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ABSTRACT

Amphibole crystals from the former vermiculite mine near Libby, Montana, were examined using three different analytical
methods: optical and morphological measurements were made using spindle-stage methods, unit-cell refinements were per-
formed using single-crystal X-ray-diffraction techniques, and chemical analyses were performed using an electron microprobe.
The eleven samples display a continuum of morphology and conformity to a single crystal, and range from stubby single-crystal
cleavage fragments to elongate near-bundles of fibers. Variations in conformity to the properties of a single crystal are reflected
in the character of the X-ray reflections on X-ray rotation photographs. Using current nomenclature recommendations, all of the
samples examined consist of winchite. Covariance among several properties was observed. The a index of refraction and
birefringence are dependent on Mg content. There is also a correlation between birefringence and particle morphology. Winchite
particles with a high birefringence and high width/thickness aspect ratio tend to be single crystals, whereas samples with a low
birefringence and low width/thickness ratio tend to be more polycrystalline.

Keywords: winchite, electron-microprobe analysis, optical properties, amphibole asbestos, crystal morphology, Libby, Montana.
SOMMAIRE

Nous avons examiné des cristaux d’amphibole provenant de la mine de vermiculite pres de Libby, au Montana, maintenant
fermée, au moyen de trois méthodes analytiques, soit les mesures optiques et morphologiques effectuées avec une platine a
aiguille, un affinement des paramétres réticulaires sur monocristal étudié en diffraction X, et une analyse chimique avec une
microsonde électronique. Les onze échantillons font preuve d’une continuité en termes de morphologie et de conformité aux
propriétés d’un monocristal; ils vont de fragments de clivage monocristallins trappus a des essaims allongés de fibres. Les vari-
ations en degré de conformité aux propriétés d’un monocristal se voient dans le caractere des réflexions en diffraction X sur des
clichés de rotation. En termes des recommandations courantes de nomenclature, tous les échantillons sont de la winchite. Nous
notons une covariance parmi plusieurs propriétés. L’indice de réfraction « et la biréfringence dépendent de la teneur en Mg. I y
a aussi une corrélation entre biréfringence et morphologie des particules. Les particules de winchite ayant une biréfringence
élevée et un rapport de largeur a épaisseur élevé ont tendance a étre des monocristaux, tandis que les échantillons ayant une faible
biréfringence et un faible rapport de largeur a épaisseur seraient plutot polycristallins.

(Traduit par la Rédaction)

Mots-clés: winchite, analyses a la microsonde électronique, propriétés optiques, amphibole asbestiforme, morphologie des
cristaux, Libby, Montana.
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INTRODUCTION

In November of 1999, several articles in the popular
press led the United States Environmental Protection
Agency (EPA) to begin an investigation of asbestos-re-
lated diseases and remediation of asbestos contamina-
tion associated with the vermiculite mining and milling
operations in Libby, Montana. Vermiculite was mined
in an open-pit mine 9.6 km northeast of Libby from the
early 1920s until the mine closed in 1990. Exfoliated
vermiculite from Libby, known commercially as
Zonolite, was produced by heating the ore. One of the
major uses of this product was in attic insulation. At
peak production, the mine accounted for approximately
80% of the world’s production. Unfortunately, the ver-
miculite ore contained trace amounts of amphibole-as-
bestos (USEPA 2000). The amphibole-asbestos has
been shown to cause asbestos-related lung disease in
former mine and mill workers (Amandus & Wheeler
1987, Amandus et al. 1987a, b, McDonald ef al. 1986a,
b, 1988), and the health of the residents of Libby is cur-
rently being studied (USEPA 2001, ATSDR 2000,
2001).

Here, we present compositional and optical proper-
ties of amphiboles collected at the former mine site and
discuss their relationship to variations in crystal mor-
phology. Authors of two recent studies, Gunter et al.
(2003) and Meeker et al. (2003), found the amphiboles
at Libby to vary in morphology (i.e., some individual
samples contain both asbestiform and non-asbestiform
amphiboles). In an earlier study, Gunter et al. (2001)
found the amphiboles to be an approximately 50:50
mixture of asbestiform and non-asbestiform varieties.
Authors of all three of these studies found that the ma-
jority of the amphibole present at the mine site is
winchite; this species of amphibole-asbestos is not cur-
rently regulated by U.S. government agencies (OSHA
1986, 1992). They also found no correlation between
composition and morphology. Our goal in this study is
to provide optical, compositional, morphological, and
structural data from a suite of samples collected at the
former mine-site to better characterize the physical
properties of these amphiboles, and to show gradational
changes in these, as the samples become more polycrys-
talline.

GEOLOGICAL CONTEXT

The former mine is located in the Rainy Creek Com-
plex, which is an ultramafic—alkaline intrusive complex
composed of an altered biotite pyroxenite stock intruded
by an irregular body of syenite. The ultramafic unit that
makes up the stock was emplaced in the Precambrian
Belt Supergroup during the Cretaceous period, followed
by intrusion of the syenitic magma, which produced sig-
nificant hydrothermal alteration of the ultramafic units
(Boettcher 1967). Hydrothermal alteration of the biotite
and its subsequent weathering to vermiculite resulted in
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one of the world’s largest vermiculite deposits. Amphi-
bole and amphibole-asbestos occur in the vermiculite
ore as a product of the hydrothermal alteration of the
pyroxene-group minerals (Boettcher 1966). For a more
detailed discussion of the geology and mineralogy of
the complex, see Bandli (2002).

SAMPLE SELECTION

A suite of samples, collected by Gunter in October
1999 was taken from the center of the previous mining
operation, in the biotite pyroxenite. Three samples of
amphibole and amphibole-asbestos representing distinct
geological occurrences (Fig. 1) were selected from this
suite for further study. The first of these (termed “vein,”
Fig. 1A) is from a cross-fiber vein of amphibole ap-
proximately 2 cm wide cutting the biotite pyroxenite.
The second (termed “outcrop,” Fig. 1B) contains an
intergrowth of pyroxenes that are altering to amphiboles.
It was collected in place on a former mine bench. The
last sample (termed “float,” Fig. 1C), with a more mas-
sive morphology, is part of a 2-3 kg boulder. (These are
the same suite of samples used in Gunter et al. 2003.)
Three to four individual crystals were selected from each
sample and are labeled alphabetically.

EXPERIMENTAL METHODS

Eleven crystals of amphiboles were selected on the
basis of their optical properties and morphological char-
acteristics. Each was mounted on a glass fiber ca. 100
pm in diameter, fastened to an X-ray goniometer head
for optical and X-ray studies. Variability in the morphol-
ogy can be seen in Figure 2. Optical homogeneity was a
prerequisite, and each of the eleven samples selected
appeared as a single crystal when observed with the
spindle stage — polarized light microscope combination
(i.e., the crystals exhibit sharp extinction positions and
show no evidence of twinning). Index of refraction data
were collected along with morphological measurements,
both with the aid of a spindle stage. Next, the sample,
mounted on an X-ray goniometer head, was transferred
to a single-crystal X-ray diffractometer to obtain its unit-
cell parameters. Finally, the single crystal was removed
from the X-ray goniometer head, mounted in epoxy, and
analyzed using an electron microprobe.

Optical measurements

Individual crystals were placed on a spindle stage
attached to a Leitz Ortholux polarized light microscope.
The orientations of the optical indicatrix and 2V were
determined using the methods described in Bloss (1981)
and the computer program EXCALIBR (Gunter &
Twamley 2001) from data on extinction angles collected
at spindle stage increments of 10° over the range
0-360°. Using these data, one can calculate with
EXCALIBR the spindle stage and microscope stage
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FiG. 1. Photographs of the three samples
used in this study, collected at the former
vermiculite mine near Libby. A. Vein of
amphibole running through the host
biotite pyroxenite. Single crystals were
obtained from this vein and thus labeled
“vein” in this study. B. Light-colored
amphibole samples in a non-vein occur-
rence. This sample was collected in place,
ata mine bench and thus termed “outcrop”
in this study. The orientation of the
amphibole crystals appears to be more
random than in the “vein” sample in A. C.
A portion of a fairly large boulder of
amphibole collected from a float sample
near the center of the mine, and in turn
labeled “float.” Pocket knife for scale in
all photographs.
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FiG. 2. Photomicrographs of amphibole fragments used in this study. The samples have been attached to approximately 100 pm
glass fibers, and are in a 1.550 index of refraction liquid. Exact dimensions of the crystals are given in Table 1. These six
samples are representative of the different morphologies in our suite, as discussed in the text. A. Sample “vein D appears as
a cleavage fragment of an amphibole; samples “outcrop C” and “float C” have a similar morphology. B. Sample “outcrop B”
is a single crystal flattened on (100); samples “outcrop A” and “float B” have a similar morphology. C. Sample “float D”
appears to be less monocrystalline than 2B; sample “vein B” has a similar morphology. D. Sample “vein C” appears less
monocrystalline than 2C. E. Sample “vein A”, is polycrystalline and was confirmed so by X-ray techniques. F. Sample “float
A” is the most polycrystalline sample of the suite. See Table 1 for particle sizes.

settings needed to orient any direction of principal vi-
bration (i.e., o, 3, y) parallel to the microscope stage
and parallel to the lower polarizer. This facilitates the
measurement of indices of refraction without appre-
ciable error due to misorientation. Indices of refraction
were determined using the double variation method
(Bloss 1981) and the computer program SOLID (Su et
al. 1987). To increase the accuracy of these measure-
ments, the Cargille index of refraction liquids were cali-
brated with an Abbe refractometer and the program OIL
(Su et al. 1987), and then checked against standard
glasses of known index of refraction. The precision and
accuracy of measured indices of refraction is £0.0005
(Bandli & Gunter 2001).

The dimensions of the crystals were measured to
within 1 wm using a Vickers image-splitting eyepiece.
The spindle stage allows these measurements to be eas-

ily made because the sample can be rotated about the
spindle axis. The crystals were first oriented with their
longest dimension (i.e., the ¢ crystallographic axis) par-
allel to the rotation axis of the spindle stage. Next, the
most narrow dimension (i.e., the thickness) and longest
dimension (i.e., the width) were measured by rotation
about the spindle axis.

X-ray measurements

Orientation matrices and unit-cell parameters were
obtained at room temperature using a Bruker/Siemens
SMART 1K single-crystal diffractometer and MoKa
radiation. Data were collected from 30-90 frames, with
exposure times of 10-60 seconds per frame. The num-
ber of frames and the collection time for each frame
were dependent on the size of each crystal. With the
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orientation matrices from the X-ray diffractometer and
from the spindle stage, the optical orientation of the
mineral (i.e., ¢:Z) could be easily determined (Gunter
& Twamley 2001).

Chemical analysis

Each of the single crystals was mounted in epoxy on
a separate glass slide and ground on a lap wheel charged
with 1200 grit to expose the crystal. The crystal was
then polished successively with 3 wm and 1 pm dia-
mond grit on a paper lap. The samples were analyzed at
Washington State University in the Department of
Geology’s GeoAnalytical Laboratory using a Cameca
Camebax electron microprobe employing wavelength-
dispersion spectrometry (four spectrometers), an accel-
erating voltage of 15 kV, a beam current of 12 nA, and
a beam diameter of 2 um. Absorption, fluorescence, and
atomic number corrections were applied to all data. The
following elements (associated standards) were sought:
Si and Al (Wilberforce hornblende), Ti (titanite), Fe
(Rockport fayalite), Mn (spessartine), Mg (forsterite),
Ca (diopside), K (orthoclase), Na (albite), C1 (KCl), and
F (phlogopite). Fe was measured as FeO and appor-
tioned to Fe?* and Fe* using the ratio Fe**/>Fe deter-
mined from Mossbauer spectroscopy (Gunter et al.
2003).

RESULTS AND DiscussioNn
Chemical composition

Results of the electron-microprobe analyses are
given in Table 1, as well as the Fe’*/2Fe values for the
three types of sample (vein, outcrop, and float). Chlo-
rine is not present in measurable amounts in any of the
samples. Cation contents were calculated based on 24
(O, OH, F), the Fe**/3Fe ratios from Mossbauer spec-
troscopy, and the assumption that OH + F = 2, (i.e., the
OH and, in turn, H,O content were calculated by differ-
ence). Cation site assignments were made according to
Leake et al. (1997) based on the general formula
Ay 1B,Cs5T30,2(0OH,F),. Following the recommenda-
tions of Leake ef al. (1997), all eleven samples consist
of a sodic—calcic amphibole (winchite) where (Ca +
Na)g 2 1, 0.5 < Nag < 1.5, and A-site occupancy is less
than 0.5. Elemental variation for the eleven samples
in the non-tetrahedral cation contents is shown in
Figure 3.

One of the issues surrounding the amphibole or am-
phibole-asbestos found at the former vermiculite mine
at Libby, Montana is its mineralogical identity. Most
investigators (including the popular press and U.S. regu-
latory agencies) have incorrectly referred to it as being
either tremolite or actinolite (USEPA 2000). Wylie &
Verkouteren (2000) cast doubt on this opinion when
they identified two samples from the mine site as
winchite, later confirmed by Gunter et al. (2003), who
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TABLE 1A. CHEMICAL COMPOSITION, CHEMICAL FORMULAS*,
SITE ASSIGNMENTS, INDICES OF REFRACTION, 2V,

EXTINCTION ANGLES, CELL PARAMETERS,

DIMENSION MEASUREMENTS, AND ASPECT RATIOS
OF AMPHIBOLE PARTICLES TAKEN FROM VEIN SAMPLES

vein A vein B vein C vein D
Si0, wt.% 56.65(67) 56.92(46) 57.15(69) 56.12(55)
AlLO, 0.21(4) 0.14(3) 0.14(8) 0.349)
TiO, 0.20(8) 0.21(8) 0.12(7) 0.21(9)
FeO 2.47(9) 2.38(16) 2.07(38) 2.08(18)
Fe,05 4.98(19) 4.81(32) 4.19(76) 4.31(29)
MgO 20.05(15) 19.93(30) 20.36(1.38) 20.46(33)
MnO 0.11(2) 0.12(5) 0.12(2) 0.10(2)
CaO 6.44(73) 5.62(53) 9.23(61) 6.65(19)
Na,0 4.24(31) 4.97(35) 3.28(40) 4.38(28)
K,0 1.08(17) 1.43(13) 0.68(16) 1.22(12)
H,0 1.91(3) 1.92(7) 2.02(5) 1.89(6)
F 0.47(5) 0.44(15) 0.28(12) 0.47(11)
Total 98.61(95) 98.72(50) 99.54(67) 98.04(50)
Fe*/ZFe 0.645 0.645 0.645 0.645
FeOgypa 6.95(26) 6.70(44) 5.84(1.06) 5.96(39)
# of analyses 8 10 9 8
Si apfu 7.98(2) 8.01(2) 7.96(4) 7.94(3)
Al 0.04(1) 0.02(0) 0.02(1) 0.06(2)
Ti 0.02(1) 0.02(1) 0.01(1) 0.02(1)
Fe” 0.29(1) 0.28(2) 0.24(5) 0.25(2)
Fe* 0.53(2) 0.51(4) 0.44(8) 0.46(3)
Mg 421(4) 4.18(5) 4.2227) 4.32(5)
Mn 0.01(0) 0.01(1) 0.01(0) 0.01(0)
Ca 0.97(10) 0.85(8) 1.38(9) 1.013)
Na 1.16(9) 1.36(10) 0.89(11) 1.20(7)
K 0.19(3) 0.26(2) 0.12(3) 0.22(2)
H 1.79(2) 1.80(7) 1.87(5) 1.79(5)
F 021(2) 0.19(7) 0.13(5) 0.21(5)
T-Si 7.98 8.01 7.96 794
T-Al 0.02 - 0.02 0.06
T-Ti - - 0.01 -
Sum T 8.00 8.0t 7.99 8.00
C-Al 0.02 0.02 -
C-Ti 0.02 0.02 - 0.02
C-Fe** 0.22 0.27 0.24 0.20
C-Fe* 0.53 0.51 0.44 0.46
C-Mg 421 4.18 422 432
C-Mn - - 0.01 -
Sum C 5 5.00 491 5.00
B-Fe** 0.07 0.01 0.05
B-Mn 0.01 0.01 - 0.01
B-Ca 0.97 0.85 1.38 1.01
B-Na 0.95 1.13 0.62 093
Sum B 2.00 2.00 2.00 2.00
A-Na 0.21 0.23 0.27 0.27
A-K 0.19 0.26 0.12 0.22
Sum A 0.40 0.49 0.39 0.49
o 1.6265(5) 1.6251(4) 1.6221(14) 1.6214(4)
B 1.6349(6) 1.6345(5) 1.6316(6) 1.6340(5)
Y 1.6381(10) 1.6389(8) 1.6387(5) 1.6397(5)
2V, ° obs. 58(1) 64(2) 73(2) 63(1)
a(A) - 9.891(4)
b(A) - 17.969(9)
c (&) - 5.266(2)
Be - 104.73(3)
¢l © - 21
length (um) 605 486 319 278
width (jm) 88 58 22 95
thickness (Wm) 52 30 18 35
I'w 6.9 8.4 14.5 29
" 11.6 16.2 17.7 79
wit 1.7 1.9 12 2.7

* Based on 24 O, OH, F per formula unit.
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TABLE 1B. CHEMICAL COMPOSITION, CHEMICAL FORMULAS*, TABLE 1C. CHEMICAL COMPOSITION, CHEMICAL FORMULAS*,
SITE ASSIGNMENTS, INDICES OF REFRACTION, 2V, SITE ASSIGNMENTS, INDICES OF REFRACTION, 2V,
EXTINCTION ANGLES, CELL PARAMETERS, EXTINCTION ANGLES, CELL PARAMETERS,
DIMENSION MEASUREMENTS, AND ASPECT RATIOS DIMENSION MEASUREMENTS, AND ASPECT RATIOS
OF AMPHIBOLE PARTICLES TAKEN FROM OUTCROP SAMPLES OF AMPHIBOLE PARTICLES TAKEN FROM FLOAT SAMPLES
outcrop A outcrop B outcrop C float A float B float C float D
Si0, wt% 56.64(75) 57.01(82) 56.39(52) Si0, wt.% 57.14(49) 56.29(61) 56.29(61) 57.18(73)
ALO, 0.1302) 0.1503) 0.20(7) ALO, 0.20(4) 0.33(7) 0.14(6) 0.18(4)
TO, 0.04(2) 0.042) 0.043) TiO, 0.25(4) 0.133) 0.08(3) 0.25(17)
FeO 1.82(15) 1.84(9) 216(2) FeO 2.11(19) 1.26(7) 1.77(23) 1.6021)
Fe,0, 457035 £6201) 54361 Fe,0; 6.16(55) 3.68(20) 5.16(67) 4.67(62)
MgO 20.4820) 2038(32) 20.06(66) MgO 19.21(42) 21.36(20) 20.01(51) 20.47(43)
MO 0.24(5) 0200) 0.1203) MnO 0.05(3) 0.12(3) 0.05(2) 0.09(1)
Ca0 9.24(51) 781024) 732(92) Ca0 5.52(62) 8.63(21) 7.26(64) 7.63(30)
Na,0 285(16) 371(19) 403(40) Na,0 3.53(37) 3.40(17) 3.60(57) 3.76(20)
K0 0.74(4) 0.94(6) 0.86(11) K,0 0.72(5) 0.92(5) 0.72(8) 0.79(10)
HO 1.92(5) 1.88(5) 1.90(8) H,0 1.97(6) 1.91(5) 1.96(2) 1.98(4)
¥ 046(10) 0.55(9) 0.49(13) F 0.30(11) 0.47(10) 0.31(4) 0.34(11)
Total 98.95(80) 98.94(95) 98.80(85) Total 97.05(79) 98.50(61) 97.24(97) 98.80(65)
Fe/ZFe 0.693 0.693 0.693 l;ez;/EFe (7)'2?69 2'3425 2?73483 (5);(2)477
FeO, 5.94(47) 5.99(28) 7.05(1.05) s 65(69) 6223) A1E3) 80077)
EMPA
# of analyses 3 7 9 # of analyses 6 8 7 8
St apf 79400 795(5) 7940) A oy ooy ooxh oo
Al 0.02(0) 0.03(0) 0.03(1) " ) ) ) :
e pEy ome o noo oo
2+ e - g £l 3
;2» giég; 83523 gégg; Fe* 0.66(5) 039(2) 0.55(7) 0.49(7)
Mg 4287 255 221010) Mg 4.06(10) 4.47(3) 4.24(11) 4.26(6)
e 063(1) 0020 0'01(0) Mn 0.01(0) 0.01(0) 0.01(0) 0.01(0)
e L35, T 1410(13) Ca 0.84(10) 1.303) 1.11(10) 1.14(4)
Y o7 Lo o Na 0.97(10) 0.93(5) 0.99(16) 1.02(6)
. . . K 0.13(1) 0.17(1) 0.13(1) 0.14(2)
K 0.13(1) 0.17(1) 0.16(2) H 1.86(5) 1.79(5) 1.86(2) 1.85(5)
H 1.79(5) 1.75(4) 1.78(6) F 0.13(5) 0.21(5) 0.14(2) 0.15(5)
F 0.20(5) 0.25(4) 0.22(6)

) T-Si 8.10 791 8.00 7.99
T-Si 7.94 7.98 7.94 T-Al - 0.05 - 0.01
T-Al 0.02 0.02 0.03 T-Ti - 0.01 - -

T-Ti - - - Sum T 8.10 7.97 8.00 8.00
Sum T 7.96 8.00 7.97

C-Al 0.03 - 0.02 0.02
C-Al - 0.01 - C-Ti 0.03 - 0.01 0.03
C-Ti - - - C-Fe* 0.22 0.14 0.18 0.19
C-Fe* 0.21 0.22 0.21 C-Fe* 0.66 0.39 0.55 0.49
C-Fe* 0.48 0.49 0.58 C-Mg 4.06 447 4.24 426
C-Mg 428 425 421 C-Mn - - - 0.01
C-Mn 0.03 0.02 - Sum C 5.00 5.00 5.00 5.00
Sum C 5.00 4.99 5.00

B-Fe* 0.03 0.01 0.03 -
B-Fe* - - 0.04 B-Mn 0.01 0.01 0.01 -
B-Mn - R 0.01 B-Ca 0.84 1.30 L11 1.14
B-Ca 139 1.17 1.10 B-Na 0.97 0.68 0.85 0.86
B-Na 0.61 0.83 0.85 Sum B 1.85 2.00 2.00 2.00
Sum B 2.00 2.00 2.00

A-Na - 0.25 0.14 0.16
A-Na 0.16 0.18 0.25 A-K 0.13 0.17 0.13 0.14
AK 0.13 0.17 0.16 . Sum A 0.13 0.42 027 0.30
Sum A 0.29 0.35 0.41

o 1.6253(49) 1.6177(6) 1.6226(10) 1.6257(5)
o 1.6238(4) 1.6228(11) 1.6243(9) B 1.6305(3) 1.6351(5) 1.6342(7) 1.6370(6)
B 1.6329(4) 1.6305(5) 1.6323(5) Y 1.6337(12) 1.6369(6) 1.6391(6) 1.6407(4)
Y 1.6392(7) 1.6388(12) 1.6417(4) 2V, © obs. 80(1) 671 60(1) 59(1)
2V, ° obs. 63(1 66(1

) o &7 a(A) - - 9.849(4) 9.862(3)
a(d) 9.906(4) 9.769(4) 9.94(1) b(A) - - 17.994(6) 18.075(4)
b(A) 18.010(8) 17.982(7) 18.27(2) e(A) - - 5.287(2) 5.290(1)
(A 5.306(1) 5.265(2) 5278(2) p - - 104.38(3) 104.56(2)
°

B 105.07(3) 104.39(1) 104.72(7) T i i » i
L 22(ebs) A - length (um) 528 227 151 392
length (Lum width (pm) 50 13 46 46
- ((}fm)) 232 33 ﬁ(z) thickness (m) 47 6 19 20
{hickness (Lim) 7 1 33 Iw 10.6 17.5 33 8.5
by 92 155 30 It 1.2 37.8 8.0 19.6
" 126 38 P wht 1.0 22 24 23
wit 3.6 22 33

* Based on 24 O, OH, F per formula unit.
* Based on 24 O, OH, F per formula unit.
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also reported the “vein” sample to consist of richterite
with an average A-site occupancy of 0.52 atoms. Also,
Meeker et al. (2003) showed that the majority of thirty
samples they collected consist of winchite. Both the
“outcrop” and “float” samples were found to be winchite
with average A-site occupancies of 0.35 and 0.34 atoms
per formula unit (apfu), respectively. In this study, we
found four crystals from the “vein” sample, three crys-
tals from the “outcrop” sample, and four crystals from
the “float” sample to be winchite, with average A-site
occupancies of 0.44, 0.35, 0.28 apfu, respectively. Thus,
the compositional data in this study agree, within ex-
perimental error, with those in Gunter et al. (2003).

The two elements that seem to vary the most in the
winchite crystals studied here are Mg and Ca, and even
for these the variability is small. The average propor-
tion of Mg for the “vein” samples is 4.23 apfu; in the
“outcrop” samples, it is 4.24 apfu, and in the “float”
samples, it is 4.25 apfu; this compares to 4.21,4.17, and
4.32 apfu, respectively, for the “vein”, “outcrop”, and
“float” in Gunter et al. (2003). The Ca values are also
similar, for instance, the Ca values for the three samples
in this study are 1.05, 1.22, and 1.10 apfu, respectively,
for the “vein”, “float”, and “outcrop” samples, compared
to 0.91, 1.14, and 1.20 from Gunter et al. (2003).

Optics

Indices of refraction and 2V are also given in
Table 1. All samples are optically negative, with 2V,
ranging from 58 to 80°. Indices of refraction vary over
the range 1.6177-1.6265 for o, 1.6305-1.6370 for B,

5
4 T
Mg
3
>
=
©
2
Ca Na
o =
1 Fe3+
Fe2+ I K E
== &= e
0
Fic. 3. Boxplots showing the variability in the calculated

amounts of the ions Mg, Fe?*, Fe3*, Ca, Na, K, and F for
the samples in this study expressed in atoms per formula
unit (apfu). The raw data for this plot are given in Table 1.
The boxplot shows the median of the data represented by a
cross, the mean with a horizontal line, the upper and lower
25™ percentile of the data is contained within the box, and
the whiskers extend out to the maximum and minimum
values.
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and 1.6337-1.6417 for vy (Fig. 4), and their variation
with Mg content is shown in Figure 5. The sample “float
A” is excluded from the linear regression equations for
two reasons. First, if a regression line is fit to the central
cluster of data, it does not extend to include the “float
A” point. The line does include the point representing
the sample “float B”, however, and it is included in the
regression equation. Secondly, the “float A” sample is
optically and morphologically unique in this group of
samples. It has the lowest value of birefringence by far
of any of the samples, and it also appears to be the most
polycrystalline. These two factors led us to exclude the
“float A” sample from the regression analysis.

1.644

1.640

1.636

1.632

1.628

indices of refraction

1.624 o

1.620

1.616

F1G. 4. Boxplots showing the variability in the measurements
of the indices of refraction «, 3, and <y for the samples in
this study. The raw data for this plot are given in Table 1.
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FiG. 5. Plot showing the dependence of indices of refraction

on Mg content. Regression lines were calculated excluding
sample float A (Mg = 4.06). The regression equations are
given in Table 3.
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As expected on the basis of such small chemical
variations, there are only small variations in the indices
of refraction, on the order of +0.005. The only signifi-
cant correlation between indices of refraction and com-
position involves Mg (Table 2) and Fe. Since Mg
yielded better regression models than Fe, we chose to
model the optical data based on Mg. Figure 5 is a plot
of the three indices of refraction versus Mg content, and
the linear regression equations are given in Table 3. Of
these, o is the most sensitive to compositional varia-
tion. We excluded the “float A” sample from the regres-
sion because it appeared to be an outlier, and it is
morphologically distinct from the other samples

TABLE 2. CORRELATION COEFFICIENTS FOR THE COVARIANCE
BETWEEN INDICES OF REFRACTION AND Mg CONTENT OF
ELEVEN PARTICLES OF AMPHIBOLE, LIBBY, MONTANA

o p Y Mg
y-a 085 020 0.04 0.67
(0.00) (0.57) (0.99) (0.04)
B-a 0.77 0.52 -0.45 088
(0.00) (0.13) (0.19) (0.00)
Mg -0.88 0.25 -0.48 i
(0.00) (0.49) (0.16)

Values listed in parentheses under the correlation coefficients are a test statistic to
determine if the correlation coefficient is significant (i.e., the smaller the value of the
test statistic, the more significant the value of the correlation coefficient). Note that
sample “float A” is excluded from the analysis.
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(Fig. 2F). Birefringence changes significantly as a func-
tion of Mg content (Figs. 5, 6), and this relationship is
modeled with the regression equations in Table 3.
Again, the “float A” sample is plotted but not included
in the regression analysis. Figure 6 shows that both the
total birefringence (i.e., y—a) and partial birefringence
(i.e., B~ are positively correlated with Mg content.

Morphology

Figure 2 is a series of photomicrographs showing six
of the eleven samples examined and the trend in par-
ticle morphology from well-crystallized fragments to
more poorly crystallized particles that appear somewhat
polycrystalline (Figs. 2A-F). Figure 2A is a cleavage
fragment from the “vein D” sample. Both the “outcrop
C” and “float D” samples are morphologically similar
to this fragment. Figure 2B shows an amphibole par-
ticle (“outcrop B”) flattened on (100), which is typical
for small particles of amphibole (Dorling & Zussman
1987). Samples “outcrop A” and “float B” share this
morphology. Figure 2C shows a morphology departing
slightly more from that of a single crystal than that in
Figure 2B. However, we obtained unit-cell parameters
for this sample (“float D), verifying that it is a single
crystal. Sample “vein B” shares this morphology. Fig-
ure 2D (“vein C”) shows a morphology appearing to
depart even more from that of a single crystal than in
Figure 2C, which did not yield unit-cell parameters. This
is the only sample displaying this morphology. The
“vein A” sample (Fig. 2E) and the “float A” sample
(Fig. 2F) have X-ray-diffraction patterns (see below)

TABLE 3. LINEAR REGRESSION EQUATIONS RELATING INDICES OF REFRACTION,
(Y - @ AND (B - &) TO Mg CONTENT, AND MULTIPLE LINEAR REGRESSION EQUATIONS
FOR (y — ) AND (B — 0©) WITH Mg AND MORPHOLOGY
OF ELEVEN PARTICLES OF AMPHIBOLE FROM LIBBY, MONTANA

«= 1.733)- 0.025(6)Mg
<0.0001  0.0029

B= 1.61(3)+0.006(8)Mg
<0.0001  0.4929

y= 1.67(2)- 0.008(5Mg
<0.0001  0.1604

¥ -6 =-0.06(3)+ 0.018(8)Mg
0.0815  0.0355

y-a= 0.022(9)Mg- 0.00005(1)l/t — 0.08(4)
0.0372 0.3995 0.0696

B —a=-0.12(3) + 0.031(6)Mg
0.0013  0.0008

B-a= 0.038(6)Mg— 0.00008(4)l/t ~0.15(3)
0.0006 0.1138 0.0008

R?=0.69 F=17.89 Pr>F=0.003
R?=0.06 F=0.5 Pr>F =049
R?=0.24 F=239 Pr>F=0.16
R*=0.44 F=6.38 Pr>F=0.0355
R*=0.50 F=3.51 Pr>F =0.0878
R?=0.78 F=21.78 Pr>F =0.008
R*=0.85 F=19.47 Pr>F=0.0014

Values appearing under the terms in the regression equations are test statistics as defined in Table 2. Note that

sample “float A” was excluded from the analysis.
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characteristic of polycrystalline samples and thus did not
yield unit-cell parameters. There is clearly a gradational
change in morphology from Figure 2A to Figure 2F.
Notably, Figure 2A, 2D, and 2E show crystals from the
“vein” sample in Figure 1A; thus, crystals from the same
specimen can have strikingly different morphologies.
The dimensions of the individual crystals and their
aspect ratios (I/w, l/t, and w/t) are given in Table 1.
Variability in the length, width, and thickness for the
eleven samples is shown in Figure 7, and the variability
in the aspect ratios is recorded in Figures 8 and 9.
Figure 9, which is arranged with the width/thickness

0.0z 4 -
] - B
o . e o
3 f-& o - e
& 0.01 L i
I\E - B-u —4
=
5

0.00 T T T T

4.0 441 4.2 4.3 4.4 4.5
Mg (apfu)

FI1G. 6. Plot showing dependence of birefringence and partial
birefringence on Mg content for the samples in this study.
Regression lines were calculated excluding sample float A
(Mg =4.06). The egression equations are given in Table 3.
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FiG.7. Boxplots showing the variability in the measurements

of the dimensions length, width, and thickness for the sam-
ples in this study.
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ratio increasing to the right, shows significant variation
in the aspect ratios for the eleven samples. Also shown
in Figure 9 are photos of all eleven particles. It is clear
from these photos that the morphology changes as a
function of the w/t aspect ratio. In our study, higher
width/thickness ratios correspond to crystal fragments,
whereas lower width/thickness ratios correspond to
samples that are more polycrystalline. The correlation-
coefficient matrix (Table 4) relating the morphological
measurements shows a high positive correlation be-
tween the width and the thickness, and high negative

TABLE 4. CORRELATION COEFFICIENTS FOR PARTICLE DIMENSIONS
AND ASPECT RATIOS OF THE ELEVEN PARTICLES USED IN THIS STUDY

1 A t 1w 1t wit
1 1
w 0.18 1
(0.60)
t 0.68 0.75 1
(0.02) (0.01)
Ifw 0.13 -0.83 -0.50 1
(0.69) (0.00) (0.12)
/t -0.16 -0.78 -0.76 0.80 1
0.63) (0.00) (0.01) (0.00)
wit -0.64 0.25 -0.37 -0.45 0.12 1
(0.03) (0.46) (0.26) (0.16) (0.72)

Values appearing under the terms in the regression equations are test statistics as
defined in Table 2. Note that sample “float A” was excluded from the analysis.
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Fic. 8. Boxplots showing the variability in the aspect ratios

length/width, length/thickness, and width/thickness for the
samples in this study.
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correlations between the width and length/width, the
width and length/thickness, and the thickness and
length/thickness. Interestingly, length shows no corre-
lation to width or to the length/width ratio, which is
contrary to what is normally observed in aspect-ratio
correlations in asbestos minerals (Wylie 1988, 1993,
Wylie & Schweitzer 1982).

X-ray diffraction

Unit-cell parameters (Table 1) for six of the eleven
samples were refined from single-crystal diffraction
data. Five crystals did not yield adequate X-ray-diffrac-
tion data to obtain unit-cell parameters. The “float B”
sample consists of a small crystal of amphibole in the
fingernail polish used to affix the sample to the glass
fiber. Although this did not interfere with collection of

o w |
W |
Cwit '

30 4
20 4
: i

aspect ratio
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optical data, it interfered with collection of X-ray-dif-
fraction data. Also, the “vein B” sample was slightly
bent, and the “float A”, “vein C”, and “vein A” are poly-
crystalline aggregates, which resulted in insufficient
data for refinement of unit-cell parameters. All crystals
display C2/m space-group symmetry, with unit-cell pa-
rameters varying over the following ranges: 9.77 < a <
9.93,17.96 <b < 18.27,5.27 < ¢ < 5.31 A, and 104.38
< B < 105.07°. No covariance between unit-cell param-
eters and any other measured property, including com-
positional parameters, was observed.

Integration of optical and X-ray data allows for de-
termination of ¢:Z using the methods described in
Gunter & Twamley (2001). For the six samples whose
orientation matrices were determined, their ¢:Z values
ranged between 21 and 22° (Table 1). Note that out of
six samples, two yielded inconsistent results, possibly

vein B ; _’

float B

U
1
[7]
>

§

FiG. 9. Bar graph showing aspect ratios length/width (I/w), length/thickness (I/t), and width/thickness (w/t). Samples are ar-
ranged with the lowest w/t aspect ratio samples on the left and the highest w/t ratio samples on the right. Also a small
photomicrograph of each of the eleven particles is shown. See Table 1 for particle sizes.
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FiG. 10. X-ray rotation photographs of crystalline and fibrous samples. A. X-ray rotation photograph of a crystalline sample,
similar in morphology to Figure 2C. Note presence of diffraction spots. B. X-ray rotation photograph of a more polycrystalline
sample, similar in morphology to Figure 2E. Note the smearing of diffraction spots into semicircles. Inset images in the lower
left of A and B represent a diffraction intensity cross-section from the photo’s center to its edge. In A, only scattered radiation
occurs (i.e., the cross-section does not pass through any diffraction spots), whereas in B, the smeared-out diffraction spots
simulate a powder-diffraction pattern obtained from the single polycrystalline particle.

because the samples moved on the glass fibers between
the sets of measurements.

Rotation photographs of two samples were obtained
using a SMART 1K CCD X-ray camera. Figure 10A is
a rotation photograph of a sample similar in morphol-
ogy to that shown in Figure 2C, and it shows individual
reflections characteristic of single crystals. Figure 10B
is an X-ray rotation photograph of a sample similar in
morphology to Figure 2E. In this photograph, the re-
flections are smeared into arcs, which is characteristic
of polycrystalline materials. Thus, morphological char-
acteristics observed using the light microscope are con-
firmed in X-ray-diffraction patterns. Despite the fact that
several of our samples did not yield sufficiently high-
quality diffraction data to obtain unit cell-parameters,
they did provide good-quality extinction datasets that
could be processed by EXCALIBR to arrive at an opti-
cal orientation matrix.

Correlation among chemical, optical,
and morphological properties

Previous studies have shown that the amphibole as-
bestos minerals can appear optically uniaxial (Dorling
& Zussman 1987) as « and 3 indices of refraction tend
to become equal. This equality occurs because there is a

radial distribution of the o and 3 indices of refraction
with reference to the vy index of refraction (i.e., the in-
dex of refraction near parallel to ¢). Thus, one would
expect a continuum in birefringence, with birefringence
decreasing as the polycrystalline character of the par-
ticle increases. However, as was previously shown, the
birefringence also changes as a function of composition.
Thus, both composition and morphology control the
birefringence, and this relationship is defined by the
multiple linear regressions in Table 3.

The relationship between polycrystallinity and the
width/thickness (w/t) aspect ratio can be determined by
comparing w/t ratios in Figure 9 to the photographs of
the particles in Figure 2 and noting which of the single
crystals yielded unit-cell parameters. Samples “float A”,
“vein C” and “vein A” (Fig. 9) did not yield unit-cell
parameters and thus are more strongly polycrystalline
than the other samples and have lower values of the
width/thickness aspect ratio, indicating they are more
strongly fibrous in nature. This change in morphology
can also be observed in the photomicrographs of these
particles in Figure 2, where Figure 2D is sample “vein
C”, Figure 2E is sample “vein A”, and Figure 2F is
sample “float A”. The remaining samples, all with
higher width/thickness values, also yielded unit-cell
parameters, confirming that they are single crystals.
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SUMMARY

Electron-microprobe analysis of amphibole frag-
ments from the former vermiculite mine at Libby, Mon-
tana showed the amphibole should be classified as
winchite (Leake et al. 1997). Optical, chemical, and
X-ray-diffraction studies of these winchite samples
reveal a covariance between optical properties and com-
position and morphological characteristics. The a index
of refraction and birefringence are both dependent on
Mg content. Birefringence is also dependent on the
width/thickness aspect ratio of a sample. Winchite
samples with a high birefringence and a high width/
thickness aspect ratio tend to be well crystallized,
whereas samples with low birefringence and a low
width/thickness aspect ratio are more strongly polycrys-
talline. In this group of samples, there is no correlation
between length/width aspect ratio and the degree of
conformity to the properties of a single crystal.
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