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Abstract--In the chemical system NayO-AIyO3-SiO2-HyO, the stability field of Na-beidellite is presented 
as a function of pressure, temperature, and Na- and Si-activity. NaoT-beidellite was hydrothermally 
synthesized using a stoichiometric gel composition in the temperature range from 275* to 475~ and at 
pressures from 0.2 to 5 kbar. Below 275~ kaolinite was the only crystalline phase, and above about 
500~ paragonite and quartz developed instead of beidellite. An optimum yield of 95% of the Nao.7- 
beidellite was obtained at 400~ and 1 kbar after 20 days. Gels with a Na-content equivalent to a layer 
charge lower than 0.3 per O20(OH)4 did not produce beidellite. They yielded kaolinite below 325~ and 
pyrophyllite above 325~ With gels ofa Na-content equivalent to a layer charge of 1.5, the Na-beidellite 
field shifted to a minimum between temperatures of 275 ~ and 200~ This procedure offers the potential 
to synthesize beidellite at low temperatures. Beidellite synthesized from NaL0-gel approach a Na~.35 
composition and those from Nat. 5- and Nazo-gels a Naj.s composition. 
Key Words--Beidellite, Electron microprobe, Hydrotherrnal synthesis, Kaolinite, Paragonite, Pyrophyl- 
lite, Scanning electron microscopy, X-ray diffraction. 

I N T R O D U C T I O N  

Hydrothermal synthesis ofsmectites has become im- 
portant because of  their high chemical purity and the 
ability to selectively vary the smectite structure (Torii 
and Iwasaki, 1986, 1987; Plee et al., 1987; Schutz et 
al., 1987; Ydoprogge et al., 1990a, 1990b). Also the 
systematic incorporation of  specific organic and inor- 
ganic complexes, generating pillared clays with a spec- 
ified range of  basal and lateral spacings, has stimulated 
interest in smectite synthesis (Lahav et al., 1978; Breen 
et al., 1985; Pinnavaia et al., 1985; Sterte, 1986; Sterte 
and Shabtai, 1987; Singh and Kodama, 1988). Pillared 
clays may be used simultaneously as molecular sieves 
and catalysts, e.g., in oil cracking reactions involving 
large organic molecules (Barrer, 1978; Ocelli, 1983, 
1987; Rupert et al., 1987; W. J. J. Welters, personal 
communication). 

Beidellite is a dioctahedral member  of  the smectite 
group and can be described by the general formula 

(0.5 Ca, Na, K, 0.5 Mg)pA14+pSis_pO20(OH)4.n H20 

(Ross and Hendricks, 1945; Weir and Greene-Kelly, 
1962). In natural beidellites, p-values can vary between 
0.4 and 1.2, with an average p-value of  0.66 (Kloprogge 
et aL, 1990a). At this value, A1 exhibits a completely 
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homogeneous random distribution over the tetrahedral 
sites according to the Loewenstein AI-O-A1 avoidance 
rule (Loewenstein, 1954) and, therefore, it represents 
the most stable composition. 

The first aim of  this study was to locate the synthesis 
field of  Na-beidellite from a gel with composition 
Nao.7Ala.7Si7.3Oy0(OH)4-nH20 (p = 0.7) in terms of  
temperature, pressure, and time in order to produce 
opt imum amounts of  Na-beidellite in experiments at 
low temperature and pressure conditions within a short 
period of  time. The second purpose was to investigate 
the variation of  the Na-content of  the beidellite with 
compositions o f  the starting gels ranging from pyro- 
phyl l i te  AlaSisO20(OH)4 (p = 0.0) to paragoni te  
Na2A16Si6Ozo(OH)4 (p = 2.0) and to establish the in- 
fluence of  temperature at a fixed pressure of  1 kbar on 
the synthesis field of  Na-beidellite. 

E X P E R I M E N T A L  A N D  A N A L Y T I C A L  
T E CH N IQ U E S 

The starting materials for the Na-beidellite syntheses 
were gels prepared according to the procedure of  Ham- 
ilton and Henderson (1968). The chemicals for the gel 
preparation were Al(NO3)3-9H20 (Merck No. 1063), 
NazCO 3 (Merck No. 6392), and tetraethyl orthosilicate 
(T.E.O.S.) (Merck-Schuchardt No. 800658). Experi- 
mental charges were prepared according to Kloprogge 
et al. (1990a). Fifty mg of  the gel and 70 tA water were 
placed into a gold capsule welded on one end. The 
capsule was closed by arc-welding, while its main body 
was constantly cooled in an ice-water bath. All capsules 
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Figure 1. Experimental results on the Na-beidellite synthesis 
field from a gel with composition Nao.7A14.7Si7.aO22.xH20. 
Note the presence of SiO2 phases, including cristobalite. Dashed 
lines represent increasing amounts of SiO2, with increasing 
temperature based on increasing intensities of the XRD lines. 

were checked for leakage before the experiment. Ex- 
periments were carried out in a Tuttle-type, externally 
heated, cold-seal pressure vessel (Tuttle, 1949) using 
Ar gas as pressure medium. Standard run times of 10 
days were used, except with the experiments to deter- 
mine the crystallization curve for which run times up 
to 30 days were used. After quenching the pressure 
vessels with compressed cold air, the capsules were 
reweighed to check for leakage. 

X-ray powder diffraction patterns were recorded with 
a Philips PW 1050/25 diffractometer using Ni-filtered 
CuKa radiation. Beidellite identification was based on 
the dhk~ values of natural Ca-saturated beidellite de- 
termined by Weir and Greene-Kelly (1962) and on the 
dhk~ values of synthetic Na-beidellite determined by 
Kloprogge et al. (1990a, 1990b). The morphology and 
amounts of products have been investigated with a 
Cambridge S150 scanning electron microscope. The 
accuracy of the visual determination of the amounts  
is thought to be approximately 10%. Infrared spectra 
were measured on powdered samples in KBr tablets 
(concentration 1 wt. %) with a Perkin Elmer 580 IR 
spectrophotometer. Chemical analyses were made from 
suspensions of"di lu ted"  samples emplaced on plastic 
holders, prohibiting fluorescence from nearby particles 
or background, using a JEOL JXA-8600 electron mi- 

croprobe at 15 kV and 10 nA with minerals and syn- 
thetic compounds as standards. Raw count data were 
corrected with a Tracor Northern PROZA correction 
program. 

RESULTS 

The synthesis conditions of beidellite and the de- 
velopment of other produced phases are summarized 
in a P-T diagram (Figure 1). At temperatures below 
300~ kaolinite and quartz are the predominant crys- 
talline phases. All experiments producing kaolinite and 
quartz contain a considerable amount  (20% to 50%) of 
amorphous material with a chemistry differing from 
the original gel composition. A small transition zone 
to the beidellite field seems to exist around 300~ due 
to the sluggish reaction kinetics of Na-beidellite in 
comparison to kaolinite, as evidenced by the disap- 
pearance of kaolinite when higher heating rates were 
used (approximately 30~ unpublished data, J. 
T. Kloprogge). This transition zone with beidellite, ka- 
olinite, quartz, and amorphous material disappears at 
water pressures above 2 kbar. Na-beidellite is the main 
crystalline phase in the temperature range 275~176 
Saturation with ethylene glycol indicated full expand- 
ability of the beidellites formed between 300~ and 
400~ Five to 20% amorphous material is still present 
in Na-beidellite-rich yields. At 450~ Na-beidellite is 
accompanied by cristobalite at pressures < 2 kbar and 
by quartz over a wider temperature range and at pres- 
sures >--2 kbar. The amount  of quartz increases mainly 
with the synthesis temperature and less clearly with 
the pressure. At 500~ and pressures <2 kbar, parag- 
onite is formed as the dominant  phyllosilicate phase. 
Normal and ethylene glycol-saturated XRD analyses 
show that, at pressures ->2 kbar, mixed-layer parago- 
nite/beidellite is found with traces of quartz. 

Calculations based on the microprobe analyses (Ta- 
ble 1 a) reveal only a small variation in the composition 
of the beidellite with p-values between 0.5 and 0.7 at 
pressures below 2 kbar independent of the temperature. 
The variation of the composition was small even at 4 
kbar. The Na analyses are consequently much lower 
than expected from the Si and AI analyses, presumably 
due to evaporation of Na during exposure to the elec- 
tron beam in the microprobe (van der Pluijm et al., 
1988; Kloprogge et al., 1990a). 

Beidellite forms flakes with diameters up to 100 um 
and thicknesses of approximately 15 to 20 urn. Only 
the crystal faces (001) have been observed. Most flakes 
show a package of platelets separated by small open 
spaces (Figure 2A). This is in contrast with kaolinite, 
which exhibits massive-looking flakes of a diameter up 
to 75 #m and a thickness of approximately 5 #m (Figure 
2B). In all samples, variable amounts  of amorphous 
material can be recognized as massive, mostly very 
small (<25 ~m) fragments in the backscatter electron 
images produced by the microprobe and exhibit a vari- 
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Table 1. Selected microprobe analyses (wt. % oxides) and averages of a) beidellite and b) amorphous material from various 
runs using a gel with p = 0.7 and c) beidellite from various gels. For the beidellite the structural formula based on 22 O is 
reported. 

a) Be~dellite from runs with gel composition p = 0.7 (62.7% SiO2, 34.2% AlzO~, 3.1% NaeO). 

Run: 542 427 543 549 554 641 593 
T (*C): 300 350 450 300 400 300 300 

P kbar: 0.5 0.5 0.5 1.5 1.5 2.0 4.0 

SiO2 55.99 56.76 56.56 59.39 59.45 60.69 59.90 
A1203 30.29 30.96 29.10 31.89 31.82 30.53 29.84 
Na20 0.89 2.44 1.59 0.88 1.36 0.41 1.11 
Total 87.17 90.16 87.25 92.16 92.63 91.63 90.85 

Si 7.33 7.30 7.47 7.35 7.36 7.53 7.56 
AI TM 0.67 0.70 0.53 0.65 0.64 0.47 0.44 
A1 v~ 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.23 0.61 0.41 0.21 0.33 0.10 0.27 
Sum 12.23 12.61 12.41 12.21 12.33 12.10 12.27 

n ~ 3 10 3 14 13 8 15 
Mean p2 0.61 0.71 0.53 0.60 0.63 0.45 0.47 
s.d. 3 0.25 0.13 0.29 0.21 0.11 0.13 0.11 

b) Average probe analyses of amorphous material from runs with gel composition p = 0.7 (62.7% SiO2, 34.2% A1203, 3.1% Na20). 

Run: 542 542 543 543 549 549 554 554 641 641 
T (~-~: 300 300 450 450 300 300 400 400 300 300 
P kbar: 0.5 0.5 0.5 0.5 1.5 1.5 1.5 1.5 2.0 2.0 

593 593 
300 300 
4.0 4.0 

SiO2 73.25 64.96 84.31 72.44 67.84 65.19 64.67 59.45 71.42 51.49 71.32 68.47 
m1203 24.39 29.81 12.29 21.30 31.57 31.04 33.31 31.93 28.05 27.92 21.81 26.04 
Na20 bd 4 1.84 0.24 1.78 0.88 1.33 0.55 4.04 0.42 16.51 0.51 1.57 
Total 97.64 96.61 96.84 95.52 100.29 97.56 98.53 95.42 99.89 95.92 93.64 96.08 

c) Beidellites from runs at constant pressure of 1 kbar. 

Run E.: 694 716-2 711-2 712-1 711-3 712-2 
Na~: 1.0 1.5 1.5 1.5 2.0 2.0 

T (~ 300 200 225 325 225 275 

SiO2 50.25 51.77 41.90 42.47 42.59 43.99 
A1203 34.77 38.78 35.38 35.80 35.39 36.12 
Na20 3.41 6.73 6.19 7.18 6.63 6.57 
Total 88.43 97.28 83.47 85.45 84.61 86.68 

Si 6.61 6.37 6.01 6.02 6.06 6.10 
A1TM 1.39 1.63 1.99 1.98 1.94 1.90 
A1 v~ 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.87 1.61 1.72 1.97 1.83 1.77 
Sum 12.87 13.61 13.72 13.97 13.83 13.77 

n ~ 11 7 6 11 9 8 
Mean p2 1.39 1.68 1.87 1.91 1.92 1.89 
s.d. 3 0.08 0.05 0.17 0.08 0.04 0.10 

Number  of analyses. 
2 Average of n analyses. 
3 s.d. = standard deviation. 
4 bd = below detection limit. 

able  c o m p o s i t i o n  as e v i d e n c e d  by  the  m i c r o p r o b e  anal -  
yses (Tab le  lb) .  

T h e  c rys ta l l i za t ion  o f  Na-be ide l l i t e  p roceeds  r a t h e r  
r ap id ly  at  350~ a n d  I kbar .  Af te r  on ly  one  day,  15% 
Na-be ide l l i t e  is p roduced .  A m a x i m u m  o f  85% is 
r e ached  af te r  14 days  (Figure 3). A synthes i s  t e m p e r -  
a tu re  o f  400~ accelera tes  the  c rys ta l l i za t ion  a n d  in-  
creases  the  m a x i m u m  yield to  95% wi th in  20 days. A 
longer  r un  t i m e  does  no t  s ignif icant ly  i m p r o v e  the  Na -  
be ide l l i te  yield for  the  appl ied  gel c o m p o s i t i o n .  

T h e  synthesis  field in  re la t ion  to the  gel c o m p o s i t i o n  
is i l lus t ra ted in a T-gel c o m p o s i t i o n  (NapAla+~,Sis_r,022) 

d iag ram at 1 k b a r  (Figure 4), in  which  p, wi th  values  
be tween  0.0 a n d  2.0, represents  the  relat ive N a - c o n t e n t  
in the  theore t ica l  beidel l i te  fo rmula  NapA14+pSis_pO2o- 
(OH)4. T h e  f o r m a t i o n  o f  Na-be ide l l i te  is d e p e n d e n t  on  
b o t h  the  t e m p e r a t u r e  a n d  the  gel compos i t ion .  A m o r -  
phous  mate r ia l  o f  a va r iab le  compos i t i on  is obse rved  at  
t empe ra tu r e s  be low 200~ In the  compos i t i on  range p 
< 0.4, kaol in i te  a n d  quar tz  are fo rmed  below 325~ 
whi le  a b o v e  325~ pyrophyl l i te  is produced .  A b o v e  
350~ and  at  a N a - c o n t e n t  o f  0.7 a n d  lower, pyrophyl l i te  
is f o r m e d  ins tead  o f  paragoni te .  A t  p = 0.7, beidel l i te  
fo rms  be tween  450~ and  275~ For  p = 1.0, some  
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Sand  et al. (1957).  These  au t h o r s  o b s e r v e d  the  s tab i l i ty  
field to  shif t  less t h a n  25~ to h igher  t e m p e r a t u r e s  in  
a s imi la r  p ressure  range.  T h e  c o n d i t i o n s  o f  320~  
b a r  a n d  340~  bar ,  wh ich  are app l ied  for the  syn- 

Figure 2. Scanning electron microscope photographs of A) 
Na-beidellite from run E427 and B) kaolinite from run E503. 
Note specks of quartz (a) and spheres of amorphous material 
(A). 

kaol ini te  + quartz  
O beidell i te  
�9 pyrophyll i te  

paragoni te  + Si02 
a m o r p h  alone 
bayer i te  + amorph  

550 
bayer i te  is fo rmed  at  225~ as a crystal l ine phase.  In-  
creasing the  N a - c o n t e n t  to  1.5 results  in a significant 500-  
lowering o f  the  Na-beide l l i te  s tabi l i ty  field to t emper -  
a tures  be tween  300~ a n d  175~ T h e  sod ium con ten t  .---,45o 

O o f  the  beidel l i te  m a d e  f rom a gel o f  a compos i t i on  o f  p o 
= 1.5 is significantly h igher  t han  expected f rom the  gel "-~4o0 
c o m p o s i t i o n  a n d  increases  wi th  the  t empe ra tu r e  f rom 

350  p = 1.68 to 1.91 (Table  lc). The  beidel l i te  fo rmed  f rom 
a gel wi th  a paragoni te  compos i t ion ,  p = 2.0, has  a +~ 

300 c o m p o s i t i o n  wi th  p a r o u n d  1.9. 
S t ruc tura l  f o rmu lae  ca lcu la ted  f rom the  m i c r o p r o b e  ~u ch 

analyses  ( some  charac te r i s t i c  analyses  are g iven  in Ta-  ~,250 

ble l b ;  all ana lyses  are p lo t t ed  in  F igure  5), b a s e d  o n  ~ 200J  
/ 

t o ta l  Si + A1 = 12, revea l  the  c o m p o s i t i o n s  o f  the  fi'~ / 
beidel l i te ,  f o r m e d  f r o m  gels wi th  p -va lues  o f  1.0 a n d  150-~ 
h igher ,  to  c lus ter  a r o u n d  p -va lues  o f  a p p r o x i m a t e l y  1.4 [ 
a n d  1.8 at  a p ressure  o f  1 kbar .  Inc reas ing  the  syn thes i s  100 t 
t e m p e r a t u r e  resul ts  in  a smal l  increase  in p-va lue .  0.0 

D I S C U S S I O N  

Be tween  0.2 a n d  2 kbar ,  t he  t e m p e r a t u r e  c o n d i t i o n s  
for  the  Nao.7-beidelli te syn thes i s  do  no t  s ignif icant ly  
d e p e n d  on  pressure ,  w h i c h  agrees w i th  the  resul ts  o f  

Figure 4. 

200 �9 

." O ~  
/ 

' 075 ' t.'0 ' t.'~ z.'0 
R e l a t i v e  N a  c o n t e n t  g e l  

Experimental results at a constant pressure of 1 
kbar of the synthesis field of Na-beidellite as a function of 
temperature and gel composition. The beidellite composition 
is variable, as shown in Table lc. The presence of amorphous 
material or SiO: phase is not indicated. 
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thesis of  beidellite from a gel with composit ion 
Nao.91A14.91Si7.0902o(OH)4 (Schutz et aL, 1987; Plee et 
al., 1987), are within the field of  pure beidellite. Eberl 
and Hower (1977) synthesized fully expandable Nao.68- 
beidellite together with some quartz between 392 ~ and 
445~ at 2 kbar, which fits within our results. They 
found a 75~ expandable mixed-layer phase, con- 
sisting of  beidellite- and some paragonite-like layers, 
and kaolinite between 260 ~ and 350~ where we ob- 
served fully expandable beidellite and a mixed-layer 
beidellite/paragonite phase at 500~ and pressures 
above 2 kbar. 

The upper temperature limit of  470~ (Ames and 
Sand, 1958) and of  480~ (Sand et al., 1957) for a 
Nao.66-beidellite at a pressure of  1 kbar is comparable 
with our upper temperature limit of  between 450~ 
and 500~ for the formation of  Nao.7-beidellite. The 
composit ion corresponding to p = 0.66 is thought to 
represent the opt imum substitution of  A1 for Si at the 
tetrahedral sites (Ames and Sand, 1958). The distri- 
bution orAl  over the tetrahedral sheet is basically gov- 
erned by the A1-O-AI avoidance rule (Loewenstein, 
1954). The principle of  the H D C  (Homogenous Dis- 

persion of  Charges) (Herrero et al., 1985, 1987) adds 
to the Loewenstein rule the fact that each hexameric 
ring of  six Si tetrahedra in the tetrahedral sheet must 
contain a number  of  A1 atoms as close as possible to 
the average A1/Si ratio corresponding to the compo- 
sition. The right side of  Figure 5 shows the probabilities 
o f  0 (Ho), 1 (H0, and 2 (H2) A1 per hexameric ring as 
function of  the composit ion (represented as Al'V). Ho- 
mogeneous distributions are observed when one of  the 
probabilities is 100% or two are 50%. The composition 
p = 0.66 results in probabilities Ho and H, of  50% for 
both hexameric rings with zero and one A1 for Nao.66- 
beidellite, supporting the suggestion of  Ames and Sand 
(1958). 27A1 and 295i MAS N M R  spectra of  Nao.v-bei- 
dellite (as reported by Kloprogge, 1992, and Kloprogge 
et al., 1990b and 1993) support this A1 distribution. 
Our experiments with sodium contents p > 0.7 in the 
starting gel result in a lowering of  both the upper and 
the lower temperature limit of  the beidellite synthesis 
field. The HDC theory indicates that at higher sodium 
contents the a luminum distribution over the tetrahe- 
dral sheet becomes less homogeneous, caused by the 
formation of  hexameric rings with an unequal distri- 
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b = water-silica activity diagram. 

bution o f  one and two A1 atoms per ring substituted. 
A homogeneous distr ibution of  one and two AI atoms 
per hexameric ring is theoretically present when p has 
a value of  1.35. Two A1 atoms in each ring (H2 100%) 
result in a paragonite composit ion with p = 2. Both 
distr ibutions result in the formation of  rather stable 
phyllosilicates. The microprobe analyses ofbeidel l i tes  
formed from gels with p-values of  one and higher (Ta- 
ble lc) indicate that the system tends to form beidellite 
with average p-values of  1.4 and 1.9, approximating 
the above-ment ioned homogeneous distr ibutions (Fig- 
ure 5, left side). 

Examination o f  experiments with increasing synthe- 
sis temperatures at a constant pressure and gel com- 
posit ion in Figure 1 reveals a succession of  minerals 
with increasing sodium content: kaolinite and quartz, 
beidellite, beidellite and SIO2, and paragonite and 
quartz. The chemical potential of  Na, tZNa , increases 
with the synthesis temperature.  Velde (1985) has ob- 
served this sequence: kaolinite and quartz, via beidel- 
lite to paragonite, and finally zeolite. This sequence 
agrees well with our results. The rather constant com- 
posit ion of  the beidellite demonstrates that the quartz 
crystallized from unreacted amorphous  material. At  
high temperatures,  the dissolution o f  silica, which is 
rapid as compared with the formation of  beidellite, 
causes supersaturation of  silica and, therefore, the for- 
mat ion of  quartz. At low temperatures, the dissolution 
of  silica is slow, thereby avoiding supersaturation and 
precipitat ion of  a SiO2 polymorph (Kloprogge et al., 
1990a). 

The temperature-composi t ion diagram (Figure 4) 
exhibits a min imum in both the lower and upper tem- 
perature l imits at p = 1.5. Although these temperature 
l imi ts  are comparab le  with the results of  K o iz umi  
and Roy (1959) in the p-range below 1.34, they still 
found an expandable  phase together  with a mica-  or  
chlor i te- l ike  phase above  the upper  t empera ture  l im-  
it, where we observe only paragonite .  The existence 
o f  a m i n i m u m  in the lower t empera ture  l imi t  offers 
the poss ib i l i ty  o f  synthesizing large quant i t ies  o f  
Na~.35-beidellite at 200~ at pressures < 150 bar  in 
s imple  Tef lon-coated autoclaves.  At  these indust r i -  
ally v iable  condi t ions ,  it is possible  to avo id  the rath-  
er expensive  synthesis  procedures  using high-pres-  
sure equ ipment  as used in this  study. This  makes  
beidel l i te  an economica l ly  interest ing start ing ma- 
ter ial  for the  synthesis  of  p i l lared clays, which can 
be used as heterogeneous,  modera te ly  acid  catalyst  
and molecular  sieve (e.g., Plee et aL, 1987; Schutz 
et al., 1987). 

To demonstrate the validi ty of  our experimental re- 
suits at fixed pressure, a geometric method to construct 
phase diagrams from the reaction coefficients of  the 
solids, Schreinemaker analysis (Ferry and Butt, 1982) 
is used to construct #-~ diagrams (Figure 6), consid- 
ering one of  the components  H20,  A1203 or SiO 2 as 
inert. Based on Figure 4, reactions between bayerite 
(AI[OH]3), kaolinite (A14Si40~o[OH]8), pyrophylli te 
(AI4SisO2o[OH]4), paragonite  (Na2A16SirO20[OH]4), 
Nao.7-beidellite (Nao.7A14.7Si7.302o[OH]4), and quartz/  
cristobalite (SIO2) can be written, considering AI203 to 
be inert: 

3 pyrophylli te + 2 Na20 

2 paragonite + 12 SiO2 + 2 H20 

1.175 pyrophylli te + 0.35 Na20 

(1) 

1 Nao 7-beidellite + 2.1 SiO2 + 0.35 H20 (2) 
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1.277 Nao v-beidellite + 0.56 N a 2 0  

r 1 paragonite + 3.32 SiO2 + 0.56 H 2 0  

1.175kaolinite + 0 .35Na20 + 2.6SIO2 

1 Na07-beidellite + 2.7 H20 

1 kaolinite + 4 SiO 2 

,* 1 pyrophyllite + 4 H20 

4 bayerite + 4 SiO 2 

~* 1 kaolinite + 2 H20 

4.7 bayerite + 0.35 Na20 + 7.3 SiO2 

,~ 1 Na0.7-beidellite + 5.05 H20 

6 bayerite + 1 Na20 + 6 SiO2 

** 1 paragonite + 7 H20. 

5) The composition of the beidellite synthesized from 
gels with p -- 1.5 and  2.0 is approx imate ly  

(3) Nal.4Als.4Si6.602o(OH)4 and NaL9AI~_gSir.~O2o(OH)4. 
6) At 1 kbar, both the lower and upper temperature 

limits exhibit a m i n i mum at 200 ~ and 300~ starting 
(4) with a gel with a composition o f p  = 1.5. 

7) A maximum temperature of 450~ is observed 
at 1 kbar and a composition ofp = 0.7, near the average 

(5) natural composition. 
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The reaction between kaolinite and paragonite cannot 
be observed in Figure 4 and turns out to be metastable. 
Changing the beidellite composition in Reactions 2 and 
3 does not change the orientation of the phase bound- 
aries with pyrophyllite and paragonite, although the 
positions do change. The boundaries between kaolinite 
and beidellite defined by Reaction 4 and between bay- 
erite and beidellite (Reaction 7) become less steep upon 
increasing sodium content of the beidellite. For low 
#Na20 and #sJo2 values this diagram is in good agreement 
with the /z(K,Na)-#(Si) diagram reported by Velde 
(1985) and the ion activity diagrams reported by Gar- 
rels (1984), although they report gibbsite (3,-AI[OH]3) 
instead of bayerite (a-Al[OH]3). This difference may 
be explained by the relatively high pH of approxi- 
mately 8-9 in our experiments, favoring the formation 
of bayerite rather than gibbsite. 

The phase boundary in the Na-free system between 
kaolinite and pyrophyllite at P = 1 kbar and T between 
300 ~ and 350~ agrees well with the experimental result 
of 325 ~ +_ 20~ at 1 kbar reported by Thompson (1970) 
for Reaction 5. 

CONCLUSIONS 

1) The synthesis field of Na0.v-beidellite after 10 days 
run time is limited between the temperatures of 300~ 
and 450~ at pressures below 2 kbar (10 days run time). 
The beidellite has a rather constant composition of p 
= 0.6-0.7. 

2) Below 300~ kaolinite is the only crystalline phase 
produced for a gel composition of p = 0.7. 

3) At 500~ paragonite is the crystalline phyllo- 
silicate instead of Na-beidellite, accompanied by quartz 
or metastable cristobalite. 

4) At the high temperature and pressure side of the 
beidellite field, quartz or metastable cristobalite ad- 
ditionally results. 
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