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Abstract-Thermal transformation of chrysotile from Urua~u District, state of Goias, Brazil, heated in dry 
conditions at temperatures from 600°C to I300"C was studied by high resolution electron microscopy and 
selected area electron diffraction (SAD), Up to 6O()DC, no morphological or SAD pattern changes were 
observed, At 600°C, the fibrils were still crystalline with the characteristics ofthe clinochrysotile, In ad
dition, a new fringe system of 10-15 A spacings appeared sporadically parallel to the 7.3 A fringes of 
chrysotile. Areas of these extra fringes seem to constitute favorable sites for the nucleation of forsterite. 
At 650°C, forsterite nuclei appeared inside the nearly amorphous fibrils in the shape of patches consisting 
of flaky crystaIlites, At 700°C the chrysotile structure had disappeared; the new spots present in the SAD 
pattern were indexed as those offorsterite. Between SOO-900°C the crystallinity of the patches was clearly 
demonstrated. From the lattice images in the patches, topotactic relations between chrysotile and forsterite 
were analyzed, At IOOO°C very tiny grains of enstatite were formed mixed with forsterite grains. The SAD 
pattern is complex due to the coexistence of forsterite, enstatite, and silica-rich amorphous areas, From 
1 100°C to 1300°C the tridimensional growth of enstatite was promoted. The present results support the 
topotactic relations between chrysotile and forsterite found by X-ray analysis although differences up to 
several degrees may exist when these phases are observed microscopically, Evidence suggesting a topo
tactic growth between forsterite and enstatite was also obtained, 
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INTRODUCTION 

Numerous publications describing the thermal trans
formation ofthe serpentine minerals indicate that when 
a fiber of chrysotile is heated in air forsterite is formed 
topotactically (Hey and Bannister, 1948; Brindley and 
Zussman, 1957; Glasser et al., 1962); that is, a pseu
domorph is formed that contains forsterite in one or 
more definite orientations with respect to the parent 
phase. 

Differential thermal analysis (DTA), thermal gravi
metric analysis (TGA), X-ray diffraction (XRD), and 
infrared spectroscopy (IR) have been used by many in
vestigators (see Martinez, 1966) to study the thermal 
properties and structures formed during the transfor
mations of serpentines. There is a broad, shallow en
dothermic reaction below 150°C during DT A due to the 
removal of surface water. The two principal reactions 
that characterize serpentine minerals, and in particular 
chrysotile, are represented by a large endothermic peak 
between 6000C and no°c due to dehydroxylation, and 
an exothermic peak at 810°C caused by the formation of 
forsterite. The weight loss in TGA below 150°C is due 
to surface moisture, and the larger loss, about 14%, 
from 600°C to 750°C corresponds to the dehydroxyla
tion endotherm noted in DT A. 

Thermal-increment XRD indicates that chrysotile 
undergoes only minor changes below 500°C, but the 
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dehydroxylation rate increases as the temperature is 
raised above 5000C. The loss of hydroxy Is with the pro
duction of water vapor at about 600°C renders the min
eral amorphous to X-ray diffraction (Ball and Taylor, 
1963a). Above 700°C forsterite can be detected by' XRD 
(Glasser et al., 1962). At approximately 810°C a con
version of "chrysotile anhydride" takes place inside 
the fibrils which causes the exothermic peak noted in 
DT A, without destroying the fibrous appearance. Some 
of these previous studies have been made with chrys
otile (Hey and Bannister, 1948), others with lizardite 
and massive serpentines (Brindley and Zussman, 1957; 
Brindley and Hayami, 1965). 

The dehydration and recrystallization of serpentine 
proceeds in a crystallographically ordered manner. 
Considerable interest has been taken in possible mech
anisms by which these topotactic relations are devel
oped. This topotactic development of high temperature 
phases in platy lizardite was first interpreted in terms 
of a homogeneous process by Brindley and Zussman 
(1957) who wrote the overall reaction as: 

serpentine forslerite 

In this process, dehydration occurs uniformly through
out the crystal by the reaction of two hydroxyls as fol
lows: 
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Figure I. Electron micrograph of Uruar;:u chrysotile fibrils heated at 600"C observed from a direction perpendicular to the 
fiber axis. The indicated areas are enlarged in Figure 2. 

OH - + OH - ~ H20f + 0 2-

Although this process offered an explanation for the 
maintenance of the crystallographic order, it was dif
ficult to explain the expulsion of water vapor and of 
silica at high temperatures without drastic changes in 
the crystal structure, while still preserving the external 
morphology of the crystal. 

Ball and Taylor (1961, 1963a), Taylor (1962), and 
Brindley (1963a) suggested that more satisfactory ex
planations could be given in terms of heterogeneous 
processes. Ball and Taylor (1961) investigated the de
hydration of brucite [Mg(OH)2], and proposed a de
hydration mechanism which they applied to the for
mation of forsterite from serpentine. They concluded 
that the dehydration and recrystallization are a com
bined type of reaction. Ball and Taylor (1963a) consid
ered that the dehydroxylation and recrystallization of 
serpentine in air may proceed in four steps, as follows : 

(1) Dehydroxylation-Donor and acceptor regions 
come into existence, and protons migrate to reac
tion zones where water molecules are liberated. 
Simultaneously, Mg and Si ions counter-migrate, 
and the oxygen packing remains essentially intact. 
This stage was represented by the authors as fol
lows: 
Acceptor regions: 7Mg3Si20 9H4 ~ Mg27Sil8063 

Donor regions: 2Mg3Si20 9H4 ~ 18H20 

This means that after the loss of water from a 
region, it becomes porous, and the remaining oxy
gen accommodates all of the Mg and Si ions. 

The "chrysotile anhydride" product is a partly 

disordered material giving an essentially "amor
phous" X-ray powder diagram. 

(2) Cation reorganization-Mg and Si ions begin to dif
fuse in opposite directions, forming Mg-rich and Si
rich regions. 

(3) Forsterite formation-Mg-rich regions change to 
forsterite (Mg2Si04), involving an ordering of the 
cations and changes in the oxygen packing. Stages 
(2) and (3) may be largely concurrent. 

(4) Enstatite formation-At higher temperatures in dry 
heating, the Si-rich regions change to enstatite 
(MgSi03 )· 

Brindley and Hayami (1965) confirmed the first stage 
of dehydroxylation and the formation of an X-ray amor
phous phase, but proposed an alternate mechanism by 
which all or nearly all of the Mg ions, together with 
some of the Si ions liberated in the reaction zones where 
water is formed, migrate into the regions where for
sterite is formed. The difficulty of forming enstatite in 
these regions is explained as arising from the sluggish
ness of the reaction of a more or less stable forsterite 
with excess silica. Inasmuch as the different morpho
logical-structural forms of serpentine minerals give 
similar results, the thermal behavior is not dependent 
on the rolled layers of chrysotile or the planar layers of 
lizardite or massive serpentines. 

Although the thermal transformation of serpentine 
minerals has been extensively studied, the visualization 

. of the different stages (morphological changes inside 
the fibrils) has not been examined by electron-optical 
methods. The main objective of this present work is to 
study the chrysotile thermal transformations by high 
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Figure 2. Enlarged areas shown in Figure I: (A) shows a fibril whose structure is identical to unheated clinochrysotile. Three 
fringe systems corresponding to the spacings of7.3 A for (002),4.5 A for (020), and 4.6 A for (110) are clearly visible. In addition, 
slightly distorted areas can be sporadically seen (arrows). (B) and (C) show respectively fringes of about II A and 14 A. 

resolution, transmission electron microscopy and the 
crystallographic orientations of the products with re
spect to the parent crystal structure. 

MATERIAL AND METHODS 

A chrysotile asbestos specimen from Cana Brava 
mine, Urua~u District, state of Goias in Brazil (Souza 
Santos and Souza Santos, 1974) was used. It occurs as 
greenish white fiber veins, 1-2 cm long. A bundle of 
fibers was hand separated from the rock and tightly 
packed onto a platinum foil. It was heated dry in air in 
a temperature-controlled electric furnace at succes
sively higher temperatures from 600"C to 1300"C (600", 

6500, 700", 800", 900", 10000, llOO", 1200", and 1300"C) 
for periods of 8 hr each. The samples were cooled nat
urally overnight. Fibers were hand picked from the 
heated chrysotile and placed On a perforated film (mi
crogrid) reinforced with evaporated carbon. The fibers 
that spanned holes in the grids and that did not have 
substrate underneath were chosen for observation and 
photography. 

A Siemens Elmiskop 101 electron microscope was 
used at lOOk V with a pointed filament. The microscope 
was modified to decrease both spherical and chromatic 
aberrations by employing the "pole piece-in-pole 
piece" system (Yada and Kawakatsu, 1976) and by in-
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Figures 3 and 4. (3) SAD pattern from the fibril at 600°C, showing the new reflection corresponding to 14-15 A spacing (ar
rows). (4) Coexistence of the original 7.3 A fringes and 14 A fringes sporadically distributed, without preferential localization 
in the fibril at 600"C (arrows). 

creasing the excitation voltage of the objective lens. 
The direct electron optical magnification employed was 
40,000 to 200,000 times. 

RESULTS 

After heat-treatment, the chrysotile fibers lost their 
flexibility and became harsh, changing color from gold 

to straw-yellow, but retained their asbestiform habit 
throughout the temperature range studied. The un
heated Urua~u fibrils yielded typical clinochrysotile 
selected-area electron diffraction patterns (SAD) 
(Yada, 1967, 1971). A histogram of the inner and outer 
diameters of the fibrils illustrates a remarkably wide 
distribution of diameters. None of the fibrils shows an 
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Figures 5 and 6. (5) Patch structures which start to appear at 650°C along the original fibril length. Bright-image on the back
ground (double arrows) corresponds to a higher order reflection from the dark patch indicated by a single arrow. (6) At 650°C 
the SAD pattern includes many spots, together with a very unsharp c1inochrysotile-like pattern. Many of the spots could be 
indexed on the basis of the structure of forsterite. 

https://doi.org/10.1346/CCMN.1979.0270301 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1979.0270301


166 Souza Santos and Yada Clays and Clay Minerals 

Figures 7 and 8. (7) Coalescence between fibrils has started at 7O<rC and in the coalesced areas, many voids, round and 
sometimes elongated, are included. (8) In the SAD pattern at 700°C the (001) spots of chrysotile are almost absent, however, 
the 14-15 A spots are visible together with other spots easily identified as being from forsterite. 
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appreciable trace of a helical roll, and parachrysotile 
was rarely observed. 

Below 600°C 

At temperatures below 600°C the fibril and its SAD 
pattern are indistinguishable from those of the original 
unheated fibril. 

60(JOC 

At 600"C the fibrils are still crystalline, displaying 
morphologic and crystallographic characteristics of c1i
nochrysotile. Special care was taken in observing the 
high resolution lattice at this stage, because the fibrils 
were still unstable under the electron beam. However, 
a new reflection, very broad and faint, appears on and 
along the zero layer line, corresponding to a 10-15 A 
spacing. Figure 1 shows an electron micrograph of the 
chrysotile fibrils observed normal to the fiber axis. 
Areas A, B, and C are enlarged in Figure 2 with the 
corresponding optical diffraction patterns. Area A 
shows a fibril whose structure is identical to that of un
heated c1inochrysotile. Three fringe systems corre
sponding to spacings of7.3 A for (002),4.5 A for (020), 
and 4.6 A for (110) are clearly visible. In addition, 
slightly distorted areas can be sporadically seen (ar
rows). Areas Band C show, respectively, fringes of 
about II A and 14 A. These fibrils are still crystalline, 
but approach an amorphous state, as shown by the op
tical diffraction patterns, where the original 7.3 A 
fringes are almost absent. The degree of thermal reac
tion varies from fibril to fibril during this initial heating 
stage. 

Figure 3 is an SAD pattern showing the new reflec
tion corresponding to the 14-15 A spacing. Figure 4 
shows an example of the coexistence of the original 7.3 
A fringes and the 14 A fringes sporadically distributed 
without preferential localization (arrows). The extent 
of this new fringe system is very limited (100-200 A in 
length) and its spacing varies irregularly. Commonly 
observed values are 10-11 A and 14-15 A. 

650°C 

Although at 6500C no changes in the external mor
phology of the fibrils can be detected, irregularly 
shaped patch structures start to appear along the orig
inal fibril length. These patches, which appear to be 
very thin, are crystalline, because they commonly pre
sent Bragg reflections. In Figure 5, a bright image on 
the background (double arrow) corresponds to a higher 
order reflection from the dark patch indicated by a sin
gle arrow, which suggests that the dark patch is a flaky 
single crystal. At this stage, the 7.3 A fringes are no 
longer clear in the lattice image; however, the new 14 
A fringes are abundant. In the SAD pattern, the 14-15 
A reflection is still present together with many new 

spots and a very un sharp c1inochrysotile-like pattern in 
which (001) reflections have nearly disappeared. With 
the aid of X-ray data, many of the new spots could be 
identified as due to forsterite (Figure 6). 

700°C 

At 700°C the external morphology of the fibrils is still 
present. The elongated patches cover much larger areas 
than before, but still are irregularly distributed along 
the length of the fiber bundle. Coalescence between fi
brils has started, and in the coalesced areas, many 
voids, round or elongated, are present (Figure 7). In the 
lattice image, the 7.3 A spacings are difficult to see in 
the fibril walls; however, the new 14 A fringes are readi
ly apparent (Figure 7). In the SAD pattern (001) spots 
of chrysotile, such as (002), (004), and (006), are almost 
absent, while the 14-15 A spot is clearly visible, to
gether with other spots which can be easily identified 
as being from forsterite (Figure 8). 

800°C 

The external morphology of the fibril bundles re
mains at 800°C, but individual fibrils have coalesced to 
single thicker fibers in which many voids are present. 
The elongated patches have increased in length and 
diameter. accounting for a significant part of the fib er 
volume. The crystallinity of the patches is clearly dem
onstrated in dark field images. Figure 9 is an example 
of the lattice image in a patch showing three fringe sys
tems of 3.85 A, 5.1 A, and 5.9 A (2 x 2.99 A), corre
sponding to the (021), (020), and (001) planes of for
sterite, respectively. The 5.9 A fringe system, which is 
perpendicular to the c-axis of forsterite, can be ob
served making a 67° angle with the oriented fiber length 
(as marked in Figure 9A). Figure 9B is the correspond
ing SAD pattern with sharp spots that can be indexed 
as reflections from forsterite with (011) orientations. 

900°C 

At 900°C the walls of the original fibril unit have lost 
their straight profile and have a scalloped appearence 
formed by the enlarged individual patches mentioned 
above (Figure lOA). Probably with the growth of for
sterite grains, the patches have completely filled the 
original fibril, and the included voids have disappeared. 
Figure 12B shows the lattice image of the (020) planes 
of forsterite (5.12 A fringe system) seen in the framed 
part of Figure 12A, almost perpendicular to the fibril 
length. This (020) fringe system suggests the relation 
[010], II [IOO]c. In the same micrograph of the same fi
bril, another finer fringe system can be seen on the 
original plate, corresponding to 4.3 A and 2.99 A spac
ings from (110) and (002) reflections. Thus, the SAD 
pattern can now be completely indexed and identified 
as that of forsterite. 
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Figure 9. (A) Lattice image in a patch structure at 800°C, showing fringe systems of 3.9 A, 5.1 A, and 5.9 A corresponding 
to the (021), (020), and (001) planes offorsterite, respectively. The 5.9 A fringe system makes a 67° angle with the original fiber 
length. (B) corresponding SAD pattern whose sharp spots can be indexed being from forsterite at (Oil) orientation. 
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Figure 10. (A) At 900"C the walls of the original fibril unit present a scalloped appearence; wavy sites correspond to individual 
patch. The circled area is enlarged in (B), lattice image of (020) planes offorsterite (5.12 A fringe systems) almost perpendicular 
(about 85°) to the fibril length. 

JOOO°C 

At 1000°C the fibrils are thicker in diameter due to 
tridimensional growth of the forsterite grains. The fibril 
bundles are commonly curved. Some grains in different 
orientations show contrast variation, depending on the 
Bragg condition. Also at this stage a new material, con
sisting of very tiny grains, has formed mixed with for
sterite grains. At the lattice image level, fringe systems 

of 4.3 A and 6.3 A spacings corresponding to (020), 
(111), and (210) reflections from enstatite can be ob
served (Figure 11). The grain size of enstatite crystal
lites ranges from 100 A to 400 A. The SAD pattern con
sists of spots and rings and is complicated by the 
coexistence offorsterite, enstatite, and silica-rich areas 
(Figure 12). Most of the polycrystalline rings can be in
dexed as reflections from aggregates of orthorhombic 
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Am • 

Figures 11 and 12. (11) At lOOO"C the lattice image presents fringe systems corresponding to reflections from enstatite (E) as 
well as amorphous (Am) areas. (12) The SAD pattern is complicated at lOOO"C by the coexistence of forsterite (F), enstatite 
(E) , and silica-rich areas. Most of the polycrystalline rings can be indexed as being from enstatite crystallites , but they are 
slightly distorted from perfect circles . 
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0.5 fJm 

Figure 13 . At llOO"C the original fibrils are completely changed into single twisted ropelike fibers, made up of a sequence of 
·· knots. " 

enstatite crystallites. The slightly distorted circles are 
elongated in a direction perpendicular to the fibril axis, 
which suggests a preferentially oriented growth of en
statite crystallites with respect to the parent forsterite . 

lOOO-1300°C 

From I 100°C to 1300°C the original fibrils are com
pletely changed into single twisted, ropelike fibers, 
consisting of a series of "knots" (Figure 13) produced 
by the tridimensional growth of the enstatite crystal
lites. Striated structures are common nearly parallel to 
the fibril length, reflecting the topotactic relation be
tween forsterite and enstatite. At this stage the SAD 

patterns are complicated by tridimensional superposi
tion of the crystallites and the striated structures in 
them, giving moire spots and streaked spots, respec
tively. At 13000C the tridimensional growth of enstatite 
is enhanced, and the SAD pattern can be more defi
nitely indexed as due to enstatite. The grain size of en
statite reaches 1000-3000 A at llOO°C and 3000-7000 
A at 13000C. 

DISCUSSION AND CONCLUSIONS 

The extra spot observed in the SAD pattern at 600°C 
may correspond to what was described by Brindley and 
Zussman (1957) as a broad reflection, whose salient fea-
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tures are that it remain relatively stationary and fairly 
sharp at about 14-15 A for the two-layer serpentine. 
The broadness of this new reflection is attributed to 
either the smallness of the corresponding areas or to 
local irregularity of the fringe spacing. Spacings at 14 
A were observed also in kaolin minerals fired at 700°C 
(Hill, 1965). 

According to Brindley (1963b), the initial reaction 
(a nucleation process) may be one in which the OH-pair 
interaction occurs at favorable sites, with the formation 
of water molecules (vide supra). The nucleating surface 
is not necessarily an external surface but may be any 
defect which facilitates the initial reaction and permits 
escape of H20 vapor at about 600°C. The extra fringes 
in the lattice image and the SAD spots of about 14 A 
are probably caused by an intermediate structure pro
duced by the dehydroxylation process and may repre
sent favorable sites for forsterite nucleation. Defect 
areas of 10-11 A fringes in Figure 2A seem to be a pre
monitory symptom of this phenomenon. 

At 650°C the chrysotile structure could hardly be de
tected, either crystallographically (it was difficult to 
identify the 7.3 A spots) or morphologically (the chrys
otile lattice image was indistinct). The thin, elongated 
patch-areas inside the nearly amorphous fibrils may be 
interpreted as forsterite nuclei formed at the defective 
regions. Brindley (1963b) pointed out that it is difficult 
to decide whether the structural or the chemical aspect 
or both of the original minerals must be associated with 
this wide spacing, developed transitionally by the heat
treatment. In the present study, the correlation be
tween the 14-15 A SAD spacing and the lattice image 
of extra fringes of 11-14 A, which exist transitionally 
between 600°C and 700°C (but which cannot be ob
served above 800°C), agrees with a chemical change 
giving rise to structural defects in the chrysotile fibril. 

At 700°C chrysotile cannot be detected in either the 
lattice image or the SAD pattern; neither the 7.3 A 
fringe system nor spots typical of chrysotile can be de
tected. The new spots in the SAD pattern can be in
dexed as due to forsterite. Thus, it can be concluded 
that at about 650°C forsterite forms two-dimensionally, 
that is, in the shape of very thin flakes, probably a few 
unit layers thick. At 700°C forsterite can be clearly 
identified. 

Between 800°C and 900°C the forsterite areas start to 
define themselves as "inclusions" inside the fibrils sug
gesting that growth at this stage is fully tridimensional, 
completely modifying the fibril profiles and filling the 
fibril cores. Approximate dimensions of the forsterite 
grains at this stage are about 300-500 A, depending on 
the original diameter of fibril bundle. Brindley and Hay
ami (1965) estimated the grain size of forsterite to be 
400 A as a lower limit from observed broadening of X
ray reflections, which agrees well with the present re
sult. The forsterite SAD pattern is very sharp and sug-

gests that structural distortion of the forsterite is minor 
as inferred by Brindley and Hayami (1965). 

Brindley and Zussman (1957) concluded by X-ray 
analysis that forsterite is oriented with respect to the 
original serpentine mainly with [OIO]F 11 [100]s or bF 11 

a.; [OOl]F 11 [OIO]s or CF 11 bs; and [100]F 11 cs* or aF 11 

cs, though a relation [OOl]F 11 [lOO]s was sometimes 
weakly observed. Ball and Taylor (1963b) found two 
other orientations which are derived from the above 
prominent one by rotations of ±60° about aF. 

The 5.12 A fringe system corresponding to the (020) 
reflection of forsterite shows strong preferred orienta
tion as seen in Figure lOB, where the direction of the 
fringe is nearly perpendicular (about 85°) to the original 
fibril length, that is bF 11 ac. In this case the (OO1)F or 
(OO2)F reflection was not observed, but it can be said 
that the prominent topotactic relation is nearly satis
fied. Another example which satisfied the relation more 
strictly within 3° was found, though omitted here. The 
fringe system of 5.9 A (2 x 2.99 A) corresponding to 
the (001) reflection of forsterite can be seen in Figure 
9A making a 67° angle with the fibril length. Therefore, 
bF makes an angle of 67° with respect to ac . This cor
responds to a rotation of the be plane of forsterite by 
60° about aF. 

Thus, the present results confirm that forsterite is 
formed in at least two orientations; the fiber direction 
of the chrysotile becomes either the b direction of for
sterite, or a direction in the be plane about 60° from the 
b direction offorsterite. However, it should be empha
sized that the orientation relations found by X-ray anal
ysis are not always held strictly, but should, when stud
ied microscopically, have angular allowances up to 
several degrees. 

The transformation of forsterite into enstatite starts 
at l000°C and is complete at 1300°C; at 1300°C the for
sterite crystals absorb silica and change to enstatite, 
giving the "knotted rope-like" regions in the micro
graphs. The enstatite lattice images are found at 
l000°C; this agrees with Brindley and Hayami (1965), 
who reported that the retarded development of ensta
tite above l000°C can be attributed to the sluggishness 
of the reaction of a more or less stable forsterite with 
excess silica. 

In the models of both Ball and Taylor (1961) and 
Brindley and Hayami (1965) forsterite could coexist at 
lOOOOC in the same fibril; this was readily apparent in 
the SAD pattern. 

The following comments can be made about the SAD 
patterns from 600"C to 1300°C: (1) At 600°C, although 
there is an extra reflection with a broad peak at about 
14 A, corresponding to (001) of chrysotile, the clino
chrysotile pattern is still very clear and sharp. (2) At 
650°C the chrysotile pattern is faint but still present, 
and the extra reflection corresponding to 14 A is sharper; 
also, some spots are present which could be indexed 
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as forsterite reflections. (3) At 700°C the chrysotile pat
tern becomes fainter, and the forsterite pattern is very 
sharp and can be fully indexed. (4) At 800"C and 900"C 
the forsterite pattern is perfectly clear. (5) At lOOO°C a 
complex SAD pattern consisting of spots due to forster
ite and rings due to enstatite crystallites, ranging from 
100 A to 400 A, appears showing that forsterite and en
statite coexist with amorphous silica. It was ascertained 
that these rings cannot be due to crystalline silica. (6) 
At l100°C the rings disappear and the SAD pattern be
comes spotty because grains of enstatite have grown 
over the whole fibril. The spots are accompanied by 
streaks when the enstatite grains showing striated 
structure are due to stacking faults or microtwinning. 
At this stage forsterite is absent. Lamellae structure 
has often been observed parallel to the (lOO) of enstatite 
(Vander Sande and Kohlstedt, 1974; Iijima and Buseck, 
1975). The lamellae structure seems to be similar to our 
striated structure in origin. Detailed analysis of this 
structure will be reported elsewhere, including the to
potactic relation between forsterite and enstatite. (7) 
These observations hold up to 1200°C. (8) At I300°C 
the enstatite SAD pattern becomes clear. This obser
vation is in agreement with Ball and Taylor (1963a) who 
reported that the crystallization of forsterite is not a 
sudden process, but a gradual one, which begins with 
a small nucleus and spreads as the cation migration and 
packing changes proceed. 
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Pe:JIOMe--C nOMO~1O 3J1eK'IJ)QHHOH MHKPOCKODHH BblCOKOH pa3pewalOweH cnoC06HOCTH H 3J1eKTpOH
HOH ~H!jlpaKL\HH Bbl6paHHoH 30Hbl (.IJ:B3) H3Y'IaJJOCb TepMaJJbHoe npeBpaweHHe XpH30THJla H3 paHoHa 
YpaKY, WTaT foiiac, Epa3HJlHR, HarpeBaeMoro B CYXOM BH~e ~o TeMnepaTYP OT 600°C ~o 1300°C. 
npH HarpeBallHH ~o 600°C He Ha6J1IO~aJJOCb HH Mop!jlOJlOrH'IeCKHX H3MeHeHHii, HH H3MeHeHHHit KapTHHbl 
.IJ:B3. npH 600°C !jlH6pHJlJlbl OCTaBaJJHCb KPHCT3JIJIH'IeCKHMH C XapaKTepHCTHKaMH KJlHHOXpH30THJla. 
KpOMe Toro, nORBHJlaCb HOBaR CHCTeMa nOJloc C npOMelKYTKaMH 1(}"15 A, cnOp~'IeCKH nap3JlJleJlbHaR 
7,3 A nOJlOCaM XpH30THJla. 30Hbl 3THX ~OnOJlHHTeJlbHbIX nOJlOc nO-BH~MOMY RBJlRIOTCR 6J1arOnpHJlT
HblMH MeCTaMH ~ 06pa30BaHHR L\eHTpOB KPHCTaJJJlH3aL\HH !jlopcTepHTa. npH 650°C L\eHTpbl KPHCTaJJ
JlH3aL\HH !jlopcTepHTa nORBHJlHCb BHYTPH nO'ITH aMop!jlHblx !jlH6pHJI B !jl0pMe BKJlIO'IeHHH, COCTORWHX 
H3 qewyit'IaTblX KPHCTaJIJUITOB. npH 700°C HCqe3Jla XPH30THJlOBaR CTpyKTypa; HOBble nJlTHa, nOJl
BHBWHeCJI Ha KapTHHe .IJ:B3 6blJlH onpe~eJleHbl KaK nJlTHa !jl0pcTepHTa. Me~y SOO°C H 900°C OMeTJlHBO 
6blJla BH~Ha KPHCT3JlJluqHOCTb 3THX DJlTeH. no H306palKeHHJlM peweTOK B DJlTHaX aHaJJH3HpOBalIHCb 
TOnOTaKTH'IeCKHe OTHoweHHR Me~y XPH30THJlOM H !jl0pcTepHTOM. npH IOOO°C c!jlOPMHPOBalIHCb 
O'IeHb MaJJeHbKHe 3epHa 3HcTaTHTa, CMewaHHble C 3epHaMH !jlopcTepHTa. KapTHHa .IJ:B3 CJlOlKHaR H3-3a 
cocYwecTBoBaHHJI !jlopcTepHTa, 3HCTaTHTa H 60raTblX KpeMHe3eMOM aMop!jlHbIX 30H. OT I 100°C ,1:\0 
1300°C npOHCXO~HJI TpeXMepHblH POCT 3HCTaTHTa. nOJlY'IeHHble pe3YJlbTaTbl nO~TBep~aIOT Tono
TaKTHqeCKHe OTHOWeHHJI MelK~Y XPH30THJlOM H !jlopcTepHTOM, KOTophle 6blJlH 06HapYlKeHbl peHTfeHO
CTpyKTypHblM aHaJJH30M, XOTR pa3J1HqHJI ~O HeCKOJlbKHX rpMycOB MoryT cYwecTBoBaTb, Kor~a !jla3bl 
Ha6JlIO~aIOTCJl no~ MHKpocKonOM. nOJlyqeHbl TaKlKe ~OKa3aTeJlbCTBa TOnOTaKTHqeCKHX oTHoweHHH 
MelK~Y !jlopcTepHTOM H 3HCTaTHTOM npH HX pa3BHTHH. 

Resiimee--Thermische Transformationen von Chrysotil Vom Urau~u Distrikt, Staat von Goias, Bra
silien, erhitzt unter trockenen Bedingungen bei Temperaturen von 600"C bis 13000C, wurde mittels 
Elektronenmikroskopie mit hohem AuflosungsvermOgen und Elektronenbeugung ausgewiihlter F1iichen 
(SAD) untersucht. Bis 600"C wurden keine Unterschiede in Morphologie oder SAD Bildem gesehen. 
Bei 6O<rC waren die Faserchen immer noch kristaIJen mit den Eigenschaften des KlinochrysotiI. 
AuBerdem erschien sporadisch, parallel zu den 7,3 A Rlindem von Chrysotil, ein neues Rand
system mit Netzabstlinden von 1(}"15 A. Die Flachen dieser extra Rlinder scheinen giinstige Platze 
fur die Kembildung von Forsterit zu ergeben. Bei 6500C erschienen Forsteritkeme in den fast 
amorphen Fasem a1s Flecken, die aus schuppigen KristaIJen bestehen. Bei 700°C war die Chrysotil
struktur verschwunden; die neuen Flecken in den SAD Bildem wurden a1s Forsterit katalogisiert. 
Zwischen S0(}"9OO"C wurde die Kristallinitiit der Flecken deutlich demonstriert. Aus den Gitterab
bildungen in den Flecken wurden topotaktische Verwandtschaften zwischen Chrysotil und Forsterit 
analysiert. Bei IOOO°C wurden sehr kleine Komer von Enstatit gemischt mit Forsteritkomchen geformt. 
Das SAD Muster ist wegen der Koexistenz von Forsterit, Enstatit und silika-reichen, amorphen 
Flachen komplex. Von ll000C bis 13000C wurde das dreidimensionale Wachstum von Enstatit gefordert. 
Die vorliegenden Resultate unterstiitzen die topotaktischen Verwandtschaften zwischen ChrysotiI und 
Forsterit, welche durch Rontgenanalyse gefunden wurden, obwohl etliche Grade Unterschiede exis
tieren konnen, wenn die Phasen mikroskopisch untersucht werden. Beweise, welche ein topotaktisches 
Wachstum zwischen Forsterit und Enstatit vorschlagen, wurde auch erhalten. 

Resume-La transformation thermale de chrysotile du District d'Urau~u, etat de Goias, Brezil, chaufee 
sous des conditions seches , de 6000C a t300°C, a He etudiee par microscopie electronique a haute 
resolution et par diffraction electronique de regions selectionnees (SAD). Aucun changement morpho
logique ou de cliches SAD n'a ete observe jusqu'a 600"C. A 600"C, les fibrilles etaient encore cristal
lines avec les caracteristiques de clinochrysotiIe. De plus, un nouveau systeme de franges d'espacements 
1(}"15 A a apparu sporadiquement, parallele aux franges 7,3 A de chrysotile. Les regions de ces 
franges nouvelles semblent constituer des sites favorables pour la nucleation de forsterite . A 650"C, 
des nuclei de forsterite apparaissent a I'interieur des fibrilles quasi amorphes en la forme de plaques 
constituees de cristallites floconneuses . A 7000C la structure de chrysotile avait disparu, les nouvelles 
taches presentes dans le cliche SAD etaient classees comme etant celles de forsterite. Entre 800-9OO"C, 
la cristallinite des plaques etait clairement demontree. Des relations topotactiques entre la chrysotile 
et la forsterite ont ete analysees a partir des images du reseau cristallin dans les plaques. A l000"C, 
de tres petits grains d'enstatite ont ete formes, melanges avec les grains de forsterite. Le cliche SAD 
est complexe a cause de la coexistence de forsterite, d'enstatite et de regions amorphes riches en 
silice. De IIOO°C a 1300°C, la croissance en 3 dimensions d'enstatite a ete promue. A present, les 
resultats soutiennent les relations topotactiques entre la chrysotile et la forsterite trollvees par analyse 
aux rayons-X, quoique des differences jusqu'a plusieurs degres peuvent exister lorsque les phases sont 
observees au microscope. Certaines preuves suggerant une croissance topotactique entre la forsterite 
et I' enstatite ont aussi ele obtenues. 
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