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Synthesisof Antigorite
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Abstract
Antigorite with a superlatticeperiod of 33 to 38 A has been synthesizedat temperatures
of 450" to 55o'c, under pressuresof 7,500 to 25,000 psi. Its formation depends on the
molecular ratio of Mgo to Sio, and, to a certain extent, on the amount of water present
during the reaction but not on the presence of the cations Fe4, Fe"*, 41"* that are generally
found in the natural specimens.

Introduction

Dengo (1952) suggested that its formation may be
Chrysotile, lizardite, and antigorite are the main promoted by shearing. Page (1966) proposed its
production by the progressive metamorphism of
minerals in the Serpentine Group. The former two
have been investigated with various techniques: hy- lizardite and chrysotile under conditions where
drothermal synthesis (Roy and Roy, 1954; Gillery, P""o ( P,6r"'. After re-examination of a statistical
study by Page (1968), Whittaker and Wicks (1970)
1959; Page, 1966; Chernosky, 1971; Sylla, lgTL),
systematic chemical analysis of natural specimens concluded that antigorite contains higher SiOr,
(Faust and Fahey, 1962; Tomisaka and Kato, 1963; lower MgO and H,O*, and often a higher abundance
Page, 1968; Whittaker and Wicks, 1970), and crys- of trivalent ions in the octahedral sheet than chrysotile
or lizardite. Jasmund and Sylla (1971) reported the
tal structure analysisof the natural specimens (Whitsynthesis
of Mg- and Ni-antigorite in a diluted alkaline
taker, 1953, 1956abc; Jagodzinski and Kunze,
held at 320" to 350oC, under 200 to 250
suspension
l954abc; Rucklidge and Zussman, 1965; Krstano170
hours, but later (Jasmund andSylla,1972)
atm
for
vi(' 1968). Detailed studies of antigorite have
corrected
their
conclusions and stated that they had
hitherto been concerned largely with natural speci6-layer
synthesized
a
ortho-serpentine without Al and
mens; however, it may be expected that many probwithout
any
trace
of
an
antigorite phase.
lems related to the formation of this mineral in
present work has been initiated to determine
The
nature could be elucidated by discovering the conthe effect of variations in chemical composition and
ditions of formation of synthetic antigorite.
temperature and pressure on the formation of antiAntigorite has an alternating wave structure with
gorite.
a superlatticealong the a-axis (Aruja, 1945;Zussman,
Experiments
1954; Kunze, 196l). According to Kunze (1961), its
ideal formula varies systematically with the superThe procedure for preparing the gels has been
lattice period between the theoretical limits MgrSinO,o reported by Ikeda (1972). The calculated amounts
(OH), and MguSinO,o(OH)r. The most commonly
of the standardized ethanolic solutions of magnesium
observed compositions occur between Mgu.noSinOro nitrates and tetraethyl orthosilicate were dispensed
(OH)u.ro and Mgu 68SioOro(OH),.ru
(Zussman, Brindfrom a burette and mixed with a magnetic stirrer.
ley, and Comer, 1957;Kunzn, 196l). Hess, Smith, and The solution was hydrolyzed by addition of NH+OH
and adjusted to a pH value of 12.5. The homo'Present Address:
Nissaku Co.. Ltd.. No. 8, 2-ch6me.
geneous mixtures of the desired compositions were
Ky6bashi, Ch0 6-ku, Tokyo, 104, Japan.
obtained by magnetis stirring of the solution for 1
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1. Exoerimental Results
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bon. The interplanar spacings were determined frorn
the diftraction pattern relative to diffraction rings of
aluminum evaporated onto the specimens.
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L:

The synthesis of antigorite was investigated by
varying four parameters: the ratio of Mg(OH)e to
SiOr, the amount of water present during the reaction, the temperature, and the pressure. Results
(Table 1) and typical electron micrographs and a
selected area electron diffraction pattern of synthesized serpentine (Figs. l, 2, and 3) reveal that
antigorite, chrysotile, and lizardite were synthesized
during the runs. Antigorite occurs as large crystals
0.3 to 1 x 1 to 4 microns in size (Fig. la) and

c
c,A
A>c

T.izardiLe.

(nnounts of the serpentine
uarieties
The relatiue
roughly estinated
under the electron microscope
ueas
of the speeinen.
exmtning
mmy different

aete
by

hour, aging the precipitate on a water bath for 15
hours, adjusting the pH to the initial value, filtering
the precipitate, and drying the precipitate in the air
bath at 105'C. The starting materials were analyzed
chemically before their use. MgO was determined by
EDrA titration, SiO, by ordinary precipitation
method, and H2O through the ignition loss. The
data for chemical composition of the starting materials presented in Table 1 are the results obtained
from the gravimetric analysis.
Experiments were carried out with approximately
50 mg of gel and varying amounts of water in sealed
silver capsules, each enclosed in a pressure vessel
(Tuttle, 1949) held at 300' to 550"C t 5oC, at
a total pressure of 5,000 to 25,000 psi -+ 500 psi
for periods of 5 days.
The materials synthesized were examined with a
Rigaku Denki Wide Range Diffractometer equipped
with a curved-crystal monochromator and copper
tube, operated at 35 kV, 15 mA, at a scan rate of
(20) per min. The transmission electron
l/4"
micrographs and electron diffraction patterns of synthetic materials were examined by using a JoEL
JEM r7s type electron microscope operated at 60
kV. A small droplet of distilled water in which
synthesized materials were suspended was dried in
air on a microgrid reinforced with evaporated car-

(bl

b

Frc. 1. Synthetic antigorite (S14) formed from a starting material with the composition of 5.46Mg(OH),'
4SO,.10.92H"O held at 500'C, under a pressure of 7,500
psi and for a period of 5 days. (a) Electron micrograph
showing large antigorite crystal. (b) Selected area electron
diffraction pattern.
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Forsterite, the only material synthesizedother
than serpentineminerals,alwaysformed at temperatures of 450' to 550'C. Unfortunately,the 131 and
112 relectionsof forsteritecoincidewith serpentine
reflections that would distinguish clinochrysotile
from orthochrysotileor lizardite. The X-ray diffraction evidencefor antigorite, such as superlatticereflectionsor as the 1.563 and 1.541 A pair of
reflections,is not strong.Thereforethe varietiesof
synthesizedserpentinewere determinedby electron
micrographs and electron diffraction patterns.
Accordingto Kunze ( 1961), the periodicityalong
the a-axis of the serpentinesuperlatticesvaries from
5.09 A to m with accompanyingvariationsin the
molecularratio of 3.0 to 6.0 MsO to 4 SiO". To

(b)

Sc*

Fta. 2. Synthetic clinochrysotile (S10) formed from a
starting material with the composition of 5.46Mg(OH),
4SiO,.22.60H"O held at 500'C, under a pressure of 7,500
psi and for a period of 5 days. (a) Electron micrograph
showing tubelike clinochrysotiles.(b) Selectedarea electron
diffraction pattern.

yields an electron diffraction

pattern typical

of anti-

gorite (Fig. 1b). The periodicity of its superlattice
lies in the approximate range 33 to 38 A, corresponding to compositions of Mgu uo - s rrSi+Oro
(OH)t zo - 7 ss (Kunze, 1961, Table 5). Chrysotile
occurs as individual tubes, 0.04 to 0.8 microns long
and about 0.02 microns in diameter (Fig. 2a), or in
aggregates,or on the surface of the antigorite crystals
(Fig. 1a), or associatedwith lizardite crystals (Fig.
3a). It is identified as clinochrysotile from electron
diffraction patterns (Fig. 2b). Lizardite occurs as
platy crystals 0.1 to 1.0 microns in size (Fig. 3a)
which give an electron diffraction pattern like the
one shown in Figure 3b. This hexagonal network
yields the parametersa = 5.3 A, b = 9.2 A.

(b)

bl+

Frc. 3. Synthetic lizardite (S13) formed from a starting
material with the composition of 5.46Mg(OH),'4SiO,'
lO.92H" held at 450'C, under a pressure of 7,500 psi and
for a period of 5 days. (a) Electron micrograph showing
platy lizardites. (b) Selected area electron diffraction
pattern.
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examine this relationship a series of 5 day runs
(S01 to SO5,Table 1) were carried out at 500'C
under a pressureof 7,500 psi, with molecular ratios
varying for MgO from 4.99 to 6.16 relative to 4.0

sior.
In the rangeof MgO:SiO2= 5.36 to 5.61:4.0,
a few fairly large antigoritecrystalswere synthesized
together with an abundance of minute chrysotile
crystals.For ratios greater than 5.61:4, abundant
chrysotile and a few lizardite crystals were produced.
For ratios less than 5.36:4, minute chrysotile tubes
and undetermined or unreacted material were observed.
The eftect of the water content on the synthesis
of antigorite was investigated by varying the water
content of a seriesof runs (506 to S1O,Table 1)
with the startingcomposition,5.46M9(OH)2' 4SiOz.
IO.92H2O,as thesewere held at 500' C and 7,500
psi for 5 day periods.Table 1 showsthat at a ratio of
I4.56H1O to 4SiOz or greater, chrysotile was synthesized,and that at a ratio of 7.55 or 5.61HeOto
4SiOz a few fairly large-sized antigorite crystals
formed along with an aggregateof minute chrysotile
crystals.
The eftect of temperature on the synthesis of
antigorite was investigated by holding a material
of composition5.46Mg(OH)2.4SiO2.l0.92HeO at
various temperatures between 300o and 550" C
(S11to S15,Table 1) at 7,500psi for 5 day periods.
Chrysotile was formed in all runs and large quantities of lizardite were formed in the 400o and 450" C
runs. Moderate amounts of antigorite were slmthesized at 500' C but only minor amounts at 45Oo
and 55OoC.
The effectof pressureon the synthesisof antigorite
was investigatedwith three runs (516 to S18, Table
l) at 5,000, 15,000 and 25,00Opsi, each held at
500' C for 5 day periods,againwith a starting composition of 5.46Mg(OH)z.4SiO2.10.92H2O.Only
chrysotile formed at 5,000 psi, but successivelyincreasingamountsof antigorite formed in the 15,000
and 25,000 psi runs.
Discussionand Conclusions
The runs at varying ratios of Mg(OH), to SiO,
suggestthat a Mg: Si ratio below the ideal serpentine
ratio is necessaryfor the synthesisof antigorite. The
synthesis of antigorite in a MgO-SiOr-HrO system
also suggeststhat the presence of cations such as
Fe'*, Fet*, Alt*, often found in the natural specimens,
is not a prerequisitefor the formation of the structure

of antigorite. The structural reasonswhy the Mg: Si
ratio is lower in antigorite than in the other serpentine
mineralshave been discussedby Zussman(1954)and
Kunze (1956, 1958).The samechemicalvariation has
been noted in natural specimensby Faust and Fahey
(1962)and by Whittaker and Wicks (1970).The (OH)
alsoare slightlylower than
contentsof thesespecimens
that expectedfrom the ideal serpentinecomposition.
The secondseriesof runs suggeststhat the amount
of water present during synthesisis an important
controlling factor. There was always an excessof
HrO over that required for stoichiometryin the runs
in the present study, but it was considerably less
water than that used by previous researchers.The
largeamount of water addedby previousworkersmay
be the reasonwhy only chrysotile, linrdite, or 6-layer
in their experiments.
ortho-serpentineweresynthesized
The reasonfor control of the synthesisof antigorite
by the water content still remainsto be discovered,but
it may be relatedto the low OH content of antigorite
mentionedabove.This problem is now being studied
theoretically in our laboratory. It appearsclear, however, that the condition of P""o ( Pror,rproposedby
Page(1966)is not a prerequisitefor the crystallization
of antigorite since the antigorite was produced under
the condition of P""6 : P.or", as determinedfrom
Kennedy'stabte(1950)relating the densityof water to
pressure at various temperatures. Also, since the
synthesis was carried out under static conditions, it
appearsthat shearingis not a necessaryrequirement
for the formation of antigorite.
The series of runs with increasing temperature
and increasingpressuresuggeststhat the formation
of antigorite is promoted by higher temperatures
and pressurasthan those required for the formation
of chrysotileor lizardite. Theseresultsare consistent
with the orn resultsof Faust and Fahey (1962) and
with the fact that antigorite is the serpentinemineral
most commonly found in higher grade metamorphic
terrains (Jahns,1967).
The experimental results recorded in this study
indicate that antigorite is not a polymorph of chrysotile or lizardite.
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