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Abstract--Single-crystal, X-ray examination of Mg,Fe-rich chlorites that were heated at 650"C for 24 
hours in air and have undergone dehydroxylation of the interlayer shows that two product phases result 
with a topotactic relationship, with the c axis of both phases parallel One phase ("modified chlorite" or 
"14-A phase") has relatively sharp reflections with a 14-A c-axis repeat, indicating that it is well crystallized 
and maintains the 2:1 layer from the parent. Cell parameters are a = 5.368(1)A, b = 9.297(2)A, c = 
14.215(6)A, a = 89.86(3) ~ 3 = 97.15(3) ~ 3' = 89.98(2)*, and it crystallizes in Ci symmetry. A structure 
refinement, details of which will be reported later, indicates that the interlayer consists of two planes, 
each containing (M + O), where M is the interlayer cation species. These planes show about +0.SA 
positional disorder along the [001] direction. There is no evidence for scattering material at z = 0.5 
between the 2:1 layers. The second phase in the topotactic relationship is based on a 27-A unit c axis 
("27-A phase"). The diffraction data are limited with about 15 diffuse reflections observed, indicating 
that it is poorly crystallized. The 27-A spacing suggests that both octahedral sheets in the parent chlorite 
contribute to the formation of this phase. 

Heating Mg,Fe-rich chlorite powder in a closed system to 550"C, under either reducing or oxidizing 
conditions, prevents the formation of the 27-A phase. Because the 27-A phase forms in an open system, 
we infer that water fugacity is an important factor in its formation. Heating experiments involving samples 
with different polytypes and octahedral "type" (dioctahedral vs trioctahedral) of the 2:1 layer suggests 
that these two variables are important. However, the results are equivocal, and an ill-defined B-rich 
chlorite from Madagascar breaks the observed trends for both variations in stacking sequence and oc- 
tahedral type. However, B-content may be a factor in the transformation also for those chlorites that 
contain B. 
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I N T R O D U C T I O N  

When chlorite is heated in air near 550~ dehy- 
droxylation of  the interlayer occurs by the loss of  half  
or more of  the OH groups as H20 (Brindley and Ali 
1950). The resulting "modified chlorite structure" 
(Brindley and Ali 1950) persists for long periods, even 
for samples immersed in water. The X-ray powder 
pattern of  the modified chlorite structure is character- 
ized by an increased intensity of  the (001) peak and a 
general loss in intensity of  higher order (00l) peaks 
relative to untreated chlorite. The chlorite to modified 
chlorite reaction is commonly  utilized by clay miner- 
alogists to identify Fe,Mg-rich chlorite in a clay where 
kaolinite or serpentine peaks are superposed on the 
higher order 00l chlorite peaks and where the 001 peak 
of  the chlorite is weak. Heating at 550~ in air for one 
hour (e.g., Moore and Reynolds 1989) causes the low- 
intensity 14-A peak to increase by a factor of  2-5, thus 
revealing the presence of  chlorite. 

Dehydroxylation temperature is dependent on crys- 
tallinity, grain size, and composition (Caillrre and Hrnin  
1960, Brindley and Chang 1974). The near Fe 2+ end- 
member  interlayer of  chlorite typically dehydroxylates 
at about 450~ and a near Mg end-member  interlayer 
at about 640~ Above 750~ the talc-like layer de- 
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hydroxylates, with the loss of  long-range atomic peri- 
odicity. Finally, with prolonged heating, olivine and 
other stable phases are produced. Bai e t  a l  (1993) gave 
a complete description o f  the metastable phase rela- 
tions involving a clinochlore and a Mg-rich chamosite 
at elevated temperatures and pressures. They found 
that the thermal decomposit ion of  these chlorites is 
greatly affected by variations in water fugacity. 

Brindley and Chang (1974) re-examined the modi-  
fied chlorite structure derived by heat-treatment o f  Mg, 
A1 and Fe-rich clinochlores (using current nomencla- 
ture) in air. By using an X-ray powder diffractometer 
and an oriented aggregate to enhance the 00l series of  
reflections, Brindley and Chang (1974) found that a 
27-A spacing occurs and that the peak width of  the l 
= odd reflections (e.g., 001 at d = 27A; 003 at d = 9A) 
is different from the l = even reflections (e.g., 002 at d 
= 14A). In addition, they found that the (001) reflection 
is not an exact multiple of  d = 14A. To account for 
the 27-A spacing, they postulated that the modified 
chlorite structure is similar to the chlorite structure but 
with two different interlayers: (1) an interlayer with Mg 
cations located between two oxide planes and (2) an 
interlayer with two (Mg § O) planes. To account for 
differences in peak width and the non-exact multiple 
of  14A for the (001) reflection, Brindley and Chang 
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Table 1. Weight-percent oxides of samples studies. 

C o o k e i t e  4 C o o k e i t e  5 
O x i d e  C l i n o c h l o r e  ~ C h a m o s i t e  2 S u d o i t e  3 L o n d o n d e r r y  A r k a n s a s  B - r i c h  C h l o r i t e  6 N i m i t e  7 C h l o r i t e - I b ( 9 0 ~  8 

SiO~ 32.20 24.30 32.90 37.28 34.7 25.20 28.2 25.16 
A1203 15.23 21.30 35.40 43.90 48.4 47.80 11.2 18.81 
Cr2Oa 3.16 na 9 na na na na 
MgO 35.56 13.78 14.73 0.01 0.05 12.8 9.38 
TiO2 0.03 0.060 0.06 bd 1.0 na 
MnO bd 1~ 0.366 0.01 bd na 0.76 
FeO 1.1911 26.0 bd 0.291l 20.211 34.5411 
Fe203 3.50 2.69 0.1 na na 
NiO 0.24 na na na na 14.6 na 
Li20 na na 0.04 na 2.45 3.97 na na 
P205 na 0.022 na na na na na na 
CaO na 0.005 bd na 0.12 na na 
Na20 na <0.001 0.01 na 0.01 0.48 na na 
BaO na < 0.001 0 .03  na na na na na 
K20 na 0.021 na na 0.20 na na 
H20 § 12.3912 11.80 14.1312 na 14.1 14.10 12.0012 11.3512 

Total 100.00 101.13 100.00 99.93 100.22 100.00 100.00 

1 Analysis from Phillips et al (1980). 
2 Analysis from Saccocia and Seyfried (1994). 
3 Analysis from Lin and Bailey (1985) and Fransolet and Bourguignon (1978). 
4 Analysis (partial) from Guggenheim et al (1983). 
5 Analysis from Miser and Milton (1964) as reported (averaged) in Cern~ (1970). 
6 Analysis from Lacroix (1922). B203 = 9.25. 
7 Analysis from Guggenheim et al (1983). 
s Analysis from Guggenheim et al (1983). 
9 na = not analyzed. 
1o bd = below detection. 
11 All iron present given as FeO. 
12 Computed by difference. 

(1974) suggested a mode l  i nvo lv ing  an imperfec t  al- 
te rnat ion  o f  the two different interlayers.  

Recently,  Vill ieras et al (1994) found that  modi f ied  
chlori te  samples  have  micropores  filled with  a tmo-  
spheric H 2 0  and other  gasses. Based on spectroscopic  
results, they p roposed  a mode l  with one  inter layer  con-  
taining residual  Alp and oxygen (+mic ropo re s )  and 
a second conta in ing a central  Alp plane  be tween  two 
(Mg + O) planes. 

Both the mode ls  o f  Brindley and Chang  (1974) and  
Villieras et al (1994) do not  account  well for the X-ray  
data. Brindley and Chang (1974) and  Vill ieras et al 
(1994) s imula ted  00l  diffraction pat terns  and a l though 
the m o d e l  o f  Vill ieras et al produced  a bet ter  fit o f  
data, nei ther  mode l  is convincing.  In  addi t ion,  the 
mode l  o f  Vill ieras et al impl ies  a diffusion o f  cat ions 
through the ca t ion-r ich  2:1 layer and the fo rma t ion  o f  
a high-densi ty  inter layer  at e levated tempera tures ;  bo th  
possibil i t ies are unlikely to occur  on  crystal chemica l  
grounds.  

The  a s sumpt ion  o f  bo th  mode ls  (above) is that  the  
diffraction pat tern impl ies  a single phase.  An  al ternate  
explanat ion  is that  a second phase, wi th  a 27-A spacing, 
is in tergrown topotact ical ly  with a phase hav ing  a 14-A 
spacing. In  this model ,  the two phases have  a different 
mosa ic  character  (i.e., crystallinity) to produce  s o m e  
reflections that  are relat ively sharp (i.e., f rom the high- 

crystal l ini ty phase) and  reflections that  are b road  (i.e., 
f rom the low-crystal l ini ty  phase). The  purpose  o f  this 
paper  is to examine  bo th  powder  and  single crystal  
X- ray  data  to test these models .  In add i t ion  to cli- 
nochlore-IIb and chamosite-IIb, which  conta in  a t r ioc-  
tahedral  sheet  in bo th  the 2:1 layer and the interlayer,  
we e x a m i n e d  three var ie t ies  o f  d i , t r ioctahedral  chlo-  
rite, sudoite-IIb, cookei te- Ia ,  and  an i l l -defined B-r ich 
(Ia) variety.  These  di , t r ioctahedral  chlori tes  conta in  an 
Al- r ich  d ioc tahedra l  sheet  in the 2:1 layer. Cooke i te  
and the B-r ich chlori te  are Li-rich,  and  sudoi te  is Li- 
poor.  In  addi t ion,  we examined  n imi te ,  a Ni - r i ch  chlo-  
rite, and an Fe-r ich chlori te,  bo th  t r i , t r ioctahedral  chlo-  
rites, bu t  wi th  a Ia stacking sequence.  

E X P E R I M E N T A L  A N D  R E S U L T S  

Single-crystal X-ray data of  heat-treated clinochlore 

Figure  1 shows the hO1 Buerger precession pat tern  
o f  a c h r o m i a n  clinochlore-IIb crystal f rom the D a y  
Book  Body,  N o r t h  Carol ina ,  U S A  (Phil l ips et al 1980, 
Ne lson  and  Guggenhe im  1993) after the crystal was 
hea ted  in a Pt  crucible at 650~ in air  for about  24 
hours.  All  heat ing exper iments ,  inc luding those de- 
scribed below, s tar ted wi th  a cold  furnace. The  furnace 
usual ly requi red  about  an hour  or  m o r e  to reach equi-  
l ibr ium,  depending  on the set-point  tempera ture .  The  
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Figure 1. Buerger precession camera photograph taken for 
about 50 hours with Mo radiation, Zr filter, showing the hOl 
pattern of a heat-treated chromian clinochlore. Triangles in- 
dicate the presence of broad and diffuse reflections. These 
reflections are attributed to the 27-A phase. Note that reflec- 
tions indicated by triangles near the h = 2 row (where h indices 
refer to the 14-A phase) do not lie exactly on the layer line 
of the 14-A phase. The beam stop prevents the recording of 
the lowest order reflections, such as the spacings at d = 27A 
and 9A. The (009) peak of the 27-A phase (note arrow) is 
very weak, but superimposes over the stronger K~ peak of the 
(0, 0, 10), where indexing is based on 27-A cell. Thus, in this 
reproduction, the composite peak appears relatively strong 
and sharp due to the Ke of the (0, 0, 10). 

chemical analysis prior to heating is given in Table 1 
and the structural formula is (Mg2.97Alo.o3)(Si3.o2'Alo 9s) - 
O1o(OH)2-(Mgl.98Alo.69Cro.23Fe3 + o.o4Fe2 + o.o4' Nio.02)- 
(OH)6. Based on mosaic character, two types of reflec- 
tions occur in the pattern. The triangles on Figure 1 
mark broad, diffuse reflections that indicate a large 
mosaic spread. The other reflections, not indicated by 
triangles, are sharper and are consistent with the spac- 
ing and characteristics of a chlorite-like (14A) struc- 
ture. Note that the diffuse reflections along the h = 2 
row do not lie on the layer line. In total, we could 
locate only about 15 diffuse reflections from both zero 
and upper level precession photographs. 

For reasons given below (see Topotaxy section) and 
for simplicity in the description of the X-ray results, 
we describe the X-ray data as two superimposed dif- 
fraction patterns originating from a 14-A phase that 
produces sharp reflections and a 27-A phase that pro- 
duces diffuse reflections. We refer to the phase with the 
14-A spacing as the "14-A phase" or the "modified 
chlorite" structure and the phase producing the 27-A 
spacing as the "27-A phase." 

The 00l reflections (l = odd) of the 27-A phase (Fig- 

ure 1) may be compared to the diffractometer trace of 
Brindley and Chang 1974 (Figure 2). Because of the 
beam stop in the precession method, the lowest order 
peaks [e.g., (001) at d = 27A] cannot be observed in 
Figure 1. Diffuse peaks occur with d-spacings of ap- 
proximately 4.01, 3.18, 2.58, and 2.19A, which rep- 
resent the (007), (009), (0,0,11) and (0,0,13) indices 
respectively. Brindley and Chang (1974) reported 
d-spacings corresponding to l = odd reflections at 20 
values (Cu radiation) of approximately 3 ~ (001), 9.5 ~ 
(003), 22.4 ~ (007, d = 3.96A), and 28.7 ~ (009, d = 
3.10A); higher order reflections were not given by Brin- 
dley and Chang 1974 (Figure 2). 

Buerger precession photographs indicate unit  spac- 
ings of the 27-A phase of approximately a = 2.72A, b 
= 3.19A, c = 27.4A, a = 90 ~ = 98 ~ 3, = 90 ~ However, 
these are preliminary results because of the difficulty 
in examining large regions of reciprocal space for weak 
and diffuse reflections, In addition, however, with the 
phase so poorly organized and the diffraction data so 
limited, cell spacings as described may be unjustified. 
For example, this phase may be related to poorly de- 
veloped domains within the 14-A phase. Uni t  cell pa- 
rameters for the 14-A phase based on least-squares 
refinement of Picker four-circle (Mo radiation, graphite 
monochromator) data of thirty reflections are a = 
5.368(1)A, b = 9.297(2)A, c = 14.215(6)A, a = 89.86(3) ~ 
/3 = 97.15(3) ~ ~, = 89.98(2) ~ An X-ray data set in- 
volving one-half of the reciprocal sphere in Ci  space 
group symmetry was collected to 20 = 60 ~ The model 
was refined by least-squares after a starting model was 
derived by Fourier methods. The final residual (R) 
factor was R = 0.055 for 934 reflections. Two major 
features of the refinement results important  to this pa- 
per are: (1) The interlayer consists of two planes con- 
taining (M + O), where M is equal to the interlayer 
cation species (e.g., Mg, A1, Cr) of the parent phase. 
There is no evidence for scattering material centered 
at z = 0.5 between the two 2:1 layers. (2) The two 
planes of (M + O) show positional disorder along the 
[001 ] direction of about + 0.SA. A complete accounting 
of the structure refinement and results will be presented 
at a later time. 

Powder diffraction data of various heat-treated chlorite 
(di, trioctahedral and tri, trioctahedral) polytypes 

Sudoite. About 40 mg of sudoite-IIb from Ottr~, Bel- 
gium was gently crushed to pass a 325 mesh sieve. The 
structural formula for this sample (Table 1) is A12.oo9- 
(Si2.999 A 11.oo 1)O l o(OH)2" (Mg2.oo2Alo.s2Fe 3 + o.1 s4" Lio.o 15 - 
Tio.oo4Mno.ool)(OH)6. The sample was heated to 575~ 
for two hours in air in a Pt crucible. A Siemens D-5000 
diffractometer (Cu radiation, graphite monochroma- 
tor) was used to examine the specimen prior to, and 
after, heat treatment. The sample was prepared by sed- 
imentation in water on a "backgroundless" quartz plate. 
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Figure 2. Sudoite 00l diffraction pattern (a) before and (b) after heat treatment (untreated sample: about 40 nag.; heat-treated 
sample: 575"C in air, 2 h). Patterns were taken with graphite monochromatized Cu radiation, 2 mm slit system, step scans 
at 0.02* at 0.5 s. Any unlabeled peaks are caused by pyrophyllite and other impurities. 

Similar to heated-treated clinochlore, the 001 reflec- 
tion increases in intensity and the other 00l reflections 
generally decrease (Figure 2). Note, however, that there 
is no 27-A phase. These results were confirmed also 
by using sudoite from the Oishizawa deposit, Hanaoka 
mine, Odate Shi, Akita, Honshu, Japan (U.S. Museum 
#151952) heated to 625~ for four hours in air and by 
Buerger precession single crystal examination of large 
flakes of Ottr6 sudoite. 

Cookeite. Approximately 6 mg of cookeite, London- 
derry, Western Australia (Guggenheim et al 1983, Bai- 
ley 1980) and 250 mg of cookeite (Clay Minerals So- 
ciety Special Clay CAr-1), Jeffrey Quarry, North Little 
Rock, Arkansas (Miser and Milton 1964 as reported 
in Cern~ 1970) were each heated to 625~ for 10 hours 
in a Pt crucible in air. Each sample was identified as a 
Ia polytype and consisted of single crystals 0.2-2 m m  
in size. Partial analysis of the Londonderry sample and 
a complete analysis of the Little Rock sample are given 
(Table 1). The structural formula of the latter is 
approximately Lio.s6A14.o2(Alo.96Si3.o4)Oto(OH)8. The 
samples were prepared for X-ray work in a similar 

fashion as was done for sudoite, except that the crystals 
were not crushed. The results were similar to sudoite 
in that no 27-A phase was observed, and the 001 re- 
flection increased in intensity and the other 001 reflec- 
tions generally decreased. 

B-rich chlorite. Approximately 18 mg of B-rich chlorite 
(Harvard # 104797), Sahatany Valley, Madagascar (re- 
ferred to as " 'manandonite" by Cern~ 1970, Lacroix 
1922, and Guggenheim et al 1983, but this name is 
now reserved for the 7-A, B-rich serpentine, see Ra- 
norosoa et al 1989) was heated to 625~ for 10 hours 
in a Pt crucible in air. It has a structural formula of 
approximately Lil.35A14.13(Bt.3~A10.53Si2.13)Oxo(OH)8 , and 
it is a Ia polytype. This sample was treated in a fashion 
similar to cookeite for X-ray diffraction analysis. In  
contrast to either sudoite or cookeite, however, this 
sample produced a 27-A phase after heating, along with 
an increase in the 14-A peak and a general decrease in 
intensity of higher order peaks of the 14-A phase. 

Nimite. Approximately 25 mg of nimite-Ia  crystals, 
Woodline Well, near South Windarra, Western Aus- 
tralia, was heated for 20 hours at 550~ in a Pt crucible 
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Figure 3. Chamosite 00l diffraction pattern (a) before and (b) after heat treatment (untreated sample: 20 mg.; heat-treated 
sample: 1 bar Ar pressure in presence of graphite, 550"C, 16 h, 15 mg). Diffractometer conditions same as for Figure 2. 

in air, examined as single crystals in the powder dif- 
fractometer, and then re-heated at 600~ for an ad- 
di t ional  16 hours to assure dehydroxylation.  The struc- 
tural formula (Guggenheim et al 1983) is approxi-  
mate ly  Nil.22 Mgl.9S Fel.75 Alo.3o (Si2.93All.o7)Olo(OH)s. 
Crystals were crushed after heating for final powder 
X-ray examination (diffractometer condit ions same as 
above). The X-ray pattern was similar to that  of  heat- 
treated sudoite (Figure 2): there was no evidence of  a 
27-A phase, the (001) peak increased in intensity, and 
the higher-order peaks generally decreased in intensity. 

Iron-rich tri, trioctahedral chlorite-Ib(90*). Approxi-  
mately 25 mg of  an iron-rich chlorite-Ib(90 ~ from 
Arakawa Mine, Japan was heated and examined in 
a manner  s imilar  to nimite.  The structural formula 
(Gugheim et al 1983) is approximately Mgl.53Fea.lS- 
m11.21Mno.o7(Si2.77AIL23)Olo(OH)s. X-ray powder data 
was similar to that of  heat-treated sudoite (Figure 2), 
and there was no evidence of  the 27-A phase, the (001) 
peak of  the 14-A phase increased in intensity relative 
to the unheated sample, and there was a general de- 
crease in intensity of  the higher-order reflections. In 
contrast to heat-treated sudoite, however, the (005) 
peak was unobserved. 

Additional heating experiments 

A Mg-rich chamosite-11b from Burke Mountain,  
Vermont,  was abraded with an iron file to pass a 325 
mesh sieve and heated to 550~ under reducing con- 
dit ions in Ar  in the presence of  graphite at 1 bar. This 
heating procedure, although not  discussed extensively 
by Bai et al (1993), is identical to the technique used 
in that study, since graphite was used as packing ma- 
terial near the sample. The chemical  analysis of  this 
sample (Saccocia et al 1994, Bai et al 1993) is given 
in Table 1. The dehydroxylat ion reaction was sluggish, 
requiring about  16 hours for 15 mg of  sample to react, 
and the sample color became a darker  shade of  green. 
Figure 3 shows an X-ray diffractogram (same instru- 
mental  details as above) of  the reactant (a) and product  
(b). Note that there is no 27-A phase present. The (001) 
and the (005) peaks (14-A cell) remain similar in in- 
tensity (Figures 3a and 3b), whereas other (00l) peaks 
are not  observed for the pattern from the heat-treated 
sample. These results are in sharp contrast  to Fe-rich 
clinochlores and chamosites heated in air  (=oxidizing 
conditions), where there is a color change to reddish 
brown, along with the format ion of  a 27-A phase. 

A second set of  heating experiments identical to the 
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above were made using Burke Mountain  chamosite,  
except that the graphite packing material  was removed.  
The resulting product  was reddish brown, indicating 
oxidizing conditions. However,  unlike chamosite heat- 
ed in air, no 27-A phase was observed in the X-ray 
diffractogram. 

DISCUSSION 

Topotaxy 

The two different types of  mosaic character of  the 
hk/-type reflections in precession photographs of  heat- 
treated clinochlore (Figure 1) are strongly suggestive 
of  two separate phases, one with a 14-A spacing, the 
other with a 27-A spacing along the c axis. Further-  
more, the difference in lateral spacings [a = 2.70A vs 
5.366(2)A, b = 3.22A vs 9.304(4)A] and the non-exact  
multiples of  corresponding spacings are further evi- 
dence for the presence of  two phases. Finally, the re- 
suits of  the thermal  experiments on chamosite,  shown 
in Figure 3, indicate that the 14-A phase can be main-  
tained without the presence of  a 27-A phase. Thus, it  
is concluded that the transformation involves two 
phases, in those cases where both a 27-A and a 14-A 
peak occur in the diffraction pattern. Addi t ional  com- 
ments are given below (see the Brindley and Chang 
(1974) model) concerning the possible interstratifica- 
tion of  two-layer phases. 

Because reflections of  the 27-A phase of  the type hkl  
are present with lateral (a, b) spacings clearly different 
than the 14-A phase, these reflections suggest an in- 
coherency between the intergrown phases in these di- 
rections. The few reflections from the 27-A phase and 
the broad mosaic character of  these reflections suggest 
that the phase is poorly crystallized (Figure 1). As the 
intergrowth of  the 27-A phase is crystallographically 
oriented with respect to the 14-A phase (Figure 1), the 
intergrowths are topotactic in nature. Furthermore,  the 
c-axis cell length of  27-A suggests that the formation 
of  the 27-A phase involves both the interlayer and the 
octahedral  sheet of  the 2:1 layer. Presumably,  both 
phases make use of  portions of  the parent chlorite to 
minimize  structural reorganization and the energetics 
of  transformation.  

Effect o f  iron content and water fugacity on the 
dehydroxylation mechanism 

The heat- treatment of  a chamosite under reducing 
conditions did  not  produce evidence of  the 27-A phase 
(Figure 3). In addit ion,  however, oxidizing condit ions 
did not always produce the 27-A phase. For  example, 
heat- t reatment  in air produces a 27-A phase for cham- 
osite, whereas heat- treatment in a closed reaction ves- 
sel, even under oxidizing conditions, does not produce 
the 27-A phase. Thus, iron content and its potential  
for oxidation does not appear to be an impor tant  aspect 
for the formation of  the 27-A phase. The significant 

difference between an open system and a closed system 
is the HzO content of  the environment  around the 
sample as dehydroxylat ion occurs, with the open sys- 
tem having a lower water fugacity than a closed system. 
Thus, we conclude that  the formation of  the 27-A phase 
in the cl inochlore/chamosite series is at least partly 
dependent  on the H20  content of  the surrounding en- 
vironment.  This interpretat ion is consistent with the 
study by Bat et al (1993). 

Effect of2:1 layer octahedral occupancy a nd polytypism 
on the dehydroxylation mechanism 

In general, both the octahedral  nature (dioctahedral  
vs trioctahedral) of  the 2:1 layer and the stacking se- 
quence (polytype) affects the format ion of  the 27-A 
phase, although neither of  the trends are universal. Of  
the three di , tr ioctahedral  chlorites examined (sudoite- 
l ib,  cookeite-Ia,  B-rich chlorite-Ia),  only the B-rich 
chlori te-Ia  sample produced a 27-A phase upon heat- 
ing in air. Likewise, of  the four Ia polytypes examined 
[cookeite-Ia, B-rich chlorite-Ia,  nimite-Ia ,  Fe-rich 
chlorite-Ib(90~ the 27-A phase was produced by the 
B-rich sample upon heating in air. Brindley and Chang 
(1974) noted also that  heat-treated Fe-rich Ia and I ~ 
chlorite polytypes (tr i , tr ioctahedral chlorites) d id  not  
produce the 27-A phase. The samples they examined 
were very poorly crystallized and few details were giv- 
en. 

The B-rich chlor i te-Ia  sample showed the presence 
of  the 27-A phase after heat treatment,  and this sample 
breaks the observed trends for both octahedral " type"  
and polytype. The composi t ion of  this sample is un- 
usual, and it may be an addit ional  parameter  in the 
formation of  the 27-A phase. Excluding the B-rich 
chlori te-Ia  sample, all Ia, b samples examined here and 
by Brindley and Chang (1974) do not produce the 27-A 
phase upon heating in air. Although the clinochlore- 
chamosite (Ilb) series produced the 27-A phase upon 
heating in air, we note also that  the heat-treated su- 
doite-IIb sample did  not  exhibit  the 27-A phase, al- 
though this may be because sudoite is di, trioctahedral.  
In summary,  with the l imited data currently available, 
both stacking sequence and di , tr ioctahedral  character 
may be impor tant  parameters  in the formation of  the 
27-A phase in heat-treated chlorites, but  the data are 
equivocal. 

I f  the di , tr ioctahedral  arrangement of  chlorite is an 
important  parameter in the formation of  the 27-A phase, 
this would imply that (a) the dioctahedral  sheet of  the 
2:1 layer in the Al-r ich chlorites inhibits  the transfor- 
mat ion and conversely, (b) the trioctahedral sheet of  
the 2:1 layer in the Mg,Fe-rich chlorites promotes  the 
transformation.  I f  this is the case, it  cannot be assumed 
that OH-loss at near 550~ is a result of  dehydroxy- 
lation of  the interlayer alone for those chlorites where 
a 27-A phase forms. For  those reactions involving 
chlorites where a 27-A phase forms, partial  OH-loss 
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from the 2:1 layer may occur simultaneously with the 
formation of  the 27-A phase. Therefore, the interpre- 
tation of  thermal analysis (e.g., TGA) data in which 
the peak at near 550~ is generally considered to be a 
result of  the dehydroxylation of  the interlayer only must  
be re-examined. A careful spectroscopic study may be 
useful to determine i f  such OH-loss occurs and whether 
the nature of  octahedral occupancy is an impor tant  
parameter  in this transformation. 

I f  the stacking sequence (I vs 11) is an impor tant  
parameter  to consider in the transformation,  then the 
slant of  the interlayer octahedral sheet, based on the 
set of  octahedral cation posit ions occupied in the in- 
terlayer, is an impor tant  structural feature determining 
i f  the transformation occurs. Interestingly, the results 
based on stacking sequence (I  vs 11) imply the impor-  
lance of  the interlayer configuration, whereas octahe- 
dral occupancy (dioctahedral vs tr ioctahedral  occupan- 
cy of  the 2:1 layer) suggests the importance of  the 2:1 
layer. Perhaps op t imum conditions in both regions of  
the structure are necessary to produce the long spacing. 

The Brindley and Chang model 

The results of  the structural refinement indicating 
that there is no scattering material  centered between 
adjacent 2:1 layers (e.g., at z = 0.5) precludes the pos- 
sibility that the Brindley and Change model  is correct, 
since one of  the two interlayers in their model  requires 
scattering material  at this location. Such scattering ma-  
terial would be evident in electron density maps  of  our 
one-layer structure as a superposition o f  both layers of  
the Brindley and Chang model, which is not  observed. 
Thus, the most straightforward explanation is the pres- 
ence of  two intergrown topotaxial  phases, one with a 
14-A spacing and the other with a 27-A repeat as dis- 
cussed above. 

Because the refinement indicates also that there is 
posit ional disorder  of  the interlayer along the [001] 
direction, the Brindley and Chang model  may be mod-  
ified so that the 27-A phase results from the interstrat- 
ification of  interlayers displaced by +0 .5A along the 
[001] direction to produce a two-layer interstratifica- 
tion. We have produced models  following this type of  
disorder, but  in each case the agreement between the 
calculated and observed structure factors are very poor  
(R > 0.40) for the data. By calculation, all such models  
produce many intense reflections of  the type Okl and 
hOl with l = odd (based on c = 27A), which are absent 
on precession photographs. In addit ion,  such models  
cannot explain the different lateral (a, b,) spacings ob- 
served in precession photographs. 

The model o f  Villieras et al 

The model  of  Villieras et al 1994, like the Brindley 
and Chang model, requires scattering material  centered 
between adjacent 2:1 layers, which is contrary to the 

structure refinement. Thus, the model  ofVil l ieras  et al 
1994 cannot be correct. 

The heat- t reatment  of  clinochlore to produce a de- 
hydroxylated interlayer involves a part ial  misalign- 
ment  of  the layers of  the 14-A phase, which is evident  
in the structure refinement by posit ional  disorder  as 
described above. In our experience of  examining many 
single crystals o f  both the original chlorite and the heat- 
treated product,  the mosaic spread of  the 14-A product  
is always greater than the original chlorite, as indicated 
by a visual inspection of  the peak width of  the reflec- 
tions. We interpret  this effect as a part ial  "de lamina-  
t ion" or "exfol iat ion" of  the layers, in which the layers 
slightly separate from each other during the process of  
dehydroxylation,  as well as a loss of  some crystallinity 
due to defects created by the dehydroxylat ion process. 
We minimized  these effects by heating the single crys- 
tals gently over  time, starting our heating experiments 
in a cold furnace. Villieras et al 1994 placed chlorite 
in a preheated furnace, thereby maximizing the ther- 
mal shock. We believe that the microporosi ty observed 
by Villieras et al is related to the part ial  delaminat ion 
of  layers. Alternatively,  however, pores may form at 
the juncture between the two product  phases present 
or by other mechanisms not  yet understood, such as 
the introduction of  addi t ional  defects. Regardless of  
the mechanism for the development  of  micropores,  
however, an explanation cannot be based on a two- 
layer modified chlorite structure. 

S U M M A R Y  A N D  CONCLUSIONS 

Single crystal X-ray diffraction data are presented 
that  indicate the existence of  two phases in heat- treated 
cl inochlore/chamosite chlorites that  have undergone 
dehydroxylat ion under oxidizing conditions in air. 
These phases show topotaxy,  with parallel c axes and 
a fixed orientation of  lateral axes. One of  these phases 
has a 14-A repeat and the other has a 27-A repeat. 
Previous researchers were unable to recognize such an 
intergrowth because their data set consisted only of  
spectroscopic data  or powder  diffraction data of  ori- 
ented aggregates. 

The 14-A phase, which most  closely approximates  
the early concept (Brindley and Ali  1950) of  the mod-  
ified chlorite structure, is relatively well-crystallized 
and maintains the 2:1 layer of  the parent phase. A 
prel iminary report  of  the structure is presented; a major  
structural feature is that the interlayer consists of  only 
two planes, each containing both cations and oxygen. 
In contrast, the 27-A phase is poorly crystallized with 
few reflections which are very diffuse. 

The l imited data  on polytypic effects on the for- 
mat ion  of  the 27-A phase and the effect of  whether the 
octahedral  sheet in the 2:1 layer is either dioctahedral  
or tr ioctahedral  are equivocal. Evidence suggests the 
importance of  these parameters,  but  there are excep- 
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tions, as is the case for the B-rich chlorite.  However ,  
the B content  m a y  also affect the t ransformat ion .  It  is 
clear, however ,  that  ox ida t ion / reduc t ion  and  the Fe  
content  is not  an impor t an t  pa ramete r  in the fo rma t ion  
o f  the 27-A phase, whereas  water  fugacity is impor tan t .  
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