic work involving compositions along the annite-

fluorannite join have shown F contents to exhibit a strong negative correlation with the
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average quadrupole splitting (<QS>; Fig. 20, Rancourt e al. 1996). In these synthetic micas,
the changes observed in the quadrupole splitting distributions (QSDs) are due to local
distortions imposed on the Feds octahedron, the result of OH < F substitution, and the
formation of local FeOsF2, FeO((OH)F and FeO4(OH): configurations. Although not as
well-developed due to more complex chemical variations, this negative trend between <QS>
and F content is also observed in biotites from granites (Shabani 1999; Fig. 20). Massbauer
spectroscopy was done on a suite of AGM with F contents ranging from 0.15 to 0.97 apfu. If
a substitution involving F and OH were occurring in the O-sheet of AGM [i.e. O(4) and
O(5)], a similar trend might be expected. However, data for AGM (Figure 20) plot far from
the trendline defined by the OH < F, suggesting that (1) F does not substitute for OH and (2)
is not present within the O-sheet, but is located at an anion site which does not coordinate a
Fe cation [i.e. $(16)].

The Fe-F avoidance principle is a well-known phenomenon in ferromagnesian
minerals (Ramberg 1952, Ekstrém 1972, Speer 1984, Mason 1992). Iron-fluorine avoidance
results in significant controls on cation ordering in minerals containing both of these species
due to the greater strength of Mg-F bonds compared to Fe-F bonds. A thermodynamic
approach can be used to show the preference of Mg over Fe for F (Munoz 1984):

FeF; + Mg(OH), =Fe(OH), + MgF2 (6).

The resultant AGo for this exothermic reaction is —21.06 kcal, indicating that the
reaction proceeds to the right and that Mg-F bonds are more likely to form. In AGM, Mn &
Fe substitution predominates and Mg is generally not a major cation. We can use the same

approach to evaluate the degree of Mn-F avoidance. Equilibrium values of MnF; were
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calculated using additive sums of free enmergies for Mn*" and F (due to the lack of
experimentally-derived values for complexes involving Mn). The preference of Mn and Fe
for F can be calculated using:

FeF; + Mn(OH), = Fe(OH), + MnF: (7).

The AGn for (7) is —4 kcal (i.e. slightly exothermic), indicating no significant
preference for Mn-F or Fe-F bonds. Experiments involving aqueous solutions with both Mn
and Fe indicate that the two elements behave identically and will avoid bonding with F
(Munoz & Ludington 1974, Mason 1992). This results not only in Fe-F avoidance, but Mn-F
avoidance as well. The existence of Fe-F and Mn-F avoidance, coupled with the lack of a
strong negative correlation between Fe-F and Mn-F (Figs. 18A & B) suggest that the
monovalent anion sites O(4) and O(5), both of which are ligands to Mn and Fe cations within
the O-sheet, are occupied solely by OH.

Similar thermodynamic experiments involving aqueous solutions of Ti, OH and F
have also been done (McAulifefe & Barratt 1987, Mason 1992). Such studies indicate that
Ti-F complexes are readily synthesized whereas those of Ti-OH are difficult to produce,
suggesting a Ti-OH avoidance. This can be shown qualitatively using the equation

2FeF; + Ti(OH)4 = 2Fe(OH), + TiF, (8)
calculated using additive sums of the free energies for Ti*", F, and OH. The AGex for Eqn.
8 is —44 kcal, indicating a strong preference of Ti over Fe for F, and, by analogy, Mn. A
similar situation exists for Zr. Both Zr and Ti, because of their low electronegativities, form
stable complexes with F except in cases where extremely high aH" or aCO; exist (Crerar et

al. 1985, Aja et al. 1995). Thermodynamic and solubility calculations for various
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temperatures show that Zr preferentially complexes with OH over a wide range of pH
conditions and temperatures, and will complex with F in F-rich and Ca-poor hydrothermal
brines (Aja et al. 1995, Salvi & Williams-Jones 1995) with mixed hydroxyfluoride
complexes [e.g. Zr(OH),F] as the dominant species in solution (Salvi et al. 2000).

Based on data acquired by Méssbauer spectroscopy, thermodynamic approximations,
and given the restricted range of F contents observed in AGM, it has been shown that F
orders at the ¢(16) site and does not occur at the two general OH sites within the O-sheet. It
must be emphasized that the values for free energies used in the preceding equations were
derived from experiments at 25 °C and are (at best) only estimates of the processes that are at
work in a magma or hydrothermal fluid. The lack of equilibrium conditions in such complex
environments, coupled with the wide range of temperature, precludes the possibility of
quantitatively using thermodynamic data based on standard conditions to predict complexing
in melts. Nevertheless, the use of additive sums of free energies has been shown to give
reasonable approximations for compounds for which thermodynamic data is not available
(i.e. TiF4, Krauskopf 1967) and therefore considered to be useful in this context as long as

the qualitative aspect of the results is recognized.

6.0. SUBSTITUTIONS AND SOLID SOLUTION SERIES IN THE ASTROPHYLLITE GROUP

In light of the chemical variations described above, solid-solution series have been
confirmed, either wholly or in partial, between the following pairs of AGM:
1. astrophyllite-kupletskite (complete, Mn <> Fe**)

2. kupletskite-niobokupletskite (complete, Ti + F < Nb + O)
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3. astrophyllite-niobophyllite (partial, Ti + F <> Nb + O)
4. kupletskite-zircophyllite (partial, Ti <> Zr)
5. astrophyllite- Fe-dominant zircophyllite (partial, Ti < Zr)

The dominant substitutional mechanisms observed in the AGM studied include:

K < (Cs,Rb) (9)
Si+Na < Al+Ca (10)
Ti<> Nb and Ti & Zr (11)
Mn < Fe?*, (Mg,Zn) < (Mn,Fe*") and (Mn,Fe) <> Na (12)
Ti +F < (Zr,Nb) + OH and Ti + F & Nb + O (13).

The most complex of the solid solutions involves species in which Nb is incorporated
into the astrophyllite group structure. Incorporation of a pentavalent cation at D requires a
number of considerations with respect to charge balance. Abdel-Rahman (1992) suggested
that Nb enters the AGM structure via the substitution Nb <> Ti + [J, and Birkett et al. (1996)
subsequently suggested the coupled substitutions Nb + Fe** «> 2R*" and Nb + (Mn,Fe)** <
3Ti*. Such mechanisms, along with not being charge-balanced, would require creation of
D-site vacancies and/or incorporation of Fe** or Fe** at D, features that are not supported by
the EMPA data. Similarly, single crystal X-ray structure refinements and Mdssbauer
spectroscopy have not indicated Fe** or Fe’* to be present at D in any of the samples
analyzed.

Incorporation of Nb** into the structure in niobokupletskite, niobophyllite and Nb-

bearing kupletskite is best modeled by the coupled substitution Ti + F <> Nb + O (Piilonen ef



‘al. 2000). In astrophyllite subgroup sampies, Zr > Nb. The dominant substitutional
mechanism therefore involves Zr and not Nb, and can thus be expressed as Ti + F & Zr +
OH. When calculation of the general formula was discussed in earlier sections, it was
shown that Nb = 0.50 apfi is used as a limiting value to determine the preferred method to
calculate an AGM formula. This value seems to represent a limiting value at which the two
substitution mechanisms above exchange dominance in the AGM structure (Fig. 21).

The oxidation of members of the astrophyllite due to incorporation of Nb also results
in Fe** & M**substitution in the O-sheet. In order to maintain charge balance substitution of
Fe** must also be accompanied by substitution of Na for AM?*, which has been shown by
single-crystal X-ray structure refinements to occur at M(1). Substitution of Fe'" must
therefore occur either at M(2) or M(3) in order to satisfy the bond-valence requirements of
the O(2) oxygen to which M(1), M(2), M(3) and D are bonded. As such, a more complex
substitutional scheme has been developed for Nb-rich samples, incorporating Fe’* contents
derived from M&ssbauer spectroscopy (Fig. 22):

MQ)* +M(2,3)* + (Zr,Ti) + F & MVNa + MCFe* + Nb + O (14).
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Figure 21. Content of Nb versus that of F. Substitution of Nb into astrophyllite group
minerals occurs in niobokupletskite, niobophyllite and Nb-bearing kupletskite as the
result of the substitution Ti + F <> Nb + O. Samples of the astrophyllite subgroup and those
from oversaturated rocks do not show significant Nb enrichment and can therefore be
expressed by the substitution Ti +F <> (Zr,Nb) + OH. Nb = 0.50 apfu represents the limiting
value at which these two substitutional mechanisms exchange dominance in the AGM structure.
The regression line (R? = 0.7601) demonstrates the strong negative correlation between
Nb and F in only kupletskite subgroup samples.

Circles: OVER, Closed diamonds: MNU; Open diamonds: FEU.
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OVERVIEW

This chapter presents the first detailed study of the crystal chemistry of members of
the astrophyllite group. Data from 20 single-crystal X-ray structure refinements, coupled
with compositional data from EMPA and Méssbauer spectroscopy, are used to describe the
structural variations present within the group and discuss the effects of isomorphous
substitution (presented in Chapter II) on the structure. Following submission of this thesis,

this chapter will be submitted for publication in European Journal of Mineralogy.
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ABSTRACT
Single-crystal X-ray structure refinements, coupled with electron-microprobe

analyses, were done on 20 crystals of astrophyllite group minerals (AGM) from a variety of
localities and spanning a wide range of compositions including astrophyllite, sensu stricto,
kupletskite and niobokupletskite. Members of the astrophyllite group are triclinic, P1, and
monoclinic, C2/c or A2, heterophyllosilicates and are the intermediate members of a
polysomatic or homologous series that includes perraultite and mica as end-member
structures. The AGM structure consists of two composite sheets stacked along [001] in a 2:1
ratio, resulting in a layered HOH structure reminiscent of the 7OT structure in 2:1
phyllosilicates. The structure consists of an octahedral sheet (O-sheet) comprised of MOsg
octahedra (where M = Mn, Fe*, Fe*", Na, Mg or Zn) sandwiched between two
heterogeneous sheets (H-sheets) with an ideal composition [(T i.Nb,Zr)SisO12]*. The
interlayer is comprised of two crystallographically distinct cation sites, 4 and B, host to K
and Na, respectively. The H-sheet consists of open-branched zweier [100] single [SisOr2]*
chains which are cross-linked by comer-sharing D¢ octahedra in triclinic species and
kupletskite-Ma2b2c, and DOs polyhedra in magnesium astrophyllite, where D = Nb,Ti,Zr.
Substitution of Nb at D results in positional displacement of the cation toward the center of
the octahedron, resulting in a more regular distribution of D-¢uicat bond lengths and a
decreased distortion. Substitution of Zr at D results in an increase in <D-¢> bond lengths
and decreased distortion of the octahedron and seems to be limited to 50% of D due to

crystallographic restrictions on the local O-sheet octahedra. Lateral fit of the H- and O-



sheets is accomplished primarily by tilting of the tetrahedra out of the (001) plane, elongation

or thickening of the tetrahedra along [001], and flattening of O-sheet octahedra.

1.0. INTRODUCTION _

Members of the astrophyilite group are alkali titano-, niobo- and zirconosilicates that
characteristically occur in peralkaline nepheline syenites and their associated pegmatites,
alkali granites, and their metamorphic equivalents. The crystal structure of monoclinic
magnesium astrophyllite was first determined by Peng & Ma (1963) and the structure of
triclinic astrophyllite subseqhently determined by Woodrow (1967). Since then, structural
studies of members of the astrophyllite group have been done by Christiansen et al. (1998;
kupletskite) Shi ez al. (1998; monoclinic magnesium astrophyllite, 42), Piilonen et al. (2000,
niobokupletskite; 2001, kupletskite-14 and kupletskite-Ma2b2c), Yamnova et al. (2000,
astrophyllite), and Zhesheng et al. (2000, astrophyllite).

In Chapter II we described the ranges in composition in AGM from over- and
undersaturated intrusions. The extensive range in chemical compositions observed is a
reflection of a crystal structure that contains numerous sites at which isomorphous
substitutions may occur. In this chapter, we will describe the structural variations that result
from these substitutions. In particular we are interested in (1) changes in the composition of
the O-sheet and its effects on lateral fit of the H- and O-sheets, and (2) the effects of
substitution of Zr and Nb for Ti in the Dds octahedron, and its influence on the local

stereochemistry of both the H- and O-sheets. This study is based on single-crystal X-ray
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structure refinements of 20 AGM crystals from a variety of localities, coupled with additional

compositional data obtained by EMPA and Mdssbauer spectroscopy-

2.0. ANALYTICAL METHODS

Table 1 lists the provenance of each of the 20 samples studied. In all cases (except
NOR17) chemical data were collected on the same crystal used f;ar the single-crystal X-ray
refinement (the crystal for NOR17 was lost during transfer to the probe mount). An attempt
was made to cover the entire possible range in chemical variations observed in AGM. Of

particular interest are variations in Na, K, Mn, Fe, Mg, Zn, Ti, Zr, Nb and F.

2.1. Electron-microprobe analyses

Electron-microprobe analyses (EMPA) were done on a JEOL 733 electron
microprobe, operating in wavelength-dispersive mode, using Tracor Northern 5500 and 5600
automation software. Details concerning operating conditions and selection of standards are
given in Chapter II. Table 2 contains average EMPA dataAfor each single crystal, with
chemical formulae calculated based on a total of 31 anions and 4(OH) + (F,0,0H) (as

proposed in Chapter II).

2.2. X-ray crystallography

Single-crystal X-ray diffraction was done to investigate variations in the AGM
structure and potential isomorphous substitutions. Intensity data were collected on three

different single-crystal X-ray diffractometers. All samples analyzed were handpicked under



TABLE 1. LOCALITY INFORMATION FOR ASTROPHYLLITE GROUP

Samplecode _Sample (Collection) # __ Locality and rock type
NORI17 (LHN-5) - alkali granite
RUS4 (CMNMI-53187) - nepheline syenite pegmatite
RUSS (FMM-1) - nepheline syenite pegmatite
LAB Seal Lake, Labrador, Canada
LAB3 (GSC-M26148-B) - peralkaline nepheline gneiss
LANG Langesundsfiord area, Oslo Rift Valley, Norway
NORI (RW-1) - nepheline syenite pegmatite (Vesle Aroya)
LOV Lovozero massif, Kola Peninsula, Russia
RUS9 (HC-1048) - nepheline syenite pegmatite (Lephke-Nelm)
RUS12 (FMM-56274) - nepheline syenite pegmatite (Kuivchorr Mt.)
MSH Mont Saint-Hilaire, Québec, Canada
MSH2 (NMNS-4) - nepheline syenite pegmatite
MSH3 (NMNS-5) - nepheline syenite pegmatite
MSHS8 (NMNS-12) - aitered nepheline syenite pegmatite
MSH9 (NMNS-13) - nepheline syenite pegmatite
MSH15 (NMNS-22) - nepheline syenite pegmatite
MSH19A (NMNS-26) - altered nepheline syenite pegmatite
MSH20 (NMNS-27) - nepheline syenite pegmatite
MSH33A (CMNMC) - i
MSH34A (CMNMC) - nepheline syenite pegmatite
MSH38A (CMNMC) - altered nepheline syenite pegmatite
MSH42 - nepheline syenite pegmatite
MSH#4 - sodalite syenite
MSH4S - sodalite syenite xenolith

PP

USS (CMNMO) - granitic pegmatite -
CMNMC/CMNMU/NMNS = Canadian Museum of Nature collection, GSC = Geological Survey

mnmmakspak,c‘:m. USA

ofCanadacoﬂecﬁon.FMMcFmWMmmcoﬂeaion.Rw-R.Wm
wmnmrm-ngomm

* Holotype niobokupletskite
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the binocular microscope to ensure that they were free of macroscopic inclusions. Grains
were then observed under the polarizing microscope to ensure that they were optically
homogeneous and thus single crystals. Select grains were also analyzed by the precession X-
ray diffraction method to check for intergrowths .and/or twinning.

Intensity data for six samples (RUS4, USS, MSH3, MSH15, MSH33A and MSH42)
were collected using the Siemens SMART (Siemens Molecule Analysis Research Tool)
system at the University of Ottawa consisting of a three-circle goniometer and a 1 K
(diameter: 9cm, 512 x 512 pixel) CCD area-detector. Data were collected at room
temperature (~25° C) using monochromatic MoKa X-radiation (40 kV, 30 mA) and a fixed
detector-crystal distance of 12.621 cm. A frame ﬁridth (@) of 0.3° and count exposure times
of 30 seconds per frame were used as standard settings. Data collection included unit cell
determination (~18 minutes) and collection of all frames data (17.5 hours). The data were
reduced, filtered, integrated, and corrected for Lorentz, polarization and background effects
using the Siemens software SAINT. Psi-scan absorption corrections were performed using
XPREP, during which the crystals were modeled as plates on (001). A range of plate
glancing angles was applied to each crystal (generally 2-9°) with the angle yielding the best
transmission factors chosen for the absorption correction.

Intensity data for 11 samples (LAB3, NORI, NOR17, RUS9, RUS12, MSH2, MSHS,
MSH9, MSH15A, MSHI9A, MSH34A and MSH38A) were collected using the Siemens
SMART system at the University of Manitoba consisting of a four-circle goniometer and a 1
K (diameter: 9 cm, 512 x 512 pixel) CCD area-detector. Data were collected at room

temperature using monochromatic MoKa. X-radiation (50 kV and 40 mA) and a fixed
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aetector-ctystal distance of 4 cm. A frame width (o) of 0.2° and count exposure times of 45
seconds were used as standard settings. Data collection consisted of 4349 frames, up to 60°
20, which provided 100% coverage of the diffraction sphere with a mean redundancy of 3.6.
Approximately 1000 reflections with spot sizes of 2.4° (XY, in the plane) and 2.0° (Z,
through the plane) were used in determination of the orientation matrix and preliminary unit
cell prior to integration of all frames data. Data integration was done using the Siemens
software SAINT. Absorption corrections were done using SADABS and crystals modeled as
an ellipse. All reflection data were then merged using the program XPREP.

X-ray intensity data for two samples (RUS8 and MSH20) were collected on a
Siemens P3 four-circle diffractometer operating at 50 kV and 40 mA, equipped with a
standard serial detector. An orientation matrix was obtained by collecting intensity data for
50 random reflections within the range 12 to 35° 20. Following determination of the
orientation matrix, half a sphere of intensity data were collected within the range 4 to 60° 26
using scan speeds inversely proportional to peak intensity (range: 3 to 29.3° 26/minute) and
scan range of +1.3° 20 with respect to peak position. In order to monitor experimental
conditions over time, a check reflection (1 30) was collected every 50 reflections.

The structures for 19 triclinic samples were refined in space group P1 (#2) by least-
squares methods using the SHELXL-93 set of programs, whereas that of monoclinic
kupletskite was solved and refined in space group C2/c (#15). All atomic coordinates and
temperature factors were kept as refineable parameters during the refinement process.

Except for cases in which the interlayer site 4 was split due to positional disorder, all
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displacement parameters were refined as anisotropic. Site-occupancy factors (SOF) for all
anions were fixed at unity. During the initial refinement, cation assignments to the 4, B,
M(1) through M(4), and D sites were made on the basis of data obtained from EMP analyses.
Scattering curves for neutral atoms were taken from Cromer and Liberman (1970). In cases
where the site-scattering refinements (SREF) indicated the presence of a second scattering
species, the two dominant elements were assigned to that site and the SOF constrained to be
unity. Secondary isotropic-extinction corrections were applied to all data sets, but did not
improve the resuits.

Unit-cell parameters and information pertinent to the data collection and crystal
structure refinement are in Table 3. The final positional and anisotropic displacement
parameters are in Appendix C. Select bond lengths are given in Table 4 and bond angles in
Table 5. Information regarding individual polyhedra can be found in Table 6. Bond-valence
sums (BVS) were calculated using parameters taken from Brese & O’Keeffe (1991) and are
in Table 7.

The normalized bond-length variation, or distortion (A), for each polyhedron was
calculated using the equation of Brown & Shannon (1973), subsequently modified by

Shannon (1975, 1976):
A={3 [(-l)lnl/n} ¢ 10°(1)

where |; = bond length, I, = mean bond length, and n = coordination number. The

tetrahedral- and octahedral-angle variance (TAV and OAV respectively), an alternate
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2.146(4)
2.170(4)
217046
2136

182303)
19573
1.967(3)
195103)
1.9693)
2.068(1)
1956

2.189Q2)
2.1983)
2.191(2)
2216Q2)
2214Q2)

2284Q)
2209

2.1282)
2.13002)
2.14402)
2220
2231)
2234Q)
2.185

2.135(2)
2.1373)
2.153Q2)
2.170(2)
2204(2)

2312
m

2.0872)
2.0872)
2.135Q2)
2.1352)
2.136(2)

21362
2.126

1.8073)
1.9593)
1.96003)
1.956(2)
1.959@3)

2084
1.954

2.13%(5)
2.156(5)
2.14%(5)
2.172(5)
2.174(5)
22050)
2.165

2.087(5)
2.079%(5)
2.116(5)
2.19%(5)
2.208(5)

2233
2.154

2.098(5)
2.107(S)
2.115(5)
2.137(5)
2.175(5)

22163
2.140

2.074(5)
2.074(5)
2.14%(5)
2.14%(S)
2.16X(5)
21645
2.127

1.844(5)
1.936(6)
1.945(6)
1.945(5)
1.950(5)
2090
1.952

2.188(2)
2.193(2)
2.181(2)
2.206(2)
22072)

220(2)
2201

2.12%Q)
2.132(2)
2.150(2)
2217Q2)
2240(2)

22612
2.189

2.138(2)
2.1432)
2.156(2)
2.179Q)
2.206(2)

22432
2178

2.112(2)
2.112(2)
2.163(2)
2.163(2)
2.1832)

21832)
2.153

1.808(2)
1.962(2)
1.965(2)
1.9612)
1.968(2)

20810)
1.958

110

MSH3

2.187(4)
2212%5)
2.192(4)
2218(4)
22214)
2244(8)
2212

2.121(4)
2.1314)
2.1394)
2214(4)
2.226(4)
2:262(4)
2182

2.1274)
2.1344)
2.148(4)
2.1634)
2.2014)
2.2448)
2.170

2.081(4)
2.081(4)
2.1324)
2.132(4)
2.1634)
21638
2125

1.863(4)
1.950(4)
1.950(5)
1.949(4)
1.963(4)
2031
1952




SAMPLE LAB3

NOR1

NOR1?

RUS4

T(1) tetrahedron

T(1)O(15) LS88(3)
T()}O(11) 1.595(3)
T()yO(1)  1.6303)
T(1)}0(13) LS9
<T(1X0>  L6133)

T'(2) setrahedron
T(2)}0(13) 1.605(3)
T(2»03) 16173)
T2)0E8) 1.633Q3)
T)0(10) L6ISH
<T}0> 1622

T'(3) setrahedren

TE3)0(14) 1.613Q3)
TG)06)  1.62803)
TGIO(10) 1.64203)
TOYO®) L6430

<T(3)>0> 1.63153)

T (4) setrahedren

T(4)00) 1.394Q3)
T(4)0(12) 1.59503)
T(4)X0() 1.63403)

L601(4)
1.602(4)
1.624(4)
KX -0l
L1616

1.617(4)
1.613(4)
1.642(4)
¥ x1/0)}
1.627

1.620(4)
1.624(4)
1.639(4)

1.605G3)
1.601(3)

1.62303)

1.610(6)
1.596(5)
1.612(5)

L644(3) L6AND)

1618

16133)
1.605(3)
1.6353)

LI
1.624

1.60303)
1.612(3)
1.63703)

LS3X4) Les(N

1631

1.59%(4)
1.601(4)
1.625(4)

1.624

1.3953)
1.60303)
1.62803)

T(4)0(14) L6020Q) L62N4) L6430)

<T(@0> 16143)

BO(I2n2  2.624(4)
BOO2 2627(4)
BO(IN2  2.648(4)
B-O(ISK2  2.618(4)
B4(16p2 2.70%0)
<B4> 2644

K(1a)-0(12) 2.874(4)
K(1a)}O(1S) 2.876(4)
K(1a)0(11) 2.867(4)
K(1a)0(9) 2.389%(4)
K(1a}4(16) 3.115(1)
K(1a)-0(14) 3.420(4)
K(1a)}0(13) 3.469(4)
K(1a)}O(14) 3.453(¢)
K(1a}O(13) 3.4760)
K(la)O(8) 3.621(3)

_ K(1a}0(10) 3.68203)

K(1a)0(10) 37180
<K(la)4> 3288

K(1a)-R(1b)

K(1b)4(16)
K(1b)}-0(15)
K(16)-0(11)
K(1b)0(12)
K(16)-0(9)

K(16)-0(13)
K(1b)}-0(14)
<K(1b)4>

1613

2.60%(3)
2.61%5)
2.630(5)
2612(5)

26240
261

291%(9)
2.900(%)
2.904(4)
2.934(5)
3.184(2)
3.3934)
3.426(4)
3.430(5)
3.43%(9)
3.562(4)
3.617(4)
163%4)
s

1618

2.620(4)
2.602(4)
2.634(4)
2.609(4)
269%0)
2631

2.826(4)
2.834(4)
2.837(4)
2.845(4)
3.058(2)
3389Q3)
3.444(4)
3.443(4)
3.4700)
3.64503)

um
0.851(23)
2.206(23)
2.417(20)
2.427(19)

2.41521)
243000

2380

1617

1.60%(5)
1.62%(6)
1.634(5)
1LEX»
1625

1.616(5)
1.620(5)
1.640(5)
1.644(6)
1.630

1.604(6)
1.606(5)
1.628(6)
1632(6)
1618

RUSS BUSO RUSIZ

USS

1.604(2)
1.6012)
1.626(2)

LS
1616

L.616(2)
L.616(2)
1.633(2)

L)
1.625

1.614Q2)
1.6282)
1.642Q2)

1641
1.631

1.601(2)
1.601(2)
1.628Q2)

16822}
1616

2.59203)
2.59203)
26133)
2.586(3)

1.60203)
1.603(3)
1.63003)

1540
1621

1.61403)
1.62303)
1.639(4)
pE X’ O
1629

161303)
1.63303)
1.652(4)
L3I
1.637

1.608(3)
1.610(3)
1.63403)

1s20)
1621

2.596(4)
2.606(4)
2.600(4)
2.590(4)

2620 N1

2614

2.3420)
2.843Q)
285103
2.33603)
3.100(1)
33753)
3.4290Q)
3.42303)
34370)
3.6022)
3.64503)

3.258

2619

1.61203)
1.611(3)

1.6220)

1.390(6)
1.598(6)
1.626(5)

L8 L62N

1624

L613Q2)
1.614(3)
1.64213)

Lsad)
1628

1611(3)
1.61433)
1.6393)

1642(2)
1627

1.6103)
1.6133)
1.62603)
Lsso)
1.622

2.599(3)
2.596(3)
2.604(3)
26103)

2696(0)
2621

2.336(3)
2.8393)
2.847Q3)
2.8320)
3.093(1)
3399(3)
3.42903)
3.42903)
3.44203)
3.606(3)
3.699Q3)

1203
3265

0917(18)

2176(18)
2392013)
2397(18)
2392017
0N

2.353

1612

1.605(5)
1.60%(S)
1.63%(3)

L6
1622

1.598(5)
1.60%(S)
1.62%(5)
163
1.616

1.58%(S)
1.597%(6)
1.623(3)

1.641(6)
1612

26187)

1.611(2)
1.610(2)
1.626(2)

16432)
1623

1.618(2)
1.61%2)
1.641(2)

1.64202)
1.629

1.6152)
1.625(2)
1.642(2)

1.632

1.607(2)

1.60%(2)
1.627(2)

1.621

261303)
2.3933)
2.61433)
2.6143)

2627

2.83703)
2.83409)
2.84203)
2.85003)
3.092(1)
3395Q3)
3.459Q)
3.4290)
3.46613)
3.6043)
3.71303)

20

MSH3

1.601(5)
1.603(3)
1.624(S)

L6s43)
L619

1.617%(S)
1.607(5)
1.634(4)
1642(8)
1.625

1.608(5)
1.615(5)
1.647(4)
L64X(®)
1628

1.607(4)
1.614(5)
1.619(5)

L.640(8)
1.620

2.62%(6)
2.629%(6)
2.640(6)
2.634(6)

26941
2645

2.36%(6)
2.873(6)
2.389%(6)
2.383(6)
3.136(5)
3.390(5)
3.424(5)
3.431(6)
3.44%(6)
3.596(6)
3.650(6)
kX 1415}
2m

0.621(18)

2.51518)
2526017
2.347016)
2.551(16)
2.3336)

2.540

11l



I12

-

SAMPLE __ MSHB _ MSHO _ MSHIS MSHISA MSHI9A MSH20 MSH3JA MSH34 MSH3SA MSH42
M)O2) 21532) 2.1883) 2.186(5) 2.180(2) 2.163(3) 2.1872) 2.139(5) 2.142Q) 2.1692) 2.17(®)
MD-OGS) 21902) 2.1920) 2.197@4) 2.192Q2) 21853) 2.191Q2) 2.188(6) 2.166Q) 2.184Q) 2.194(8)
M)O®) 21822) 2.1853) 2.1894) 2.190) 2I753) 2180Q2) 2.142(4) 2.143Q0) 2172Q) 2.190(N)
M()O3) 22072) 22043) 2207(5) 22082) 2.1972) 2206(2) 2.189(4) 2.177Q2) 2.199Q) 22097)
M(MO()  22232) 220903) 2226(5) 2215Q) 2216() 22092) 2225¢H) 2202Q) 22072) 2221(7)
MOMO()  220Q) 223003) 22334 2239Q) 22000) 23UQ) 2236 2260Q) 220) 224N
<M(1}0> 2204 2201 2206 2204 210 2201 2187 2176 2193 2207

M 2)O/(OH), octahedron

MQYOC)  21242) 2.1300) 2.113¢6) 212Q) 2119G) 21232) 2.12149) 2.103Q) 2.110Q) 2.133(®)
MQOS) 21152) 2.1393) 2.1185) 2119Q) 21120) 2.1312) 210%(5) 209%6(2) 2.111Q) 2.124()
M@O() 2M462) 2.493) 2157(S) 2.146(2) 2.1403) 2.142Q2) 2.14%(5) 2.130Q) 2.142Q) 2.152(B)
MQO®6) 22172) 2223() 2217(5) 2213Q) 22182) 22162) 2210(6) 2.192Q) 2212Q) 221N
MO 22322) 2236(3) 22284) 224Q) 20I0) 22292) 2220(4) 2213Q) 2222Q) 2254
MQYOR) 22532) 22610) 225H4) 22552) 22M4() 226Q) 2.230(4) 22382) 22460) 22528
<M@)0> 2181 2090 2182 2180 2177 2is 2173 2162 2174 2188

M@)O(OH), octahedron

MQEYO(l) 2.138(2) 2.139(3) 2.1304) 2.136Q2) 2.135(3) 2.1352) 2.1294) 2.119Q2) 2.1252) 2.143(7)
MQG)O@) 2.1332) 2.146(3) 2.1324) 2.130(2) 2.12(3) "2.1372) 2.117(5) 2.1122) 2.1222) 2.145(7)
MQEGYO3) 2.149(2) 2.158(3) 2.159(4) 2.147Q2) 2.1493) 2.152Q2) 2.133(4) 2.1252) 2.1402) 2.151(7)
MQEGYO6) 2.16412) 2.1743) 2.176(4) 2.166(2) 21722) 2.171Q2) 2.143(4) 2.144Q2) 2.163(2) 2.16%(7)
MQG)YO@) 2206Q2) 2211(3) 2.196(S) 2202(2) 22003) 2.198Q2) 2.1744) 2.181(2) 2.195Q2) 2210(8)

MOYOQR) 22312) 22460) 2239 22220 22183) 228200 22114 2214Q) 2221 223B)
MGO> 2171 2119 21TL 2169 2166 21 2152 249 2162 2175

M (@)O(OH), octabedron

M@)»0@4) 20952) 2.1183) 2.08(S) 2089(2) 2.094(3) 2.085(2) 2.088(S) 2.0852) 2091(2) 2.097(M)
M@)y0®4) 2.0952) 2.118(3) 2.086(5) 2.089%(2) 2.094(3) 2.0852) 2.088(5) 2.0852) 2091(2) 2.097C7)
M@)>O(l) 2.149(2) 2.165(3) 2.146(4) 2141Q2) 2.155Q2) 2.1452) 2.158(4) 2.154(2) 2.154(2) 2.149(8)
M@)»XO() 2.14%2) 2.165(3) 2.146(4) 2.141(2) 2.155(2) 2.145(2) 2.158(4) 2.154(2) 2.154(2) 2.149%(8)
M@»0@) 2.1842) 2.182(3) 2.1694) 2.170(2) 2.182(2) 2.171(2) 2.1704) 2.171(2) 2.181(2) 2.181(N)
M@O0Q) M) 21R0) 2164 2110Q) IRQ) 2R 21706 Q) 21810 181D
<M 40> 2.143 2.155 2.14 2.133 2.144 2.134 2.139 2137 2.142 2.142

D ¢ octahedron

D-0Q2) 1887(2) 1.809(3) 1866(4) 1876(2) 1885(3) 1.794(2) 1894(5) 1866Q2) 18542) 1.92%(8)
D-O(12)  19682) 19583) 1960(S) 1956(2) 1961(3) 19%6(2) 1.984(6) 197003) 19602) L9IEO)
DO(II)  19743) 19643) 1966(5) 19673) 197(3) 1959Q2) 1998(5) 19833) 19672) 2.001(9)
D-009) 19652) 1956(3) 1965(5) 1957(2) 1970(3) 19562) 1990(5) 1970Q2) 1.9642) 1.987(8)
DO(IS)  19732) 19633) 19665) 19642) 1973() 19662) 1996(5) 1980Q2) 1969Q2) 1.994(8)
D416)  20140) 208(1) 2034(D 203%0) 204XD) 2086(L) 209KD) 2.096(0) 2036(0) LB
<D4> 1964 1955 1960 1959 1970 1953 1993 1978 1962 1982




4

MSHS MSH9 MSHIS MSHISA MSHI9A MSH20 MSH33A MSH34 MSH3SA MSH42

—M___

T(1) setrahedron

T(1)0(15) 1.604(2)
T(1)0(11) 1.606(3)
TA)»0(1) 1.627(2)
TQ)O0(13) L636Q)
<T(1»0> 1618

TQ2) tetrahedron

T(2)0(13) 1.617(2)
TRXO0) 1618Q)
T@XO®) 1.6380)
T@2}O(10) LEIIG)
<T(2)»0> 1.627

T ) tetrahedren
T(3)-0(14) 1.621(3)
I@)»0E6) 1.631Q2)
T()»0(10) 1.652(3)
TE)}O®) L6
<T(3)»0> 1.639

T (4) atrahedron
T(4)009) 1.606(3)
T@)»0(12) 1.606(2)
T@HO(T) 1.625Q2)
T(4)»0(14) 162%])
<T (4)O> 1.617

BO(12)2
B0
BO(IN2 2.640(3)
BOOSH2 262203)
B4(I602  2710(0)
<B4 2.644

2.6320)
261403)

K(1s)0(12) 2.897(3)
K(1a)0(15) 2.896(3)
K(1a)}O(11) 2.894(3)
K(la)0O(9) 291203)
K(1a)4(16) 3.178(1)
K(1a)}0(14) 3.381(3)
K(1a)}0(13) 3.44703)
K(1a)}0(14) 3.43833)
K(1a)0(13) 3.450(3)
K(1a)O(8) 3.54403)
K(1a)}0(10) 3.6213)
K(1a)0(10) 3.643(3)
<K(lap4> 3275

K(1a)K(1b)

K(16)4(16)
K(1b)0(15)
K(1b)0(11)
K(1b)0(12)
K(1b)-0(9)

K(16)0(13)
K(1b)0(14)
<K(b>

L611(3)
1.612(3)
1.625(3)

Lssoh
1622

1.6193)
1.6203)
1.63703)

LSy
1.629

1.61803)
1.62203)
1.64803)
163
1.635

1613Q3)
1.615(3)
1.629(3)

LS13)
1.62¢4

2.62003)
2.600(4)
26113)
261503)

2.6290)
2629

2.825(4)
2.839(4)
2.836(4)
2.852(4)
3.086(2)
3.398(3)
3.456(3)
3.438(4)
3.47%4)
3.601(4)
399

3.2

1.603(6) 1.6022)
1.60)(5) 1.60313)
1628(5) 1.622(2)
LS4 1LEUD
1620 1616

1.60%(5) 1.615Q2)
L612(5) 1616Q2)
1.630(5) 1.644(2)
1685 L@
1624 L628

1615(5) 1.6192)
L6II(S) 1.618(2)
1647(5) 1.648(2)
L630(5) 168U
161 1632

1.59%(5) 1.60603)
1.607(5) 1.60403)
L625(5) 1.6262)
1639 LE3D
1617  L617

2645(7) 3.6270)
2.6276) 2.626(3)
2636(6) 26510)
2635(6) 2.6300)

22020 2.702(0)
2649 2647

2850(7) 2.830(3)
2366(6) 2.87703)
2365(6) 2.313(3)
2876(6) 2.88303)
3.1172) 3.131(1)
33956) 339103)
3.44%6) 3.45103)
3.4356) 3.4400)
3462(6) 3.453Q)
3.59%S) 3.59003)
365%(6) 3.65503)

106 16200)
m  wm

1.6033)
1.60303)
1.627(3)

LU
1619

161303)
1.62103)
1.6450)

1.620)
1.630

1.614(3)
1.624(3)
1.64303)

Leson
1.631

1.607(3)
1.6043)
1.62803)

1s340)
L1618

2.645(4)
2605(4)
2667(4)
2.604(4)
1190)
2646

2.385(4)
2.890(4)
28714)
2.905(4)
3.1510)
33814)
3.443(4)
3.462(4)
3.481(4)
3.5TI(4)
3.6334)

A60(4)
3.

1.603(2) 1.597(5) 1.995(2) 1.600(2) 1.595(9)

1.607(2)
1.621(2)

1.592(6) 1.594(3)
1.626(4) 1.625(2)

1642) LE3AN LGUD

1618

1.61%2)
1.612(2)
1.642(2)

¥x1/ri]
1.627

1.617Q2)
1.617(2)
1.646(2)

L683@)
1.631

1.608(2)
1.60%2)
1.626(2)

169
1.620

261003)
2.38503)
26143)
2601(3)

2.6240)
2621

283403)
2.34003)
2.8463)
235203)
3.098(1)
3373)
3.4370)
3.4320)
3.4410)
3.58503)
3.6843)

L612 1.611

1.6145) 1.6183)
1.626(5) 1.620(2)
1.628(5) 1.636(2)

LE3%S) 1636
1.626 1.628

1.618(5) 1.619(2)
1.644(%) 1.631(2)
1.64(5) 1.6452)
LESXS) L64ND)
1640 1635

1.59%(5) 1.601(3)
1.395(5) 1.60203)
1.625(S) 1.630(2)
L6243) LS2¢Ch
1610 1614

2626(7) 2.613(4)
26177 2.615(3)
2637 2.63%(4)
262%(7) 2.61%4)

22090 2.70K0) 2.70UD)

264 2637

2910(7) 2.890(3)
2.891(7) 2.388(3)
2.3977) 2.882(3)
2916(7) 2901(4)
3.164(3) 3.14%(1)
3.412(6) 3.40403)
3.465(6) 3.456(3)
3.44%(7) 3.43403)
3.477(6) 3.43903)
3.5826) 3.587(3)
3.65)6) 3.628(3)

16890) 167HE) 161D

3260

391 s

1.605(2) 1.585(9)
1.625(2) 1.628(8)
16412) LE3IO)
1618 1610

1613(2) 1.61409)
1.6142) 1.620(7)
1.642(2) 1.638(8)

L64M2) L6348)
1628 1632

1.616(2) 1.630(9)
1621(2) 1.62%(7)
1.6422) 1.630(9)
L6432 L64X(E)
1631 1634

1.601(2) 1.591(9)
1.601(2) 1.591(9)
1.632(2) 1.61X(®)

LX) L60I)
1617 1601

2612(3) 2.642(19)
2.595(3) 2.641(13)
2637(3) 2.662(13)
2601(3) 2.665(14)
210
2629 2665

287103) 2.831(25)
2.868(3) 3.046(28)
286203) 2.343(23)
2.8885(3) 3.073(30)
3.130(1) 3.256(16)
33763) 3.245(34)
3.43603) 3.266(33)
3.439Q3)

3.45503)

35813) 3.4092))
3.639(3)

kX 17 7e)]
3268 3121

0.36

3.22%8)

2.843(17)
2.996(16)
2.954(17)
2.379(19)
3.347(19)

113



SAMPLE __ LAB3 NORI NORIT RUS4 _RUSS

o)

OSMI02 867 872 $17 88 SLL  §73 §19 867 sl 883
034102 863 $10 813 %64 %69 $12 $I8 %64 §79 %0
OTAM1-02 970 94 963 966 94 959 956 910 954 957
Ol-AMfI02 954 952 947 951 952 947 945 954 94l 947
OSAM106 938 937 930 943 940 9T NT %2 RT N4
O3M106 914 9IS 907 922 98 96 98 93 909 %8
Ol4106 $9 B8 U4 HBI B U1 US BS 50 S
O3M105 939 938 92T M2 %0 95 9B3 9B 928 929
OTM105 5 M7 300 794 M4 1 798 1985 01 00
OlM103 800 798 709 798 197 800 795 00 04 198
Ol-M107 1064 1065 1072 1064 1068 1063 1072 1061 1066 I07.1
OTMI-06 853 852 859 849 850 854 860 54 860 857
MQ)

054205 O B4 0 N9 BI BT 42 028 KO US
O6-Af205 945 936 925 BT BT %1 N2 NI N4 N3
02M205 862 838 874 866 810 $73 819 861 §6 84
OTM205 936 934 926 940 935 928 919 942 919  9L9
OSM207 959 962 963 93 93 92 960 968 964 955
O6M207 84 868 §1.1 870 868 %S $13 %2 8§10 816
O7-M207T 844 848 351 843 4 349 854 84S 858 852
02M205 1031 1029 1029 1027 1027 1025 1029 1030 1027 1021
O7AM205 803 802 304 803 802 07 806 199 803  SLS
0M206 812 814 SL7T 812 812 S8 819 83 23 820
OTM206 954 955 950 958 960 951 946 958 946 944
O2AM207T 959 949 949 952 950 951 948 952 M8 94
MO)

O4LM3Ol 962 959 959 961 959 960 959 963 958 958
O6A3-01 865 ST1 8§74 8§10 395 8.1 80 864 $13 881
O4WM30l B4 B3 B9 B BS BS B3 B WUS B2
O2A3-01 90 952 951 950 951 953 953 956 950 951
O3M3-04 840 841 845 839 42 U2 840 843 850 840
O4M3-04 7 304 303 798 02 S SL3 M8 807 813
O2M3-04 1023 1016 1017 10L7 1014 1013 10L6 1018  10L7  I0Ll
O6M3-03 9.1 928 919 929 N8 NS 98 929 96 9§
O4Af3-03 945 945 934 949 944 940 933 948 9028 94
O2M3-03 860 810 876 866 $10 872 881 860 §1.7 883
O4M3-06 952 952 944 959 958 951 937 953 940 942
01306 29 229 B N7 N8 B2 B4 B2 BT B6
)

Ol-M&O4 948 949 940 951 948 944 939 951 938 940
Ol-Af4-04 852 852 960 849 852 856 862 M9 862 860
O3M406 39 4S5 84S BS 80 42 852 B9 1 U9
O3M404 961 955 955 965 9.1 958 948 961 949 951
O3M40l B2 R4 R4 N2 N3 N6 B3 N6 R4 BE
O340l 978 976 976 918 911 914 967 98BS 916 %4
D

09-D02 916 919 91 96 98 9L 9&S 96 91 92
015002 988 984 988 996 97 98T 989 983 991  9%8
O12-D-02 90 980 982 992 990 987 98T 919 9%2 %4
OlD-02 986 986 987 991 994 986 992 982 990 967
03-D-016 818 819 SLS sl %S 818 812 E21  $4 8035
O15-D-016 818 SL7 816 808 %07 $L.é 813 820 Sl4 56
OIR-D0I6 816 8.6 815 306 8.7 8.3 S0 819 4 B2
Ol1-D-016 813 8.8  SL7 311 808 SL4 812 E0 SIS £33
012-D-09 897 901 896 98 896 91 896 394 396 193
OlD09 881 18 §718 872 815 $17 $16 83§18 190
O12D-0IS 881 384 385 9 §9 19 83 86 86 197
OllDOIS 894 891 891 894 892 893 892 838 888 891
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TABLE 5A._CONTINUED
SAMPLE __ MSHS _ MSHO MSHIS MSHISA MSHI9A MSH20 MSHI3A MSH34 MSH3SA MSH42

MQO)
0O5-M1-02 874 8.1 L 28 $78 871 ;%1 86.3 6.4 73 879
03-A11-02 874 8.0 578 878 6.9 879 $6.0 86.1 8.1 874
O7-M1-02 96.1 95.3 963 96.1 96.7 954 96.7 969 96.5 96.1
Ol-M1-02 94.6 943 94.6 94.6 950 942 954 953 95.0 4.5
08-Af£1-06 93.7 925 928 93.1 93.6 926 94.5 M. 93.5 933
03-M1-06 91.2 90.7 90.6 90.9 9Ll 9.9 918 921 9.2 9.2
O1-A{/ 1-06 84.1 849 us 844 84.1 $5.0 | <& 3.7 84.0 84.1
03-M1-08 93.1 922.7 926 93.0 9.1 93.1 939 94.4 93.1 929
O7TAM1-05 99 9 803 ™8 80.0 .7 80.0 93 80.0 80.5
" Ol-Af1-03 80.3 0.4 $0.0 9 0.4 80.1 $0.0 80.1 80.4 80.3
O1-M1-07 1065 1068 1068 1070 1063 1069 1060 1061 1064 1060
07-M 1-06 85.5 86.2 853 85.5 854 859 85.5 85.0 854 854
MQ@)
05-A£2-05 833 842 84.1 3.8 833 84.1 $3.1 2.6 83.5 $3.4
06-A£2-05 93.2 92.4 923 9.7 93.5 924 94.6 9.3 933 933
O2-AM2-05 87.5 876 %0 877 869 876 $6.0 85.7 8.1 87.8
O7-M2-05 92.6 918 924 924 93.1 92.1 933 942 93.1 92.0
O5A£2-07 96.2 96.1 959 96.0 9.3 96.1 958 9.3 96.2 96.0
06-M2-07 $7.0 871 874 872 86.7 $71 86.4 6.2 86.7 $7.0
OT-M2-07 844 85.6 s 84.6 843 $5.5 84S 842 44 84.7
02:M2-05 1027 1028 1026 1027 1031 1028 1026 1031 1027 1028
O7-M2:05 80.7 80.2 81.2 80.6 $0.6 803 809 "8 80.5 80.7
02-M 206 823 023 824 22 819 2.1 $1.0 8Ll 81.9 829
07-M2-06 94.4 94.6 939 94.5 943 94.7 95.5 96.0 94.8 939
02:A£2-07 95.5 949 95.1 953 95.7 94.8 9.3 959 954 92.5
MQ)
04-AM3-01 96.1 95.6 96.4 96.0 96.6 96.1 96.2 96.1 96.3 959
06-M3-01 7.1 874 874 875 86.7 876 86.1 86.3 8.8 87.1
O4-A£3-01 3.2 84.6 33 3.2 83s 3.6 833 83 3.6 829
02-AM3-01 95.5 9.0 953 95.5 95.7 95.1 96.3 959 953 95.8
03-A13-04 843 8s.1 84.0 .l 8.1 M3 83.7 84.1 844 84.2
O4-A3-04 80.5 809 80.5 80.5 $0.2 81.0 93 .5 80.2 80.7
02-M3-04 1014 10L7 10L7 1015 1020 1014 1024 1013 1007 1012
06-A3-03 922 915 919 92.1 924 9.7 93.8 93.5 922 923
O4-AM3-03 93.8 928 93.6 93.7 939 934 95.0 95.1 93.9 93.7
02-A£3-03 875 876 87.8 81.7 869 878 85.5 85.6 $7.1 87.6
O4-M3-06 943 93.7 94.0 943 943 94.1 95.6 96.0 94.7 93.8
02-A13-06 839 3.8 839 83.7 3.6 83.6 828 2.7 83.5 843
M@
Ol1-M4-04 94.4 93.7 94.5 94.2 94.4 93.8 953 95.1 94.6 94.5
Ol-M4-04 85.6 863 85.5 85.8 5.6 86.2 84.7 849 85.5 85.5
03-A14-04 844 853 849 84.5 840 8s.1 3.5 96.5 95.9 84.6
03-M4-04 95.6 94.8 95.1 95.5 96.0 949 96.5 83.6 84.1 95.4
03-A4-01 829 823 828 829 826 829 222 819 2.5 3.1
03-M4-01 971.1 97.7 972 97.1 974 97.1 978 9.2 9715 96.9
D
09-D-02 95.7 9.8 96.2 96.1 9.8 9.6 974 97.8 9713 94.0
0O15-D-02 96.6 99.1 96.5 96.6 975 93 9.0 9.8 9.1 95.1
012-D-02 958 98.1 9.3 96.3 96.5 9.7 978 9%.4 974 94.7
O11-D-02 96.5 99.2 9%.8 96.5 97.1 9.0 9%.4 9.5 979 94.5
09-D-016 3.3 818 83.6 3.6 829 81.0 s1s 816 23 8s.5
015-D-016 $3.9 81.6 83.7 838 829 s1.1 818 8.8 823 854
012-D-016 83.8 813 83.5 835 83.1 81.0 819 814 82.3 85.1
011-D-016 839 814 834 3.8 833 812 819 818 82.4 85.7
012-D-09 9.9 892 9.1 299 899 94 90.1 99 90.3 9.9
Ol11-D-09 8.7 879 %9 $9.0 2 R} 7.7 7.7 881 88l 9.6
012-D-015 9.2 s 899 9.1 %7 L X %2 88.1 83 90.5
0O11-D-015 $9.5 $9.1 89.2 $9.2 $9.2 $8.9 94 9.2 9.2 38.6
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RUSI2

MSH2 MSH3

SAMPLE LAB3 _ NORL RUSS

WMD.T)-0-T

M3-01-T1 1207 1211 1207 1213 1210 1208 1208 1206 1207 I2LI
M4-0L-T1 1179 1182 1188 1178 1180 1186 1196 1174 1186 1192
M1-01-T1 1240 1230 1232 1236 1230 I233 129 1236 1241 1227
M3-03-T2 1221 120 1230 1222 1223 1225 L1197 120 231 1234
M4-03-T2 1185 1187 1183 181 1186 1189 1230 1179 LI87 1198
M1.03-T2 1221 1222 1226 1212 1217 1219 12L7 1223 128 1218
M3-06T3 1200 1201 1213 1203 1204 1207 215 1206 1210 1212
M1-06-T3 1227 122 129 1219 1219 120 1226 1227 128 1227
M2-06T3 1200 1205 1206 1202 1200 1206 1210 1199 1212 1209
M207-T4 1209 1209 1206 1214 1208 1209 1207 1208 1206 1212
M1-07-T4 1225 1225 1221 1218 1221 1227 1225 1223 129 1222
M2.07-T4 1189 1192 1201 1189 1190 1193 1202 1186 1201 120
T3-08-T2 1397 1393 1398 1393 1397 1393 1395 1389 1397 1398
T3-010-T2 1398 1390 1392 1392 1389 1389 1394 1392 1397 1381
T1-013-T2 1430 1424 1424 1418 1426 1426 1414 1436 1431 1408
T4-014-T3 438 1435 1432 1433 1435 1432 33 1444 1435 1424
D-09-T4 430 1434 1432 1428 1421 1433 1423 1427 1424 1443
D-OIL-T1 MLS 1417 418 1414 1411 1417 416 1418 1412 1439
D-O12-T4 4LS 415 1414 1403 1405 1417 1412 1417 1418 1429
D-0I5-T1 413 1411 1416 1405 1403 1415 1414 1418 1410 1430
oT0

OLLTIOIS 1101 1105 1108 1096 1099 1107 1101 11L7 1105 1lLO
O1-T1-01S LILS 1114  [IL1 114 1116 112 1112 109 1Ll 1110
OI3-T1-015 1062 1058 1062 1058 1061 1062 1063 1060 1064 1060
OI-T'1-011 1112 117 1Ll L6 117 1S L8 108 1ILS 1113
O13-T1-011 1059 1055 1062 1058 1057 1056 1059 1057 1059 1055
013-T1-01 L7 116 1113 1123 1117 14 1113 LLS 113 LS
03-T2013 117 116 1123 1118 114 1114 LT L6 LILT 119
08-T2-013 1065 1063 1067 1064 1067 1066 1063 1069 1067 1056
O10-T2-013 1064 1067 1064 1067 1068 1064 1064 1066 1070 1063
08-T2-03 1102 1103 1104 1108 1105 1107 1107 1104 1102 1109
010-72-03 1105 1109 1105 1105 1108 1109 1108 1105 1103 112
010-72-08 1114 1109 1104 1105 1104 1107 1107 1108 1107 1108
06-T3-014 112 1Ll L2101 LS 1LS LS 1119 i3 LS 122
010-T3-014 1060 1062 1059 1064 1061 1064 1060 1065 1062 1055
08-T3-014 1064 1062 1064 1059 1066 1063 1063 1062 1064 1062
010-T73-06 1109 L1 1108 1107 1109 1107 1106 1Ll 1107 1113
08-T3-06 LI 118 1112 1118 LS L7 L6 1116 1114 1114
08-T3-010 1109 1101 1103 1102 1102 1101 1104 1099 1115 1100
012-T4-09 1100 1098 1104 1096 1097 1101 1096 1IL7 1100 1107
014-T4-09 1057 1059 1060 1064 1054 1060 1059 1054 1059 1054
07-T4-09 L7 LS 1LS 1120 1120 1113 1119 L7 18 1117
Ol4-T4012 1062 1061 1061 1054 1061 1062 1063 1056 1062 1059
07-T4-012 L6 1117 ILS  1L7 118 1112 1ILS 113 113 1L
07-T4-014 LS 1ll6 Il1L1 LS 1116 1119 1113 1110 1114 1118
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SAMPLE MSH8 MSH9 MSHIS MSHISA MSHI9A MSH20 MSH33 MSH34 MSH38 MSH42
MDT)-0-T

. M30I-T1 1206 1208 120.7 120.6 120.6 1208 1209 1210 1208 1205
M4-01-T1 1183 1186 118.5 1189 1182 1192 1176 1174 1180 1181
M1-01-T1 1238 124.1 1234 1233 1238 1235 1243 1241 1237 1242
M3-03-T2 1232 1229 1230 1230 128 1230 1218 1217 1230 1232
M4-03-T2 1190 1187 1193 119.0 118.6 1192 1185 1181 1185 1192
M1-03-T2 1221 1229 1223 1222 1223 124 1216 1219 124 1220
M3-06-T3 1207 1213 1208 1209 120.5 1212 1224 1222 1206 1205
M1-06-T3 125 1229 1232 127 128 1227 1198 1196 127 1225
M2-06-T3 1210 1210 1213 1212 120.8 1210 1194 1198 1207 1216
M2-07-T4 1207 1204 1213 120.5 1204 1206 121.1 1208 1206 1210
M1.07-T4 124 1226 1217 122 126 1225 1190 1227 1224 1234
M207-T4 1197 1204 120.1 1199 119.5 1202 1230 1183 1193 1189
T3.08-T2 1394 1392 139.7 1394 1393 1392 1396 1392 1393 1394
T3-010-T2 1392 1392 1386 139.1 1394 139.1 1398 1393 1390 1399
T1-013-T2 1426 143.6 142.1 142.1 143.1 1425 1432 1431 1428 1420
T4-014-T3 143.0 1437 1424 1426 143.1 1433 1439 1438 1430 1431
D-09-T4 1450 1427 1444 144.6 1444 1421 143.1 1427 1439 1459
D-O11-T1 143.2 1411 143.1 1432 142.1 413 413 411 419 145
D-0O12-T4 1436 1415 1428 143.5 142.8 410 1424 1414 1423 1443
D-O15-T1 1436 1415 1434 1433 1429 1411 1410 1412 1420 1437
o-Tr-0
O11-T1-015 1109 1103 111.1 1112 1113 1105 109.7 1104 1108 1123
O1-T'1-015 1108 1108 110.5 111.0 111.0 11t3  11Ls 12 1Ll 1108
O13-T 1015 1062 1069 106.3 106.1 106.3 1064 1062 1060 1060 1052
O1-T'1-011 1112 1116 1114 112 111.0 1Ls L7 1Ls 113 108
0O13-T'1-011 1054  106.0 105.6 1054 105.5 1057 1054 1054 1055 1048
0O13-T 1-01 2.t 1112 111.8 1117 1116 i3 120 1121 1119 1127
03-72-013 1112 1114 1117 1116 1114 1nLs 1Ll 14 11L6e 114
08-T2-013 1064 106.7 106.3 106.4 106.6 1066 1063 1065 106.7 1062
010-T2-013 106.5 . 1068 106.6 106.7 106.5 1069 1066 1068 1066 1062
08-T2-03 1108 1104 110.6 110.6 1114 1105 1105 1105 1106 1108
010-T2-03 110.7  110.6 111.0 110.7 110.6 1108 1107 1107 1105 110.1
010-72-08 1112 1109 110.5 110.7 1113 1104 1116 1108 1108 1120
06-T3-014 1112 111 1118 LiL6 1113 16 1L 1109 1114 1105
010-73-014 1057 1062 104.9 105.6 1054 1058 1063 1062 1056 1059
08-T3-014 1062 1066 106.0 106.0 106.1 1065 1064 1063 1062 1063
010-73-06 1109 1107 17 111.0 1112 1os 1109 1110 1113 1109
08-T 3-06 LS 1S 1112 1116 1116 HLT 1109 1115 1115 1118
08-T3-010 11.0 110l 1109 110.8 1111 1102 ° 1111 1107 1106 1112
012-T4-09 1106 1105 11LS 110.6 110.6 [0l 1095 1097 1098 110.7
014-T4-09 1054 1057 105.1 105.1 105.3 1055 1059 1057 1055 105.1
07-T4-09 1116 1115 112.1 1114 114 119 1L7 1117 1116 1114
O14-T4-012 1060 1064 105.5 106.2 1062 1062 1065 1059 1063 1054
07-T4-012 1o 1114 110.8 1113 1112 11Ls 1112 11L7 1114 1109
07-T4-014 1120 1111 111.6 111.9 1119 1113 1118 1119 1119 113.1
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QaNNILLNOD " Of¢ H1dV L




_Polyhedral volume (A")
M (1)

M(2)
M (3)
VM (4)
VD

vT(1)
VT(2)
PTQ3)
VT4)

LAB3

RUS4 RUS8 _ RUS9
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13.521 13.721
13.253 13.432
13.041 13.223
12.748 12.783
10.226 9.711
2.148 2.169
2.187 2.193
2223 219
2.148 2.168

13.721
13.432
13.223
12.783
9.711
2.169
2.193
2.190
2.168

13.526
13.107
12.884
12.551
9.705
2.162
2.200
2.216
2.167

Distortions (quadratic elongation, A)

DM(1) 1854
DM(2) 5431
DM(3) 2.236
DM(@&) 2.74
DD
DT(1) 1.839
DT(2) 0.573
DT(3) 0.561
DT(4) 1425

1.15
6.504
3.193
2.843

10.939 13.685

0.847
0.586
0.279
0.738

0.600 1.116
6489 7.946
3.086 4.245
2.381 2829
17.642 17931
1.106 1411
0.602 0.447
0.881 0.557
1.289 0.607

Octahedral Flattening (¥, °)

‘PM )
¥ue
Yuo
R 170

59.392 59.311 58.976 59.488
59.400 59.189 58.866 59.321
59.296 59.011 58.673 59.174
59.292 59.102 58.882 59.445

13.535
13.157
12.954
12.568
9.707
2.159
2.197
2.223
2.156

0.895
7.168
4.265
2.255
19.713
0.694
0.309
0.487
0.813

59.430
59.277
59.040
59.243

Wovenge 59345 59.153 58.849 59.357 59.248

Octahedral Counter-rotation (5, °)

0252
0.548
0.252
0.000
0.263

SM )
Sm)
VTN

8Al (O]

6'_"‘"L

0.178
0.569
0.562
0.002
0.328

0.177 0.193
0.555 0.718
0.456 0435
0.004 0.000
0.298 0.337

0.198
0.668
0.482
0.006
0.339

13.795
13.467
13.252
12.764
9.760
2.177
2214
2.245
2:180

0.937
6.057
3.634
2.268
13.130
1.423
0434
0.945
0.552

59.136
58.957
58.889
58.993
58.993

0.108
0.5M
0.520
0.000
0.300

59.392
59.518
59.200
59.514
59.406

0.238
0.429
0.131
0.005
0.201

14.084
13.613
13.337
12.623
9.791
2.169
2.196
2.207
2.175

0.737
6.136
3.581
2.530
6.685
1.116
0.718
1.089
0.577

58.865
58.463
58.558
58.472
58.590

0.135
0.762
0913
0.007
0.454
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TABLE 6. CONTINUED

LAB3 NORI NORI7 RUS4 RUS8 RUS9 RUSI2 USS MSH2 MSH3
Octahedral angle variance (G)
ova 6109 6006 57.81 6197 62.60 5647 5743 6046 5250 5654
Ouv@ 5277 4959 4553 5147 50.79 4548 4337 5452 4352 3853
Cua 4991 4456 4081 4749 44.88 4234 3930 4747 3781 3827
Ovw 48.56 4485 4202 5161 47.80 4303 3304 53.75 38.51 33.10
Tetrahedral tilting [*, with respect to (001)]
IT(1) 7.19 685 675 662 694 664 649 691 727 6.00
IT?) 212 200 232 217 195 18 260 157 215 265
IT(3) 093 078 117 081 078 080 102 039 083 1.18
IT@4) 734 1714 1704 724 725 692 735 723 753 6.82
Tetrahedral rotation (a, °)
Oraw 107 106 111 08 103 137 142 093 156 126
Tetrahedral thickening angles (¢, °)
Trqy 11145 111.58 111.16 111.76 111.63 111.35 111.44 111.07 111.28 111.39
Trqy 110.82 11095 111.06 111.03 11091 11099 111.09 11081 110.76 111.34
Tre 111.09 11134 111.32 11135 111.27 111.31 111.33 111.35 111.18 111.65
Tr@ 111.57 111.60 111.37 111.72 111.79 111.46 111.59 111.31 11150 111.53
Tetrahedral angle variance (0)
Sra) 717 874 630 852 805 760 706 776 6.55 849
Sr@) 5§76 542 552 534 440 532 581 454 433 760
Sro) 627 642 681 679 612 619 689 6.10 676 835
Cr) 778 761 704 828 88 708 738 947 731 885




TABLE 6. CONTINUED

MSHS MSH9 MSHIS MSH1S MSH19 MSH20 MSH33 MSH34 MSH38 MSH42
Polyhedral volume (1‘)

VM(1) 13.941
PM(2) 13.559
PM(3) 13.400
VM(4) 12.898
VD 9970
VT(1) 2.169
VT(2) 2207
VT(3) 2252
VT@) 2161

13.873
13.702
13.551
13.111
9.727
2.181
2.209
2.235
2.186

13.967
13.582
13.386
12.750
9.903
2.174
2.192
2.218
2.162

13.916
13.535
13.350
12.743
9.899
2.159
2.209
2223
2.164

Distortions (quadratic elongation, A)

DM(1) 0.956
DM(2) 6275
DM(3) 3.057
DM(4) 2919
DD 3729
DT(1) 0.711
DT(2) 0.346
DT(3) 0.630
DT(4) 0430

0.488
5.606
3.043
1.578
16.390
0.526
0.306
0.889
0.375

0.650
6.512
2.729
2.689
6.254
1.256
0.726
1.196
0.964

Octahedral Flattening (¥, °)
Yiqy 59.058 58.690 58.902 59.015
Yy 58.937 58.685 58.659 58.831
Yy 58779 58.396 58.736 58.760
Yy 58891 58.614 58.799 S58.799
Y oveng: 58.916 58.596 58.774 58.851

0.782
5.925
2.892
2467
5415
0.847
0.597
0.696
0.599

Octahedral Counter-rotation (5, *)

Sy 0182 0209 0037 0.142
Sv@ 0680 0369 0739 0.654
Su@ 0495 0322 0595 0632
Suw 0004 0.007 0002 0.001
5 0.340 0.227 0343 0357

—

13.770
13.456
13.276
12.900
10.043
2.169
2218
2217
2.169

0.526
6.343
2516
2.948
5.684
1.011
0.695
0.578
0.642

13.869
13.615
13.440
12.769
9.695
2.167
2.208
2.220
2.176

0.594
6.144
3.026
2.849
18.877
0.844
0.614
0.715
0.562

13.560
13.365
12.967
12.750
10.340
2.140
2.204
2.256
2135

2.851
5.106
2.485
2.859
8.531
1.175
0.254
0.630
0.840

59.140 58.797 59.438
59.123 58.750 59.358
58.982 58.599 59.523
59.076 58.566 59.510
59.080 58.678 59.457

0.194
0.598
0343
0.005
0.285

0.162
0.426
0.644
0.001
0.308

0.264
0.595
0.145
0.000
0.251

13.356
13.123
12.928
12.715
10.096
2.136
2.220
2.226
2.151

1.944
6.467
2.930
3.029
11.347
0.992
0.275
0441
0.642

59.567
59.678
59.402
59.520
59.542

0.274
0.486
0.162
0.001
0.231

13.720
13.400
13.213
12.863
9.886
2.167
2210
2218
2.163

0910
6.356
3.126
3.099
8914
1.023
0.794
0.554
1.014

59.111
59.070
58.892
59.077
59.037

0214
0.589
0.352
0.002
0.289

122

13.990
13.687
13.468
12.902
10.304
2.129
2.223
2.230
2.095

1.041
6.059
2470
2611
1.526
1.558
0.961
0.166
0.370

58913
58.788
58.726
58.786
58.803

0.160
0.573
0.528
0.003
0316
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MSHS MSH9 MSH1S MSH1S MSH19 MSH20 MSH33 MSH34 MSH38 MSH42

Octahedral angle variance (6)
Sway 5635 53.19 5588
OCuwa 4570 4332 41.69

Owey 4134 3673 4172 4157

Owwy 40.56 3797 3921

57.90
44.53

39.30

56.82 54.77
4846 43.65
4493 39.02
4449 3591

Tetrahedral tilting [*, with respect to (001)]

TT(1) 664 740 652
IT(2) 192 181 224
TT(3) 081 080 120
TT@4) 674 1733 665

Tetrahedral rotation (a, *)
Orew 139 181 127

647
2.14
1.06
6.69

1.25

Tetrahedral thickening angles (<, *)

Trqy 111.38 111.17 111.23 111.31 11119 11134 111.73
Trea 110.87 110.80 111.10 110.99 111.13 110.96 110.76
Trey 111.22 111.25 111.56 111.41 111.35 111.37 110.96
Tray 111.54 11135 11148 111.55 111.49 111.59 111.56

Tetrahedral angle variance (o)
Sra) 823 577 1.6l
Sre) 542 466 5.5
Ore) 737 579 9.5
Or ) 882 711 1051

833
5.2
8.10
8.73

695 6.79
1.88 2.10
088 0.86
690 7.25
133 158

175 1714
587 464
834 690
837 8.18

60.09
51.24
53.50
52.49

744
1.83
0.82
7.25

1.18

8.56
.
5.72
6.98

62.31
57.14
50.73
53.49

7.14
1.72
0.58
733

0.93

111.59
110.87
111.15
111.75

8.67
4.79
6.20
8.46

56.73
47.36
43.34
44.70

6.81
1.85
0.80
6.90

1.21

111.42
110.89
111.40
111.62

832
497
7.67
7.89

53.24
41.00
4041
38.70

6.31
228
0.87
6.87

1.49

111.44
110.76
111.09
111.79

12.39
6.60
6.98
11.23
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TABLE 7. BOND VALENCE SUMS (v.«.)’ FOR ASTROPHYLLITE

GROUP MINERALS

LABS A 8 M) M2 M@ M D T() T TG) T@4) T
1) 0.267 0.345 0584 1916
o) 0336 0262 0277 0.986 1.861
o) 0.299 0336 L019 1958
OH(4) 0.651 L029
OH(S) 0310 072 012
o) 0329 0280 033 0.989 1921
o 0285 0663 09 1921
() 0.017 09% 09%0 1.943
o) 012 012} 0.744 1084 2072
o(10) 0.027 0971 0953 1.951
oq11) 0.129 0.115% 04 1082 2.060
o12) 0127 013y - 09 1082 2081
oq13) 0.051 " 0960 1053 2.064
o(14) 0.0 1.030 097 2065
oq1s) 0.126 0. (1%, IR RT ] 2.081
§16) 0.066% 0. 0.498% L2
Zz 0721 1114 1826 1877 1932 2004 4439 4128 4019 3922 4118
NOR1 A B M) M@ M@) M D T() T Q) T@
o) 0.305 0337 1.000 1.969
o) 03% 038 0248 0.997 1842
0Q) 0.340 0318 1.030 1995
On(4) 0.598 0.985
OH(S) 0355 0719 1.074
o) 0367 0275 0305 1.000 1.947
o 0328 0610 0997 1935
oF) 0.019 - 0953 0960 1932
009) o.118 0.13sF o9 1073 2045
0(10) 0.032 0965 0953 1.9%0
oll) 0127 0. 0.207 1.061 208
o12) 0125 © 071$ 1.064 2.040
o(13) 0.053 0968 1019 2.040
o(14) 0.057 1011 0987 2055
ol9) 0129 O. 0700 1.064 2028
16) 0.054% 0. 0.4528 1.166
z 0.714 1222 2054 1842 1802 2004 4290 4093 3967 3.931 4121
NORIT _A(ls) A(D) B M) M@ MG) M@® D T T TG) T@® T
o) 0.309 0.403 1.003 2097
oR) 0357 0282 0309 1041 1909
o) ) 032 031 0357% 1.041 2118
OH(s) ons oy L
OH(S) 0.4 0.795 1.140
0 oMs 0316 03N 1.033 2068
om 036 oM 0589 2046
o) 0.015 0571 0938 1944
o) 0126 0023 012¥ 0.709 1073  20s3
(10) 0965 0965 1.930
o(11) 0.129 0.02¢ 011 0.703 1.064 2032
o(12) 0.132 0024 aug ons 1058 2.045
ox3) 0.049 0547 1030 2026
ox14) 0.054 1053 095 2057
ons) 0130 0.02¢ 0.120F o7s 1083 2002
«16) ___ oon3 00038 cosgd 04258 1216
T 0706 0138 1078 2024 2114 2200 2362 4308 4067 4.007 4.009 4.070

T constants taken from Brese & O'Keeffe (1991)



TABLE 7. CONTINUED

RUS4 A B M) M@ MQG) M D_T() T TG T@ E
of1) 0311 0355 03 1.033 2018
o02) 0366 029 02%7 1.029 L8291
o) 0.345 0357 031 0992 2.006
OH(%) 0.661 1L.047
OH(S) 0354 0.711 LO6S
(6) 0371 0278 0328 Loi1 L988
o 0326 0.8S 0989 1.9%
o) 0.017 0973 0.947 1.937
009) 0125 0.147% 077 1056 2.035
o(10) 0.030 097% 0958 1.964
oq11) 0.129 ug 0614 LO® 202
o(12) 0.137 0.1 0.690 1050 2026
o(13) 0.058 0937 1047 2042
o(14) 0.061 1022 097 2062
ols) 0.134 0.1 0638 1039 2.010
¥16) 0.065% 0. 041338 1114
§3 0756 1330 2073 1863 1958 2034 4.200 4088 3.988 3938 4.074
RUsS A B__M(l) M@ M@ M@& D T T Q) T@® £
oql) 0313 0375 0.995 2011
o2) 0361 037 0268 1.067 1.933
o0) 0.340 0362 Loz 2.033
OH(4) 0.6™ 1.059
OH(%) 0350 06M 1.029
6) 0371 0275 0347 0.939 1.9%2
o 0332 0618 0989 1939
o) 0.018 097% 0955 1.909
o) 0.133 0.1463 0.690 1064 2.033
o(10) 0.029 0971 0953 1.953
oqn 0.134 au‘g 0650 1.064 2026
o12) 0.137 0.1 0.652 L06¢ 2039
o(13) 0.055 09® 102 2.061
o(14) 0.060 L027 09 2066
ols) 0.136 0.1 0613 1056 2024
#16) 0.069% 0. 0.413% 1.12¢
J3 0771 1320 2067 1809 2031 2034 4234 4004 3991 3.924 4.096
RUSY 4 A2 B M() MQ) MG) M@® D T T® TG TM® £
1) 0.302 0388 0.984 2044
o) 0351 0284 0288 1013 1.936
(%)) 0332 0375 . L003 2087
OH(4) 072 o 1139
OH(S) 0343 0.7 LI}
o6) 0357 0321 03%7 0.9% 2011
oM 0320 0714 09”73  2.007
o) 0960 0.93% 1.890
o) 0.130F 0.139% omn? 104 2030
0(10) 0960 0927 1887
oan 01§ o.l:g 0636 1.058 2024
o(12) 0.137§ 0.1 0.708 1039 2024
o13) o 0937 1027 2028
o) . 003ty 1030 097 2040
o) aui 0.14 068 1061 2027
1 0.061% 0.071% 0. 04613 1.340

Z

0.743 0.667 1320 2008 2109 2031 2288 4.265 4.000

3950 3963 4035




TABLE 7. CONTINUED

RUSIZ _ A(la) A(lb) B M() M2 MQ3) M D_I) TQ) TG) T@ <
o) 0.29¢ 0383 03 1.005 2090
o) 0342 0278 0290 1038 1948
oG) 0318 0.364 1027 2046
OH(4) 0.698 0. L10S
OH(S) 0334 0763 1.097
a6) 0339 0303 0348 1027 2017
o 0319 0.6%7 0995 2,001
o) 0.017 0953 0953 198
o) 0.126 0022 0.140% 0.693 L039 2020
o(10) 0.024 0953 0960 1937
oan 0.127 002 o 0687 1036 2,010
o(12) 0.131 0023 0. 0.629 1030 2011
oq13) 0.053 0935 1.030 2018
e () 0.055 1036 0958 204
oq195) 0.130 0022 0.13 06 103 2009
«16) 0065500365 0. (X -3 L198
£ 0728 0.120 1252 1946 2031 2083 2204 4224 4009 3963 3.9% 4.022
uss A__ B MY M@ M@ M@# D T() TR TG) T4 E
o) 0206 0.3% 0.995 1984
o) 0343 0260 02% 0988 1867
0oQ) 0313 0357 031 1.061 2025
OH(4) 0.669 1.068
OH(S) 0327 0.7% 1077
(6) 0335 0285 03% 1058 2014
o7 0311 0663 1003 1977
o) 0.019 0963 0.9% 1958
o9) 0.146 0.103§ 0.752 L 212
0(10) 0.017 0971 0987 1975
o(11) 0.153 o 0752 10m 2077
o12) 0.151 0.1 0.0 1.0% 2.140
13) 0.058 09m 1.083 2.09%
o(14) 0.063 1073 0955 2091
ox19) 0.147 0.1 0742 109 2,090
6 0013 o 04578 1.202
£z 0.835 0950 1915 1958 2012 2084 4461 4143 4028 4094 4145
MSH2 A___B MO MQR) MG M D _T(H TQ) TR T4 T
ol) 0.305 0384 0.361 0995 2045
o2) 032 027 0388 1046 194
a3) 0326 0.366 1.025 209
OH(4) 069 04 1114
OH(S) 0337 o 1.108
o(6) 0349 0313 0344 0.997 2.003
omn 0325 062 0992 2009
om) 0.017 0955 0.947 1919
o9) 0129 0142y 0.62 1.047 2.010
010 0.026 0953 1932
o11) 0.133 0.13 0685 103 1.992
o(12) 0.134 0.135 0.690 104 2003
o(13) 0.051 0945 1016 2012
o149 0.056 1025 0953 2034
o(19) 0.135 0. 0.67% 1036 1982
&16) 00678 0. (er 1162
3 0.748 1248 1984 2009 2081 2236 4226 4015 3940 3922 4036
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TABLE 7. CONTINUED

MSH3 _ A(la) A(Ib) B AM(1) M(2) M@ M D_T() TR TG T@W® T
oql) 0.295 0400 0.3 1.000 2.007
o) 0344 0282 0292 097 1.8%4
oR) 0317 0378 1.047 2029
Oli(4) o1 L.os1
OH(9) 032 0.7 L7
o6) 0340 0321 0364 1.025 2.050
o) 0314 0724 1014 2082
o®) 0.016 0973 0.9% 1.9%9
009) 0110 0.052 0.102F o 1047 2.084
o(10) 0.026 0953 0.940 1.919
ol 0.109 0.054 atg 0771 1093 2.086
o(12) 0.113 0054 O.X 0T 1027 2.068
o(13) 0.048 0.004 T 0947 1019 2.018
o(14) 0.052 0.004 1.044 0958 2.058
os) 0.112 0.0%9 0.101 0.745 1.064 2081
#16)  0.055% 0.055% 0. 0.585% 152
z 0641 0206 0934 1932 2122 2155 1918 4621 4.064 3992 3939 4.046
MSHS A B__M() MQ) M@ M D _T(H) T TQ) T@ T
o 0.297 0.3%0 099 2034
o) 0348 0282 0291 0932 1.853
o) 0.326 036 1.016 2044
OH(4) 0.703 0. 1126
OH(S) 0341 0.785 1.126
o(6) 0348 0310 03SS 0.981 1.994
o 0312 0697 0997 2.006
os) 0.0 0963 0932 1917
o) 0121 o.usy 0.785 1050 2044
o(10) 0.035 09N 0927 1.933
o(11) 0.127 m@ 0.737 1.0%0 208
o12) 012 ol 0.70 1.050 2037
o(13) 0.0%6 0968 1019 200
o(14) 0.063 1.008 0987 2058
o19) 0.126 0.11 0.7 1.0% 2,038
#16) 0.058% 0. 0.6163 1.480
§3 0TS 1036 1972 2074 2098 2242 4528 4066 3969 3.848 4.084
MSHY A B_M() M2 M3 M@ D T(Q) T TO) T@ T
o(l) 0.305 0378 ﬁ% 0997 2024
o) 0342 0274 0284 = LO38 1.938
o) 0328 0.360 Lon 2028
OH(4) 062 0.391 1.020
OH(S) 039 0.752 1.091
o) 0345 0304 0.34¢ 1.005 1998
o 033 0688 0965 197
os) o018 0965 0925 1.908
o9) 0134 0.154% 0.6%8 1030 2016
o(10) 0.014 0963 0.937 L914
o(11) 0.139 0.1 0684 1033 2.005
o12) 0.144 0.} 0.694 ‘ 1.025 2009
o(13) 0.0%0 0958 1014 202
o14) 0.087 1016 0965 2038
o(195) 0.138 0.} 0684 1036 2.007
#16) 0.069% 0. 0.4343 1.108

™

0763 1364 1982 2015 1995 2128 4232 4024 3953 3883 4007
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MSHIS 4 F M) M@ MO) M@® D T) T T10G) T@4) T
o) 0.303 0388 0989 2047
o) 0344 0286 0.295 0.969 1894
(s ¢)) 0328 0.359 1033 2062
OH(4) 0711 0. L1
OH(%) 0334 0.4 1128
o6) 0341 0319 0342 L036 2038
o 0309 0.74 0997 2040
o) 0.017 0984 0932 1933
o) 0122 o.14§ 0.74s 1073 2054
ol10) 0.028 0950 0540 1918
ocln) 0.126 mg 079 1058 2035
o1 0.131 0.} .08 L047 2038
o13) 0.051 0942 1041 2.034
o(l14) 0.087 1025 0960 2042
o(1s) 0126 0.1 079 1058 2038
¥16) 0.062% 0. 0.568% 1.394
£ 0720 1028 195% 2133 2095 2288 4.511 4.047 4008 3933 4.077
MSHISA 4 B M) MR M3 M D_T(H) T@ TG TM# I
o) 0.298 0.381 0.375 1.005 2.0%9
02) 0351 0284 0.294 0.9% 1.8
o) 0324 037 oﬁ 1.025 2.066
OH4) 0.705 0. 1137
OH(S) 0338 0.7 1L127
o6) 0340 0318 0351 Lo16 2025
o 0318 0N4 0995 2.027
o) 0.019 0.947 09%0 1.916
) 0.126 0.106§ 0.763 1050 2045
o(10) 0.031 0968 0937 1.936
o 0.131 aog 0.743 1.058 2.031
o(12) 0129 0.1 0.7%6S$ 1.056 2.0%
o(13) 0.054 0963 1.025 2042
oqle) 0.060 1014 097% 2030
o1%) 0.130 0.) 0749 1.061 2.045
#16)  0.065% 0. 0.576% 1.406
Z 0745 1028 1969 2105 2101 2308 4.346 4087 3962 3917 4.077
MSHISA 4 B_ ‘_’ﬂ)_"@_”ﬂ)_i%_" M _T7Q) TG 7MW L
o)) 0.331 0384 031 0992 2083
o2) 03%9 0209 0307 0915 1870
o) 0.334 036 1.008 2.004
Oli(4) 0.718 1.090
OH(S) 0.34S 0.6 1141
o(6) 0354 0311 0347 1.000 2012
o 0317 0.8 0989 2011
[ °0)) 0.020 0.945 0958 1.9
o9) 0120 0.125% .77 1.067 2019
o(10) 0.033 0953 0.945 1.931
o1 0.132 0.108 o7 1058 2.006
o12) 0.127 0.1 0.m2 L0S6 2027
o(13) 0.053 0955 1030 2038
o)) 0.0%9 1027 097 20%
o) 0.125 0.1 0720 1038 2028
16) 0.061% 0. 0.52%8 1.340
T 0745 1068 2040 2101 2118 1962 4347 3930 4065



TABLE 7. CONTINUED
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measure of the distortion of a polyhedra, was calculated using the equations developed by

Robinson et al. (1971) for tetrahedra and octahedra:

TAV=07= 26; [(O-T-0) - 109.47)*/5 (2)
i=l

OAV =g, = f; [(0-M-0) - 90)%/11 (3).

=1

The octahedral flattening angle (*Y) is defined as the angle between the perpendicular
to the trigonal upper or lower faces and the average diagonal length. Values of ¥ were
calculated using the program OCTAHEDRON (Evans 2000). Given the coordinates of the
points of an MOg octahedron {x; i = 1 to 6}, the M-O bond length, flattening angle, v, and

the counter-rotation angle, 5, can easily be found. The geometric center of the octahedron is:
1 6
c= —z x;, (4
6=
Assuming that the cation is at the center of the octahedron, the mean AM-O bond length is

d=23lx~d ()

In order to find the flattening and counter-rotation angles, the coordinate system has to be
shifted so that the origin is at ¢ and reoriented such that the Z-axis is parallel to the average
normal vector of the top and bottom faces. In spherical coordinates the new positions of the
anions are r; = {r;, 6;, ¢;}. A least-squares method is used to fit the coordinates to an
octahedron where flattening and counter-rotation are the only distortions from octahedral
symmetry. If {r|, r;, r3} form the top face and {re, rs, rs} form the bottom face, this

procedure gives:
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The tetrahedral thickening angle (t), ideally 109.47° for an undistorted tetrahedron,

was calculated as:
3
7= (Oveaat-T-Ouical)/3 (7).
=1

Polyhedral volumes and tetrahedral tilt angles [with respect to the (001) plane] were
calculated using the program IVTON (Bali¢-Zuni¢ & Vickovié 1996). The tetrahedral

rotation angle (o) was calculated using the following formula assuming an ideal Ope-Owe-Obr
angle of 120°:

@ =1/2 120 - <Op-Oe-Ore>| (8).

3.0. SITE-ASSIGNMENT PROCEDURE

In all the members of the astrophyllite group that were included in this study, K is the
dominant interlayer cation at 4. In a number of the triclinic structures, refinement of 4 with
K alone resulted in exceptionally large U, anisotropic displacement factors, coupled with a
large positive residual in the difference Fourier map (>2.5 e™). In samples where refinement
of the SOF indicated the presence of a lighter X-ray scatterer, Na was assigned to 4.
Similarly, when refinement of the SOF indicated the presence of a heavier X-ray scatterer,
Rb was assigned to 4 at a fixed occupancy, as indicated by the EMPA data. In samples
where the shape of the anisotropic displacement ellipsoid of the site to which K was assigned

suggested that it was positionally disordered, refinement of the site occupancies failed to
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‘improve the displacement factors. The site was therefore modeled as two split sites, K(1a)
and K(1b). In these cases, displacement factors for K(1a) and K(1b) were constrained to be
equal and refined isotropically.

Sodium was assigned to B in all samples. Calcium was later included in the
refinement when the SOF for B indicated the presence of a heavier X-ray scatterer. Refined
occupancies of Ca in AGM correlate well with values obtiined from EMPA data (Fig. 1).

Manganese and Fe were initially assigned to A/(1) through M(4), depending on which
cation was indicated to be dominant at C by the single-crystal EMPA data. Site-scattering
refinement (SREF) of M(1) consistently yields occupancies less than unity (by 10 to 15%),
indicating the presence of a weaker X-ray scatterer. Electron-microprobe data indicate an
excess of Na in the majority of samples when compared to results obtained from SREF of 4
and B. The occupancy of M(1) was therefore refined with (Mn,Fe) and Na. A plot of the
total SREF content of Na versus total Na as analyzed by EMPA indicates good agreement
between the two methods (Fig. 2). The presence of Na at M(1) site is not uncommon in
AGM. For example, magnesium astrophyllite (Shi er al. 1998) exhibits a dominance of Na
within a single octahedrally coordinated site equivalent to M(1) in triclinic samples and
kupletskite-Ma2b2c. Substitution of Na for Mn in octahedral coordination, although not
common, has also been noted in other minerals, including samuelsonite (Moore & Araki
1977), barytolamprophyllite (Rastsvetaeva & Dorfman 1995), vuonnemite (Ercit ef al. 1998),
alkali clinoamphiboles from MSH (Taylor 1999), and eudialyte group minerals from MSH

(Johnsen & Grice 1999).
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Site scattering refinements for M(2), M(3) and M(4) generally yield site occupancies
close to unity. Slight departures from unity at these three sites are due to substitution of Mn
for Fe. Refinement of both Mn and Fe within a single site is not possible as the two cations
have almost identical scattering powers (MoKo. radiation). In samples where site-scattering
refinements indicated significant departures from the ideal (Fe,Mn) occupancies (i.e. >10%)
and the presence of a lighter or heavier X-ray scatterer, Mg or Zn, the third most abundant
octahedrally coordinated C cations indicated by EMPA, were assigned to the site in question,
with the total site occupancy constrained to be unity.

With the exception of niobokupletskite, in which Nb is the dominant cation, Ti was
assigned to D in all structure refinements. In all but one case, site-scattering refinement of D
indicated varying departures from unity and the presence of a heavier X-ray scatterer. Either
Nb or Zr was subsequently refined at D, depending on which element was indicated to be the
second most abundant in D by EMPA, with the total site occupancy constrained to be unity.

As EMPA results indicate only minor Al, present only within the T sites, and
Mossbauer spectroscopy did not indicate “/Fe** (Chapter IV), all four T sites were modeled
as Si. Site-scattering refinements of the four T sites in all samples did not indicate significant
departures from unity, and thus the presence of other tetrahedrally coorc_:linated cations (e.g.
Ti) can be dismissed.

Bond-valence sums indicate the presence of 13 general positions occupied by divalent
anions, two general positions for monovalent anions in the O-sheet [O(4) and O(5)], and a
mixed-valence site, $(16). Bond valence sums for all anions [except O(4), O(5) and ¢(16)]

are close to the ideal value of 2.00 v.u. (range: 1.842 to 2.140 v.u.), confirming their identity
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as O%. The O(2) anion, bonded to M(1), M(2), M(3) and D, has BVS which are consistently
low (1.842 to 1.973 v, ave.: 1.903 v.ur) due to the presence of Na in M(1) and HFSE at D
which contribute less than the required 1 v.r. (Ti*": 4/6 vau, Nb*": 5/6 v.u); all other
divalent anions in the O-sheet are coordinated by three M cations (3 x 2/6 = 1.00 v.u) and
one T cation (1 x 4/4 = 1.00 vu.), resulting in values close to the ideal 2.00 v.u.
Consequently, the M(1)-0(2) bond is shortened to account for this bond-valence deficiency.
Bond-valence sums to O(4) and O(5) range from 0.985 to 1.177 v.u. (ave.: 1.089 v.u.), close
to the ideal sum of 1.00 v.«. for a monovalent anion and confirming their identity as either
OH or F. Ordering of OH and F at the O(4), O(5) and ¢(16) sites was discussed in Chapter I1
where it was concluded that, on the basis of results from Mossbauer spectroscopy and
thermodynamic calculations, the sites present in the O-sheet [O(4) and O(5)] are occupied
solely by OH, whereas ¢(16) hosts both F and O. Bond valence sums to $(16) are variable,
ranging from 1.105 to 1.86 v.u. (ave.: 1.293 v.x.), consistent with the proposed F < o*
substitution at this site. An attempt was made to refine the site occupancy of ¢(16) with both
F and O but results did not prove to be valid due to low total F contents (<1.00 apfu) and the

similarity in scattering powers (MoKa radiation) between F and O. Bond-valence sums

confirm the anionic scheme proposed in Chapter II as being O2s(OH)4(F,0,00).

4.0. OVERVIEW OF THE STRUCTURE

The nomenclature and procedure for calculation of AGM chemical formulae is
outlined in Chapter Il The general formula for AGM can be written as
A2BC3D;Ts025(0OH)uXo1 (9)
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where 4 = '°HBIK Rb, Cs, Na, H;0", H20, or O0; B="Na or Ca; C= 6iMn, Fe**, Fe**,
Na, Mg, or Zn; D =°/Ti, Nb, or Zr; T=Si and Al, and X=¢ =F, OH, O, or O.

Ferraris et al. (1996), Ferraris (1997) and Christiansen et al. (1999) have described
AGM and other modular titanosilicates such as bafertisite (Pen & Sheng 1963), perraultite
(Yamnova ef al. 1998), nafertisite (Ferraris ef al., 1996), lamprophyllite (Saf’yanov ef al.,
1983; Johnsen, 1996) and yoshimuraite (McDonald er al., 2000) as heterophyllosilicates.
Such minerals have an HOH structure, reminiscent of the 7OT structure in 2:1
phyllosilicates, where TiOs or TiOs polyhedra in the heterogeneous sheet (H-sheet) proxy for
the usual (Si,Al)Oq tetrahedra in phyllosilicate T-sheets. Members of the astrophyllite group
can be considered to be an intermediate member of a polysomatic (Ferraris ef al., 1996) or
homologous (Christiansen ef al., 1999) series which also includes perraultite and mica as the
end-member structures. A comparison of these minerals shows that they all have (1) an
HOH structure, (2) an a axial length of approximately 5.4 A, corresponding to the a value in
micas, and (3) dooy = 10.9 A. The homologous series can be expressed by indicating the
number of diorthosilicate groups separating rows of D octahedra: n = 1 in perraultite and
bafertisite, # =2 in AGM, n = 3 in nafertisite, and » = o in micas (modified from Ferraris et
al., 1996 and Christiansen et al. 1999).

In bafertisite, lamprophyllite and yoshimuraite, the H-sheet is comprised of dimers of
[Siz0+]% which are linked via comer-sharing to TiOs octahedra or TiOs tetragonal pyramids,
resulting in a Si:Ti ratio of 2:1 The offset between successive HOH layers is such that the Ti
are not linked across the interlayer as observed in AGM and nafertisite. In nafertisite, the H-

layer consists of open branched zweier [100] double chains of [Sinu]zo' (Liebau 1985)
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which are crosslinked by TiOs octahedra which are linked across the interlayer, resulting in a
Si-Ti ratio of 6:1 (Ferraris ef al. 1996). Members of the astrophyllite group are the
intermediate member in the polysomatic series (7 = 2).

The AGM structure can be subdivided into two main composite sheets stacked along
[001] in a 2:1 ratio. The first is an O-sheet extending from Z = 0.40 to 0.60 in triclinic
species and from Z = -0.05 to 0.05 in kupletskite-Ma2b2c, consisting of a closest-packed
sheet of MnOs, FeOs, MgOs, or NaOg octahedra (Fig. 3). The O-sheet is sandwiched
between two H-sheets related by an inversion center in triclinic species and a two-fold axis
parallel to b in kupletskite-Ma2b2c, extending from Z = -0.15 to -0.05. The H-sheet has the
ideal composition [(Ti,Nb,Zr)SisO12]* and consists of open-branched zweier [100] single
chains of [Si«O2]* (Liebau 1985) which are cross-linked by corner-sharing Dés octahedra in
triclinic species and kupletskite-Ma2b2c, and DOs polyhedra in magnesium astrophyllite (Shi
et al. 1998) where D = Nb,Ti,Zr (Fig. 4). The resultant Si:(Ti,Nb,Zr) ratio is 4:1. Individual
Dés octahedra are linked across the interlayer via a common apical anion [¢(16), where ¢ =
unspecified anion). This ¢(16) anion is at the inversion center in triclinic species, at special
position 4e (-0.5,y,-0.25) in kupletskite-Ma2b2c, and is absent in magnesium astrophyllite
(Shi e al. 1998). There is a misfit between the O- and H-sheets, similar to that in micas,
resulting in tilting and rotation of SiO4 tetrahedra and distortion or corrugation of the O-
sheet. The degree to which this misfit occurs is dependent on the composition of the O-sheet,
decreasing with increasing size of the O-sheet cations (Woodrow 1967, Christiansen et al.
1998, Shi et al. 1998). The steric details of this misfit will be discussed further in subsequent

sections.
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The interlayer of triclinic samples contains two crystallographically distinct, strongly
ordered sites: a 10-coordinated site (B) host to Na and Ca, and a larger [11]- to [13])-
coordinated site (4) dominated by K but which often contains Rb, Cs, Na, vacancies, and/or
H,0. In monoclinic kupletskite-Ma2b2c, there are three distinct interlayer sites, A(1), A(2)
and B. The stacking of HOH layers along [001] results in an excellent (001) cleavage that is

slightly more brittle than observed in other phyllosilicates due to the existence of the bridging
$(16) anion within the interlayer. The crystal structures of triclinic, P1, AGM and

monoclinic, C2/c, kupletskite are shown in Figures 6A and 6B in Chapter II.

5.0. SITE DESCRIPTIONS
5.1. Interlayer

Thezi cations are located in a large, [13]-coordinated cavity located between adjacent
H-sheet chains (Fig. 5 & 6) and is host to predominantly K and to a lesser extent Cs, Rb, Na
and 0J. Large anisotropic-displacement factors along Uy, coupled with a large positive
residual in the difference-Fourier map (>2.5 ¢) in the majority of triclinic samples suggest
that this site is positionally disordered within the (001) plane (Fig. 7). Difference-Fourier
maps indicate the electron density to be spread out in the (001) plane. In such cases, the
position was refined as two non-equivalent cation sites with coordinates taken from the
difference-Fourier map. The two split positions are located between 0.36 to 0.851 A from
each other in the (001) plane. A decrease in displacement factors is observed when the site is
modeled as positionally disordered. This is similar to what is observed in amphiboles with

high 4 site occupancies (Hawthorne 1981). However, unlike in amphiboles where the degree
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Figure 7. Difference-Fourier map through the 4 site in astrophyllite group
minerals, showing splitting of 4 into 4(1a) and 4A(1b).
Interlayer shown projected on the (001) plane.
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of disorder of 4 can be attributed to the site occupancy, there does not seem to be any
correlation between site occupancy and/or site chemistry and the degree of disorder in AGM.

One of the main differences between the structures of monoclinic and triclinic
kupletskite, aside from the HOH stacking sequence, is the degree of disorder at the 4 site
(Chapter V). In triclinic kupletskite from the Lovozero massif (Russia), the 4 site shows
positional disorder comparable to that observed in other triclinic samples [4(1a)-4A(1b) =
0.917 A]. However, in kupletskite-Ma2b2c, the A cation lies on two special positions, both
of which have well-constrained anisotropic displacement factors which do not indicate
disorder (U, = 0.0451 A).

Bond lengths to A range from 2.826 to 3.721 A. The A(1a) site in disordered triclinic
samples is generally [11]-coordinated, with longer average bond lengths (range: 3.179 to0
3.291 A) than those observed at the [S] to [7] coordinated A(1b) satellite position (range:
2.353 to 3.082 A). The overall coordination of the 4 site in both triclinic and monoclinic
samples is [13].

The B site is located at a special position in [10}-coordinated cages along a between
Dée pairs. The BOs$» polyhedra (Fig. 8) is bonded to 2 x O(9), O(11), O(12), O(15) and
$(16) and is occupied predominantly by Na and, to a lesser extent, Ca (up to 0.40 apfu).
There is no evidence for other cations or vacancies at B. The B-$ distances range from 2.589
to 2.715 A with an average of 2.635 A. The <B-¢> bond length is negatively correlated with

Ca contents as determined by both EMPA and SREF (Fig. 9)..
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Figure 9. Average B-¢ bond length versus the content of Ca.
Closed diamonds indicate Ca contents from EMPA (R? = 0.823) . Open diamonds indicate
Ca contents derived from SREF (R? = 0.599).
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5.2. O-sheet

There are four crystallographically distinct O-sheet octahedra, designated M(1)
through M(4), which occur in a 2:2:2:1 ratio. The O-sheet can be divided into three main
units: (1) a strip of M(2) octahedra, linked via common edges, which form continuous zigzag
single chains parallel to [100]); (2) a composite chain parallel to [100] comprised of
alternating M(3) and M(4) octahedra in a 2:1 ratio; and (3) isolated M(1) octahedra which
cross-link the two octahedral chains (Fig. 10). The combination of chain-like structural
elements within the O-sheet and open-branched zweier single [100] chains in the H-sheet has
a pronounced effect on the morphology of AGM: a preferential elongation of crystals in the
[100] direction, the development of a secondary, moderate parting along {010}, and the
formation of acicular to tabular crystals. Attachment of the O-sheet to the H-sheet occurs via
apical oxygens from the H-sheet tetrahedra [O(1), O(3), 0(6) and O(7)] and via the D¢
apical oxygen, O(2) (Fig. 11). The wide range in chemistry observed in AGM is
predominantly due to the muitiple octahedral local environments within the O-sheet into
which cations may substitute. The steric details of the O-sheet must be understood in order
to understand its effect on cation ordering and its effect on the adjacent H-sheets.

The variation in grand mean bond length, <<M-0>>, as a function of grand mean
ionic radius, <<tM>>, is shown in Figure 12 (ionic radii from Shannon 1976). The positive
comrelation (R = 0.938) is described by the linear-regression equation <<M-0>> =
1.752+1.183tM. The Mn# [Mn/(Mn+Few)] of the samples studied ranges from 0.15 to 1.00.
Not surprising then is the finite range observed on Figure 12 between <<rM>>0.78 and 0.83

A, corresponding to pure Fe- and Mn-dominant species respectively (M9Fe?: 0.78 A,
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Figure 12. Variation in grand mean M-0O bond length, <<M-0>>, with mean
ionic radius, <<tM>>, of the O-sheet. Linear regression, R = 0.938.
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IMnZ*- 0.83 A, Shannon 1976). The scatter observed in the trend may be due to the slight
differences between refined site occupancies and EMPA data. While it is important to
examine the relation between <<M-0>> and <<tM>> in the O-sheet, the ligancy and local
environment of each of the four individual octahedra varies from sample to sample.
Unfortunately, due to the presence of more than two cations at each of the four M sites,
coupled with the inability to refine the SOF for sites with both Mn and Fe, two cations with
very similar scattering curves (MoKa radiation), poor correlations are observed between the
calculated average ionic radii of each M site with <M-0>.

The distortion index, calculated for each individual octahedron, is a direct rgﬂection
of the local environment of the cation due to variations in site chemistry, bond lengths and
bond angles. Table 6 lists values for two distortion parameters, A, the bond length distortion,
and o, the octahedral angle variance (OAV), for each octahedron. Calculation of A takes into
consideration average cation radius by normalizing the parameter to the average bond length,
and also corrects for the coordination number. Consequently, it is a measure of distortions
within the polyhedra resulting from stretching or compression of M-O bonds which break the
ideal trigonal symmetry of the octahedron, often referred to as rectangular distortions.
Conversely, the OAV takes into consideration only the angular variance within the octahedra.
Robinson et al. (1971) found & to be a convenient and realistic measure of the distortion of a
polyhedron that shows variation in both bond lengths and bond angles. In AGM, a
discrepancy is noted between the two parameters such that A indicates the relative degree of
distortion to be represented by the sequence M(2) > M(3,4) > M(1), whereas the OAV

indicates M(1) > M(2) > M(3) > M(4), which also corresponds to the order of decreasing size
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of each of the M octahedra. Figure 13 shows the positive correlation between the OAV and
the <<tM>>. In the O-sheet of AGM, the OAV is not an adequate measure of the total
distortion of each octahedron as it does not take into account rectangular distortions (i.e.
stretching or compression of bond lengths within the octahedron); the OAV is only a direct
reflection of trigonal distortions (i.e. compression or extension of the octahedron resulting in
a trigonal antiprism whose M-O distances remain equal in length; Robinson et al. 197 1). In
particular, the OAY is strongly positively correlated with the octahedral flattening angle, ‘¥
(Fig. 14, R* = 0.983), and the two terms may be used interchangeably. Figure 15 shows the
relation between OAV and ¥ for each of the four M octahedra. The less than ideal
correlation for the M(1) octahedron will be discussed in further sections. Ideally, in AGM
which contain octahedra that have undergone both rectangular and isometric or trigonal
distortions, both the A and OAV/¥ distortion parameters should be taken into account when
describing the geometry of a given octahedron.

The M(1) site occurs as isolated octahedra, bridging strips of M(2) and M(3,4)
octahedra. The largest of the four O-sheet octahedra, M(1) is coordinated by five O and
one OH [OH(S); Fig. 16). Figure 17A shows the regular distribution of bond lengths in
M(1), which range from 2.137 to 2.247 A with an average of 2.195 A, close to the ideal for a
[S'Mn?*-0 bond (2.21 A; Ondik & Smith 1962). This regular distribution of bond lengths is
consistent with M(1) being the least distorted of the four octahedra; A values range from
0.488t0 2.851.

In an ideal, holosymmetric octahedron, the flattening angle, '¥', measured at the point

between the M-O bond and a line perpendicular to the upper and lower trigonal faces through
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Figure 13. Average ionic radius, <<tM>>, versus the average octahedral angle
variance, <OAV>, for the O-sheet octahedra. Linear regression, R? = 0.846.
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Figure 14. Average octahedral flattening (V) versus the average octahedral angle
variance, <OAV>, for the O-sheet octahedra. Linear regression, R? = 0.983.
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the central cation, is 54.74°. Flattening of the octahedron in the (001) plane in order to
facilitate lateral fit with the larger H-sheets results in values of ‘¥ higher than the ideal.
Typical values for ¥ in sheet silicates range from 58 to 60° (Bailey 1984). In general,
average ‘¥ angles are negatively correlated with the average ionic radius, tM, or the size of
the octahedra (Fig. 18). Although M(1) is the largest of the four O-sheet octahedra, it
displays the greatest degree of flattening, with ¥ values ranging from 58.690 to 59.567°
(average: 59.113°). This is the inverse of what is expected and may be due to the fact that it
must flatten within the (001) plane to bridge the adjacent chains of M(2) and M(3,4)
octahedra, as shown in Figure 9.

As noted earlier, the M(1) site is host to typical divalent cations such as Mn and Fe, as
well as Na (max.: 0.52 apfis). However, attempts to refine the SOF of M(1) with Fe results in
characteristically low BVS (= 1.91 v.«.) whereas refinement of the SOF with Mn in all cases
resulted in BVS close to the ideal 2.00 v.u.. Although it is not possible to refine both Mn and
Fe within the same site, the longer average bond lengths, coupled with the closer to ideal
BVS in M(1) when refined with the larger Mn cation suggest that Mn orders preferentially
over Fe at this site.

The M(2) and M(3) sites are both coordinated by four O and 2 OH, with a cis
configuration of the OH groups [M(2): OH(S) X 2, M(3): OH(4) X 2], and are host to Mn,
Fe, Mg and Zn. The M(2) site is unique in the AGM structure as it forms continuous, zigzag
chains of edge-sharing octahedra parallel to [100]; all other M sites share, at most, one
common edge with crystallographically equivalent octahedra. Bond lengths in AM(2) range
from 2.079 to 2.267 A. The M(2) octahedra is elongate across the 0(2)-M(2)-O(7) linkage,



159

0.81 -

0.80 -

0.80 -

0.79 - .

0.79 I - - . :

584 586 588 590 592 594 596

Yavernge ()

Figure 18. Average octahedral flattening, ¥, versus the average ionic radius, <tAM>
in the O-sheet. Linear regression, R? = 0.753.
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and shortened along M-OH(5) bonds along the shared edges, resulting in a bimodal

distribution of bond lengths (Fig. 17B). This irregular distribution in bond lengths resuits in
a strong rectangular distortion of M(2); A values range from 5.106 to 8.171 (average: 6.319)
with flattening angles which are similar to those observed for M(1), ranging from 58.463 to
59.678° (average: 59.014°).

The M(3) octahedron is part of a composite chain parallel' to X, and consisting of
alternating M(3) and M(4) octahedra in a 2:1 ratio. Both octahedra are only slightly distorted
relative to M(2) (Aave.: 3.104 and 2.600 for M(3) and M(4), respectively). Bond lengths to
M(3) range from 2.098 to 2.246 A with an average of 2.163 A. Unlike M(2), M(3)-O bond
lengths show a regular distribution with only a slight skew towards bond lengths
approximating 2.135 A, close to the ideal Fe*"-O bond length of 2.14 A (Ondik & Smith
1962), consistent with the suggestion that Féz" preferentially orders at M(2), M(3) and M(4)
over M(1).

The M(4) site occupies special position 1g (0,%3,'%) in the triclinic structures and
special position 4c (%,%,0) in kupletskite-Ma2b2c. The M(4) octahedron, the smallest in the
AGM O-sheet (volume range: 12.551to0 13.111 A%), is coordinated by fo;nr 0% and two OH,
with a trans configuration of the OH- groups [2 x OH(4)]. Bond lengths to M(4) range from
2.074 t0 2.184 A (ave.: 2.136 A). A bimodal distribution of bond lengths is observed (Fig.
17D) as distances to the two OH(4) anions are short (range: 2.098 to 2.127 A) and those to
the four O* are longer (range: 2.132 to 2.184 A). Site-occupancy refinement indicates
ordering of small divalent cations (such as Mg and Zn) extensively at both M(3) and M(4)

relative to M(2).
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5.3. H-sheet
5.3.1. D¢s octahedron

The D site in triclinic AGM and kupletskite-Ma2b2c is coordinated by five O and
$(16), a mixed-anion site containing F and O, a result of the coupled substitution (Ti,Zr) + F
< Nb + 0. Apical anions include O(2), which is also bonded to M(1), M(2) and M(3) in the
O-sheet, and ¢(16). Basal anions include O(9) and O(12), which are also bonded to 7(4), and
O(11) and O(15), also bonded to 7{1). In monoclinic magnesium astrophyllite, the $(16) site
is vacant, resulting in a tetragonal pyramidal geometry for the DOs polyhedron (Shi ef al.
1998). All structures in this study were found to contain octahedrally-coordinated D cations.
Titanium contents in the samples studied range from 0.24 to 1.92 apfu, Nb contents from
0.06 to 1.33 apfu, and Zr contents from zero to 0.72 apfu (Table 2). Titanium contents as
measured by EMPA are in excellent agreement with those calculated from SOF refinement at
the D site (Fig. 19). Refinement of the SOF for the D site was only possible with two
elements, Ti and either Zr or Nb. As both Nb and Zr are heavier X-ray scatterers than Ti, the
difference between unity and the refined Ti content is equivalent to the sum of Nb+Zr.
Bond-valence sums to D range from 4.064 v.u. in Zr- and Nb-free astrophyllite to 4.800 v.u.
in niobokupletskite.

There is a wide range in bond lengths is observed in the D¢s octahedron, ranging
from 1.794 to 2.097 A. The D¢s octahedron is elongated along the [001] tetrad axis. The
average distance to the four basal oxygens is 1.966 A, close to the ideal length of 1.98 Afora

Ti-O bond (Ondik & Smith 1962) and slightly less than observed in other alkali
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titanosilicates with octahedrally-coordinated Ti (e.g. seidozerite, Simonov & Belov 1960;
lomonosovite, Khalilov 1990; tienshanite, Cooper et al. 1998; vuonnemite, Ercit ez al. 1998).
Bond lengths to O(9) and O(12) are, on average, slightly shorter than bond lengths to the
opposite O(11) and O(15) oxygens (ave.: 1.962 and 1.969 A, respectively). Angles between
basal oxygens range from 87.2 to 90.5° (ave.: 88.9°), close to the ideal 90° (Fig. 20).

The average D-¢ bond length, <D-¢>, is a function of the average ionic radius of the
cations at the D site, as shown in Fig. 21. As Ti and Nb have almost identical ionic radii
(°Ti**: 0.61 A, r'™ND*": 0.64 A, Shannon 1976), the average cationic radius, and thus the
size of the D¢ octahedra, is primarily a function of the presence of the larger Zr cation
(2r*": 0.72 A, Shannon 1976). Figure 22 shows the relationship between <D-¢> and Zr
content in AGM. Although substitution of Nb for Ti do.&s not affect the overall size of the
Dés octahedron, it does have a pronounced control on the bond length variations observed in
the octahedra, in particular the distribution of apical bond lengths. Unlike in AGM,
isomorphous substitution of both Zr and Nb for Ti in other titanosilicates is limited. In
AGM, the presence of Ti, Nb and Zr in varying ratios imposes a strong influence on the local
geometry of the D¢s octahedron and distinction must be made as to which substitutional
mechanism, Zr < Ti or Nb < Ti, the structural change can be attributed.

Apical bond-lengths display the greatest range in values, ranging from 1.794 to 2.104
A and have a strong bimodal distribution (Fig. 23). In general, D-O(2) bonds are the shortest
(ave.: 1.845 A), ranging from 1.794 A in Nb- and Zr-free kupletskite, to 1.929 A in
niobokupletskite. However, D-O(2) bond lengths are long (ave.: 2.069 A), ranging from
1.981 A in MSH42, niobokupletskite from MSH, to 2.104 A in LAB3, a Zr-rich astrophyilite
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Figure 20. The D¢ octahedra in AGM. Average distances (A) and bond angles (°) shown.
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from Seal Lake (Labrador, Canada). A bimodal distribution of apical bond lengths in TiOs
octahedra is a common feature in other titanosilicates (Table 8) including bafertisite (Pen &
Sheng 1963), innelite (Chemnov er al. 1971), tienshanite (Cooper et al. 1998), vuonnemite
(Ercit et al. 1998) and normandite (Perchiazzi ef al. 2000). Removal of one of the apical
anions [i.e. $(16) in triclinic AGM] results in a further shortening of the remaining Ti-Ogical
bond as observed not only in monoclinic magnesium astrophyllite [Ti-Oygicat = 1.755 A, Shi
et al. 1998), but in other titanosilicates with [5}-coordinated Ti such as lamprophyllite (Ti-
Ouical = 1.68 A, Saf’yanov et al. 1983) and yoshimuraite (Ti-Oggicat = 1.773 A, McDonald et
al. 2000).

It has been discussed by Megaw (1968a,b) that off-center displacement of a cation in

an octahedron occurs when the effective radius of the cation is such that the unstressed M-O

bond length is < 1/ V2 times the oxygen diameter. This is particularly apparent for small '
cations with high charge (e.g. Ti and Nb). In these cases, the mutual attraction and repulsion
effects within the octahedron result in “stressed’ bonds to the point where the anion-anion
repulsion has caused the cation-anion bond to be extended beyond its unstressed value
(Megaw 1968ab). The resultant tension in the O-M-O bond length is relaxed by off-center
displacement of the cation and relaxation of the 0-O edges (Megaw 1968ab). The presence
of larger cations (e.g. Zr) cation leads to smaller displacements and longer overall bond
lengths with a more regular distribution. In titanosilicates with TiOs tetragonal pyramids
(e.g. lamprophyllite, innelite, yoshimuraite, erc.), this effect is most prominent with the Ti
cation displaced away from the square plane towards the apex. In TiOs polyhedra, Ti-O

distances to the four basal oxygens range from 1.9 to 2.0 A, whereas bond lengths to the



TABLE 8. COMPARISON OF Ti-¢ APICAL BOND LENGTHS IN
ASTROPHYLLITE GROUP MINERALS AND OTHER TITANO- AND

NIOBOSILICATES
Mineral ND - D-Owicat (A)  D-bugicat (A)  Ti SOF
Astrophyllite group minerals
!Niobokupletskite 6L, Ti)  1.929 1.981 0.11
Nb-bearing kupletskite 1T, Nb 1.887 2014 0.553
Nb-bearing kupletskite ©I(TiNb)  1.866 2.034 0.624
Kupletskite SiT; 1.794 2.086 1.00
>Magnesium astrophyllite  FTi 1.755 - 1.00
Other titano- and niobosilicates
3Bafertisite Sy 1.823 2.062 1.00
“Innelite i 1.90 2.09 1.00
STanhaugite 1(Ti,Zr) 1.849 2.221 0.67
©l(Ti,Zr) 1.830 2.268 0.73
®Normandite (AF) 1(Ti,Zr) 1.863 2.064 0.612
*Normandite (MSH) CICTiNb) 1781 2.303 0.876
"Tienshanite i 1.763 2.200 1.00
©I(TiNb)  1.824 2.138 0.64
$Vuonnemite (K) 6h1i 1.734 2.129 1.00
UINb,Ti)  1.758 2.238 0.165
Ba-lamprophyllite o 1.660 - 0.70
“Innelite e ¢ 1.62 - 1.00
e 1.71 - 1.00
1°L amprophyllite i 1.68 - 1.00
Y oshimuraite i 1.773 - 0.69

"CN- coordination number, D: [5] or [6]Ti, Zr or Nb, SOF: Site occupancy factor

Ipiilonen et al. (2000), *Shi et al. (1998), *Pen & Sheng (1963), ‘Chernov et al. (1971),

SAnnehed ef al. (1985), “Perchizzi et al. (2000, AF: Amdrup Fjord, MSH: Mont Saint-Hilaire), ’Cooper et
al. (1998), *Ercit et al. (1998, K: Kola Peninsula), *Rastsvetacva & Dorfman (1995), '°Saf yanov et al.
(1983), '"McDonald et al. (2000).
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apical oxygens are short, ranging from 1.68 to 1.78 A.
In AGM, the highly asymmetric nature of the bonding in the Dtbs octahedra can be

shown to be dependent on the composition of both D and the ¢(16) site. Assuming
electronegativities for Ti, Nb and Zr of 1.5, 1.6 and 1.4, respectively, the covalent character
of the D-0(2) and D-¢(16) bonds in AGM can be calculated knowing the composition of the
$(16) site for each composition (Table 9). Calculated bond characters show that the Ti-O(2)
bond is 8% more covalent than the Ti-$(16) bond, resulting in stronger bonding of the Ti to
the O(2) apical oxygen and thus shorter D-O(2) bond lengths relative to D-¢(16).
Substitution of Nb for Ti and O for F results in a symmetrical O(2)-Nb-O(16) bond which is
more covalent overall than the asymmetric O(2)-Ti-F(16) bond observed in Ti-dominant
samples. Substitution of Nb for Ti results in a shortening of the D-¢(16) bond and a
subsequent lengthening of the D-O(2) bond. As such, Nb becomes more centrally located in
the octahedron, rather than being displaced along Z toward the O-sheet as is the case in Ti-
dominant AGM. This is evident when examining the variation in <¢(16)-D-Opesar> and
<0(2)-D-Ovesar> bond angles (Fig. 24). Incorporation of Nb at D results in an increase of the
<¢(16)-D-Ovenar™> angles (range: 80.7 to 85.4°) and a concomitant decrease of the <O(2)-D-
Ovesat™ bond angles (range: 94.6 to 99.2° Fig. 25). This displacement can also be measured
by the difference in lengths between the D-O(2) and D-¢(16) bonds. In Ti-dominant
samples, this difference is ai a maximum (0.292 A in MSH20), whereas in Nb-dominant
samples, the box;d lengths are closer to being equal and the difference is small (0.052 Ain

MSH42, niobokupletskite). The net result of these modifications is a significant decrease in



TABLE 9. CALCULATED IONIC CHARACTER' OF THE APICAL BOND
LENGTHS IN THE D¢s OCTAHEDRA

D cation 0(2) ¢(16) anion Ionic character
D-0(2) D-§(16)
Ti o* F 0.393 0.465
Nb o* o> 0.378 0.378
Zr o* F 0.408 0.478

* Tonic character = 1-€7 "~ X where XA is the electronegativity of the anion
and XB is the electronegativity of the cation. X(F) =4.0, X(0*) =3.5, X(Ti*") =
1.5, X(Nb*") = 1.6, X(Zr*) = 1.4.
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the distortion of the D octahedron with increasing Nb <> Ti substitution. Figure 26 shows
the correlation between the Ogicat-D-Ovesat bond angles and the distortion index, A.

A plot of D-O(2) versus D-§(16) reveals two distinct trends: (1) increasing D-0(2)
with decreasing D-¢(16), and (2) increasing D-O(2) at constant D-¢(16) (Fig. 27). Plotting
the contents of Zr and Nb on this graph shows the first trend to be the result of increasing Nb
<> Ti substitution and the second the result of Ti < Zr substitution. This confirms the
observation that substitution of Nb decreases the D-¢(16) bond length, whereas lengthening
of the D-O(2) bond length is due to displacement of the cation within the octahedron.
Although the two bonds change in length relative to each another, the total O(2)-D-¢(16)
bond length along the [001] axis remains unchanged (Fig. 28A). Samples in which Ti & Zr
substitution is dominant (indicated by the open diamonds on Figure 27) have a constant D-
¢(16) bond length which is similar to the maximum observed in Nb-free structures. The
increase in D-0(2) is due to substitution of the larger Zr cation and expansion of all the
bonds in the octahedron (Fig. 23). Figure 28B shows the associated expansion of the O(2)-
D-¢(16) bond length due to Zr substitution.

Substitution of Zr for Ti centers the cation within the octahedron and results in a more
regular distribution of bond lengths, a feature also observed in other zirconosilicates with
minimal (Ti,Nb) < Zr substitution such as livenite (Mellini 1981), sabinaite (McDonald
1996) and eudialyte group minerals (Johnsen & Grice 1999).

The maximum observed Zr content in AGM is 1.02 apfu, suggesting that the

maximum Ti & Zr substitution is = 50%. This limited substitution does not seem to be a
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function of geochemistry or a lack of Zr in the system; Zr-bearing AGM are commonly
associated with other zirconosilicates, indicating no lack of Zr during crystallization. It is
suggested that the limited substitution of Zr for Ti is due to crystal-chemical rather than
geochemical constraints. As is discussed in detail in Chapter IV, substitution of Zr into D
results in a lengthening of the D-O(2) bond and shortening of 'M(1,2,3)-0(2) bonds in the O-
sheet. This shortening results in increased flattening of the M octahedra and an increase in
the O-sheet dimensions which cannot be accounted for by structural change in the H-sheet.

In most zrconosilicates, Zr resides at either [6]- or [8]-coordinated sites and
substitution of Nb or Ti for Zr is minimal (e.g. vlasovite, Voronkov & Pyatenko 1962;
wadeite, Tikhonenkov 1964; ldvenite, Mellini 1981; minerals of the eudialyte group, Johnsen
& Grice 1999). The lack of (Ti,Nb) <> Zr substitution in such minerals is not the result of
geochemical controls on the crystallizing magma; in alkaline systems Zr and Ti are
commonly occur together in exceptionally high concentrations and there is no reason to think
that there was a lack of either element present when the zirconosilicates crystallized.

With the exception of seidozerite, Zr in zirconosilicates occurs in isolated polyhedra,
forming a 3D-network with SiOs tetrahedra, displaying a negative tendency towards
polymerization (Pyatenko & Voronkov 1978). On the other hand, Ti polyhedra in
titanosilicates tend to polymerize, most commonly via apices and even via common edges.
In fact, natural examples of crystal structures with discrete, isolated Ti octahedra are rare,
which may suggest that these structures are metastable (Pyatenko & Voronkov 1978). In
cases where there is substantial Ti and Zr in a minerai, the two cations tend to partially or

completely order (Pyatenko & Voronkov 1978; e.g. rosenbuchite, Shibaeva ez al. 1964,
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sabinaite, McDonald 1996). Complete solid-solution series between minerals with Ti and Zr
end-members have not been found. In AGM, due to the presence of substantial

concentrations of Nb, it was not possible to evaluate the degree of ordering of Ti and Zr.

5.3.2. Tsites

There are four crystallographically unique tetrahedral sites in the AGM structure,
labeled 7(1) through 7(4). The T(1) and T{4) sites are each coordinated by one bridging (5r)
[O(13) and O(14), respectively] and three non-bridging (nb) oxygens [7(1): O(1), O(11) and
0O(15), T(4): O(7), O(9) and O(12)]. The T(1) and T(4) tetrahedra share corners with the Dés
octahedra via non-bridging O, forming 7{1,4)-Ow-D linkages perpendicular to.[100]. I{2)
and T(3) tetrahedra are each coordinated by three bridging and one non-bridging oxygens
[T(2): bridging O(8), O(10) and O(13), non-bridging: O(3); T(3): bridging: O(8), O(10),
and O(14), non-bridging: O(6)]. The 7(2) and T(3) tetrahedra alternate along the length of
the chain, forming O(8)-7(2)-0(10)-7(3) linkages parallel to [100]. 7(1) and I{4), the
branches of the chain, are linked via bridging oxygens to the main chain by O(13) and O(14).
Bond-valence sums to the four T sites range from 3.838 to 4.260 v.u.

Bond lengths in all four tetrahedra range from 1.590 to 1.654 A, consistent with
values expected for essentially Al-free tetrahedra. The distribution of 7-O bond lengths in
AGM is shown in Figure 29. In general, 7-Oy > T-On (ave.: 1.598 and 1.585 A
respectively), a feature which is observed in all silicates because of the presence of a second
Si atom linked to the O% of the Si-O bond results in repulsion of the two Si*" cations,

weakening, and therefore elongating, the Si-Op bond (Cruickshank 1961, Brown & Gibbs
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Figure 29. Distribution of 7-O bond distances in the H-sheet of AGM.
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1969, Liebau 1985). Similarly, O-Si-O bond angles should decrease in magnitude such that
0..,;Si-0.,|, > Ope-Si-Oms (Licbau 1985). In AGM, O-Si-O bond angles range from 104.8 to
112.3°, yet the trend deviates slightly from that expected because the D¢ octahedron has
characteristics more similar to that of a SiOs tetrahedron (i.e. part of the anionic framework)
compared to the octahedra of the O-sheet; Ow-Si-Op bond angles which include anions of
the Dés octahedron are similar in magnitude to Ow-Si-Ow bonds angles. Five distinct
populations of O-Si-O bond angles are observed, decreasing magnitude in the order I > II >
I > IV > VI (Fig. 30,Table 5B and 5C):

L. Op-Si-Oys, where Oy are from the O-sheet and Dés only [e.g. O(1)-Si(1)-0(15)},

I. Ou-Si-Ow, Where O is from the O-sheet only [e.g. O(1)-Si(1)-0(13)],

IIL Ou-Si-On, where Oy are from the Dés octahedron [e.g. O(11)-Si(1)-0(15)],

IV. Ow-Si-Ow [e.g- O(8)-Si(3)-0(10)],

V. Ouw-Si-O,s, where Oy is from the Dés octahedron [e.g. O(13)-Si(1)-O(11)].

A similar trend is observed with 7-O-(7,D,M) bond angles. 7-O-M angles (where M
= O-sheet cation) are characteristically smaller than Si-O-Si angles, a result once again of the
greater repulsion of Si atoms compared to that of larger, lower valence M cations such as
Mn®* or Fe?* (Liebau 1985). . T-O-M angles in AGM range from 117.4 to 124.3° (ave.:
121.1°), significantly smaller than the 7-O-T angles which range from 138.1 to 144.4°, with
an average, 141.1°, close to the ideal angle of 139° for a strain-free Si-O-Si bond (Liebau
1985; Fig. 31). Two populations of 7-O-T bond angles are observed: (1) those of the main
tetrahedral chain, 7{2)-O-7(3), with an average value of = 139°, and (2) those of tetrahedra

on the branches of the chain, 7(1)-O-T(2) and T{3)-O-7(4), with a slightly higher average
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value of 143° (Fig. 31), suggesting slightly increased strain on the 7{1) and 7{4) tetrahedra.
T-0-D linkages show a range of bond angles between 140.3 and 145.9° (ave.: 142.3°),
comparable to 7-O-T linkages between tetrahedra of the main chain [(2) & T(3)] and the
outer branches [T{1) & T4)]. Again, it is shown that the D¢s octahedron shares close
affinities with SiO4 tetrahedra and not with octahedra normally considered to be part of the
cationic structure (i.e. the O-sheet).

Large differences in basal bond lengths are observed in the 7{1) and 7{4) tetrahedra
due to (1) displacement of the T cation toward the D¢ octahedron, and (2) tilting of the
tetrahedra out of the (001) plane. As a result, 7{1)-O(13) and 7(4)-O(14) are the longest 7-O
bonds observed in the structure (range: 1.607 to 1.649 A, average: 1.640 and 1.633 A,
respectively). In order to maintain a mean bond order of = 1.5 in the tetrahedron and a BVS
for the Si of = 4.00 v.u, an increase in a particular bond length in the tetrahedron must be
accompanied by a decrease in length of the remaining bonds (Robinson 1963).
Subsequently,’TU)-O(ll,IS) and T(4)-0(9,12) are extremely short, ranging from 1.585 to
1.615 with an average of 1.603 A, 0.017 A shorter than the ideal Si-O bond length of 1.62 A
(Liebau 1985). 7(1) and 7(4) are, on average, the most distorted tetrahedra in the AGM
structure (AT(1)ave: 1.045, AT{4)ae: 0.773). Shortening of these bonds may also be the
result of a displacement of the Si cation due to tilting of the 7{1) and 7{4) tetrahedra toward
the Dds octahedron. Similarly, 7{2)-0(13) and 7(3)-O(14) bonds are also short (average:

1.614 and 1.615 A, respectively) to maintain a BVS of 2.00 v.u. at the bridging oxygens

0(13) and O(14).
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6.0. LATERAL FIT OF THE H-AND O-SHEETS

. There is a mismatch in size between the O- and H-sheets, similar to that observed
between the tetrahedral (7) sheets and O-sheets in other 2:1 phyllosilicates (Bailey 1984). In
true micas, the lateral dimensions of the T-sheet are larger than those of the adjacent O-
sheets. The mismatch between the 7- and O-sheets is compensated by the rotation, tilting
and elongation of the tetrahedra, along with flattening and rotation of the octahedra. In
AGM, a similar response is observed. However, the composition of the O-sheet in AGM is
quite different than that of a mica; specifically, it is dominated by larger Mn®" cations
(f®‘Mn?*: 0.83 A) rather than smaller cations such as Fe** (0.78 A), Mg (0.72 A) and Al
(0.54 A; ionic radii from Shannon 1976). Similarly, the presence of the D¢s octahedron in
the H-sheet results in a larger H-sheet than in mica 7-sheets. As a result, the methods by
which the AGM structure adapts to the mismatch are slightly different than observed in 2:1
phyllosilicates. The dominant mechanisms by which H-O-sheet lateral fit occurs are: (1)
trigonal distortion of the O-sheet octahedra, namely isometric flattening and counter-rotation
and (2) rotation, tilting and elongation of tetrahedra in the H- and 7-sheets.

Isometric flattening of the octahedra is one of the primary ways by which the lateral
dimensions of O-sheet increase. Flattening angles in the O-sheet octahedra range from 58.4
to 5§9.7°, similar to other 2:1 phyllosilicates which commonly have ¥ values which range
from 58 to 61° (Bailey 1984). Flattening angles in AGM are most similar to those in Fe*'-
bearing samples of the biotite series (58 to 59°), a result of their similarity in O-sheet

chemistry, rather than Al- and Mg-bearing species such as muscovite and phlogopite (‘¥ = 60
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to 61° Bailey 1984). Flattening of octahedra in the AGM O-sheet is dependent on the size of
the M cation such that increased M results in decreased octahedral flattening (Fig. 32). In
AGM, the increase in tM is due to increased Mn <> Fe** substitution (closed diamonds, Fig.
32) whereas in members of the biotite series, the dominant substitution is Fe** < Mg (open
circles, Fig. 32; Shabani 1999). The larger ¥ angles in AGM compared to those of the
biotite series, which have substantially smaller values for rAM, are due to the larger
dimensions of the H-sheet to which the O-sheet must attach. As will be discussed in detail in
Chapter IV, octahedral flattening in AGM is further complicated by the presence of the Dis
octahedron within the H-sheet. The apical O(2) oxygen of the Dés octahedron is bonded to
three octahedra within the O-sheet, M(1), M(2) and M(3). Bond lengths to O(2) from M(2)
and M(3) are the longest observed in the O-sheet due to elongation of the AM-0O(2) bonds, a
response to the presence of Nb or Zr at D in order to satisfy bond-valence requirements at the
O(2) oxygen [M(2)-0(2): 2.230 to 2.267 A, M(3)-0(2): 2.209 to 2.246 A). Conversely,
M(1)-0(2) bond lengths are short (range: 2.137 to 2.189 A). This lengthening and
shortening of M-0(2) bonds results in a corrugated appearance of the O-sheet around O(2)
and the D¢¢ octahedron.

Reduction in the lateral dimensions of the H-sheet occurs by rotation of adjacent
tetrahedra in opposite directions in the (001) plane. In an ideal six-membered SiOs
tetrahedral ring, the angle Ow-Owe-Orx Of the basal oxygens is 120°; deviation from this value
is the result of tetrahedral rotation (a). Rotational angles in true micas range from 1.4 to
11.0° in trioctahedral species, and from 6.0 to 19.1° in dioctahedral species (Bailey 1984). In

AGM, Ou-On-O angles range from 114.76 to 125.64°, with an average of 119.6° close to
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the ideal 120°, and tetrahedral rotation angles (a) range from 0 to 2.82° (average: 1.24°).
Figure 33 shows the relative rotation of the tetrahedra in the H-sheet. As with micas, rotation
of adjacent tetrahedra in AGM is in opposite directions. The o values in AGM are
insignificant in terms of altering the lateral dimensions of the H-sheet in order to compensate
for the misfit with the O-sheet. As such, another mechanism must compensate for ideal sheet
mismatch.

Isometric flattening and counter-rotation of the O-sheet octahedra results in
elongation of the octahedral edges in an attempt to compensate for the mismatch between the
O- and H-sheets. In order for the lateral dimensions of the H-sheet to match these elongated
edges, the tetrahedra are thickened along [001] by elongation of Si-Oupicat bond lengths and
widening of Oypical-Si-Obesat bond angles, and are tilted out of the (001) plane. The ideal
tetrahedral angle, T = Oypicat-Si-Obesat, is 109.47° which can be increased by elongation and
decreased by shortening of Si-Oapicat bonds (Bailey 1984). In AGM, t angles range from
110.8 to 111.8°, indicating = 2% thickening of the tetrahedra in the [001] direction,
comparable to that observed in true micas (which have t angles ranging from 108 to 114°,
Bailey 1984). The I(1) and 7(4) tetrahedra show increased thickening (average: 111.76 and
111.79°, respectively) compared to I(2) and T(3) (average: 11134 and 111.65°,
respectively), the result of increased tilting out of the (001) plane of the I{1) and 7(4)

tetrahedra (discussed below).
The main mechanism by which lateral misfit of the sheets in AGM is reduced is by

tilting of the tetrahedra out of the (001) plane. Tilting of the 7(1) and 7\(4) tetrahedra brings

the apices of the tetrahedra towards the O(2) apex of the Dés octahedron whereas I(2) and



188

'[(¥1z] £2u8 81y 03 [(1)] 4218 >yrep woyy popeys e eipayesa],
'q A28 ypeq ‘(o T'1 98810AR) , 78'T 03 0 WOy dBuwi (10) s3|Bur UoNEIOI jRIPAYRND], ‘(S3BUB 1D MOYS 0} JOPIO
ui pajesaBiBexa) , 071 s1 9Bue 0-"0-"0 jeap! YL, 199Ys-Z7 oY Ul (SMOLIE) UOHEIOS [RIPAYBNIY, ‘€€ NS

(Muisq

0,

o0C1= [&3p]



189

T(3) are tilted in opposite directions, towards each other and the main SiO; chain of the H;
sheet. The presence of the larger Dés octahedra results in increased thickening of the n
and T(4) tetrahedra (as discussed above) and increased tilting; 7(1) and 7(4) are tilted a
substantial amount more out of the (001) plane (average: 6.80 and 7.09°, respectively) than
T(2) and T(3) (average: 2.06 and 0.87°, respectively), adding to the strongly corrugated

appearance of the HOH layers.

7.0. CONCLUSIONS

The complex chemical compositions exhibited by members of the astrophyllite group
results in a wide range of structural variations. The relations between composition and
crystal structure are summarized here:
1. Members of the astrophyllite group are heterophyllosilicates and are the intermediate
members of a polysomatic (or homologous) series with perraultite and mica as the end-
member structures. The AGM structure consists of two composite sheets stacked along [001]
in a 2:1 ratio resulting in a layered HOH structure.
2. The interlayer in triclinic AGM consists of two crystallographically distinct cation sites, 4
and B, whereas three distinct sites occur in kupletskite-Ma2b2c, A(1), A(2) and B. The /4
site(s) contains predominantly K, with minor substitution of Rb, Cs and Na and up to 15%
vacancies. In many cases, the 4 site is positionally disordered and there is smearing of
electron density in the (001) plane. In such cases, 4 was modeled as a split site and refined

isotropically. The "B site is host to predominantly Na with up to 40% occupancy by Ca.
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3. The O-sheet (octahedral sheet) consists of four crystallographically distinct MOs
octahedra, designated M(1) through M{(4), in a 2:2:2:1 ratio, respectively, and contain Mn,
Fe**, Fe**, Na, Mg and Zn as the principal cations. The M(1) octahedron is the largest, least
distorted within the O-sheet and contains significant “/Na. Manganese is thought to order at
M(1). The M(2) octahedra are highly distorted and form zig-zag chains parallel to X. The
M(2) and M(3) sites form a composite chain parallel to X and are occupied by Mn, Fe**, Fe**,
Mg and Zn.

4. The H-sheet (heterogeneous sheet) has the ideal composition [(Ti,Nb,Zr)SisO12]* and
consists of open-branched zweier [100] single chains of [SisO12]* which are cross-linked by
corner-sharing Dés octahedra in triclinic species and kupletskite-Ma2b2c, and DOs polyhedra
in magnesium astrophyllite where D = Nb,Ti,Zr. Substitution of Nb for Ti at D results in
lengthening of the D-0O(2) bond, shortening of the D-¢(16) bond, and positional displacement
of the D cation towards the center of the octahedron, with an overall decrease in the

distortion index, A. Substitution of Zr for Ti at D results in an increase in all D-¢ bond
lengths and a simultaneous decrease in A. Crystallographic restrictions limit the maximum
Zr content in AGM to approximately one apfu (50% occupancy of D).

5. There are four tetrahedrally-coordinated sites in the AGM structure, designated 7{1)
through 7(4). All four sites contain dominantly Si with only minor substitution of Al. 7{(1)
and 7(4) are located on the branches of the zweier single chains and share oxygens with the

Dés octahedron whereas 7{2) and 7{(3) are located in the central portion of the chain and

share only apical oxygens with the O-sheet.
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'6. There is a lateral misfit between the H- and O-sheets, similar to that observed in 2:1
phyllosilicates. Lateral misfit increases with increasing Mn < Fe and Zr < (Ti,Nb)
substitution. H-O-sheet lateral fit in the AGM structure occurs predominantly by tilting of
the tetrahedra out of the (001) plane, thickening or elongation of the tetrahedra along [001]),

and flattening of thé O-sheet octahedra.
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CHAPTER IV.

ASTROPHYLLITE GROUP MINERALS III. “'Fe MOSSBAUER
SPECTROSCOPY

1.0. INTRODUCTION TO MOSSBAUER SPECTROSCOPY

Massbauer spectroscopy is a nuclear absorption spectroscopy that allows for precise
measurement of the hyperfine structure of nuclear levels of a probe nucleus. This structure is
the result of hyperfine interactions (interactions between the nucleus and its electronic
environment) produced by transitions between the ground and excited states of a specific
probe isotope. The most commonly used probe isotope, and that which is used in this study,
is >’Fe with a transition energy of 14.4 keV.

In materials with strong bonds between atoms such as liquids and solids, M6ssbauer
spectroscopy is made possible by a phenomenon known as the Mossbauer effect (Mossbauer
1958). When a sample is bombarded by incident gamma (y)-ray radiation, nuclear transitions
will take place at resonant energies. A certain fraction of the energy emission and absorption
events are recoilless and the associated kinetic energy is therefore negligible. This fraction, f,
is known as the Mossbauer recoilless fraction (Rancourt 1998) and can be defined as

= exp[-Ec<x">/hc] (1)
where E; is the recoil energy of the free nucleus and <x*> is the mean square displacement of
the Méssbauer probe nucleus. Only recoilless events will contribute to the Mdssbauer
spectrum and will thus be measured.

The 5’Fe probe isotope has a ground state, I = 1/2, and a first excited state, I = 3/2.

There are three hyperfine interactions which will cause splitting of these nuclear energy
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levels: the electric monopole interaction, the electric quadrupole or electric field gradient

(EFG) interaction, and the magnetic dipole or hyperfine field interaction (Rancourt 1998).

The isomer shift (IS) is the result of an electric monopole interaction and is an
extremely sensitive measure of the local electronic density; it is therefore a measure of the
valence state of the probe nucleus. Mossbauer spectroscopy allows for the determination of
the actual measured resonance position, the center shift (CS or 8) which is a linear
combination of the IS and a second order Doppler shift (SOD, Rancourt 1998):

CS=IS+SO0D (2).

The interaction between the electric quadrupole moment of the nucleus and the local
EFG results in symmetrical splitting of the first excited state into two sublevels, I = +3/2 and
I = +1/2. In the Mossbauer spectrum, two absorption peaks are now evident, the splitting
between which is called the quadrupole splitting (QS or A), equal to the energy splitting
between the two sublevels. The QS (Rancourt 1998) is given by:

A =(qQ2)[1+73]1 (3)
where e is the electron charge, q, or Vy, is the maximum electric field gradient, Q is the
nuclear quadrupole moment, and A is given in mm/s. The local EFG has a strong relation to
the symmetry of the cation site and local structure. The QS is a sensitive indicator of the
coordination of the Fe and of local crystal-chemical variations around the site in question
(Rancourt 1998). Within a given structure, changes in the local environment around the Fe

atom result in a range in QS values, and thus a quadrupole splitting distribution (QSD).
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2.0. PURPOSE OF THE STUDY

Until recently, Fe’” was thought a minor component in AGM, a conclusion based
primarily on wet-chemical determinations (MacDonald & Saunders 1973) or by calculation
of Fe*'/Fe*" ratios from electron microprobe data. Varying anionic schemes and the presence
of vacancies complicates the calculation of Fe*'/Fe’* ratios in AGM. Iron-bearing mineral
inclusions are common in AGM (e.g. pyrochlore group minerals, oxides and phosphates)
which also limit the possibility of obtaining reliable Fe*/Fe’" ratios by wet-chemical
methods yet yield Mdssbauer spectra which are significantly different from those observed
for AGM. Mdssbauer spectroscopy has been used extensively to obtain accurate and precise
site populations for Fe?* and Fe** in a variety of silicate minerals including members of the
mica group (e.g. Dyar & Burns 1986, Rancourt ef al. 1992, Rancourt ef al. 1994, Redhammer
et al. 1995, Lalonde er al. 1996, Rancourt ef al. 1996, Shabani 1999), clinopyroxenes (e.g.
Annersten & Nyambok 1980, Piilonen er al. 1998), and amphiboles (e.g. Bancroft & Burns
1969, Bancroft & Brown 1975). This study represents the first of its kind for AGM. The
Fe*'/Fe’* ratio, a direct measure of the prevailing oxygen fugacity at the time of
crystallization of the sample, will be used to elucidate the paragenesis of AGM of varying
chemical compositions and from different rock types. The measured Fe** contents will also
be used to develop substitutional schemes (discussed in Chapter II).

The Mossbauer spectra and associated parameters for AGM are described in detail.
Given the correct method for extraction of the complex set of hyperfine para{meters that are

contained in a Mdssbauer spectrum, Méssbauer spectroscopy is also a powerful tool for
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probing the local environments around Fe atoms. Not only can information regarding
coordination number be gained, but spectral information may be helpful in evaluating
crystallographic distortions, local chemical disorder, spin structure and magnetic moment
magnitudes. New methods developed for extraction of quadrupole splitting distributions
(QSDs, e.g. Rancourt 1989, Rancourt & Ping 1991, Rancourt 1994a, Rancourt 1994b,
Rancourt ef al. 1994) have allowed true intrinsic QSDs to be extracted from Mossbauer
spectra. This allows for detailed comparisons of local distortion and chemical environments
that cannot be obtained by other methods. To date, such detailed studies have been done on a
synthetic annite-oxyannite series (Christie ef al. 1993), synthetic and natural members of the
phlogopite-annite series (Rancourt ef al. 1994, Redhammer ef al. 1995), synthetic members
of the (OH,F)-annite series (Rancourt ef al. 1996), and a large suite of biotites (Shabani
1999). Recent advances in the theoretical derivation of EFG and QS distributions and their
relations to crystal chemical parameters such as octahedral flattening and counter rotation
(Evans 2001), coupled with extensive data from single-crystal X-ray refinements, will allow
us in the future to attempt to correlate crystal chemical and Mossbauer spectral parameters

for AGM.

3.0. EXPERIMENTAL METHODS
3.1. Sample selection

The samples studied by Mdssbauer spectroscopy were chosen from both over- and
undersaturated alkaline complexes, and span a wide a range of chemical composition. The

sample suite in this study includes astrophyllite, kupletskite and niobokupletskite from Mont
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Saint-Hilaire (Québec), the Khibina massif (Kola peninsula, Russia), Mount Rosa (Pikes
Peak batholith, Colorado), the Oslo rift valley, Langesundsfjord area (Norway), and Kramer
Island and Bagnasset, Kangerdlugssuaq intrusion (Greenland). Table 1 lists the sample
provenance and species. An attempt was made to choose compositionally homogeneous
samples. However, kupletskite samples from Mont Saint-Hilaire (MSH) commonly display
complex diffuse and concentric chemical zoning (< 20 xm) that could not be avoided.
Results therefore represent an average of these zones. All were separated by hand under a
binocular microscope to ensure a sample purity of >98%. Samples were cleaved to very thin
flakes and examined under intense light to ensure that no other minerals were present as
inclusions. Special care was taken to avoid portions of samples that displayed alteration or

oxidation which could adversely affect the resultant Fe*'/Fe*" ratios.

3.2. Preparation of Mossbauer absorbers and data collection

Absorbers for Méssbauer spectroscopy were prepared with an ideal mass of sample
(= 50 mg), calculated for our 0.5 inch diameter holders using the technique developed by
Rancourt ef al. (1993) to ensure the maximum signal-to-noise ratio. The sample was crushed
in acetone to minimize oxidation by atmospheric oxygen and the powdered material
suspended in petroleum jelly and stirred to ensure a random orientation of crystals within a
circular aluminum mount (aperture: 0.5 inch, thickness: 0.6 cm). Detailed information
pertaining to sample preparation and data collection can be found in Appendix D. The
spectra were obtained using a 7Co (in a rhodium matrix) single-line thin source at room

temperature (RT =21 to 22 °C). The transducer was employed in constant-acceleration mode
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TABLE 1. LOCALITY INFORMATION FOR ASTROPHYLLITE GROUP MINERALS
STUDIED BY *’FE MOSSBAUER SPECTROSCOPY

Sample code Sample (Collection) # Locality and rock type
GREEN Greenland
CC2A - syenite pegmatite (Krzmer Island,
Kangerdlugssuaq)
CC7A - nepheline syenite pegmatite (Bagnzsset,
Kangerdlugssuaq)
KHIB Khibina massif, Kola Peninsula, Russia
RUS4 (CMNMI-53187) - nepheline syenite pegmatite
RUSS (CMNMI-44295) - nepheline syenite pegmatite
RUS7 (CMNMC) - nepheline syenite pegmatite
RUS8 (FMM-1) - nepheline syenite pegmatite
LANG Langesundsfjord area, Oslo Rift Valley, Norway
NORI1 (RW-1) - nepheline syenite pegmatite (Vesle Aroya)
NOR9 (AOL2b) - nepheline syenite pegmatite (Barkevikskjer)
MSH Mont Saint-Hilaire, Québec, Canada
MSH6 (NMNS-8) - nepheline syenite pegmatite
MSH7 (NMNS-11) - nepheline syenite pegmatite
MSHI10AB (NMNS-14) - nepheline syenite pegmatite
MSH11 (NMNS-15) - nepheline syenite pegmatite
MSH15 (NMNS-22) - nepheline syenite pegmatite
MSHI8A (NMNS-25) - altered nepheline syenite pegmatite
MSH26AB (CMNMC) - sodalite syenite
MSH28 (CMNMC) - metasomatic unit
MSH32 (CMNMC) - natrolite pegmatite
MSH33 (CMNMC) - aplite/pegmatite
MSH34A (CMNMC) - nepheline syenite pegmatite
MSH35 (CMNMC) - aplite/pegmatite
PP Mount Rosa, Pikes Peak, Colorado, USA
US2 (CMNMI-29977) - granitic pegmatite
USS5 (CMNMC) - granitic pegmatite

CMNMC/CMNMI/NMNS = Canadian Museum of Nature collection, FMM = Fersman
Mineralogical Museum collection, AOL = A.O. Larsen collection, CC = C.C. Christiansen

collection, RW =R. Werner collection.
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‘over a Doppler velocity range of £4.0 mm/s. Spectra were calibrated with an *’Fe-enriched

iron foil at RT. Data were collected in 1024 channels and folded to obtain a flat background
and a zero velocity position corresponding to the CS (5) of metallic a-Fe at RT in the
resultant 512-channel calibrated spectra. All spectra were cormrected for thickness effects,
assuming an absorber Mossbauer recoilless fraction of 0.7. By applying full thickness
corrections to the spectra by the method outlined by Rancourt (1989), as implemented in the
program Recoil (Lagarec & Rancourt 1998), it is possible to obtain the intrinsic absorber
resonance cross-section and further, to generate a thin-limit spectrum. This thin-limit
spectrum is representative of what would be observed with an ideally thin absorber. Spectra
were fitted using the Voigt-based quadrupole splitting distribution (QSD) method of
Rancourt & Ping (1991) as implemented in the program Recoil (Lagarec & Rancourt 1998).
This method assumes that the QSD for each generalized site within the spectrum is composed
of a number (N) of Gaussian components. The corresponding lineshape in the fit is therefore
neither Gaussian nor Lorentzian but a sum of Voigt lines. The Lorentzian linewidth (I') is
assumed to be the same for each of the spectral contributions and has been fixed at the
natural width of 0.097 mnvs (Rancourt 1994). This allows for QSDs from different samples
to be compared directly. All broadening of the spectral lines is therefore assumed to be due
to the additional physical process kﬁown as inhomogeneous broadening. The continuous
valence-state specific QSDs obtained are the result of variations in the local environment
around the probe nucleus caused by local distortions or atomic disorder. It should be noted
that the number of Gaussian components chosen is based on statistics and the individual

components do not have particular physical or crystal-chemical meaning. They are
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mathematical entities used to ensure that the true QSD of the spectral contribution is well
represented by the sum of Gaussians.

During initial collection of the spectra, it was evident that a strong textural problem
was present in the majority of the absorbers. This is due to the fact that AGM have not only
an excellent {001} cleavage, but also a partil;g along {010} which enhances the formation of
acicular to tabular crystals, thus significantly increasing the possibility of texture effects.
The spectral area ratio is given by the parameter A-/A+, where A- and A+ are the spectral
areas of the low- and high-energy peaks of the doublet, respectively. In an ideal, randomly
oriented absorber, the spectral areas of the low and high energy peaks of each doublet are
equal, A-/A+ = 1 and is subsequently not refined. Non-randomness or texture in the absorber
results in an asymmetry in spectral area between the two peaks of the doublet which can also
result in errors in measured Fe**/Fe*" ratios and extracted QSDs. It is therefore necessary to
model these texture effects by allowing the individual Lorentzian doublets to have refineable
site-specific asymmetries (Fig. 1). As there is trade-off between the A-/A+ parameters for
Fe** and Fe*", only that for Fe** was allowed to be variable, whereas for the minor Fe**
component, A-/A+ was fixed at unity. Ferrous iron A-/A+ values for AGM range from 1.0
(not refined) to 1.294 (highly acicular crystals), indicating up to 30% greater spectral area in |
the low energy peak of the doublet as compared to that of the high energy peak.

In an attempt to reduce the effects of texture, select absorbers were restirred and data
collected once again under identical conditions. In most cases (i.e. > 95%), preferred
orientation effects could not be eliminated simply by restirring the absorber. Results

presented in this study therefore include refinement of the A-/A+ parameter. The concern in
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Figure 1. Effects of non-randomness in the absorber on astrophyllite group mineral
Mébssbauer spectra (MSH10B)
A. Random absorber: A-/A+=1.000
B. Textured absorber: A-/A+=1294
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refinement of this parameter is its effect on the resultant spectral parameters and the
Fe*'/Fe*" ratios. For only one sample (MSH10B) did this procedure result in a reduction of
the A-/A+ parameter from 1.214 to an ideal 1.000 (Fig. 2). Comparison of the Fe*'/Feu
ratios between these two spectra indicate values which are statistically identical: 0.19(1) and
0.21(1) for textured and random absorbers, respectively. Similarly, Rancourt ez a/. (1994b)
have shown that allowing the asymmetry parameter to be fitted in spectra with minor, often
unavoidable texture (~5 - 10%) results in QSDs which are indistinguishable from those
obtained with non-textured absorbers. In order to further evaluate the effects of preferred
orientation (with respect to the y-ray flux) on the spectrum and to justify the decision to

refine A-/A+, an oriented mosaic was prepared and a detailed study undertaken.

4.0. THE ORIENTED MOSAIC

In order to evaluate the effects of preferred orientation on the Mossbauer spectrum of
AGM, an oriented mosaic of cleaved grains was prepared. The sample chosen was a well-
characterized Nb-rich kupletskite from a pegmatite dike at Mont Saint-Hilaire, Québec

(MSH10A).

4.1. Experimental methods

The mosaic was prepared using an ideal mass for a one inch square absorber (107.5
mg). The inclusion-free sample was cleaved on {001}, affixed to tape, and centered on a
goniometer head capable of 360° rotation perpendicular (6 angle) and parallel (¢ angle) to the

y-ray flux (Fig. 3). The goniometer apparatus was set in front of the detector at a fixed
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Restirred (random)

Velocity (mm/s)

Figure 2. Effects of preferred orientation on the spectrum from astrophyllite
group mineral absorbers.
Dashed line: A-/A+: 1.214, Fe**/Fe,,: 0.19
Solid line: A-/A+: 1.000, Fe3*/Fe,,: 0.21
AFe¥*/Fe,, = 0.02 (0.03 apfu Fe*)
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[001] and y-rays

? Figure 3. Oriented mosaic experimental setup.
| At 6 = 0°, the incident y-ray beam is perpendicular to the
\ (001).cleavage plane on which all crystals are lying.
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distance of 12.5 cm, with the sample-to-source distance fixed at 9.5 cm. As with the regular,
randomly oriented absorbers, data were obtained at room temperature using a 7Co source in
a rhodium matrix and the same experimental conditions as described in the previous section.
The initial spectrum was obtained with both rotational angles, © and ¢, set at zero degrees.
Subsequent spectra were collected every 15° 6 (& = 0, 15, 30, 45 and 60°), and near the
magic angle, 6 = 55°. Spectra were also collected at ¢ =30 and 60° to ensure that the mosaic
was randomly oriented within the (001) plane. Following collection of all mosaic data, the
crystals were removed and an ideal mass of sample was separated in order to produce a
randomly oriented absorber. Spectra were fitted with the Voigt-based quadrupole splitting
distribution method of Rancourt & Ping (1991) as implemented in the program RECOIL
(Lagarec & Rancourt 1998). Both the randomly oriented absorber and the mosaic spectra can
be described by 1-3 fits, with the Fe’* generalized site modeled using a single Gaussian QSD
component and the Fe?" generalized site modeled using three Gaussian QSD components.
All spectra were corrected for thickness effects, assuming an ideal Mﬁssbauef recoilless
fraction of 0.7. Thickness corrections for the mosaic spectra were done by calculating the
apparent thickness at each 8 angle assuming a density of 3.34 g/cm® and 10% pore space.
Such corrections are not exactly correct for the mosaic absorber because they ignore
polarization effects due to the preferred orientation, but in order to be consistent with the
randomly oriented absorber and to minimize effects due to absorber thickness, correction§
were done. The Fe** and Fe’* A-/A+ parameters for the randomly oriented absorber was not
refined and fixed at unity. All parameters obtained during the fitting of the randomly

oriented absorber data, except the A-/A+ parameter, were taken as constants and applied to
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“the mosaic spectra during the fitting process of the mosaic spectra (Table 2). The Fe*'/Feux

ratio obtained from the randomly oriented absorber (Fe*'[Fe.x = 0.19) was applied to all
mosaic spectra. In order to do this, six Voigt lines were fitted to each of the mosaic spectrum
to obtain the total spectral area. The Fe**/Fe,y ratio was then applied to each component of
each generalized site. By fixing all spectral parameters, including the Fe**/Fey ratio,
variations in spectral peak areas observed at the various angles (Table 3) are known to be the

result of changes in the orientation of the EFG of Fe with respect to the incident y-ray beam.

4.2. Results

The raw folded spectra for the oriented mosaic at each 0 angle are shown in Figure 4.
Figure 5 shows the thickness-corrected spectrum for the randomly oriented absorber. The
solid line running through the data points is the resultant 1-3 fit. The additional solid lines
represent the separate contributions for both the Fe** and Fe** doublets. Figures 6A to 6F
show the thickness-corrected oriented mosaic spectra that have been fitted with parameters
obtained from the randomly oriented absorber. As will be discussed and elaborated on in
further sections, the Mossbauer spectra of all AGM display two strong absorption peaks
centered at ~ -0.1 and 2.3 mm/s and a third, weaker shoulder at = 0.9 mm/s. These three
absorption peaks correspond to (1) the sum of the low-energy lines from “IFe** and “IFe’
doublets, (2) the high-energy lines from 'Fe?* doublets, and (3) the high-energy lines from
I6iFe™* doublets, respectively. As Fe** is the dominant valence state for Fe in the astrophyllite
group structure, variations observed in spectral area between the two generalized sites, Fe ”

and Fe**, are more evident in the Fe*" doublet.



TABLE 2. MOSSBAUER SITE DISTRIBUTION PARAMETERS FOR

THE RANDOMLY ORIENTED MOSAIC SAMPLE

Fe**
Fe*

Fe**

Fe**

Fe**
Fe*

50 (mm/s) 51 A (counts'-mm/s) A-/A+

1.029(8) 0.043(3) 145100(1300) 1*
0.28(2) 0* 33750(840) 1*
[ a) cA

%) (mm/s) (mm/s)
comp.l1 14 2.06(17) 0.59(22)

comp.2 68(16) 2.412(57) 0.252(30)
comp.3  18(19) 1.94(15) 0.222(91)
comp.1  100* 0.742(32) 0.573(31)

<CS> AP stdev skew
(mm/s) (mm/s) (1Y) ({1.Y))
1.13 2.28 0.37 -0.56
0.29 0.80 0.50 0.52

reduced x> =1.274
Site populations (%): Fe** 81.13(40)  Fe* 18.87(40)

* fixed value

TABLE 3. A-/A+ PARAMETERS FOR ORIENTED

MOSAIC SPECTRA
0(°) A-/A+Fe"*  A-/A+Fe*
0 2.183 0.733
15 2.007 0.782
30 1.647 0.711
45 1.207 0.613
55 1.003 0.937

60 0.932 0.774
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Figure. 4. Folded, raw Mdssbauer spectra collected at various  angles. Note the
deepening of the high-energy contribution with increasing angle (indicated by arrows).
At 0 = 0°, the y-ray beam is aligned parallel to [001], and represents the most extreme case
of texture.
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Figure 5. Thickness corrected, folded room temperature 5’Fe Mdssbauer spectrum
of the randomly oriented sample used for the oriented mossic. The solid line running
through the data points is the fit result. The fit for the Fe?* and Fe** contributions are

also shown as a solid line. A-/A+=1.000.
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Figure 6 (A-F). Thickness corrected, folded room temperature 57Fe M6ssbauer spectra
of the oriented mosaic. The solid line running through the data points is the fit result.
The fit for the Fe>* and Fe** contributions are also shown as a solid line.
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At O = 0°, the effect on the Mossbauer spectrum of preferred orientation is at a
maximum; all grains are lying flat on (001) with the incident y-ray direction perpendicular to
this plane. The resultant spectrum (Figs. 4 and 6A) shows noticeable, strong asymmetry in
the two dominant peaks such that the low-energy contribution contains more spectral area
than the corresponding high-energy peak. This asymmetry cannot simply be due to hidden
Fe** components in the low-energy region of the spectra; Fe** accounts for only 19% of the
total spectral area. Refinement of the A-/A+ parameter for this spectrum gives 2.187 and
0.733 for the Fe?" and Fe*" generalized sites, respectively.

Increasing the angular value between the incident y-ray beam and the (001) plane of
the oriented mosaic from 8 = 0° to © = 45° results in a visible deepening of the high energy
peak of the Fe?* doublet, and a subsequent decrease in relative spectral area of the low energy
peak, known to contain both low energy lines from octahedrally-coordinated Fe®" and Fe'".
Refined A-/A+ values for Fe** decrease from 2.007 to 1.207, whereas those for Fe*” increase
slightly to 0.782, and then decrease to 0.613. At 6 = 55° the magic angle, neither
generalized site should display asymmetry and the A-/A+ parameters should be equal (i.e. A-
/A+=1.000). The A-/A+ values for Fe** and Fe** at © = 55° for the oriented mosaic data are
1.003 and 0.937, respectively, indicating negligible asymmetry in the Fe®* generalized site
and minor asymmetry in the Fé” generalized site.. In general, as A-/A+ for the Fe*
generalized site decreases, an increase is observed in the Fe** A-/A+ ;ralue which suggests
that the two asymmetry parameters are inversely correlated; an increase in spectral area of
the low-energy peak of the Fe** doublet is concomitant with a decrease in spectral area of the

low-energy peak of the Fe** doublet.
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Figure 7 shows that the Fe** A-/A+ value varies widely (AA-/A+ = 1.251), but
regularly, with change in angular position relative to the incident y-ray beam, whereas the

Fe** A-/A+ shows only minimal variation (AA-/A+ = 0.324) with angular position. The

~ importance of the Fe?* doublet in all the spectra allows us to determine with great reliability

the Fe*" spectral parameters. It is therefore not surprising that Fe>* A-/A+ values seem to be
considerably more robust than those of Fe>*. The slightly erratic variations of the Fe'" A-
/A+ values at high angles may result from the increased difficulty in fitting this parameter
when the low energy peak of the Fe** doublet is hidden in the low energy Fe** peak and
significant trade-off between the Fe** and Fe** parameters occurs. In order. to avoid this
problem, Hargraves et al. (1990) ignored the Fe** contribution by removing the data in the
relevant channels, thus fitting only the remaining Fe** doublet. In this study, since we are
interested in knowing the effects of preferred orientation on both the Fe?* and Fe'" A-/A+
values, we have chosen not to take this approach. In doing so, we have shown that the
variation in Fe** A-/A+ values is minor compared to that of the dominant Fe** doublet. To
eliminate trade-off between parameters and to ensure accurate and precise Fe**/Fe,x ratios in
cases where preferred orientation effects cannot be overcome by restirring the absorber it is
suggested that only the Fe** A-/A+ parameter be refined and the Fe** A-/A+ value fixed at
unity.

The theoretical A-/A+ curves with respect to the angle of incidence between the
incident y-ray direction and the principal EFG direction, 8y, were calculated using the
following equations for the relative intensities of the two lines of the doublet (Rancourt

1998):
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Figure 7. Observed variations in A-/A+ at each
value of @ for uncorrected and thickness corrected (T-corr) oriented mosaic data.
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A;=2+3sin’6yq (4)

Az =3 +3c050y (5)
where 0, is the angle between the incident y-ray direction and the EFG. In this way, the
measured data may be compared to expected values, and the sign of the quadrupole splitting,
¢’q0, and the principal EFG direction can be obtained. The theoretical curves in Fig. 8
indicate EFG directions for Fe*" to be close to perpendicular to (001) and that for Fe** to be
within the (001) plane. Comparison of the calculated A-/A+ curve for a near-normal EFG
direction with the observed trend indicates that the EFG principal direction for Fe*" in the
oriented mosaic is not exactly perpendicular to the (001) plane (Fig. 8) and therefore lies at
some angle to the incident y-ray direction. The fact that the sample in question is randomly
oriented in the (001) plane precludes the possibility of exactly determining the relations
between EFG and crystallographic directions; the EFG will be described by a distribution of
directions. However, it can be shown that e2gQ is negative, similar to other phyllesilicates

(Hargraves et al. 1990, Rancourt & Lalonde 1995).

5.0. DESCRIPTION OF THE MOSSBAUER SPECTRA

The Méssbauer spectra of all AGM analyzed are remarkably similar, with two strong
absorption peaks centered at = -0.1 and 2.3 mm/s and a third, weaker shoulder at = 0.9 mm/s.
These three absorption peaks correspond to (1) the sum of the low-energy lines from [GlFe?*
and “Fe** doublets, (2) the high-energy lines from Fe* doublets, and (3) the high-energy

lines from “/Fe** doublets, respectively. Fitting parameters and associated errors for select

spectra can be found in Table 4. Typical examples of Mdssbauer spectra are shown in Figs.
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Figure 8. Theoretical and observed variations in A-/A+ at each
value of 6. The dashed line represents the theoretical curve for single, near-normal EFG
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9A through F. The solid line through the data points is the resultant fit. The additional solid
lines represent the separate contributions for the Fe** and Fe** doublets. All spectra were
fitted using a 1-3 model: the Fe* doublet was modeled using a single Gaussian QSD
component whereas the Fe** doublet was modeled using the sum of three Gaussian QSD
components. —

Each spectral contribution (or generalized site) in the spectrum is modeled as having
its own QSD which corresponds to a specific valence state and coordination number and that
is characterized by a number of parameters. In the Voigt-based QSD method, given that the
QS is much more sensitive to local environment than the center shift (3), it is assumed that &
and A are linearly coupled such that

=3 +510A (6)
where 8¢ and 8, are coupling parameters characteristic of a particular cation species or anion
coordination (Rancourt ef al. 1994a). In this way, QSDs and an associated distribution of 5
are obtained. In all fits of AGM spectra, 8 for the Fe** site was allowed to refine, whereas it
was fixed at zero for Fe*".

The QSD can be characterized by: (1) the average QS, <QS>; (2) the QS value at
which the probability density is the highest, QSpeak,; (3) the value of the probability density at
QSpeak, P(QSpeai) Which is an inverse measure of the width or standard deviation of the QSD;
(4) the high and low energy edges of the QSD at half maximum of P(QSpesk), QSH-cdge and
QSL-cdge; (5) the width of the QSD at half maximum of P(QSpeak), Wasp; (6) the skewness of
the QSD, Sk, defined by QSpuak-<QS>; and (7) the standard deviation of the QSD, ogsp. We

will examine correlations between individual Mossbauer spectral parameters and further
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Figure 9A-F. Select Méssbauer spectra of astrophyllite group minerals.
The solid line through the spectral data represents the best tit. The subspectral contributions
corresponding to []Fe?* and [IFe** are shown superimposed on the data. The difference
between the observed and calculated spectra is shown on an exaggerated -
vertical scale at the top of the figure.
A. Niobokupletskite from Mont Saint-Hilaire (MSH10B).
Mn# = 0.80, Fe**/Fe,, =0.21.
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Figure 9B. Kupletskite from Mont Saint-Hilaire (MSHI11).
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Figure 9C. Kupletskite from Mont Saint-Hilaire (MSH26A).

Mn# =0.53, Fe**/Fe,, = 0.08.
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Mn# =031, Fe**/Fe,, = 0.05.
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examine correlations between Mossbauer spectral and key AGM crystal-chemical

parameters.

5.1. Fé** contribution

All Fe* contributions were modeled using a single Gaussian QSD component;
attempts to add a second Gaussian component resulted in no decrease in the final reduced x*.
Centre shifts, with respect to a-Fe CS for Fe**, range from 0.256 to 0.347 mm/s, lower than
that observed for most biotite-series micas (average: 0.4 to 0.5 mm/s; Dyar & Bumns 1986,
Lalonde et al. 1996, Rancourt ef al. 1996, Shabani 1999). Average QS values for Fe*' in
AGM range from 0.762 to 1.082 mm/s, comresponding to values observed for Fe'* in
octahedral coordination in structurally similar minerals such as those of the mica group (e.g:
Rancourt ef al. 1994a, Lalonde ef al. 1996, Shabani 1999). Extraction of the exact average
CS (<CS>) and <QS> s difficult due to (1) the minor spectral contribution from Fe'', and (2)
the hidden low energy line of the !Fe’" doublet within the low energy line of the Fe**
doublet which results in overlap and trade-off between the two lines. Tetrahedrally-
coordinated Fe** does not seem to play a role in the AGM structure; the characteristic N T
contribution of mica with <CS> of = 0.15 to 0.25 mm/s and <QS> of = 0.4 to 0.5 mm/s
(Rancourt ef al. 1992, Rancourt ef al. 1994a, Lalonde ef al. 1996) is not observed. in any of
our spectra.

Figure 10 shows typical Fe** QSDs for AGM. The Fe** QSDs for all samples are

characterized by a relatively wide distribution with a peak at = 0.75 to 1.00 mm/s and a long

tail at high QS values, extending past 2.00 mm/s.
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Figure 10. Representative quadrupole splitting distributions for the Fe’*
generalized site.
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The Fe*'/Fe,, ratio, obtained from measured subspectral areas assuming equal
recoilless fractions of Fe** and Fe*", is a robust p@mer as it is constrained by the Fe**
spectral contribution. The Fe*'/Fe,q ratios obtained by Méssbauer spectroscopy indicate Fe*"
to be a minor component in AGM. Fe*'/Fe ratios range from 0.01 to 0.21 with an average
of 0.06, corresponding to 0.05 to 0.56 apfi, or from 0.01 to 0.08% of available O-sheet sites.
Although the Fe** content in AGM is minimal relative to Fe?* and Mn contents, a difference
in Fe*'/Fe. ratios is observed between members of the kupletskite and astrophyllite
subgroups. The lowest Fe**/Fe.x ratios occur in almost end-member astrophyllite (ave.: 0.04,
range: 0.01 to 0.08) from both over- and undersaturated rocks, whereas the highest ratios
occur predominantly in members of the kupletskite subgroup (ave.: 0.10, range: 0.04 to
0.21), in particular Nb-bearing kupletskite and niobokupletskite, consistent with the
oxidizing substitution

M(1)*" + M(2,3)*" + (Zr,Ti) + F & *Na + "@IFe> + Nb + 0 (7)
proposed for incorporation of Nb into the astrophyllite structure. The isomorphous

substitution of Fe>* into the astrophyllite group structure will be discussed in detail in further

sections.

5.2. Fe’* contribution

Astrophyllite group minerals are characterized by a dominant Fe?* doublet centered at
approximately 1.14 mm/s, with a range of <CS> of 1.124 to 1.154 mns, slightly higher than
those obtained for micas (average: 1.11 to 1.13; Lalonde er al. 1996, Shabani 1999),

indicative of Fe?* in octahedral coordination. Average QS values range from 2.202 to 2.416
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" mmJs, lower than those observed for members of the biotite series, which commonly have

values ranging from 2.3 to 2.5 mm/s (e.g. Rancourt et al. 1994a, Lalonde et al. 1996, Shabani
1999).

A general trend in QSDs is observed from broad distributions (WQSDZ 0.912 mm/s)
with small <QS> (2.202 mm/s) and QSpeak (2.305 mm/s) values, to narrow distributions
(Wgsp: 0.563 mm/s) with large <QS> (2.416 mm/s) and QSpeak (2.510 mmv/s) values (Fig.
11). As a result, there is a negative correlation between <QS> and Wasp and a positive
correlation between <QS> and QSpek. This is identical to what is observed in biotites from
granitic rocks, as is shown in Figures 12 & 13 (Shabani 1999). In general, AGM show lower
<QS> than biotites, but linear regression of the two data sets indicates that they can be
combined and expressed by the equation: Wgsp = 4.390 -1.603<QS> (R? = 0.833).

Figure 14 shows the relation between the QSy-cdg- and QSL-cage of the QSD. The QSy.
edge Shows only minor variation within the sample suite, a characteristic that will be further
discussed when examining crystal-chemical controls on QSDs. The QSrdge shows much
wider variation within the sample suite and is strongly correlated with both the <QS> and
QSpesk, (Fig. 15) such that an increase in QSp.cdge is concomitant with an increase in <QS>
and QSpeak-

The QSDs in the sample suite studied are a direct reflection of the distribution of
local distortion environments (LDEs) ar(;und Fe in the structure, resulting from cationic or
anionic substitutions at neighbouring sites, and thus reflect changes in the local
stereochemistry and geometry of the Fe site. In order to fully understand the observed QSDs,

detailed electronic structure calculations on known atomic structures are required. Such
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Figure 12. Average QS versus the width (W) of the QSD for astrophyllite
group minerals (closed diamonds) and biotites (open circles).
Linear regression: Wqgp =4.390 - 1.603<QS> (R?=0.833)
Biotite data from Shabani (1999)
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calculations are currently underway (Evans 2001) and preliminary results will be referred to
in this chapter. Although a conclusive chapter on the origin and meaning of QSDs in the
astrophyllite group is premature, an attembt is made here to present the data and to show that,
in the astrophyllite group, there are significant correlations between known crystallographic

parameters and QSDs.

6.0. DISCUSSION

Previous authors (e.g. Redhammer 1998; Shabani 1999) have shown <QS> to be a
function of the average radius (tM) of the octahedrally-coordinated cations in the O-sheet of
phyllosilicates. Figure 16 shows the negative correlation between A/ and <QS> for AGM
and, for comparison purposes, a suite of true micas from the annite-phlogopite series. In the
annite-phlogopite series, increased substitution of Fe* (rFei*: 0.78 A) in annite for Mg**
(tMg?*:  0.72 A) in phlogopite results in smaller <QS> and thus a negative correlation
between <QS> and Fe# [Fe/(Fe+Mg)] (Rancourt ef al. 1994, Redhammer et al. 1995). Given
that the dominant substitution in the astrophyllite group O-sheet is Mn <> Fe, the Mn#
[Mn/(Mn+Few)] is used to describe its composition. Figure 17 shows the negative
correlation between <QS> and increasing Mn#. The substitution of Mn®* (rMn’": 0.83 A)
for Fe** results in an increased grand mean M-O bond length, <<M-0>>, and decreased
octahedral flattening (¥) required for lateral fit of the adjacent H- and O-sheets. This
flattening has a strong influence on the local distortion environment of the octahedra and is
an important crystallographic parameter to which the <QS> may be associated.

Unfortunately, crystallographic data could not be obtained for all samples for which



0.84
0.82 n . .
o oo .
0.80 - o
* . o T
o0 o o°

0.78 4
A
s
Y

0.76 - © o

0.74 2 o)

74 A o & o
o S 0°%¢
0.72 - o%?;%) %00
o) @0@ o)
o o
0.70 - r r T
2.10 2.20 2.30 240 2.50 2.60
<QS> mm/s

Figure 16. <QS> versus the average octahedral radius, <tAM#> in astrophyllite group
minerals (closed diamonds) and in members of the annite-phlogopite

series (open circles; data taken from Shabani 1999).
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Mossbauer spectra were obtained, but using the data available, it can be shown that a strong

- positive correlation exists between the average ¥ angle and <QS> (Fig. 18). The main trend

observed between <QS> and Mn# is therefore due to decreased octahedral flattening as a
result of increased Mn < Fe substitution. Theoretical electronic structure calculations by
Evans (2001) based on FeOs'" and Fe(OH)s" clusters in an ideal dioctahedral mica O-sheet
have also indicate octahedral flattening to be the dominant crystallographic parameter
responsible for variations in QSDs.

A plot of <QS> versus Mn# shows a negative correlation between the two parameters
and the existence of two distinct populations of AGM samples: one Zr-rich (> 0.40 apfu Zr)
and one Zr-deficient (< 0.40 apfir Zr). The two populations have parallel linear-regression
lines, suggesting that, in all cases, the dominant cause of variations in <QS> is the Mn# (Fig.
19). The presence of a high Zr content (>0.40 apfir) causes a shift in the observed range of
<QS> such that at any given value of Mn#, Zr-deficient samples will have lower <QS> than
Zr-rich samples. The range of <QS> observed in both populations is comparable (Zr-
deficient: 0.185 mmy/s, Zr-rich: 0.122 mm/s). Within the two populations, Zr-rich samples
have QSDs that are shifted to higher energies, relative to the Zr-deficient suite, and thus
show larger values of QSpea, QSH-dge and QSL.cage. Zr-deficient samples have QSpeak values
ranging from 2.305 to 2.470 mm/s (average: 2:398 mm/s), QSp.qge values ranging from
2.626 to 2.769 mm/s (average: 2.689 mm/s), and QSr.qge Values ranging from 1.756 to 2.135
mm/s (average: 1.980 mm/s). Zr-rich AGM have QSpeu values ranging from 2.443 to 2.513

mm/s (average: 2.489 mm/s), QSy.dg: Values ranging from 2.701 to 2.764 mm/s (average:
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data from Shabani 1999).
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'2.739 mm/s) and QS values ranging from 2.019 to 1.274 mm/s (average: 2.121 mm/s).

Figures 20A and B show the QSDs for both populations of AGM.

The monotonic and regular variation from low to high Mn# observed in QSDs within
each AGM population suggest that the changes in the LDEs are progressive and gradual and
do not represent a structural discontinuity. In contrast, the discontinuity between Zr-deficient
and Zr-rich populations, most evident in the position of the QSg.cdge, Suggests a mechanism
other than simple octahedral flattening for the observed changes in the LDE. In particular,
the higher QS.cage in the Zr-rich population suggests a maximum LDE with a higher degree
of distortion than that of the Zr-deficient population. The reasons for this difference lie in the
local geometry of the D¢ octahedra and its influence on the O-sheet octahedra. In particular,
we are interested in the O(2)-D-¢(16) distance along which the Dés octahedron is elongated.
The apical O(2) oxygen of the Dds octahedron is also bonded to three octahedra in the O-
sheet, M(1), M(2) and M(3). Increased substitution of Zr, a significantly larger cation than
either Nb or Ti, results in increased overall D-¢ bond lengths and a lengthening of the O(2)-
D-$(16) distance, which causes a concomitant shortening of the M-0(2) bond lengths (Fig.
21). The distortion due to shortening of the M-0O(2) bond in each of the three individual
octahedra is a local effect and is responsible for the shift in QSDs to higher overall values.
As Zr is not the only element to substitute for Ti at D, this effect will be more apparent when
Zr contents are elevated (i.e. > 0.40 apfis). In general, samples which contain > 0.40 apfu Zr
contain little Nb and therefore the resultant structural affects are attributable only to Zr.

Each QS value in the distribution corresponds to a set of particular LDEs that are

defined by the positions of the coordinating anions around the Fe ions. Each LDE has its
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Figure 20B. Representative quadrupole splitting distributions for the Fe?*
generalized site in Zr-rich astrophyllite group minerals (Mn# in brackets).
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Linear regression, R? = 0.844

248



<M-0(2)>

2240

2230 -

2.220

2210

2.200

2.190

2.180

L3

3850 3875 3900 3925 3950 3975 4.000
0(2)- D-4(16) (A)

Figure 21B. The O(2)-D-¢(16) distance versus <M-O(2)>
Linear regression, R? = 0.765

249



“ownFe* population, the sum of which is proportional to P(QSpe). In both suites, as the Mn

content increases, the bimodal character of the QSD becomes less evident. With increasing
Mn#, the QSD peak centered at = 1.9 and 2.0 mm/s in Zr-deficient and Zr-rich samples,
respectively, grows with a concomitant depopulation and decrease in the P(QSpeak) (QSpeak *
2.4 and 2.5 mnvs for Zr-deficient and Zr-rich samples, respectively).

The presence of a bimodal distribution of QSDs is common in phyllosilicates such as
muscovite and members of the biotite series. In muscovites, the dominant QSD peaks at 3.0
and 2.1 mm/s have been attributed to Fe?" in cis and frams sites, respectively (Shabani et al.
1998, Shabani 1999). Similarly, electronic-structure calculations (Evans 2001) indicate the
short, broad peak at low QS values to correspond to Fe®* at the trans sites and the high,
narrow peak at higher QS values to correspond to Fe*" at the smaller cis sites. In AGM, both
cis [M(2) and M(3)) and trans [M(4)] sites are present, as well as a site coordinated by five
0% and one OH group [M(1)]. Unlike in micas, the trans M(4) site in the astrophyllite group
structure is the smallest of the four O-sheet sites. It is not possible at this time to
unequivocally attribute the peaks in the astrophyllite group QSDs to any of these four sites
due to a lack of electronic structure calculations. We can, however, suggest potential reasons
for the bimodal character of the QSDs based on known crystallographic features and
comparison with results from trioctahedral micas.

The P(QS) distributions can be interpreted as LDE population distributions with the
value of P(QSpeax) inversely proportional to Gosp. Astrophyllite group samples with the
highest Ggsp, and thus the largest variation in LDE populations, are those which have high

Mn# (i.e. kupletskite, niobokupletskite and Mn-rich astrophyllite). This may be due to
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increased substitution of Mn, Na, Fe** at M sites surrounding the I'fez" cation, and increased
substitution of HFSE such as Zr and Nb at D, consistent with results from EMP data, all of
which would result in an increased variety of local environments around Fe.

Low QS values have been attributed to highly distorted or “defect” sites in micas such
as annite and fluorannite (Rancourt e al. 1994, 1996, Redhammer 1998). Given this inverse
correlation between octahedral distortion and QS (Hawthorne 1988), the peak at 1.9 mm/s
may be assigned to the most highly distorted octahedron in the AGM structure, M(2). The
depopulation of this peak at high Mn# may suggest preferential ordering of Fe at M(2) at low
Fe activities. The bulk of the QSD centered at 2.4 to 2.5 mm/s is attributed to Fe*" at the
M(1), M(3) aﬁd M(4) octahedra.

Future work involving electronic-structure calculations similar to those performed by
Evans (2001) is planned. These calculations should be helpful in understanding the effects of
isometric distortion (such as flattening) on the QSDs, and rectangular distortions (such as

bond length shortening due to substitution of Zr in the H-sheet).

7.0. CONCLUSIONS

1. AGM have room temperature 57Fe Mossbauer spectra which are characterized by two
strong absorption peaks centered at ~-0.1 and 2.3 mm/s and a third, weaker shoulder at ~ 0.9
mm/s, corresponding to (1) the sum of the low-energy lines from IFe** and CIFe** doublets,
(2) the high-energy lines from IFe?* doublets, and (3) the high-energy lines from Fe*

doublets, respectively. No evidence for “IFe** was found in the samples studied.
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'2. Fe*/Feuy ratios in AGM range from 0.01 to 0.21, corresponding to 0.05 to 0.56 apfi Fe'™".
Manganese-rich samples of the kupletskite subgroup show the highest enrichment in Fe’_*.
The highest observed ratios occur in niobian kupletskite and niobokupletskite, consistent
with the oxidizing substitution M(1)** + M(2,3)** + (Z5,Ti) + F < “®'Na + “CIFe’ + Nb +
O proposed for incorporation of Nb into the astrophyllite group structure.

3. Centre shift values for “/Fe’* range from 0.256 to 0.347 mm/s and <QS> values range
from 0.762 to 1.082 mm/s. Centre shift values for 'Fe** range from 1.124 to 1.154 mm/s,
with <QS> values from 2.202 to 2.416 mm/s.

4. A general trend in QSDs is observed from broad distributions with small <QS> and QSpeak
values, to narrow distributions with large <QS> and QSpeux values. Variations in <QS> are
dominantly the result of octahedral flattening (¥) within the O-sheet octahedra. Increased
Mn# due to the Mn < Fe substitution results in decreased ‘¥ required to achieve lateral fit
between the H- and O-sheets. The <QS> has been shown to be negatively correlated with
Mn# and positively correlated with ‘¥

5. Two distinct populations of QSDs can be recognized on the basis of the Zr content of the
sample. Zr-rich samples (Zr > 0.40 apfu) have larger values of QSpes, QSH-cdge and QSrcdge
compared to Zr-deficient samples (Zr < 0.40 apfu). This shift in QSDs of Zr-rich samples to
higher average values is attributable to additional distortion of the M(1), M(2) and M(3)

octahedra in the form of shortening of M-O(2) bonds due to increase of the O(2)-D-¢(16)

distance in the D¢ octahedron.
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OVERVIEW

Derivations of theoretical AGM polytypes have been performed by a number of
authors (e.g. Vrublevskaya & Zvyagin 1976, Zvyagin & Vrublevskaya 1976, Domberger-
Schiff er al. 1985), yet until recently only two of these structural modifications had been
recognized in nature. This chapter provides the results obtained from single-crystal X-ray
structure determinations of two holotype kupletskite samples from the Lovozero massif
(Kola Peninsula, Russia). Kupletskite, originally described by Semenov (1956), is found to
occur in both triclinic, P1, and monoclinic, C2/c, structural modifications. The two
structures differ only in the stacking sequence of an identical HOH layer. The results from
this study represent the first natural example of polytypism in the astrophyllite group, as
determined by single-crystal X-ray structure determinations, and suggests the possibility for

further research into stacking disorders in AGM.



ABSTRACT )
The crystal structures of two kupletskite [K;NaMn; Ti;SisO26(OH)4F] polytypes, (1)
triclinic, space group P1, and (2) monoclinic, space group C2/c, from nepheline syenite
pegmatites of the Lovozero massif, Russia, have been determined. The two structures differ
in the stacking sequence of an identical HOH layer (where H = heterophyllosilicate and O =
octahedral): in the triclinic structure, individual HOH layers are related by a centre of
symmetry, resulting in a +HOH/+HOH/+HOH stacking sequence with a one-layer period; in
monoclinic kupletskite, adjacent HOH layers are related by a two-fold axis parallel to b,
resulting in a +HOH/-HOH+HOH stacking sequence with a two-layer period. The resultant
relationship between the unit cell parameters of monoclinic kupletskite-Ma2b2c and triclinic
kupletskite-14 are as follows: Gmonoctinic = Grictinic, Demonoctinic = 2(BSiNY uictinic, 30d Cmonoclinic
spans two HOH layers. These results represent the first single-crystal X-ray structure
determination of polytypes in the astrophyllite group.
Key words: astrophyllite group, kupletskite, polytype, Lovozero, HOH layer

SOMMAIRE

Nous avons déterminé la structure cristalline de deux polytypes de kupletskite, un
premier triclinique de symétrie spatiale P1, et I'autre monoclinique, de symétrie spatiale
C2/c, tous deux provenant des pegmatites de syénite & néphéline du massif Lovozero en
Russie. Les deux structures se distinguent par leurs séquences d’empilements de couches
HOH (ou H = couche hétérophyllosilicatée et O = couche octaédrique): dans I’échantillon

triclinique, les couches HOH individuelles sont reliées les unes aux autres par un centre de
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symétrie, produisant ainsi une séquence d’empilement du type +HOH/+HOH/+~HOH ayant
une périodicité d’une couche alors que dans I’exemple monoclinique, les couches HOH
adjacentes sont reliées les unes aux autres par une rotation d’ordre 2 paralléle a b, ce qui
meéne a une séquence d’empilement du type +HOH/-HOH/+HOH avec une périodicité de
deux couches. La cormespondance entre les paramétres réticulaires du polytype
monoclinique (kupletskite-Ma2b2c) et celui triclinique (kupletskite-14) est la suivante :
Gmonoclinique = Giicliniqu,  Dmonoctinique = 2(DBSiMmY )uictinique; €t le Parametre Cmonoctiniue S"€tend sur
deux couches HOH. Cette étude documente pour la premiére fois I’ existence du polytypisme
dans le groupe de I'astrophyllite par des méthodes de diﬁ'mctfon-X sur monocristaux.

Mots-clés: groupe de I’astrophyllite, kupletskite, polytype, Lovozero, couche HOH

1.0. INTRODUCTION

Astrophyllite group minerals (AGM) are alkali titano-, niobo- and zirconosilicates
which have the general formula 4,BC:D;TsO26(OH)Xo where 4 ="*"/K, Rb, Cs, Na, H;0,
H,0, or O; B = ""'Na or Ca; C = “Mn, Fe**, Fe**, Na, Mg, or Zn; D ="ITi, Nb, or Zr, T = Si
and AL X = F, OH, O, or O (Piilonen er al. 2000). Kupletskite, ideally
K,NaMmTi;SigO26(OH)JF, one of eight known AGM, is found in SiO;-oversaturated
alkaline rocks such as Point of Rocks, New Mexico, USA (DeMark 1984), Gjerdingen,
Norway (Raade & Haug 1982), and the Junguni intrusion, Chilwa, Malawi (Woolley & Platt
1988), and SiO-undersaturated intrusions such as the Lovozero massif, Kola Peninsula
(Semenov 1956) and the Azov region, Russia (Valter et al. 1965), the Larvik complex,

Langesundsfjord area, Norway (Piilonen unpublished data), the Werner Bjerge complex and



Kangerdlugssuaq, East Greenland (Brooks ez aI 1982, Christiansen ef al. 1998), and Mont
Saint-Hilaire, Québec, Canada (Horvith & Gault 1990; Piilonen et al. 2000).

Kupletskite was initially described by Semenov (1956) from nepheline syenite
pegmatites in the Lepkhe-Nelm and Kuivchorr mountains of the Lovozero massif, Kola
Peninsula, Russia. It occurs as coarse-grained (up to 0.5 cm), anhedral to subhedral, dark
brown, platy to acicular crystals associated with aegirine, natrolite, eudialyte group minerals,
microcline, mangano-pectolite, and neptunite. In the original description, no data pertaining
to the space group or cell parameters were provided, and only monoclinic or triclinic

(pseudomonoclinic) symmetry was proposed. Peng & Ma (1963) described a Mn-dominant

astrophyllite from Russia with triclinic symmetry (P1) but did not elaborate on its
relationship with kupletskite. Christiansen ez al. (1998) refined the structure of a kupletskite
from Kangerdlugssuaq, east Greenland, and confirmed it to be triclinic, space group Pl.
Structure analyses on holotype kupletskite from Mount Kuivchorr (Lovozero) and a sample
from Lephke-Nelm were performed as part of a larger study on the crystal chemistry and

paragenesis of members of the astrophyllite group. During data collection, the possibility of

. a monoclinic polytype was recognized and further analyses were performed.

Crystal structure analyses confirm kupletskite from Mount Kuivchorr to be triclinic,

space group P1, whereas that from Lephke-Nelm was found to be monoclinic, space group
C2/c. The existence of two structural states for kupletskite is the result of polytypism in the
astrophyllite group. The objectives of the following study are to: (1) describe and compare
the crystal structures of triclinic and monoclinic kupletskite, (2) discuss the mechanism for

polytype formation in AGM, and (3) to introduce polytype nomenclature into the
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astrophyllite group in accordance with the guidelines proposed by the IMA Commission on

New Minerals and Mineral Names (Bailey et al. 1978, Nickel & Grice 1998).

2.0. CHEMICAL COMPOSITION

Two kupletskite samples were analysed: RUS9 (Lephke-Nelm) and RUS12 (holotype
material, Mount Kuivchorr). Chemical analyses were performed on a JEOL 733 electron
microprobe in wavelength-dispersive mode using Tracor Northern 5500 and 5600 automation
software. Details regarding operating conditions and standard selection can be found in
Chapter II. Complete electron microprobe data can be found in Table 1. Chemical formulae
were calculated on the basis of 31 anions and S(OHF,0) as determined from the crystal

structure analysis.

3.0. X-RAY CRYSTALLOGRAPHY

X-ray powder diffraction data for RUS9 and RUS12 were collected with a 114.6
Debye-Scherrer camera employing CuKa radiation (Ni-filtered) operating at 45 kV and 20
mA (24 hour exposure) and 40 kV and 30 mA (6 hour exposure), respectively. Observed and
calculated (PowderCell 1999) X-ray powder diffraction patterns for both polytypes are
presented in Table 2. Monoclinic and triclinic kupletskite polytypes can be distinguished on
the basis of their X-ray powder diffraction patterns in two main regions. The most evident
difference between the two patterns is the presence of a moderately strong (Loss = 30) peak at
~ 9.8 A in triclinic modifications that is absent in monoclinic kupletskite. Secondly, in

triclinic kupletskite, a broad band is observed between 30 and 40° 20 (CuKa radiation),



RUSI2 RUS9

Oude 12 Awe 1 2 Ave
Ns,O 260 261 1261 214 200 207
KO S$90 3592 3591 616 625 621
RO 0SI 049 030 0S50 030 050
CO 000 000 000 000 005 003
CO 137 138 138 12¢ 130 127
SO 025 020 023 029 024 027
BeO 000 03 007 0S5 048 052
MgO 196 192 194 138 145 142
MnO 2755 2730 2753 2147 2144 2146
FeO 411 415 413 1091 1105 1098
AO; 023 025 024 100 108 104
CeO; 000 014 007 032 025 029
ZO, 000 000 000 000 000 000
TiO, 1145 1135 1140 1031 1072 1052
NnyOs; 079 075 077 237 238 238
Si0; 3667 3602 3635 3447 3481 3464
F 125 106 L16 105 1li4 LIO
HO 232 2837 285 283 283 283
O=F 0353 045 049 D44 048 046
Total 9693 9643 9668 9655 9749 97.02
Formuis based on 31 anions

K 165 168 167 177 1L L77
Rb 007 007 007 007 007 007
Cs 000 000 000 000 001 000
Sc 003 003 003 004 003 003
Ba 000 001 001 005 004 005
Na 000 004 002 000 000 0.00
SumA 176 182 L7 193 193 193
Na 063 067 065 058 046 052
Ca 032 033 033 030 031 031
SumB 095 100 097 0832 077 082
Na 048 041 044 036 040 038
Mg 064 066 064 046 048 047
Mn S13  S17 S15 410 404 407
F* 076 077 077 206 206 206
Ce 000 001 001 003 002 002
SamC 701 700 700 700 700 700
Ti 129 19 19 175 180 L7¢
Nb 008 008 008 024 024 024
Z 000 000 000 000 000 000
SumD 197 198 197 199 204 202
si 805 800 803 777 115 17
Al 006 006 006 027 038 038
Sum7 811 806 809 804 803 804
F 087 074 081 075 030 078
OH 413 4326 420 425 421 4
o 2600 2600 2600 2600 2600 26.00
Zeat. 1936 1983 1983 1977 19.80

19.79

1



Table 2. X: diffraction data for triclinic and monoclinic ite
Triclinic, kupletskite-14 - Monoclinic, kupletskite-Ma 2b 2¢
o deic Is L M d, deaice T L MM
10.589 10.587 100 100 001  10.589 10.545 100 100 002
10.529 30 010
_ 10173 45 021
9853 9828 30 23 o011
§757 S790 20 7 021 5795 5806 <5 8 040
. 5107 5086 <5 <5 042
4436 4413 10 S5 111 439 4391 < 5 131
4338 4348 7 <5 120 4260 <5 131
4111 4110 <5 <5 102 3.903 5 04
3763 3757 <5 <5 023 3897 380 < < 14
313 3M7 10 5 122
. 3.620 4 133
3528 3529 40 27 003 3522 3515 40 30 006
3276 <5 033
3276 20 . 3255 3268 <5 <5 1M
32m 9 113 .
_ 3.170 3172 <5 16 135
3005 3089 12 7 12 -309 3120 <5 <5 063
3035 3031 12 7 123 2931 2942 <5 8 135
2861 2862 S <5 133 2855 2852 <5 <5 065
2.847 6 154
2820 2820 <5 < 121
2782 2783 20 16 131 2783 2782 20 38 171
2659 2662 15 18 211 2661 2665 10 18 202
2648 2647 12 12 004
2634 263 15 12 008
2582 2582 35 20 130 2580 2578 30 37 173
2491 2490 15 13 212 2494 249% 8 14 204
2405 2408 12 S 141 2400 2400 5 9 175
2299 2301 15 6 131 2293 2296 10 13 175
2240 2239 10 10 213 2240 2237 5 9 206
2.120- < 14
2.117 < 005 2110 2112 15 7 iT
2.114 15 o 2.109 <5 0.0.10
. 2113 <s 135
2045 2047 5 6 213 2046 2048 S5 6 206
2015 2012 S <5 145 2010 2013 < 5 177
1766 1768 <5 S5 133 1761 1762 12 12 _IM
1743 1743 <5 7 215 178 1739 <5 T 2010
1661 1660 S 9 073 1661 1661 <5 <S5 333
_ 1.659 9 0140
1629 1630 <5 <5 144 1624 1623 <5 5 1711
1582 1581 <5 6 322 1584 1583 <5 13 37
1.581 6 351
- 1.508 1506 <5 <5 00.14
1443 1444 <5 <5 145 1439 1437 <5 <5 1.7.13
_L412_ 1415 _<5__<s 216 1411 1413 <5 <5 2012
° 6 hour exposure. 24 hour exposure.

Cuk a radiation, Ni filtered, Debye-Scherrer camera 114.6 mm in radius,
with intensities visually estimated. The values of d are expressed in A.
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corresponding to approximately ~ 2.656 A. Close examination of this band reveals two
separate peaks, spaced closely together at 2.659 and 2.648 A. In monoclinic kupletskite, the
splitting of these peaks is more pronounced and the two peaks easily resolved (2.661 and
2.634 A).

Intensity data for both crystals were collected using the Siemens SMART system
consisting of a four-circle goniometer and a 1 K (diameter: 9 cm, 512 x 512 pixel) charge-
coupled device (CCD) area detector. Data were collected at room temperature using
monochromatic MoKc X-radiation, with the X-ray tube operating at 50 kV and 40 mA, and a
fixed detector-crystal distance of 4 cm. A frame width () of 0.2° and count exposure times
of 45 s were used. Data collection consisted of 4349 frames, out to 26 = 60°, which provided
100% coverage of the diffraction sphere with a mean redundancy of 3.6 times.
Approximately 1000 reflections with spot sizes of 2.4 ° (XY, in the plane) and 2.0° (Z,
through the plane) were used in determination of the orientation matrix and preliminary unit
cell prior to integration of all frames data. The data were reduced, filtered, integrated, and
corrected for Lorentz, polarization and background effects using the Siemens software
SAINT. Absorption corrections were performed using SADABS and crystals were modeled
as an ellipse. All reflection data were then merged using the program XPREP (Bruker
Analytical X-ray Systems, 1997). Information pertinent to the data collection and crystal
structure can be found in Table 3.

The structure of RUS12 was refined using starting parameters taken from
niobokupletskite (Piilonen er al. 2000), an isostructural AGM. Phasing of a set of

normalized structure factors gave a mean |E%-1] of 1.071, suggesting P1 as the most probable



TABLE 3. MISCELLANEOUS DATA FOR KUPLETSKITE-14 AND

KUPLETSKITE-Ma2b2c
Parameter Kupletskite-14 Kupletskite- Ma2b2c
Space Group P1 C2lc
a(A) 5.3925(2) 5.4022(2)
b 11.9283(4) 23.226(1)
c 11.7256(4) 21.1782(9)
a(® 113.044(1) 90
B 94.840(1) 95.246(1)
y 103.064 90
\A(.Y) 663.3%(7) 2646.2(3)
z 1 4
Crystal morpholgy plate flattened on {001}
Crystal Size (mm 0.25x0.20x0.03 0.25x0.25x0.03
n (MoKa) cm™ 4.30 494
Reflections collected 6813 13834
Unique reflections 3834 3865
R (%) 298 358
Min/Max Trans. 0.515/0.773 0.499/0.720
|E2-1 1.081 1.294
Min/Max Indices 7<shs? -7<hs?
-16<k<16 32<k<32
-16<l<516 29</<29
Criterion for Observed Reflections Fo>40(F,)
Final R (%) 4.06 4.72
wR? (%) 11.25 14.04
Diffractometer parameters (for both data collections)
Diffractometer SIEMENS 4-circle CCD
Radiation MoKa (40 kV, 30 mA)
20 Range (°) 482<20<57.26
R= S(IF.I-chl)IZlF.I

Rz = [S(WF,: - FAPEIWFSY ), w= U (F,)
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space group, consistent with data obtained for other triclinic astrophyllite group minerals
(Peng & Ma 1963, Woodrow 1967, Christiansen ef al. 1998, Piilonen ef al. 2000). The
structure refined to R = 5.26% and wR® = 14.58% with isotropic displacement factors and
reduced to R = 4.06% and wR? = 11.25% with anisotropic displacement factors. An isotropic
extinction correction was applied but did not improve the final residual. Initial site
assignments were as follows: Mn to all four crystallographically distinct M sites [M(1) to
M(4)), Ti to D, and Na to B. Refinement of the site occupancy factors included assigning Na
to M(1), Mg to M(4), Nb to D, Sito 7, and Cato Band K to A, in accordance with the need
for either a heavier or lighter X-ray scatterer at the given site, and in keeping with the
electron microprobe data for the crystal. The shape of the anisotropic displacement ellipsoid
of the K site suggested that the K cation was positionally disordered and it was therefore
modeled as two split sites, X(1a) and K(1b), displaced 0.917 A from each other in the (001)
plane. Displacement factors for K(1a) and K(1b) were constrained to be equal and refined
isotropically. The final positional and isotropic displacement parameters are given in Table
4. Bond valence sums were calculated using parameters taken from Brese & O’Keeffe
(1991) and can be found in Table 5.

During unit cell and orientation matrix determination, it was noted that sample RUS9
gave a metrically monoclinic cell with b and c parameters approximately double with respect
to those of the triclinic’ species (Bmosoctinic 23.226 A versus buictinic 11.9283 A, Cmonocinic
21.1782 A versus Cuicimc 11.7256 A). Possible space groups included Cc and C2/c, with
combined figures of merh of 32.58 and 11.92, respectively. Phasing of a set of normalized

structure factors gave a mean [E*-1| of 1.294 suggesting the centrosymmetric space group
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Table 4. Mummmmmmwfotmw

Atom x y 2 sof Uy U& Ug UE Uy U!: UL

Mn(l) 0.8500(1) 0.20620(5) 0.47875(6) 0.80!;(5) 89(3) 96(3) 107(3) 46(2) 17Q2) 21(2) 97()
Na(l) 0.8500(1) 0.20620(5) 0.47875(6) 0.191(5) 89(3) 96(3) 107(3) 46(2) 1700 21(2) 972)

Mn(2) 0.27901(9) 0.06668(5) 0.48702(5) 0.974(3) 103(3) 1133) 1253) 57(2) 30(2) 30(2) 11K2)

Mn(3) 0.4223(1) 0.35220(5) 0.48391(5) 0.881(5) 103(3) 1123) 1333) 65(2) 34(2) 36(2) 110(2)
Mg(3) 0.4223(1) 0.35220(5) 0.48391(S) 0.119(5) 103(3) 112(3) 133(3) 65(2) 34(2) 36(2) 110(2)

Mn@4) 0 0.5 05 0.299(3) 90(5) 88(4) 105(5) 38(3) 1:03) 173) 970)
Mn(4) 0 0.5 05 0201(3) 90(5) 88(4) 105(5) 38(3) 103) 173) 97G)

Ti 0.0795(1) 0.08598(5) 0.19683(5) 0.948(4) 69(3) 943) 93(3) 41Q2) 1220 212) 85Q2)
Nb 0.0795(1) 0.08598(S5) 0.19683(5) 0052(4) 69(3) 9%4(3) 93(3) 4120 122) 21(2) 852

Si(l) 0.6785(2) 0.27194(8) 0.23032(9) 100 894) 73(4) 86(4) 30(3) 9(3) 163) 86(2)
Si(2) 0.8128(2) 0.54570(8) 0.25292(¢9) 1.00 1194) 854) 93(4) 40(3) 11(3) 15(3) 101(2)
Si(3) 0.3781(2) 0.67477(8) 0.25541(9) 100 119(4) 8%4) 104(4) 49(3) 12(3) 21(3) 104(2)
Si(4) 0.5081(2) 0.93072(8) 0.23432(9) 100 91(4) 92(4) 86(4) 483) 123) 213) 88Q2)

K(la) 0.1321(2) 0.2645(1) 0.9961(1) 0.8854) 365(4)
K(lb) 0.093(3) 0.186(2) 0998(2) 0.115(4) 365(4)
Na 0.5 0 0 0.322(6) 192(9) 122(8) 83(8) 35(5) 6(5) 25(5) 140(6)
Ca 05 0 0 0.178(6) 19209) 122(8) 83@8) 35(5) 6(5) 25(5) 140(6)

O(l) 0.7290(4) 0.3203(2) 0.3824(2) 1.00 121(11) 135(1D) 89(11) 37(9) 31(9) 3509) 118(5)
O(2) 0.14834) 0.1593(2) 0.36752) 1.00 135(11) 136(11) 104(12) 35(9) 18(9) 31(9) 131(5)
O3)  0.1292(4) 0.3949(2) 0.5948(2) 1.00  104(11) 135(11) 95(11) 38(9) 3(9) 15(8) 119(5)
OH(4) 0.2935(5) 0.4627(2) 0.3980(2) 1.00 132(11) 146(11) 147(12) 62(10) 31(9) 36(9) 142(5)
OH(5) 0.9921(4) 0.1189(2) 0.5951(2) 1.00 126(11) 155(11) 158(13) 58(10) 28(10) 32(9) 150(5)
O) 0.5572(4) 0.2586(2) 0.5921(2) 1.00 113(11) 124(11) 113(12) 57(9) 16(9) 23(9) 116(5)
O(7) 0.5749(4) 00133(2) 0.3866(2) 1.00 116(11) 150(11) 85(11) 45(9) 1209) 42(9) 118(5)
O@B) 0.0724(4) 0.59172) 02007(2) 1.00 143(12) 223(13) 137(13) 72(10) 20(10) -19(10) 182(6)
09 0.2460(5) 00417(3) 0.8296(3) 1.00 215(13) 246(14) 158(14) 25(11) 62(11) -78(11) 250(6)
0(10) 04319(5) 041532) 0.7994(2) 1.00 196(12) 202(12) 141(13) 60(10) 15(10) 118(10) 174(S5)
O(11) 0.1297(6) 0.8100(3) 0.8330(3) 1.00 352(15) 295(14) 184(14) 115(12) 100(12) 253(12) 24((6)
O(12) 0.2646(5) 0.9567(3) 0.1693(3) 1.00 294(14) 228(13) 157(13) 23(11) -72(11) 170(11) 236(6)
O(13) 0.2665(5) 0.6074(2) 0.8089(Q2) 1.00 292(14) 102(11) 136(12) S0(9) 14(11) 16(10) 186(6)
O(14) 0.5721(5) 0.2222(2) 0.8031(3) 1.00 314(14) 109(11) 175(13) 84(10) 48(11) 41(10) 195(6)
O(15) 0.3807(5) 0.1906(3) 0.16723) 1.00 159(12) 310(15) 167(14) 119(12) -37(10) -106(11 241(6)
F(16) 0 0 0 0.50 37(13) 67(13) 52(14) 27(11) 3(11) 31(10) 49(6)

‘vijx10*'A




. (1661) 33O ¥ 38ig WO} SJUMSUCd

0y 9L6€ €96€ 600F #ITv HOT'T €BOT I€0'T 9v6'l TISTL OT1'0  8ILO ]
8611 8100 «Ws.c %0600 $:59%00 (O
600'T £€0'l 6890 g1'0 zzoo og1'o (1o
640'T 8560 9£0'1 sso0 (1o
810'C 00’  S£6'0 gso0  (sDo
10T 0£0'1 689'0 %25 g200 110 @No
0107 9¢0°'l L89'0 £1'0 €200 (Lo (o
LE6') 0960 €560 yz0'0 (oo
00T  6€0'1 £69'0 Qo oo 9tio (6O
€26'1 £56'0 £56'0 Lo (@®o
00T $66'0 (890 61€0 o
L0t Lol 860 €0£'0 6£€°0 (1))
L60't . £9L'0 $EC°0 (S)HO
sot'l L0¥'0 8690 ("HO
#0'T L0’ %:3 y9E0 sic’o ©o
8v6'l 8£0'1 0670 8LTO0 I¥EO @0
060'C $00'l S8sc0 €8£0 ¥62°0 o

T WL ©OL @z (WL a W O On_w g4 @y ey
ALINSLATINN DINITOILL HO4 ( #4) SHONTTVA-ANOE TVORIIINE 'S A18VL




265

C2/c as the most probable choice. The structure of monoclinic RUS9 was solved using direct
methods in space group C2/c and further refined using the SHELXL-93 set of programs
(Sheldrick 1993). The positions of all major cations and 12 O* atoms were located on the E-
map. The remaining cation and anion positions were located using difference Fourier maps
during the refinement. The structure refined to R = 7.20% and wR? = 19.99% with isotropic
displacement factors and reduced to R = 4.72% and wR® = 14.04% with anisotropic
displacement factors. An isotropic extinction correction was applied but did not improve the
final residual. The final positional and isotropic displacement parameters are given in Table
6. Bond valence sums were calculated using parameters taken from Brese & O’Keeffe
(1991) and can be found in Table 7. Select bond lengths for both samples can be found in

Table 8.

4.0. POLYTYPISM IN THE ASTROPHYLLITE GROUP

By definition, a mineral is polytypic if it occurs in several structural modifications
which are related to each other by stacking of layers identical in structure and composition
such that differences in the structural states are due only to differences in stacking sequences
(Bailey et al. 1978, Guinier e al. 1984, Nickel & Grice 1998). Polytypism in the
astrophyllite group has been proposed by a number of workers and recognized in electron
diffraction studies (Vrublevskaya & Zvyagin 1976, Zvyagin & Vrublevskaya 1976,
Domberger-Schiff ez al. 1985, Christiansen ef al. 1999). The basis for the theoretical
derivation of 14 modular polytypic AGM structures by Zvyagin & Vrublevskaya (1976), and

later by Dornberger-Schiff er al. (1985), was that of “building layers™ or “modules”, each



Table 6. Poauonﬂanddlsphcemmtpanm?smdmemformhmckuplﬂshte

Atom X v & sof Un Ug Un ga U 13 Uy U g

Mn(l) 0.2527(1) 0.39265(3) 0.00989(3) 0.913(7) 94(4) 88(4) 134(4) -2(4) 172) O5) 105(2)
Na(l) 0.2527(1) 0.39265(3) 0.00989(3) 0.087(7) 94(4) 88(4) 1344) -2(4) 172) O5) 105(2)
Mn(2) 0.7461(1) 0.03613(3) -0.00589(3) 0.990(3) 92(4) 86(4) 158(4) 13(3) 283) -3 111(2)
Mn(3) 0.7468(1) 0.17930(3) -0.00728(3) 0.966(4) 95(4) 92(4) 150(4) 6(4) 3503) 9(5) 1112)
Mn(@) 0.25 0.25 0 0.431(4) 95(6) 91(5) 140(5) -18(5) 6(4) 2(5) 109Q3)
Mg@) 025 025 0 0.069(4) 95(6) 91(5) 140(5) -18(5) 6(4) 2(5) 1093)
Ti <0.4641(1) 0.10716(3) -0.15196(3) 0.881(4) 77(3) 130(3) 1454) -17(3) 12(2) -5Q3) 117(2)
Nb 0.4641(1) 0.10716(3) -0.15196(3) 0.119(4) 77(3) 130(3) 1454) -17(3) 122) -5Q3) 117(2)
Si(l) 0.0417(2) 0.19281(S) -0.13490(6) 1.00 85(6) 101(6) 113(6) 27(4) 6@) 4% 1003)
Si2) 0.0391(2) 0.32547(5) -0.12427(6) 100 167(6) 107(6) 112¢6) 1(5) 114 -3(5) 129(3)
Si(3) 0.9601(2) 0.11053(5) 0.12310(6) 1.00 154(6) 101(5) 113(5) 6(5) 134) -1(5) 123(2)
Si4) 1.0417(2) 0.02169(5) 0.13312(6) 100 1146) 756) 1056) 24) 114) 1@ 98(3)
K@) 0.5 02427009) -0.25 0.50 568(13) 495(12) 285(10) O 20(9) 0 451(5)
K(2) 0.5 -0.02746(9) -0.25 0.50 579(13) 416(11) 280(10) O 31(9) 0 425(5)
Na <10 0.10683(8) -0.25 0.301(7) 266(11) 142(10) 75(9) 0 5(6) 0 162(6)
Ca -10 0.10683(8) -0.25 0.199(7) 266(11) 142(10) 75(9) 0 5(6) 0 162(6)
O(1) 0.0676(5) 0.1842(2) -0.0582(1) 100 109(1S) 121(17) 88(14) -8(13) -5(12) <4(15) 107(D)
O(2) 0.5672(5) 0.1077(2) -0.0655(1) 1.00 117(14) 119(14) 113(14) -1(15) 1(1D) -8(15) 117(6)
0O(3) 0.0672(5) 0.3234(2) -0.0474(1) 100  86(15) 140(16) 100(14) -19(15) 14(11) -12(16) 108(6)
OH(4) -0.0652(6) 0.2477(2) 0.0505(1) 1.00  117(16) 152(16) 163(16) -36(15) 42(13) 3(16) 142(7)
OH(5) 0.4343(6) 0.0391(2) 0.0474(1) 100  139(17) 123(17) 188(17) -11(16) 23(13) -7(16) 150(7)
O6) 0.9289(5) 0.1094(2) 0.0457(1) 1.00  129(14) 109(14) 109(14) -14(16) 17(11) -14(16) 115(6)
O(7) 1.0664(5) 0.0309(2) -0.0563(1) 1.00 126(16) 127(17) 104(15) -10(13) 17(12) -7(15) 11%(7)
O(8) 0.2753(7) 0.3593(1) -0.1507(2) 1.00 337(21) 335(20) 154(18) 12(15) 4(15) -174(17 277(9)
0(9) -0.7252(6) 0.0491(2) -0.1645(2) 1.00  315(20) 385(22) 179(18) -58(16) 95(16) -208(17 28%(9)
O(10) -0.2240(7) 0.3557(2) -0.1510(2) 1.00 339(21) 360(21) 174(19) 41(15) 27(16) 207(17) 291(9)
O(11) 0.2749(6) 0.1660(2) -0.1663(2) 1.00  313(20) 380(22) 175(18) 28(16) 81(15) 200(17) 286(9)
O(12) 0.7863(6) 0.0486(2) -0.1655(2) 1.00 296(20) 353(21) 203(18) -59(16) -66(15) 207(16) 28%(9)
O(13) 00367(7) 0.2615(1) -0.15422) 1.00 431(22) 107(15) 164(16) -10(13) 8(15) -7(15) 2358)
O(14) 0.9628(7) 0.0464(1) 0.1523(2) 1.00 486(23) 115(16) 172(17) 32(13) 27(16) 1(15) 258(8)
O(15) <0.2133(6) 0.1660(2) -0.1666(2) 1.00 279%(19) 382(22) 178(18) 68(16) -75(15) -195(17 285(9)
F(16) 0.5 0.1064(2) <0.25 0.50  222(19) 264(20) 172(19) 0 2(15) 0  220(8)

‘Uijx 10°A
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TABLE 8. SELECT BOND LENGTHS (A) FOR TRICLINIC AND MONOCLINIC KUPLETSKITE
Pl Ce Pl C2c Pl C%c
A AQ) M(1)O4(OH) ectahedron D¢ octahedron
K(1s)O(12) 2836(3) K(1)}O(11) 2861(4) M(1)02) 2.18%2) 2.1733) D-0Q2) 1.807(3) 1.823(3)
K(a}O(15) 28393) K(1)}O(11) 2.861(4) M(1)O(5)  2.19803) 2.1874) D-0(12) 1959(3) 1.957(3)
K(is}O(11) 2847(3) K(1)O(15) 2.8634) M(1)O(6) 2.191(2) 21723) D-O(l1) 1.960(3) 1.967(3)
K(1s)}O(9) 238523) K(1)}O(15) 28634) M(1)X03) 2216Q2) 2.19%4) D-0(9) 1.956(2) 1.951(3)
K(1a)}4(16) 3.093(1) K()M16) 3.1674) M(IXXT)  22142) 22134 D-O(15) 1.959(3) 1.969(3)
K(1a)O(14) 33993) K(1)0(13) 33914) M(1)}O(1) 22442) 2.234(4) D-(16)  2.084(1) 2.068(1)
K(1a}O(13) 34293) K(1)}0(13) 3391(4) <M(1)O> 2209 2197 <D< 1954 1956
K(la)O(14) 3429(3) K(1)0(13) 3411(4)
K(1a)0(13) 34423) K(1)O(13) 34114) M@)O(OH), octahedren T(1) tetrahedron
K(1a)O@8) 36063) <K()4> 3135 MQXO(7) 2128Q2) 2.1183) T(1)X0(15) 1.612(3) 1.602(3)
K(1s)-0(10) 3.699(3) MQ@}O(5)  2130(2) 2.1123) T(1)}O(11) 16113) 1.603(3)
K(1a)}0(10) 3.705(3) 4A@) MQYIO(S) 2.144(2) 2.149(8) T(1XO(1) 1.622(3) 1.6303)
<K(la)4> 3265 K2)0(12) 2866(4) M(H06) 22222) 2207(4) T(1)}0(13) 1.649%3) 1.648(3)
K2)O(12) 2866(4) M@Q¥O(T) 2231Q2) 2224@4) <T(1)}0> 1624 1621
K(1b)4(16) 2.176(18) K(2)0(9) 2.866(4) M@2y0(2) 2254(3) 2252(4)
K(16)-0(15) 2392(18) K(2)}0(9) 2.8864) <M(2)}0> 2185 2177 T (2)tetrahedron
K(1b)}-0(11) 2.397(18) K(2)4(16) 3.108(4) T(2)0(13) 1.6132) 1.61403)
K(1b)-0(12) 2.392(17)  K(2)O(14) 34174) M@)OLOH), octahedren T(2}03) 1.614(3) 1.623(3)
K(IbyO9) 240%17) K2)O(14) 34174) MQEXO(1)  2.1352) 2.1213) TRYO@B) 1.642(3) 1.639(4)
<K(br> 2353 <K2M4> 3064 ME)YO4) 21310) 2.1244) T(2)0(10) 1.642(3) 1.639(4)
MGYO3)  21532) 2.140(3) <T(2¥0> 1628 1.629
Béyo polyhedra M@G)YO(6) 2.170(2) 2.158(4)
BO(12p2 2599(33) 2.596(4) MG)rOM) 2204(2) 2.198(4) TQ)tetrahedron
BOOM2 2596(3) 2.606(4) MOXO(2) 2237(2) 22384) T(3)X0(14) 1.611(3) 1.613(3)
B-O(11p2 2604(3)  2.6004) <M(3)r0> 2173 2164 T(3)X0(6) 1.6143) 1.633Q3)
BLO(I1S)2 2610(3)  2.590(4) T(3)0(10) 1.639%(3) 1.652(4)
BH16)2 2696(0) 2.701(0) ME)O(OH); ectahedron TRXO@B) 1.632(2) 1.65113)
<B-¢> 2621 2619 M@)YO4R2 2087(2) 2093(3) <IT(3X0> 1627 1637
M@XO(R2 2.1352) 2.146(4)
M@)O3R2 2.156(2) 2.170(4) T(4) setrshedron
<M(4)0> 2126 2136 T@)X009) 1.61003) 1.6083)
T4)y0(12) 1.613(3) 1.61003)
T@YO() 1.626(3) 1.634(3)
T(4)0(14) 1.640(3) 1.632(3)
<T@4y0> 1622 1621




consisting of a combination of two neighboring H-sheets linked via a common apical anion,

and an independent O-sheet. In such an approach, a centered orthogonal cell defined by two
octahedra wide (a) and seven octahedra long () is used. The base of each of seven O-sheet
octahedra is regarded as a regular triangular network of anions, resulting in seven possible
attachment points for the adjacent H-H layer. The mutual disposition of the H-H units over'
apical positions (HHO units) results in four geometrically different HHOHH units and 14
possible polytypes with either triclinic, monoclinic or orthorhombic symmetry (Zvyagin &
Vrublevskaya 1976). Four of these 14 derived structures are based on the same triclinic
subcell as the present polytype pair. Only three of these arrangements have been found in
nature: monoclinic magnesium astrophyllite (#1; Peng & Ma 1963, Shi et al. 1998), triclinic
AGM (#3; Woodrow 1967, Christiansen ef al. 1998, Piilonen e al. 2000), and kupletskite-
Ma2b2c (#6). It should be noted that monoclinic magnesium astrophyllite and the other
triclinic members of the astrophyllite group should not be considered to be polytypic
derivatives of each other - structurally and chemically, magnesium astrophyllite is distinctly
different in that the H-sheet contains [5]}-coordinated TiOs polyhedra and the O-sheet hosts
significant amounts of Na and Mg.

Possible crystallographic mechanisms for the formation of astrophyllite group
polytypes include. cation ordering, changes in packing of coordinating anions, variations in
orientation of the O-sheet octahedra with respect to the adjacent H-sheets, as is observed in
lamprophyllite-2M and lamprophyllite-20 (Johnsen 1996), or by complete translation of the
HOH layer by combinations of symmetry elements not evidenced in the triclinic structure.

Since the minerals of the astrophyllite group are defined as layered silicates composed of
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HOH layers that are similar to the IOTl;yetsinmica, the present polytype pair can similarly
be described as variations in the stacking of HOH layers. As such, the “building layer”
chosen for this study is the HOH layer.

The structural make-up of the HOH layers in triclinic and monoclinic kupletskite
differs only in the designation of the single, albeit split, 4 site in triclinic species as 4(1) and
A(2) in the monoclinic species. In all other aspects, individual HOH layers are structurally
identical. Chemically, the two samples differ only slightly in Mn/(Mn+Fe): 0.87 (triclinic),
and 0.66 (monoclinic). Triclinic kupletskite (RUS12) also shows a slight enrichment in Na,
Mg and depletion in Nb and Al with respect to monoclinic kupletskite (RUS9).

In the triclinic structure (Fig. 1), adjacent HOH layers are related to each other by a
center of symmetry. Stacking can thus be described as either +HOH/+HOH/~HOH, or
simply +++, with a layer-stacking period of one. This polytypic form is equivalent to #3
derived by Zvyagin & Vrublevskaya (1976). A displacement of = 5 A along b exists
between adjacent layers, resulting in an offset of the adjacent layers such that the apices of
the D¢ octahedra do not define an orthogonal arrangement.

In monoclinic kupletskite (Fig. 2), adjacent HOH layers are related by a two-fold axis
parallel to b, resulting in a stacking period along ¢ of two differently oriented HOH layers
herein defined as +HOH and -HOH. In this way, neither attachment points of the H-sheet
nor first neighbor coordination spheres are compromised, and the HOH layer is geometrically
to that observed in triclinic species. The resulting stacking sequence with a two-layer period
can be described as +HOH/-HOH/+HOH, or simply +-+-. This polytypic form is equivalent

to #6 derived by Zvyagin & Vrublevskaya (1976). A more orthogonal configuration is
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Figure 1. Crystal structure of triclinic, P 1, kupletskite, projected down [100] (unit
cell outlined). 4 = hatched, B = white, O-sheet = stippled, D = dark grey, I(1) to
7(4) = medium grey to light grey. The four T sites are numbered to illustrate the
symmetry across the interlayer.
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Figure 2. Crystal structure of monoclinic, C2/c, kupletskite projected down [100] (unit cell
outlined). A(1) = hatched, 4(2)= diagonal lines, B = white, O-sheet = stippled, D = dark grey,
(1) to T(4) = medium grey to light grey. The four T sites are numbered to illustrate the
symmetry across the interlayer.
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achieved such that D-§(16)-D polyhedral pairs lie in planes perpendicular to (001). The
resultant relationship between the unit cell parameters of monoclinic and triclinic kupletskite
are as follows: Qmesoctinic = Guictinic, Demosoctinic = 2(BSinY)uictinic, a0 Cmonoctinic Spans two HOH
layers. Figure 3 depicts the stacking sequence differences between the two polytypes.

In accordance with IMA guidelines for the nomenclature of polytypes, triclinic
varieties of kupletskite should be referred to as kupletskite-14. Monoclinic species, in which
both the b and ¢ parameters extend over two periods respect to the triclinic primitive subcell,
should be referred to as kupletskite-Ma2b2c (Bailey et al. 1978, Nickel & Grice 1998).

5.0. DISCUSSION

As with other 1:1 and 2:1 phyllosilicates, the physical and/or crystal chemical
mechanisms responsible for polytype formation in AGM are unknown. A study of 20 AGM
from both over- and undersaturated intrusions revealed only one monoclinic modification
(kukpletskite-Ma2b2c), suggesting that triclinic AGM are energetically more favorable under
a wide range of crystallization conditions. The presence of a split A site in the kupletskite-14,
a feature common to other triclinic AGM, and the lack of such disorder in kupletskite-
Ma2b2c may also suggest that kupletskite-14 is more stable than that of the monoclinic
polytype.

It has been suggested (Zvyagin & Vrublevskaya 1976) that the degree of uniformity
in the distribution of DOs or DOs polyhedra may be responsible for the formation of AGM
polytypes. Attachment of Ti cations to the O-sheet results .in an imbalance in charge
distribution and bond valence associated with the O(2) apical oxygen and the three
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‘octahedral sites to which it is bonded, M(1), M(2) and M(3); the most favorable arrangement

of Ti cations is such that this imbalance is distributed uniformly over the entire structure so
as to avoid charge overloading. In monoclinic magnesium astrophyllite, DOs polyhedra are
related by a two-fold axis and are located on either side of the M(1) octahedron in planes
paraliel to [001]. As a result, two of the oxygens coordinating the M(1) octahedron are
underbonded. This charge imbalance is accounted for by the dominance of Na, a large
monovalent cation, in M(1). In triclinic modifications of AGM, the DOs polyhedra are
uniformly distributed such that charge imbalance is minimized and does not occur repeatedly
in any given part of the structure. In kupletskite-Ma2b2c, the distribution of DOs octahedra
is closer to that observed in triclinic species: pairs of octahedra in alternate layers are located
in planes perpendicular to (001), resulting in only partial uniformity and therefore long-range
overloading of electrical charge on the O-sheet octahedra. Unlike magnesium astrophyllite,
kupletskite-Ma2b2c does not have a dominance of Na in M(1) to overcome this charge
imbalance.

The high R values (> 4.0 %) observed in many of the structure refinements, coupled
with extensive streaking observed in precession photographs, suggest the possibility of
additional polytypic ima;'growths or stacking disorder in the astrophyllite group, in
agreement with electron diffraction studies performed by Zvyagin & Vrubleskaya (1976).
Further work by high resolution TEM may be required to elucidate these problems.
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CHAPTER VI

NIOBOKUPLETSKITE, A NEW ASTROPHYLLITE GROUP
MINERAL FROM MONT SAINT-HILAIRE, QUEBEC, CANADA:
DESCRIPTION AND CRYSTAL STRUCTURE

PAULA C. PIILONEN and ANDRE E. LALONDE
Ottawa-Carleton Geoscience Centre, Department of Earth Sciences
University of Ottawa, Ottawa, Ontario KIN 6N5

ANDREW M. McDONALD
Department of Earth Sciences, Laurentian University, Sudbury, Ontario P3E 2C6

ROBERT A. GAULT
Research Division, Canadian Museum of Nature, Ottawa, Ontario K1P 6P4
OVERVIEW

During the course of this study, a new member of the astrophyllite group was
discovered from Mont Saint-Hilaire (Québec, Canada). Niobokupletskite, the Nb-dominant
end-member in a solid solution with kupletskite, was officially accepted by unanimous vote as
a new mineral species on October 4%, 1999, by the International Mineralogical Association
Commission on New Minerals and Mineral Names (IMA #99-032). Information concerning
the crystal structure, physical pmpqﬁa, mineral associations and paragenesis of
niobokupletskite were published in Canadian Mineralogist, 2000, 38, 627-639.
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ABSTRACT .

Nioboln.lbletsldte is a new member of the astrophyllite group found in nepheline
syenite pegmatites at Mont Saint-Hilaire, Quebec, in association with aegirine, albite,
analcime, calcio-ancylite-(Ce), calcite, catapleiite, epididymite, fluorite, genthelvite,
microcline, natrolite, pyrochiore, rhodochrosite and wurtzite. It is transparent, with a vitreous
lustre, brittle with a perfect {001} cleavage and has uneven to splintery fracture.
Niobokupletskite is biaxial positive, @ 1.718(1), 8 1.733(1), Yeute 1.750(1), 2V mess = 87(2)°. It
is triclinic, P1, @ 5.4303(9), b 11.924(2), ¢ 11.747(2) A, a 112. 927(3), B 94.750(3), ¥
103.175(3)°, V 669.5(3) A’. The average result of three electron microprobe analyses is:
Na;0 2.62, K20 5.97, Rb,0 0.82, Cs;0 0.12, MgO 0.15, MnO 26.37, FeO 2.64, ZnO 4.08,
ALO; 1.14, TiO; 1.34, ZrO; 3.43, Nb;Os 12.13, Ta;0s 0.63, SiO; 31.85, F 0.14, H>O(calc.)
2.48, total 95.85 wt. %, corresponding to (K1.54Rbo.13Cs0.01)z1.96Na0 9s(Mns.s0Zno.73F€0.53
Nao.2sMg0.05)z6.99(ND1.33Z60.40Tio 24 Tan 0)201 (SiznAlo32)z203026(0H)a00(OossFon1)z00 on the
basis of 31 anions, or, ideally, K:Na(Mn,Zn Fe):(Nb,Zr, Ti);SisO2(OH)«(O,F).
Niobokupletskite is a heterophyllosilicate with 8 HOH-structure consisting of a sheet of dose—
packed octahedra (O-sheet) sandwiched between two heterogeneous sheets (H-sheets) with a
Si-Nb ratio of 4:1. It forins a solid solution series with kupletskite via the coupled
substitution Ti* + F/OH & Nb* + O*. Niobokupletskite is a post-magmatic phase and
possibly the result of late-stage remobilization of Nb via oxidized residual fluids.

Keywords: niobokupletskite, astrophyllite group mineral, Mont Saint-Hilaire, Québec, new

mineral species, crystal structure, heterophyllosilicate, solid solution series, kupletskite
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'SOMMAIRE

La niobokupletskite est une nouvelle espéce, membre du groupe de I’astrophyllite, que
I’on retrouve dans les pegmatites a néphéline du Mont Saint-Hilaire, Québec, en association
avec I’aegyrine, I'analcime, la calcite, la catapléite, I'épididymite, la fluorine, la genthelvite, le
microcline, la natrolite, le pyrochlore, la rhodocrosite et la wurtzite. C’est un minéral
transparent, avec éclat vitreux, cassant avec un clivage {001} parfait et une fracture
irréguliére a fibreuse. La niobokupletskite est biaxe positive avec a 1.718(1), B 1.733(1),
Yeae 1.750(1), 2Visuare = 87(2)°. Le minéral est triclinique, groupe spatial P1, avec
parameétres réticulaires a 5.4303(9), b 11.924(2), ¢ 11.747(2) A, a 112. 927(3), B 94.750(3),
y 103.1753)°, V 669.5(3) A’>. La moyenne de trois déterminations par microsonde a
électrons donne: NayO 2.62, K70 5.97, Rb,0 0.82, Cs;0 0.12, MgO 0.15, MnO 26.37, FeO
2.64, ZnO 4.08, Al,O; 1.14, TiO, 1.34, ZrO, 3.43, Nb,Os 12.13, Ta;Os 0.63, Si0; 31.85, F
0.14, H;O(calc.) 2.48, somme 95.85 wt. %, ce qui correspond & la formule structurale
suivante: (K.24Rbo.13Cs0.01)£1.96N20.95(Mns.40Z 00 73F €0.53N80 28MB0.05)z5.99(ND1.33ZF0.40
Tio24T2004)201 (Siz.11AL.32)£8.05026(0H)a.00(O00.95F0.11)1.00 basée sur 31 anions ou idéalement,
K:Na(Mn,Zn,Fe);(Nb,Zr, Ti),Sis02(0H)«(O,F). La  niobokupletskite est un
hétérophyliosilicate avec une struture HOH composée de couches d’octaédres avec
entassement maximal qui se retrouvent emprisonnées entre deux couches hétérogénes
(couci:es H) ayant un rapport Si:Nb de 4:1.  Elle constitute une solution solide avec la

kupletskite par la substitution Ti* + F/OH < Nb*" + 0. La niobokupletskite est d’origine
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postmagmatique et provient possiblement d’une remobilisation tardive du Nb par un fluide
résiduels oxydés. |

Mots-clés: niobokupletskite, minéral du groupe de I’astrophyllite, Mont Saint-Hilaire,
Québec, nouvelle espéce minérale, structure cristalline, hétérophyllosilicate, solution solide,

kupletskite.

1.0. INTRODUCTION

Niobokupletskite, ideally K;Na(Mn,Zn,Fe);(Nb,Zr, Ti):SisOx(0OH)«(O.F), is a new
astrophyllite group mineral (AGM) discovered in the nepheline syenite pegmatites in the
Poudrette Quarry at Mont Saint-Hilaire, Québec. With the addition of niobokupletskite, the
Nb-analogue of kupletskite, eight species of AGM are now recognized (Table 1).
Niobokupletskite is the third member of the astrophyllite group, along with astrophyllite and
kupletskite, to be described from this locality (Horvith & Gault 1990). The name
niobokupletskite comes from the fact that it is the Nb-analogue of kupletskite (Semenov
1956). The mineral species and the name have been approved by the IMA Commission on
‘New Minerals and New Mineral Names. Holotype material has been deposited at the
Canadian Museum of Nature, Ottawa (catalogue no. CMNMC 82924). The purpose of this
paper is to describe niobokupletskite, discuss its structure in relation to kupletskite, and to
comment on its paragenesis. Extensive information concerning the structure and chemical

variations of a large suite of AGM, including niobokupletskite, will be presented in further

papers.
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2.0. OCCURRENCE AND DESCRIPTION
Mont Saint-Hilaire (MSH), located 40 km east of Montreal, Quebec, is one of ten
early Cretaceous alkaline intrusions collectively referred to as the Monteregian Hills (Adams
1903). The peralkaline East Hill Suite is host to a variety of petrological microenvironments
(Piilonen ef al. 1998), all of which contain AGM except for the so-called marble xenoliths.
Niobokupletskite occurs in nepheline syenite pegmatites as a late-stage mineral.
Three distinct types of niobokupletskite have been discovered, each with their own
specific occurrence and associated mineral assemblage. Type-I niobokupletskite (holotype
. material) occurs as anhedral to subhedral, platy to tabular, light beige to yellow epitaxic
overgrowths on primary, dark brown kupletskite associated with aegirine, albite, microcline
and pyrochlore. The primary kupletskite is zoned, possessing a relatively Nb-rich core and a
Ti-enriched rim; this zonation is indicated by an arrow in Figure 1B (BSEI) with dark zones
corresponding to Ti-enrichment, and light zones indication of Nb-enrichment. Type-II
niobokupletskite occurs as dense, fibrous, light yellow-brown overgrowths on coarse grained,
primary kuplétskite associated with primary and secondary aegirine, albite, calcio-ancylite-
(Ce), catapleiite, , microcline, natrolite, pyrochlore and rhodochrosite. Type-1II
niobokupletskite occurs as overgrowths on primary kupletskite as very fine grained bronze to
silvery brown, acicular crystals in sheaf-like aggregates, originally described as “witch’s
broom astrophyllite” (Wight & Chao 1986). Type-III niobokupletskite is associated with
primary and secondary aegirine, albite, analcime, calcio-ancylite-(Ce), calcite, catapleiite,
epididymite, fluorite, genthelvite, microcline, natrolite, pyrochlore, rhodochrosite, and

wurtzite.
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Figure 1. Back-scattered electron images of Type-I niobokupletskite. A. Nb-rich kupletskite
(Kpt, dark grey) with irregular zonation and a sharp contact with niobokupletskite (Nkpt,
light grey). Note the pyrochlore inclusions (white) along fractures in the kupletskite.

B. Niobokupletskite (Nkpt) rimming kupletskite (Kpt). The zoning in the kupletskite is from
Nb-poor to Nb-rich in the direction of the arrow (dark to medium grey). Scale bar: 100 um.




Niobokupletskite has a perfect {001} cleavage, is vitreous, brittle, and has an uneven
to splintery fracture. It does not fluoresce under either short- or long-wave ultraviolet light.
It has a Mohs hardness of 3 to 4. Niobokupletskite sinks in methylene iodide (density of
3.325 g/cm’) and has a calculated density of 3.46 g/cm’.

Niobokupletskite is biaxial positive, with indices of refraction of @ = 1.718(1), A =
1.733(1), and Y = 1.750 (for A = 598 nm); 2Vie = 87(2)° (Kamb’s method). A measured
value for ycould not be obtained owing to the orientation of the selected grain on the spindle.
The optical orientation is Z = ¢ with X and ¥ in the (001) plane. It is pleochroic with X =Y
light orange-yellow, and Z red-brown. A Gladstone-Dale calculation gives a compatibility

index of 0.005, which is regarded as superior (Mandarino 1981).

3.0. CHEMICAL COMPOSITION

Chemical analyses of Type-1, II and IIT niobokupletskite were performed on a JEOL
733 electron microprobe at the Canadian Museum of Nature using Tracor Northern 5500 and
5600 automation in wavelength dispersive mode. Details regarding data collection can be
found in Chapter I. Complete EMPA data for niobokupletskite can be found in Table 2.
Chemical formulae were ealculated on the basis of 31 anions as determined during crystal
structure analysis. The average of three EMPA of Type-I niobokupletskite gives the empirical
formula (K seRbo.13C50.01)z1.96N20.9s(Mns.e0Z1ko.73F €0.53N80. 22MB0.05)zs.99(Nb1.33Z80.40 T .24
Tao.u):zo1(Si1.1§A|osz)uoaozs(0H)¢oo(0usFo.ll):l.oo or, ideally,
KzNa(Mp,Zn,Feh(Nb,Zr,Ti)zSi.Oa(OH).(O,F), Chemically, Type-II and Type-IIl



TABLE2. EMPA ANALYSES OF NIOBOKUPLETSKITE
TYPEL TYPE TYPE
L 2 3 Ave. 1§ m

\

F

“1

603 S92 S95 S97 604 576
082 08I 034 082 066 091
012 013 010 012 000 000
000 000 000 000 0.0 003
000 000 000 000 004 000
013 015 018 OIS 0.8 043
2611 2640 2661 2637 2660 30.13
263 273 255 264 744 371
365 408 025 000
121 102 120 114 LI8 169
LI2 126 165 134 163 167
323 423 284 343 480 356
000 000 000 000 004 000
1284 1154 1200 1213 1064 1140
071 063 048 025
3182 3185 3206 3186

043 000 000 014 034 029

250 247 247 248 252 2952
O=F 018 000 000 -006 014 012
Toal 9636 9598 9524 9585 9723 96.75

FESPEREEEEEEE
&

£ 8§
i
¥

Formmla based on 31 anions

K 185 183 184 184 18 LIS
Rb 003 013 043 0.3 010 0.4
Cs 001 00! 001 O0O0L 000 000
Sr 000 000 000 000 001 000
Na 000 000 000 000 007 0.9
Sum A 199 197 199 198 201 208
Na 090 098 097 095 104 LIS
Ca 000 000 000 000 003 001
SumB 090 098 097 095 100 100
Na 03§ 020 029 028 005 005
Mg 005 005 007 005 006 0.15
Mn §31 S43 S48 540 536 606
Fe* 053 055 052 053 148 074
Zn 076 077 066 073 004 000
SemC 700 700 700 700 700 700
Ti 020 023 030 024 029 030
Zs 038 050 034 041 056 041
Hf 000 000 000 000 000 000
Nb 139 127 132 133 L4 123
Ta 003 005 005 004 003 002
SumD 200 205 200 202 203 195
Si 767 1M 113 1M 162 157
Al 034 029 034 033 033 047
SumT 801 801 808 803 79 804
4] 2667 2700 2700 2689 2674 2678
OH 400 400 400 400 400 400
F 033 000 000 0.1t 026 022

Tanwons 3100 3100 3100 3100 3100 3100
Tecstions 1990 2001 2003 1998 1998 2007



niobokupletskite differ from the type material only by being deficient in Zn (<0.04 apfu, Table

2).

4.0. INFRARED ANALYSIS

The infrared spectrum of niobokupletskite was obtained using a Bomem Michelson
MB-100 Fourier transform infrared spectrometer equipped with a mercury cadmium telluride
(MCT) detector. A single crystal of the type material was initially dried in an oven at 50 °C
for 30 minutes, mounted in a diamond-anvil microsample cell, and the spectrum collected over
the range of 4000 to 400 cm™. The absorbance spectrum (Fig. 2) shows broad peaks in the
high-frequency range (4000 to 1000 cm”) attributable to O-H stretching (3626 cm™ and
associated shoulder centered at 3396 cm™), and a weak peak at 1647 cm™ attributable to
H-O-H bending of absorbed or molecular H;O (Farmer 1974). The lack of recognizable H0
in the structure refinement suggests that this contribution is likely due to adsorbed water not
driven off during the drying process. The middle- to lower-frequency end of the spectrum
(1000 to 400 cm™) is characterized by symmetric Si-O stretching (964 and 812 cm™) and
bending (696 and 654 cm™). Low-frequency bands at 457, 418 and 405 cm™ can be attributed

to Mn-O stretching (Farmer 1974).

5.0. MOSSBAUER SPECTROSCOPY

The wide range of chemical compositions and the presence of structural vacancies
preclude the possibility of using stoichiometry to calculate Fe*'/F¢** values in AGM.

Mossbauer spectroscopy was therefore employed to determine the proportions and
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Figure 2. Infrared transmittance spectrum of niobokupletskite.



distributions of Fe*” and Fe*" in niobokupletskite and to shed light on the oxidation conditions
at the time of crystallization. Insufficient quantities of holotype (Type-I) niobokupletskite
preciuded the possibility of obtaining a Mossbauer spectrum; an absorber for a sample of
fibrous Type-II niobokupletskite was therefore prepared by crushing an ideal mass of sample
[55.1 mg; calculated using the technique of Rancourt er al. (1993)]. Crushing was done in
acetone to minimize oxidation in the presence of atmos;;heric oxygen. The powdered
niobokupletskite was suspended in petroleum jelly to ensure a random orientation of crystals
within the circular aluminum mount (aperture: 1.0 cm, thickness: 0.6 cm). Details regarding
collection of Mdssbauer data can be found in Chapter IV.

The Mossbauer spectrum of niobokupletskite is shown in Figure 3, and the site
distribution parameters and associated errors in Table 3. The spectrum is characterized by _
three main absorption peaks at = -0.07, 0.81 and 2.33 mm/s, corresponding to: (1) the sum of
the low-energy lines from “'Fe** and “'Fe** doublets, (2) the high-energy lines from lge*
doublets, and (3) the high-energy lines from “"Fe*” doublets, respectively. All Fe is found to
be located in the O-sheet. The dominant feature in the spectrum is a wide doublet,
attributable to “/Fe?* (modeled as having three Gaussian components), which has an average
center shift (CS) of 1.13 mm/s (with respect to a-Fe at room temperature) and an average
quadrupole splitting distribution (QSD) of 2.33 mm/s. The low energy side of this doublet
displays a pronounced shoulder as a result of the presence of a second doublet (modeled as
two Gaussian components) with an average CS of 0.38 mm/s and an average QSD of 0.81
mmys, corresponding “"Fe**. There is no evidence for “Fe’”. The resultant Fe */Few ratio

obtained from analysis of the spectral areas is 0.215(7), corresponding to 0.33 apfu Fe*', a



TABLE 3. MOSSBAUER SITE DWWON PARAMETERS
FOR TYPE-II NIOBOKUPLETSKITE

50 (mm/s) 51 A (countsmm/s)  A-/A+

Fe* 1.07(3) 0.03(1) 118600(1600) 1*
Fe* 0.38(3) 0* 32500(1300) 1*
P 4) cA
i %) (mmV/s) (mm/s)
Fe*" comp.1 46 2.24(5) 0.5(1)
comp.2  7(15) 1.98(2) 0.2(2)
comp.3  46(2) 2.47(4) 0.20(4)
Fe** comp.1 27 0.6(1) 0.2(2)
comp.2 73(3) 0.8(3) 0.7(1)
<CS> <A stdev skew
. (mm/s) (mm/s) (a) @A)
Fe 1.13 233 0.39 041
Fe* 0.38 0.81 0.52 0.89
reduced x*=0.96

Site populations (%): Fe** 78.5(T) Fe* 21.5(7)

* fixed value
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Figure 3. Mossbauer spectrum of Type-1I niobokupletskite. The solid line through the
data represents the best fit. The subspectral contributions corresponding to
(9Fe* and ]JFe* are shown superimposed on the data. The difference between
the observed and calculated spectrum is shown on an exaggerated vertical scale at the
| top of the figure.
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high value compared to those obtained for other samples of AGM from a variety of intrusions

(average Fe*'/Fey = 0.07, Chapter II).

6.0. X-RAY CRYSTALLOGRAPHY

A chemically homogeneous grain of Type-I niobokupletskite (0.21 x 0.19 x 0.02 mm)
was selected from those within the electron-microprobe epoxy mount for a single-crystal
X-ray diffraction study. X-ray powder diffraction data were collected with a 114.6 mm
Debye-Scherrer camera with CuKa radiation (Ni-filtered), operating at 45 kV and 20 mA, and
are presented in Table 4. X-ray intensity data were collected using the Siemens SMART
(Siemens Molecule Analysis Research Tool) system at the University of Ottawa which
consists of a PLATFORM three-circle goniometer and a 1 K (diameter: 9 cm, 512 x 512
pixel) charge-coupled device (CCD) area detector. Data were collected at room temperature
using monochromatic MoK a X-radiation (40 kV, 30 mA) and a fixed detector-crystal distance
of 12.621 cm. A frame width (@) of 0.3° and count exposure times of 30 seconds per frame
were the standard setting. A hemisphere of data was collected for 4.82 < 26 < 57.26 with
minimum and maximum indices of -7<h <7, -11 k<16, and -15 < / <15. The data were
reduced, filtered, integrated, and corrected for Lorentz, polarization and background effects
using the Siemens program SAINT. A ‘¥-scan data set of 724 reflections was used during
absorption corrections where the crystal was modeled as an ellipsoid using the program
XPREP. The merging R decreased from 14.14% before the absorption correction to 7.89%

after the absorption correction, giving minimum and maximum transmission factors of 0.343
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1.589 9 322
1575 <5 <1 253
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Debye-Scherrer camera.
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and 0.664 respectively. Phasing of a set of normalized structure factors gave a mean value
[E%-1] of 0.985 suggesting the centrosymmetric space group P1, a feature consistent with
other studies of triclinic AGM (Peng & Ma 1963, Woodrow 1967, Christiansen et al. 1998).
Information pertinent to the data collection and crystal structure can be found in Table S. The
structure of niobokupletskite was refined by least-squares methods using the SHELXL-93 set
of programs (Sheldrick 1993), with starting parameters taken from Christiansen ef al. (1998)
for a kupletskite from Kangerdlugssuaq, Greenland. ‘During the initial refinement, Mn, the
dominant octahedrally coordinated cation indicated by EMPA, was assngned M(Q1) to M(4),
whereas Nb was assigned to D on the basis of data obtained by EMPA. Refinement of the site
occupancy factors resulted in values less than unity for M(1) and D and values greater than
unity for M(2), M(3), and M(4). Sodium was assigned to M(1) and Ti assigned to D. Zinc, a
heavier X-ray scatterer than Mn and the second most abundant element observed in the EMPA
data, was assigned to M(2), M(3) and M(4); ordering of Zn over these four sites is discussed
below. The shape of the anisotropic displacement ellipsoid of the site assigned to K suggested
that it was positionally disordered and it was therefore modeled as two split sites, ¥IX(1a) and
(9l (1b), displaced 0.36A from each other along X. Displacement factors for K(1a) and K(1b)
were constrained to be equal and refined isotropically. The structure refined to R = 9.40%
and wR2 = 26.11% with isotropic displacement factors and to R = 5.97% and wR = 19.22%
with anisotropic displacement factors. An isotropic extinction correction was applied but did
not improve the results. The high final R value is attributable to slippage along the {001}
cleavage, imposed during extraction of the crystal from the epoxy mount, and also to
microfractures observed in the crystal in BSE images (Fig. 1A). The final positional and



TABLE 5. MISCELLANEOUS DATA: NIOBOKUPLETSKITE

Space Group P1 Diffractometer SIEMENS CCD

a(l) 5.4303(9) Radiation MoKa (40 kV, 30 mA)

b 11.924(2) Crystal Shape  plate

c 11.747(2) Crystal Size 021 x0.19x0.02mm

a(®) 112.927(3) p (MoKa) 533 cm™

p 94.750(3) Min/Max Trans. 0.343/0.664
103.175(3) 2.1 0.985

v (A% 669.5(3) CFOM 1.08

z 1

Chemical Formula  K;Na(Mn,Zn,Fe);(Nb,Zr, Ti),SisO26(OH)«(O.F)

20 Range 482<20<57.26

Min/Max Indices ~T<h<T, -11k<16, -15<I<15

No. of Unique Reflections 3023

No. of Observed Reflections 1779
Criterion for Observed Reflections Fo>40(Fo)

Final R (%) 5.97
wR? (%) 19.12
R= z(IPoHFMIF

WRZ = lx(w)Fo - Fez)z,z[w(Foz)z]ln w = l/dz(F.)

292
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“isotropic displacement parameters are given in Table 6 and selected bond lengths are given in
Table 7. Bond valence sums were calculated using parameters taken from Brese & O’Keefe
(1991) and can be found in Table 8. The observed and calculated structure-factors are
available from the Depository of Unpublished Data, CISTI, National Research Council of

Canada, Ottawa, Ontario K1A 0S2, Canada.

7.0. DESCRIPTION OF THE CRYSTAL STRUCTURE
Niobokupletskite is isostructural with other triclinic AGM. Details regarding the

crystal structure can be found in Chapter III.

7.1. Interlayer

The interlayer of niobokupletskite contains both Na and K in two distinct sites.
Sodium is [10])-coordinated and located between bridging apices of the NbOs octahedra.
Bond lengths range from 2.64(1) to 2.715(0) A. Refinement of the site occupancy factor
gives 0.99, suggesting the prosenee of vacancies or a lighter scatterer (e.g. H0, H;0).
Electron microprobe data indicate 1.23 apfis of Na in niobokupletskite, suggesting an “excess”
of Na if compared with results obtained from the structure refinement. This excess Na has
been accounted for in the M(1) octahedral site. Substitution of Ca for Na within the interlayer
is common in more Fe-rich AGM (e.g. Christiansen er al. 1998), but was not .detected in
Type-I niobokupletskite. Bond lengths to the two split sites assigned to K are as follows:
Big(1a) 2.83(2) to 3.41(2)A, "IK(1b) 2.84(2) to 3.57(2)A. A high site occupancy factor for



TABLE 6. POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE

OCCUPANCIES FOR NIOBOKUPLETSKITE.
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Atom. X y 2z JJ .U 11 U = U B % % U 12 U 5
Mn(l) 08SII(3) 02057(2) 0.4794(2) 0.91(1) 26(9) 138(11) 163(11) 67(8) 27(M) 31(N 106(6)
Na 0.8511(3) 0.2057(2) 0.4794(2) 0.05(1) 26(9) 138(11) 163(11) 678) 271 31(7) 106(6)
Mn(2)- 0.2790(3) 0.0680(2) 0.4871(1) 0.903) 38@8) 164(11) 174(10) 91(8) 44(6) 3%(7) 11X(6)
Zn(2) 0.2790(3) 0.0680(2) 0.4871(1) 0.103) 38(8) 164(11) 17410) 91(8) 44(6) 3IN7) 115(6)
Mn(3) 04211(3) 0.3512(2) 0.4844(1) 0.853) 43(8) 154(11) 185(10) 88(8) 43(6) 35(7) 11%6)
Zn(3) 0.4211(3) 0.3512(2) 0.4844(1) 0.153) 43(8) 154(11) 185(10) 88(8) 43(6) 35(7) 119%(6)
Mn(4) 0 0.5 0.5 0.33(2) 13(10) 131(14) 166(13) 55(10) 20(8) -4(9) 110(8)
Zn(4) 0 05 0.5 0.17(2) 13(10) 131(14) 166(13) 55(10) 20(8) -4(9) 110(8)
Nb 0.0749(2) 0.0818(1) 0.1865(1) 0.90(1) 4(5) 133(6) 1786) 77(5) 37(4) 26(4) 100(4)
Ti 0.0749(2) 0.0818(1) 0.18651) 0.10(1) &5) 133(6) 178(6) 7I(5) 374) 26(4) 100(4)
Si(1) 0.6786(6) 0.2745(3) 0.2314(3) 1.00 68(14) 186(18) 154(16) 103(14) 45(11) 60(12) 120(7)
Si(2) 0.8133(6) 0.5470(3) 0.2526(3) 1.00 95(14) 136(17) 146(16) 76(14) 23(12) 24(13) 122(7)
Si(3) 0.3765(6) 0.6737(3) 0.2552(3) 1.00 8%1S) 167(18) 149(16) 84(14) 9(11) 18(13) 133(7)
Si4)  0.5070(5) 0.9296(3) 0.2362(3) 1.00 49(14) 108(16) 139(15) 47(14) 21(11) 18(12) 103(N)
K(la) 009%6) 0278%(1) 0995(1) 0.41(6) 433(17)
K(1b) 0.164(4) 02754(8) 0.9956(8) 0.48(6) 433(17)
Rb(lb) 0.164(4) 0.2754(8) 0.9956(8) 0.065 43317
Na 05 0 0 0.45 148(39) 200(46) 147(39) 46(33) -11(28) 33(29) 17%(24)
o) 0.728(1) 0.3194(7) 0.3832(7) 1.00 28(33) 226(45) 165(39) 102(37) 33(29) 73(32) 126(16)
0(2) 0.146(1) 0.1600(8) 0.3682(7) 1.00 134(40) 167(45) 176(41) 7437) 21(32) 45(335) 158(17)
oQ3) 0.130(1) 0.3931(7) 0.5949(6) 1.00 88(15)
OH(4) 0.295(1) 0.4631(8) 0.3991(7) 1.00 102(36) 210(44) 146(38) 84(36) 74(30) 114(34) 134(16)
OH(5) 0.993(1) 0.1179(7) 0.5944(7) 1.00 104(37) 133(42) 142(38) 23(35) 67(30) 13(32) 139(16)
O(6) 0.559(1) 0.2576(7) 0.5915(6) 1.00 24(32) 161(42) 107(36) 60(34) 24(28) 19(30) 96(16)
o 0.573(1) 0.0134(7) 0.3865(7) 1.00 37(33) 74(39) 184(40) 61(34) 0(29) -11(29) 102(16)
o(8) 0.072(2) 0.5915(8) 0.2004(7) 1.00 184(43) 284(52) 222(47) 91(43) 131(37) 36(39) 235(20)
o 0.250(2) 0.043(1) 0.8260(9) 1.00 268(53) 597(76) 210(49) 30(51) S51(42) -337(52).486(33)
0(10) 0433(2) 0.41448) 0.7988(7) 1.00 215(46) 3S9(57) 186(46) 98(44) 22(37) 116(42) 254(21)
o(11) 0129(2) 0.803(1) 0.8297(9) 1.00 683(78) §95(75) 238(52) 182(55) 22(51) 534(67) 431(29)
o(12) 0267(2) 0.954(1) 0.1723(9) 1.00 709(79) S16(72) 185(49) -78(45) -189(50) 526(65) 498(35)
O(13) 0.266(2) 0.6062(8) 0.8075(8) 1.00 508(63) 106(45) 140(41) 18(37) 35(39) 77(45) 266(22)
0o(14) 0.571(2) 0.2206(8) 0.8024(8) 1.00 568(66) 88(45) 206(46) 58(40) 29(44) -14(45) 311(24)
o(15) 0.3852) 0.197(1) 0.1693(8) 1.00 308(SS) S59(74) 240(50) 202(53) -56(43) -247(52) 431(30)
o(16) 0 0 0 0.50 76(52) 277 213(62) 121(54) 65(42 47) 17

‘Uijx 10
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TABLE 7. SELECTED INTERATOMIC DISTANCES (A) FOR NIOBOKUPLETSKITE

M(1)-0(2) 2.179(8) T(1)-0(11) 1.585(9) D-0(2) 1.929(8)
M(1)-0(6) 2.190(7) 1)-0(15) 1.595(9) D-0(16) 1.981(1)
M(1)-0H(5) 2.1948) =~ I(1)-0(1) 1.628(8) D-0(9) 1.987(8)
M(1)-0(3)  2.20%(7) n(1)-0(13) L6319 D-0(15) 1.994(8)
M(1)-0(7) 2.221(7) <71)-0> 1.604 D-0(12) 1.998(9
M(1)-0(1) 22410 D-0(11) 2.001(9)
<M(1)-0>  2.207 N2)-0(13) 1.614(9) <D-0> 1.982
N2)-03) 1.620(7)
M(2)-0H(5) 2.124(7) (2)-0(8) 1.638(8) K(12)-0(12) 2.83(2)
M(2)-0(7) 2.133(8) T(2)-0(10)  1.654(8) K(12)-0(11) 2.85(2)
M(2)-0H(5) 2.152(8) <N2)-0> 1.629 K(1a2)-0(15) 3.04(2)
M(2)-06) 2.211(7) K(12)-0(9) 3.07(2)
M(2)-0(2) 2.252(8) 1(3)-0(6) 1.62%(7) K(1a)-0(14) 3.25(3)
M2}0(T) 2254 1(3)-0(14)  1.630(9) K(1a)-0(16) 3.26(1)
<M2-0> 2.188 I(3)-0(10) 1.630(9) K(1a)-0(13) 3.27(3)
13)-0(8)  1.645(8) K(1a)-0(8) 3.41(2)
<K(1a)-0> 3.12
M(3)-0(1) 2.143(7) <I(3)-0> 1.634
M(3)-0H(4) 2.145(7) K(1b)-0(12) 2.99(2) K(1b)-0(15) 2.84(2)
M(3)-0(3) 2.151(7) T(4)-0(9) 1.591(9) K(1b)-0(9) 2.88(2)
M(3)-06) 2.16%(7) 4)-0(12) 1.591(9) K(1b)-0(11) 3.00(2)
K(16)-0(16) 3.224(9)
M(3)-0H(4) 2.210(8) n4)-0(14) 1.607(9) K(1b)-0(14) 3.29(2)
M(3)-0(2) 2.232(8) T4)-0(7)  L613(8) K(1b)-0(13) 3.35(2)
<M(3)-0> 2.175 <N4)-0> 1.601 K(1b)-0(10) 3.56(1)
K(1b)-0(8) 3.57(2)
M(4)-OH(4) 2.097(T)x2 Na-0(12) 264(1)x2 <K(1b)-0> 3.19
M(4)-0(1) 2.149(8)x2 Na-0O(9) 2.64(1)x2
M(4)-0(3) 2181(1x2 Na-O(11) 2.66(1)x2
<M(4)-0> 2.142 Na-0(15) 2.66(1)x2
Na-0(16) 2.715(0)x2
<Na-0> 2.66
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K(1b) (0.62) indicates the presence of a heavier scatterer. Rubidium, fixed at the EMPA value

of 0.13 apfir, was therefore assigned to this site.

7.2. O-sheet

The O-sheet of niobokupletskite is identical to that of kupletskite with additional Zn,
Fe, Na and Mg. The largest, and least distorted, of the four octahedra, M(1), is coordinated
by five O* and one OH" [OH(5)), with a <M(1)-O> distance of 2.207 A [volume: 13.990 A,
calculated in IVTON (Bali¢-Zuni¢ & Vickovi¢ 1996); distortion (4): 1.041, calculated using
the equation for quadratic elongation (Brown & Shannon 1973)]. The M(1) site in
niobokupletskite is slightly larger than that of kupletskite (<M(1)-0>: 2.203 A, volume:
13.858 A®; Christiansen ef al. 1998) owing to the presence of Na. Site-scattering refinements
(SREF) of M(1) consistently yielded occupancies less than unity, indicating the presence of a
weaker scatterer or vacancies. Electron-microprobe data, and a low site occupancy factor for
the site assigned to Na, indicate an “excess” of Na. The occupancy of M(1) was therefore
refined with both Mn and Na, resulting in site populations consistent with EMPA data (SREF:
0.18 apfu, EMPA: 0.28 apfir) and a bond-valence sum of 1.95 vu. The presence of Na within
the M(1) site is not an uncommon festure in AGM. For example, monoclinic magnesium
astrophyllite (Shi ez al. 1998), exhibits dominance of Na within a single octahedral site which
istheequivalenttoM(l)intriclinicspeda,mdhasalsobeennotedinotherAGMfrom
MSH. Substitution of Na for Mn in octahedral coordination, although not common, has also
been noted in other minerals including samuelsonite (Moore & Araki 1977),

barytolamprophyllite (Rastsvetaeva & Dorfinan 1995), vuonnemite (Ercit et al. 1998), and in



alkali clinoamphiboles from MSH (Taylor 1999). It may be attributable to high activities of
Na within the crystallizing magma.

The M(2), M(3) and M(4) sites are larger and less distorted than those observed in
kupletskite, probably owing to the increased extent of substitution of Mn for Fe in
niobokupletskite. The M(2) and M(3) sites have a cis configuration [M(2): OH(5) x 2, M(3):
OH(4) x 2] with average <M-O> distances of 2.188 and 2.175 A respectively, whereas M(4)
is a trans-site [OH(4) x 2] with an average <M(4)-O> distance of 2.142 A. The M(2)
octahedra, the most distorted in the AGM O-sheet (A: 6.059), are unique as they form
continuous zigzag chains parallel to the X axis; all other M sites share at most one common
edge with crystallographically equivalent octahedra. The combination of continuous chains of
M(2) octahedra and open-branched zweier single chains parallel to X has a pronounced effect |
on the morphology of astrophyllite-group minerals: a preferenual elongation of crystals in the
X direction, the development of a secondary, moderate cleavage along {010}, and the
formation of acicular to tabular crystals.

Site-scattering refinements indicate departures from ideal Mn occupancies and the
presence of a stronger X-ray scatterer in all of M(2), M(3) and M(4). Zinc, the second most
abundant cation in the EMPA data, was refined in all three of these sites, with the total site
occupancyconstrﬁnedtobeunity. Zinc populations for each of these three sites are as
follows: M(2) 0.10, M(3) 0.15, M(4) 0.34, resulting in total Zn contents in agreement with
those obtained by electron microprobe (SREF: 0.84, EMPA: 0.73 apfu). Bond valence sums
indicate these site occupancy factors to be reasonable [M(2): 2.01 vu, M(3): 2.02 vu, M(4):

2.16 vu]. Results of this refinement suggest that Zn, a cation much smaller than Mn (Zn*":



0.74 A , “IMn?": 0.83 A; Shannon 1976) preferentially orders at M(4), the smallest of the four

M sites [volumes: M(2) 13.687, M(3) 13.460, M(4) 12.902 A%

7.3. H-sheet

There are four distinct tetrahedrally coordinated sites (7) in the niobokupletskite
structure. As EMPA reveal only minor AP° (average: 0.34 apfu), and Mossbauer
spectroscopy did not indicate “IFe’”, all four T sites were modeled with only Si*" during the
structure refinement. Bond lengths within the four tetrahedral sites range from 1.585(9) to
1.654(8) A. In niobokupletskite, T{1) and T(4) each share two basal, non-bridging (nb)
oxygen atoms with the basal plane of the NbOs octahedra [7{1): 0(15), O(11) and T4):
0(9), 0(12)]. Shorter bond lengths to these basal oxygen atoms (<7(1)-Ow> 1.590 A <T4)-
Ou> 1.591 A) result in a tilting of 7(1) and 7{4) 6.31° and 6.87° out of the (001) plane,
respectively, toward the NbOs octahedra. However, T(2) and T(3), tetrahedra within the
open-branched zweier single chains which do not share common oxygen atoms with the NbOs
octahedra, are tilted only 2.28° and 0.87° out of the (001) plane respectively, and display
slightly longer basal <7-0> bond lengths than (1) and 7(4) (<T(2)-Ouu> 1.629 A, <T(3)-
O™ 1.635 A).

In niobokupletskite, bond valence sums (Table 8) indicate the presence of a divalent
anion in the O(16) position (1.86 v), unlike Ti-dominant AGM, for which bond valence
calculations indicate a monovalent anion (OH or F, Christiansen et al. 1998). The substitution

of O% at the O(16) position is required in order to balance the excess positive charge



attributable to Nb™ resulting from the Nb*™<>Ti* substitution. The following coupled
substitution is therefore suggested for the incorporation of Nb™ into the AGM structure:
Ti* + F/OH & Nb™ +0% (1)

The same mechanism for substitution has been suggested for the incorporation of Ti and F
into the wohlerite structure (Mellini & Merlino 1979). The presence of O” at the O(16)
position results in an local increase in symmetry along Z within the DO; octahedra due to the
presence of a strong 0(2)-Nb-0(16) bond rather than the weaker, asymmetric O(2)-Ti-F bond
observed in other Ti-dominant astrophyllite-group minerals. The subsequent shortening of D-
0(16) and lengthening of D-0(2) are direct results of Nb being positionally more central
within the polyhedra, rather than being displaced along Z towards the O-layer as is the case
with Ti polyhedra (Chapter Il). The <O(16)-D-Ouar> bond angles are increased [85.4°,
niobokupletskite; 80.8°, kupletskite (Christiansen er al. 1998)] and <0(2)-D-Ogeuar™ are
decreased [niobokupletskite: 94.6°; kupletskite: 99.2° (Christiansen ef al. 1998)] as a result
of this displacement. The net result of all these modifications is the significant decrease in

distortion of the D polyhedra [A(niobokupletskite): 1.526 versus A(kupletskite): 17.840].

8.0. DISCUSSION

The proposed coupled substitution scheme between kupletskite and niobokupletskite
appears to be extensive. In samples of Mn-dominant AGM from a . variety of SiOr-
undersaturated localities, including MSH, Lovozero (Kola Peninsula, Russia) and the Oslo rift

(Langesundsfjord area, Norway), a strong negative correlation exists between Nb and Ti (Fig.
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4) and between Nb and F (Fig.5). The average Nb content of Mn-dominant AGM from these
localities ranges from 0.06 to 1.33 apfu (67% Nb-Ti substitution) with an average F content
of 0.11 to 0.95 apfu (89% O-F substitution).

The incorporation of Zn into the niobokupletskite structure, and into AGM in general,
may offer an indication of the sulfur fugacity (fS) at the time of crystallization. Electron-
microprobe analyses indicate a bimodal distribution of Zn in niobokupletskite (Table 1);
Type-I niobokupletskite contains 0.73 apfir Zn whereas Type-II and Type-III do not contain
essential Zn (Table 2). Type III niobokupletskite is associated with wurtzite and genthelvite
[ZnBes(SiO4):S], two of only six Zn-bearing species to be described from Mont Saint-Hilaire
(Horvith & Gault 1990). The presence of a (Zn,S)-bearing species in association with Zn-
free niobokupletskite (Type-III) and of Zn-bearing niobokupletskite in the absence of
associated Zn-S species (Type-I), suggests that Zn readily enters into the AGM structure in
conditions where the fS; is too low to allow for the crystallization of a separate Zn-S species.
The presence of wurtzite (the S-deficient hexagonal polymorph of ZnS) rather than sphalerite
is of interest in this respect. Hydrothermal synthesis studies of the univariant wurtzite-
sphalerite boundary have shown wurtzite to be stable at low fS; (< 10" atm), and in a wide
range of temperatures, as low as 100 °C in diagenetic environments, contradictory to the
previously aubﬁ;hed inversion temperature of 1020 °C (Scott & Bamnes 1972). At higher
fS; (> 10" atm) and lower temperatures (<465 °C), sphalerite is the dominant ZaS
polymorph.  Sphalerite is ubiquitous at MSH as a late-stage phase in all the

microenvironments, most commonly associated with other S-bearing species (i.e. pyrite,
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Figure 4. Content of Ti** versus that of Nb* in the kupletskite-niobokupletskite
solid-solution series. (Linear fit, R%: 0.742)
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Figure 5. Content of Nb** versus that of F in the kupletskite-niobokupletskite
solid-solution series. (Linear fit, R?: 0.893)
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'pyrrhotite; Horvith & Gault 1990). The absence of sphalerite in samples containing

niobokupletskite suggests that the fS: was too low to permit sphalerite formation, resulting in
the formation of either S-deficient wurtzite or of zincian niobokupletskite.

The controls on the distribution of high-field strength elements in the magma, and
subsequently into alkali titano-, zircono- and niobosili;:ates such as those of the astrophyllite
group, may contribute to an understanding of the parageneses of these minerals. For example,
in peralkaline systems, zirconium shows a high solubility and a highly incompatible nature until
the final stages of crystallization (Bowden 1966, Larsen 1973, Watson 1979, Dunmn &
McCallum 1982, Linthout 1984, Rubin ef al. 1993). The high solubility of Zr in alkali-rich
magmas can be attributed to the fact that Zr acts as network-modifier (Linthout 1984). An
incmseinthealkalieomentinthemelt(NﬁK)mﬂtsinanincreaseintheproportion of
non-bridging oxygen atoms to which Zr will preferentially bond, inhibition of Mizr and "Zr,
and promotion of 'Zr, leading to the incorporation of minor Zr into silicates such as
pyroxenes and amphiboles which have [6)-coordinated sites similar to those occupied by Zr in
the melt polymers (e.g. acgirine; Piilonen ef al. 1998). Decreasing temperature, increased Ca,
and increased fO; results in melt polymerization, decreased solubility of Zr, increased bonding
between ZrOg and SiO. groups, and the formation of charge-balanced ‘“Zr-O-(Si,Na) bonds
within the melt (Linthout 1984, Farges et al. 1994). In all samples of niobokupletskite, the
Zr:Ti ratio is greater than one (Z¢/Ti: 1.38 to 1.91), suggesting that conditions were such to
allow for decreased Zr solubility and preferential incorporation of Zr rather than Ti into the
niobokupletskite structure. The high Fe**/Feu ratio obtained by Mossbauer spectroscopy and

the coupled substitution of Nb** and O in the niobokupletskite series are both suggestive of a



highly oxidizing environment for niobokupletskite. As such, it appears that Zr and Nb may
behave similarly in a peralkaline melt, unlike Zr and Ti which behave independently and either
partition into discrete Zr or Ti phases or else are strongly ordered into separate sites in a given
mineral structure (Pyatenko & Voronkov 1978). The late-stage development of (Ca+Si+Nb)-
bearing pyrochiore-group minerals in fractures within both niobokupletskite and primary
kupletskite, and the presence of abundant late-stage catapleiite in association with
niobokupletskite, suggest an increase in the (Ca+Zr+Nb) concentration during the final stages
of crystallization from a residual melt, followed by the fomaﬁon of niobo- and
zirconosilicates.  Zirconium-rich niobokupletskite may represent an intermediate phase
between early Zr-rich pyroxene and late-stage Zr-Nb minerals (e.g. catapleiite, franconite).
The source of Nb in niobokupletskite may be attributed to the local dissolution of primary Nb-
rich kupletskite (on which fibres of the former have nucleated on) or Nb-bearing minerals such
as those of eudialyte group. More information regarding the distribution of Nb at MSH is

required before either scenario can be clearly demonstrated.
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CHAPTER VII.

THE PARAGENESIS OF ASTROPHYLLITE GROUP MINERALS AT
MONT SAINT-HILAIRE, QUEBEC: EVIDENCE FOR Nb AND Zr
ENRICHMENT BY LATE-STAGE POST-MAGMATIC AND
HYDROTHERMAL PROCESSES

1.0. INTRODUCTION

Previous studies of AGM have focused primarily on the documentation of chemical
variations, as well as limited crystal structure analyses, with little attention being paid to
understanding the paragenesis of these complex minerals. Abdel-Rahman (1992), in a study
involving the metasomatized wallrocks in a 2 to 3 km aureole surrounding the Mount Gharib
A-type granite (Egypt) suggested that the common association
astrophyllite+arfvedsonite+albite+fluorite is the result of alkali metasomatism by exsolved F-
rich fluids. | Abdel-Rahman (1992) further proposed that fibrous overgrowths of
astrophyllite+albite at arfvedsonite-perthite grain margins are the result of albitization and
metasomatic replacement of arfvedsonite by astrophyllite. A similar occurrence has been
noted at Mount Rosa (Pikes Peak, Colorado, USA) where astrophyllite replaces riebeckite in
the border zones of the exterior granitic pegmatites (Gross & Heinrich 1966).

In some intrusions, such as at MSH, not only are AGM observed as overgrowths on
primary magmatic phases such as amphibole and eudialyte group minerals, but there is also
evidence for multiple periods of AGM crystallization within individual environments, clearly
indicating significant changes in chemistry of the melt or fluid during crystallization. Such
changes in AGM composition permit comments to be made on the petrogenetic evolution of

AGM, as well as offering insights into the geochemical evolution of the melt from which
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these minerals crystallized. The purpose of this chapter is to discuss the paragenesis of AGM
from the peralkaline East Hill suite at Mont Saint-Hilaire (Québec, Canada). In addition, the
use of crystal-chemical parameters, such as Mn# and the high field-strength element (HFSE)

content in minerals such as AGM, will be discussed.

2.0. EAST HILL SUITE, MONT SAINT-HILAIRE (QUEBEC, CANADA)

Members of the astrophyllite group occur in seven distinct microenvironments in the
peralkaline East Hill suite (EHS) at MSH: syenite pegmatites (PEG), altered syenite
pegmatites (APEG), aplites (APLITE), sodalite syenites (SS), sodalite syenite xenoliths
(SSX), natrolite pegmatites (NPEG), and in a metasomatic unit associated with the hornfels

(META). Five species of AGM occur at MSH: astrophyllite, sensu stricto, kupletskite,

. niobokupletskite, zircophyllite, and a potentially new species Fe-zircophyllite (Table 1). In

general, all AGM from MSH are late-stage minerals that crystallized from post-magmatic,
hydrothermal or metasomatic melts or fluids. The presence of AGM throughout the
differentiated EHS allows us to trace the compositional evolution of AGM throughout the
crystallizational history of the individual microenvironments. Figures 1 and 2 show the
distribution of AGM species in the EHS at MSH and Figures 3A to 3C shows the

compositional ranges in AGM from each of the microenvironments. Average EMPA data for

MSH AGM are in Appendix B.



TABLE 1. DISTRIBUTION OF ASTROPHYLLITE GROUP MINERAL SPECIES IN
THE MICROENVIRONMENTS OF THE EAST HILL SUITE,
MONT SAINT-HILAIRE, QUEBEC

Microenvironment - AGM Species Alkalinity Index (AI')

Syenite pegmatites (PEG) kupletskite >13
niobokupletskite
zircophyllite

Altered syenite pegmatites (APEG) kupletskite >13
astrophyllite
niobokupletskite
Fe-zircophyllite

Natrolite pegmatites (NPEG) astrophyllite 0.99 - 1.02 (ave.: 1.00)

Aplites (APLITE) kupletskite >12
astrophyllite

Sodalite syenite (SS) kupletskite 1.33¢
niobokupletskite
astrophyllite

Sodalite syenite xenoliths (SSX)  kupletskite 1.21 - 1.77 (ave.: 1.35)
astrophyllite

Metasomatic unit (META) astrophyllite 1.28
kupletskite

"Alkalinity index (AD): whole rock (K+Nay/Al in molecular proportions
* extrapolated from other microenvironments
* data from Rajasekaran (1967)



Mg+Na

High-alkali
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(magnesium astrophyllite)
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Kupletskite
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Fe Mn

Figure 1. Classification of MSH AGM based on the composition of the O-sheet.




Figure 2. Classification of MSH AGM based on the composition of the H-sheet.
Kpt: kupletskite, Nbkpt: niobokupletskite, Zst: zircophyllite, Nbt: niobophyllite,
Fe-Zrt: Fe-dominant zircophyllite, Ast: astrophyllite.
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Figure 3A. Boxplots depicting the distribution of interlayer cations in AGM from MSH.
APEG: altered pegmatites, APLITE, META: metasomatic unit, NPEG: natrolite pegmatites,
PEG: unaltered pegmatites, SS: sodalite syenite, SSX: sodalite syenite xenoliths.

The central horizontal line of each box represents the median of the population. The length of each
box represents the range within which the central 50% of the values fall
(box edges/inge: 1% and 3" quartile). Lower and outer fences represent
lower/upper hinge £ (1.5 * interquartile range). Whiskers represent
lower/upper hinge % (3 * interquartile range). Open circles are outliers.
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Environments and boxplots are defined as in Figure 3A.
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Figure 3C. Boxplots depicting distribution of interlayer cations and F in AGM from MSH.
Environments and boxplots are defined as in Figure 3A.
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2.1. Syenitic pegmatites (PEG and APEG)

Pegmatite dikes, which range from a few centimeters to a meter or more in width,
cross-cut all other rock types within the EHS (Horviath & Gault 1990). Minerals of the
astrophyllite group occur in three types of pegmatites: (1) unaltered syenitic pegmatites
(APEG), (2) altered syenitic pegmatites (APEG), and (3) natrolite pegmatites (NPEG).

In the PEG and APEG, kupletskite occurs as coarse grained (up to 3 x 2 x 1 cm)
tabular to platy, subhedral to anhedral, dark red-brown, orange-yellow or pale lavender
polycrystalline aggregates embedded in the matrix or within vugs (Plate 1). It is commonly
associated with primary aegirine, albite, catapleiite, microcline and rhodochrosite. Primary
kupletskite in both the PEG and APEG is commonly overgrown by a second generation of
fibrous matted AGM. In the PEG, this secondary overgrowth is dominantly Nb-bearing
kupletskite or niobokupletskite. ~Fibrous zircophyllite, although rare, has been observed
nucleating on kupletskite, indicating a late-stage enrichment in Zr, with Zr > Nb. Zoning
within individual primary crystals is complex and ranges from regular and concentric to
diffuse and random.

Many of the pegmatites have undergone varying degrees of hydrothermal alteration.
Such pegmatites are characterized by a wide range of secondary minerals including fibrous
aegirine, ancylite-(Ce), calcite, genthelvite, chlorite group minerals, oxides such as hematite
and birnessite, and sulphides including wurtzite. Secondary fibrous overgrowths on primary
kupletskite in the APEG are niobokupletskite, Zr-bearing astrophyllite and a potential new
species, Fe-zircophyllite (Plates 2 & 3). Figures 4 & 5 show the compositional range of

AGM from PEG and APEG.
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Figure 4. Composition of AGM from the syenitic pegmatites at MSH
A. Fe-Mn-(Mg+Na) compositional space.
B. Speckied fill = Kupletskite subgroup: kupletskite, niobokupletskite and zircophyllite
Solid fill: Astrophyllite subgroup: astrophyllite and Fe-zircophyllite
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Figure 5. Composition of AGM from the altered syenitic pegmatites at MSH.
A. Fe-Mn-(Mg+Na) compositional space.
B. Speckied fill = Kupletskite subgroup: kupletskite and niobokupletskite
Solid fill: Astrophyllite subgroup: astrophyllite and Fe-zircophyllite
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Plate 1. Primary kupletskite (dark brown) and fibrous niobokupletskite (light brown)
with rhodochrosite and microcline in a syenitic pegmatite from
Mont Saint-Hilaire (MSH10AB). Field of view: 4.1 cm.
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Plate 2. Primary kupletskite (dark brown) with a fibrous overgrowth of Zr-bearing
astrophyllite (orange-brown) in an alteréd syenitic pegmatite from
Mont Saint-Hilaire, Québec (MSH23AB).
Field of view: 5.5 cm.

Plate 3. Primary kupletskite with a fibrous overgrowth of Zr-bearing
astrophyllite and secondary dogtooth spar calcite in an altered syenitic pegmatite from
Mont Saint-Hilaire, Québec (MSH26AB).

Field of view: 4.2 cm.
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Examination of the compositional variation present in the pegmatite AGM reveals
three distinct populations: (1) primary kupletskite, (2) secondary kupletskite subgroup
AGM, and (3) secondary astrophyllite subgroup AGM. In general, primary kupletskite is
enriched in Na, Mn, Nb and F, yet extensive compositional zoning is observed in BSEI. In
Plates 4A and 4B, zoning within the kupletskite results in an increase in Mn and Nb towards
the rims until niobokupletskite develops. In Plates 5A and 5B, this zoning is reversed, and
enrichment in Ca, Fe**, Zr and F is observed from core to rim. Secondary overgrowths of
AGM on primary kupletskite also follow these compositional trends, resulting in late-stage
development of niobokupletskite, zircophyllite and Fe-zircophyllite. Figures 6 and 7 show
the composition of primary kupletskite and secondary overgrowths with respect to the two
most important substitutional mechanisms responsible for the zoning, Mn < Fe and Nb <
Zr. Secondary kupletskite subgroup AGM (Population I) show increased enrichment in both
Mn and Nb, whereas secondary astrophyllite subgroup AGM (Population II) show increased
enrichment in both Fe** and Zr. Figure 8 shows primary and secondary PEG and APEG
AGM compositions with respect to two important crystal chemical and geochemical
parameters, Mn# and Nb/(Nb+Zr). Trend A-A’ is the result of increased enrichment in Mn
and Nb. However, examination of the chemical characteristics for these samples also
indicates enrichment from A-A’ in Fe**, O (due to the coupled substitution Ti + F <> Nb +
0), decreased Ti, and decreased Nb/(Nb+Zr) but with Nb>Zr, resulting in Nb-bearing
kupletskite and niobokupletskite. Trend B-B" is characterized by enrichment in Fe?* and Zr,
with increased Ca, Ti and F, decreased Nb/(Nb+Zr) but with Zr>Nb, resulting in Fe-

zircophyllite and Zr-bearing astrophyllite. The divergent nature of evolutionary trends within



Plate 4. Back-scattered electron images of compositional zoning in
AGM from syenitic'pegmatites at Mont Saint-Hilaire (Québec, Canada).
Trend A-A": Increasing Mn and Nb with decreasing Fe?* and Ti.
Kpt: kupletskite, Nbkpt: niobokupletskite.
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Plate 5. Back-scattered electron images of compositional zoning in
AGM from syenitic pegmatites at Mont Saint-Hilaire (Québec, Canada).
Trend B-B": Decreased Mn and Nb with increasing Ca, Fe, Ti, Zr and F.

Kpt: kupletskite, Ast: astrophyllite.
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Figure 6. Compositional zoning in AGM from the syenitic pegmatites.

Primary kupletskite shows compositional zoning toward both
Fe?* and Mn enrichment in secondary overgrowths.
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Figure 7. Compositional zoning in AGM from the syenitic pegmatites.
Primary kupletskite shows compositional zoning toward both
Nb (I) and Zr (II) enrichment.
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Figure 8. Evolution of MSH AGM from the syenitic pegmatites.
A-A’. Increased Mn#, decreased Nb/Zr with Nb>Zr,
decreased Ti+F, and increased Fe**/Fe,,

B-B'. Decreased Mn#, decreased Nb/Zr with Zr>Nb,

" increased Ca+Ti+F and decreased Fe**/Fe,,
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the syenitic pegmatites, coupled with sharp contrast in chemistry and habits between the
coarse-grained primary kupletskite and the fibrous overgrowths, suggests drastically different

conditions of crystallization and two distinct melt or fluid compositions.

2.2. Natrolite pegmatites (NPEG)
The natrolite pegmatites (NPEG) are mineralogically distinct from the PEG and

APEG. These pegmatite bodies or pods are dominated by the presence of very coarse
grained (> 5 cm) corroded sodic amphibole, microcline and natrolite with trace rhodochrosite
and calcite (Plate 6 & 7). The NPEG are thought to represent the pegmatitic equivalent of
the miarolitic cavities that occur in the nepheline syenite which have a similar mineralogical
assemblage including aegirine, analcime, astropliyllite, ilmenite, microcline and natrolite
(Horvath & Gault 1990).

Astrophyllite, sensu stricto, is the only AGM in the NPEG. Chemically, this
astrophyllite is almost pure end-member, being strongly enriched in K, Fe?*, Ti and F (Fig.
9). It occurs as golden to medium brown, strongly acicular, radiating crystals up to 2 cm
long with a length:width ratio of up to 200. Astrophyllite is found within vugs, and, less
commonly, embedded in the matrix. In certain samples, the astrophyllite is found within
corroded cores of early amphibole, suggesting late-stage development of the AGM and
replacement of the primary mafic phase. The most probable source of hydrothermal fluids
for post-magmatic crystallization of the astrophyllite is exsolved H,O-saturated fluids from

the relatively anhydrous nepheline syenite.
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Plate 6. Astrophyllite in the natrolite pegmatites at Mont Saint-Hilaire (Québec, Canada).
Associated minerals include microcline, natrolite and analcime (MSH31).
Field of view: 9 cm.

Plate 7. Astrophyllite in the natrolite pegmatites at Mont Saint-Hilaire (Québec, Canada).
Associated minerals include calcite, thodochrosite, microcline, natrolite
and analcime (MSH32). Field of view: 5.8 cm.
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Figure 9. Composition of AGM from the natrolite pegmatites at MSH.
A. Fe-Mn-(Mg+Na) compositional space.
B. Solid fill: Astrophyllite subgroup: astrophyllite
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2.3. Aplites (APLITE)

The aplites are considered to represent the outermost portions or chilled margins of
the syenitic pegmatite dikes. The aplites consist predominantly of fine- to medium-grained
microcline, analcime, aegirine and albite. Both astrophyllite and kupletskite occur in the
aplites as fine- to medium-grained, red-brown, acicular to tabular crystals embedded in
matrix (Plate 8). Compositionally, AGM in the aplites define a range from Mn# 0.33 to 0.81
(ave.: 0.48), similar to that in the PEG and APEG (Fig. 10). Kupletskite subgroup samples
are slightly enriched in Nay (Naie = “INa+'*!Na; max: 1.55 apfur) and Mg (max: 0.37 apfu)
and depleted in both Nb and Zr. Astrophyllite subgroup samples show enrichment in Ca

(max: 0.46 apfi) and Zr (max: 0.67 apfu).

2.4. Sodalite syenite (SS)

Massive sodalite syenite is host primarily to members of the biotite series, sodalite,
microcline and eudialyte group minerals (Horvith & Gault 1990). Astrophyllite is the only
AGM described from the SS where it occurs as prismatic to acicular, medium-grained
crystals (< 1 cm long) embedded in the sodalite matrix (Plate 9). Of note is that astrophyllite
and eudialyte group minerals, two mineral groups which possess similar crystal-chemistries,
do not seem to crystallize contemporaneously; in all cases, astrophyllite overgrows the
eudialyte. This featire has also been noted from other localities such as at the Khibina
massif (Kola Peninsula, Russia), where eudialyte group minerals are abundant in the
nepheline syenites. In all cases, late-stage astrophyllite overgrows altered eudialyte group

minerals. Experimental studies by Christophe-Michel-Lévy (1961) indicate eudialyte, sensu
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Plate 8. Radiating astrophyllite in aplite with analcime and microcline (MSH33).
Field of view: 5.1 cm.
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Figure 10. Composition of AGM from the aplites at MSH.
A. Fe-Mn-(Mg+Na) compositional space.
B. Speckled fill = Kupletskite subgroup: kupletskite
Solid fill: Astrophyllite subgroup: astrophyllite
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Plate 9. Astrophyllite (Ast) with annite, microcline and sodalite in sodalite
syenite from Mont Saint-Hilaire (Québec, Canada; MSH44).
Field of view: 3.7 cm.
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stricto, to be stable above 440 °C, where it commonly crystallizes with both sodalite and
aegirine in the experimental system Na-Ca-Fe-Zr-Si-CO,-H:0. Crystallization of sodalite
syenite at MSH may have resulted in exsolution of F- and H;O-rich fluids, allowing late-
stage crystallization (at lower temperatures) of astrophyllite, a mineral enriched in OH and F
relative to eudialyte [ideal Z(OH+F+CI): eudialyte: 2.0 apfi, AGM: 5.0 apfu). The lower

limit for the crystallization of eudialyte (440 °C) may represent an upper limit for

crystallization of AGM.

Both kupletskite and astrophyllite occur in the SS at MSH (Fig. 11).
Compositionally, although kupletskite exists, it is enriched in the astrophyllite component
with Mn# ranging from 0.19 to 0.59 (ave.: 0.41). Kupletskite samples are slightly enriched
in Nb (up to 0.95 apfu), whereas astrophyllite samples are enriched in K, Fe*", Ti, and

contain up to 0.79 apfu Zr.

2.5. Sodalite syenite xenoliths (SSX)

Dark-grey, massive nepheline syenite (containing essential nepheline, plagioclase,
kaersutite and annite) contains angular to rounded xenoliths of sodalite syenite ranging in
size from a few centimeters to a few meters (Horvith & Gault 1990). The sodalite syenite
xenoliths (SSX) are comprised predominantly of > 90% sodalite, microcline and analcime,
but are also host to a wide array of rare and unusual minerals, many of which have not been
found in other microenvironments. The mineralogy of these xenoliths is characterized by an
abundance of Na-, REE-, P- and F-bearing phases including aegirine, eudialyte group

minerals, and rare minerals, occurring -in vugs and interstices, including members of the
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Figure 11. Composition of AGM from the sodalite syenites at MSH. -
A. Fe-Mn-(Mg+Na) compositional space.
B. Speckled fill =Kupletskite subgroup: kupletskite and niobokupletskite
Solid fill: Astrophyllite subgroup: astrophyllite
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'lovoz_etite group, abenakiite-(Ce), phosinaite-(Ce), vuonnemite, thermonatrite and villiaumite

(Horvith & Gault 1990). The late-stage crystallization of such minerals may due to
exsolution of Na-F-rare-element-rich fluids exsolved from the sodalite syenite during
crystallization.

Kupletskite and astrophyllite (Mn#: 0.31 to 0.72, ave.: 0.53, Fig. 12) in the SSX occur
as tabular to slightly elongate, fine grained (0.75 x 0.20 mm), reddish brown plates in vugs
and embedded in matrix. They display a compositional range slightly more enriched in Na,
Rb, Mn and Nb than the associated AGM in the SS. The enrichments in Na and rare

elements such as Rb and Nb is consistent with the overall geochemistry of the SSX.

2.6. Metasomatic unit (META)

The Ordovician host-rocks of the Lorraine and Richmond groups (fossiliferous
limestones, shales and siltstones) were metamorphosed during the emplacement of the
intrusion, resulting in a hornfels unit 10 to several hundred meters in thickness surrounding
the MSH complex. Large blocks of homfels also occur within the intrusion itself,
presumably the result of slumping and calving of sediments from the roof of the chamber
into the magma during intrusion. Primary sedimentary structures, including bedding and
fossils are preserved within these hornfels blocks and can be used to trace the direction of
slumping of the sediments. The hornfels unit very fine-grained, ranging in colour from dark
grey to brown-green. This dense rock is often criss-crossed by very thin, mineralized veins,

ranging in width from two to five centimeters, which are host to a wide array of minerals not
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Figure 12. Composition of AGM from the sodalite syenite xenoliths at MSH.
A. Fe-Mn-(Mg+Na) compositional space.
B. Speckled fill =Kupletskite subgroup: kupletskite
Solid fill: Astrophyllite subgroup: astrophyllite
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commonly found in other microenvironments including euhedral smokey quartz, dolomite,
siderite, calcite, pyrite, riebeckite, aegirine and all three TiO2 polymorphs.

Associated with the homfels is a fine grained unit which displays varying degrees of
metasomatism by exsolved fluids from the crystallizing intrusion. ~Chemically, the
metasomatic unit is very similar to the nepheline syenite in the main part of the intrusion, but
shows slight enrichments in SiO and rare elements (REE, Nb, Zr, Sr, Ba, etc.), along with a
depletion in Al;Os (Table 2). The ground mass of this metasomatic unit is host to a mineral
assemblage characteristic of a fenite: aegirine, albite and natrolite with lesser modal volumes
of carbonate and sodalite. Unlike a regular fenite, the metasomatized rock at MSH contains
AGM.

In samples MSH28 and MSH29, AGM occur as coarse-grained (0.7 x 0.3 cm
average), orange to orange-red, platy to prismatic porphyroblasts embedded in a dense, fine
grained metasomatized matrix consisting predominantly of albite, aegirine and minor
sodalite. The cores of these astrophyllite porphyroblasts are strongly corroded or poikiolitic,
with euhedral, fine-grained inclusions of albite. The intermediate zones of the crystals are
well-crystallized and partially terminated. A sharp contact separates these intermediate zones
from a corroded or poikiolitic rim, similar to that observed in the cofes (Plates 10 & 11). All
crystals are optically continuous and do not display chemical zoning. The discontinuity in
texture across individual grainé may reflect the kinetics of the system during crystallization
such that equilibrium with the metasomatizing fluids was reached only at certain periods

during growth of the crystal.
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TABLE 2. WHOLE ROCK GEOCHEMISTRY' FOK SELECTED
MICROENVIRONMENTS AT MONT SAINT-HILAIRE, QUEBEC

Oxide Sodalite Nepheline =~ Metasomatic
(wt.%) Syenite Syenite Unit
Si0. 48.20 51.87 59.32
AlOs 24.23 19.47 13.60
Fe;03 432 6.76 6.22
MnO 0.24 028 1.39
MgO 0.02 1.26 0.64
Ca0 041 445 1.13
Na0 17.84 9.72 8.48
K20 1.99 334 3.18
TiO; 0.08 1.33 0.81
P,0s 0.06 0.54 0.16
Trace elements (ppm)

Ba 14 1443 526
Rb 126 82 360
Sr 21 2760 431
Y 36 49 400
Zr 1210 619 4041
Nb 184 177 1743
La 88 139 793
Ce 149 249 1132
Nd 43 96 339
Pb 1 6 35
Th 29 19 62

" X-ray fluorescence data
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Plate 10. Astrophyllite porphyroblasts in the metasomatic unit at
Mont Saint-Hilaire (Québec, Canada; MSH29). The fine grained groundmass
consists of albite, aegirine, sodalite and carbonate.
Field of view: 10 cm.
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Plate 11. Photomicrograph of astrophyllite porphyroblast in plane polarized (top)
and cross polarized light (bottom; MSH28) from the metasomatic unit.
Note the optical continuity throughout the grain. Field of view: 2 mm.
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Compositionally, these porphyroblasts are astrophyllite and characterized by
enrichment in Ca, Mg, Fe*" and Ti (Fig. 13), possibly a reflection of the chemistry of the
sedimentary rocks, in particular tl;e shales and limestones with which the metasomatizing
fluids reacted.

In sample MSH41, the astrophyllite occurs as medium-grained (0.5 cm), radiating
sprays of acicular crystals randomly distributed in a fine-grained matrix of albite, sodalite,
natrolite and aegirine. The astrophyllite has undergone metasomatic replacement, with cores
comprised of sodalite, natrolite, aegirine, pyrochlore and two unidentified minerals, a Na-
Mn-silicate and a Na-Zr-silicate (Plates 12 & 13). Sample MSH49 displays the most
intensive interaction between metasomatized sediments and an exsolved magmatic or
fenitizing fluid. Bleaching of the matrix is evident within a distinct zone in the rock which
contains prismatic, polycrystalline aggregates of astrophyllite up to one centimeter wide,
along with prismatic albite and minor aegirine. The elongated astrophyllite crystals have
grown perpendicular to the edges of the bleached zone, similar to aegirine in the syenitic
pegmatites. Texturally, the astrophyllite crystals are similar to those in MSH28/29, although
the cores are less poikiolitic, presumably due to more favorable conditions for crystallization
in equilibrium with metasomatizing fluids (Plate 14). The contact between the bleached zone
and the less metasomatized hornfels is gradual and characterized by an increase in the modal
percentage of aegirine. This bleaching, along with a dominant matrix of Na-, Fe**- and F-
bearing minerals such albite, aegirine and astrophyllite, strongly suggests the presence of
exsolved, oxidized magmatic fluids, reminiscent of the effects of Na-Fe**-F-rich fluids which

result in fenites surrounding carbonatite-syenite complexes.
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Figure 13. Composition of AGM from the metasomatic unit at MSH.
A. Fe-Mn-(Mg+Na) compositional space showing the two populations of AGM porphyroblasts.
B. Speckied fill = Kupletskite subgroup: kupletskite
Solid fill: Astrophyllite subgroup: astrophyllite
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Plate 12. Photomicrograph of astrophyllite in plane polarized light (MSH41).
The fine grained groundmass consists predominantly of aegirine and albite.
Field of view: 2 mm.

Plate 13. Backscattered electron image of astrophyllite (MSH41, medium grey)
altering to aegirine (dark grey), sodalite, natrolite (black), pyrochlore (white)
and unidentified Na-Mn and Na-Zr silicates. Scale bar: 100 um.



Plate 14. Photomicrograph of astrophyllite porphyroblasts in plane polarized (top)
and cross polarized light (bottom; MSH49) from the metasomatic unit. The fine grained
groundmass consists predominantly of albite and aegirine. Field of view: 2 mm.
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3.0. THE RELATIONSHIP BETWEEN COMPOSITION AND CRYSTAL HABIT

One of the interesting features of MSH AGM, and not noted from any of the other
intrusions studied, is the mnelaﬁon between chemical composition, in particular Mn#, and
crystal habit. Ignoring the fibrous overgrowths of niobokupletskite, zircophyllite and Fe-
zircophyllite on the primary PEG/APEG kupletskite (which are chemically distinct from the
bulk of AGM in the EHS), it can be shown that the length:width ratio of the AGM crystals
increases with decreasing Mn#. This is of particular importance to both professionals and
collectors who have an interest in MSH minerals. Species identification at MSH is often
difficult and often requires chemical analysis to attach a species name to a2 member of a
mineral group (e.g: the eudialyte group, REE carbonates, erc.). With AGM, it is possible to
attach a species name, although qualitative, to the sample in question by examination of the
physical properties and knowledge of the microenvironment from which the sample came,
without need for costly chemical analysis.

Crystals which are blocky or slightly tabular (length:width ratio: 1:1 or 2:1; e.g. Plate
1), such as those from the PEG, APEG and SSX, all have Mn#>0.50 and are members of the
kupletskite subgroup. These crystals are primary magmatic phases as they are often
subhedral with moderately developed terminations and display extensive, complex
compositional zoning due to growth in conditions of chemical disequilibrium. As the Fe**
content increases, the AGM crystals become increasing elongate along [100] and do not
display compositional zoning. In the APLITE and SSX, the crystals have compositions
where Mn#<0.50 (i.e. astrophyllite subgroup) but the sample still contains significant Mn.

The astrophyllite crystals are more strongly elongate and slightly prismatic (length:width
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“ratio: 5:1; Plate 8) compared to those of the PEG and APEG. A further increase in Fe*"
correlates with development of prismatic to acicular crystals, similar to textures observed in
the SS (length:width ratio: 10:1; Plate 9). At the extreme end of the spectrum are AGM
from the NPEG which contain almost end-member astrophyllite (Mn# = 0.25 to 0.38). These
crystals are strongly acicular and occur in radiating sprays with a length: width ratio

approaching 200 (Plate 6 & 7).

4.0. PARAGENESIS OF MSH AGM AND LATE-STAGE ENRICHMENT OF HFSE

The wide diversity in chemical composition displayed by AGM at MSH is a direct
reflection of the heterogeneous conditions under which these minerals crystallized. All
AGM at MSH are late-stage and seem to be an intermediate phase in the evolutionary history
of the intrusion, crystallizing temporally between common rock-forming minerals (e.g.
pyroxenes, amphiboles and micas) and the late-stage exotic mineral assemblage for which
MSH is so famous (i.e. alkali titano- and zirconosilicates, REE carbonates, silicophosphates,
erc.). The disequilibrium in such a complex system makes it difficult to relate AGM
chemistry to earlier-formed phases, but on the basis of composition, habit and associated
minerals, AGM can be used to help define the evolutionary history of the magmatic and post-
magmatic conditions under which they crystallized. Using this information, two distinct sets
of igneous processes are proposed for AGM crystallization at MSH: (1) primary and post-
magmatic (PEG, APEG, SS, SSX and NPEG), and (2) hydrothermal and metasomatic
(APEG and META). Both the magmatic oxidizing and hydrothermal trends offer evidence

for mobilization and late-stage enrichment in HFSE such as Nb and Zr.
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4.1. Primary magmatic - post-magmatic oxidizing trend

Oxidation trends in magmatic systems, although not common, have been noted in ﬁ
number of syenitic and granitic igneous complexes, including the plutonic rocks of the Oslo
rift valley (Norway; Czamanske & Mihalik 1972, Czamanske & Wones 1973, Neumann
1976), and the Baie-des-Mouton syenite complex (Québec; Lalonde & Martin 1983). The
principle oxidizing agent in all cases is HO, whether it is exsolved from the crystallizing |
intrusion or the surrounding host rocks, or has infiltrated the open system from external
sources. In order for H;O to act as an oxidizing agent in a magma, it must first reach
saturation and exsolve from the melt. Disassociation of H20 into H; and O and loss of H;
must also occur, at which time oxidation is initiated. At MSH, the presence of igneous
breccias, pegmatite dikes, metasomatized or fenitized wallrocks, and miarolitic cavities,
coupled with the abundance of volatile-bearing minerals such as villiaumite, fluorite and
sodalite, suggests that the initial magma was enriched in volatiles and H,O, and that
saturation of the melt in these components occurred early in the crystallizational history of
the intrusion. Furthermore, the presence of abundant carbonate minerals, in particular
rhodochrosite, calcite and siderite in such microenvironments suggests that CO; was an
important part of this volatile phase. Crystallization of the relatively anhydrous nepheline
syenite, regarded to be the earliest formed microenvironment in the intrusion (Piilonen ez al.
1998), would have lead to early H,O-saturation and rapid exsolution of a volatile- CO,- and
H,O-rich phase into which incompatible and rare elements such as REE, Zr @d Nb would
have been concentrated. Crystallization of astrophyllite and replacement amphibole from

residual fluids within miarolitic cavities in the nepheline syenite (NPEG) would be the first
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indication of H:O-saturation and an increase in alkalinity. The further explosive formation of
igneous breccias and emplacement of pegmatite dikes by the H,O-rich melt may have
allowed for interaction with oxidizing atmospheric of&ygen and/or meteoric fluids, resulting
in further oxidation and contamination of the system.

The fibrous nature of many of the pegmatite and cavity minerals (such as AGM and
metasomatic aegirine; Piilonen e al. 1998) suggests rapid crystallization due to a sharp
change in conditions (i.e. P, T, etc.). Such drastic changes in P and T conditions also support
the hypothesis of an open system and an increase in the opportunity for interaction with the
surrounding atmosphere. As a result, many of the late-stage microenvironments and
associated mineral assemblages may have fO, that were extemnally buffered by the
fluctuating conditions in the exsolved volatile phase, rather than being internally buffered by
the crystallizing parental magma.

Oxidation of a magma leads to decreased activity of FeO and increased activity of
Fe;0s, resulting in oxide and silicate minerals enriched in Fe**. Studies of mafic minerals
from plutonic complexes exhibiting magmatic oxidation trends show that fractionation in
such systems is characterized by increasing Na, Fe’*, Mn and Mg, with decreasing Fe*', Ti
and Al in the crystallizing silicates and oxides (Czamanske & Mihilik 1972, Czamanske &
Wones 1973, Lalonde & Martin 1983). Piilonen er al. (1998) showed EHS pyroxene
compositions to be depleted in the Hd component and restricted to the Di-Ae tieline due to
high Fe*'/Fe** ratios and elevated oxygen fugacities (fO:). Furthermore, studies on Fe-
bearing trioctahedral micas from MSH (Lalonde ef al. 1996) indicate annite and

siderophyllite from the EHS syenites to be characterized by a range of Fe*'/Fe,x from 0.079
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to 0.282, enrichment in Mn, depletion in Ti relative to earlier formed biotites, and Si+Al
abundances that are insufficient to fill the tetrahedral sites, thus requiring incorporation of
MiFe’. Lalonde ef al. (1996) further suggested that the high Fe*'/Feu values of MSH micas
are primary in origin. Similarly, amphiboles from the late syenitic pegmatites at MSH
display enrichments in “INa (0.65 apfir), Fe** (0.61 apfu) and Mn (0.77 apfir).

Enrichment in Na, Mn and Fe** with increasing fractionation and fO, are the
common links with these minerals, the AGM at MSH being no exceptions. In primary
kupletskite from MSH, trend A-A’ results in an increase in Mn#, Nb and Fe’" with increasing
fractionation (Fig. 8). During igneous differentiation or fractionation, Mn** follows Fe**
such that the concentrations of both cations in the rock steadily decrease with a decrease in
the modal percentage of mafic minerals into which they may be incorporated (Cerny et al.
1985). During late stages of differentiation, the larger size of the Mn?* cation (r'*'Mn**: 0.83
A, Shannon 1976) relative to Fe** (f/Fe?*: 0.78 A, Shannon 1976) increases its tendency
toward behaviour as an incompatible element, becoming fractionated into late-stage melts
(Cemy et al. 1985). However, the lower electronegativity and ionization potential of Mn**
compared to Fe?" further complicate the fractionation of Mn in magmas. An increase in fO;
in the magma results in oxidation of the Fe** to Fe**, with a further separation of Mn®" and
Fe** on the basis of their crystal-chemical and geochemical tendencies. As stated earlier,
exsolution of a volatile-CO,-H;O-rich phase from a crystallizing intrusion can lead to
magmatic oxidation. This exsolved fluid may also be responsible for transportation and
extreme fractionation of Mn in late-stage features such as the syenitic pegmatites at MSH.

Shaw (1974) and Hildreth (1979, 1981) have suggested that the enrichment of Mn>* can only



be explained by an affinity to the exsolved volatile and H,O components of a silicic magma.
Furthermore, Shawe (1968) and Bailey (1977) proposed complexing of Mn*" with F, further
supporting the affinity of Mn®" to the oxidized, volatile phase of the magma. The Mn-
enrichment trends coupled with the enrichments in Fe** in PEG/APEG and SSX AGM at
MSH are thought to be a response to extreme fractionation under oxidizing conditions.

The extreme enrichment of Nb, and often Zr, in kupletskite subgroup AGM in the
PEG, APEG and SSX may be due to the presence of a volatile-CO2-H20-rich phase in this
strongly peralkaline, oxidized melt. Both Nb and Zr are incompatible elements in
peralkaline systems and show high solubility until the final stages of crystallization, at which
time they form alkali zircono- and niobosilicates, Nb carbonates and Nb oxides (Bowden
1966, Watson 1979, Dunn & McCallum 1982, Linnen & Keppler 1997, Homg et al. 1999).
Furthermore, Zr and Nb are also highly mobile in F-rich alkaline systems and can be leached
from earlier formed minerals by hydrothermal fluids, becoming concentrated and
subsequently precipitated in veins and fractures (Moller 1986, Aja et al. 1995, Salvi et al.
2000). In particular, Nb is known to be highly mobile in fenitizing fluids enriched in Na, F
and Fe'* (Moller 1986).

The behaviour of Nb and Zr in peralkaline systems is in striking contrast to their
behaviour in SiO-saturated systems with calcalkaline or subalkaline affinities. In
peraluminous and subaluminous melts, Nb is concentrated into Ti phases such as rutile,
ilmenite and titanite (Linnen & Keppler 1997, Horng et al. 1999) and does not form discrete
Nb minerals except in the case of extreme enrichment of Nb in late-stage granitic pegmatites

(e.g columbite, manganocolumbite; Cemny et al. 1985). Although columbite and
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manganocolumbite are common in granitic pegmatites, they are rare in peralkaline syenite
pegmatites due to their high solubility in alkaline melts, even at low temperature (Linnen &
Keppler 1997). Zirconium mineralization in calcalkaline to subalkaline plutonic rocks is
similarly simple, being limited to early crystallization of zircon.

Niobium and Zr solubility in alkaline melts greatly increases with tl;e alkalinity index
(AIL: K+Na/Al) of the melt (Watson 1979, Linnén & Keppler 1997). In order to stabilize
HFSE, an excess of non-bridging oxygens (NBO) must be present in the melt. In
peraluminous and metaluminous melts, there are no free NBO and thus Nb and Zr saturate
early in the crystallizational history of the melt. In peralkaline systems, Na and K act as
network modifiers and generate NBO; for every mole of excess Na;O or K0, two NBO are
generated to which Nb and Zr can bond. Studies by Homg ez al. (1999) on the solubility of
rutile and the interactions of M" cations in anhydrous haplogranite melts have shown that the
solubility of Nb in the melt is increased via the following equilibrium equation:

2Ti-0-K + Nb-O-Nb = 2K-O-Nb + Ti-O-Ti (1).

Increased alkalinity results in formation of alkali-Nb complexes and promotes crystallization
of pure rutile rather than Nb-bearing rutile as is observed in peraluminous melts. Of further
interest is the fact that Mn®*, concentrated in late-stage oxidized peralkaline melts, is also a
network modifier and will further generate two NBO to which Nb and Zr may bond,
increasing their stability, and thus solubility, in the melt. The presence of (Na,K)-Nb-Mn
complexes in the melt may further promote crystallization of Nb-bearing kupletskite and

niobokupletskite.
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The common association of rhodochrosite and other carbonates with niobokupletskite
and Nb-bearing kupletskite is further evidence of a volatile-rich melt enriched in CO;. Asan
example of a COz-rich melt, we can compare the behaviour of Nb in carbonate-rich syenitic
pegmatites with carbonatites in which the Ta/Nb ratio is generally much less than unity, and
often 1/100 only (Moller 1986). During separation of an immiscible carbonate- and alkaline
silicate liquid, Ta is strongly enriched in the silicate phase and Nb into the resulting
carbonate liquid, depressing the Ta/Nb ratio in the carbonatite (Hamilton ef a/. 1989). The
fractionation of Nb is due to its increased solubility in carbonate-, fluoride- and phosphate-
rich fluids due to the stability Nb-F and Nb-CO3; complexes within the melt at temperatures
between 50 and 450 °C (Aleksandrov 1967, Moller 1986). Precipitation of COs* as
carbonate minerals in the PEG and APEG at MSH would result in decreased solubility of Nb
and crystallization of Nb-bearing minerals. As stated above, in highly peralkaline systems,
Nb is highly soluble and mobile, forming complexes with alkalis such as Na and K. Asa
result, decreased solubility of Nb in the melt due to carbonate crystallization may also
promote crystallization of alkali niobosilicates such as niobokupletskite. ~Local Nb-
enrichment in pegmatites in the form of fibrous overgrowths of niobokupletskite is likely the
result of post-magmatic leaching of Nb from earlier formed minerals and mobilization of Nb

in the late-stage Na-Mn-Nb-rich pegmatite fluids.
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" 4.2. Hydrothermal and metasomatic alteration

In direct contrast to the Na-Mn-Nb-Fe*'-enrichment observed in the PEG, APEG,
APLITE and SSX AGM under oxidizing magmatic and post-magmatic conditions, the
compositional evolution observed in AGM from the PEG and APEG toward enrichment in
Ca, Fe**, Ti, Zr and F (Trend B-B") is suggestive of crystallization from a more reduced, F-
rich alkaline melt or hydrothermal fluid. The fibrous, slightly altered nature of the Fe-
zircophyllite and Zr-bearing astrophyllite in the PEG and APEG is also suggestive of
crystallization from deuteric or hydrothermal fluids.

Like Nb, Zr behaves as an incompatible element until the final stages of
crystallization. The solubility of Zr in alkaline systems is also proportional to the alkalinity
index, fO, and the volatile content (in pﬁwlu F) of the melt (Watson 1979). An increased

alkali content in the melt would inhibit polymerization and increase the percentage of NBO

which are required for stabilization of ZrOs complexes. In contrast, in highly polymerized

melts, Zr is present in either [7]- or [8]-coordinated sites considered to be precursor
complexes required for zircon crystallization in calcalkaline rocks (Farges ef al. 1991).
Decreasing the solubility of Zr in a peralkaline melt can be accomplished by increasing the
polymerization, decreasing temperature, increasing fO; or by the introduction of network
formers such as Ca and Al (Watson 1979). As a result, stable charge-balanced ©1Zr-O-Si-Na
complexes are formed, the precursors to alkali zirconosilicate crystallization.

In most geological systems, HFSE, in particular Zr, Ti and REE’s, are considered to
be immobile during fluid-rock interactions. However, there is evidence that ;.lnder highly

alkaline F-rich conditions, Zr can be transported by hydrothermal fluids as Zr-OH-F
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complexes. Zirconium mobilﬁtion in strongly alkaline, F-rich hydrothermal fluids has been
documented in a number of intrusions, including Strange Lake (Québec-Labrador, Canada;
Birkett ef al. 1992, Salvi & Williams-Jones 1990, 1995, 1996), the Trans-Pecos Magmatic
Province (Texas, USA; Rubin ef al. 1993), and the Tamazeght alkalic complex (Morocco;
Salvi er al. 2000). Evidence for Zr mobilization is provided by the presence of secondary Zr
minerals in hydrothermally altered or metasomatized rocks, and the presence of Zr-bearing
daughter minerals, in particular baddeieyite (Philippot & Selverstone 1991, Belkin 1992) and
weloganite (Vard & Williams-Jones 1993) in fluid inclusions.

The formation of fibrous (Ca+Fe?*+Zr-F)-bearing astrophyllite and Fe-zircophyllite
after primary Nb-bearing kupletskite in PEG and APEG at MSH can be modeled by a cation
exchange reaction:

K;Na(Mn,Fe*),(Nb, Ti);SisO25(0OH)4O + 0.5Ca’" + TFe’" + F + Zr"" &

K2(Na,Ca)Fe**(Zr, Ti),SisO26(OH)F + 0.5Na* + 7(Mn’'Fe* )+ O* + Nb*" (2)

or
niobokupletskite + 0.5Ca** + TFe** + F + Zr*'<>
Fe-zircophyllite +0.5Na" + 7(Mn*'Fe* ")+ 0> + Nb** (3).
Similar cation-exchange reactions have been proposed for the formation of secondary Ca-
bearing zirconosilicates such as armstrongite, calcium catapleiite and gittinsite at Strange
Lake (Québec-Labrador border, Canada; Salvi & Williams-Jones 1990, 1995, 1996) and the
Tamazeght alkalic complex (Morocco; Salvi et al. 2000). In all cases, Ca-metasomatism

seems to have played a role in concentrating Zr and the formation of zirconosilicates. The
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main question that arises is whether or not the HFSE were transported in the metasomatizing
Ca-bearing fluid, or introduced by another source.

Transportation of HFSE, in particular Zr, in hydrothermal or metasomatizing fluids
requires elevated concentrations of F and OH. In aqueous solutions, Zr forms stable
complexes with small anionic species such as F and OH" due to its low electronegativity
(Aja et al. 1995, Salvi et al. 2000). Except at high activities of H" and/or low F~ (e.g. COz-
rich systems), Zr will tend to form mixed hydroxy-fluoride complexes, with Zr(OH)4F: as the
predominant species in solution over a wide pH range (Aja et al. 1995, Salvi ez al. 2000). At
MSH, it is likely that Zr was carried as hydroxy-fluoride complexes by a late-stage F-rich
fluid, similar to that suggested for formation of Nb-bearing kupletskite and niobokupletskite
in the PEG, APEG and SSX. The elevated Zr contents in such AGM support this hypothesis,
suggesting that Zr and Nb were transported together until conditions forced them to separate
on the basis of their crystal-chemical and geochemical tendencies. The enrichment of the Zr-
bearing astrophyllite at MSH in Ca further suggests late-stage Ca metasomatism, similar to
what is observed at Strange Lake and the Tamazeght complex. However, it is not tenable
that the fluid responsible for Ca enrichment was also responsible for Zr transportation; a fluid
saturated in both Ca and F would have resulted in early crystallization of fluorite and a
decrease in the solubility of Zr, promoting crystallization of zircon. Secondly, peralkaline
fluids exsolved from the crystallizing intrusion would contain little to no Ca (Ca having been
fractionated out into earlier phases such as plagioclase and amphibole), yet would be strongly
enriched in F. At Strange Lake and the Tamazeght complex, recognizing that the Ca-

metasomatizing fluid could not have kept HFSE in solution, Salvi & Williams-Jones (1996)
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" and Salvi et al. (2000) proposed that they were carried by an exsolved magmatic fluid. Late-

stage interaction between this fluid, enriched in Zr and F, with either a Ca-enriched meteoric
fluid or by interaction with the surrounding limestones would result in precipitation of
fluorite, decreasing the activity of F and promoting the crystallization of zirconosilicates.

An identical process can be invoked to explain the formation of Fe-zircophyllite and
other zirconosilicates at MSH. Exsolution of a highly alkaline, oxidized, F-bearing solution
from the cooling intrusion would have leached HFSE such as Nb and Zr from earlier formed
minerals (Rubin et al. 1993, Piilonen ef al. 1998), thus promoting late-stage magmatic and
post-magmatic crystallization of AGM. In the majority of the pegmatites, this exsolved fluid
evolved to more oxidized compositions, thus promoting crystallization of Na-enriched
kupletskite, Nb-bearing kupletskite and niobokupletskite. Early interaction of these fluids
with the hornfels unit seems to have resulted in varying degrees of fenitization and
albitization of the hornfels and crystallization of AGM as porphyroblasts or phenocrysts.

Further migration of the hydrothermal fluid, depleted in Mn and Nb, would have
resulted in alteration and leaching of Zr from of primary minerals (sodium zirconosilicates,
Zr-bearing AGM, and Zr-bearing inosilicates such as aegirine and arfvedsonite; Farges et a/
1994, Piilonen ef al. 1998) and further concentration of Zr into the aqueous phase. If
pegmatite formation occurred in close proximity to the hornfels or a marble xenolith, or
mixed with Ca-bearing meteoric waters, interaction of the oxidized Na-F-(Zr,Nb)-rich fluid
with a reduced, Ca-CO;-rich fluid would have caused precipitation of fluorite, carbonate and

an astrophyllite enriched in Ca, Fe**, Zr and F.
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5.0. SUMMARY

Using a combination of whole-rock geochemistry for each of the microenvironments
host to AGM and the evolutionary scheme proposed for the East Hill suite by Piilonen et al.
(1998), it is possible to correlate AGM composition (in particular Mn# and Nb+Zr content)
with progressive evolution of the suite. In particular, at MSH, we are able to classify the
paragenesis of AGM, based on their chemical composition, as either magmatic or
hydrothermal (Fig. 14). Similarly, we can correlate these crystal-chemical parameters with
the geochemistry of the host rocks in which the AGM occur. Figure 15 shows the correlation
between Mn# and the alkalinity index [AI = (Na+K)/Al, calculated using molecular
proportions], obtained from whole rock X-ray fluorescence (XRF) data. As whole rock
alkalinity increases with increasing fractionation, AGM become progressively more enriched
in Mn, Nb and Zr, the result of crystallization from exsolved peralkaline fluids. For
comparison, results obtained for AGM from the alkaline Larvik complex (Langesundsfjord
area, Oslo rift, Norway) are also presented on Figure 15 (AI data from Neumann 1980). A
similar trend is observed, with increasing Mn# during progressive fractionation of the ring
sections in the complex. The overall alkalinity of the Larvik complex is lower relative to
MSH, and this is reflected in the lower overall Mn# and (Nb+Zr) content of the AGM.

The systematic variations observed in AGM composition, coupled with the alkalinity
of the microenvironment, allow us to further develop the evolutionary scheme proposed for
the EHS at MSH, shown in Figure 16. The crystal-chemical characteristics of the AGM at
MSH correlate well with the evolutionary scheme developed on the basis of aegirine

compositional trends by Piilonen ef al. (1998), suggesting that the crystal chemistry of AGM,
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as with other rock-forming minerals, may be used as petrogenetic indicators in alkaline

igneous rocks.
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ELECTRON MICROPROBE ANALYSES
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Sa 0.00 .00 0.00 0.00 0.00 0.00 .00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F/ 032 (%)} 0.0 o3 o3 on [ 34 o» 08 045 0» 0.4 041 04 [ )]
[ ¢ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N (T ] 063 067 064 0. 082 0.07 012 .17 o4 .17 0.19 [ X1 0.17 o.19
Te 0.00 0.00 0.00 000 0.00 0.00 0.01 008 001 0.01 001 o0 001 0.01 00
SsmD 199 20 20t 198 202 2.00 208 20 210 208 208 207 207 204 207
S 1.9 1.7 m m 167 168 140 182 3 .46 10 10 140 147 736
AN 027 o a7 0.17 0.18 019 0.40 036 0.4 0.36 038 038 oM 035 038
SemT 186 m 1. 7.8 188 k2 g 190 788 181 k2 w kA ] 174 m 174
F 0.52 0.0 0.9 0.60 0.51 058 1.06 o 0 095 on 094 0.86 082 09
OoH 400 4.00 4.00 400 4.00 40 19 418 4 4,06 418 406 414 418 408
o j048 3057 30351 3046 & NQ 2094 3018 3037 3006 3018 3006 3014 30.18 3008
.18 .16 1 09 20.02 05 03 2008 .12 2007 20.16



ELECTRON MICROPROSE ANALYSES OF MONT SAINT-HILANE AGM
MEHE:
OXIDE PT76__PTT9 _PTSO _PTSI PTEZ ST PTO2 PI®3  PTS4 PT9S PYs PTe7 PTIE Aveesge

NeO 297 291 28 285 300 105 365 3% 335 @ 378 351 375 166 36
KO 576 SS2 S@ S50 S$34 S8 415 49  4® SIS S0 4% 48 CAT T
MO 030 032 052 067 0SI 032 050 0M 0B 0% o83 051 037 1001 0%
40 000 010 000 000 000 00f @al0 @00 000 0X 019 000 000 027 ol0
Cs0 03 034 0 04 037 04 035 012 024 005 000 02 023 0% 0M
®0 G0 O0I2 oOCIl 008 010 00 QI8 013 02 00 00 o0 03 00 0.09
O 000 000 000 000 000 000 000 000 G 000 000 000 G0 0 Y]
MgO 050 03 05 04 OSI 06 04 03 04 053 047 050 00 0¥ 0.6
MsO 2404 230 2440 2447 2401 247 N3 BM R ¥ NV Na 2% 3 326
FeO 1022 1070 1046 1017 1035 903 204 186 19 13 172 20 19 18 1%
Za0 065 OSI 04 02 O LI 0@ 052 0I5 0 04 00 0N 06 oS!
A, 097 O08SS 105 O 104 02 008 Ol O 06 041 032 016 03 032
Y0, 000 000 000 000 000 00 000 000 000 000 000 000 000 000 00
CeO, 000 000 000 000 Q00 000 000 000 000 000 000 00 000 000 000
O, €1 717 S 6% 61 €0 1100 1075 0z S35 7TH 1006 IL17  Se 9M
=0, 000 000 GO0 000 000 000 000 000 000 000 000 000 000 00 0%
ZO, 017 084 09 om 07 031 000 000 000 000 000 0& O 00 007
IO, 000 ©000 000 000 QOO 0G0 000 000 000 000 @00 Q00 000 000 000
MO, 860 63 810 121 1, 13 13 IR’ L8 96 67 28 135 94 432
THO, 000 000 OO0 000 OO0 QO 000 007 00 000 000 000 000 000 002
%0, 3200 31281 3261 3251 386 R}V NG 3402 M2 12W\ M7 1N Me NN NN
F 070 O 06 06 0¥ OB LI LIS 13 o O O 18 OB o2
HO 288 29 2% 235 24 22 20 20 18 22 285 281 26 2@
O=F 049 437 4¥ 07 432 Q1 050 40 0% 0N 037 4 048 L 00
Temi 9590 9670 9699 9545 9574 9636 9508 9531 SE M N\ BNH KN N0 Nl
Chomies! formuins enjoninted besed e 31 salens

New 136 1n 1 1% 137 1% 168 0 157 167 18 1% e 10 12
Ne 045 04 040 041 04 08 06 08 06 03 o0& 06 an ou 06
K L7 1.6 1® 168 167 16 10 LM 145 L4 146 LS 135 152 145
» 008 008 008 007 008 008 00T 005 005 Ol 012 008 005 OIS 00
o 000 OO0l 000 000 000 000 ©0OI 000 000 QG 002 000 000 o0 ool
[ 001 002 002 001 001 001 002 002 002 ©00 Q00 002 002 00 00l
5 000 000 000 000 000 000 000 000 002 000 000 000 000 000 000
Semd 2T 218 218 214 2! 2B W 2M 217 U 200 M 212 M 218
Ns 091 OS7 O0S0 089 091 0G0 O% 097 084 09 100 095 0% 100 097
(Y 000 OI3 010 alf 009 010 ©006 003 006 001 000 005 006 000 003
SamS 100 100 100 100 100 100 100 100 100 1L00 100 .00 10O 1.00 100
Ns Q00 000 000 000 ©000 000 000 ©000 Q00 QIS 019 001 000 Ol o0
Mg 018 017 o7 o017 018 Q3 O 012 OIS a9 o 017 oM 00 016
Ma AR 4T 481 AUm 4® AN 6% 6# 635 €1 €U €3 64 67 &M
| o 201 200 204 200 206 177 G 43 08 0N 03 04 037 03 0¥
b 01l 009 GO8 007 Ol 03 007 009 OI3 008 007 008 009 OB OO
Y 000 Q00 000 000 000 OO0 000 000 000 000 000 000 000 0 0
Cs 000 000 000 000 000 OO0 000 000 Q00 000 000 000 000 0O 000
SemC T2 1 709 T3 712 705 10 705 700 700 700 700 04 70 700
T 107 1.2% W 108 L7 12 16 1M oW 1 LD 190 104 158
- 000 000 Q00 000 ©00 00 000 000 000 000 G600 Q00 000 000 000
Z 002 010 ©CIl 000 008 OO 00 000 000 O 000 a6 o0® 0w o0l
M 000 000 000 000 000 000 0 000 000 000 000 000 000 00 0
» 02 066 OS5 07 o084 G7 oM OI8 0I5 102 om 03m 0N 0N 045
Ta 000 000 000 000 0G0 Q000 00O 000 001 000 QO 000 000 QW 0.00
SemD 200 201 199 197 201 200 206 204 204 200 203 206 205 200 204
% 15¢ 161 1% 16 183 18 1M M| ™M 1 e 1% IR 5 1™
Al 077 o3’ 09 0 0® 03 02 0 0 0B ol 0K 006 ol 0.09
SemT 181 M 1M B | 1% 1M 18 1; 1\ 1% s 1 I’ I
F 052 065 051 04 037 05T 087 086 100 00 064 064 O7TT 0 0%
OH 400 400 400 400 400 400 43 416 400 400 400 436 4D 4D a
) 3048 3035 304 3052 304 3043 3013 006 300 3050 306 306 3023 3040 3026

19 13 .J3  20.14 2017 _20.14 3 [ 09 12 2008 _ 2004 .06 2004 20.08
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MIHI0AL MIHIMAD MSHIBAC MEHISA. MSHIGBs ASHIOES MSHIOB: MBS MSHIle
OXIDE PT1 Pr2 Pr3 Pra_PTS Awwege PLS PTO PTIO PTIL PTI¢ PTIS Awenge FTIC PTIT

231 2% 2@ 230 24 24 213 2% N 29 26 240 2% 24 29

632 605 €30 Ss €12 €N 68 &2 &2 65 €n 605 &l SM 3B

050 04 06 05 04 0O O ON 072 06 015 06 067 055 0%

000 000 000 O000 000 GO0 000 GO0 000 000 000 000 000 000 0%

037 036 025 027 014 03 000 000 00 000 000 000 000 o4 0&2

008 000 012 000 008 006 000 000 00 000 000 000 00 ou oM

000 G0 000 Q00D 000 000 000 000 000 000 000 000 000 00 0

064 051 067 QG 012 0 O3 00 Ol 010 00 015 0l o0& 06

1906 2LI8 1191 1812 D37 1995 NG R ML I\ 03 2763 269 2051 2060
1532 1273 IS8 173 1000 UM 101 1.0 128 (L 4 .0 [ %] 108 1407 1401
0.36 o 0.26 022 053 (L] 000 o.19 0.00 0.00 0.00 0.00 0.03 o 02
L4

{ 95 BLERSEELSEREREREREETE

20 201 0 198 1.9 197 19 1.9 203 205

o
8
8
B
B

7353 kA, ] 167 7.7 1.4 A 115 mm 1.4 1.74 160 161 162 160
0% 031 oM 027 o3l 054 028 030 s s 030 0.36 0.30 03
12 800 so1 02 802 19 19 L L] 02 1” 02 790 197 192 1.8

141 0.1 1.00 L7 L2 190 [ L4 1.04 L& (X} 1.06 1.28 L1 L0
0.00 0.00 0.00 0.00 0.00 .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 0.15
.18 680 .20 5n k¥ 14 5.8 056 .® o 0.5 085 on o.n [+ ] 6.41
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00 0.00 0.00 0.00 0.00 0.00 0.00
086 200 207 212 29 187 b %o 17 s.00 a0 165 490 418 1.26 1.9
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00
| 80 656 32 140 °53 206 13.7¢ 1241 11.20 e ne 1.3 1234 18 7.40
0.19 017 0.8 o4l 0.00 [V} 03 0.0 062 0.7 04! 0.90 0.56 0.00 0.00
3238 392 0¥ NI 2W N4 NN 2B 24 IN2A  N% NG NI NGO 1RO
033 o’ (T ] o 044 [T 24 0.00 0.00 0.00 0.8 0y 0.0 0.20 oM 0.1
258 261 260 b1 ] 25 9 28 2.50 29 b)) 252 2.5 250 260 29
42 433 £ 037 019 03B 00 0.00 0.00 o18 416 LOI8 009 03 032
913 9737 9161 9ISI 9567 9T06 9666 9% el N2 K% 9697 %R 9141 9D
Chemieal formuine aniouioted based en 31 anlems
Nay 1.04 114 108 m L2 L0 1.00 118 109 Lol L2 113 L L1 L1S
Ne o.13 008 0.00 0.00 0.00 0.0¢ 0.00 0.00 008 0.0 £0.05 0.1s 0.06 0.19 0.26
K 1.8 wm 15 194 185 18 190 (F 18 18 188 18 % 178 LR
Rb 008 .06 0.07 007 0.07 0.07 0.10 on [ R14 009 0.12 0.09 o.10 [:X. J 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
4 - oot 0.00 002 0.00 0.01 00t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 002 001
| ] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00
Samda 209 19 1% 18 193 1.9 200 195 203 198 12 20 20 204 207
Na on 094 on 09 096 oM 1.00 on 1.00 1.00 1.00 1.00 1.00 090 050
G 0.09 0.06 0.06 007 0.04 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.10 0.10
Som B 1.00 1.00 09 0 1.00 100 100 (X4 100 1.00 1.00 1.00 1.00 1.00 1.00
Na 0.00 013 017 0.19 0.16 012 0.00 on 0.0l 0.00 [ V14 0.00 0.08 00t 0.00
Mg [ &3 018 0.3 oM 0.04 o.ls 0.05 007 007 0.04 o 005 0.06 o 0.24
Ma wn 2 3.50 182 a“n an 58 .25 5.4 560 .24 .61 sS4 4.00 4.04
2% 24 3.06 h X3 200 2% 1.2 L Le6 1.9 1.2 1.36 La amn xm
0.06 .13 0.04 004 0.09 0.07 0.00 0.03 0.00 0.00 0.00 0.00 001 0.04 004
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 0.00 000 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
c 104 7.00 7.00 1.00 100 21.00 7.3 100 7.00 7.06 7.00 7.0 7.00 1.00 704
Los L 0.90 o» [T ] 09 0.10 .14 o.ls o1l 0.15 0.4 0.3 109 L2
0.00 000 000 0.00 000 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00
0.10 o on 0 027 o o» 0 0.9 [ 214 0.2 057 0.9 0.34 0.16
0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.00 0.00
o 108 o8 150 138 2 137 1.36 1.5 1.34 0.0 on
o0 [T} a0 0.09 0.00 001 (T -] 0.0 008 00S 003 0.05 0.04 0.00 0.00
201
1.9
033

~

0.8 0.00 0.00 0.00 032 028 033 o.1s 058 055
4.00 4.00 400 400 400 4.00 400 400 400 400 4.0 400 400 4.00 400
3061 043 3% 08I 3100 3100 3100 3048 3072 3067 8 N2 30.45
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MICROPROSE ANALVSES OF MONT SAINT-NILAIRE AGM
MSHIS MEHIL MSHIZe MSID M3Mile MENIZ MSHIle MSHIN

- OIDE_PTIS__PTIS PTO pT2l _PT pTIs  PT24  PTIS  PT26 A pT27 PT2S _PT2 _PTI0

04 0O O4 L4 OB L4 S0 038 437 028 04

g
&
§
&

NeO 254 245 . 257 213 206 206 206 18 p & 212 224 2 201 1.97
KO E ¥ 13 3.90 i 86 600 384 586 £2 80 53 Et 8 6.10 [+ €29 (85
Rb0 039 0.5S 0.54 036 033 0% 9 037 035 0.34 036 .41 [ X\ 0.43 0483
[« e 0.00 0.00 0.00 0.00 0.08 .00 0.00 0.00 0.00 0.00 001 0.00 0.00 0.00 0.00
GO 0.40 055 058 0.47 054 o7 1.00 0.9% oS o.n s 110 L13 0.9 LI
%0 ol 0.10 .14 [A13 o.le 023 02 3 0.3 025 033 0.09 012 0.00 012
o] 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
MgO (.1 4] 064 [} 4 (1] e 03 087 052 03s 038 045 0ss 0.7 080 o»
MaO 2008 2016 2113 22088 1S3 1926 85 1537 1138 1947 1701 BR DI ns1T DN
FeO 1337 1330 1310 1357 2060 1700 B2 1946 RIS 1625 183 1156 198 112 1030
0 029 03 o 0.9 0.00 0.00 0.0 0.00 0.00 0.00 0.00 024 0.00 0.00 0.00
A0y 118 128 0.9 1.02 080 (1 J 106 110 oes 064 087 103 151 165 L
Y:0s 0.00 0.00 0.00 0.00 .00 .00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00
[« e 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00
TO, 6.2 746 233 7.18 82 32 10 157 155 1.16 18 8 9 741 821
0, 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, 109 0.14 037 0ss LR ] an 396 419 s 375 %0 0.40 0.29 o.41 0.00
HIO, 0.00 0.00 .00 0.00 021 0.00 02s 0.00 0.00 (L) 012 0.00 0.00 0.00 0.00
N0, T 695 a8 (1 -3 L9 213 215 200 LM L4 m 494 6 664 EX
Tay0y 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
50, 31302 34 383 N2 NL 1N 128 1258 B2 N D 29 NVM N RN
F [} <} (0] 107 ost 1.05 096 104 105 [ 1)} 106 Lol 09 [} 4 060 107
HO 260 60 2. 265 -3 B mn mn 281 an 7% 206 264 260 260
034
91.55

W92 96 965 M KT %6 KW NV ’mi4 9696 9619

Lie 1.09 120 114 09 09 (1.} 09 -0 10 0.9 (1} 9 0.90 os

o617 0.20 00S als 0.16 014 oS o.18 o.is o.19 0.7 026 021 0.14 o
mn LN L6S n .3 LD 178 L74 Ln L L L 1.2 185 1.90
(L J 008 008 0.05 0.06 0.06 0.06 .05 005 0.05 0.06 006 0.06 0.06
0.00 0.00 0.00 0.00 0.01 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00
002 00! 002 001 003 (1 1] 0.3 00 0.03 0.3 0.03 001 002 0.00 002
0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00
1.9 2 | & 199 197 1.96 201 wm 19 197 K} 1 2 206 202

090 0.86 0.86 oms 0.7 o7 018 0.75 080 o .78 [ s} [ %2 ] 0.76 0.1
o.10 0.4 0.14 0.12 0.3 022 035 023 0.20 als 022 027 028 .25 027
1.00 100 1.00 1.00 1.00 1.00 100 1.00 1.00 Loo 100 1.00 1.00 1.00 1.00

joF fEvoPnE ;i i
§

0.08 0.03 029 007 0.00 0.00 [ 14} 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.02
0.2 022 027 024 021 [ X+ 020 0.8 o .10 .18 029 0.27 0.28 031
4.10 4«13 396 404 0 in 194 304 3.0 i 3 s 430 490 4.65
258 236 28 260 » k% s kY R X1 316 3.9 220 b4 o) 216 203
0.05 0.06 0.06 0.05 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 000 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 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
c 100 7.00 7.00 100 .1 119 7100 102 703 .10 1.0 702 7.0 7.04 100

(81 1.2 198 [ %2 ] 140 L2 135 133 131 128 (& -3 149 1.3 1.29 18
0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a2 002 004 010 046 .53 043 0.8 ol 065 053 0.04 0.03 0.05 0.00
0.00 0.00 0.00 0.00 o0l 000 [ 1 -3 0.00 0.00 0.02 00l 0.00 0.00 0.00 0.00
oSt on o.M omn .16 [ *-3 [+ <] [ F- [ R+3 012 (1] 0.sl 064 0.6 062
000 .00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D 204 20 20 0 20 203 205 20 204 204 204 204 200 202 204

161 16 185 166 166 157 161 78 .73 1. 16 152 151 151 10
032 035 [N} 028 a2t o7 0 0.30 o.Is o ou 028 0.4l 045 0.40
r 1. 19% 1% 1.4 .. 184 190 1 1% = ) 1.90 k2 3 796 1.9

0.6 0.4 0.75 0.58 0.75 [N} on (% 4 0.67 [ & ] 0.74 0.66 0.6 (X} om
4.00 4.00 425 403 425 30 3 [~-3 o a2 426 o 400 400 400
3040 305 3035 042 30 0N 302 02 30X 3022 3026 04 03T 06 2

og™ pE® [IFENFS FO<VIEEF

1998 2001 1996 1997 1995 1999 1998 1996 2006 2008 19.93

Cations




ELECTRON MICROPROBE ANALYSES OF MONT SAINT-NILAIRE AGM

MSHLe ME) MG M1 MM MEMNIC MINIS MSHISS
OXIDE_PT31 _PT32 PT3 PT4 A PT35S _PY36 _PTIT_PTM PT_PT Avege PT4 PTR2 PTO
Ne O 221 L96 209 19 2.10 262 2D 265 267 n 302 215 307 3.07 2.
KO 6.00 617 609 61 615 s 33 s 567 5.0 554 S sn %0 4
R0 038 o041 0 038 0.41 are 06 oM o2 omn 065 on 0.87 08?7 057
0 0.09 0.00 0.09 0.00 (X~ 022 ols 02 [ b-3 o.18 o.11 .18 0.00 0.00 0.00
Ce0 1.3 1.06 0.9 1.08 L0 0.06 0.09 0.07 0.06 0.00 o 0.07 0.14 012 0.16
0 o1z 012 0.08 ol 0.10 0.17 o1 81 ] 0.17 o.ls 23 o.19 017 0.16 0.14
BeO 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
Mgo 0.90 oss (13 092 087 o6 o0 [ &) o.® on o 0.78 091 (13 0.
MaO W U4 DI DI NDE  2WI2 B2 280 U V06 256 2526 I Dl 6
FeO 1077 1029 1L.21 1ne 11.06 9 [ { ] L & 3 201 | £-3 [ &) | 473 10.12 [ { N S YW}
20 0.00 0.00 0.00 .00 0.03 0 032 02 [+ ] 03 034 032 [ ¥~ 020 021
AlWO, Lot 1.5 121 1.06 3 L3 ast [ L 3 [T ] L4 o» 0.86 04 0.2 0.80
0, . 000 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
Ce,0, 0.00 o.ls 0.00 0.00 0.02 0.16 0.00 0.1 0.00 0.00 0.00 0.05 0.00 0.00 0.00
TiO, | O s.14 807 84S | $ 1) 521 €9 sS4 524 2 1% 597 .00 7.08 695
0, 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, 033 0.00 021 (%7} 028 2 2466 pa wm Ed i 1.60 2.57 0.57 0.7 044
HIO; 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
NO, 41 sn 586 501 36 168 a8 107 pA) 1.8 4958 6.43 1.55 6.74 151
ToOy 0.00 0.00 0.00 .16 02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
80, 335 NN T2 29T 31285 3215 NI 12 NN 2 MIS 29 BV 44 DM
F 0.86 0n ose 1.02 (1 3 on [ 1) LoS o o 0.78 [} -3 0.94 Los 0.94
H,0 2. 29 260 26 267 254 285 .97 2.56 255 2, 67 262 263 2.61
O=F 036 0.30 033 0.43 036 .30 035 L4 «0.30 037 032 £0.35 0.40 0.4 0.40
Toml %73 %4 26.30 926.718 26.84 9642 %30 9720 %4 %600 987 96.57 7.2 72 %NS
Chomical formuine eniculated based en 31 anisas
Ney, o os 094 [} 09 120 &) 1.2 12t 125 14 L24 1.36 1.36 128
Ne .18 0.14 0.18 0.2¢ .19 021 024 02 021 0.20 028 0.26 0.29 022 0.19
K LTS = 1.90 L® 150 L4 1.8 L% L0 L L6l 1.9 1.67 1.66 1.8
| 0.06 0.06 0.06 0.06 0.06 o.11 o.l0 012 o.11 on 0.10 0.11 0.08 0.08 0.08
[« } 0.01 0.00 o0l 0.00 0.00 0.02 am 0.02 002 002 00! 0.02 0.00 0.00 0.00
4 002 002 ool 002 [ 1.} 002 00 0.03 [ 1.3 0.03 (.1 0.03 0.02 0.02 0.02
[ ] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Saom 4 201 204 205 210 207 21 200 20 206 209 202 210 206 19 19
Na 0.75 [ &/} 0.7 0 0.74 0.9 (L} 095 0.9 Loo 09 09 097 097 096
Ca 025 026 028 027 026 002 0.02 002 0.02 0.00 003 0.02 0.03 0.03 0.04
Som B L.00 1.00 1.00 1.00 Lo 100 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00
Na 0.04 000 000 0.00 0.00 0.00 0.04 0.00 002 0.05 o.10 0.00 .11 0.16 0.13
Mg 03l 02 032 032 0.30 024 08 03 024 023 030 0.26 031 [ %)} o
Mn 460 Lk, 4.56 4602 4.60 S0 4”2 s.10 49 . 496 49 4.60 4.55 [ :)
Fe 208 1.9 217 212 212 1.% 10 m n 166 1.9 L7 1.94 1.9¢ .19
n 0.00 0.00 0.00 0.00 0.01 0.08 0.05 0.08 0.07 0.0% 0.06 0.06 0.04 0.0 0.04
Y 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.00 o0 0.00 0.00 0.00 001 Q.00 ool 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sem C 1.00 108 704 108 102 708 1.00 7.4 7.00 7.00 7.00 7.00 7.00 7.00 .00
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0.1 o1 0.00 0.16 .17 ol 025 02s o 047 032 0.9 028 030 0.18
[ 4, 124 [ 1] 730 .26 .0 en 1% [ 14 1.9 5.9 b A, s 635 147
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 Q.00
457 425 430 3% 42t 4.16 3 405 5 110 582 L S8l (5>} 3
029 0.13 0.00 .00 o [ 1] 0.00 0.00 032 0.00 07 02 030 o.16 030
29 247 262 219 220 b3 ) 404 m 3.9 358 337 % 358 b2 -4
0.00 .14 0.00 0.00 0.00 0.00 0.0 08 os 03¢ 0.00 0.00 0.00 028 037
3083 N\ NM N NO 3N 3 RNu IUD 3147 3197 3200 3192 3180 34
09 LIS 114 140 120 125 L8 L6 09’ o’ un Lo? 137 107 L06
268 267 268 252 264 260 e a8 b 4 296 266 2 2.53 220 m
042 00 048 L9 051 043 L4 L6 Q0 033 047 048 08 045 Das
%00 9720 9633 9605 968l O NG 932 996 9762 9666 9807 968 9131 945
Chomsienl formuine esicaisted based en 31 enlons
o™ (%, o8l on 014 orn 02 0% 094 086 097 094 o (.Y} o
0.09 0.08 o1 0.09 008 0.00 [ A4 01?7 .12 008 0.08 0.09 0.02 .10 0.01
1.90 185 1.8 19 18 196 1 & ] L 1. L% 1.9 18 1.9 n 185
0.06 0.06 .06 0.06 0.06 0.06 005 006 0.05 0.06 .03 0.06 0.06 0.06 004
0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 .00 oot 0.00 oo 0.00 0.00 [T}
0.04 0m 0 [T} 00 003 00 003 004 00 0.04 004 004 0.04 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 0.0t
0 202 208 206 200 204 200 200 n 1.93 1.96 200 19 196 198
0.70 omn [ &} [T 066 [T} oS! as o 0.7 oss oss 0.86 o 0.75
030 022 0.30 a2 034 (&3 .19 o.19 0.18 02 a2 0.1 0.14 .17 0.28
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00
0.00 0.00 0.00 0.00 0.00 000 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
021 0.20 0.4 0 o2 0B .19 [+ 0.20 .19 021 021 020 0.20 021
192 194 240 .: 12 p5 0 246 2% 245 238 w2 kALY 307 274 219
530 50 466 445 5.3 4 461 a5t (X4 464 3.7%6 39N a9 7 481
0.00 .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 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00
0.01 0.0l 0.00 00 002 oo 00z o0 002 004 (X3 0.03 002 0.03 0.02
7.44 k& -1 129 kA 728 32 729 123 124 125 k-3 125 .21 1.24 >
121 127 1 . 129 128 128 LIs 127 Lle 1.26 o9 101 096 L 131
0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 .00 0.00 0.00 0.00 0.00 .00 0.00
0.53 oS 0.52 0.0 oS oS o0 046 (Y- 0.3s 0.6 065 067 052 a»
0.02 0.01 .00 0.00 002 001 0.00 0.00 [.T.-3 0.00 0.02 0.02 002 001 0.02
03 026 028 03 03 023 0.0 0 (Y.} 0.40 038 0.3s 03s 038 a3
0.00 0.0l 0.00 0.00 0.00 0.00 0.0 [T -] 004 0.03 0.00 0.00 0.00 02 002
204 203 2.00 196 200 1.9 208 0 206 20¢ 200 203 200 2203 204
wm 14 1.8 kA1) 1 78 12 1.8 136 73t 182 744 752 142 138
(% J 0. .41 0.0 0.4 0482 0 031 041 s 32 03s 0 037 0.41
766 70 ™ .9 k2 1 e 1.72 .9 mm » 184 R A, k2 1 150 1790
0.7 087 oss 1.04 o» 093 ~ 080 0.8s o170 0.57 [} 0.9 1.02 [ %, ] 0.7
425 s 415 396 an 407 420 s 430 “3 417 421 3% 21 2
3025 3013 3018 9% 011 3007 3020 305 3030 048 NI17 3021 DN .21 3.2
20.22 07 20.13 19 2000 14 2006 2006 1998  20.02 02 2007 1998 2003 20.04
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MSIIES MSHIBe MIHI MENIID MIHMAS MSHMAD MIHMAC MISHMA

OXIDE PTio PTII PTIz PTI3 PTIA PTIS PTI6 Awg PTVT FTIS FTD prc_eral PTZ PTT
Ne,O wm .73 1.86 1. 151 1.9 L.53 1L L 1.9 19 191 202 224 186
K0 [+ €32 618 [+ €2 607 &2 €20 6«12 606 €03 [ 1.1 58 $81 87
/b0 029 ou 026 0.26 029 0% 027 027 036 03s a3s 0.30 028 31 ¢3!
= Mo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.14 0.1 .15 0.18 o.11 0.10 .13
Ca0 109 L0 o9 o L 138 L9 L3 o 091 1.02 L0 [ %, ¢ 0.0 1.08
S0 038 042 045 050 0.38 0% 0¥ 0.0 (Y3 o 03 033 028 037 (% ]
O 0.00 0.00 0.00 ol 0.00 .00 0.18 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO o.ss 09 LI0 0ss 1.06 09 o7 0.90 046 0.9 o.st 0.8 034 0.5 047
MO 1299 1332 1330 1319 116 149 130¢ 10 930 2.19 956 9.74 14 96 .53
FeO 2% NG VM NBW N6 26 2T 2V 2647 264 269 27235 U35 2624 1S
0 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
ALO, L2 132 L6 1.3 L 3 n LO 1.34 1.24 138 L4 0.86 0.7y 18
Y0, 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
Co,0y 02 03 0.9 0.26 024 0.00 030 .23 [ V4] 0.00 0.00 0.00 .00 0.00 0.00
TiO, 816 812 824 9 %10 «n 783 m 18 152 187 m 758 [ §7} 19
20, 0.00 .00 0.00 0.00 0.00 0.00 0.00 .00 .00 0.00 0.00 .00 0.00 0.00 0.00
&0, s 3.3 3 3.6 3.10 s, 291 1.8 kX 356 332 338 437 435 285
HID; 0.26 025 036 0.00 0.00 0 00 0.24 028 03s 0.2 o 0.26 0.7 0.
NyO; 233 20 1.96 25 2% L3 20 % 264 P A/ n 316 2.18 146 268
TeOy o.19 016 0.00 0.00 0y 0.15 033 020 [+ 0.19 o.44 052 on 0.00 0.66
50, 398 3216 3233 1292 N 3208 N& 111 K 3L6s 3227 211 3260 01 3218
F 1.03 Le osr LI6 L1s X3 [ A 106 1.08 119 096 (X ] 1.20 119 Li6
HO 216 258 285 m wm t&: 285 27 2 26 28 281 267 26 26
O=F 08 0% 0 L0 L& L0 02 L4 045 050 060 042 051 00 08
Toml 97354 9725 9750 $E19 9720 9103 6D 9136 NI 966 |maS 9909 91 945 9
Chomical formaine ealcninted besed on 31 snieas
Nt on [ X, on o 067 o 0e 0.2 050 086 oss oss 091 1.00 o
Na 0.04 005 007 0.05 002 0.06 000 0.04 0.05 0.09 .10 o.10 0.10 0.20 0.10
K 184 [F ] 1. 2 1.5 181 ¥ -3 18 L8l m L LI L7 1n LN
[ ] 004 0.0 0.04 0.04 004 0.04 004 0.0¢ 005 0.05 0.0% 0.04 004 0.05 0.05
[} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ool 0.02 0.02 0.02 0.0 0.01 0.01
Sr 0.05 0.06 006 007 0.05 008 0.05 .05 0.06 006 0.05 0.0¢ 0.04 0.05 0.05
Ba 0.00 .00 0.00 0.01 0.00 0.00 002 ool 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SemA 1.97 2.00 198 198 1L 1.9 193 K 198 20 1.9 1.96 192 201 194
Ns 0.7 o.M 0.76 0.7 0.66 066 0.® [ % 0.7%6 on 0.75 0.73 0.8 0.80 o7
Cs o o7 024 on oM 035 " 030 0z o [ 5] 028 02s 0.19 0.20 .27
Sam B 1.00 1.00 1.00 1.00 1.00 L00 0.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ns 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00
Mg 029 03 o3 029 036 032 030 o3 .16 0.17 o.18 0.16 0.19 0.19 0.16
Mn 234 261 29 235 57 2. 8 256 1.86 1.0 186 .9 2.25 1.9 167
F 435 418 49 s e L0 421 49 5.3 s 517 .2 m 5.06 532
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 .00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.02 0.03 (1. 002 0.02 0.00 oo 0.0z 002 0.00 0.00 0.00 0.00 0.00 0.00
Som C 120 718 128 7.4 1.9 k& -3 mn 718 217 1.9 7.2 127 12 714 713
T 1.4 L4l e 136 1.40 118 138 136 .34 &) 136 1.3 132 L4 L%
= 0.00 0.00 0.00 0.00 0.00 000 000 000 0.00 0.00 0.00 0.00 .00 0.00 0.00
/4 037 037 (¥ -3 0.4 038 o [ %] e 0.41 o4l 0y? 037 0® 049 0
Wr 0.0 0.02 002 0.00 0.00 003 002 o .02 0.02 001 (X3 0.02 0.02 (1.3
] 026 026 020 026 0¥ 012 030 02 0% 0.2 02 033 o 0.1$ 028
Te 001 001 0.00 0.00 0 00l 002 oot 001 0.0t 00 0.3 001 0.00 004
SemD 208 207 207 0 208 20 208 205 206 208 208 20 207 207 205
S 738 143 10 192 kA 1 78 8 1.2 T4 14 741 138 138 1.61 144
A 0y 0.36 o3l 033 s 0¥ o4 0 037 034 037 % § o 0.20 0»
Som?T kA 1.9 1.74 185 188 784 788 181 8 .7 17 kA . . 10
F 0.75 103 0.6 08 084 0.1 057 o o’ s 0.70 a2 o8 087 08
OH 425 397 Lk y 4.16 416 4235 w L%} 21 a2 430 4“8 12 an 415
o 3025 297 2037 016 NI6 3B 204 0 3021 N2 0¥ N8 N2 WD 30.13

02 (]} 07 19.99 19.94 04 19.94 01 o1 06 _20.0 20.04 1999 2003 19.97
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Sample: MIMHMA MINME MINMES MENIMD MSH3Se MRS M3 MSHISE
ODE PT4 v PTIS PTI6 DT PTI avesge PTI0 TN PTI PTH PTM PTIS PTI PTY
NeO LS 1.9 190 LS 195 195 1L9¢ 206 198 218 2D R 217 207 200
X0 59 596 590 5.9¢ 8 f X 59 5» » 590 5.0 59 8 58 EX 3
RbyO 029 032 .19 .16 o.16 .19 /% § 044 o 0.40 041 0.45 0.4 0.4l 0.0
[ ¥e g 0.1l 0.3 0.00 0.00 0.00 0.00 0.00 0.00 .13 0.00 0.00 0.00 0.00 0.00 .10
0 097 0.95 1.00 100 100 LoY 102 1.2 150 La6 L& .27 L3 149 151
0 034 0¥ 0 025 022 02 [P o.18 0 0.20 02 0.16 0.15 022 021
[ o] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 017 025 013 .19 0.00 0.14 0.3 0.2%
MgO 048 050 0% 0.66 [T 3 on 0% 1.04 (L} 108 108 o omn 1.04 0.96
MaQ 10.01 9N 10.10 9.36 9.40 .57 961 159 1513 179 1796 2089 214 1734 17.48
FeO 2581 2643 2515 BEO B0 OS 32 VST UM 17 9 13.64 13.13 1699 1679
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 02! o.18 .19 0.00 0.00 0.19 021
ARO, L» 122 1.04 09s o o087 0.96 1.3 L1® 0n [} 4 o o2 X _J L13
Y10, 0.00 0.00 0.00 0.00 0.00 0.00 a00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Q.00
Cey0y 0.16 005 0.00 0.00 0.00 0.00 0.00 0.1s 0.00 .15 0.00 0.00 0.16 0.00 0.16
TiO; 807 k2 -3 699 (%3 [y 696 [} .™ 2.7 10.1¢ 10.44 92.90 10.13 10.40 9293
S0,y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
0, in 35 645 665 686 2 656 1.08 103 125 L2 0.96 o8 0.74 0.76
HIO, 026 0.26 03 041 0.40 032 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21
NyO,s 20 29 0.66 0.6S [.T ) 037 09 23 b5 L8 192 267 23 21 254
T,y 058 oM 0.16 0.13 020 0.00 012 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, 20 27 N2P N8 12O 12 NI NRB N NE MUK 3320 3BT BB NGE
F 1.24 L3 L3 1.57 1.2 LS 127 LIS 1.00 (X 3 Li0 LIS L1s 1.20 1.0t
HO 266 2mn 268 245 26 264 2% 2n s 2. b3 ) 2n 275 an 2%
O=F 45 o0 L4 066 0.9 Q8 40493 03 0 04 0.46 £.50 L 031 £0.0
Toml 9765 TN 9620 W W2 B NI M KST NI NO K1 9716 9674 9598

Now e os? o o» (] 4 [} J os (L)} on 095 0.96 (L] 096 091 0.90
Ns 0.06 .10 [ X} 0.14 .14 o.le 0.4 026 02 030 031 0.2 028 024 027
K LIS L% m L. LIS L. | &g 1.74 L3 L0 165 LD 170 LN L7$
[ 0.04 0.05 0.03 (.13 [ 1.~3 (L} .03 .06 0.06 0.06 0.06 0.07 0.06 0.06 0.06
[ ) 001 001 .00 000 0.00 0.00 .00 0.00 .01 0.00 0.00 0.00 0.00 0.00 0.01
- 008 0.05 (1) 0.0 0.03 0 (1] 02 00 0.03 0.03 (.- 002 003 0.0
Bs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 002 001 0.02 000 0.01 0.0 0.02
SomA 19 19 195 198 1.94 200 1.97 210 21 208 .07 20 208 206 214
Ns 0.76 on 0.75 0.75 0.73 on 0.74 0.65 06 0.65 063 0.6 0.67 0.64 0.63
Cs 0.2¢ o 025 025 035 o7 0.26 035 037 0.3s 035 o3 033 0.36 038
SomB 100 1.00 1.00 100 100 1.00 100 100 1.00 1.00 1.00 1.00 100 1.00 1.00
Ne 0.00 0.00 0.00 000 0.00 .00 0.00 .00 0.00 0.00 0.00 008 0.00 0.0 0.00
Mg 0.17 a.1? 029 [+ 0 02s 02 038 oM 035 0.36 028 024 035 03
Ma 1.96 1.90 0 186 (¥ [ X 1) 1.9 0 LX 3 » 403 426 338 3.8
Fe “» . a4 50 s LL. ] m 3 368 5 13 R >4 261 250 3.2¢ 325
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 004 0.03 0.03 0.00 0.00 0.0 0.04
Y 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cs 0.01 0.00 0.00 0.00 0.00 Q.00 0.00 [ L1} 0.00 o0 .00 0.00 o0t 0.00 0.0)
SamC 112 7.18 120 713 109 100 13 7.10 110 1.0 7.00 1.00 102 1.00 706
T 1.40 136 117 Lis L4 1.3 LIs ¥ J Ln n 175 1.6 .73 L7 1.7
an 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
o 0.3 0.40 0.7 0.% o orn oS [ 8+ a1 0.14 [+ 0.10 0.10 o.0s 0.00
Hf [ X3 o0 0.04 0.0 (.1} a0z 0.0 0.00 000 0.00 0.00 0.00 0.00 0.00 o0
N o 0.26 007 0.07 0.07 004 0.06 024 02 .19 0.19 0.2 0.24 0.3 027
Ts 0.04 (.1 -] 001 00 eol 0.00 on 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00

SemD 200 207 202 208 204 201 20 204 2200 204 206 206 207 209 210

T.44 7.46 1.9 160 164 1% 10 10 142 760 7.8 161 1.9 135 10

o o 084 L7 0.90 [} 094 [} on o.% [N 0.86 (.Y <} 0.86 0.74
409 s .16 k¥ 4.10 a4 406 415 L+ L&) L& (8L 417 44 426
3009 3018 3016 298 3010 304 3006 30IS 3027 3031 3023 3015 017 3014 3026

S

A

Sem? 1M1 kX, 198 w m 12 - k2 - 7.7 L k2 1 ™ k2 1) 78 P AL
F

OH

o
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MIHISAD

251
s

0.00
0.00
06 0
960 2934
44 a2
022 0.00
201 190
0.00 0.00
.00 Q.00
227 L®
0.00 .00
315 336
0.00 0.00
1038 1L17
052 0.64
3230 3164
052 0.00
256 252
€22 0.00
9761 9710
L4 Lis
0.16 0.20
Ln L
0.34 0.14
.00 0.00
.00 0.00
0.00 0.00
2.00 212
097 098
.03 0.02
1.00 1.00
0.01 0.00
021 017
587 591
[X 1 0.96
0.04 0.00
0.00 0.00
0.00 0.00
7.00 1.04
.40 % -3
0.00 0.00
0.3¢ o
Q.00 0.00
L0 1.20
.0 0.04
.9 1.95
136 15
0.55 [ X2]
| §31 8.06
0.9 0.00
4.00 400
062 3100
200t 20.18

60
i»
087
0.00
0.06
0.00
0.00
059
298
436
0.00
207
0.00
0.00
1.64
.00
2
0.00
1.09
052
3L64
0.00
52
0.00

1.20

021
L9
0.3
0.00
0.00
0.00
213

099
a.02
1.00

0.00
0.21
6.01
[} 14
0.00
0.00
0.00
108

0.2
0.00
0%
0.00
119
0.03
1.90

153
oss
| 8%

0.00
4.00
31.00

2023

28
596
oss
0.00
008
0.00
0.00
0.50
30.28
an
0.00
195
0.00
0.00
193
0.00
I
0.00
119
0.9
3.9
0
2.55
©.21

9161

007
.18
603

o
0.00
0.00
1.00
0.00
0.00
L9
0.03
(K )
152
806
036
4.00
30.64

20.00
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Sample MBIDS MRIGAs MEIHIGA. MSHIBe
OXIDE _PT38 A PTY _PT PTAI PTL Preas  Pres Pra6 A PTE> PTG PTG PTES PTG
Ne,O 209 zn 25t 252 285 280 220 26t 2m 236 22
KO €02 59N 599 591 E: ) 5 & sn 590 E1 L& 1)
[ e 0.40 o 034 0SS (X )] 0.58 os a9 .56 064 osl
0 0.09 004 007 0.09 o0 0.00 008 0.00 a.08 0.06 0.00
[o o] 156 148 1.20 1.3 L7 090 L13 0.00 os? (X} 0.10
%0 018 .19 0.04 008 008 007 009 0 0.08 006 0.00
BeO 024 018 .00 .00 014 0.00 .00 .00 0.00 002 0.00
MgO 111 o 093 09 090 103 104 [ Y- 1ot o» 090
MaO 173 1801 6 1¥ DO UG WP W U6 BX 2
FeO 1728 1681 1026 1060 IR m sn 29 196 786 667
0 0.00 o1l 0.29 o 0.00 021 0.00 .00 028 0.16 0.00
AO, L16 L0 1.2¢ 2 L19 0% .8 161 106 1.24 260
Y0, 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CsO, 000 0.07 0.00 0.00 0.00 019 030 Q.00 0.00 0.07 0.00
Tio; 1022 1009 800 220 828 813 223 L7 192 136 1.64
=0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 000 0.00 0.00
0, os 096 075 an omn (& ] 167 40 0.40 L21 p ¥4
HIO, 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nno, 24 p & S0 504 5.00 52 L2 1093 S7® 5354 [}
Taos 0.00 0.00 0.00 000 0.00 0.00 0.00 .19 0.00 (1.} 067
S0, 3399 320 N0 RE N9 3P N2 NS BV NW .8
F 1.07 Lt0 1.09 1.04 on [ &, 112 0.00 0 (¥ 1 0.46
M0 288 2. 29 29 261 257 mn 2.50 260 260 2.9
O=F £.45 0.46 0.46 .44 .41 033 0.47 0.00 0.4 £0.36 Q.19
Toml e 9B 956 9592 KW MWW BB KB BR BN 96.39
Choumieal fsrmains caicaisted based on 31 salens

Noy o9 0.9 L L3 114 .7 0.9 121 1.21 LIS 108
Nes .16 0.2 021 026 [ -3 08 0.26 021 [ R L] [ ¥4} 0.08
K m Ln 118 174 L3 L 1.8 L7 1" 1Ln 1.6
[ 0.06 0.08 008 oos 0.08 009 012 014 008 .10 0.12
[+ 001 0.00 o0 001 ool 0.00 ool .00 001 oot 0.00
4 0.02 0.0 0.01 oot 001 001 001 0.00 00l 001 0.00
Bs (1. 3 002 000 0.00 [ 1)} 0.00 0.00 0.00 0.00 000 000
SomA 198 210 208 mn 208 211 208 b A1 1.9 207 ¥ J
Na 0.8 0.65 a0 0.7 on [ X, ] (%73 1.00 [ &, ] [ kg) 0%
Cs 03?7 0.3s 0.30 a3t 0.3 [ 52 ] 0.2 0.00 [}~ 0.3 003
Som B 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00
Ne 0.12 0.00 021 017 021 021 001 .00 027 a.15 0.00
Mg 0.y 033 032 032 (5} 036 036 [ X1} 035 031 032
Mn 128 3.46 40 w2 460 s 5.50 [+ 490 » 561
| e p &) 319 19 208 1.9 150 110 0.60 153 152 132
n 0.00 0.02 008 0.04 0.00 004 0.00 0.00 0.05 0.02 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.00 0.01 0.00 0.00 0.00 (1. 3 0.03 0.00 0.00 o0 0.00
SemC 100 101 100 1.00 7.00 7.00 7.00 702 7.00 7.00 129
Ti 1.1 .12 1.9 1.0 1.0 1.0 16l 032 L3? 128 029
n 0.00 0.00 Q.00 0.00 000 0.00 0.00 0.00 000 0.00 0.00
- 4 o.10 ol 0.09 008 os o0 0.17 o 008 [ A} 037
Hf 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
Nb 024 024 083 05 032 0.56 oI 118 060 039 1.08
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ool 0.00 0.00 0.0¢
SemD 206 207 200 20 20 202 193 1" 202 201 L%
Si 1.99 134 16 758 10 .0 1.6 1.5 7.70 764 1.0
Al 031 o7 0 03 [} -] o 0 0.46 029 oM 0.1
SomT 19 18 mwm . 193 198 800 804 19 198 | &-]
F 0.7 (X} 080 076 on (X ] [} -3 0.00 oen 0.6 0.3s
OH 425 421 4.00 400 400 400 418 4.00 4.00 403 4.00
o 3025 3021 3020 304 X0 2 N 3100 302 3037 066
Conoss 1993 199 02 2006 2004 2011 2003 2015 2000 20.06 _20.06
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ELECTRON MICROPROBE ANALYSES OF MONT SAINT-BILAIRE AGM

Sample MSHISBM MENIS MSHIGA: MSHISAY MSHISAC MEHeA
OXIDE PT67 PT6E PTE PT0 PTN PTT2 A Pra? PT4s PT4d PTSO PTS! PTS: PTSI A
Ns,O kL J 297 96 304 298 3.0 2% 20 260 pall 2% n R 251 268
K0 €09 6.08 594 60 616 615 593 6.00 €17 598 59 6.0¢ 5.96 604 [ 1]}
RO 0.9¢ 094 [ X ] 098 090 [ X3 on 046 047 051 0.46 00 047 0.46 0.
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 Q.00 0.00 0.00 0.00 0.07 0.02
Cs0 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0w 0.43 059 0.56 062 0.56 0.57 [ K3}
%0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.03 0.03 0.04 0.04 [.X.1]
B0 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 .00
MgO 032 o3 0.9 0z .29 029 0.4 027 03 [ - 0.40 037 0.41 0.43 037
MO 3064 3032 3036 3002 304 30D W 204 2178 1955 1936 1913 1984 1953 0.8
FeO 302 313 3.10 il6 33 3o s 18 1236 144 146l M6 a0 1397 BY
200 0.00 0.00 0.00 0.00 0.00 0.00 002 020 0.00 o 020 021 030 0.00 0.16
A0y 1.3 12 129 136 L3 1.32 L& 126 L 126 1.26 124 124 125 1.2%
Y0, 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
Ce/0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 014 0.00 0.00 0.00 0.00 0.00 0.02
Tio; 1.66 L 1.6 LN 1L wn L% 5.54 8 629 [+ [ %) 631 638 6.10
380, 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, pd ) n wn 215 296 28 10 129 L3 Ll L2 L8 1.24 1.28 .23
HIO, 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
NBO, 1292 1273 1271 ns R 126 1us [ &1 830 120 .27 1.18 715 718 7.5
Te 0y 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, 3267 3280 3210 3299 3200 3200 3213 NS0 202 3256 3240 3262 2G4 3226 1M
F 033 036 0.44 0.00 053 000 030 oss 0.65 [} 14 o.M 1.04 094 0.64 08s
HO 57 256 29 2% 254 252 254 235 4 257 256 257 258 25 255
O=F 423 <015 009 0.00 o2 000 £I3 L0366 027 037 040 M 040 027 0¥
Toml ®I) 9177 M 9733 SLIE I3 9126 9530 9599 908 9585 9596 9647 9%am2 BN
Chemies! formuins calenioted bosed en 31 sulians .
Nay L3S 133 1.36 1.9 137 L0 126 .24 L9 1.24 .27 1.3 1.3 L1s 1.22
Ne 0.09 oos 0.1?7 o.11 o.1s on o.ls o o o 0328 o.18 028 0.13 an
K [ i) 1.2 1.9 1L 186 .87 1. 18l [% 3 L 1.7 1.90 n .2 190
| ] 0.1¢ 0.14 0.14 0.14 0.14 o.1¢ 0.14 00?7 .07 0.08 0.07 007 0.07 0.07 0.07
[« 3 0.00 0.00 0.00 0.00 0.00 0.00 000 0.01 0.00 0.00 0.00 0.00 0.00 0.0! 0.00
S 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00
| 3 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sema 204 204 210 206 .18 224 210 212 15 214 21 2.06 21 203 21
Na 100 1.00 1.00 1.00 1.00 X J 09 0.90 (1 ] (¥ J 0.86 08 0.86 0.86 087
Ca 0.00 0.00 0.00 0.00 0.00 0.00 001 0.10 .31} 013 0.14 0.16 0.4 0.14 0.13
SomBd 1.00 1.00 Lo0 1.00 100 100 100 100 1.00 LOO 1.00 1.00 1.00 1.00 1.00
Ne 0.26 027 0.9 0 o.1s 017 0.10 [ X1 0.08 012 013 0.20 0.08 0.17 0.13
Mg 0.1 on o.10 o010 0.10 010 0.16 o.10 o.10 .18 0.14 o .14 .18 o
Ma 6.04 601 €0 S 610 61 S8 L -3 436 b ¥ o 384 s 391 39N 401
F 0.9 0.61 0.61 .Y > 062 02 on 238 24 20 2806 288 28 2% b4
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.04 0.04 0.04 0.03 0.00 0.03
Y 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
Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 001 0.00 0.00 0.00 0.00 0.00 0.00
SemC 700 1.00 7.00 700 7.00 1.00 7.00 1.00 7.00 71.00 7.00 7.00 7.00 1.00 7.00
Ti 0.29 0.2 0.0 o3l 0.30 on (k) 0.9 o.» Lo L0 L L0 113 LO8
m 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
/4 032 032 on on 0 [ %} 03s 015 015 o.13 0.14 o 0.14 0.14 0.le
Hf 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
Nb 136 L3% 136 | &) 133 136 1.26 o [} ] 0% on 0.7% .75 o 090
Ts 0.00 0.00 0.00 0.00 0.00 0.00 002 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SamD 19 193 1% 200 197 (X (X ) 202 20 L% 201 200 200 204 201
S 1.61 148 1.60 1% 187 764 1% 135 1.57 760 1758 161 19 16 1%
A 038 036 0.36 s (% 3 037 047 033 03¢ 033 033 034 oM 03s 03s
Som?T 199 804 796 8.06 195 801 808 7.9 79 193 193 195 193 7% 194
F 0.41 027 033 .00 0.0 0.00 0.3 064 0. 064 0.70 or 0.6 048 0.
OH 4.00 400 4.00 4.00 400 400 400 400 4.00 4.00 4.00 4.00 400 4.00 4.00
o 3060 3073 3067 3100 060 3.0 3077 3036 3051 3036 3030 3023 303N 52 30.37

20.04

20.12

2000

2000 2005

B

20.08

]
2

4



ZLECTRON MICROPROBE ANALYSES OF MONT SAINT-RILAIRE AGM

Sample MSHISBe MIHIDS MENND MHSIAs MIHIA> MIHAC
OXIDE PTTS PTIS _PTI_PTYTT _PTRW _PT® MK PTSa PISS PTS6 PTST PTSS PT% PT&
NeyO 245 253 251 258 249 254 268 253 208 210 193 2% b2 1 258 9
| g 597 6.00 594 590 80 .90 s son 618 601 610 609 59 5.96 592
Rb,O 0.46 o3 037 037 037 0.36 0.3s 03?7 033 033 032 038 036 032 034
G0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.07 0.08 008 0.08 0.09
CaO 0.67 0.65 0.52 [.X: ) 0.54 052 0.1 0.56 1.3 12t 1.3 os? 095 .15 061
>0 0.2 0.18 0.19 0.15 o.l4 0.13 020 017 02 028 028 0.3 038 034 0.3
SO 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
MgO 012 .12 0.12 el 009 010 0% 011 a.ss 054 054 0.69 061 072 09
MaO NE DO NST BHP BN WU UX DO 1103 1094 1080 1391 1347 35 1M
FeO 1083 1195 1138 1120 1138 100 1072 1L N B 27 200 2203 113 1527
Zn0 0.26 0.00 (%] 0.00 0.00 o2l 027 0.14 0.00 0.00 0.00 0.00 0.00 025 .y
AOy 056 oss 0 0.8 o8 04 0.46 [ Y J L | % - 4 L7 120 128 0.80 06
Y0, 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
Ce,Oy 0.00 0.00 0.00 0.00 0.00 0.16 000 o002 023 024 030 0.24 0.20 0.00 024
TiO; [+ 617 667 [ 1] 65 661 (1§ 652 196 8.00 9 7.5 7.0 m 930
0, 0.00 0.00 0.00 0.00 0.00 .00 0.00 a00 000 0.00 0.00 .00 0.00 0.00 0.00
0, 9.1l en 64 6.41 626 [ L] 610 [ %, 268 268 266 n 1% 406 207
HIO; 0.00 0.00 0.00 008 0.00 0.00 0.00 001 0.00 0.00 0.00 0.07 0.00 0.00 0.00
NMO; 071 084 o6 [T ) o® 068 087 67 284 290 2. 37 5 1.53 174
Te0s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 [ V4] 0.9 030 027 027 0.14 0.00
80, 1353 3430 3400 ¥ 1N N6 NP N 200 3200 320 N2 3261 NI7 NBW
F 134 115 1.4 121 1.08 L4 L2 124 L0 Los 1.04 119 1.2 096 114
HO 26 2710 256 264 26 28 261 26 m n 2n 268 260 278 an
O=F 0.56 £.48 .60 .31 .45 0.52 £0.51 0952 £.46 Q.44 044 -0.50 0.54 0.40 .48
Toml B3 967 9687 9604 9511 9610 9531 9634 9646 9646 9625 M 9587 9521 9570
Chomissl formulse eaiesinted based on 31 anlens
Na. 109 L3 L3 .17 L 118 120 114 092 0.9s 087 1.06 107 L1 1.24
Ne 0.04 0.16 0.24 o 02?7 02 03 oxr 021 o2 0.15 012 0.17 0 0.20
[ & LIS m LS 1.% LS 1.% 178 LY 1F L7 LS L™ 178 L7 L74
rd 0.0? 0.03 0.06 0.06 0.06 0.05 0.05 0.06 0.0 0.05 008 0.08 0.05 0.0s 0.05
Cs 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.00 0.0t 0.00 0.01 0.01 00! 0.01 (1)}
L 4 0.03 0.02 0.03 002 002 002 09 o 0.0¢ 004 0.0¢ 0.05 0.0 0.0% 0.08
Ba 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
SomdA 1.9 200 207 206 209 209 216 206 213 209 208 201 206 FA Y 205
Na 0.84 o84 [ X 4 087 0.86 o7 087 086 (1] 0.7 (Y- [ %, 0.76 08! 0.8
Ca 0.17 0.16 0.13 o [ A1} 0.13 o3 [ A1) 031 0.30 (5 }) 022 0.24 0.19 0.18
Saom B 1.00 1.00 100 1.00 100 100 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ns o .13 0.02 0.07 0.00 002 0.00 0.06 002 0.0 0.03 0.16 0.14 013 0.19
Mg 0.04 004 0.04 0.04 0.0 0.0¢ 0.0 0.04 0.19 .19 0.19 0.24 021 025 0.
Mn 461 352 0 an &/} 4’ e 40 217 215 213 n 266 284 348
P 200 231 220 19 2N 2 2n 2218 460 462 4.6 k¥ o kX ) 3.74 %
n 0.04 0.00 0.04 0.00 0.00 0.04 005 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.07
Y 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
Ce 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.02 0.03 0.02 002 0.00 002
SemC 100 1.00 7.00 7.00 1701 7.00 7.0 700 700 7.00 7.00 7.00 7.00 1.00 7.00
’ Ti 1.08 107 1.16 117 1.17 L16 118 L4 137 1.40 ¥ 1.30 1.30 1.36 161
an 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
t/3 1.02 0.% on o.7”3 [ %3 0.7 0.% 077 0.30 0.30 a.30 0.2 04 0.46 0.
Hf 0.00 0.00 0.00 0.0t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
N .07 009 0.07 00?7 oo 007 006 007 0.30 0.30 030 0.25 0.27 0.16 (A1}
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 002 0.0 002 0.02 0.02 001 0.00
SsmD 218 192 195 L9 196 197 195 1.9 1.9 203 20t 1.9 201 1.99 2@
% m 9 w . 18 186 88 196 145 1.0 148 166 16 1.15 m
Al [ AL] 0.16 o .12 o.13 [%+] o o 0 067 0.® 033 034 0.2 0.18
Som T 788 809 801 800 1.9 19 19% 19 793 190 1.4 7.9 193 19 1.96
F 0% 084 Los o» 08l 092. OB 09 os o o o7 095 omn o
OH 4.02 4.16 395 an 420 408 4ll 409 419 L&) 424 41 405 429 [RY)
o] 3002 3016 2995 011 3020 3008 NIl 00 3009 3023 302¢ I3 W0 30 3017
1995 2001 2003 2004 2005 2004 2011 _20.03 2005 2002 1999 1999 2002 2007 2003

423
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MSIDISA.  MEHDPA MSHOAS MINWOAd MISHA0AC MENA. MINEB:
OXIDE _PT61 A PTS!  PTR2 PTES PTBL PTES PTSS PrS? PTSR

3
L

_PTe0  PTSL _PTM

k|

3057 2961 2984
3% 426 Ju
.00 0.00 0.00

106 1286 2199 NI T2 1SS U DN 0N 290 3004
DO A2 125 1033 1075 los &8 906 1006 533 395
0.00 008 0.24 021 [ 83 o3l 017 o2l o 0.00 0.00
1.50 133 0.50 054 1.20 o 109 [} 2 194 L% 1.9 219 166
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.18 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00

220 230 20 26 .52 n 26 264 266 264 261 246 250 260
6le 605 605 605 €17 [ X1} 592 395 €« 546 s N 58 560 575
028 033 0.50 048 052 052 035 s o2 0.86 o» os os [.X 14 0.86
0.09 0.07 0.00 0.00 007 0.06 0.00 000 a0z 0.00 .00 0.00 Q.00 0.00 0.00
1.07 099 138 136 L.2¢ L9 [X ] LIS 122 0.07 0.00 0.04 0.08 .05 0.05
0.27 032 0.09 0.08 007 .10 ol 008 0.09 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 o.13 0.00 002 0.00 0.00 0.00 0.00 0.00 0.00
[X 3 0.65 L 1.09 095 1.0 L0 0 £.-3 0.56 044 046 0.4t 047 0.46

0.2

R X -3

0.00

{ S5 BEEBBESFENTEARERLELE

[}
0.00
000
9 784 1003 1004 &1 0 27 [ &) e L85 1.57 LIS 128 1.0 L
0.00 0.00 .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
k%> } L4 0.3s 01 amn on 0.67 052 o8 310 133 187 34 3.67 3
0.00 0.0 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
316 250 2.06 216 L&, 3 436 496 10 1081 1190 1098 1211 1145 1065
061 Qs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 037 053 0.56 0.6 034
3200 3261 3522 3518 3316 00 3380 BE M6 213 N8 Nne LS NS s
0950 1.07 106 1.05 097 1.00 o on o o5 0.00 0.00 0.37 0.34 0.00
2 n 2. 2 8 p? -4 2. 286 2. 236 252 2.50 2% 254 20
£0.34 0.45 045 .44 0.41 0482 038 .37 <41 021 0.00 0.00 «0.16 <.14 0.00
IS 9610 9692 960 9635 9670 637 9599 964 9II3 9101 964 9IE 9738 9597
Chemical formuias eaicuinted bosed on 31 snlems
Ney 1.00 L0 117 L17 112 L9 L9 L L7 1.20 120 LI6 L2 L.1s L2
Ns 024 0.19 0.20 012 024 026 020 0.16 020 [ %3 020 0.17 0.12 0.10 0.3
K L5 1L .73 11 190 L4 L L L7 1.0 L’ L1 176 L2 m
Rr> 0.04 0.05 007 007 008 .08 [T 4 008 008 on .14 0.14 0.13 0.15 0.13
[~} o0 0.01 0.00 0.00 00l (.1} .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S 0.04 0.04 0.01 0.0t 0.0t [ X} 001 aot 001 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.0l 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sema 216 208 202 1.93 213 2.10 20 1.9 203 L% 212 205 201 1.96 213
Ne (&) 0.7 0.67 0.67 (%, ] on 0.7 on 0.0 (X J 1.00 099 0.9 0.9 099
Ca 0.7 02s 0.3 033 030 0 024 09 0.30 0.02 0.00 001 .01 001 001
Som B 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 100 1.00
Ne 0.03 0.09 030 038 .18 0 o 0.30 [ ¥4 0.00 0.00 0.00 0.02 0.06 0.00
Mg 0.20 03 037 037 032 038 034 032 034 0.20 .16 0.16 0.14 0.17 0.17
Mn - 21 25 418 438 441 LS 4“2 4.6 LY s.% 6.06 €24 6.10 59 6.10
[ ot 466 4B AL 1.9¢ 206 20 158 1 19 105 (%, ] 0 0.74 o8 0.78
n 0.00 001 004 -004 0.03 005 [T 0.04 004 0.00 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
Cs 0.00 002 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 .00 0.00 0.00 0.00
SemC 700 7.00 7.00 1.00 7.00 7.00 100 100 700 7.00 7.00 109 1.00 7.00 7.04
Tt 1.23 137 16 L0 1.40 1 Le 1.8 152 033 028 032 [ 4] 0.9 032
Sa 0.00 0.00 0.00 0.00 0.00 a0 000 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00
/4 0.40 0.36 0.04 0.06 0.08 o.10 008 0.06 a7 033 oy 0.4s 0.40 0.42 0.4
g 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
N 033 0.26 021 02 0.50 0s 047 0.50 [ § LS 1.2 L9 1.9 [ %~ LI6
Ts 0.04 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0¢ 0.02 0.04 0.0¢ 0.04 002
SemD 200 20! 194 197 198 196 196 1.9 197 187 197 199 198 198 194
Si 16 758 790 190 1.9 73 174 147 18 753 152 15 148 146 160
AN 0.41 036 o ol 032 03 0.2 029 oz 0.62 034 (X ass 061 o047
SamT 790 194 803 804 791 195 196 796 1% [ 8¢} 8.06 801 804 807 07
F 0.59 L%, ] 0.7 0.75 0.70 on 060 [ 1°] [T )] [} 0.00 0.00 028 0.2 0.00
OH 441 421 4325 426 430 428 4.0 436 a 4.00 4.00 4.00 4.00 4.00 4.00
(o] 3041 302! 3025 3026 3030 3% N0 3036 3031 306 3100 3100 3072 3075 3100

20.00 2000 2001 2019

f



Sample MIHOB MENGS MIHAZ MENGQ MINO
OXIDE_PTss PTse PTss PTSS PTeT ST PTS Awngs Average PYSI_PTS>
NayO 252 29 258 290 294 286 290 266 26 20 267 262 k2 -4 240 250
KO 5.87 R s.718 EA ) LA 3 3.0¢ 5% 5% 60 592 595 597 s97 .90 k1 14
Rb,0 092 0.95 094 092 093 0.90 [ L) 09 o os: 08e .1 -3 o 0.45 0.46
(o Yol 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.12 013 0.10 012 012 0.00 0.03
CsO 0.00 0.06 0.05 0.00 0.00 0.00 000 0.03 0.00 0.00 0.00 0.00 0.00 033 0.32
>0 0.00 X3 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.0 0.00
BeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00
MgO 0.46 0.50 047 035 03 033 0 [T ] o.13 0.15 o.18 0.15 0.1 0.66 06
MO 983 3043 2985 04 3053 304 3036 I3 611 2640 2661 2637 2637 031 21.66
FeO n in 0 296 298 3 309 mn 28 7 235 264 264 13.86 1268
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 431 429 365 408 408 030 0.36
ARLD, L7 151 1.2 L3S 138 Le7 136 L& 121 102 120 114 Lie 1.09 on
Y0, 0.00 0.00 0.00 0.00 0.00 0.00 a.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca0y 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
T0, 1.69 231 216 1.3 138 L35 154 167 L2 126 165 1.34 134 5.40 58
320, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00
0, 3.9 430 421 3.2 321 b %) 4 296 356 b V] 4 bd 30 3.0 2R M
HIO, 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
NO, 10.56 [ A, ] 270 13 1270 1217 1R e 12 11.54 12.00 12.13 1213 .21 6.03
Tay0y 023 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0. 0.74 on 0.6 0.63 o.15 0.00
Si0; JS1 3208 6 3234 3236 322 N0 NS 39 N L NES NI DM U2
F 042 o oS 0.00 o4l 0» 0.8 0 0.0 0.00 0.00 0.14 0.14 0.73 osl
HO 2.5 253 230 252 254 5 p L) 52 2.5 247 247 24 28 2.60 262
O=F £0.18 £.17 «0.20 0.00 £.17 £0.16 020 .12 .18 0.00 0.00 .06 0.06 031 L34
Tomd 9593 9691 9545 96T 9724 SLIT SETZ 9677 9636 9598 9524 9585 9585 918 9B
Chomiesl fovmaios saisuinted bosed on 31 salens
Nag L7 119 120 134 135 [ %)) 1.3 1.3 128 L7 126 L3 1.07 L
Na 017 0.20 020 [} ] 015 0.18 014 o.18 0.00 0.00 0.00 0.00 0.00 0.11 0.11
K L8O L% L% LM 174 L 1.4 L5 185 18 184 184 (¥ ] Ln mn
| ] 0.14 0.15 0.15 0.14 0.14 0.14 0.14 0.4 013 0.13 0.13 0.13 0.13 0.07 0.07
Cs 0.00 0.00 o0 0.00 0.00 0.00 0.00 0.00 00! 001 0.01 001 0.01 0.00 0.01
L 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bs 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
Somd 211 21 2m 207 203 208 20 207 1.9 197 1.9 1.98 1% L9 1.9
Nas 1.00 (X ] 099 1.00 1.00 1.00 1.00 099 090 098 097 095 0.95 092 092
Ca 0.00 0.02 001 0.00 0.00 Q.00 0.00 001 0.00 0.00 0.00 0.00 0.00 0.08 0.08
Som B 1.00 1.00 1.00 1.00 1.00 100 1.00 100 090 098 097 09s 095 1.00 1.00
Na 0.00 0.00 0 0.1s 020 o.l6 .19 0.05 03 020 029 028 028 0.0 0.08
Mg 0.16 0.18 .17 (853 0.12 0.12 .10 o.18 0.05 008 0.07 0.08 0.05 0.3 0.24
Ma 6.06 6.10 €07 614 610 609 610 606 531 5.0 X 4 5.40 5.40 4.00 420
Fe* 0.78 0.1_3 [ /] 0.9 0.9 0.64 [T 4] 0.74 033 035 032 0.53 0.53 267 24
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.% or 066 o.n [ X;] 0.0s 0.06
Y 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
Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
SamC 70t 7.0 100 7.00 1.00 7.00 7.00 700 7.00 700 7.00 7.00 7.00 1.00 7.00
Ti 03! 0.41 oy 023 0.24 0.8 0z 030 020 023 0.30 024 0.24 09 1.01
S 0.00 000 000 0.00 0.00 0.00 0.00 000 0.00 .0.00 0.00 0.00 0.00 0.00 0.00
b /4 047 0.50 0.9 036 037 o.» 0.34 o 0% 0.50 oM 0.4l o4l 032 037
Hf 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
Nb LIS Los 1.08 1.37 138 1.3 135 12 1.9 127 132 133 13 0.7 0.62
Ts 0.02 0.00 0.00 0.00 0.00 0.00 0.00 002 0.03 0.05 005 0.0¢ 0.04 0.01 0.00
Som D 1.9 1.96 1.4 1.96 1.96 L9 197 198 200 205 200 202 202 201 200
% 756 160 161 1.0 160 761 181 137 1.€?7 m 1703 m m m 10
Al (X ] 042 0.8 03 .3 ) o4 0% 047 034 029 034 033 033 0.30 0.19
SomT 804 802 .04 806 201 802 19 804 80! 801 08 803 803 8.00 802
F 032 on 03? 0.00 (%)} 029 0.36 022 033 0.00 0.00 o.n 0 053 0.59
OH 4.00 4.00 4.00 4.00 400 4.00 4.00 400 400 4.00 4.00 4.00 4.00 4.00 400
o 3068 3069 3064 3100 306 307 306 NMW 26T 2100 2100 2689 .11 3047 3041
Cations. 09 11 09 09 2000 04 9.99 07 9.90 01 03 19.98 1998 _19. 19.92



Sumple MING  MING MENes MM MBS
OXIDE PT33 PTSs Avwage PTGS PTG6 PT6T PTG Aw PT6S ST PTTI PTT: PTT PTIs Ave
NeyO 2. 293 248 1.9 1.9 205 202 199 29 292 b & 4 262 27 236 264
K0 6.00 E2 i) 590 618 24 626 [ ] €19 L&, ] 5.65 L%, 4 584 B 584 Ex
’N0 0.46 0y 0.4 033 on 032 034 033 057 036 063 0.66 050" 047 0.87
[« Mol 0.00 0.00 001 0.09 0.08 0.09 o.08 0.09 0.00 0.00 0.06 0.00 0.0 0.06 0.03
Ca0 03 0.2¢ 03 .00 037 o3t 0.36 037 0» 042 035 0.30 0.96 09”2 0.56
0 0.00 0.00 o0l 0.02 0.04 0.0¢ 0.08 004 0.00 0.00 0.00 0.00 0.3 0.04 001
O 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
MgO 0.64 on 0.8 .18 o.ls 0.17 o1 als 0es o.61 058 056 084 [} -3 0
MsO 04 2037 20% 1% 1.6 en <0 7212 AN DN B BN 1981 AN NN
FeO 1386 1366 1392 2BeS 2875 DI1 VIS uBM 16 228 9.55 9259 1372 121 106
200 026 028 029 0.00 0.00 0.00 0.00 0.00 047 044 046 0.40 03t 0.50 08
AhO, 1.08 o6l os? .2 L& 120 131 138 037 03 1.0t 10?7 1.00 087 0.78
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 000 0.00 0.00 0.00 0.00 0.00 0.00
Co 0y 0.00 0.00 0.00 [ %] 036 023 o 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO; s.10 <8 5.6 39 58 . £s ] 587 kA 186 6.10 5% 30 ) 140
S0, 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
Z0, 29 b & ] 296 Lx L ¥-3 48 4™ o7 ols 0.04 0.00 0.00 o’ 0.90 0
HIO, 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
Ny, 1 533 €3S 464 an 416 446 430 [+ ] 667 °.7 9.60 4% LY ] 690
Te 04 0.17 0.00 0.8 0.13 0.00 0.00 0.00 00 000 0.00 0.00 0.00 0.19 0.30 008
80, 3B42 MO N\ 12N 12N NW N2H 12 I3 A1 DA BV M6 US4 NS
F o.74 0.78 on o 08¢ o7 o 094 09 1.05 05 0.64 099 1.20 [} ]
Ho 260 261 261 an 28 wn b4, ] 2 266 265 260 260 285 275 269
O=F 031 £33 £32 037 03I 04 L4 Q0 00 HM4 L2 L7 L2 03 <038
Teni 9776 9686 9751 9799 S SIM M NW 936 YT 6T T3 NU 9733 IO
Chomieal fermaine caicuiated based en 31 sntons

Nay, .n L3 Li0 0.8 ow 092 0.90 ow 128 128 12 117 099 1.0 L16
Nas o.10 0.03 0.09 0.0 0.00 0.00 0.00 .00 (1 0.00 0.09 0.00 0.00 0.00 0.00
K L 1 Ln 12 1.84 189 1L»® [* -] 165 1.6 L L.72 Les Le8 1.68
[ 1] 0.07 0.08 0.07 0.05 008 0.05 0.0s 00s oos 008 0.10 o.10 0.07 0.0?7 0.08
[ 3 0.00 0.00 0.00 o0 0.01 001 001 aot 000 0.00 0.0l 0.00 0.01 0.0t 0.00
S 0.00 0.00 0.00 0.00 on 0.0t a0 001 000 0.00 0.00 0.00 0.00 [ 1)} 0.00
B 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
Soma 1.9 18 L9 1.9 1.90 wm 186 1% L7 wn L90 R L76 [ ] .n
Na (X oM 093 o o.» 09”2 0.90 (] ] o9 os? o9 092 .71 0.78 086
G 0.06 0.06 0.07 o.11 0.09 008 0.09 0.09 009 0.10 0.09 0.07 [ V) 0.2 0.14
Sum B 1.00 1.00 1.00 095 [ 1] 100 (L] oss 1.00 0.97 100 0.9 0.96 097 1.00
Ne 0.07 .13 0.08 0.00 0.00 0.00 0.00 0.00 036 042 o 026 [ &4 028 030
Mg (-3 025 0.3 0.06 0.06 0.06 0.06 0.06 o 021 0.20 o.19 028 028 [ 2]
Ma 400 3196 404 12 140 132 1M 1% 45 455 4466 4.6 ist .07 438
[ Zag 267 262 240 5.0 $.56 5.67 .65 59 T -4 L% 185 185 2.9 229 202
n 0.04 0.04 005 0.00 0.00 0.00 0.00 0.00 oo (.1 0.08 0.07 0.08 0.08 0.07
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 000 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.00 0.00 0.00 0.0 0.03 002 [.T-] 003 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SamC 700 7.00 7.00 710 705 .07 1.06 107 100 700 7.00 7.00 7.00 1.00 1.00
T os [ R H) [[X_J 104 102 X -3 1.0l L2 132 1.34 106 1.04 L0 10 .27
) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00
/4 033 o3l (%1 0.46 oS 058 0.5 0.30 002 002 0.00 0.00 0.10 0.09 0.04
Hf 0.00 0.00 0.00 0.00 000 0.00 0.00 .00 000 000 0.00 0.00 0.00 0.00 0.00
N o’ 056 06 0.8 0.9 0.44 047 047 [ &, oss 09 1.00 0.46 046 on
Ts 001 0.00 0.01 (1]} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 001
SesmD 202 201 201 1.9 1.9 200 200 1.9 203 204 0 204 200 2.00 202
& 7.0 190 .7 136 136 76 19 1% kX ] 795 118 kA 1.7 kA, 78
A 029 0.17 024 0.» 040 033 036 037 010 o 0. 02 o 0. o2l
SamT 199 806 02 794 196 7.9¢ 195 195 02 | O] so0l 801 %03 802 802
F 034 0.57 056 0.68 0.61 0.78 omn (T} (T 3 0.75 0y» 0.8 omn 0.86 064
OH 400 4.00 4.00 435 L& 2 4“9 an 400 400 4.00 4.00 429 R 407
o 3046 3043 3044 3035 303 3022 NI W0 032 3025 306 3053 NWY 3014 3036

1992

19.91

19.81

19.73

19.7%

19.78

19.81

426
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Sample MSHéS MENeS M7
OXIDE _Pr1 PT2 PT3 PT4 PTS PTY Avwge PTIS PYI) PTIS PTI9  PT0 A TS PTO
Ns,O 233 232 2 212 216 208 221 3.40 38 343 342 156 3.45 5 238
R0 S8 9N 601 60 6.05 s 598 493 553 sat .3 535 531 5.3 58
Rb,O 0.4 041 (¥ »4 0.44 044 048 04 0.64 0.» 0.52 041 0.4 0.4 04l 0.40
G0 0.00 0.08 0.08 007 0.06 0.00 0.04 0.07 0.06 007 0.00 0.07 0.0 0.10 0.09
Ca0 0.80 0.79 0.81 087 [} 090 o 0.7 053 o 0.6 0.50 063 062 0.65
S0 0.04 0.04 0.00 0.08 002 0.01 0.03 0.03 0.00 0.00 0.03 0.00 001 0.04 o0l
Be0O 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
MgO 032 029 0.3 21 0.20 2 026 095 on [ 3 as [ &, ] o 0.60 061
MaO 1509 1347 11K 10SS 1083 1565 1257 2687 1897 NS NG WIS 2412 MO 1426
FeO 207 2206 26 B DI 1947 2ASS U 1514 17 9.9 9.61 9.64 1894 1921
a0 0.18 0.24 0.18 023 0.19 0.00 017 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.40
N0, 12 L2 1.51 1.50 1St 199 144 ou 0.1 019 [ %+ [ A48 Q.16 LI6 LIS
Y0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00
Ce,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 0.00 0.00 0.00
TiO; 685 69t 1.08 129 kA 4 .09 1.06 2.4 9.55 9.56 958 .13 9.56 661 6.60
Sa0, 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0, kR3¢ 3.0¢ 261 265 2n 258 E& ] 0.4 0.00 0.00 0.00 0.00 0.09 i 3.7
HIO, 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
N»O, 415 4.06 416 a1 L& an 41 266 s js 20 401 an k&4 N
TeyO, 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
S0, 3285 3281 3208 3240 3254 3221 3230 3530 3555  35S7T 3546 3SST 3883 3305 N2
F 0.96 (X ] Ln .10 092 115 104 o Lo .} -3 os 0.8s X J 100 108
HO 2.7 2% 266 26 7 266 m 29 286 2" 290 29 292 2% an
O=F 040 D4 047 04 0¥ L8 L4 LIS OO 0I5 03T £ 03T L2 DM
Toml 9535 9551 9517 9584 9597 9578 9540 9584 96E 9741 9595 9680 9657 9545 9587
Chemical formulae caleninted bened on J1 anlens
Nay, 108 108 1.01 096 [X 05 1.00 1.8 1.6 1.6 1.50 LS5 1.50 Li4 107
Ne 0.04 0.09 0.14 a0l 0.04- 0.17 007 o 031 0.» o 0.3 033 0.11 0.05
K L 1.76 1.90 L® 190 L% Ln L& L% 1.54 [ K] 153 152 Ln L
Rb 0.06 0.06 0.06 0.07 0.07 007 0.07 0.0 0.06 008 0.06 0.07 007 0.06 0.06
[ 3 0.00 0.01 0.0 0.01 0.01 0.00 0.00 0.0t 0.0l 0.01 0.00 0.01 0.01 0.0! 0.01
Sc 0.0 0.0t 0.00 0.0t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Bs 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
Samd 184 192 202 L. 1K 199 1.92 L 196 201 192 195 1.9 1.9 1.4
Ns 0.80 0.50 0.90 0.7 0.9 078 0.9 (X1} 087 .} ] 08s o8 086 08s (X
Cs 0.20 020 0.20 022 021 023 0.21 0.19 0.13 0.17 o.1s 0.12 0.13 0.16 0.16
Som B 1.00 Loo 1.00 1.00 1.00 1.00 100 1.00 1.00 100 1.00 1.00 1ot 100 1.00
Na 0.2 0.16 0.07 0.16 0.1 000 0.13 037 o3 02?7 033 033 032 o.1s .19
Mg o1 o.10 0.08 0.07 0.07 0.10 0.0 03 0.2¢4 029 0.27 07 .28 021 21
Ma 2.9 267 235 208 214 0 20 513 161 .09 453 4.60 49 285 250
[ e 405 0 446 464 462 390 7 Lis 2.4 1.36 1.87 1.8 181 36 .
n 0.03 0.04 0.03 0.04 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.07 007
Y 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
Ce 0.00 Q.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00
SemC 700 7.00 7.00 7.00 7.00 100 101 7.00 7.00 1.00 7.00 7.00 100 100 7.00
Ti 1.20 L2t L2 128 1.25 128 .24 L64 L6 1.6 168 1.54 1.6 L6 118
n 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
& 03s 0.3s 0.30 030 o3l 02 032 0.0 0.00 0.00 0.00 0.00 0.0l 043 0.3
Hr 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
Nb 0.44 0.43 oM 04 04s 043 0.44 0.7 034 03s 029 o4 033 0.0 04!
Te 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
SwmD 19 1.9 1.9 202 201 198 200 1.96 1.96 196 1K 195 1.96 198 1.9
£ 167 1.66 154 157 158 152 1% 0! 19% % 8.00 7.9 199 m ™m
Al 0.36 0. 0.4 0.41 0.41 0 0.40 0.06 X} 003 0.03 0.03 0.04 032 032
SomT 303 %00 796 19% 19 196 199 807 802 kX 503 802 s 803 8.03
F on 0 o as 0.68 [ ] o 0.5 072 0.58 0.6 0.60 0.62 0.74 on
OH 429 428 a1? 419 432 418 (&3 441 48 w2 47 440 38 426 423
o 3020 3028 3017 3009 3032 IS 0B 3041 0% 04a 037 040 0B WH¥ ND
19.86 1991. 1997 19.99 19.91 19.94 19.91 19.86 19.94 19.96 19.92 1992 19.92 19.91 19.87



wummmormmmm

Sample:
OXIDE _PT 10

44
L &/
0.41
0.07
.
0.00
0.00

19.54

{ SETSEEBSEALEERTEENSRRREE
g

Naw M1
Na o.10
K 1.2
Rd 0.06
[« 3 0.01
E 3 0.00
Ba 0.00
Sam A L9
Ns o
Ca o.18
Som B 1.00

0.19

0
=
8

°
8

ﬂ
"
8

0.80

ogm frw r:sauvd f@*?&;ﬁi
g

30.20

19.90

f

\

Mstes
PTI1 _PTI3 PTI4 Averge
246 245 24 285
SI7T  STT  sm- S®
04> o041 04 041
010 009 008 009
062 078 O0M 06
00s o001 003 002
000 000 000 000
060 057 036 0%
46 1293 13IS 1386
1890 2092 200 1970
04 030 02 036
s L2 13 L
000 000 000 000
000 000 000 00O
€SS 68 €N 66l
000 000 000 000
392 406 400 390
000 000 000 000
2 361 3SL AT
000 000 000 000
05 3296 126 3197
09y LI 120 107
278 29 264 27
03 <@ oS 04
9595 9607 9564 956

oo
0.01
0.00
1.8

083
0.15
1.00

0.17
021

367
0.07
0.00
0.00
1.00

118
0.00
044
0.00
(X ~3
0.00
201
168
032
&00

.68
a
3032

19.99

0.14
n
0.06
001

7166
1.9
oD
7
30.17

o
0.19
1.00

on

260
405
0.05
0.00
0.00
71.00

L8
0.00
0.46
0.00
037
0.00
201

16
19
(-}
an
.11

19.97

e.l6

2

0.06
0.00
0.00
1.00

L16
0.00
0.6
0.00
0.40
2.00
168
s0t

0.78

1991

428



APPENDIX C.

ATOMIC POSITIONS, SITE OCCUPANCY FACTORS
AND ANISOTROPIC DISPLACEMENT PARAMETERS
FOR AGM SINGLE-CRYSTAL X-RAY STRUCTURE
REFINEMENTS
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) POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR NOR1
Atom x v z sof Uy Up Up Up Uy Up Ug
Mn(l) 0.8499(1) 0.20611(8) 0.47983(8) 0.887(7) 80(5) 8&(5) 116(5) 47(3) 21(3) 203) 93Q3)

Na(l) 0.8499(1) 0.20611(8) 0.47983(8) O.LIX7) 80(5) 86(S) 116(5) 47(3) 21(3) 203) 93Q3)

Fe(2) 0.2806(1) 0.06742(7) 0.48877(T) 0.955(4) 90(4) 99(4) 141(4) 63(3) 35(3) 3I(3) 104Q2)
Fe(3)  0.4228(1) 0.35251(8) 0.48585(8) 0.936(4) 88(4) 102(4) 144(4) 643) 3203) 283) 106(3)
Fe(4) 0 0.5 0.5  04254) TNG) 756) 116(6) 3&%5) 12(4) 14(4) 92(4)

Mg(d) 0 0.5 0.5  00754) TI6) 75(6) 116(6) 38(5) 12(4) 144) 924)

Ti 0.0791(1) 0.08609(7) 0.19716(7) 0.822(5) S0(4) 694) 112(4) 443) 183) 163) 75Q2)

Nb  0.0791(1) 0.08609(7) 0.19716(7) O.178(5) SO0(4) 69(4) 112(4) 44(3) 183) 16(3) 75Q2)

Si(1)  0.6782(3) 02724(13) 02324(1) 100  10i(7) 80(7) 101(7) 43(6) 12(5) 16(5) 94(3)

Si(2)  0.8140(3) 0.5464(1) 0253%(1) 100 1I5(7) 71(7) 118(7) 43(6) 15(6) 22(6) 102(3)
Si(3) 03797(3) 0.674%(1) 02565(1) 100 113(7) 86(7) 112(7) 526) 1%6) 2¥6) 102(7)
Si(4)  0.50693) 09317(1) 02361(1) 100  987) 697) 856) 36(5) 10(5) 17%5) 84(3)

K 0.1373(3) 02731(2) 0.9966(1) 0.914(6) 612(13) T27(15) 24%(9) 128(9) 54(8) 174(10) 55%@8)
Rb  0.13733) 02731(2) 0.9966(1) 0.086(6) 612(13) T27(15) 24%(9) 128(9) 54(8) 174(10) 55(8)
Na 05 0 0 0321(8) 264(16) 154(14) 108(12) 3%(9) 15(10) 2%(10) 18%(9)
Ca 05 0 0 0.17%(8) 264(16) 154(14) 108(12) 3%(9) 15(10) 2(10) 187(9)
O(1)  0.7260(6) 0.3195(3) 03847(3) 100  92(18) 103(18) 90(17) 17(15) 31(14) 28(15) 102(7)
0(2)  0.1491(7) 0.1607(3) 03706(3) 1.00  94(18) 11218) 101(17) 25(15) 12(14) 2515) 110(7)
0(3)  0.1273(7) 03925(3) 0.593&3) 100 105(18) 12719) 100(17) 42(15) 4(14) X15) 117%(8)
OH(4) 02961(7) 04628(3) 0.399%(3) 1.00  134(19) 93(18) 144(19) 47(16) 1%(15) 40(15) 124(8)
OH(S) 0.9904(7) 0.1174(3) 0.5927(3) 1.00  174(20) 128(20) 133(19) 58(16) 31(16) 1%(16) 148(8)
O@6)  0.556%7) 02571(3) 0.5%01(3) 1.00  121(18) 100(18) 86(17) 26(15) S(14) 20(15) 110(7)
O(7)  05732(7) 0.0146(3) 03884(3) 1.00  9I(i8) 131(19) 104(17) 57(15) 16(14) 3(15) 105(7)
O(8)  0.07567) 0.5906(4) 020i4(4) 100  132(20) 224(22) 160(20) 5(17) 3%(16) -13(17) 190(9)
O(9)  02472(8) 04033(4) 0.8266(4) 1.00  245(24) 346(27) 152(21) -%(19) 72(19) -181(20) 330(12)
O(10) 0.4282(8) 04143(4) 0.79894) 1.00  267(23) 191(21) 136(19) 46(17) 12(17) 9%(18) 201(9)
O(11)  0.1280(9) 0.807%(S) 0.8305(4) 1.00  554(32) 471(30) 170(22) 155(22) 135(22) 43027) 337%(12)
O(12) 02653(9) 0.9572(4) 0.17134) 100  425(28) 323(26) 139(21) -23(19) -96(20) 293(23) 311(11)
O(13) 0266%8) 0.6073(3) 0.8061(4) 1.00 465(28) 57(19) 12%(19) 30(16) 9(19) 15(19) 234(10)
O(14) 0.5725(8) 0.2205(4) 08016(4) 100  403(27) 13421) 171(21) 86(17) 27(19) 2%(19) 23%(10)
O(15) 0.3830(8) 0.1918(4) 0.16834) 1.00  206(23) 475(30) 168(21)-176(22) -55(18) -215(21) 331(12)
F(16) 0 0 0 050  231(25) 170(24) 118(22) 65(19) 15(19) 53(20) 173(10)
H(1)  033(1) 037%3) 0.35%6) 1.00 0.04

HQ@) _10K(1) 0.1526) 0.6851(7) 100 0.04
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR NOR17

Atom x v z sof Uy Up Up Up Up Up Ug
Mn(1) 0.8494(1) 0.20507(6) 047814(6) 0.898(6) 82(3) 85(3) 1173) 42Q) 202) 16Q2) 962)
Na(l) 0.8494(1) 0.20507(6) 047814(6) 0.102(6) 82(3) 85(3) 117(3) 42(2) 20(2) 16(2) 96(2)
Mn2) 02797(1) 0.06681(6) 0.48767(6) 0.985(3) 94(3) 99(3) 13%3) 592) 37(2) 252) 107%(2)
Mn(3) 04222(1) 0.35156(6) 0.48427(6) 1.000(3) 94(3) 9%3) 140(3) 61Q2) 352) 28(2) 107Q2)
Mn4) -0 0.5 0.5 0.500(2) 8i(4) 73@4) 1284) 40(3) 17(3) %3) 9712)
Ti 0.0801(1) 0.08649(6) 0.19765(6) 0.900(4) 61(3) 81(3) 110(3) 42(2) 16(2) 152) 85(2)
Nb 0.0801(1) 0.08649(6) 0.19765(6) 0.100(4) 61(3) 81(3) 110(3) 42(2) 16(2) 152) 85Q)
Si(1) 0.6788(2) 02719%(1) 02313(1) 100 955 70(5) 10%5) 334) 174) 94 9%2)
Si(2) 0.8141(2) 0.5467(1) 02546(1) 100 102(5) 78(5) 11%(5) 40(4) 18(4) 14(4) 102Q2)
Si(3) 0.3798(2) 0.6758(1) 02566(1) 100 9%5) 7XS) 1285) 494) 23(4) 134) 102Q2)
Si(4) 0.5074(2) 0.9318(1) 0235%1) 100  94(5) 82(5) 102(5) 46(4) 154) 124) 93Q2)
K(la) 0.1332(3) 0.2616(2) 0.9954(2) 0.871(5) 451(5)
Na(lb) 0.097(4) 0.18%(2) 0.997(2) 0.129(5) 451(5)
Na 0.5 0 0 0.441(7) 207(12) 111(11) 76(10) 2%(8) 18(8) 3%8) 137(7)
Ca 0.5 0 0 0.05%(7) 207(12) 111(11) 76(10) 29%(8) 18(8) 3X8) 137(7)
o(1) 0.728%5) 0.3187(3) 0.3832(2) 1.00  128(13) 106(13) 112(13) 36(11) 24(10) 21(11) 120(5)
O(2) 0.1484(S) 0.1599(3) 0.3686(3) 1.00  130(13) 107(13) 104(13) 12(11) 5(10) 16(11) 129(5)
O(3) 0.1286(5) 0.3922(3) 0.5936(2) 1.00  102(13) 116(13) 112(13) 4i(11) 7(10) 16(10) 116(5)
OH(4) 02972(5) 0.4624(3) 0.3990(3) 1.00  95(13) 134(14) 163(14) 65(12) 22(10) 28(11) 130(6)
OH(5) 0.9927%(5) 0.11853) 0.5938(3) 1.00  118(13) 135(14) 144(14) 42(11) 26(11) 41(11) 137%(6)
O6) 0.5572(5) 0.257%3) 0.5913(3) 1.00  110(13) 118(13) 124(13) 45(11) 17(10) 20(11) 122(5)
O(7) 0.5747(5) 0.0140(3) 0.3878(2) 1.00  132(13) 128(14) 101(12) 44(11) 30(10) 25(11) 123(5)
O(8) 0.0744(5) 0.5919%(3) 0.2027(3) 1.00  96(13) 184(15) 154(14) 57(12) 18(11) 2(11) 136(6)
O9) 02467(6) 0.0399(3) 0.8273(3) 1.00  266(17) 289(19) 18%(16) -19(14) 110(14) -175(14) 328(9)
O(10) 04284(5) 0.4134(3) 0.7983(3) 1.00  119(13) 202(15) 160(14) 76(12) 21(11) 80(12) 154(6)
O(11) 0.1262(7) 0.8077(4) 0.8305(3) 1.00  530(23) 459(23) 197(16) 160(17) 141(16) 42%(20) 332(9)
0(12) 02631(7) 09572(3) 0.177%(3) 1.00  433(20) 309(20) 160(16) -25(14) -81(14) 283(17) 31%(8)
O(13) 02682(6) 0.6066(3) 0.8063(3) 1.00 376(18) 92(14) 167(15) 57(12) 16(13) 24(13) 220(7)
O(14) 0.5720(6) 0.2215(3) 0.8020(3) 1.00  368(18) 112(14) 174(15) 7N(12) 45(13) 38(13) 218&(7)
O(15) 0.3822(6) 0.1905(4) 0.1683(3) 1.00  201(16) 446(22) 168(16) 143(16) -55(12) -186(15) 32X(9)
F(16) 0 0 0 050 16316) 15617 1 74(14 13) S%(13) 16
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Atom x y z sof Uy Upg Up Uz U Uz Ug
Mi(1) 0.8492(2) 02063(1) 0480I(1) 091(1) 926) 1086) 166(7) 68(S) 34(4) 38(4) 116(4)
Na(l) 0.8492(2) 0.2063(I) 0.4801(1) 0.0%1) 92(6) 108(6) 166(7) 68(5) 34(4) 384) 116(4)
Fe2) 0.2806(2) 0.06751(9) 0.4890(1) 0.958(6) 96(6) 126(6) 167(6) 7%(5) 49(4) 46(4) 120(4)
Fe(3) 0423X2) 0.3531(1) 04863(1) 086(1) 1026) 114(6) 192(7) 8W(S) 48(4) 48(4) 124(4)
Mg(3) 04233(2) 03531(1) 04863(1) O.1(1) 102(6) 114(6) 192(7) 87(5) 48(4) 48(4) 124(4)
Fe(4) 0 0.5 0.5 0.392(7) 84(9) 101(8) 14%9) S6&(7) 23(6) 36(6) 106(S5)
Mg(4) 0 0.5 0.5 0.108(7) 84(9) 10I(8) 143(9) S5&(7) 236) 36(6) 106(5)
Ti 0.0796(2) 0.0868(1) 0.198%(1) 0.965(8) 54(6) 95(6) 137(7) 64(5) 30(4) 384) 87(4)
Nb 0.0796(2) 0.0868(1) 0.1989(1) 0.035(8) 54(6) 95(6) 13(7) 64(5) 30(4) 38(4) 87(4)
Si(1) 06778(3) 02723(2) 02322(2) 100 1%9) 74(8) 121(9) 42(7) 31(7) 3K7) 1044)
Si2) 0.8140(4) 0.54592) 02531(2) 100 112(9) 90(8) 168(10) 588) 20(7) 37(7) I121(4)
Si(3) 0.3797(4) 0.67492) 02559(2) 100 126(9) 110(9) 144(10) 70(8) 32(7) 46(7) 118(4)
Si(d)  0.5066(3) 0.9317(2) 02356(2) 100 1259) 102(8) 113(9) 65(7) 34(7) 457 104(4)
K 0.1345(5) 02674(2) 0.9961(2) 0.92(3) 654(19) 409(15) 287(14) 125(11) 68(12) 124(12) 46X(10)
Na 0.1345(5) 0.2674(2) 0.9961(2) 0.08(3) 654(19) 405(15) 287(14) 125(11) 68(12) 124(12) 463(10)
Na 0.5 0 0 028(1) 234(19) 181(17) 122(17) 81(13) 27(12) 67(12) 172(11)
Ca 0.5 0 0 022(1) 234(19) 181(17) 122(17) 81(13) 27(12) 67(12) 172(11)
O(l) 0.7252(9) 0.31854) 0.3840(4) 100 181(25) 60(21) 85(23) 7(19) -13(19) 2(18) 124(10)
0(2) 0.14729) 0.1605(4) 0.3705(S) 1.00 172(25) 108(22) 133(25) 47(20) 5(20) 32(19) 141(10)
O(3)  0.1291(9) 0.3924(5) 0.5924(S) 1.00 127(25) 171(24) 162(26) 75(22) 57(20) S53(19) 148(10)
OH(4) 02980(10) 0.4628(5) 04012(S) 1.00 211(27) 167(25) 144(26) 85(22) 39(21) 58(21) 167(10)
OH(5) 0.9910(10) 0.1167(5) 0.592%(S) 1.00  165(26) 115(23) 95(24) 0(20) 16(20) 24(19) 145(10)
O6) 0.5560(9) 02576(4) 0.5903(S) 1.00  134(24) 115(22) 113(24) 64(20) 32(19) 2%(19) 117(10)
O(T) 0.5706(9) 00147(5) 0.3890(S) 1.00  143(25) 184(25) 169(27) 95(22) 48(21) 69(20) 153(10)
O8) 0.0744(10) 0.5897(5) 02004(S) 1.00  215(29) 255(29) 113(26) 22(23) 17(22) -45(22) 234(12)
O(9) 02465(12) 0.0399(6) 0.8278(5) 1.00  28%(33) 317(32) 116(27) -29(25) 32(24) -154(25) 323(14)
O(10) 0.4265(11) 04137(5) 0.7996(S) 1.00  280(31) 247(28) 147(27) 47(24) -11(23) 130(24) 230(12)
O(11) 0.1306(13) 0.8087(6) 0.8311(6) 1.00  533(40) 382(35) 176(30) 111(28) 82(28) 377(32) 321(15)
O(12) 02637(12) 0.9566(6) 0.1695(6) 1.00  415(36) 311(32) 216(31) 5027) -5%(27) 284(29) 30%(15)
O(13) 02686(11) 0.6071(5) 0.8076(5) 1.00  429(35) 94(24) 231(30) 116(23) 69(26) 22(23) 244(13)
O(14) 0.5757(12) 0.2210(5) 0.8026(6) 1.00  475(38) 190(27) 253(32) 146(26) 98(28) 91(26) 288(14)
O(15) 0.3813(11) 0.1899(6) 0.1670(6) 1.00  209(30) 434(37) 305(35) 196(31) 9(27) -166(26) 352(15)
F(16) 0 0 0 0.50 196(31) 230(31) 89(28) 72(25) 22(24) 62(25) 170(12)
H(1) 025(2) 044(1) 0309%2) 1.00 840(463)
H2)  1082) 0.161) 0681(3) 100 658(388)
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Atom x y z sof Uy Up Upn Uz Uz Up Ug
Min(I) 0.84960(7) 0.20628(4) 0.47984(4) 0.900(5) 76(2) 92(2) 122Q2) 512) 2%(1) 28(1) 93(1)
Na(l) 0.84960(7) 0.20628(4) 0.47984(4) 0.100(5) 76(2) 92(2) 1222) S512) 2%1) 28(1) 9%(1)
Fe(2) 0.28050(7) 0.06758(4) 0.48885(4) 0.946(2) T7(2) 101(2) 128(2) S92) 35(1) 32 9(1)
Fe(3) 0.42326(7) 0.35296(4) 0.48618(4) 0.847(4) 792) 97(2) 134(2) 59Q2) 36&(1) 36&(1) 97(1)
Mg(3) 0.42326(7) 0.35296(4) 0.48618(4) 0.1534)" 79Q2) 97(2) 134(2) 59%2) 36(1) 36(1) 9X1)
Fe(4) 0 0.5 0.5 03853) 683) T8(3) 115(3) 41(2) 172) 232) 87Q2)
Mg(4) 0 0.5 05 0I1153) 683) 78(3) 1153) 412) 172) 232) 87Q2)
Ti 0.8010(8) 0.08710(4) 0.19911(4) 0.9584) S4(2) 86(2) 86(2) 372) 14(1) 22(1) 7X1)
Zr 0.8010(8) 0.08710(4) 0.19911(4) 0.042(4) 54(2) 86(2) 86(2) 372) 14(1) 22(1) 7(1)
Si(1)  0.6780(1) 02719%(6)02316%(7) 100  81(3) T(3) 92(3) 343) 132) 172) 83(1)
Si(2)  0.8139(1) 0.54579(7) 0.25301(7) 100  84(3) 8I(3) 1143) 453) 202) 222) 9(1)
Si(3)  0.3798(1) 0.67496(7) 0.25557(7) 100  8%3) 88(3) 108(3) 483) 1%2) 252) 9%(1)
Si(4)  0.5068(1) 0.93187(7)0.23565(7) 100 83(3) 82(3) 83(3) 40(3) 172) 25(2) 8(1)
K 0.1338(2) 0.2657(1) 0.99575(9) 090(1) 633(7) 378(6) 251(5) 105(4) 43(4) 94(5) 442(4)
Na 0.1338(2) 0.2657(1) 0.99575(9) 0.10(1) 633(7) 378(6) 251(5) 105(4) 43(4) 94(5) 442(9)
Na 0.5 0 0 0291(6) 18X6) 126(6) 75(6) 34(4) 19(4) 42(4) 132(4)
Ca 0.5 o (] 0209(6) 183(6) 126(6) 756) 34(4) 19(4) 424) 132(4)
O(1) 0.7264(3) 0.3194(2) 0.3849%2) 100 1058) 121(8) 95(9) 4u(7) 21(7) 27(7) 1103)
O(2) 0.1480(3) 0.1603(2) 0.3698(2) 100  1248) 12(9) 100(9) 45(7) 15(7) 33(7) 120(4)
O(3) 0.1286(3) 0.3929(2) 0.5936(2) 100 1058) 1238) L17(9) 5%7) 17(7) 31(7) 113(3)
OH(4) 02974(3) 0461%2) 0.3998(2) 100  110(8) 126(9) 153(10) 60(8) 27(7) 3%(7) 128(4)
OH(5) 09910(4) 0.1170(2) 0.59292) 100 1248) 127(9) 14%9) S52(8) 31(7) 33(7) 13%4)
O6) 0.5561(3) 0.2576(2) 0.589%2) 1.00 1108) 106(8) 113(9) 48(7) 17(7) 2%(7) 11003)
O(7)  0.5728(3) 0.01493(2) 0.3890(2) 1.00 11%8) 123(8) 858) 41(7) 21(7) 3%(7) 109(3)
O(8)  00743(4) 0.5904(2) 02008(2) 1.00  154(9) 270(11) 14%(10) 67(9) 4L(8) -258) 212(4)
O(9) 02474(4) 0.0410(2) 0.8284(2) 1.00  218(10) 309(12) 161(11) -15(10) 92(9) -141(9) 302(6)
O(10) 04275(4) 04146(2) 0.8003(2) 1.00 23510) 267(11) 158(11) 64(9) 2%(8) 173(9) 21i(4)
O(11) 0.128%5) 0.8085(2) 0.8314(2) 1.00  469(14) 426(14) 166(110 139(11) 132(10) 391(13) 297(6)
O(12) 0.2644(5) 0.9569(2) 0.1702(2) 1.00  36%(13) 296(12) 16%(11) -7(9) -70(9) 264(11) 290(6)
O(13) 02673(5) 0.6080(2) 0.806%(2) 1.00 418(13) 90(9) 140(10) 55(8) 37(9) 28(9) 22(5)
O(14) 0.5718(5) 0.2208(2) 0.80252) 1.00 437(13) 104(9) 160(10) 81(8) S5(10) 44(9) 231(5)
O(15) 0.3824(4) 0.1901(3) 0.1667(2) 1.00  164(10) 435(15) 165(11) 145(11) 43(8) -164(10) 298(6)
F(16) 0 0 0 0.50  166(10) 142(10) 93(10) 41(9) 198) 4%9) 137(4)

‘Uijx 10°A



434

mm_AWW
Atom X y z sof “Uy Ug Uy Up Up Up Uy
Mn(l) 0.2527(1) 0.39265(3) 0.00989%(3) 0.913(7) 94(4) 88(4) 1344) -24) 172) OOS) 105(2)
Na(l) 0.2527(1) 0.39265(3) 0.00989%(3) 0.087(7) 94(4) 884) 1344) -24) 172) ) 105(2)
Mn(2) 0.7461(1) 0.03613(3)-0.00589(3 0.990(3) 92(4) 86(4) 1584) 13(3) 28(3) -34) 111(2)
Mn(3) 0.7468(1) 0.17930(3)-0.00728(3 0.966(4) 954) 92(4) 1504) 6(4) 353) %9 111(2)
Mn(4) 025 0.25 0 0431(4) 95(6) 91(5) 140(5) -14(5) 6(4) 2(5) 109(3)
Mg@4) 0.25 0.25 0 0.069%(4) 95(6) 91(5) 140(5) -18(5) 6@4) 2(5) 109(3)
Ti 0.4641(1) 0.10716(3)-0.15196(3 0.881(4) TI(3) 130(3) 145(4) -17(3) 12(2) S503) 117Q2)
Nb 0.4641(1) 0.10716(3)-0.15196(3 0.119@) T%X(3) 130_(3) 145(4) -17(3) 12(2) -5(3) 117(2)
Si(1) 0.0417(2) 0.19281(5)-0.13490(6 1.00 85(6) 101(6) 113(6) 27(4) ©&4) 44) 10(3)
Si(2) 0.0391(2) 0.32547(5)-0.12427(6 1.00 167(6) 1072(6) 112(6) 1(5) 11(4) 35 129(3)
Si3)  0.9601(2) 0.1105%(5) 0.12310(6) 100  154(6) 101(5) 11X5) 6(5) 13@4) -X5) 123Q2)
Si(4) 1.0417(2) 0.02169%(5)-0.13312(6 1.00 114(6) 75(6) 1056) 24) 11@4) 14) 98(3)
K1 0.5 024270(9) <025 050 568(13) 495(12) 285(10) © 20(9) 0 451(5)
K2 05 0027469 02§ 0.50 579(13) 416(11) 280(10) O 31(9) 0 425(5)
Na -1.0 0.1068%8) <0.25 0.301(7) 266(11) 142(10) 7%9) 0 5(6) 0 162(6)
Ca -1.0 0.106838) 025 0.19%(7) 266(11) 142(10) 75(9) 0 5(6) 0 162(6)
xl) 0.0676(5) 0.1842(2) -0.0582(1) 1.00 109(15) 121(17) 88(14) -8(13) -5(12) 4(15) 107(7)
O(2) 0.5672(5) 0.1077(2) -0.0655(1) 1.00 117(14) 119(14) 113(14) -1(15) 1(11) -8(15) 117(6)
o3) 0.0672(5) 0.3234(2) -0.0474(1) 1.00 86(15) 140(16) 100(14) -19(15) 14(11) -12(16) 108(6)
OH(4) -0.0652(6) 0.2477(2) 0.0505(1) 1.00 117(16) 152(16) 163(16) -36(15) 42(13) 3(16) 142(7)
OH(5) 04343(6) 0.0391(2) 0.0474(1) 1.00 139(17) 123(17) 188(17) -11(16) 23(13) -(16) 150(7)
o(6) 0.9289(5) 0.1094(2) 0.0457(1) 1.00 129(14) 109(14) 109(14) -14(16) 17(11) -14(16) 115(6)
o) 1.0664(5) 0.0309(2) -0.0563(1) 1.00 126(16) 127(17) 104(15) -10(13) 17(12) (18 11N
0o(8) 0.2753(7) 0.3593(1) -0.1507(2) 1.00 337(21) 335(20) 154(18) 12(15) 4(15) -174(17) 271(9)
o9) £.7252(6) 0.0491(2) -0.1645(2) 1.00 315(20) 385(22) 179%(18) -58(16) 95(16) -208(17) 289(9)
o(10) 0.2240(7) 0.3557(2) 0.15102) 1.00 339(21) 360(21) 174(19) 41(15) 27(16) 207(17) 291(9)
o(11) 0274%6) 0.1660(2) £0.16632) 1.00  313(20) 380(22) 175(18) 28(16) 81(15) 200(17) 286(9)
0(12) 0.7863(6) 0.0486(2) 0.16552) 100 296(20) 353(21) 203(18) -59(16) -66(1S) 207(16) 289%(9)
0O(13) 0.0367(7) 0.2615(1) £0.15422) 100 431(22) 107(15) 164(16) -10(13) 8&(15) -7(15) 235(8)
0O(14) 0.9628(7) 0.0464(1) 0.1523(2) 1.00  486(23) 115(16) 172(17) 32(13) 27(16) 1(15) 258(8)
o(15) -0.2133(6) 0.1660(2) 0.1666(2) 100 279(19) 382(22) 173(18) 68(16) -75(15) -195(17) 285(%)
F(16) 0.5  01064(2) 025 050 222(19)26420)172019) 0 215) 0 _ 220(8)
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Atom x v z sof Uy Ugp Uy Ugp Ujps Ug Ug
Mn(l) 0.8500(1) 0.20620(5) 0.47875(6) 0.809(5) 89(3) 96(33) 107(3) 462 17Q0) 212) 91Q2)
Na(l) 0.8500(1) 0.20620(5) 0.47875(6) 0.191(5) 89(3) 96(3) 107(3) 46(2) 172) 21(2) 97Q2)
Mn(2) 0.27901(9) 0.06658(5) 0.48702(5) 0.974(3) 103(3) 113(3) 1253) 57(2) 302) 302 1112)
Mn(3) 0.4223(1) 0.35220(5) 0.48391(S) 0.881(5) 103(3) 112(3) 133(3) 65Q2) 34(2) 36(2) 110(2)
Mg(3) 0.4223(1) 0.35220(5) 0.48391(5) 0.11%(5) 1033) 112(3) 1333) 632) 342) 36(2) 11002)
Mn(4) 0 0.5 0.5 0299(3) 90(5) 88(4) 1055) 38(3) 103) 173) 9713)
Mg4) 0 0.5 0S5 0201(3) 90(5) 88(4) 105(5) 38(3) 103) 173) 973)
Ti 0.0795(1) 0.08598(5) 0.19683(5) 0.948(4) 6%(3) 94(3) 93(3) 41(2) 12(2) 212) 85(2)
Nb 0.0795(1) 0.08598(5) 0.19683(S) 0.052(4) 69(3) 94(3) 93(3) 41Q2) 12) 21Q2) 852)
Si(1) 0.6785(2) 0.27194(8) 0.23032(9) 1.00 894) T¥4) 86(4) 30(3) 93) 16(3) 86Q2)
Si(2) 0.8128(2) 0.54570(8) 0.25292(9) 1.00 119(4) 85(4) 93(4) 40(3) 11(3) 15(3) 101(2)
Si(3) 0.3781(2) 0.67477(8) 0.25541(9) 1.00 119(4) 89(4) 1044) 49(3) 123) 21(3) 104(2)
Si(4) 0.5081(2) 0.93072(8) 0.23432(9) 1.00 91(4) 92(4) 86(4) 4%(3) 12(3) 21(3) 88Q2)
K 0.1321(2) 0.2645(1) 0.9961(1) 0.885(4) 365(4)
Na 0.093(3) 0.186(2) 0.998(2) 0.115(4) 365(4)
Na 0.5 0 0 0322(6) 192(9) 122(8) 83(8) 35(5) 6&5) 25(5) 140(6)
Ca 0.5 1] 0 0.178(6) 192(9) 122(8) 83(8) 35(5) 6(5) 25(5) 140(6)
o) 0.7290(4) 0.3203(2) 0.3824(2) 1.00 121(11) 135(11) 89(11) 37(9) 31(9) 359) 118(5)
0(2) 0.1483(4) 0.1593(2) 0.3675(2) 1.00  135(11) 136(11) 104(12) 35(9) 18(9) 31(9) 131(5)
o) 0.1292(4) 0.3949(2) 0.5948(2) 1.00 104(11) 135(11) 95(11) 38(9) 39) 158) 119(5)
OH(4) 0.2935(5) 0.4627(2) 0.3980(2) 1.00  132(11) 146(11) 147(12) 62(10) 31(9) 3&(9) 142(5)
OH(5) 0.9921(4) 0.1189%(2) 0.5951(2) 1.00  126(11) 155(11) 158(13) 58(10) 28(10) 3‘%(9) 150(5)
(6) 0.5572(4) 0.2586(2) 0.5921(2) 100 113(11) 124(11) 11X12) 57(9) 16(9) 2%9) 116(5)
o 0.5749(4) 0.0133(2) 0.3866(2) 1.00  116(11) 150(11) 85(11) 45(9) 12(9) 42(9) 118(5)
O(8) 0.0724(4) 0.5917(2) 0.2007(2) 1.00  143(12) 22%(13) 137(13) 72(10) 20(10) -19(10) 182(6)
09) 0.2460(5) 0.0417(3) 0.8296(3) 100  215(13) 246(14) 158(14) 25(11) 62(11) -78(11) 250(6)
o(10) 0431%5)_ 0.4153(2) 0.7994(2) 100  196(12) 202(12) 141(13) 60(10) 15(10) 118(10) 174(5)
o(11) 0.1297(6) 0.8100(3) 0.8330(3) 1.00  352(15) 295(14) 184(14) 115(12) 100(12) 253(12) 240(6)
O(12) 02646(5) 0.9567(3) 0.1693(3) 1.00  294(14) 228(13) 157(13) 2)(11) -72(11) 170(11) 236(6)
0O(13) 0.2665(5) 0.6074(2) 0.8089(2) 100 292(14) 102(11) 136(12) 50(9) 14(11) 16(10) 186(6)
o(14) 0.5721(5) 0.2222(2) 0.8031(3) 1.00  314(14) 109(11) 175(13) 84(10) 48(11) 41(10) 195(6)
O(15) 0.3807(5) 0.1906(3) 0.1672(3) 1.00  159%(12) 310(15) 167(14) 11%(12) -37(10) -106(11) 241(6)
F(16) 0 0 0 0.50 IN13) 67(13) S2(14) 27!112 31y 31(10) 4!6!
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR US3
Atom x y __z sof Uy Upg Uy Up Up Uy Ug
Fe(1) 0.8493(2) 02055(1) 0.4801(1) 0.891(8) 95(6) 8%6) 130(6) 53(5) 29(4) 18(4) 103(4)
Na(l) 0.8493(2) 0.2055(1) 04801(1) 0.109(8) 95(6) 89%6) 130(6) 53(5) 29(4) 18(4) 103(9)
Fe2) 02801(2) 0.06747(9) 0.4893(1) 100  104(5) 11I(5) 152(6) 69(4) 40(4) 23(4) 118(3)
Fe(3) 04226(2) 0.35234(9) 04862(1) 100  86(5) 96(5) 146(6) 57(4) 43(4) 294) 10503)
Fe(4) 0 05 0.5 050 6%6) 7SN 126(7) 27(6) 2%5) 1%(S) 94(3)
Ti 0.0786(2) 0.08639) 0.1981(1) 0.76%(7) 67(S) 74(5) 148(6) 54(4) 28(4) 10(3) 95(4)
Nb  0.0786(2) 0.08633(9) 0.1981(1) 0231(7) 67(5) 74(S) 148(6) 54(4) 28(4) 10(3) 95(4)
Si(1) 06771(3) 02719(2) 02330(2) 100  130(9) 122(10) 125(10) 54(8) 28(7) 38(7) 125(4)
Si(2)  0.8154(3) 0.5468(2) 02546(2) 100  110(9) 93(9) I37(10) 34(8) 2%(7) 25(7) 118(4)
Si(3) 03807(3) 0.6757(2) 02573(2) 100  128(9) 111(10) 123(10) 63(8) 1(7) 28(7) 118(4)
Si4)  0.5081(3) 09337(2) 02371(2) 100  119(9) 10210) 122(10) 5%8) 20(7) 22(7) 113(4)
K 0.1315(5) 02640(3) 0.9962(2) 0.92%(9) B78(21) 652(19) 266(14) 117(12) 44(12) 145(14) 640(11)
Rb  0.I3155) 02640(3) 0.9962(2) 0.071(9) 878(21) 652(19) 266(14) 117(12) 44(12) 145(14) 640(11)
Na 0.5 0 0 047%(8) 351(28) 135(25) 126(25) 59(20) 23(19) 37(19) 20%(15)
O(l) 0.72548) 0.3180(4) 03857(5) 100 120(22) 74(24) 13826) T7Q21) %(19) -4(18) 107(10)
0(2) 0.1471(8) 0.16154) 03730(5) 1.00  114(22) 90(24) 155(27) 7422) 7(19) -¥(18) 11%(10)
0(3)  0.12658) 0.39104) 0.59285) 100  84(21) 102(24) 158(26) 67(22) 35(19) 34(18) 108(10)
OH(4) 0.2982(9) 0.4625(4) 04010(5) 1.00 . 157(23) 71(24) 140(27) 65(22) 22(20) 35(19) 115(10)
OH(S) 0.9901(9) 0.1162(5) 0.5911(5) 100  143(23) 141(26) 127(27) 4%(23) 23(20) 53(20) 137%(10)
O(6)  0.559%(8) 02581(4) 0.5908(4) 1.00  85(21) 113(24) 104(25) 38Q21) -%(21) 5(18) 10%(10)
O(T)  0.5733(8) 0.01654) 038985) 1.00  11021) 115(25) 9525) 35(21) -13(18) 1(18) 117(10)
O(8)  0.0774(9) 0.5903(5) 02016(5) 100  161(24) 226(29) 174(29) 35(25) 25(21) -5Q21) 214(12)
O9) 02452(11) 0.0410(6) 0.8252(5) 100  345(33) 445(40) 139(32) -103(29) 126(27) -272(29) 447(20)
O(10) 0.4263(9) 041285) 0.797%(5) 100  197(26) 258(31) 198(30) 86(26) -21(22) 54(22) 226(12)
O(l1) 0.1250(14) 0.8066(7) 0.8287(6) 1.00  771(48) T11(51) 232(36) 196(37) 226(35) 670(44) 482(20)
O(12) 0.2634(13) 0.9584(6) 0.1735(6) 1.00  636(45) 402(40) 163(33) -36(31) -205(31) 371(35) 446(19)
0(13) 02687(11) 0.6064(5) 0.803%5) 1.00  S556(38) 81(27) 163(30) 62(24) 29Q27) 11(26) 27%(14)
O(l4) 0.5736(12) 0.2201(S) 0.7995(6) 1.00  595(39) 108(28) 269(34) 143(27) 49(29) 1Q27) 32(15)
O(15) 0.3823(11) 0.1921(7) 0.1705(6) 1.00  277(30) 694(49) 177(33) 209(35) -60(25) -321(31) 462(20)
F(16) 0 0 0 050  187(29) 191(32) 158(33) 79(28) 6(24) 45(29) 180(13)
H()  027Q) 04168) 0309(1) 100 406(270)
H()  1.03(2) 0.14%8) 0.6832) 100 343272)
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FORMSE2 ___
Aom____x v z o U, Ug Uy Uz Up U Ug
Mn(1) 0.84974(9) 0.20565(4) 0.47864(5) 0.891(6) 9%8(3) 993) 1233) S5K2) 26(2) 26(2) 105(2)
Na(l) 0.84974(9) 0.20565(4) 0.47864(S) 0.109%(6) 98(3) 9%3) 123(3) SI(2) 26(2) 26(2) 105(2)
Mn(2) 0.27981(9) 0.06664(4) 0.48689(5) 0.994(3) 109(3) 113(3) 141(3) 62(2) 382) 33(2) 1172)
Mn(3) 0.42217(9) 0.35146(4) 0.48358(5) 0.985(3) 110(3) 112(3) 148(3) 64(2) 412) 38Q2) 118(2)
Mn(4) 0 0 05  0477@4) 102(4) 90(3) 121(4) 3%2) 17(2) 23(2) 107(2)
Mg@4) 0 0.5 0.5 0.0234) 1024) 90(3) 1214) 39%2) 172) 23(2) 107(2)
Ti 0.07888(9) 0.08599(5) 0.19615(5) 0.910(4) 80(3) 91(2) 106(3) 42(2) 20(2) 22i2) 93(2)
Nb 0.07888(9) 0.08599(5) 0.19615(5) 0.090(4) 80(3) 91(2) 106(3) 422) 20012) 2202) 9%2)
Si(1)  0.6782(2) 0.27155(7) 0.2299%(8) 1.00 96(4) T8(3) 86(4) 28(3) 123) 1503) - 91(2)
Si2) 0.8119(2) 0.54638(8) 0.25308(8) 1.00 110(4) 833) 113(3) 433) 193) 193) 103(2)
Si(3) 0.3770(2) 0.67531(8) 0.25548(8) 1.00 111(4) 93(3) 1144) S3(3) 25(3) 23(3) 103Q2)
Si(4)  0.5080(2) 0.93132(7)0.23431(8) 1.00 974) 8&3) 854) 3733) 153) 18Q3) 90(2)
K 0.1320(2) 0.2634(1) 0.9950(1) 0.84(1) 564(8) 429%(7) 27%(6) 115(5) 49(5) 102(5) 444(4)
Na 0.1320(2) 0.2634(1) 0.9950(1) 0.16(1) 564(8) 42%(7) 27%(6) 1155) 49%(5) 102(5) 444(4)
Na 0.5 0 0 0.30%6) 190(8) 112(7) 80(7) 3%(5) 13(5) 26(5) 132(5)
Ca 0S5 0 0 0.191(6) 190(8) 112(7) 8(7) 3%5) 13(5) 2&(5) 132(5)
o(l) 0.7280(4) 0.3176(2) 0.3818(2) 1.00 130(10) 126(10) 90(10) 438) 158) 29%8) 1184)
0(2) 0.1461(4) 0.1589%(2) 0.3666(2) 100 13510) 121(10) 92(10) 3%8) 10(8) 25(8) 121(4)
o) 0.128%(4) 0.3924(2) 0.5947(2) 1.00 117(10) 115(10) 114(10) 41(8) 16(8) 24(8) 119%4)
OH(4) 0.2977(4) 0462%(2) 0.3974(2) 1.00  149(11) 136(11) 138(11) S7(9) 17(8) 38(9) 142(4)
OH(5) 0.9924(4) 0.1188(2) 0.5944(2) 1.00  132(11) 136(10) 134(11) 49(9) 1%8) 28(9) 1394)
6) 0.5586(4) 0.2572(2) 0.5914(2) 1.00 140(10) 105(9) 98(10) 43(8) 20(8) 3(8) 1154)
o 0.5757(4) 0.0140(2) 0.3864(2) 1.00  134(10) 11%(10) 77(9) 44(8) 14(8) 30(8) 111(4)
o(8) 0.0709(4) 0.5928(2) 02012(2) 1.00 152(11) 214(11) 151(11) 63(9) 43(9) -%9) 18%(5)
009) 0.2472(5) 0.0414(2) 0.8297(2) 1.00 174(12) 240(12) 13%(11) 28(9) 66(9) -59%(10) 220(5)
0(10) 0.4330(5) 0.414%(2) 0.798%(2) 1.00  218(12) 209(11) 156(11) 71(9) 26(9) 116(10) 187(S)
O(l1) 0.1288(5) 0.8091(2) 0.83352) 1.00 333(14) 281(13) 143(11) 91(10) 82(10) 230(11) 224(5)
O(12) 02642(S) 09571(2) 0.17052) 1.00 274(13) 242(12) 144(11) 39(10) -32(10) 162(11) 223(S)
O(13) 0.2658(5) 0.6068(2) 0.8068(2) 1.00 300(13) 109(10) 136(11) 54(9) 26(9) 22(9) 188(5)
o(i14) 0.5721(5) 0.2214(2) 0.801%2) 1.00 293(13) 104(9) 149(11) 64(9) 40(10) 24(9) 18%(S)
o(15) 0.3811(5) 0.1910(2) 0.1664(2) 1.00 131(11) 28%(13) 166(12) 101(10) -23(9) -78(9) 21%(S)
F(16) 0 0 0 0.50  180(13) 13%(11) 95(12) 38(10) 15(10) 36(10) 14)S)
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o FOSTIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCIPANCES FORIABS
Atom X y z sof Uy U. 2 4& U. L U U 2 U, Jog
Fe(l) 0.8501(1) 0.20583(5) 0.47990(S) 0.876(5) 130(3) 1253) 175(3) 6%Q2) 39(2) 40(2) 140(2)
Na(l) 0.8501(1) 0.20583(S) 0.47990(5) 0.124(5) 130(3) 125(3) 175(3) 69%(2) 39(2) 40(2) 140(2)
Fe(2) 0.2806(1) 0.0678%(S) 0.48911(S) 0.956(2) 138(3) 143(3) 189%(3) 822) 46(2) 50(2) 150(2)
Fe(3) 0.4227(1) 0.55217(5) 0.48551(5) 0.944(3) 134(3) 137(3) 196(3) 81(2) 47(2) 49%2) 149(2)
Fe(4) 0 0.5 0.5 0.436(3) 122(5) 118(4) 171(4) 61(3) 29(3) 313) 137(3)
Mg(4) 0 0.5 0.5 0.064(3) 122(5) 118(4) 171(4) 61(3) 29%3) 31(3) 137(3)
Ti 0.07953(9) 0.08633(4) 0.19795(5) 0.57%(5) 107(3) 132(2) 180(3) 732) 31(2) 392) 136(2)
Zr 0.07953(9) 0.08683(4) 0.19795(5) 0.42XS) 107(3) 132(2) 180(3) 73(2) 31Q2) 3IN2) 136(2)
Si(1) 0.6785(2) 0.27350(9) 0.232%(1) 1.00 171(5) . 115(4) 151(5) 48(4) 24(4) 354) 150(2)
Si(2) 0.8143(2) 0.54736(9) 0.254%(1) 1.00 164(5) 128(4) 174(5) 6%4) 25(4) 39%4) 154Q2)
Si(3) 0.3785(2) 0.67503(9) 0.25728(9) 1.00 155(5) 132(4) 173(5) 734) 25(4) 434) 15002)
Si(4) 0.5065(2) 0.93127(9) 0.2366(1) 1.00 164(5) 133(4) 143(5) 66(4) 27(4) 40(4) 154(2)
K 0.1338(3) 0.2666(1) 0.9958(1) 0.94%(5) 925(14) 504(8) 4I7) 14N6) TI(T) 129(B) 616(6)
Na 0.5 0 0 0.379(6) 307(13) 196(10) 176(10) 66(7) 438) 5%8) 23)7)
Ca 0.5 0 0 0.121(6) 307(13) 196(10) 176(10) 66(7) 43(8) SN8) 2337
o) 0.7272(5) 0.3188(2) 0.3842(2) 1.00 157(14) 164(12) 151(12) 69(10) 35(10) 46(10) 156(5)
o2) 0.1486(5) 0.1623(2) 0.3746(2) 1.00 155(14) 196(12) 212(14) 79%(11) 16(11) 49(10) 191(6)
o) 0.1272(5) 0.3917(2) 0.5930(2) 1.00 149(14) 175(12) 163(12) 72(10) 30(10) 4%(10) 161(5)
OH(@4) 0.2986(5) 0.4631(2) 0.4016(2) 1.00 158(14) 162(12) 213(14) 74(10) 36(11) 37(10) 180(S)
OH(5) 0.9892(5) 0.1164(2) 0.5922(2) 1.00 189(14) 168(12) 203(13) 88(10) 45(11) 51(10) 183(S)
Oo(6) 0.5602(5) 0.2574(2) 0.5896(2) 1.00 153(13) 187(12) 169(13) 70(10) 27(10) 51(10) 170(5)
o 0.5728(5) 0.0145(2) 0.3890(2) 1.00 143(13) 146(11) 167(13) 64(10) 23(10) 28(10) 155(5)
O(8) 0.0740(5) 0.5912(3) 0.2030(3) 1.00  222(16) 289%(14) 225(15) 87(12) 50(12) 3(12) 264(6)
- O9) 0.249%7) 0.0416(3) 0.8262(3) 1.00  391(21) 497(20) 245(17) -29(15) 168(15) -242(16) 497(11)
0O(10) 0.4276(6) 0.4132(3) 0.7968(3) 1.00  272(17) 342(15) 22%(15) 112(13) 37(12) 163(13) 271(7)
Oo(11) 0.1287(8) 0.8057(3) 0.8302(3) 1.00 81%(29) 678(23) 257(17) 217(17) 212(18) 634(23) 495(10)
0(12) 0.2664(7) 0.9566(3) O. 1723(3) 1.00  646(25) 460(19) 2683(18 -8(15) -116(17) 429(19) 480(10)
0o(13) 0.26754(7) 0.6050(2) 0.8046(3) 1.00  638(24) 141(13) 215(15) 100(11) 3%(15) 56(14) 336(8)
O(14) 0.5727(7) 0.2208(2) 0.8003(3) 100 646(24) 145(13) 225(15) 86(12) 45(15) 30(14) 353(8)
o(15) 0.3873(6) 0.1927(3) 0.1686(3) 1.00 289(19) 636(23) 244(16) 178(16) -70(14) «274(16) 472(10)
F(16) 0 0 0 0.50 227! 18! 2‘2 15! 211’16! 92 13! ﬂl3! gl3! zlﬁ Z!
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Atom x Y z sof Uy Ug Up Uy Uy Up Ug
Mn(l) 0.8503(2) 0.2060(1) 04786(1) 0.741(8) 62(6) 100(6) 127(7) 474) 274) 17(4) 914)
Na(l) 0.8503(2) 0.2060(1) 0.4786(1) 025%(8) 62(6) 100(6) 127(7) 47(4) 274) 174) 974)
Mn(2) 02791(2) 0.06673(8) 0.48762(9) 1.011(5) 87(5) 106(5) 163(6) 59(4) 43@4) 233) 1183)
Mn(3) 0.42292) 0.35239(8) 0.48466(9) 0.996(4) 8I(S5) 115(5) 145(6) 69(4) 46(4) 29(3) 107(3)
Zn(4) 0 05 0.5  03834) 7H6) 106(6) 12%(7) 4X5) 2%(S) 16(4) 107(4)
Mg(4) 0 0.5 0.5 0.1174) TI6) 106(6) 12%(7) 435) 2%S5) 16(4) 107(4)
Ti 0.0775(1) 0.08393(7)0.19176(8) 0.624(6) 47(4) 9%(4) 181(5) T3(3) 37(3) 19(3) 104(3)
Nb 0.0775(1) 0.08393(7) 0.19176(8) 0.376(6) 47(4) 9%4) 181(5) 73(3) 37(3) 19(3) 104(3)
Si(l)  0.6796(3) 02732(1) 023152) 100 9%8) 82(7) 116(9) 42(6) 21(7) 15(6) 100(4)
Si2) 0.8142(3) 0.54651) 02537(2) 100  888) 80(3) 147(10) 57(7) 30(7) 17(6) 102(4)
Si(3) 0.3799(3) 0.6752(1) 02564(2) 1.00 101(8) 888) 137(10) S3(7) 22(7) 14(6) 10%4)
Si(d)  0.5077(3) 0.9308(1) 02356(2) 100 8%8) 1238) 106(9) 58(7) 3&7) 17(6) 103(4)
K1 0.1351(5) 0.2684(4) 0.99583) 0.833(8) 454(8)
K2 0.110(3) 0216(2) 0.998(1) 0.16%(8) 454(8)
Na 0.5 0 0 0482(7) 364(27) 197(22) 86(22) 47(16) 8(18) 44(17) 229(14)
O(1) 0.728%8) 0.3209(4) 0.3834(4) 1.00  114(21) 135(21) 156(26) 49(19) 38(18) 55(17) 135(9)
O(2) 0.1480(7) 0.1591(4) 03672(4) 1.00  98(20) 100(20) 153(25) 35(18) 21(18) 29(16) 123(9)
03) 0.1302(7) 039%47(4) 0.5951(4) 1.00  69(20) 114(20) 134(24) S%(17) 46(17) 22(16) 103(9)
OH(4) 02935(8) 046254) 0.398%4) 100  152(22) 106(20) 230(27) 99(19) 51(19) 49(17) 150(10)
OH(5) 0.9922(7) 0.1184(4) 0.5961(4) 1.00 106(21) 142(21) 167(26) 47(19) 20(18) 19(17) 148(10)
O(6) 0.5564(8) 0.2581(3) 0.5916(4) 1.00 134(21) 61(19) 174(26) 60(18) 36(18) 17(16) 121(9)
O(7) O0.ST2N(T) 001284) 0.38674) 100 124(21) 116(21) 125(23) 40(18) 61(18) 60(16) 11&(9)
O8) 0.0744(8) 0.5913(4) 02021(4) 1.00  113(21) 218(23) 158(26) 101(20) 30(19) -8(17) 165(10)
O(9) 0.2444(9) 0.0417(4) 0.8270(5) 1.00  227(26) 30427) 183(29) -3(21) 132(22) -183(21) 312(13)
O(10) 0.4293(8) 0.4150(4) 0.8002(4) 1.00  180(23) 218(23) 153(26) T78(20) 57(19) 110(19) 173(10)
O(11) 0.1264(10) 0.8074(5) 0.829%(5) 1.00  489(33) 460(32) 191(30) 163(25) 151(25) 418(28) 31X(13)
O(12) 0.2627(10) 0.9565(5) 0.1715(5) 1.00  467(32) 286(28) 195(30) <47(22) -107(25) 310(25) 33%(14)
O(13) 02643(9) 0.6070(4) 0.80854) 1.00 395(30) 132(23) 152(27) 21(20) 42(22) 34(21) 247(11)
O(14) 0.5724(9) 0.2225(4) 0.80294) 1.00  405(29) 130(22) 166(27) 82(20) 67(22) 44(20) 232(11)
O(15) 0.3834(9) 0.1933(5) 0.1691(5) 1.00  195(26) 478(32) 193(30) 193(25) -68(22) -233(22) 337(14)
F(16) 0 0 0 0.50 _134(26) 281(29) 223(33) 137(25) 70(23) 82(22) 197%(12)
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR MSHS
Atom x y z sof Uy Up Uy Un Up Uy Ug

Mn(l) 0.85061(9) 0.20591(4) 0.47956(5) 0.863(5) 102(3) 107(3) 156(3) 63(2) 26(2) 27(2) 120(2)
Na(I) 0.85061(9) 0.20591(4) 0.47956(5) 0.137(5) 102(3) 107(3) 156(3) 63(2) 26(2) 272) 120(2)

Mn(2) 027913(8) 0.06742(4) 0.48742(5) 0.985(3) 114(2) 1242) 176(3) 772) 452) 372) 132Q2)
Mn(3) 0.42190(9) 0.35173(4) 0.48472(5) 0.974(2) 1152) 1252) 1843) 84Q2) S0Q2) 47Q) 1332)
Mn(4) 0 0.5 05  04822) 9%4(3) 933) 1503) 472) 152) 24@2) 115Q)

\ Ti 0.07634(7) 0.08332(3) 0.19010(4) 0.553(3) 86(2) 131(2) 196(2) 81(1) 32(1) 37(1) 133(1)
: Nb 0.07634(7) 0.08332(3) 0.19010(4) 0.447(3) 86(2) 131(2) 196(2) 81(1) 32(1) 370) 133(1)

| Si(l)  0.6789%(2) 0.27321(7)0.23102(8) 1.00  124(4) 90(4) 125(4) 41(3) 16(3) 22(3) 116Q2)
} Si(2) 0.812%(2) 0.54654(8) 0.25206(8) 100 177(4) 99%4) 145(4) 573) 19(3) 26(3) 142(2)
i Si(3)  0.3775(2) 0.67402(8) 0.2546%(8) 1.00 175(4) 115(4) 1474) T1(3) 26(3) 32(3) 143(2)
; Si4)  0.5066(2) 0.93042(8) 0.2352%(8) 1.00 134(4) 107(4) 112(4) S57(3) 21(3) 293) 116(2)

K 0.1376(2) 02716(1) 0.9956(1) 1.003(4) 744(9) S65(8) 368(6) 158(5) 6%(6) 13%(6) 582(5)

: Na 0.5 0 0 0.449%(6) 404(12) 209(10) 130(9) S52(7) 31(8) 60(8) 260(7)
‘ Ca 05 0 0 0.051(6) 404(12) 209(10) 130(9) 52(7) 3K@®) 60(8) 260(7)

Oo(l) 0.727T%4) 03191(2) 0.3833(2) 1.00  140(10) 148(10) 120(10) SO(8) 17(8) 27(8) 141(4)
| O@2) 0.1467(4) 0.15972) 0.3680(2) 100  140(10) 174(11) 144(11) S8(9) 2X8) 33(8) 158(4)
| O@3) 0.1300(4) 0.3930(2) 0.5952(2) 100 146(10) 117(10) 145(10) S5(8) 5(8) 26(8) 142(4)
i OH(4) 02956(4) 0.4624(2) 0.3992(2) 1.00  161(11) 175(11) 180(11) 68(9) 39%(9) 5X8) 173(5)
; OH(S) 09932(4) 0.1177(2) 0.5937(2) 1.00  170(11) 194(11) 188(11) 89(9) 37(9) 63(9) 17%5)
3 06) 0.5586(4) 02580(2) 0.5914(2) 1.00  154(10) 141(10) 129(10) S8(8) 11(8) 24(8) 145(4)
i O(7) 0S7274) 00131(2) 03874(2) 1.00 152(10) I37(10) 124(10) 52(8) 18(8) 40(8) 139(4)
| O@B8) 007155 0.5912(2) 0.1997(2) 1.00 271(13) 320(14) 193(13) 80(11) 27(10) -74(11) 300(6)
| O(9) 024795) 0.0417(3) 0.8277(2) 100  263(13) 377(15) 202(13) 16(11) 96(11) -165(11) 359(7)
| O(10) 04299(5) 0.4155(2) 0.8006(2) 1.00  429(16) 310(14) 195(13) 83(11) 12(11) 216(12) 302(6)
O(ll) 0.1274(6) 0.806%3) 0.8316(2) 1.00  578(18) 508(17) 195(13) 167(12) 15X(13) 453(15) 362(7)
! O(12) 02634(5) 0.9559(3) 0.1718(2) 1.00  481(17) 356(15) 192(13) 15(11) -71(12) 317(13) 34%(7)
| O(13) 02666(5) 0.6068(2) 0.80752) 100 489(16) 96(10) 192(12) 68(9) 39%(11) 28(10) 268(6)

O(l4) 0.5716(5) 02216(2) 0.80342) 1.00  504(17) 133(11) 213(13) 100(10) 39(12) 40(11) 285(6)

O(15) 0.3843(5) 0.1924(3) 0.1681(2) 100  216(13) 48%(17) 230(13) 181(12) 43(10) -168(11) 356(7)

F(16) 0 0 0 0.50 14) 266(15) 188(14) 86(12) 37(11) 63(11) 2336
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441

POSITIONAL AND DISPLACEMENT PARAMETERS AND SITEOCCUPANCIESFORMSHY
Aom____ x 2 z sof Uy Ug Up Up Uy Up Ug
Mn(l) 0.8496(1) 0.20560(7) 0.47845(7) 0.860(5) 76(4) 91(4) 1l44) 5I(3) 25(3) 273) 90)
Na(l) 0.8496(1) 0.20560(7) 0.47845(7) 0.140(5) 76(4) 9I@) 114@) SIG3) 25(3) 273) 90Q2)
Mn(2) 02797(1) 0.0666(7) 048678(7) 0.980(3) 924) 114(4) 127(4) 66(3) 423) 39(3) 1032)
Mn(3) 04221(1) 0.35134(7) 0.48352(T) 0.973(3) 93(4) 115(4) 1394) TI3) 413) 41(3) 106(2)
M) 0 05 05 0474@) TNS) 90(5) 1055) 374) 14@) 174) 9203)
Ti  00791(1) 0.08608(7) 0.19615(7) 0.929(4) 49(4) 98(4) 101(4) 48(3) 16(3) 20(3) 8IQ)
Nb  0.0791(1) 0.08608(7) 0.19615(7) 0.071(4) 49(4) 98(4) 10i4) 483) 16(3) 203) 8IQ)
Si(1)  06784(2) 02716(1) 0229%(1) 100 7%6) 76(6) 9N6) 38(S) 195) 255) 83G)
Si2) 08118(2) 0.5464(1) 02528(1) 100 1056) 98(6) 107%6) 48(S) 18(5) 30(5) 101(3)
Si3) 03771(2) 06752(1) 02555(1) 100  956) 9%6) 11%6) 63(S) 22(5) 295) 97(3)
Si4) 05077(2) 05312(1) 02343(1) 100  856) 82A6) 9IE) 48(5) 2(5) 2A(5) 80)
K 0I311(3) 02630(2) 0.9953(1) 0.90(1) S08(11) 623(12) 265(9) 11X(8) 48(8) 151(9) 493(6)
Na  0.13113) 026302) 0.995%1) 0.10(1) S08(11) G2X(12) 2659) 1138) 48(8) 151(9) 49%6)
Na 05 0 0 02056) 15X10) 121(9) TAS) 386) 136) 34(7) 12006)
Ca 0.5 0 0 02956) 15X10) 121(9) TAS) 38(6) 136) 34(7) 120(6)
O(1)  0.727%(6) 031753) 0381%3) 100  106(16) 130(I6) 94(15) 48(13) 27(13) 3%(13) 108(7)
0(2) 0.1461(6) 0.15853) 0.366%3) 100  137(16) 126(16) 92(15) 43(13) 38(13) 42(13) M17(7)
0(3)  0.1282(5) 03922(3) 0.59453) 100  8%(I5) 139(16) 9&IS) SO(12) 15(12) 31(13) 107(6)
OH(4) 02976(6) 04626(3) 0.397(3) 100  118(16) 137(16) 145(16) 64(13) 16(13) 23(13) 136(7)
OH(S) 09913(6) 0.1190(3) 0.5%47(3) 100 11X16) 138(17) 41(16) 6X(13) 34(13) 35(13) 129(7)
O6)  0.5585(5) 02579(3) 05917(3) 100  SX15) 92(15) 113(15) 46(12) 3(12) 20(12) 98(6)
O)  0.5757(6) 0.0136(3) 0.3865(3) 100  112(16) 134(16) 94(15) 31(13) 30(13) SH13) 114(7)
O(8)  0.0694(6) 0.5924(3) 020043) 100  162(17) 19%(18) 168(17) BI(14) SI(14) -9(14) 184(7)
O(9)  02456(6) 0.04103) 0.8291(3) 100  146(17) 238(19) 146(1T) 49(14) 67(14) 44(14) 202(8)
O(10) 0.4342(6) 0.4164(3) 0.79953) 100  20X(18) 217(18) 143(17) BA(14) 32(14) 126(15) 174(T)
O(l1) 0.1250(6) 0.8094(3) 08337(3) 100  258(19) 274(19) 145(17) 98(15) 8i(15) 19%(16) 198(8)
012) 02621(6) 0.9567(3) 0.1704(3) 100  240(19) 210(18) 116(16) 27(14) -2(14) 142(15) 193(B)
O(13) 02650(6) 0.6068(3) 0.8062(3) 100 268(20) 128(17) 142(17) S5(14) 44(1S) 41(15) 182(B)
O(l4)  0.5699(6) 0.2103) 0.80253) 100  248(19) 132(17) 170(17) 91(14) 41(1S) 37(1S) 17%(T)
O(15) 03812(6) 0.1908(3) 0.16693) 100  10%(17) 295(20) 173(18) 138(15) -10(14) -62(15) 20%(8)
FQ6) 0 0 0 0.50__152(19) 13819) 128(19) SI(1S) 11(16) SI(16) 141(8)
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR MSH15

Atom X v Z SJ .U" U 2 U& UD U 13 U L2 J—L
Mn(1) 0.8504(2) 0.20567(9) 0.4786(1) 0.87(1) 104(7) 103(6) 1656) 71(4) 40(4) 34@9) '1.18(4)
Na(l) 0.8504(2) 0.2056%(9) 0.4786(1) 0.13(1) 104(7) 103(6) 165(6) 71(4) 40(4) 34(4) 1184)
Mn(2) 0.2790(2) 0.06700(8) 0.48714(9) 1.014(6) 121(6) 132(6) 182(6) 84(4) 55(4) 479) 135(4)
Mn(3) 0.4220(2) 0.35166(9) 0.483%(1) 0.972(6) 104(6) 110(5) 176(6) 794) 52(4) 41(4) 120(4)
Mn(4) 0 0.5 0.5 041%7) 799) 62(T) 1308) 41(6) 10(6) 10(6) 92(5)

Mg(4) 0 0.5 0.5 0.085(7) 799 6(7) 130(8) 41(6) 10(6) 10(6) 92(5)

Ti 0.0773(1) 0.08376(T) 0.19167(8) 0.624(8) 75(5) 101(4) 203(5) 88(3) 44(3) 37(3) 115(3)
Nb 0.0773(1) 0.08376(7) 0.19167(8) 0.376(8) 75(5) 101(4) 203(5) 88(3) 403) 3133) 115(3)
Sil)  0.6794(3) 0272%(1) 023122) 100 112(9) 8I(7) 1218) 576) 3%7) 3¥6) 98(4)

Si(2) 0.8144(3) 0.5467(1) 0.25352) 100 - 132(9) 78(8) 1529) S6(7) 21(7) 24(7) 119%4)
Si(3) 0.3792(3) 0.6750(2) 0.2563(2) 1.00 13809) 98(8) 1559) 83(7) 3N7) 40(7) 1194)
Si(4) 0.5073(3) 0.9308(1) 0.2354(2) 1.00 106(9) 91(7) 1058) 60(6) 21(6) 27(6) 95(4)

K 0.1337(5) 0.2667(2) 0.9957(2) 0.86(3) 737(21) 456(15) 283(13) 122(10) 60(11) 114(13) 515(10)
Na 0.133%(5) 0.2667(2) 0.9957(2) 0.14(3) 737(21) 456(15) 283(13) 122(10) 60(11) 114(13) 515(10)
Na 0.5 0 0 0.44(1) 434(29) 220(22) 146(21) 88(15) 26(17) 82(18) 267(16)
Ca 0.5 0 0 0.06(1) 434(29) 220(22) 146(21) 88(15) 26(17) 82(18) 267(16)
o) 0.7279(8) 0.3192(4) 0.3833(4) 1.00  110(23) 75(20) 167(23) 52(17) %18) 26(17) 118(9)
O@) 0.1479(9) 0.1598(4) 0.3675(4) 100 133(24) 11920) 126(22) S4(17) (18) 40(18) 125(9)
0Q3) 0.1280(8) 0.3933(4) 0.5947(4) 1.00  117(24) 101(20) 142(21) 53(17) 4(18) 49(18) 118(9)

OH@E4) 0.2958(9) 0.4637(4) 0.3999(4) 100  156(25) 118(21) 13%(22) 50(18) 35(18) 60(18) 135(9)

OH(5) 0.9952(9) 0.1191(4) 0.5950(4) 1.00  218(27) 190(23) 147(23) 97(19) 42(19) 116(21) 165(10)
0(6) 0.5587(8) 0.2577(4) 0.5919%(4) 1.00  109(23) 126(21) 145(22) 96(18) 44(18) 57(18) 109%(9)
o7 0.5711(9) 0.0126(4) 0.3874(4) 1.00  148(24) 134(21) 145(22) T7(18) S7(18) 84(18) 127%(9)
O(8) 0.0725(10) 0.5918(5) 0.2018(4) 1.00  240(29) 276(26) 130(23) 82(20) 30(20) 14(22) 228(11)
O9) 0.2468(11) 0.0423(5) 0.8269(5) 1.00  264(31) 271(27) 148(24) 6(21) 124(22) -160(23) 291(13)
O(10) 0.4281(9) 0.413%S) 0.7999(4) 1.00  223(28) 247(25) 181(24) 70(20) 29(21) 133(22) 212(11)
O(11) 0.1276(12) 0.8071(5) 0.8312(5) 100  523(37) 387(31) 216(27) 154(24) 184(26) 394(30) 312(14)
0(12) 0.2615(12) 0.9554(6) 0.1723(5) 1.00  488(37) 393(32) 224(28) 29(24) -54(26) 377(30) 364(15)
(13) 0.2650(10) 0.6060(4) 0.8071(S) 1.00 407(33) 82(21) 200(25) 7TA(19) 17(22) 39%(21) 231(11)
0(14) 0.5719%(10) 0.2222(4) 0.8032(4) 100 369(32) 78(20) 165(24) 65(18) 29(22) -24(20) 217(11)
O(15) 0.3834(10) 0.1930(6) 0.1693(5) 1.00  206(30) 461(34) 235(28) 199(26) 48(23) -141(25) 326(14)
F(16) 0 0 0 050 22131 1 165(27) 4 188(12

‘Uijx10°A



—__ POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FORMSHISA
U

Atom X y t 4 -.;f [/4 11 4"2 U, B U. 7% U, 13 LSy U, s
Mn(l) 0.85042(9) 0.20571(4) 0.47890(5) 0.856(5) 1003) 973) I1313) 54Q2) 302) 2712y 107Q2)
Na(l) 0.85042(9) 0.20571(4) 0.47890(5) 0.144(5) 1003) 97(3) 1313) 54(2) 30Q2) 272) 107Q2)
Mn(2) 0.27929(8)0.06722(4) 0.48745(4) 0996(3) 104(2) 110(2) 1473) 64Q2) 44(2) 342) 1152)
Mn(3) 0.4219%8) 0.35176(4) 0.48450(5) 0970(3) 106(2) 112(2) 151(3) 72Q2) 45Q) 412 1152)
Mn(@4) 0 05 0s 043433) 90(3) 87(3) 121@) 423) 21(2) 23(2) 100(2)
Mg@) 0 0s 0s 0066(3) 90(3) 873) I121@) 423) 21(2) 23(2) 1002)
T 0.07738(7) 0.08381(3) 0.19158(4) 0.594(4) 75(2) 102Q2) 172(2) 741) 37(1) 29(1) 10%(1)
Nb 0.07738(7) 0.08381(3) 0.19158(4) 0406(8) 75(2) 102Q2) 1722) 741) 37(1) 2%(1) 10%1)
Si1) 0.6792(1) 027308(7)0231758) 1.00 1184) 743) 96@) 313) 203) 1723) 100(2)
Si2) 0.8137(2) 0.54643(7) 0.25341(8) 1.00 129(4) 82(3) 1184) 473) 233) 233) 110Q2)
Si3) 03792(2) 0.67483(7) 0.25600(8) 1.00 128(4) 92(3) 120(4) S84) 26(3) 26(3) 1102)
Si4) 0.5071(2) 093097(7)0.23585(8) 100 117(4) 853) 90(4) 46(3) 22(3) 26(3) 952)
K 0.1350(3) 02679(1) 0.9958(1) 0976(4) 821(10) 491(7) 287(6) 12XS) 61(5) 117(6) 562(5)
Na 0s 0 0 04934) 370(13) 1599) 110(10) 44(T) 18(@8) 45B) 224(6)
o) 0.7287(4) 0.3198(2) 03833(2) 100 140(10) 109(9) 90(10) 32(8) 2i(8) 2%(8) 117(@)
OR) 0.14774) 0.1600(2) 0.3683(2) 1.00 134(10) 127%(10) 116(10) 48(8) 29%(8) 29(7) 128(4)
0@3) 0.12904) 03932(2) 0.5944(2) 100 121(10) 117(9) 111(10) SO(8) 30(8) 22(7) 117(%)
OH(4) 02957(4) 04628(2) 03996(2) 1.00 159(10) 148(10) 129(11) 57(9) 35(8) 36(8) 147@)
OH(S) 09927(4) 0.1182(2) 05942(2) 100 167(11) 152(10) 135(11) 57(9) 36(8) 4%8) 151@)
O(6) 0.5574(4) 02578(2) 0.5916(2) 1.00 134(10) 111(9) 113(10) S56(B8) 24(8) 31(8) 117(4)
O(7) 0.573%4) 00133(2) 03878(2) 100 152(10) 116(9) 86(10) 34(8) 20(8) 32(8) 122(4)
O(B) 0.0743(4) 0.5916(2) 0.2012(2) 100 175(11) 240(12) 163(12) 90(10) S51(9) -8(9) 202(5)
O(9) 02460(5) 0.0415(3) 0.8268(2) 1.00 305(14) 361(14) 171(13) -7(11) 127(11)-178(11 361(7)
O(10) 04278(4) 04143(2) 0.7993(2) 100 242(12) 242(12) 162(12) 62(10) 27(9) 136(10) 211(S)
O(11) 0.1258(6) 0.8060(3) 0.8301(3) 1.00 639(20) 514(17) 162(13) 14%(13) 166(13) 500(16) 370(7)
O(12) 02648(6) 09571(3) 0.1723(3) 100  539(18) 370(15) 164(13) -10(11) -100(12 367(14) 36(8)
O(I13) 02665(5) 0.6068(2) 0.806%(2) 1.00 462(16) 88(9) 144(11) 59(9) 35(10) 33(9) 23%(S)
O(14) 0.57155) 02216(2) 0.8029(2) 1.00 479(16) 102(10) 152(12) 64(9) S51(11) 37(10) 250(6)
O(15) 0383%(5) 0.1926(3) 0.1692(2) 1.00 231(13) 507(17) 169(13) 154(13) 63(100 -223(12 364(8)
F(16) 0 0 0 0.50 13) 188(12) 153(13 11) 33(10) 47(10) 18
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR MSHI19A

Atom____ x y 2 o Uy Ug Up Up Up Uy Ug

Mn(l) 0.8507(1) 0.20565(5) 0.47928(6) 0.912(5) 124(3) 131(3) 186(3) 78(2) 44Q2) 42Q2) 142Q2)
Na(l) 0.8507(1) 0.20565(5) 0.47928(6) 0.088(5) 124(3) 131(3) 186(3) T8(2) 44(2) 422) 142(2)

Mn(2) 02791(1) 0.06728(5) 0.48772(5) 0.986(3) 132(3) 150(3) 207(3) %4(2) 61(2) 49%2) 153(2)
Mn(3) 0.4220(1) 0.35164(5) 0.48418(6) 0.974(3) 132(3) 151(3) 208(3) 99%(2) 66(2) 58(2) 150Q2)

Fe(4) 0 0.5 05 04273) 118(4) 114(4) 175@4) 60(3) 26(3) 34(3) 136(3)
Mg@4) 0 05 0S5 0073(3) 118(4) 114(4) 1754) 60(3) 26(3) 34(3) 136(3)

" Ti 0.07749(9) 0.08461(5) 0.19302(5) 0.646(4) 1142) 173(3) 228(3) 1002) 48(2) 52(2) 164(2)
Nb 0.07749(9) 0.08461(5) 0.19302(5) 0.354(4) 114Q2) 173(3) 228(3) 100(2) 48(2) 52(2) 164(2)

Si(1)  0.6794(2) 0.27273(9) 02310(1) 1.00 155(4) 126(4) 143(5) S53@d) 26(3) 3%3) 1432)
Si(2)  08131(2) 0.54714(9) 02532(2) 1.00 22K(S) 128(5) 172(5) 66(4) 33(8) 36(4) 176(2)
Si(3) 03776(2) 0.6745(1) 0255%(1) 100  218(5) 1S1(S) 184(5) 95(4) 43(4) 48(4) 171Q2)
Si4)  0.5050(2) 0.93074(9) 02357(1) 1.00  158(4) 141(5) 156(5) 81(4) 383) 473) 145Q2)

K 0.1389(3) 0.2695(1) 0.9957(1) 0.97%(S) 761(11) 58%(9) 392(8) 17%7) 76(7) 133(7) 602(6)

Na 05 0 0 0417(7) SOI(15) 276(13) 193(12) 88(9) 39(9) 100(10) 331(9)
Cs 05 0 0 0.083(7) SOI(15) 276(13) 193(12) 88(9) 3%(9) 100(10) 331(9)

o(l) 0.7275(5) 0.3184(2) 03830(2) 1.00 173(12) 195(12) 142(13) 75(11) 34(10) 48(10) 16%(5)
02) 0.1483(5) 0.1610(2) 03708(2) 1.00  160(12) 218(13) 192(14) 92(11) 40(10) 61(10) 18&(5)
O(3)  0.12884) 0.391%2) 0.5941(2) 100 172(12) 158(12) 161(12) 72(10) 45(10) 44(9) 162(5)
OH(4) 02970(5) 0.4627(2) 0.4003(3) 100 197(12) 234(14) 206(14) 94(12) 62(10) 83(10) 20%(6)
OH(S) 0.9924(5) 0.1175(3) 0.5930(3) 1.00  204(13) 235(14) 204(14) 91(12) 47(11) 81(11) 211(6)
O6) 0.5602(5) 02577(2) 0.59112) 1.00 186(12) 171(12) 162(13) 91(11) 38(10) 48(10) 167%(5)
O(7) 05724(5) 0.0137(2) 0.38792) 1.00  186(12) 180(13) 163(13) 70(11) 39(10) S7(10) 176(5)
O(8) 007386) 0.591%3) 02008(3) 100  348(16) 401(19) 215(16) 99(15) SO(13) -82(14) 367%(8)
0O(9) 0.2500(6) 0.0409(3) 0.8277(3) 1.00  316(16) 42%(19) 250(17) 39%(15) 114(13) -149(14) 408(9)
O(10) 04297(6) 04140(3) 0.7992(3) 1.00  544(20) 366(18) 227(16) 79(14) 30(15) 272(16) 371(8)
o(11) 0.1232(7) 0.8043(3) 0.8305(3) 1.00 647(22) 598(23) 232(16) 198(17) 209(16) 516(19) 415(9)
O(12) 02614(6) 0.9557(3) 0.1726(3) 1.00  531(20) 432(19) 268(17) 31(1S5) -92(15) 352(16) 420(9)
O(13) 02680(6) 0.6058(2) 0.8061(3) 1.00  570(20) 11%(13) 233(15) 74(12) 41(14) 34(13) 321(7)
O(14) 0.5716(6) 0.2218(3) 0.8024(3) 1.00  588(20) 157(13) 247(16) 124(13) 85(14) 5%(13) 326(7)
O(15) 0.3857(6) 0.1908(3) 0.1676(3) 1.00  246(15) 566(22) 277017) 21X17) -34(13) -174(14) 409%(9)

F(16) 0 0 0 0.50 _ 279(17) 302(18) 232(18) 103(15) 48(14) 84(14) 274(7)
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POSITIONAL AND DISPIACWIPARABETERSANDSITEOCCUPANCIES FOR MSH20

Atom X ) 4 Z .”;f U 1 % U. b 13 U » U B lL tL‘-
Mn(l) 0.84993(9) 0.20629(4) 0.4789%(5) 0.873(5) 87(2) 9%2) 129(3) 56(2) 292) 26Q2) 102(2)
Na(l) 0.84993(9) 0.20629(4) 0.4789%(5) 0.127%(5) 87(2) 9%2) 1293) 56(2) 292) 126(2) 102(2)
Mn(2) 0.27976(8) 0.06671(4) 0.48719(4) 0.999%(3) 90(2) 111(2) 143(2) 652) 41(2) 33(2) 109(1)
Mn(3) 0.42275(8) 0.35210(4) 0.4841%(5) 0.992(3) 95(2) 109(2) 150(2) 71(2) 452) 3%2) 110(1)
Zn(4) 0 0.5 05  03482) 883) 1003) 1293) S0(2) 20Q2) 23Q2) 106Q2)
Mg(4) 0 05 0.5 0.152(2) 88(3) 100(3) 1293) 50(2) 202) 23(2) 106(2)
Ti 0.07958(9) 0.08624(4) 0.19722(5) 1.00 S72) 86(2) 86(2) 41(2) 182) 212) 74Q1)

Si(l) 0.6786(1) 0.27147(7) 0.23011(8) 1.00 873) 8%3) 924) 40(3) 173) 243) 89%2)

Si2) 0.8117(1) 0.54570(7) 0.25240(8) 1.00 100(4) 86(3) 116(4) 4%3) 1%3) 21(3) 100(2)
Si3) 0.3771(1) 0.67495(7) 0.25508(8) 1.00 1044) 933) 117(4) S7(3) 24(3) 26(3) 100Q2)
Si(4) 0.5076(1) 0.93128(7) 0.234258) 1.00 90(3) 85(3) 91(3) 44(3) 20(3) 26(3) 86(1)

K 0.1338(2) 0.2648(1) 0.9957(1) 091(1) SINT) 434(6) 247%(5) 1134) 47(4) 102(5) 4174)
Na 0.1338(2) 0.2648(1) 0.9957(1) 0.0%1) SI1%7) 434(6) 247%(5) 113(4) 47(4) 102(5) 4174)
Na 0.5 0 0 0295(6) 176(7) 119(6) 84(6) 42(5) 174) 34(4) 129(4)
Ca 0.5 0 0 0205(6) 176&(7) 11%(6) 84(6) 42(5) 174) 34(4) 129(4)
o(1) 0.7289(4) 0.318%2) 0.3822(2) 1.00 115(9) 1299) 94(10) 3%(8) 11(8) 34(8) 117(4)
o2) 0.1468(4) 0.1592(2) 0.366%(2) 1.00 121(10) 130(9) 110(10) 44(8) 21(8) 29(8) 124(4)
o(3) 0.1294(4) 0.3937(2) 0.59532) 1.00 108(9) 114(9) 132(10) 54(8) 30(8) 26(7) 118(4)
OH(4) 02943(4) 0.4629(2) 0.3984(2) 1.00 136(10) 134(9) 135(11) 54(8) 198) 338) 137(4)
OH(5) 0.9913(4) 0.1188(2) 0.5947(2) 1.00 141(10) 142(10) 145(i10 56(9) 25(9) 44(8) 144(4)

o(6) 0.5583(4) 0.2580(2) 0.5920(2) - 1.00 113(9) 101(9) 109%(10) 41(8) -19%8) 23(7) 110(4)

O(7)  0.5752(4) 0.01382) 0.3867(2) 1.00 10X9) 116(9) 98(10) 36(8) 31(8) 34(7) 108(4)
o8) 0.0710(4) 0.5921(2) 0.199%(2) 100 127(10) 237(11) 173(12) 86(10) 3%(9) -19(9) 191(5)
0o(9) 0.2469(5) 0.0413(2) 0.8300(2) 1.00 174(11) 263(12) 154(11) 38(10) 80(9) 66(9) 233(5)
O(10) 04326(4) 0.415%2) 0.80042) 1.00 - 21)(11) 216(11) 148(11) 56(9) 27(9) 128(9) 188(5)
O(11) 0.1276(5) 0.808%2) 0.8326Q2) 1.00  330(13) 310(13) 162(12) 111(10) 96(10) 252(11) 231(S)
O(12) 0.2624(5) 0.9564(2) 0.1700(2) 1.00  273(13) 236(11) 147(11) 20(9) -29(10) 179(10) 224(5)
O(13) 0.2659%(5) 0.6078(2) 0.8080(2) 100 320(13) 104(9) 147(11) 62(9) 36(10) 33(9) 193(5)
O(14) 0.5704(5) 02214(2) 0.8034(2) 1.00 335(13) 114(10) 175(12) 80(9) 47(10) 339) 207%(5)
O(15) 0.3825(4) 0.1906(2) 0.1667(2) 1.00  136(11) 329(13) 14%(11) 107(10) -7(9) -91(9) 233(5)
F(16) 0 0 0 050 167(12) 166(11) 82(11) 48(10) 5(9) 33(9) 143(5)
H(1) 0.25(1) 0.422(5) 0.306(4) 1.00 826(218)
H2) 1.059(8) 0.154(3) 0.686(7) 1.00 252(110)
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR MSH33A

Atom x Y z sof Uy Up Up Upn Uy Up Ug
Mn(l) 0.8500(2) 0.20625(9) 0.4806%(9) 1.001(6) 8I(S) 127(S) 168(4) 70(4) 34(4) 35(3) 121(3)
Fe(2) 0.2807(2) 0.06813(8) 0.4893%(9) 0.960(5) 92(5) 127(S) 168(5) 69(4) 45(4) 35(4) 12413)
Fe(3) 04231(2) 0.35255(9) 0.48621(9) 0.954(5) 101(5) 123(5) 17%(5) T3(4) S14) 45(4) 12713)
Fe(4) 0 0.5 05  043%6) TIT) 88(7) 142(7) 45(5) 1US) 19(5) 104(5)
Mg(4) 0 0.5 05  00626) TI(T) 8&7) 142A7) 45(5) 1US) 19S) 104(5)
Ti 0.0787(1) 0.08663(7) 0.19725(7) 0462(9) 64(4) 1134) 168(4) 69(3) 33(3) 29(3) 110(3)
Zr  00787(1) 0.08663(7) 0.19725(7) 0.538(9) 64(4) 113(4) 168(4) 69(3) 33(3) 2913) 1103)
Si(1)  0.6784(3) 0273%(1) 023252) 1.00 1199) 72(8) 130(8) 40(6) 31(6) 126) 111(4)
Si(2) 0.8140(3) 0.54742) 02543(2) 100 118(9) 119(8) 15%8) 68(7) 20(7) 34(6) 127(4)
Si(3) 03778(3) 0.6744(2) 02564(2) 100 1159) 130(9) 164(8) 74(7) 33(7) 43(6) 130(4)
Si(4)  0.5059(3) 0.9305(2) 02363(2) 1.00 1099) 107(9) 12%8) SI(7) 26(6) 1%6) 117(4)
K 0.1360(5) 02704(2) 0.9956(2) 0.87(2) 867(23) 512(17) 301(13) 137(11) 6%(12) 130(13) 585(11)
Na  0.1360(5) 02704(2) 0.9956(2) 0.11) SIU7) 434(6) 247(5) 1134) 47(4) 102(5) 417(4)
Na 05 0 0 036(1) 241(19) 128(17) 112(15) 41(12) 31(A1) 37(11) 166(11)
G 0.5 0 0 0.14(1) 241(19) 128(17) 112(15) 41(12) 31(11) 37%(11) 166(11)
O1) 0.7260(8) 0.3186(4) 0.3842(4) 1.00 104(22) 14%(22) 121(20) 38(18) 26(17) 3%(17) 130(9)
0(2) 0.1467(8) 0.1626(4) 03756(4) 1.00  65(21) 185(23) 199(23) 72(20) 25(17) 44(17) 151(9)
0(3) 0.12758) 03918(4) 0.5926(4) 1.00 8X22) 145(22) 144(21) 33(19) 37(17) 1&(17) 13509)
OH(4) 02995(9) 04637(4) 0.4027(4) 1.00  147(23) 104(22) 152(22) -11(19) 16(18) 13(17) 160(10)
OH(5) 0.9921(9) 0.1170(4) 0.5934(4) 1.00  173(24) 178(23) 178(22) 115(20) 18(18) 72(18) 160(10)
O(6) 0.5611(8) 0.2578(4) 0.5888(4) 100  10%(22) 115(21) 15621) 37(18) 35(17) 28(17) 133(9)
O(7) 0.5721(8) 00136(4) 0.3879(4) 1.00 112(22) 118(21) 154(21) 48(18) 22(17) 43(16) 12%(9)
O(8) 007189) 0.5908(5) 02021(S) 1.00  195(26) 305(28) 203(24) 55(22) 4%20) -36(21) 265(12)
0(9) 02513(11) 0.0419(6) 0.8271(5) 1.00 288(31) 503(38) 199(26) -53(26) 153(24) -216(27) 447(18)
O(10) 0.4292(10) 0.4142(5) 0.797%(S) 100  310(30) 339(29) 177(24) 67(23) 25(21) 17923) 274(12)
O(11) 0.131%(14) 0.8058(6) 0.8311(S) 1.00  TI6(48) 680(44) 235(28) 238(31) 242(30) 644(39) 461(18)
0(12) 02672(12) 0.9570(6) O.172%(S) 100  5B4(41) 450(37) 227(28) -T3(28) -173(28) 387(32) 46X(18)
O(13) 0.2656(11) 0.6056(4) 0.8045(5) 1.00  S575(39) 140(25) 203(25) 95(21) 72(25) 13(24) 314(13)
O(14) 0.5728(12) 0.2208(5) 0.8008(5) 1.00  581(40) 213(28) 229(27) 104(24) 70(26) 61(26) 347()4)
O(1S) 0.3863(11) 0.1933(6) 0.1680(5) 1.00  329(32) S03(37) 244(28) 166(28) -62(24) -264(28) 431(17)
F(16) 0 0 0 0.50  172(28) 219(27) 193(27) 89(24) 30(22) 76(22) 190(12)
H()  020(1) 0407%(5) 03183)  1.00 150

HQ2)  086810) 0.13%6) 0.546(6) _ 1.00 150
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-POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR MSH34
Atom x A z sof Uy Up Uy Up Uy Ug Us
Mn(l) 0.84970(8) 0.20633(4) 0.48079(5) 0.997(3) 105Q2) 110(2) 156(2) 62(2) 32(2) 38(2) 120Q2)
Fe(2) 0.28090(7) 0.06816(4) 0.48966(4) 0.970(3) 106(2) 1152) 160Q2) 68(2) 402) 42(2) 121(1)
Fe(3) 0.42292(7) 0.35267(4) 0.48662(4) 0.962(3) 110(2) 113(2) 164(2) 68(2) 42(2) 46(2) 122(1)
Fe(4) 0 0.5 0.5 0461(3) 993) 953) 141(3) 47(2) 20(2) 352) 1112)
Mg(4) 0 0.5 05  003%3) 99(3) 953) M4I(3) 47(2) 20(2) 352) 1112)
Ti 0.07884(7) 0.08690(4) 0.19810(4) 0.621(4) 80(2) 103(2) 1452) 5%(1) 27(1) 36(1) 105(1)
Zr 0.07884(7) 0.08690(4) 0.19810(4) 0.379(4) 80(2) 103(2) 1452) S9(1) 27(1) 36(1) 105(1)
Si(l)  0.6780(1) 0.27320(7) 0.23265(8) 1.00  131(3) 9%3) 116(4) 36(3) 18(3) 303) 117Q2)
Si2)  0.8147(1) 0.5469%(8) 0.25422(8) 1.00  125(3) 101(4) 137(4) S33) 23(3) 36(3) 1192)
Si(3)  0.3791(1) 0.67501(8) 0.25657(8) 1.00  124(3) 106(d) 142(4) ©64(3) 26(3) 38(33) 1192)
Si4)  0.5064(1) 0.9317%(8) 023693(8) 1.00  132(3) 1044) 113@4) S2(3) 24(3) 373) 114Q2)
K 0.1355(3) 0.2694(1) o.wsé(l) 0.8%(1) 849(10) 480(7) 292(6) I127(S) S6(5) 12%(6) S565(5)
Na 0.1355(3) 0.2694(1) 0.9956(1) O.11(1) 84%(10) 480(7) 292(6) 12%5) S56(5) 129(6) 3565(5)
Na 0.5 0 0 0.374(6) 265(9) 15%8) 102(8) 46(6) 13(5) 43(S) 180(6)
Ca 0.5 0 0 0.126(6) 265(9) 15X8) 102(8) 46(6) 13(5) 43(5) 180(6)
O(1)  0.7255(4) 0.3183(2) 0.3847(2) 1.00  143(9) 114(10) 114(10) 42(8) 24(7) 40(7) 125(4)
O(2) 0.146%4) 0.1626(2) 0.37452) 1.00  140(9) 137(10) 185(11) 68(9) 17(8) 30(8) 1356(4)
O(3) 0.12684) 0.3913(2) 0.5927(2) 100  140(9) 115(10) 127(10) 52(8) 22(7) 42(7) 126(4)
OH(4) 0.2986(2) 0.4623(2) 04016(2) 100  167(10) 140(10) 134(i1) 48(9) 22(8) . 47(8) 150(4)
OH(S) 0.9891(4) 0.1160(2) 0.5910(2) 1.00  165(10) 152(10) 166(11) 70(9) 31(8) SI(8) 159%(4)
O(6)  0.5588(4) 0.2570(2) 0.5893(2) 1.00  133(9) 133(10) 142(10) 61(9) 2%(7) 3NB) 134(4)
O(7) 0.5729(4) 0.0154(2) 0.3895(2) 1.00  154(9) 119(10) 114(10) S¥8) 21(7) SO(7) 126(4)
O8)  0.0746(4) 0.5902(2) 020142) 1.00 201(11) 328(14) 170(12) 80(11) 47%(9) -8(10) 25(3)
O(9) 02485(5) 0.0411(3) 0.8267(3) 1.00  352(14) 451(17) 183(13) -2(12) 129(11) -212(12) 436(8)
0(10) 0.4258(4) 0.4130(2) 0.79852) 1.00  298(12) 340(14) 202(13) 94(11) 34(10) 201(11) 2617(5)
O(l1) 0.1293(6) 0.8059(3) 0.8305(3) 1.00  762(21) 623(21) 211(14) 195(14) 201(14) 616(18) 444(8)
0(12) 0.2656(6) 0.9573(3) 0.171%3) 1.00  612(19) 41%(17) 188(13) 48(12) -125(12) 408(15) 430(8)
O(13) 0.2676(5) 0.6066(2) 0.804%2) 1.00  613(18) 121(11) 177(12) 73(10) 28(11) 48(11) 31X6)
O(14) 0.5735(6) 0219%2) 0.8007(2) 1.00  654(18) 120(11) 179(13) 74(10) 47(12) 48(11) 327(6)
O(15) 0.3850(5) 0.1927(3) 0.168%3) 1.00  286(13) 593(20) 201(14) 187(14) -60(10) -231(13) 424(8)
F(16) 0 0 0 0.50  194(12) 179(13) 165(13) 63(11) 21(9) S55(10) 18%(S)
H(l) 0.23(1) 04135) 031KI) LOO 705(182)
HR) 1.03(1) 0.151(5) 0.6835(4) 100 719(188)
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POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIES FOR MSH38A

>

Atom X vy I 4 ﬂ U" % UL Ul U EB U‘

Mn(l) 0.85031(8) 0.20574(4) 0.47956(4) 0.897%(S) 108(2) 111(2) 141(3) 532) 30(2) 33(2) 1192)
Na(I) 0.85031(8) 0.20574(4) 0.47956(4) 0.103(5) 108(2) 111(2) 141(3) S3(2) 30(2) 332) 1192)

Mn(2) 0.27958(7) 0.06735(4) 0.48803(4) 0.995(3) 115(2) 131(2) 1622) 69(2) 472) 432) 131
Mn(3) 0.42231(8) 0.35200(4) 0.48492(4) 0.985(3) 123(2) 127(2) 167(2) 72(2) 51(2) SO0(2) 132(1)
Mn(4) 0 0.5 0.5 0489(2) 101(3) 99(3) 137(3) 42(2) 1%2) 28(2) 1152)

T 0.07825(7) 0.08504(4) 0.19447(4) 0.787(3) 90(2) 125(2) 168(2) 63(2) 135(1) 39(1) 125(1)
Nb 0.07825(7) 0.08504(4) 0.19447(4) 0.213(3) 90(2) 125(2) 168(2) 63(2) 35(1) 39%(1) 125Q)

Si(1) 0.6785(1) 027211(7)0.23113(7) 1.00  130(4) 101(3) 116(4) 36(3) 23(3) 303) 119Q2)
Si(2)  0.8132(1) 0.54620(7) 0.25257%(8) 1.00  169(4) 105(3) 1354) 47(3) 23(3) 28(3) 1402)
Si3) 0.3783(1) 0.67446(7)0255188) 100 1714) 118(3) 1374) 60(3) 28(3) 37(3) 141Q2)
Si(4)  0.5058(1) 0.93099(7) 023521(7) 100 135@) 1153) 112(4) 553) 27(3) 36(3) 118Q2)

K 0.13652) 0.2679(1) 0.9958(1) 091(1) 710(8) 491(6) 319(6) 136(5) 67(5) 130(5) 527(4)
Na 0.1365(2) 0.2679(1) 0.9958(1) 009(1) 710(8) 491(6) 31%6) 136(5) 67(5) 130(5) 527(4)

Na 0.5 0 0 0.386(6) 394(10) 204(8) 1388) S3(6) 30(6) 70(6) 256(6)
Ca 0.5 0 0 0.114(6) 394(10) 204(8) 1388) S53(6) 30(6): 70(6) 256(6)

O(l1) 0.7265(4) 0.3182(2) 0.38352) 1.00 146(9) 147(9) 115(10) 38(8) 18(7) 28(7) 144(4)
0O(2) 0.14754) 0.1603(2) 0.369%2) 100 159(10) 14%(9) 122(10) 2%8) 26(7) 34(7) 1544)
O(3) 0.1295(4) 0.3924(2) 0.5948(2) 100 150(10) 136(9) 117(9) 458) 24(7) 34(7) 1384)
OH(4) 02970(4) 0.4624(2) 0.3998(2) 100 181(10) 182(10) 165(11) 62(8) 41(8) 60(8) 177(4)
OH(5) 0.9924(4) 0.1178(2) 0.5938(2) 100  191(10) 179(10) 165(11) 64(8) 46(8) 71(8) 1714)
0O6) 0.5592(4) 0.2579(2) 0.5915(2) 1.00 168(10) 142(9) 122(10) S51(8) 26(8) 4I(7) 146(4)
O(7) 0.5728(4) 0.0142(2) 0.3883(2) 1.00 160(9) 135(9) 113(9) 3%8) 18(7) 45(7) 140(4)
O(8) 0.0734(4) 0.5909%(2) 0.1999(2) 1.00 264(12) 313(12) 178(12) 67(10) 40(9) <41(10) 286(S)
O(9)  0.2494(5) 0.0408(2) 0.8281(2) 1.00 289(13) 377(14) 190(12) 17(10) 107(10) -124(10) 354(6)
O(10) 0429%5) 0.4146(2) 0.80052) 1.00  395(14) 308(12) 180(12) 66(10) 45(10) 218(11) 286(S)
O(11) 0.1259(5) 0.8068(3) 0.83152) 1.00 S581(17) 479(15) 214(13) 146(12) 163(12) 458(14) 364(6)
0O(12) 02642(5) 0.9567(2) 0.1711(2) 1.00  475(13) 362(13) 212(13) 0O(11) -87(11) 314(12) 364(6)
O(13) 02681(5) 0.6070(2) 0.8071(2) 1.00 478(15) 111(9) 17%(11) 60(8) 37(10) 33(9) 266(5)
O(14) 0.5720(5) 0.2217(2) 0.8032(2) 1.00 499(1S) 137%(9) 18%(12) 84(9) 65(10) 53(10) 277(5)
O(15) 0.3843%4) 0.1910(3) 0.1674(2) 100  232(12) 487(15) 218(13) 162(12) -35(10) -178(11) 364(7)

F(16) 0 0 0 0.50 __228(13) 230(12) 153(13) $3(10) 17(10) 48(10) 217%(S)

‘Uijx10'A




449

POSITIONAL AND DISPLACEMENT PARAMETERS AND SITE OCCUPANCIESFORMSH42 ____
Atom x y z sof Uy Up Uy Upn Uy Uy Ug
Mn(l) OS8511(3) 0.2057(2) 047942) 09I(1) 26(9) 138(11) 16X1) 67(8) 27(7) 31() 106(6)
Na  O0S8S11(3) 02057(2) 0.47942) 009(1) 26(9) 138(1I) 16311) 678) 21() 31(N) 10&6)
Mn(2) 027903) 00680(2) 0.4871(1) 090(3) 38(8) 164(11) 174(10) 91(B) 44(6) 3%7) 1l1X6)
Zn(2) 02790(3) 0.0680(2) 04871(1) 0.10(3) 38(8) 164(11) 174(10) S1(8) 44(6) 37 1156
Mn(3) 04211(3) 03512(2) 04844(1) 085(3) 43(8) 154(11) 185(10) 88(8) 43(6) 35(7) 11%6)
Zn(3) 04211(3) 03512(2) 0.4844(1) 0.15(3) 43(B) 154(11) 185(10) 88(B) 43(6) 35N 11%6)
Mn(4) 0 05 05 033(2) 1X10) 13114) 166(13) 55(10) 20(8) -4(9) 110(8)
Zn(4) 0 0s 05  0172) 1310) 131(14) 166(13) 55(10) 208) 4(9) 110(8)
Nb  0074%2) 0.0818(1) 0.18651) 090(1) 4(5) 133(6) 178(6) 7X(5) 37(4) 26(4) 100(4)
Ti 0.074%2) 00818(1) 0.1865(1) 0.10(1) 4(5) 13X6) 1786) TS) 37(4) 26(4) 100(4)
Sil) 067866) 02745(3) 023143) 100 68(14) 186(18) 154(16) 103(14) 45(11) 60(12) 120(7)
Si2)  0813%6) 0.5470(3) 02526(3) 100 95(14) 136(17) 146(16) 76(14) 2X(12) 24(13) 122(7)
Si(3) 037656) 06737(3) 025523) 100 8X(15) 167(18) 145(16) 84(14) %(11) 18(13) 133()
Si4)  0.5070(5) 0.9296(3) 02362(3) 100 4(14) 108(16) 13%(15) 47Q4) 21(11) 18(12) 103(7)
K(la) 00976) 0.278(1) 0.9951) 041(6) 43317
K(b)  0.164@) 027548) 0.9956(8) 0.48(6) 43317)
Rb(Ib) 0.164@) 027548) 0.9956(8) 0.065 433017
Na 05 0 0 045 148(39) 200(46) 147(39) 46(33) -11(28) 33(29) 17924)
O(l)  0.728(1) 03194(7) 03832(7) 1.00 28(33) 226(45) 165(39) 102(37) 33(29) 73(32) 126(16)
O@2)  0.146(1) 0.1600(8) 03682(7) 1.00 134(40) 167(45) 176(41) 74(37) 21(32) 45(35) 158(17)
O(3)  0.130(1) 0393i(7) 0.594%6) 1.00 88(15)
OH(4) 02951) 04631(8) 03%91(7) 1.00 10236) 210(44) 146(38) 84(36) 74(30) 114(34) 134(16)
OH(S) 0.993(1) O0.1179%(7) 05544(7) 1.00 10437) 133(42) 142(38) 23(35) 67(30) 13(32) 13X(16)
O)  0.55%1) 02576(7) 0.5915(6) 1.00 24(32) 161(42) 107(36) 60(34) 24(28) 19(30) 96(16)
O7)  O0S7X1) 001347) 038657) 100 37(33) 74(39) 184(40) 61(34) 0(29) -11(29) 102(16)
O@E)  00722) 0.5915(8) 0.20047) 1.00 184(43) 284(52) 222(47) 91(43) 131(37) 36(39) 235(20)
O@9)  0250(2) 0043(1) 0826(%) 100 268(53) 597(76) 210(49) 30(S1) 51(42) -337(52) 486(33)
0(10) 0433(2) 041448) 0.7988(7) 1.00 215(46) 359(57) 186(46) 98(44) 22(37) 116(42) 254(21)
o(l) 0.1292) 0803(1) 0829%9) 1.00 683(78) 595(75) 238(52) 182(S5) 22(S1) 534(67) 431Q29)
0(12) 0267(2) 0954(1) 0.172X9) 100 70%79) 516(72) 185(49) -T8(45) -18%(50) 526(65) 498(35)
O(I3) 0266(2) 0.6062(8) 0.8075(8) 1.00 SOB(63) 106(45) 140(41) 1837) 35(39) TI(4S) 266(22)
O(l4) 0571(2) 0.2206(8) 08024®8) 1.00 S68(66) 88(45) 206(46) S8(40) 29(44) -14(45) 311Q24)
O(IS) 038%2) 0.197(1) 0.1693(8) 1.00 308(S5) 559(74) 240(50) 202(S3) -56(43) -247(52) 431(30)
oQ16) 0 0 0 050 76(52) 27TI(72) 213(62) 121(54) 65(42) 96(47) 17235)

‘Uijx10'A



APPENDIX D.

MOSSBAUER SPECTROSCOPY DATA:
VOIGT-BASED FITS AND RAW DATA
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VBF Analysis of Pcp001T7
project: |
document:  001qsdt707

data document: Pcp001T7

Fit Summery

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 25
no. of refined parameters: 18
reduced 3 = 1.57688

Globel Parameters

Background = 3513230(230) counts

Lorentzian HWHM = 0.097* mm/s

Site Distribution P
& & A A/A.
(mm/s) (counts'mmv/s)

Fe3+ 0.600(19) 0* 14960(900) 1*

Fe2+ 1.14222(43) 0+ 599100(1500) 1*

P (A) Ca
(%) (mm/s) (mm/s)

Fe3+ comp 1 49.3587* 0(20) o1?7)
comp 2 $0(840) 0.56(62) 0.15(66)

Fe2+ comp 1 44.1364* 2.509(19) 0.177(14)
comp 2 22(11) 2.097(80) 0.237(55)
comp 3 34(14) 2.321(37) 0.419(40)
Site Populations

Fe3+ 2.44(14)

Fe2+ - 97.56(14)
<CS> <Ap stdev(JAD skew(lA)
(mm/s) (mm/s) (mm/s)

Fe3+ 0.600051 0.392162 0.231852 0.0646397

Fe2+ 1.14222 2.35584 0.33373 <0.308745
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" VBF Analysis of Pcp003T7

project:
document: 003qsdT713
data document: Pep003T7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 3
no. of parameters in model: 32
no. of refined parameters: 8
reduced 2 = 2.31846

Global Perameters
Background = 3165930(200) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Parameters
& & A A/A.
(mm/s) (countsrmm/s)
[6)Fe3+ 0.3000(55) 0* 80300(1200) 1+
[6)Fe2+ 1.13022* 0 336313 1*
QSD site 3 0.986925* 0* 25812.5* 1*
P (4) Cs
(%) (mmv/s) (mnv/s)
[6]Fe3+ comp 1 15.8518* 0(70000) 0(20000)
comp 2 0(2e+08) 0(13000) 0(3800)
(6]Fe2+ comp 1 68.1173* 2.42259* 0.267287*
comp 2 19.8682¢ 1.91615* 0.145789*
comp 3 . 12.0145* 232153+ 0.126781*
QSD site 3 comp 1 100* 1.75455¢* 0.258174*
Compiled Site Properties
Site
[6]Fe3+ 18.16(23)
[6]Fe2+ 76.01(21)
QSD site 3 5.834(16)
<CS> <Ap stdev(A) skew(]AD
(mm/s) (mm/s) (mm/s)
[6]Fe3+ 0.299973 0.683886 0.494907 0.843847
[6)Fe2+ 1.13022 2.30983 0.307064 0.0137374

QSD site 3 0.986925 1.75455 0.258174 2.06248¢-10
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VBF Analysis of Pcp004T7

project:
document:  004qsdT706

data document: Pcp004T7

[t Sumemary
no. of data points:
no. of QSD sites in model:
no. of parameters in model:
no. of refined parameters:
reduced 2 = 1.59758

Global Porameters
Background = 3580700(250) counts
Lorentzian HWHM = 0.097* mm/s
Sige Distribution Paremeters
)
(mm/s)
Fe2+ [VI]B 1.139(12)
Fe3+ [VIIB 0.313(11)
QSD site 3 0.908(63)
Fe2+ [VI]B - comp 1
comp 2
comp 3
Fe3+ [VIIB comp 1
comp 2
QSD site 3 comp 1
Compiled Site Properties
Site
Fe2+ [VI]B 64.3(19)
Fe3+ [VI]B 28.0(10)
QSDssite 3 7.724)
<CS>
(mnvs)
Fe2+ [VI]B 1.13913
Fe3+ [VI]B 031323

QSD site 3

12

0.908356

3
32
20

&

Ll od
L od
0

P
(%)

18.5306*
2.8(86)
7925)
47.4419°
53(14)
100*

<Ap
(mm/s)
2.34684
0.768893
191135

A

(countsrmm/s)

226900(8700)
98600(1400)
27200(9100)

(8)
(mm/s)
1.979(73)
3.1(11)
2.406(53)
0.409858*
0.823083*
1.9121)

stdev(jA)
(mm/s)

0.319696
0.476296
0.295781

A/A.

l‘
1*
1*

Ca
(mm/s)
0.157(56)
0.33(52)
0.254(59)
0.77(10)
0.445(48)
0.296(81)

skew(lA)

0.423753
0.579145
1.87248¢-09
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VBF Analysis of Pcp005T7

project:
document:  005qsdt708
data document: Pcp00ST7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced x> = 1.07681

Globel Parameters
Background = 5950900(330) counts
Lorentzian HWHM = 0.097* mnv/s
Site Distribution P :
o &
(mmy/s)
Fe2+ 1.106(17) 0.0123(69)
Fe3+ 0.332(25) 0*
P
(%)
Fe2+ comp 1 23.8977*
comp 2 13.4(40)
comp 3 62.7(47)
Fe3+ comp 1 100*
Compiled Site Properties
Site
Fe2+ 81.29%(98)
Fe3+ 18.71(98)
<CS> <ap>
(mm/s) (mm/s)
Fe2+ 1.13455 2.32553

Fe3+ 0331547 0813847

A
(countrmm/s)
303600(5000)
69900(4300)

(a)
(mm/s)
2.145(64)
1.971(40)
2.470(17)
0.761(35)

(mm/s)
0.459563
0.507475

A/A.

1.214(11)
1*

Ca
(mm/s)
0.760(88)
0.153(3%)
0.231(14)
0.583(33)

skew(]AD

<0.667805
0.513779

461



462

200°b =%
21500d2d / goLpsbgoo siskjeuy aus JaA

(S10 401) Aususiuj



VBF Analysis of Pcp007T7

'S

project:
document: 007qsdT704
data document: Pcp007T7

Eit Sumemary
no. of dsta points: 512
no. onSDsuesmmodel 2

xeducedx’=202769
uncertainties calculated using the covariance matrix

Global Perameters
Background = 6494800(220) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution P
) 5
(mm/s)
Fe2+ 1.15366* <0.00693075*
Fe3+ 0.355069* o*
P
(%)
Fe2+ comp 1 5.94386*
comp 2 29.7364*
comp 3 64.3198*
Fe3+ comp 1 3.55552¢
comp 2 96.4445*
Compiled Site P Y
Site Populatioas
Fe2+ 97.4472
Fe3+ - 2.55281
<CS> - <Ap
(mm/s) (mm/s)
Fe2+ 1.13719 2.37703
Fe3+ 0.355069 0.634604

(counts-mm/s)
821000*
21507.6*

4)
(mwm/s)
2.71329+
247104
2.30249+
0.416123¢
0.624013*

(mm/s)
0.283649
0.356964

0 113924¢
0.314181*
0.00223024*
0.392318*

skew(lA)

<0.46756
0.413932

463



604°202 = 4%
L1200d5d /yoL1psbL00

siskjeuy a)S J48A

(s10 01) Ausuaul



465

VBF Analysis of Pcp008T7

project:
document:  008qsdt701
data document: Pcp008T7

Eit Summary
no. of data points: 512
no. onSDmmmodel. 2

ntincadx’:laoos
uncertainties calculated using the covariance matrix

Globel Paremeters
Background = 2954800(220) counts
Lorentzian HWHM = 0.097* mm/s
Site Digtribution Paremeters
8 &
(mm/s)
Fe2+ 1.1596(80) 0.0061(31)
Fel+ 0.297(52) 0*
P
(%)
Fe2+ comp 1 40.5641*
comp 2 9.0(75)
comp 3 50.4(36)
Fe3+ comp 1 100*
Compiled Site Properties
Site
Fe2+ 96.78(45)
Fe3+ 3.22(49)
<CS> <ap>
(mm/s) (mm/s)
Fe2+ 1.14488 240347

Fe3+ 0.296988 0.85432

A
(countsmm/s)
457900(2300)
15200(2200)

(a)
(mm/s)
2.317(20)
2.114(61)
2.525(14)
0.824(97)

stdev(jA))
(mm/s)

0.313766
0.491767

A/A.

1.2063(40)
1*

Ca
(mm/s)
0.392(39)
0.153(58)
0.177(13)
0.540(93)

skew(jA]

0.448519
0.389481
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VBF Analysis of Pcp009T7

-

project:
document:  009qsdT707
data document: Pcp009T?

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced x> = 1.32377

Globel Parameters
Background = 3227490(230) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Paremeters
8 )
(mm/s)
Fe2+ 1.177(10) 0.0151(46)
Fe3+ 0.316(34) 0*
p
(%)
Fe2+ comp 1 33.7145*
comp 2 11.4(67)
comp 3 54.9(76)
Fe3+ comp 1 100*
Compiled Site Properties
Site
Fe2+ 92.94(69)
Fe3+ 7.06(69)
<Cs> qap>
(mm/s) (mm/s)
Fe2+ 1.14285 2.25619

Fe3+ 0.316363 0.912011

A
(countsmm/s)
354800(3000)
27000(2800)

(a)
(mm/s)
2.129(38)
1.946(61)
2.398(27)
0.910(74)

(mm/s)
0.399613
0.379063

A/A.

1.2943(70)
l‘

Ga
(mm/s)
0.535(45)
0.173(48)
0.243(19)
0.385(45)

<0.446541
0.0908551
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VBF Analysis of Pcp010T7

project:
document:  010qsdT703
data document: Pcp010T7

Flit Summary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 28
no. of refined parameters: 23
reduced y* = 1.03574

Globel Parameters :
Background = 2390200(200) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Paremeters
5o &
(mmy/s)
Fe2+ 1.133(18) 0.0041(71)
Fe3+ 0.3652(79) 0*
P
(%)
Fe2+ comp 1 53.4022*
comp 2 0.735)
comp 3 50(120)
Fe3+ comp 1 59.2072*
comp 2 11(28)
comp 3 29(35)
Co led Site
Site
Fe2+ 69.48(67)
Fel+ 30.52(67)
<CS> J4Ap
(mm/s) (mm/s)
Fe2+ 1.14268 227225

Fe3+ 0.365228 0.936557

A
(countrmm/s)
193400(2200)
84900(2500)

(8)
(mm/s)
2.406(47)
3.110)
2.10(78)
0.642(61)
1.7(11)
1.222(80)

(mm/s)
0.339104
0.460832

A/A.

1.2491(100)
1*

Ca
(mm/s)
0.244(98)
0.22(71)
0.35(22)
0.246(41)
0.39(49)
0.21(12)

skew(jAD

0.273356
0.719561
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VBF Analysis of Pcp013T7

project:
document:  013qsdt701
data document: Pep013T7

5t Sumomary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced 2 = 6.48486

Globel Paremeters
Background = 2727560(210) counts
Lorentzian HWHM = 0.097* mm/s
Sise Digtribution P ,
8o &
(mm/s)
Fe2+ 1.1792(54) <0.0062(20)
Fe3+ 0.293(18) 0*
p
(%)
Fe2+ comp 1 64.3059*
comp 2 9.1(53)
comp 3 26.6(38)
Fe3+ comp 1 100*
Compiled Site Propertics
Site Populations
Fe2+ 94.36(34)
Fe3+ 5.64(34)
<Cs> <A
(mm/s) (mm/s)
Fe2+ 1.16423 243215

Fe3+ 0.292968 1.00166

A
(countsrmm/s)
564700(2400)
33700(2200)

4
(mm/s)
2.400020)
2.16(14)
2.6015(63)
0.995(40)

stdev(]AD
(mm/s)

0.342236
0.465231

A/A.

1.1678(30)
1*

Ca
(mm/s)
0.325(12)
0.552(82)
0.159(11)
0.479(35)

skew(jA)

<0.64748
0.161803
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VBF Analysis of Pcp014t7

project:
document:  014qsdt701
data document: Pep014t7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced ¥* = 1.40012

Global Parameters
Background = 3338070(230) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Paremeters
S 8 A AJA.
(mm/s) (countsrmm/s)
Fe2+ 1.1582(67) 0.0073(28) 472400(2700)  1.1869(46)
Fe3+ 0.282(20) 0* 31000(2500) 1*
P (A) GCa
(%) (mm/s) (mav/s)
Fe2+ comp 1 - 16.2105* 1.995(37) 0.159(26)
comp 2 29.5(67) 2.230(22) 0.476(40)
comp 3 54.3(62) 2.414(16) 0.193(12)
Fe3+ comp 1 100* 0.902(48) 0.427(40)
Compiled Site Properties
Site
Fe2+ 93.84(47)
Fe3+ 6.16(47)
<CS> <4Ap stdev(]AD skew(A]D
(mm/s) (mm/s) (mm/s)
Fe2+ 1.14141 2.29155 0.339002 £0.307261

Fe3+ 0.281782 0.907082 0415164 0.150803
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VBF Analysis of Pcp015T7

project:
document:  Pcp015T709
data document: PcpO015T7

Flit Suwomary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced y* = 1.25235

Global Parameters
Background = 3111230(230) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution P
8 &
(mm/s)
Fe2+ 1.170(15) <0.0091(63)
Fe3+ 0.310(15) (124
P
(%)
Fe2+ comp 1 18.734*
comp 2 32(97)
comp 3 50(100)
Fe3+ comp 1 100*
Compiled Site P i
Site
Fe2+ 79.35(97)
Fe3+ 20.65(97)
<CS> <A
(mmv/s) (mm/s)
Fe2+ 1.15008 2.21938

Fe3+ 0.309708 0.901795

A
(countsmm/s)
232800(3800)
60600(3500)

(a)
(mm/s)
1.91(13)
2.49(16)
2.16(53)
0.898(28)

stdev(jAD
(mm/s)
0.452961
0.399

A/A.
1.156(12)

0.221(100)
0.30(20)
0.408(26)

skew(lAD

-0.916517
0.127375
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VBF Analysis of Pcp016t7

project:
document: 016qsdt7003
data document: Pcp016t7

Fit Suwmary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 16
reduced x2 = 0.961285

Global Paremeters
Background = 2553720(210) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Parameters
S &
(mm/s)
Fe2+ 1.076(14) 0.0251(%6)
Fe3+ 0.304(27) 0*
p
(%)
Fe2+ comp 1 19.2439*
comp 2 16.4(100)
comp 3 64.4095)
Fe3+ comp 1 100*
C Site
Site
Fe2+ 79.40(65)
Fe3+ 20.60(65)
<CS> J4Ap
(mm/s) (mm/s)
Fe2+ 1.13329 2.29355

Fe3+ 0.303535 0.825959

A
(countrmm/s)
119800(1800)
31100(1100)

(a)
(mwm/s)
2.06(14)
1.940(93)
2.453(34)
0.794(42)

(mw/s)
0.426752
0.481092

A/A,

1*®
1*

CGa
(mm/s)
0.71(19)
0.186(74)
0.228(24)
0.532(34)

<0.797196
0.406232
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VBF Analysis of Pcp020T7
docmnem. 020qsdT703
data document: Pcp020T7

Eit Summary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22

no. of refined parameters: 17
reduced %2 = 1.30233

uncertainties calculated using the covariance matrix

Global Paremeters
Background = 2441400(200) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Perameters
8o 5
(mm/s)
Fe2+ 1.169(14) «0.0109(58)
Fe3+ 0.347(28) o*
p
(%)
Fe2+ comp 1 36.96*
comp 2 8.7(51)
comp 3 54.4(70)
Fe3+ comp 1 100*
Site
Fe2+ 89.10(85)
Fe3+ 10.90(85)
<CS> <Ab>
(mm/s) (mm/s)
Fe2+ 1.14438 2.24401
Fe3+ 0.347278 0.852708

A
(countsrmm/s)

267900(3000)
32800(2900)

(8)
(mm/s)
2.128(35)
1.918(56)
2.375(23)
0.839(55)

" (mm/s)

0.412568
0.442771

A /A,

1.1975(95)
1*

Ga
(mm/s)
0.551(43)
0.152(53)
0.244(18)
0.468(38)

skew(jA]

0.436455
0.263381
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VBF Analysis of Pcp021T7

project:
document:  021qsdt704
data document: Pcp021T?

Fit Suwmary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 14
reduced ¥* = 1.17031

Global Paremeters
Background = 474322(85) counts
Lorentzian HWHM = 0.097* mnv/s
Site Digtribution Parameters
S 5 A AL/A.
(mm/s) (countrmm/s)
Fe2+ 1.1493(90) <0.0035(38) 89130(720) 1.1529(54)
Fel+ 0.296* 0* 1240(610) 1*
P (8) Ca
(%) (mm/s) (mm/s)
Fe2+ comp 1 24.3963* 2.232(44) 0.494(96)
comp 2 9.2(41) 1.921(37 0.121(46)
comp 3 66(10) 2.408(12) 0.222(16)
Fel+ comp 1 100* 0.904* 0.54*
Compiled Site P i
Site Popuiations
Fe2+ 98.62(66)
Fe3+ 1.38(66)
<CS> <ap stdev(]AD skew(jAD
(mm/s) (mm/s) (mm/s)
Fe2+ 1.14109 2.32028 0.339408 <0.366636

Fe3+ 0.296 0.925033 0.50312 0.315887
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VBF Analysis of Pcp022T7

project:
document:  022qsdt703
data document: Pcp022T7

[t Summary
no. of data points: 512

reduced 2 = 1.27339

Global Parameters
Background = 4622420(280) counts
Lorentzian HWHM = 0.097* mm/s
Site Digtribution Parameters
5 &
(mmy/s)
Fe2+ 1.1753(91) 0.0122(41)
Fe3+ 0.294(26) 0*
p
(%)
Fe2+ comp 1 19.0363*
comp 2 46(16)
comp 3 35119
Fe3+ comp 1 100+
Compiled Site P .
Site
Fe2+ 93.93(63)
Fe3+ 6.07(63)
<S> <A
(mm/s) (mm/s)
Fe2+ 1.14851 2.20194

Fe3+ 0.294044 0.9792

A
(countsmm/s)
393900(3200)
25400(2800)

(A)
(mm/s)
1.90(10)
2.361(60)
2.159(36)
0.979(54)

stdev(lAD
(mm/s)
0.41301
0.355588

AA,

1.1705(62)
1*

Ca
(mm/s)
0.219(54)
0.248(37)
0.542(70)
0.357(48)

<0.164655
0.037984
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VBF Analysis of Pcp023t7

project:
document: 023qsdt703
data document: Pcp023t7

Fit Swmmary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 2
no. of refined parameters: 17
reduced x> = 1.01794

Global Peremeters
Background = 1089000(130) counts
Lorentzian HWHM = 0.097* mn/s
Site Digtribution Parameters
8o &
(mm/s)
Fe2+ 1.1311(80) 0.0039(32)
Fe3+ 0.278(38) 0*
P
(%)
Fe2+ comp 1 34.1401*
comp 2 29.9(93)
comp 3 36(22)
Fe3+ comp 1 100*
Cowmpiled Site Properties
Site
Fe2+ 96.21(56)
Fe3+ 3.79(56)
<CS> <Ap
(mm/s) (mm/s)
Fe2+ 1.13998 2.29856

Fe3+ 0.277816 0.878317

A
(countsmmv/s)
237700(1500)
9300(1400)

(a)
(mm/s)
2.47541)
2.285(34)
2.14(13)
0.871(90)

(mm/s)
0.348317
0.416849

A/A.

1.0921(52)
1*

Ca
(mm/s)
0.176(24)
0.484(47)
0.243(64)
0.431(79)

skew(]AD

<0.160057
0.178939
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VBF Analysis of Pcp025t7

project:
document:  025qsdt701
data document: Pcp025t7

Lt Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced x2 = 0.994483

Global Paremeters
Background = 1561490(160) counts
Lorentzian HWHM = 0.097* mm/s
& .
(mm/s)
Fe2+ 1.119(10) 0.0067(41)
Fe3+ 0.311(60) 0*
P
%)
Fe2+ comp 1 24.8624¢
comp 2 13.3(45)
comp 3 61.8(63)
Fe3+ comp 1 100*
Site
Fe2+ 95.97(65)
Fe3+ 4.03(65)
<CS> <Ap
(mm/s) (mm/s)
Fe2+ 1.13421 2.32956

Fe3+ 0.311181 0.822483

A
(countsrmm/s)
261200(2000)
11000(1900)

(a)
(mm/s)
2.221(34)
1.965(31)
2.4516(97)
0.76(12)

(mm/s)
0.344398
0.526473

A/A.

1.0331(57)
1*

Ca
(mm/s)
0.490(64)
0.159(32)
0.204(10)
0.62(13)

<0.472865
0.560739



VBF Analysis of Pcp027T

project:
document:  Pcp027qsd
data document: Pcp027T

Global Perameters
Background = 1751240(170) counts
Lorentzian HWHM = 0.097* mm/s
Site Digtribution Paremeters
8 5 A AlA.
(mm/s) (countsrmm/s)
Fe2+ 1.161(33) <0.009%(11) 146100(5200) 1.109(26)
Fe3+ 0.349(36) 0* 40300(5100) 1*
P (A> Ca
(%) (mm/s) (mw/s)
Fe2+ comp 1 46.019* 2.2(11) 0.31(44)
comp 2 30(180) 2.50(23) 0.23(18)
comp 3 22(29) 20327 0.69(33)
Fe3+ comp 1 47.97197* 0.671(93) 0.28(26)
comp 2 50(160) 1.1(13) 0.45(43)
Compiled Site Properties
Site
Fe2+ 78.4(22)
Fe3+ 21.6(22)
<CS> <Ap stdev(jA) skew(]A)
(mm/s) (mm/s) (mm/s)
Fe2+ 1.14044 2.24387 0.445286 0.67201

Fe3+ 0:349474 0.887169 0424244 0.52149
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VBF Analysis of Pcp028t7

project:
document:  028qsdt701
data document: Pcp028t7

Fit Summary
no. of data poins: 509

no. onSDmmmodel. 2

reduced ¥ = 1.15319
uncertainties calculated using the covariance matrix

Global Parameters
Background = 1160720(140) counts
Lorentzian HWHM = 0.097* mm/s
Site Digtribution P
5o &
(mw/s)
Fe2+ 1.1252(43) 0.0060(18)
Fe3+ 0.256(26) o*
)
(%)
Fe2+ comp 1 19.5132*
- comp 2 56(16)
comp 3 24.3(92)
Fe3+ comp 1 100*
Compiled Site Properties
Site
Fe2+ 97.00(30)
Fe3+ 3.00(30)
<CS> <A
(mm/s) (mm/s)
Fe2+ 1.13919 2.34814

Fe3+ 0.256039 1.03704

A

" (countsrmm/s)

326200(1200)
10100(1000)

(a)
(mm/s)
2.10(12)
2.448(35)
2.314(31)
1.036(58)

stdev(lA]D
(mm/s)

0.29687S
0.392264

A /A.

1.1286(26)
1*

Ca
(mm/s)
0.194(54)
0.182(18)
0.429(51)
0.395(56)

<0.256156
0.0506003

490



491

(s/ww) A

€SS = 4%
L1820d5d / voLwpsbezo

sisAjeuy S 48A

R

(510 01) Aususqul




VBF Analysis of Pcp029t7
project:
document:  029qsdt701
data document: Pep029t7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22

no. of refined parameters: 17

reduced 52 = 1.45457

uncertainties calculated using the covariance matrix

Global Parameters
Background = 1299380(150) counts
Lorentzian HWHM = 0.097* mnvs
8o &
(mm/s)
FE2+ 1.1212(63) 0.0079(24)
Fel+ 0.281(21) o*
P
%)
FE2+ comp 1 69.1321*
comp 2 18.3(44)
comp 3 12.5(30)
Fe3+ comp 1 100*
Site
Site
FE2+ 94.68(35)
Fe3+ 5.32(35)
<CS> 4Ap
(mm/s) (mm/s)
FE2+ 1.14019 2.41584

Fe3+ 0.281285 0.938231

A
(countsrmm/s)
340700(1500)
19100(1300)

(&)
(mm/s)
2.5166(76)
2.285(29)
2.052(31)
0.929(43)

(mm/s)
0.332668
0455641

A/A.

1.1036(31)

1*

Ca

(mm/s)
0.2031(63)
0.532(52)
0.168(25)
0.473(38)

skew(]AD

<0.580755
0.198479
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VBF Analysis of Pcp030T7

-

project:
document:  030qsdt702
data document: Pcp030T7

Fit Supemary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced 2 = 1.25026

Global Paremeters
Background = 708040(110) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Paremeters
So 5
(mm/s)
Fe2+ 1.1090(64) 0.0114(26)
Fe3+ 0.282(15) 0
P
(%)
Fe2+ comp 1 12.1344¢
comp 2 57(26)
comp 3 31(26)
Fe3+ comp 1 100*
Site
Fe2+ 91.98(36)
Fe3+ 8.02(36)
<CS> <Ap
(mm/s) (mm/s)
Fe2+ 1.13622 2.38946

Fe3+ 0.282186 0.94288

A
(countsmm/s)
195900(1000)
17080(840)

()
(mm/s)
2.370(63)
2.502(41)
2.19%(18)
0.940(31)

(mm/s)
0.304753
0.405288

A/A.

1.1219(33)
l.

Ca
(mmy/s)
0.551(85)
0.187(16)
0.230(68)
0.413(26)

skew(jAD

<0.247325
0.109436
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VBF Analysis of Pcp031t7

project:
document:  031qsdt701
data document: Pcp031t7

Fit Swwmmary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced 2 = 1.15278

Global Parameters
Background = 465944(91) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution P
8o & A AlA,
(mm/s) (countsmm/s)
Fe2+ 1.116Q15) 0.0099(57) 96010(990) 1.1272(74)
Fel+ 0.289(47) 0 5870(870) 1*
| P (8 o
(%) (mm/s) (mm/s)
Fe2+ comp 1 33.8327* 2.1%(19) 0.258(92)
comp 2 51(24) 2.527(37) 0.183(22)
comp 3 15.0(96) 2.329(94) 0.56(13)
Fe3+ comp 1 100* 0.836(93) 0.496(86)
Compiled Site Properties
Site
Fe2+ 94.24(81)
Fe3+ 5.76(81)
<CS> <A stdev(jAD skew(jA)
(mw/s) (mm/s) (mw/s)
Fe2+ 1.13366 2.37594 0.336366 £0.370252

Fe3+ 0.288716 0.855049 0.462559 0.309452
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VBF Analysis of Pcp032t7
project:
document:  032qsdt701
data document: Pcp032t7

it Suwomary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22

no. of refined parameters: 17

reduced x* = 1.18012 N

Global Perameters
Background = 1570050(170) counts
Lorentzian HWHM = 0.097* mm/s
S 8 A A/A,
(mm/s) (countsrmm/s)
Fe2+ 1.1538(69) <0.0046(29) 253200(2000) 1.1622(52)
Fe3+ 0.319%22) 0* 19600(1700) 1+
p (a) Ca
(%) (mm/s) (mm/s)
Fe2+ comp 1 14.676* 2.200(55) 0.71(11)
comp 2 49(28) 2.14(15) 0.284(63)
comp 3 36(25) 2.493(49) 0.208(26)
Fe3+ comp 1 100* 1.039(46) 0412(41)
Compiled Site Properties
Site
Fe2+ 92.82(58)
Fe3+ 7.18(58)
<CS> <Ap stdev(]AD skew(jAD
(mm/s) (mm/s) (mw/s)
Fe2+ 1.1433 2.27602 0.394401 <0.321479

Fe3+ 0.318827 1.04006 0.408077 0.0642884
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VBF Analysis of Pcp033t7

project:
document:  033qsdt703
data document: Pcp033t7

Fit Summery

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 16
reduced %2 = 1.20388

Global Peremeters
Background = 1109420(150) counts
Lorentzian HWHM = 0.097* mm/s
Site Digtribution Parameters
&0 5
(mm/s)
Fe2+ 1.156(16) <0.0025(62)
Fe3+ 0.3+ 0*
[
(%)
Fe2+ comp 1 57.3811*
comp 2 35(10)
comp 3 7.9(73)
Fe3+ comp 1 100*
Compiled Site P ”
Site
Fe2+ 92.76(91) -
Fe3+ 7.24(91)
<CS> <A
(mm/s) (mm/s)
Fe2+ 1.14984 2.37929

Fe3+ 03 0.873232

A

(counts'mm/s)

144300(1800)
11300(1500)

(8)
(mm/s)
2.290(57)
2.559(11)
2.24(16)
0.862(69)

(mm/s)
0.358137
0.44208

A/A.

1.1461(85)
1*

Ga
(mm/s)
0.320(33)
0.168(21)
0.73(31)
0.464(67)

skew(JAD

<0.572448
0.237347
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VBF Analysis of Pcp034t7

project:
document:  034qsdt701
data document: Pcp03417

£t Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced 2 = 0.976404

Globel Parameters
Background = 223277(59) counts
Lorentzian HWHM = 0.097* mav/s
Site Distribution P !
5o &
(mm/s)
Fe2+ 1.135(11) 0.0039(45)
Fe3+ 0.263(58) 0*
P
(%)
Fe2+ comp 1 44.3326*
comp 2 32095)
comp 3 24(30)
Fe3+ comp 1 100*
Site Populations
Fe2+ 96.34(78)
Fe3+ 3.66(78)
s> qap
(mm/s) (mm/s)
Fe2+ 1.14413 2.4055

Fe3+ 0.262942 1.08187

A
(countrmuy/s)
59160(490)
2250(500)

(4)
(mm/s)
2.43(23)
2.26(36)
2.547(30)
1.08(14)

stdev(jAD
(mm/s)

0.312115
0.442693

A/A.

1.1523(68)
1

Ga
(mm/s)
0.28(18)
0.38(10)
0.143(62)
0.45(13)

skew(JAD

<0.496481
0.0830137
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VBF Analysis of Pcp036t7

project:
document:  036qsdt701
data document: Pcp036t7

Fit Summery

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22
no. of refined parameters: 17
reduced 2 = 1.04047

Global Parameters
Background = 303189%(72) counts
Lorentzian HWHM = 0.097* mmv/s
Site Distribution Parameters
5o &
(mwm/s)
Fe2+ 1.111(13) 0.0140(53)
Fe3+ 0.270(55) {14
P
(%)
Fe2+ comp 1 50.5533*
- comp 2 19(12)
comp 3 31(28)
Fe3+ comp 1 100*
Compiled Site Properties
Site Populations
Fe2+ 94.68(98)
Fel+ 5.32(98)
<CS> <A
(mm/s) (mm/s)
Fe2+ 1.14311 2.32342

Fe3+ 0.26989 0.94985

(countsrmm/s)
70800(810)
3980(770)

(a)
(mm/s)
2.458(73)
2.36(11)
2.08(19)
0.92(13)

(mm/s)
0.33431
0.546231

A/A.

1.0442(86)
1*

Ca
(mwm/s)
0.196(36)
0.51(12)
0.229(86)
0.60(14)

skew(jAD

<0.0387901
0.388137
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VBF Analysis of Pcp037t7

project:
document:  037qsd1703
data document: Pep037t7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22

no. of refined parameters: 16
reduced ¥ = 1.14917
uncertainties calculated using the covariance matrix

Globel Parameters
Background = 284749(69) counts
Lorentzian HWHM = 0.097* mnv/s
Site Digtribution P
) &
(mm/s)
Fe2+ 1.114(14) 0.0135(55)
Fe3+ 0.3* o
p
(%)
Fe2+ comp 1 6.95207*
comp 2 68(27)
comp 3 25(19)
Fe3+ comp 1 100*
Compiled Site Properties
Site
Fe2+ 97.44(13)
Fe3+ 2.56(73)
<CS> <dap
(mm/s) (mam/s)
Fe2+ 1.14613 2.40405

Fe3+ 03 0.821661

A
(countrmmy/s)
63940(560)
1680(490)

(a)
(mm/s)
2.70(69)
2.329(81)
2.521(21)
0.81(15)

(mm/s)
0.304112
0.393098

A/A.

1.0701(62)
1*

Ca
(mm/s)
0.50(24)
0.287(32)
0.15345)
0.41(17)

skew(lAD

0.255881
0.185597
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VBF Analysis of Pcp038t7

-

project:
document:  038qsdt702
data document: Pcp038t7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 15
reduced 2 = 1.13569

Globeal Parameters
Background = 1348120(140) coumts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Parameters
8 5 A AJA.
(mm/s) (counts-mm/s)
Fe2+ 1.1729(97) 0.0081(38) 183000(1100) 1.1192(45)
Fe3+ 0.305* 0* 4000(1100) 1*
P (A) Ca
(%) (mm/s) (mm/s)
Fe2+ comp 1 30.0086* 2.251(43) 0.439(52)
comp 2 7.6(45) 2.039(35) 0.113(55)
comp 3 62.3(79) 2.5093(98) 0.206(12)
Fe3+ comp 1 100* 0.92¢ 0.44(16)
Site Populations
Fe2+ 97.88(56)
Fe3+ 2.12(56)
<CS> <A stdev(]A) skew(]AD
(mm/s) (mm/s) (mm/s)
Fe2+ 1.1536 2.39582 0.330938 0.569787

Fe3+ 0.305 0.925426 0.423658 0.150972
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VBF Analysis of Pcp039t7

-

project:
document:  039qsdt702
data document: Pcp03n7

*

Fit Sumemary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 17
reduced 2 = 1.1038

Global Parameters
Background = 669620(100) counts
Lorentzian HWHM = 0.097* mm/s
5o & A A/A.
(mm/s) (countsrmny/s)
Fe2+ 1.142(16) 0.0002(65) 94500(1300) 1.104(11)
. Fe3+ 0.311(35) 0* 8500(1200) 1*
P (A) Oa
(%) (mw/s) (mm/s)
Fe2+ comp 1 39.6285* 2.147(50) 0.502(68)
comp 2 19(26) 2.06(20) 0.20(12)
comp 3 41(21) 2.462(96) 0.200(44)
Fe3+ comp 1 100* 0.961(85) 0.424(70)
Site -
Fe2+ 91.8(11)
Fe3+ 8.2(11)
<CS> <qap stdev(]AD skew(jA)
(mm/s) (mm/s) (mm/s)
Fe2+ 1.142 2.26111 0.391642 <0.458029

Fe3+ 0.310777 0.964492 0.416576 0.112292
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VBF Analysis of Pcp040t7
m’w.
document:  040qsdt701
data document: Pcp040t7

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22

no. of refined parameters: 17
reduced ¥ = 1.04241

uncertainties calculated using the covariance matrix

Global Parameters
Background = 380510(79) counts
Lorentzian HWHM = 0.097* mnv/s
8o & A AJA,
(mm/s) (countrmm/s)
Fe2+ 1.155(15) <0.0050(60) 76520(880) 1.1851(88)
Fe3+ 0.29%(57) 0* 4400(790) 1*
P (A) Ga
(%) (mwm/s) (mm/s)
Fe2+ comp 1 47.6078* 2.530(60) 0.187(28)
comp 2 29(29) 2.16(20) 0.23(10)
comp 3 23(15) 2.273(64) 0.52(12)
Fe3+ comp 1 100* 0.89(13) 0.390(88)
Compiled Site i
Site
Fe2+ 94.56(92)
Fe3+ 5.44(92)
<CS> <ap stdev(]AD skew(jA]
(mm/s) (mm/s) (mm/s)
Fe2+ 1.14289 236119 0.351372 £0.42854

Fe3+ 0.299326 0.893513 0.382796 0.107496
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VBF Analysis of Pcp041t7

project:
document:  041qsdt705
data document: Pcp041t7

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 16
reduced x* = 1.21332

Global Parameters
Background = 447305(83) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Parameters
5o & A
(mm/s) (countsmm/s)
Fe2+ 1.133(13) <0.0039(51) 106100(1000)
Fe3+ 0.276225* o* 1230(960)
p (a)
(%) (mm/s)
Fe2+ comp 1 29.5561* 2.248(35)
comp 2 46(17) 2.41547)
comp 3 24(15) 2.05(12)
Fe3+ comp 1 100* 0.76(32)
Compiled Site Properties
Site
Fe2+ 98.85(88)
Fe3+ 1.15(88)
<CS> <ap stdev(jAD
(mmv/s) (mm/s) (mm/s)
Fe2+ 1.12386 227759 0.336313

Fe3+ 0.276225 0.761564 0.342167

A/A.

1.2429(81)
1*

Ca
(mm/s)
0.482(59)
0.174(26)
0.192(58)
0.35(34)

skew(|A])

<0.212364
0.137663

s13
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VBF Analysis of Pcp042t7

project:
document:  042qsd(702
data document: Pep042t7

£t Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parametersinmodel: 22
no. of refined parameters: 17
reduced % = 1.2585

Global Parameters
Background = 960070(140) counts
Lorentzian HWHM = 0.097* mnv/s
Site Distripution Parameters
8o 5 A ALIA.
(mm/s) (counts-mm/s)
Fe2+ 1.154(15) <0.0090(60) 149500(2300) 1.177(12)
Fe3+ 0.281(59) 0* 8500(2000) 1*
p (a). Ga
(%) (mm/s) (mm/s)
Fe2+ comp 1 47.489* 2.40(11) 0.249(49)
comp 2 11.5(59) 2.15(10) 0.85(22)
comp 3 41(80) 2.06(51) 0.31(17)
Fe3+ comp 1 100* 0.84(13) 0.42(11)
Compiled Site P .
Site
Fe2+ 94.6(12)
Fe3+ 5.4(12)
<CS> <qap sidev(]AD skew(jA])
(mm/s) (mm/s) (mm/s)
Fe2+ 1.13387 2.23359 0.422151 <0.295322

Fe3+ 0.281374 0.845688 0.403782 0.183915

518



516

(s/pwiw) A

692} = .-

080

(s1 g01) Aususiul

Li2bodad / ZoLwshzyo

sisAjBuy aUs 48A

00t



VBF Analysis of Amtvmt7

project:
document: Amtvmt?
data document: Amtvmnt7

£t Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 16
reduced x* = 1.27377

Global Parameters
Background = 1503070(160) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Perameters
So 5
(mm/s)
Fe2+ 1.0294(78) 0.0434(31)
Fe3+ 0.288(18) 0*
p
(%)
Fe2+ comp 1 13.5457*
comp 2 63(16)
comp 3 18(19)
Fe3+ comp 1 100*
Compiled Site Properties
Site
Fe2+ 81.13(40)
Fe3+ 18.87(40)
<CS> <ap
(mm/s) (mm/s)
Fe2+ 1.12831 2.27691

Fe3+ 0.287597 0.795047

A
(countsrmm/s)
145100(1300)
33750(840)

(a)
(mm/s)
2.06(17
2.412(57)
1.94(15)
0.742(32)

(mmv/s)
0.37365
0.497417

A /A,

1*
1*

Ca
(mm/s)
0.59(22)
0.252(30)
0.222(91)
0.573(31)

skew(JAD
<0.558257

. 0.519595



VBF Analysis of Am01t71
m AmOlvmt71
data document: AmO1t71

Fit Summery

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 3

reduced ¥ = 1.85902
uncertainties calculated using the covariance matrix
Global Paremeters
Background = 3385750(160) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution P
& 5
(mm/s)
Fe2+ 1.0294* 0.0434*
Fe3+ 0.288* 0*
p
(%)
Fe2+ comp 1 14%
comp 2 68*
comp 3 18*
Fe3+ comp 1 100*
Compiled Site Properties
Site Populations
Fe2+ 81.13
Fe3+ 18.87
<CS> AP
(mm/s) (mm/s)
Fe2+ 1.12825 221777

Fe3+ 0.288 0.794739

(counts'mm/s)
155344*
36131.4*

(a)
(mm/s)
2.06*
2412¢
1.94*
0.742*

stdev(lA])
(mm/s)

0.374392
0.497276

A/A.

2.1827(75)
0.733(25)

Ca
(mnv/s)
0.59*
0.252*
0.222+
0.573*

skew(jA]

<0.572032
0.519777
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VBF Analysis of Am02¢71
project:
document: Am02tvmmt71
data document: Am02171

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22

no. of refined parameters: 3
reduced 2 = 1.77947

uncertainties calculated using the covariance matrix

Global Parameters
Background = 3094110(150) counts
Lorentzian HWHM = 0.097* mn/s
m 2. ! l! !. ﬂ !
8 ) A A/A.
(mm/s) (countsrmnv/s)
Fe2+ 1.0294* 0.0434* 142092* 2.0074(74)
Fed+ 0.288* 0 33049.1* 0.782(27)
P (A) Ca
(%) (mm/s) (mm/s)
Fe2+ comp 1 14* 2.06* 0.59*
comp 2 68* 2412 0.252*
comp 3 18¢ 1.94* 0.222*
Fe3+ comp 1 100* 0.742* 0.573*
Compiled Site Properties
Site
Fe2+ 81.13
Fe3+ 18.87
<CS> <jAp stdev(lAD skew(JA])
(mm/s) (mm/s) (mm/s)
Fe2+ 1.12825 221 0.374392 <0.572032

Fe3+ 0.288 0.794739 0.497276 0.519777
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VBF Analysis of Am03t71
documeln. AmO3tvmt71
data document: Amo03t71

Eit Summary

no. of data points: 512

no. of QSD sites in model: 2
no. of parameters in model: 22
no. of refined parameters: 3

reduced ¥2 = 1.80907
Global Parameters
Background = 3457140(160) counts
Lorentzian HWHM = 0.097* mnv/s
Site Distribution Parameters
8 &
(mm/s)
Fe2+ 1.0294* 0.0434*
Fe3+ 0.288* 0*
P
(%)
Fe2+ comp 1 14*
comp 2 68*
comp 3 18%
Fe3+ comp 1 100+
Compiled Site P .
Site
Fe2+ 81.13
Fe3+ 18.87
<CS> <4Ap
(mm/s) (mm/s)
Fe2+ 1.12825 221777

Fe3+ 0.288 0.794739

A
(counts'mm/s)
168188+*
39118.9*

(a)
(mm/s)
2.06*
2412
1.94*
0.742*

stdev(]A)
(mm/s)

0.374392
0.497276

A/A.

1.6470(58)
0.711(23)

Ca
(mm/s)
0.59*
0.252+
0.222¢+
0.573+

skew(jAD

<0.572032
0.519777
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VBF Analysis of Am04t71

project:
document: AmO4tvmnt71
data document: AmO4t71

Fit Suwomary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 22
no. of refined parameters: 3

reduced 2 = 1.74675
Global Perameters
Background = 4023720(170) counts
Lorentzian HWHM = 0.097* mm/s
Site Distribution Parameters
8o &
(mm/s)
Fe2+ 1.0294* 0.0434*
Fe3+ 0.288* 0*
P
(%)
Fe2+ comp 1 14¢
comp 2 68*
comp 3 18*
Fe3+ comp 1 100*
Compiled Site Properties
Site C
Fe2+ 81.13
Fe3+ 18.87
<CS> AP
(mm/s) (mm/s)
Fe2+ 1.12825 221

Fe3+ 0.288 0.794739

A
(countemm/s)
195729*
45524.5*

(4)
(mm/s)
2.06*
2412
1.94¢
0.742¢

stdev(]AD
(mm/s)

0.374392
0.497276

A/A.

1.2069(45)
0.913(24)

Ca
(mm/s)
0.59+
0.252*
0.222*
0.573*

skew(|AD

<0.572032
0.519777
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VBF Analysis of Am05t71

project:
document: AmOStvmt7]
data document: AmO05t71

Fit Summary

no. of data points: 512

no. of QSD sites in model: 2

no. of parameters in model: 2
no. of refined parameters: 3

reduced ¥ = 1.8259
Global Parameters
Background = 4164210(180) counts
Lorentzian HWHM = 0.097* mm/s

S &

(mmv/s)
Fe2+ 1.0294* 0.0434¢
Fe3+ 0.288* 0*

P
(%)

Fe2+ comp 1 14*

comp 2 68*

comp 3 18*
Fe3+ comp 1 100*
Ci iled Site 7

Site Populations
Fe2+ 8113
Fe3+ 18.87

,

(mm/s) (mm/s)

Fe2+ 1.12825 221

- Fe3+ 0.288 0.794739

(countrmm/s)
180413*
41962.3*

(8)
(mm/s)
2.06*
2412+
1.94¢
0.742*

stdev(jA)
(mm/s)

0.374392
0.497276

A/A.

1.0026(45)
0.937(27)

CGa
(mm/s)
0.59*
0.252*
0.222*
0.573¢

skew(JA])

<0.572032
0.519777



VBF Analysis of Am06t71

project:
document: AmO6tvmt71
data document: AmO6t71

Fit Summary

no. of data points: 512
no. of QSD sites in model:
no. of parameters in model:
no. of refined parameters:
reduced % = 1.50303

ugn

Global Perameters
Background = 3145490(150) counts
Lorentzian HWHM = 0.097* mmv/s
Site Distribution Parameters
8o . A A /A,
(mm/s) (counts'mm/s)
Fe2+ 1.0294* 0.0434* 92857.8* 0.9320(73)
Fe3+ 0.288* 0* 21597.8* 0.774(41)
p (A) Ca
(%) (mm/s) (mm/s)
Fe2+ comp 1 14¢ 2.06* 0.59*
comp 2 68* 2412 0.252*
comp 3 18¢ 1.94* 0.222+
Fe3+ comp 1 100* 0.742* 0.573+
Compiled Site Properties
Site
Fe2+ 81.13
Fe3+ 18.87
<CS> <A stdev(|A]) skew(jA]
(mm/s) (mm/s) (mm/s)
Fe2+ 1.12825 22T 0.374392 <0.572032

Fe3+ 0.288 0.794739 0.497276 0.519777





