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ABSTRACT

The efiect of the hydrothermal conditions of synthesis on the production of the Mg-Al
chlorite and the serpentine polytypes has been examined. The results show that tempera-
ture has the greatest efiect on which mineral is produced and composition the greatest
effect on which of three serpentine polytypes is produced.

The stability relations of the serpentines and chlorites are discussed

INrnooucrroN

This investigation was undertaken in order to determine how the com-
position and the conditions of hydrothermal synthesis affect the poly-
typic variety of synthetic serpentines and chlorites. Detailed study of
the serpentines and chlorites up to the present t ime has been concerned
largely with natural specimens and several problems concerning the for-
mation of these specimens may be elucidated by a study of the conditions
of formation of the synthetic specimens. Roy and Roy (1954) and Yoder
(1952) showed that two structures could be synthesized at the clinochlore
(5N{gO.A12OB.3SiO2) composi t ion and that  the 14 A chlor i te  s t ructure
was in all cases the high temperature structure, while the 7 A kaolin-type
mineral variously called a serpentine, antigorite or septechlorite was
formed at low temperatures. Nelson and Roy (1954) established that
solid solution extended from near chrysoti le to amesite (aNIgO.2AlzOs
'2SiOz) but were sti l l  unable to establish unequivocally whether or not
the serpentines had any true stabil ity range. The synthetic specimens
were all made from gels of the general composition (6-r)MgO,
(a-D SiOz, r AlzOs, which gives the formula (Si4-"AI,)(n{Bo-,A1,)Oro
(OH)r for the serpentines and chlorites produced by complete reaction.
r  had the values 0,  0.25,  0.50,  0.75,  1.00,  1.50,  2.00,2.25,2.50 for  th is
particular investigation.

The temperatures used were between 400o C, and 620o C., hydro-
thermal pressures between 15,000 p.s.i. and 56,000 p.s.i., and times of
treatment from a few minutes to about 30 days.

The procedure for preparing the gels has been described by Roy (1956)
and the apparatus for treating the gels described by Roy and Roy (1954)

* Contribution No. 57-55 from the College of Mineral Industries, The Pennsylvania
State University, University Park, Pennsylvania.

t At the time of this u'ork V. G. Hill was a Research Associate in Geochemistry, The
College of Mineral Industries, The Pennsylvania State University. He is now with the
Ghana Geological Survey.
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and Nelson and Roy (1954). In the present investigation the gels were

reacted both in gold capsules with a buffering envelope, and in sealed
gold capsules.

The treated specimens were examined by means of a North American

Phil ips Wide Range Diffractometer, using a scanning speed of

I" (20)/min for routine identif ication, but for more accurate work, such

as indexing, a scanning speed of f," (20;)/min was used and the results

were usually independently checked by means of powder photographs

taken with a 114.6 mm diam. Norelco camera. The accurate cell pa-

rameters from indexed patterns were derived by a least squares procedure.

using all the available reliable reflections and the indexing was finally

rechecked using the accurate cell parameters.
The electron micrographs and electron diffraction patterns were taken

by Mr. J. J. Comer, using an R.C.A. Nlodel E.X'{.U.-2D electron micro-

scope.
The conditions of the synthesis and phases produced by the composi-

tions examined are shown in Table 1. Anomalies in the products of some

of the treatments are due to incomplete reaction. The percentages of

6-layer serpentine gir,nen for some of the specimens are rough estimates

and are given with respect to the total serpentine content and not the

total of all components present.

TnB Polvrvprc VARTETIES PRoDUcED

Chlorites were produced from compositions with r)0.5 treated at

temperatures above abouf 500" C. at all the pressures examined, and for

t imes exceeding a few days.  Composi t ions wi th * :0,0.25 and 0.5 pro-

duced a mixed phase of brucite or talc and forsterite with some chlorite.

No polytypic varieties were observed within the chlorite species' but

many of these varieties can be distinguished only by using single crystal

methods., a technique not possible in the present investigation due to the

small particle size of the synthetic specimens.
The serpentine-type structure was produced by treating the starting

gels at temperatures below about 500o C. and with all the pressures and

compositions examined. Three polytypic varieties of serpentines were

distinguished and their occurrence was found to depend mainly upon the

composition of the gel. One of the polytypes was shown by the electron

microscope to be of the fibrous type and was only produced by the com-

position with r:0. This type of serpentine can almost certainly exist

with values of r)0 but evidently not with r as great at 0.25 which was

the next composition examined.x

* Nagy and Faust (1956), carried out a survey of naturtl serpentines and stated that

natural fibrous serpentines can contain up to about +70 Ll2Q* in the structure which corre-

sponds to *:0.2 in the present nomenclature.
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T.tsrn 1. Dara lon tnn Spncrnnxs ExeurNrl
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Temp.
' c .

Time
days

Pres

P . S . I
Phases present ,o(A) u(:r*

0.25  610
0.50  610
0 . 7 5  6 1 0
1.00  610
1 50 610
2.00  610
2 . 2 5  6 1 0
2 . 5 0  6 1 0
0.25  445
0.50 445
0.75 445
1.00 445
1.50 445
2.00 445
o.25  450
0.50  450
0.75  450
1.00  450
1 . 5 0  4 5 0
2.O0 450
2.25  450
2.50  450
0 450
0.25  450
1.00  450
2.25  450
2.50  450
0 400
1.00 600
1.50  600
2.00 600
0 620
o.25 620
0.50 620
0.75 620
1.00 620
1.50  620
2.00 620
o 620
0.25 620
0.50 620
0.75 620
1.00 620
1.50  620
2.00 620

50,000 4
50,000 4
50,000 4
50,000 4
50,000 4
50,000 4
50,000 4
50,000 4
40,000 18
40,000 18
40,000 18
40,000 18
40,000 18
40,000 18
15,000 4 l
15,000 41
15,000 41
15,000 4r
15,000 4l
15,000 4r
15,000 4r
15,000 4 l
45,000 15
45,000 15
45,000 15
45,000 15
45,000 15
5,000 15

35,000 19
35,000 19
35,000 t9
40,000 0.2
40 ,000 0 .2
40,000 0.2
40,000 o.2
40,000 0.2
40,000 o.2
40,000 0.2
50,000 0.4
50,000 0.4
50,000 0.4
50,000 0.4
50,000 o 4
50,000 0.4
50,000 0.4

Fors. ,  Bru.

Fors., Bru.

Chl . ,  I  Serp.

chl.
chl.
Serp. ,  Chl . ,  l .  Spin.

Serp. ,  Spin,  L Chl .

Serp., Spin., L Chl.

Fors. ,  Bru. ,  L Serp.

Serp.
Serp.
Serp.
Serp.
Serp.
Serp. ,  Chl . ,  Bru. ,  Fors.

Serp., Fors.

Serp.
Serp.
Serp.
Serp.
Serp. ,  1.  Spin. ,  l .  Cor.

S e r p . , L S p i n . ,  I C o r .

Serp.
Serp., l. Fors.

Serp
Serp., Cor.

Serp., Spin., Cor.

Serp.
chl.
chl.
chl.
Taic., Fors.

Fors., Bru., Talc, Spin

Fors., Serp.

Serp., Fors., Talc

Serp.
Serp.
Serp., Spin.
Talc, Fors
Fors. ,  Bru. ,  Spin.

Fors. ,  Bru.

Serp., Fors.

Serp.
Serp.
Serp., Spin.

7 226L
7 .2sS A
7 .208 A
7 rs2 i\
7  .0e6 A
7 .048  A

7 .228 A
7 . X 8  L
7 .156 Ft
7 .ro2 A
7 .0s2 L
7  0s4A
7 .0s4  A

7 .162 L
7 .140 L
7 .042 A
7 .o44 A

0%
<o7
J / O

2s%
857o
9a7o

IoTo
s0%

7 .220 L
7 .176 i r  rof to
7. t+o A 2svo
7.084 A 8s%
7.060A too%

7 . 1 8 6  A
7 . 1 8 0  A
7 .rc4 f\
7  . 076  A
7.068 A

o%
s%

3s%
e0%

r0o7o
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T.A.er.r 1 (continued.)

^ Temp.
Lomp .  .  c .

Phases present t 2 ,  %
r o ( . 4 ,

o-layer

Pres.
p.s.r .

Time
days

0
0 . 7 5
1 . 0 0
1 .50
2 .00
0
0 . 7 5
1 . 0 0
I . J U

2 . 0 0
1 . 0 0
1 .00
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0

400
400
400
400
400
400
400
400
400
400
600
600
600
600
600
600
600
600
600
600
600

35,000 t6
35,000 16
35,000 16
35,000 16
35,000 16
56,000 19
56,000 19
56,000 19
56,000 19
s6,000 19
20,000 12 min.
25,000 15 min.
40,000 20 min.
40,000 60 min.
40,000 120 min.
40,000 240 min.
40,000 960 min.
40 ,000 0 .75
40,000 1
40,000 2
40,000 4

Serp. ,  Bru.
Serp., Fors.
Serp.
Serp.
Serp., Spin.
Serp. ,  Fors. ,  Bru

Serp.
Serp ,  l .  Bru.
Serp.
Se rp ,  l .  Sp in .
Serp.
Serp.
Serp.
Serp.
Serp.
Serp.
Serp
Serp.
Serp
Serp., Chl.
Chl., Serp.

7 .308 A
7 .202 A
7 .140  A
7 .082 A
7 .040 A

<o/
J / A

257o
957o
1 aO/t J / o

Chl.-Chlorite, Cor.-Corundum, Bru.-Brucite, Fors -Forstelite, Serp -serpen-

tine, Spin.-Spinel, l.-little.

The other two polytypic varieties are shown by electron micrography
to be platy. One which is produced in the low aluminum compositions
(r small) can be indexed on the basis of a 1-layer ortho cell (Table 2) and
shows much disorder in the D direction. The other is produced in the high
aluminum compositions (r large) and can be indexed on the basis o{ a
6-layer ortho cell (Table 3). The two structures occur together in the
medium aluminum composi t ions.

The cell parameters of the two platy structures show a progressive de-
crease as # increases (see Table 1). The amount of the 6-layer structure
produced increases slightly in relation to the 1-layer as the hydrothermal
pressure is increased and further, the basal spacing decreases with in-
creased hydrothermal pressure. The two platy structures must be closely
interrelated when they occur together, since despite the different condi-
tions of formation and related change in parameters of the different
specimens examined, the :r-ray reflections common to the two structures
are never resolved into two components or even broadened. The inter-
atomic distances must therefore be almost the same in the two structures.
The findings are summarized in Fig. 1.
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Tanr,r 2. Lerrrcn Snlcrncs, INnrcns .q.No INmNsrrrES FoR 1-LAYER

Onrno StnptNrrNr
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d , h
camera

d., h
diffractometer

d, A calc. I/Io

7  . 2 2
4 . 6 1
3 .89
3 . 6 1 7
2.659
2 . 5 0 4

2 . 1 4 8

1 . 7 9 r
| 745
I . J + J

1  . 5 1 0
1 . 4 9 7
1  A  A 1

1 .+20
1 .332
1 . 3 1 3
r.299
r . 2 7 2
1 .253
1  .168

I  .  t J

4 . 6 1
3 . 9 1
3 . 6 1 9
2 .65.5
2 . 5 0 3
2 . 4 1 5
2 . 1 4 8
1 .807

788
.741
.541
.507
.496

I 448
1 .418
1 . 3 2 9
1 . 3 1 2
1.299
1 . 2 7 4
1 . 2 5 4
1  . 1 6 3

7  .25
4 .62
3 .90
3 .62+
2.669
2 .505
2.4t ,6
2 .149
1 .8 r2
1  .79 r
r . 7+7

60
20
5

60
5

100
10
35
5

1 . )

25
20
t . )

5
10

J

.5
5

.  J 4 l

507
.499
.450
. 4 1 8
.334

001
020
o2l
002
200
201
003
202
004
203
310
060
061
204
005
062
400
401
063
205
402

1 . 3 t 2
1 .299
1 . 2 7 4
1 . 2 5 2

Specimen composition 21 MgO.3Al:O3.13SiOz treated hydrothermally for 41 days at
450' C. and 15,000 psi.

Cell parameters o:5.338 A. t:S 245 jt, c:7.249 A, lcufo radiation 1.54178 A).

TUB PnocBss oF CRysrALLrzATroN oF A GEL

The growth of crystallization of a gel with composition rc:1, treated
at 600o C. and 40,000 p.s.i. for t imes varying from 10 min to several
days has been studied. Under the conditions employed, a gel should
produce a chlorite when stability is reached and this is the product after
several days treatment. However, after several hours the product is
not a chlorite in any state of crystallization but a mixture of 1- and 6-
layer serpentines such as would be expected by treating this composition
at temperatures less than 500o C. The increase in crystallization is rapid
and after about 20 minutes the pattern given by a mixture of 1- and 6-
layer serpentines can be recognized although the reflections are broad.
After about 50 hours the reflections of a well-crystallized serpentine
mixture begin to decrease in intensity and those of a well-crystallized
chlorite to appear. From the first appearance of the serpentine reflections
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Tasr,B 3. Lnmrca SnacrNcs, Isorcas aun INrnnsrrrrs or 6-Levnn
Ontro SrnpoxrrNn

d , A
Camera

d , A
Difiractometer

d , A
ca lc .

I / Io

7 .08
4 5 9
4 493
4 . 2 t 2
3 8+2

3 . 5 4 4

3.289
3 . r 2 7
2.816

2 . 6 3 5

2 . 5 7 1
2 . 5 3 1
2.486

2 . 3 7 9
2 . 3 1 5
2 . 2 5 0
2 . 1 2 6
2.001
| 937
1 . 8 8 1
1 . 7 6 9
I  .  / . t J

1 661
1.608
1. .562
1 . 5 3 3
1 . 5 0 0
1 . 4 7 0

1 . 4 0 7

1 . 3 5 2
1 . 3 2 1

1.287
1.269

7 .09
4 . 5 9
4 . 5 1 1
4.236
3  . 8 5 7
3 658
3 . 5 5 1
3 . 4 7 4

2 655
2 . 6 3 5
Z  O I J

2 . 5 7 6
2 . 5 3 4
2 +87
2.429
2 . 3 7 7
L  j I J

2 . 2 5 4
z  I  z J

2.00r
1 . 9 3 9
1  . 8 8 1
1 . 7 6 8
I .  / J J

1 . 6 6 2
1 .609
I  . . ) O l

1 .534
1.499
| . 4 7 4
t . 4 2 2
1.408
1 . 3 9 2
1 . 3 5 2

( t  z t<' l r .srs

006
o20,021

022
024
026
027

00,12
o28
029

02,10
02, t2
200
202
203
204
205
2C6
207
208
209

20, l0
2 0 , 1 2
20, l+
20, t5
20, 16
2 0 , 1 8

310, 311, 312
20,20
20,21

3 r , 1 2 , 2 0 , 2 2
060
o66

068,20,24
00,12
06,12
20,26

400

06, 18

7  . 1 0
4 597,4 .570

4.493
4 . 2 2 1
3 .859
3 669
3 . 5 5 2
3 480
3.299
3 . 1 2 5
2.8r1
2 . 6 5 4
2 634
2.609
2 . 5 7 5
2 . 5 3 4
2.486
2 . 4 3 3
2 . 3 7 5
2 . 3 1 5
2 . 2 5 3
2 . 1 2 6
2.001
1.940
1 .880
1 . . 7 6 7

r . 7 3 7 , 1 . 7 3 6 , 1 . 7 3 1
1 . 6 6 2
1  . 6 1 1

1 .561,  1  .565
| 532
r . 4 9 8

r . 4 7 2 , 1 . 4 7 6
1 . 4 2 1
1 . 4 0 7
1 .395

r .327

1.286

100
35

5
5
5

100
5
5
5
5

l . f

55
Z J

40

35
I J

80
10

5
30
10
5
5
5

t . )

5
10
65
10
.')

10

10
10
10
5

Specimen of composition 9 MgO.3AlzOr.SSiOz treated hydrothermally for 41 days at
450' C. and 15,000 psi.

Cell  parameters o:5.308 A; A:O.tOS A; c:42.62 A lcrrKo tadiat ion 1.5417S A).
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R e q i o n

Mg-AI, SERPENTINES AND CHLORITES

N o l u r o l
C h l  o r i t e4 5 0

lo 5oo' N o l u r o l
S e r p e n l i n €

-  ; '  ' '  ' u " '

Frc' 1' The relation of the phases found'

to their complete disappearance, the relative amounts of 1- and 6-layer

materials remain fi.xed.

Collp.q.nrsoN oF THE SvNrnnrrc MrxBnar-s wrru THErR

Naruner- EqurvereNrs

The r-ray powder diagrams of the synthetic chlorites appear to be

essentially identical with those of natural chlorites. Comparison of care-

ful measurements of the basal spacings of the natural and the synthetic

specimens indicate the difference shown in Fig. 2.

The r-ray diagrams of the fibrous serpentines appear to be identical

with the corresponding natural chrysoti les examined in detail by Whit-

taker and Zussman (1956) . The electron micrographs, however, show the

peculiar cone-in-cone effect (Bates, Sand, and l ' I ink, 1950), which has

not been noticed in natural specimens.
Several l- layer specimens of platy serpentines were also described by

Whittaker and Zussman (1956) and called l izardites' These appear to be

identical with the synthetic 1-layer serpentines. It appears that two

types of 6-layer structure exist, one which approximates to a 3-layer cell

with hkl, I : 2n usually more intense than I : 2n + | (6(3) layer structure),

and one which approximates to a 2-layer cell with hhl, l:32, usually

more intense than l:3n-lI (6(2) Iayer structure). The 6(3) layer struc-

ture is found in the synthetic specimens investigated' The 6(2) layer

structure has been produced hydrothermally in the MgO-GeOr-HzO

system (Roy and Roy 1954) and has been found naturally (see Brindley

and von Knorring, 1954, and Zussman and Brindley, t957).It approxi-
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l 4

1 4 2
Boso I

Spocing (E)

l 4 ' l

t4.o

t 5
x  o loms A l

Ftc. 2. The variation of the basal spacing of chlorites with composition. (The curve
for the natural chlorites is taken from Brindley and Gillery, 1956.)

mates closely the amesite structure reported by Brindley, Oughton and
Youell (1951) and by Steinfink and Brunton (1956), amesite having the
ideal composition r:2.0. S. W. Bailey, Department of Geology, Uni-
versity of Wisconsin kindly supplied films of four natural serpentines
found in rock dril l ings and two of these showed the 6(3)-layer structure
and the other two showed the 6(2)-layer structure. Both were mixed
with the 1-layer structure.

DrscussroN

At first sight temperature appears to control whether a chlorite or a
serpentine is produced. It may be, however, that serpentines of a possible
chlorite composition are metastable. This is suggested by the obser-
vations on the crystall ization of the gel. Chlorites are formed hydro-
thermally by way of a serpentine structure and if this process does not
reach stability a serpentine will result. Stability takes several days to
attain even at 600o C. so that below 500o C. it may take a much longer
time than has been allowed in this series of experiments. Hence the ser-
pentines of a possible chlorite composition which appear to be stable be-
low 500o C. may be metastable with respect to chlorite. This point of
view may be correlated with the rarity of serpentines with an appreciable
aluminum content in nature. An examination of natural chlorite and
serpentine analyses indicates that their chemical compositions rarely
overlap. The boundary of Al substituted for 4Si atoms is about 0.5
atoms or abofi t0/6 AlrOs in the chemical analysis.

? ot on . q
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The difference in the basal-spacing versus composition curves given by

natural and synthetic chlorites could be due to an uneven distribution of

cations in the two types of octahedral layer in the latter' If the tetra-

hedral charge is more than half balanced in the 'talc' octahedral layer,

the interlayer charge and the resultant interlayer ionic bonding decrease,

hence the basai spacing would increase. This situation existing in the

synthetic specimens would explain their generally larger basai spacing.

This hypothesis is supported by the tendency of the two curves to con-

verge at the lower AI content where the effect would be expected to be

smaller.
It is evident that the amount of Al present in the gel has an overruling

effect on the serpentine polytype produced The formation of fibers

rather than plates has been ascribed to the misfit between the octahedral

and tetrahedral type layers (See Bates, Hildebrand, and Swineford, 1950,

and Roy and Roy, 1954), but the aluminum also controls the amount of

6-layer material present which does not appear to be affected by time or

temperature and only slightly by pressure. No explanation can be offered

for this observation, though the answer could probably be given if the

exact structure of the polytypes were known. The decrease in basal

spacing with aluminum content is easily explained by the way the charge

on the serpentine layers changes with the substitution of Al. The surplus

charge caused by the substitution of AI in the octahedral part of the

serpentine layers is balanced by the corresponding substitution of AI for

Si in the tetrahedral part. Thus the octahedral part acquires a positive

charge and the tetrahedral a negative charge and the layer as a whole is

neutral. The layer surfaces which face each other have opposite charges

and this provides a force of attraction between them which increases

with increasing aluminum content. Hence the basal spacing decreases

with increasing aluminum content.
The increased amount of 6-layer structure in relation to the amount of

1-layer structure and the decrease of the basal spacing, both with in-

crease in hydrothermal pressure of formation can be explained by sup-

posing that the 6-layer structure occupies a slightly smaller volume than

the 1-layer structure. Increase in the pressure of formation wil l constrain

the system and the equilibrium will move in a direction which will tend

to occupy a smaller volume. This can be done by the production of more

6-layer material which wil l also decrease the basal spacing.

Since the difference in spacing is never noticeable in the mixtures, the

difference must be either very small or the mixture must be on almost

unit cell scale when the r-ray spacing will be a compromise between the

two individual spacings.
The important conclusions to be drawn from the study are that:
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1. The temperature controls the mineral family produced.
2. The composition is the predominant factor in determining the

polytype.
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