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DTA, TG, X-ray diffraction, infrared and Mossbauer studies of the thermal 
transformations of ferric and ferroan nontronites in air, argon and hydrogen/nitrogen 
have in all cases shown a continuity between reactant, intermediate and product 
phases. The nature of the intermediate and product phases is determined by the 
ferrous/ferric ratio of the starting material and, towards the end of dehydroxylation, 
by the redox potential of the reaction atmosphere_ The major products can include 
hematite, magnetite, fayalite, ferrosilite, iron metal and a siliceous phase, the nature 
of which is determined by the reaction atmosphere which may control the degree of 
tetrahedral substitution during the reaction_ Some evidence is presented for the 
formation of an iron-silicon spine1 based on maghemite, and possible inhomogeneous 
reaction mechanisms are suggested on the basis of structural continuity during the 
reaction- 

INTiODUCTIOX 

Thermal studies of minerals provide information both about their high- 
temperature chemistry and, indirectIy, about their room-temperature constitution. 
Work on the iron-containing minerals is complicated by the atmosphere-dependence 
of their thermal reactions and their tendency to undergo simuhaneous reactions, i-e., 
oxidation and dehydroxylation ‘_ Investigations of such minerals should, therefore, 
inciude work in oxidising, inert and reducing atmospheres_ The scant attention paid 
previously to this aspect has led to the present studies of a number of iron-containing 
hydrous silicate minerals. 

M6ssbauer spectroscopy has proved extremely useful in investigating iron- 
containing mineral? and, in the present work, it has been used in conjunction with 
DTA, TG, X-ray powder dil%a&ion and IR spectrosccpy to monitor changes in the 
state of the iron, particularly .during dehydroxylation. 

Nontronites are the iron-rich members of the dioctahedral smectite series which 
also includes aluminous montmorillonite and beideliitq, .The ideal formula is 

[Si,_,m0_66 ]Fe~+020(0H)-+-nH,0(fCa, Na),_,,_ In natural nontronites. there is 
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usually some sdstbtion of magnesium for iron in the octahedral sites (TabIe 1). In 
f- nontroniteq which contain a higher proportion of ferrous ions (probably in 
octahlcdral sitez?), substituGon of ftrric iron for ahuninium also occurs i" the tetra- 
hedral sites FabIe l)_ Thus, fmoan nontronite is intermediate between ferric non- 
tronite and a presentiy unknown ferrous iron end member. 

Although nontronite has been studied more fuIIy than any of the other minerals 
included in the present series of experiments, it was re-investigated here because of its 
possiile relationship with some of the other miner& to be studied (i.e., bisingeriteq). 
.In additiob such themxiI studies of nontronite as have been reported5*6 are not in 
complettagreemen t. Thus, Grim and KuIbick.is found that both dehydro@ation and 
the des&ucGon of the smectite lattice occur at lower ter&eratures than in aIuminous 

. 
smeul&&TheIossofsfnxtuE was gradual, aud not accompanied by a DTA peak; 
agaiq an exotherm between loo-900°C was not accompanied by the appearauce of 
any aysta&~ phase defecfabIe by X-ray difFiaction_ The ouIy high-temperature 
crys&ILTne phase reported was j&xistobaIite, which appeared at about IZXVC; the 
absenaz of any other crystaUine phases was attributed to retardation caused by the 
present of iron', By con_past, BzadIey and Grim6 reported the development at 
about 1300°C of muIIite, cr&tobaIite aud an (iron-containing?) spine1 from a non- 
~tronite having an identicaI DTA trace to that studied by Grim and Kulbicki’. The 
effect of the reaction atmosphere, particuIarIy on dehydroxylation, was not taken 
into account in either of these studies. 

M&sbauer spectra have been published for unheated ferric nontronites’** and 
a ferroan nontronite3, but no MGssbauer studies of the intermediates in the t.hermaI 
reactions have been reported. 

(a) Mamia% 
One of the nontronitcs studied was a weIl-charac&rised ferric mineral from 

Washington State, U.S.A., obtained from the N.Z. GeologicaI Survey coIIection 
(No. 39184). This was a Eue-graincd yellow materiaI having the character&tic X-ray 
pattern (A.S.T.M. 13-508) with an interlayer spacing of 15.6A. The chemical 
a&ysis of this material is given in Table I, and the resuIting structuraI formula, 
caIcuIated by the method of Ross and Hendricks9 is given in Table 2, column 2. 
Scanning ekctron micrographs of this ma&riaI show a typical pIaty texture. 

The fcnoan nontronite was a dark olive-green material from the Penge area of 
Eastern Trans@ and is a subsurf= weathering produet of an amosite asbestos 
deposit and m banded iron-stone rocks. The X-ray pattern showed the 
principal nontronite lines, with an inteziayer spacing of 15.4 A. Small traces ((5%) 
of quartz and goethite were de&ctabIe by X-ray -metry. The chemical 
anaIysis (TabIe 1) and stzuctnral formula (TabIe 2) show this mineraI to be very 
similar to the ferroan nontronite descrii by B&&off3 (TabIe 2, column 5), although 
thegenesisofthetwo _ ralsisd&imiku.ScanningeIectronmicrographsa&n 
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TABLE I 

ANALYSES OF NON-l-RON= 

Major demtnt adysis by atomic absorption trace dement analyses by semi-quantitztive arc 
SWPY- 

SiO, 38.76 33.53 Cr 100 20 
&OJ 5.45 216 Cu -50 50 
Fez% W-25 40.07 Ni 25 25 
FCO 0.15 3.59 V 50 25 
MgO 0.67 1.89 zm 2s 25 
C&O 1.55 0.71 Pb 25 I 
Na10 0.17 0.33 Al3 IO 100 
x20 - IA9 Ga 5 5 
Hz0 18.86 16.00 Gt - 5 
SO, 5.00 - Sr 1W - 

Mu0 0.03 0.02 
IiOz 0.21 0.14 

Total loo.10 99.93 

TABLE 2 

FORMULAE OF NONlXONlTES 

I 2 3 4 5 

Si 7.34 6.86 7.34 5.98 6.29 
AI tet. 0.66 1.14 0.66 0.42 0.52 
FCu‘ - - - 1.60 1.19 

4.0 3.90 3.60 3.74 3.19 
- 0.02 - 0.54 0.49 
- 0.32 0.50 0.54 0.37 

f- 0.53 - 0.22 0.20 
Na 0.05 - 0.10 1.10 
K - - 0.32 0.18 

Column 1. Ideal formula. 
Column 2. Ferric nontronite, this study. Analysts R. Gogud and J. Ritchir 
Column 3. Type mineral Wontron). Analysis from ref. 9. 
Column 4. Ferroan nontronite, this study. Analysts R. Goguel and J. Ritchic. AIIowance made for 

quartz impurity. 
Column 5. Fabian nonuonitc. Bischoff, sample 128P. from ref. 3. 

show a platy texture; in some areas fibres of a possible amphibole contaminant could 
alsobeseen. 

(b) Techn+es 
DTA studies were made under. air, argon and forming gas (5%HJ95%Na in 
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.a Stone Model 202 thermal analyser at a heating rate of 10°C min- ‘, Samples for 
furthcrexami nation were heated for 0.5 h in the various atmospheres to temperatures 
sdectedbyreference to the DTA traces, and maintained under the reaction 
atmosphere during cooling TG arnres were obtained on a Cbevenard thermobalance 
in ambient air at a heating rate of 25°C min-‘. 

The fired sampk were examined using t&X-radiation in a Philips difkacto- 

meter eqnipped with a graphite monochromator which eliminated the effect of sample 
ffuorescena, IR spectra were obtained on Beckman IR 12 and Perkin-Elmer 337 

spectrophotometers using samples suspended in Kllr discs. The Mdsshauer spectra 

were obtained from a linear velocity drive spectrometer based on a desi_m by Clark 
et aLro using a Coipa source. The spectra were computer fitted to Loreutzian 
liuubapes by a programme based on that of Stone et al. r ‘. from which all the 
p;iramrters were obtained. Isomer shifls were measured dative to soft iron. 

The DTA traces of the two nontronites in the various atmospheres are shown 
in Fig. I_ These traces are broadly similar to those previously publisheds-6, showing 
endothermic dehydration and dehydroqlation at 100-600~C, and various higher 

temperature peaks related to the crystallization of the anhydrous phases. Figure I 
shows that the interlayer water is lost in several sta_ees, which are aIso reflected as 
pkteaux in the TG curves, particularly in the fmoan sample. The first water loss 
from this sample, corresponding to a 10.7% weight loss, is complete by about 150°C 
while the next weight loss (1.3%) is complete by about 30°C in air. The occurrence 
of this process in at least two stages may be related to the presence of iron in the 
various sites adjacent to the water molecules, since these DTA peaks are further split 
in the ferroan sample under reducing conditions which should prevent the ferrous 
ions from oxidising during water loss. The total weight losses beIow 3OO*C correspond 
to the loss of 6 and 7.5 moles of interlayer water from the ferroan and ferric non- 
tronitq respe&ively~ but this f&me may be slightly high bazuse of overlap with the 
onset of dehydroxylation. The dehydroxylation endotherm is accompanied in ferroan 
nontronite by a rapid 1.8% weight loss up to 4OO“C, followed by a more gradual 
loss of a fnrther 1.8% ending at about 700°C. The theoretical dehydroxylation weight 
loss, calculated from the chemical analysis of the ferroan sample is 3.96% of the 
sample weight after loss of inter-layer water. On the same basis, the total weight loss 

ohsen& during dehyciroxylation is 4.08%, in good agreement with the calculated 
value. The corresponding weight-hss values for ferric nontronite are not in good 
agmement (4.49% calculated, 5.38% observed), probably due to overlap of dehydra- 

tion and dehydroxylation. The calculations suggest that both weight losses in ferroan 
nontronite above about 350°C are associatal with dehydroxylation, which proceeds 
in an initiahy tapid manner but tails off in the later stages. A similar but less marked 

tailing-off of weight loss - at higher temperatures during kaolinite dehydroxyla- 
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Fig. I_ DTA traces of nontronitcs, heating rate IO”C/min-*- (A) Ferric nontronite in air or argon- 
(B) Ferric nontronite in HJN,_ (C) Ferroan nontronitc in air. (D) Fcrroan nontronite in argon. 
(E) Ferroan nontronite in HJ’N=_ 

tion, and is characteristic of a material in which a proton-stabilized dehydroxylate is 

formed which slowly recrystallizes at higher temperatures’ 2; it seems reasonable that 
iron and ahuninium silicates should have similar proton retention properties_ 

At temperatures above dehydroxyIation, the DTA traces reveal differences in 
behaviour between the two nontronites under the various atmospheres_ The traces 
for ferric nontronite are identical under air and argon (Fig- I), but in HJN2 the 
dehydroxylation endotherm and subsequent crystallization exotherm are lowered in 
temperature by about 50 and ZOO”C, respectively, Differences in the DTA traces of 
ferroan nontronite are even more marked; three exotherms recorded in air ati 
replaced by a single, high-temperature endotherm in argon, while in HJN,, a 

compIex endoth erm-exotherm appears at about 700°C 
Since the two nontronites differ principaliy in their concentration of ferrous 

ions, the large exotherm in the ferroan sampIe in air at about 700°C was shown by 
Mossbauer spectroscopy (Section d) to be associated with the oxidation of Fe’* to 

Fe3+, followed by the crystallization of hematite (cr-Fe203). The broadness of this 
peak, which starts at about 520°C sumts a progressive rather than a sharp reaction_ 

This oxidation is suppressed in argon, in which the principal product of initial 

crystallization should be magnetite, Fe,O,. Since the argon used in this work had a 
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small hut sign&ant oxygen content, some hematite will be expecte&at higher 
te&ratmes; the endotherm at 1130°C of ferroan nontronite in argon could be 
expIained by the oxidation of the magnetite to hematite. According to the oxygen 
potential diagram of Richardson and Jeffes 13, this oxidation is endothermic by about 
1W.5 Id mol-‘. at I loO“C, and would proceed at this tempemture at an oxygen 
par&J pressure of about IO Pa (lo-( a&n). This compares quite well with the 
manufacturer’s value for the oxygen content of the argon used here (< 10 ppm by 
volume). At still higher temptratnrcs, above the range of the preseut DTA traces, 
the stability of magneWe incmasq and this should become the sole iron-containing 
phase present- 

The phases formed from the two nontronites under oxidising inert and 
reducing atmospheres are shown schematicatiy as a function of temperature in Fig. 2. 
The first reaction deWtabIe by X-ray Won is the loss of interIayer water, 
resulting in a collapse of the inter-layer spacing from 15.5 to 9.6 A and 10.0 A in the 
ferric and ferroan samples, respe&vely (the natnre of the cations trapped in the 
in&sihca& positions after the loss of the water with which they were associated 
largely determines this spacingr4, which is indepeudent of the reaction atmosphere). 
~hhonghthe IO A struch~repersistsuptotemperatm~ at which some hydroxyl water 
is lost, we prcfkr to term this phase a dehydrate rather than a dehydroxylate_ since, 
apart from the interlayer spacing, the X-ray pattem is identical to the original 

MoIIoy and Kerr** have reported that a peak at about 3.16 A develops after 
heat treatment at HPC, and suggest that this peak is diagnostic for the dehydrated 
phase. We observe a peak in this region in our unheated samples (ah the nontronite 
peaks are rather broad)_ which suggests that MolIoy and Kerr’s diagnostic peak is a 

. . 
e of the parent mat&al. In their sample, this peak may have been of low 
intensity but hczame more apparent a&r heating; a slight intensification and shift 
of this peak to lower angic was noted in some of our sampIes a&r heating. 

Figure 2 shows that the tempemture of both formation and decomposition of 
the dehychatc phase is lower& by reducing atmospheres in both nontronites, but in 
additioh ferric nontronite at lower temperatures develops a transitory phase with an 
X-ray pattern resembling fayalite, FQSiO,. 

onheatingtohighertanpe&IEq complete dehydro&ation is indicated by 
the fess of the dehydrate peaks. The destruction of the nontronite structure is con- 
comitant with the appearance of product phases. Under inert or oxidising conditions, 
the disaete oxi& of iron and &con are formed, but under reducing conditions, the 
presence of predominantly Fc2+ favours the in&I .formation of faous &cates 
~~thanthto~with~crro#sironorsiliconappearibgIatcrasFronmdalor 
wustite (FeO) aud quartz, zspe&~Iy. In oxidising and neutral conditions, the 
formation of hematite is preceded by maghemite (y-F~0~). This phase bas a defect 
spinel s&cture whose most intense X-ray reflection is dose to the major retiection 
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Fig_ L schematic diagsarn of the phases formed from nonuonitcs as a function of tempuature under 
oxidising. iaert and reducing atmospheres. 
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of the f~oso-krric spine1 FeBO,_ The two are, however, distinguishable by the 
m of additional superlattiaz reflections in the former- The precise nature of the 
iron-containing phases depends on the f~ous/ferric ratio of the-material, which in 

turn depends on the starting mater&I and the reaction atmosphere_ Ferric nontronite 
in air or argon forms only hematite_ whereas ferroan nontronite in air forms a mixture 
of hematite and magnetite_ In argon, oxidation of Fe’+ in the ferroan sample is 
suppressed, and magnetite is the sole phase. In reducing conditions, reduction of 
Fe3’ in fmic nontronite apparently occurs before the complete destruction of the 

dehydrate_ The resulting ferrous silicate (fayalite) which occurs without the formation 
of -line intamedktes, is accompanied later by the products of further reduction 
(iron metal and wnstite), By contrast, under reducing conditions the Fe’+ component 
of ferroan nontronite forms some magnetite even before dehydroxylation is complete; 
this phase is fnrther rcducai to iron metal at higher temperatures. The resulting 
depletion of Fe ‘+ leads to the formation of ferrosilite (F&O,) rather than the less 
sikeous fayaIite_ The X-ray pattern of the ferrosilite corresponds to the monoclinic 
form (ASTM 17-548); the formation of this phase in the present system is unusual 
since it is normaliy formed only at ekvated pressn~&~. At higher temperatures this 
phase is further reduced to quartz and a-iron, the latter undergoing a progressive 
transformation to the austenite structure at about IICNYC, 

In both nontronitcs, the nature of the siliaous phase depends on the reaction 
atmosphcrc, quartz being formed under reducing conditions and cristobzdite or 
tridymite under oxidising or inert conditions. In ferroan nontronite, tridymite is the 

p&&cd final phase, probably due to the prescna of a comparatively high con- 
centration of potassium in this nontronite, which stzbikes the tridymite struct~re’~_ 

(c) Infrared spectroscopy 
‘The IR spectra of both nontronites heated in the various atmospheres are very 

sim.iIar~ and typical spectra are shown in Fig 3. The spectra of both unheated non- 
tronites correspond to that of f&c nontronite published by Farmer and Russell”, 

and the p-t interpretation of changes in the spectra of the heated materials is 
based on the assignments of these authors_ 

The fess of interiaym r~ylfcf does not initiaIIy all&t the spectra, but with 
increasing water ioss, the intensity of the group of peaks at 775-g 15 cm- ’ decreases, 

as does the shouIder at about 600 cm-’ . The latter is assigned by Farmer and RusseIl 
to an R3*-OH viiration. Tke former e which were previousIy unassigned are 

probabIy ako associated with m&&OH viirations, since they are the tirst to be 
afkcted by dehydration, which aIso involves the loss of some hydroxyl water, as 
shown by an intensity docrtase in the hydroxyl stretching band at about 3600 cm-‘, 
Aogrcssivt dehydroxyktioa is accompanied by broadening and loss of detail from 

the spectxa and the Ioss of the hydroxy1 band, which occurs at about 150 degrees 
lower in raking atmospheres than in oxidising or inert atmospheres_ 

The peak at about 845cm-’ was assigned by Farmer and RusseII” to an 
Fe3*-OH bending mode because this peak was diminished by reduction with 
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Eg_ 3. Infrared spectra of heated nontronitw (A) Unhcattd. (F3) 36O’C in air or argon (c) 5SO’C in 
air or argon. (D) 128O’C in air or argon_ (E) 1100% in H=/N,. H = hcxnatite; C=aistobdite; 
Q = quartz: F = faya!ilc 

hydra&e_ The present reduction experiments do not support this assignment; this 
peak was unaffected by hydrogen reduction and like its companion at 820 cm-’ 

decreased in intensity equally on dehydroxylation. 
After dehydroxylation, only three broad peaks remain (Fig_ 3, curve c). The 

peaks at about I050 and 68Ocm-’ are associated with Si-0 vibrations, while the 
peak at about 450 cm-’ is an Fe-O (or R3+-0-Si) viii&ration. In ferroan nontronite, 
an Si-0 peak occurs at about 800 cm -I after dehydroxyIation; this peak develops in 
ferric nontronite only at a later stqe in the heating. Spectral differences in the region 

680-800cm-1 are probably associated with viirations of Fe*+-containins species, 
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sina? considerabIe structure occurs in this region in samples dehydroxylattd in 

hy-- 
At higher temptmtms, the spectra sharpen and new peaks develop, according 

to the product phases present. In ferroan nontronitt, the first new peak to oamr is an 
R-0 pmk at 550 cm- I, followed by a peak at 670 cm- I, probably an Si-0 vibration 

(Fig. 3, - D)- In fez& nontronite, &e 800 cm” peak develops at this stage, and 
the peak at 670 cm” charadaistic of the dehydroxyhxtc shifts to about 600 cm- ‘, 

evcntuzdly becoming a doublet composed of an Si-0 and Fe4 viiration. Tht s@ 

of samples heated in air and argon (Fig. 3. cxmre D) eventually resemble the spaztrum 

I 1 1 I I 1 I I I 

-8 -6 -L -2 0 2 c 6 8 

Vemcity t mm/s 1 
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of a mixture of hematite (or magnetite) and tistobalite (or tidymite) while the 
spectra of sampks heated in hydrogen (Fig. 3, curve E) are similar to that of a 
mixture of fayaIite’* and quartz I9 Although ferroan and ferric nontronite produce _ 

ferrosilite and fayalite, respectively, their IR spectra are similar. Even after the 
decomposition of ferrosilite to quartz and iron metal, the retention of the spectrum 
suwts that at least some of the atoms are retained in an environment similar to that 
of ferrosilite, even though this phase has become undetectabIe by X-ray diffraction. 

1 1 r t t * I I I 

-6 -6 -L -2 0 2 4 6 8 
Vetocity ( mm/s 1 

Fig_ 5, Massbarvr spectra of ferric nontronitc heated in HJNz _ (A) Unheated. (e) 150°C. (C) 240% 
(D) 32o’C (rg 56o’C- (F) Ilootc 
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The overall trends of the IR spectra, therefort,.suggest that the reactions do not 

involve a sudden Wticc disruption, but are more characteiistic of pro&ie atomic 
rcarrang.ements_ _ ‘- 

-(d) A4t!id?auer~czro5copy 
Typical Miksbauer specna of ferric and fmoan 

aud HJN, are shown in Figs_ 4-7, The MGssbauer 
nontronites heated in argon 
paramet.crs are cokcted in 

B 

-6 -6 -4 -2 0 2 L 6 8 
VeI0city (mm/s 1 

FigL 6- M&sbalJcrspeanoffuroan nontronitchatcdinargon-(A)Unheati(B) 175’C(C)34O’C 
(D) 500% (JZ) 840% (F) 1100% (G) 1325% 



189 

Table 3. The spectra of samples heated in air are similar to those reacted in argon 
except at the highest temperatures, where characteristic hematite spectra were 
recorded for all samples heated in air_ 

The spectrum of unheated ferric nontronite is identical to those -previously 
published, with a single peak, thought to be an unresolved doublet7_8 having an 

isomer shiR characteristic of octahe&aS high-spin Fe3+. During the removal of 
interlayer water, this peak broadens and its isomer shift becomes more positive until 

-8 -6 -L -2 0 2 L 6 8 
Velocity I mm/s I 

Fis_ 7. M&Sbaoer Spedra Of faInan nontrooite heated in HJNz_ (A) tJ~~caled_ 6) IXVC_ 

(0 XO’C- (D) 360’C (E) 560X!_ (F) 9SO”C_ (G) I IOO”C_ 
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it is resolved at 580°C into a broad doublet The increase in- quadrupole splitting 

indicated by the behaviour of this peak is characteristic of increasing distortion from 
octahedral symmetry in the &coordinated ferric site2”. Since octahedral distortion is 

more likely to accompany dehydroxylation than the loss of interlayer water, the 

MGssbauer spectra suggest that the two processes overlap at a lower temperature 

than might be expected from DTA, The very broad 6-line spectrum which appears at 
940°C is simiii to the spectrum of hematite of very small particle size” ; at higher 

temperatures the growth of these particles results in the more usual hematite spectrum. 
In HJN,, the lower-temperature spectra of ferric nontronite are similar to the 

spectra of samples in air and argon, with no reduction to Fe’+ detectable below 

320°C The first indication of a ferrous doublet occurs at 56O”C, fhe parameters of 
which are typical of Fti+ in a very distorted octahedral site21. This suggests that 

significant reduction does not occur until dehydroxylation is almost complete, and 
further that the transient phase observed at about 200°C having some of the X-ray 
characteristics of fayalite does not contain sufficient high-spin Fezi to be observed 

by Massbauer spectroscopy_ The possible occurrence of low-spin Fen is however, not 
ruled out, since this wo&l give rise to a peak or peaks in the vicinity of the Fe3* 

peaks, and may ac.zount for one corr-gonent of the doublet observed at 320°C The 
spectra of samples heated at 1100°C consist of the (i-line spectrum of metallic iron 
superimposed upon two more intense peaks, one of which is partially resolved into a 
doublet, The parameters of these peaks are typical of fayalite22, the spectrum of 

which consists of two superimposed doublets which are not always resolved, 
The spectrum of unheated ferroan nontronite is similar to that previously 

reported for a similar materia13, which has been interpreted as a combination of peaks 
for octahedral Fe3’ (at -0_2 and -I- l-0 mm set- ‘), tetrahedral Fe3+ (-035 and 
-1-0.45 mm set-r) and octahedral Fe2* (-0.05 and +235 mm set- ‘)_ As in the 

previously reported minera13, the present spectrum is broad and not completely 
reso!ved_ In addition, the present sample contains a weak, broad 6-line spectrum 
arising from the goetbite impurity_ Heating in argon (and in air) causes an initial loss 

af resolution (Fig_ 6), which is r-e-established by 34O”C, at which temperature the 
Fe2+ component is still apparent_ The geothite spectrum, which was virtuahy 
destroyed by low-temperature heating, is now replaced by a wider-spaced 6&e 
spectrum corresponding to the magbemite-type phase2’ observed by X-ray dif- 
fraction, At higher temperatures, this spectrum develops at the expense of the inner 

ferric doublet, eventually becoming a characteristic hematite spectrum_ 
In HJN,, both the goetbite spectrum and the ferrous peak of ferroan non- 

tronite have been lost by 150°C (Fig_ 7). By 250°C a weak, broad 6-line spectrum 
has re-appeared; the X-ray data suggest that this is due to magnetite_ Thus, the loss of 
the Fe2 l spectrum in the early stages of heating may be due either to the incorporation 
of this species into a magnetite-like phase of extremely small particle size (or micro- 
regions of this phase), or to the initial oxidation of Fe2* as a side reaction to water 

loss: 
Fe” +H,O + Fe’+ +OH- ++H2 (0 
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Since the octahedraI ferrous spectrum re-appears after further heating, the first 
apIanation seems more likely- Further reduction causes the splitting of the Fe’* 
w with an increase in its quadrupole splitting due to an increasingly distorted 

oc&redA environment, and the re-appearance at 560°C of a broad, octahedral Fe*+ 
doublet Further reduction of the magnetite phase causes its spectrum to become 
diffuse, eventually r-e-appearing as a 6line metallic iron spectrum. The broadness of 
the Fe*’ doublet can be ascribed to the distortion of the octahedral sites, which 
eventuaNy become the M, and M2 sites of the pyroxene fmosilite, The isomer shift 
and quadrupoIe splitting of the fmous doublet observed after firing at 1100°C 
correspond most ciosely with the N, site of ferrosilite23 but the width of these peaks 
su_e that they are composed of unresolved doublets corresponding to the 
occupancy of both sites- 

in summary, the M6ssbauer spectra show: 
(i) Significant reduction and oxidation become apparent only towards the end 

of the debydrorrylation process_ 
(ii) The formation sequence of iron-containing phases is continuous, and 

dictated at lower temperatures by the initial distribution and valency of the iron 
atoms_ At higher temperatures, significant oxidation or reduction modifies the 
product phases, again by a continuous process- 

(iii) The M&sbauer spectra are in a_ertement with the phase compositions 
detiuad by X-ray diffraction, 

(e) Median&m of the rhermai reacrions in nonrronire 

The present results show that a continuity exists between the starting material 
and all the subsequent phases, This result is completely different from that of a 
previous stud9 which suggested that although the smectite structure disappears at 
about 85O”C, the only detectable crystalline product (cristobalite) does not appear 
until about 1200°C Neither iron-containing phases nor mullite were detected in that 
study’, but the suggested expkuration that iron “blocks” the formation of mullite is 
at variance with the formation of mullitez from kaolinite containing high concentrations 

of iron, and the fact that appxeciable iron can enter into salid solution with mullite. 
The absence of muliite in the present samples is more likely due to the low aluminium 
content- The failure of Grim and Kulbicki’ to observe intermediate phases was 
probably due to the poorer detedion and resolution of the equipment available when 
their X-ray studies were made. 

St~ctural continuity between initial, intermediate and final phases is commonly 
an indication of an inhomogeneous reaction mechanism involving a counter- 
migration of protons to -donor regions” from which water is lost, and other cations 
to “acceptor regions” which give rise to the product phase”. With the exception of 
a study of cronstedtite2q, previously reported work on iron-containing layer silicates 

gave little indication as to whether these should dehydroxylate by an inhomogeneous 
mechanism (as do most magnesium silicates), or by a homogeneous mechanism such 
as is commonly postulated for aluminium silicates’2. Tbe study of cronstedtite24 



193 

showed a structural continuity in the dehydroxylation products which has been 

interpreted25 in terms of an inhomogeneous mechanism_ In that case, the initial 
product was a spinel-resembling maghemite, but possibly containing tetrahedral 
silicon. The structure of this spine1 is therefore similar to the Al-5 spine1 postulated 
as an intermediate in tbe kaolinite-mullite reactionz6, and as in the kaolinite reaction, 
no ftee silica was detected from cronstedtite until the decomposition of this spine1 to 

hematite2J. The composition of a maghemite spine1 with 7~11 tetrahedral substitution 
would be Si,[Fe r e zra[35 ,,3]032, but, as in the case of the ulalogous aluminosilicate 
spine1 from kaolinite, some degree of proton stabilisation might also occur2’, giving 
a composition of Sis[Fe,H,ClJO~2 where y = (32-x)/3, z = 16-(x+y) and 0 is a 
cation vacancy_ The limiting composition of such a spine1 would be SisFe,H,O,,_ 

By analogy with the cronstedtite decomposition mechanism, the reaction 
sequence of nontronite could be interpreted in terms of an inhomogeneous meehznism, 
if the substitution of Si for tetrahedral Fe in the maghemite spine1 is accepted. This 
phase has the characteristic light brown colour of maghemite, but it is considerably 
more stable, persisting to much higher temperatures than the simple spinel. Similar 
stability observed in the spine1 formed from cronstedtite has been attributed to the 
incorporation of silicon in that phase, Schematic dia_mms of possible inhomogeneous 
reaction mechanisms in nontronites are shown in Fig. S_ Although the structural 
contunuity of the sequences suggests such a mechanism, unequivocal proof wouId be 
furnished only if precise orientational relationships could be established between 
reactant and products_ The present powder studies do not provide such information 

and the poor crystallinity of the samples militates against single crystal studies. 

Nevertheless, the reaction schemes of Fig. 8 provide a consistent explanation for all 
the present facts 

The formation of quartz rather than cristobalite or tridymite under reducing 
conditions requires comment. Obscmznions on a number of montmorillonites28 have 
shown that in materials with significant substitution of tetrahedral silicon, the 
transformation product is a spinel, the siliceous phase appearing at higher temper- 
atures as cristobalite- In materials having little tetrabcdral substitution, the initial 
siliceous product is quartz, which transforms to cristobalite only at higher temper- 

atures. On this basis, the formation of quartz in nontronites under reducing conditions 
suggests that foreign ion substitution in the tetrahedral layers is decreased by 
reduction_ In ferroan nontronite, tetrahedral Fe3* is reduced to Fe2+, which ion 
has an octahedral site preference ener_gy of about -4 kJ mol- ‘, compared withsFe3+, 
which has a fezrohe&af site preference energy of about - I6 kJ mol- ’ (ref. 29).Thus, 

reduction of tetrahedral Fe3+ should result in a tendency for the iron to move to 
octahedral sites, facilitating the *paration of quartz from the siliceous regions- This 
reasoning is not so easily extended to ferric nontronite, in which the formation of 
quartz under reducing conditions could mean either that contrary to the -accepted 
structure, appreciable tetrahedral substitution of ferric iron occurs (this is not 

supported by M&sbauer evidence) or that the reduction of the octahedral Fe3i 
leads to a charge imbalance which is compensated for by migration of aluminiutn 
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from the tetrahedral to the octahedral layer. Certainly, charge imbalance due to 
reduction will be considerable_ and resulting ionic rearrangements involving 
aluminium should tend to favour the octahedral coordination of this ion, which has 
an octahedral site preference energy of -42 kJ moI_ ’ (ref, 29)_ 

coNcLusIoNs 

The thermal reactions of ferric and felroan nontronites in air, argon and 
hydrogen/nitrogen can be represented as follows (the interIayer cations have been 
omitted for clarity). 

(a) Ferric andferroan nontronize in air or argon 

2j(Si, Al),Fe~+O,,,(OH)J ---+ 2[(Si, Al),Fez* C&l +4H,O 

- Fe~*Si60~02, + lOSi0, --, 4Fe,O, + 6Si02 
(Fe-S spind) (hClISUitC)* @istobaiite)* 

(b) Fork nontroniie in hy&ogen/.nitrogen 

2[(Si, AI),Fe:*O,,(OH),] - 2[(Si, Al)$=ei+ OJ +4H$ 

j 4FezSi0, + 12Si02 + 4&O --+ 6Fe f 2Fe0 +4SiO, + 6&Q (3) 
(fayalitc) martz) (wunite) 

(c) Ferroan nonlronire in hy&ogen/nirrogen 

2[(Si, AI, Fe3*),(Fe3+, Fe’*, Mg),O,,(OH)J 4 

a(& AI, Fe3+&(Fe3*, Fe**, M&O,,] +4H,O 

--, SFeSiOx f 2/3Fe30a + 6Si0, + 3$H,O 
(furdlite) b=gmtire) 

-+ 8Fe + 8Si02 + 2Fe0 +8fH,O (4) 
(Wartr) (WUSGW) 

X-ray di&action, Miissbauer and IR spectroscopy all suggest that the transfor- 
mations occur in a continuous sequence of phases dictated by the distribution and 
valence state of the atoms at each SW of the heating_ The loss of interlayer water is 
concomitant with loss of hydroxyl water, but though these processes give rise to 
distortion, especially in the octahedral layers, significant red&ion or oxidation occurs 
only -towards the compIetion of dehydroxyfation. The thermal reactions can be 
formulated in terms of an inhomogeneous reaction mechanism, but apart from the 
observed structural continuity of the phases, no other evidence for such a mechanism 
is avaiible. The persistence of a maghemite-type spine1 phase to temperatures at 

7k produas of fcrroan q ontronitc indude magnuitc and tidymite 
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which it is normally unstabk suggests that it may contain silicon, thereby providing 
fixther support for an inhomogeneous mechanism. 

We are indebted to Dr. J. H. Sharp, SheffieId University, for providing the 
ferroan nontronite, and to Dr_ J_ W_ Waters, N-Z GeologicaI Survey, for the ferric 
nontronite- The chemical analyses were by Dr. R. Goguel and Mr_ 1. Rit&ie_ Dr_ 
L P_ AIdridge provided the Miissbauer programme and assisted with the computing_ 
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