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INTRODUCTION 

Asbestos has been a major health concem in the 
United States since the 1960s (1). Since then, much 
has been learned about common asbestos minerals and 
presented in several works (2-4). For instance, we 
know that the most commonly used asbestos variety, 
chrysotile - a serpentine mineral, appears to be less 
harmful than the more rarely used amphibole asbes- 
tos varieties (5-7). Also, several studies have shown 
that the fibrous variety of tremolite, i.e., tremoIite-as- 
bestos may be the most harmful of the amphibole 
minerals (8-12). The creation of regulatory agencies, 
like the Occupational Safety md Health Administra- 
tion (OSHA) in 1970, and the regulations they have 
developed since 1972, have greatly reduced the risk 
of asbestos-related diseases to the point where, over 
the past decade, asbestos has faUen off the front page 
of the newspapers and out of the minds of the general 
public. This changed on November 18, 1999, when 
the Seattle Post-Intelligencer pt~blished an article about 
asbestos-related diseases of former miners in Libby, 
Montana (13). The miners worked in the world's larg- 
est vermiculite mine owned by W.R. Grate from 1953 
to its closure in 1990. It had previously been owned 
by Zonolite Corporation wiih opera~ons since 1923. 
The vermimlite ore was reported to contain approxi- 
mately 3% trernolite-asbestos and exposure to this 
impurity in the ore caused an increase of asbestos- 
related disease in the miners. This article caught the 
attention of the United States Environmental Protec- 
tion Agency (EPA), which arrived on the scene in a a 

few days. Since then, millions of dollars have been 
spent on remediation in the area and health studies 
have begun. 

Originally, the only amphibole believed to be in 
the mine in Libby was tremolite, however recent work 
(14) showed that two samples from the mine are 
winchite, which is not one of the six regulated asbes- 
tos minerals. Gunter et al. (15) confirmed these re- 
sults using the same set of Libby amphibole samples 
in this mo~hological study. 

ASBESTOS NOMENCLAWRE - DISTINGUISN- 
ING AMPHIBOLE FRAGMENTS FROM FIBERS 

Although not commonly viewed this way, there 
are two basic definitions of asbestos; one is physical 
and the other chemical. As with any definition, prob- 
lems arise with natural samples based on our limita- 
tion to formally describe nature. 

The physical definition of asbestos deals with its 
morpholou or shape. Regulatory agencies consider 
a particle to be asbestos, for counting purposes, if its 
aspect ratio is 3:1 or greater and the particle is over 5 
pm in length (5, 7, 16). This is, of course, very differ- 
ent from the physical characteristics a mineralogist 
would use - that the particle must have a fibrous form 
(see reference 19 for an overview of asbestos terms). 

The chemical definikon of asbestos used by regu- 
latory agencies for idenlification includes six mineral 
species. These minerals are chrysotile, crocidolite, 
amosite, tremolite, actinolite, and anthophyllite (5, 7, 
16). Chrysotile is the asbestos form of serpentine, a 
sheet silicate. The others in this group are all amphib- 
oles. Crocidolite and amosik are asbestiform variet- 
ies of the amphibole minerals riebeckite and grunerite, 
respectively. Thus the names chrysotile, crocidolite, 
and amosite always denote asbestos minerals, while 
tremolite, actinolite, and anthophyllite can occur in 
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a 
either a non-asbestos (non-fibrous) or asbestos (fi- 
brous) form, with the non-asbestos f o m  being mu& 
more common in the geological environment. 

There has been considerable controvensy, for over 
20 years, on distinguishing cleavage fragments, or 
single crystals of amphiboles, from fibers of amphib- 
oles (10, 20-22). The underlying reason is that cleav- 
age fragments, when ifialed, appear to be less harm- 
ful than fibers (12,19,23). Based on a review of all the 
existing literature, cleavage fragments of the amphib- 
ole minerals were deregrdated in 1992 (23). Regula- 
tory agencies simply use the aspect ratio to make the 
distinction between fragments and fibers, however, as 
we show in this paper (and has been shown by other 
researchers: 5, 16, 19, 21), this definition simply does 
not work. Fibers and fragments possess different 
physical properties and, as aIways, the physical prop- 
erties of a mineral are directly related to its structure. 

The structural difference between a fragment and 
a fiber is that fibers of asbestos are made up of many 
crystals, i.e. they are polycrystalline. They occur as 
fiber bundles comprised of individual fibrils, muclx 
like a rope is made of many small strands; giving as- 
bestos its incredibly high tensile strength and fiexibil- 
ity (24). And, as WyIie (16) points out, common as- 
bestos fibril sizes range from 500 A in c h p t i l e  to 
6,000 in some amphibole-asbestos samples. Frag- 
ments, in iurn, are single crystals. Thus, any analyti- 
cal method that could distinguish polycrystalline ma- 
terials (e.g., intergrown fibers) from a singIe crystal 
fe.g., growth or cleavage fragments) would work to 
distinpish fibers from fragments. This can be deter- 
mined with polarized light microscopy on particIes 
as small as 1 pm; howver, when the par~cles reash a 
width and thickness of a few microns certain useful 
optical properties (i.e., extinction characteristics) be- 
come difficult to observe and measure due to lower 
retardation. In addition, Wylie (21) noted that mono- 
clinic amphiboles (e.g., tremolite and actinolite) yield 
parallel extinction when they occur as fibers, instead 
of the expected inclined extindion. While this method 
works most of the time, it has limitations as disassed 
herein. 

Diffraction metl.tods (X-rays or electrons) can also 
be used to determine crystaliiniv i t . ,  single versus 
polycrystallinity. Wylie (21) showed that amphibole 
fibers display a polycrystaliine diffraction pattern in 
the ab-piane. TEM methods have also been used on 
very small samples. M e n  an amphibole particle is 
rotated about its c-axis, the electron diffraction pat- 
terns remain the same ii it is a fiber, bukhannes if it is 

Typicall3 cleavage f rapents  of amphiboles ex- 
pose the (110) plane. However, it has been shown by 
past researchers (25) that single small crystals of am- 
phiboles are flattened on (100); our study confirms this 
observation. In fact, this study shows that there is a 
possible rela~onship between crystal size and (110) 
or (100) surface development. It has also been shown 
that amphibole fibers are flattened on (100) (24, 26). 
Thus, we speculate that it might not be the fibrous 
form of the amphibole alone that poses the health risk, 
but the exposed surface, i.e., (110) surfaces may be 
less harmful than (100) surfaces and perhaps these sur- 
faces, by exposing different planes of atoms in the 
mineral, may react differently in the human lung. 
Also, the surface area would be greater for a given 
volume of material as particle size decreases. 

With the recent concerns at Libby, the definition 
of asbestos by the regulatory agencies comes into ques- 
tion; this should result in changes in regulations. For 
instance, as outlined in (15)' the health risks associ- 
ated with whatever amphiboles occur at Libby are sig- 
nificant. It appears that regardless of species type, 
all amphibole-asbestos should be regulated. This 
might also extend to all fibrous silicates in general. 
For instance, erionite, a fibrous zeolite, has been shown 
to induce mesotheLioma in very high amounts in lab 
animals and been linked to outbreaks of mesothelioma 
in Turkey (27). The common denofinator in most of 
these health-related mineral probIems is fibrous sili- 
cates, and perhaps they should a11 be regulated. How- 
ever, quartz, which was recently upgraded to a Group 
1 human carcinogen, is not fibrous (29). Again, sili- 
cates seem to be the common thread (27-32). Clearly 
this needs to be revised in light of Libby to include, at 
the least, all amphibole-asbestos. At present, we are 
left with only the six "asbestos minerals" being regu- 
lated. 

GOALS OF THE STUDY 

In this study we atternpeed to characterize the 
shape of particles and classify them as either single 
crystals, which we termed as fragments, or multiple 
crystals, which we termed as fibers. As such, photo- 
micrographs of the samples provide a qualitalive de- 
scription. Mie made thousands of optical rneasure- 
rnents on the samples in this skdy, and quantified 
these data in a series of descriptive tables. The "Re- 
sults" and "Discussion" are divided into t w  distinct 
but compiementary sections: analyses done on grain 
mounts, whish is the common rneZhod of characteriz- - 

a single crystal (19). 



ing asbestos particles, and analyses of single particles 
with the aid of the spindle stage. - 

One of our goals for examining single particles 
was to aid in understandkg our observations on grain 
mounts i.e., we could determine the precise extinc- 
tion angles MIhen the particles were mounted on the 
spindle stage, and to o k r v e  the morphological char- 
acteris~cs of the particles in 3D as compared to 2D in 
the grain mounts. Other researchers have measured 
aspect ratios for amphibole particles in grain mounts 
(e.g., 16-17), but none have done this with the spindle 
stage. With the spindle stage, the thickness, length 
and width can be measured so that the volume of a 
particle can be calculated. Wylie et al. (18) made a 
similar set of measurements on the thickness of smaller 
amphibole particles using both an SEM and TEM. 

MATERIALS 

Three separate samples were chosn for this study: 
a non-asbestos bemolite from our teaching collec~on 
(called UI tremolite herein), a NIST tremolite asbestos 
standard (NIST asbestos standard #1867), and amphib- 
oles collected from the former vermiculite mine near 
Libby, Montana by the author (MEG) in October 1999. 
The UI tremolite sample was selected to represent a 
non-fibrous amphibole and to obtain data on cleav- 
age fragments. The NIST tremolite was selected for a 
comparison to the Libby amphiboles. In general, 
tremolite samples were selected because the amphib- 
oles from Libby had been reported to be tremolite. 
Since this project started, Wylie and Verkouteren (14) 
showed this not to be the case; they determined that 
two samples of Libby amphibole were winchite. Chlr 
ongoing research (15) also found the samples to be 
winchite and richterite. Nevertheless, the tremolite 
samples chosen for &is study were used to compare 
differences in morphology and optical characteristics 
to the Libby amphiboles, because no winchite andlor 
richterite standards exist at this time. However, 
winchite-asbestos has been shown to occur in nahre  
(33). 

The Libby sampIes were k~rther divided based on 
occurrence at the mine. Three samples were chosen. 
One was colleded, in place, from one of the mined- 
o~ l t  benches (151, called "outcrop" in this work. A sec- 
ond sample was taken from a 2 cm vein of amphibole 
in t l~e  biotite pyroxenite, the rock mined for vermicu- 
lite, called "vein"' herein. The third was taken frorn 
an approximately 20 cm boulder consisting entirely 
of amphibole, which was resting on the ground in the 
middie of the abandoned mine, labeled "float." 
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EXPERIMENTAL METHODS 

Two separate optical procedures were used to 
characterize the three different amphibole samples. 
One procedure employed a PLM to measure particle 
dimensions (i.e., length and width by use of a cali- 
brated eyepiece), morphology, and ex~nction angles 
to determine if a particle was either a fiber or frag- 
ment in grain mounts. The second procedure used 
the PLM equipped with a spindle stage to measure 
particle dimensions (i.e., length, width, and thickness 
with the aid of a Vicker's image splitting eyepiece), 
morphology, and extinction angles as a function of 
orientation to determine if a particle was either a fiber 
or fragment. 

Grain mounts were made for each of the samples 
by placing a small of amount of each on a standard 
petrographic slide with 1.55 refractive index liquid. 
This refractive index value was chosen so the particles 
could be easily seen in plane polarized light. Each 
sample was prepared as follows. The UI tremolite was 
cmshed and sieved to -60 mesh (250 p). The NIST 
tremolite, which was provided from NIST already 
comminuted, was sieved to -60 mesh (250 pm). The 
Libby samples were crushed, pulled apart, and sieved 
to -60 mesh (250 pm). An extra step was added for 
both the NET and Libby samples; they were placed 
in acetone and ultrasonicated to further break the par- 
ticles apart. 

For the spindle stage study, single particles were 
sefeded frorn the same samples as prepared for the 
grain mounts. These single crystals were attached to 
a glass fiber with fingemail palish with their long di- 
mension approximately parallel to the fiber and placed 
on the spindle stage with the aid of a goniometer head 
(34). By angular adjustments on the goniometer head, 
each particle was made parallel with the rotation axis 
of the spindle stage. In this manner, the width and 
thickness were observed and measured, Additionally, 
extinction angles were measured on the (hkO) planes, 
i.e., (loo), (010), and (110) or on the planes correspond- 
ing to the widest and tkinnest portions of the crystals. 

RESULTS - GRAIN MOUNTS 

Eleven (21) total grain mounts =re prepared. One 
slide for each of the IJI I-rernolite and NIST tremolite 
was prepared and three slides were prepared for each 
of the three Libby samples (outcrop, vein, float). On 
each slide, 100 particles were chosen at random and 
their width and length were measured. They were 
classified as either fragment or fiber based on mor- 



a phological and optical properties (i.e., extinction char- 

acteristics) and their extinction angles were measured. 
Also, each par~cle was briefly described. It would be 
impradical to list all of the data, so select photomi- 
crographs (Figures 1-3) m d  a series of tables (all tables 
are located in the Appendix, pp. 132-138) are used to 
summarize it. 

Figure 1 shows grain mount photomicrographs 
of the UI tremolite (Figs. 1A and 1B), the NIST tremo- 
Iite (Figs. 1C and D), and the Libby amphibole (Figs. 
1E  and IF). The photomicrographs in the left column 
were taken in plane-polarized light, and in the right 
column the same sample is photographed again but 
this time in crossed polars. There is a distinct increase 
in the aspect ratio when comparing the UI tremolite, 
to the NIST tremolite asbestos, to the Libby amphib- 
ole. The circled particles in Figures 1A, lC, and 1E 
would be classified as asbestos if based on aspect ra- 
tio alone (12:1, 16:1, 30:1, respectively), however, the 
circled particle in Figure 1A is a cleavage fragment 
and not asbestos, as is the circled padicle in Figure 
1C. This distinction is made based on morphology 
and extkction conditions as shown in the correspond- 
ing Figures 1B and ID. 

AlI of the important characteristics of the particle 
circled in Figure 1E are difficult to show in two pho- 
tomicrographs. However, morphoIogically the blunt 
ends would indicate it is a fragment but its curvature 
would indicate it is a fiber. The particle shows in- 
clined extinction in Figure 1F and it shows complete, 
sharp extinction as the stage is rotated. For these rea- 
sons, this particle is classified as a fragment. If the 
exlinction had not been complete, we would not have 
classified it as either a fragment or a fiber because it 
would have showed characteristics of both fibers and 

oments. fra, 
It is also noteworthy to point out that, for the UI 

trmolite, most of the particles are visible in both plane 
polarized and crossed polarized light, while this is not 
the case for the other two samples. The particles in 
the Uf tremolite sample have a higher retardation be- 
cause they are lying on (110) while par~cles in the other 
two sarnples more commonly are resting on (100). This 
phenomenon will be elaborated on in .the "'Discussion" 
section. 

Table 1 gives the particle count based on width 
and length. N o ~ c e  there are 100 parlicles for the UI 
tremolite and only 99 particles for the NIST tremolite 
asbestos; one of the par"rcles in the NfST sample was 
calcite. For the Libby samples, data from the three 
slides were combined, ~ielding a total of 300 particles 

for each. The Libby outcrop sample had two calcite 
particles and the Libby vein had one. 

Given the length and width data, aspect ratios 
were calculated for all of the samples. Table 2 lists the 
percentage of particles with different aspect ratio 
ranges for the five samples. Also given in Table 2 are 
the divisions of the particles into three groups: fibers, 
fragments, and nohlassified based on morphology. 
Table 3 merely combines the three Libby samples into 
one and is similar to Table 2. Table 4 is a summary of 
the five samples classified based on aspect ratio (Table 
4A) and by morphology (Table 4B). Table 5 again lists 
the five samples, but this time they are broken down 
on a particle count based on four extinction condi- 
tions: 1) "parallel," when the particle exhibited par- 
allel extinction, 2) "inclined," when the particle ex- 
hibited inclined extinction, (also included in this col- 
umn is the average extinction angle and its standard 
deviation), 3) "isotropic," when the particle exhibited 
near-zero retardation, and 4) "cannot measure," for 
particles that never went extinct or had wavy e x k c -  
tion. 

RESULTS - SINGLE MRTICLES 

In order to characterize the size (i.e., length, width, 
and thickness), extinction characteristics, and rnor- 
pholou of the three samples in this study; ten (10) 
particIes of the UI non-asbestos tremolite, twenty-five 
(25) particles of the NIST tremolite, and fifty (50) par- 
ticles of the Libby vein samples were mounted on glass 
fibers and observations and measurements were made 
with the aid of a spindle stage equipped PLM. Tables 
6, 7, and 8 list the results for length, width, thickness, 
aspect ratio (ljw), aspect ratio (ljt), aspect ratio (wjt), 
the extinction angles (measured on two different 
planes), and the morphological characterization of 
these 85 particles. Table 5 lists these results for the ti1 
tremolite sample in two different manners. Table 6A 
lists measurements for the widest and thinnest direc- 
tions of the particle. These were obtained by rotating 
the sample about the spindle axis to find the largest 
and smallest dimensions. For all of the particles ex- 
cept #4 and #10, these directions do not correspond to 
the (100) or (010) directions, which is to be expected 
for an ampELibole exihibiting (110) cleavage. Particles 
#4 and #10 are flattened on (loo), which is obvious by 
the fact that they exhibit parallel extinction. In Table 
68, each particle was rotated so the (100) direction was 
brought parallel to the stage of the microscope; this is 
determined by the condition of parallel extinction. Its 
width and extinction condition were measured on 
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Figure I :  Photolnicrographs of UI non-asbestos trenrolite (A 
antphibole ( E  and F). Photographs in left column correspoizd 
taken in plane-polarized light and those in the right column t 
discussed in the text. (Field ofview is approximately 500 piln 
liquid.) 

arzd B), NlST tremolife asbestos (C and D), and Libby 
to those in the right column, u7ifh those in the left column 
a k n  in cmss-polarized Ziglzt. Circled minerals nre 

1 wide; sampks are immersed in a 1.55 refractive index 



(100). The parhde was Len rotated and its thichess 
and extinctio~~ condition were measured on (010). 

Figures 2 and 3 show photomicrographs of differ- 
ing morphologies of the three samples immersed in a 
1.55 refractive index liquid using the spindle stage. 
The images are of the same particles in the left and 
right columns, except the crystals have been rotated 
90" about the spindle axis. Each particle was attached 
with hgernail polish (fluid-looking material) onto a 
glass fiber (the fibers are approximately 100 to 200 pm 
in diameter). Figure 2A is a photomicrograph of a 
single UI tremolite particle (particle #9, Table 6 )  viewed 
perpendicular to its widest direction; Figure 2B is the 
same particle as in Figure 2A, except the crystal has 
been rotated 90" to view it normal to its thinnest di- 
rection. Figures 2C to 2H are photomicrographs of 
the NIST tremolite sample. Figures 2C and 2D are of 
particle #5, Table 7 and Figures 2E and 2F are of par- 
ticle #7, Table 7; both of these particles are considered 
fiber bundles based on their morphology, Figures 26  
and 2H are NIST trernolite #21, Table 7 whi& is con- 
sidered a fragment based on its morphology. 

In Figure 3 are four samples depicling the &ree 
differing morphologies encountered in the samples 
from Libby. Figures 3A and 38 are of particle 87, Table 
8, considered a fiber bundle, as is particle #22, Table 8 
(Figures 3C and 3D). Figures 3E and 3F are of a par- 
ticle considered to be a fiber mass (particle #18, Table 
8). Lastly, Figures 36  and 3H show a fragment of the 
Libby amphibole (particle #21, Table 8). It is worth 
noting the orientations of the three f rapen t s  shorn 
in this series of photomicrographs. In Figure 2A, we 
are looking down on the (110) surface; this is typical 
of cleavage fragments. In Figures 2 6  and 36, we are 
looking at the (100) surface; this is typical of smaller 
amphibole crystals, i.e., they are flattened on (100). 

DISCUSSION - GRAIN MOUNTS 

Based solely on observation of Figure 1, there is 
an increase in the aspect ratio going from the UI trerno- 
lite (Figure 1A) to the NIST tremolite (Figure 1C) to 
the Libby amphibole (Figure 1E). The data in Tables 1 
and 2 quantify this increase in aspect ratios observed 
in the Figures. Table 2 shows the percent non-asbes- 
tos, based on aspect ratio, to be 52% for the UI non- 
asbestos trernolite and 8% for the NIST tremolite as- 
bestos. For the three Libby samples, these values are 
0%, 5.4%, and 8.7% for the outcrop, vein, and float, 
respectively. Combining the three Libby samples, they 
would have 5% non-asbestos particles based on as- 

e ped ratio. Very different results are obtained basing 

the asbestos and non-asbestos proportions on mor- 
phology. Table 4 summarizes the data for all five 
samples and classifies each based on both aspect ra- 
tio (Table 4A) and morphology (Table 48). Based on 
morphology, and mineralogical ccmsiderations, the 
entire UI tremolite sample is non-asbestos, as com- 
pared to 52% non-asbestos based on aspect ratios. For 
the NIST tremolite sample, 52% is non-asbestos based 
on morphology, while only 8% was non-asbestos based 
on aspect ratio. Lastly, the combined Libby sample 
shows the smallest amount of non-asbestos particles 
based on morphology, 33%, and aspect ratio, 5%. Also, 
note in Table 4 that we were unable to classify, as ei- 
ther fiber or fragment, approximately 30% of the NIST 
and Libby samples. Thus, the results based on aspect 
ratio differ significantly from those based on morphol- 
ogy, especially for the non-asbestos UI tremolite 
sample. 

Our aspect ratio data yield similar results to two 
other studies. Wylie (35) found that a non-asbestos 
tremolite had 47% of the particles with an aspect ratio 
greater than 3 and 3% vvith an aspect ratio greater than 
10, as compared to 48% and 4%, respectively, for the 
UI tremolite sample. 

Basically, there are three types of particles in this 
study: fibers, cleavage fragments (which exhibit (110) 
cleavage), and single crystals, which are usually flat- 
tened on (100). Observation of extinction conditions 
has helped past researchers distinguish monoclinic 
amphibole fibers from cleavage fragments (21); in fact, 
OSHA mentions t k s  method. The premise for this is 
that a fiber will show parallel extinction whereas a 
f r a p e n t  will show inclined extinc~on. 

Figure 4 shows sketches of monoclinic amphib- 
oles with optical orientations similar to tremolite, 
winchite, and richterite. The lower illustration in Fig- 
ure 4A represents an amphibole resting on its (110) 
cleavage surface. In this orientation, the sample would 
show inclined extinction; however, this orientation 
does not represent the true extindion angle ( t k  angle 
bemeen c and Z) which would be observed when a 
sample rested, or was viewed, on its (010) surface 
(lower illustration, Fig. 4B). Parallel extinction can oc- 
cur because fiber bundles are elongated parallel to the 
c axis and the individual fiber's a- and b-axes are at 
random directions to ibis elongation; thus, the Z ddi- 
rechon would average out over many particles "i be 
parallel to the long diredion of the fiber. This again 
means that an asbestos ya~ ic le  is really a polycrystal- 
line material, while a fragment is a single crysial. This 
difference in crystallinity can be observed opticalIy. 
However, if a single crystal of a monoclinic amphib- 



Figure 2. A) Ilnage of LIl trelnolife #9i;agme?zt (Table 61 viewed perpendicular lo its thinnest direction; length is 562 
prn; B) Sample in A rotated 909. C) Image ofNlST tremolite #5fiber bundle (Table 7) viewed peg?eildicz~lar fo its 
thinnesf direction; length is 728 p; D) Sample i rz C rotated 909. E )  Image ofNIST tremoliie #7ji'ber bundle (Table 7) 
viewed pey?endictrlar to i f s  thinnest direction; tengfk is 594 p; F )  Sample in E vofated 90'; Gi Image of MIST 
lremolite #2l fiagmenf (Table 7) viezc?ed pevpendicular to its thinnesf direction; Iengtlr is 302 pm; II) Sanrple in G 
rotated 90 ". 



Figure 3. A) Image of Libby W7jber bundle (Table 8 )  aiezued perperzdicular to its thinnest direction; length is 537 prn; 
B )  Sample in A rotated 90'; C1 Image of Libby t22fiber bundle (Table 8 )  viewed perpendicular fo its fhinnesf direction; 
lelzgth is 512 pm; Di Sample in C rotated 90'; E )  lmage ofLibby iYIS$ber mass (Table 8 )  viewed peri;iendicular fo i f s  
tizinnest direction; length is 438pm; F )  Sample in E rofated 90'; 6) Image ofLibby #47pagmeni. (Table 8 )  viewed 
perperzdicular to its tl~ilznest direction; letlgliz is 375 pm; H) Sanzple iiz G rotafed 90'. 
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Figure 4. A) Typical cleavage fragment of a monoclinic amplzibole (top) slzowirzg fhe (120) cleavage faces, crysfallo- 
graphic axes, and optical vibration directions (indicated by X' and Z'), and a similar crystal (bottom) resfitzg on a (210) 
cleazvzge surface. B )  A tnonoclit2ic amplzibole (top)flatfened an (100) and elonpfed alorzg c, a crystal (middle) resting 
07% (100) that woztld slaozv parallel exiinction {middle), and the view (bottom) looking down b on tlze (020) plane. nze 
optic axes are irzdicated by OAs. 

ole is flattened on (loo), it will also show parallel ex- 
~ n d i o n  (Fig. 48). Lastly, extinction positions become 
increasingly more diffimlt to observe as the particles 
become Ihinner because the retardation decreases. 

Compounding this problem, especially for par- 
ticles (e.g. tremolite and winchite) resting on the (100) 
surface, is a decrease in the birefringence of that plane 
based on the optical orientation of the mineral, be- 
cause a circular section (isotropic view) of the 
indicatrix is near parallel to the microscope stage (Fig. 
4B). Thus, precautions need to be taken when using 
extinction data for d e t e r m ~ n g  fibers vs. fragments. 
In this study we have measured the extinction angles 
for the differing directions for all three of our samples, 
in order to use these data to help interpret which form 
the samples have. 

Su and BIoss (37) give equations for calculating 
extinction angles for any (hk0) plane in a monoclinic 
amphibole based on its opticai orientation and 2V, and 

they -warn how exkclion angles are often miskter- 
preted. For instance, it is often assumed that the ex- 
lindioion angle increases from zero for a sample rest- 
ing on (100) to a maximum when the sample rests on 
(010). This assumption is not always true (i.e., the 
maxilnum "extindion" angle may ocmr on some (hk0) 
plane other than (010)). Bandli and Gunter (13) have 
shorn that the Libby samples exhibit (100) and (110) 
faces. Thus, we expect different extinclion ar-igles de- 
pending on the face the sample rested on. 

The circled crystal in Figure IA, the UT tremolite 
sample, is resting on (110) and exhibits inclined ex- 
tinction in Figure 18. This sample is in the orienta- 
tion as shown in the bottom sketch in Figure 4A. In 
this orientation, the sample has an extinction angle of 
1 3 O ,  which is not 'rhe true extinction angle {as mea- 
sured on (010)) of 16". Table 5 summarizes the extinc- 
tion data for all the samples in this study. For the UT 
tremolite, 99 of the particles rested on (110) and yielded 



an extinction angle of 13", while one fragment rested 
on (100) and gave parallel exkction. For the MIST 
tremolite sample in Figure 1D (the circled crystal in 
1C): the crystal shows incIined extinction indicating 
that the sample is resting on its (110) surface. Table 5 
shows that 15 of the 99 NIST tremolite fragments were 
in this orientation, MIhile 22 of them showed parallel 
extinction. Thus, 59% of the NIST fragments with ob- 
servable extinction rested on (loo), while 1% of the UI 
tremolite fragments were flattened on (100). These 
particles were fragments even though they exhibited 
parallel extinction; they are single crystals based on 
morphology. Also, note that 12 of the fragment's re- 
tardations were too low to observe extinction condi- 
tions. 

The major difference between the Libby samples 
and the NIST tremoIite is the larger number of "iso- 
tropic" particles in the former. For the Libby sample, 
the optical orientation, and thus extinction angle, dif- 
fers from the tremolite samples. The extinction angle 
for the Libby sarnpIes is 20°, based on the single par- 
ticle data in Table 8. Also, these samples have a lower 
retardation; thus, more "isotropic" particles occur. At 
first glance: it appears that more of the Libby frag- 
ments exhibit inclined extinction than the NIST 
samples. This would imply that more of the Libby 
particles rest on (110) than (100). However, this is 
probably not the case. Assming that all the "isotro- 
pic" particles result from samples resting on (loo), then 
for the NIST sample 29% of the particles rest on (110) 
and 67% on (300): and for the Libby samples 26% rest 
on (110) and 70% on (100). 

DISCUSSION - SINGLE CRYSTALS 

Observations from the photographs in Figures 2 
and 3 reveal a trend in the size and shape of the three 
samples used in the study and the morphological char- 
acteristics of the fibers vs. fragments. Figures 2A and 
2B show a UI tremolite sample viewed perpendicular 
to its widest dimension (Fig. 2A) and its thinnest di- 
rection (Fig. 28). Clearly this is a single crystal (parai- 
lel sides, blunt ends), and its width to ~ c k n e s s  ratio 
would be high when compared to the single crystal 
fragments of the NET tremoiite (Figs. 2 6  and 2H) and 
the Libby amphibole (Figs. 3 6  and 3W) viewed in simi- 
lar orienta~ons. The salnples appear similar m o ~ h o -  
logically, the aspect ratios (liwf are Erigher for the NIST 
and Libby samples, but the width to thickness aspect 
ratios appear lower. The remahhg five sets of pho- 
tographs are of fibers bundles and masses from the 
NZST tremolite (Figs. 2C to 2F) and the Libby amphib- 

ole (Figs. 3A to 3F). Differences in the morphology 
can be observed bemeen these fiber bundles and single 
crystals. It is worth noting these particles were ad- 
mixed in the deposits, i.e. they occurred together in 
the rock. 

As seen in the photos of h e  fiber bundles in Fig- 
ures 2 and 3, some of the samples appear more fibrous 
when viewed perpendicular to their widest direction 
(left column in Figures 2, 3). Mihen the samples are 
rotated 90°, some of them appear much less fibrous 
(right column in Figures 2, 3). This is especially true 
in Figures 3D and 3F. A somewhat reverse observa- 
tion for the NIST tremolite samples occurred. In Table 
7,11 of 25 samples had parallel extinction on the wid- 
est section, as would be the case if they were flattened 
on (loo), as shown in Figure 48. However, when ro- 
tated 90" the samples never went extinct, and although 
they appeared morphologically to be fragments (blunt 
end, parallel sides), they were fibers. Some of the NIST 
tremolite pa&cles in grain mounts, that we classified 
as fragments, are probably fibers. This observa~on 
was only possible by rotating the samples and observ- 
ing them in an orientation that would rarely be seen 
in a grain mount. 

After these initial observations, our goal was to 
quantify the morphology so that we could calculate 
aspect ratios and measure extinction conditions for 
different orientations. The UI tremolite was used as a 
non-asbestos standard. We mounted 10 samples on a 
spindle stage in order to measure the thickest direc- 
tion, corresponding to the width of the particle, and 
the thinnest direction, corresponding to the thickness 
of the particle (Table 6). The single crystals were ro- 
tated about the spindle axis until these directions were 
located. Data obtained in this manner are shown in 
Table 641. These data show extinction angles that 
would be measured when the samples were viewed 
perpendicular, or near so, to (110) for all the samples 
except #4 and #lo, which were viewed perpendicular 
to their (100) surfaces. The average value for extinc- 
tion angles measured on the width is 14" which is 
nearly the same as was found in the grain mormts, 
13O, Next, to measure the true exlrinc~on angle we 
repeated the measurements made in Table 6A, except 
each sample was rotated to place the (010) plane in 
the microscope stage, yielding an extinction angle of 
16" (Table 6B). As was expected, in all cases these 
samples exhibited parallel extinction when (100) was 
in the plane of the microscope stage. Regardless of 
which table one uses, the aspect ratios increase sig- 
nificantly for Vt when compared to i/w. 
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Table 7 lists data for the 25 particles measured for 
the NIST tremolite. For the P~IST tremolite, the 10 
single crystals yielded an exlinction of 16", ~lhich dif- 
fers from the value of 12" in Table 5 for the NIST 
samples in the grain mount. This is because all of the 
single crystal particles measured on the spindle stages 
were flauened on (100), and some of the grain mount 
samples were on (110). Eleven of the 15 fiber bundles 
in the NIST sample showed parallel extinction on their 
widest direction (i.e., how they would rest in a grain 
mount); this confirms the observations of Wylie (21). 
However, based on their morphology, we would das- 
sify these particles as fragments and explain the par- 
allel extinction by the fact that they rested on (100). 
As stated above, we only classified these particles as 
fibers when we rotated them 90" and noted they never 
went extinct in that orientation. We could also ob- 
serve a fibrous nature in this orientation that did not 
exist in the other orientation but only in crossed polars 
(particle #7, Table 7). The remaining 4 particles never 
went extinct in any orientation (for example, parlicle 
#5, Table 7). 

Table 8 gives the individual measurements and 
observations for the 50 particles of the Libby amphib- 
ole vein sampIe. As was the case for the NIST samples, 
we classified the Libby samples as either fragments or 
Iibers based on their morphology but there were two 
types of fibers in this sample: fiber bundles (e.g., par- 
ticle #7, Table 8, Figs. 3A and 3B) similar to those in 
the NIST sample and fiber masses (e.g., particle #18, 
Table 8, Figs. 3E and 3F). The fiber bundles tended to 
have parallel extinction regardless of the orientation 
(i.e., the setl-ing of the spindle stage rotation), while 
the fiber masses had measurable exhction angles in 
both the widest and narrowest directions, but the 
angles do not correspond to any extinction angles. 
There possibly was a different mode of occurrence for 
the masses and the bundles; howver, all of these par- 
ticles came from the same sample and should have 
undergone similar conditions of formation. The frag- 
ments yielded an average extinction angle of 20", 
which is similar to that obtained from the grain 
mounts, altlnough here was considerable scatter in the 
grain mount data. 

CONCLUSION 

Five amphibole samples were characterized with 
polarized light microscopy and the spindle stage. They 
include three amphibole samples from "re former 

vermiculite mine located in Libby, Montana that were 
collected by the author (MEG) in October, 1999 (Libby 
amphibole) together with a NIST tremolite-asbestos 
standard (NIST tremolite) and a non-asbestos tremo- 
lite from the Universiq of Idaho teaching collection 
(UI tremolite). Amphiboles from all of the samples 
were characterized as standard grain mounts and as 
single pafiicles using the polarized light microscope 
and the spindle stage. 

The size and morphology were determined for 
approximately 1000 particles in the grain mounts. Also, 
the length, width and thickness for 85 single particles 
were measured with the assistance of the spindle stage. 
This includes fifty (50) single particles of the Libby 
amphibolef twenty-five (25) of the NIST tremolite, and 
ten (10) of the UI tremolite. In addition, extinction 
angles for different (hkO)  planes were measured by 
adjusting the particles so their crystallographic c-axes 
were paralleI to the rotation axis of the spindle and 
related to the observations in the grain mounts. 

Based on the replatory counting criteria of as- 
bestos (i.e., an aspect ratio of 3:1 or higher), 95% of the 
Libby amphibole 92% of the NIST tremolite, and 48% 
of the UI tremolite were asbestos. Based on morphol- 
ogy, 36% of the Libby amphibole, 19% of the NIST 
tremolik, and 0% of the UI tremolite were asbestos. 

One of the main goals of this study was to better 
characterize the Libby samples; no doubt over the next 
several years many similar studies will be perfomed. 
However, to date, there is only one study of the 
samples at Libby and it is no% in the open literabre 
but rather in an EPA report (36). The study found 
that 100% of the parl-icles had an aspect ratio greater 
than 3:1, 88% greater than 10:1, and 52% greater than 
20:1. Again, this compares well to our study in whi& 
we found 95% greater than 3:1, 73% greater than 10:1, 
and 49% greater than 20:l. 

?'he application of the spindle stage also made it 
easier to distinguish between fibers and non-fibrous 
cleavage fragments. It was found that many of the 
MIST tremolite particles appearing as fragments in 
grain mounts appear as fibers upon rotation. Extinc- 
tion angles were also determined for different (hk0) 
planes and these data were used to help interpret the 
observations made on the grain mounts. These ob- 
servations showed that the non-asbestos samples 
mainly rested on their (110) surfaces, although the 
smaller of these were Rattened on (100); the small frag- 
ments in the NIST tremolite and Libby amphibole were 
predorninandy flattened on (100). 



APPENDIX 

Table I. Size DisMbution (By Padicle) for UI Trelnolit~ NIST Trenn~lite~ and Libby Amphibole as Deter- 
mined from Grain Mounts with a PLM 

Sample Widtfff pm) Length {ktm) 

fn=r oo) 1.1-2 o o Q o o 
2.1-5 0 0 Q 0 0 
5.1-30 o o I o a 

O 0 0 0 99 

FC" EST 0- 1 a a o o o 
(il=SS) 1.1-2 4 2 6 2 t 

2-1-5 2 7 11 6 1 
5.1-10 1 4 4 9 12 

> f O  0 1 3 8 12 -- 
Libby outcrop 0-1 I f  1 2 2 1 
(n=B8] 1 .I-2 2 5 29 34 12 

2.1-5 1 3 24 45 5 X 
5.1-10 O 0 7 20 51 
>I0 O 0 O I 7 

Libby iwin 0- I 2 1 33 29 12 3 

f ~ Z c 3 9 j  1.1-2 14 19 15 22 3 6 
2.1 -5 6 8 14 13 27 

S.1-10 1 0 9 3 17 
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Table 2. Percent of Fibers, Frapenls,  and Not Classified in the UI Tremolite, NIST Tremolite, and Libby 
Amphibole Betemined Nlo~holo@cally and Grouped by Aspect Ratio (Vw) 

Sa -- rr XaHu Rbers(%:,f Fra~~rnex?ts L: {%I Not Clizssificd ("X) Xmal (%:.;ij 
1PI rremo!ire <3 Q 52 O 52 

*%5 0 29 0 29 

6-10 0 15 0 15 
11-20 O 4 U 4 

21-50 0 0 0 0 
53-200 0 0 0 0 

-- =.a oo o o o o 
NISI' cmnolite <3 0 7 1 8 

3-5 1 18 7 26 

6-10 3 7 9 19 

11-20 9 14 10 33 
21-50 4 5 1 2 0 

51-ILfI) 2 1 t 4 

>180 (3 0 - --- i? - e3 

Libby suicmp 4 0 U 0 0 
3 3  U a 0 3 

6-10 2 7 * 7 11 

1130 8 ti, 7 23 
21 -50 I $  14 S 2 43 

53-1W 7 3 3 33 

00 3 A. 3 2 tf 
-3 

Libby win 4 3  0 5 0.4 5.4 
3-5 0.3 8 3 12.4 
6-10 1 8 7 15 

1 2-20 525 S 11 21 -5 
2 1-50 12 6 f-; 26 
51 -IOU B 2 1 9 

10 - 0.7 0 20.7 -- - 
Libby fltral ~3 0 8 0.7 8.7 

3-5 0 6.5 4 103 
6-1 0 3 4 20 17 
11-20 6 9 1 I 24 
2 1-50 12 ,,.. 7 Ib; 24 

31-100 7 0.4 0.7 3.1 
>? 00 7 0.7 O 

* - 
i .I 



Table 3. Percent sf Fibers, Fragments, and Not Classified in the n r e e  Libby Amphibole Samples Com- 
bined horn Table 2, and Grouped by Aspect Ratio (Uw) 

R ~ c t  Ratio Fibers ('"4) - -- ----- -- .its if%) Not ------------ ----- -- 
~3 Q 1.3 0.3 
3-5 u. a 5.8 2.3 
6-10 2 6-3 6 3  
11-20 5.5 7 10 
2 1 -,XI f 3 7 li) 

51-100 '7 1.8 J ,6 

>iOO 7 1.1 0.6 

Table 4. Summary of Classification of Fibers, Fragnnenb, and Not Classified for Lhe UI Tremoliie# MIST 
Tremoiih, and Libby Aqki;bole Based m Aspect Rafio and Mo~hsloggr 

Fibers ( ---. enrs --- 1 9 )  - Rlot ------- Classified ---- (%,) 
A. Aspect Raticj UI tremorjte 48 52 - 

NXST 92 8 

outcrop tm 0 
vein 35 5 
float 91 4 

total [Libby) 95 5 - 
R.  Morgholugy 5j3 2remoEte 0 lffu 0 

IS IST 19 52 29 

outcrop 37 33 26 
vein 35 35 30 
float 35 29 36 

total (Libby) 35 33 -- --------- ,?I -- 



Table 5. Sumauy of Extinction Measurements for UI Tremolite, NIST Trernolite, and Libby Amphibole 
in G r a h  Mounts" 

fragrr~ents 22 25 1 22"(5) 12 2 51 
nut classified 7 1 21 0 29 

total 42 16 39 2 99 ----- - 
Libby 

fibers 

outcrop 45 0 61 1 107 

vein 18 0 83 5 106 

float 18 0 fE3 I 102 

0trlc;t.u~ 16 311 j ~ ~ ( 1 3 1  73 I I za 
vein 2 30 f 2 1 '(8) 67 2 101 

Boat - 
3 21 / 20"fB) 35 8 89 

'iota! 23 82 195 1 T 31 1 

'Entries in the table represent the number of particles in each sample that have the characteristics listed in the column 
heading. "'isotropic" means the particle's retardation was too low to observe extinctions. "Cannot measure" means h e  
particle never went extinct or had wavy extinction. Also in the inclined column is the average exrinction angle with its 
standard deviation in parentheses. 



Tlble 6. Moiphologiral Measurementr Obtained with ihe Aid of a Spindle lor Ten Plrtirles of the UI 
Tremolite Sample" 

A. Wid& ((w and fiichess (t) obtained from the widest and tknnest part of the sample; extincfion angles 
(e.a. on w and e.a, on t) were obtained in these same orientations. 

Xrartidc I fpm) rre (pn~)  t jbim) e.a. on w - - --* -- -- -- - - - --- -" - -- 
i 297 I f 4  34 J 2" 

2 381 149 82 15" IS" 2 6  4.6 f .8 

3 437 133 28 1 2" 17" 3.3 15.6 4.8 

9 &a3 55 27 parafld 15" 7.3 14.4 2 3  
5 667 127 98 14" 16' 5.3 5.5 1.3 

6 134 99 73 16" 13" 1.4 I .8 1.3 
7 442 59 32 16' 2 lo 7.5 13.8 1.8 

8 567 146 1% II" 16" 3-53 5.3 1.4 

9 562 120 38 13" 4.7 14.8 3.2 
I I) 852 76 ailel 25" 11.2 17.0 i - 5  

" ----- ------ --- ----- 

a B. Width ( ~ 1 0 0 )  and ~ c k n e s s  (t010) obtained on (100) and (010) planes; extinction angles (100 e.a. and 010 
e.a.1 wem obtained in these same orienta&ons. 

Pnr~cfc I jgm) w31Kf fpn)  Mlf O (urn) 100 e.a. 010 e.d. V&s.lm JitOlU %~*100/@30 -- 
1 2%' 1 04 42 parallel 17" 2.51 7. f 2.5 
2 331 140 85 parallel 2.7 4.5 1.6 

3 437 323 71 paraitel 17" 3.6 6.2 12 

el: 4113 55 27 paralld 13" 7.3 14.9 2.0 - 
5 657 103 3 13.O 6.5 7-2 1 .I 
6 134 74 74 parillid 17" 1.8 "I8 i .(I- 
7 4 2  33 44 pardlEe1 116" 13.4 10.0 0.8 
8 357 1143 82 paraUei 17" 4.0 7.0 1.8 

9 562 3 13 32 parallel 16" 5.0 1'7.6 S.5 

10 852 arj 59 15'" 11.2 17.0 I .5 .--- -- - -- - - 

IAil ten particles were fragments based on morphology while 7 of 10 would be classified as asbestos based on aspect ratio. 
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Table 7. Morphological Measurements Obtained with the Aid of a Spindle for Twenty-five Particles of the 
MIST Tremolite Sample" 

paralie1 never 

pa ralM 11~'vi:r 

parallel 17' 

paraliei 13" 

parallel newr 

' '3C --L&"--- 
fiber bundie 

fragment 
fibel: bundle 
fiber bundle 
fiber bundle 
H k r  btmdle 
fiber bundle 
fiber bttnclie 

fragmerrt 
fragment 

fiber bundle 
fiber bundle 
fiber buxrdle 
fiber btmdle 
fiber bundle 
fiber bundie 

fragment 
hgment  
fragment 
fragmwt 
iragmlznl 

6ber bundle 
fragment 

Fragment 
fi?~er bu11i41~ 

Width (w) and tf6ckness (tj obtained from the widest and thinnest part of the sample; extinftion angles (e.a. on w and e.a. 
on tj  were obtained in these same orientations. Particle "type" determuled based on morphological characteristics. 



Table 8. Morphological Measurements Obtained with &e Aid off a Spindle Stage for Fifq Particles off the 
Libby Vein Sample1 - -..- , , .  

Partide I {gma 1% (hint) I Qim) litv t f i  ---- W l t  e.a. :>t2 - e s  ~~3-t 
P 

I ...--%a ,xs.> 8 21 3 16 2 2 tatZ\er 22+ ti'lwr hi~ildlc. 

2 530 62 47 9 i t  1 .J I~+'L CI IIWL'~ fiber nus* 
3 (MI 68 42 10 it, 1 .b 17- 22 f i k r  htsnriir 

.i 577 122 87 5 9 18 pa f~ l i c i  pcimilei f ~ k r  bunrtlr: 
"7 4 116 M 4 7 18 paraka1 ptxrLdle! h h r  bui?iili* 
B 654 60 32 I i  21: I 9  p"~ild prdllcl fmkr btinclbi* 
7 537 Q9 54 3 I 0  1 X parallcf prajiicll r4x*z bitt~dje 
8 3 2  83 f~3  4 6 1.3 1 it f d r a l i ~ l  fihv ixiias* 
Y 387 .% 52 T T i .O 15" i Cf' f i b s  buntitv 
10 321 46 28 7 1 1  4 5 pZ%~i?!kl I 9  tra@?enl 
I i -E2S 105 43 4 9 2.2 13- fmrailei f ragmnt * "  

12 4 78 -53 6 8 1.3 pmlle l  parallei f&r trlrndle 
7 3 589 77 31 7 17 2.5 a- pamllcl fihr bx~ndfc 
14 940 157 ini 6 4 1.6 p~mfkii 1:" f?agmnt 
19 1341 52 31 26 43 1 6  ~ C V L * ~  nc*\ic'r fz&r b~,rrt>rSt~ 
i b 354 3151) 162, 2 2 1.1 39 - 7- fikr mass 
17 - 1 105 61 7 9 i ,7 praifrl 4 ~ i " f  !el fikwr bbundie 
18 4-33 1-31 67 3 5 l .h 14- 13- fiber mass. 
13 328 1bll 85 2 4 2 0 20 $?xaI""iitil Ittx3 mas4 
211 7011 73 69 110 i O I , ]  p?railici praliei iraglmnl 

21 3 2  142 66 b 2 2 iiP pamiid fragment m 

22 312 73 55 9 1.3 pmllci parailel fiber bu~dlr. -? 

753 316 52 6 8 I ,LC parallel paraiiei fiber bundle 
24 467 28 13 17 '36 2.2 7e paraitel i wgt3~43t 
25 714 73 29 10 25 2.5 paratlei 19" fragx%?rnt 
2b 432 4tl 44 5 $0 2.51 praliel 22$ fragment 
27 423 70 55 6 8 1 3  22" 18' l"ragnwii t 
23 -59 i 74 38 8 i h I 9  i 5" ili fiber bundle 
2Q i&U 71 34 221 41 2 0 never t~est*r ikwr bui>die 
30 PCil 37 23 13 37 2.8 p"lf.liiei 23" Waj;rneni 
31 7644 1-12 111 4 i 1 3  ili"i.tr IIPVI-'~ 

- fdWr 832a>-. 

32 hh I 45 28 14 24 i '0 piaraflt4 ql i i j nagrrWnt 

33 772 3 9  M 26 32 i 3 parLdiJ p3rLii d.4 t1iiii.r biilrdiri 

54 -li Yd2 33 39 16 14 1 4 p~r.?Biul pi\istiic! <ikrc.r bundle 
*P 
32 4h1 35 25 14 !'P ! 1 paratici 15" Pragnlent 
-2% ri27 57 48 1 1  13 L 2 20' pxa!lri i i k r  bundle 
37 483 25 d 2 19 -40 2.2 pr<:Ilt.i 23 ' tragnwnr 
18 4% 3 3  32 13 14 1 1  paraifel 2.r iragnwrr t 
,3Y 5 7  23 23 20 26 1 3  parallel piwa?lri trkr bi~ndlc* 
413 728 26 12 ZX 61 2 2 parailci 22 r'rngna3tsi 

4 I -*, 
133 140 103 5 7 1.4 ! 2 p6*rslid f ih*ier tmrtir~dlt. 

42 -363 89 8 1 1 1 7 1 ptllid p,ar61ibl t i k r  bcnldk 
33 .-@3 22 21 1 -1 I^? i i? pra2ii~4 p r a i  i ~ i l  i-iitc*r i.iundli. 

41 546 7.1 111 7 14 I 9  pzdfiel 23 i rlgxi>ent 

45 32 1 i 0 8 22 40 i .3 p m i f c i  par;;ileI tii.wr hcncilr 

46 327 3) 41 7 I 1 .I par diet  2 i - 
I ragnwii t 

47 375 410 24 9 l6 1 .: p r n i b i  211 *ragmcnt 
48 710 % 31 14 21 1 5  p%railel iBrl t h r  b~tz~dlv 

-1 9 $97 20 7 25 71 2.9 prallel 1 A" f r a p n - ~ ~ ~ t  

-50 705 17 17 41 4 i i ,0 27 20 f,& r buizdic 

IWiAth (w) and thickness (t) obtained from the widest and tfimest part of the sample; extinction angles 
(e.a. on w and e.a on t) were obtained in these same orientations. Particle "type" determined based on 
morphological characteristics. 
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