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Alsrnecr

Using the sensitive Herold-Planje thermocouple arrangement, 33 serpentine specimens
have been examined by differential thermal analysis after identification by r-ray difirac-
tion methods. Antigorite, chrysotile and lizardite appear to be characterized by both the
decomposition temperature and the heat of dehydration. Mean characteristic temperatures
for antigorite, chrysotile and lizardite are 700, 664 and 635o C. respectively, and mean AH
values for the three polymorphs are 87.6, 98.9 and 135 cal/gm respectively. Values of AH
correlate inversely with the temperature of dehydration and the nickel content of the ser-
pentine. Decomposition at PHro:1 atm. is described, on the average, by an order of reac-
tion of about 0.93 and an activation energy of 95.4 Kcal/moie.

INtnooucrrou

I)espite the large number of studies in which thermal techniques have
been used to investigate the dehydration of serpentine, very l itt le atten-
tion has been directed toward measuring the heat of dehydration, deter-
mining the reaction kinetics, and relating the effects of chemicai com-
position and grain size to these variables. The few published values for
the heat of decomposition are highly discordant; for example, Sabatier
(1954) reported Il l  calfgm, I{chedlov-Petrosyan (1953) obtained 40.7
calf grla, whereas Lndo et al,. (1957) found a range of values extending
from 40 to 110 czl/grn. Investigations employing differential thermal
analysis, many of which have been summarized by Faust and Fahey
(1962), have yielded DTA peak temperatures as high as 778" C. (van
Biljon 1960) while, in other cases, peak temperatures below 600o C. have
been recorded. Very few studies included any attempt to control the
water vapor pressure, a variable exerting considerable influence on the
temperature of dehydration (I{oy and Weber 1964).

Rising interest in the possible presence of serpentine on the moon
(Salisbury 1960) and the subsequent use of this mineral as a source of
water to suppllr lunar bases has prompted further investigation of the
dehydration reaction for this mineral. Thirty-three serpentine samples
were used to determine AH b,'- triplicate anaiysis using the Herold-
Planje differential thermocouple apparatus in a water vapor atmosphere
of  15 ps i .

ExppnrnoutLl-

The thermocouple arrangement similar to that described by Herold
and Planje (1948) consists of a platinum capsule 2.5 mm in diameter and
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about 15 mm long, open at one end, and containing about 80 mg of sam-
ple (Fig. 1). A sealed capsule of simiiar dimensions, f i l led with AlzOa,
serves as the t 'reference standard." The capsules are connected by a wire
of Platinel thermocouple alloy (Accinno and Schneider 1960) welded to
the capsule rvalls. In this arrangement, the capsules themselves serve as
the therrnocoupies. Theoretical analvsis of the heat transfer by Sewell
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(1952, 1955) has demonstrated that the area under the DTA peak is pro-
portional to the heat of reaction per unit mass of reacting material, and
that the peak area is independent of the heating rate provided it is linear,
the rate at which the reaction takes place, and the specific heat of the
sample. To a first approximation, the peak area is also independent of
the thermal conductivity of the sample.

The thermocouple arrangement shown in Fig. 1 is mounted in a 2"
O.D. stell i te pressure vessel in which water pressures from 15 psi to
20,000 psi can be generated and measured. The noble metal Platinel
thermocouple alloys provide an emf similar to that of chromel-alumel,
and the voltage from the differential couple is amplified with a solid-
state d.c. Acromag amplifier with a noise level of 1 microvolt and drift of
about 5 microvoits.

AH measurements were obtained from the area under the DTA curve
using a calibration curve constructed from peak areas obtained by fusion
andf or inversion of a variety of compounds with known heats of reac-
tion. The heating rate, about 10" C./min, was shown to the l inear over
the temperature range in which serpentine decomposed.

The value of kinetic data obtained from differential thermal analvsis
is l imited by three f actors:

(1) the temperature is changing while the reaction is taking place, whereas ideally, iso-
thermal dehydration methods such as weight loss technique provide more reliable and
precise kinetic data, and in addition, provide some information concerning the reaction
mechanisms. (2) The concentrations of the reactant and products at any given time are
determined indirectly by temperature difierence (between a sample and the reference
standard) resulting from heat transfer during the reaction. Since heat transfer is not in-
stantaneous, precise determination of concentrations is not possible. (3) It is necessary to
assume that an equation relating the rate of change in concentration of the reactant to the
concentration of the remaining reactant is a reasonable description of reality, and such
factors as the shape of the reactant particles are not taken into account.

Some of the difficulties have been evaluated and are discussed by Bor-
chardt (1957), and Borchardt and Daniels (1957). Among the most im-
portant assumptions inherent in the determination of rate constants
f rom DTA are:

(1) the temperature of the reactant is uniform, (2) the area under any appreciabie portion
of the DTA curve is proportional to the heat absorbed during the time interval in which
that portion of the DTA curve was recorded, and this quantity of heat is in turn propor-
tional to the mass of the sample which reacted during this time, (3) the kinetics of the re-
action can be described by a single rate constant, and (4) the activation energy does not
vary with temperature during the reaction.

The strongest support for the value of kinetic data derived from differ-
ential thermal analysis was provided by Tsuzuki and Nagasawa (1957).
These authors obtained weieht Ioss curves and DTA curves from the
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same samples. Kinetic parameters calculated from weight loss data were
used to construct theoretical DTA curves for comparison with DTA
curves obtained by actual experiment. They conclude that the DTA
curve faithfully follows the change in decomposition rate, except for a
slight difference in peak temperatures.

Assuming a relationship between the rate of reaction and the con-
centration of remaining reactant: -dc/dt:k c', where dc/dt is the
change in concentration of reactant with time t, c is the concentration of
the unreacted sample, k is the rate constant and n is the order of reac-
tion, k can be determined if n is known, and if measurements of dc/dt
and c are available. The latter can be obtained from relative areas under
the DTA curve. Using the Arrhenius equation, k:A e-o/Rr, where E is
the energy of activation, A is a constant, R is the gas constant and T is
the absolute temperature, it is possible to determine both k and n by a
digital computer program rvhich calculates a set of k values for each set of
dc/dt and c measurements, using an arbitrary value for n. The value of
n which provides the best fit of the concentration data to the Arrhenius
equation is taken as the observed order of reaction. In practice, up to 20
measurements of dc/dt, c, and T1 are taken from each DTA curve, and 2l
sets of log k vs 1/T values are computed for values of n ranging from
zero to 4.0., in 0.2 increments. Linear regression lines are automatically
drawn for each set of log k vs 1/T values, correlation coefficients are
computed, and the most linear plot is the criterion used in selecting n.
The activation energy is computed from the Arrhenius equation.

Quantitative spectrochemical analyses were made for Fe, Mn, Ni, Ti
and Cr using cobalt as an internal standard. Details of the method are
described by Joensuu and Suhr (1962). Ferrous iron was determined by
KN{nOr titration (R. T. Greer, analyst). Specimens were identified by
r-ray diffraction using the method of Whittaker and Zussman (1956).

DrscussroN oF ExpERTMENTAL Vanr.q.sr-os

Water Vapor Pressure. The efiect of Pqr6 on the metastable dehydration
temperature of kaolinite was demonstrated by Stone (1954) and by
Ell is and Mortland (1961) who showed that dehydration temperatures
increase with increasing water pressure. Using the apparatus described
above, Roy and Weber (1964) determined the p-T curve for the decompo-
sition of serpentine at water pressures extending from 15 psi to over
10,000 psi, and found that the temperature of dehydration increased
with increasing Psr6 up to about 7000 psi, above which the stable de-

I The temperature of the sample. This is obtained by subtracting the temperature dif-

ference between the sample and reference capsules (determined from the height of the DTA

curve above the base line) from the temperature indicated by the recording thermocouple-

453



454 T, N. WEBER AND R. T. GREER

hydration reaction was encountered (Roy and Osborn 1954)- For the
measurements of AH in this study, Psrs waS held constant at 15 psi.

Porticle Size. A number of authors have demonstrated a relationship be-
tween the DTA temperature of dehydration and the particle size of
serpentine samplesl recent studies include X{artinez (1961), Veniale
(1962) and Hoyos and Delgado (1961). Although very fine particles will
dehydrate at somewhat lower temperatures than material with coarser
micelle size, it appears that the effect of particle size as such has been
somewhat overemphasized. Bayliss (1964) carefully prepared size fuac-
tions of high-purity calcite by repeated gentle tapping and sieving, an
attempt to comminute by separation along cleavage planes without
generating appreciable structural damage. DTA curves obtained from
the dissociation of CaCO3 in a controlled atmosphere of CO2, and with a
heating rate of 15" C./min, were identical. Size fractions as coarse as 35
to 48 mesh indicated the same dissociation temperature as samples
whose particles ranged in size between 1.6 and 1.16 microns. Variations
in the temperature of dissociation are attributed by Bayliss to variations
in the degree of structural damage produced in the grinding process. Roy
and Weber (1964) determined the dehydration temperature of serpentine
as a function of pressure for two size fractions prepared by repeated
percussion crushing and sieving: 80-100 mesh and -325 mesh. An anal-
ysis of covariance performed with these data shows no clear evidence of a
particie size effect. In this case, some of the structural damage produced
on grinding may have been annealed at high water pressures before de-
hydration was effected.

Brindley and Hayami (1964) discuss kinetics of dehydration in rela-
tion to particle size.

Samples of massive serpentine used in this study were reduced to
-325 mesh by repeated percussion crushing and sieving. Fibrous varie-
ties were emplaced in the platinum capsules without any attempt at size
reduction.

Sample Puri.ty. Since peak areas are associated with a measured weight of
sample to determine the heat of reaction, the presence of impurities will
cause erroneous, low values of AH. An impurity amounting to I/6 will
inject an error of abofi l/e in AH determinations. Serpentine minerals
are seldom found in experimentally useful quantities without associated
minerals such as magnetite, chromite, etc. Serpentine derived from the
alteration of ultrabasic rocks, for example, will contain inclusions of iron
oxide minerals since relatively little iron of the original olivine enters the
serpentine structure. Samples used in this study were broken into *20
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mesh fragments and hand-picked under the binocular microscope. A
small quantity of the selected material was examined by r-ray diffraction,
several mil l igrams were used for spectrochemical analysis and the re-
mainder was consumed bv chemical analvsis for Fe2+ and by difierential
thermal analysis.

Errors Associated, with Diferenlial Thermol Analysi,s. Small variations in
packing of the sample, position of the thermocouples in the furnace,
heating rate linearity, and experimental errors involved in measuring
temperature and areas under the DTA curve were evaiuated by replicate
analysis of several sampLes. The observed standard deviations for meas-
urement of the characteristic temperature2 and heat of reaction are 2" C.
and 8 cal/gm respectively. Construction of the base line introduced the
greatest source of error in AH determinations; for certain specimens with
sharp DTA peaks, the standard deviation of AH determination was as
Iow as 1.9 cal/gm. All samples were examined by DTA in triplicate.

Rnsums eNr DrscussroN

Heots of Reaction. Dehydration data are presented in Table 1. Consider-
able variation in characteristic temperature, T", and in AH are apparent
from sample to sample for the serpentines as a whole. For other minerals
studied, for example kaolinite, difierences in AH among samples from
various localities were very small. Since, in the case of serpentine, these
variations are greater than can be accounted for by experimental error
and sample impurity, they are considered to be real. Summary statistics
are provided in Table 2. When the samples characterized as more or less
pure polymorphs (as opposed to mixtures of chrysotile, lizardite, and
antigorite) are examined, it is found that the antigorites, chrysotiles and
Iizardites exhibit difierent mean characteristic dehydration temperatures
(700, 664 and 635o C. for antigorite, chrysoti le and lizardite respectively).
The heat of dehydration also appears to be related to the variety of
serpentine; mean values of AH are 87.6,98.9 and 135 cal/gm for an-
tigorite, chrysoti le and lizardite respectively.

\{ultiple correlation analysis (Table 3) revealed a number of relation-
ships between the decomposition temperature, the heat of reaction, and
the chemical cgmposition (spectrochemical analyses are reported in
Table 4). At the one per cent level of significance, a striking inverse

'? Definbd as the temperature at the point where the tangent to the maximum slope of

the DTA curve intersects the base line. This temperature is more reproducible than peak

temperature and is considered to be the best measure of the temperature at wl.rich reaction

begins; the DTA apparatus rvas calibrated using charocteri,stic temperatures of a variety

of well characterized chemical comoounds.
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Teer,e 1. Drnyonerrow Darl lon SBnpeNTrNns Cnusnno ro
(Excnnt Frnnous Venrnrrns). Pr,o:1 eru.

Serial
Num-

ber
Descriptionr

SM-13079. Brilliant yellow-green
Syracuse, New York. Mixture of
antigorite and lizardite

AMNH-13757 Bril l iant yellorv-green.
Snarum, Norway. Mixture of
lizardite and chrlsotile.

AMNH-17501 Light green
Broughton, Ontario.
Chiefly chrysotile.

P-B5292. Medium green-gray.
Cedar Hill quarry, Lancaster Co ,
Pennsylvania, Antigorite,

SM-R10581. Medium green. Argent
Tunnel, Tasmania. Chiefly lizardite.

AMNH-13803. Medium green-gray,
platy. Val Antigorio, Novara
Province, Piedmont, Italy. Antigorite.

ROM-M21454. Dark green. Rennie
twp, Sudbury District, Ontario.
Chiefly lizardite.

ROM-M25510 Medium green-gray.
Bournon Pit, Deloro Twp., Ontario.
Antigorite and lizardite

AMNH-29597. White. Wakef eld,
Quebec. Chrysotile and lizardite.

SM-105834. White. Kilmar, Quebec.
Chiefly liandite, probably some
chrysotile.

ROM-M6432. Lisht yellow.
Templeton, Ottawa Co., Quebec.
Lizardite.

SM-93776. White. Hsiu-yen Hsien,
Liaoning Province, Manchuria.
Antigorite.

SM-1 16827. Brilliant sea-green.
Texas, Lancaster Co, Pennsylvania.
Antigorite.

1 AMNII-American Museum of Natural History.
P-Pennsylvania State University.
ROM-Royal Ontario Museum.
SM-Smithsonian Institution.
2 Considered to be the temperature at which t}te dehydration reaction begins (see text)

AH
cal/gm

104

96.  1

1 1 6

9 0 . 0

l J /

1 0 1

12r

t2l

169

9 5 6

121

7 7 . 8

7 8 . 9

Charac-
teristic
aemper-

ature

i 0 1

666

622

Peak
temper-

ature

" c .

708

-325 Mnss

Observed lActivation
order I energy,

o f l E
reaction I KCal/

mole

126

150

8 6 6

174

8 7 . 4

103

5 3 .  7

5 9 .  8

6 3 .  4

120

1 2 7
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Trsr-u l-(continued.)

457

Activation
energy,

E
KCal/
mole

7 3 9

7 7 0

6 8 . 4

6 1  3

7 t  1

6 7 0

r12

7 4 . O

t1,2

106

8 7 5

t t4

7 7  4

6 9 9

107

I
Serial I

\"-- 1
Der i

1 4

Charac-
teristic
temper-

ature
o c.2

Peak

temper-

ature
Descriptionl

SM-47656 Light yellow-white

Gordon's quarry, near Montville,
Morris Co , New Jersey.
Chrysotile and lizardite.

ROM-E2950. Medium green-gray
Piedmont, Italy. Mixture oI
antigorite and lizardite.

ROM-M13855. Light yellow.
MacDonnell Ranges, Australia,

ROM-M22245. Light yellow

Wakefield, Quebec Mixture of
chrysotile and liardite

ROM-M19410 Light yellow

Kilmar, Quebec. Mixture of
chrysotile and lizardite

P-B5296. Dark green. Eden Mills,

Vermont. Mixture of antigorite and
lizardite.

P-B5294. Lisht green-gray. Asbestos,

Quebec. Chrysotile with some lizardite

P-85281. Light yellow-green.

Cornwall, Pennsylvania Chrysotile
with some antigorite,

ROM-M16255. Light green, long fiber

A-Nil Desparandu, Shabani,
Southern Rhodesia Chrysotile

ROM-M16254. Dark green A-Nil
Desparandum, Shabani, Southern
Rhodesia. Chiefly antigorite

P-B5289. Long fiber, yellow

Globe, Arircna. Chrysotile

P-85291 Light green. Cedar Hil l
quarry, Lancaster Co , Pennsylvania
Mixture of antigorite and chrysotile

ROM-M23011. Med. green, medium
length fiber Bazhenowo, Urals,
U S.S.R. Chrysotile

ROM-M 17371 Light green-yellow,
long fiber Deloro Twp., Ontario.
Mixture of chrysoli le and lizardite.

ROM-M13855. Yellow, medim
length fiber, MacDonnell Ranges,
Australia Chrysotile

704

I J

t 1

21 t29

9 7 622

23

7t9

24 9 9 8

27 700

Observed

order

of

reactton

n

0 8
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Trst-n l-(continued.)

Serial
Num-

her

29

30

3 1

3 2

33

A I I
callgm

Charac-

teristic

temper-

ature

Peak
temper

ature

" c .

Observed

order

of

Ieactron

n

Activation

energy,

E

KCal/

mole

Descriptionr

ROM-M6432. Light yellow, long
6ber Templeton, Ottawa Co,
Quebec Chrysotile.

P-85298. Dark green Styria,
Austria. Antigorite

P-LV12 Light green, long fiber
Thetford Mines, Quebec. Chrysotile

ROM-M19410. Short f iber, yellow.
Kilmar, Quebec Chrysotile

ROM-E3081 tight yellow-orange,
long fiber, Grand Canyon, Arizona.
Chrysotile

Ttnt-n 2. Suuulnv S:tattsrrcs FoR THE DravonetroN or. SERpENTTNE

AH
cal/gm

Ni content
ppm

mens 
I Mean I s.d. j M"u.r s.d, I M.u.t

Serpentines, chiefly
fibrous

Serpentines, chiefly
massive

All serpentines

High nickel
serpentineS
(Av. 1500 ppm)

Low nickel serpen-
tines (below 100
ppm Ni)

Antigorites
Chrysotiles
Lizardites

670

653

t8 &9

700
6&
635

659 2 4 . 9

2 3 . 7

1 1  n

2 1  . 9 613

2 1  . 6

t2

2 l

I J  . . )

27  .9

96.  3

r12

8 7  . 6
9 8 . 9
135

r t .7

2 4 . 6

790

513

838

1000

942

110 2 2 . 8

6
9
A

8 . 8 7
2  . 5 5
3 . 7 8

1 0 . 5
13 .2
1 '  i
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Terr-r 3. M.rrnrx ol Connrr,.nrroN CorprtctrNls

Total
Fe

NiCr

. t 2  -  . 2 8  - . 0 4

. 2 t  . 6 5  -  . 2 2

. 2 2  . 7 5  - . 0 0

n
E
total

Fe

FeO
Mn
Cr
Ni

. 1 1. 31.33

.39 .28
-  . 16  -  . 24

. J /

-  . 01
.08

- .08
- . 0 1

T" : characteristic temperature.
To:peak temperature.

Values of r greater than .449 and .349 are significant at the lak and' 50/6 levels respec-

tively.

correlation is substantiated for AH and T", that is, samples which de-

compose at higher temperatures tend to have a lower heat of reaction.

Chromium, titanium and manganese are not correlated with AH or T",

but a positive correlation of nickel and iron with T", and a negative

correlation of these elements with AH are evident.
Although not all of the variation in AH is statistically accounted for by

these relationships, the 13 high nickel serpentines (average 1500 ppm

Ni) exhibit a much higher characteristic temperature of dehydration
(675" C.) than the group of 18 serpentines whose nickel content is below

100 ppm (T.:649' C.). The mean AH for the high nickel category (101

cal/gm) is lower than the average heat of reaction for the low nickel

group (110 cal/gm) and evidence that this difierence is real is provided

by a Student-t test of means at the one per cent level of significance. The

variation of AH with T" is demonstrated more clearly by considering the

high nickel serpentines as a separate group: this relationship is illus-

trated in Fig. 2 where AH is plotted against the temperature of dehydra-

tion for the massive serpentines containing 1000 ppm or more of nickel.

Serpentine samples with lower nickel contents are situated below this

curve and show a less distinct but statistically substantiated relationship

between AH and T".
These observations may be explained, at least in part, by an evalua-

tion of factors which influence the stabilitv of the serpentine structure.
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Detailed understanding of these factors in the study of naturally occur-
ring samples has been considerably hampered b_v the difficulty of obtain-
ing measurable quantities of a large number of specimens of the pure
material for both structural and chemical analysis.

The stability of serpentine is influenced largely by the degree of mis-
match between the octahedral brucite layer and the adjacent tetrahedral
Si-O sheet, imperfect matching resulting from the different dimensions
of the two layers. Better matching of the octahedral and tetrahedral
Iayers can be achieved by the formation of a tubular structure with the

Tenr-r 4. Cnnurcer, Coupostrror,l

Serial Total Iron
Number FeTo

FeOTo
Mn

ppm
Cr

ppm
Ni

ppm
Ti

ppm

1
2
3
/
5
6
7
8
9

10
1 1
t2
I J

l4
l . )

l 6
1 a

18
19
20
2 1
22
23
24
25
26
27
28
29
30
J I

32
J J

o . 2 0
0 .  5 8
0 . 5 0
0.63
0 2 3
3 .03
0.  70
0 1 9
0 . 1 5
o . 2 4
0 . 2 2
1 . 1 8
0.  58
0 .  1 3
4 . 2 8
0 . 2 7
0 . 1 4
0 . 0 1
0 . 6 5
0 . 8 9
0 .  5 0
0 .  1 6
r . 7 0
0 . 2 9
1 . 4 3
o . 4 1
o . 2 3
0 .  1 6
o . l 7
4 . 0 9
3 . 4 9
0 . 1 2
0 .  1 3

230
50

220
250
100
620
130
160
180

500
300
40

660
1000
150
540
700
500
150
210
100
80
85

320
280
340
.).)(,
180
480
190
320

1600

< 100
< 100
< 100

550
2400
1400
800

< 100
< 100
< 100
< 100
< 100

240
< 100
< 100
< 100
< 100
< 100

140
< 100
< 100
< 100
1300

< 100
150

< 100
< 100
< 100
< 100

630
1400

< 100
< 100

1 . 6
1 . 3
1 . 8
0 .94
1 . 5

A A

2 . 5
< 0 . 1

0 .  1 3
0 3 9
1 . 2 5
0.40
o . 2 9
4 . 9
0 .42

< 0 . 1
0 . 2 0
2 . 2
1 '

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

<100 130
<100 100

350 <100
1400 <100
1000 <100
1400 160
740 330

1150 940
<100 170
<100 120
<100 340
<100 <100
4300 <100

<100 120
<100 340
<100 <100
<100 220
<100 <100

440 2100
<100 <100
<100 <100
1150 100
2000 130

<100 <100
1900 160
980 200
720 <100

<100 <100
<100 <100
2100 <100
630 <100

<100 <100
<100 <100
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TG

oc

AH Cat /sn

Frc. 2. Relationship between the "characteristic" dehydration temperature and the heat

of reaction for the massive serpentines containing 1000 or more ppm of nickel.

brucite layer on the convex side of the curve (chrysoti le), by isomorphous
substitution of cations providing stronger interlayer bonds, and by iso-
morphous substitution of larger cations for Si or smaller cations for l,,Ig
providing a corrugated or platy structure (antigorite and lizardite). A
number of chemical analyses, considered to be highly reliable, have been
collected by Deer et al. (1962), Faust and Fahey (1962) and Bates (1959).
After calculation of the number of ions on the basis of 9(O, OH), several
relationships emerge above the errors inherent in chemical and struc-
tura l  analys is :

(1) the sum of the tetrahedral cations (Si, Al, Fe3+) for samples classified as chrysotile and
lizardite is somewhat below the ideal value of 2, and the number of OH ions is greatet than
the value of 4 required by the ideal formula of serpentine, (2) for samples classified as
antigorites, ) octahedral, ) tetrahedral, and ) OH are much closer to the stoichiometric

values, (3) Al is often more abundant in antigorite than in chrysotile and lizardite, al-
though striking exceptions are found, (4) in chemical analyses, Ni is more often reported

in antigorites although exceptions are known, (5) nickel rich serpentines usually contain
less (OH) than specimens with lower nickel contents, (6) for many chrysotile analyses

there are more (OH) ions than the number required to balance (by substitution for O in

the Si-O tetrahedra) the charge deficiency caused by substitution of Al and Fe# for Si.

Several reliable analyses are remarkably anomalous, for example, the

chemical composition of the serpentine from the Shetland Islands re-
ported by Brindley and von Knorring (1954). l\{cConnell (1954) sug-
gested that the excess (OH) ions were present in the tetrahedral layer
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and demonstrated that the analysis of Brindley and von Knorring could
be recast in a formula difierent by less than I/6 from the stoichiometric
formula by including (Hn) in the Si-O layer. On the basis of 4(OH), the
sum of Si (1.75), Al (0.01) and Ha (0.2a) is 2.00, and the charges are
balanced. It appears that for the chrysoti les and the l izardites, tetra-
hedral cation deficiencies possibl.v caused by insufficient Si cations, are
balanced by appreciable substitution of OH ions. As Bates (1959) points
out, this arrangement would weaken the structure and require a tubular
or corrugated habit. The stability of this polymorph would be slightly
lower than serpentine with a greater ratio of tetrahedral to octahedral
cations, which requires none or less (OH) substitution and which would
exhibit a platv habit.

The effect of nickel substitution for magnesium on the stability of
serpentine was demonstrated with synthetic materials prepared by Roy
and Roy (1954). The upper stabil ity temperature reported by these au-
thors for Ni-Si serpentine is 530o C., compared to 490" C. for Mg-Si
serpentine. Presumably, this arises from the greater interlayer bond
strength resulting from the greater percentage of covalency in Ni-O bonds
than in Mg-O bonds.

A review of a large number of thermal analyses of serpentine by Faust
and Fahey (1962) indicates that serpentines which can be called antig-
orite dehydrate at higher temperatures than the tubular and corrugated
varieties. DTA peak temperatures for antigorite are generally above
750o C., whereas endothermic peaks for specimens of chrysoti le and
lizardite appear between 680 and 750' C. The data in Table 2 suggest
that all three polymorphs are characterized by distinctly difierent de-
hydration temperatures and heats of dehydration, indicating that DTA
may be used in conjunction with complex tr-ray methods in the classifica-
tion of serpentine.

In summary, serpentine with a tubular or corrugated structure ap-
pears to be characterized by higher (OH) content and lower stability
compared to platy varieties, and increasing concentration of nickel, by
increasing the strength of interlayer bonding, raises the upper limit of
stability. These observations are consistent with the relationships be-
tween AH, T" and the nickel content reported here. Other variables,
[owever, must also afiect the heat of reaction. It would be expected that
specimens with higher ferrous iron content would exhibit lower values of
AH, since oxidation of the iron during dehydration is an exothermic re-
action and the effects would be superimposed upon the endothermic
dehydration efiect. The difficulty of determining how much of the Fe+
reported in chemical analvses is actually in the structure rather than
present as minute inclusions of iron oxides makes evaluation of this vari-
able difficult.
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Kinet'ic Dato. The mean value for the order of reaction, n, is 0.93 but the
standard deviation of 0.62 indicates considerable variation from sample
to sample. The activation energy (average 95.4 Kcal/mol; standard
deviation 30.1) exhibits similar variation. Triplicate analysis shows that
these differences are characteristic of the sample and are not caused by
experimental error. Such Iarge variations are not observed for other
minerals studied with the same apparatus. The matrix of correlation
coemcients of Table 3 shows that the activation energy is negatively
correlated with AH, and positively correlated with the dehydration
temperature (r:0.78), the ferrous iron content, the concentration of
nickel, and the order of reaction. Higher orders of reaction for the nickel
rich serpentines would indicate that at equivalent stages of the reaction
(i.e. concentration of remaining reactant) the structure of the weaker low
nickel varieties is decomposing at a greater rate than the structure of the
high nickel serpentines. Lizardites exhibit the lowest activation energy
(mean 76.4Kcal, s.d. 12.4) and antigorites the highest (mean 138 Kcal,
s .d.  25.2) ;chrysot i les are in termediate (mean 96.1 Kcal ,  s .d.  21.1) .

Acrcxowle ocMENT

We are indebted to Professor Rustum Roy, in whose laboratories this
investigation was made, for discussion and review of the manuscript, to
Dr. Brian Mason, Dr. J. A. \{andarino, Dr. D. C. Harris and Dr. D. E.
Desautels for subsamples of museum specimens, and to N. Suhr for
supervision of the spectrochemical analyses. Research reported in this
paper was sponsored by the Air Force Cambridge Research Laboratories,
Office of Aerospace Research, under contract No. AF 19(628)-2773.

I{nrrn-rNcrs

AccrNNo, D J. eNo J. tr'- ScrNerora (1960) Platinel-a noble metal thermocouple to
replace chromel-alumel. Englehard Industries Inc. Tech. Bull. 1,53.

ANoo, J., G Hrneoxl, lNo M. Taxeruw.r (1957) Measurement of heat of decomposition
of serpentine and heat of fusion of fused calcium magnesium phosphatic fertilizer.
Kogyo Kagahu Zasshi,6O, 151-153.

Barns, T F. (1959) Morphology and crystal chemistry of 1:1 layer lattice silicates.,4rz.
Mineral,.44,78-114.

B,rvr,rss, P. (1964) Efiect of particle size on differential thermal analysis. Nature,20l,
1019.

Boncu.$ot, H. J. (1957) Kinetic effects in determining heats of reaction by difierential
thermal analysis. I our. P hy s. C hem. 7 9, 827 -828.

- - AND F. DANTELS (1957) The application of differential thermal analysis to the study
ol reaction kinetics. Jour. Phys. Chem.79,4146.

Bntxor.rv, G. W. aNo R. Heyeur (1964) Kinetics and mechanisms of dehydration and
recrystallization of serpentine. Clays and, CIay Mi,nero.ls, 12, 30-42, 49-54.

--- AND vor.r KtonnrNo, J. (1954) A new variety of antigorite (ortho-antigorite) from
Unst, Shetland Islands. Atn Mineral.39,794 804.

463



464 J. N. WEBER AND R. T GREER

Denn, W. A., R. A. Howrr anro J. ZussuaN (1962) Roch-Jormi,ng Minerals,Yol.3, Sheet
Sil,i.coles, John Wiley and Sons Inc., New York, l7Gl77.

Er.r.rs, B. G. al+o M. M. MonrllNl (1962) L comparison of two methods of determining
heats of reaction by differential thermal analysis. Am. Mineral,.47,37l-378.

Fausr, G. T. enr J. J. Fcmv (1962) The serpentine-group minerals. U.S. Geol. Surv. ProJ.
Paper 3&-4.

Hnnor.o, P. G. ,q.wo T. J. Pr.aNp (1948) Modified d.t.a. apparatus. lour. Am. Ceram. Soc.
3r,20-22.

Hovos, A. aNo M. Drrc,cDo (1961) Influencia del tratamiento termico en las serpentinas
del barranco de San Juan : I nter. G eol. C ongr. Re pl. 21, P t. 2, 6+-7 2.

Joexsuu, O. L ano N. H. Sunn (1962) Spectrochemical analysis of rocks, minerals and
related materials. A p pl. S p ectr os. 16, 101-104.

MmttNnz, B. (1961) The efiect of particle size on the thermal properties of serpentine
minerals. Am. Mineral. 46,9Ol 912

McCoxnrlr., D. (1954) Ortho-antigorite and the tetrahedral configuration of hydroxyl
ions. Am. Mi.neral,.39, 830-831.

Mcrmor.ov-PnrRosyAN, O. P. (1953) The nature of the exothermic efiect of hydrous
silicates of schistose structure. Trutly Sooeshchoniya po Termografii,272-276.

Rov, D. M. AND R. Rov (1954) An experimental study of the formation and properties of
synthetic serpentines and related layer silicate minerals. Am. Mi,neral. 39,957-975.

Rov, R. eNo E. F. OssoRN (1954) The system A12O3-SiO2-H2O. Am. Mineral.39, 853-885.

metastable serpentine at pressures from 15 to 20,000 psi. Paper presented at 22nd Sess.
Internat. Geol. Congr., New Delhi, India.

Snr,ttrrn, G. (1954) Determination of heats of transformation by d.t.a. Bul,l,. Soc. Franc.
M i.neral.. 77, 953-968, 1077-1083.

Sarrsennv, J. W. (1960) Origin of lunar domes. Proc. Lunar and Pl,anetary Erplor. Colloq.,
2,22-26.

Srwzrr-, E. C. (1952) Theory of d.t.a. Researeh Note, Bui,ld.ing Research Slation, D.S.LR.
- (1955) Efiects of thermocouple wires on peak areas in d.t.a. Research Note, Building

Res ear ch Station, D.S.1.R.
StoNe, R. L. (1954) Preliminary study of the efiects of water vapor pressure on the

thermograms of kaolinite soils. Proc. Second. Nat. ConJ. Clays anil Clay MineroJs.
Tsuzurt, Y. .q.Nn K. NecnsawL (1957) Difierential thermal analysis curves for clay min-

erals as related to the kinetics of their dehydration. Iour. Earth Sei. Nagoy [Init.
5, 153-182.

VnN Brr.yott, W. J. (1960) Chemical reactions in the thermal breakdown of the serpentine
minerals. N eues J ahrb. M iner al. A b h. 94, 1223-1240.

VnNrnr.n, F. (1962) Efiect of fiber dimensions on the difierential thermal analysis (D.T.A.)
behaviour of a serpentine mineral. Renil. Soc. Mineral.. Ital. 18,277-290.

Wutrraren, E.J. W. exo J. Zussuew (1956), The characterization of serpentine minerals
by x-ray difiraction. Mi.neratr. Mag.31, 107-126.

Manuscript receiaed., fuly 29, 1964; accepted. Jor publication, fanuary 26, 1965.




