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Heated Asbestos: Analytical Challenges Posed by Heating
Crocidolite and Other Fibrous Amphiboles
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Most PLM analysts are well aware of changes in
the optical properties of amosite after exposure to high
heat. Amosite in wrapping around boilers and furnaces often contains fibers and bundles that have
turned reddish brown and can become brittle, have
developed pleochroism, and have elevated Rls
(McCrone, 1987; Hodgson et al. 1965). Typically, these
are reported as "heat-altered amosite". Changes in
crocidolite's optical properties are less well known,
probably because crocidolite is seldom found in thermal wrappings in the United States. Our laboratory
stumbled across this phenomenon when we discovered that the very fine blue fibers seen in a plaster
sample had been replaced by reddish-brown fibers
after routine muffle-oven ashing. These fibers were
indistinguishable from heat-altered amosite when
analyzed by PLM.
McCrone (1987) reported that crocidolite reverses
its sign of elongation and that its color changes from
blue to gray-brown after just 4 hr at 350°C. He also
stated that the mineral shows chemical changes similar to those of amosite on heating, although he did not
describe those changes. On the other hand, Bergin
(1991) reported no chemical change in strained crocidolite. Laughlin and McCrone (1989) observed reversal of sign of elongation and increased Rls for crocidolite heated for 1 day at 300°C (all increased to 1.825
after 46 days at 300°C.
Routine ashing of bulk samples typically occurs
in muffle furnaces at temperatures ranging from 450
to500°C(U.S. EPA, 1982;Chatfield, 199l;U.S. EPA, 1993;

ABSTRACT

Trained polarized light microscopists can easily
identify any of the six regulated asbestiform minerals
on the basis of their well-established optical properties. An experienced analyst can also recognize
changes in these properties when heat-altered asbestos is present in the sample as received. Many analysts, however, may not be aware of how quickly crocidolite alters during ashing in muffle furnaces at routine ashing temperatures. We heated samples of South
African crocidolite at various temperatures for measured intervals and then examined the samples using
several microscopical techniques. Polarized light microscopy (PLM) observations revealed that
crocidolite's negative sign of elongation changed to
positive in less than 90 min at only 350°C. The intersection of parallel and perpendicular refractive indices (Rls), where the "change" occurred, was 1.717 at
both 350° and 475°C. However, neither energy-dispersive X-ray spectroscopy (EDX) nor selected-area
electron diffraction (SAED) coupled with transmission
electron microscopy (TEM) revealed any differences between unheated and heated crocidolite. Microscopical
Fourier-transformed infrared spectroscopy (FTIR-M)
revealed subtle differences between the two, but the
source of these differences was not determined .
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NYSDOH, 2005). To monitor the alterations expected
during routine ashing, we separately heated samples
of crocidolite, amosite, tremolite, actinolite,
anthophyllite, and winchite from the NYSDOH Asbestos Laboratory mineral catalog in a Lindberg Type
51894 muffle furnace at 375°C, 450°C, and 475°C for up
to 4 hrs. At 1, 2, 3, and 4 hr intervals, subsamples of
each asbestos type were transferred to scintillation
vials. These samples were analyzed to determine alterations with temperature and time.

POLARIZED LIGHT MICROSCOPY
Ten fibers from each heated hourly sub-sample
were examined in appropriate Cargille refractive index liquids by Leitz Ortholux PLM to determine the
mean wavelength from dispersion-staining colors for
that sub-sample. The results were plotted to determine the 589 nm RI of the mineral at 25°C. Average Ris
were plotted against heating duration to determine
the rate of RI changes at the three heating temperatures. The observed changes in the crocidolite and
amosite, starting from the natural, unheated samples,
are summarized in Table 1. The observed changes in

the tremolite, actinolite, anthophyllite, and winchite
are summarized in Table 2.
Separate polynomial relationships between the
perpendicular and parallel Rls and the duration of
heating at 375°C of crocidolite were detected (Figure
1). While Ris for both axes increased with heating, Ris
for the direction perpendicular to the fiber 's long axis
increased at a faster rate. Because the perpendicular
RI was lower in value than the parallel RI in unheated
crocidolite, the perpendicular RI eventually overtook
the parallel RI, reversing the fiber's sign of elongation
from negative to positive. The intersection, or isotropic point at which the sign of elongation reversed, occurred at RI= 1.717 at a calculated duration of 2 hr, 18
min at 375°C.
A similar relationship was noted for crocidolite
heated at 475°C, except that the rate of RI increase was
accelerated (Figure 2). At this temperature, the perpendicular RI exceeded 1.78 by 4 hrs' heating, compared to an RI of less than 1.74 for 4 hrs' heating at
375°C. The sign change point occurred in only 21 min
at 475°C. This isotropic intersection was calculated as
1.717, identical to the 375°C change point.

TABLE 1- CHANGE IN CROCIDOLITE AND AMOSITE OPTICAL PROPERTIES.

Crocidolite at 375C

Duration of
Heating (hr)

II

...L
0
1
2
3
4

Amosite at 475C

Crocidolite at 4 75C

Fiber Color

...L

II

Fiber Color

...L

II

Fiber Color

1.704 1.700 blue - blue/grey 1.704 1.700 blue - blue/grey 1.686 1.711 light grey - grey
greyish tan
1.706 1.701 blue - bluish/grey 1.742 1.751
brick red
1.689 1.713
(Not done)
(Not done)
1.714 1.711 grey - bluish grey
1.728 1.735 reddish grey - grey
reddish grey
1.755 1.781 brown - brick red 1.694 1.723 tan - brown
1.729 1.739

TABLE 2 - CHANGE IN OPTICAL PROPERTIES OF ACTINOLITE, TREMOLITE, ANTHOPHYLLITE AND
WINCHITE.
Duration of
Heating (hr)

Actinolite at 450C
J_

0
1
2.5
3.5
4.5

30

1.621
1.625
1.622
1.623
1.624

II

Color

light grey
1.638
light grey
1.640
1.640 grey - liq ht qrev
1.640 qrev - liq ht qrev
1.639 grey - light grey

Tremolite at 450C Anthophyllite at 450C
J_

II

1.621
1.622
1.622
1.622
1.622

1.637
1.636
1.635
1.636
1.636

Color
light grey
grey-ish
qrev-ish
qrev-ish
grey-ish

J_

II

1.621
1.622
1.623
1.624
1.623

1.638
1.639
1.639
1.639
1.639

Color
salmon
salmon
salmon
salmon
salmon

Winchite at 450C
J_

II

1.630
1.636
1.635
1.635
1.636

1.636
1.639
1.637
1.638
1.639

Color
tan/qrev
qrey/tan
tan/qrey
tan/qrev
tan/grey
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Two qualitative observations were (1) that thinner crocidolite fibers/fibrils appear to be affected more
rapidly than are larger bundles, and that (2) bundles
can contain fibers with both (-) and (+) signs of elongation. This latter phenomenon makes accurate RI measurements challenging.
The change in Ris of amosite at 475°C was examined in the same manner as for the crocidolite. When
plotted versus time, the increases in Ris in the amosite
sample heated at 475°C exhibited a strong linear relationship (Figure 3). For heated amosite, as for heated
crocidolite, the parallel RI increased more rapidly than
the perpendicular RI. However, because the parallel
RI was already greater than perpendicular RI (positive sign of elongation) in the unheated amosite, no
changing or intersection of the two Ris was observed
experimentally nor was it projected, as the two slopes
were diverging.
An examination of the change in refractive indices
of actinolite, tremolite, and anthophyllite over 4.5hr
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at 450°C revealed no significant changes (Figure 4). Although not currently a regulated fibrous amphibole
(and therefore considered to be asbestos), winchite was
also examined because of its shared characteristics
with the regulated minerals - asbestiform habit, high
length to width ratios, friability, etc. Furthermore the
mineral's association with Libby, MT cannot be overlooked. The winchite sample exhibited the largest initial change, when heated to 450°C, but when it was
heated for 25hr at 450°C, no further change was observed (Figure 5.)
TRANSMISSION ELECTRON MICROSCOPY
Representative subsamples of the unheated and
475°C-heated crocidolite were prepared by simple suspension in 0.1 µm double-filtered deionized water and
deposition onto 0.1 µm-pore polycarbonate (PC) filters. These filters were carbon-coated using a Denton
DV-502A vacuum evaporator, and sections were trans-
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Figure 1. Changes in the refractive indices of crocidolite over
time at 375°C.

Figure 2. Changes in the refractive indices of crocidolite over
time at 473 °C.
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Figure 3. Changes in the refractive indices ofamosite over
timeat475 °C.
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Figure 4. Changes in the refractive indices ofactinolite,
tremolite, and anthophyllite over time at 450°C.
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ferred onto gold TEM grids. Polycarbonate was dissolved using a fresh solution of 20% ethylenediamine
and 80% n-methyl-2-pyrrolidone on a Jaffe wick composed of Whatman ashless filter paper and stainless
steel mesh. The grids were rinsed in a final Jaffe wick
with methanol. These grids were examined with a
Hitachi H7100 STEM interfaced with a PGT IMD< system and an MTI CCD camera. Zone-axis SAED patterns for 20 fibers (-0.1-µm wide) each from the unheated and heated crocidolite samples were collected
digitally with the CCD camera. These were processed
by PGT's topographic filter to enhance point visibility.
Distances and angles between the diffraction pattern
rows were measured by PGT's measurement software
and entered into a zone-axis search/match program
written in-house, based on crystallographic equations

published by Andrews et al. (1967) . This procedure
yielded a best-fit zone-axis for each crocidolite fiber,
with a measure of fit ranging up to 1.0 for a perfect
match. Energy-dispersive x-ray spectra were likewise
collected from 20 unheated and 20 heated crocidolite
fibers of similar width. Elemental compositions were
normalized to Si for each fiber by PGT's quantitative
X-ray software.
Transmission electron microscopy examination of
the unheated and 475°C-heated crocidolite fibers revealed no consistent differences between the two. Figure 6 shows no obvious morphological difference between an unheated and a heated sample. Nor was there
a distinction between the two samples evident when
their zone-axis SAED patterns were examined. Both
populations could be indexed easily, and both showed
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Figure 5. Changes in refractive indices ofwinchite over time
at 450 °C.

Heated Crocidolite

Figure 6. Comparison of unheated and heated crocidolitefiber
morphology at 20,000X.

TABLE 3 - COMPARISON OF MEAN (N=20) SI-NORMALIZED ELEMENTS IN UNHEATED AND HEATED
CROCIDOLITE.

0

Unheated
crocidolite
0.280

Heated
crocidolite
0.287

Ratio
Unh/H
0.977

Mg

0.083

0.084

0.984

Si

1.000

1.000

1.000

Fe

0.710

0.745

0.952

Na

0.125

0.118

1.054

Element
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a good match to reference crocidolite (riebeckite) values: unheated fibers had a mean match of 0.928 compared to 0.929 for the heated fibers. When elemental
ratios (normalized to Si) for the two samples were compared, no significant differences were observed (Table
3), with the upper and lower 95% confidence limits for
these elements showing considerable overlap.
Finally, single unheated crocidolite fibers were selected for collection of SAED patterns and EDX spectra
before and after exposure to a focused electron beam.
A single crocidolite fiber was exposed to a 10-nm STEM
STEM
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beam for 16 min, and another single crocidolite fiber
was exposed to a 100-nm STEM beam for 64 min. No
change in chemistry was observed for either fiber (Figure 7), nor was there any change in SAED pattern (Table
4 and Figure 8).
FTIR-MICROSPECTROSCOPY

Representative samples of unheated and 475°Cheated crocidolite were placed into SensIR Sealed
Cells™, examined using a SensIR IlluminatlR™ microscope, and FTIR spectra were collected. The type spectrum for the unheated crocidolite had sharper peaks
than did the type spectrum for the heated crocidolite
(Figure 9). An additional 10 spectra of the unheated
sample and 11 spectra of the heated sample were acquired from randomly selected locations of the prepared FTIR-M samples and compared to both the unheated and heated type spectra. The resulting percent
matches generated by the Qual-ID program were plotted, to determine the mean best match for the two
subsamples. When the percent matches for the unheated crocidolite were plotted (Figure 10), the mean
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Figure 7. Change with time of elemental composition of
singlefibers exposed to STEM.
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Figure 8. Changes in singlefiber diffraction pattern of
crocidolite as it is heated by the STEM electron beam.

TABLE 4- INDEXING FO SINGLE CROCIDOLITE FIBER HEATED IN A STEM ELECTRON BEAM.

Minutes

hkO

hkl

Zone

Fit

0

4.86

3.39

[O 1 4]

0.932

64

4.79

3.34

[O 1 4]

0.940
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Figure 9. FTIR-M spectra of unheated and heated crocidolite.
34

MICROSCOPE(2008)56

GETMAN AND WEBBER

Unheated Crocidolite
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Figure 10. Agreement between individual fibers and "type" FTIR-M spectra.
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percent match for the material indicated unheated crocidolite as the best match. Likewise, when the percent
matches for the heated crocidolite were plotted, the
mean percent match was best for heated crocidolite.
This consistent matching seems to indicate that some
bond alteration occurs during heating.
CONCLUSION

While amosite, tremolite, actinolite, anthophyllite,
and winchite remain identifiable after heating to
450°C, crocidolite's optical properties undergo rapid
alterations when the mineral is heated above 375°C.
As Ris increase with heat and time, the more rapid
increase in perpendicular RI causes the fiber's sign of
elongation to change from negative to positive at an
isotropic RI of 1.717. This occurs after a little more
than 2 hours at 375°C, and in less than 0.5 hours at
475°C. This observation means that routine ashing of
crocidolite can transform the normal blue fibers into
reddish-brown fibers, that may be indistinguishable
from amosite fibers by PLM. Hence the analyst will
have to search the un-ashed sample for unchanged fibers to determine whether amosite or crocidolite fibers were the precursors of the heat-altered fibers. Alternatively, the analyst can use TEM to determine the
chemical composition of the altered fibers, given that
chemical composition does not change during heating.
Thus, we have an analytical conundrum: Heat-altered crocidolite is no longer classified mineralogically as crocidolite by PLM but can be by TEM. Accordingly, if this
heat-altered crocidolite is present in a sample at greater
than 1%, the sample is a regulated asbestos-containing material by TEM but not by PLM.
[Editor's Note: PLM analysts that encounter materials suspected of containing heat-altered asbestos
minerals are instructed to report them as possible heataltered (or heat damaged) asbestos and treat them as
asbestos.]
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Based upon the lack of changes that we observed
by TEM, it appears that the current regulations and
definitions for identification of crocidolite by PLM
would benefit by being expanded to include the optical properties of heat-altered crocidolite. By including
heat-altered crocidolite's properties into current regulations and definitions, analysts will become better
educated about the mineral's optical properties and
less likely to produce inaccurate identifications.
REFERENCES

1. Andrews, KW., Dyson, D. J., Keown, S. R. Interpretation of Electron Diffraction Patterns; Plenum Press, New
York, p. 72 insert, 1967.
2. Bergin, T. F. The Crystallography of Strained
Crocidolite; Microscope, 39, 287 - 297, 1991.
3. Chatfield, E. J. Determination of asbestos in resilient floor tile; Chatfield Technical Consulting Limited Standard Operating Procedure SOP 1988-02 Rev. 03.
Mississauga, Ontario, 1991.
4. Hodgson A A., Freeman A G., and Taylor H. F.
W. The thermal decomposition of amosite; ]. of the
Mineralogical Society, 35(271), 445-463, 1965.
5. Laughlin, G. J. and McCrone, W.C. The Effect of
Heat on the Microscopical Properties of Asbestos; Microscope, 37, 9 - 15, 1989.
6. McCrone, W. C. Asbestos Identification. McCrone
Research Institute, 1987.
7. N.Y.S. Department of Health. Environmental Laboratory Approval Program Certification Manual, Item 198.1,
2005.
8. Prentice, J. and Keech, M., "Alteration of Asbestos with Heat," Microscopy and Analysis, 1989.
9. U.S. Environmental Protection Agency. Test
Method: Interim Method for the Determination ofAsbestos in
Bulk Insulation Samples, EPA-600/M4-82-020, 1982.
10. U.S. Environmental Protection Agency. Method
for the Determination ofAsbestos in Bulk Building Materials,
EPA-600/R-931116, 1993.

MICROSCOPE(2008)56

