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X-ray single crystal and powder methods have been applied to a study of the thermal
transformation of all the known crystal structure varieties of serpentine to forsterite. Di-
rectional and dimensional relations are established between the serpentine and forsterite

structures. Evidence is also obtained for some degree of ordering during the transition

process which appears to be related to the structural and chemical characteristics of the

initial mineral.

Iwrnonucrrox

The transformation of serpentine minerals to forsterite (or olivine)
by heating in air has been studied many times in the past when the main
objectives were identification of the products formed (see for example
Hargreaves and Taylor, 1946) and the determination of the thermal
changes accompanying the process. l\4ore detailed structural studies by
Aruja (1943) and by Hey and Bannister (194S) on the transformation of
chrysotile fi.bres showed certain orientational relations between the
initial and final materials. A similar study by Brindley and Ali (1949)

of the transformation of chlorite to olivine established relations between
the initial and final unit cells, and plausible suggestions were made re-
garding the mechanism of the transformation. Similar methods have now
been applied to the transformations of all the known crystal-structural
varieties of serpentines. The detailed work in recent years by Whittaker,
Zussman, Jagodzinski and Kunze, Brindley and others on the structural
varieties of the serpentines makes it opportune now to examine their
transf ormation characteristics.

Although the present studies are concerned with dry heating condi-
tions, the results obtained from hydrothermal methods may have some
relevance, particularly if a water vapor atmosphere is trapped in the
material at or near the transformation temperature. Bowen and Tuttle
(1949) studied pure synthetic magnesian chrysotile and obtained for-
sterite and talc as reaction products at 500-530o C. and over a wide range
of water vapor pressures. Nelson and Roy (1954 and private discussion)
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applied both hydrothermal and dry heat treatments at about 590o C.
to natural chrysotile and antigorite, and to various synthetic materials
ranging in composition from pure serpentine, through chlorite, to ame-
site. Among other results, they found that antigorite transforms hydro-
thermally to talc, forsterite and chlorite, but chrysotile in general gives
only talc and forsterite. Under appropriate dry heating conditions, they
found a broad reflection corresponding to a spacing of about 13.5-14 A
was developed which they considered '(may be due to some intermediate
metastable arrangement." The formation of chlorite from antigorite but
not generally from chrysotile may be correlated with the somewhat
greater content of aluminum and other trivalent ions in antieorite than
in chrysotiles.

ExppnrupNrer, Mrrnoos aNo SpBctMENS UsED

Specimens have been used which were previously studied by Zussman,
Brindley and Comer (1957) by r-ray and electron diffraction methods
and with the electron microscope. They are as follows:

ftt) Sittv chrysotile fibres (Transvaal) 85/6 clino-chrysotile, 15lo
Chrysotiles i ortho-chrysotile

[{21 Spti.rt"ry clino-chrysotile (Zetrnatt)

6-layer ortho- 1(3) fUussive green serpentine (Unst, Shetland Isles)
serpentines l(4) Fibrous blue-green serpentine (Unst, Shetland Isles)

Lizardites t-tayer 1(5) Massive green serpentine (Snarum, Norway)
ortho-serpentine l(6) White platy serpentine (Kennack Cove, Cornwall)

Antigorites 1{7) fiftoor antigorite (Shipton, euebec)
(long a spacing)t(8) Platy antigorite (Glen Urquhart, Scotland)

Chemical analyses of some of these minerals and of several other
specimens examined in the previous work are listed in an appendix to this
paper.

The materials were finely powdered, heated in air in a muffie furnace,
and kept at successively higher temperatures for periods of 12 hrs. each.
Before the initial heating and after cooling from each of the temperatures,
500, 550, 575, 600, 625, 650,700, 750 and 800o C., diffractometer traces
were obtained with standard Norelco r-ray equipment. Fibre and single
crystal diagrams were recorded for specimens !, 2, 4, 6 and 7 using a
unicam single-crystal goniometer. The specimens were maintained suc-
cessively at various temperatures for periods between 6 and, 12 hours.

Rrsur,rs

(a) X-ray powder d,ata

fn view of previous descriptions by Whittaker and Zussman (1956)
it suffices to state the results for the unheated specimens very briefly.
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Reflections of general type hkl are rare except for antigorites, minerals

characterized by the Iong'o' parameter (Zussman, Brindley and Comer,

1957).Lizardites (one-layer ortho structures) show a few weak reflections

of general type. These results indicate an absence of the three dimen-

sional regularity in most serpentines. Chrysotile exhibits complete order

with respect to [100] but none with respect to [010]. The most promi-

Frc. 1. Powder diffractometer traces for white, platy serpentine, Kennack Cove, Corn-

wall (lJayer ortho-serpentine). Trace for material heated to 500" C. shows indices of

serpentine reflections. On the 600o C. trace, F indicates a forsterite reflection.

nent reflections are h\l 's,001's, and hk}'s (or Zfr bands), the latter hav-
ing profiles related to the supposed cylindrical or curved nature of the
lattice.

Table 1 summarizes the changes observed in the *-ray powder patterns
after successive heatings and Fig. 1 shows typical diffractometer traces
for specimen 6, platy lizardite. No exact significance attaches to the tem-
peratures listed in Table f, since in solid state reactions of this type time
and temperature are interdependent factors, while other conditions such
as grain size, mode of packing, etc., also influence reaction rates.

The following sequence of events is revealed by the r-ray powder data:

Degees 2 e
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The weakening of h\l, together with any hkl reflections there may be, cor-

responds to a disruption of stacking order. The weakening and broaden-

ing of hk bands indicate disintegration of the layer network into ever

smaller ordered regions. The development of a broad reflection at low

angles, about 20:6o for CuKa radiation, corresponding to a spacing of

about 14 A, was previously noted by Nelson and Roy (1954). The subse-

quent behavior of this peak, see Table 2, varies for different specimens,

remaining largely constant for specimens 1-4, and perhaps also for speci-

men 5, but diminishing down to about 10 A for antigorites and platy

lizardite, specimens 6,7 and 8 (c.f . Fig. 1).
At about 575-600' C., forsterite peaks are observed and this is fol-

lowed by complete disappearance of the serpentine pattern. For speci-

mens Nos. 3 and 5, both of which are massive, the serpentine peaks van-

ished before forsterite appeared. This is probably the result of a very

fine-grained texture, rather than of any structural features. In the final

stage of the transformation, the low-angle reflection in the 10-14 A spac-

ing range and the forsterite pattern remain superimposed on the scatter-

ing band of an amorphous product.

(b) Single crystal r-ray di'agrams

These are important for the evidence they provide of orientation rela-

tions between the initial and final stages of the transformation, and also

for additional evidence bearing on the transitional stage itself.

For silky chrysotile, specimen No. 1, results similar to those of Aruja

(1943) and of Hey and Bannister (1948) are obtained, confirming that

after heating to 600o C. spots and short powder arcs are produced belong-

ing to the patterns of forsterite crystalsx which have [010]r and [013]r
approximately parallel to the original fibre axis [100]s. Layer lines from

[010]r crystals were superimposed upon even-order layer lines from

[013]r, but spots belonging to the [010]r orientation were identified by

measurement of { values. AIso the following features additionai to those

previously reported, were noted:
(i) A few weak spots were observed suggesting the presence of crystals

with orientation [001]r parallel to [100]s.
(li) hk streaks which extended along layer lines persisted Iater than

other serpentine reflections as diffuse scattering areas, having lost their

"tails" and spread in the direction normal to the layer lines.
(iii) Near the center of the film is a region of scattering corresponding

to a spacing greater than 14 A which is confined to the zero layer line.

* Subscripts F and S are used henceforth for indices relerring to forsterite and serpen-
tine cells respectively.
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This is related to the broad, low-angle peak seen in the powder traces and
shows the latter to be 001 or an 0fr1 reflection.

The splintery and fibrous specimens, Nos. 2 and 4, also with [100]s
along their length, yielded forsterite crystals with orientations as for
specimen 1, but their diffraction patterns were less clear owing to the
large range of misalignment present at all stages.

Fibrous antigorite (picrolite), specimen No. 7, is poorly oriented with
fibre axis [010]s and on heating transforms to forsterite crystals of which
most have [001]F, but some have [011]r, parallel to [010]s. These orienta-
tions are approximately perpendicular to those produced from serpen-
tines with [100]s as fibre axis.

Single crystals of white platy lizardite (specimen No. 6) yielded oscil-
lation and rotation photographs which showed reflections of forsterite
after heating to 580" c. After 600o c., the serpentine reflections had dis-
appeared except for hk bands which are seen as difiuse streaks in Fig.
2(o). Spots and arcs in this figure are mainly from forsterite with [001]p
parallel to [010]9. Above 650o C. other diffuse areas appeared on layer
lines corresponding to a repeat distance of about 18 A; these are seen in
Fig. 2(b). They became stronger on further heating and could be indexed
using a cell similar to that of serpentine but with double its 6-axis. Evi-
dence for this diffuse scattering was also seen in the diffractometer traces
of powdered lizardite (see Fig. 1, traces at 6000 and 650o C.). In rotation
photographs about [100]s some of the diffuse reflections were of the type
which would be absent from serpentine through the face-centering of its
Iattice.

The rotation diagrams showed the forsterite to be strictly orientated
with respect to the original serpentine in the following way:

[010]r and [013]n parallel to [100]s,
[001]r and [011]r parallel to [010]s,

and by implication

[100]r is parallel to c*g.

These relations hold for all the serpentines examined in this work so
far as they can be evaluated from the *-ray data; limitations are imposed
when fibre diagrams only can be obtained.

rn addition the following relations hold between the unit ceil param-
eters:

2as-br and 2bs-z3cr.

Tnn RBr,q,rroNs Bnrwpnw ruB STnpBNTTNE AND
Fonsrpnrrn Stnucrunps

The serpentine minerals have layer structures, each layer comprising
one sheet of linked SIO tetrahedra and one sheet of Mg-O(OH) octa-
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Frc. 2. Rotation diagrams about the 6-axis of a single flake of specimen No. 6.
(a) Above. After heat treatment at 580" C.
(b) Below. After heat treatment at 800' C.

hedra; the overall composition is 1\{gaSizOa(OH)a. Forsterite, Mg2SiO4,
contains discrete SiOa tetrahedral groups joined by Mg-O octahedral
groups. Tilley (1948) suggested the following relation for the transforma-
tion of pure magnesian serpentine:

2MgaSiror(OH)r : 3MgsSiOr* SiOz*4HzO

The unit cell relations, 2ag:6r and 2bg:3cr, show that four cells in one
layer of serpentine transform to 3 cells in one layer of forsterite. The
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transformation can be considered layer by layer with the following atoms

involved:

4[2MgsSirOs(OH)a]: 3[4MgzSiOeJ +4SiOr+16HO
Unit cell content Unit cell content

of serpentine of forsterite

Fig. 3 suggests schematically the movement of atoms when the serpen-

tine structure containing three oxygen-hydroxyl sheets per layer col-

lapses to the forsterite structure containing two oyxgen sheets per unit of

--_\ 
:tl

-  -  -  -24M9 24{O)- "/ 
"it16(0) 8(Ol-0 l2Ms - -

3Si

24(O)
-t6si 

/.2 3si
-?-.4(ol

Serpenfine Forsleril€

Fro. 3. Schematic diagram showing transition from serpentine to forsterite. Numbers of
atoms given are contained in 4 unit cells of serpentine, and 3 unit cells of forsterite re-
spectively.

structure. It is evident that there must be considerable re-organization

of the Mg-O(OH) part of the serpentine layer when dehydration occurs'

accompanied by a collapse of the layer structure to the three-dimension-
ally coordinated forsterite structure.

It is supposed that the Si-O bonds in the serpentine structure remain

largely intact when the transformation takes place, although some must

be broken because (o) the continuously linked tetrahedra of serpentine

give place to separate tetrahedra in forsterite, and (6) some silica is dis-

carded if the chemical relation given above is correct'
Figs.4(o) and 4(6) show superpositions of the serpentine and forsterite

structures with the correct unit cell relations. For clarity only the tetra-

hedrally coordinated part of the serpentine layer is indicated by means

of broken lines; in any case, the Mg-O(OH) part suffers major reorganiza-
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Serpentine
(ietrohedrol loyer)
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Ftc.4. (a) Above. Relation between the forsterite structure and the tetrahedral part
of the serpentine structures as viewed along ap. Solid lines: edges of tetrahedra in forsterite.
Broken lines: hexagonal Si-O network in serpentine. Solid arrows: movements of oxygen
atoms. Dashed arrows: movements of silicon atoms.

(b) Below. Relation between forsterite and collapsed serpentine as seen along cr. Solid
lines: tetrahedra and Si-O bonds in forsterite. Broken lines: tetrahedral part of serpentine
structure.
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tion as previously explained. The tetrahedra of the forsterite structure
are heavily outlined, and the edges of the tetrahedra are shown in such a
manner as to distinguish between those pointing up and those pointing
down with respect to @F. A comparison of Figs. 4(o) and 4(b) makes these
orientations clear. In serpentine the tetrahedra all point in one direction
and the Si atoms lie at one level. However, one can see by comparison of

Figs. 3, 4(o) and 4(b), that some tetrahedra in serpentine require only a

small rotation to pass to the arrangement in forsterite, and in other cases
it is only necessary for the Si atoms to migrate to the other side of the

oxygen network. The collapse of the serpentine layer structure indicated
in Fig. 3 can be considered in relation to the structure shown in Fig. a(b).
The latter is essentially the structure of forsterite, and in consequence
the initial tetrahedral networks indicated by broken lines are shown closer

together than their true separation in serpentine.

TnB Tn.qNsrrroN Sreco

Additional evidence concerning the transition process is provided by

the low-angle reflection recorded in powder diagrams (see Table 2).

The salient features of this reflection are that it remains relatively sta-

tionary and fairly sharp at about 14-15 A for specimens 1-4. These are

essentially 2-layer structures, and chemically appear to be among the
purer magnesian silicates. (The material showing the 6-layer character-

istics may contain a large proportion of. 2-layer type material, or the 6-

layer structure may not be very different from a 2-layer structure; the

reflections which indicate the 6-layer character are all weak and are few in

number.) The low-angle reflection shows a progressive shift from about

14 A down to about 10 A, for specimens 6,7 and 8; these are essentially
l-layer structures and chemically they are richer in RrOg than specimens
1-4. These reflections are broader and would be interpreted generally as

arising from a variable mixed-layer sequence. A priori, it is difficult to

decide whether the structural or the chemical aspect or both of the orig-

inal minerals is to be associated with the long spacing developed transi-

tionally by the heat treatment.
In the first place it may be supposed that the two-layer structural

character of specimens 1-4 imposes a corresponding regularity on the

transformation product, giving rise to a 2X7 .3:14.6 A periodicity. The

possibility of a chlorite-like material is also suggested by a 14 A spacing

but several arguments point against this. In the first place, chlorites sel-

dom if ever give a spacing greater than 14.3 A whereas the observed

spacing ranges mainly from about 14.5-15.0 A. Chlorites normally con-

tain appreciable R:Oa components, but specimens 1-4 are among the

purer magnesian serpentines. The hydrothernal experiments of Bowen

and Tuttle (1949) showed no development of chlorite from pure magne-
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sian serpentine. It is tempting but perhaps misleading to refer also to the
observation by Hill (1955), examined in more detail by Roy and Brindley
(1956), that a similar transitional 14 A reflection can be obtained by
heating the aluminian silicate, dickite, which also has a two-layer struc-
ture. Here, however, the dehydrated phase (metadickite) probably re-
tains the whole of the silica and alumina of the original mineral. Hill
(1956) has advanced certain hypotheses concerning the 14 A reflection
from dickite based on a new linkage of the type AI-O-Si between the
layers, but it still remains difficult to see how this accounts for the 14 A
reflection, and it is equally difficult in the magnesian case.

While no certain proof can be founded on a single observation, we are
inclined to the view that the nearly stationary 14 A reflection from speci-
mens 1-4 arises in some as yet unknown way from the 2-layer type of
structure. It could perhaps arise from a concentration of the discarded
silica in sheets t4 A apait i.e., we may visualize two serpentine layers
transforming to two forsterite layers plus one layer of silica. As heating
progresses, silica migrates out from these interlayer positions allowing the
forsterite sheets to come together; the powder diagrams do, in fact, sug-
gest that the forsterite pattern grows in intensity as the 14 A reflection
diminishes. It is perhaps also significant that the transition to forsterite
occurs at a somewhat lower temperature for the two-layer structures as
compared with specimens 7 and 8, but evidence of this kind has to be
accepted very cautiously because solid state reactivity depends on many
factors. The observed wide band of scattering may arise from amorphous
SiOz.

The second case to be considered is that of the lJayer serpentines
which show the low-angle reflection moving from 14 A to about 10 A.
The RzOa content of these specimens is favorable to the formation of a
considerable number of chloritelike layers and moreover only very small
amounts of AlzOs are acceptable in the olivine structure. Roy and Roy
(1955) have already discussed the formation of chlorite layers from alu-
minian serpentines while Nelson and Roy (1954) have shown the hydro-
thermal development of chlorites from such serpentines. The broad char-
acter of the observed reflection and its movement towards 10 A at higher
temperatures points strongly to a mixed-layer sequence of roughly 14
and 10 A hyers. If, with the expulsion of water, the chlorite-like 14 A
units break down into pairs of forsterite units of thickness 2X4.73:9.56
A, then we have a simple mechanism by which 14 and 10 A units will
coexist in proportions varying with the heat-treatment. It may be re-
called that Brindley and Ali (1950) showed that chloritelike 14 A luy"r=
persisted after the partial dehydration of magnesian chlorites.

Additional evidence concerning the transition product of a l-layer
serpentine is obtained from the difiuse reflections seen in Fig. 2(b) which
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may be indexed using a cell with dimensions 3orXbr,X3cl" (14.28X10.20

Xl7 .97). Possible indices, with t and f values are given in Table 3.
If this indexing is more than fortuitous it suggests that these repeat

distances refer to the transformation product. Two of them are evident
in Fig. 4(o), namely bn-2as and 3cr=2bs.

Reflections 3, 6 and 7 are the strongest and are probably responsible
for the broad peak at about 20:29" seen in Fig. 1 (600" and 650").

TesLE 3. Drllusn Rnrr,BcrtoNs lnou a TneNslttoN PRonucr OerarNBo or.I
HnetrNo e Owa-Llvnn Srr.prrrrrn (Lrzeaprm)

hkt f calc. f obs.
( +.00s) I calc.

t obs.
( + .00s)

1 530
2 240
3 231
4 022
5 062
6 304
7 115
8 316

0.000
0.000
0.086
o . r7 l
0 .  1 7 1
0.343
0.429
0 .514

0.000
0.000
0.085
0 .  170
0.  170
0.340
0.430
0.  510

.705

.642

.502

.302

.906

.324

. 1 8 6

. J J /

.7 t0

. f f i

.500

.300

.905

.330

.200

.360

Comcr-usroNs

Serpentines transform to forsterite in the same general way as do
magnesian chlorites. Although the final transformation appears to be
the same or closely similar for all structural varieties of serpentines, the
transitional stage appears to depend on whether the initial minerals have
a two-layer or a one-layer type of structure; the six-layer type appears to
behave like the two-layer and it may have a predominantly two-layer
character. The two-layer serpentines behave similarly to the two-layer
aluminian silicate, dickite, giving a transitional product with a nearly
constant 14.5 A spacing, while the one-layer serpentines give a transi-
tional product with a spacing which diminishes from about 14 down to
10 A. A single crystal study of a one-layer serpentine showed a doubling
of the og and 6s parameters during the transition stage.
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AppcNorx

SprcrnocnAprrrc ANarvsrs or Soun SnnpnNrrNn Mrr'rnnlr-s

(Data supplied by Dr. F. L. Pundsack and Mr. Richard Wiley)

Silky Splintery Massive Fibrous Fibrous Platy

crysotile (1) cryrctile (2) Lizardite (5) Antigorite (7) Antigorite Antigorite

(Transvaal) (Zermatt) (Snarum) (Quebec) (Maryland) (Aatigorio)

SiOr 43+370
TiOr 0.001
Al"Or 0.09
CrrOr Dil
FerOa 0.82
Mnror o.o4
BrOr 0 04
MsO 44+370
Nio 0.004
CaO O.02
Na,O <0.05
K,O <0.10
vroo <0.01
Ignition loss

175'-1000' 13. 16

45+3To 44X3vo
0.001 0.003
c . 6 8  2 . 7  + O . 2
0 .05  0 .23

6 . 3 + 0 . 4  5 . 6 i 0 . 3
0 . 0 7  0 . 1 1

<0 .01  <0 .01
37X3vo 38+3vo

0 . 1 7  0 . 1 2
0 . c3  0 .09

<0.05 <0.05
<0 .10  <0 .10
<0 .01  <0 .01

10 .73  10 .33

43+ 37o
0.001
0 .07
nil

a  1 + n ,

0 . 0 5
0 . 0 4

43+ 37o
0.007
0 . 0 5

<0.05
< 0 . 1 0
< 0 . 0 1

12 83

41+ 3Vo
0.003
0 . 1 7
0.009

1 . 8 +  0 . 1
0 .009
0  1 1

45+ 37
o.o2
0 . 1 1

<0 .05
<0 .10
<0 .01

13 .35

43+ 3vo
0.009
o . 2 7
nil

3 . 1 tO .2
0 .09

<0 .01
42+ 3vo

0 .03
0.03

<0 .05
<0 .10
<0 .01

1 1 . 8 8

Wnt Crmurcel Ax.q.Lvsns ol SoME SBPnwrrNe MnreRAr,s

(e)(d)(c)(r)(a)

Silky Massive
chrysotile (1) serpentine (3)
(Transvaal) (Unst)

Platy
lizardite (6)
(Kennack)

Platy
antigorite
(Caracas)

Platy
antigorite
(Mikonui)

SiOg

Tio,
AlzOr
Cr"Or
FezOs
FeO
MnO
Nio
Mgo
CaO
NarO
KrO
H,O+
HrO-

41.33
o.o2
0.80

L . 2 9
0 . 0 8
0 . 0 4

41.39
trace

13.66
I  . 5 7

41.65
nil

0 . 1 0

2 . E 8
0 .  1 6
0 . 0 5

41.06
nil

1 3 .  1 0
1 . t 2

44.49
0 . 0 3
2 . 2 6

0 . 4 8

40.27
0.03

1 2 . 8 0

43.60
0 . 0 1
1 . 0 3
0 . 0 2
0 . 9 0
0 . 8 1
0.04
0 . 1 6

41.00
0 . 0 5
0 . 0 1
0 . 0 3

12.14
0.0E

43.45
o.o2
0 . 8 1
n.d.
0 . 8 8
0 . 6 9
nil

n.d.
41  .90

0.04
0.05
0 . 0 2

t 2 . 2 9
0 . 0 4

100.  18 r00.  12 100.36 99.92 100.19

Sources oI data

Analyst
(o) W. A. Deer
(D) O. von Knorring
(o) L. J. Laner
(d) L. C. Peek
(a) R. A. Howie
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