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Abstract 

The effects of (OH)/F substitutions on thermally induced reactions in the apophyllite group have 
been investigated using TGA and DTA methods, supplemented by X-ray diffraction, infra-red and 
other techniques to identify the products of reaction. The samples studied cover the range between 
fluorapophyllite and hydroxyapophyllite, and include some unusual ammonium varieties. The presence 
or absence of fluorine exerts a major control on thermally induced reactions, not only during low- 
temperature dehydration, but also on high temperature recrystallization reactions up to 900~ 
All apophyllites dehydrate in two stages, the first being loss of a proportion of the water with only 
minor distortion of the crystal lattice, whereas the second results in total collapse into an amorphous 
material. Higher fluorine concentrations stabilize the structure, shifting dehydration reactions to higher 
temperatures, and permitting more water molecules to be lost during the first stage without destruction 
of the structure. Fluorine is not lost during the second-stage dehydration, as previously believed, 
but most is retained and influences subsequent recrystallization reactions. 

Dehydrated hydroxyapophyllites remain amorphous until ca. 900~ when high-temperature woltas- 
tonite crystallizes. Fluorapophyllites initially form a metastable CaF2.SiO2 phase by 700~ low-tem- 
perature wollastonite by 800~ both disappearing above 900~ when fluorine loss occurs and high- 
temperature wollastonite is produced. TGA and DTA provide simple methods of distinguishing 
between hydroxy- and fluorapophyllites. 

Ammonian apophyllites, with up to 25% of the stoichiometric K + replaced by NH4 + (in the samples 
studied), can be recognized by their DTA patterns, the endothermic peak for the second stage reaction 
being significantly reduced, and that for the first, dehydration, stage being correspondingly enhanced. 
Such samples have weight losses well above the calculated water content, the excess being due to 
evolution of ammonia. Ammonian varieties also have an extra infra-red absorption band at 1460 cm- 1. 

KEVWORDS: apophyllite, fluorapophyllite, hydroxyapophyllite, ammonian apophyllite, dehydration, 
thermal reactions, wollastonite. 
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Introduction 

APOPHYLLITE [KCa4SisO20F.8H20], a hydrous 
sheet-structured mineral, is frequently found 
associated with zeolites in rocks affected by low 
temperature hydrothermal activity. Like many 
zeolites, it releases an appreciable proportion of 
its loosely bonded water at relatively low tempera- 
tures without significant breakdown of the crystal 
lattice. The remainder is not released until much 
higher temperatures. The initial crystal structure 
determination by Taylor and N~ray-Szab6 (1931) 
suggested no apparent difference in the location 
of the eight water molecules in the structure which 
might account for this behaviour. 

It is now known that there is some variation 
in the composition of apophyllite, particularly 
with regard to fluorine content. Dunn et al. (1978) 
have redefined the apophyllite group in terms of 
a solid solution series between the two end-mem- 
bers: fluorapophyllite, KCa4SiaOz0F.8H20 , and 
hydroxyapophyllite, KCa4SisOz0(OH).8H20. 
Refinement of the structure of hydroxyapophyl- 
lite by Rouse et al. (1978) showed that it does 
not differ significantly from fluorapophyllite. 
They concluded that the two end-members can 
be distinguished only by chemical means. 

To try to resolve the uncertainty concerning the 
location of the water molecules, we have investi- 
gated the thermal behaviour of some 35 different 
apophyllites spanning the range between fluor- 
and hydroxyapophyllite. The results show that the 
degree of O H - F  substitution influences not only 
the temperatures of the two stages of dehydration, 
but also the proportion of water lost during each 
stage and even the initial recrystallization prod- 
ucts. Thermal analysis indeed provides a relati- 
vely simple way of distinguishing between 
different members of the apophyllite series. 
Moreover the results indicate that there is 
another, previously unsuspected, type of substitu- 
tion in the apophyllite group, where NH4+ 
replaces K+.  

Previous work 

Crystal structure. The apophyllite structure 
determined by Taylor and Nfiray-Szab6 (1931) 
was further refined by Colville et al. (1971), Chao 
(1971), Prince (1971) and Bartl and Pfeifer (1976), 
and by Rouse et al. (1978) for hydroxyapophyllite. 
The mineral is normally tetragonal, space group 
P4/mnc, with cell parameters listed in Table 1; 
however, where significant amounts of Na substi- 
tute for K, the lattice is distorted and the sym- 
metry reduced to orthorhombic (Matsueda et al., 
1981). The structure consists of continuous sheets 
of SiO4 tetrahedra lying parallel to (001), but in 

contrast to the 6-membered rings of the mica 
group, these sheets are made up of 4- and 8-mem- 
bered rings of silica tetrahedra, with alternate 4- 
membered rings pointing up and down the c-axis 
(Fig. 1). The sheets are linked together by Ca 
ions bonded to two oxygens from each of the two 
adjacent sheets, one (OH,F) and two H20 mol- 
ecules. Each (F,OH) ion is coordinated to four 
coplanar Ca ions, whereas each K ion is sur- 
rounded by eight H20 molecules. 

Thermal behaviour. Taylor and N~iray-Szab6 
(1931) observed that half the water content is lost 
at 240-250~ but that the partly dehydrated crys- 
tals recover water slowly, if incompletely. 
Aumento (1965) ascertained that the two main 
dehydration stages occur at temperatures of 250 
and 350~ respectively, and that above 250~ the 
intensities of the X-ray reflections decreased pro- 
gressively with increasing temperature until the 
material became amorphous above 370~ A 
multi-stage dehydration process is typical of 
minerals where the water molecules are held in 
more than one structural site (Sarig, 1973), so 
that the loss of water in two stages in apophyllite 
is therefore suggestive of two distinct sites (Chao, 
1971). However, refinement of the crystal struc- 
ture using X-ray diffraction in conjunction with 
infra-red studies of O-H  bonding (Colville et al., 
1971) and determination of hydrogen ion pos- 
itions by neutron diffraction (Prince, 1971) indi- 
cate unequivocally that only one such site exists. 
Chao (1971) concluded that, after losing half the 
water molecules, the mineral changes to another 
compound, structurally identical to apophyllite 
except in the environment of the water molecules. 
A further uncertainty concerns the extent to 
which fluorine is lost during the second-stage reac- 
tion. On the basis of his neutron diffraction stu- 
dies, Prince (1971) concluded that hydrogen ions 
were associated with a proportion of the fluorine 
ions, and he used this to account for the presence 
of hydrogen fluoride in the evolved gases during 
the second-stage dehydration. However, Bartl 
and Pfeiffer (1976) suggested that Prince's sample 
was not the pure fluorapophyllite end-member, 
and hence that a proportion of the fluorine sites 
were occupied by hydroxyl ions. 

Kinetic studies of the dehydration behaviour, 
reported by Lacy (1965), showed that apophyllite 
loses not half, but 5/8ths of its structural water 
during the first stage of dehydration. The activa- 
tion energy of this first stage reaction was found 
to be 14 kcal/mole, only slightly higher than that 
usually found for the loss of "zeolitic" water, 
whereas that for the second stage was 63 kcal/ 
mole. The activation energy of the second-stage 
reaction is too high to be due simply to the loss 
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FIG. 1. Structure of apophyllite [KCa4(Si4010)2(F/OH).8H20 ] based on Taylor and N~ray-Szab6 (1931): A, (001) 
silicon--oxygen layer showing 4-member Si-O rings surrounded by 8-member Si-O rings; B, (001) cation layer; 

C, general layered structure viewed along (100). [Erratum in proof: for K/H3 O+ read K/NH3] 

Table 1. Cell dimensions for the apophyllite group 

a b c F(%) 

Fluorapophyllite a 8.963(2) 15,804(2) 2.20 
Hydroxyapophyllite b 8,978(3) 15,830(1) 0.0 
Natroapophyllite c 8,875(4) 8,881 (6) 15.79(1 ) 2.27 
F4uorapophyllite GM01 8,969(1) 15.796(2) 2.08 
Apophyllite GM05 8,976(4) 15,825(6) 1.28 
Hydroxyapophyllite GM24 8.985(2) 15.875(3) 0,56 
NH 4- hydroxyapophyllite GM25 8,988(2) 15.888(3) 0.07 
NH4- fluorapophyllite GM13 8,978(2) 15,781(3) 1.94 

aFrom Colville et aL (1971), bfrom Dunn et al. (1978), ~rom Matsueda et at. (1981) 
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Table 2. Chemical analyses of apophyll|tes 
Sample SIO 2 AI203 CaO Na20 K20 (NH4)20 F H20 O for F Total [BM Ref] 
Fluoroapophyllite - Hydroxyapophyllite series 
AP-F 62.99 0.O0 24,74 O.00 5.19 
GM26" 52,72 0,28 24,59 0.21 4.96 
GMI" 52,88 0.28 24.89 0,26 4,77 
GM19 53.79 0.56 24.76 0.36 4,24 
GM29 52,19 0.00 24.73 0,02 4,82 
GM20 51,63 0,1t 24.52 8,15 4.83 
GMt4 52,73 0,13 24,95 0,29 4,20 
GM15 52.20 0,43 24.95 0.17 4.69 
GM18 52.97 0.18 24.82 0.07 4.91 
GM23 52.32 0.23 24,43 0.16 4.91 
GM2 52.72 0.09 24.79 0.04 4.94 
GM31* 52.83 0.27 24.74 0.15 5.18 
API" 53.00 0.40 24.93 0.18 4.91 
GM4 52.65 0.26 24.58 0.12 4.77 
GM7 50.67 0.11 24.71 0.04 4.97 
AP2 53.08 0.00 24.97 0.01 3.66 
GM16 51.69 0.09 24.44 0.12 4.82 
APg' 53.96 0.29 23.11 0.26 4.18 
AP6 50.06 0.95 24.38 0.13 4.36 
AP8* 53.09 0.25 24.38 0.09 4.92 
AP5 52.61 0.03 24.63 0.03 4.72 
GM27 52.87 0.26 24.91 0.10 4.98 
GM6" 83.17 9.31 25.02 0.03 9.05 
GM24 52.31 9.84 24.81 0.36 4.74 
GM30 50.94 0.10 24,54 9.07 4.97 
APT 52.13 0.01 25.01 9.01 4.98 
GM21 52.46 0.08 24.72 0.05 4.98 
AP4 52.68 0.02 24.94 0.04 4.90 
AP-OH 53.11 0.00 24.79 0.00 6.20 
Ammonian apophyllites 

2.09 16.87 -0,88 100.00 (ideal) 
2.12 16,00 -0.89 99.39 BM93563 
2.08 16.40 -0,88 100,58 BM43729 
2.07 16,28 ~ 100.20 SM1914191 
2.05 16.41 -0.87 99.35 BM55265 
2.05 16.49 0.87 98.91 BM1914967 
2.05 16.27 -0.87 99.75 BM47936 
2.05 17.00 -0.87 100.62 BM33777 
2.04 16.28 -0.86 100.41 BM19271079 
2.00 15.70 -0.84 98.91 BM1963237 
1.99 18.90 -0.84 99.63 BM1972354 
1.99 16.22 -0.83 100.55 [KCLond] 
1.99 16.22 -0.83 100.80 [BUnk`] 
1.95 15.80 -0.82 99.31 BM1914476 
1.90 15.80 -0.81 97.39 BM40345 
1.85 15.40 -0.83 98.14 [BUnk`] 
1.83 15.60 -0.77 99.82 BM66244 
1.80 16.20 -0.76 99.04 [BCLond] 
t .79 16.20 -0.76 97.11 BM47692 
1.70 16.30 -0.71 100.02 BM28156 
1.43 17.60 -0.42 100.63 [BUnk,] 
1.38 17.05 -0.58 100.88 BM93525 
0.95 15.60 -0.40 99.73 BM1965364 
0.56 16.60 -0.24 109.98 BM1950477 
0.56 17.00 -0.24 97.94 BM41713 
0.12 16.90 -9.04 99.12 BM62762 
0.05 17.69 -9.02 99.88 BM62761 
0.03 16.80 -9.01 99.40 [BUnk`] 
0.O0 16.90 O.O0 100.00 (ideal) 

GM10 52.36 0.55 24.61 0.30 4.45 0.05 2.05 16.55 -0.87 100.05 BM1952111 
GM3 52.10 0.50 24.77 0.29 4.47 0.10 2.01 17.34 -0.85 100.67 BM1914775 
GM5" 53.17 0.19 24.65 0.08 4.85 0.11 1.28 16,43 -0.54 100.22 BM1914912 
GM17 52.98 0.38 24.61 0.25 4.42 0.13 2.02 17.11 -0.85 101.05 BM191696 
GM25" 53.00 0.21 24.86 0.12 4.28 0.41 0.07 17.43 -0.03 100.43 BM19271008 
GM12 52.74 0.01 24.84 0.02 3.67 0.67 1.67 16.76 -0.70 99.79 BM19141461 
GM13 53.07 0.26 25.33 0.12 3.38 0.68 1.94 17.66 -0.82 101.60 BM39815 
GM11 52.47 0.28 24.79 0.15 3.62 0.72 1.80 16.93 -0.76 100.00 BMt9141454 

"Major element analysis by ICP (otherwise by electron microprobe), F & NH3 by colorimetry & water by TGA. 

Location of samples: GM1 Blomindon, King's Co. Nova Scotia; GM2 Gasbe Cu Mine, Quebec; GM3 Snake 
Hill, N Bergen, Hudson Co., New Jersey; GM4 Phoenix Mine, Keweenaw Co, Michigan; GM5 Great Notch 3, 
Passsaic Co, New Jersey; GM6 Fairfax Quarry, Centreville, Fairfax Co, Viginia; GM7 Bergen Hill, Hudson 
Co., New Jersey; GM10 Laguna, Santa Catrina, Brazil; GM11 Guanejuato City, Mexico; GM12 Refugio 
Mine, Lahuz, Guanejuato State, Mexico; GM13 Mexico; GM14, GM16 & AP6 Syhadree Mts, Bombay, India; 
GM15 Railway cuttings, Syhadree Mrs, Bombay; GM17 Samson Mine, Andreasburg, Harz, Germany; GM18 
Niederrothweil, Kaiserstuhl, Baden, Germany; GM19 Andreasburg, Harz, Germany; GM20 Frumm Bach, 
Seiser Albe, Rozen, Tyrol; GM21 & AP7 De Boers Diamond Mine, Kimbedey, S. Africa; GM23 Korsnas Lead 
Mine, Svartoren, Vaasa Prov., Finland; GM24 Gikenmine, Sulitjela, Nordland, Norway; GM25 Karatut, Disko 
Is., Godhavn Distr., W. Greenland; GM26 Hesto, Faeroe Islands; GM27 Eide, Ostera, Feeree Islands; GM29 
Marienberg, Aussig, Bohemia; GM30 S'torr Mount, Isle of Skye; GM31 Me/don Quarry Okeham~on; AP1 
(unknown); AP2 (Goodchild Coll., unknown); AP4 S. Africa; AP5 (unknown); AP8 Bergen Hill, Hudson Co, 
New Jersey; AP9 (unknown) 

of molecular water and was explained in terms Fluorine was analysed by both electron micro- 
of rupture of Si-O-Si bonds during breakdown probe and standard colorimetric techniques, the 
of the lattice. Lacy demonstrated diagrammati- latter involving the use of alizarin fluorine blue 
cally how 5 of the 8 water molecules could be lanthanum complex or xylenol orange, following 
removed without fundamental destruction of the fusion with sodium carbonate. Measurements 
crystal lattice of apophyllite. The sample studied were made using a Philips SP500 spectrophot- 
(AP1, Table 2) has been found during this work ometer. Ammonia was analysed by an indo-phe- 
to be a fairly pure fluorapophyllite, nol colorimetric technique after Mann (1963), and 

by IR. Water contents were measured as weight 
loss minus NH3 on a Stanton-Redcroft thermo- 

Apophyllitc composit ions balance. 

A total of 35 different apophyllite samples were Apophyllites present their own special difficul- 
analysed in order to relate composition to dehyd- ties as regards chemical analysis. Their high fluor- 
ration behaviour. Major and minor elements were ine contents lead to erroneous SiO2 results by ICP 
determined by standard electron microprobe and because SiF 4 tends to be lost during sample prep- 
ICP techniques, as described by Reed (1976) and aration. The high volatile contents, and low tem- 
by Walsh (1979) and Walsh and Howie (1980) peratures of dehydration, cause problems during 
respectively. The instruments used were a Jeol microprobe analysis because samples decompose 
JXA-8600S wavelength spectrometer and a under the electron beam, thus necessitating use 
Philips PV8210 plasma emission spectrometer, of a defocussed 15 Ixm beam and current reduced 
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to 30nA. There is a slight bias to low SiO2 using 
ICP techniques and to lower fuorine using micro- 
probe techniques; agreement for other elements 
was good. 

The samples cover the entire compositional 
range from pure fluorapophyllite (2.12% F) to 
almost pure hydroxyapophyllite (0.025% F), and 
analyses are given in Table 2. Notably in such 
a random selection of samples of this mineral from 
world-wide locations, fluorapophyllites are domi- 
nant, and the samples cluster near the fluorapo- 
phyllite end-member. Most samples conform well 
to the ideal formula for the apophyllite group, 8.99 
with only limited substitution of A1 for Si, or Na 
for K. Similar substitutions were noted by Dunn 
et al. (1978). but Matsueda et al. (1981) and Miura 8.96 
et al. (1981) described a Na analogue, natroapo- a 
phyllite, and a continuous pseudo-solid solution 
series between this and K-rich fluorapophyllite. 8.9z 

Several samples (Table 2), predominantly from 
Mexico, are deficient in K20 by more than 25% 8.96 
of that required by the ideal formula. None of o!o 
the elements commonly substituting for K (such ~.9o 
as Na, Rb, Sr or Ba) was found to be present 
in more than trace amounts. However, all these 
samples record excess weight losses on heating: 15.86 
mostly between 17.2 and 18.1% total loss com- r 
pared with the theoretical H20 contents of 15.9 
and 16.9% for the fluor- and hydroxyapophyllite ~.82 
end-members respectively. This correlation of 
excess weight-loss with low K20 suggests the miss- 15.zs 
ing component is volatile. Infra-red spectra of the 0.0 
K-deficient apophyllites exhibit an extra absorp- 
tion band in the region 1466-1459 cm -1, attribu- 1.768- 
table to the NH 4 deformation band. The intensity 
of this band is directly proportional to the defi- 
ciency in K20. Chemical analysis (Table 2) 1.764 
demonstrates that up to 25% of the potassium c / a  
is replaced by ammonia. This substitution is well 1.760 
known in other silicates, particularly the micas 
(Yamamento and Nakahira, 1966; Duit et al., 
1986; D. Morgan, pers. comm. )  and the feldspars ~.756 
(Soloman and Rossman, 1988). Whether a com- 
plete substitution series exists with the ammonium 
ion totally replacing potassium is not known. The 
most extreme substitution observed (GM13 in 
Table 2) amongst the 35 samples studied has one 
quarter of the ideal formula K § by NH4 § Such 
variants will be referred to as 'ammonian 
apophyllites". 

Cell parameters in relation to composition. 
Dunn et al. (1978) found a small increase in the 
a and c cell dimensions for hydroxyapophyllite 
compared with those determined by Colville et 
al. (1971) for fluorapophyllite. Dunn et al. per- 
formed a least-squares refinement from powder 
diffraction data using quartz as an internal stan- 
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dard. For the present work, X-ray diffraction data 
were obtained for five powder samples, selected 
to represent a wide range of composition. A 
Picker 2-circle high-resolution powder diffract- 
ometer with Cu-Kal  radiation and an incident- 
beam focussing monochromator was used; syste- 
matic errors were removed by means of an Ag 
internal standard. The data were refined by using 
the suite of programs of Langford (1971) and the 
cell parameters are given in Table 1. 

1~0 2~0 
Fluorine % 

1!o 2!o 
Fluorine % 

A 

B 

C 

do 1~o 21o 
Fluorine % 

Fro. 2. Variation of cell dimensions of apophyllite in 
relation to fluorine content. Filled circles; fluor-hydroxy- 
apophyllite series. Circle with star, ammonian apophyl- 
lite GM13. Square; hyroxyapophyllite, Dunn et al. 
(1978). Diamond; fluorapophyllite, Colville et al. 

(1971). 

The parameters a, c and c/a decrease linearly 
with increasing substitution of O H -  by F -  (Fig. 
2a-c), at least up to 2% F. The contraction in 
c is 4.9 times that in a and for 2% F, a decreases 
by 0.2%, c by 0.6%, and c/a by 0.4%. For 
hydroxyapophyllite, extrapolation of the least- 
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squares regression lines gives a=8.989(1),  c =  
15.894(7)A, and c/a=1.7681(6). These values 
differ from those obtained by Dunn et al. (Table 
1), and it is not clear if the differences are signifi- 
cant. An accurate determination of cell par- 
ameters thus provides a means of determining the 
extent to which F -  replaces O H -  in fluorapophyl- 
lite. 

Diffraction data were obtained for two ammo- 
nian samples (GM13 and GM25). In this case 
replacement of 37% of the K + by NH4 + produced 
a small but significant contraction in c and a cor- 
responding expansion in a (Fig. 2a and b). There 
is however a marked difference in c/a 
[ = 1.7577(5)] compared with "normal" samples, 
and ammonian apophyllite may be better charac- 
terized by this ratio. 

Thermal analysis 

Techniques. Simultaneous thermogravimetric 
analysis (TGA) and differential thermal analysis 
(DTA) was carried out on 200mg samples (<200 
mesh, 75~xm) using a Stanton-Redcroft HT-N 
thermobalance fitted with a platinum-wound fur- 
nace and a STA662 D T A  attachment with an in- 
conel block. A heating rate of 10~ was used 
throughout. 

The runs were repeated, stopping the exper- 
iment after each successive reaction had peaked 
on the D T A  curve, and the resulting powder was 
identified by X-ray identification. A parallel series 
of T G A  runs was made on 10 mg samples using 
a Stanton-Redcroft TG770 thermobalance, and 
with a sample grain-size varying from fine (75 txm) 
powders to a single 10 mg crystal. This was to 
ascertain the effect of initial grain size on the crys- 
tallinity of the product and on the rate of dehyd- 
ration. 

Low-temperature dehydration reactions. The 
two reactions occurring below 600~ have pre- 
viously been regarded as dehydration reactions 
(Aumento,  1965; Chao, 1971). The majority of 
samples display two distinct stages of weight loss 
on the T G A  curves (Fig. 3), which correspond 
to two marked endothermic peaks on the DTA 
traces (Fig. 4). X-ray patterns of the partially 
dehydrated material differ from those of the start- 
ing material only in having slightly reduced 
intensities (Fig. 7); this reduction in intensity con- 
tinues with progressive increase in temperature 
until after the second endothermic DTA reaction, 
when the material becomes amorphous. Infra-red 
studies nevertheless demonstrate that short-range 
order is retained. Comparison of fluorine-rich and 
fluorine-poor samples indicates that both DTA 
peaks are displaced to higher temperatures with 

increasing fluorine content (Fig. 5A). Fluorapo- 
phyllites give DTA peaks in the range of 
310-334~ and 430-450~ whereas the corre- 
sponding peaks for hydroxyapophyllite are in the 
range 300-310~ and 400-422~ respectively. The 
ammonian samples tend to dehydrate at slightly 
lower temperatures, especially for the second 
stage reaction. However there is not a sufficiently 
close correlation between dehydration tempera- 
ture and fluorine content to be able to use it as 
a measure of fluorine content. Perhaps more 
interesting in this regard is that the proportion 
of water lost during each stage is also dependent 
on the fluorine content, as illustrated in Fig. 3. 
Isothermal runs were used to determine precisely 
the amount lost. Hydroxyapophyllites lose almost 
exactly half of their eight water molecules (7.8% 
by weight) during the first-stage reaction, with 
their remaining water molecules plus that present 
as O H -  during the second stage. Surprisingly, 
fluorapophyllites lose five of their eight water 
molecules (10% by weight) during the first stage, 
with the remaining three during the second stage. 
This feature constitutes a usable diagnostic, as can 
be seen by comparing T G A  curve A (GM2, 
1.99% F) with T G A  curve E (GM21, 0.05% F) 
in Fig. 3. Ammonian apophyllites pose a compli- 
cation to this simple relationship in that they 
inherently have higher total volatile contents than 
the normal K-rich apophyllites. An IR spectrum 
of partially dehydrated GM13 showed that the 
NH4 + absorption band at 1460 cm -~ had disap- 
peared, implying that ammonia is removed during 
the first-stage dehydration. Nonetheless the rela- 
tionship still holds as T G A  curve F, an ammonian 
fluorapophyllite (GM13, 1.94%F), shows greater 
weight loss during the first-stage reaction than an 
ammonian hydroxyapophyllite (GM25, T G A  
curve G). 

Ammonian apophyllites appear however to 
exhibit a different behaviour in their DTA curves. 
In general, both fluor- and hydroxyapophyllites 
have a second-stage endothermic reaction which 
is much more intense than the first lower tempera- 
ture one (Fig. 4). With the ammonian varieties, 
the first endotherm is considerably larger and the 
second one reduced. In the most extreme example 
(Fig. 4, trace F; GM13) the second endotherm 
is almost negligible. GM15 is an exception in hav- 
ing a high weight loss (17%) and an enhanced 
first stage endotherm, but it is not an ammonian 
apophyllite (Fig. 4, curve G). 

A final observation is that several samples have 
subsidiary peaks on the low-temperature side of 
the main DTA peaks. Extreme examples are 
GM25 and AP5 (Fig. 4J and I), where the endoth- 
ermic peaks have become doublets. These are 
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FIG. 3. Thermogravimetric analysis curves of selected apophyllites. TGA curves A-E  illustrate the effects of 
increasing substitution of fluorine by hydroxyl. TGA curve F is the most ammonium-rich fluorapophyllite and 
curve G the most ammonium-rich hydroxyapophyllite. Note that TGA curve G shows an inflection during the 
first-stage dehydration which corresponds to an additional peak on the DTA curve (Fig. 4J). Lower temperature 
scales refer to TGA curves A, C, E and G. Upper temperature scales refer to TGA curves B, D and F. A--GM02,  

B--GM27, C--GM06, D--GM24, E--GM21, F--GM13, G--GM25. 
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FIG. 4. Differential thermal analysis curves of selected apophyllites. DTA curves A-E  illustrate the effects of 
progressive substitution of fluorine by hydroxyl. Curves A and B are fluorapophyllites, D and E hydroxyapophyl- 
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matched by corresponding inflections in the TGA 
curves (Fig. 3G). Similar observations have been 
made by Chukrov et al. (1971), Vorma (1981) and 
Bartl and Pfeiffer (1976). X-ray powder diffrac- 
tion patterns confirm that this is not a result of 
impurities; in any case crushed single perfectly 
shaped crystals yield similar DTA curves. Distor- 
tion of the lattice during grinding of powders may 
account for small subsidiary peaks, such as those 
in curves D, E and G in Fig. 4 (Peng, 1955; Mor- 
gan, pers. comm.), but not for the doublets. It 
is notable that of the two extreme examples, sam- 
ple AP5 is intermediate in composition between 
fluor- and hydroxyapophyllite (with 1.43% F), 
and sample GM25 is an ammonian hydroxyapo- 
phyllite. One explanation is that such crystals are 
not homogeneous but are mixtures of fluorine- 
rich/fluorine-poor domains or layers (or NH4 +- 
rich/NH4+-poor in the second case) which are 
reacting independently on thermal treatment. 
Such mixed-layer structures are not uncommon 
amongst layer-lattice silicates, but have not pre- 
viously been proposed for apophyllite. Rouse et 
al. (1978) noted that individual apophyllites can 
be very inhomogeneous with respect to fluorine 
content, which our work also confirms; it is appar- 
ent from our microprobe studies that the same 
is true for potassium concentration. However, 
mixed-domain structures might be expected to 
show peak temperatures part-way between those 
of the end-members (Morgan, pers. comm.). 

High- temperature  recrystallisation reactions. 
Apophyllite undergoes further solid-state reac- 
tions above 600~ but the behaviour of fluor- 
and hydroxyapophyllites is again different. The 
TGA curves demonstrate that hydroxyapophyl- 
lites undergo no further weight loss at high tem- 
peratures, all the structural O H -  having been lost 
during the second-stage reaction. The DTA 
curves show one strong exothermic reaction 
occurring in the temperature range 850-920~ 
superimposed upon a very pronounced baseline 
drift (Fig. 4). The exothermic peak results from 
the formation of a new crystal phase, identified 
as high-temperature c~-wollastonite by X-ray 
powder diffraction (Fig. 7). No other phase is 
present. The baseline drift is caused by sintering 
in the sample. Electron micrographs show the 
development of randomly oriented needles of 
high-temperature wollastonite growing like 
whiskers from the decomposed cleavage flakes of 
the parent apophyllite (Fig. 6). The size and the 
temperature of this exothermic peak correlates 
inversely with fluorine content. For instance, pure 
hydroxyapophyllite (AP4) and ammonian hyd- 
roxyapophyllite (GM25, curve J, Fig. 4) peak at 
915~ whereas an intermediate apophyllite 

(GM6) with 0.95% F (curve D, Fig. 4) peaks at 
891~ and the peak is much smaller. 

Fluorapophyllites behave in a more complex 
manner. The TGA curves of samples with more 
than about 0.5% fluorine exhibit a further weight 
loss of 0.4 to 0.8% between 920 and 940~ This 
can be correlated with fluorine loss. Note however 
that this is only partial fluorine loss: pure fluor- 
apophyllites contain up to 2.09% F. Prince (1971) 
detected HF in the evolved gases during the 
second dehydration stage, so some fluorine may 
be liberated at much lower temperatures. To clar- 
ify the position regarding fluorine loss, sample 
AP1 with 1.99% F was analysed for fluorine after 
being subject to thermal treatment at very differ- 
ent heating rates, (a) very rapidly, by plunging 
into a furnace at 830~ (b) at the standard 10~ 
min, and (c) very slowly bringing the temperature 
to 830~ In the first case only 0.89% F was 
retained; in the second 1.89% F was retained at 
830~ but all the fluorine disappeared by 930~ 
in the third case all the fluorine was retained. This 
suggests that rapid heating rates and water loss 
promote severe disruption of the structure, facili- 
tating escape of fluorine during dehydration. 

The DTA curves of fluorapophyllites exhibit 
three high-temperature peaks, compared with 
only one for hydroxyapophyllite. The first, at 710 
to 730~ is rather small, and marks the formation 
of the metastable phase CaF2.SiO2 (Marriner et 
al.,  1979). Only a small amount is produced 
(limited by the ca. 2.09% maximum available flu- 
orine) and is poorly crystalline. 

The second peak occurs at 820-840~ and 
marks the growth of a second new phase, identi- 
fied by X-ray diffraction as low-temperature /3- 
wollastonite. Unlike the hydroxyapophyllites, the 
powder at tbis stage remains unsintered, and elec- 
tron micrographs show no growth of crystals com- 
parable with those of the high-temperature form 
developed from hydroxyapophyllite. It can be 
seen that/3-wollastonite forms at lower tempera- 
tures in the more fluorine rich apophyllites (Fig. 
5B). 

Above 900~ significant baseline drift on the 
DTA curves marks the onset of sintering, and 
superimposed upon this is the final DTA peak 
at 900-940~ coinciding with the loss of fluorine 
on the TGA curves. Only high-temperature a- 
wollastonite was identified in the remaining 
powders, both the low-temperature form and 
CaF2.SiO 2 having disappeared. In this case the 
high-temperature wollastonite phase forms at 
higher temperatures in the more fluorine-rich 
apophyllites (Fig. 5B). 

A final technical point worth making is that it 
could be difficult, if DTA apparatus is not care- 
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tion of fluorine in the structure influences the 
mechanisms, temperatures and products of ther- 
mal reaction, not only during low-temperature 
dehydration, but also in high-temperature reac- 
tions up to almost 1000~ and despite passing 
through an intermediate amorphous stage. Yet 
in crystallographic terms the structures of the two 
end-members are identical. Samples with an inter- 
mediate fluorine content in general show a behav- 
iour between the two extremes. 

Fro. 5. Summary of thermal characteristics of apophyl- 
lites in relation to fluorine content. All determined at 
standard heating rate of 10~ A. Low-temperature 
dehydration stages: DTA endothermic peaks. Open 
circles, fluorapophyllite hydroxyapophyllite series. 
Crosses, ammonian apophyllite series. B. Temperatures 
of formation of low-temperature wollastonite and high- 
temperature wollastonite deduced from DTA exother- 
mic peaks. Open circles, formation of low-temperature 
wollastonite in fluorapophyllite--hydroxyapophyllite 
series. Crosses, in ammonian apophyllites. Filled 

circles, formation of high-temperature wollastonite. 

fully set-up and aligned, to distinguish the final 
DTA peak marking the recrystallization of high- 
temperature a-wollastonite from the base-line 
drift associated with sintering of the sample. For 
hydroxyapophyllite this peak is so intense it is 
always distinguishable; for fluorapophyllite the 
position is more crit ical--in only two of the four 
sets of DTA apparatus used in this study was it 
clearly distinguishable. 

D i s c u s s i o n  

A fascinating feature of the fluorapophyllite- 
-hydroxyapophyll i te  group is the way the propor- 

FIG. 6. Electron photomicrograph illustrating randomly 
oriented needles of high-temperature wollastonite 

formed from hydroxyapophyllite. 

Fluorine clearly imparts considerable stability 
to the structure. Reactions in fluorapophyllites 
are all displaced to higher temperatures relative 
to those in hydroxyapophyllites. During the first- 
stage dehydration, fluorapophyllites are able to 
lose one extra water molecule compared with hyd- 
roxyapophyllites, without precipitating break- 
down of the structure. In detail the difference in 
behaviour is observed at ca. 0.95% fluorine (i.e. 
45% site occupancy). Thus hydroxyapophyllites 
having less than this amount need to retain half 
their water molecules to maintain the structure 
after the first dehydration stage, but become 
amorphous during the second dehydration stage 
and remain so until sintering occurs at ca. 900~ 
with the formation of new crystallites of high-tem- 
perature a-wollastonite. 

Apophyllites with more than 0.95% F not only 
breakdown at progressively higher temperatures 
with increasing fluorine content, but the higher 
temperature reactions are also different. After  
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passing through an amorphous stage, the meta- 
stable phase CaF2.SiO 2 forms and is rapidly 
joined at slightly higher temperatures by the low 
temperature/3-form of wollastonite. No sintering 
occurs and no growth of new crystallites is visible 
under the electron microscope. The inference 
must be that, during the second dehydration 
stage, selected parts of the fluorapophyllite struc- 
ture are being preserved which are closely related 
to that of low-temperature wollastonite and that 
can be readily rebuilt into the wollastonite struc- 
ture. Significantly, during attempts to obtain sin- 
gle crystal data on the metastable CaF2.SiO2 
phase by electron diffraction, patterns consistent 
with low-temperature wollastonite were repea- 
tedly obtained, even on material which showed 
no evidence of low-temperature wollastonite 
using X-ray diffractometry. Attempts to increase 
the crystallinity of the phase by using coarser start- 
ing material or longer heating periods were unsuc- 
cessful. The implication is that very little long- 
range movement of ions had taken place and that 
no new crystallites were being formed: the wollas- 
tonite phase may be a poorly formed relic of parts 
of the original apophyllite structure. On the other 
hand, the wollastonite phase appears at lower 
temperatures in the more fluorine-rich samples, 
and the corresponding DTA peaks are sharper, 
suggesting that fluorine mobility is indirectly aid- 
ing the growth of wollastonite domains. At  the 
same time increased fluorine content enables the 
wollastonite phase to be preserved to higher tem- 
peratures. If fluorine is lost (as HF) during rapid 
second-stage dehydration, neither the/3-wollasto- 
nite nor the CaF2.SiO 2 phase are preserved. 
Breakdown of CaF2.SiO 2 is accompanied by 
simultaneous disappearance of low-temperature 
wollastonite. The high temperature a-variety of 
wollastonite recrystallizes from the disrupted 
areas of the low-temperature form, but at higher 
temperatures and as crystallites. 

The dehydration befiaviour of apophyllites 
observed in this study bears upon the problem 
of whether there are one or two structural sites 
for water molecules in the crystal lattice. Struc- 
tural determinations indicate unequivocally that 
there is only one (Colville et al., 1971; Prince, 
1971; Bartl and Pfeifer, 1976) whereas the two- 
stage dehydration behaviour suggests two such 
sites (Chao, 1971). However, taking the apophyl- 
lite group as a whole, the proportion of water 
lost during the first and second dehydration 
stages, respectively, is highly variable, and it 
would be unrealistic to apportion water molecules 
to more than one site. Instead, the proportion 
lost at each stage is more directly linked to the 
fluorine content. The key to the problem was pro- 
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vided by Lacy (1965): the high activation energy 
of the second stage reaction indicates that Si-O 
bonds are being ruptured, with breakdown of the 
lattice, liberating the remaining water, the OH 
ions and some of the fluorine. Only one site is 
necessary for the water molecules, as the second 
stage reaction is not strictly a dehydration but is 
primarily a destruction of the apophyllite struc- 
ture with accompanying liberation of the remain- 
ing water and hydroxyl. 

Finally, the discovery of ammonian varieties of 
apophyllite during this investigation extends the 
range of silicates where significant replacement 
of potassium by the ammonium ion occurs. Such 
ammonian apophyllites can be distinguished from 
normal apophyllites by their DTA and IR curves. 
In normal fluor- and hydroxyapophyllites the 
second endothermic peak is normally larger than 
the first. In ammonian varieties the first DTA 
peak is larger and the ratio of the first to the 
second peak increases with increasing substitution 
of NH4 + for K + because the NH4 + is liberated 
during the first stage of dehydration, and hence 
the higher the NH4 + concentration the greater 
the disruption of the lattice. 
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