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SUMMARY. Twenty-six compositions in the system MgO-A1203-SiO2-H~O were investigated under 
conditions of I and 2 Kb water pressure and temperatures between 3o0 and 7oo ~ The solid solution 
for 7/~ and ~4 A chlorites has been delimited as well as that of the expanding phases (tri- and di- 
octahedral montmorillonites and expanding chlorites). Negative slopes were found for the trans- 
formation montmorillonite-+ expanding chlorite, and expanding chlorite-+ chlorite+quartz and 
a positive slope for 7 A --~ I4 A transformation. The relative positions of the reactions chlorite+ 
quartz -+ cordierite§ chlorite+andalusite -+ cordierite § and chlorite+corundum 
cordierite+spinel are located between 5oo and 65o ~ 

Cell dimensions of the synthetic chlorites can be correlated'with their chemical composition. Solid 
solution in synthetic minerals compares well with 325 analysis of natural minerals from the literature, 
indicating that the chemiographic relations between phases in the simplified synthetic system are 
applicable to natural mineral assemblages. The phase relations indicate that at low temperature the 
7 A aluminous chlorite is not stable with quartz or another silica phase. 

PUASE relations in the system MgO-SiO2-A120~-H20 have been previously investi- 
gated by numerous  workers and several studies have dealt with the synthesis and 
stability of  chlorite at medium pressures and temperatures. Initial data (Yoder, I952; 
R o y  and Roy,  I954) indicated the basic phase relations and reactions in the four- 
component  system. Subsequent work  (Nelson and Roy,  I958; Gillery, I959; Fawcett  
and Yoder,  I966; Johannes,  I967; Seifert and Schreyer, I97 o) in this and adjacent 
systems permits a more  detailed examination of  these relations. 

However,  two major  aspects o f  the chlorite stability and phase relations had not  
been examined. The limits o f  chlorite composi t ion as a function o f  the components  
MgO-AlzO3-SiO~ and of  pressure and temperature are not  known.  Second, the com- 
position and stability o f  the expanding phases, precursors o f  the I4 A chlorite, had 
not  been determined other than at atmospheric pressure and r o o m  temperature 
(Estdoule, i969). These relations are needed to understand the evolution o f  sediments 
undergoing diagenesis and metamorphism. 

The aim of  the present study is to relate previous work  to new informat ion on solid 
solution and lower thermal stability o f  chlorites to present a model  o f  chlorite evolu- 
tion in the system MgO-AI~O3-SiO2-H20.  

Methods 

A description o f  the methods o f  investigation can be found in Velde 0969).  The 
precision o f  composit ions and temperature and pressure measurement  is such that  
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errors in these experimental variables could not produce an erroneous phase deter- 
mination because the methods of phase determination are much too imprecise relative 
to control of the experimental conditions. 

The experiments were of long duration (one month minimum), but frequently not 
long enough to give unequivocal results. The positions of six reaction boundaries in 
P -T  space were estimated by using the 'reversal method', i.e. by observing the growth 
of one mineral assemblage at the expense of another; other phase-field boundaries 
were established by synthesis alone. Attempts to establish the existence of an equili- 
brium assemblage were made by varying the duration of experiments and by using the 
reaction-reversal method. Such studies lead one to believe that products obtained 
after one or two months are reliable indicators of relative stability and can be used to 
establish the stable phase assemblages. The reaction-reversal method is based upon the 
complete (or partial) recrystallization of one mineral assemblage from another, and 
the inverse recrystallization over a short P -T  interval. The basic assumption is that in 
producing A from B and B from A in the reaction A ~ B, the physical variables 
at which A and B can coexist stably have been localized. This is valid when both A 
and B are stable at the respective P -T  conditions where they have crystallized. How- 
ever, it is possible that the sequence can be described as A ~ B -+ C, where, B is an 

intermediate step in the reaction 
Si 
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FIG. I .  B u l k  c o m p o s i t i o n s  s t u d i e d  a r e  s h o w n  as  a 
f u n c t i o n  o f  S i - A 1 - M g  m o l e c u l a r  p r o p o r t i o n s .  

F o  = fo r s t e r i t e ,  Se  = s e r p e n t i n e ,  T = ta lc ,  
S p  = sp ine l ,  A n d  - -  a n d a l u s i t e ,  K a o l  = k a o l i n i t e ,  
C o r d  = c o r d i e r i t e ,  P y  = p y r o p h y l l i t e ,  Q - q u a r t z ,  

B o - C o r  - -  b o e h m i t e - c o r u n d u m ,  B r  - -  b r u c i t e .  

A ~ C. If  experimental times are not 
long enough to produce C, only A -~  B 
will appear. The only way to distinguish 
between the two possibilities, when re- 
action rates are slow, is to use various 
starting materials, phase C for example. 
I f A  is not present at all, the likelihood 
of producing B as a metastable phase 
in a step-wise sequence should be re- 
duced; possibly a phase D will form. 
In the present study only two types of 
materials were used, un-crystallized 
material and that synthetically crystal- 
line. It is assumed here that if experi- 
ments produce the same phase at one 
week and two month's time from 
amorphous starting material and if 
synthetic minerals recrystallize to this 
same phase under similar P -T  condi- 

tions, there is a strong indication that this phase is stable. When this process is repeated 
for several bulk compositions producing multiphase assemblages, the demonstration 
of stability is more convincing. However, this 'proof '  is not perfect, and some of the 
reactions or phases described below might indeed be metastable in the P -T  fields given. 

X-ray diffraction was the principal method of phase identification, especially for 
the phyllosilicate phases. Determinations of cell dimensions showed consistent varia- 
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tions for the b parameter but not for a due to the lack of hkl  reflections; old 
and ool reflections are predominant in chlorites. The c dimension was estimated by 
measuring the 004/002 reflection. Correlation between b and c sin 13 cell dimensions 
is very poor, however b vs. composition is good, as is c sin [3 vs. composition. Measure- 
ments were made by diffractometer using quartz internal standard, and could be 
reproduced to 4-0.00i and •  respectively. Several factors can undoubtedly 
explain these disappointing results. Of great importance is the poor crystallinity 

TABLE I. Starting materials in ionic" percent 

Composition Mg Si A1 Composition Mg Si A1 Composition Mg Si A1 

I[ 50 30 20 xI  38 37 25 x x I  43 22 35 
III 40 20 40 xIII 45 38 I7 XXII 37 25 38 
IV 32 45 23 x Iv  49 37 14 XXIII 46 31 23 
v 55 35 io XV 53 39 8 XXIV 50 2o 30 
vI  45 25 30 XVI 30 30 40 XXV 55 30 15 
vii  48 42 io XVII 3 ~ 25 45 XXVI I7 65 i8 
viii 35 35 30 x Ix  3 ~ 40 30 XXVII 2o 20 60 
X 42 30 28 XX 42 42 16 XXVIII Io 60 30 

XXIX I8 5o 32 

of the 14 ~ phases, which tend at low temperature to retain small quantities of 
expandable layers, thus making their c or c sin/3 dimension unreliable. This effect is 
eliminated only at temperatures above 50o ~ where the extent of chlorite solid solu- 
tion is reduced and as a result certain compositions could not be determined with 
great accuracy. Optical determinations using Cargille index oils (precise to • 
units) showed a mean index of refraction of 1"567 to 1"566 for all chlorites. 

Experiments that were used to determine phase field boundaries, reaction boun- 
daries in P-T space, or physical properties of chlorites are given in Table II. A list of 
the 89 references from which analyses were gathered and used to establish the limits 
of solid solution in natural chlorites is available from the author upon request. 

Results 

The chlorite and trioctahedral expanding phases encountered are defined as follows: 

I7 A:  denotes expanding phases that formed a 17 & basal spacing upon saturation 
in ethylene glycol vapour and 14"8 A when air-dried. Heating to 400 ~ resulted in 
I4.2 A spacings. Saturation of interlayer sites with K + ions (KCI solution) did not 
change the response to glycolation but subsequent heating reduced the basal spacing 
to 13"o/k. The cation exchange capacity was found to be 49 meq/ioo g of anhydrous 
sample (see Velde, I969, for a description of the method employed). 

15 A: denotes an expanding phase that formed a 15"2 A basal spacing upon glycola- 
tion, in the normal as well as K+-saturated state, air-dried 14"8 A, and I4-2 ~ upon 
heating to 4o0 ~ for �89 hour. Cation exchange capacity was IO meq/Ioo g. 

14 A: denotes a non-expanding phase, essentially with a 14 A basal spacing that 
does not change upon heating to 4o0 ~ nor upon potassium saturation. 
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TABLE II. Experimental results. P in Kb, T in ~ 

Run Comp. P T Days Reactants Products 

17A-15A 
239 XI z 373 59 15 16"7+15 
145 XX z 4o2 62 gel 15+7 
211 XIII z 420 70 17+7 15+7 
143 XIII z 394 62 gel 15+7 
183 XIII 2 386 31 gel 17+7 
142 XIV 2 394 62 gel 15 + 7 
2o7 VII 2 412 3o gel 15+7 
238 VII 2 373 59 15 ordered+7 16"o+15+77 
3o7 XIII I 445 6o 15+7 15 ordered+7 
2o XIII I 425 28 gel 16"o+7 
6o XX I 417 4o gel 17+7 

3o6 VII I 445 6o 17+7 15+7? 
324 XI I 389 72 15 + 7 little change 

I5 A-I4  A 

233 XVII z 421 63 I4+Bo I5+17 
z32 XI 2 421 63 I 4 + Q  I 5 + I 4 + Q ( m )  
235 VII 2 425 63 14+T I6.I + 7 + T  
228 XVII z 43o 54 gel I4+Bo 
229 XI 2 43o 54 gel 15+7 
187 XI 2 461 45 gel I 4 + Q ?  
136 XIiI z 455 42 gel 14 
167 VII 2 456 46 gel I 4 + T  
227 VII 2 43o 54 gel 15 ordered+7 ? 
323 XXII I 389 7 z 7+I4(m) I 5 + 7 + B o  
276 XIII I 434 3o I 4 + T  I 5 + 7 + T  
3o7 XIII I 445 6o 15 +7(m) 15 ordered+7 
IOI XIII I 464 52 gel i6 ordered+7 
46 XIII I 471 32 gel I4+T(m) 
67 VII I 46o 6o gel 16"1 + 7 + T  

7 / ~ - - i 4 / ~  

188 X 2 368 34 gel 7 
335 X 2 4o8 7 gel 14 
139 X 2 4o8 55 gel 14 
17o XVII z 396 43 gel I 4 + B o +  I7(m) 
69 IX 2 4o4 62 gel I 4 + B o +  ? 
17 XXII I 357 34 gel 7+Bo  
51 X I 34o 79 gel 14 

290 X I 333 7o 7 no change 
29z X I 333 7o gel 7+14? 

77 XXIH I 352 46 gel 7 
IO XVI I 376 63 gel I4+Bo 

Dioct  17 A-I5 A 
224 XXVIII 2 317 54 gel 17 
259 XXVIII 2 357 36 gel I6 '4+Q 
22z XXVIII 2 383 74 gel 15 ordered+Q? 
215 XXVIII 2 437 36 gel 15 ordered+Q? 
265 XXVIII 2 452 36 gel I 4 + Q + P y  



TABLE II  (cont.) 

T H E  S Y S T E M  MgO-A12Oa-SiO2-H20 30I 

I4--Py-And-Q-Cord 

R u n  Comp.  P T D a y s  Reac tan ts  Products  

25I X I X  
266 X I X  
126 X I X  
256 X X I X  

4 XVI  
280 X I X  

82 X I X  
288 VIII  

56 VIII  

I 4 + Q  ~- T+Cord 

286 XI  I 
283 XI  I 

I4 + And .~ Cord+Cor 

325 X X V I I  I 
32I XVI  I 

I4 + Cor .~ Cord+ Sp 

317 XVI I 
330 XXVII  i 
332 XXVII  I 
298 XXVII  I 

Amesite-Chlorite 

159 III 2 
20i III 2 

57 XX I  2 
278 XXI  2 
I57 XX I  2 

65 XX I  z 

2 480 54 I 4 + Q +  Cord  
2 520 36 I 4 + Q + s i l l  
2 525 42 gel 
2 523 36 I 4 + Q + P y  
2 525 55 gel 
I 510 70 I 4 + Q + P y  
I 487 3o gel 
I 47I 70 I 4 + C o r d + Q  
I 503 32 gel 

522 70 I 4 + T + C o r d  
529 70 I 4 + Q  

558 57 C o r d + C o r + I 4 ( m )  
545 75 I 4 + C o r d + S p  

59 z 75 I 4 + A n d + S p  
603 75 gel 
584 93 C o r d + C o r + S p  
623 48 gel 

h + Q  
i ,  + Q  
Iz + Q + C o r d  
h + Q + P y ( m )  + C o r d ( m )  
iz + A n d ?  
h + Q  + A n d  + P y ( m )  
h + Q  + C o r d ( m )  
Iz 
I, + Q + C o r d ( m )  

1 4 + C o r d + Q ?  
i 4 + Q + T + C o r d  

Cord  + Cor  + I4 
14 + Cord  + A n d  

C o r + S P + t 4  
I 4 + C o r d + S p  
C o r + C o r d + S p +  I4 
Cord  + Cor  + Sp 

522 36 gel 7 
55 z 36 gel 7 + S P  
503 30 gel 7 + Sp 
51o 70 7 + S p  no change  
54 ~ 33 gel I 4 + S p  
458 3o gel 7 

Gel  = uncrystall ized, coprecipitated and  calcined material .  I7, I6"7, I5, 7 = approx imate  basal.  
spacings (in A)  of  phyllites after glycolation. Q = quartz ,  Bo = boehmite ,  Py = pyrophyll i te  
Cor  = c o r u n d u m ,  Cord  --  cordierite, A n d  = andalusi te,  Sill = sillimanite, Sp = spinel, Dioc t  = 
dioctahedral  expandable  phase ,  T = talc, ? = quest ionable  indentification, m = minor  quanti ty.  

7 A: denotes a 7 A chlorite that has no apparent 14 A reflections. 
16.8 A: An expanding phase with a 16.8 A expanded basal spacing was encountered 

between 17 and 15 A phases when they coexisted or near the 17 A-I5 A thermal transi- 
tion. This phase is interpreted as a mixture of the two types. 

7 A and x4 A solid solution: One can divide the 7 A chlorites formed in the synthetic 
system into two groups, those stable below the 32o-4oo ~ range and those found 
above. In the first group solid solution is more or less restricted to the All'A1 '~ ~ SiMg 
substitution, which has been investigated by Nelson and Roy (1954) and Gillery 
(I959). These authors have also observed the polymorphic transition 7--~ I4A, 
estimating it to take place between 45o and 5oo ~ This is much higher than was 
found in the present study. It is probable that the longer experimental duration 
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(months instead of weeks) and wider range of compositions investigated give a better 
view of the phase relations. For  the compositions in the A1 ~ A1 vi ~- SiMg substitu- 
tional series it was observed that the polymorph transition was much slower, i.e. 
occurred at higher experimental temperatures for comparable run durations than 
would be deduced from other compositions. This is discussed further in a later section. 

M o /  , , 
�9 .- , , , , . ~ / ~ !  R2 ~ R  3 

FIGS. 2 and 3 : FIG. 2 (left). The maximum extent of solid solution for synthetic 7/~ (shaded area) and 
14/~ chlorites at 2 Kb pressure is given. FIG. 3 (right). Compositions of natural aluminous sedi- 

mentary 7 A chlorites plotted in the R2-R3-Si system are compared to synthetic 7 A forms. 

I f  we consider then the compositional range of the low-temperature 7 A chlorites, the 
substitutional possibilities lie largely between MgaSizOs(OH)~ and Mg2A12SiOs(OH)4; 
non-aluminous serpentine and amesite (fig. 2). There is some substitution toward a 
more silica-rich composition. Using 16 analyses of sedimentary 7/~ chlorites (chamo- 
site and berthi6rine) we can compare natural and synthetic compositions in the 
Si-R~+-R a+ coordinates (R 2+ ~ M g + M n + F e 2 + ;  R 3+ = A l + F e a + + C r )  (fig. 3). I t  is 
apparent that the correspondence is poor, but the natural minerals are admitted 
to be multiphase by most of the authors cited. I t  is nevertheless instructive to note 
that sedimentary 7 A chlorites contain a range of R2+/R ~+ ions similar to those syn- 
thesized. This is true for iron-rich species (chamosites Fe2+/R 2+ ~ o'85) as well as 
magnesian ones (berthidrine Fe2+/R ~+ -~ o'o4). The scatter toward high Si composi- 
tions could be due to admixture with expanding phases, generally found to contain 
higher quantities of SiO2 (see section on expanding minerals). 7/~ chlorite polymorphs 
found at higher temperatures can be considered along with I4 A chlorites stable at 
the same temperatures. 

Amesite. The relations between co-stable 14 and 7/~ chlorites can be deduced easily 
f rom the experiments reported here. However, amesite, Mg2A14Si2010 (OH)6, which 
is the most aluminous composition in the substitution series A1 ~ A1 i~ ~ MgSi presents 
a problem. Synthesis and stability of  this chlorite was reported previously by Nelson 
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and Roy (I958). However, natural minerals of this composition are known to be 7 
polymorphs, although sometimes present as an apparent ~4 A form (Steadman and 
Nuttall, I963; Steinfink and Brunton, ~956); this in contradiction with what is known 
for other aluminous chlorites. 

Composition XXI (Mg4~ A135Si25) between amesite (III in Table I) and Mg45A130Si2~, 
the nearest to amesite investigated by Nelson and Roy, was studied to test the con- 
tinuity of the series of silica-'poor ' aluminous chlorites. It was found that a multi- 
phase product appears near 5oo ~ at t Kb pressure, significantly below the upper 

M g  
�9 - ~ . ~ 1  R 2 " ~ R  3 

FIGS. 4 and 5: FIG. 4 (left). Solid solution observed at various temperatures and 2 Kb pressure for 
the I4/~ chlorites. FIG. 5 (right). Natural chlorite and serpentine analyses are plotted as a function 
of R~-R3-Si content. Dots are 14/~ chlorites, crosses are serpentines. Chemical analyses were not 
used if they contained > oqo Ca 2+, > 6-Io octahedral ions, or ~ 4qo Si 4+. Formulae were calcu- 
lated on the basis of O10(OH)s using the method of Foster (I962). The solid line shows maximum 

solid solution of coexisting 7/~ and I4/~ chlorites in the Mg-A1-Si synthetic system. 

thermal stability of amesite (65 ~ ~ Nelson and Roy). This suggests either that amesite 
remains metastably present longer than a slightly less aluminous composition or that 
the solid solution series is broken between composition III  and amesite. Experiments 
done on a composition less silicic than chlorites (XXIV) suggest that amesite is in 
fact not stable above 5oo ~ 

This interpretation is all the more plausible since natural mineral compositions 
(fig. 5) indicate that amesites appear isolated from the main grouping of natural 
chlorites. Thus the idea of a non-continuous solid solution should be entertained. 
However, the details of solid solution and possibilities of unmixing or solvus gaps 
in the series of aluminous chlorites is left to further more detailed investigations. 

Fig. 4 illustrates the extent of I4 A chlorite compositions found in the Mg-A1-Si 
system at z Kb pressure at various temperatures. Compositions more magnesium-rich 
produce a 7 A phase, which can coexist with an aluminous I4 A one below 5oo ~ 
Higher temperatures at constant pressure restrain the range of chlorite solid solution, 
which centres around the composition Mg42AI32Si~ near 700 ~ Pressure increases 
the stability of a given chlorite about 25~ This effect does not, however, appear 
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to influence the range of solid solution between I and 2 Kb, where the only observed 
change is a slight increase in A1 content as pressure increases. 

The major difference between the 14 A chlorite solid solutions deduced previously 
(Yoder, I952; Roy and Roy, 1954; Fawcett and Yoder, 1964; Nelson and Roy, 1958) 
and those of the present study is the silica 'enrichment' due to the substitution" " ~(MgAI~ vi) 

Si~E]vi: a vacancy in the octahedral site compensates the increased charge on the 
structure resulting from the introduction of silica in the tetrahedral site (Foster, 1962). 

This substitution allows deviations from the Alia+A1 vi substitutional series. The 
plotted analyses of  198 natural 14 A chlorites and I IO serpentines from the literature 
compares well with the range of solid solution for 14 A chlorite determined in the 
Mg-A1-Si system (fig. 5)- 

In the plot of natural mineral analyses, Si ~ Si; R 2+ ~-- M g + M n + F e ~ + ;  R a+ = 
F e a + + A l + C r  3+ ions. The analyses were selected according to the method of Foster 
(1962) after calculation into a mineral chemical formula. For the unit cell of O10(OH)8 
anions, Ca 4O.lO, octahedrally coordinated ions ~ 6.1o, Si ~ 4"1o and total cations 

IO-iO. Mineral purity could not be assessed in most cases from the data given by 
the authors. There is a slight tendency for natural 14 A chlorites to be more siliceous 
than the synthetic magnesian forms. The mineral analyses lying outside the limits 
defined for synthetic minerals are not particularly iron-rich so that this deviation can- 
not be explained by a non-homologous role of Fe 2+ ~ Mg 2+ or Fe ~+ ~ A13+ in 
the structure. Generally speaking, the natural chlorites conform well with the solid 
solutions found in synthetic magnesian types. 

Fig. 5 also shows the limit of solid solution for 7 A chlorites stable with 14 A syn- 
thetic chlorites. These limits compare reasonably well with those compositions plotted 
for natural serpentine minerals. There are, however, several points that fall in the 
zone between synthetic 7 and x4 A phases. These might be due to a mixture of ser- 
pentine and chlorite in the analysed material, but no evidence can be presented to 
verify this view. Considering the densities of the points representing natural minerals 
there seems to be a definite bimodal distribution, which corresponds well with the 
pattern of solid solution found in the synthetic minerals. It would be necessary to 
analyse coexisting mineral pairs (serpentine and chlorite) in order to establish the 
limits of solid solution in natural minerals. 

The cell dimensions of the various synthetic chlorites change with composition 
(fig. 6). For  the 7 A polymorphs, which basically follow the A12 ~ S i+Mg  substitution 
(XV is a slight exception) the o6o vs. composition plot (fig. 7) shows the b dimension 
to be a function of A1 and Si content. The values found are similar to those reported 
by Nelson and Roy (1958) and Gillery (I956), but slightly larger (0.02 A for b, and 
o'o5 for c sin/3). There is no apparent change of c sin fl dimension due to the change 
from 7 to I4 A polymorph, and consequently the values fit closely those given by 
Nelson and Roy for the 14/~ polymorph. These authors did find a difference between 
polymorphs. 

The totality of single phase chlorite products, in the majority of the 14 A poly- 
morph, give cell dimensions more variable than the 7 A series (fig. 6). This is due to the 
fact that 14 A phases have variable quantities of A1 in octahedral and tetrahedral 
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sites and a var iable  oc tahedra t  occupancy,  which should  influence great ly the cell 
d imensions  o f  the mineral .  This also explains why b and c are  not  corre la ted  in the 
more  compl ica ted  subst i tu t ional  series. The chlori te  s tructure is obviously  deformed 
by a decrease o f  ionic occupancy in the oc tahedra l  site. 

�9 

M g ~  , ~ ' 
- - ~ A I  

FIG. 6. (a) 060 reflections of single-phase chlorites. (b) 004 reflections of single-phase chlorites. 

77 

002 

3.60 

. M g  , 
, . . .  m a D . - A I  

FIGS. 7 and 8: FIG. 7 (left). Cell parameters b and 004 or ooz are plotted as a function of compo- 
sition in the chlorite series that show principally the MgSi ~ AI2 substitution. FIG. 8 (right). Chlorite 
polytypes are plotted as a function of composition. Type I ~ dots, types It -- squares. Determina- 

tions after the method of Brown and Bailey, [962. 

Polytypes. The polytypes  o f  the chlori tes synthesized have been determined using 
the cri teria o f  Brown and Bailey 0962)  (fig. 8). The monocl in ic  structure is pre- 
dominan t  in a luminous  minerals.  It appears  that  the poly type  is contro l led  by poly-  
m o r p h  or  chemical  composi t ion .  Type  I is typical  of  low silica compos i t ions  where 
the form Ia is p redominant .  These compos i t ions  also main ta in  a p redominan t  7 A 
p o l y m o r p h  above  4oo ~ More  silica-rich (and 14 A) chlorites are  typical ly  type  II ,  
o f  both  a and  b forms. These observat ions  are in general  agreement  with the deduct ions  
o f  relative poly type  stabil i ty based upon  structural  in fo rmat ion  (Brown and Bailey, 
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x962). The type II is most stable (and most common in nature) while I is less stable 
and less frequent. This suggests that the type I found in synthetic chlorites with a per- 
sistant dominant 7 A structure indicates the metastable persistence of this 7 ,~ poly- 
type even though a small ~4 A peak is present in the X-ray diffraction pattern. Hayes 
(~97o) has found a similar polytype distribution pattern for authigenic 7 A and 
metamorphic ~4 "~ chlorites. 

Expandable phases. There are apparently three distinct types of stable expandable 
minerals in the system MgO-AlzO3-SiO2-H20 at high pressures. A trioctahedral 
series, with a possible general formula [(Mg2_xAlx)3(Si4_(x+o.~4)Al(x+o.34))4] (Mg0.17) 
O10(OH)2-nH~O, which is parallel to the AlVi-Al~" substitutional series of the 
chlorites. The net charge on the 2: ~ structure is about --o'34 per O10(OH)2. This 
compositional series is divided into two parts: one predominantly fully expandable at 
low temperatures (I7 in tables and figures) and an aluminous form, which increases 
its compositional range with temperature. This latter phase is expandable to i5.2 A 
upon a glycolation (~5 in tables and figures). Both types contract to about ~4A 
spacings when heated to 4oo ~ at ~ atmosphere. 

These typical properties of the expanding phases correspond to those of swelling 
chlorite (t7 A phase) and vermiculite or expandable chlorite (~5 A phase), see Brown 
(I96I). Natural random interlayering of montmorillonite+chlorite may possibly 
occur (Seifert, I97o). However, this is unlikely since the ~5 ,~ phase has the same bulk 
composition as the ~7 ,~ series. Since chlorites contain less silica than the expanding 
phases a third mineral, quartz, would have to be produced to allow montmoril- 
lonite-chlorite interlayering. Quartz was not evident in run products that contained 
a 15/~ phase. 

A dioctahedral expandable mineral was observed that seems to be centred around 
the composition Mgl0A130SiG0 giving an approximate formula [(All.66Mg0.34) -~ 
(Si3.77A10.23) 0,z3] (Mg0.zg)+0,ssoa0(OH)znH20. This composition gives a structure ex- 
pandable to I7 A below 37o ~ at 2 Kb and ~5"2 A above this temperature. Its upper 
stability limit is similar to that of the trioctahedral magnesian series. Conversion 
between the two expandabilities, 15 and I7, and compositions between two forms of 
different compositions give a ~6.2 A expandable structure, which sometimes shows an  
ordering peak at low angles (3o A). Also, the ~5 A structure is frequently ordered 
near its upper thermal-stability limit. Cation exchange-capacity determinations and 
response to potassium saturation are different from those for the trioctahedral phases. 
However, further work is needed to delimit the entire substitutional series before 
such measurements will be meaningful. 

It is assumed that no fully expandable mineral exists in the system MgO-SiOz-HzO 
at high P-T conditions. Experiments to determine the lower stability of talc in this 
study and in that of Johannes (~969) produced serpentine plus quartz. However, 
a Mg-Si montmorillonite (stevensite) has been synthesized at 8o ~ and ~ atmosphere 
(Esquevin, ~96o). 

It is instructive to compare the physical characteristics of the different trioctahedral 
minerals as a function of the interlayer ion present. Aluminous minerals prepared 
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either at low or high temperature (Est6oule, I969; Iiyama and Roy, I963) that contain 
calcium or sodium ions respond to polar liquids in the same fashion as dioctahedral 
montmorillonites, i.e. i2- 5 A upon heating to ioo to I5o ~ I4 A under air-drying, 
I7 A upon water or glycol saturation. Apparently the non-aluminous forms (steven- 
site) containing Na § or Ca 2+ interlayer ions respond in a like manner. These charac- 
teristics contrast with the trioctahedral expanding phases studied here, which can be 
supposed to contain magnesium interlayer ions, and which are more closely compar- 
able, in physical properties, to an expanding chlorite or a vermiculite. 

It is possible to attribute the difference in physical behaviour to the presence of 
a hydrated alumina-magnesium complex in the interlayer position, which prevents 
complete collapse of the layers to a mica-like structure. If  the interlayer ion were 
fully exchangeable, potassium saturation would produce a collapsible structure, 
which would reduce to an approximate IO A basal spacing upon heating. This is not 
the case for the expanding phases observed here. The exact quantity and position 
of aluminium ions in the octahedral sites and interlayer sites cannot be assessed at 
present. A somewhat similar problem arises for the chlorites themselves. At present we 
can only say that these expanding trioctahedral minerals are not simply trioctahedral 
montmorillonites. 

Phase relations in P - T  space 

One of the most fundamental points in phase equilibria involving chlorites is the 
relationship between 7 and I4 A polymorphs. In nature, 7 A phases identified as ser- 
pentines have a limited compositional range (fig. 5), but when the environment of their 
formation indicates low-temperature conditions, that of sediments, the solid solution 
is expanded toward trivalent ionic forms. Nelson and Roy (I958) suggested the name 
septechlorite for aluminous low-temperature polymorphs. The experimental data of 
their study suggests an apparent temperature of 45o to 5o0 ~ for the 7/~-I4  A trans- 
formation, which contrasts sharply with the information available for natural minerals 
such as chamosite and berthierine. 

The simple polymorph transition for single-phase chlorite products was not ac- 
complished in the experiments reported here. However, compositions outside the 
boundaries of 7 A chlorite solid solution indicate the limits of chlorite polymorph 
stability. Silica-rich compositions (XIII, X1) and one more aluminous than I4 A 
chlorite (XXII) indicate that the 14 A chlorites are stable above 3o0 ~ at I Kb and 
4oo ~ at 2 Kb (fig. 9). The transition 7 A --~ 14 A was observed in the presence of 
other phases because there is a larger solid solution range in the I4 A chlorite than in 
7 A chlorites. The slope of the polymorphic transition is rather great ( ,~ Ioo ~ 
an observation that should lead to caution about the determinations since the cell 
volumes, based on b and c cell dimensions, appear to change little during the trans- 
formation. Little information can be gathered from natural examples. Sedimentary 
chlorites found on ocean and estuary bottoms are 7 ~ whereas those in sedimentary 
rocks are usually 14 A. However, the physical conditions of  polymorphic stability 
cannot be deduced from available information for natural iron-bearing species. 

The association quartz+chlori te is limited both in P -T  and compositional space. 
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The reaction chlori te+quartz  = cordierite+talc, established at 2 Kb by Fawcett 
and Yoder (1964) has been determined at I Kb in the present study (525 ~ The 
compositional limit of the most magnesian chlorite in the quartz-chlorite field is at 
Mg/A1 = 85/I5, exactly that of this association found in natural rocks (see figs. 5 
and 0.  This suggests a close parallel between the iron-bearing system and that studied 
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FIG. 9. Determined boundaries for the reactions critical to chlorite stabilities are given as a function 
of pressure and temperature. The points marked F-Y = data from Fawcett and Yoder (1969); 
Se-Sc = Seifert and Schreyer (I97o); Sc-Se = Schreyer and Seifert (t969). V - K -  Velde and 
Kornprobst (I969). Triangles indicate the direction of reaction observed in the products. Circles 

represent synthetic products from gels. 

experimentally. The lower temperature limit for the association is that of the upper 
stability of the ~5 A expandable phase, near 450 ~ in the magnesian system. 

Phase relations in P -T  space for chlorite, andalusite, pyrophyllite, quartz, and cor- 
dierite have been determined, or redetermined, at I and 2 Kb (fig. 9). The reaction 
pyrophyllite = andalusite+quartz joins the chlorite+pyrophyllite = cordierite and 
chlori te+andalusi te+quartz  ~--cordierite curves near I'4 Kb at 49o ~ This is in 
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slight contradiction with the recent work of Seifert and Schreyer (I971). Their results 
could be erroneous because their experiments were performed with clinochlore, a 
more magnesian chlorite than is stable with pyrophyllite or andalusite under these 
conditions. The reaction they observed was in part due to the destruction of the 
aluminium-silicate needed to form a more aluminous chlorite. The important point 
is that cordierite forms 4o ~ or more (depending upon the pressure) below the upper 
stability limit of chlorite + quartz permitting the assemblage quartz-chlorite-cordierite 
over a significant temperature interval. 

Estimation of the positions of the chlorite + andalusite = cordieri te+corundum and 
chlori te+corundum = cordierite+spinel curves are given in fig. 9- The former is 
joined from I Kb data (Table I) to the established stability at 7 Kb of  Schreyer and 
Seifert (1971). These curves are roughly parallel at I to 2 Kb, and parallel also to the 
chlor i te+corundum+spinel  = sapphirine curve determined by Seifert (1971). 

Synthetic and natural minerals 

As is the case for every study of a limited chemical system, the question can be posed: 
does it apply to nature ? In order to answer in part this question, the natural and syn- 
thetic mineral compositions were compared (fig. 5). The figure shows that the natural 
compositions agree quite closely to the synthesis field of the 14 ~ chlorite and ser- 
pentine phase. A further point can be made from the coincidence of  synthetic and 
natural compositions of the quartz-chlorite association. Further, the limit in A1 sub- 
stitution toward amesite was found to be incomplete above 46o ~ in the synthetic 
study and a corresponding gap is found in the compositions of the chlorites taken 
from the literature. 

The above comparisons indicate 
that simplification of the chlorite 
chemistry to R~+-R2+-Si (assuming 
Cr z+, AI 3+, Fe z + = R  3+ and Mg 2+, 
Mn ~+, Fe 2+ = R ~+) can be assimilated 
to the synthetic system Mg-A1-Si in 
so far as solid solutions and most phase 
relations are concerned. Undoubtedly 
temperatures of reaction will change 
and possibly some phase relations also 
due to the concentration of iron in one 
phase and magnesium in another. This 
should produce reaction intervals in 
P -T  space instead of the curves of  
fig. 9. 
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FIG. I0. T-x diagram for the compositions studied 
at constant Mg:A1 ratio (70: 3o) at 2 Kb pressure, 
shows the relations between solid solution and 
temperature for the expanding phases and chlorite 

polymorphs. 

The case of sedimentary 7 A chlorites (chamosite or berthierine) is not as easily 
assimilated. Probably the most important feature of their chemistry is a tendency to 
plot between chlorite compositions and the expandable phases in the Mg-A1-Si 
system. Reference to studies reporting the compositions of 7 A sedimentary chlorites 
shows that the crystallinity of these phases is poor, and they often contain inclusions 
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of other minerals. It  is thus probable that these chlorite analyses do not represent 
single phase material, but instead, sediments in the course of  transformation to a 
chlorite. This is apparent in the study of Porrenga (1967) where the chlorites are just 
beginning to form, and where the analysis plots closest to montmorillonoids. Rohrlich 
et al. (1969) also indicate the presence of montmorillonoids in the material they have 
analysed as chlorite. 

I f  the compositional series of  single phase Mg and Fe 2+ 7 A chlorites are parallel, 
the common occurrence of quartz with these chlorites is difficult to understand since 
the phase relations deduced in the magnesian system would seem to preclude such a 
stable association (fig. I I). Solubility data for quartz and other forms of silica indicate 
that quartz is the stable phase at 25 ~ I atmosphere pressure (Krauskopf, I959). But 
in many natural waters the silica concentration exceeds that which is controlled by 
quartz solubility. In nature as in the laboratory, the form of silica precipitated from 
solution is non-crystalline. Thus the effective reactions observed in nature at low 
temperature will be governed by amorphous silica and not quartz, even though the 
latter might be physically present. As a result, 7 A chlorite can form in the presence of 
quartz, but not amorphous silica. In cases of  silica saturation, an expandable phase 
will be present instead of 7/~ chlorite. 

Conclusion. Probably the most important  aspect of  this study is the inference that 
synthetic and natural minerals have nearly the same phase relations and compositional 
limits. This permits a reasonably liberal use of  the experimental data in interpreting 
natural mineral assemblages. I t  should be recalled, however, that the addition of iron 
will undoubtedly lower the thermal stability of the chlorite phases relative to other 
silicates. 
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