
American Mineralogist, Volume 60, pages 200-208' 1975

Aggregate Refractive Indices and Unit Cell Parameters.olSynthetic
Serpentine in the System MgO-AlrOa-SiO2-H2O1

Josnpn V. CunnNosrY, JR.2

U.S. Geological Suruey, Washington, D. C.

Abstract

Variation of synthetic serpentine, (Mg.-,AI,XSL-,A1")O'o(OH)., unit cell parameters, molar volume

(Z), and aggregate refractive index (fr) as a function of the substitution 2Al3+ = Si{+ + Mg'+ were in-

vestigated for the composit ions x :  0, 0.05, 0.10, 0.15, 0.20, 0.25, 0 50, 0.75, 1.0, l '5, and 2'0. Regression

equations relating variation in these parameters with composition are:

5.3132(28) + 0.0169(87)x - o.0219(55)x' 0.99
9.1990(64) + 0.0425(138)x - 0.0354(7t)x' 0.975
7 3115(69) - 0.2277(254)x + 0.0553(155)x'z 0.9'75
20s.030(255) + 9.899(.328)x 0.75
1.5504(5) + 0.0239(16)x - 0.0032(9)x'z 0.99

Figures in parentheses represent the estimated standard deviation; underlined figures represent the

significance of the regression coefficients. The best determinative curve for estimating serpentine composi-

tion from measured values of doo, (in A) is: x : 2 4949 - 7 .1247 \ft* -8fr1; the significance of the

regression coefficients in this equation is greater than 0.975. The linear variation of molar volume with

composition suggests that aluminous serpentines form an ideal solid solution series.
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Introduction

The variation of aggregate refractive indices and
unit cell parameters with composition has been used

to construct determinative curves for monitoring the
alumina content of synthetic serpentine in hydrother-
mal experiments. The effects of the coupled substitu-
tion 2Al3+ : Si4+ * Mg'* were studied for 1l serpen-
tines whose compositions borrespond to values of
x :  0 ,  0.05,  0.10,  0.15,  0.20,  0.25,  0.50,  0.75,  1.0,  1.5,
and 2.0 in the formula (Mg.-,Al.XSi4-,Al')O'o(OH)'.

Synthetic tubular serpentine having the composi-
tion 0 ( x { 0.05 is referred to as clinochrysoti le;
platy serpentine restricted to the compositional l imits
0.05 < x ( 1.0 is referred to as l izardite; and platy

serpentine restricted to the compositional l imits 1.0 (

x 1 2.0 is referred to as aluminous serpentine.
Aluminous serpentine has also been referred to as
septechlorite (Nelson and Roy, 1958) and l- or 6-
layer orthoserpentine (Gil lery, 1959). Although
clinochrysotile and lizardite contain one formula unit
and 6-layer orthoserpentine contains six formula

I  Publ icat ion author ized by the Direcior ,  U.S.  Ceological

Survey.
2 Present address: Department of Geological Sciences, Universi-

ty  of  Maine,  Orono, Maine 04473.

units per unit cell, all compositions are expressed in
terms of two formula units in order to facilitate com-
parison with the results of previous studies.

The cell parameters obtained in the present study
agree favorably with values for natural (Deer, Howie,
and Zussman, 1962; Page, 1966) and synthetic
(Yoder, 1952; Nelson and Roy, 1958; Gillery,1959;
Shirozu and Momoi, 1972) serpentines. The results
presented in this paper have been reported orally
(Chernosky, 1974) and supercede preliminary data
(Chernosky, 1971) for the compositions 0 < x < 0.25.

Starting Materials and Experimental
Procedures

Clinochrysotile, lizardite, and aluminous serpen-
tine were synthesized hydrothermally under con-
trolled conditions of pressure and temperature (Table
l). Hydrothermal experiments were performed both
at the Massachusetts Institute of Technology and at
the Geophysical Laboratory, Carnegie Institution of
Washington. Although experimental procedures
differed slightly (see Chernosky, 1973), pressures are
probably accurate to within *2 percent and tem-
peratures to t5oC (M.I .T.)  and t lO'C (G'L')  of
the stated values.

Starting materials for the experiments were either
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T,trlr l. Synthesis Conditions for Serpentine on the
Join Mg.Si.O,o(OH)r-Mg.SiAl1Or0(OH)s*

conpos l t lonkpe l tEet r t  P
x*  *  

No.  (kb)

c h r ,  t r .  f o

c l lnochtyso t l le
p la !ea

42V 2 365 620 gel chr,  I1z, t r .  fo
76G 10 400 238 42n chr,  Uz, t r .  fo

43l l  2 365 620 gel chr,  t tz,  t r ,  fo
75C 10 433 238 43M chr,  t tz,  t r ,  fo

41H 2 365 620 Cel chr,  l tz,  t r .  fo
73G I0 433 238 41i l  chr,  Uz, t r .  fo

57M 1 401 73 ge1 chr,  I tz,  t r ,  fo
68Si I  401 73 Cet chr,  1iz,  rr .  fo
72c 10 470 ] .62 67M chr,  112, tr .  fo
8 7 C  6 . 9  4 7 7  2 4 4  6 8 M  c h r r  t t z ,  t r .  t o

50u 2 363 504 Cel chr,  1iz,  t r .  fo
70G 10 47O 162 50M chr,  1tz,  t r .  fo

0.50 369M 2 463 3r2 OM ttz,  rr .  fo
0.50 4O2v 2 48O 336 369X L7z, tr ,  ro

349U 2 487 3I2 Ou serp, tr. fo
351i l  2 492 304 OM serp, rr .  fo
368M 2 480 316 oi l  serp, t r .  fo

366U 2 480 316 OH serp, t r .  fo
384M 2 647 357 OM serp, t r .  fo
391u 4 580 516 OM serp, t r .  fo

390H 2 47A 576 0M serp, t r .  fo

J67v 2 LAO 316 fr  serD- r i -  fd

.Abbrev la r loos :  ou-ox tde  mtx ,  c {eophys ica l  Labr  U-Mass.  Ins r .  o f
Tech. ,  fo - fo rs rer l te ,  112- l tzard l te ,  serp-a lumlnous  serpent ine ,
chr -chryso t l1e ,  t r - t race  ( less  than 1Z) .

* *c@pos l t lon  1n  Eems o f  x  (see tex t )

stoichiometric mixtures of oxides or coprecipitated
gels. Details concerning the preparation of starting
materials have been given by Chernosky (1973). It
was necessary to use gel starting materials for com-
positions 0.05 < x < 0.25 despite the presence of
about 0.5 wt percent excess NarO. When oxide mixes
in this compositional range were used as starting
materials, clinochrysotile tubes formed rapidly from
the MgO and SiO, components of the mix, which are
apparently more soluble than AlrO, in the fluid
phase. Unreacted AlrO, in the experimental products
was eliminated by using gel starting materials. AlrO,
is apparently more reactive in gels than in oxide
mixes because it is finer grained and hence more solu-
ble in the fluid phase.

Experimental products were studied with oil im-
mersion, powder X-ray diffraction, and electron
microscope techniques. Due to the fine grain size of
synthetic serpentines, only aggregates, consisting of
numerous randomly-oriented serpentine grains,
could be observed with a petrographic microscope.
The precision with which the refractive index of each
aggregate can be measured is a function of the
number and orientation of serpentine crystals within
the aggregate. It was found that the aggregate or
average index of refraction (E) could usually be

T Durat lon Start lnS producrs
("C) Gours) ater ldl

bracketed by two oils whose refractive indices
differed by 0.002. Indices of refraction were deter-
mined in sodium light, using liquids whose refractive
index was checked with an Abbe refractometer.
Aggregate indices ofrefraction are probably accurate
to within + 0.002 of the stated value. Unit cell
parameters were calculated by refining powder
patterns obtained with an 11.46 cm Debye-Scherrer
camera and CuKa radiation; least squares unit cell
refinements were performed with the program Lcrse
(tr,ttv) written by Burnham (1962). Linear and
quadratic least squares regression equations were
calculated for the unit cell parameters with the
program RrcnnssroN written by L. W. Finger. Two
criteria were used to decide whether the linear or
quadratic equation fit the data "best": (1) the sum of
the squares of the deviations about the regression
should be a minimum, and (2) an F-test (Draper and
Smith, 1966, p.25) was used to test which equation
was the most significant.

Results

Experiments conducted for relatively short periods
on the composition x : 0 generally yielded a mixture
of platy serpentine * clinochrysotile. A mixture of
clinochrysotile f plates was recrystallized to 100 per-
cent clinochrysotile (Table l, 2l2M) aI 43loC, 2
kbar, suggesting that clinochrysotile is the stable
phase for the composition x : 0 at these conditions.
An oxide mix with the composition x : 0 was con-
verted to 100 percent plates at 4l3oC, 2kbar (Table l,
24lM). A powder pattern of the platy phase
resembles a pattern of lizardite rather than chrysotile
(Table 2).

Experiments performed within the serpentine
stability field consistently yielded the two-phase
assemblage clinochrysotile f lizardite (Chernosky,
l97l)  for composit ions in the range 0 1x < 0.25.
This two-phase assemblage was persistent over a
pressure range from 0.5 to l0 kbar in experiments of
more than 100 days duration. Attempts to reverse the
high-temperature assemblages (forsterite * talc or
forsterite * talc * chlorite) within the serpentine
stability field consistently yielded lizardite +
clinochrysotile for compositions with x < 0.25. Ex-
amination of the experimental products with an elec-
tron microscope revealed that the long slender
clinochrysotile tubes synthesized on the composition
x : 0 gradually become shorter, thicker, and less
abundant as the bulk composition of the charge
becomes more aluminous. The powder pattern of
synthetic clinochrysotile (x : 0) has broad peaks and
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TnsI-r 2. Powder Patterns of Natural Clinochrysotile,

Synthetic Clinochrysotile, and Platy Serpentine

with the Composition MgrSinO'o(OH)"*

Natura t  Synthe t lc

d inochryso t l le  d inochryso t i le  (212M)  Se lPent inePla tes  (241M)

hk l  d (ca1c)  I  d (obs)  d (ca1c)  I  hk1  d(obs)  d (ca lc )  r

Z for serpentines more aluminous than :r : 0.25 was
not investigated.

The aggregate refractive index of synthetic
clinochrysotile (fr212M, Table 3) is 1.553, whereas the
aggregate refractive index of the platy serpentine with
the same composition (#241M, Table l) is 1.549. This
difference may be accounted for by two factorS: (l)
the denser polymorph of a material always has a
higher refractive index than the less dense one, and
(2) there is a contrast in morphology between the two
polymorphs. The morphology of chrysotile tubes is
such that the tube ends constitute a relatively small
part of the crystallite mass. As a result, i is
dominated by the high index (^y) which has its vibra-
tion direction parallel to the tube length' In contrast,
the morphology of lizardite plates is such that the low
index (a), which has its vibration direction normal to
the plates, contributes more to i, thereby decreasing
the effect of (Z).

Observed values for Z of serpentine are comparable
to the mean refractive indices (Table 3) calculated
with the rule of Gladstone and Dale (1864), using the
specific refractive energies of the constituents of
minerals (Larsen and Berman, 1934, p. 3l), the
weight percentages ofthese constituents, and the den-
sity (D-rr) calculated from the unit cell parameters

Frc. l. Plot ofaggregate index ofrefraction against composition

of synthetic chrysotile and lizardite. Solid line is least squares

regression for synthetic serpentines. Length of bar represents preci-

sion of measurement.
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4 559 4 588
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0 . 9 9 4  W , V B
o  9 6 7  W , B
o -926 W,B

310 r 7lo
3 1 1  1 . 6 9 7

r . 5 3 0  \ - 5 2 9  S , B  0 6 0  1 . 5 3 7
0 6 1  1 . 5 0 0

1 . 4 6 3  |  4 6 1  W  0 0 5  1 , 4 4 8
0 6 2  r , 4 1 0

I  3 r 7  1 . 3 1 7  w
4 0 1  1 . 3 0 7
2 0 5  1 . 2 1 O
4 0 2  1 , 2 4 9

1.221 r-219 W,B
4 0 3  1 . 1 6 4
4 0 4  1 . 0 7 0
5 1 0  1 . 0 5 2

0  0  1 4  1 . 0 4 5  1 . 0 4 5  w , B

*The posder  pa t le rd  fo r  naEu la l  c l inoch lyso t i le  v€s  recorded by  f r t t taker

and ZussMn (1956) ,  The posder  PatEerns  fo !  syn the t lc  c l inochrvso t t le  (212M)

and p lacy  serpent ine  (24U)  sere  recorded w i th  a  11 .46  cn  canera  us idg

f i l te red  Cu Ka rad ia t lon .  Synthe t lc  c l inochryso l l le  sas  lndexed on  the  bas ls

o f  a c e l l w l t h a =  5 . 3 0 9 ,  b = 9 . 1 8 1 ,  c =  1 4 - 6 4 8 A a n d  B = 9 3 " '  P l a t y

serpent ine  qas  inde led  on" the  bas is  o f  an  or thorhomblc  ce l1  q l th  a  =  5 .312 '

b  =  9 . 2 0 4  a n d .  c  =  1 . 2 1 1  A .

resembles the pattern of natural clinochrysoti le;
powder patterns of phases with compositions x :

0.20 and 0.25 have sharp peaks and resemble patterns

of natural l izardite, even though the content of tubes
in the charge is significant (- l0 - 20 percent). The
presence of 20 percent clinochrysotile in a lizardite *

clinochrysoti le mixture could not be detected with X-

ray powder techniques.
A one-layer aluminous serpentine (Gil lery, 1959)

was synthesized from oxide mixes with the com-
positions x : 0.50 and 0.75. A six-layer aluminous

serpentine was synthesized from the compositions x
=  1 .0 ,  1 .5 ,  and  2 .0 .

Aggregate Indices of Refraction

A plot (Fig. l) of the data contained in Table 3

shows that i of synthetic serpentine increases

smoothly with increasing alumina content. A qua-

dratic regression relating 
-n 

to composition (Table
4) is significant at the 0.99 level, i.e., the probabil ity

of obtaining such a large deviation by chance is 0.01.

The aggregate index of refraction for alumina-poor
serpentines (x < 0.25) is independent ofthe pressure-

temperature conditions at which the serpentine was

synthesized; the effect of pressure and temperature on

5 3 1  0 . 9 9 6
532 0,967
531 0 921

0 s  0 E  r 0  t 2 5

ALUilIilA COflTEflT Iil TEfiTS OF T



AGGREGATE REFRACTIVE INDICES AND UNIT CELL OF SERPENTINE

Teru 3. Unit Cell Parameters, Density, Molar Volume, Aggregate Refractive Indices, and d*, of
Synthetic Chrysotile and Lizardite+

o(2L2r1)
Alumina @ntent j.n terns of x (experinent numberT

0(241M)  0 .10(75c)  0 . rs (73c)  o .2o(72c) 0 .  20  (87c ) 0 . 2 5 ( 7 0 c )

203

b

v
Dx

l ^  14.6s0 i8)
A r  -  7 r z . r 3  ( r , 7 7 )
B / c m r  2 . 5 8 5  ( 6 )

v gm3 214.44 (53)
d o o z  A  3 , 6 5 6 4
nobs  1 .553
dca l c  1 .570

s . 3 0 6  ( 6 )
9 .L76 (L2)

0 .  7s  ( 349M)

5.312 (4 )
9 .204 ( r7 )
7 . 2 3 7  ( r s )

3 s 3 . 8 1  ( r . 1 2 )
2 . 6 0 1  ( 1 )

5 .3 r7  ( 4 )
9.2L9 (Lr)
7 .238  (L r )

3 s 4 . 8 1  ( 9 2 )
2 . 5 9 s  ( 7 )

2 t3 .69  (56 )
3 .6192
t .  556
I . 5 7  L

5 . 3 2 4  ( s )
9.219 (Lr)
7 . 2 5 7  ( 9 )

3 s 6 . 1 6  ( 9 4 )
2 . s 8 6  ( 7 )

s . 3 1 5  ( r )
9 . 2 0 7  ( 6 )
7 . 2 5 r  ( 3 )

3 s 4 . 8 3  ( 2 8 )
2 . 5 9 6  ( 2 )

273 .70  (L7 )
3  . 6253
L . 5 5 7
L . 5 1 2

s . 3 2 6  ( 1 1 )  s . 3 1 9  ( 7 )
9 .222  (30 )  9 .204  ( r 4 )
7 .276  (3L )  e .274  (L2 )

3 5 7 . 3 2  ( 2 . 7 8 )  3 5 6 . 1 0  ( 1 . 2 3 )
2 . s 7 6  ( 2 0 )  2 . 5 8 6  ( e )

2 1 5 . 2 0  ( L . 6 8 )  2 r 4 . 4 6  ( 7 4 )
3 . 6 3 7 9  3 . 5 3 6 8
L 5 5 3  1 . 5 5 5
1 . 5 6 8  1 . 5 7 0

2 1 3 . 0 r  ( 1 9 )
3 .  6186
L . 5 4 9
L . ) t 4

Alumlna
0 . 7 5 ( 3 6 8 M )

content Ln Lerms of x (experiment number)
1 . 0 ( 3 6 6 M )  r . 0 ( 3 9 l M )  1 . s ( 3 9 0 M )

2L4 .50  (56 )
3  . 6 2 8 4
1 . 5 5 6
1 .  5 6 9

2.O(367rrr)
a
b

v
Dx

( 2 )
(e )
( 10

(72 )
(s)

5 .3 t7
9 . 2 L O
7 . t89

352.03
2 . 6 2 0

s . 3 1 8  ( 3 )
e.204 (L6)
7.207 (r3)

3 5 2 . 8 1  ( 9 s )
2 . 6 L 4  ( 7 )

s . 2 8 5  ( s )
9 . L 7 5  ( 7 )

s . 2 6 9  ( 7 )
9 .  1 4 8  ( 9 )

42 .381  (78 )
2 0 4 2 . 8 7  ( 6 . 8 4 )

2 . 7 r 8  ( 9 )

s . 3 0 6  ( 2 )  5 . 3 0 2  ( 4 )
e . 2 1 0  ( 3 )  9 . 2 0 0  ( s )

l 3
g/cm3

42 .024  ( sL )  42 .607  (79 )  42 .607  (79 )
2093 .92  (3 .03 )2088 .60  (424 )  2065 ,97  ( s . 37 )

2 . 6 8 4  ( 7 )

v  cm3
dooz  E
n obs
nca lc

2 . 6 4 s  ( 4 )  2 . 6 s 1  ( s )

2L2 .0 r  ( 43 )  2L2 .48  ( s7 )  210 .18  (30 )  20s .64  (43 )
3 .5944  3 .6037  3 ,5709  3 .5687
L . 5 6 7  L , 5 6 7  1 , 5 7 1  L 5 7 I
r . 5 7  4  t . 5 7 3  1 . 5 7 8  1 . 5 8 1

207 .37  (54 )  205 .05  (69 )
3 . 5 5 0 6  3 . 5 3 2 2
1 , 5 7 7  1 . 5 8 7
1 . 5 8 4 0  1 . 6 0 1

*  Abbrev la t lons :  V-un l t  ce11 vo lume,  v -molar  vo lune,  and Dx-dens i ty  ca lcu la ted  f rom V.  B  fo r
Numbers  in  paren theses  are  er ro rs  and represent  s tandard  dev ia t ions  ca icu la ted  by  the  progran used
un i t  ce l l  paraneters .  Synthes ls  cond i t lons  fo r  the  samples  are  in  Tab le  1 .  A lumina conten ts  a re
x  In  the  fo rmula :  (MC6_xAlx )  (S i4_xAlx )  010(0 I r )S .

2l2t l ,  is  93.34"
to ref ine the

represented by

(Table 3). Values of is"lg are consistently about 0.7
percent greater than the values of io6s (Table 3).
Hazen and Wones (1972) noted consistently positive
deviations of as much as + 0.087 in the quantity (t""r"
- Eous) and suggested that Larsen and Berman (1934)
had overestimated the specific refractive energy of
HrO (0.3355). A value of 0.3 for k(HrO) would bring

Tlst-r 4. Regression Equations for Serpentine X_Ray
Parameters and Bulk Indices of
Refraction against Composition*

the calculated and observed mean refractive indices
of synthetic serpentine into agreement.

Unit Cell Parameters

The average natural lizardite structure is l-layer
trigonal (Rucklidge and Zussman, 1965), whereas
natural clinochrysotile is approximately l-layer
trigonal (Bailey, 1969). The unit cell parameters
reported in this study were refined on the basis of a 2-
layer monoclinic cell for clinochrysotile, on the basis
of a 1-layer ortho cell for the compositions 0.10 < .r
< 0.75, and on the basis of a 6-layer ortho cell for the
compositions 1.0 < x < 2.0. The actual unit cell
parameters obtained by least squares regression of
synthetic serpentine powder patterns are listed in
Table 3. In order to compare them directly with the
data of Nelson and Roy (1958), Gillery (1959), and
Shirozu and Momoi (1972), the unit cell parameters
were normalized on the basis of a l-layer ortho cell
and plotted (Fig. 2). Calculated least-squares regres-
sion equations (Table 4) suggest that a, b, and c vary
smoothly though nonlinearly with composition (Fig.
2); the error bars shown on Figure 2 represent es-
timated standard deviations obtained from the least-
squares cell-refinement program and reflect precision
only. Although a, b, and c vary nonlinearly with com-
position, note that the variation in unit cell volume

Regresston equatlon elrh €tandard erlors
o f  coe f f l c ts ts

Stgnlflcance of regression
coef f tc teurs

=  1 . 5 5 0 4  +  0 . 0 2 3 9 x  -  0 , 0 0 3 2 x 2- 10.0005 1 0.0016 1 0,0009

a  - 5 . 3 1 3 2 + O , 0 1 6 9 x - 0 . 0 2 1 9 x 2
1 0 . 0 0 2 8  I  0 . 0 0 E 7  1  0 , 0 0 5 5

b  = 9 , 1 9 9 0 + 0 . 0 4 2 5 x - 0 . 0 3 5 4 x 2
! 0 . 0 0 6 4  1  0 . 0 1 3 8  1  0 . 0 0 7 1

c = 7.3U5 - 0.2277x + O,OSS3&2
! 0 . 0 0 6 9  1  0 . 0 2 5 4  t  0 . 0 1 5 5

v  ' 3 5 6 . 9 5 8 - 8 . 0 4 6 x
1 0 , 3 0 4  !  0 . 4 2 2

v  = 2 0 5 . 0 3 0 + 9 , 8 9 9
r 0 . 2 5 5  1  0 , 3 2 8

h  = 2 - 5 7 8 3 + 0 . O 6 8 2 x
1 0 . 0 0 2 1  !  0 . 0 0 3 0

d n n ,  -  3 . 6 5 0 7  -  0 . 0 9 7 9 x +  0 . 0 1 9 6 x ?
! 0 . 0 0 2 4  I  0 , 0 0 7 0  1  0 . 0 0 3 6 . 9 7 5

. 9 1 5

, 9 7 5

. 9 1 5

, 9 9

, 9 7 5

. 9 7 5

*Abbrev ia r lms:  x -a lun ina  conten t  1n  se lpcn t tne  (see rexr ) ;  z_rc Ie  f racr lon
chryso t t le ;  a ,b ,c ,  3nnr  g lven  ln  i ;  v  g rven 1n ,13 ;  v  g tven tn  cn3 i  h  a ivenl n  8 / c s - .
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0  0 2 5  0 s  0 A  l 0  1 5  ? i

Frc 2. plot or,vntr,"ri. iiiiffi" ;il';"" parameters (a, b, c)
and unit cell volume (V) against composition.,Dashed lines repre-

sent the data of Nelson and Roy (1958); solid lines represent least

squares regression equations calculated from the data contained in

Table 3. Length of bar represents calculated error of observation.

Solid triangle represents a value obtained by refining a powder

pattern; open circle or hexagon represents a value calculated by us-

ing the position of 001 reflections. Wavy bar represents values ob-

tained for a platy phase with the composition x = 0 (241M)'

(D is l inear. Also note that the c parameter of syn-

thetic serpentine is affected to a greater extent than

the a or b parameters when ALOa is added.

Agreement between the unit cell parameters ob-

tained in this study and those obtained by Nelson and
Roy (1958) and Shirozu and Momoi (1972) is good in
view of the fact that these investigators used only 460
and doo2 to calculate the variation in b and c with

composition. Refined unit cell parameters for the

compositions x : 0.75 and x : 1.5 (Gillery, 1959) are

somewhat greater than the values obtained in this
study (Fig. 2); however, Gillery (1959, Table l) also

reported values for c which are comparable with

those obtained in this studY.

Serpentine Determinatiue Curue

A sufficient number of reflections for a complete
unit cell refinement generally cannot be obtained
from serpentine in a polyphase synthetic assemblage,
so that plots of unit cell parameters against composi-
tion cannot be used to estimate the alumina content
of serpentine. Fortunately, doo, varies smoothly
though not linearly with composition (Fig. 3).
Because reflections from phases other than chlorite
do not interfere wirh dooz, Figure 3 may be used to es-

timate the compositions of synthetic serpentines
coexisting with other phases in hydrothermal ex-
periments. The regression equation relating doo, to
composition (Table 4) can be cast in the following
more useful form for estimating composition from
measurements of dooz:

x

Caution
estimate

:  2.4949 - 7.1247 {doo" -  3.5277.

must be exercised if this equation is used to
the composition of natural lizardite or

3

0  0 2 5  0 9  0 A  l 0  l 4  l s  1 7 5  7 0

Frc. 3. Ptot ota", ueuil'J."*"#::'"t svnthetic chrvsotile
and lizardite. Solid tine is least squares regression for synthetic
serpentlnes.
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clinochrysotile. Even though the substitution of
divalent cations for Mg2+ will primarily affect a and
b, the substitution of trivalent cations other than AIB+
in the tetrahedral sheet will markedly affect c and
hence dooz.

Serpentine Density and Molar Volume 
=

The density (Dx) and molar volume (u) of synthetic =
serpentines were calculated using the relations

o* : ##^ and t)

where Dx is in grams per cubic centimeter and u is in
cubic centimeters. M is the formula weight in grams,
Z is the number of formula units per unit cell, Z is the
unit cell volume, and No is Avagadro's number. The
calculated densities vary smoothly with composition
(Table 3, Fig. 4). Molar volume is a linear function of
composition expressed in mole fractions (Table 3,
Fig. 5), suggesting that aluminous serpentines form
an ideal solid solution series (Thompson, 1967).

Discussion

Mismatch between the lateral dimensions of the
octahedral and tetrahedral sheets, and polytypism, or
both, may account for the structural differences

u  0 6  0 5 0  0 A  l 0  1 2 5  l i l

AIUMIilA COilTEflT IN IERMS OF ,

Ftc.  4.  Plot  of  densi ty against  composi t ion of  synthet ic
chrysotile and lizardite. Solid line is least squares regression for
synthetic serpentine. Length of bar represents calculated error of
observat ion.

* ,  ' *  '  o" 
' "r .  

, .0,  * ,

Ftc. 5. Plot of synthetic serpentine molar volume against mole
fraction chrysotile. Solid line is least squares regression for syn-
thetic serpentines. Length of symbol represents calculated error of
observation. The value for Chro3?b was not used in calculation of
the regression equation.

between the serpentine-group minerals. Polytypism,
or the regular and irregular stacking of layers, wil l
not be discussed because the fine-grained synthetic
serpentines are not suitable for single-crystal studies
needed to characterize polytypes. The alumina con-
tent influences the structure and hence the aggregate
refractive indices (Fig. l) and unit cell parameters
(Fig. 2) of serpentine because it controls the relative
dimensions of the tetrahedral and octahedral sheets.

Cell Parameters

Variation in unit cell parameters of synthetic
serpentine (Table 3, Fig. 2) can be cxplained by ex-
amining the calculated variation in lateral dimen-
sions of the octahedral and tetrahedral sheets
as a function of their alumina content (Table 5).
The formula for serpentine was recast to (Mg, u_"A1")
(Sir-"A1")O, ,(OH)r, where z is the amount of alumina
in the octahedral and tetrahedral sheets. Assum-
ing that (l) the theoretical distances for Si-O and
A| IV-O bonds are 1.61 + 0.01 A and 1.76 + 0.01
A, respectively, (2) the tetrahedra are strictly regu-
lar, Al3+ substituting randomly for Sin+, and (3)
the l inear dimensions of the tetrahedral sheet propor-
tionately increase with the addition of alumina, then
the variation in a and b with alumina content can be
calculated (Table 5) with the equations (Brindley,
1967\:

b ( S i l - " A I , )  :  9 . 1 5  *  0 . 9 r 2 ,  a n d
b

a : - =
v3

_ vy!
z
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TAsI-e 5. Calculated Variation in Octahedral and Tetrahedral

Sheet Lateral Dimensions with Alumina Content*

ComDos l t ion  Tet tahedra l  * Iee t  Octahedra l  sheet  A

JOSEPH V. CHERNOSKY, JR.

5 . 2 8  9 . 1 5  5 . 4 0  9 . 3 6  - 7 . 0 4

5 . 3 1  9 , 2 0  5 . 3 9  9 . 3 4  - L . 4 9

5 . 1 5  9 . 2 6  5 . 3 1  9 . 3 0  - 0 . 4 0

function of alumina content, there is a unique com-

position at which these dimensions are identical.

Based on the calculations for unconstrained sheets

(Table 5), it is predicted that the octahedral and

tetrahedral sheets will have identical lateral dimen-

sions at the composition x : 0.5.

Rather than curling in a direction opposite to that

of clinochrysotile, aluminous serpentines articulate

because the lateral dimensions of the tetrahedral

sheet contract as a result of tetrahedral rotation.

Donnay, Donnay, and Takeda (1964) have shown

that an alternate clockwise and anticlockwise twist of

the tetrahedra about a vector normal to the sheets

will reduce the lateral dimensions according to the ex-

presslon

cosd:#2,

where a is the angle of rotation, b (obs) is the ob-

served b parameter, and dt is the mean tetrahedral

bond length. The value for 4 has been estimated

from the relation between mean Si, A1-O distance

and mean tetrahedral bond length proposed by Smith

and Bailey (1963). The accuracy of the calculations in

Table 5 may be ascertained by determining the actual

composition for which a : 0, i'e., whete both sheets

have identical lateral dimensions. The composition

for which c becomes zero is x : 0.25 rather than x :

0.5 as predicted in Table 5'
Poor agreement between the predicted and actual

composition at which the octahedral and tetrahedral

sheets have identical lateral dimensions suggests that

at least one other factor, in addition to tetrahedral

rotation, influences articulation. Because lateral con-

traction tends to bring the tetrahedral actions closer

together, it is likely that some adjustment is also

made by thickening of the tetrahedral sheets and

thinning of the octahedral sheets, thereby decreasing

and increasing, respectively, their lateral dimensions'

Because the ionic radius of Fe2+ (0.74) is 10.8 per-

cent greater than the ionic radius of Mg'+ (0.66), the

magnitude of the difference between the lateral

dimensions of an octahedral and tetrahedral sheet

should increase as octahedral Fe2+ content increases.

In an alumina-free system, l izardite wil l not

crystallize unless another trivalent cation such as

Fe3+ enters the structure and serves to adjust the

lateral dimensions of both the octahedral and

tetrahedral sheets by a substitution such as 2Fe3+ :

(Mg'+,Fe'+) + Si4+. It is not surprising that natural

l izardites contain high to moderate Fe3+ contents and

that FeO makes up less than 7 percent of the total of

a b a b

0 . 2  0 . 0 5

0 .  5  0 .  1 2 5

0 . 7 s  0 . 1 8 8  5 . 3 8  9 . 3 2

1 . 0  0 . 2 5  5 , 4 L  9 . 3 8

2 . 0  0 . 5 0  5 . 5 5  9 . 6 r

5 . 3 5  9 . 2 7  + 0 . 5 5

5 . 3 3  9  , 2 4  + 1 . 5 0

5 , 2 1  9 . r 2  + 5 .  2 8

*Alumina content in tems of x (see text) ;  - f  the
( M e .  -  A l  ) ( S i ,  A 1  )  i s  u s e d  t o  d e f l n e  z ;  A - a r e a  o f- I . J - Z  Z  r - Z  Z
sheet minus area of octahedral  sheeE.

r e l a t  i o n :
te trahedral

The lateral dimensions of the octahedral sheet
(Table 5) were calculated by assuming a linear

decrease in the size of the brucite sheet (5.4 A x 9.36

A) where alumina is added in the form of gibbsite
g.gg A, x 8.64 A), according to the relation:
(Mgr.r-,A1,). The calculated values for the un-

constrained sheets (Table 5) are somewhat larger

than the observed values for c and b in lizardite and

are therefore qualitative at best. Because the lateral

dimensions of the octahedral sheet are about 4.4 per-

cent larger than the dimensions of the tetrahedral

sheet (Table 5) for the composition x : 0, there is a

tendency for tetrahedral tilting along all hexagon

edges. Barring additional structural constraints, the

layers curl to form chrysoti le tubes with the oc-

tahedral sheet on the convex side and the tetrahedral
basal oxygens on the concave side. Because the oc-

tahedral and tetrahedral sheets as well as the layer as

a whole are neutral, only weak, long-hydrogen bonds
(-3 A) between the apical tetrahedral oxygens in one

layer and the hydrogen of the hydroxyl groups in the

next layer and very weak Van der Waals forces bind

the individual layers together.
The progressive addition of alumina (2^413+

Mg'* * Sin+) has two effects on the serpentine struc-

ture: (1) the lateral dimensions of the tetrahedral

sheet increase, and the lateral dimensions of the oc-

tahedral sheet decrease (Table 5); and (2) the replace-

ment of Mg'* by Al3+ increases the positive charge

on the tetrahedral sheet, even though the layer as a

whole remains neutral. As a consequence of the first

effect, both sheets uncurl to produce platy lizardite.

In response to the second effect, c decreases (Fig. 2)

as the magnitude of the charge difference between the

octahedral and tetrahedral sheets increases.
Because the lateral dimensions of the octahedral

and tetrahedral sheets change in an inverse way as a
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the three oxides FeO * FezO, * AlrO, (Whittaker
and Wicks, 1970).

Gillery (1959) has shown in synthesis experiments
that the ratio of6-layer to 1-layer serpentine increases
as alumina content and pressure increase. Because
the c dimension decreases slightly as the percent of 6-
layer serpentine increases, Gillery (1959) postulated
that the 6-layer serpentine has a slightly smaller
volume than the 1-layer serpentine. The curvature in
the plot of c against composition (Fig. 2) is partly ex-
plained by a progressive increase in the percent of 6-
layer serpentine as alumina content increases. A
linear extrapolation of the decrease in c shown by the
alumina-poor compositions would result in a value
for c about 4 percent smaller than the one observed
for the composition x : 2.0. The plot of c against
composition (Fig. 2) is curved because the tendency
to contract is progressively overcome by cation repul-
sron.

Attempts to synthesize serpentine having an
alumina content greater than x : 2.0 have produced
assemblages of aluminous serpentine (whose c dimen-
sion corresponds to an aluminous serpentine with an
alumina content x : 2.0) * corundum or aluminous
serpentine * spinel * corundum (Nelson and Roy,
1958; Gillery, 1959). Bailey (written communication)
has suggested that the failure to synthesize serpentine
having an alumina content x ) 2.0 is due to instabili-
ty of octahedral sheets with higher charges.

Optical Properlies

The planar arrangement of hydroxyls in the oc-
tahedral sheet of layer silicates such as the serpentine
group minerals renders them particularly susceptible
to secondary polarization by adjacent hydroxyls. The
electric vector of light whose propagation direction is
normal to the sheets vibrates parallel to the sheets
and distorts or polarizes neighboring hydroxyls.
Light propagating parallel to the sheets, on the other
hand, has its vibration direction normal to the sheets
and hence induces less secondary polarization. As a
result of secondary polarization, the velocity of light
propagating normal to a sheet is decreased, causing
an increase in the refractive indices 0 and "y; i.e.,
negative birefringence (one low and two high refrac-
tive indices) is produced.

The substitution of Al3+ for Mg2+ in the octahedral
sheet results in an increased degree of polarization
because small highly charged cations have greater
polarizing powers than larger cations having smaller
charge; the substitution of Al3+ for Sia+ in the
tetrahedral sheet results in less polarization because

oxygen is not as polarizable as is a hydroxyl group.
The lesser influence on the tetrahedral anions may be
balanced to some extent by the higher charge on the
sheet. so that the net effect of both tetrahedral and
octahedral substitutions is an increase in total
polarization.

Phase Equilibria

The nature of the two-phase, lizardite +
clinochrysotile field which exists for compositions in
the range 0 ( .r < 0.25 and for synthetic iron-bear-
ing serpentines along the join MguSLO,o(OH)r-
Fe.SinO,o(OH), (Page, 1966) is stil l not clearly un-
derstood. The assemblage clinochrysotile * lizardite
is probably stable, although experimental studies
have neither proved or disproved this contention. Co-
existing lizardite * clinochrysotile at Burro Moun-
tain (Page, 1967) and on the Tiburon Peninsula
(Page, 1968) in California were interpreted as
equilibrium situations and tend to suggest that the
assemblage clinochrysotile -| lizardite is stable. Un-
fortunately, reaction kinetics at the temperatures in
question are so slow that conversion from one
morphology to another has not been experimentally
feasible; however, current experimental work does
offer an indirect means of testing the hypothesis that
the assemblage clinochrysotile t lizardite is an
equilibrium one.

Electron photomicrographs of synthetic clin-
ochrysotile show that the tubes become shorter and
thicker as the alumina content of the bulk composi-
tion is increased, suggesting that alumina is incor-
porated in synthetic clinochrysotile. If it could be
demonstrated that the proportions but not the com-
positions of clinochrysptile and lizardite changed as a
function of temperature, the phases would have to
be considered polymorphs whose coexistence is
metastable except along a univariant curve . If,
however, both the proportions and compositions
of coexisting clinochrysotile and lizardite changed as
a function of temperature, they would not be
polymorphs, and the two-phase assemblage would
probably be stable.

Owing to the fine-grained nature of the synthetic
products, only an indirect means of monitoring possi-
ble compositional variations in coexisting phases is
possible. The variation in cell parameters, determined
by electron diffraction of individual plates and
aggregates of tubes within a two-phase assemblage,
will be used to study the compositions of coexisting
clinochrysotile and lizardite.

A rather puzzling problem is posed by platy
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serpentine with the composition x = 0. Theoretically,
platy serpentine with a lizardite-like structure should
not form because of the large amount of mismatch
between the octahedral and tetrahedral sheets (Table
5). The only way to achieve articulation without
allowing any curling is to distort the sheets severely.
The unit cell parameters do not suggest an explana-
tion; b and c are smaller for the platy serpentine,
whereas a is the same for both species. Hopefully,
electron diffraction studies will help to deduce the
structure of the platy serpentine.
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