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. ABSTRACT -
The rfeaction that defines the maximum thermal stability of olivine
(F093)+H20 at an oxygen fugacity defined by the iron-magnetite (IM) buffer,

P
10(M81.86Fe0.1by3104 + 14.2H20 = 5Mg331205(0ﬂ)4 + 3.8Mgo‘95Fe0.05(0H)2

olivine lizardite, * _ brucite
' clinochrysot1}e
W
;N,{f,’\ﬁ + 0.4 Fel0, + 0.4,
h¢?§$\ magnetite
{ A
. - has been bracketed with reversed experiments at: 0.5 kbar, 335°¢C (+ 5°C),

1.0 kbar, 348?0, and 2.0 kbar, 366°C. X-ray and SEM data indicate that
li1zardite and chrysotile f;rm a stable assemblage within the duration of

the experiments. Temperature and présaure of formation had no effect oﬁ
unit cell‘dimensions or habit of serpéntine minerals, with the possible
exception that }izardite laths were observed only at temperatures greater
than 315°C. With increased temperatﬁre, the iron content of brucite
decreases and the amount of magﬁeéite ingreases.

The calculétions of foz, fﬂz, and fHZO
awaruite (M-A) assemblages yield extremely high values for fH . The
2

ubiquitous assemblage M-A in natural serpentinites provides a definite

for the IM and magnetite-

indicator of a locally, extremely reducing environment, quite different

from what is considered to be the normal crugtal fo environment.
2
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RESUME

La réaction qui définit la stabilité thermique maximum de 1'clivine
(3093) + HZO pour une fugacité d'oxygeéne determinée par le tampon de fer-
' magnétite (IM), ‘

10(M81.86Fe0.14)8104 + 14.2H20 - 5M3381205(0H)4 + 3.8M80.95Fe0’05(0H)2

. olivine 1izardite, brucite
clinochrysotile

+ 0.4Fe304 + O.AHZ

magnétite -

a été cernée par des expériences inverses a: 0,5 kbar, 335% (t§°C), 1.0 kbar
348°C, et 2.0 kbar, 366°C. ‘
Des mesures aux Rayons-X et au microscope électronique A balayage
indiquent que la lizardite et le chrysotile forment un assemblage stable au
cours des expériences. Ni la température, ni la pression de formation n'a
eu d'effet sur les dimensions de la maille ou la morphologie des serpentines,
sayf peut-8tre pour les plaquettes de lizardite qui n'ont été observées qu'a
des températures supérieures 2 315°C. Lorsque la température augmente, le
contenu en fer de la brucite diminue et la quantité de magnétite augmente.
s Les calculs de fugacité de 0,, de Hy et de Hy0 pour le IM et
1'assemblage magnétite-awaruite (M-A) donnent des valeurs extrémement élevées
pour la& fugacité de Hp. L'assemblage M-A, omniprésent dans les serpentinites,
—_—T
constitue un indicateur certain d'un environment local, extrmement réducteur,

fort différent de ce qui constitue un environnement normal de fugacité de 0,

daqp la croQte,
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‘:zquilibrium constant for equation -12

parameter having dimensions of volume used to measure
departure of a gas mixture from ideality

a parameter defined by Y = K, fg (fo )1/2/f3
2 2

gram-formula weight

standard gram-formula Gibbs free energy, enthalpy,
entropy of formation of a phase from the elements

standard gram-formula Gibhs free energy of reaction at
temperature and pressure

deviation in per mil of the 018/016 ratio or D/H ratio
of the sample from SMOW standard

saturated magnetic moment, emu/g
unit-cell edge lengths, A
unit cell interaxial angles
interplanq,‘r spacing, A
Scanning électron Microscope
micrometer, 10"6 meter
nanome.f;er, 1()'-9 meter
microgram, 10"'6 gram
microliter, 1075 11ter
angstrom, 10710 peter

hours

estimated standard deviation

°
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INTRODUCTION

General Statement

*

Most ultramafic rocks are hydrated to form partially or completely

AN

serpentinized rock. It becomes important to understand serpentinization

in order: (1) to determine the anhydrous equivaient or parent rock com-

position, (2) to specify the temperature, ﬁresaure conditions under which

the hydration takes place to define whether serpentinization occurs in

the crust or mantle or both, (3) to evaluate the possible source and

composition of the fluid phase necessary for hydration, and (4) to obtain

knoﬁiedge of the fluid composition after alteration has taken place. The

phy‘ical properties such as seismic velocity, magnetic susceptibility and

ductility of peridotite differ markedly from those of serpentinjte (Raleigﬁ)
i and Paterson, 19653 Christensen, 1970} Coleman, 1971; Aumento and Loubat,

i971) adding importance to the question of where and how the ultramafic rock

becomes hydrated with respect to emplacement in the crust. This work will

describe an experimental study of the reaction of olivine (Foao-Fogs) wispu

water and other fluids to produce serpentine, brucite, and magnetite,

Serpentine Mineralogy

The term serpentine will be used in this study as the family name

of the three major minerals (lizardite, chrysotile, antigorite) or as a



\
\. general term when the individual mineralogy 18 not known or:specified.
The following classification of the serpentiﬁe minerals has been developed
S
by Whittaker and Zussman (1956, 1971) and Wicks (1969) based on composition
and structure and will be used in this work:
\ - r—orthochrysotile
{ ) chrysotile clinochrysotile
\ serpentine L—parachtysotile
\ lizardite
Mg.S$1,0.(0H)
\\ 3725 4 antigorite
’ ' 6-}ayé¥‘orthoserpentine - MgBSizos(OH)4 '
N ilf;efbentines - substitution of Al for Si and Mg up to the
! ) composition of amesite (Mngl(Sihl)Os(OH)a,
i : intermediate compositions4$htween end member

! amesite and serpentine are called septechlorites

Ni serpentines -~ those with variable magnesium and nickel com-
positions (Mg, Ni)3SiZOS(OH)6 are called

garnierite; the end member Ni,S1i,0,.(OH), is
377275 4 .
pecoraite

«Fe sérpentines - end mémber (ferrous) is greenalite (Fe651205(OH)4)
) and end member (ferrous/ferric) is
cronstedtite - FezFezsiOS(OH)a.

i
Detailed reviews of the chemical composition of lizardite, chryﬁﬁtile

i

and antigorite (Page, 1968; Whittaker and Wicks, 1970) have shown that ﬁhe

minerals are not polymorphs; there are small but distinct compositional

variations am;ng them. ’
Nhitt;g§$ and Wicks (1970) concluded from their comparison of the

A

| serpentine minerals that:

| N ~

.
1 . - -/
r . -
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(1) antigorite has a relatively high wt. % S10, and a relatively

2

low wt. Z MgO and HQO ¥

(2) chrysotile has a relatively low Alzos content

(3) 1izardite has a large ratio of Fezo3 to FeO and ‘is relatively

low in FeO.
Chrysotile and lizardite contain H20+ in excess of the 1deal formula;

;ntigorite has the highest FeO/(FeO + F6203 + A1203) content, and lizardite

L]

. the lowest. The extent of substitution of Fe and Al tends to be in the

érder 6~-layer orthoserpentine > lizargite > chrysotile, though ssbstitutions
in antiéorite extend over the range of all the other minerals.

The serpentine minerals belAQg to the kaolinite—serpentine group
of phyllosilicates. They have a 1:1 lafgr gtructure: one octahedral sheet

(Mg(OH)2 layer) is coupled to one tetrahedral_aheet{é?%? layer). As with

4
5B i
most layered minerals various regular and disordered stackipg arrangements

occur, giving rise to different polytypes, gfpecially with the platy

mineral, lizardité; Detailed descriptions of the structures and polytypism

bve;hibited by these minerals can be found in Wicks (1969) and Whittaker and _

‘Qus;ﬁan (1971).1 The elegant electron microscope work of Yaga (1967, 1971)
has added tremeﬁaously to the detailed understanding of the chrysotile
structure; howevet, lizard}te has not been as well characterized due to the
lack of s?fficientlx large, well %brmed crystals suitable for. single

crystal X-ray work or eléctron microscopy.

b

[ 8
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' Previous Experimental Work

L The experimental work pertaining to serpentinizatidn can be

a placed in four categories: (1) equilibrium determinations of reactions
of interest that define the upper stability limit of serpentine+ water
and the lower stability limit of olivine +water under specified P,T
conditions; (2) synthesis of the serpentine minerals from oxide mixes

and gels + water; (3) reaction of olivine with fluilds of varying composi-
tion; and (4) kinetic studies of the reaction of olivine + water to form
serpentine + brucite. Each type of experiment will be distqued,within
the chemical system défined by the constituents'regui}ed to déE@;;ﬁé“ihe

3

pertinent reactions.

Mg0-510,-H,0

2 2

Table 1 summarizes the experiments in the literature thdt allege
t® be equilibrium determinations of stability fields of the assemblages

; represented by the following reactions:
|

Mg381205(01-l)4 + Mg(OH)2 - 2M825106 + 3H20 1)
serpentine brucite forsterite water -
5M3381205(0H)6 n M33814010(0H)2 + Gugzsio4 + 9H20 (2)
serpentine talc forsterite water

Johannes (1968) demonstrated that all studies previous to his essentially



~. TAB 1 N 5

Previous experimental work on alleged equilibrium determinations !
of reactions (1) and (2) in the MgO- §10,-H,0 sgitem.

Reaction (1): Mg351,05(0H), + Mg(OH), = 2Mg,810, + 3H20

Lo

Investigators 'Apparatus Starting * Pressure Tempgrature Run Duration Results
‘ Materials kbar c Hrs,

Bowen & Tuttle cold-seal oxide mixes, 0.04-2.72 295-460 6-336 min. stability of forsterite
(1949) bombs syn. serpent- at 450°C, 2 kbar

ine + ex. ‘

- water
L]
Pistorius piston- oxide mixes 5-50 415-500 1-3 curve shifted 30°C lower
¢1963) anvil »> + min. water than Bowen & Tuttle
Kitahara piston- oxide mixes, 6-30 © 450-600 2.5-67 curve coincided with Bowen &
et al,(1966) cylinder syn, phases + Tuttle when extrapolated to
¢ i water lower pressures
Scarfe & cold-seal Syn. forster- 0.,5-3.0 300-330 504 curve 100°C lower than Bowen &

Wyllie (1967) bombs ite + ex. Tuttle, studied in one direc-

water tion only
Johannes cold-seal equal weight 0.,5-7.0 330-440 576-3480 curve shifted 60°C from
(1968) bombs mixture of Bowen & Tuttle's synthesis

syn. prods. boundary, reversed, equili-

& react. + ex. brium determination

water
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Table 1 cont'd.

Reaction (2): 5M3381205(OH)4 - Mg3814010(on)2 + 6Mg,5i0, + 9H,0
Investigators Apparatus  Starting Pressure Temperature Run Duration Results
4 Materials kbar o¢ hrs.
Bowen & Tuttle cold-seal oxide mixes, 0.14-2.04 485-535 5-72 max. stability of serpentine
(1949) bombs syn. serpent- 500°C 2 kbar, serpentine
ine + ex. "magma' digcredited
water
Pistorius piston- oxide mixes 5-50 495-625 1-62 curve shifted 309C lower
(1963) anvil + min. water . than Bowen & Tuttle
Kitahara piston- oxide mixes, 6-30 550-620 3-45 curve coincided with Bowen &
et al-(1966) cylinder syn. phases Tuttle when extrapolated to
. + water lower pressures ;
Yoder (1967) cold-seal periclase + 1~10 400-560 * curve not reversed, located
bomb gilica + HZO between curve of Pistorius
and Kitahara et al,
Scarfe & cold-seal mix of syn. 1-3 410-470 200-600 reversed reaction, direction
Wyllie (1967) bomb prods. & of reaction determined by
reacts, + topotactic crystallization
water
Dietxich & cold-seal nat. C, nat, 250-606 600-6480 one direction_determination
bomb C4An, with with C at 480 C, 2 kbar with

‘Peters (1971)

-

H20 & mixturea

of Hy04+CO,y

*run duration was not specified

0-10.8 wt.% H,0, CO, results
similar to Johannes (1969)




~ ~1

o ®

Table 1 cont'd.

-

Investigators Apparatus  Starting Pressure Temperature Run Duration Results
Materials kbar oc hrs.

Cherunosky cold-seal mix of syn. 0.5-7.0 387-598 237-3960 equilibrium determination,

(1973) bomb prods. & - reversed direction of reaction
reacts. + determined by change in X-ray
water intensities, 20°C lower than

Scarfe and Wyllie

syn, = gynthetic ,
hrs. = hours

ex. =  excess

prods. =  products

reacts, = reactants

nin, = minimum

max . = maxioum

_nat, = natural




(a)

represented the determination of synthesis boundaries for reaction (1).
The same criticism holds for the work done on reaction (2) before the
studies of Scarfe and Wyllie (1967) and Chernosky (1973). Approximately
20°¢ separate Scarfe and Wyllie's curve from that of Chernosky, the dis-
crepancy being due to the difficulty in determining the reaction direction
for these very sluggish reactions at low temperatures. The upper limit

of the assemblage chrysotile + talc + forsterite + water has been defined

by Chernosky as 440°C at 2 kbar in a reversed set of experiments. The

lower stability limit of forsterite + water + chrysotile + brucite is taken

t 2 kbar (Johannes, 1968)~

The serpentine minerals have been synthesized by Yang (1960,{1961).
eakman (1970), Jasmund and Sylla (1971, 1972), and Iishi and Saito (1973).
Yang (1960) studied the phases in the system Mgo-s102-nzo between 100 and
300°C, 1 bar to 1.36 kbar. For run durations of 2 hours to 3 weeks and
with excess water in the charge, chrysotile and talc were formed with a
HgO/SiO2 ratio between 0.25-1.33, for MgO/SiO2 = 1.5 only serpentine was

synthesized and for Mg0/S$i0, > 1.50 serpentine +brucite was formed. In

2
the temperature range 100-160°C for HgO/SiOz":l.S, Yang (1960) reported
a "crumpled foil" serpentine phase (lizardite?) from electron micrographs

of the product; however, only chrysotile was demonstrated at temperatures

(2) A "synthesis boundary" indicates conditions for formation of a particu{ar
mineral or mineral paragenesis where those conditions do not coincide
with the equilibrium curve because (1) within the length of the time of
experimental run, nucleation and growth of phases in the neighborhood
of the equilibrium curve was not achieved or (2) within the given amount
of time one or more phases formed metastably (Johannes, 1968).
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. greater than 160°¢C. Yang (1961) stated that the optimum conditions for
chrysotile formation in the T-P range investigated were 300—35000.
0.08-0.12 kbar, 5-10 days, pH = 10.3-10.7 with 1-2 weight % of 0.01M NHQF
added to the oxide mix that had MgO/SiO2 ratio =1.5, and water/solid ratio
of 10. Trace amounts of lizardite were found with the chrysotile. Jasmund
and Sylla (1971, 1972) formed 6~iayer orthoserpentine from MgClz, sodium
silicate and NaOH, at pH =12, 320—350°C, 0.2-0.25 kbar in 170 hours, Well
crystallized hexagonal platelets formed with a small amount of fibrous
chrysotile.

Speakman (1970) studied the compositions 3Mg0:25i0, and 2Mg0:Si0

2 2
with gels as well as forsterite + quartz as starting materials in presence
of excess water between 100-350°C, 10 bars to 2.0 kbar tot;l pressure and
run durations of 6 to 90 days. The gel composition 3M30:28102 produced
serpentine only, but the forsterite + quartz starting material first
produced talc, whicg subsequently reacted slowly with the forsterite to
produce serpentine. The gel composition 2M’gO:SiO2 formed serpentine +
brucite, but forsterite persisted as the major phase in runs up to 90 days
at 180°C, 10 bars. The temperatute and pressure were raised to 300°c,

86 bars, resulting in the complete disappearance of the forsterite within
90 days. The serpentine phase formed in Speakman's experiments was
chrysotile of various states of crystallinity. Sluggishness of reaction

was noted, particularly in the case of well-crystallized starting> materials

(forsterite + quartz). ‘ -

AN

~ \
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Iishi and Saito (1973) synthesized lizardite, chrysotile and anti-
gorite from gels with the molecular ratio of MgO:SiOZ:HZO from 4.99:4.0:2,52
to 6.16:4.0:23.60 between 300-55000, 0.5 to 1.7 kbar pressure; note that
ideally, serpentine contains these constituents in the ratio of 6:4:4.

This atudy was the first reported synthesls of antigorite, and

Iishi and Saito found that the formation of antigorite dépended on the
molecular ratio of MgD to SiO2 and to a certain extent on the amount of
water present during the reaction.

Martin and Fyfe (1970) measured the rate of hydration of synthetic
forsterite as defined by reaction (1). A natural olivine (Foss) and an
olivine basalt were also studied. The rate of reaction was determined
in terms of the weight increase of products compared to the starting
material and was cérroborated by X-ray intensity measurements of the
product phases. The amount of water used was slightly gréater or less than
the amount needed for total conversion of the olivine to thg hydrated
products. At 1.36 kbar and 260°C, more than 607 of the olivine was con-
verted to serpentine + brucite after 6 days. The rate of conversion ¥as
increased with addition of more than the stiochiometric amount of water
defined by reaction (1). Rates of reaction are very fast\in the geologic
time scale for the P,T region of gakimum conversion as determined by

Martin and Fyfe.



Mg0-§ 102-Fe-520-ﬂz “

Bowen and Tuttle (1949) reported some unbuffered experimental
runs with a natural olivine (Foéo) and concluded that the position of the
curve for the assemblage F090 -+lwater + ssrpigtine + brucite 4 'magnetite
was lowered 80°C from the curve defined for reaction (1). Using oxygen
buffer techniques developed by Eugster (1957, 1959) and Eugster and Wones
(1962), Page (1966) synthesizgd an iron—beari;g lizardite from oxide mixes
of 8102, Mg0O, and Fe2C204 plus water in molar proportions of 5.6Mg0:0.01FeO:
48102 to 6HgO:2Fe0:68102 at temperatures. frog 363 to 476°C and pressures
from 1 to 2 kbar. Page also tried to synthesize a serpentine of theoretical
composition MSS.AFeO.GSiAOIO(OH)S with a starting mater#gl of olivine (F°90)
and Sio2 (as quartz or amorphous silica) and obtained as products talc,
olivine and an occaesional iron miperal for the same P,T range stated
above. Page (1966) was not completely successful in these syntheses of
iron-bearing serpentines for the following reasons: (1) the starting
material of olivine 4 quartz had sufficient silica to.form talc rather
than serpentine (talc being the more silica~rich phase.of the two); (2)
Fezczob. a éomponent of the o*ide starting mixture breais down at
elevated T and P to FeO + 002, and Johannes (1969)'L18 shown that ser~_
pentine 15 not stable with respect to talc updér thege conditiouns except

' ] "
in very CO,~poor fluids ( < 0.06 mole fraction £

2
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furthermore, a majority of the runs were actually outside the fleld of

serpentine stability at 427°c for 1 khar and 441°C for 2 kbar according to

;‘thgwresults of Chernosky (1973); and (4) there are additional problems of

Ve

é&uilibration of oxygen buffers especially at temperatures below 500°C

(Huebner, '1971).

Martin and Fyfe (1970) studied the hydration of a natural olivine
(FOBS) with similar results to those for synthetic forsterite except that
reaction times wefe 2-3 times longer. No magnetite could be detected

optically in the hydration product of Fo Martin and Fyfe reported from

85°
X-ray evidence that iron had entered the brucite structure. Experiments
with grain size of the natural olivine as a variable indicated a very
rapid décrease in the rate of reaction with increasing grain size. An
increase in grain size from 50 um to 150 pm produced a drop in percent
conversion of olivine at 250°C, 1.3 kbar, in 3 weeks, from 25% conversion
to barely discernable reaction.

Nazo-HgO-Sio

-~Pe~H,0-HC1-H

2 2

2

Several Russian researchers have investigated the hydration of a
natural olivine (FOBS) with a variety of fluid compositions, chiefly
solutions of HCl, NaOH, and Na metasilicate. The experinanta} apparatus
deacfibed by Korytkova and Fedoseev (1969) is comparable to a Morey bomb.

All reported experiments were unbuffered with respect to oxygen fugacity.

o~

12



Korytkova and Makarova (1971) and Korytkova et al. (1972) produced
antigorite + chrysotile 4+ magnetite by reactMon of 0.1-0.75 M NaOH solution
with olivine (F°85) at 250—300°C, 0.5 to 0.9 kbar with run durations
ranging from 3 to 30 days. Product identification techniques included
optical, X-ray, and transmission electron microscope data. Antigorite
grew in form of hexagonal platelets, and chrysgtile grew in its typical
fibrous habit. Reaction of olivine with silica-bearing alkaline fluids

led to more rapid breakdown of olivine than with the silica-free solutions
at the same temperature and pressure, and run duration. After 30 days,
250°C, 0.5 kbar, in silica~bearing 0.1-0.2 M NaOH solution, a product

of approximately 80 antigorite and 20% chrysotile is formed from the
breakdown of olivin;. The concentration of silica in solution was not
specified. Pure water and acidic solutions (0.001-0.00001 M HCl) were not
as reactive in the same P,T gange and run duration as the alkaline solutions
and formed lizaxdite 4-chrysot£ie with some olivine remaining at the end

of the run. Korytkova and Makarova (1972) extended the work on the altera-~
tion of olivine with alkaline solutions (+ silica) from 100°C, 0.3 kbar

to 600°C and 0.5 kbar. No breakdown of olivine was observed in the interval
100—250°C. 0.3-0.5 kbar in alkaline solutiona + silici) after one week.

At 350°C and 0.3 kbar, the product from a 1.5X NaOH silica solution is 60%
olivine, 30X antigorite, and 10% Mg-arfvedsonite. With an increase in
tamperature the amount of amphibole increased, until at 500°C, 0.7 kbar

in a silica-~bearing 0.8% NaOH fluid, only a trace of olivine remained and

no serpentine formed.
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Observation on Serpentinization

from Natural Occurrences

Serpentinized Ultramafic Rocks

g g,

Serpentinization processes in naturally occurring ultramafic rocks
have been exhaustively discussed in recent literature. The main points
of the recent prolific discussion are: (1) the differences betweenfthe
reaction of dunite and pyroxenite with a fluid phase; (2) the temperature-
pressure of the regime of hydration; (3) the mineral assemblages produced
during serpentinization; (4) the problem of whether serpentinization takes
place at conatant‘zslume or constant composition, or combination of both
coriditions; (5) the influence of fluid composition on hydration and
m;;eralogy of serpentinite; and (6) the origin of the serpentinizing fluids.

Ultramafic complexes are made up of dunite, harzburgite and
lherzolite (Wyllie, 1967; Coleman, 1971; Moores, 1973). The major minerals
are olivine, orthopyroxeme, clinopyroxene, and chromite. 'Wicks' (1969)
detailed t;xtural studies of a variety of serpentinized ultramafic rocks
1llustrated that the rate of alteration 1is: olivine\> o;:hopyroxene >
clinopyroxene. Wicks (1969) and Coleman and‘gfith {1971) have shown tﬂ;t
the common hydrated equivalents of ultramafic rocks produce the assemblage:
lizardite > chrysotile, brucite and magnetite. Small amounts of awaruite,

native metals and low-sulfur sulfides are common. Brucite is often missed

in thin section studies of serpentinized rocks because it is fine-grained

and intimately intergrown with serpentine, but brucite is readily identified
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in a whole-rock X-ray diffraction pattern. Hostetler et al. (1966)
demonstrated the importance of brucite; its presence defines a lower
temperature of serpentinization (reaction (1)) than the presence of ser-
pentine alone (reaction (2)). Thayer (1966) suggested that brucite may be only
a transitory phase, disappearing as serpentinization proceeds. \\k
Iron in olivine (or pyroxene) may re-distribute during serpentini-
zation, entering the structure of the serpentine minerals or brucite, or
forming a separate oxide phase, magnetite. Mumpton and Thompson (1966),
Hostetler ;t al. (1966), Page (1967a) and Wicks (1969) have documented'the‘
iron substitution for magnesium in brucite during aerpentinizati‘z'— from
6 to 72 mole percent Fe(OH)2 has been recorded. Coleman and Keith (1971)
have shown the same amount of magnetite produced from dunite and harzburgite
from magnetic susceptibility measurements, but Page (1966) and Wicks
(1969) stated from petrologic observations that magnetite is produced in
only trace amounts from the serpentinization of pyroxenes.
In comparison to lizardite and chrysotile, antigorite predominates
in alpine-type ultramafic rockg that have undergone regional metamorphism
(Wicks, 1969; Coleman, 1971). \Antigorite does occur with brucite (Jahns,
1967; Trommsdorff and Evans, 1972). Serpentinites consisting predominately
of aytigorite also have higher modal abundances of magnetite on the average
than lizardite-chrysotile serpentinites (Wenner and Taylor, 1971).

The major chemical problem of serpentinization is the necessity

for the existence of an interacting, aqueous fluid phase: where does it
come from, does it leach constituents from the primary rock, and what

are its original and second chemical characteristics (pH, fo , dissolved
2
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constituents)? Therefore, serpentinization requires introduction of water

into an anhydrous rock, whi;h causes a decrease in the density of the rock
and a concomitant increase in volume of the rock mass unless material is
removed’intiolution. The constant volume-constant chemical.composition
evidenc; for serpentinization is presented in Table 2; detailed equations

to demonstrate the two points of view can be found in Hostetler et al. (1966).
and Thayer (1966). The difference in opinign ?etween Thayer (1966, 1967)

and Hostetler et al. (1966) and Page (1967b¥ comes from the difficu161~\////
in obtaining goéd chemical cémposition dat;~on both the ultramafic rock

and its serpentinized equivalent and obtaining unequivocal geological
criteria for volume constancy or caange. Bogolepov é1969) has used

a large number of chemical analyses of these rocks to show.that chemical
composition does remain constant during serpentinization of the Alpine-

type ultramafic rock Qith the volume increase taking place by "“mosaic

type of diapfﬁcement of ?ndiviiyal éectonic blocks in vertical directions".
Wicks (1969) is essentially in agreement with Bogolepov from his

detailed mineralogical data and analysis of the replacement of olivine

by serpentine-brucite. Bogolepov also shows that local serpentinization

(1.e. chrysotile vein formation) occurs with change in chemical composit%on, )

thus making an important distinction in the type of serpentine heing formed
and démonstrating t&at both constant chemical composition and constant
volume serpentinization most probably take place. Good chemical data from
two recent studies provide additional evidence that both .processes occur:
(1) constant chemifal composition at Bdrro Mountain (Coleman and Keith,

1971) and (2) constarit volume and change in chemical com;oait{on at



TABLE 2

Evidence for constant chemical composition
and/constant volume serpentinization.

M i

w

- Constant Chemical Composition(l)’ (2) Constant Volume(3)

1. no indication of Si or Mg metasoma- 1. perfect pseudomorphic replacement

tism in surrounding country rocks of euhedral olivine by serpentine
2, chemical composition of hydrated 2. density decreased and porosity
and anflydrous parent material increased of serpentinite com-
 are same except for addition pared to the parent ultramafic
. of_wagfr \v\/’ » body -
3.~ _ faylted contacts, internal frac- 3. a portion of the Mg, Ca, and Si
tures, slickensided and highly removed during serpentinization
sheared border zones indicate > may be deposited far from the

volume increase . source.*

./

(Dpostetier et al, (1966)
(2) page (1967) ¢

(3)Thayer (1966, 19673 . y : )

~

*Barnes et al. (1972) infer from the precipitation of brucite at the
orifice of Complexion Spring that fluid flow may allow reaction products’
to be depdsited at a distance from point of dissolution;. in the case of

‘ Complexion Spring, magnesium was precipitated within the limits of the
o ultramafic complex ~ X
f ‘ 1
N
LY " l?
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Webster~-Addie ultramafic intrusion with loss in Fe, Mg and addition of Si

and Na (Condie and Madison, 1969).

Fluids Involved in Serpentinization

Barnes and O'Neil (1969) and Barnes et al. (1972) have shown that
serpentinization can occur under conditions existing at the earth's surface.
They have classified the fluids related to serpentinization into three
types on the basis of their chemistry and isotopic¢c compositions. The waters
are characterized by a high pH ( > 10), low Mg concentration and they may
also have a high chloride content. Thermodynamic calculations, from 25°C,

1 atm thermochemical data for relevant phase-gsolution equilibria, indicate

ese waters are undersaturated with respect to olfvine, orthopyroxene,

and supersaturated with respect to chrysotile, diopside, tremolite and

brucite (except for one water that 18 undersaturated with respect to brucite).
Faust et al. (1956) and Varlakov and Zhuzhgova (1964) have shown

that the boron content of continental ultramafic rocks is greater in the

gerpentinite than in the parent rock. Thompson and Melson (1970) demon-

strated boron enrichment in serpentinites collected from the Atlantic Ocean

at 43° and 11°8 (5-10 ppm boron in unserpentinized rocks and 70-100 ppm

B in serpentinized peridotite). The boron enrichment in serpenpinized

portions of ultramafic rocks from oceanic ridge systems was further confirmed

by the results of Seitz and Hart (1973). Barnes et al. (1972) analyzed

gels precipitating from chloride-rich waters (Aqua de Ney, Siskiyou Co.,

Calif. and TC-2, Trinity Co., Calif., Complexion Spring, Lake Co.,

Calif.); the gels contained considerable boron in concentrations of 700
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to 5000 ppm B. The boron concentrations, coupled with B igotopic data,
may be a critical test of a possible sea~water provenance of boron; sea
water is enriched in B11 compared to boron found in terrestrial rocks.
High-temperature reactions (600°C) of basalt and sea water have shown that
boron from sea water is preferentialiy partitioned into the fluid phase,
whereas basaltic rocks exposed on the sea floor undergoing low-temperature
weathering by ocean water become enriched in boron (Thompson and Melson,
1970, Table 2). By analogy with basalts, the boron concentrations of ser-
pentinites may also gi;e a clue to the temperature of serpentinization:

at temperatures less'than 200°C,‘boron in the fluid would partition into

serpentine, possibly in structural sites.

Stable lsotopes -

Stablelisotope gecchemistry has been used to deduce temperatures
of serpentinization and to provide evidence on the origin of serpentinizing
fluids. Barnes et al. (1972) measured the 50! and 61 compositions of
three serpentinizing fluids and compared the spring water composition to their

locally derived meteoric waters (LDMW):

so0!8 8D
Creek at Lazton Mine (LDMW) -6.45 ~40.6 i
Cazadero A -6.45 -40.6
Barrel Spring (LDMW) -8.78 ( -62.3
Complexion Spring +2.22 o+ 6.2
Soda Spring (LDMW) -10.3 -83.2
Aqua de Ney +6.02 -15.6

TC-2 -2.18 -48.6



Cazadero A spring water has the same isotopic cqmpoaition as its locally
derived meteoric water. Complexion Spring, Aqua de Ney, TC~2 watersfhave
very different isotopic compositions from their locally derived meteoric
waters. This difference involves further considerations of the depletion
and enrichment of the stable isotopes in comparison to the source of the
water and its interaction with the ultramdfic rock.

Wenner and Taylor (1971) studied the 018/016

ratio between co-
existing magnetite and serpentine (1izard1Qe, chrysotile serpentinites from
California, Guatemala, Dominican Rnpublic,‘ﬁid-Atlantic Ridge and antigorite
iefpentiniéea from Vermont and Pennsylvania). The normal\&izardite.
chrysotile serpentinites, which had homogeneous magnetite distributione,

had a ‘A value (difference between O 018 of serpentine and magnetite)
between 10.0 and 15.1. The A values for the antigorite serpentinites

were between 4.8 and 8.6. Assuming isotopic equilibrium, the difference
between the A values for lizardite, chrysotile and -antigorite serpentinites
were explained as due to the difference in temper,ature of fomqtion.

Wenner and Taylor then derived an approximate aerpéncine-magnecite geo—~
thermometer by: (1) ;xtrapolation of 8018 fractionations between co-
existing chlorites an;.l Fe~T1i oxides in low grade pelitic schists whose
isotopic equilibration temperatures are known from the quartz-muscovite

18 geothermometer, and (2) estimates of 0:"8 fractionation factor between

0
chlorite and serpentine, assumed to be equal to one. The geothermometer

yields the following temperatures from the measured A values: continental

Coye
Sh’
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lizardite, chrysotile, 85—11500, oceanic lizardite and chrysotile, 130

and 185°C respectively, oceaﬁic antigorite, 235°C, continental antigorites
220-460°C. Wi;h the large number of assumptions that were necessary to
derive the serpentine-magnetite geothermometer, the unusually low tempera-
ture estimates for the formation of the serpentine minerals may be too \
low by as much as 100% (Bottinga and Javoy, 1973), though the isotope data
;trongly indicate that antigorite formsiét higher temperatures than lizardite or
chrysotile. The & 018 and & D measurements together indicate that lizardite,
chrysotile aerpeﬁtinites probably formed at temperatures not greater than
200°¢C (J.R, O'Neil, pers. comm., 1974). Wenner and-Taylor's (1973)
comparisons of & 018 and & D of mid-oceanic ridge serpentinites and con-
tinental serpentinites that have been clasaified as opbiolitic complexes,
show distinctly different & D and § O18 diatgibution;. Wenner and
Taylor conclgde that the difference in isotopic comjpsition indicates that
different waters wete'involved in the aerpénéinizatton of the two types

of ultramafic body, and that if ophiolite complexes truly represent

exposures of the oceanic crust and mantle, they were probably largely

‘unserpentinized prior to their continental emplacement.

Statement of Problem
2 e

In light of the information presented in the previous sections,

several definite statements can be made on the serpentinization process:

i
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(a) the doqinant minerals produced ;re lizardite, chrysotile, b?ucite,
;gumgnetité: such that reaction (1) generally describes the hydration of
most dunites with respect to condensed phases; (b) the presence of brucite
as specified in reaction (1) means that this mineral assemblage represents
a lower P,T 1limit of serpentinization when compared to reaction (2); (c)
the iron component of olivine is partitioned between setpenting or brucite,
or forms a separate phase — magnetite; (d) the fluid involved in hydration
more than likely has a complex origin: it becomes alkaline, is 002 poor,
low in Mg and may have a high chloride content; (e) the presence of silica*
bearing, alkaline fluids changes the serpentine mineralogy ard the ser-
pentinization process as defined by reaction (1), again emphasizing the impor-
tance of fluid-mineral interaction; and (f) serpentinization takes place
over a gidg range of T,P conditions, from earth surface conditions to at
least the T,P régime for reaction (1) as determineq)by Johannes (1968).
Olivipe in dunites typically varies between F°80 to F095 with an
average of F090 (Miyashiro, 1966). With the development of oxygen buffer
techniques (Eugster, 1957, 195;; Eugster and Womes, 1962) it has become
possible to consider the effgct of adding iron to the system MgO-SiOz—HZO.
Such experiments obviously provide a closer #imulation to the natural systems.
The present work was undertaken: (I) to determine the effect of iron on
the equilibrium curve defined by’Johannes (1968) for the lower temperature
reaction involving bruc%}e; (2) to evaluate the chemical parameters that

affect the mobility of iron during the reaction, i.e., its partition among

‘serpentine or brucite or the formation of magnetite; (3) to determine by

™

/ ‘
N
v
A
.
v



careful mineralogical analysis which factors {nfluence the formation of
]

the different serpentine minerals; and (4) to measure the effect of changing

fluid composition o?/the breakdown of olivine.

Contributions of This Study

-

The efficiency of the iron-magnetite bufferrhas been demonstrated
to temperatures as low ;s 300°C at 0.5 kbar total pressure, Thermodynamic
calculations show that the vapor phase defined by this buffer is extremely
hygrogen-fich% Neither the ideal mixing mbdel of Eugster and Wones (1962)
nior mixing model of Shaw (1963, 1967) extrapolated by Zen (1973) adequately
define the vapor phase.

The equilibrium curve for the phase assemblage oliéine (F093) +
water + 1izard1te’+ clinochrysotile + brucite + magnetite has been
determined and was shifted 15°C from the curve defined by Johannes (1968)
for the assemblage forsterite + brucite + clinochrysotile +-water. The
Scanning Electron Microscope was an invaluable tool in defining the dis~
sociation boundary.

Iron-bearing brucite iﬁd magnetite were present as products of
the experimental runs. The iron C?Qtenf of brucite is a function of tem-
perature: as temperature is increased the amount of iron in brucite,

decreases and the amount of magnetite increases. The brucite solid solution

breaks down by the following reiction:

3Fe(08)2 - Feao‘ + 2H20 + BZ

23
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vhere x is the mole fraction of Fe(OH)2 in the solid solution. The

Fe(Oﬂ)2 .

iron content of the brucite is most probably alsc a fun:::fn of iron content
of the primary olivine and oxygen fugacity as well as texperature.

Lizardite plates, laths and euhedral (hexagonal) crystals, as well
as chrysotile fibers, laths, and fiber bundles are clearly observable by
the SEM studies of the run products. All the crystal forms have
been observed in natural specimens of the minerals witﬁrdhe exception of

the well~crystallized hexagonal crystals of lizardite. Temperature and
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pressure of fofmation do not affect habit except in the case of |
lizardite laths, which were observed only at temperatures greater than 315°%.
The wmit cell paésmetera of lizardite show the same variation as has been
ocbserved in natural samples, and could not be related to temperature or
pressure of formation. The variation in the cell dimensions is attributed
to structural effects, but the possible effect of iron fpr magnesium sub-
stitution on the atructure of lizardite must await further detailed work
on synthetic iron-~bearing lizardite. The iron content of the lizardite
produced in the gxéerimental runs is small but was not determined due to
analytical difficulgies. .
The amounts of dissolved Mg and Si averaged 4.8 ppm Mg and 10.4
prm Si in pure water experiments, with Si the same and Mg increased to 11.0
ppm in NaCl, NaOH, and alkaline chloride fluids. The NaCl solutions do not

lead to appreciable formation of serpentine within the duration of experi-

ments; however, with NaOH and alkaline chloride solutions olivine reacts



. efficiently to form the aesemblaéé of serpentine, brucite, dnd magnetite.
Applications of the experimental results to natural assemblages

are discussed.
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EXPERIMENTAL METHODS

Charges were loaded into noble-metal capsules with a fluid phase
as described by Huebner (1971), welded shut, placed in cold-seal pressure
vessels (Tuttle, 1949), and subjected to a temperature-~pressure regin;e
for a given period of time. Then, after the run was quenched, the resulting
80lids and fluid phase were exami‘ned by a varfety of techniqua:s.to establish
the nature of their mineralogical and chemical compositions. 'Fisher ACS
reagent grade chemicals and distilled, deionized water were used in all

experimental and analytical work.

B);drotheml Runs %

Starting Materials B

A variety of synthetic olivines (and some natural olivines) weré
used in this study. Synthetic olivines were prepared hydrothermally from™
a mixt.\lxre of MgO, smz, and native iro;x according to the method of Fisher
and Medaris (1969). The MgO was dried 48 hours at 115°C 10 a drying oven ‘
and stored in a vacuum dessicator. The Si_o2 was obtained as pure silica i
glass tubing (99.9%), crushed to 150 wesh, washed in weak hydrochloric 1

acid and then several times with water. Then, the silica was fired to

26
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600°C and stored at room temperature and pressure. Before using after
storage, the silica.was dried in the same manner as the Mg0 and put in a
vacuum dessicator. Native ir;:n was added in the form of iron fillings
(Johnson, Matthey, & Mallory, Ltd., 99.999% purity) or as sponge
(Johnson, Matthey, & Mallory, Ltd., 99.99% purity). A polished section
of the iron sponge showed aA'small amount of magnetite ( < 57).

Synthetic olivines were obtained from G.W. Fisher (OP 194 and OP 54)

and G. Plant (GSC olivihe). Two natural olivines were supplied by

R.G. Coleman (2-BU-77) and F.J. Wicks (M7863).

In the hydration experiments, the starting material was an olivine
(synthetic or natural) plus a fluid phase (water, NaCl solution, etc.).
The equilibrium runs (i.e. reversed or bracketing experiments) had an
equal weight mixture of reactants and products plus water as the stﬁtting
material. The equilibrium mix was made by reacting a ;ynthetic olivine with
wate;: to give the products and then combining an equal weight of these
products with the same dlivine. This method differs from that used by
Johannes (1968) and Chernosky (1973) who synthesized all phases of the
reaction separately, then put them together in an equal weight mixtute..

A few dehydration experiments were done in which the starting material
consisted of the product phases (serpentine, brucite, magnetite, trace
olivine) plu; water .placed in the pressure-temperature stability field

of olivine 4 wvater.
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Charge Preparation

Figure 1 illustrates the capsule configuration used. The Au and Ag
tubing was unoxidized when used and was pre-treated only by rinsing with
acetone and dried. The Au tubing was 30 mm x 4 mm with a wall thickness of
0.25 mm and the Ag was 20 mm x 2 mm with a wall thickness of 0.13 mm.

The- loadingyprocedure was:
(1) the Ag tubing was cut, washed, dried, and crimped at one end,

the Au was prepared in the same manner except that it was
welded shut at one end

(2) both capsules were weighed
(3) the starting material was loaded into Ag capsule with a small
funnel and weighed; average charges weighed 5-10 mg

(4) the fluid was added to Ag capsule with a microsyringe (5-10 mg),
the capsule crimped shut and weighed (capsule handled with
flisposable gloves and tweezers)

(5Y the buffer charge (approximately 20-30 mg) was loaded with a
6mall funnel into the Au capsule and weighed

(6) the loaded Ag capsule was put into the Au capsule, and water
added with the syringe/(50-100 mg)

(7) the Au capsule wagCcrimped shut t;nd welded, with the capsulae
immersed in an ice bath to minimize fluid loss

(8) after welding and allowing to reach room température, the Au
capsule was wiped with acetone and weighed.

All weighing was done on a Mettler balance, sengitivity to 4 0.05 mg. The
completely loaded and welded capsule was then placed in a drying oven
(115°C) Ifor 20 minutes to an hour to check for gas leakage. If there
vas no weight change, the capsule was considered ready for the hydrothermal

um.
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Pigure 1: Capsule configuration used in this study.

The inner Ag cepsule was crimped closed.
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The capsule was placed in a cold-seal bomb, a steel rod was inserted,
the bomb filled with water, the head-nut assembly was screwed on and the
bomb was attached to the pressure line. A bare chromel-alumel thermocouple

protected by 99.7% A120 was inserted into the thermocouple well and held

3
in place with wire or by ceramic cement. The bomb was brought to the run
pressure and held there for 10-15 minutes to check for leaks in the line.
Then, the bomb was placed in a tubular horizontal furnace and brought to run
temperature, adjusting the pressure continually by bleeding. At the

completion of a run the bomb was quenched in water, again holding pressure

constant during the quench.

Pressure-Temperature Control

Temperatures were maintained constant with McGill-built and
Thermoelectric temperature controllers. Constancy of temperature during
the run was followed by continuous recording on a potentiometric strip
chart recorder. However, temperatures were also measured daily with an
ice bath reference junction and precise éotentiometer with a null indicator
reading to +0.005 mv (+ 0.13°C). The enéire measuring circuit was cali-
brated against\the melting points of Zn (&19.5°C) and Bi (271°C); the
metals were sealed in evacuated silica glass tubes. The quoted run
temperatures (Appendix 2) are an average of 20 to 30 individual measurements,
and in all cases the temperature variation during the run was less than
2°C. The m;almum error in the stated temperaturés is well within + SOC,
conslidering the temgerature calibration (+ 2°C), temperature variatf:s

4
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during the run (+ 2°C) and thermal gradient (+ 1°C) (Huebner, 1971).
.Uater pressures were generated with a hand-driven pistoﬁ Ey14nder
pump. Pressures were monitored with a 6" Bourdon gauge which was
calibrated against 'a 12" Heise gauge. The Qressure was checked every one
to two days, the recorded pressure (Appendix 2) being an average of 15 to
25 readings. The r;;orded pressures varied less than 30 bars and are con-

sidered accurate to % 50 bars.

Analysis of Products

Charge Unloading

After the run was quenched, the Au capsule was removed from the
bomb, and observed for gross morphology,ii.e., degree of "puffiness'.
Only one capsule could be run per bomb because of the large degree of

+

"puffiness" which developed during most of the runs. The capsule was wiped

with acetone and weighed. It was necessary to puncture the capsule carefully

with a syringe tip, allowing the gas to escape, The fluid was removed
with a disposable syringe or a Hamilton 200 g1 syringe and put into a
weighed amount of water. The Au capsule was opened completely and the
buffer charge examined. The Au + Ag capsules were placed in a drying oven
(llSOC) for about 12 hours. After drying, both buffer and silicate charge

were placed in separate vials and stored in a vacuum dessicator.
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X-ray Analysis

A Guinier-Hagg powder pattern was obtained on all starting materials
and products with NaCl as an int?rnal standard. The powder camera (Incentive
Research Developm?nt - AB, X-ray, Diffraction Guinier XDC~-700) was used with
a fine-focus Cu tug;\?ES Kv, 20 mA) yielding Cchzl monochromatic radiation
(1.54051 A). The X-ray patterns were read on a manual film reader to 0.01
mm. A computer program waAs written to correct all lines to the internal
standard (calculated 20 for NaCl used were 27,36, 31.70, 45.44, 56.47, 66.22
and 75,29) and give a listing of the corrected two theta and correspondiﬁg
d-spacings. The average standard error associated with a reading of a given
diffraction line is _-tO.Olo 20, which corresponds to less than 0,002 A for
most of the 4 range of concern. Least squares refinement was done using
both Burnham (1962) (olivine, brucite) and Evans et al. (1963) (serpentine)
programs. ]

Careful X-ray intensity measurements were attempted for determination
of reaction change in the reversed experiments. The films were measured
by means of a double-beam recording microdensitometer (Joyce, Loeble & Co.,
1td., Model MK IIICS). The intensity of the peaks for the products was
then compared to intensity of thf peaks for thg_starting material to
determine whether there was change in the amount of olivine before and

after the run. A 20% increase or decrease in intensity of the peaks was

observed before change (+ or -) was noted.



Petrography

A polished section of the buffer charge was made following the
method of Kullerud (1971) and examined in reflecting lighE using a
Zeiss research photomicroscope. Grain mounts were made of the silicate
products and examined with a combination of transmitted and reflected
light micrography. Phase contrast microscopy was useful in detecting
small amounts of olivine and/or brucite. Optical observation of the charge
was essential in the identification of magnetite. Photography was routinely
used as 4 permanent record and was helpful in comparison of grain mounts

of products, especially between widely spaced runs.

Scanning Electron Microscopy

R
The Scanning Electron Microscdpe (SEM) was found to be very useful

and in some cases essential in the documentation of run products. An
excellent review of the use of the SEM and sample preparation is found in
Hearle et al. (1972) and the following discussion is meant to illustrate
those problems particilar to the study of synthetic assemblages. The
sample preparation for the SEM work consisted of:

(1) a small glass cover slip (8 mm squatre) was glued to the sample
holder

(2) a small amount of the sample was transferred to the cover slip
with a clean microspatula

3) one to two drops of water were added to the powder to act as
a dispersant )



(4) after the water evaporated, samples were stored in a closed,
dust-free container until coating

(a)

(5) two vacuum evaporation coating procedures were used:

(a) 10 cm of AuPd (20ZPd) wire placed approximately
7 cm from sample, evaporated

(b) 5 cm of AuPd wire and an equal amount of Carbon,
the C coating evaporated on first followed by the
AuPd.
Note: the sample was rotated while the metals were being evaporated.
At first a clean mica flake was used as a supporter for the sample rather
than the glass cover slip. Mica proved to be unsatisfactory because:
(1) its platy habit and irregular surface features sometimes made the
mica difficult to distinguish fgom the sample itself; and (2) the mica had
a tendency to exfoliate under vacuum.
The Cambridge Stereoscan 600 SEM was used under the following
operating conditions:
25 Kv beam voltage
10 mm working distance
0.5 sec scanning speed (photograph at 50 sec)
Sth spot size (out of 6 possible)
The sample stage permitted rotation and tilting of. the sample, which proved
to have considerhble advantage in studies of these multi-phase samples. ‘

Charging is defined as 'a reversible effect of the electron beam

on the specimen which causes the image to deteriorate (Hearle et al., 1972).

f

(a)Coating is the application of a conducting layer of C or metal in order

to suppress charging and increase electron emission. The purpose of
coating is to put on a uniform layer of conductive material, so that the
surface coating is, as nearly as possible, an exact positive replica of
the gurface of the underlying material.

*
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The processes that cause the deterioration are not well understood but

charging has been found to be controlled by changlfhg the beam energy (usually
by lowering it) or by making a good conduction‘path to edarth from all parts
of the sample surface. The double-~coating procedure was much more effective
in decreasing the amount of charging of the sample, chiefly because of the
greater penetrative power of carbon compared to AuPd alone. The problem

of sample charging appeared also to be related to the samples themselves

in the sense that the better crystallized samples charged less. Using a
lower beam voltage did not decrease the charging.

Magnetic Measurements l“”W

& -

R.B. Hargra;::w;::;;;ﬂfgxmagnetic measurements on several starting

materials and products to determine the net amount of magnetite produced

”

during the reaction. The mag;etic moment of a weiéhed sample was measured

as a function of field atrengtﬁﬁcn a Frantz translation balance. From
calibration of the instrument and knowledge of the magnitude of the saturated '
magnetic moment of magnetite, the magnetic moment of the sample can be

related to the amount of magnetite present in the sample.
o]

Fluid Analysis

On puncturing the run capsule, a gas phase escaped, and the maximum

amount of recoverable flujd was transferred by syringe to a weighed plastic

e



vial of water (4 ml). The vial was again weighed after addition of fluid,

covered with parafilm, and stored in a closed drawer until analysis. At
the time of analxa}s the vial was re-weighed. The weight loss was attri-
buted to water evaporation and subtracted from the total amount of water
used in the dilution. In a final set of samples, the 4 ml of water was
acidified with a drop of concentrated HCl, ' Before acidification iron was
not detected by AA analysis of the solutions, though it was detecteé in the

diluted acid solutions.

Chemical Analyses -

The solutions were analysed for Mg and Fe Ey atomic absorption and
S1i spectrophotometrically as the molybdate blue complex. Standard solutions
were made from Fisher certified Atomic Absorption Standard Reference
Solutions, which were diluted with water .and, in the appropriate samples;
syfficient concentrated HC1 was added to give the same concentration of RCl
in the standard solutions as in the sample solutions. Fresh standards
were diluted from the reference solutions for each batch of samples.

The Mg and Fe analyges were performed with a Perkin Elmer Model 403
Atomic Absorption unit with a 4" burner, air-acetglene flame, and single-

element hollow cathode lamps. The standard instrument settings and procedures

as outlined in Perkin Elmer Analytical Methods for AA Spectrophotometry (1971)

%

were followed. The AA unit wad calibrated directly in ppm after periodic
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checking of absorbante of standards. Normally three standards were prepared
in the anticipated concentration range. Routinely, 5-10 readings on the
a;andar& were taken, 5 samples read, the standard read again, another'B
samples, etc. Due to the small sample volume, only 3 to 5 (10 average)
individual readings could be taken. Blanf corrections were necessary for
iron. fﬂe standard error in the analyses was calculated from thé readings
ogk(ge standard solutions. The 0.2 ppm Mg standard contained 0,198 ppm
with a computed standard error of 0.009 ppm, based on 83 degrees of freedom(b)
applying the Student's t test for 95% confidence limits. The 1.0 ppm Fe (
standard averaged 0.987 +0.059 at 95X confidence limit with 11 degrees of
freedom; the 10 ppm ;e standard was 9.944 1 0.146 ppm at 95 confidence
limits with 4 degrees of freedom. Kahn (1968) defines the detection limit
as the concentration of the element in a solution which gives a signal twice
the size of the peak-to-peak variability of!;he batkground. By this |
definition the detection limit for Mg was 0.006 ppm and Fe was 0.032 ppm.

The procedure of -Rainwater and Thatcher (1960) was used fol Si

determinations. Standards were diluted with water or acidified as described

.above, The absorbance measurements utilized a Bausch and Lomb Spectronic

&
88 Spectrophotometer at 700 nm vith 10 cm cells. -Use'of the 10 cm cells

combined with the expanded mode on the spectrophotometer allowed detection

$ .
of 0.1 micrograms of Si. A standard curve of abcorbanpe ve ug of Si was

v

(b)The degrees of freedom = N -1, where N = number of individual measurements.
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prepared with 8 standards, a minimum of 2 standards run with each batch of
samples. The standard error in the samples was computed from the regression
line of the standard absorbance curve, The standard error in the regression

line calculated for the Si analysis was Y= 0.015 (+ 0.036) + 6.167 X
»

(+ 0.256) at 952 confidence limits.

pH Measurement

The pH measurement was made immediately after quenching (within

5-10 minutes) by placing 2-3 drops of the fluid on a glass slide and touching
the pH electrode to the fluid making sure that the bulb and glass frit were
covered witp sample solution. Measurement was made with a miniature com-
bination pH electrode (Microelectrode, Inc.) attached to an Orion Research
Specific Ion Meter (Model 407) with an internal temperature compensatér. The
mV exp:nded scale of the meter was used with the electrode calibrated against
pH buffers (Fisher certified buffer solutions of 7.00, 8.00, 9.18 and 10.40).

ES

A standard’ curve was prepared of mV vs pH, i.e., the measurement was made
in mV and converted to pH units. Befcse measurement, the meter was cali-
brated with buffers 9.18 and 10.40, .

Unfortunately, difficulties with the new nodel“rel);actrode did not
permit more than a few measurements. Considering the small ib.nple size and
the difficulty in measurement, the measured values are b?lieved to be

N

accurate to within +0.1 pH units.
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EXPERIMENTAL RESULTS

Iron-Magnetite Buffer

Evatuation of Buffer Effectiveness

.

In the temperature-pressure range of the experimental work (300-
400°C, 0.5-2.0 kbar), the rate af which oxygen buffers equilibrate has
not been systematically evaluated. Eugster and Wones (1962) stated that
in buffered experiments in which hydrogen transfer is not restricted by
diffusion through metal, i.e., where an open inner capsule is used, the buffer
may be effectively reactive at temperatures less than 400°C. Shaw (1967)
reported that the rate of diffusion of hydrogen through platinum and
silver-palladium (Ag70Pd3o) decreases rapidly at temperatures below 700°C.
Huebne¥ (1971) stated that with hydrogen diffusion througﬁygftal, the
hydrogen-rich buffers will equilibrate at temperatures béi;§;%00°0 and
perhaps as low as 400°C. Wise and Eugster (19§4) report usjing the IM
buffer to 350°C, 2 kbar. In view of the uncertainty invoiééd in the
effectiveness of the oxygen buffers at these low temperatures, it was de-
cided:

(1) to use an open inner capsule to insure gas transpqrt from
the buffer charge to inner silicate charge, and

(2) to evaluate the kinetics of the IM buffer reaction in the
.I,P range of interest.

39
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" The buffering action can bé“described by two equivalent reactions:

v - .
3Fe + 202 . Fe304 , (3)

3Fe . + Auzo - re3o,‘ + 4112 .- (4)

Equation (G)‘describesﬂthe reaction. more reéalistically because hydrogen

production can be observed macroscopfcally in the "puffiness" of the capsule
b
and gas escape on opening the charge. Magnetite production can be con-

»

firmed in a polished section of the buffer material.

* ®

The buffer chérge for the rate study was native firon plus water.
Initially, only Fe f;lings were used but the filings proved to be relatively
unreactive, appqrentl& dve to large grain size and therefore small surface
area. The Pluggish reactivity was gauﬁed by the small amount of magnetite
and gas pgoduced at\the géd of the experimsnt‘ Subsequenyly, Fe sponge
(approximately 10-40 pun gize) proved to react far more ;aﬁidly. Figure 2
shows that the iromn sponge,prodpced fffective buffering action within a
few hours of placing the chapgelwithin a particular T,P regime. The
buffer charge for the majority of the runs was a mixture of Fe sponge and
Fe filings. The sponge was used to insurerra?id buffering and the filings
vere added in case the sponge’became exhausted during the longer runs.

The experimental criteria developed for the judgement of effective-

-

neas of the IM buffer at run completion are:

2

@ - } -
(1) "puffiness" of the capsule, indicating hydfisgen production,
and gas escape on puncturing the capsule °

( (2) no weight loss of the capsule (suggested by Huebner (1971)
' to be'less than 1 mg for a 2 g capsule)
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Figure 2:

L}

Plot of percent magnetite in buffer vs time

for the reaction o% 1ro; sponge + watep. The
percent magnetite was estimated from a polished
section of the buffet material (Rums 3-6a,
3-6b, and 3-6c). Note that this experime

vas done to determine the rate of reae@ioztl;;\
the buffer charge f?r the normal experimental
runs was a mixture of iron sponge + filings;
the sponge was used to insure rapid buffering
and the filings were added in case the sponge

became exhausted during the longer rums.




100-
80-

60-
%

MAGNETITE
40-

. h

20-

¥

3

IRON SPONGE

338°C, 1.5 kbor

20 40 60 - 80

TIME (Mft) .




.-" L»;,_«* * .,

42

(3) water still present when the capsule is opened -

(4) detection of co-existing magnetite and native iron in the
residual buffer charge.

Appendix la presents the observations on the buffer effectiveness for each
of the experimental runs. The most difficult experimental problem with
the IM buffer was encountered on the quench. If the pressure was not
maintained in the line during quench, the capsule often leaked because
of the pressure differential. For those capsﬁles which had leaked de-
tectably on removal from the bomb, it was assumed that the leak occurred
on quench 1f there was no oxidation of the buffer charge.
s

Some iron from the buffer charge can dissolve into the fluid phase.- -’
The resulting precipitation on quench was first noticed in examination of ’
the buffer in polished section as an orange aggregate of material around )
some of the magnetite grains. However, when examined under a binocular

4

microscope immediately upon opening the capsule, the buffer did not contain 5":
any orange precipitaté: As ﬁﬁe‘charge is placed in a drying oven, eva- ;
poration of the fluid remaining on the buffer charge caused oxidatién and
precipitation of Fe(éH)3 (mosg‘probably). The process was studied under ‘J
2 binocular microscope with a freshly opened charge placed close to a 150

watt bulb; the precipitation of an orange material was immediately observed
during evaporation of the flﬁid. All subsequent runs were checked before
being placed in the dryiﬂg o;en for any orange precipitate. It can be

concluded that at run T,P the buffer charge was not oxidized, but some

iron did dissolve. Upon quenching to room T,P and oxidation of the fluid,

Y
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-\‘
the iron pfecipitated out of the solution., Chemical analysis of the
acidified diluted fluids collected from some of the experimental runs,

, showed some iron in solution (see Apbendix 5). The acidification of the
diluted fluid was necessary to prevent the adsorption and fine, colloidal
precipitation of the ferric hydroxide.

As the inner capsule was open to the outer capsule, an attempt

‘was made to evaluate possible iron transfer from the outer to the inner

capsule via the fluid phase. Run 2-67 produced a pure brucite (identified

o
by cell edge determination) from a mixture of MgO and H,0 at 300 C and 1.5

bar in the presence of the IM buffer. Optical examination of the buffer
nd silicate charge in experimental runs revealed no evidence suggestive
of iron transport from the outer to inner capsule. Some transfer of iron
probably does occur, but to such a small extent that it does not appear

to affect the reactions studied,

Possible Hydrogen Leakage

The IM buffer is highly reducing as it involves a large production
of hydrogen. Therefore, hydrogen may slowly diffuse through gald bscause
the fugacity of hydrogen is much higher in the charge than in water pressure
medium. Hydroéen diffusion through gold is a function of temperature and
the container thickness. The method of determining hydrogen loss 1is by
weight change of the capsule after the run (Huebner,pl971).

Table 3 presents the results from evaluation of those runs in which

- <

a weight change was observed. Runs 3-102, 3-93, 3-92, 3-50 and 3-23 had




Runs in which weight loss at end of run was greater than 1 mg

TABLE 3

- r

for a 2 g capsule (Huebner, 1971) and in which there was no
- macroscopically observable leak,

Run Gas Escape Wt.Loss,mg Buffsr Hzg Fluid mg Hy *x
On Opening mg mg Remaining
*3-102 no 7.88 18.53  115.99 yes 12.98
*3-93  yes, minor 31.79 19.29 117.92 yes, >50% 13.19
*+3-92 no 48.10 21.85 121.56  yes, 50% 13,60
3-76a yes, major 2.19 22,72 91.66 yes, < 10% 10.25
3-74 yes " 6.06 29.42 107.77 yes, »10% 12.06
3-70 yes, major 2.93 27.47 79.14 yes, >10% 8.85
3-51 yes, major 0.47 27.44 96.45 yes, 25Y% 10.79
+3-50 no 2.88 32.80  71.63  yes, >10 8.02
3-43 yes, major 9.07 26.02  99.96 ‘yes, 337  11.19 R
3-42 yes, ma jor 1.11 38.03 101.56 yes, 107% 11.36 |
3-32 yes, major 0.69 36.32 173.76 ~yes, 33% 19.44 t
+3.23  yes, minor 7.91 32.38 134.19  yes, 50%  15.02
3-8 yes 1.86 43.17 118.26 yes 13.26
*init{al amount present °
**amount of hydrogen produced by complete dissociation of the initial
water in buffer charge
*possible leak on quénch because therﬁiwas no gas escapé¢ upon opening or

only minor gas escape
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no gas or minor gas escape on puncturing the capsule, indicating possible
leakage on quench. For Runs 3-93 and 3-92 the weight loss was too great

to be attributed to loss of hydrogen, there must have been loss of water

as well. The remaining runs perhaps are consistent with a loss of hydrogen

through the gold capsule. The wéight loss ranges from 0.69 to 9.07 mg.
Those runs that did show a weight loss are compared with experiments at
the same T,P and run duration which did not show any weight loss in
Table 4. This comparison does not support the conclusion that the weight
loss was due to hydrogen diffusion through the gold because there was no
consistent explanation why one capsule would diffuse hydrogen and another
held at the same T,P and run duration would not. It is possible that
leakage that occurred on quench was not continued observably when the
capsule was removed ftrom the bomb at room T,P. Also, Runs 3-42, 3-43,
3-50, 3-51, 3-92 and 3-93 involved alkaline fluids, which in some cases
reacted with the Au capsule, perhaps leading to pin-hole size leaks

especially around the welded portion of the capsule.

Calculation of Fugacity of Oxygen, Hydrogen and Water

The oxygen fugacity at temperature and pressure of the experiment

- NV os
can be calgulated from thermochemical data. The method of calculation is

based on the equation:

3/2 Fe + O 1/2 Fe. 0

2 = 3% (equation (3), p. 40 )

where



TABLE 4

Comparison of experiments that showed a weight loss of the Au capsule at end of run
with those in which there was no weight change.

(o]

Run T, C P,  Run Duration  Wt.loss,mg Buffer  Wt. % _ Hy0  Fluid £/6%F oM
kbar hrs. mg* Sponge Fe* mg* Remaining
3-70 322  1.00 837 2.93 27.47 47 79.14  >10% 2.9 20
3-104 -330  1.00 1035 22.92 74 108.75 33% 4.8 25
3-74 341 1.48 481 6.06 29.42 80 107.70 >10% 3.7 10
3-49 342 1.49 596 33.63 34 85.65  >133% 2.5 20
~3-32 307 1.47 911 0.69 36.32 46 173.76 ~ 33% 4.8 20
3-48 \a@ 1.48 862 42.39 34 138.30 < 10% 3.3 10
3-23 323 0.54 1605 7.91 32.38 30 134.19 50% 4.1 20
3-68 322 - 0,56 863 32.81 46 84,28 10% 2.6 10
3-43 331  0.99 573 9.07 26.02 54 99,96 33% 3.8 45
3-63 332 1.00 524 -~ 23.51 43 77.73  >25% 3.3 25
3-42 306  0.99 573 1.11 38.03 53 101.56 33% 2.7 35
3-54 302  1.00 550 — 31.08 57 120.37 < 10% 3.9 15

*{nitial amount

**ratio of weight of fluid to weight of buffer (initial)

***approximate percent of magnetite estimated visually from polished section
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(a ) ’
K P Fe304 e
(5)
3/2
(a_ )
Fe f.)
0y
(o} (o]
Then Ac’r (1) = 1/2Ac;f'l‘1 (T) 6)
and Ac‘; (T) = -2.303 RT log K ¢))
_and log K = -log £, (8)
2

if the activity of the solid phases are unity. Standard states for solids,

liquids and gases are as defined by Robie and Waldbaum (1968). The pressure

to total pressure

correction to the oxygen fugacity required to bring fo
.2

(Eugster and Wones, 1962) is:

AV (P -1 ,
- s (9)
2.303RT

With the data sources listed in Table 5, the oxygen fugacity 1s defined by:

0.0607(P - 1)

+ +
T 8.240 7 (10)

log fo = _ 28880
2

where T (°K) and P (bars) for the temperature range from 298.15 to 1100°K.
Derivation of equation (10) involved obtaining by linear ;egreaslon from
the plot of IIZAG:.’M vs temperature an equation which describes AG:

as a function of temperature, dividing by -2.303 RT and equating to log f02

and, then, calculation of the pressure term which is added to the first term.

If

Piotal = PH2 + Pnzo - fn2/ Yo, + fn o/ %




s TABLE 5

References‘ for data used in calculation of fugacities
of oxypen, hydrogen and water for the IM buffer,

Data Reference
Ac‘f”M (T) Haas and Robie (1973)
VM Robie and Waldbaum (1968)
Vre Robie and Waldbaum (1968)
b4:) Shaw and Wones (1964)
Va0 Burnham et al. (1969)
K, Zen (1973)

48
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and
f
I(.w - HZO
172 (12
fH (fo )
2 2
then
e e @) ®) MY vy (13)
H20 2 2 2
[K,, (£, y1/2 Yy ] + YH,0
2 2
and -
f - P Y, Y
Hz t H2 HZO
1/2 Y, |
{xw )2 ] + 1,0 (14)
2 24
The Ptotal equation (11) of Eugster and Wones (1962) assumes ideal mixing

of two non-ideal gases, which means that the fugacity coefficient of each
gas in the mixture at a given temperature is that of the pure gas at the
same temperature and total pressure (Zen, 1973):1 Appendix 1b lists the
calculated values for fugacity of oxygen, hydrogen and water for the
temperature and pressur; range of interest in this study. Figure 3
11lustrates the variation iﬂ.gas composition as e function of temperature

and total pressure. The gas phase is an aqueous fluid rich in hydrogen

and depleted in oxygen. —~
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Figure 3:

Log fﬂzlfﬂzo vs temperature at Ptotal
equal to 500 and 2000 bars for the IM
buffer. Calculationa are described in

the text.

s
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Hydrdthermal Runs on the Reaction of Synthetic

and Natural Olivines with an Aqueous Fluid

The startiﬁg\?aterials (olivine and brucite) were characterized by
optical and X-ray study. Unit cell parameters are presented in Table 6.
There were small amounts of impurities in some of the synthetic materials.
Magnetite was observed optically in olivine 2-17 ( < 3%) due to partial
oxidation of the charge. Fisher and Medaris (1969) reported trace amounts
( < 1%) of impurities including magnetite in OP 194 and OP 54. Both natural
olivines appear nearly single~phase from X-ray and optical examination.
A trace of periclase was detected optically in brucite 2-67.

Details of the starting material, temperature, pressure, run
duration and product phases for the hydrothermal runs are given in
Appendix 2. In what follows, each type of experiment investigated will
be described together with the results of the optical, X-ray an& SEM
analysis of the products. The term "hydration" run is used to define a
type of reaction tnat chiefly involves the addition of water (Martin and
Fyfe, 1970; Fyfe, 1973) and therefore, a reaction studied in one direction

only.

Experiments Involving Pure Water

L ’
Johannes (1968) has demonstrated in HgOéSiOz-Hzo system that

synthesis boundaries are obtained from reactions that are studied from one



TABLE 6

Cell parameters and calculated compositions of

olivine and brucite starting materigls used in the experimental work.

.
Olivine . a (A) b (A) ¢ (A) v d,.n (A) composition
- 130 *
mole % Fo
2-33 4.758(2) 10.242(5) 5.996(3) 292.22(22) 2.7729 88
2-17 4.757(1) 10.213(1) 5.984(1) 290.73(4) 2.7683 95
2-19 4.754(1) 10.205€§? 5.983(1) 291.82(29) 2.7660 100
*6SC Pog,  4.758(1) 10.214(2) 5.989(1) 291.13(11) 2.7695 93
" Hor194 4.770(1) 10..258(3) 6.009(2) 292.04(8) 2.7781 80
Hopsa 4.813(1) 10.417(2) 6.067(1) 304.18(5) 2.8155 20
M7863 4.764(1) 10.228(1) 5.994(1) 292.04(8) 2.7730 88
©%,-BU-66 4,759(1) 10.215(1) 5.988(1) 291.08(4) 2.7691 94
Brucite mole % Mg (OR),
2-67 3.148(1) 4.775(2) 41.00(3) 100
3519 3.146(1) 4.774(2) 40.93(3) 100°

Parenthesized figures represent the estimated standard deviation (esd) calculated from Burnham's (1962)
program in terms of least units cited for the value to their immediate left, thus 4:758(2) indicates an

esd of 0.002

iatd

(A9



is + 2 mole % Fo
+hynthetic olivine of composition 92.9 mole % Fo reported by Jambor and Smith (1964)

+4iynthetic olivines reported by Fisher and Medaris (1969), OP194 cell refinements yere re-determined in
this study

%natural olivine, Royal Ontario Museum M7863, Arizona, b.S.A.

O%hatural olivine separate, Burro Mt., California, Loney et al. (1971, Table 4)reported 92.5 mole % Fo
from a chemical analysis

>

\
Table 6 cont'd
*composition calculated from d(130) with determinative curve of Fisher aad Medar{s‘(1969), maximum error
|
1
\
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A

direction only. Therefore, the hydration experiments will not be discussed

1
“in terms of definition of a P,T curve, but the mineralogy of the phase

assemblage will be described as a basis for comparison with other experi-
ments and observations on natural serpentinites. The products of the
reactiqn were: lizardite, brucite, magnetite 4 chrysotile.

v

Table 7 shows a comparison of different olivine starting materials

1

at the same T,P with percent olivine remaining at end of run. There i8 a
correlation of the rate of reaction withlinitial composgition: F095 (2-17)
was more resistant to alteration than the other more iron-rich olivines.
These data suggest that grain size and perﬁaps iron “content o% olivine
influence the rate of alterat}on (the synthetic olivines have a smaller
grain size on the average than the natufai olivines). Table 8 gives the

%

unit cell dimensions for some of the olivines and their compositions. Only
Run 3-47 showed appreciablﬁwchange in iron content at the end of th; run.

,Both lizardite and ;hrysotile were éroduced in these experiments.
Detection of the first appearance of lizardite was not difficult optically
nor in the Guinier X-ray powder patterﬁ. Howeyer, detection of chrysotile
in a mixture of olivine + lizardite was difficult due to overlapping of

diffraction lines and lack of positive optical identification due to fine

grain size of serpéntine. The SEM was extremely useful in solving this prob-
X :

lem and allowed easy"detection of;chrysétile due to its distinctive fiber

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 (see™ppéndix 3). ] o
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‘ j; ] “  JABLE 7

~Comparison of different olivines for effect of run duration
and initial composition on the rate of reactionm.

O}M.ng; T(°C) Ptkbar) Run Duration Composition. % Oliving
T . hrs. - mole % Fo Remaining
OP194 . 331 1.47 764 80 70
M7863 331 1.00 1127 88 40
2-17 329 © . 1.00 1637 95 98
2-33 329 1.47 " 529 ¢ * 88 tr.
Le] /
¥

- -
LY 4 N .

L2 4

119

‘:‘Q',;
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, , TABLE 8
’ A Seléctﬁt oli@lne cell parameters and dalculated compositions
i from the hydration experiments with pure water.
’ Run a ' (A) . b (A) . (A) v ad) Composition A, mole % Fo*
mole % Fo -
‘ 3-25 4.756(1) » 10.217(2) 5,988(1)  291.01(9) 93 -2 '
T \ 3-15 4.756(1) 107217(2) 5.986(1)  296.98(6) 94 , -1
- 3-32 4.760(1) 10.218(2) 5.990(1)  29%.32(6) 95" +2
- /3-30 4.764(3) 10.240(9) 6.000(2)  292.72(21) 81 +
) 3447 4.756(1) 10.220(3) 5.988(2)  291.10(11) . 96 +8
3-77  4.758(1) 10.210(2) 5.989(2)  290.94(8) 93 -1

Refinement and compositions are obtained as in Table 6

\

*4ifference between the starting material and product, minus (-) means a decrease in Fo content
and plus (+) indicates an increase in Fo content

£19
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Table 9 presents the X-ray results for selected lizardites and
chrysotiles. Lizardite was refined on the basis of an orthorhombic cell.
Whittaker and Zussman (1956) éstablished that ¢ = 14.6 A for clinochrysotile,
though Yada (1967, 1971) has presented evidence from lattice fringe edge
d}slocations that the repeat unit in the ¢ direction also may be 7.3 A.
Zvyagin (1967) has shown that both onL—layer (7.3 A) and two-layer (14.3 A)
monoclinic structures exist for clinochrysotile, but the distinction between
the one- or two-layer structure can only be maée from single-crystal
photographs of higher-order layer lines or from electron diffraction patterns
(Wicks | 1969). When chrysotile makes up greater than 50X of the serpentine,
the Guinier powder pattern allowed refinement of both the chrysotile and
}ikardite cell diyensibgs. The cell edges and volumes are comparable to
natural lizardites and chrysotiles as shown in Table 9. The variation in
these parameters for lizardite are:

range of values

ninimum maximum difference
a (A) - 5.300 -  5.363 0.063
b (A) - 9.179 - 9.211 0.032
c (&) -r 7.0 - 7322 o032 -
v %) =  355.85 - 361.73 - " 5.88

There does not appear to be any systematic variation in cell edge or wvolume
with temperature and pressure of formation or composition of initial starting

olivine. - \‘ .
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TABLE 9

edge and volumes refined for lizardite and chrysotile
produced from hydrasion reaction with water,

Run a@d) . b ‘e (A)( v (a3) 8 dgog A)*
3-25(L) 5.318(3)*  9.185(4) -7.?90(6})\ 356.11(37) . 3.646
3-26(L) 5.309(13)  9.210(4) 7.295(11% 356.72(68) 3.647
3-26(C) 5.288(8)  9.212(8)  14.650(74) 712.72(31) 930 11'(11")

3-61(L) 5.326(12) . 9.196(5) 7.291(10) 357.14(59) 3.646
3-15(L) 5.316(1)  9.183(1) 7.313(1)  357.05(5)

2-99(L) 5.363(18)  9.211(3) 7.322(8)  361.73(122) 3.661
3-48(L) 5.300(12)  9.208(4) 7.307(11) 356.63(60) 3.655
3-48(C) 5.277(27)  9.214(7)  14.618(75) 703.80(65) 91° 57'(33')

3-32(L) 5.319¢4)  9.204(4) 7.293(9)  357.10(50) 3.649
34 (L) 5.311(9)  9.179(4) 7.298(8)  355.,85(46) 3.650
31 (1) 5.301(21)9.197(6) 7.311(18) 356.48(100) 3.655
3-22(L) 5.323(23)  9.197(7) 7.295(20) 357.20(111) e 3.643
3-22(C) 5.269(16)  9.210(7)  14.650(74) 712.72(31) 93 11'(11")

&

P

8%




Table 9 cont'd

Run a(d) b @ c (A) v (Ad) B 9002 @ay*

3-47(L)  5.317 9,198(6) 7.280(11) 356.11(59)

3-77(L)  5.302(10)  9.199(3) 7.310(3) 356.63(49) 3.656
auimL)  5.312(4) 9.204(17) 7.237(15) 353.81(112) 3.619
amec)  5.306(6) 9.176(12)  14.650(8)  712.13(177) 93° 20" 3.656

°M19804 (L)  5.319(2) 9,223(3) 7.313(6)  358.84(29) : 3.661
%%19142 (L)  -5.317(1) 9.208(2) 7.305(4).  357.69(21) 3.653

00%48507 (C) 5.320(3) 9.208(4) 14.631(17) 715.72(8) 939 18'(3") 3.652

*g (002), observed, basal spacing of serpentine minerals, Chernosky (1973) showed maximum variation
in Al content to be reflected in d (002) of serpentine, Forbes (1969) illustrated change in iron
content of -tale with its basal spacing

*figures in parenthesis represent the estimated standard deviation (esd) calculated from the
Appleman et al. (1963) program, 5.318(3) indicates an esd of 0.003.

**pure ‘synthetic lizardite and chrysotile (Chernosky, 1973)
CRoyal Ontario Museum standard lizardite, Mado , Ontario
~%%Royal Ontario Museum standard lizardite, Dypingdal, Snarum, Norway

°°°‘Royal Ontario Museum standard clinochrysotile, Montreal Chrome Pit, East Broughton, Quebec
v

6S



- @

i.e., chrysotile is not replacing lizardite. . »

60

Table 10 summarizes the results of the SEM work, presented in detail

in Appendix 3. The habit of the phases as distinguished by SEM is:
i

olivine anhedral, massive grains on order of 20-100 pm

in width (Plates 1A, 1B)

lizardite - massive, platy, laths and euhedral crystals which
exhibit hexagonal symmetry (Plates 1C, 1D, 3A, 3B,
3C, 3p)

chrysotile -~ fibers {i.e. tubes), and laths, distinguished from
lizardite laths by width; chrysotile laths are much
narrower, on the order of less than a few um
(Plates 4A, 4B, 4C, 4D)

brucite ~ hexagonal plates, 4-100 um (Plates 2A, 2C, 2D)

magnetite - cubes, 1-2 pum.

Magnetite was rarely observed in SEM studies. The most coﬁmon serpentine
habits are lizardite plates and chrysotile fibers. ‘Liza;diteklaths
appear to form at teﬁpegatures greater\than 315°C, in the pressure range
0 5-1.5 kbar, whereas euhedral, hexagonal forms of lizardite form at low .
tamperatures ( < 305 C) or long run duration at both hiéh and low tempera-‘
tures. Chrysotile laths form at log temperatures ( < 310°C) and relacively
. /
high pressure with shorter'run durations. Lizardite is the first serpentine
mineral to appgan from the ;eaction of olivine with water. Chrysotile R
forms as run duration is increased. [Evidence will be presented in a later
section to show that lizardite and chrysotile appear to co-exist stably,
-?
Brucite occu;s in /all run products~1n whtéy tlteéatiﬁh had proceedeé

to such an extent that leks than 60% of the olivine remained. Run 2-99 i

1 ~

’



TABLE 10

Summary of SEM results on the distribution of serpentine habit for lizardite and chrysotile

produced from hydration of olivine with pure water.

”

. Bun T(%C) P(kbar) Run Duration Massive, Lath Euhedral Fibers Lath

Relative Amount*

- hrs. Platy L L L c c
t.12 3 1.99 1150 L X x . x L>C,
3-77 307 1.93 999 x o X L>C
3-61 302 ° 1.93 T 504 X x x - L>¢
2-94 339 1.47 575 x x : L
_M3-30 331 17 765 x x L>cC
tho102 317 147 504 x x x L>>C
3-48 309 1.48 1773 x ‘ x L&
) 34 317 Lot 1492 T x . x Ly
s 3-1 362_ 1.01 1660 &% x x L>C
*3.23 323 0.54 - 1606 x x x L>c
3-22 304 0.54 1605 x x x x L=EC

X

. *estimated éisually from SEM sgmples and correlated with X-ray results

[

*ho cell refinement possible for lizardite er chrysotile

++1east,squaxe8 cell refinement not attempted

»
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the only one in which brucite was not observed either by X-ray or optical
examination though it may have been present in trace amounts which escaped
optical detection. Table 11 presents the cell edge refinements and the
iron content for ‘those brucites that had sufficient X-ray lines for a
least squares ref‘ir;e’ment. Runs 3-12 and 3-61 at 2.0 kbar and Runs 3-4

and 3-1 at 1.0 kbar show the same trend: more iron enrichment in brucite
formed at lower temperature. The variation in the iron content of brucite
as a function of tempexature will be discussed later. Runs 3-12 and 3-25,
conducted at the same T,P with the same olivine starting material, may
indicate an increase in the iron content of brucite with run duration.

In most cases 'wmdgnetite was identified optically in the rug
products (see Appendix 4). A correfation of grain size with color of the
powder was made: a light tan powder indicated that the magnetite was
finely disseminated g?duat§") throughout the serpentine (grain size,

1-2 pum). In the grey powders, the magnetite was larger in grain size

(4 to 10 um) and in some cases had begun to aggregate. -When the grain

size and the améunt'of the magnetite became large enough it could be
identified in the X-ray pattern (Plate 7D). Runs 3-48 and 3-32 at the

same T and P allow comparison of magnetiteé production with run duration;

the longer the run the greater the anouﬁt of magnétite. The naturgi ”
olivines appear to prdduce approximately Ehe same amount and grain size of
magnetite as the synthetic olivines within the compositions and run durations

investigated.

“\ J




o ‘ TABLE 11

Cell edges refined for selected brucites
produced during reaction of olivine with pure water.

Run a (A) ¢ (A) mole % Mg(OH)z*

3-25 +,.767(23) 98(2)

3-12 *,.759(19) £ 93(7)

3.176(1)  4.734(1) 82(1)

3- 3.159(3)  4.756(3) 92(1)
3 3.156(1)  4.753(3) 90(1)
3 3.152(1)  4.762(3) 95(2)
3- 3.156(1)  4.760(3) 94(2)

Refianent as specified in Table 6

*determined from the d(001) reflection (c cell edge)
after Mumpton and Thompson (1966), error calculated
from esd in ¢ cell edge refinement; Page (1966) has
shown good agreement between iron content of brucite
from X-ray cell edge determination and electron-
microprobe analysis of brucite

+bnly c refined due to small number of brucite reflections

y
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Table 12 presents a few magnetic measurements. More magnetité was
produced in Run 2-98 than in 2-100. Those rung differ in temperature
(2-98, loyer) and starting material, but are otherwise identical. Run 2-98
had a synthetic olivine as starting mqéerial, 2-100 & natural olivine of

%

which approximately 70X remained at the end of the run. The incompleteness
of the reaction for Run 2-100 probably accounts for the lower magnetite

production in comparison to Run 2~98, These measurements illustrate the
difficulty in an optical assessment of the amount of magnetite produced

when it is present in range of 2-10X in the sample.

Experiments Involving Fluids of Variable Composition

The fluids other than water used to study the alteration of olivine
were chosen to conform with the natural serpentinizing fluids a8 studied
by Barnes et al. (1969, 1972): 0.1-0.4 M NaCl, 0.01-0.03 M NaOH, 0.05-0.14 M
sodium metasilicate (Na2§103[9320) and an alkaline chloride solution (a
mixture of NaOH and NaCl). The rate of reaction as i function of fluid
compgsition is: 1\

Na metasilicate > NaQH & alkaline chloride > 1,0 > NaCl.
With sodium metasilicate solutions, the four-ﬁhaae assemblage lizardite,
chrysotile, brucite, and magnetite was formed only at the lowest temperature
(306°C, 0.99 kbar), whereas lizardite, magnetite, minor olivine + chrysotile
were observed up t? 352°C, 1.5 kbar, but without brucite (refer to
Appenddix 2). The assemblage lizardite, chrysotile, brucite and magnetite

4 [}

was observed for the NaOH and alkaline ohioride solutiona, Only traces

t
-



TABLE 12

Magnetic measurements” of starting material and run
products from hydration of a synthetic and natural olivine.

*

Material Js, emu/g Eq. M, wt. % Net Increage
i . M, wt. %
2-98 4.5 4.8 4,8
M7863 0.03 0.04
(starting
material for
Run 2-100)
7 2-100 0.68 0.70 0.66
°
o, “, ; *courtesy of R.B. Hargraves, Princeton University

**net increase in amount of magnetite: product magnetite minus
. . the magnetite in starting material

: +a magnetic measurement was not made of the starting material;

however, magnetite was not observed 1n starting material with
r optical and X-ray examination

&
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of serpentine + brucite were observed in reaction of'olivine with NaCl
solutions,

Table 13 presents the cell edge refinements for some olivines and
brucites with their corresponding iron contents. The olivines show no
change in composition iﬁ three sa;ples and possible iron enrichment in the
other five. The brucites are pure Mg(OH)2 in three samples but contains
13imole 4 Fe(OH)2 in Run 3-46.

| Lizardite is the dominant serpentine mineral in these experiments,
though chrysotile is observed in the lower temperature runs with all
the fluids except those cont%;ning NaCl. However, these runs averaged
about 500»hours'in duration whereas ;ome of the experimenté with pure ;ater
were extended for twice that time. The lizardite show; a larger variation

in unit cell parameters than those formed in the éxperiments with pure

water, though\tﬁelg (002) falls consistently between the values of 3.652

and 3.661 (see Table 14): . I' .
range of values
minimu;Fw maximﬁm difference
a(A) = 5.278 - 5.380 0.102 =
b (@A) = 9.143 - 9,193 0.050
" c () = 7.292 - 7.329 0.037 |
v (A% = 355.08 - 361.43 5.:}5

Run 3-64 allowed refinement of the X-ray pattern for chrysotile but not for

* lizardite; the abundance of chrysotile in the sample is substantiated from

- \
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TABLE 13
Selected refined olivine and brucite cell parameters and compositions
from the hydration experiments with fluids of varying compositions.

Vkun a (A) b (A) c (A) v (ad Composition A, mole % Fo*

. mole % Fo
Oljvine .
3 4,757(1) 10.218(2) 5.987(1) 291.01(9) 95 0
3-49 4.758(1) 10.207¢ 53986(1) 290.70(7) 90 :5
3-46 4.758(‘2‘) 10.213(3) G 5.“’987(2) 250 L44(11) 96 +1
.3-63 4.758(1) 10.214(1) 5,987’(1) 290.97(5) 90 -5
3-96 4,759(1) 10.221(1) 5.990(1) 291.40(4) 91 ) -3
3-95 4,759(1) 10.230(3) 5.986(1) 291.41(11) 95 +1
3-92 4.772(2) 10.223(3) 5.986(1) 292.04(11) 88 -6
3-94 4,.762(1) 10.221(2) 5.993(1) 291.70(8) 90 -4
" Brucite - mole % Mg(OH) 2**
3-49 3.147(4) 4.767(2) 98(2) .
3-46 3.158(3) 4.747(6) 87(3) -
3-54 3.152(7) 4,753(18) ) 90(10)
3-95 *%.771(2) 100
3-92 *4.771(7) 100

o~



w
/
-
'
3
| .

Table 13 cont'd

[ £

Refinement and olivine composition as specified in Table 6.

L

*difference between the starting material and the product

"\

.~ ’ s
* jetermined frot the d(001) reflection after Mumpton and Thompson (1966), error calculated from esd in d(o01)

+¢_:_ refined only .
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TABLE 14

Selected cell parameters for lizardite and chrysotile

produced from the reaciioaf%f“ggivine wigp fluids of varying composition,

4

-

Run a (&) b (A) c i@ v (ad) : d(002) (A)
v 3-51 (L) 65.380’)(100‘) 9.180(44) 7.316(25) 361.43(569) 3.652
3-42 (L) 5.320(5) 9.143(25) 7.320(14) 356.14(13;)“ 3.656 ~
) 3-42 (C) 5.307(11) 9.213(11) - 14.644(100)  715.13(46) 92° 53'(16")
3-49 (L) 5.315(6) 9.173(9) 5‘.506(13) 356.30(74) 3.655
. 3;:?(1,) 5.311(8) - 9.191(8) 7.292(16) 355.97(87) 3.652
3-54 (L) 5.309(11) 9.194(7) 7.317(20) 357.17(125) 3.655
. 3-64 (C) 5.305(6) 9.201(6) 14.622(54) 712.97(24) - 920 541(8") |
‘ 3-96 (i.)“ 5.278(13) 9.179¢6% : 7.329(1f) 355.08(?8) ) 3.661
5 T 3-95 (1) 5.2g8(3b) 9.153(_9) 7.517(35) ,35(_;.42(147) , 3.661
. '3-93 ({,) 5.300(9) 9,188(4) 77307(8) 355.91(48) \rj 3.650
o~y ’ “Refinement as spec-ified in 'l;vable 9 o -
\
. . ) |
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TABLE 15 " -
SEM results for a few serpentine samples formed from the reaction of olivine
. with fluids other than pure water. -
ATy _ -

P(kbar) '

Run T(°C) Run Duration Fluid Massive Euhedral Fibers Laths Relative
) hrs - Platy L - L C Cc amount
- ; + . A - |
3-42 306 0.99 . 573 0.06M NaSi x X x L=C
3-54 302 1.00 550 0.01M NaOH x x Cx L >C
3-64 302 1.00 524 0.33M NaCl x x c>L
0.02M NaOH
¢ {
b ° \_
*estimated visually from SEM samples |
+godium metasilicate, Na28103 . 9H20 1
‘ .— . “ ‘
< - e , . i
. ~ -
|
& N
- — —_ -3
Pt
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In Run 3-28 gold was detected ih the X-ray pattern of the product material.
A$ the solutions were not analyzed for gdld, there may have been some dis-
solution of Au with the ﬁaCl and alkaline chloride fluids as well. There
was, however, no discoloration of the fluid nor.recrystallization of the

Au as reported by Anderson and Burnham (1967). It is not‘iikely that O
at the lower temperatures and pressures of the runs with the less concen-
trated fluids used in this study, the solubility of gold was as great as
shown by Anderson and Burnham (1967). No evidence for dissolution of silver

I
from the inner capsule container was observed in any of the runs.

s
w

Reversed, Experiments on the Reaction Boundary for Olivine (F093)-$ HZO

In order to establish criteria of equilibrium, it was necessary to
study the reaction of an iron-bearing olivine with water in both directions,

i.e., to conduct bracketing experiments. The reversal wagsdone by reacting
5, .~
R 9

GSC olivine (F093) with water to form the products of reactian (Run 3-48).

O

The products of Run 3-48 were then mixed with an equal weight of the GSC
olivine, and the appearance or disappearance of oliwvine determined in the
mixture.

4

The microdensitometer intensity measurements of tH% f-ray films
of the run products and the SEM results are presented in Table 16. The X—r&y
intensity measurements for the reversed experiments were not decisive for

Runs 3-98, 3-85, 3-997and 3-100. These are interpreted to be close to the



The microdensi%
and SEMP results

TABLE 16

eter intensity measurements
or the bracketing experimgﬁts.

These results are also summarized in Figure 4,
i

L iadd

* no change -

0.5 kbar \
’ -
3-69 3-68 3-97 3-98
0 - () - - () * () K
L * (%) * *(4) (-)
c S ()
B * (H) + (D + ()
T (°C) 311 32 336 352
duration (hrs.) 895 86 814 814 )
1.0 kbar
3-70 3-71 3-84 3-85 3-87 3-86
0 - (7 () - (5 * (D + (B - (P
L * (4 + () * * (=) * (-) - (=
c * (417 (%) o+ (B * () * (~) = (=)
B * (4 + (D (N * () * () - ()
T (TC) 322 330 341 349 361 371
duration (hrs.) 837 792 568 ( 567 568 569
1.5 kbar - '
- J A
31%39 3-74
0 - (=) -
L * (4 *
‘C * (%) +
B ° * (%) +
T (€) - 332 341
duration (hrs.) 791 481
‘. 2.0 kbar
3-75 3-76._ 3-99 3-100 3-101 -
0 () s () () R W)+ T
L () ok (B * (1) k() - - ()
c O S ¢ S € B I O R O
B ) x B+ B () - () /
T (C) 335 S 344 361 376 392
duration (hrs.) 480 479 : 793 794 695 y
v ~‘ A
= s - { :
- disappearance of afphaae 9SEM results are in parenthesis
4+ _growth of a phase " .
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equilibrium curve.
> . I

the reaction and Table 17 summarizes the criteria developed to distinguish

the mineral stability fields devéloped from the SEM work. Plates 2-6

The SEM was used to further delineate the direction of

i1llustrate these criterikip Table 18 summarizes the seréentine pabit

for these rups. Figure 4
the X~ray and SEM work for an olivine of composition Fo
is shifted to the left i.e. to lower temperatgresigy 15% compared to .
” Johannes' (1968) curve for pure forsterite + H
Table 19 presents the cell edge and vélume data for the lizardites

in the equilibrium runs within the stability field for serpentine. These
Ti%ardites had a smaliér‘variatiqn in cell edge coﬁpared to those disqussed L

in previous two segtions, consistent with a clpse approach to equilibrium:

e

7/ g (A)
(4)
(a)
v ad

o Im

e

Chfysotile refinements attempted ﬁor;Runs 3-99, 3-84 and 3-97 wer® not

successful.

The cell edge refinements and iron content of the brucites are
presented in Table 20.

compared to the starting material than was observed with the pure water

~%

fa
range of values

minimum maximum
i 5.295 - 5){322
9,174 - 9.201
7.289 - 7.314
255.18 - 356.97

»

/,,\\)

93’

00

. difference

/
0.027

0.027
0.025

1.79

*.

1 [4

resents the T,P reaction boundary deﬁiné

This boundary

¥

These brucites contain more iron at lower temperatures
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TABLE 17

-

Criteria for distinguishing the mineral stability fields_
from habit of the phases as observed by SEM.

Serpentine-Brucite-Magnetite

@ -

1. lengthening of chrysotile fibers (PlatégiAA,'QC)

¥

2. formation of chrysotile>fibér bundles (Plate 4D) ' 1?

3. increase in fveraé%ksize of brucite plages (Plaée 2D)
t&. forma;}on of euhedral lizardite crystals (Plates 3A, 3B, 3C) »
5. absence of olivine

Olivine ) b

1. decrease in size and amount of other phases (serpentine + bruci;e) (} '

with respect to olivine, e.g., shortening of chrysotile fibers (Plates 5C, 5D)
2.  solution and etching of lizardite (Plate 6A)
3. increase in grain size of olivine

4, crystaIlizatian of olivire to form euhedral crystals (Plates 6B, 6C, 6D)

6L



N TABLE 18

Summary: of SEM results on the distribution of serpentine habit
within the serpentine stability field defined- by the bracketing experiments.

i
»

Run T(OC) P(kbar) Run Duration Massive Lath Euhedral Fibers Fiber Relative Amount*\ Y
hrs Platy L L L C Bundles .- _ :

3-99 361 2.01 793 x x x C+ LsC ‘
-3-76 344 1.93 479 S ~ x x x c>L

3-75 335 1.93 480 x

3-72 332 1.48 ¢ 791 - x x

3-84 341 1.01 568

3-71 330 1.00 - 792 x x

3-70 22 1.00 "~ 837 X
3-97 336 0.54 814 +

3-69 311 0.56 895 C .

*estimated visually from SEM samples

“"'present in minor amounts

[




Figyre 4:

/

/

~
N P

b2

— -

‘The reaction curve fd¥ 10(Mgl 86F20 14)810

+ 14.21{)}) = 5:@331205(%)6. +

.

/ i

- “ © N
wt’
g /

4

3.8(Hgo'95FeO.05)(OH)2 + 0.4Fe + 0.4H

304 2.
The open triangles indicate that olivine dis-

/
appeared and the other phases grew,/khe open

w

circles indicate that olivine‘étew/ind the
other pha;Zs disappeared. The fiiled circles
‘and triangles indicate the paqﬁldirection

of reaction as the open triiyé%e or ciicles,

bufﬁ;mply that the directfyﬁ of the reaction

was determined from SﬁM y@sulte rather thanyg
X-ray inteﬂsity measurgﬁents (see Table 16),

’

The dashed curve was Aétermined by Johannes

4
Mg331205(0H)4 -+/Mg(OH)2. The error bars

(1968) for the reaction: mgzsm +3M,0 =

estimated by the authors are placed on the

W
curves. ’
/
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TABLE 19

Cell parameters for lizardite within stability field of serpentine
defined by the bracketing experiment&

.

Run a (A) b (A) c () v @ad) d(002) (A)
3-99 5.295(1) 9.174(2) 7.310(1) 355.18(10) 3.655
3-76  5.322(1) 9.196(2) 7.292(3) = 356.89(19) 3.649
ff§-7; 5.306(7) 9.201(3) 7.301(6) 356.59(36) 3.652
25 3-74  5.315(9) 9.190(9) 7.290(19)  356.17(98) 3.656
3-72  5.299(2) 9.187(2) 7.301(2) 355.47(14) 3.650
: 3-84  5.318(6) 9.194(6) 7.289(12)  356.43(64) 3.646
* . 371 5.302(18)  9.199(5) 7.300(15)  356.09(89) 3.649
\\‘\\\~\\§_‘3;78 5.317(7) 9.187(8) 7.290(15)  356.12(82) 3.651
3-70 - 5.318(3) 9.190(5) 7.300(7) 356.78(41) 3.653
3-97  5.315(5) 9.199(5) 7.300(11)  356.96(59) 3.655
3-68  5.301(3) 9.176(1) 7.314(3) 355.80(17) 3.656
3-69  5.3¥7(8) 9.195(8) 7.300(16)  356.97(89) 3.656

Refinement as specified in Table 9

.
Y 44

8L
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L TABLE 20

Cell edge refinements and compositions of brucite ™
in reversed runs in stability field..
of serpentine-brucite-magnetite,

Runn a (A) “c (A) mole % Mg(OH), A*
A - :
3-99 4.760(1) 94(1) +2
3-76 3.158(1) 4.751(1) 89(1) -3
3-74 3.149(4)  4.754(16) 91(9) -1
- 3.72 3.152(1) 4.752(1) 89(1) . -3
3-84 3.150(5) 4.763(21) 96(4) +
3-71 *4.766(19) 98(2) +6
-3-78 3.158(4) 4.744(17) 85(9) Y §
370 3.160(1) 4.748(2) 87(1) -5
3-97 *4.758(3) 93(2) +1
3-68 +'4.772(i9) 100 +8

Refinement and composition as specified in Table 11

*changelérom starting composition of 92 mole % Mg(OH),

+9_ refined only )

W T3



experiments (Table 11), except for the 0.5 kbar runs which are extremely

sluggish. Runs 3-99 and 3-97 show no chhnge; but they are very close to
the equilibrium curve. ’
Table 21 presents the cell edge and volume data for the olivines.

Most olivines did not change in composition fromr before to after the run.

A} o o

The definite exceptions are Runs 3-76,.3-85 "and 3-84; the 2 kbar runs
showing a gain in iron content and the one kbar- experiments showing a

loss. These runs exhibiting definite change fall into the narrow tempera-

ture range of 340—35000; - . v

Magnetite occurs in the bracketing experiments as very small grains
disseminated in the:serpeﬂtine aégfégates as has been deécribe& dn petro-
graphic investigations of serpentinites as 'dusty" magnetite (Thayer, 1966).
The dusty magnetite appears EQ oﬁtline grains of brucite (Plafe 7A)'and
forms irregular patches in the serpentine (Plate 7C). Table 22 summarize;
the amount of magnetite obse;ved; as”obtained from optical examination of
the chdrge and from the magnetic measurements. At 0.5 kbar, all runs
lasted 800-900 hours so that the only variable was temperature. Run 3-97
was directly on the equilibrium curve, which may be ;he explanation for the
decrease in the amount ofﬁmagnetite as compared to 3-68. At 1.0 kbar,
Run 3-84, whichahad the largést amount of magnetite, had also a shq;ter
run duration than the other two runs within its stability field, but was
at a higher temperature. Run 3-72 at 1.5 kbar had twice the run time of

Run 3-74, but approximately the same amount of magnetite as 3-74, inaicating

[



TABLE 21

Refined cell parameters and compositions of olivines present

at completion of the bracketing' experimerrts,

v (ad)

Run a (A)' b (A) e © o(A) Composition o A, mole % Fo*

: o . ) mole 7 Fo

23-101  4.759(1) 10.222(1) 5.988(1) 291.27(8) 9% +

" 3-100 4.}58(1) 10.218(2) 5.987(1) 291.12(6) 94 +1
3-99  4.762(1) 10.221(2) 5.988(1) 291.44(7) 93 0
3-76.  4.760(1) 10.210(3) 5.987(3) 291.,04(11), 89 -4
3-74  4.760(L) 10.217(2) 5.985(1) ° 291.07(9) 95 42
3-72  4.761(1) 10.218(2) 5.981(1) 296?37(7) 5; . 0
3-86  4.761(1) 10.218(2) 5.990(1)= 291.40(6) 93 : 0
3-87  4.75%(1) }02214(;) 5.989(1)  * 291,12(6) 93 0
3-85  4.759(1) 10.216(1) 5.987(1) 1291.31(5) 97 +4
3-84  4.759(1) 10.215(2) 5.990¢1) ' 291.16(7) ~—— 98 +5
3-71  4.759(1) 10.216(2) 5.987(1) 291.06(8) 95 +2
3-70  4.760(1) 10.215(3) 5.985(2) 291,04(10) 95 42 c
3-98  4,759(1) 10.219(1) 5.987(i) 291.18(6) 95 +2
3-97  4.760¢1) 10.212(1) 5.989(1) 291.15(5) 93 0

%]

18
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TABLE 22 ',
Amounts of magnetite observed in bracketing experiments

o as estimated opticglly and detennined ditex;tly
from ma&netic measurements, Cd

1

>
-

4

Y ’ . - A N
» * ’
Material Js, emu[gi, eq. M, wt. % Net increase Relative
A I : < M, wt. % Amount M
3 —y
R . g / .‘
¥ > L BN
equil mix fi 23 0.25 ¢
a ‘ﬁ & ¢
R 3-71 . 3.3 3.5 O : 3.25 3-71 > 3-76
i“i(‘ ; &y & . )
3-84 . -+ Tg.85 9.5(5) 9.25
3-76 Y064 '0.69(1) 0.44 t
o 3-71 :3-70
h ’ , ' 3-72=3-74
.. - ¢
3-75> 3-76
3-99> 3-76
- es>3~97
, Tt 3.68>3-69
/“ - ‘;:. 3 ,", O

J .
P

e

*courtesy of R.B. Hargraves, Princeton University

(see Appendix &)

+

**amount of magnetite estimated from optical examination of run products

averaée of two’'measurements, esd calculated from error in measurement |

.

A

5. . .&n



that the rate of magnetitg production in 3-74 was greater than in 3-72.
Both Run 3-75 and 3-76 at‘2.0 kbar were'relatively short runs compared to
Run 3~99; it 1is difficult to separate time and temperature effects. From
the data in Table 22, the maximum relative amount of magnetite at each

pressure and temperature 1is:

Run T(°C) " p(kbar) ‘Ln Duration
hrs ’

3-68 322 0.56 86

3-84 . 361 1.01 568

3-99 361 2.01 - 793 }

b

This evaluation suggests that within the serpentine-brucdite-magnetite

stability field, more magnetite was produced at the highest temperature for a

given pressure.

Dehydratioﬂjieactions . - ™

>

The dehydration experiments were conducted with a naturalwglivine

»

(Foga) to demonstrate the similarity in products between the synthetic and

natural olivines and to try to nucleate olivine in its stability field from

a mix which was predominate1§ serpentiné, brucite and magnetite with
traces of olivine. Runs 3-106 and 3-10§“were run in the stability field
of olivine + water, the other experiments were in the stability field of
the breakdown products (see Figure 4 énd Appendix 2).

Table 23 presents the X-ray data for olivine, serp;ntine and

brucite. Within their stability field the olivines did not show any

»

3
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TABLE 23 -~

Refined cell, parameters.and coufpositions

for olivine, brucite and serpentine formed in dehydration reactions.

3-105 i}b 5.311(8)
\) -

/ .

Run a (A) b () c (A) v (ad) Composition dl‘!?ole % Fo*
mole 7 Fo
Olivine
13-106 4.757(3) 10.233(6) 5.993(6) 291.71(18) 93 0
3-105 4,763(1) 10.221(2) 5.988(1) 291.60(7) 88 -5
3-103 4.757(2) 10.225(2) 5.988(1) 291.21(10) 91 . -2
3-104 4,760(3) 10.223(4) 5.991(2) 291.54(19) 84 -9
Bmci-te\ ' mole 7 Mg(OH)2
3-105 t4.759(4) 93(2)
3-103 *u.762(11) 95(5)
3-104 ) *4.760(4) . 942
e / ' M ~
Serpentine . B d(oog) (A)
3-106 (L) 5.320(#§ 9.196(5) 7.301(7) 357.24(40) 3.653
d 9.197(3) 7.306(7) 356.91(42) 3.653

S8
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Table 23 cont'd - ' , . Y g

* Run - a (A) b @ c (A) v % B ~ d(002) (A)

A

3-105 (C) 5.377(14) 9.213(7) 14.677(65) 719.97(363) 94° 5'(20")

3-103 (L) 5.322(5) 9.205(5) 7.288(13) 357.09(65) *3.649
3-102 (L) 5.309(12) 9.209(3) 7.301(10) 357.05(58) . 3.649
~ 3-104 (L) 5.316(3) 9.187(4) 7.300(6) 356.56(35) ”’:3.655 3 \J”h:;?
. ey ' i rl?“;7"”:,
: - ? —
[ - s
Refinement, and composition 'as:specified in Tables 6, 9 and 11 >
*difference between starting‘material and product %
! ,
, ) . &
B +on1y c refined é
3 \ ’ § /
, | J
[ > {

/J)

98
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change in iron content, yhereas the olivines 3-105 and 3-104 outside ;heir
stability field (i.e., a{ lower temperatures) increased in iron content
compared to the starting o ine. 0Olivine in Run 3-104 yas considerably en-
richedéin iron (from F093 to F°84)' Brucite had approximately the same
amount of iron fer ali runs. Unfortunately, it was not possible to de-
terminewfhe iron content of brucite in Run 3-77, therefore a comparison of
the brucite before and after the experiment could not he made.

Table 24 summarizes the SEM results for the serpentine minerals in
these experlme:ts. Run 3-105 showed significant developmgnt of chrysotile
that allowed refinement of X-ray pattern for both lizardite and chrysotile,
though chrysotile was also strongly developed in Run 3-103. Lizardite
occurred as both massive plates and as laths in the 2 kbar runs. The X-ray
results for lizardite show even less variation in cell edge and volume

than the bracketing experiments (see Table 23):

range of values

ninimum maximum difference
a(A) =  5.309 - 5.322 0.013 -
b (@A) =  9.187 - 9.209 0.022
c (A =  7.288 - 7.306 0.018
iy (A3) =

356.56 -357.24 -~ 0.68
The samples contained a large amount offmagnetite produced as finely(
disseminated grains to very large aggregates greater than 50 um in size

(Run 3-105, Plates BA, 8B, 8C). The relative amounts of magnetite observed

-
v
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SEM results on serpentine habit

S

TABLE-24

for the dehydratipn

experiments,

L3 ' ° o
: . Rum T(C) P(kbar) Run Duration- Massive Lath Fibers Fiber Bundles Relative Amount
hrs Platy L L C
v ‘9‘#-?
e
~E 3-106 370 2.01 1014 ° x x x C=l
-7 3-105 355 2.01 1014 x x x + C=Ll
. 3-103 355 1.01 1035 x x x c= 1L
o
0; Q
e )

P+
. present in minor amounts
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from optical examination of the products were Run 3-105 > 3-102 > 3-104.
The results for dehydratio; experiments are similar to magnetite productions
in the equilibrium runs, i.e., greater magnetite production at higher
temperatures.

Runs 3-106 and 3-103 were conducted in the stability field of
ol&vine + water. The SEM results for Runm 3-106 did not show nucleation
of olivine, but the run products did exhibit some of the features that sh%wed
a decrease in the serpentine-brucite phases discussed earlier for the
bracketing experiments: (1) shortening of chrysotile fibers; (2) rounding
of the hexagonal brucite platelets; and (3) solution of lizardite grains.
These features wer§ not as well developed in Run 3-103, though some etching
of brucite’ and lizardite platelets was observed. An SEM study of Run 3-105,
conducted in the stability field of serpentine~brucite-magnetite, showed
well crystallized lizardite, chrysotiie and brucite.

-

Reactions Involving Brucite

.
R

t
A

Attempts to synthesjize an iron-bearing brucite with and without the
IM buffer from starting materials Mg0, native iron and water were unsuccesal
ful. Both 1iron filings and iron sponge were used. This failure can be
attributed to the ease of nucleation of magnetite under the conditions of

the experiment. A gel technique would probably be successful in overcoming

nucleation barriers and would also insure homogeneity in the product.

\v

-
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Hostetler (1263) and Wicks (1969) have ﬁostulated the formation of
serpentine from brucite, which could be expressed by the following reaction:
BMg(OH), + 2H,810, = Mg,Si, 0, 5(OH), + 5H,0 (15)
Reaction (15) was investigated in Runs 3-16, 3~17 and 3-28 with excess
dissolved silica. The reaction yilelded lizardite, chrysotile, + brucite
&+ quartz. Table 25 presents the X-ray and SEM results for the serpentine
minerals produced. X-~ray least squares refinement attempted for Run 3-17
did not give a solution for either lizardite or chrysotile. The habits
determined from the SEM were typical: lizardite plates and a mat of

chrysotile fibers.

Fluid Analysis

¢

pH Measurements

e

Table 26 presents the quench pH(a)

measurements of fluld remaining
at the end of the experiment with the data relevant to each of the runs.
The measured fluids were very alkaline and the pH was relatively constant
with a total variation of only 0.6 pH units regardless of temperature,

(s

pressure, product phases or run duration,”

)
The quench pH is the pH of the fluid st room temperature and pressure
measured as fast ad possible after the run was quenched from the
temperature and pressure of. the experiment.

(a)

&



formed from reaction of brucite with sodium metasilicate solutioms,

TABLE 25

X-ray and SEM results for serpentine

. L N %
Run_ a (A) c (@A) v ) B - 4(002) (&)
3-16 (€) 5.351(20) 9.197(11)  14.172(454) 696.583(2012) 93° 8'(17")
3-28 (L). 5.303(80) 9.206(16) 7.348(32) . 358.77(548) 3,670
i
o Run T(°C)  P(kbar) Run Duration Massive Fiber Relative Amount '
- hrs Platy L c T
3-17 351 1.94 889 x x L*>C @
3-16 304 1.94 893 x x C=1L

‘f,‘

y.
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TABLE 26

Quench pH measurements of flgids after reaction of olivine with water,

%

-

Run  Starting  T(°C) P(kbar) Run Duration  Fluid OProducts* pH**

’ Material hrs

3-30  OP194 331 1.47 764 Hy0 0 (L,C,B,M)  11.55
‘ 3-32 PSC 307 li.47 911 Hy0 L,B,M (0 10.93

3-23 * 2-17 323 0.54 - 1606 Hy0 o (L,C,M) 10.95

3-22 '—2-17 304 0.54 1606 Hp0 L,C,B,M 11.10

* : X -
.phases in parenthesis are present in minor amounts

** peasurement ‘of’ undiluted fluid at room temperature and pressure 1medi‘a1:e1y after quench,
measurement 40.1 pH units

¥

e~

~-

26

P
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Chemical Analyses

Appendix 5 lists the Mg, Si and Fe concentrations of the fluids
<ollected from the hydrothermal runs. Iron was, probably present in most
of the fluids, but was only detected by atomic absorption analysis 1n/§he
dcidified samples. The majority (792)“of the Mg analyses fell in the‘fsnge
of 0.5-7.0'ppm. However, in several runs Mg values up to 20 ppm were found,
with'one sample as high as 76 ppm. Si was on the average higher than Mg
with the majority (73%) of the samples between 2 and 16 ppm, with one sample
as high as 82 ppm. Iron w;s also high in the fluid, ranging from 8% to
458 ppm, but these &E::E9£§ations of iron were probably caused by the dis-
solution of the IM buffer and not of the silicate charge.

Figure 5 shows the variation of fluid composition for the different —

; r
experiments expressed as a function of molality vs tegﬁerature. There is a
change in the amount of dissolved constituents with temperature and fluid -
composition. The NaCl fluid had greater concentrations of Mg when compared
éo the pure-water experiments, whereas Si was approximately the same in
both fluids.

Figure 6 demonstrates that the dissolution of olivine may not be
congruent. The mole ratio of Mg/Si in solution (0.03 to 0.77) doeﬁ/yﬂt
reflect the mole ratio in the solid (1.6 to 1.9 in olivines studied). §i
1s enriched in the fluid in comparison to Mg for most (90%) of the experiments.
Table 27 sths the effect of fluild composition and solid phases on the molar

ratio of Mg/Si in the solution for the hydration experiments. At constant
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= Figure 5:A. Mg ‘and Si molalities (X 105) vs temperature

at 1.0 kbar P

total for the hydratéfn experi-

ments with a synthetic olivine (2-17) and

NaCl im the fluid phase (Runs 3-62, 3-56,

°

3-=57 and 3-55).

o

B. Mg molality (X 105) vs temperature at 1.0

kbar P for the hydration experiments with

total
a synthetic olivine (2-17) and the bracketing .
experiments with pure water (Runs 3-1 through
3-5, and 3-87, 3-86, 3-85, 3-84, and 3-70).

I

The triangles indicate the Mg concentrations and

S1 is noted by filled circles,
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Figure 6:

q)

2 ¢

The molar ratio (Mg/Si in solution vs
t:e;hpgrature for the f}uid cqmposicions
from some of the experimental: runs.
The x's indicaté those runs done with
pure water,), the 'filled circlea NaOH

fluid, squdres NaCl, and the triangles

the alkaline chloride £f1luid.
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TABLE 27

Effect of fluid composition and solid product assemblages present on the molar ratio of Mg/si
- in solution’during the hydration expeériments with a synthetic olivine Fogs. ’

N
L -

Run Prot%ucﬂts T, °c P, kbar Run Duration Fluid Molar Ratio
' hrs . Mg/S?. ‘ L
3-3 0} 349 1.0 1559 HyO 0.03 ()*
3-45 o 355 0.99 524 0.01 M NaOH  0.35 (9)
3-56 0 351 1.0 481 0.14 M NaCl  0.59 (&)
3-22  L,C,B,M' 304 0.54 1605 B0, 030 (M
. 3-54  L,C,B,M \3 302 1.0 550 0.01 M NaOH  0.77 (20)

<

*numbers in parenthesis are esd for the molar ratio as calculated from the error

in the Mg and Si determination A .

b -
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T,P for the same starting material and proddct assemblage, there 1s an

increase in the molar ratio Mg?Si for NaOH and NaCl fluids compare? to the

\

pure water experiments, even though the run duration in the water experiments

\

\
was three times longer than the experiments with the other fluids. \

D;ta in Table 28 demonstrate the effect of different starting
materials on the measured amounts of Mg and S1i in fluid and presents two
sets of runs (Run 3-70, 3-78 and 3-47, 2-107) which most closely represent
duplicate fluid samples, i.e., fluids collected from two experiments

e .

conducted at the same temperature, pressure, starting matérial and run
du;ation. The variability in the measured fluid composition may be due

to: (1) starting material, (2) pressure, (3) run duration, or (4) product
phases. Runs 3-70 and 3-78 have time as the only variable in the experiment,
¢and the difference between the saﬁples could be explained by the longer run
duration for 3-70. Runs 3-47 and 2-107 have starting material and tempera-
ture constant, but product phases and time vary. Trends observed in other
data would indicate that the difference between Runs 3-47 and 2-107 is

most probably due to the longer run duration and product phases in Run 3-47

that gave a slightly greater amount of Mg in the flufd.

a
L
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TABLE 28

Possible variation in measured amounts of Mg and Si in final fluid

as a function of solid assemblage, temperature, pressure and run duration,

Run Sta;ting Products* T(OC) P(kbar) Run Duration  Molality Molality
Material hrs Mg X 105 si X107
3-1 2-17(Fog,)  L,C,B,M 302 1.01 1660 7.4 n.d.
3-32  GSC (Fog,)  L,B,M(0) 307 1.47 911 1.6 21.7
3-77 2-BU-66(F094) L,C,B,M 307 " 1.93 . 999 9.9 37.4
3-30  O0P194(Fog,)  O(E,G,B,M) 331 1.47 764 n.d. 17.8
3-47  M7863(Fogg)  L,B,M(0) 331 1.00 1127 9.9 «  292.0
2-107 M7863(Fogg) ~ O(L,C,B,M) 328 1.47 \ 819 6.3 +
3-70  equil mix L,C,B,M 322 1.00 2.7 n.d.
3-78 equil mix L,C,B,M 3&1 1.01 1.9 n.d.

n.d. = not detected

phases present in parenthesis are present in minor amounts

+hot determined
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Plate 1:

B.

D.

. Euhedral lizardite plate with a few very short chrysotile needles

»

Scanning Electron Microphotographs

Anhedral olivine grains (GSC olivine, F093). Note angulatity and
lack of crystal outlines in grains; starting material for bracketing
experiments with an equal weight of run products 3-48.

GSC olivine, Fo higher magnification of plate 1A.

93°

on the plate (Run 3-1, hydration experiment).

Lizardite, higher magnification of BRlate 1C (Run 3-1).







Plate: 2:

Scanning Electron Microphotographs

Thick brucite platelet surrounded by chrysotile fibers (Run 3-76,
bracketing experiment in L+ C+ B+ M stability field).
Chrysotile and lizardite. Note the chrysotile fiber on the right
shows 'tube-in-tube" structure, which may indicate development of

N
paraclirysotile, only observed in this sample (Run 3-12, hydration

Y

experiment).
C. Thin brucite platelef completely surrounded by well-developéﬁ
\ chrysotile fibers (Run 3—7§): _
D. Large aggregate of brucite plates, maximum width observed in the
sample was 80 um (Run 3-76). . i
'A\é; \

001
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ay,

101

.
45

. . Figure 23: . Scanning Electron Microphotographs

t ‘ A, Euhedral, stubby lizardite crystals with a coating of chrysotile /

'A""u(.-

fibers (Run 3-76). -

- -

B. Euhedral lizardite, hf‘g:i&r magnification of Plate 3A (Run 3-76).
- A
C. Large euhedral lizardite plate, appears also to be a substrate for

chrysotile fibers (Run 3-75, “Whwracketing experiment in L +C+ B +M .

stability field).
D. Lizardite laths, length about 60 um (Run 3-99, bracketing experiment )

inL + C + B + M stability field).
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- [ )
i Plate §: Scanning Electron Miérophotographs
A. Very short Ehryaotile fibers at early stages of development
(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, bracketing experiment

in L + C + B + M stability field).

c. Lenéthening of chrysotile fibers as temperature is increased,
dompare to plate 4A, cén@ucted at a lower tg??gfatute (Run 3-76).

o ’

D. \Maximum development of chrysotile into fiber bundles up to 100 um

N 1
¥ in length (Run 3-76). ~
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LAt ol

A.

'1;- ;

B.

° substrate (Run 3-99).

€0t

t
\

Scanning Electron Hicrophotograpﬁs

.

Mat of interwoven chrysotile fibers, probably forthg on an olivine

Aggregation of chrysotile fibers to form bundles, not as well-developed
L

as in Plate 4D (Bun 3-99).

© k-l e

Shortened chrysotile fibers on an olivine substrate (Run 3-100, bracketing i
A

-

experiment in 0 stability field)

Shortened chrysptile .fibers, cdﬂbare to Plate 5B to note decrease in

>

dgvelopment (ﬁin 3-100). -
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> “ =
L Plate 6: ° Scanning Electron Microphhtographs
° ;3 F gf“ A. . Etch and solution pits in Aizardfte (Run 3-100).
‘ T B. Development of euhedral oliwine cfystals from the foymer angular i
grains, compare to Plates 1A and 1B (Run 3-101, ;;acket;ng
i B experiment in 0 stability field). ‘ |
- c. Euhedral olivine crystals developing on a pre-existiné lizardite (7) |

substrate (Run 3-101).

Dy " Small euhedral olivine crystals, similar to Plate 6C (Run 3-101).
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Plate 7:

C.

D.

Fine "dusty" magnetite outiining brucite platelets in a serpentine-
brucite-magnetite aggregate. Transmitted light, in oil (Run 3-85, )
bracketing experiment, in 0 stabillty field, suggestion J} solution H
etching of the larger brucite plate).

A magnetite + brucite + serpentine aggregate. Transmitted light,

in 01l (Run 3—64{ hydratioﬁ experiment with a synthetic olivine and
alkaline chloride fluid).

"Dusty" magnetite in irrzegular patches in serpentine. Transmitted
light, in oil (Run 3-84§‘bracketing experiment in L +C + B + M_

stability field). {
|4

1

A magnetite + brucite + serpentine aggregate. Transmitted light, in

0il (Run 3-61, hydration experiment with synthetic olivine and pure water).

coT






A,

Large magnetite aggregate in serpentine, enlargement of Plate 8B,
Tyransmitted light, in oil (Run 3-105, dehydration experiment in
;erpentine-bruciteemagnetite stability field, natural olivine starting
material). ’

Magnetite-serpentine aggregate. Transmitted light in bil (Run 3-105).
Magnetite, same area and maghification as Plate 8A. Reflected light,
in oil (Run 3-105). -
Chrysotile growing on a larger mass of lizardite. Note fine, long

hairs of chrysotile.' Transmitted light, in oil (Run 3-69, bracketing

experiment in the stability field of L+ C+ B+ M). -

P
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DISCUSSION OF RESULTS

kS

/ Oxygen Fugacity

Two lines of evidé@ce suggest a reducing environment during ser-
pentinization: (1) presence of native metals (native Fe, native Cu, and
most commonly awaruite, Ni3Fe) in serpentinized ultramafic rocks (Nickel,
1959; Chamberlain et al., 1965; Ramdohr, 1967; Eckstrand, 1972) and
(2) hydrogen gasyreleased by serpentinites (Hahn-Weinheimer and Rost, 1961} ;
Thayer, 1966; Coveney, 1972). A question 8j;ses as to the difference
between the oxygen fugacity defined by the IM buffer in the experimental
work and the oxygen fugacity existing at the time of serpentinization oﬁ
ultramafic rocks. The oxygen fugacity in the natural environment can be\
inferred from the metallic phases observed. The assemblage iron-magnetite
reported by Chamberlain et al. (1965) in the Muskox Intrusion is identical
to the synthetic IM buffer. Thé common assemblage magnetite-awaruite
- (M~A) represents a slightly higher oxyéén fugacity than native iron-magnetite
because the activity of iron is decreased in the solid solution. There is

4

some compositional variation in natural awaruites co-existing with magnetite;

they may contain between 65 and 78 wt. % Ni, i.e., Ni Fe to Ni_Fe (Hultin,

2 3
1968)., Misra and Fleet (1973) have shown in the low-temperature phase

relations in the system Fe-Ni-S that the composition of awaruite co-existing

107
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with sulfides in gerpentinites have slightly different extreme compositions:

awaruite co-existing with hazelwoodite has a composition 81 wt. % Ni:'
whereas with troilite and pentandlite it contains 63 wt. X Ni.

The value of the/gxygen fugacity defined by the assemblage Fe30h—N13Fe
and Fe304-N12Fe can be calculated in the manner described previously for

the IM buffer. The reactions are:

+ - '
1.5N13Fe 0, O.SFe3O4 + 4.5N1 (16)
or 1.5N12Fe + 02 = O.SFe304 + 3.0N1 (17)
] _ o _ o
and AGr (T) = o.sAcf’M (T) 1.5 Acf’A('r) (18)

TheAG? A(T) was obtained from Kubaschewski and Goldbeck (1949) and the
’ U
volume data from Robie and Waldbaum (1968) assuming ideal -solid solution

for Fe and Ni to obtain the molar volume for N13Fe and NiZFe. Figure 7

presents the calculated values fH and fH 0 for the-assemblages IM,
2 2

Fe 0,~-Ni_Fe and Fe,0,-Ni_Fe for the P,T range of interest for the experi-

374 73 3746 72

mental work done in this study (see Appendix lc for actual values). The
change in oxygen fugacity from IM to the assémblage M-A is not large.
However, the amount of water in the gas phasd is greater for M-A than

for IM, although in both cases the vapor phase 1s definitely hydrogen-rich.

Hahn-Weinheimer and Rost (1961) stated that Ni_Fe represents a more re-

2

~ducing environment than Ni_Fe, as suggested by these calculations. The’

3
vapor becomes more hydrogen-rich with decreasing temperature at constant
pressure. With decreasing pressure at constant temperature the amount

of hydrogen increases in proportion to the total pressure.
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i

Log £ /f vs temperature for the agsemblages
82 320
iron-magnetite (IM), magnetite-awaruite

) ~

(NizFe-Fe304 and Ni Fe-Fe306) ‘for P 500

3 total —
and 2000 ‘bars. Calculations are described in
text. At 500 bars, the difference between the
3Fe is too

small to be meaningful within the error of the

log fuz/fnzo for M—NizFe and M-Ni

thermodynamic data and assumptions necessary

for the calculations (see Appendix 1c).




-

LY -
1.6~
1M
e-1 -
‘ 2000 bars IM
T,
log f
H20 g K
. 500 bars
\\ } 2000 bars
04~ ‘\\
~ o \
' ' ' ' .
260 300 340 380 420 -
- T (°c)



/ .
The above talculations indicate that the difference in fo between

- ‘ 2 ~
IM and M-A is not geologltally significant in the P,T range in which ~

serpentinization occurs. The dffference 18 not significant because with

3

an oxygen fugacity less than 10—2 bars (Ehgster, 1972), oxygen does not

exist in the gas phase but participates in the formation of magnetite.

The two assemblages do differ significantly in the amounts of hydrogen

and water 1n’the gas phase, and hydrogen makes up a 1arge£ proportion of the
gas phase fo; IM than M-A at a given T and P.

It should be re-emphasized that IM and:M-A assemblages define an
extremely féducing and hydrogen-rich vapor phase. These conditions are
unusual in the normal crustal environment, commonly thought to have an
oxygen fugacity défined by QFM or HM buffers. The gas phase buffered by
QFM at 300°C consists essentially of water plus a small amount of hydrogen

= 1000 bars (Eugster, 1972) versus
with log £, /£, o (Eug )

2 2

1.391 for IM and 1.066 for M~N13Fe at the same T ana P. Tge difference

between QFM buffer and IM or M-A becomes immediately apparent: QFM has a

= -2.04 for Ptotal

vapor containing water and traces of hydrogen, and IM and M-A have a vapor
rich in hydrogen containing minor amounts of water. Thus, it is not sur-
prising that hydrogen has been reported to be escaping from serpentinized
ultrémafic rocks.

The composition of awaruite should be considered in terms of the
Fe~Ni bina¥y. Heumann aﬂd Karsten (1963) found a eutectoid reaction at

345°C in which @-Fe comes into equilibrium with Y—N13Fe (Figure 8).



. \\\\\\\\\\\\\\\\Figure 8:

~.

2
—
-~

P
The Fe-Ni system from Shunk (1969); the
dashed lines indicate ex{trapolation.
a = a-Fe and Y= Y-(Fe,Ni). The
shaded area indicates the range of coR T e \ ‘
positions of awaruites found co-existing |
with magnetite in aerpe;tinites. The

awaruite compositions co-existing with

sulfides have slightly different extremes .

‘in composition (see text).
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The lower temperature region was extrapolated by Shunk (1969) to show

the edge of the a-Fe + Ni3

which shows that N13Fe is most probably the stable composition at QSOC, :

Fe region at 25°C to be 76 wt. I Ni (N13Fe3, -
1 atm.

Serpehtine Mineralogy

o
’

Lizardite has not been reported previously as a reaction product
in an experimental ;tudy of the reaction of olivine with water, though it
18 a common serpentine mineral in natural serpentinites. Johannes (1968)
used chrysotile as the serp¢ntine component in the starting mixture for
the equilibrium determination of the brucite reaction (Reaction (1), p. 4 )
as did Chernosky (1;73) for the equilibrium determination of the higher
temperature talc reaction (Reaction (2), p. 4 ). Scarfe and Wyllie (1967)
did not identify the serpentine mineral formed in their experiments, -
The influence of iron on the formation of lizardite is difficult
to evaluate. Whittaker and Wicks (1970) in;estigated the chemical differences
among natural serpentine minerals and have demonstrated that the lizardite
structure tolerates more iron and aluminum substitution than does chrys;ti1e.
‘The limited chemical substitution 1$)chrysot11e 18 easily understood in
terms of the constraints imposed by its common but peculiar cxlindrical

structure (Whittaker,. 1956; Wicks, 1969). 1Iishi and Saito (1973) syntheLized

all three serpentine minerals (lizardite, chrysotile and- antigorite) by

-

o
4
F
A
\
b
fre ? -
.
! o
o
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8102 and “20' It would appear that
4

the conclusions 'of Iishi and Saito with respect to antigorite formdtion may
24+

variations of molar ratios of Mg(OH)Z,

+ +
also hold for lizardite: the presence of Fe” , Fe3 and A13 are incidental

to the» formation of lizardite. ) i

X-ray Results

Variations in cell dimensions of lizardite were certainly largest
for lizardite formed during the reaction of olivine with water and fluids
of varying composition. The reduction in variation of these parameters
(homogenization) in the bracketing and dehydration experiments was most
probably due to increased run duration, which allows the lizardite to crys-
tallize and become structuraily more perfect with time. This conclusion
is verified by the work of Ross (1968) and Forbes (1969). RO;S showed
that the basal spacings of layer silicates (muscovite, biotite, etc.) will
dev%ate from their true values when the crystals are several unit cells
thick. Forbes demonstrated that the anomalous basal spacings Af synthetic
talc became normal with longer run durations and/or higher run temperatures

A

and pressures. The formation of euhedral lizardite crystals in the

longer hydration experiments and in the bracketingveXperimengs as observed

in SEM work provides additional evidence that é&ystqllization is occurring
: /

with time.

A Y
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,
i Aumento (1969) observed a similar degree of cell edge variation

»
* ~ -

in natural lizardites from a variety of serpentinized ulttamefic rocks.
. t

|

He suggested that these variations may be due to differences 'In temperature
of formation or compositional differences. Variation in the cell dimensions
could also be caused by m}Smatch between the octahedral and tetrahedral

layers of the mineral (influenced by osition) or for different stacking

sequences (Radoslovich, 1962; Wicks, 1
Table 29 presents data on the chemical cohposition and cell edges

of lizardite as collated from the literature. The variatioﬁ’in cell

edge with significant differences (7-20 mole X) in Al and Fe is small

(less than 1X), the greatest variation is in a and d (002). Chernosky

(1973) has measured cell éﬁge changes as a function of Al content for syn- |

thetic serpentine minerals. For low Al contents (0.5 to 10.5 mole 7)

such as those observed for lizardites listed in Table 29, Chernosky observed

a twa-phase field of lizardite + chrysotile. The cell edge differences

exhibited by Chernosky's synthetic lizardite + chrysotile mixtures were

small (less than 1%) and by themselves do not accurately reflect the

vAriation in Al content, coupled with the fact that cell edges measured

were for a mixture of two phases, not a sidale phase.
The effect of iréon on cell edge of lizardite can only be inferred

from natural specimens and by calculation as no experimental data are

available. Table 30 presenFs X-ray and cell edge data for iron-bearing

serpentine minerals. In Table 31 calculated valiies of a and b cell

parameters of serpentine from observation of the end member compositions

o

©



. : TABLE 29 .
X-ray and composition data on naturally occurring lizardites. The structural formulae
were recalculated for major constituents* only on the basis of the 14 oxygen method
as described by Whittaker and Wicks (1970). Aumento's (1970) lizardites are reported
as single phase, though the detection limit for chrysotile from the X-ray work
was about 207 in a mixture of both minerals. Aumento did not specify the esd
— for his X-ray refinements of cell edges.

Sample a (A) b (A) e (A) d(002) (A) d(201) (A) Reference

108-3 5.333 9.218 7.302 3.639 2.501 Aumento (1970)

165-1 5.327  9.208 7.305 3.652 2.498 Aumento (1970)
6-1 5.312 9.207 7.304 3.645 2.496 Aumento (1970)"
6-5 5.306 9.204 7.301 3.649 2.497 Aumento (1970)

19-NI-63A 5.339(3) 9.226(2) 7.315(6) 3.660 2,504 Page & Coleman (1967)

Radusa 5.301(3) 9.186(6) 7.281(5) 3.64 2.494 Krstanovic (1968)

lizardite

108-3 (MggszegfblFeSTS)(SigTEAISTz)Olo(OH)s, Mid-Atlantic Ridge, 45°N

165-1 (Mg ,Fe, o,Feq ) (S, Aly (o Feq ,.)0,(OH) g, Mid-Atlantic Ridge, 45°N

\ 6-1 © (M5 Feq oF€q 55)(Sy ALy )0 (OH)g, Mid-Atlantic Ridge, 45°N

6-5 (Mg Fey osFe 5,)(Siy SAly )0, (OH) g, Mid-Atlantic Ridge, 45°N

19-NI-63A Fe2* y(si_ Al _Fe3* )0 (OH) , New Idria, Joe 5 Pit, Calif.
? (M85 95F%0. 027 (513.62%0.1 e?.z) 10(OW)g> New » Jo
Radusa =R :
lizardite Mg6814010(0H)8, Radusa, Chromite Mine, Yugoslavia; electron microprobe analysis of the w
mineral indicated that total amount of cations other than Mg and Si was
less than 1.0 wt. %

11




Table 29 cont'd 3

'

—

’1‘_},
* -
recalculated under the assumption that Si0y, Al;0,, Fey03, FeO and MgO make up the ideal serpentine
composition of Mngiaolo(OH)i Al distributes between octahedral and tetrahedral sites in serpentine
g 2+ 4+ 3+ 3+ i
structure indicating a coupled substitution of Mg + Si = Al (oct) + Al (tetr), the same

3+
substitution holds for Fe and is reflecteq in Sample 165-1

-1

91T
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TABLE 30

X-ray and cell edge data on some iron-bearing members of the Beréentine group,

r

Mineral a (A) b (A) c (A) d(002) (A) d(201) (A)

Reference

greenalite B
*(Mg3.0Fe2.6A10.a)Sikolo(Oﬂ) . 5.539(3) 9.589(2) 7.216 3.61 ‘2.586 Dietrich(1972)
greenalite
FegS1,0,0(0H) g 5.56 9.60 7.21 3.60 2.59 ASTM 11-265
ctonstedtit .
(Fey,. Fei?}(rez §15)0,0(0H) g 5.49 9,51 7.32 3.54 2.305 Steadman &
. Nuttal (1964)

ASTM 17-470

*composition recalculated from m;croprobe analysis, Fe2+]Fe3+ not determined, therefore all iron

r) -]
wags allocated as Fe2+ ’ )
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taken as the average for ideal tetrahedral and octahedral sheets.
An ideal 1:1 layer silicate structure assumes hexagonal symmetry
in the tetrahedral sheets, no mismatch between sheets
(i.e. no distortion of the octahedral sheet)
and no ordering of Si and Al or Si and Fe3*t.

TABLE 31

Comparison of some observed a and b cell parameters and some calculated values

CalculatedyValues (A)

Average (A)

Observed Values (A)

Phase tetrahedral octahedral

at b a” b a b a b
MggS1,010(0H) g 5.28 9.15 5.0t 9.36" 5.3 9.26 5.28-5.32 9.18-9.22
}133 of e, 6 0 ASiAOiO(OH)S 5.28 9.15 5.73  9.92 5.51 9.54 5.54 ‘9,59
Fe6$14010(0H)8 5.28 9,15 5,95 10.30 5.62 9.72 5.56 9.60
I"taai'e"Sizom(Olvl)8 5.53 . ?.59 5.77 10.00 5.65 9.79 5.49 9.51
M86FeSi3010(0H)8 5.41 9.37 5.40 9.36 5.40 9.36

, ¢

Mgy ghly ,51; cAl) .0, (OH)g 5.31 9.20 5.39  5.34 5.35 9,27 5.321F g 2ot

811
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Table 31 cont'd P

1/2

*a =32 (Brindley, 1967)

**‘htetra = 9,15 + 0.87x, where x equals the Fe

/***b = 8.923 + 0.125 Mg2T + 0.299 Fe2t
-oct
+measured, br;.xcite layer @

Hchernosky (1973)

e

3

i

*

¥ in tetrahedral site, Si,_ Fe (Brindley, 1967) in A

+0.079 Pe>t (Rodoslovich, 1962) in A
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. are presented. The effect of small amounts of iron on cell edge of lizardite
are diff&cult to evaluate from these data because lizardites often contain
some Al (Table 29). The calculations show, however, that it would be
difficult to detect small amounts of iron in the lizardite from cell edge
measurements. The relationship\between iron content and cell edge has been
determined for minerals structurally related to serpentine: bilotite (Wones,
1963) and talc (Forbes, 1969). There, variation in b and c cell edge was
a function of iron content and oxygen fugacity. For exa@ple, Forbes (1969)
observed that iron éubstitution produced an increase in ¢ dimension of talc,
with the amount of increase greatest for HM and lowest for IM buffers.

Out of the four oxygen buffers (HM, NNO, QFM, IM) investigated by Forbes,
two factors specifically characterized the IM (or WM) buffer: (1) longer
run times (up to 480 hours) were needed to produce a talc with a stable

d (003) spacing, and (2) a systematic correlatfon between d (060) and iron
content was found only for talcs synthesized with IM buffer. Variation of
¢ or d(003) for talc with increasing iron content was very small for all

buffers, though ¢ was more systematic and better correlated than the Al

. content of lizardites was with d (002) as determined by Chernosky (1973).
The increase in basal spacing of talc with increasing iron content and
. oxygen fugac%gy suggested tetrahedral Fe3+ substitution even for the low
oxygen fugacitites dgfined by IM buffer. e
From the above considerations, the iron contents of the lizardites

synthesizeh in this study are apparently small., The differences in the

¢
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cell parametetf of the synthetic lizardite are within the variation observed
/

for their natural analogues. Bésides the cell dimensions, the d (06Ql

for lizarditék produced in this study was constant at 1.535 (1) A, not
showing any change as might be suggested from Forbes' work on talc with the
IM buffer. Withodg‘direct analysis of the 1izardite; it 18 impossible to
determine whether the cell edge variation is due to composition or other «
structural effects. Evaluation of structural effects such d\\fhose due to

polytypism is not possible without single crystal work, an approach pre-

cluded by the fine grain size of all the synthetic lizardites pr?gg;ed//////’
&

experimentally.

Pressure and temperature of formation do-not appear to affect the

cell dimensions of lizardite. For example, there is as much variation in
cell.edges and volume between lizardites in experiments 3-25 and 3—26
(Table 9), conducted at the same T and P, as between the lizardites froﬁ
experiments 3~47 and 3-77 run at different T and P,

Chrysotile gave poor refinements of cell dimensions in all cases
except for Runs 3-22 and 3-26. These poor results were most probably

\

caused by the fact that chrysotile was mixed in with lizardite as a predomi-

nant phase. Also, a poor degree of crystallinity is reflected by diffuse

powder diffraction lines that are difficult to read accurately.

o
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Habit

Table 32 presents details of habit and size of serpentine minerals
based chiefly on transmission electron microscope studies. Lizardite laths
(Plate 3D) have been observed in natural specimens (Wicks, pers. comm.,
1974). The euhedral, hexagonal prismatic crystals of lizardite observed
in the SEM work (Plates 3A and 3B) have not been described from natural
assemblages. However, natural lizardites have not been as well character-
ized as chrysotileg. The distinction of chrysotile laths in SEM work was
made on size only (thinner and shorter crystals). Whittaker and Zussman .
(1971) suggest that an unambiguous classification of chrysotile laths
lies in electron diffraction patterns which show a minimum of two zdhes of
reflections (hkO and either hOl or Okl). Chrysotile from four runs (3-77,
3-61, 3-22, 3-54) was classified as laths on the basis of Séﬁ habit.
Without electron diffraction, however, the identification can be questioned.
The only other candidate is lizardite. The division between the two lath-
shaped minerals is based in the final analysis on width alone, the smaller
width ( < 3 pum) being attributed to chrysotile. The identification of
larger laths as lizardite is ugambiguous because the constraints of the
cylindrical structure of chrysotile would not allow it to form such a wide

lath (Wﬁittaker, 1956). '"Tube~in-tube" formation was observed in chrysotile

from Run 3-12 (Plate 2B).

The common ‘habits . observed in all experiments were: massive

Al

platy lizardite with or without crystal faces, chrysotile fibers, and in
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TABLE 32

* \
| Habit ~ of natural lizardite and chrysotile
| observed from both transmission electron :
and transmitted light microscopy, ' |
as compliled from the literature,'’ |

| Mineral Habit Size (um)+ Reference

‘ lizardite plates .50 Zussman et _al.(1957)
lizardite plates 0.1-1.0 Iishi & Saito (1973)
lizardite hexagonal plates 100-400 Krstanovic (1964)
lizardite anhedral grains <]ﬂ0* Zussman et al. (1957) b
chrysotile Fibers 0.026 Whittaker (1957)
chrysotile fibers 0.032-0.04 Kheiker et al. (1967)
chrysotile fibers 0.018-0.2** Yada (1967, 1971)
chrysotile fibers , 0.02 Iishi & Saito (1973)

(length, 0.04-0.8)

chrysotile laths maximum 0.2- Zussman et _al. (1957)
*for chrysotile fibers, the outer diameter of fiber .

I

*estimated from published photographs

*k
statistically significant, an average of 170 measurements of individual
fibers on natural chrysotile from 5 different localities and on one
synthetic chrysotile




v v 124

) 7 S .
longer runs within the phrysogé@e stability field, chrysotile fiber bundles.

Y

The following observations wére also made:

(1)‘ lizardite forms laths at tehperatures above 315°C at all
pressures investigated, and persists in runs up to 2500
hours in duration

a - -

4

(2) euhedral, hexagonal crystals of lizardite existed at
¢ temperatures less than 345 C at all presasures with run
durations greater than 1100 hours, except in the sodium
metasilicate fluid experiments where euhedral lizardite
formed after only 573 hours.

o ,

° {3) "chrysotiie" laths formed at lower temperatures ( < 310°¢)
at all pressures but did not persist with longer run dura-
tions.- ( > 1660 hours) except at the lowest pressure of

0.5 kbar.

" Thus, temperature may control the formation of lizardite laths, but not

necessarily any of the other crystal forms within the stability field
of serpentine.

Temperature, Pressure and Compositional Effects o 'Formation of
Serpentine Minerals

Figure 9 summarizes all known synthesis data and éﬁuilibriﬁm phase
boundaries determined for the serpentine minerals. The s&nthesis tempera-
tures and p;essures clearly bear no relagionship to the determined phase
boundaries for the reactigns of interest. Iishi and Saito's (1973) work
demonstrates that Al or Fe are not necessary for the formation of either

lféardite or'antigorite. The T,P fields of lizardite, chrysotile and anti-

:H,0 reflect

gorite determined by Iishi and Saito for a fixed Mg(OH)2:8102 2
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Figure 9:

Compilation of the synthesis and phase equilibrium. -

ha ~

data on the bgrpeng}ne*minerals as a Function of
j &

temperature and pressure. For the compbsition

AN

data: x = Iishi and Saito (1973) composition ‘ LS

fixed at 5.46Mg(OH),:4.0510,:10.92H,0; § =

2 2
Chernosky (1973), no Al, excess water,

»
il

in
®
IN

Chernosky (1973), Al contents vary 0.0
0.25, wh;re x is defined by (MgG_xAlx)\ | .
(814-xAlx)010(0H)8; A = Chernosky (1973), -

Al contents vary 0.25 & x £ 2.0; + =
Eége (1966), fixed composition'5.6M30:4.03102
with excess water. Curve 1 determined by . : ¢
Chernosky (1973) for the phase assemblage

chrysotile, talc, forsterite, water; Curve 2

determined by Johannesi(1968) for the .

assemblage chtys;tile, bfucite, fgrsteriie,

water; Curve } det?rmined in this study for the
assemblage lizardite, cﬁrysoxile,'brucite.

magnetite, olivine (Fog3),rwater, with oxygen

fugacity defined by IM buffer.
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o

A

disequilibrium relationships, not ;urprising for runs lasting only five
days.

Lizardite and chrysotile are believed to form a stable two-phase
assemblage in the determination of the lower temperature brucite reaction
by bracketing experiments (Curve 3, Figure 9). Experiment agrees with
observations on natural assemblages because the occurrence of 'lizardite
and chrysotile together is common 1in serpentinized dunites. All experi-
ments relate to cases where water is in excess. The exact inter-relationship
of lizardite, chrysotile, ,and antigorite in a composition and temperature
diagram needs further study.

I

Brucite and Magnetite . v

Iron Content of Brucite .

The iron content of brucites from partially and c mpletély serpent-

»

inized ultramafic rocks are summarized in Table 33. It ries widely from

0 to 70 mole % Fe(OH)z, with an average of about 15 mole Fe(OH)Z. -
Hostetler et al. (1966), Page (1967a), Wicks (1969), Shteynberg and o

1izardite; (2) :

brucite usually has more iron than the parent oliving; and (3) lizardite
has either more or less iron than the pa

F o
L
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} S
’ TABLE 33
. . Summary of the iron content of brucite in serpentinites
. as determined from X-ray method of Mumpton and Evans (1965)
and electron microprobe analysis. All examples are
/ serpentinized dunites and have co-existing magnetite
’ with brucite,
| Serpentinite - molg % % Serpentine Average Brucite
| Fd Serpentinized Mineralogy mole % Fe(OH)2
‘ Dun Mountain,(l)’ 8.5 58 L, minor C 16
‘ .»New Zealand \ (10.5-19. 0)
\ " L
" Hat Island, (1) 6 98 L, minor C 16.5
| wash, (5.9-24.7)
2 .
. New Idria( % (2) 100 L+¢C 15
i Calif, (11.4-17.7)
17 .
: (1) -
Twin Sisters, 9.0 56 v L 14
\ , Wash, (11.4-16.0)
, Burro Mountain, (12 (3) 7.5 54 L 13
calif, . (10.,5-18.2)
- 18-32
(0-50)
’ Mount Albert,(?) 8-10 70 1 612
Quebec ‘ (6-42)
mskox,(l‘)- 20-15 70 ' L . 60-70
N.W.T.
* >
original composition of olivine, mole 7 fayalite
“+numbers in parenthesis indicate the range of values found for brucite
’ compos*itionh
] (I)Hostecler et al. (1966), brucite composition determined by microprobe
. - and chemicdl analysis . :

(2)}hmpton and Evans (1968), X-ray determination™
‘l -

3 Page (1967a) , X-ray ang microprobe analysi}s :

t

(4)w1cks (1969), X-ray analysis L ®
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The iron content of dgynthetic brucite in this study varies
between 0-18 mole % Fe(OH)z. In all types of experiments performed,
more iron enters brucite at lower temperatures at constant pressure (e.g.,
Runs 3-12, 3-61 and 3-4, 3-1, Table 11). Iron enrichment may ;ccur with
increased run duration at constant T and P (Runs 3-25, 3-12, Table 1l).
Decreasing pressure at constant temperature may be correlated with a
decrease in amount of iron in brucite (Runs 3-76, 3-74, 3-84 and 3-72,
3-71, Table 20). Iron~free brucite is formed in runs with an alkaline
chloride fluid, but iron is present in brucite at lower temperatures
( < 330°C) 1in the NaOH fluid runs (Runs 3-46, 3-54, Table 13). Table 34
collates all the data on iron contents of phases and the production of
magnetite. These data indicate that: (1) at constant pressure, the higher
the temperature the greater the amount of magnetite produced; (2) the
greater magnetite production c?rrelates with lower iron content of co-
existing olivine and brucite; k3) brucite has the highest iron content in
the lowest temperature runs for the bracketing experiments at each pressure
(3-76, 3-72, 3-78, and 3-70); and (4) in longer-duration hydration experi-
ments small variations in iron content of brucite (5-10 mole % Fe(OH)z)can
be correlated with major amounts of magnetite formed (Runs 3-48, 3-1, |
3-4\;nd 3-22).

Wicks (1969) noted that the absence of magnetite in some serpentinized

dunites may be related to the production of an iron-rich brucite (e.g.

Mayaguez Intrusion, Puerto Rico; Glen Urquhart Intrusion, Scotland).
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4
. 2J
TABLE 34
Correlation of iron content of olivine and brucite l -
with magnetite production in the
bracketing and hydration experiments.
Run 1(°C) p(kbar) Mole = A Mole % A™  Amount of
Fa Fe(OH) Magnetite
' 3-99 361 2.01 7 0 6(1)° +2 ma jor
. 3-76 344 201 11%° -4 v 11(1) -3 minor
3-74 341 1.48 5°° +2 9¢9) -1 minor
3-72 332 1.48 7°° 0 11(1) -3 midor
, 3-84 331 1,01 2 +5 4(4) ma jor
3-71 330 1.00 5%° +2 2(2)  +6 ma jor
3-78 321 1.01 15(9) -7 minor
3-70 322 1.00 13(1) -5 ma jor
3-97 336 0.54 7 0 72) 4 ma jor,
3-68 322 0.56 ’ 0 +8 ma jor
3-25 323 1.94 7 -2 2(25 trace
/ 3-12 321 1.99 7(7) trace
| 3-61 302 1.93 18(1) mafor
} 3-48 309 1.48 8(1) ma jor
i 3-1 302 1.01 10(1) majo;
3-4 317 1.01 i 5(2) na jor
1 | 3-22 304 0.54 6(2) ma jor
’ 3-105 355 2.01 12°° -5 7(2) ma jor
’ . 3-103 355 1.01 v 999 -2 5(5) /ma jor
‘ 3-104 330 °  1.01 16°%° 9 6(2) ma jor
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Table 34 cont'd SO s .

4

*compositioﬁ of olivine at end of run, mole 7% fayalite

**change in the composition of olivine from the starting material olivine

#**change in the éomposition of the brucite from starting macgézzr\brucite

®error in the iron detérmination calculated from the error in d(001) of
brucite determinmed from the least squares refinement B

00 LS
trace amounts of olivine remaining at the end of run
. .

i

N



. However, Wicks, Hostetler et al. (1966) and Page (1967a) have observed

iron~bearing brucite co-existing with magnetite. Wicks suggested that the
iron content of brucite may be related to the eriginal iron content of
the olivine (see Table 33); e.g., in the original dunite of the Muskox
Intrusion, the olivine was iron-rich and t;en produced an iron-rich
brucite upon serpentinizgtion. If the iron content of the brucite depends
on the original composition of the olivine, it provides an explanation for
the limited range of iron content of the synthesized brucites: they may
reflect the limited compositional range of the original olivines. N
Page (1967a) related the brucite compositions at Burro Mountain,
Calif., to the degree of serpentinization: (1) brucite in core rocks
(least serpentinized) had ;he‘largest variation in iron content; the margin
rocks (higﬁz;\Berpentinized)\;aa the least variation (Table 33), and (2)
the most iron-rich brucites occurred in moderately serpentinized rocks and
in the late chrysotile-liza;dite veins with a large production of magnetite.

Page found no correlation between the primary rock type (dunite vs

peridotite) and the iron content of the brucite.

Stability of Fe(OH)2

)
Page (1966, 1967a) attempted to calculate thermodynamically the /
influence of Fe2+ on the brucite stability by assuming an ideal mixing /
model for the Mg(OH)z-Fe(OH)2 solid solution series. He considered the

’

| equation:

1S .
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=y

Mg Fe, (OH), = Mg(OH), + (1-x)Fe0 4+ (1-x)H,0 (19)

to define his model. However, there is ample evidence in the literature
(Shipko and Douglas, 1956; Linnenbom, 1958; Pritchard and Moull, 1971;
Pritchard et al., 1971) from experiments performed 1& an oxygen deficient
environment that the breakdown of ferrous hydroxide at temperatures below.
560°C occurs by a different reaction:
3Fe(0H); = Fe304 + 2H

0 + H (20)

2 2
Shipko and Douglas determined the following points about reaction (20):
(1) Fe(OH)2 was stable at room temperature and pressure in an oxygen-
deficient environment; however the addition of small amounts of N12+ or
cu?t "catalyzed" the reaction in the direction of the formation §f mag-
netite even at room temperature; (2) at temperatures above 220°C, the
reaction went to completion too rapidly to measure the amount of hydrogen

e

evolved; (3) the reaction was inhibited at' all temperatures by the presence

+ -
of excess Fe2 , OH , and dissolved silica; however at 316°C, excess Fe2+

had no effect on the decomposition of Fe(OH)z; (4) minor tg%Fe was found
in the reaction products for the experiments aboveil78°C and this. was
attributed to the breakdown of initially-produced minor amo;nts of ferric
hydroxide. Linnenbom (1958) reported similar results at 25°C, 1 atm'¥br

Fe(OH)2 in an oxygen-deficient envirgnment, bt stated that it was con-

verted to magnetite at 60°C and 300°C. Interestingly, Linnenbom -reported

2
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that leakage of air into the 25°% experiment caused the formation of mag-
netite. Pritchard et al. (1971) confirmed the results of the other studies
on the decomposition of Fe(OH)2 and found that magnetite produced from a
solution of pH 10.5 at 200°C was different in grain size and stoichiometry
(slightly deficient in Fe2+) when compared to the magnetite produced at
pH 13 at 230°C.

The stability of the brucite solid solution compared to its break-
down pr;ducts (pure brucite, magnetite, water and hydrogen) 1is analogous
to the annite-phlogopite stability reactions as determined by Eugster and
Wones (1962) and Wones and Eugster (1965). Reaction (20) defines the br;ak-
down of pure ferrous hydroxide and the equilibrium constant for that reaction

is given by:

2
K = a (a, )
20 Fey0, ' HyO auz .
3
(aFe(OH)z)
With reference states as defined earlier, the equilibrium constant becomes: ..
20 = (g o)2 fu
- 2 2
3
(aFe(OH)Z)

’.
The activity of ferrous hydroxide in the solid solution could be defined as:

*Fe(oH), = [(fnzo)2 fHZ] 1/3

* 2 _*k 1/3 F
Ef“ o f“z] v

2
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&hQiSJfH 0 and fH are the fugacities of hydrogen and water in eqailibrium
2 2

* *
with the brucite solid solution and fH o and fH are the fugacities of hydro-
2 2

gen and water in equilibrium with the pure ferrous hydroxide at the same

temperature and P From the equilibrium constant, reaction (20) is

total’

driven to the'right (towards magnetite, etc.) by decreasing either [kfﬂ 0)2

2

FE(OH)Z with fHZO and fHz consFEnt. Experimental

fuzl or by decreasing a
data are needed for reaction (20) as a. function of tg@perature and fugacities
of water and hydrogen, i.e., a study of the breakdo?f of pure ferrous
hydroxide and brucite solid solution at different(géhperatures with various
oxygen/hydrogen buffers. Thermochemical data are;also nggded om, the brucite
solid solutions. The difference between thig formu;éfi;; and that of

Page (1966, 1967a) is that the brucite solid/gprﬁ€;on is defined here as

a single phase consisting of two componeﬁté/kﬂg(OH)z and Fe(OH)z), and only
one component need be considered thermodynamically 4o define the solid
solution. However, from Page's treatment and considerations given above,

the effect of increasing the Mg(OH)2 component of the solid solution is to
decrease the activity of Fe(OH)z. Also, the thermal stability of end member

component Mg(OH)z{is much greater than Fe(OH)z. Therefore, for the same

.values of f and fB , the assemblage Mg-rich brucite + magnetite is

Hy0 2
stabilized relative to the iron-rich brucite at higher temperatures.
b

A general trend of iron contents of brucite in the experimental
results may be explained. A correlation exists between the amount of mag-

netite produced and the iron content of brucite: a smaller amount of magnetite
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A

is assoclated with more iron in brucite; furthermore, the amount of mag-
netite increases with increaslng temperature. These observations fit

the experimental results and thermodynamic arguments on the stability of
the brucite solid solution with respedt to brucite +.magnetite: Runs
3-76, 3-72, 3-78 and 3-70 of the bracketing experiments had a higher iron
content in brucite and less magnetite than Runs 3-99, 3~74, 3-84, and
3-68, which were held at higher temﬁerétures for each pressure and had
more magnetite and less iron-in the‘brucite. The iron content of the
brucite may not only be an indication of the initial iron content of the
olivine, but also an indication of the temperature at which serpentinization
took place.

Martin and Fyfe (1970) reported ;hat they did not observe the
formation of magnetite in unbuffered experiments with a natural olivine
(F085) in temperature range of 0—300°C at 1.39 kbar and their X-ray
cel]l edge data on brucite suggest that iron entered the brucite structure.

\
Martin and\Fyfe's experiments were done to determine the temperature of the
maximum rate of reaction of olivine + water; they were conducted 50-75°¢
lower than those done in this study. The lack of production of magnetite
follows the trend reported her;.

The iron content of brucites formed during experiments with NaOH
fluids (Table 13) follow 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

1

alkaline chloride solutions (Run 3~95, 3-92), most probably due to the
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solubility of ferrous iron in chloride solutions by the formation of a

ferrous chloride complex. '

Further Observations on Magnetite Occurrence

Wicks (1969) stated that most of the secondary magnetite produced
during serpentinization is derived from reaction of olivine + water and
only rarely from pyroxenes or amphiboles. He also noted from his detailed
textural studies that magnetite has a high degree of mobility, causing
a variation in textures, from the fine "dusty" particles formed in the
initial stages of serpentinization to the formation of clots and séringers
of magnetite in ﬁesh textures, then to the concentration of magnetite at
grain boundarie; of the original olivine crystals. Wicks observed a
possible parallel between the migration of the magnetite and the chemical
homogeneity of lizardite in the mesh textures. Magnetite also rims primary
spinels in serpentinites (Wicks, 1969; Bliss, 1972). Wenner and Taylor
(1971) further recognized magneﬁite veinlets and euhedral magnetite grains
in addition to the types described by Wicks (1969). The mode of occurrence
of magnetite can be related to the type of serpentinite. Antigorite ser-
pentinjtes have the largest amount of magngtite (Wenner and Taylor, 1971)
and euhedral grains are very common besides clots and dusty magnetite. e

The lizardite-chrysotile serpentiniteé have a variety of different textural

occurrences of magnetite generally with a much smaller amount of magnetite
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(< 1-3%). The larger amount of magnetite in antigorite serpentinites is
related to the higher temperatures considered to be necessary for the
formatiogﬁof antigorite compared to lizardite and chrysotile. Iron is
probably }ost from the brucite (and lizardite) to form magnetite as the
serpentinite recrystallizes. Whether the recrystallization and the
formation of antigorite takes place at constant or increasing temperature
is conjectural, ihough petrologic observations and stable isotope data
(Wenner and Taylor, 1971) indicate that antigorite forms at higher tempera-
tures than lizardite or chrysotile.

Magnetite occurs in all run products as either fine micron size
particles (“dusg;") or as larger euhedral grains. The experimental results
resemble the natural states of magnetite aggregat&én. Runs: 3-32 and 3-48
used the same starting material and were held at the same t;mperature and
pféssure, however, Run 3-48 lasted almost twice as long as. Run 3-32, The
magnetite in Run 3-32 was very fine grained ( < 1 pum), evenly disseminated
through the serpentine, whereas magnetite in Runs 3-48 had begun to aggregate
and form lérger euhedral crystals. Besides longer run duragion at a given
temperature and pressure, higher temperatures can promote the formation
of larger grains of mégnetite and euhddral crystal forms. ) N

’ »*

The Bracketing Experiments - Equilibrium Determination

Evaluation of Influence of Iron on Lower Thermai Stability of Olivine

?

Table 35 summarizes the experimental data on reactions involving




TABLE 35

- H

'Fquilibrium temperatures and pressiires determined from reversed experiments

)

for reactions involving serpentine. Curves as shown in Figure 9.

¥

Johannes (1968)

lower stability
limit for
forsterite

this study

L

- ¢

Y
Lv s

A o

-

lower st;bility
limit of F093

L

Chernosky (1973) .

upper stability
limit for :
chrysotile

(and probably,
lizardite)

"y

\

2MgyS10, + 3HpO0 = MgySi05(OH), + Mg(OH), ' (1)
forsterite clinochrysotile brucite . ’
T(°C) P(kbar)’ T(°C)*  P(kbar)*

350 (10)* 7 0.5 )

365 1.0 390 1.0

380 t2,0 420 2.0

400 3.5 )

420 5.0

ks

10(M81.86Fe0.14)81o4 + 14.20H20 = 5M3381205(0H)4 + 3.8M30‘95Fe0.05(0H)z (21)

alivine lizardite, brucite
- clinochrysotile i
® ~
+ 0.40 Fe304 + 0.4H2 \
- magnetite

335 (5) 0.5 . a
348 1.0 365 1.0 -
366 2.0 T 410 2.0 )

'f“g_zsma + m3314010(03)2 + 9H20 = SMg381205(0H)4

'fE&s;erite talc clinochrysotile
- e
420 (10) 0.5 -
427 . , 1.0 470" 1.0 #
441 2.0 510 2.0 !
466 4.0
5.0

478

8€T
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\ ol®vine (Fo100 and Fog3).

reaction (Reaction (2)) defines the upper stability limit for chrysotile

The forsterite + talc + serpentine + water

hd (and probably lizardite) because an irdn-bearing olivine + talc would

shift the curve to ‘lower temperatures as has been demonstrated for |

“
Bl

Reactionsu(Z) and (21) (Table 35). The equilibrium curve for this rea;tion
%Br an oliV&ne Fo93 is shifted 15°C downwards (to lower temperatures)
from the curve for puré forsterite as determined by Johannes (1968). Olsen
(19635 calculated curves for the reactions of interest from thefmochemical
“data; the curves plot at higher temperatures for a given Rressure when
compared to the éxperimentallyxdeter&ined curves. The error between the
’ calculated and experimental curves is directly ;élated to the quality of
thermochemical data, especially data for chrysotile and talc (Chernosky,
1973). Note that Bowen and Tuttle's (1949) original unbuffered expgriments

Yith a natural olivine (Fogo) agree with the determined equilibrium curve

for Reaction (21):

TKOC) P(kbar) Run Duration Products .
hrs
) 365 1.02 336 “olivine
o 340 "1.02 336 B serpentine,
Y. ) ; brucite, magnetite

This does not imply, however, that a higher oxygen fugacity does not influence
. ¢ .
‘1the Egzction.

Evans aﬁd Trommgdorff (1972) and Trommsdorff and Evans (1972) have E




1S4

141

*
. the southern B’érgell Alps. From the Mg/Fe ratio of co-existing brucite
and antigorite, Evans and Trommsdorff (1972) calculated a shift of 1-2°C

at a standard state pressure of 2000 Wars from the univariant curve for

the reaction forsterite *+ watér to an olivine of composition Fo90 in

equilibrium with an antigorite of composition Mg5 78Fe0 22Sibolo(O}l)8 and

a brucite of composition Mg0.9lpe0.09(0H)2' The uncertainty in their
analysis lies in the assumptions: (1) the activity of water was calculated
as 1f pure water were the gas phase; (2) the activity coefficiqgté:for

; g ‘Mg in the solid solutions (brucite, antigorite, and olivine) are/equal to
: 3 .
one; (3) irom contents d} the three minerals are equilibrium di?‘ributions;

4
and (4) the conditions (P, T, fﬁ , etc.) for formation of the antigorite .
2
serpentines are similar to those involved in the formation of lizardite-

'chrysotile serpentinites. The experimental- work and Célculated fHz and 1
. fHZO have shown that the gaguphase defined by the IM buffer or by the X |
assemblage M-A %s a hydrogen-rich: water~-deficient vapor 1424-EH2 > fHZO'

« Evans and Trommshorff stated that the plot of log ay o V8 1/T (Arrhenius

) plot) was somewhat curveé. Accofding to Ogviﬁle and%Greenwood (1965) a

~

curved plot of log f vs 1/T is an indication that enthalpy for the reaction

v is not constant or alternatively that the Ps (pressure on the solid phases)

,

is not constant. Observatipns discussed previously showed that magnetite
9 is always present as a run product. The amount of magnetite produced
increases with temperature as the equilfibrium curve is approached and”

correlates with a decrease in the amount of iron in brucite. The composition

|

%)

Eatd
>
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of brucite immediately adjacent to the equilibrium curve showed an average

composition of MgO.QSFeo.Oﬁ(OH)Z dhd a loss of iron compared to the sta;ting
brucite composition at all temperatures and pressures investigated. The
iron analyses of co-existing ljizardite, chrysotile and antigorite from
natural occurrences indicate that the amount of iron in the brucite is much
greater than the amount of iron tied up in the serpentine. This may also
be true in the synthetic lizardites, though direct confirmation is lacking.
}n guhmary,\the introduction of iron into the system MgO-SiOZ—HZO (even a
small amount such as 7.6 wt. X FeO in Fogo) may lead to a change in the

gas phase (production of gz) and consideration not only of iron partitioning
among serpentine and brucite, but its appearance as magnetite. The sim-
plified equation (serpentine + brucite = 2 forsterité + 3 water) used

by Evans and Trommsdorff (1972) does not accurately describe the iron-

bearing system.

Tentative Thermﬁgynamic Data Derived from the Equilibrium Curve

(
Zen (1969, 1971, 1972) and Gordon (1973) have developed methods of

deriving thermgchemical data from reversed equilibrium curvesl Zen (1973)
extended his prevfo;s analysis to include redox reactions controlled:by
oxygen buffers. In attempting to use Zen's (1973) analysis to derive a

AG? (25°C, 1 atm) for serpentine, several problems were found to,lseriouslyp

affect the validity of the calculation except to prove the internal con-

gistency of the experimental data:
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(1) the non-ideal HZ—HZO mixing model proposed by Shaw (1963,

1967) and extrapolated by Zen (1973) camnot easily be
applied to hydrogen-rich gas mixtures such as defined by
IM buffer at low P and T of reaction studied;

(2) the serpentine mineralogy is not single-phase: both
lizardite and chrysotile appear to co-exist stablyhas
products of the reaction and AG? of a two-phase
assemblage has little rigorous thermodynamié application;

(3) there are major discrepancies in available thermochemical
data necessary for the calculation, e.g., 1.38 kcal/gfw
difference in AG? (25°C, 1 atm) for forsterite (King
et al., 1967; Robie and Waldbaum, 1968);

(4) the iron content of the serpentine minerals is smM1 but
unknown; the i?on content of brucite is known, but no
thermochemical data are available on brucite solid sclution
or the olivine solid solution, onlygon the end members.

Therefore, the reaction investigated will not be used to derive thermochemical
data, though preliminary calculations done ignoring these problems show

that the experi@;ntal data are internally comsistent. However, the dif-
ficulties in dﬁ%ﬂning the gas mixture for the IM buffer will be outlined.

i

Table 36 presents data and calculations for the IM buffer for the

] )

equilibrium temperatures at P equal to 1000 and 2000 bars. The

\
parameter ¥ 1is a measure of the departure of the gas mixture from ideality

e

, \

total

th



"TABLE 36

Results of calculations based on a large extrapolation
of the. equation of sgate for hydrogen-water mixtures

of Shaw (1963, 1967) as modified by Zen (1973).

Note that the values are given only to illustrate the method
and to show the extremely high implied values
of hydrogen fugacity.
qualitatively consistent with experimental observations
but the numerical values of hydrogen and water fugacities
may be subject to large and unknown errors
(Shaw, 1974, pers. comm.).

The results are

621°K

1000 bars

8.15 x 1017

7.42 x 10—‘39 bars
f e

1326 bars )

172.4 bars

0.56

0.098

1.888

"

%

3

2.14

4,69

X

10

7

f

639°K

2000

17,

=37

3642 bars’

310 bars

1.719
0.095

3.580

bars

144
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. T as is given by the approximation (Shaw, 1967):

N ¥ = 0.0098 + 54.4/T (T, °k; ¥, liters/mole). .
Shaw stated that the accuracy of the expression for ¥ falls off rapidly at
temperatures below SOOOQ. The parameters Y and A were defined by Zen

(1973) to recast the results of Shaw (1963, 1967) in different graphical

form more readily applied to thermochemical calculations:

E Kk £2 (£, )12
. w H 0
Y = ay O/aH = 2 2 -
‘ 2 2
- ) f
. H,0
| 7gnd ‘
~ A = . PY (for an ideal gas A = 0).
RT

The values for Y are 0.54 and 1.72 and for A _are 1.89 and 3.58 at 1 and 2 kbar,
respectively (Table 36). Zen (1973, p. 71, Fig. 1) did not plot values of
Y less than 1.0 and‘values of A greater‘thén 2.2 on his aH2 vs aHZO diagram. ’
Shaw (1967) does ngk consider value of A greater than/l.é and Zen (1973)
warns further that the equakion of mixing proposed by Shaw is only valid
within limited values of A. Phase separation is predicted for mixtures
obeying the equation defined by A with critlcal mixing reached at A = 2.0.
Prediction of the activity of hydrogen and water in the hydrogen gas mixtures

¢ ’ Eefined by the IM buffer in the temperature range below 500°C awaits further

v

. theoretical' and experimental work (ﬁ. Zen and H.R. Shaw, pers. comm., 1973)

»

well beyond the scope of this present,study.

/ / . -~
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Rate of Reaction

Martin and Fyfe (1970) studied the rate of reaction of forsterite +

water to form serpentine + brucite. They found that the maximum conversion

-~

of forsterite (60-752%) occufred at 260°C with run dﬁrations of up to 6 days.

The temperature of maximum conVersion is 100°C lower than the equilibrium

temperature determined by Johannes (1968) at that pressure. The rate of

reaction falls off rapidly away from the maximum as the univariant curve
is approached. Their results on an iron—beﬁring natural gliviné (F°85)
were comparable to the synthetic forsterite with a decrease in reaction rate
attributed by Martin and Fyfe to the increase in grain size of oliviné
rather than to change in composition. Their conclusion that the rate of
reaction increases with increased amounts of water is not stric%ly valid as
the equilibrium temperature at a given pressure is approached. All of. the
experimental work on determination of serpentine stability curves have shown
the reactions to be very sluggish close go the equilibrium curve even in
the presence of e#cess w;ter.

Martin and Fyfe Qostulate that the mechanism of the forsterite. +
water reaction involves surface nucleatfon and growth at certain active sites
on a reactant surface (brucite). There 18 no evidgnce from the SéM work

that serpentine nucleates on a brucite substrate as they postulate, at least

~\\}n the T,P range investigated here.

~ -
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Reaction of Olivine with Fluids Other Than Water

There 1is essentially no difference in the mineralogy of serpentine
or the nature of the other phases obtained from the reaction of olivine
with the fluids other than water investigated in this work, except that NaCl
fluids caused increased dissolution of olivine, but little formation of |
reaction products. In contrast, Korytkova and Makarova (1971) and Korytkova
et al. (1972) reported the formation of antigorite by reaction of olivine
(Fogg) with alkaline (NaOH) and silica-bearing fluids at 250-300°C, 0.5-0.9
kbar in unbuffered experiments. Korytkova et al. (1972) observed formation
of lizardite and chrysotile in the same T,P range as antigorite for the
reaction of olivine with water and weak acid; these results agree with those
obtained in this study at higher temperatures and pressures. Increase in.
the rate of reaction of olivine was also noted by Korytkova et al. (1972)
for alkaline fluids compared to water and acid solutions. However, only
307 of their olivine was converted to lizardite (+ minor chrysotile) at ¥
300°C, 0.5 kbar with pure water after 720 hours, much‘1e§s than obsérved

by

in this study at the same T,P (gee Appendix 2, Run 3-22). ﬁorytkova et al.

(1972) reported magnetite‘és a product of the reactions wi%h alkaline fluids.

The products from the reaction of olivine with ' water were stated to

consist of a dark-grey material; from which the presence of magnetite can
e
be inferred. Nothing was stated by Korytkova et al. (1972) about ;hé product

from acid treatment to i{ndicate the ‘presence or absence of magnetite.

Brucite was not mentioned as a product of any of the reactions, though the

I
-

’

’;\.’.



. distingctly well-developed hexagonal platelets co-existing with antigorite

and chrysotile (Korytkova et al., 1972, Fig. 1b) may be brucite.

) Korytkova et al. (1972) szate that the pH of the fluid is the‘
principal factor in the formatio; of lizardite vs antigorite. The experi-
mental fluids in the present study are alkaline, as are natural waters that
co-exist with lizardite as well as antigorite (Barnes and O'Neil, 1969;
Barnes et al., 1972). However, it is quite possible that the formation of
antigorite 1s enhanced by silica~bearing fluids at low temperatures and
pressures as observed by Korytkova et al. (1972) because the composition. of
natural antigorites commonly have a greater wt. 7 SiO2 compared to the
ideal serpentine composition ;f Mg6SiAOIO(OH)8 (Whittakgr and Wicks, 1970);
silica in the fluid may be stabilizing antigorite. Korytkova and Makarova

// . (1971, 1972) and Korytkova et al. (1972) do not give the Zoncentration of
gilica in fluid used in thelr experiments, which prevents comparison of theilr
results with this work‘ﬁhere antigorite was not observed. If the above
postulate is correct, it 1is probable that the silica concentrations in their .

, ?luids were higher than those used in this stud¥. Their experiments were

coéducted at a higher oxygen fugacity than those buffered by IM, probably
promoting magnetite formation rather thanqiron for magnesium substitution

in serpentine minerals and brucite. It has been observed that chrysotile

forms after lizardite bothJin';;periments (Korytkova et al., 19723 this study)

- and in textural observations of natural minerals (Wicks, 1969). Whether

chrysotile is replacing lizardite 1is difficult to assess, tbough its later

formation compared to lizardite perhaps indicates a nucleation Q&;rfir. ’
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Composition of Serpentinizing Fluids

Compositions of fluids co-existing with serpentine minerals have

been measured at a variety of temperatures, pressures, and run durations

(see Table 37). Factors that must be/konsidered in evaluating the measured
L]

concentrations of Mg and Si in solutiods co-existing with serpentine and

forsterite are:

(1) a difference has been shown for measured Mg and $i concentrations

3 irésolution depending on whether the mineral-fluid system was open
" or closed to the atmosphere; Wildman et al. (1968) and Luce
(1969) have determined differences in measured Mg and Si as a
’ function of CO2 concentration in fluild; '

(2) run duration was critical because Luce (1969) and Luce et al.
(1972) have demonstrated that the dissolution of serpentine
T, . (lizardite and chrysotile) and forsterite are controlled by
//shortfferm incongruency and long-term congruency;
(3) differences in starting materials influence the short~term
dissolution of magnesium silicates; synthetic material may be
" highly soluble due to incomplete reaction during thé synthesis
of the phase (Bricker et al., 1973) or due to its fine-grained,
poorly crystalline nature; minerals can also present problems;
in- solubility determinations due to small amounts of impurities
(Hostetler and Christ, 1968) e.g. an "amorphous" material has
been found filling the hollow tubes of chrysotile (Martinez o
and Comer, 1964), which would influence the short-term solubility
and thus the measuréd amounts of Mg and Si in solution;

(4) with lizardite or chrysotile + distilled water, the pH of the
, fluid reaches a steady state value of 9.4 in a nitrogen atmosphere,
whereas the pH of the fluid open to the atmosphere is buffered .,
at 7.7, and the pH of the fluid do€k control the short-term
incongruent dissolution of these minerals (Luce, 1969); -

(5) Hildman et al. (1968, 1971) have defined the co-existence of
brucite and serpentine as a function of-dissolved Mg, Si0, and pH
at 25°C, 1 atm and concluded from their measurements of tﬁe fluid

" co-existing with serpentinite in a nitrogen atmosphere that the

' composition of fluid is controlled by serpentine solubility rather”

than by brucite solubility.
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>Measured mol y of fluids co-existing with natural and synthetic serpentine . 4

and olivine at a variety of temperatures and pressures,

Phase T(°C) P(Sars) Run Duration éﬂ“‘ Molality © Molality Ratio - Reference
. hrs ~ . . Mg_(lOS) 5102 (105) Mg/Si
: v

syn., C 90 ) 1 1615 7.69 15.2 4.ﬁ 3.5 ,.Hostetler & Christ (1968)

*C (s-2) - 90 r , 1227 7.70 j 14.0 3.8 3.7 Hostetler & Christ (1968)

*nat. C 260 1000 2160 o .12 15.0 1.9 7.9 . Moiseyev (1974)

*nat. C < 260 1060_ 1176 . 6.48 5.4 C hb 1.2 Moiseyev (1974)

L,C (3-69) . 311 560 895 . ,'/ 17.7 n.d. ﬁ this study

L,C '(3-71) 330 1000 792 w234 46.6 .5 this study
Hhae. L - 25 1 119 8.57 3.7 4.2 0.9 . Luce et al. (1972)
-+Hnat, C 25 1 ‘ 6480 9.02 8.3 8.2 . 1.0 Luce (1969)
+nat. O(Fog)) 25 1 118 9.99 15.0 0.7 21.0 Luce_et al. (1972)

syn. = ¢¥nthetic, nat. = natural , R ’

*locality, New Idria, Calif.

++iizardite, Morgan Hill, Calif., chrysotile, 19N16313, Thetford Mines, Quebec

o

*locality not -given ' L e

\ ‘ '

0sT



The major factors controlling the eomposition of the fluild in contaet with

these minerals are: pH, presence or absence of dissolved COZ,‘the phase

and its composition, surface area of the phase in contact with the fluid,
and duration of the experiment until a steady state is reached. Luce
(1969) and Luce et al. (1972) showed the importance of time as incongruent
dissolution becogés congruent dissolution after a minimum of 60 days,
because Luce accepted Hostetler and Christ's (1968) two month experiment
as congruent dissolution of chrysotile. Moiseyev's (1974) experiments

may indicate that the dissolved CO, initially present in the distilled water

2

or the starting material (a natural chrysotile) influenced the larger ob-
served measured solubility of Mg and Si than would be predicted by an
equilibrium calculation. Any equation written for the dissolution of
chrysotile (or lizardite) contains a pH term which is théh raised to some

power in the equilibrium constant:

2* . 6o~ + 20

Si0 (22)

47774
(Hostetler and Christ, 1968)

th381205(ou)4 + 5H,0 = 3Mg

whére
E 3 6 2+
Kag = (ayg?)” (agy-) (aﬂ48104) ’

with activity of water equal to one. Therefore, in calculation of the

L4

~

equilibrium constant for the reaction from measured Mg, Si and pH of the
fluid phase, the fluid must reach a steady state pH (equilibrium pH) with
the mineral. 'The OH term in the equilibriup constant for the above reaction

is raised to the 6th power, introducing an appreciable error in the calculated
7/ \
7

K22 if the steadg/state pH has not been attainea. RN

I > - Lot
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. ‘ In anal);zing the problems that others h;;ve had with the determination
of solﬁbility of .chrysotile and lizardite, it is not surﬁrising that the
measured Mg and Si concentrations in this sFudy are also diffic;lt to
interpret. As an additional complication, the small volume of the sample
soiution requires dilution. This introduces an appreciable error in some

4 of the results due to detection limit problems, especially with regard to
silica. The variables stgted above for the dissolution of the Mg silic;tes

— are applicable to the fluid compositions determined in this study: pH,

mineral phases present (sgﬁrting material and products),’ run duration,
temperature, preésure and initial fluld composition. The only possibility
of interpretation without more dgtailed, systematic work is to indicate

| some of the trends shown by the data.

; In all of the runs with pure water in which s81lica was detected in

\ .

| the fluid, the molar ratio Mg/Si was less-t¥an 1.0. This may indicate

incongruent dissolution but factor (3) discussed above should be consldered
as well as the unknown effect of brucite on the measured amount of Mg
(measurement of Mg should consider equilibrium with both Mg phases ser— °
pentifie and brucite). In the experiment} of Luce (1969) and Luce et al.
(1972) on the incongruent dissolution of these minerals, Mg was found to
enter the aqueous phaéé faster tﬁan Si. 1In the present study, the very

alkaline nature of the fluid (pH > 10) influenced the initdial leaching and

exchange of Si between the solid and fluid, to a greater extent than'with’

/ - ~



Mg. However, there were many experiments in which Si was not detected in

the fluid phase, most probably due to detecsion limit problems. Greater
amounts of Mg were detected at all temperatcres and pressures with fluids
other than pure water, attesting to the fact that che alkaline and alkaline
chloride solutions had greater solvent prope}tiee for Mg than pure water.

A , Only preliminary calculations of fluid cofgﬁeitions in equilibrium
with the ‘'solid phases of reaction (21) can be attempted because of the
complexity and multiplicity of possible reactions and the paucity of
thermodynamic data et higher cemperatures. A new set of calculations are
clearly required because Helgeson's (l§b9) dissolution data for higher

temperatures pertain to acid chloride solutions: Alkalin® solutions with-

out chloride appreciably affect the type and distribution of aqueous species

t
N

K}

in the fluid. ° ' -

Preliminary calculgtions of fluid compositions show that M’g(Oli)+

predominates over-Mgz+.and that H381OZ is probably more important than

H48104 at the high pH of these fluids. The available data do not allow
L 3 .

calculation of aqueous silica species at 3009C, or above (W. Nesbitt, pers.

comm., 1974).  The effect of pressure on species distribution in these

"

dilute solutioms is also difficult to evaluate. The preliminary calculations

K

show that the Mg content of the fluid is toe high to be contralled by
equllibrium with brucite. Calculation of possible kluid compositions in
equilibrium with chrysotile or 1izard1te is not feasible without/égca on

aqueous qilica species at these elevated T and P.
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The measured composition of the fluids does not differ appreciably
from compositions of wa;ers co-existing with serpentinized or partially
serpentinized ultramafic rocks. The eﬂ is the same (i.e., the fluid is
very alkaline) though the dissolved Mg is higher in the experiments than
in natural waters. From thermodynamic d?ta at 25°C, 1 atm, Barnes and 0'Neil
(1969) and’Barnea et al. (1972) calculated the fluid composition expected
if equilibrium with chrysotile and bruéite is attained. They found the
natural waters to bs supersat&;ated with respect to both phases. Brucite,
in fact, was observed to precibitate at the orifice of Compleﬁion Spring
(Luce, 1971). For both the natural’waters and the fluids from the experi-

ments, a large degree of supersaturation may be needed before serpentine

or brucite will nucleate from solution.

Application of Experimental Results

Martin (1911) has written aﬁ excellent review paper concerning the
processes of serpentinization based on experimental work and observations
of serpgntinites. The purpose of this section is to bring Martin's
analysis up to date in light of this study and other investigations done

since the late 1960's.

Evidence on Serpentinization from Equilibrium Determinations
and Mineralogy of Phases )

- i

The equilibrium temperatures and pressures for the following assemb-

lages have been determined in the presence of pure water (Table 35):

f 3’ N

N S
%
‘f‘—-~;‘
Y
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‘ chrysot11e—brucite—forste1:ite (to 6.5 kbar) 1 (Johannes, 1968)

lizardite-chrysotile-brucite-
magnetite-olivine (F093)/IM (to 2.0 kbar) (this study)

chrysotile-talc-forsterite %to 7.0 kbar) ({Chernosky, 1973)

The presence of iron in the assemblage forsterite + “water shifts the per-

.

tinent curve to lower temperatures. The mineralogy of the phase assemblages
is equivalent to that observed in serpentinized dunite. The inter-relationship

of chrysotile and lizardite cannot be determined from the work done in the

forsterite + water system because both reactions (Johannes, 1968;
Chernosky, 1973) were determined from a starting mix composed of chrysotile
only. Work in the iron-bearing system demoﬁstrates the co-existence of

both serpentiné minerals within the duration of the experiments; however,
the detailed textural observations of Wicks (1969) on natural occurrences

of the two minerals suggest the replacement of lizardite by chrysotile in
the later stages of serpentinization. The large majority of serpentinized
rocksnare composed of lizardite only or of lizardite + chrysotile (Wicks,
1969; Aumento, 1970; Wenner and Taylor, 1971, 1973). With a geotherﬁal ®
gradient of 30067km, olivine would be transformed to serpentine + brucite

+ magnetite above depths of about 12 km. With less steep geothermal grad-
ients, the phase assemblage serpentine + brucite + magnetite could pe;aist
to greater depths. T

The relationship between serpentine mineralogy and bulk composition is

not yet entirely clear. The composition of serpentine minerals show distinct
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3

substitutions of iron (Fe2+ and Fe3+) and aluminum ig all three serpedtine
. -

minerals with' tle largest substitutions of Fe and Al in lizardite and
antigorite (Whittaker and Wicks, 1970). The iron and aluminum in the
minerals may be a Eeflection of the bulk compoéitioﬁ of the parent rock

o7 \
rather than beipg essential constituents in the formation of lizardite @r
antigorite as has been suggested by many authors. Chernoéﬁy (1973) has
documented the effect of Al on serpentine mineralogy: most natural ser-
pentine compqsitions are Al-poor, well within Chernosky's two-phase field
of lizardite *+ chrysotile. The work of Iishi and Saito (1973) was
critical in demonstrating that lizK?gite, chrysotile and antigorite can be
produced si;ply b§ varying the ratio of the major component oxides:
MgO:SiOzzﬂzo. Thus, the bulk iron content of the olivines used in this
aﬁudy, ého#ld not affect the formation of lizardite + chrysotile.

The stability of antigorite versus lizardite and chrysotile has not
been evaluated experimentally. Field evidence indicates that antigoriie
may be stable tp E}gher temperatures ipn a regional metamorphic environment.
Appearance of antigorite may reflect a water-deficient environment.
Korytkova and MakKarova (1971) and Korytkova et al. (1972) showed further
that antigorite did form from the action of alkaline silica-bearing fluids
on olivine at low temperatures and pressures. Théir studies point to a
chemical control of the formation of antigorite. Certainly high pressure
is not required, though increased pressure o£ directed pressure may cause
partial dehydration of lizardite or chrysotile, aiding in formation of

antigorite,

-
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v ' ) The iron content of bruclite does not influence the poéition of the
equilibrium curve determined for the phase assemblage lizardite—chrysotile—
brucfte—magnetite—olivine(F093)/IM. The iron content of the brycite at an
oxygen‘fugacity defited by the IM buffer or the natural assemblaée M-A
appears to indicate temperatures of reaction below the equilibrium curve.
Magnetite + brucite form at the expense of 1ron—beariﬁg brucite as tempera-
tures are increased to the gquilibrium curve. At oxygen fugacities higher
than IM or M—A at the same T,P, the iron would probably not enter brucite,
but would form magnetite, though further work with different oxygen fug;city
buffers is needed to clarify this point. The ubiquitous occurrence of
magnetite-awaruite is important with respect to defining the oxygen-deficient
conditions during serpentinization.

a

. Evidence on the Nature of the Fluid Phase

The fugacity of water is less than P 1f the fluid phase contains

total

;

additional components. The experimental work and calculations done in this

study show that the gas phase was made up of H, and H,0 with £ > f ,
2 2 H2 3 H20

though water was still present in excess compared to the amount needed to
convert all the olivine to serpentine’ + brucite + magnetite. There
may not always be an excess of water in the natural environment, and in a

closed system H, may build up to the point of having a major effect on the

2
activity of water in the fluid phase. For other dissolved constituents



.o

‘In contact with serpentinite are wvery alkaline (pH > 9). Such fluids are

J \

(except C02) the comparative decrease in activity of water 1is not likely
to'affect sérpentinization to an appreciable extent. For example, Helgeson
(1969) has calcula;ed that the act;vit& of water decreases to 0.919 for a

3 M NaCl solution at 270°C, 1 atm indicatipg that a large concenfration of
dis%olved inorganic materialjmay not lead to a substantial decrease in the
activity of water in the fluid.

Present experimental evidence and observations on natural waters

i

indicate that the fluids reacting with olivine to form serpentine or flulds

reactive and have the possibilitf of carrying significant quaﬁtiﬁigs of
dissolved silica. The.fluid phase is also likely to be extremely reducing
(B2 rich) if serpentinization is taking place at other than surface con-
ditions in a closed or partly closed environﬁent where H2 cannot readily

escape. Howeve}, the CO, content of the fluid phase must be very low

2
because serpentine is not stable with respect to talc in COz—bearing'
fluidsldue to the decrease in the activity of water (Johannes, 1969).

Dilute fluids resembling those used in the éxperiments with pure water do nots
carry appreciable amounts of dissolved constituegts (av. 4.8 ppm Mg §nd

av. 10.4 ppm Si). However, the NaCl, NaOH, and alkalizf chloride solutions
carried increased quantities of Mg, but Si was similar to pure water
experiments (av. 11.0 Mg and 9.6 ppm Si). The silica concentration in

v

fluids from the experiments is controlled by pH the pH of both the pure

water and other flulds was alkaline (pH > 10). Note that the experiments
" ’ . — ey ¢
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done with NaCl (without NaOH) showed a large dissolution effect, but did
not favor reaction to serpentine during the experiment. The concentration
of present day sea water is about 0.47 M NaCl (Stumm and Morgan, 1971),
approximatgly twice as concentrated as the NaCl fluids used in the experi;
ments. Sea water is still a possible fluid fer serpentinigation given longer
reaction times and lower temperatures; experimentally the alkaline chloride -
fluid (NaOH + NaCl) was effectivé in reaction of olivine to form serpentine,
The ability of the fluid to cargy dissolved constituents has an ‘
important bearing on the constant volume versus constant chemical composi-
tion aréuments presented in the INTRODUCTION. The fluid properties, such

as pH, presence or absence of Cl~, determine which elements may be leached

and possibly transported by the fluid. The composition of dissolved con-

- stituents in the pure water experiments would not indicate widespread re-

moval of Mg or Si. However, the alkaline chloride and NaCl fluids are

capable of reﬁoving larger amounts of Mg. Barnes et al. (1972) have found
spring waters in contact_with partially serpentinized ultramafic rocks to have
variable contents of dissolved silica, though the amount of dissolved Mg

was alwayé lower compared to that in fluids from completely serpentinized

rocks. The complexity of the interrelated factors that control the com-

- position of the fluid phase, coupled with the difficulties of calculation \;g///

LS

of the comppéition of the fluid in equilibrium with-serpentine + brucite

+ magnetite, do not allow more than the above general statements to be

S AN
made about the fluid phase. ~
N4 ’ { 4 -
" ""\/
\} * i

<
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® The kinetic studies of Martin and Fyfe (1970) showed thsf the
reaction of olivine to form serpentine + Qrucite was initial surface-

ﬂ o and solution~controlled until the olivine becomes surroundéd by serpentine *
brucite after which it becoegs controlled by the rate of diffusion of fluid
to the olivine—serpenting interface. The accessibility of water to the

# olivine can be increased by shearing, fracturing, and faulting of the
ultramafic body; this increases surfacg area and thus the rate of serpentini-
zation. The volume of fluid is important with respeﬁf to possible meta-
somatic effects; these will be minor if a fixed volume of fluid remains iﬂf.

/a closed environment, without significant removal, but could- be major 1if
fresh fluid has continuous access to the rock body in an open, highly sheared
environment. The éxperiﬁggz;l work in this study gives limited insight
to this particular problem because the experiments were done in a water-

excess environment and in a closed system geometry.



l phase at the end of the experimental runs, indicates that the oxygen fugacity

. . Oxygen Fugacity

~

' ‘ %

Evaluation of the efficiency of the -iron-magnetite (IM) buffer by

examination of the buffer material, and the presence of a gas and fluid

can be defined by IM buffer to tempe;atures as low as 300°C at 0.5 kbar -

ggsure. Thermodynamic calculations of the fugacities of oxygen,

W water show that the gas phase in the presence of IM is

oxygen—deficient, hydrogen-rich and Watef-poor: fH > fR 0’ with

2 2
fo < fH 0 Similar calculations for the assemblage magnetite-awaruite
2 2
(M-A) demonstrated that the gas phase is similar, in fO to that co-existing

-2
with IM: the gas phase is algso oxygen deficient and is hydrogen-rich, but

contains more water than was the éase with IM. The fugacities of hydrogen
and water presented for the assemblages IM and M-A were calculated assuming
an ideal mixing model (Eugster and Wones, 1962)r23d\§he calculations yield

extremely high values for fH .

2
2, )
extrapolated by Zen (1973) does not yield satisfactory results on the pre-

. Apﬁlication of the H HZO mixing model of Shaw (1963, 1967) as

diction of the éctivity of hydrogen. and water in these mixtures. Therefore,
* n

though the calculated values of, fH and fH o are qualitatively consistent with
~ A & * 2 2

L
.

N 161
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experimental observations, the actual numerical values of f  and f

H H,0

- 2% . 2
presented in Appendices 1lb and lc (Figures 3 and 7) may be subject to large

and unknown errors.

The conditions that lead to the formation of the assemblage IM or
M-A during serpentinization are quite different than what is commonly
thought to be the normallcrustal f02 environment, closer to tﬁe f02 defined
by the QFM or HM buffers (Eugster,-1972). The ubiquitous ggsemblagé M-A
in natural serpentinites thus provides a definite indicator of a locally

extremely reducing, hydrogen—-rich environment.

Serpentine Mineralogy 4

Lizardite and chrysotile age the serpentine minerals observed in
all experiments: no evidence for antigorite was found in the X-ray, optical
or SEM work. The range in the unit cell parameters of lizardite, from

results of least squares refinements of Guinier powder patterns, are:

e 8 (A) = 5278 - 5.380
@ = 9143 - 9211 ]
c (&) = 7.290 -  7.329 :
P v (a3) =355.08 - 361.73

The bracketing and dehydration experiments feature much-emaller variation

of the lizardite cell dimensions than noted above for the hydration and
’

variable fluid composition experiments. With time, the lizardite became




better formed structurally as inferred by development of euhedral crystals

and demonstrated by the cell dimensions. Theoretical considerations of

the effect of composition on cell edge of lizardite lead té the conclusion
that small amounts of iron ( € 10 wt. Z FeO) would be difficult to detect
by variations in cell edges; this conclusion also ﬁas~been demonstrated
experimentally for small amounts of Al in serpentine in the two-phase,
lizardite + chrysotile, compositional field. The temperature and pressure
of formation cannot be correlated with observed cell edge variations in

lizardite. Chrysotile, though present in almost all runs, did not in most

cases yield a satiffactory least squares refinement of the X-ray powder

diffraction data, probably due to the fact that lizardite was usually
present in amounts greaté? than chrysotite.

From the Scanning Electran Microscope KSEM) data the following
crystal forms of serpentine were observed:

~lizardite - wmassivé platess laths, and euhedral; hexagonal

crystal forms

chrysotile - fibers, laths and fiber bundles
All the crystal forms have‘been observed in naturgl specimens with the -
exception of th% hexagonal stubby crystals of lizardite. The most common
forms were mgssive, platy lizardite and chrysotile fibers. There may be a
temperature control on the formation of lizardite laths in that they were
only observed in runs conducted at temperatures greater than 315qC; no such
control was noted for any of the other morphological forms of lizardite or

chrysotile. ‘'Chrysotile" laths do not appear to persist with increased run

duration.
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'Lizardite and chrysotile appear to form a stable two-phase aséemblage

that has been observed commonly in natural serpentinites. Iishi and Saito

i n s
Temtn e ans -

+
(1973) have shown tha% Fe3 . Fe2+, and A134-are not necessary for the forma- |

tion of lizardite or antigbrite by syﬁthesizing all three serpentine minerals
)
(1izardite, chrysotile and antigorite) by varying the ratio of the major

component oxides of serpentine (MgO:S1i0 'HZO) in a water-deficigpt envir-

2' >

onment. The effect of bulk composition was further emphasized by the
work of Korytkova and Makarova (1971), who produced antigorite from the
reaction of oliviné with silica-bearing fluids at 250-300°C, at less than
1.0 kbar. It appears doubtful then that the iron content of the olivine

influenced the formation of lizardite in this experimental work.

. Brucite and Magnetite

Brucite "and magnetite were observed in all experimental runs. The

3

iron content of brucite was shown to be related to the amount of magnetite

produced: the smaller the amount of magnetite, the larger the iron content ‘
of the‘brucite], The irdh cont?nt of the brﬁcite varies between 0-18 mole

A Fe(OH)Z, though ;he va;iatigﬁ‘observed in natural brucites is much larger
attaining 70 mole 7 Fe(OH)Z. Furthermore, the amount of ﬁagnetite pfoduced
increases with temperature. Experiments in ‘an oxygen-deficient atmosphere

have documented that the breakdown of ferrous hydroxide occurs by the

folldwing reaction: ,



o 3Fe(0H)2 = Feaoq 4; 2H20 + HZ' (20) o

C ,

» The stability of brucite solid solution with respect to brucite + magnetitle
can be defined g Reaction (20) if Fe(OH)2 is considered to be the mole
fraction of ferrous hydroxide in the solid solution. The equilibrgum

constant for Reaction (20) is:

2 |
| (£, )7 f : ‘
20 1,0 o \

3 .
“@pe (om) )’ ‘ .,

where the a can be formulated by analogy with expressions defininé
, Fe(OH)2 \

annite-phologopite stability relationships determined by Eugster and Wones

\\\ (1962) and Wones and Eugster (1965): . ) ) \\
. 4
2 1/3 ’ - ”
a _ (£, D" £ ]
. Fe(OH), = [ H,0" H,
., (
i k(2 % 1/3
' (£,4) f ]
{: H%O H2
fH and fH o are the fugacities of hydrogen and water inlequilibrium with
2 2
a * ol *
brucite solid solution assemblage and fH and fH o are the fugacities of
2 2

hydrogen and water in the analogous assemblage containing pure ferrous -

hydroxide at the same temperature and P Experimental or thermochemical

total’

i data are not available on Fe(OH)2 or (Mg,Fe) (OH)Z’ so that a cannot:

Fe(OH)2
be rigorously evaluated as a function of temperature at this time. However,
from the preliminary calculations of Page (1966. 1967a), the low-temperature

P
| experimental studies on the breakdown of Fe(OH)2 and the thermal stability

o

\ y
‘I'i .
. .
,
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- . of Mg(OH)z, it can be concluded that verklarge amounts of Mg are require\h

' \ . |
to stabilize the brucite solid solutions. at higher temperatures.

Considerations of the breakdown of ferrouslhydroxide suggest . an
explanation forlthe experimental.observations because the brucite solid
solutions appear stable,af lower temperatures compared to Erucite + magnetite.
The fact that brucite becomes more iron-rich as temperature fal%g below

the equilibrium curve, coupled with the fact that the largest amount of

i

; magnetite was observed at temperatures close to the equilibrium curve,
indicates that the brucite solid solution:breaks down according to Reaction

(20). The amount of iron in<@rucite is a function of oxygen fugacity, iron

"

content of olivine, and the' temperature at which serpentinization took
place. =~ -
The distribution of magnetite closely parallels the textural observa-

tions on natural serpentinite asspmblages. Run products showed two major
-}
modes of occurrence of magnetite: \fine micron-sfze ("'dusty") partitles or

[%3

larger euhedral grains. Increased ryin duration and temperature promote

¢
'

the aggregation of magnetite into larger, more euhedral grains.

-

Determination of the Reaction Boundary for Olivine (F093) + ﬁzo

A .

G

@

The reactton that defines the maximum thermal stability of the
assemblage olivine (F093) 4+ water at an oxygen fugagity defined by IM

buffer,
R
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® |
10(Mgl.86Fi9.14)Sio4 + 14.2H20 = 5M3381205(0H)“ + 3.8Mg0.95Fe0.05(OH)2
(4]

f

+ 0.4Fe 0, + 0.4H,

/
has been bracketed with reversed experiments at: 0.5 kbar, 335°C + 5°C),

1.0 kbar, 348°c (+5°C), and 2.0 kbar, 366°C (+ 5°C). This curve is shifted
to a lower temperature by 15°C from the one defined by Johannes (1968)

3

for the assemblage forsterite t* brucite + clinochrysotile + water.
!

o . Fluids Involved in Serpentinization

Published studies on the solubility of serpentine and forsterite

N N have shown that the fluld composition in equilibrium with those minerals

depends on pH, presence or abgenf:JPf’fas\\jjfffce area of phase available

\‘to the fluid, starting material, and duration of experiment. Luce (1969)

and Luce et al. (1972) demonstrated/that the solubility of forsterite and
2 P serpentine was controlled by short-term incongruency and long-term congruency.
‘The molar ratio Mg/Si is less than 1.0 .for all the fluid compositions
% ' L measured 1n this study. The high pH of the fluids ( A 11.0) leads to morec
efficient removal of Si than Mg for the pure water experiments. The
bmounts of dissolved Mg and Si averaged 4.8 ;pmtgnd 10.4 ppm respectively in

the’ experiments with pure water ‘and ﬁg increases to 11 ppm and Si is 9.6 ppm

in NaCl, NaOH and alkaline chloa}de fluids.

¢ ' ?

. o
. B .,
’ ’ R » j K "
N N N L - o o . g g §
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» Py

. The high pH of the fluid, coupled with the strongly reducing env:l/ron-

nment created by ‘the IM buffer (high f“z) does not readilé lend itself to

calculation of the amount of Mg and Si in solution, assuming equilibrium

. between fluid and solids. Helgeson's (1969) data pertain to acidic chloride
solutions at elevated temperatures and are of limited use here. Alkaline
solutions; with or without chloride, considerably influence the typeQand
distribution of aqueous species. For ex;mple, Mg(OH5+ probably predominates
over M32+ and H3Sioa_ over HQSiO4

from the experiments. The activity of water is also decreased due to the

for the high observed pH of the fluids

amount of H, present in the gas phase.

2
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Appendix la: Observation of the iron-magnetite buffer for the hydrothermal

[N
runs.

\ v

Appendix 1b: Calculated fugacities of oxygen, hydrogen and water for the
N

Iz

temperature-pressure range of interest. The hydrogen and
water fugacities are tabulated in bars directly, whereas the

oxygen fugacity is given in log units (bars).

Apfendix le: Calculated oxygen, hydrogen, and water fug%cities for the iron-
magnetite buffer and magnetite-awaruite in temperature-pressure
range of interest. The hydrogen and water fugacities are
tabulated in bars, whereas the oxygen fugacity is given in log

! units (bars). R

Note: The nuwszi;ji values of fH2 and fHZO in Appendices 1b and %c

were calculated assuming an ideal mixing model ((Eugster and

» ‘\?
Wonés, 1962), and though qualitatively consisté%& with experi-
| ) mental observations on HZ-HZO system, theéy may be subject to

large and unknown errors (see text for further explanation).




Appendix la

Run M, 7 Amt. ¥ldid,, Additional couments™

o Remaining, %
3-106 :;0 T <33t ) capsule puffed double, gas escape on opening i
3-105 25 50t ) capsule puffed double, gas escape on opening
3-104 - 25 33t capsule puffed double, gas escape on opening
3-103 30 so+ _capsule puffed double, gas escape on opening
3-102 x x capsule ;;uffed, leak on quench . )
3°—101 :':0 X i capsule puffed, leak due t:) acciddent;ll drop of pressure in line
3-100 40 33t capsule puffed double, large amt, gas escape on opening :
3-99 30 ’ 33t capsule puffed doui:l(-{-, large amt. gas escape on_opening =
3-98 50 J. >50% capsule puffed double, lafggq‘amt. gas escape on gpening “
3-97 10 - sot capsule‘puffed dou’ble,?:gas gscape ‘ . )
3-96 . 25 X capsule puffed double, leaked on quench .
3-95 15 50 capsule puff%double, ]:arge amt., gas escape
3-94 X ’ X ' capsule pufdfed double, gas escape on opening
3-93 15 >33 capsule puffed double, small amt, gas escape k B
3-92 40 33 c-:apsule puffed double, no gas’escapek . \

&

/
08T




-4

Run M, %% Amt. fluid Additional comments™™™ ‘
Remaining, % *h *
3-87 25 ;x capsule puffed, gas escape on opening . b
3;86 . 20 50 capsule puffed, gas escape.
3785 . 15 25 capsule puffed double, gas escape
3-84 15 25 capsule puffed, gas esgcape' ) /
3-78 15 >25 o capsule puffed, gas escape
3-77 X >50 . capsule puffed, gas escape /
3-764 12 ; X capsule puffed, gas escape
3-769 10 50 capsule puffed, large amt. gas given off
3-75, 15 <10 ’ capsule puffed, gas given off
3-752 15 X capsule collapsed, no gas given off, small amount of fluid remaining
3-74 10 >10 capsule puffed, gas escape on opening
3-72 15 25 capsule puffed, gas given off
3-71 20 25 capsgule I;Uffed,-gas given off on opening
3-70 20 >10 capsule puffed, gas escape
3-69 x > 10 capsule puffed, gas escape
3-68 10 10 capsule puffed, gas escape ) i
3-64 15 . <10 capsule pufi:’ed double, gas escape (?leak on quench)

~
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Run M, %" Awt. fluid Additional Comments.

Remaining, %
3-63 25 >25 capsule puffgd double, large amt. gas ;escape
3-62 25 50 capsule puffe;d double, gas escape on opening
3-61 25 >10 capsule puffe%i, gas escape
3-60 © 25 25 capsule puffefd, large amt. gas escape on opening
3-57 10 <25 capsuxle puffe{l double, gas escape
- 3-56 15 >50 capsule puffe& doublef gas escape .
3-55 10 >10 k capsule puffed double, gas escape
3-54 15 <10 capsule puffed double, gas escape
3-48 10 <10 capsule puffed\, gas escape \/
3-51 20 >10 capsule puffed|double, large amt. gas escape
3-50 55. - x capsule puffed , leaked on quench
3-49 20 >33 capsule puffed double,gas escape
3-47 12 <10 | capsule puffed double, gas escape
°3-46 25 X } capsule puffed double, large amt. gas escape
3-45 25 x capsule puffed double, leaked on quench
3-43 33 capsule puffed douhle, large amt. gas escape

781



¥

Run M, 7. Amt. fluid Additional comments =
Remaining, %
3-42 35 33 capsule puffed double, gas escape on opening
- 3-32 20 33 capsule puffed double, large amt. gas escape b )
3-31 20 <25 capsule puffed double, large amt. gas escape
3-30 25 <33 capsule puffed dpuble, large amt, gas escape
3-26 10 <10 capsule puffed, large amt., gas escape
3-25 10 <10 capsule slightly puffed, small amt, gas escape
3-23 20 50 capsulé puffed double, small amt. gas escape
3-22 10 <10 capsule puffed double, large amt. gas escape
3-15 20 x capsule puffed double, leak on quench
3-14 25 X capsule puffed douiale, leak on qut;nch
3-12 20 X capsule puffed double, leak on quench
3-5 30 10 Fe filings + M, capsule puffed, gaé escape, M reaction rims on Fe
3-4 25 <25 Fe filings + M, .capsule puffed, gas escape, M reaction rims on Fe
3-3 25 50 Fe filings + M, capsule puffed, gas escape, M reaction rims on Fe
3-2 15 h 25 Fe filings + M, capsule puffed, gas escape, M reaction .lgims on Fe

£8T



¥
Run M, 2  Amt. fluid Additional comments™™*
Remaining, %™
3-1 10 33 Fe filings + M, capéule puffed, gas escape, M reaction rims on Fe
2-110 7 . 50 Fe filings + M, capsule slightly puffed, no M rims
2-109 x x Fe filings + M (leak?) . ’ .
2-108 8 >50 Fe filings + M, capsurle slightly puffed, no M rims
2-107 10 > 50 Fe filings + M, capsule not puffed, no M rims
2-106 tr. > 30 Fe ﬁlings, capsule not puffed
_2-102 15 > 50 - Fe filings + M, capsule not puffed, no M rims
2-101 -~ 12 X Fe filings + M, capsule slightly\ puffed, sn;all amt. gas escape, no M rims
2-100 min. >50 Fe filings, capsule slightly puffe:i, small amt. gas escape
2-98 15 X Fe filings + M, capsule puffed, gas escape, M reaction rims on Fe
2-95 10 10 ’ Fe filings, capsule puffed, gas escape ) .
T 2-94 20 33. Fe filings, capsule puffed, large amt. gas escape B
2-99 7 33 Fe filings, capsule puffed, gas escape, M reaction rims

<
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*i magnetite is approximate, estimated visually from polished'section, native Fe always present

Fat. % fluid remaining at end of run, determined from directly weighing amount collectéd (minimum
amount because the fluid was not removed quantitatively)

**initial buffer starting material was Fe sponge + filings, unless otherwise stated

xphase is present, amount not estimated

+
amount of fluid remaining at the end of run estimated visually upon fpening capsule
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Appendix 1b

-

Ptotal’ bars

1500

T, 500 1000 2000
/ +

300 /

-log 42.108 42.055 42.002 41.949
£, 467 912 1375 1867 .

2 o {
fnzo 18 37 59 86
-320
-log 40.140 40.359 40.308 40.257
£ 464 905 1361 1846

H

2 . s
fuzo 22 46 73 105

/

W0 .
~log /' 38.823 38.774 38.724 38.675
£ 462 '898 1346 1825

HZ -4

Ea
faz'o 27 2 'se 88 127
t

360
-log 37.336 37.288 37.240 37.192
£ 458 888 1327 1793 — °
H,

fuzg 33 67 105 151

380 s
-log 35.940 35.894 35.848 . 35.%
£ 454 878 ° 1310 ©1774-

H2 <

fazo 39 79 124 177
400
-log 34,627 34.582 34.536 34.492
£ 447 865 ‘1288 1740

2

fu.0 45 92 145 305

e —hae
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Appendix lc

. Ptotal(bars)
™M M-A (N1, Fe)” M-A (Ni,Fe)

t(°c) 500 2000 500 2000 500 2000
300
-log £, <42.108  41.949 41.594  41.158 41.590  41.018
£y 2 467 1867 198 1053 398 934

2 .
fnzo 18 86 2.4 120 27.5 125
400
-log £ 34.627  34.492 34,102  33.729 34.112  33.625
£ 2 44 1740 380 1014 381 930

2 ,
fnzo 45 . 205 70.2 289 69.7 298
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APPENDIX 2 Hydrothermal rup table showing the nature o/\A the

starting materiaf?: temperature, pressure, run
duration, bu_ffer, composition of the initial fluid
phase and run products. The temperature variation
during the run was less than 2%, the ,pressure

variation _-t;O hars. Run duration was measured

from the time the bomb was placed in the furnace.

188



: * ok
Run Starting T(OC) P(kbar) Run Duration Buffer Fluid Products
Material hrs

Experiments with syntH;tic olivines + pure water

3-14  © (2-17) — 1376 1.94 1128 - ™ H,0 0

3-60 0 (2-17) 338 *1.94 674 ™ H,0 45% 0, L, C, tr. B, M
3-25 0 (2-17) 323 1.94 742 IM H,0 40% 0, L, tr. C, B, M
3-15 0 (2-17) 349 1.99 1107 ™

3-26 0 (2-17) 322 1.94 739 IM

3-12 0 (2-17) 321 1.99 1150 ™

3-61 0 (2-17) 302 1.93 504 M

2-95 ' 0 (2-33) 375 1.47 504 ™

2-92 0 (2-19) 351 1.47 T 576 -

2-94 0 (2-33) 339 1.47 575 M

2-99 . 0 (2-33) 329 1.47 520 ™

3-30 0 (0P-194) 331 1.47 764 . ™

3-48 0 (6SC) 309 1.48 1773 M
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Run  Starting  T(°C)  P(kbar)  Run Duration Buffer  Fluid Products™*
Material 2. hrs

3-32 0 (GSC) 307 1.47 911 IM "H,0 20%. 0, L, B, M

2-98 0 (2-33) 302 1.47 625 IM H,0 tr. 0, L, C, B, M

3-5 0'(2-17) 376 1.00 1539 IM H,0 0, tr. L

3-3 0 (2-17) 349 1.01 1559 IM Hy0 0, tr. L, tr. B

3-31 0 (OP-54) 321 0.99 764 M H,0 ?

3-2 0 (2-17) 329 1.01 1637 IM H,0 0, tr. L

3-4 0 (2-17), 317 1.01 1492 M 1,0 tr. 0, L, C, B, M

3-1 0 (2-17) 302 1.01 1660 IM Hy0 _tr. 0, L,C, BN

2-109 0 (2-33) 377 0.51 720 ) IM H,0 ‘ 0

2-108 0 (2-33) 349 0.51 793 M H,0 10% 0, L, B, M

3-23 0 (2-17) 323 0.54 1606 IM H,0 80% 0, L, M, C

2-110 0 (2-33) 316 0.51 743 IM néo 5% 0, L, C, B, M

3-22 0 (2-17) 304 0.54 1605 ™ Hy0 tr. 0, L, C, B, M
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Run Starting T(OC) P(kbar) Run Duration Buffer Fluid* Products**
Material hrs
Experiments with natural olivines + pure water
3-77 2-BU-77 307 1.93 999 M H,0 tr. 0, L, C, B, M
2-101 M7863 375 1.47 504 IM 1,0 e 0 )
2-100 M7863 347 1.47 528 IM H,0 70% 0, L, C, B, M . ]
2-107 M7863 328 1.47 819 COIM H,0 10% 0, L, C, B, M
2-102 M7863 317 1.47 504 . IM H,0 40% 0, L, C, B, M
2-106 M7863 _ 303 1.47 815 ™ H,0 502 o, L, B, M
_3-47 M7863 331 1.00 1127 IM H,0 40% 0, L, B, M
Experiments with synthetic and natural olivines with fluids of variable composition

3-50 0 (2-17). 352 1.48 525 IM 0.14 M Nasit  min. 0, L, C, tr. M, (2)
3-51 0 (2-17) 317 1.48 525 m™M 0.12MNasit er. o0, L, M

~ 3-43 0 (2-17) 331 0.99 573 IM | 0.05 Nesi* min. O, L, M
3-42 0 (2-17) 306 0.99 573 IM  0.06 #nasit L, cC, B, M

_ 3-62 0 (2-17) 372 1.00 517 IM 0.39 M NaCl 0, tr.ﬁ., tr, B, tr. M

3-56 0 (2-17) 351 1.00 481 M 0.14 M NaCl O, tr. L, M

16T
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Run _Starting T(C) P(kbar) Run Duration Buffer Fluid Products
Material hrs
: a
3-55 0 (2-17) 319 1.00 481 \IM 0.12 M NaCl 0, L, M
3-57 0 (2-17) 300 1.00 483 ™ 0.25 M NaCl 0, tr. L,\M .
3-45 0 (2-17) = - 355 0.99 524 M 0.01 M NaOH 0, tr. L, M, tr. B
3-49 0 (2-17) 342 1.48 596 IM 0.03 M NaOH min. O, L, tr. C, M, B
3-46 0 (2-17) 322 1.48 524 M 0.01 M NaOH tr. O, L, B, M, tr. C
g %
3-54 0 (2-17) 302 1.00 550 IM 0.01 M NaOH tr. 0, L, C, B, M
3-63 0 (2-17) 332 1.00 525 IM  0.19 M NaCl O, tr. L, tr. B
- 0.01 M NaOH
3-64 0 (2-17) 302 1.00 524 IM  0.33 M Nacl tr. 0, L, C, B, M
0.02 M NaOH
3-96 2-BU-66 346 2.01 433 IM  0.23 M NaCl o, L,C, B, M
; 0.01 M NaOH
3-95 2-BU-66 330 2.01 " 433 IM 0.23 M NaCl  .min. O, L, C, B, M
0.01 M Nao® .
3-92  2-BU-66 317 . 1.00 526 IM 0.12 M NaCl  min. O, L, C, B, M
0.01 M NaOH
3-93  2-BU-66 320 ' 0.57 479 IM 0.19 M NaCl  ¢tr. 0, L, C, B, M
0.01 M NaOH
3-94 2-BU-66 310 0.57 478 M 0.12 M NaCl min. O, L, C, B, M
) 0.01 M NaOH-
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Run Starting T(OC) P(kbar) Ru;x Duration Buffer Fluid* Products**
Material hrs
Réversed experiments on the rsaction boundary for oliwvine (F093) + Hy0

3-101 equil mix 392 2.02 695 IM l H20 0, L, C, B, txr. M °
3-100 equil mix 376 2,01 794 IM HZO 0, L, C, B, M
3-99 eqm\x:@l mix 361 « 2.01 793 M H20 0, L,C, B, M
3-76 equil mix 344 1.93 479 IM H,0 tr. 0, L, C, B, M
3-75  equil mix 335 1.93 480 ™ Luzo tr. 0, L, C, B, M
3-76  equil mix 361 1.48 481 ™ H,0 tr. 0, L, C, B, M
3-72 lequil mix 332 1.48 791 - IM HZO tr. 0, L, C, B, M
3-86 \equi:l mix 371 1,01 569 IM H,0 0, L, C, B, tr. M
3-87  equil mix 361 1.01 568 M ﬁzo O, L, C, B, tr. M
3-85 ?quil mix 349 1.01 567 IM HZO 0, L, C’,B’ M
3-84  equil mix 341 1.61 568 ™ H,0 0,L,C, B, &
3-71  equil mix 330 1.00 792 IM H,0 tr. 0, L, C, B, M
3-78 equil mix 321 1,01 384 M H,0 tr. O, L, C, B, M
3-70 equil mix 322 1.00 837 ™ H20 tr. 0, L, C, B, M

M
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Run Starting T(OC) P(kbar) Run Duration Buffer Fluid* Prodwq;:s**
’ Material ) hrs ¢
3-98  equil mix 352 0.54 814 ™ HyO 0, L,C, B, M
b)
3-97  equil mix  -336 0.54 814 IM H,0 0,L,C, B, M
3-68 . equil mix 322 0.56 863 ™ H,O tr. 0, L, C, B, M i
3-69  equil mix 311 056 895 M Héo tr. 0, L, C, B, M
Dehydration reactions
Qo
3-106 3-77 370 2.01 1014 M H,0 o, L, C, B, M
3-105  3-77 355 2.01 1014 ™ H,0 0,L,C, B, M
3-103  3-77 356 1.01 1035 M H,0 0,L,C, B, M
3-102  3-77 339 1.01 1058 M H,0 0, L, C, B, M
3-104 _ 3-77 330 1.01 1035 . IM H,0 0, L, C, B, M .
Reactions involving brucite
3:8  MgOiFe 6057+  1.537" 67 IM H,0 B, M
3-19 Mg soott 14ttt 70 - H,0 B
3-18  MgO+Fe+Fe,0, 599711  1.4677 70 - .- H,0 B, M, tr. Hm -
2-85 MgOo ¢ 400 “1.47 795 M Hy0 B “
2-70  MgO + Fe 400 1.47 169 ™ 1,0 B, M, Fe
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Run Starting T(°C) P(kbar) Run Duration Buffer Fluid® Products™”
Material hrs
2-72  Mgotre ~ 399 1.50 152 \ ™ H,0 B} M, min. MgO
2-71  MgO+Fe 399 1.48 170 M H,0 B, M, min. MgO
2-77  MgO+Fe 398 1.51 360 M f,0 B, M
"2-74  MgO+Fe 302 1.51 341 IM H,0 B, M, Fe
2-67  Mgo 360 — 1.47 ‘3'33'_ - IM H,0 ; B, tr. Mg
2-75 Mgo-u;e ’ 259 1.;1 - \34f ‘ M H,0 B, Fe
2-76  MgO+Fe 299 1.51 * 341 M H,0 B, M .
3-28 B (3-19) 376 1.94 44 - 0.5 M Nasi® L,.C, B, tr, Au),('!) .
3-17 B (2-67) 351 1.94 889 ) - 0.5 M Nasi™ L, tr. ¢, tr. B,(?)
3-16 B (2-67) 304 1.94 893 - 0.5 M nasiT 1, c, B, qtz
Buffer kinetic experiments
3-6a  Fe sponge 340 H+ 1,53 H 69 ’ H,0 - 95% M, Fe ° N
3-6b  Fe sponge 338 H+ 1 54 21 H,0 5% M, Fe
3-6¢ Fe sponge 335 H+ 1.53 H+ 43 qu 30% M, Fe

~7
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Run Starting T(OC) P(kbar) Run Duration Buffer Fluid Products

Material hrs
2-78a Fe filings 400 1.50 43 . Hy0 Fe
2-78b Fe filings 399 1.50. 71 ' ' H,0 17 M, Fe
2-78c  Fe filings 401 1.51 93 ‘o 3% M, Fe
2-80a Fe filings 400 1.47 143 H,0 5% M, Fe
2-80b Fe filings 402 1.47 127 Ho0 tr .M, Fe
qtz = quartz
Fe = native Fe
Hm = hematite c
tr. = trace amount present 2%
min, = minor amount present 2-407, -

* .
initial fluid composition

-

e .
% olivine is an approximate volume estimate from optical and X-ray results, % magnetite is estimated
from polished section

+'sodium metasilicate, NaZSiO3.9H20
++h mixture composed of equal weights of products of Run 3-48 + GSC olivine

uncalibrated temperature, pressure equipment utilized

v
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APPENDIX 3: Detailed description of the samples examined by the
Scanning Electron Microscope, including phaé&\

distribution, Thabit and grain size,



Run

AN
Remarks concerning grain size aqg habit

2-94

2-102

3-4

3-12

3-16

3-17

3-42

3-48

3-54

3-64

~X

€

)

lizardite is massive grains, plates, and laths, some of the plates have
curled edges, O - irregular pitted grains, M - cubes

massive, plates and laths (20 gm in width), C laths of width of

L-
0.8 - 1.1 pm

L - plates, C - bundle of lath of width ~1 un

L - massive, plates, some development of euhedral faces in L; interlocking
mat of C fiber of max length of 10-15 pm, fibers appear to coat lizardite
platelets, parachrysotile possible (cone-in-cone structure observed in some
fibers); B - hex. platelet

very fine mat of C needles coating irregular, thin, curved plates of L;
irregular. Massive grains of Qtz or sodium metasilicate

platy and massive L, Some plates curled; minor C - fibers

platy, massive (60 pum) L; subhedral to euhedral crystal development in Lj
l1 pm , B - hex. platelet; C - needles of 0.2 - 0.3 pm width, needles

form a mat on surface of L and grow in vapor cavities, fibers less than

10 pm in léngth

massive, irregular grains of 1, some larger L laths, C - fine needles

0.35 pm width and 4 - 10- pm length, some L plates, B - hex. plates of

4 - 18 pm, cube M - 2 um

plates of L, needles and laths C, large brucite platelets - 28 pym
platy and massive L, chrysotile needles, B platelets

2
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Run

Remarks concerning grain size and habit

3-69

3-72

3-75

3-76

3-99°

3-100

3-101

3-70

3-71

(?)

platy, laths and some massive L, very fine, long chrysotile mneedles of
0.2 pm in width, needles covering L and B and filling vapor cavities,
single B platelets, most L a substrate for C

platy and lath L, fibrous C, coating L

grains covered with C needles, B platelets up to 22 um in size, some
euhedral morphology developed in L, C and B as in Run 3-48

C - development of long fiber bundles up to 100 pm in length and 10 - 12 pm
in width, euhedral morphology in L (hex. or trigonal), well crystallized
brucite - 25 - 80 um ’

L plates and laths (10 - 12 um in width and 30 - 60 pum in length), long C
fibers, B, angularity in O grains, some suggestion of O growth in small
number of 2 pum size particles that are very irregular

0 euhedral and not covered with C fibers, shortening and thickening of C
fibers, some B and well crystallized L, O growth in newly precipitated

grains (?) - 8 um

definite euhedral O, growth on p;e-existing substrate, shortening of C needles,
some L laths, 8 uym x 3 pum smaller than in Run 3-99, increase in grain size
of new O material (15 um), etching of L grains, rounding of B platelets,

minor amount of B

well developed B - 30 - 40 pum platelets x 4 pm thick; relatively short C
needles - 4 - 5 um length, some C laths; plates and euhedral crystals of L

B - 20 pm hex. platelet; I laths, plates and euhedral morphology, C fiber
development and increase in length of fibers

“~
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Run 3] L c B M Remarks concerning grain size and habit

3-84 x X X x B - 15 - 20 pum hkex. platelets, C forms fiber bundles, euhedral L, minor O -
large* anhedral grains with some C coating

3-85 x X x x B -10 - 18 um hex. platelets, some rounding of B; C fibers and laths,

shortening from 3-84, clear anhedral O grains, L platelets with new 0

’ * growing on them

3-87 X X X X 0 grains are sharp anhedral, decrease in amount of B present (4 - 6 um)
hex. platelets, some lath L, development of solution or etch pits in some L,
0 growth in newly precipitated grains (?) - 10 um for some grains ’

3-86 x X X X rounded B platelets, short C fiber, vapor cavities in L, 5 pum size of newly
formed material - 0 (?) x

3-1 b X x (N well-developed L morphology in plates and other euhedral forms, plates
. 60 - 100 pm, chrysotile needles short - less than 10 um, hex. B platelets,
micron-size cubes - M N
3-22 x X X C needles short, thick, some lath development, hex. brucite (max. 40 pm,

L - massive, thin irregular shaped platelets, and some euhedral morphology

3-23 x X X x surface of large O grains altered, fine C needles - 15 - 20 p o length,

L laths and very small platelets - 4 - 10 pum; B small hex, platelets -
2 -6 pum
3-30 .4 p S X X C fibers are 20 - 30 um, long, covering and coating grains; L - small platelets
’ 4 pm, some larger angular O grains - 20 pm, some very large brucite platelets
40 - 60 pm
'3
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Run 0 L C B M Remarks concerning grain size and habit
3-61 X X X C laths and fibers, lath - 1 pum x 10 pm long) about equal distribution
between laths and fibers, B -~ hex. platelets, L - massive and platy
S
3-77 x X short, squat C laths (2 - 4 um in length), L - massive and platy, C growmg
on surface of larger rounded grains of 0
” g
3-97 x x X 10 - 40 pm hex B platelets; 20 - 100 um massive and platy L, definite
- euhedral L morphology; C fibers well developed and form long (50 - 100 um)
fiber bundles; minor L laths
3-98 X x x X new euhedral O growing on pre-existing O grains (1 - 4 um); shortening of
C fibers, B shows rounded edges to hex. platelets, L laths have dissolution
holes, newly precipitated material - 0 is less 2 um
3-103 b3 X X C needles coating larger grains (0?), C fiber bundles, 30 um width, irregular
grains of L, hex. B platelets - 20 um, some solution etching of L and B
3-105 - X x x well-developed long C fibers (40 pum), L - massive, platy, and 20 pm la—ths,
- B well formed, less than 10 um size
3-106 (?) X x X some shortening of C fibers compared to Run 3-105, C forms mat on other grains,
rounding of B platelets, angularity in larger grain aggregates, solution
features in L platelets
Nt
hex. . = hexagonal '
x - phase positively identified in SEM sample
? - phase identification tentative -

*
» all sizes are approximate from visual comparison with scale at time of observation, or from photographs

102



f

APPENDIX: 4! Magrietite distribution in run products as observed

optically by binocular, transmitted and reflected

light microscopy.




Run

¥

K\ Magnetite Distribution

3-25
3-12

3-61

2-94

2-99
3-32
2-98

3-30

3-1

’2-108
3-26
2-110
3-22
3-77

2-100

2-107

Q@ O A

.

very small amount < 1%, irregularly distributed
very small amount < 1%, irregularly distributed

very large aggregates, moderate to large grain
slze

few small grains in silicate

i

large amount of finely disseminated grains
(dusty), not evenly distributed

very fine-grained ( <1 pm), evenly
disseminated

evenly distributed, small to moderate grain
size, some euhedral grains

trace amounts, very fine grained

diéseminated, varying grain size - small to
moderate )

disseminated, large to moderate grain size,
some euhedral grains

fine to moderate size, evenly distribtted
fine, disseminated

disseminated, mgderate gsize

large, euhedral grains, disseminated

fine, disseminated throughout serpentine

moderate grain size, some euhedral grains,
abundant

evenly d;stributed,—moderate size, euhedral
{cubes) y
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Magnetite Distribution

Run Color Observed
Powder By X-ray "
. -——

2-102 G X moderate size, evenly distributed

2-106 G moderate, euhedral cubes, evenly disseminated

3-47 G large euhedral crystals, evenly distributed

3-48 light G very fine-grained, disseminated, few large
euhedral crystals

3-50 light Gn fine-grained, disseminated

3-51 G very fine-grained, disseminated

3-43 T some large discrete grains, also very fine

. grained, disseminated

3-42 G x finely disseminated, large to moderate discrete
grains

3-62 dark B traces, fine-grained ,

3-56 T ° small amount, fine-grained

3-55 T traces, fine-grained

3-45 ™ traces, fine-grained

b3
3-49 . G £finely disseminated grains, some large
. euhedral grains
L

3-46 ) T finely disseminated, some large euhedral grains

3-54 G x grains of all siZes, abundant, some euhedral

3-63 dark B finely disseminated grains

3-64 G X moderate to large size, some aggregates of
smaller grains form larger clots, abundant

3-96 G ’ abundant, fine to large grain size

3-95 G finely disseminated, larger aggregates about

10 pm size
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3-70 1light G /’\Ekd

®
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Run Color Observed Magnetite Distribution
Powder By X-ray
3-92 G moderate size, euhedral grains (cubes) and
‘ finely disseminated
3-93 G finely disseminated
3-94 G finely disseminated

3-101 1light G

3-100 light G

3-99 G

3-76 1light ¢

3-75 ¢
3-74 ¢
3-72 ¢
3-86 T
3-87 ¢
3-85 G
3-84 G
3-71 ¢
c .

|

minor, finely disseminated, sizable number

of large aggregate grains

large amount of finely disseminated grains

large amount of finely disseminated, larger

grains in ‘aggregates, amount greater than 3-76

finely disseminated, outlines other phases

finely disseminated, forms irregular patches

in serpentine

finely disseminated, irregular patches,
approximately same amount as in 3-72

finely disseminated, irregular patches in

serpentine

finely disseminated, irregular patches’

finely disseminated, irregular patches,

moderate size grains

finely disseminated, irregular patches,

moderate size grains

finely disseminated, irregular patches,

very large aggregates

finely disseminated, irregular patches,

large grain aggregates

finely disseminated, irregular patches

as 3-71

some

some

some

many

nely disseminated, irregular patches, some
erate grains, amount approximately same
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Run Color observed ) Magnetite Distribution
Powder By X-ray
3-98 light G finely disseminated, frregular patches
i3-97 G finely disseminated, irregular patches, more
present than in 3-98 -
- -~
3-68 G x finely disseminated, some large, euhedral
aggregates, amount greater than in 3-69 and 3-97
3-69 light Gn finely disseminated
3-106 G large amount of. fine to moderate-size grains,
disseminated
3-105 G finely disseminated and very large grain
, aggregates ( >50 pum)
3-103 G ~ finely disseminated, some moderate-size

grains, irregular patches

3-102 G large amount of finely disseminated

3-104 aG large amount of fine to moderate-size grains,
disseminated

T = tan fine = <1-2 um

G = grey moderate = 2-10 um

Gn = green large = >10 pm

B = brown
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| ' APPENDIX 5: ' Chemical analyses of fluids collected after the
experiments. The results are presented as con-
centration in ppm Mg, Si and Fe and in terms of N
. molality (moles/kg solution). The method of error
' v ;Galculation is presented in the description of
! techniques for chemical analysis in section on

W , . EXPERIMENTAL METHODS.

o



N _
Run Fluid Mg(ppm)* Si(ppm)"l Fe(ppm)* Molality Molality Molality Ratio
Mg (10°)  si (10°)  Fe (10°) Mg/Si
3-1 H,0 1.80(8) n.d. .
3-2 H,0 3.1 (1) n.d. 12.8
- 3-3 H,0 0.47(2) 15.8(24) 1.93 56.3 0.034
3-4 H,0 2.8 (1) n.d. 11.5
3-5 H,0 4.2 (2) 33.4(113) 17.3 119.0 0.145
312 H,0 1.8 (1) n.d. 7.40
3-14 H50 2.60(1) n.d. 10.7 .
H-15 B0  ©2.0 A1)  n.d. 98.7 ,
3-22 “H,O 16.2 (7) 62.4(210) 66.6 222.0 0.30
3-23 H,0 0.58(3) °  4.8(28) 2.39 17.1 0.14
3-26 B0  °17.5 () n.d. 72.0 ;
3-30 H,0 n.d. 5.0(41) 17.8
3-60 5,0 5.2 (2) 11.6(31) 21.4 41.3 0.53
3-61 H,0 6.4.(36) n.d. 26.3
3-32 H,0 0.39(2) 6.1(25) 1.6 21.7 04074
3-47 B,0 2.4 (1) 81.9(667) 9.87 292.0 - 0.034
3-77 H20 2.4 (1) 10.5(9) 102.7(15) 9.87 37.4 184.0 0.26
+3_s50 Nasi®® 6.2 (3) 25.5
2<107 B0 1.53(7) ! 6,29
) <
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Fe(ppm)

Molality

Rugy Fluid Mg(ppm)* ) S:l.(ppm)’lr Molality Molality Ratio
Mg (10°)  Si (10°)  Fe (10°) Mg/si
3-51 Nas1°® © 1.40(6) nad. 5.76
3-45 NaOH 1.40(6) 4.6(18) 5.76 16.4 0.35
3-46 NaOH 3.4 (2) 7.1(57) 14.0 25.3 0:55
3-48 NaOH 2.00(9) 8.1(33) 8.23 28.8 0.29
3-54 NaOH 19.9 (9) 29.7(122) 81.9 106.0 0.77 -
3-55 NaCl 12.2 (5) 23.0(51) 50.2 81.9 0.61
3-56 NaCl 6.7 (3) 13.2(16) 27.6 7 47.0 0.59
3-57 NaCl 6.8 (3) n.d. 28.0 .
3-62 NaCl 3.5 (2)* 14.3(18) 14.4 50.9 0.28
3-63 alk.Cl 2.3 1) 9.6(30) 9.46 34.2 0.28
*3 64 alk.Cl  75.6 (34) n.d. 311.0
*3.92 alk.Cl = 14.2 (6) 3.0(12) 8.5(5) 58.4 10.7 15.2 5.46
393 alk.Cl 6.4 (3) 2.1(12) 45:6€27) 26.3 7.48 81.7 3.52
3-95 alk«Cl 2.4 (1) 9.7(13) 56.4(34) 9.87 34.5 101.0 0.29 . -
3-68 H,0 8.5 (4)  n.d. 35.0
3-69 B,0 4.3 (2) n.d. 17.7 +
++
3-70 H,0 2.7 (1) n.d. 11.1 .
3-71 H,0 5.7 (3) 13.1(36) 23.4 46.6 0.50 :
o n H,0 9.1 (4) n.d. 37.% )
“ - . |
2 o
» . -
o~ .



>

; * * * '
Run Fluid' Mg(ppm), 81 (ppm) Fe(ppm) Molality Molality Molality Ratio
Mg (10°)  si (10°)  Fe (10°)  Mg/si

- .

3-76 H0 2.00(9) n.d. 458.0(67) 8.23 820.0 . -

3-78 Hp0 1.90(8) n.d. 7.82

3-84 H20 4.2 (2) n.d. 115.3(70) 17.3 206.0 :

3-8% Ho0 2.6 (1) 34.9(39) M 10.7 124.0 0.09
++3—86 HZQ 1.50(7) 32.4(19) 6.17 58.0

n.d. - not detected

molality - moles/kg solution

Figures in parentheses represent the esd at 95% confidence level calculated from the standard solutioms
in terms of the least units cited for the value to their immediate left, thus 15.8(24) indicates an esd
of 2.4. ) .

*
concentration in undiluted solution

+
possible leak during quench, i.e., minor or no gas escape on opening the capsule 3
{

i -

'H'contamination suspected

®element at the detection limit in the measured Y¥diluted) solution

[/ £ S

. osodium metasilicate

In Runs 3-74, 3-76, 3-77, 3-78, 3-84, 3-85, 3-86, 3-92, 3-93, and 3-95, the fluid was placed into acidified
distilled water at the time of dilutionm.

L
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