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Thelengthad widrh of chrysotileMd mckfragmmts that were 
collected on nine air-monitaringplters k the mine andplanr of 
the Lowell asbestos mine i n  Vermont have bem meosund by 
transmirrion electron microscopy (TEM). Selective m a  elcc- 
non d~@?actlon ISAED) and energy dispersive x-ray analysis 

(EDS) were urcd to identily particles longer than 5 pm with a 
length-lo-widrh aspect ratio ofal leal 3: l  ifcdcralfibrr). All 
federalf ikrs w r e  found to be ch'ysotile or serpentinitr mek 
fiagmmt; no trunoiite o r  other amphiboles w r e  detected. Mag- 

nijicarions qf4WX and 1 9  WOx were used onpvefilters in an 
attempt to compme the size disrn%xtionr of rhefederalfibcrs 
l ikeb to bemeasuredby uslngphase conrmtopt icalmicm~~opy 

(PCMJ ~ t 4 0 0 x t o  those measured by TEM a l  hither maRntBco- 
tion. The darnfmm the mine show thot(1) the size dism'brrtion 

of chrysotile determined at 19 IXQx difers subslanllaiiyfrom 

tlurr determinrdol4W.x butthe siredismmbution ofrockfragment 

isnearly independentofthemngni/mtion: and(ZJor400x.34% 
ofthe f e d e r a l m n  w r e  chrysotile, 39% wreserpenrinite mck 
fragment, and 27% wcrc composite panicie.. ~ t f i b e r s .  At 19 

IXQx. the pmportion ofchrysotile increased to 77%. repecting 
the increased visibillry of ch'ysotile at high magnifcation. The 
proportions of chrysotile, serpcntinite rock, and composite par- 

rielesaresuch tharifanalrflter werenrmIyzcdal4Wx,andl.O 
f7cc wcrr delemined to k rhe uposurc, 0 3  flcr w u l d  he 
chrysotilc.0.4flcc wouldbeserpentinire mck.and0.3flcc would 
becompositepartlcles.I/TEM were usedorhi;ph mognificarion. 
rhe totaifedemlfiber burden would rise t o  14 f l cc  with 1.2flcc 
chrysorile mi OAflcc mckfragmenl. These m u l n  suggen that 
the proportion qffederalfibers obminsd by the standord PCM 
method that are acrvoily arbulos maybe lower i n  the chrysorile 
asbestos mining environment than that obtained in the commer- 
cial asbestos had l ing  environmerus that were wed i n  ;povern- 
mentquonritative rirkarsessments. ThcOccupa t i o~ ISo fe~  and 
Health Administmtion ucivded epidemiologic srudies qfashcs- 
10s miners and millers from its q~mnrilativc risk assessment 

because evidence showed the risk to he lower than in other 
indurrioi environmems kcartse offiher size. Likewise, the use 

of the PCM NotioMl ~nrtit!ue for Occupatiomi Safely and 
Health 7403 method, which uns deveiopcdfmm data taken in 
commercial asbestos hadl ing as an "indei' of exposure, may 
not be validinmining environmcm. TEM a ~ l y s i s  of airfilters 
may be necessary to assess chrysorlle exposure adeq~rnteiy in 
mining environmmtr. 

ithin any given industrial &g, thereexisis apasitive 
correlation between the incidence of the asbestos- 
related diseases and the level of exposure to asbestos 

as established by phase contrast opticalmicmscopy (PCM) and 
the membrane filter method!" However, it is generally not 
possible to predict closely the risk of disease within one industry 
by comparing exposum of its workers ta exposures and disease 
incidence from a different industrial envimnment. For example, 
the incidenceof asbestos-relateddiseases among Canadian chtys- 
otile miners is less than would be predicted from the experience 
of textile workers or asbestos insulation ~orkers!~-'~ Also, then 
is no elevated incidence of mesothclioma among anthophyltite 
asbestos miners of Paaldla, Finland, although high incidence 
would be predicted basedon theexperienceof cmcidoliteminers 
in Australia and S o h  Africa'"' 

These observations lead to several possible hypotheses to 
explain the discrepancies. First. it may be that there an signifi- 
cant differences in h e  biological activity among the different 
a s h l o s  minerals. For example. chrysotile fibers appear to dis- 
solve or in some other way be removed 'om the body but 
cmidolite fibers do not, and because of his, the long-term 
effects of exposure to chrysolile may be quite different from the 
same level of exposure to cr~cidolite.~' In fact, because of the 
behavior of chrysotile fibers in vivo, tremolite-asbestos. which 
in some cases has been identified as a contaminant in chrysotile. 
has received much attention as the possible etiologic agent for 
the diseases that are observed in those "solely" exposed to 
ch~ysotile."~'~' Second, there may be significant differences in 
the size and shape of the respirable mineral panicles making up 
the dust clouds in different industrial settings: differences that 
are simply not reflected in the PCM exposure m~urcments!"' 



For example, because the average width of amosite fiber is 
greaser than the average width of cmcidolite fiber, more of the 
amosile fiber will bevisihleby PCM.Inthiscase, therefore, more 
of the total airborne amosite fiber will be counted to assess 
exposure than of the total aihmecraidolilefiber when the total 
airborne fiber concentrations of the two sre actually the same. 
llird, there may be differences in the aerodynamic charac- 
teristics among the asbestos minerals. such as chrysotile's pro- 
pensity to curl compared to the relatively straight amosite fiber. 
that affect the fate oian inhaled fiber in the body. Although the 
Elative importance of thcsc variables is not well known. the 
cxplanatim for the observed differences in risk for the same 
PCM-measured exposure is likely that both fiber type and fiber 
sizc play a role, and it is important that Lnlh of these variables 
be examined more closely. 

This study was undenaken in order to examine the mineral- 
ogy and size distribution of the airborne panicles at rhe Lowell 
chrysolile mine in Vmont .  The Lowell mim is located in the 
upper Missisquoi Valley just south of thc international bwndary 
with the Canadian province of Quebec. Qvysotile has been 
produced from Ws mine and nearby pits for more than 100 y. 
More than 0% of the arbestos mined in the United States has 
come &om this mining district, and theLowell mine is the largest 
and most pmdunive mine in the area. It is located in the same 
geologic terrane as thelarger asbestosdeposits in Quetw.""The 
geology of the Lowell mine and vicinity is described in &tail by 
Cady et al."6' 

Specifically, the authors were interested in determining 
what minerals would be included in a PCM fiber count, how 
thespecific minerals differ in particle size and shape, andhow 
the use of transmission electron microscopy (TEM) affecu 
determination of fiber exposure. The authors also wanted to 
determine if tremolite was an imponant constituent of air- 
borne dust in the mine because it is widely assumed that 
tremolite is ubiquitous in chrysotile dep~sits."~'"'"'~' Esti- 
mates of tremolite asbestos contamination inchrysotile mines 
range as high as 1.5%.'*' 

EXPERIMWTAL MATERIALS AND METHODS 

Samples 

Nineair filters from the Lowell mine were provided by the 
United States Mine Safety and Health Administration (MSHA). 
No information was provided on the airflow or duration of 
collection. Six of the filters contained panicles collected in 
the mine, two of the filters were from the mill, and one was 
from the bagging room. The filters were collected in 1987. 
The samples were prepared for TEM analysis by AMA Labo- 
ratories in Laurel, Md.. according to the procedures specified 
by theBnvironmentalProtectionAgency'"'forairfilteranaly- 
sis in school buildings. l b o  200-mesh copper grids were 
prepared from each filter. 

Randomly chosen grid openings were scanned at a mag- 
nification of 19 000x. All panicles longer than 5 pm with an 
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aspect ratio of 3:l or greater (federal fibers) were identified 
and thcirlength and widthdetermineddirectly fromthescreen 
by comparison to a calibrated scale. The precision of this 
method of measurement is estimated at Identificatiw 
was based on selective area electron diffraction (SAED) pat- 
tern, qualitative chemical analysis by energy dispersive x-ray 
analysis (EDS), and morphology. For a federal fiber to be 
positively identifiedas chrysotile. it had to have the appro- 
priate chemical composition and possess either an obvious 
tubular structure or a characteristic diffraction pattern. Fiber 
analysis continued until at least 50 federal fibers from each 
filter were measured and identified. 

Low MagnificMMon 

Randomly chosen grid openings were first scanned at a 
magnification of 400x. All particles that met the federal fiber 
size criteria,as determined by comparisontoacalibratedscale 
on the screen, were designated. Adiagramof the gridopening 
with the position of these federal fibers was made. Each 
designatedfederal fiber was then examinedata magnification 
of 19 000x. The federal fibers were identified as chrysotile or 
"other" based on the diffraction pattern and tubular morphol- 
ogy and, if necessary, EDS. For federal fibers exhibiting 
diffraction patterns that could be amphibole, EDS would have 
been used to identify the amphibole tentatively. However. no 
amphibole particles were found. The length and width of all 
chrysotile andother federal fibers were. measured in the same 
manner described above. 

RESULTS 

Mineralogy 

In this study, a total of 517 federal fibers we= measured and 
identified. A total of 63% were found to be chrysotile and 37% 
were identified as other. For the 256 federal fibers examined at 
high magnification, all lhose identified as "other" had a Si:Mg 
ratio and a diffraction pattern (when obtainable) consistent with 
the serpentinite minerals antigorile or lizardite. MSHA, by using 
an automated imaging system had previously studied these 
filters and identified 4i7 federal fibers on the basis of qualitative 
chemical canpositionan4 inpandiffractionpanem~.~"MSHA 
identified a large ponion of the federal fibers as anrigoritel 
lizardite and found small amounts of a number of ochcr miner- 
als, including magnetite, plagioclase feldspar, chlorite, quanz. 
enstatite, olivine, diopside, and calcite. MSHA did not identify 
mmolite or any other amphibole. 

When the federal fibers designated at low magnification 
were examined at 19 000~ .  a large portion were not fibers at 
all but were composed of a linear array of smaller panicles. 
These panicles were sometimes both chrysotile and serpen- 
tinite rock fragments, and they sometimes were only serpen- 
tinitcrock fragments. Atotal of 29% of theelongatedparticles 
from the mine were found to be such 'tomposite particles." 
Of the elongated panicles from the mill sample. 10% were 
also composite panicles. Although there is a significant dif- 
ference between the number of composite particles found in 
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TABLE I. DI.blbutlon of PaMclea at 400x Magnmutlon Size Dhh*burions 
Chrysolik, Other Mlnerals Composite Partldes The frequency distributions 

FUter (%) (NoJ (gk) fM.1 f%) of log \en&, log width. and log 
Mho3 20 30 27 40 20 30 aspecr ratio of federal fibers wl- 
Mne 4 14 29 21 44 13 n lccted fium the mine at 400x and 
Urn 8 18 31 17 29 23 40 19 000x magnification that are 
Mho7 12 20 36 61 11 19 mchfysotile are given in Figure 
wm s 38 49 1s M z1 31 la-f. Log values are used to a p  - - - 

pmxima6 normal distributiok. 
Wmrmsl 100 33 116 38 80 28 The similarity of these disuibu- 

th mill (one filter) and in the mine. it is impossible to tell 
whether this is caused by real differences in the nature of the 
airbane dust cloud in these two environments or to a differ- 
encc in filterloading (sccTable 1). Because"compositc parii- 
ckr" wtn not fiberr. they arc not used in comparing the size 
distributions at 400x and 19 Om. 

'IbMeU~~t6thtdiatihlimafchry~0tilesndfederalfibcra 
identihd as uothd'according lo sample location and the mag- 
nifiutim. At low magnification. more than half of the federal 
f ibnswcn~ndMbeaminera l  otherthanchtysnile. When the 
filtas wwe fvst examined nt high magnification. most of lhe 
fedenl fitus were found to be cluysolile and the pmponion of 
ocbcr fcded hbus was si@Iflcantly lcss than at low magnifm- 
tion. 'lhe difkcmc between the pmponion of airborne c w s -  
ocilc in mt mine lud mC proponion of airborne chrysoiile in the 
Inin or bagging man is statistically insignif~ant (5% level of 
dgaificance). 

5 10 tions indicates that &ere is little 
evidence for orysternatic bias in 

96 27 the characterization of these 
federal fibers introduced by 
changing magnificaiions over 

this range. Thc ranges, modal classes. and means are similar. 
However, only the means of log length fmn the low and high 
magnifications are slatistically indistinguishable (t-test). Mean 
log width and mean log aspect ratioare n~ identicaleven though 
they are close in magnitude. h, m:: k'-8drm kT:;; X-7.8 1" 

U .. 10 1 1  I.. 1. i. U u u 7. 9 2  .A ,. 9s u 

Mno lotsl 

TABLE Il. Mhm~Wglcal MslfibuUon 01 Single 
Putrrr rt400xand 10 OOOx Y a g n l f l ~ l o n  

OIher Minerals 
F h k  (KO.) C%) (No.) (%I 
4m 
-3 P 43 27 a 
Mne4 14 40 21 60 
Mnee 18 51 17 49 
LIne7 12 25 36 75 
Mh.S - 36 71 15 - 29 

M h O W  100 46 I16 54 

44 88 6 12 I LOG W E C T  ,urn 

1. 

kp ~ - t . 7 4 , , ~  x-1.27 1 ~ n  

-,,-a,*,+, u a7 ,,, 9.5 -.a +, 4.4.8 w *, ,., 8, 

rocmrm(rml LDO M D ~  @I 

LOG mCT RIm I 



The kquency distributionsof log length. log width. and log 
aspect ratio of chrysotile collected from the mine at 400xand 
19 OOOX are given in Figure L f .  Changing magnification has 
had a significant impact on the distributions of these variables. 
Thin, short, high-aspect-ratio fibers dominate the populations 
analyzed af high magnification. 

A canprison of the size distributions of serpentinite m k  
bgment and chrysotile shows that these two populations an 
distinct, whether examined at low or high magnification. How- 
ever, there is significant overlap at both low and high magnifi- 
cation in all three dimensional parameters, and it is not possible 
to discriminate effectively between these populations by in- 
ducing a simple dimensional parameter such as an aspect ratio 
of u):1 or a width of 1 p n  as may be appropriate in M k r  
environments and has been suggested el~ewhere!~"~~) 

DISCUSSION 

Estimates of the minimum width of a fiber that can be seen by 
phase contrast micmcopy at 40% range fmm 0.1 to 0.5 pm.'") 

U X I * M R I U ~  LOG mPLm IUlw 

Whether the observations made at 400x by TBM duplicate what 
would be seen optically by phase contrast microscopy is d i c u l t  
to evaluate. Visibility is not only a function of the resolution of 
the system, it is also a function of themagnification. the differ- 
ence in the index of reftactionof the fiber and the substrate, and 
the visual acuity of the observer. 

A comparison of width distributions of chrysotile at 400x 
2b) and at 19 OMhc (Figure 20) shows abundant chryJ- 

Mile fibers with widths less than 0.4 pi present on the air filters. 
It is also evident that most of these fibers an not visible at 4 0 0 ~ .  

Figure 3 shows the aspect ratio frequency distribution of 
chrysotile fibers with widths greater than 0.4 pm and those 
that are visible at 400x, scaled so that the frequency of the 
modal class at 400x is equivalent to the frequency at 19 000x. 
The similarity in the distributions between the chrysotile 
greater than 0.4 pm and that visible at 4 0 0 ~  reinforces the 
conclusion that the visibility of chrysotileat400x on theTEM 
is comparable to the visibility of chrysotile by phase contrast 
microscopy. 

Accurate assessment of the airborne fiber content in occu- 
pational settings where epidemiologic studies have shown a 
cornlation between exposure to airborne fiber and incidence of 
asbestos-related diseases is essential for risk asseswent and 
fonns the basis for establishing acceptable exposure limits in 
occupational settings. U fcderal fibers other than asbestos are 
included in unequal proportions in different occupational set- 
tings, the reliability of the occupational exposure standard for all 
environments is suspect Very few data an available on what 
proportion of a fiber count. aseslablished by the membrane filter 
method, is composed of federal fibers that are not asbestos."') 
This study clearly indicates that for thismining environment, tk 
proponion is large (54%); it would be inappropriate to use 
exposure data from this mine to assess risk in another environ- 
ment where the proportion of asbestos is different. 

Because thedistributions oflengfh, width, andaspeet ratio 
of serpentinite rock fragments visible at 400x are so similar 
to the distributions visible at 19 WOx, it is reasonable to 
assume that most sewntinite rock federal fibers that are 
visible at 1 9 0 0 0 ~  would also be visible at 400x. Of the 
serpentinite rock federal fibers visible at 1 9 0 0 0 ~ .  3% have 
widths less than 0.3 Urn and none visible at 400x have widths 
this small, so the populations are clearly not identical. None- 
theless, the populations are similar enough that predictions 
based on the assumption that they are the samecan be reason- 
ably made. Accepting this assumption, the concentration in 
fibers per cubic centimeter of serpentinite rock federal fibers 
would be the same whether the filters wereexamined with low 
or high magnification. If an air filter from this mine were 
analyzed at 400x and the total fiber concentration were deter- 
mined to be 1.0 flcc. the proportion of serpentinite rock 
fragment. chrysotile, and composite particles would he 0.4, 
0.3, and 0.3. respectively. If the same filter were examined 

I I at 19 OOOx and the concentration of serpentinite fragments 
FIGURE 2. Chryson'lc particle dimension dislribulionr would remain constant at 0.4 flcc, the likely concentration of 

1 I chrysotilc would be 1.2 flcc. 



Thepropo~tions of chrys- 
otile and rock fragment 
found on an air filter may 
vruy greatly as a function of 
the environment. That the 
proponion of rock fragment 
will be amiderably greater 
in aminingenvimment than 
in an industtial setting where 
a commercial asbestos prod- 
uct was applied is artainly 
reasonable; it may also vary 
from oneminetoanother. Not 
only will the amount of rock 
fragment meeting the dimen- 
sional criteria for a fiber as 
d e f d  by the Occupational 
Safety and Health Adminis- 
hation (OSHA) vary fmm 
one mine to another, but the 

airborne chvsotile at the I I 

- 
4 
ij 2 i 

1 
E 

ASPECT RATIO 

=CHRYSOTILE VISIBLE AT 4 0 0 x  
pmportion of asbcsos met- 
ing these criteria may also 
vary. For example, Ihe d i t i -  
buticm of lenxth and width of 

Lowell mine * r s  signifi 
m t l y  fmm that at ihe chrysotile mines in Quebec as described by 
Gbbs and H ~ a n g . ~  Thercfore, these dam m t  be applied di- 
m l y  to all other minin~envhunenfs. 

- 

[[D =CHRYSOTILE FIBERS GREATER THAN 0 . 4 - m  DIAMETER 

FIGURE 3. Chrysorile lrrbesros nspecr mtio disrribwionr 

ihcsc resulu do suggest that the pmportion of federal fibers 
obtained by tkc standard PCM method that are actually asbestos 
may belower inUlechrysotileasbestosmining environment than 
thar obtained in the commercial asbestos handling environments 
(i.e.. textile, insulation). The quantitative risk assessments were 
calculated fmm these commercial asbestos envimnments; ulti- 
mately, the levels of permitted exposure in regulatory standards 
wen established. OSHA, in its rulemaking deliberations on 
asbestos, stated that "There is s ane  evidence that risks in ash- 
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