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SYNTHESIS OF CLINOCHLORE AT HIGH PRESSURES
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The behavior of the clinochlore composition was investigated in the Griggs-Kennedy

piston-anvil apparatus. The 7 A aluminous serpentine an6 the 14 A chlorite structures \4/ere

readily synthesized at pressures up to 20 kilobars. At 15 kilobars and 830oc. clinochlore

dissociated to talc*forsteritef spinelf vapor.
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from one form to the other.

1080



CLINOCHLORE SYNTHESIS 1081

Nelson and Roy (1958) showed that, at low temperatures, there was
a continuous replacement of Sia+*Mgr+ by 2Al3+ from the antigorite,
MgoSioOto(OH)6, through clinochlore to amesite, MgnAIrSizOro(OH)3; at
higher temperatures there is a similar series for the 14 A structure, but
stopping somewhat short of the aluminum-free end-member.

Gillery (1959) made a detailed study of the synthetic compounds and
showed that the 7 A structure formed both a one-layer and a six-layer
polymorph in the syntheses.

ExpBnrupNtnr PnocBnunB

Mixtures of kaolin, hydrated silica and magnesium hydroxide in the
correct proportions to form clinochlore or amesite were subjected to
pressures ranging from 6 to 30 kilobars at temperatures up to 865' C. in
the piston-anvil device of Griggs and Kennedy (1956). These mixtures
contained an excess of water over that needed to form chlorite; further-
more, this water was retained to a sufficiently high temperature under
pressure for reaction to take place. Reaction was generally complete
within 30 minutes if water was successfully retained, which was generally
the case at 10 kilobars and higher. At six kilobars water was more easily
Iost, although some successful runs were made. The resulting sample was
a thin flake approximately g inch in diameter, and this was examined,
without crushing, on a Norelco diffractometer using Cu k radiation.
The very fine grained or flaky nature of the products made microscopic
identifi cation unsatisfactory.

Narunp oF THE CnysrarrrxB Pnasns

Clinochlore anil aluminous serpentine. The flakes resulting from the high
pressure runs appeared to be single crystals of clinochlore, aluminous
serpentine or a mixed phase structure. Under the microscope cleavage
laminations were distinct, and the flakes gave a centered uniaxial inter-
ference figure. Although this is not unequivocal evidence of true struc-
tural orientation of all the layers of the flake, it does seem that single
crystals of layer structure minerals form readily in the piston-anvil high
pressure apparatus. Segnit and Kennedy (196I) formed muscovite crys-
tals giving centered biaxial interference figures under similar conditions.

The flakes gave strong, sharp peaks corresponding to the basal spacings
of the minerals on the r-ray difiractometer. The absence of peaks for
other compounds such as periclase was an indication of the complete-
ness of the reaction.

Ol.her phases. Talc, forsterite, and spinel were identified as the breakdown
products of clinochlore. Talc, like the other layer structure minerals,



(a) Clinochlore Composition
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2 Ratio of heights of 002 and 003 peaks in chlorite-aluminous serpentine structures'
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(b) Amesite composition
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gave very strong tr-ray patterns. Forsterite and spinel gave less strong
but nevertheless well defined Datterns.

RBsums

Cl,inochl,ore dissociation culae. Results of the experimental runs are given
in Table 1. Most were carried out on the clinochlore, and a few were done
on the amesite composition. From the former results a curve reDresent-
ing the l imits of formation of clinochlore under these conditioni can be
constructed (Fig. 1). The curve is sensibly a smooth continuation of the
iow pressure data of Yoder (1952), from which the lower part of the
curve of Fig. t has been taken. rnferred boundaries are shown as broken
lines. rn the present work, however, it was not possible to demonstrate
reversibil i ty of the reaction, so that the curve presented cannot be con-
sidered without question to be the true vapor pressure curve of clino-
chlore.

The reaction at high pressure at the dissociation temperature was:
SMgsAlzSigOro(OH)3-TMgrSiOr f 2MgSiaels(OH), * SMgAl,Or * 18H:O

clinochlore +forsterite f talc 1 spinel + water. (1)

At lower pressures (up to two kilobars) Yoder found the foilowins reac-
t ion:

SMgaAlzSLOro(OH)s + 10Mg,SiOn * MgrA .SisOra * 3MgAlsOa + 20HrO
clinochlore +forsterite * cordierite f spinel f water. (2)
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FrC. 1. Pressure-temperature plot of aluminous serpentine-clinochlore syntheses. Curve

indicates the pressure-temperatuie limits of synthesis of clinochlore in the piston-anvil ap-

paratus. Lower part of curve is from hydrothermal data of Yoder; broken boundaries

inferted.

The pressure range between two and six kilobars remains unexplored, but

so-ewhere in this region clinochlore presumably breaks down to a fur-

ther assemblage:

MgsAhSigOro(OH)a + MgzSiOr f 2MgSioa f MgAlzor + 4H'O

clinochlore +forsterite + enstatite f spinel * water' (3)

O L
500
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This assemblage would form when, with increasing water vapor pressure,
cordierite itself is replaced by talc, sillimanite, and quartz. In nature,
the forsterite-enstatite-spinel assemblage is represented by orivine-
hypersthene-spinel (Friedman, 1954). Figure 2 shows the assemblages of
minerals obtained from the clinochlore composition at 800o C., with the

>2  kb

8 k b
-

Frc. 2. Assemblages formed from the clinochlore composition at 800oC. Assemblage 2
inferred Q:quartz, p:periclase, C:corundum, Ta:talc, For:forsterite, Sp:spinel,
En: enstatite, Cord : cordierite, Cl : clinochlore.

approximate pressure ranges, assemblage 2 being inferred. The breaks in
the curve of Fig. 1 corresponding to these changes would be largely im-
perceptible under experimental conditions, as the slopes of each part of
the curve are chiefly controlled by the volume changes of the vapor phase.
No change in the free water content is involved in the change from reac-
tion (3) to (2), and only a 10 per cent decrease in free water content
occurs in the change to assemblage (1).
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C l,inochlor e- aluminous s er p enline relationshi p s. Under the experimental

conditions the 7 A structure was readily formed and occurred at higher

temperatures than has previously been reported. Strong, sharp diffrac-

tiorrpatterns from the basal flakes were obtained, with no trace of a peak

200 250

t5 kb,

250

2 e

Frc. 3. X-ray diffraction patterns, Cu-Ka radiation from basal

flakes of clinochlore composition'

in the 18.7or region from runs below 600o c. Above this temperature,

however, a diffuse peak usually began to appear in the difiraction pat-

tern between 18o and 19" (-4'6 A;, its strength tending to increase with

1 Angles refer to 20. Unfortunately, the diffractometer available at the time the experi-

ments were carried out rvould not record angles below about 8" 2d'

150100

200i50100
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higher temperatures of preparation (Fig. 3). This is further i l lustrated in
Fig. 4 where the ratios of the intensities of the022 and 003 reflections are
plotted against the temperature of formation. Variation in starting com-
position had no efiect on the distribution of the points. Although there is
considerable scatter at any given temperature, a statistical analysis of
their distribution shows that there is a highly significant positive trend
in the data. The calculated trend is indicated by the straight l ine clrawn
through the points.

The suggested interpretation of these data, bearing in mind the single
crystal-l ike nature of the products, is that, at approximately 600o C.,

."'-1 ..
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Tomperature pCl

Frc. 4. Relative intensity of 18.7o (003):12.50 (002) difiraction peaks plotted against
temperature of formation of serpentine-chlorite structures.

14 A layers began to form in the charge producing a type of mixed phase
structure. As the temperatures of the runs were increased the proportion
of the 14 A layers in the crystal increased unti l, at about 780o C., it
became the dominant or sole form. The evidence is insufficient to deter-
mine whether a true mixed layer structure was formed. The transforma-
tion sequence described by Brindley and Gillery (1954) for an iron-rich
mixed layer natural chlorite could, however, offer an explanation for the
changes observed in these experiments.

The scatter of the points strongly suggests that the mixed phase struc-
ture in these syntheses is a metastable formation. High pressure runs on
hydrothermally prepared clinochlore at lower temperatures might dem-
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onstrate whether the reaction aluminous serpentine---+clinochlore is

reversible.
Gi l lery (1959) found two polymorphs of  the 7 Astructure,  a one- layer

form with a basal (001) spacingof 7.22 A, and a six-Iayer form with a

basal (006) spacing of 7.08 A. In the present work the corresponding

aluminous serpentine spacing was in the region 7.06-7.10, suggesting the

six-Iayer polymorph. The corresponding spacing for clinochlore is 7.20

(Yoder, 1952). The smaller spacing for the six-layer aluminous serpen-

tine suggests therefore that its formation may be favored by higher pres-

sures, and that a corresponding stable range might be possible. A search

amongst high grade metamorphic chlorit ic schists u'hich have been sub-

jected to high pressures without excessive temperatures might reveal the

Dresence of aluminous serpentines in nature. At low pressures, however,

ih. t+ A structure may well be the stable form at low temperatures, as

Loughnan and see (1958) describe an almost pure clinochlore occurring

in close association with montmoril lonite, vermiculite, and other layer

minerals. The assemblages appear to be derived from the hydrothermal

alteration of an albit ite at relatively low temperatures'

Results of runs with the amesite composition at high pressures were

somewhat different from those of Nelson and Roy (1958) at 1000 bars.

They found continuous replacement of Mg2+f Si4+ by 2Al3+ (see above).

In a series of runs at 10 kilobars in the present work, a mixture of the

amesite composition yielded well-crystallized aluminous serpentine at

550o C., 700; C., and. 725" C., with no othe-r phases, while at 750' C' a

mixed phase structure, and at 800' C. a 14 A form crystall ized, both the

latter being accompanied by talc and spinel. In runs at 700o C' at 25 and

30 kilobars, a mixed phase structure alone formed'

CoNcrusroNs

Both the 14 A clinochlore and the 7 A aluminous serpentine structures

can be readily synthesized at high pressures in the Griggs and Kennedy

piston-anvil apparatus from a mixture of kaolin, silicic acid and mag-

.,esium hydroxide. In runs from 10 to 20 kilobars aluminous serpentine

was obtained below 600o C., and clinochlore above 780" C. Between

peratures suggests the possibil i ty of its occurrence in high grade meta-

morphic chlorite schists.
Clinochlore itself dissociated under these conditions to forsterite, talc,

spinel, and vapor at 10 kilobars, 800o C., and 15 kilobars, 830' C'
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Similar high pressure runs on hydrothermally prepared clinochlore and
aluminous serpentine should give direct evidence on the stability of the
latter structure.
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