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Abstract--Serpentine- and talc-like gamierites described in Parts I and II were heated at various 
temperatures up to about 1000~ and after each treatment were cooled and examined by X-ray powder 
diffraction. The serpentine-like garnierites at about 550~ the temperature at which rapid dehydroxy- 
lation begins, formed a highly disordered phase. When the NiO content was low (approximately 
< 20 wt%), the disordered phase transformed directly to an olivine phase around 800~ but when the 
NiO content was higher, various transitional phases were formed before an olivine phase appeared 
around 1000~ A sepiolite-like phase was obtained with one sample around 800~ and several 
samples showed face-centered cubic modifications between 900 and 1000~ 

The talc-like garnierites with low NiO content formed an enstatite phase around 800~ directly 
following the dehydroxylation reaction, but with high NiO contents an olivine phase became increas- 
ingly prominent between 850 and 1000~ Identification of the mixed crystallizations possibly existing 
in the initial minerals is scarcely feasible on the basis of the products formed up to 1000~ 

INTRODUCTION 
THE THERMAL transformations of garnierite are of 
interest in themselves and for their potential use- 
fulness as a further method for studying the nature 
of the initial minerals, as emphasized by Vitovskaya 
and Berkhin (1968, 1970). It has been shown in 
Parts I and II* that many garnierites appear to be 
defective structures, and possibly exist as intimate 
mixtures of serpentine- and talc-like components. 
If  these components transform at appropriate 
temperatures independently and in characteristic 
ways, then the results may shed light on the nature 
of the initial minerals. 

The phase relations in the MgO-NiO-SiO2 
system have been been studied at 1400~ by 
Campbell and Roeder (1968) and their diagram on 
a mole percentage basis is given later, (see Fig. 6). 
The results of the present study can be compared 
only approximately with those of Campbell and 
Roeder because of the presence of other oxides, 
particularly A1203 and Fe203, in the natural mater- 
ials and also because of the lower temperatures 
used. The ternary diagram shows that Ni replaces 
Mg in the enstatite phase only to a small extent, 
corresponding at the most to about 7 mole percent 

NiO, but replaces Mg in all proportions in the 
olivine phase. 

At temperatures sufficiently high for equilibrium 
to be established, serpertine and talc minerals 
transforms as follows: 

Mg3 Si20~ (OH4) ~ Mg2 SiO4 + Mg SiO3 + 2H20. 
serpentine olivine enstatite (1) 

Mg3 Si4 O10 (OH)2 ~ 3Mg SiO3 + SiOz + HeO. (2) 
talc enstatite 

Up to about 900~ however, serpentine forms 
mainly olivine in considerably greater amount than 
according to (1), and follows almost quantitatively 
the reaction, (Brindley and Hayami, 1964, 1965): 

Mg3 Si2 05 (OH)4 --~ (3/2) Mg2SiO4 
+ (1/2) S iOz+2H20.  (3) 

The expected reactions for Ni-containing 
minerals can be summarized in the following 
tabulation: 

7A-type, 10 A-type, 
serpentine-like talc-like 

garnierite garnierite 

*Part I, by G. W. Brindley and Pham Thi Hang, 
discusses X-ray diffraction data, chemical analyses, 
thermogravimetric data, and color characteristics; Part II 
by N. Uyeda, Pham Thi Hang and G. W. Brindley dis- 
cusses electron optical data. These will be referred to 
respectively as Part I and Part If. 
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Low NiO Mainly olivine phase Enstatite 
content (equation 3), but possibly phase 

some enstatite (equation 2) 
(equation 2) 

High NiO Olivine phase (equation Olivine phase 
content 3 and phase diagram) (phase diagram) 
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If  the initial minerals  are mixtures,  the phase 
deve lopmen t  will depend  also on the distr ibution 
of  nickel  be tween  the components ,  provided  they 
t ransform individually.  

The  exper imenta l  results will be considered in 
relat ion to this tabulation. 

EXPERIMENTAL RESULTS 
Garnier i te  samples already descr ibed in Parts 

I and I I  were  hea ted  in air in small plat inum cruc- 
ibles for periods of  about  3 hr success ively  at the 
fol lowing tempera tures :  110, 250, 550, 600, 800, 
850, 900, 950 and 1000~ and after each  heating 
were  cooled  in air and examined by X-ray  diffrac- 
tion, (filtered C u K a  radiation, 1 ~ recording 
rate,  2 - 6 4  ~ 20). 

T h e  results are summar ized  in Tables  1 and 2, 
and il lustrated in Figs.  1-5. F igure  6 reporduces  
the equil ibrium diagram obtained at t400~ by 
Campbel l  and R o e d e r  (1968), redrawn on a mole 
per  cent  basis, and sample composi t ions  are 
plot ted from the data  in Par t  I, Tables  1 and 2, 
with ( M g + 3 / 2 R 3 + ) O  used in place of  MgO, 
F o r  the most  part it makes  little difference whether  
the small  proport ions of  R 3+ ions are taken into 
account  or  ignored. 

DISCUSSION 

Serpentine-like, 7.~-type garnierites 
The  results,  summarized in Table  1 and illu- 

strated in Figs. 1, 2 and 3, show the following 
main characterist ics:  A disordered phase exists 
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Fig. 1. Diffractometer patterns for sample MN6, 4.4 wt % NiO, after heating at (a) 
110~ (b) 600~ (c) 800~ CuK~ radiation. Q = quartz, O = olivine, E = enstatite. 

Table 1. Summary of thermal transformations of 7 A-type garnierites 

Composition 
Wt % point in Temp. Diffraction 

Sample NiO Fig. 6 (~ X-ray diffraction data patterns 

MN6 4-4 1, * 
HMC5 18.6 3, * 
Analytical data, 

Part I, Table 1 

600 Disordered phase formed; hk diffraction bands, 
Broad peak - 6 ~ (20), 14-15 A. 

800 Mainly olivine phase, minor enstatite 
1025 Mainly olivine, minor enstatite 

Fig. 1 

Serbia 2 - 27 

Estimated NiO, 
Part 1, Table 3 

500 Disordered phase formed 
Broad peak - 6~ 14-15 

800 Sepiolite-like phase formed 
Prominent peak - 7.5~ 12 

1000 Face-centered cubic pattern 
Longer heating gives slow development of 
olivine phase 

Fig. 2 

Kambalda - 42 
New Caledonia 

49.3 
Analytical data, 

Part I, Tables 1, 3 

4, * 

550 Disordered phase formed 
850 Face-centered cubic phase, very broad peaks 

950 FCC phase clearer; olivine appears 
1025 Clear olivine pattern 

Fig. 3 
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Fig. 2. Diffractometer pat terns for sample Serbia 2, 27 w t %  NiO estimated, after 
heating at (a) 800~ (b) 1000"(2; C u K a  radiation. S = sepiolite, F C C  = face-centered 

cubic (see text). 
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Fig. 3. Diffractometer patterns of  a garnierite sample from New Caledonia, 49-3 wt % 
NiO, after heating at (a) 800~ (b) 950~ (c) 1025~ Sp = possible spinel reflection or 

unusually strong olivine reflection, O = olivine, F C C  = face-centered cubic (see text). 

/ 
\ . . . / ' , , I  ",., o .,.,,. I / '~", ,  I I 1 . ,  I 

I I 

, I  I I I I . / |  

I I ~  I A '  " I I I J 

10 20 30 40 50 60 
2~, degrees 

Fig. 4. Diffractometer patterns of a garnierite sample from N. Carolina, 5.5 wt % NiO,  
(a) at room temperature, (b) after 200~ (c) after 800~ Q = quartz, E = enstatite. 
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Fig. 5. Diffractometer patterns of samples (a) RO3A, (b) RO24, (c) GUS, after heat 

treatment at 1000~ CuKa radiation. Q = quartz, E = enstatite, O = olivine. 
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Fig. 6. Equilibrium diagram of MgO-NiO-SiO2 system at 1400~ after Campbell and 
Roeder (1968), re-drawn on a mole percentage basis. 

Garnierite composition points marked * for 7 A-type and O for 10 ,~-type. Numbers 
attached to composition points are explained in Tables 1 and 2. Analytical data plotted 
with (Mg + 3/2 R 3+) in place of Mg. 

Heating products at about 1000~ indicated by E, O for major enstatite-, major 
olivine-type products, and e, o for minor enstatite-, minor olivine-type products. 

The scales x(S) and x(T) are described in the text. 

be tween  550 and 800~ With the lower  N i O  
contents ,  (less than about  20 wt % NiO) ,  a trans- 
format ion to ol ivine occurs  around 800~ together  
with a minor  amount  of  enstatite. With higher  N i O  
contents ,  ol ivine is not  clearly seen until around 
1000~ and be tween  800 ~ and 1000~ transi- 
t ional phases  are observed,  including in one  case a 
sepiolite-like structure,  and in three cases a face- 
centered  cubic structure,  with cubic parameter  
a ~ 4.19 A, which is close to the values 4-213 
for M g O  and 4-178 ,~ for NiO.  In one case, a reflec- 

tion f rom a spinel-type structure may  occur. The  
high- temperature  phases,  mainly olivine,  are in 
accordance  with the expec ted  react ions,  (see also 
Fig. 6). 

Talc-like, l O,4-type garnierites 
The  results,  summarized in Table  2 and illu- 

s trated in Figs. 4 and 5, show that  little change 
occurs  in the diffraction patterns until the  tempera- 
ture reaches  700-800~ In this respect ,  the talc- 
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Table 2. Summary of thermal transformations of 10 A-type garnierites 
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Wt % 
Sample NiO 

Composition 
Point in Temp. 

Fig. 6 ~ X-ray diffraction data 

/3-kerolite 0.26 
N. Carolina 5.5 
Analytical data, 

Part I, Table 2 

1 ,0  
2 , 0  

20- Initial pattern, with little change 
700 
800- Enstatite phase 

1000 
Fig. 4 

Serbia 206 - 25 
Serbia 201 - 39 
Analytical data, 

Part I, Table 3 

20- Initial pattern, with little change 
7OO 
800- Enstatite phase, with trace of 

1000 olivine phase 

RO24 19.6 5, O 
RO3A 20.8 6, O 
GUS 31.5 7, O 
Analytical data, 

Part, Table 2 

20- Initial pattern, with little change 
800 
850 Enstatite, with minor olivine 

1000 Olivine, with minor enstatite 
Fig. 5 

like garnierites differ from the serpentine-like 
forms in that a highly disordered phase extending 
over 200-250~ is not observed. Vitovskaya and 
Berkhin (1970) also made this observation. For 
low NiO contents, 0.26 and 5.5 wt %, an enstatite 
phase is obtained from 800-1000~ without 
the appearance of olivine. For  higher NiO contents, 
the results are somewhat conflicting. Two samples 
with estimated NiO contents of 25 and 39 wt % 
(full analyses of these samples were not made 
because of quartz impurities, and they are not 
represented in Fig. 6) gave mainly enstatite, with 
minor olivine in the range 800-1000~ Three 
samples with NiO contents 19.6, 20.8 and 31.5 
wt % also gave mainly enstatite and minor olivine 
at around 850~ but major olivine and minor 
enstatite at around 1000~ 

These results are shown in the equilibrium dia- 
gram given in Figure 6. Enstantite as the main 
product with low NiO contents is the anticipated 
result. With higher NiO contents, the formation 
of olivine as the main product at 1000~ is in 
accordance with the equilibrium relations. The 
prior appearance of an enstatite phase probably 
represents an unstable product derived from the 
initial talc-like structure. 

Identification based on products formed up to 
1000~ 

The present authors consider that the high 
temperature phases, particularly in the tempera- 
ture range 800-1000~ must be interpreted 
cautiously as regards their relation to the structural- 
chemical characteristics of the initial minerals. 

A readily formed enstatite phase appears to be a 
clear indication of a low NiO content, talc-like 

form of garnierite. Vitovskaya and Berkhin 
(1968, 1970) drew a similar conclusion, though 
they used the term kerolite rather than garnierite. 
A minor amount of enstatite is difficult to inter- 
pret; it could arise either from a small proportion of 
a low NiO, talc-like form, or from a serpentine- 
like form transforming partly according to equation 
(1) rather than according to equation (3). 

An olivine phase may develop in two ways. It is 
the normal major product from a serpentine-like 
garnierite up to about 1000~ It also arises 
from high NiO, talc-like garnierites changing to- 
wards the equilibrium assemblage with olivine as 
the major product. 

In Parts I and II of this study, it has been shown 
on the basis of chemical analyses and high-magni- 
fication electron micrographs that garnierites 
appear to be mixed crystallizations. It is of interest 
to consider these results in relation to the thermal 
transformation products. In Part I, the proportions 
of serpentine-like and talc-like components were 
calculated from the octahedral/tetrahedral cation 
ratios by assuming normal compositions for the 
components. Figure 6 shows two scales, marked 
x (S) and x(T) ,  by which these proportions can be 
read directly from the position of a composition 
point in the triangular diagram. Thus, scale x(S) 
gives the proportion of serpentine-like layers in a 
dominantly talc-type garnierite, and scale x(T) the 
proportion of talc-like layers in a dominantly 
serpentine-like garnierite. However, whether these 
proportions exist as discrete phases, as interstrati- 
fled layers, as defect structures, or as combinations 
for these possibilities, is very difficult to decide. 

Among the serpentine-like garnierites, marked 
* in Fig. 6, point 3 (sample HMC5) has the highest 
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calculated proportion of talc-like layers, 24 per 
cent. This sample shows minor enstatite at 1000~ 
and this conceivably could have originated from a 
talc-like component. Among the talc-like gar- 
nierites, marked O in Fig. 6, numbers 5 and 7 have 
the highest calculated proportions of serpentine 
layers, respectively 36 and 27 per cent and these 
samples show prominent olivine at 1000~ 
Admittedly olivine is expected in this area of the 
equilibrium diagram, but it is conceivable that the 
observed olivine originates in part from the 
apparently high proportions of serpentine-type 
layers. 

Evidently it is very difficult to draw firm con- 
clusions regarding the nature of particular gar- 
nierite samples from considerations of the thermal 
transformation products at 1000~ except when an 
enstatite phase alone appears. 

The transitional phases 
The 7A-type garnierites yielded particularly 

interesting results, in  all cases, the initial structures 
became highly disordered around 550-600~ 
when rapid loss of weight by dehydroxylation 
occurs (see Part I, Fig. 6a). Samples with the 
lowest NiO contents (MN6, 4.4; HMC5, 18.6 per- 
cent) transformed around 800~ into major olivine 
and minor enstatite. With greater NiO content, 
sample Serbia 2 (27 per cent NiO estimated) 
formed a sepiolite-like phase followed by a face- 
centered cubic phase before yielding mainly olivine 
around 1000~ With high NiO content, samples 
from Kambalda and New Caledonia (respectively 
43, 49 per cent NiO) gave a face-centered cubic 
phase around 850-950~ and mainly olivine near 
1000~ 

The crystal structure of olivine approximates a 
hexagonal close-packed, (H.C.P.), oxygen anion 
arrangement. The structural transformation to the 
H.C.P. arrangement proceeded directly from the 
disordered dehydroxylate phase when the NiO 
content was small, but with more than 20 wt % 
NiO, a cubic close-packed (C.C.P.) anion arrange- 
ment formed in the temperature range 850-950~ 
Presumably the difficulty of the conversion of the 
C.C.P. to the H.C.P. arrangement retarded the 
appearance of the olivine phase. 

The formation of a sepiolite-like phase by sample 
Serbia 2, best developed at around 800~ is an 
extraordinary result. It was indicated first by the 
formation of a diffraction peak (spacing) at around 
12-13 A, followed by all the more-clearly seen 
peaks of the normal sepiolite pattern. A similar 
low-angle peak has been observed in the thermal 
transformations of serpentine minerals (Nelson and 
Roy, 1954; Brindley and Zussman, 1957) mainly 

around 575-650~ and the spacing ranged from 
about 15 A -  11 A for different mineral specimens. 
The aluminum silicate, dickite, a two-layer, mono- 
clinic member of the kaolinite mineral group, also 
has given a transitional 14A spacing (Hill, 1955, 
1956; Roy and Brindley, 1956). None of these 
results is yet satisfactorily explained. The present 
example is the first in which a sepiolite crystalliza- 
tion has been seen. The existence ofa Ni-containing 
sepiolite is already known (Hotz, 1964; especially 
385-387), but this provides no explanation for the 
present result because no trace of sepiolite appears 
in the X-ray pattern of the initial mineral. The most 
that can be said at present is that these transitional 
phases represent ordered or semi-ordered stages 
in the process of structural re-organization. 
Vitovskaya and Berkhin (1970) remarked on the 
formation of a long spacing of about 22 A when a 
7A,-type garnierite, 48 per cent NiO, was heated 
in the range 550-650~ but gave no explanation; 
no similar observation has been made in the present 
studies. 

CONCLUSIONS 
Serpentine-like and talc-like forms of garnierite 

transform at 800-1000~ largely according to 
their NiO content. With low NiO content, serpen- 
tine-like garnierites transform mainly to an olivine 
phase, and talc-like garnierites transform to an 
enstatite phase. With high NiO content, both 
forms of garnierite transform mainly to an olivine 
phase, though the talc-like form may give transi- 
tionally an enstatite phase. The use of these results 
to identify mixed crystallizations in the initial 
minerals is a very uncertain procedure. 

Whereas serpentine-like garnierites give a 200- 
250~ temperature range in which a highly dis- 
ordered phase appears accompanying the dehydro- 
xylation reaction, talc-like garnierites transform 
at around 800~ to enstatite, or to olivine through 
transitional enstatite. 
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R6sum6- Les garni&ites du type talc et serpentine d6crites dans les parties I e t  II ont 6t6 chauff6es ~t 
diffdrentes temp6ratures jusqu'~t 1000~ environ, et apr6s chaque traitement ont 6t6 refroidies et exam- 
in6es en diffraction X par diagramme de poudre. Les garni6rites du type serpentine forment une phase 
hautement d6sordonn6e /~ 550~ temp6rature ~t laquelle une d6shydroxy/ation rapide commence. 
Pour de basses teneurs en NiO (environ moins de 20 pour cent en poids) la phase d6sordonn6e se trans- 
forme directement en une phase olivine autour de 800~ mais, pour des teneurs en NiO plus 61ev6es, 
diverses phases de transition se forment avant que n'apparaisse vers 1000~ une phase olivine. Une 
phase du type s6piolite a 6t6 obtenue avec un 6chantillon vers 800~ et plusieurs 6chantillons ont 
montr6 des modifications du type cubique face centr6e entre 900 et 1000~ 

Les garni6rites du type talc avec de basses teneurs en NiO donnent une phase enstatite vers 800~ 
qui suit imm6diatement la r6action de d6shydroxylation, mais pour les fortes teneurs en NiO, une 
phase olivine devient de plus en plus importante entre 850 et 1000~ L'identification de cristallisa- 
tions mixtes existant 6ventuellement dans les min6raux de d6part est tr6s difficile ~t faire sur la base des 
produits form6s en chauffant jusqu"h 1000~ 

Kurzreferat-  Die in den Teilen 1 und 2 beschriebenen serpentin- und talkartigen Garnieriten wurden 
auf verschiedene Temperaturen bis etwa 1000~ erhitzt und nach jeder Behandlung abgekiihlt und in 
pulverf/Srmigem Zustand nach dem R6ntgenbeugungsverfahren untersucht. Die serpentinartigen 
Garnieriten bildeten bei etwa 550~ wenn schnelle Dehydroxylation einsetzt, eine auBerordentlich 
unregelmhBige Phase. Wenn der Gehalt an NiO gering war (etwa 20 Gew.-per cent) verwandelte 
sich diese Phase bei einer Temperatur von etwa 800~ unmittelbar in eine Olivinphase, doch bei 
h6herem NiO Gehalt entstanden verschiedene Ubergangsphasen, bevor bei etwa 1000~ eine Olivin- 
phase auftrat. Bei einer Probe wurde im Bereich von 800~ eine sepiolitartige Phase erzielt, und 
mehrere Proben wiesen zwischen 900 ~ und 1000~ wiirfelige Moditikationen an der Oberfl~iche auf. 

Die talkartigen Garnieriten mit geringem NiO Gehalt bildeten eine Enstatitphase im Bereiche von 
800~ unmittelbar nach der Dehydroxylationsreaktion, doch bei hohem NiO Gehalt trat zwischen 
850 ~ und 1000~ in immer h6herem BaBe eine Olivinphase in Erscheinung. Identifizierung der gemisch- 
ten Kristallformen, die in den Ausgangsmineralien bestehen m/Sgen, ist aufgrund der bis 1000~ 
gebildeten Produkte kaum durchfiihrbar, 

P e 3 m M e -  CepnertTHrto- H TaabKoo6pa3HbIe rapnHepnTbi, OnHCaHrIbie B ~IaCT~IX I n II narpeBanncb 
npn pa3nHqnb~x TeMrIepaTypax npn6JIn3nTeIIbHO no 1000~ i~ nocJie Ka~no.~ nepepa60TKa oxna~na- 
JlaCl~ n nccnenoBaslnCl, peHTreHoBcKo~ nHqbpaKn~e~ na ilopomKe. Hp~ Harpese no 550~ I~orna 
Ha~innaeTca 6blCTpan rHnpoKcnJInLI~n cepnenTHHOo6pa3nbLe rapnnepnTbi o6pa3oBanH onem, 6ec- 
nopano~nym qba3y. FIpn nn3KoM conepx~aHnn NiO (npn6aH3HTenbno 20 Bec ~) ,  6ecnop~nonHan 
qba3a nocne narpeBa no 800~ npH6aH3Hxent,HO Menanac~, neliocpe~cTBenHo B OJlnB~HO~yIO qba3y, 
no I~orna conep~aHne NiO 6bl~O 6onee BbICOKNM, nepen noaBneHneM onnBnnoBo~ qbaaL~ npn 
narpeBanaa no 1000~ npn6nr~3nTem, no qbopMoBanncb pa3nr~um, ie aepexonnb~e t~a3~,~. C onno~ 
npo6o~ no~yunnH cennonnToo6pa3nym d~a3y npa narpeBe no 800~ npa6nn3nTem,no, a na pa3nr,~x 
o6pa3ttax 3aMerrInn ~y6naec~ne n3Menennn ~ UenTpy noBepxnocTr~ npn 900~176 

Tam, xoo6pa3m,~e rapnnepaT~,~ c nnaxnM conep~aaaeM NiO qbopMHpy~oT 3nCTaTnTnym qba3y npn 
800~ npH6aH3nTen~,no nenocpencTBenno nocae pea~cunn ~ernnpoKcnnnunn, no npn m,~CO~OM 
co~ep~aHnn NiO onnBnaoBa~ qba3a cTanOBnXCa 6oaee 3aMeTno~ npr~ narpeBannn no 850~176 
FI~enTnqbg~ai~nn cMemannofi ~pncxannn3ai~nn, no ~ce~ BepoaTnOCTn, cymecTBy~ome~ B Hcxo~nblX 
Mnnepanax nOrTh ~TO neBO3MOXHa na ocnoBannn nponyrToa qbopMy~omnxcn npa narpeaarmn 
no IO00~ 


