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ABSTRAC"T

From bracketing experiments, the P-7 curve,
which defines the minimum thermal stability of
olivine (Fos) for the assemblage olivine{chrysotile
fbrucitefmagnetite+fluid, is shifted 15'C to
lower temperatures for 0.5-2.0 kbar P(total) from
the one defined by Johannes (1968) for the as-
semblage forsteritefbrucite+chrysotile*fluid. Re-
versal has been demonstrated between major phases,
but not in the exchange reactions (Fe2+ + Mgs+)
due to the sluggish nature of those reactione. Tte
experimental results approxlmate very closely tle
observed phase assemblage in rrpentinized dunites,
suggesting that the reaction curve is a good in-
dicator of the low-temperature stability of iron-
bearing olivine in a hydrous environment.

Both lizardite and chrysotile were produced itr
the experiments with platy lizardite forming first,
followed by fibrous chrysotile with inereasing dura-
tion of the runs. Lizardite replaces olivine first,
before chrysotile, due to the close topotactic rela-
tionship between the olivine and lizardite struc-
tures. Kinetically, the nucleation and growth of
lizardite occurs with relative ease compared to
chrysotile. Lizardite can be shown to be thermo-
dynamically metastable compared tq chrysotitre be-
cause only one serpentine mineral can be in
equilibrium with tbe other phases in the reaction
investigated.

The iron content of the brucite (0-18 mole %
Fe(OH)) was shown to be inversely related to the
amount of magnetite produced in tle bracketing
experiments. The breakdown of ferrous hydroxide
suggests that the brucite solid solutions are stable
at lower temperatures compared to pure brucite and
magnetite. Under low l(Or) conditions the iron
content of olivine and the temperature at whic!
serpentinization takes place control the amount of
iron in the brucite.

Sorvilvrlrng

D'aprds une s6rie d'exp6riences en fourchette, la
courbe P-?, qui d6finit la stabilit6 thermique mi-
nimale de I'olivine (Fosg) dans I'association olivine
fchrysotilefbrucitefmagn6titefliquide, se situe,
pour une pression totale P de 0.5 b 2.0 kbar, i 15
degr6s C sous la courbe d6finie par Johannes (1968)
pour I'association forst6ritelbrucitefchrysotile{
liquide. Le renversement a €t€ d6montr6 e[tre les
phases principales, mais non pendant les r6actions
d'6change (Fe"* e Md*) i cause de la lenteur de
ces r6actions. Les r6sultats expdrimentaux sont
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trds proches de ceux que donnerait I'association de
phases des dunites serpentinis6es; on peut dono sup-
pos€r que la courbe de rdaction est un bon indica-
teur de la stabilitd de I'olivine ferrifdre tr basse
temp6rature en milieu hydrat6.

La lizardite et le chrysotile ont 6t6 produits pen-
dant les exp€riences; la lizardite tabulaire se forme
d'abord, le chrysotile fibreux yrent ensuite lorsque
l'exp6rience est de dur6e suffisante. La lizardit€
(avant le chrysotile) remplace l'olivine; ce rempla-
cement est topotaxique. Cin6tiquement parlant la
nucl6ation et la croissance se font plus facilement
pour la lizardite que pour le chrysotile. Therrnody-
namiquement, Ia lizardite est m6tastable par rap-
port au chrysotile, parc€ que, dans la r6action 6tu-
di6e, il ne peut y avoir qu'un seul min6ral de ser-
pentine en €quilibre avec les autres phas€s.

La teneur en fer de la brucite (0-l8Vo mo],
Fc(OHL) est inversement proportionnelle i la quan-
tit6 de magn6tite produite p€ndant I'exp6rience. Ia
d6composition de I'hydroxyde ferreux fait penser
que les solutions solides & brucite soot plus stables,
aux basses tempEratures, que la brucite pure et la
magn6tite. Pour de faibles valeurs de l(Or), la te-
neur ert fer de I'olivine et la tempdrature de ser-
pentinisation r6gissent la quantit6 de fer dissous
dans la brucite.

(fraduit par la R6daction)

INTR0DUcTIoN

Recent experimental and petrographic study
of the retrograde metamorphism of dunites to
produse serpentinites allows the following state-
ments on the serpentinization process: (a) the
dominant minerals produced are lizardite,
chrysotile, -rbrucite-rmagnetite, such that re-
action (1) generally describes tle hydration of
many dunites (Johannes 1968):

2MgeSiO.*3H:O = Mg3SLOc(OID, +Mg(OlD,
olivine chrysotile brucite (1);

(b) the presence of brucite means that the min-
eral assemblage of reaction (1) represents a
lower P,T of serpentinization when compared
to reaction (2) (Scarfe & Wyllie 1967; Cher-
nosky 1973):

Mg,SioOro(OIlz + 6MgaSioa * 9HaO =
talc forsterite

5MggSizOs(OIDr
chrysotile Q);
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(c) the iron component of olivine is partitioned
between serpentine and brucite, or forms a
separate phase - magnetite (Mumpton &
Thompson 1966; Hostetler et al. L966; Johannes
1969); (d) the fluid involved in hydration more
than likely has a complex origin: it besomes al-
kaline, is COz-poor, low in Mg and may have
a high chloride content @arnes & O'Neill
(1969); Barnes et aI. L972); (e) the presence of
silica-bearing, alkaline fluids changes the ser-
pentine mineralogy and the serpentinization
process as defined by reaction (1) (Korytkova
& Markarova L971.; Korytkova et ql. 1,972),
emphasizjng the importance of fluid-mineral
interaction; and (0 serpentinization takes place
over a wide range of. T,P conditions, i.e. from
the earth's surface to some depth within the
earth (Barnes & O'Neil 1969; Barnes et aI.
1972).

Olivine in dunites typically varies between
Foor to Foao with an average of Foeo (Miyashiro
1966). With the development of oxygen buffer
techniques @ugster 1957, 1959; Eugster &
Wones 1962) it has become possible to consider
the effect of adding iron to the system
MgO-SiO-HO. Such experiments obviously
provide a closer simulation of the natural sys-
tems. The present work was undertaken: (1) to
determine the effect of iron on the equilibrium
curve defined by Johannes (1968) for the re-
action involving brucite; (2) to evaluate the
chemical parameters that affect the mobility of
iron during the reaction, i.e., ils partition among
serpentine or brucite or the formation of mag-
netite; and (3) to determine by careful minetal-
ogical analysis which factors influence the
formation of the different serpentine minerals.

ExprnrtteNter, Mrrnoos

Hydrothermal runs

Charges were loaded into noble-metal cap-

sules with a fluid phase as described by Huebner
(L97L), placed in cold-seal pressure vessels (Tut-
tle L9491, and subjected to a temperature-pres-
sure regime for a given period of time. A double
capsule was used: an inner Ag one contained a
silicate charge * fluid and was crimped, but
not welded, an outer Au capsule contained a
buffer charge * fluid and was welded shut.
The P-T fluctuations were within !5oC and
-+30 bars. The entire temperature measuring
circuit was calibrated against the melting points
of. Zn (419"C) and Bi (271"C). The solids re-
sulting from the quenched experimental runs
wete examined by optical, X-ray and SEM
techniques to characterize their mineralogy and
compositions.

Synthetic olivines, Forr, Foro and Foroo (Table
1), were prepared hydrothermally from a mix-
ture of MgO, SiOz and native iron according to
the method of Fisher & Medaris (1969). TheJ
MgO was dried 48 hours at 115"C in a drying
oven and stored in a vacuum desiqcator. The
SiOr was obtained as pure silica glass tubing
(99.9Vo), crushed to 150 mesh, washed in weak
HCI and then several times in water. Then, the
silica was fired at 600'C and stored. As well,
synthetic olivines were obtained from G. W.
Fisher, Johns Hopkins University, (OP 194 and
OP 54) and A. G. Plant, Geological Survey of
Canada, (GSC olivine). Two natural olivines
were supplied by R. G. Coleman, U. S. Geo-
logical Survey, (2-BU-66) and F. J. Wicks,
Royal Ontario Museum, (M7863). Native iron
for the buffer charge was added in tle form of
iron filings (99.999Vo) or as iron sponge
(99.99Vo). A polhhed section of the iron sponge
showed a small amount of magnetite (1 2Vo).

In the hydration experiments, the starting
material was an olivine (synthetic or natural)
plus a fluid phase (water, NaCl solution, etc.)
T'he equilibri&tn runs (i.e. reversed or bracket-
ing experiments) had an equal-weight mixture
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TABLE 1. CELL PANA.ITTERS ND COMPOSITIONS OF OLIVINE STARTINo MATERIALS

0l IYire o (8) a d t , (f;) I, (83) a,, r{8)
compos
mle g Fo*

2-33

'tcsc Fo(90)
rtoPl 94
iioP54.r{7663
..2-SU-66

10.242(5 )'10.213(1 
)

10.205(2)
10.214(21
r0.258(3)
10.4r  7(2 )
10.228(r  )'10.215(r  

)

88
q4

100

80
20
m
94

292.22(22)
290.73(4)
291.82(29)
29 r . 1301 )
292.04(s)
304.18(5 )
2e2.04(S)
2er .08(4)

5.e96(3
5.9840
5 . 9 8 3 ( t
5 .989( l
6 .009(2
6.067 ( l
5 . 9 9 4 ( 1
5.988(1

2.7729
2.7683
2.7660
2.7695
2.7781
2.81s5
2.7730
2.7691

Parenthesized figures represent the estlnated standard deviation (esd) calcutated fm Burhan's (1962) prcgrm in terr[ of least
unlts clted for the value of thelr infirdlate left, thus 4.758(2) lndletes an esd of 0,002

rcmpositlon cslculated fmm d(130) wlth detennlnative cufle of Fisher & lrledarls (1969), maxlmm effor ls t2 rcle % Fo

tsyrthetic ollvine of conposliion 92.9 [Dle % Fo reported by Janrbor & Smlth (1964)

fisynthetlc olivln* reported by Flsher & ltedarls (1969), OPl94 csll reflndents were re-detemlned ln thls study
'natural 

ollvlne, Royal Ontarlo Museuo M7863, Arlzona, U.S.A.

""natural olivlne separate, Burrc t{1., callfonnla, loney et a1., (1971, Table 4) reported 92.5 rcle ,, Fo fron a chemlcal analyslg
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of reactauts and products plus water as the
starting material. The equilibrium mix was
made by reacting a synthetic olivine with water
to give the products (Run 3-48) and then com-
bining an equal weight of these products with
the same olivine. This method differs from that
used by Johannes (1968) and Chernosky (1973)
who synthesized ail phases of the reaction
separately, then put thi:m together in an equal-
weight mixture. A few dehydration experiments
were done in which the starting material con-
sisted of the product phases (serpentine, brucite,
magnetite, trace olivine) plus water placed in
the pressure-temperature stability field of
olivine*water.

Ana$sis ol products

A Quiniel-llagg (IRD-Guinier XDC-700)
powder pattern with C\rKcur radiation (1.540514)
was obtained on all starting materials and prod-
ucts with NaCl as an internd standard (caic. oo
:5.64024). The X-ray patterns were read on a
manual film reader to 0.01mm. AII X-ray lines
were corrected to the internal standard and
then least-squares refinement was done using
both Burnham (1962) (olivine & brucite) and
Evans et al. (1963) (serpentine) programs. X-ray
intensity mea$urements were attempted for de-
termination of reaction direction in the reversed
experiments. The films were measured with a
double-beam recording microdensitometer. In
relation to the starting material, a 20% change
of the X-ray intensities of the completed run
was observed before a reaction change was
noted.

A polished section of the buffer charge was
made following the method of Kullerud (1971)
and examined in reflecting light. Grain mounts
were made of the silicate products and ex-
amined in both transmitted and reflected lieht.
Optical observation of the charg" -* 

"*.en:tialin the identification of magnetite. Phase-con-
trast microscopy was useful in detecting small
amounts of olivine and/or brucite.

The SEM was found to be very useful and
in some cases essential in the documentation of
run products. The sample was inounted on a
small glass cover slip glued to sample holder
and coated with C and AuPd before observation
on the Cambridge Steroscan 600. Moody (1974)
gives further details on the problems encountered
with synthetic samples in SEM analyses.

R. B. Hargraves of Princeton University per-
formed magnetic measurements on several start-
ing materials and products to determine the
net amount of magnetite produced during the
reaction. The magnetic moment of a weighed
sample was measured as a function of field
strength on a Frantz translation balance. This
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was then related to the amount of magnetite in
tle sample.

ExrsnrMnNrer. REsuLTs

Oxygen fugacity
In view of the uncertainty involved in the

effectiveness of the oxygen buffers below 500oC
@ugster & Wones 1962; Wise & Eugster 1964;
Shaw 1967; Heubner l97l), an open inner cap
sule was used to ensure gas transpoft from the
buffer charge to the inner silicat€ charge. The
buffer charge was examined in polish sestion at
end of each run to ascertain prerence of both
iion and magnetite. The oxygen fugacity at
temperature and pressure of the experiment for
IM buffer can be calculated from thermochem-
ical data as outlined by Eugster & Wones (1962).
Standard states for solidsJ liquids and gases are
as defined in Robie & Waldbaum (1968). With
mole recent data sources Clable 2), the oxygen
fugacity for buffer IM is defined by:

TABLE 2. REFERENCES FOR DATA USED IN CALCULATION

OF OA5 FUGACITIES

Reference

^ O  , - ,
Au1,14t t  , l

VM

vF.

,H?

frzo

\,

Haas & Rob le  (1973)

Robie & }Jaldbaum (1968.)

Robie & l{aldbaum (1964)

Shaw & l, lones (1964)

Burnham et at. (1969)

Zen (1973)

log l(Oz) : -28880/f -l 8.24O I
[0.0607 (P-L)]/ r (3)

Figure I illustrates the variation of gas com-
position as a function of temperature and total
pressure for IM buffer and for tle assemblage
magnetite-awaruite (NisFe and NizFe). M-A is
important in defining the l(Oz) conditions in
serpentinized ultramafic rocks where it h a
common assemblage. Thermochemical data for
awaruite were obtained from Kubaschewski &
Goldbeck (1949) and l(Or) was calculated in
the same manner as for IM buffer.

Hydrothermal runs on the reaction of olivine
with an aqueous fluid

The starting materials were characterized by
optical and X-ray studies (Table 1). Small
amounts of impurities, mainly magnetite, were
observed in olivine 2-17 (< 3Vo) and reported
in OP 194 and OP 54 (Fisher & Medaris 1969).
Both natural olivines were single phase and un-
zoned from X-rav and optical examination.
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t.6-
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T rct
Ftc. 1. Log tGD/l(HrO) vs. temperature for the assemblages iron-mpetite

(IM), magnetite-awaruite (NizFe-FegOa and NisFe-FerO) for Pbhr-5(X)
and 2000 bars. Calculations are described in text. At 500 bars, the dif-
ference between the log f{Ilrr/t(Il'0) for M-Ni2Fe and M-NisFe is too
small to be meaningful within the error of the thermodynamic data and
assumptions necessary for the calculations.

Details of the starting material, temperature,
pressure, run duration, and product phases for
the hydrothermal runs are given in Appendix 1.
Each major phase is considered in light of tle
experimental as well as the optical, X-ray and
SEM data. The term'ohydration" run is used to
define a type of reaction that chiefly involves
the addition of water (Martin & Fyfe 1970;
Fyfe 1973) and is therefore a reaction studied
in one direction only.

Olivine

The iron content of olivine was determined
in order to aid in evaluating the mobility of iron
during the alteration process. A small change
in composition was observed for some of the
olivines which persisted metastably outside their
stability field.

Olivine appeared in the SEM as anhedral
massive grains, ranging in size from 20 to 100
g,m. The alteration of olivine was very sluggish
in pure water and sodium cbloride, but relative-
ly rapid in the various alkaline fluids. As is
usually the case, the finer grained synthetic
olivines were.more reactive than the natural
olivines. No other difference between the na-
tural and synthetic olivines was noted.

Serpentine minerals

Lizardite has not been reported previously as
a reaction product in an experimental study on

determination of olivine's thermal stability'
though it is a common serpentine mineral in
natural serpentinites. Johannes (1968) used
chrysotile as the serpentine component in the
starting mixture for the equilibrium determina-
tion of the brucite reaction @quation 1) as did
Chernosky (1973) for the equilibrium deter-
mination of the higher temperature talc reaction
@quation 2). Scarfe & Wyllie (1967) did not
identify the serpentine mineral formed in their
experiments.

Both lizardite and chrysotile were produced
in the present experiments. Detection of the
first appearance of lizardite was not difficult
optically or in the Guinier X-ray powder pat-
tern. However, detection of chrysotile in a
mixture of olivine*lizardite was difficult due
to overlapping diffraction lines and lack of
positive optical identification due to fine grain
size of serpentine. The SEM was extremely
useful in solving this problem and allowed easy
detection of chrysotile due to its distinctive
fibrous habit. For example, in Run 3-30, olivine
and lizardite were detected in an X-ray pattern,
brucite and magnetite optically, and chrysotile
by SEM.

Ltzardite was refined on the basis of an
orthorhombic cell (fable 3). The largest varia-
tions in cell dimensions were for lizardite
formed during the reaction of olivine with wa-
ter and fluids of varying composition compared
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TABLE 4. VARIATION IN LIZARDITE CELL DII,IENSIONS
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u(E)
7,310(r  )
7.2e2(3)
7.30r (6 )
7.290(t9)
7.30r (2)
7.3000 5)
7.290(t5)
7.300(7)
7.300nt )
7.314(3)
7.300(16)
7.2800 1 )
7.310(3)
7.237(151
7.313(6)
7.305 (4)

o(E)
5 .295(1  ) r
5 .322(1  )
5.306(7)
5 .315(e)
5 .299(3)
5 .30208)
5 .317(7)
5 .318(3)
5 .315(5)
5.30r (3)
5 .317(8)
5 .317(5)
5 .302(10)
5.31 2 (4 )
5 .319(2)
5 .317( l  )

3-99
3-76

3-74
3-72
3-71
3-78
3-70

3-68

3-47(L

*zaiuii
"l{198021 (L..M]9r42 (r

rABLE 3. LIZARDI1E CELL PARA4ETERS cannot be used to distinguish the difference be-
tween lizardite 1T or 2Il (Wicks & Whittaker
1975). However, tle X-ray pattern for lizardite
M19804, identified as 1T by Wicks (pers. comm.
1975), coincides very closely with the observed
lizardite patterns. Only the weaker (200) and
(202) reflections are consistently missing from
the X-ray patterns for the synthetic lizardites
in comparison to lizardite M19804.

Whittaker & Zussman (1956) established that
c:I4.64 for clinochrysotile. Yada (1967, l97l)
has presented evidence from lattice fringe edge
dislocations that the repeat unit in the c-direc-
tion also may be 7.34. Zvyagin (1967) has
shown that both one-layer (7.3A) and two-
layer (14.6A) monoclinis structure exi$ts for
chrysotile, but the one-layer structure has been
identified only by electron diffraction patterns
from single fibers. Wicks & Whittaker (L975)
have demonstrated from polytypic considera-
tions of the serpentine minerals that both one-
and two-layer monoclinis structures are per-
missible stacking sequences for chrysotile (e.g.
polytype 2Ma and IM"). Where chrysotile
makes up greater than 5AVo of the serpentine,
the Guinier powder patterns allowed refinement
of both chrysotile and lizardite cell dimensions
Clable 5). Chrysotile gave poor refinements in

TAELE 5. CHRYSOTILE CELL EDGE AI{D VOLUME DATA

Run "(E) atEt

3-4e 5.277(27,  9.2t4(7)  r4.6 lS(75) 703.S(6) e lo 57' (33,)
3-22 5.269(16) 9.210(7) t4.650(14) 712.7( t )  g lo r r  , ( r r  , )

3-42 5.307( i l )  9.213( l l )  r4.6 i t4( l0o) 7t5.1(4)  9zo s3,(16,)
3-64 5.305(6) 9.201(6) 14.622(54) 712.9(z)  92o 54,(s,)
3-105 5.322(14) e.213(7,  14.677(6s) 719.9(36) 94o 5,(20,)

r24rr ' r  5.306(6) 9,176(r2)  14.650(8) 7t2.1(17) 93o 20'
*r |1s507 5,3m(3) 9.zos(4) 14.63t( lz)  zrs. lz(g)  g lo :a,

isjmthetic chrysotlle (Chernosky 1975)
*natural crysotl le ?tdl, Royal ontarlo Musem, M8504,

llontreal Chrore Plt, East Broughton, Quebec.

most cases. These poor results are due to the
smail number of lines available for tle refine-
ment and the varying degree of fiber develop-
ment in the synthetic samples. Comparison of
the synthetic chrysotile X-ray diffraction lines
(Appendix 2b) with the chrysotile M8507 pat-
tern, identified as ZMa (F. J. Wicks, pers.
conun. 1975), shows close agreement, indicat-
ing that the synthetic samples are most probably
2Ma polytypes. The 2Ma is also the most com-
mon polyfype of chrysotile (Wicks & Whittaker
r975).

The relationship between cell edge and chem-
ical composition of the serpentine minerals is
important in this study with respect to possible
iron-for-magnesium substifution. Examination

b(E)
e.174(2)
s.  r96(2)
9.20r (3)
9.190(9)
e.187 (21
9.199(5 )
9.187(8)
9 . r 90 (5 )
9.199 (5)
9.176n )
e.re5(8)
9.198(6)
9.199(3)
9.204(17)
9.223(3)
9.208(21

rd3

J l o .  I
355.4

356.7

353.8
358.8

,  r 9 r i
"oo2\^ 

t

3.649
3.652
3.656

3.649

J . 0 5 J

3.655

)  3 . 6 t 9
3 .661

-  l r l

v (i ')

5.278 - 5.380

9 .143  -  9 .2 I

7.290 - 7.329

355.08 -  361.73

0 .102

0.068

0.03!)

6.65

0 .013

0.o22

0 .01  I

0,68
-rndlvtdual x-ray data provided on request.-
r*X-ray data glven ln Table 3.

to those lizardites from the bracketing experi-
ments (Table 4). No systematic variation was
found in cell dimensions or volume with tem-
perature and pressure of formation or with
composition of initial starting olivine. The re-
duction in variation of the cell parameters (as
noted above) and formation of euhedral lizard.
ite crystals in bracketing and dehydration ex-
periments is due to increased run duration,
which allows the lizardite to achieve better
crystallinity and become structurally more per-
fect with time @oss 1968; Forbes 1969).

Appendix 2a presents a few X-ray diffraction
patterns for the synthetic lizardites produced in
this study. Comparison of X-ray data for
massive, platy lizardite Q-61, 34) versus
euhedral lizardite Q-97, 3-76) shows that there
are a larger number of powder diffraction lines
and better agreement between du"ro and dor" for
euhedral lizardites. The lizardite polytype is
very difficult to determine because about 50/o
of the lizardite lines also coincide with lines of
olivine or brucite. Therefore, the calculated
X-ray intensities for polytypes (Bailey 1969)

r'(13),(h



of the scant data available in literature on
lizardite cell parameters as a function of com-
position showed no correlation with respect to
iron content. Direct analysis by microprobe of
the serpentine produced in this study was con-
sidered, but the fine grain size of the mins11b,
coupled with problems of disaggregation of the
intimate mixture of phases, discouraged at-
tempts (see also Cameron 1975). An SEM with
an energy dispersive accessory was not avail-
able for the study.

The common habits of the experimentally
produced serpentine minerals from the SEM. ob-
seryations were: (1) massive, platy lizardite
with or without crystal faces, (2) lizardite laths,
(3) chrysotile fibers, (4) chrysotile fiber bun-
dles in the longer runs within the serpentine
stability field, and (5) small serpentine laths,
which are probably lizardite, but have not been
positively identified. The SEM data of the ser-
pentine mineral habits correlate well with those
observed from TEM and optical studies (Iable
6). However, lizardite laths and euhedral, pseu-
dohexagonal crystals have not been previously
described in the literature. F. J. Wicks (pers.
comm. 1974) has observed lizardite laths in his
SEM studies of natural serpentine minerals.

The following were also noted from the SEM
observations of the serpentine minerals in these
experiments:
(1) laths of lizardite form at temperatures above

315'C at all pressures investigated and per-
sist in runs up to 2500 hours in duration;

(2) euhedral, pseudohexagonal crystals of. liz-
ardite existed at temperatures less than
345"C at all pressures with run durations
greater than 1100 hours, except in the
sodium metasilicate fluid experiments where
euhedral lizardite formed after only 573
hours;

(3) small serpentine laths ((3 pm in wdith)
formed at lower temperatures ((310"C) at
all pressures but did not persist with longer

IABLE 6. flABTT OF LIZARDITE AM CHRYSOTILE FROI.I
TEI AllD oPTICAL SIUDIES

llablt Slze (un)f Reference

llzrrdlte plates'lizardlte 
Dlates

llzardlte heragonal plates
lizardlte snhedral gralns
chrysotlle fibem
chwsotlle flbem
chrysotlle flbers
chrlEotlle flbers
chrysotll€ lrths
rfot chrysotllo flbers, ths outer dluct€r of fiber
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Run ?("c) P(kbar)

run durations (>1660 hours) except at the
lowest pressure of 0.5 kbar;

(4) the alkaline chloride solution promotes
growth of chrysotile rather than lizardite
(Table 7).

TABLE 7. SB.t RESI'LTS OII THE IIABII OF SERPEI{II'{E AS A

R'IICTION OF FLUID @iIPOSITIOI{

R u n J  P  R u n  F l u i d
"C kbar Duration

3-42 305 0.99 573 hE. 0.06lri laslt
3-52 302 1.00 550 hrs. 0.01 t/ilroH
3-64 $2 1.00 524 hrs. 0.33nildcl

0.02 nlliotl

relatlve rrount estlmted vlsually fm SEll sanpl€s

'sodlm 
JDtasll lcat€, [a,Si0,.9H"0- a J a

Thus, temperature may control the formation
of lizardite laths, but not necessarily any of the
other habits within the stability field of ser-
pentine. The properties and composition of the
fluid involved in the alteration of olivine may
also influence the formation and habit of a
given serpentine mineral.

Brucite and mqgnetite

Brucite occurred in all run products in whicb
reaction had proceeded to such an extent that
less than 6OVo of the olivine remained. Brucite
was identifiable optically and by the SEM as
euhedral, hexagonal platelets from 4 to 100

TABLE 8. IROI{ CONTEIIT OF OLIVII{E AND BRI'CITE HITH RESPECT M

!,IACNETITE PRODUCTION

Mole g Ai Amunt of*
Fe(0H)f mgnetlte"
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llasslve Euhed- Fibers
P t a t y L r a l L  c  u r t . r

x x r L - C
x x b c
r x C > L

iole
Far

2-OO

3-76
3-74
3-72
3-84
3-71
3-78

3-97

3-25

J - O  I

3-48
3-l
3-4
3-22
3-105
3-I03
3-104

361
94
34I
332
341
330
321
322
J J O

322
323
121
1n

309
302

2,O'l
?.0'l'1.1t8
'I 

.48
I  .01' t .00
'I 

.0I'I 

.00
0 .54
0.56
I .94
I  .99
l o ?

I .48
l . 0 l
I  . 0 1
0.54
z .0 I
1 . 0 1
I  .01

7 0
l ' t " '  -4

+z

2 $
+Z

7 0

7 - 2

12"" -5
9' .  -2

'16."  -9

317
3qt
355

330

6( l  )
i l ( r )
e (e)

l l ( r )
4(4)
2(2)

r5 (e )
r3(r  )
7 (2\

2 )
7 )
l )
I
2J
2 l
2 )

:i

2

l 8
8

l 0

6
7

6

+2 mjor
-3 nlnor
-l minor
-3 ninor
+4 mjor
+6 major
-7 minor
-5 mjor
+l mjor
{€ mJor

trace
trace
mJor
naJor
mJor
noJor
najor
najor
r6Jor
mJor50r Zussnan et aL.(19571

0,1- I .0  I l sh l  &  Sa i to  (1973)
100-i100 Krstanovlc(1968)
l.0r zussmn ar a7.. (1957)
0.026 uhtttaker (1957)
0.032-0.04 (helker a, aL.l ' l ,967)
0.018-0.2* Yada (1967, l97l)
0.02* Ilshl & Salto (1973)
0.2 mrim.m Zussmn at al.(1957)

estlmted frotr publlshed photographs

statlstlally slgnlflcant, an avemge of 170 Easumnts of
lndividurl flbeE on natural chrJ6otlle fru 5 d{fferent

locallt les and one one synthetlc chrysotl le
length 0.04-0.8 !d
For llzardlto anhodral gralns, read <r.0*.

composltion of ollvine at end of run, mole Z fayalite

?hange in the conposltlon of oliylne frcm the starting
material

*f, it" 
z ru1oH1, detemined t-r 4ot 

(a cell edse) after

Mumpton & Thonpson (1966), errcr dlculated frcm eds ln @
cell-edge reflnmnti Page (1966) has shom good agreenEnt
between lrcn content of bruclte and X-ray cell-edge determi-
natlon and electmn nlcrcpmbe analysls of brucite

tchange in composltlon of bruclte frcn the startlng mterial

t8stJmation frcm optical observatlon of charge
'irace 

munt, of olivlne rualnlng at the end of the run
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F^m (Fig. 3B). The iron content of brucite was
determined from X-ray cell edge data and
varied between 0-18 mole Vo Fe(OH)2. Table I
collates all the data on iron contents of phases
and the production of rnagnetite. These data in:
dicate: (1) at constant pressure, the higher the
temperature the greater the amount of mag-
netite produced; (2) the greater magnetite pro-
duction correlates with lower iron content of
coexisting olivine and brucite; (3) brucite has
the highest iron content in the lowest tempera-
ture runs for the bracketing experimen8 at
each pressure; and (4) in longer-duratipn hydra-
tion experiments small variations in iron con-
tent of brucite (5-10 mole Vo Fe(OH)z) can be
correlated with major amounts of magnetite
formed (Runs 348, 3-'1., 34, and.3-22).

The iron content of brucites from pa,rtly and
completely serpentinized ultramafic rocks are
summarized in Table 9. Wicks (1969) noted

TABLE 9. INON COITTEITT OF 8Rt'CtIE UII}I COEX1STTNG

I'IAGNETITE FROU SERPEIfIII{IZID DUIIIIES

Serpentinlt€ t Semon- Somantlne Areraqe Bruclte
tlntz;d lt lnLralogr mle i Fe(oH)z

L ,  n lnor  C 16  +
( 1 0 . 5 - 1 9 . 0 ) ' ,

L ,  m lnor  C 16 .5
(5.9-24.7)

L + C  1 5
(11.4-17 .7)

L t 4
( l l . 4 n 6 . o )

L 1 3
(10.5- r8 .2 )

18-32
(0-50)

L  6-12
(6-42)

L 60-70

+nunbe6 ln parenthesls lndlcate the range of lalues found for
broclte corpositlons

(l) Hostetler et ax.. (19661' bruciie composltion detemined by
mlcrcprcbe and chenlcal analysls

(2)ilunpton & Thmpson (1966) X-ray detemlnatlon
(3)Page (1967), x-ray and micrcprobe analysls
(a)Ulcks (1969), X-ray analysls

that the absence of magnetite in some serpentin-
ized dunites may be related to the production
of an iron-rich brucite (e.g. Mayaguez Intrusion,
Puerto Rico; Glen Urquhart Intrusion, Scot-
land). However, Wicks (L969), Hostetler e/ a/.
(1966) and Page (1967) have observed iron-
bearing brucite coexisting with magnetite. Wicks
suggested that the iron content of brucite may
be relaied to the original iron content of the
olivine (see Table 8); e.9., in the original dunite
of the Muskox Intrusion, the olivine was iron-
rich and then produced an iron-rich brucite up-
on serpentinization. Because the iron content
of the brucite depends on the original composi-

tion of the olivine, it provides an explination
for the limited range. of iron sontent of the
synthesized brucites: they reflect the limitdd
compositional range of the original olivines,

Magnetite was identified optically in all run
products as either fine micron-size particles
(I-2 W, "dusty') or as larger gpins (4-10
p,m). When the grain size and amount of mag-
netite became large enough it could be identi-
fied in the X-ray pattern. Besides longer run
duratiirn at a given temperature and pressure
@uns 3-32 and 3-48), higher temperatures
promote formation of larger grains of mag-
netite and euhedral crvstal forms. Table 1O

TABL! lO. *nrrrc n*u**!frsi 0F SELECTED
sTARlrxc r'rAlf,RtAls Ar{0 Rur{ PRoDucrs

itaterl e l
,Js Eo. il llet lncrease

eiu/g rt. l l.l, tlt, t t

tt/86:t

equll nix"

2-98

2-t00

3-84

3-76

0.03
0.23
4 .5
0.68
? t

8.85

0,64

0.04
0,25

4 . 8
0 .70

m l e ,
Frr

r courtesy of R.B. tlargraves, Princeton Unlverslty
r. net lncrease ln aromt of mgn€tite: pmduct nagnetite

ninus the mgnetlte ln startlng materlrl
t stu"tlng mterial for Run 2-100
fistarting mterial for Runs 3-71, 3-84, 3-76
o a mgnetlc masurcmnt Has not made of the st$ting mterial i

ho|ever, mgretlte was not obsarved ln starting miterlal
with optlcal rnd l-ray examlnatlon

ooaverage of tro rcasurenents. esd calculated fm erm in
masurmnt

presents several magnetic measurements, which
reflect the amount of magnetite in the sample.
More magnetite was produced in Run 2'98 than
in 2-100. Those runs differ in temperature (2-
98n lower of the two) and starting material but
are otherwise identical. Run 2-98 had a syn-
thetic olivine as starting material, and 2-1O0
had a natural olivine of which approximately
TOVo remained at the end of the run. The in-
completeness of the reaction for Run 2-1O0
accounts for the lower magnetite production in
comparison to Run 2-98. The magnetic meas-
urements of the bracketing experiments give
further evidence for the increased amount of
magnetite with increased temperature (Runs
3-84 and 3-71). Considering the optical ob-
servations in Table 8, Run 3-99 produced more
magnetite than the 0.69 wt. 7o observed for
Run 3-76, following the ihcreased temperature
trend for a given pressure.

Puese REr,erIoNsHrPs

Influence of iron on thermal stability ol olivine

In order to establish criteria of equilibrium,

4.go

0,66

3.25

9.25

0.44

Oun llountaln,!
fler Zea]and

llat Island,r
lash.

l ler ldrla,t,2
C a l l f .

TrJn SlsteB,!
lash.

Bur ro  Mtn . , ! , r
L &  I ]  T .

lbunt Albert,! 8-10
quebec

ttuskox,{ 15-20
J,l.l,l.T. '

8.5

6 . 0

58

98

100

56

5,1

70



SERPENTINIZATION OF IRON.BEARING OLIVINES 469

it was necessary to study the reaction of an iron-
bearing olivine with water in both directions,
i.e., to conduct bracketing experiments. The
criteria developed for determining the mineral
stabilit-y fields from the habit of the phases as
observed by the SEM are illustrated in Figures
2, 3 and 4. Table 11 compares the results from
the microdensitometer intensity measurements
of the Guinier X-ray powder diffraction pat-
terns and SBM results. The intensity measure-
ments give information on the relative amounts
of phases present whereas the SEM observations
illustrate features of growth and dissolution.
The SEM data (for Runs 3-97, 3-98, 3-85, 3-87,
3-86, 3'99, 3-100) were clearly definitive in de-
termination of reaction directiod where the
X-ray intensity nneasurements were not. Con-
flict between the two sets of observations was
observed in Run 3-98 at lowest pressure (0.5
kbar) near the boundary curve, where reaction
rate is the most sluggish. In Run 3-86 the
amount of water was very large compared to
the amount of equilibrium mix; the X-ray data

TABLE I I, I4ICRODENSITOI4FTER II{TENSITY I.IEASURB,IEMS ANO

SBi' RESULTS FOR THE BRACK$II{G EXPER1I4ENTS

0.5 kbar

01 I vlne
L'lzardlte
Chrysotl le
Brucite
?  ( ' c )
duratlon. h6.

3-69 3-68 3-97 3-98
- ( - )  -  - ( - )  * ( + )
. ( r )  *  *  ( - )
- ( . )  *  + ( + )  n ( _ )
* (+)  *  + (+)  + ( - )
31 1 322 336 352
895 863 814 814

3-71 3-84 3-8s 3-8'1 3-86
_(_)  _ (_)  * (+ )  * ( * )  - ( * )
+ ( + )  *  * ( - )  * ( - )  - ( - )
- ( * )  * ( + )  - ( - )  - ( - )  - ( - )
+ ( + )  * ( * )  . ( - )  - ( - )  - ( - )
330 34I 349 36t 371
792 568 567 568 569

3-75 3-76 3-99 3-100 3-l0l
o  _ ( _ )  _ ( _ )  * ( _ )  * ( + )  + ( + )
r -  * ( * )  * ( + )  - ( - )  - ( - )  - ( - )
c  * ( * )  + (+)  + (+)  - (_ )  _ (_)
B ' ( * )  * (+ )  + (+)  " (_ )  - ( - )
? ("c) 335 344 361 376 392
duratlon, hm. 480 4n 739 794 695

1.0  kbar
5 - t u

0  - ( - )
r  i f + l

c .i i jr
B r(+)
? ("c) 322
durat{on, hrc. 837

2.0 kbar

- dlsappearane of a phnse 'SEil results are ln par€nthesls

+ gwth of 8 phase

* no chanle

For chrysotlle 9.69, road *(*).

Frc. 2. Saanniag electron microphotographs: (A) euhedral, stubby lizardite crystals with a coating of
chrysotile fibers (Run 3-76, L+C+BfM stability field); (B) euhedral lizardtte, higher map.ification
of Figure 2.4. @un 3-76); (C) large euhedral lizardite plate, appean to be a substrate for chrysotile
fibers (Run 3-75, L+C+BfM stability field); (D) lizardite laths, length about 60 y.m (Run 3-99,
L+C+B+M stability field).
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Ffc. 3. gssnning electron microphotographs: (A) very short chrysotile fibers at early stages of devel-
opment (Run 3-75); (B) lizardite lath, chrysotile fibers, and brucite platelets. The white area around
the edge of the hexagonal brucite platelets is due to charging (Run 3-71, L+C+B+M stability field);
(C) lengthening of chrysotile fibers as temperature is increased, compare to Figure 3A, conducted at
a lower temperature @un 3-76); (D) maximum development of chrysotile inlo fiber bundles up to
100 p- in lengfi (Run 3-76).

indicate some dissolution of the tqtal sample,
though the SEM observations showed develop-
ment of euhedral olivine crystals which are in-
terpreted as growth features (as illustrated in
Figs. 4C and 4D for Run 101).

Chrysotile replacement of lizardite is sug-
gested by the SEM observations of the experi-
ments of longer duraJion at higher temperatures.
It is only in those runs that chrysotile fiber bun-
dles developed and the amount of chrysotile
was visually estimated to be equal to or greater
than lizardite (Table 11, Runs 3-99, 3-84).
Phase-rule consideratious indicate that only one
serpentine mineral can be stable in the system,
leading to the conclusion that is implied above
by experiment, i.e., lizardite is probably meta-
stable with respect to chrysotile. The system
may be described by these five components:
MgO-FeO-SiOs-HrO-Hz. The phases observed
along the boundary curye are: lizardite, chryso-
tilc, brucite, magnetite, olivine and fluid. The
phase-rule solution then indicates one degree

of freedom. However, oxygen fugacity is an
intensive variable so the boundary curve is in
divariant, not univariant equilibrium. Five
phases can coexist in divariant equilibrium and
one can conclude that chrysotile (not chrysotile
*lizardite) is the stable serpentine phase in the
assemblage.

Figure 5 presents the T,P reaction boundary
defined by the X-ray and SEM work. A mass-
balance equation for the reaction can be written:

l0(Mg1.ssFe0.dsio4+14.2HrO = 5MgaSizOr*
(OH)4+ 3.8(Mgo.srFeo.os)(OH)r * O.4FesOa* 0.4Hr-

The mixed solid solution can also be expressed
ideally in terms of two independent end-mem-
ber reactions:

5MgzSioe*FegSiOa*9HzO = 3Mg'Si,o'(otrI)o
*Mg(OII)r+2Fe(OH)u (5)
3F{OII)" - Fe"On*2HzO*Hz (6)

The reaction boundary as investigated involves:
(1) reversal between major phases in reaction,
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Frc. 4. Scanning electron microphotographs: (A) etch and solution pits in lizardite (Run 3-100, O stabiliW
field; (B) development of euhedral olivine crystals from the former angular grains (Run 3-101, O sta-
bility field); (C) euhedral olivine crystals developing on a pre-existing lizardite (?) substrate (Run 3-101);
(D) small eubedral olivine crystals, similar to Figure 4C (Run 3-101).

i.e., equilibrium 4mong rninerals, (2) chemical
equilibrium in iron distribution defined by the
exchange reactions: Fez+=Mg2+, and (3) oxida-
tion-reduction (Reaction 6) which is a function
of l(Oz). Due to the sluggish nature of the re-
action, true equilibrium was not demonstrated
experimentally, particularly with respect to iron
distribution among the phases, e.g. should
brucite in Reaction 4 be pure Mg(OlDr? The
equilibrium assemblage along the boundary
curye is chrysotile-brucite-magnetite-olivine-
fluid. That equilibrium is suggested brrt tuot
proYen by experiment.

The 15"C shift to lower temperatures at all
pressures when compared to the Johannes
(1968) curve for pure fonterite is consistent
with results obtained in other magnesium-iron
systems (Forbes l97l). The curve is a good
indicator of the minimum temperature of
stability of iron-bearing olivines found in peri-
dotites. The experimental results closely approx-
imate petrologic observations of serpentinized
dunites, suggesting that the formation of liz-
ardite serpentinites may be a metastable pro-
cess.

Stability of Fe(OH)z

The stability of tle brucite sotd solution
compared to its breakdown produets fture
brucite, magnetite, water and hydrogen) is
analogous to the annite-phlogopite stability re-
actions as determined by Eugster & Wones
(1962) and Wones & Eugster (1965). Reaction
(6) defines the breakdown of pure ferrous hy-
droxide and the equilibrium constant for that
reaction is given by:

Ka : lesosot (at o)" at ] l (ara*r)r)"

Because magnetite occurs as a pure phase, the
equilibrium constant becomes:

Ku : l(ftro)' Jnrl I (araotlz)"

The activity of ferrous hydroxide in the solid
solution can be defined as:

o[r'(on)g] : ljrndn frnT'|" llUntr.)' ftl'!'

where l(HrO) and l(Ha) are the fugacities of
hydrogen and water in equilibrium with the
brucite solid solution and l*(IIsO) and l*GIs)
are the fugacities of hydrogen and water in
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t.5-

I iotol

(kbor) lO-

a?n

T rc t
Flc. 5. The reaction curve for 10(Mgr.eoFeorJSiO+

+ l4.2H2O - 5MggSizOs(OH)o * 3.8(Mgo.esFeo.os)
(OB, a 0.4Fe3Oa + 0.4H, determined with IM
buffer. The open triangles indicate that olivine
disappeared and the other phases grew, the open
circles indicate that olivine grew and the other
phases disaplrared. The filled circles and tri-
angles indicate the same dfuection of reaction as
the open triangle or chcles, but the direction of
the reaction was determined from SEM results
rather than X-ray intensity measurements (see
Table 11). The dashed curve was determined by
Johannes (1968) for the reaction: 2MgzSiOe *
3HrO - MgaSirOs(OH)e *. Mg(OH)2. The error
bars estimated by the authors are placed on the
curves.

equilibrium with the pure ferrous hydroxide at
the same temperature and Ptt.r. The difference
between this formulation and that of Page
(1966, 1967) is that the brusite solid solution is
defined here as n singls phase consisting of two
components, or - Mg(OII)s and Fe(OlI)z -,
and only one component need be considered
thermodynamically to define the solid solution.
However, from Page's treatment and considera-
tions given above, the effect of increasing the
Mg(OIO, component of the solid solution is to
decrease the activity of Fe(OI{)' Also, the
thermal stability of end-member component
Mg(OlD" is much greater than Fe(OIDr. There-
fore, for the same values l(IIuO) and l(IIz), the
assemblage Mg-rich bruciteamagnetite is stab-
ilized relative to the iron-rich brucite at higher
temperatures.

The general trend for the iron outent of
brucite in the experimental results may be
explained. A correlation exists between the

amount of magnetite produced and the iron con-
tent of brucite: a smaller amount of maguetite
is associated witl more iron in brucite; further-
more, the amount of maguetite increases with
increasing temperature. These observations fit
the experimental results and thermodynaTic
arguments on the stability of the brucite solid
soiution with respect to brucite+magnetite:
Runs 3-76, 3-72, and 3-78 of the bracketing
experiments had a higher iron content in bru-
cite and less magnetite than Runs 3-99, 3-74'
and 3-84, which were held at higher tempera-
tures for each pressure and had more mag-
netite and less iron in the brucite. The iron con-
tent of the brucite may not only be an indica-
tion of the initial iron content of the olivine,
but also an indication of the temperature at
which serpentinization took place.

Martin & Fyfe (1970) reported that they
did not observe the formation of magnetite in
trnbuffered experiments with a natural olivine
(Fosb) in the temperature range 200-300'C at
1.39 kbar and their X-ray cell-edge data on
brucite suggest that iron entered the brucite
structure. Martin & Fyfe's experiments were
done to determine the temperature of the max-
imum rate of reaction of olivine*water; they
were conducted 50-75'C lower than those dsne
in this study. The lack of production of mag-
netite follows the trend reported here.

The iron content of brucites formed during
experiments with NaOH fluids follows the same
trend as defined in the runs with olivine*water;
the lower the temperature, the more iron-rich
the brucite. No iron was found in the brucites
formed from the reaction of olivine with al-
kaline chloride solutions (Runs 3"95, 3-92),
most probably due to the solubility of ferrous
iron in chloride solutions by the formation of
a ferrous chloride complex.

T,P, and composition elfects on formation of
serpentine

Figure 6 summarizes all known serpentine
synthesis data and equilibrium phase boundaries
determined for the serpentine minerals. The
synthesis temperatures and pressures clearly
bear no relationship to the determined phase
boundaries for the reactions of interest. Iishi &
Saito's (1973) work demonstrates that Al or Fe
are not necessary for the formation of lizardite.
The T,P fields of lizardite, chrysotile and anti-
gorite determined by Iishi & Saito for a fixed
Mg(OI{),:SiOg:H:O reflect disequilibrium rela-
tionships, not surprising for runs lasting only
five days. Also, Chernosky (1975) produced
lizardite and chrysotile from an oxide mix
Q4IW, where r=0 for (Mg'AL)(Si+"AL)Oro
(OtD". The data available on serpentine min-

390174
I

? 6 n3lo
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r-c cA r-c

Alu*) in the range 0 < x<O.25 @age 1966;
Chernosky 1975). Wicks & Whittaker (1975)
argue on structural grounds that the two min-
erals are polymorphs, but the exact nature of
the polymorphic relationship between lizardite
and chrysotile is unknown. Their formation in
nature may be a function of. T,P and nucleation
rate. A close crystallographic relationship exists
between olivine and lizardite (Wicks 1969; Dun-
eal 1976) indicating that replacement of olivine
by lizardite occrus by a heterogenous reaction
mechanism in which the oxygen anion frame-
work of the olivine is preserved and cations
migrate into and out of the strusture @rindley
1963; Wicks 1969). This topotactic relationship
between olivine and lizardite may be the prin-
ciple reason why lizardite forms as the first
alteration mineral, followed by chrysotile. Chry-
sotile's chief occurrence in serpentinites is as a
vein mineral or as a replacement of previously
formed lizardite or antigorite. Rarely has chry-
sotile been observed as a direct alteration prod-
uct of olivine or pyroxene. Kinetically, the
nucleation and grofih of lizardite occurs wilh
relative ease compared to that of chrysotile.
Increased temperature may overcome a nuclea-
tion barrier, allowing chrysotile to nucleate and
grow. The experimental results at higher tem-
peratures indicate grofih of chrysotile (at the
expense of lizardite?) and suggest that chrysotile
is the stable polymorph relative to lizardite.
However. these solid-solid reactions are ex-
tremely sluggish and the above conclusions are
tentative, though petrographic texfural observa-
tions tend to suppod experiment.
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Ftc. 6. Compilation of the synthesis and phase
equilibrium data on the serpentine minerals as a
function of temperature and pressure (L-lizard-
ite, C-chrysotile, A-antigorite). For the com-
position data: x-fishi & Saito (1973) composi-
tion fixed at 5.46Mg(OH)r:4.0SiOr:10.9?)H2O; .
* Cbernosky (1975), no Al, excess water; I -
Chernosky (1975), Al contents vary 0.0 =X
q0.25, where r is defined by (Mge-"Al"XSL"Al")
Oro(OH)r; A - Chernosky (1975), Al contents
vary 0.25 4 X 4 2.0; $ = Page (1965), fixed
composition 5.6MgO:4.0SiO2 with excess water.
Curve 1 determined by Chernosky (1973) for the
phase assemblage chrysotile, talc, forsterite, wa-
ter; curye 2 determined by Johannes (1968) for
the assemblage chrysotile, brucite, forsterite, wa-
ter; curve 3 determined in this study for the
assemblage chrysotile, brucite, magnetite, olivine
(Fos3), water, with oxygen fugacity defined by
IM buffer.

erals from experimental studies and from the
determined compositional variations in the nat-
ural phases (Whittaker & Wicls 1970) suggert
that lizardite and chrysotile form in overlapping
compositional ranges corresponding structurally
to bntlbe" (Wicks & Whittaker 1975).

Either lizardite or chrysotile can form in the
Al- and Fe-free system (Wicls & Whittaker
1975). Both minerals can and do form together,
as observed experimentally (Page 1966; Iishi &
Saito 1973; Chernosky 1975; this study) and in
their occurrence in serpentinized ultramafrc
rocks. Wicks & Whittaker (1975) atso discuss
how the serpentine minerals adjust structurally
to the substitution of other cations for Mg3+
and Sio*.

The two-phase lizardite*chrysotile field was
found for cation substitutions (chiefly Fe8+ and

c)a c>)A
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Appendix I (continued)

J -  |  U O  5 -  I  I
3- l  05 3-77
3 - 1 0 3  3 - 7 7
3 -  t  02  3 -77
3 -  1  04  3 -77

2 . 0 I  I  0 1  4
2 . 0 1  i  0 l  4' I  

. 0 1  1 0 3 5' I  

. 0 1  1 0 5 8
1 . 0 r  1 0 3 5

t r .  0 ,  L ,  C ,  B ,  l , l
t r .  0 ,  L ,  C ,  B ,  M
t r .  0 ,  L ,  C ,  B ,  l . l
t r .  0 ,  L ,  C ,  B ,  M
t r .  0 ,  L ,  C ,  B ,  M

3 7 0
3 5 5

3 3 9
3 3 0

I M
I t'l
I M
I M
I M

wate f
wa te r
wa te r
wa ter
wa te r

t r .  =  t r a c e  a m o u n t  p r e s e n t  < 2 U
n i n .  =  m l n o r  a m o u n t  p r e s e n t  2 - 4 0 %
maj. = maJor arount present >40%

C = chryso t i le  M =  magnet i te
B = brucite Il.1 = iron-maqnetite

u  =  o l  t v l n e
L = l izardi te

Run  du ra t i on  was  measu red  f r om the  t ime  t he  bomb  was  p l aced  i n  f u f nace i  a l l  r uns  t t r e re  b rough t
t o  t e m p e r a t u r e  a n d  q u e n c h e d  i s o b a r i c a l l y .

* i n l t i a l  f ' l u i d  c o m p o s i t l o n
* * %  o l i v i n e  i s  a n  a p p r o x i m a t e  v o l u m e  e s t i m a t e  f r o m  o p t i c a l  a n d  X - r a y  r e s u l t s ,  %  m a g n e t i t e  i s

e s t i m a t e d  f r o m  p o l  i s h e d  s e c t i o n

+ s o d i u m  m e t a s l  l  i c a t e ,  N a 2 s i 0 3 . g H 2 0

+ + a  m i x t u r e  c o m p o s e d  o f  e g u a l  u e i g h t s  o f  p r o d u c t s  o f  R u n  3 - 4 8  +  G S C  o l i v i n e

APPENDIX 2a. X-MY POI,,DER DIFFMCTION DATA FOR LIZARDITE

Hl98o4, lT 3-61 3-4 3-97 3'76

r , r t  a ( * t " ' ,  
{ ou r )  

t '  a ( . u t . )  u (ou . )  t *  d ( "u t " ) - d (ou r )  I *  d ( . u t .F (o r r )  I *  d ( "u t . )  d (ou r )  I *

oot  7.3 '13 7.33? 10 7.291 7.272 10 7.298 7 .302 l0 7.300 7.332 100 7.?92 7.296 100

020 4.61 1 4.614 2 4.598 4.590 3 4.589 4.585 3 4.599 4.595 42 4.598 4.595 46

021 3.900 3.900 2 3.891 3.888 53 3.889 3.886 100

ooz 3.656 3.658 3 3.645 3.646 7 3.649 3.650 8 3.650 3.655 7A 3.646 3.649 52

200 2.659 2.659 2

201 2.501 2.499 6 2.496 ?.493 6 2.491 2.495 4 2.496 ?.514 78 2.495 2.514 27

2A2  2 .  I s l  2 . 149  3

206  1 .797  1 .795  2  1 .795  1 .7s5  6  1 .793  1 .793  6  1 .794  
. l . 793  

42  1 .794  1 .794  25

028  1 .694  1 .700  3  1 .695  
' 1 . 702  

4  1 .692  I . 699  48  1 .694  1 .70 .1  23

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

2M t . 504  1 .504  3  1 .499  1 .500  5  1 .497  1 .497  3  1 .500  
. l . 499  

43  1 .499  1 .500  48

401  1 .308  1 .308  3

4A2 1.293 1.293 2

estirnated visually

mi crodens J toneter measurements

Sarnp'les 3-61 and 3-4 were nasslve, anhedral lizardite; 3-97 and 3-76 were platy and euhedral lizardite.
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hk l  d ( ca l c , )  d (o l s )  I

3-48

d (ca l " )  d f ob " )  I
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APPENDIX 2b. X-MY POI,JDER DIFFMCTION DATA FOR CHRYSOTILE

3-42 3-64

d f " " t " )  d ( o b " )  I  d ( " " 1 " )  d ( o b o )  I

J - I U 9

d { " " 1 " )  d ( o b " )  I

002 7.303 7.302 10

020 4.604 4.585 4

004 3.651 3.652 8

130 2.651 2.655 3

201 2.586 2.W7 2

202 2.543 2.543 3

202 2.451 2.452 8

203 2.227 2.276 r

26 z.zo9 2.209 r

204 2.09't 2.091 6

206 1 .745 1 .763 3

060 I .534 I .535 3

402 1 .293 1 .3r9  Z

7.305 7 .292 10

4.607 4.590 3

2.433 2.457 3

2 .269  2 .271  2

2.657

2.532

2.452

2.091 2.089 2 2.096

1 . 7 5 1  I . 7 5 0  2  1 . 7 3 8

] E ? E ] E 2 I E ] A " C

I  . 3 1 6  I  . 3 I 7  4

7.312 7 .350 l0  7 .301 7 .314

4.606 4 .571 6  4 .600 4 .583

7.320 7.320 l0

4 .606 4 .595 3

2 .446  2 .458  4

2 .270  2 .270  5

r . 7 3 8  1 . 7 5 I  3

' I  .308 I .31 6 5

'10

4

2.657 5

2.529

2.453

2.094 7

1 .74 ' t  5

t a ? q 7

5

6

2 .654  2 .655  2

2.532 2.531 6

2.450 2.452 7

2.094 2.093 4

' t . 737  
1 .746  2

' 1 .533  
1 .534  4

' I  
. 3 1 3  I . 3 I 5  3

est imated v isual ly


