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ABS TRAC T 

The teaction th'at de fines the maximum thermal stability of olivine 

(Fo93)+H20 at an oxygen fugacity defined by the iron-magnetite (lM) buffer, 
./ 

10(Mgl.86FeO.l4)Si04 + 14.2H20 = SMg3Si20S(OH)4 + 3.8MgO.9SFeO.OS(OH)2 

olivine lizardite, It 

clinochrysoti~ 

magnetite 

brucite 

has been bracketed with reversed experiments at: 
o 0 0.5 kbar, 335 C (+ 5 C), 

1.0 kbar, 3480 C, and 2.0 kbar, 3660 C. X-ray ~~d SEM data indicate that 

lizardite and chrysotile form a stable assemblage within the duration of 

the experiments. Temperature and pressure of formation had no effect on 

unit cell dimensions or habit of se~pèntine mineraIs, wi~h the possible 

exception that lizardite laths vere observed ooly at temperatures greater 

o than 315 C. With increased temperature, the Iron content of brucite 

decreases and the amount of m8gnetite in~reases. 

The calculations of fO ' f H ' and fH ° for the lM and magnetite-
2 2 2 

awaruite (M-A) assemblages yield extremely high values for f H • The 
2 

ubiquitous assemblage M-A in natural serpentinites provides a definite 

indicator of a locally, extremely reducing environmènt, quite different 

from what is considered to be the normal cru8tal fo environment. 
2 
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RESUME 

La réacÙon qui définit la stabilité thermique maximum de l ',()livine 

1: 
{Po93) + "20 pour une fugacité d'oxygêne determinée par le tampQn'de fer~ 

1 magnét it e (lH). 

olivine l1zardite, brucHe 
c l1nochryaot ile 

magnétite 

a été cernée par des expériences inverses à: 0.5 kbar, 335°C (!50C), 1.0 kbar 

34~C, et 2.0 kbar, 366°C. 

Des mesures aux Rayons-X et au microscope électronique à 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, 

sa~f peut-être pour les plaquettes de lizardite qui n'ont été observées qu'à 

des températures supérieures l 315°C. Lorsque la température augmente, le 

contenu en fer de la brucite diminue et la quantité de magnétite augmente. 

Les calculs de fugacité de 02' de "Z et de "20 pour le lM et 

l'assemblage magnétite-awaruite (H-A) donnent des valeurs extrêmement élevées 

pour l~ fugacité de HZ' L'assemblage M-A, omniprésent dans les serpentinites, 
~""-

constitue un indtcateur certain d'un environment local, extrêmement réducteur, 

fort différent de ce qui constitue un environnement normal de fugacité de 02 

dans la croOte. 
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1 / INTRODUCTION 

General Statement 

Most ultramafic rocks are hydrated to form partially or comp1etely 

serpentinized rock. lt becomes important to understand serpentinization 

in order: (1) to de termine the anhydrous equivaient or parent rock com-
\ 

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

the hydration takes place to define whether serpentinization occurs in 

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

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

kno~ledge of the fluid composition after alteration has taken plaée. The 

PhYJieal properties sueh as .eiamie veloeity, magnetie auaeeptibility and , 

ductility of peridotite differ markedly from those of serpentin1te (Raleigh) 

and Paterson, 1965~ Christensen, 1970'; Coleman, 1971;' Aumento and Loubat, 

1971) 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-Fo95) w(t;" 

vater 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 mineraIs (lizardite, chrysotile, antigorite) or as a 

1 
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general term when the individual minera10gy i8 not known or'specified. 
, ' 

The following classification of the serpentine mineraIs has been deve10ped 
<,) 

by Whittaker and Zussman (19S6, 1971) and Wicks (1969) based on composition 

and structure and will be used in thls work: 

E
orthoChrYSotile 

. ~ChrYsotile -----_i_ clinochrysoti'le 
serpentine parachtysotile 

l1zardite 
Mg3Si20S(OH)4 

antigorite 

i;.. -A.... .. 
Alr serpentines substitution of Al for Si and Mg up to the 

composition of amesite (~2A1(S~1)OS(OH)4' 

2 

intermediate compositions b~tween end member 
amesite and serpentine are called septechlorites 

Ni serpentines 

~e serpentines 
\ 

those with variable magnesium and nicke1 com­
positions (Mg, Ni)3Si20S(OH)4 are ca lIed 

garnierite; .he end member Ni3Si20S(OH)4 is 
pecoraite 

end mémber (ferrous) is greenalite 
and end member (ferrous/ferric) is 
cronatedtite - Fe2Fe2SiOS(OH)4' 1 

i 
Deta11ed reviews of the chemica1 composition of lizardite, chr~~ti1e 

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

mineraIs are not polymorphs; there are sma11 but distinct compositional 

variations amang them. 

\~ 
~itta:rr and Wicks (1970) conciuded from thelr comparison of the 

,~ 

serpentine mineraIs that: 

1 
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(l) antigorite has a relatively high wt. % Si0
2 

and a relatively 

(2) chrysotile has a relatively low Al
2

0
3 

content 

{3} 11zardite has a large ratio of Fe
2

0
3 

to FeO and<is relatively 

low in FeO. 

Chrysotile and lizardite contain H
2

0+ in ezcess of the ideal formula; 

" 

3 

antlgorlte has the hlghest ~eO/(FeO + Fe203 + A1
2
03) content, and lizardite 

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

arder 6-~ayer orthoserpentine > lizardite > chrysotile, though substitutions 
o \ 

in anti~rite exténd over the ~ange of aIl the other mineraIs. , ~ 

The serpentine mineraIs be~ng to the kaolinite-serpentine group • 

of phyllosilicates. They have a l~ lay~r structure: one octahedral eheet 

(Mg(OH)2 layer) ie coupled to one tètrahedral.sheet~04 layer). ~s wlth 

mast layered mineraIs various regular and disordered sta~ki~g arrangements 

occur, giving rise to different polytypes, elpecia11y with the plat y 
,> 

mine~al, l~zardite. Detailed descriptions of the structures and polytypisd 

;~ ,~exb1bited by these mineraIs can be found in Wicks (1969) and Whittak~r and 
<~ , 

1;) 

.zu8sman (1971) ;:, The elegant e1ectron microscope work of Ya~a (1967, 1971) 
-

has added tremendously to the detailed understandi~g of the chrysotile 

structure; howevet, lizardite has not been as weIl characterized due to the . 
\ 

lack of suffic1ent1y large, weIl fbrmed crystals suitable for,single 
\ ... ~ 1 

< 

crystal X-ray work or electron m1cro8copy. 

,1-
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Previous Experimental Work 

The experimental work pertaining to serpentinizatibn can be 

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 specHied P, T 

conditions; (2) synthesis of the serpentine mineraIs from oxide mixes 

and gels + water; (3) reaction of olivine with fluide of varyin~ composi-

tion; and (4) kinetic studies of the reaction of olivine + water to form 

serpentine + brucite. Each type of experiment will be disèu9sed,w~thin 
l, -

the chemical system défined by the constituents 'required to de8cti~'the 

pertinent reactions. 

Table 1 summarizes the experiments in the literature thàt allege 

c. be equilibrlum determinations of stabillty fields of the assemblages 

represented by the following reactions: 

(1) 

serpentine brucite forsterite water 

(2) . 

aerpentine talc forsterite water 

Johannes (1968) demonstrated that aIl etudies previous to his e8sentially 

• <) 

'" Î 
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InvestiS&tors 

Boven & Tuttle 
(1949) 

Pistor1u8 
(.1963) 

Kitahars 
et al. (1966) 

Searfe & 
Wyllie (1967) 

Johannes 
(1968) 

'-

''" TABJ) 1.... .' 
-~ - . .. ... 

\" ~ 

-; ........ 

... ~ r 
Previous experimental work on alleged equilibrium de~rmination8 

of reactlons (1) and (2) in the MgO-Si02-H20 ~tem. 

Reaction (1): Mg3Si205(OH)4 

Apparatus Star Uns Pressure 
Materials kbar 

cold-seal oxide mixes, 0.04-2.72 
bombs syn. serpent-

ine + ex. 
water 

piston- oxide mixes 5-50 
anvil + min. water , 
piston- oxtde mixes, 6-30 
cylinder syn. phases + 

water 

eold-sea1 syn. forster- 0.5-3.0 
bombs ite + ex. 

water 

co1d-seal equal weight 0.5-7.0 
bombs mixture of 

syn. prods. 
& react. + ex. 
water 

+ Mg(OH)2 • 

Temperature 
Oc 

295-460 

415-500 

450-600 

300-330 

330-440 

2Mg2Si04 + 3HZO 
"­

t.--..;' 

Run Duration 
Hrs. 

6-336 

1-3 

2.5-67 

504 

576-3480 

-

Results 

min. stability of forsterite 
at 450°C, 2 kbar 

o curve shifted 30 C lawer 
than Bowen & Tuttle 

curve coincided with Bewen & 
Tuttle when extrapolated to 
lawer pressures 

curve 1000e lower than Bowen & 
TuttIe, studied in one direc­
tion only 

curve shifted 600 e from 
Bowen & Tuttle's synthesis 
boundary, reversed, equili­
brium determination 

Vt 
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• ----
Table 1 cont'd. 

Reaction (2): 5Mg3S1205(OH)4 • M83Si4010(OR)2 + 6Mg2Si04 + 9H10 

Investisators 

Boven & Tuttle 
(1949) 

Pi.torius 
(1963) 

ntahara 
et ah·( 1966) 

Yoder (1967) 

Scarfe " 
Wyll1e (1967) 

Dietrich Er 
'Petera (1911) 

Apparatus 

cold-seal 
bombs 

piston­
anvll 

piston­
cylincler 

cold-seal 
bomb 

cold-seal 
bomb 

cold-seal 
bomb 

Starting Pressure 
Materials kbar 

oxide mixes, 0.14-2.04 
syn. serpent-
ine + ex. 
water 

oxide mixes 5-50 
+ min. water 

oside mixetl~ 
syn. phases 
+ water 

peric~ase + 
dUca + H20 

mis of syu. 
prods. & 
reacts. + 
water 

6-30 

1-10 

1-3 

nat. Ct ,nat. 1.0-2.6 
CtAn~ with 
R20 & mixtures 
of H2<HC02 

*run duratian was not spec1fied 

Temperature 
°e 

485-5l5 

495-625 

550-620 

400-560 

410-470 

250-606 

, 

Run Duration 
hra. 

5-72 

1-62 

3-45 

* 

200-600 

600-6480 

Results 

max. stability of serpentine 
soooe 2 kbar, serpentine 
"magma" discredited 

curve shifted 300 C lover 
than Bowen & Tuttle 

curve coincided with Bowen & 
Tuttie when extrapolated to 
lower pressures 

eurve not reversed, located 
between curve of Pistorius 
and Kitahara et al. 

reversed reactton, direction 
of reactton determined by 
topotactle crystallization 

one directionodetermination 
with C at 480 C~ 2 kbar with 
0-10.8 wt.1- H20. c02 resu1ts 
simi1ar to Johannes (1969) 

0-
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Table l cont'd. 

Investigators 

Chernoaky 
(19"73) 

Apparatus 

cold-aeal 
bomb 

8yn.. 
hrs. 
ex. 
prods. 
reacta. 
min. 
max. 
nat. 

~~~ 

~ 

a -a 

a 

a 

a 

a 

a 

StarUng 
Materials 

mix of syn. 
prods. &: 
reacts. + 
l'ater 

synthetic 
hours 
exce88 
products 
reactants 
minimum 
maxilll1M 
natural 

Pressure 
kbar 

0.5--7.0 

Temperature 
Oc 

387-598 

Run Duration 
hrs. 

237-3960 

e 

Results 

equilibrium determinatlon. 
reversed direction of reactlon 
determined by change in X-ray 
intensities, 20°C lower than 
Scarfe and Wyllie 

....., 



represented the determination of synthesis boundaries(a) 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 

o 20 C separate Searfe and Wy111e's curve from thae of Chernosky, the dis-

crepancy bei~g due to the difficulty in determining the reaction direction 

for these very sluggish reactions at low temperatures. The upper 1imit 

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

by Chernosky as 4400 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 se~entine mineraIs have been synthesized by Tang (1960, 1961), 

eakman (1970), Jasmund and Sylla (1971, 1972), and Iishi and Saito (1973). 

Yang (1960) studied the phases in the system MgO-Si02-H20 between 100 and 

300oC, 1 bar to 1.36 kbar. For run durations of 2 hours to 3 weeks and 

with excess water in the charge, chrysot11e and talc were formed with a 

MgO/Si02 ratio between 0.25-1.33. for MSO/Si02 • 1.5 ooly serpentine was 
-

synthesiz~d and for MgO/Si02 > 1. 50 serpentine + brucite was formed. In 

the temperature range 100-1600 C for ~IgO/Si02' • 1.5. Yang (1960) reporteè:t 

a "crumpled foil" serpentine phase (l1zardite?) from electron micrographs 

of the product; however, only chrysoti1e was demonstrated at temperatures 

(a) A "syntbesis boundary" indicates conditions for formation of a partie~ar 
aiueral or b!nera1 paragenesi. where those conditions do not coincide 
vith the equilibriua curve because (1) within the leDgth of the, ti.. of 
experimental run, nueleation and growth of phases in the nelghborhood 
of the equil1br1um curve was not achieved or (2) within the given &mount 
of tl .. one or more phases formed metastably (Johannes, 1968). 

\ , 

'" 
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r 
o greater than 160 C. Yang (1961) stated that the optimum conditions for 

o chrysoti1e formation in the T-P range investigated w~re 300-350 C. 

0.08-0.12 kbar, 5-10 days, pH - 10.3-10.7 with 1-2 weight 7. of 0.01M NH4F 

added to the oxide mix that had MgO/Si02 ratio -1.5, and water/so~id ratio 

of 10. Trace amounts of lizardite were found with the chrysotile. Jasmund 

and Sylla (1971, 1972) formed 6-layer orthoserpentine from MgC12, sodium 

o silicate and NaOH, at pH -12, 320-350 C, 0.2-0.25 kbar in 170 hours. WeIl 

crystal1ized hexagonal plaée1ets formed vith a small amount of fibrous 

chrysoti1e. 

Speakman (1970) studied the compositions 3MgO:2Si02 and 2MgO:Si02 

with gels as weIl as forsterite + quartz as starting materials in presence 

o of excess water between 100-350 C, 10 bars to 2.0 kbar total pressure and 

run durations of 6 to 90 days. The gel composition 3MgO:2Si02 produced 

serpentine only, but the forsterite + quartz etarting material firet 

produced talc, which subseq~ently reacted slowly with the forsterite to 

produce serpentine. The gel composition 2MgO:Si02 formed,serpentine + 
1 

brucite, but forsterite persisted as the major phase in runs up to 90 days 

at 180°C, 10 bars. The temperatùre and pressure were raiaed to 300°C, 

86 bars, resulting in the compîete disappearance of the forsterite within 

90 days. The serpentine phase formed in Speakman'e experiments was 

cbryaotile of various atates of crystallinity. Sluggishnes8 of reaction 

vas noted, particularly in the case of well-crystallized 8tarttnj:materials 

(forsterite ~ quartz). 

9 
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Iishi and Saito (1973) synthesized lizardite, chrysotile and anti-

gorite from gels vith the molecular ratio of MgO:Si02CH20 from 4.99:4.0:2.52 

to 6.16:4.0:23.60 between 300-550oC. 0.5 ta 1.7 kbar pressure; note that 

idesl1y, serpentine contains these constituents in the ratio of 6:4:4. 

This study W8S the tirat reported synthes1s of antigorite, and 

Ii.hi and Saito found that the formation of antigorite depended on the 

.a1ecular ratio of MgO to Si02 and ta 8 certain extent on the amount of 

vater present during the reaction. 

Martin and Pyfe (1970) meaaured the rate of hydrat10n of synthetic 

forster1te aa defined by reaction (1). A natura1 olivine (Fo
SS

) and an 

olivine basaIt ,were also atud1ed. The rate of reaction vas determined 

iD teras of the weight increaae of products compared to the starting 

.. terial and was corroborated by X-ray intensity measurements of the 

product phases. The &mOunt of water used waa slightly greater or 1e8s than 

the amount needed for total conversion of the olivine to the hydrated 

products. At 1.36 kbar and 260oC. more than 60% of the oliv~ne vas con-

verted to 8erpentin~ +brucite after 6 days. The rate of conversion ~as 

increased vith addition of more than the stioch1ometric a.aunt of vater 
, 

defined by reacUon (1). Rates:' of reaction are very fast in the geo1ogic 

t1me scale for the PtT region of f8Ximua conversion as defer.ined by 

Martin and Fyfe. 

() . " , '. 



MgO-SiO -Fe-H O-H 
2 2 2 

Bowen and Tuttle (1949) reported some unbuffered experimental 

runs with a natural olivine (F090) and concluded that the position of the 

curve for the assemblage F090 +1 water + 8erp~tine + brucHe + 'magnetite 

was lowered 800e fr~ the curve defined for reaction (1). Using oxygen 

buffer techniques deve10ped by Eugster (1957, 1959) and Eugster and Wones 

(1962), Page (1966) synthesized an iron-bearing lizardite from oxide mixes 

of Si02, MgO, and Fe2C204 plus water in molar proportions of 5.6MgO:O.OlFeO: 

o 48102 to 4MgO:2FeO:4S102 at temperatures.fro~ 363 to 476 C and pressures 

from 1 to 2 kbar. Page also tried to synthesize a serpentiue of theoretical 

composition M8S.4'eO.68i40l0(OB)8 with a starting mater~al of olivine (F090) 

and S102 (as quartz or amorphous silica) and obtained as products talc, 

olivine and an occaaional iron ~eral for the aame P,T range stated 

above. Page (1966) was not completely sueceasfu! in these syntheses of 

iron-bearing 8erpen~ine. for the following reasons: (1) the starting 

material of olivine + quartz had sufflelent sillea to. fona talc rather 

than serpentine (talc being the more sllica-rich phase of the two). (2) 

Fe2C204, a companent of the oxide atartina mlxture b~eaks down at 

elevated T and P to FeO + C02' and Johannes (1969) 'has ahown that aer-_ 

pantine i~ not atable vith respect to talc under t~e.e ~ondition8 except 
, J 

in very CO2-poor fluids ( < 0.06 .ole 

chosen for the synthe.ea 'were'rather h1gh fo . 
-, 

formation of serpentine as a~OWl\ by Yang (19 ) and Martin al\~ Pyfe (1970); 

. .. 

. -.1 • • -'".~~_, 
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furthermore. a majority of the runs were actually outside the field of 

o ' 0 serpentine stability at 427 C for 1 kbar and 441 C for 2 kbar according to 

th~~reaults of Chernosky (1973), and (4) there are additiona1 prob1ems of 
'., 

1 .. ( 0 
~quilibration of oxygen buffera especially at temperatures below 500 C 

" 
(Huebner. '1971). 

Martin and Fyfe (1970) studied the hydratiQn of a natural olivine 

(F085) with similar results to those for synthe tic forsterite except that 

reaction times were 2-3 times longer. No magnetite cou1d be detected 

optically in the hydration product of F0
85

• Martin and Fyfe reported from 

X-ray evidence that Iron had entered the brucite structure. Experimenta 

with grain aize of the natura1 olivine as a variable indicated a very 

rapid décrease in the rate of reaction with increasing grain aize. An 

increase ln grain size from 50 Il m to 150 "m produced a drop ln percent 

conversion of olivine at 250°C, 1.1 kbar, in 3 weeks, from 25% conve~sion 

to barely dLscernab1e reactlon. 

Na O-MnO-SiO -Fe-H O-HCl-B 2 &,& 2 2 2 

Several Ruasian researchera have inveltigated the hydration of a 

natural olivine (FoS5) vith a variety of fluid compositions, chietly 

solutions of HCI, NaOU, and Na metaailicat~. The experimental apparatua 
p 

described br Korytkova and Fedoseev (1969) la comparable to a MOrey bombe 
\ 

AlI reportad experiaenta were unbuffered vith respeét to 0XYaen fUlacity. 

) 

-, 
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Korytkova and Makarova (1971) and Korytkova et al. (1972) produced 

antigorite + chrysot1le +magnetite by reac~on of 0.1-0.75 M NaOH solution 

o with olivine (F085 ) at 250-300 Ct 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 chrysotile 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, 

o 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 olivine. 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 range and run duration as the alkaline solutions 

and formed l1za~ite + chrysotile with some olivine remaining at the end 

of the rune Korytkova and Makarova (1972) extended the work on the altera-

o tion of olivine with alkaline solutions (+silica) from 100 C, 0.3 kbar 

to 6000 C ànd 0.5 kbar. No breakdown of olivine was observed in the interval 
, 

o ' 
100-250 c. 0.3-0.5 kbar in alkaline solutions (± ailica) after 90e week. 

At 3S0oC and 0.3 kbar, the product from a 1.5% NaOR silica solution is 60% 

olivine, 30% antigorite, and 10% Mg-arfvedsonite. With an increase in 

t"'erature the amount of amphibole increa.ed, until at SOOoC, 0.7 kbar 

in a sllica-bearina 0.8% NaOU fluld, only a trace of olivine remalned and 

no serpentine formed. 
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Observation on Serpentinization 

from Natural Occurrences 

Serpentinized Ultramafic Rocks 

14 

Serpent1n1zation processes in natutally occurring ultramafic rocks 

have been e~haustively discussed in recent literature. The main points 

of ~he recent prolific discussion are: (1) the differences betwee~the 

reaction of dunite and pyroxenite with a fluid phase; (2) the temperature-

pressure of the regime of hydration; (3) the minera1 assemblages produced 

during serpentinization; (4) the problem of whether serpentinization takes 

". place at constant volume or constant composition, or combination of both 

cortditions; (5) the influence of fluid composition on hydration and 
~ 

mineralogy of serpentinite; and (6) the origin of the serpentinizing fluids. 

Ultramafic complexes are made up of dunite, harzburgite and 

lherzo1ite (Vyllie, 19~7; Coleman, 1971; MOores, 1973). The major mineraIs 

are olivine, orthopyroXeile, clinopyroxene" and chromte. "W1cks' (1969) 

de.tailed textural studies of a variety of serpentinized ultramaf1c rocks 

i11ustrated that the rate of a1teration 1a: oU.vine > ortpopyroxene > 

c11nopyroxene. Wicks (1969) and Coleman and ~éith (1971) bave shown that 

the common hydrated equivalents of u1tramaf1c rocks produce the assemblage: 

11zard1te > chryaotl1e, brucite and masnetite. Smal1 amdunts of .w.rulte, 

native matai a and low-su1fur suifidel are common. Brucite is often miesad 

in thin aection etudies of serpent1uized rocka becau.e lt i8 flne-grained 

and intimately inter_rown vith aerpentine, but brucite 1s readily identified 

J 
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in a whole-rock X-ray diffraction pattern. Hostet1er et al. (1966) 

demonstrated the i~ortance of brucite; its presence defines a lower 

temperature of serpentinization (reaction (1» than the presence of ser-

pentine alone (reaction (2». Thayer(1966) 8uggested that brucite rnay be 

a transitory phase. disappearing as serpentinization proceeds. 

Iron in olivine (or pyroxene) may re-distribute during serpentini-

zation, entering the structure of the serpentine mineraIs or brucite. or 

forming a separate oxide phase, magnetite. Mumpton and Thompson (1966), 

Hostetler et al. (1966), Page (1967a) and Wieks (1969) have doeumented 'the 

Iron substitution for magnesium in brucite during serpentinizati~~ from 

only 

\ 

6 to 72 mole percent Fe (OH) 2 has been recorded. Coleman and Keith (1971) 

have shawn the same amount of magnetite produced from dunite and harzburgite 

from magnetic sU8ceptibility measurement., but Page (1966) and Wicks 

(1969) stated from petrologie observations that magnetite is, produced in 

on1y trace amounts from the serpentinization of pyroxenes. 

In compariso~ to lizardite and chryaotile, antigorite predominates 

in a1pi~e-type ultramafic rock~ that have undergone regiona1 metamorphism 
\ 

(Wicks, 1969; Coleman, 1971). Antigorite doe. occur with brucite (Jahns, 

1967; Trommedorff and Evans, 1912). Serpentinites conststing predominately 

of antigorite a1so have higher modal abundances of magnetite on the average 

than 1itardlte-chryaoti1e serpentinite. ~enner and Taylor, '1971). 

The major chemica1 problem f serpentinization is the necessity 

for the existence of an interacti g, aqueoua f1uid phase: whera does it 

come from, does it 1each constitu ts from the priaary rock, and what 

are its original and second cheœ1ca1 characteriat1cs (pH, fo ' disso1ved 
2 
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• 
constituents)? Therefore, serpentinization requires introduction of water 

into an anhydrous rock, which causes a decrease in the density of the rock 

and a concomitant increase in volume of the rock mSss ubles8 ~aterisl is 
'~ 

removed ln solution. The constant volume-constant chemical.composition 

evidence for serpentinization i8 p~esented iQ Table 2; detai1ed equations 

to demonstrate the two points of view can be found in Hostet1er et al. (1966)~ 

and Thayer (1966). The differenee in opinign between Thayer (1966, 1967) 

and Hostetler et al. (1966) and Page (1967bj c~~es from the difficul~u ,/~ 
~ll.-.....,.."'-

ln obtainlng good chernical c6mposition data on both the ultramafic rock 

and lts serpentinized equivalent and obtsining unequivocal geologic81 

criteria for volume constancy or change. Bogo1epov (1969) has used 

a large number of chemical analyses of these rock, to show:that chemiesl 

composition does remain constant during serpentinization of the Alpine-

type ultramafic rock with the volume increase taking place by "mosaic 

• type of displacement of ~ndivitual tectonic blocks in vertical directions". 

Wicks (1969) is essentially in agreement with ~ogolepov from his 

detailed mineralogical data and analysis of the replacement of olivine 

by serpentine-brueite. Bogolepov also,shows that local serpentinization 

(~ chrysotile vein formation) occurs with change in chernieal composit~on, 

thus making an important distinction in the type o'f serpentine baing formed 

and dèmonstrating that both conltan~chemical composition and constant 

volume serpentinizat:ion Most probably take place.' Good chernical data 'from. 

two recent studies'provide additio~al evi~ence that both ,processes occur: 

(1) constant chemieal composition at ~ro Mountain (Coleman and Keith, 
( . 

1971) and (2) constant volume and change ln chernieal composition a~' 
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TABLE 2 

Evidence for constant chemical composition 
and/constant volume serpentinizatidh. 

Constant Chemical Composition(l), (2) Constant Vo1ume(3) 

1. no indication of Si or Mg metasoma­
tism in surrounding country rocks 

1. perfect pseudomorphic replacement 
of euhedral olivine by serpentine 

2. chemical composition or hydrated 
and an~ydrous parent material 

",-are ~ame except for addition 
of _ wat~r -.......J • 

3~ ~ faulted contacts, internaI frac­
tures, slickensided and highly 
shearêd border zones indicate 
volume increase 

(1~po8tetler et al. (1966) 

(2)page (1967) 

(3~Thayer (1966, 19~IT~ 
.'" t, 

2L density decreased and porosity 
increased of serpentinite com­
pared to the parent ultramafic 
body '--' 

3. a portion of the Mg, Ca, and Si 
removed during serpentinization 
may be deposited far from the 
8ource.* 

( / 

*Barnes et al. (1972) infer from the precipitation of brucite at the 
orifice of Complexion Spring that f1uid flow may allow reaction products· 
to be depaSt'ted at a distancè from point of dissolut.ion;'_ ln the case of 
Complexion Spring, magnesium was precipltated withinthe limits of thé 
ultramafic complex " 

- { .. 



Webster-Addie ultramafic intrusion with loss in Fe, Mg and addition of Si 

and Na (Condie and Madison, 1969). 

Fluide lnvolved in Se~pentinization 

Barnes and O'Nei1 (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 re1ated to serpentinization into three 

types on the baBls of their chemistry and isotopi~ compositions. The waters 

are characterized by a high pH ( > 10), l~w Mg concentration and they may 

a1so have a high chloride content. o Thermodynamic calcu1ations, from 25 C, 

1 atm ical data for relevant phase-soiution equi1ibria, indicate 
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are undersaturated with respect to olfvine, orthopyroxene, 

and supersaturated with respect to chrysotile, diopside, tremolite and 

brucite (except for one water that is undetsaturated 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 

ferpentinite than in the parent rock. Thompson and Me1son (1970) demon-

etrated boron enrichment in serpentlnltes collected from the Atlantic Ocean 

o 0 at 43 and Il N (5-10 ppm boron in unserpentinized rocks and 70-100 ppm 

B in serpentinized peridotite). The boron enrichment in serpen~inized 

portions of u1tra~fic rocks from oceanic ridge systems was further confirmed 

by the resu1ts of Seitz and Hart (1971). Barnes et al. (1972) ana1yzed 

gels preclpitating from ch10rlde-rlch waters (Aqua de Ney, Sisklyou Co., 

Calif. and TC-2, Trinit y 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 vith B isotopie data, 

may be a crltical test of a possible sea-water provenance of boron; sea 

Il water is enriched in B compared to boron found in terrestria1 rocks. 

o High-temperature reactions (600 C) of basaIt and sea water have shown that 

boron from sea water ls preferentia11y partitioned into the f1uid 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 vith basa1ts, the boron concentrations of ser-

pentinites May also give a clue to the temperature of serpentinization: 

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

serpentine, possibly in structural site~. 

Stable Isotopes 

Stable isotope geochemistry has been used to deduce temperatures 

of serpentinization and ta provide evidence on the origin of serp~ntinizing 

fluids. Barnes et al. (1972) measured the 8018 and 8 D compositions of 

19 

three aerpentinizing fluids and c01llpared the spring vater composition to their 

loca1ly derived meteoric waters (LDMW) : 

B018 BD 
Creek at Lazton Mine (LDMW) -6.45 -40.6 
Cazadero A -6.45 -40.6 

Barrel Spring (LDMW) -8.78 ( -62.3 
Complexion Spring ~.22 

1 
u + 6.2 

Soda Sprina (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 isotopie composition as lts locally 

derlved meteoric water. Complexion Spring. Aqua de Ney, TC-2 watersÎhave 

very different isotopie compositions from their loeally derived meteoric 

wate~s. This differenee involves further considerations of the depletlon 

and enric~ent of thê stable isotopes in comparison to the source of the 

water and its interaction with the ultra~fic rock. 

18 16 Wenner and Taylor (1971) studied the 0 10 ratio between co-

existing magnetite and serpentine (lizard1~e, chrysotile serpentinites from 

California. Guatemala. Dominiean Republic. Mid-Atlantic Ridge and antigorite 

éerpentinitee fram Vermont and Pennsylvania). The norma1,lizardite. 
'>., 

chrysotile serpentinites. which had homogeneou. magoetite distributions, 

had a fj, value (difference between B olg of serpentine and maguetite) 

be.tween 10.0 and 15.1. The â valu •• for the antigorite serpentinites 

vere between 4.8 and 8.6. Assuming isotopie equilibrium, the difference 

between the fj, values for lizardite. chrY80tile and-antigorite serpentinites 

were explained as due to the differenee in temperature of fo~tion. 

Wenner and Taylor then derived an appwoximate serpéntine-magnetite geo­

thermometer by: (1) extrapolation of 3018 fractionations between co-

existing ch1orite. and Fe-Ti oxides in lov grade pelitic schists whose 

isotopie equilibration tamperatures are known fram the quartz-muscovite 

18 18 o geothermometer. and (2) estlaates of 0 fractlonation factor between 

chlorite and serpentine, •• sumed to be equai to one. The geothermometer 

yields the following tamperatures from the me8sured 6 values: continental 

1 

\. 
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lizardite, chrysotile, 85-1150 C, oceanic lizardite and chrysotile, 130 

"" 0 ' 0 and 105 C respectively, oceanic antigorite, 235 C, continental antigorites 
• 

220-460oC. With the large number of assumptions that were necessary to 

derive the serpentine-magnetite geothermometer, the unusually low tempera-

ture estima tes for tbe formation of the serpentine mineraIs may be too 

o low by as much as 100 C (Botting8 and Javoy, 1973), though the isotope data 

strongly indicate that antigorite forma at higber temperatures than 1izarditeor 

chrysotile. The B 018 and BD messurements together indicate that lizardite, 

chrysotile serpentinites probably formed at temperatures not greater than 

2000 C (J~R. OtNeil, pers. comm., 1974). Wenner and,taylorts (1973) 

~ 18 comparisons of g 0 and BD of mid-oeeanic ri dg. serpentinites and con-
", 

tinental serpentinites that have been claaaifie~ as op~iolitic complexes, 
18 \ 

show distinctly different 8 D and B 0 dis~ibutions. Wenner and 

Taylor conc1ude that the difference in isoto~iC COmjSition indicates that 

different waters were involved in the 8erpentinizat~n of the two types 

of ultramafic body, and that if ophiolite complexes truly represent 

exposures of the oceanic crust and mantle, they vere probab1y large1y 

unserpentinized prior to their contiuental emplacement. 

Statement of Problem ,,. 
In light of the information presented in the previouB sections, 

severa1 definite Btatements can be .. de on the serpentinization process: 

, 
" 
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(a) the d~nant mineraIs produced are lizardite, chrysotile, brucite, 
\, 

jtmagnetite, such that reaction (1) general!y describes the hydrati~n of 

mast dunites with tespect to condensed phases; (b) the presence of brucite 

as specified in reaction (1) means that this mineraI assemblage represents 

a lower P,T limit of serpentinization when compared to reaction (2); (c) 

the iron component of olivine i8 partitioned between serpentine or brucite, 

or forms a separate phase - magnetite; (d) the fluid involved in hydration 

more than likely has a complex origin: it becomes alkaline, 1s CO
2 

poor, 

low in Mg and may have a high chloride content; (e) the presence of silica~ 

JI bearing, alkaline fluids changes the serpentine mineralogy ana the ser-

22 

pentinization process as defined by reaction Cl), again emphasizing the impor-

tance of fluid-mineral interaction; and (f) serpentin1zation takes place 
,; 

over a ~e range. of T,P conditions, from earth surface conditions to at 

least the T,P regime for reaction (1) as determined by Johannes (196S). 

Olivine in dunites typically varies between PoSO to P095 with an 

average of 1090 (Miyashiro, 196~). With the development of oxygen buffer 
1 

techniques (Eugster, 1957, 1959; Eugster and Wones, 1962) it has become 

possIble to consider the eff~ct of adding iron to the system MgO-Si02-H
2
0. 

Such experiments obviously p-rovide a elose~ .tmulation to the natural systems. ", 

The present work was undertaken: (1) to determine the effect of iron on 

the equilibrium curve defin~d bi Johannes (196S) for the lower temperature 

reaction involving bruc1te; (2) to evaluate the chemical parameters that 
" 

affect the mobility of iron during the reaction, ~, its partition &mang 

'serpentine or brucite or the formation oi .. guettte: (3) to determine by 

/ ( 
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careful mineralogieal ana1ysis which factors influence the formation of 
• 

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

fluid composition o~the breakdown of olivine. 

Contributions of Th1s Study 
. .. 

The efficiency of the 1ron-magnetite buffer'has been demonstrated 

to temperatures as low as 3000 C at 0.5 kbar total pressure. Thermodynamic 

calculations show that the vapor phase deflned by this buffer 1s extremely 

hydrogen-fich., Neither the Ideal mlx1ng model of Eugster and Wones (1962) 
• 

Dor mixing mode1 of Shaw (1963, 1967) extrapolated by Zen (1973) adequate1y 

deflne the vapor phase • .. 
The equi1ibrium curve -for the phase assemblage olivine (Fo93) + 

water + lizardlte J + clinochryBotile + bruclte + mapetl,te has bean 

determined and was shlfted 150 C from the curve deflned by Johannes (1968) 

for the aS8emb1age foraterite +brucite + clinochrysotile +~water. The 

Scannlng Electron Microscope was an lnvaluable tool in defintn$ the dis­

sociation bounda~. 

Iron-bearing brucite and .. gnettte wer~ present as producta of 

the experimental runs. The Iron tontent of bruclte i8 a function of tem-

par.ture: as temperature la inereasad the amount of tron in bruclte, 

decreAses and the alllOunt of _petite inéreases. The brucite 80lid 801ut~on 

breaks down by the following re.ction: 

• 

23 
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where xF (OH) is the mole fraction of Fe(OH)2 in the solid solution. The 
e 2 , 

trou content of the brucite is most probabLy also 8 funct\on of iron content 

of the primary olivine and oxygen fugacity as well as t~erature. 
Lizardite plates, 1aths and euhedral (hexagonal) crysta1s, as wel1 

8S ehrysotile fibers, laths, and fiber bundles are clearly observable by 

the SEM etudies of the run produets. AIl the crystal forme have 
ho 

been obaerved in natural specimens of the mi~erals with-the exception of 

the well-crystallized hexagonal erystals of lizardite. Temperature and 

pressure of formation do not affect habit except in the case of 

lizardite laths, which were observed only at temperatures. greater than 31SoC. 

The unit ce11 parametera of lizardite show the same variation as bas been 

observed in natural samp1es, and could not be re1ated ta temperature or 

pressure of formation. The variation in the cell dimensions is attributed 

to structural effec~s, but the possible effect of iron f~r maguesium sub-

stitution on the structure of lizardite must avait furt~er detalled work 

on synthetic lron.bearing lizardite. The irort content of the llzardité 

produced in the experimental runl ls saal1 but was not determlned due to , 

analytical d1fficult1ea. 

The aaounts of disso1ved Kg and Sl sverased 4.8 ppm Hg and 10.4 

ppm Sl in pure vater exper~ents, vlth S1 the s ... and Ma increased ta 11.0 

ppm in NaCl, NaOH, and alkal1ne chloride fluids. The NaCl solutions do not 

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

.enta; hovever, with NaoU and alka11ne chloride solution. olivine reaets 
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efficiently to form the assemblage of serpentine, brucite, a~d magnetite. 

Applications of the experimental results to natural assemblages 

are d1scuBsed. 

-
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EXPERIMENTAL METHOnS 

Charges vere loaded into noble-meta1 capsules with a fluid phasè 

as described by Huebner (1971), we1ded .hut, placed in co1d-aea1 pressure 

ves8els (Tutt1e, 1949), and subjected to a temperature-pressure regime 

for a given period of time. Then. after the run was quenehed, the resultlng 

.olida and fluid phase vere exsmined by a variety of techniqu~s_to establish 
" 

the nature of their mineralogical and chellieal compositions. Fisher ACS 

resgent grade cha1cala and diat1l1ed, de10nized vater were u8ed in a11 

experimental and analytieal work. 

Bydrothermal Runa '--~ 

Start1ng Materials 

A variety of synthetie olivines (and 801De natura1 olivines) were 

" used in thia s,tudy. Synthetic olivines vere prepared hydrothermally fro ...... · 
1 

a mixture of MgO, Si02, and native' Iron aecording to the method of Piaher 

ad Medaris (1969). The MaO was dried 48 hours at usoe in a drying oven 

and atored in a vaeuum de •• ieator. The S~02 vas obta1ned as pure s11iea 

81a •• tublng (99.9%), crushed to l50 .. sh. v.shed in weak hydrochloric 

acid and th.n several tpaea vith .atar. Then, the dllc. vas fired to 

26 
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o 600 C and stored at room témperature and pressure. Before usi~ after 

8torage, the silica.was dried in the same manner as the MgO and put in a 

vacuum dessicator. Native Iron was added in the form of Iron fil11ngs 

(Johnson, Matthey, & Kallori, Ltd., 99.999% purtty) or as sponge 

(Johnson, Matthey. & Ma11ory, Ltd., 99.99% purity). A polished section 
'1 

of the Iron sponge showed a small amount of magnetite « 5%). 

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

.~ and G. Plant (GSC olivihe). Tvo nrural olivines were 8upplied by 

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

In the bydration experiments, the atàrting material was an olivine 

(synthetic or oatural) plu8 a fluid phase (water, NaCI solution, etc.). 

The equilibrium runa (i.e. reversad or bracketing experiments) had an 

equal weigbt mixture of reactants and products plus water as tbe .tarting 
, ,C';'.' 

material. The equilibriUDl mix was made by reactins a syntbetic olivine with 

water to give tbe products and tben combining an equal weigbt of theae 

product. with tbe same dlivine. This method differa fram that used by 

Johannes (1968) and Chemo.ky (1973) who syntheaized aIl pbases of the 

reaction separately, then put tbem t08ether in an equal weight mixture. 

A fev dehydration expériments vere done in which the startin, material 

conaiated of the product phases (serpentine, brucite, maanetite, trace 

olivine) plu8 vater.placed in the preS8ure-temperature atability field 

of.plivine + vater • 
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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 on1y by rinsing with 

acetone and dried. The Au tubing was 30 mm x 4 mm with a wall thicknes8 of 

0.25 mm and the Ag was 20 mm x 2 mm with a wall thickness of 0.13 mm. 

The- load1n~procedure was: 

(1) the Ag tubing was eut, washed, drled, and crimped at one end, 
the Au was prepared in the same manner except that it vas 
we1ded shut at one end 

(2) both capsules were weighed 

(3) the .tarting material was loaded iuto Ag capsule vith a smali 
funnel and weighed; average charges we1ghed 5-10 mg 
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(4) the fluld was added ta ~ capsule vith a microsyringe (S-10 mg), 
the capsule crlmped shut and weighed (capsule handled with 
disposable gloves and tveezers) 

(Sr'the buffer charge (approximately 20-30 mg) was losded with a 
Sma1l funnel into the Au capsule and w.lghed 

(6) the 1aaded Ag capsule w s put into the Au capsule, and wster 
added vith the syring (50-100 mg) 

(7) the Au capsule wa rimped shut and welded, with the capsule 
immersed in an lce bath to minimize fluid 108S 

(8) after velding and allowlng to reach roo. température, the Au 
capsule vas wiped vith acetone and weished. 

AlI w.tibial vas done on • Mettler balance, aensit1vity to .± 0.05 mg. The 

completely loaded end welded capsul~ va. then placed in a dryiug oven 
a ' 

(lIS C) for 20 minutes to an bour to check for las le.kale. If there 

vas no weicht chanae, the capsule was considered ready for the hydrothermal 

rune 

. ' 
'. 

. 
• 

, 
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Piaure 1: Capsule configuration UlM in thia study. 

!he inaer ÂI capsule va. erimpe4 elo •• d. 
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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 l~ne. A bare chromel-alumel thermocouple 

protected by 99.7% Al 20
3 

was inserted into the thermocouple weIl and held 

in place with wire or by ceramic cement. The bomb was brought to the run 

pressure and he Id 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 co~~nually 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 continuoue recording on a potentiometric strip 

chart recorder. However, temperaturee were also measuted daily with an 

ice bath reference junction and precise potentiometer with a null indicator 

o reading to jp.OOS mv (+ 0.13 C). The entire measuring circuit was cali-

brated against the melting points of Zn (4l9.SoC) and Bi (271oC)j 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 aIl cases the temperature variation during the run waa Iess than 

2°C. The melk.um error in the stated temperatur~s is weIl within ~ SoC, 

o considering the temperature calibration (! 2 C), temperature variation 
~ 
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o 0 during the run (i 2 C) and thermal gradient (i 1 C) (Huebner, 1971). 

Water pressures were generated with a hand-driven piston è~lfnder 
" 

pump. Pressures were monitored with a 6" Bourdon gauge which was 

callbrated agalnst'a 12" Helse gauge. The pressure was checked every one 

ta twa days, the recorded pressure (Appendix 2) being an average of 15 to 

25 readings. The recorded pressures varied less than 30 bars and are con-

sidered accurate to + 50 bars. 

Analyste of Products 

Charge Unloading 

After the run was quenched, the Au capsule was removed from the 

bomb, and obeerved for gross morphology t b, degree of "puffiness". 

Ooly one capsule could be run per bomb because of the large degree of 

Itpuffiness" which deve10ped during most of the runs. The capsule was wiped 

with acetone and weighed. lt 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 III syringe and put into a 

welghe~amount of water. The Au capsule was opened comp1etely and the 

buffer charge examined. The Au + Ag capsules were placed in a drying oven 

(1150C) for about 12 hours. After drying, both buffer and silicate charge 

were placed in separate vials and etored in a vacuum dessicator. 

j , 

\ 1 
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X-ray Analysls 

A Guinier-Hagg powder pattern was obtained on aIl starting materials 

and products with NaC1 as an int~rnal standard. The powder camera (Incentive 

Research Development - AB, X-ray. Diffraction Guinier XDC-700) was used with 

a fine-focus Cu t~~05 Kv, 20 mA) yie1ding Cul{ Q 1 monochromatic radiation 

(1.54051 A). The X-ray patterns were read on a manual film reader to 0.01 

mm. A computer program was written to correct all lines to the internaI 

standard (ca1culated 29 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 corresponding 

!-spacings. The average standard err~r associated with a reading of a given 

o diffraction 1ine i8 ± 0.01 29, which corresponds to lees than 0.002 A for 

Most of the d range of concern. Least squares refinement was done using 

both Burnham (1962) (olivine, bruc~te) and Evans et al. (1963) (serpentine) 

programs. 

carefu1 X-ray intensity measurements were attempted for determination 

of reacVion change in the reversed experiments. The films were measured 

by means of a double-beam recording microdensitometer (Joyce, Loeb1e & Co., 

Ltd., MOdel MK IIICS). The intensity of the peaks for the products was 

then compared to intensity of thf peaks for th~ starting material to 

determine whether there was change in the amount of olivine before and 

after the run. A 20t incresse or decrease in tn~en8ity of the peaks was 

Observed before change (+ or -) was noted. 



\ 

Petrography 

A poli shed section of the buller charge was made following the 

method of Kullerud (1971) and examined in ref1ecting light using a 

Zeiss research photomicroscope. Grain mounts were made of the silicate 

products ànd examined with a combinat ion of transmitted and reflected 

light micrography. 
~ 

Phase contrast microscopy was useful in detecting 

smal1 amounts of olivine and/or brucite. Optical observation of the charge 

33 

was essent!al in the identification of magnetite. Photography was routinely 

used a8 a pe~nent record and was helpful in comparison of grain mounts 

of products, especially between widely spaced runs. 

Scanning Electron Microscopy 

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

and in some cases essential in the documentation of run producta. An 

excellent review"of tbe use of the SEM and sample preparation is found in 

Bearle et al. (1972),and the following discussion is meant to 1llultrate 

those problems particùlar to the study of .ynthetic àaaemblages. The 

samp1e preparation for the SEM work consisted of: 

(1) a small glas8 cover slip (8 mm squàte) wa. glued to the sample 
holder 

(2) a sma1l amount of the semple vaa tranaferred to the cover slip 
vith a clean microapatula 

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

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

(5) two vacuum evaporation coating(a) procedures were used: 

(a) 10 cm of AuPd (20%Pd) 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. 
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Note: the sample was rotated while the metals were being evaporated. 

At first ~ clean mica flake was used as a supporter for the sample rather 

than the glas8 cover slip. Mica proved to be unsatisfactory because: 

(1) its plat y habit and irregular surface features sometimes made the 

mica difficult to distinguish from the sample itself; and (2) the mica had 
\ 

a tendency to exfoliate under vacuum. 

The Cambridge Stereosean 600 SEM was used under the following 

operating conditions: 

25 Xv beam voltage 
10 mm working distance 
0.5 sec scanning speed (photograph at 50 sec) 
5th spot size (out of 6 possible) 

The sample stage permitted rotat~on and tilting of,the sample, which proved 

to have consideràble advantage in studies of these multi-phase samples. 

Charging Is defined as ~ reverslble effect of the electron beam 

on the specimen which causes the image ta deteriorate (Bearle et al., 1972). 

(a)coating is the application of a conducting layer of C or metal in order 
to 8uppre88 charging and increase electron emi8sion. The purp08e of 
coating is to put on a uniform layer of conductive material, 80 that the 
aurface coating 18, 8a nearly as po.sibi., an exact positive replica of 
the surface of the uoderlying material. 

• 
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The processes that cause the deterloratlon are not weIl understood but 
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charging has been found to be controlled by changthg the beam energy (usually 

by lowering it) or by making a good conduction path to earth from aIl parts 

of the sample surface. The double-coating proc~dure was much more effective 

in decreas1ng the amount of charging of the sample, chief1y 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 semples charged less. Using a 

lower beam voltage did not decrease the charging. 

Magnetic Measurements 

R.B. Hargraves perfo ed magnetic measurements on several starting 

materials and products to determine the net amount of magoetite produced 

-during the reaction. The magoetic moment of a weighed sample vas measured 

as a function of field 8trengt~ on a Frantz translation balance. From 

calibration of the instrument and knowledge of the magnitude of the 8aturated 

magnetic moment of magnetite, the maguetié: IIlOlIent of the sample can be 

related to the amount of Magnetite presenr in the sample. 
o 

P'luid Analysie 

On pUDcturing the run capsule, a gas phase eSC8ped, and the maxtaum 

amount of recov.rable f1uid wa. transferred by syringe to a weighed plastic 
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vial of vater (4 ml). The vial was again weighed after addition of fluide 

covered vith parafi1m. and stored in a closed draver unt1l analysis. At 

the time of analy~is the vial was re~eighed. The weight 1088 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 detected in the 

dilut'ed acid solutions. 

Chemical Analyses 

" 1 

The solutions were analyzed for Hg and Fe by atomic absorption and 
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Si spectrophotometrically as the molybdate blue complexe Standard solutions 

were made from Fisher certified Atomic Absorption Standard Reference 

Solutions. which were diluted with water.and, in the appropriate sample.~ 

s,ffieient cODcentrated HCI was added to give the same concentration of !Cl 

in the standard solutions as in the sample solutions. Fresh standards 

were diluted from the reference solutions for eaeh bat ch of samples. 

The Mg and Fe analyses were performed with a Perk in Elmer Model 403 

Atomic Absorption unit vith a 4" buner. air-acety1ene fla •• and sing1e-

e1ement ho11ow cathode lamps. The standard instrument settings and procedures 

as out1ined in Perkin Elmer Ana1ytical Methods for AA Speetrophotoaetry (1971) 

were foUoved. The AA unit wai calibrated direct"!y in ppm after per1Ddic 

\ . . ~ 
1 , 0:). 1 11 
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checking of absorbanèe of standards. Normally three standards were prepared 

in the anticipated concentration range. Routinely, 5-10 readings on the 
, 

,uandard were taken, 5 samples read, the standard read again, another 5 

aamples, ~ Due ta the small sample volume, only 3 ta 5 (10 average) 

individusl readings could be taken. Blank corrections were necessary for 
\ 

irone The standard error in the analyses wa. calculated from the readings 

Of~e standard solutions. The 0.2 ppm Mg standard contained 0.198 ppm 

vith a computed standard error of 0.009 ppm, based on 83 degrees of freedom(b) 

applying the Student's t test for 95% confidence limita. The 1.0 ppm Fe 

atandard averaged 0.987 .± 0.059 at 95% confidence liJll1t with 11 degrees of 
-

fraedam; the 10 PP. le standard was 9.944 ~0.146 ppm at 95% confidence 

limita with 4 degreea of freedom. Kahn (1968) definea the detection limtt 

as the concentration of the alement in a solution which gives a signal twice 

the size of the peak-to-peak varlablllty of ~he ba~kground~ By this 

definition the detection limit for Mg was 0.006 pp. and Fe was 0.032 ppm. 
/ 

The procedure of-Rainwater and Thatcher (1960) w&S used for Si 

determinations. Standards were diluted vith vatel' or acidifi.d as described 

above. The abeorbance measuremente utilized a Bausch and Lamb Spectronic 
:+ 
88 Speçtrophotometer at 700 na vith 10 ca calla. -Use'of the 10 ca cella 

co.bined vith tbe expanded mode on the spectrophotometer allowed detection 
~ " 

of 0.1 1I1crograu of Si. A atandard eurve of ab.orbance va "g of Si wa. 

(b)The dearees of freado. • N -1, where N • nuaber of incllvidualmeasurementa. 

• 
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prepared vith 8 standards, a min,imum of 2 standards run vith each batch of 
) 

samples. The standard error in the samp1es vas computed from the regression 

11ne of the standard absorbance curve. The standard error 1n the regress10n 

line ca1culated for the Si analysie was Y. 0.015 l!:' 0.036) + 6.167 X • 
-'" 

t± 0.256) at 95% confidence limits. 

pH Measu~ement 

The pH measurement was made 1œmediately after quench1ng (within 

5-10 minutes) by placing 2-3 drops of the f1u1d on a glaBs Blide and touching 

the pH electrode to the f1uid making Bure that the bulb and glass frit were 

covered with sample solution. Maasurement wa. made with a milliature com-

bination pH electrode (Microelectrode, Inc.) attached ta an Orion Research 

Specifie Ion Meter (Model 407) vith an in~ernal tamperature compensat6r. The 

mV expanded scale of the meter was uaed vith the electrode calibrated asainst .. 
pH buffers (Fisher certified buffer solutions of 7.00, 8.00, 9.18 and 10.40). 

A standard curve was prepared of aV V8 pH, i.e •• the meaBureaent was made 

in mV and converted to pH units. BefJf.' .. ~ement. th. mater waa cali-

brated vith buffera 9.18 and 10.40. 

Unfortunate1y, difficÙlti •• vith the DeW lIIOdel-,electrode did not 

permit ,more than a fev _aa~rement.. Con.idering the saall e"ple sbe and 

the,difficulty in measurement, the .. aaured values are believed ta be 

accurate ta w1thin .z 0.1 pH unit •• 
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EXPERIMENTAL RE SUL TS 

Iron-Magnetite Buffer 

Evaluation of Buffer Effectiveness 

In the temperature-pr~ssure range of the experimental work (300-

400°C. 0.5-2.0 kbar) , the rate at which oxygen buffers equilibrate has 

not been systematically evaluated. Eugster and Won.s (1962) stated that 

in buffered experiments in which hydrogen transfer 1s not restricted by 

diffusion through metal. ~, where an open inner capsule is used. the buffer 

may be effective1y reactive at temperatures 1eas than 400oC. Shaw (1967) 

reported that the rate of diffusion of hydrogen through platinum and 

o si1ver-pa11adium (Ag70Pd30) decreases rapidly at temperatures below 700 C. 

Huebner (1971) stated that with hydro$en diffusion through ~ta1. the 
.. i '~"'I 
V t:,?t 0 

hydrogen-rich buffers will equilibrate at temperatures be10w 500 C and 

perhaps as 10w as 400°C. 

buffer to 3500 C, 2 kbar. 

Wise and Eugster (1964) report ~~,~è lM 
, , 

,f ( ) 

In view of the uncerta1nty 1nvolved in the 

effectivene88 of the oxygen buffers at these lov temperatures, it wa8 de-

cided: 

(1) to use an open inuer capsule to insure gas transpart from 
the bulfer charle to inner silicate charge, and 

(2) to evaluate the kin.tics of the IM buffer reaction in the 
,1.p ranae of interest. 
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.. The buffering action can be ,desct"ibed by two equivalen't; reactions: 

3Fe + • 

3Fe'.+ -
(3) 

(4) 

40 

Equation (4') .describes 'the reaction. more rèa11st1cally because hydrogen 

production can be obsérved macroscop!cally in the "puffiness" of the' capsule , , 
Il 

and gas escape on opening the charge. Magnetite production can be con-

firmed in a polished section of the buffer material. 
1 .. 

The buffer charge for the rate study was native iron plus water • . 
lnitially, o~ly le filings were used but the filings proved to be relatively 

unreact1ve, app~rently due to large grain size ~nd therefore small surface 

area. The sluggish ~eactivity was gauged by the small amount of magnet~te 

and gas produced at the end of the experiment. '.. .. 
Subsequen~ly, Fe sponge 

1 

(approximately 10-40 Il m Uze) proved ta react far more rap1dly. Figure 2 

shows that t~e iron sponge.prod~ced effective buffering action within a 
, . 

few hours of placing the charge within a particular T,P regime. The 

buffer charge for the majority of the runs was a'mdxture of Fe sponge and 

Fe filinga. The .ponge was used to insurerrapid buffering and the filings 

were added in-case the spongePbecame exhauated during the longer runs. 

The experimental criteria developed for the judgement of effective-

neas of the lM buffer at run complet ion are: 
. , 

• ,j • 

(1) "pllffiness" of the capsule, ind1cating hyda:>gen production, 
and ..las eac:ape on puncturina the capsule ~ 

) (2) no we1ght 108. of the capaule (Iulgested by Buebner (1971) 
.l ta be 'l.as than 1 ma for a 2 1 capsule) 

, 
f 

f 
} 

,l 
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Figure 2: 

, 
• 
! ~ 

• . 
Plot of percent magnetite in buffer vs time 

• 
for the reactioa of iron sponge + vate~. The 

percent magnetite was estimated from a po1ished 

section of the buffet materisl (Runs 3-6a, 

3-6b, and 3-6c). Note that this experlme~ 

vas done ta dete~ne the ~ ot rea~ion and 

the buffer charge for the normal experimental 
, 

rune vas a mixture of iron sponge + filings; 

the sponge was uaed to insure rapid buffering 

and the filing8 were added in case the sponge 

became exhausted during the longer runs. 

l 

• 
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(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 experimehtal probJem with 

the lM buffer was encountered on the quench. If the pressure was not 

maintained in the line during quench, the capsule often leaked because 
1 

of the pressure differential. For those capsules which had leaked de-

tectably on removal from the bomb, it was assumed that the leak occurred 

on quench if there was no oxidation of the buffer charge. 

42 

Some iron from the buffer charge can dissolve into th\! fluid phase ...... ' 

The resulting precipitation on quench was firet noticed in examination of 

the buffer in polished section as an orange aggregate of material around 

some of the magneti~e grains. However, when examined under a b1nocular 

microscope immediately upon opening the capsule, the buffer did not contaln l' ~ 

any orange precipitate~ As Bbe charge 18 placed in a drying oven, eva­

poratlon of the fluid remaining on the buffer charge' caused oxidati6n and 

~'. precipitation of Fe(ÔH)3 (mos\,probably). The process was studied under 
), . 

. ~ à bino~ular microscope with a freshly opened charge placed close to a 150 

) watt bulb; the precipitation of art orange material was immedlately observed 

during evaporation of the fluid. AlI subsequent runs were checked before 

being placed in the drying oven for any orange precipitate. lt can be 

concluded that at run T,P the b~ffer charge was not oxidized, but some 

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

, 

" 

"' 
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, 
the Iron precipitated out of the solution. Chem1ca1 analysis of the 

acidified diluted fluids collected from sorne of the ~xperimental runs, 

showeè sorne iron in solution (see Appendix 5). The acidification of the 

diluted flui~ W8S necessary to prevent the adsorption and fine, colloidal 

precipitation of the ferric hydroxide. 

As the inner capsule was open ta 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 
edge determina~ion) from a mixture of MgO and HZO at 300 C and 1.5 

bar in the presence of the lM buffer. Optica1 examination of the buffer 

ncl silicate charge in experimental runs revealed no evidence suggestive 

ransport from the outer to iooer capsule. Some transfer of iron 

does occur, but to such a sma1I extent that it does not appear 

to affect the reBetions studied. 

Possible Hydrogen Leakage 

The lM buffer i8 highly reducing a~ it involves a large production 

of hydrogen. Ther~fore, hydrogeo May slowly diffuse through go Id because 

the fugaèlty of hydrogeo is much higher in the charge than in water pressure 

medium. Fydrogen diffusion through gold 18 a function of temperature and 

the container thickness. The method of determining hydrogen 1088 19 by 
~ 

weight change of the capsule after the run (Huebner, 1971). 

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

a w~ight change was observed. Runs 3-102, 3-93, 3-92, 3-50 and 3-23 had 
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TABLE 3 ,.. 

Runs in which weight 10ss at end of run was greater than 1 mg 
for a 2 g capsule (Huebner, 1971) and in which there was no 

. macroscopica11y observable 1eak, 

Run Gas Escape Wt.Loss,mg Buffer H2~ F1uid H2 ** 
* 

mg 
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, SOt 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, 25~'% 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 . yès, 33% '11.19 
\ 

3-42 yes, major 1.11 38.03 101..56 yes, 10% 11.36 

3-32 yes, major 0.69 36.32 173.76 yes, 33% 19.44 

+3-23 yeso minor 7.91 32.38 134.19 yes, 50% 15.02 

3-8 yes 1.86 43.17 118.20 yes 13.26 

*initia1 amount present 

** amount of hydrogen produced by complete dissociation of the initial 
wster in buff~r charge 

+possib1e 1eak on qu'è~ch because the~was no gas escapè 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 Runa )-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 weIl. The remaining runs perhaps are consistent wiçh a 108s of hydrogen 

through the gold capsule. The weight 108s ranges from 0.69 to 9.07 mg. 

Th08e runs that did show a weight 108s are compared with experiments at 

the same T,P and run duration which did not show any weight 1088 in 

Table 4. Xhis comparison do es not support the conclusion that the weight 

10s8 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 note It is possible that 

leakage that occurred on quench was not continued observably when tbe 

capsule was removed ftom the bomb at room T,P. Also, Runs 3-42, 3-43, 

3-50, 3-51, 3-92 and 3-93 involved alka1ine fluids, which in some cases 

reacted with the Au capsule, perhaps leading to pin-hole size leaks 

especially arpund the welded portion of the capsule. 

Calculation of Fugacity of Oxygen, Hydrogen and Water 

The oxygen fugacity at temperature and pressure of the experiment 
- < ,.,... 

can be cal~ulated from thermochemical data. The method of calculation 1s 

based on the equation: 

where 

\ 
\ 

(eqùat10n (3), p. 40 ) 
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Comparison of experiments that showed a weight 108$. of the Au capsule at end of run 
with those in which there was no ~eight change. 

0 
Run T, C P, Run Duration Wt.10ss,mg BuffeT Wt. t H20 Fluid 

kb8'I' hrs. mg* * mg* Remaining Sponge Fe 

3-70 322 1.00 837 2.93 27.47 47 79.14 >101-
3-104 -330 1.00 1035 22.92 74 108.75 331-

3-74 341 1.48 481 6.06 29.42 80 107.70 > lOi. 

3-49 342 1.49 596 33.63 34 85.65 > 331-

--"'32 307 1.47 911 0.69 36.32 46 173.76 33% 
3-48~~ 1.48 862 42.39 34 138.30 < 10'7. 

, 
" 

;J 

3-23 323 0.54 1605 7.91 32.38 30 134.19 50'7. 
3-68 322 0.56 863 32.81 46 84.28 lOi. 

3-43 331 0.99 573 9.07 26.02 54 99.96 337-
3-63 

, 
332 1.00 524 .;, 23.51 43 7'.73 >251-

3-42 306 0.99 573 1.11 38.03 53 101.56 331-
3-54 302 1.00 550 --- 31.08 57 120.37 < l()% 

*initial amount 

**r~tio of weight of fluid to weight of buffer (initial) 

***approximate percent of magnetite estimated visua11y from po1ished section 

f/b** 

2.9 
4.8 

3.7 

2.5 

4.8 
3.3 

4.1 

2.6 

3.8 
3.3 

2.7 

3.9 

e 

t M *** 

20 
25 

10 

20 

20 
10 

20 

10 

45 
25 

35 
15 

~ 
0\ 
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(a ) 3/2 
Fe (f

O 
) 

2 

Then â G~ (T) = 1/2 â G~ t M (T) 

and â GO (T) ... -2.303 RT log K 
r 

and log K • -log fo 
2 
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(5) 

(6) 

(7) 

(8) 

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

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

correction ta the oxygen fugacity required ta bring fO ta total pressure 
2 

(Eugster and Wones, 1962) 1s: 

(9) 

2.303RT 

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

log fO • 
2 

28880 

T 
+ 8.240 + 

O.0607(P - 1) 

T (10) 

whe~~ T (oK) and P (bars) for the temperature range from 298.15 ta 11000K. 

Derivation of equation (10) involved obtai~ing by linear regresston from 

the plot of l/Z6G~,M vs temperature an equation which describes 

as a function of temperature, dividing by -2.303 RT and equating ta log fO 
2 

and, then, calculat10n of the pressure term wh1ch 1s added to the first term. 

If 

• (l!) 
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TABLE 5 

Referencesl for data used in ca1cu1ation of fugacities 
of oxy en, hydrogen and water for the lM buffer. 

Data Reference 

àG~,H (T) Baas and Robie (1973) 

VM Robie and Waldbaum (1968) 

VFe Robie and Waldbaum (1968) 

YH2 Shaw and Wones (1964) 

YB 0 
2 

Burnham et al. (1969) 

Kw Zen (1973) 

'. 
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and 

K • f H 0 w 2 

fU (f )1/2 
2 

O2 

(12) 

Il 

then 

fU ° - (po ) (Kw) (f )1/2 YB YB 0 t 02 2 2 
2 

(13) 

[I<" (f )1/2 Y. ] 
O2 H

2 
+ YH 0 

2 

and 

fU • Pt YB YU 0 
2 2 2 

lKw (f ) 1/2 YU ] + Yu20 
°2 2 . 

(14) 

The Ptotal equation (11) of Eugster and Wones (1962) assumes idea1 mixing 

of two non-idea! gases, which means that the fugacity coefficient of each 

gas in the mixture at a g1ven temperature 18 that of the pure gas at the 

same temperature and total pressure (Zen, 1973). Appendix 'lb lists the 

calculated values for fugacity of oxygen, hydrogen and water for the 
" 

temperature and pressure range of 1nterest in this study. Figure 3 

11luBtrateB the variation in gas composition as a function of temperature 

and total pressure. The gas phaae 1s an aqueouB fluid r1ch in hydrogen 

and depleted in oxygen. 
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Figure 3: Log f H IfH 0 vs temperature at P total 
2 2 

equal ta 500 and 2000 bars for the lM 

buffer. Calculationa are described in 

the tut. 
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H)'drOthennal Runs on the Reaction of Synthetic 

and RaturaI Olivines with an Aqueous Fluid 

51 

The 8tarti~materiBls (olivine and brueite) were charaeterized by 

optical and X-ray study. Unit cell parameters are presented in Table 6. 

there were small amounts of impurities in some of the synthetie materials. 

Magnetite WBS observed optically in olivine 2-17 « 3%) due to partial 

oxidation of th'e charge. Fisher and Medaris (1969) reported trace amounts 

( < IX) of impurities including magnetite in OP 194 and OP 54. 80th natural 

olivines appear nearly single-phase from X-ray and optical examination. d 

A trace of periclase was detected optically in brucite 2-67. 

Details of the startins 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 and SEM 

analyais 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; Pyfe, 1973) and the~.efore, a reaction studied in one direction 

only. 

Experimenta Involving Pure Water 

. r 
Johannes (1968) has demonstrated in MgO-Si02-H20 system that 

synthesis boundaries are obtained from reactions that are studied from one 
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Cell parameters and ca1culated compositions of 
olivine and brucite starting materi41s used in the experimental work • 

011v:Lne . a (A) b (A) ,. , c (A) V .(A
3) d130 (A) composition 

mole '4 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(2) 
ji 

5.983(1) 291. 82(29) 2.7660 100 

+GSC F090 4.758(1) 10.214(2) 5.989(1) 291.13(11) 2.7695 93 

o ++OP194 4.770(1) 10-.258(3) 6.009(2) 292.04(8} 2.7781 80 

++OPS4 4.813(1) 10.417(2) 6.067(1) 304.18(5) 2.8155 20 

'\0863 
-

4.?64(1) 10.228(1) 5 .994(1) 292.04(8) 2.7130 88 

oOZ_BU_66 4.759(1) 10.215(1) 5.988(1) 291.08.(4) , 2.7691 94 

Brueite moie '4 Mg (OH) 2 

2-67 3.148(1) 4.715(2) 41.00(3) 100 
,~' -

~ . 
3119 3.146(1) 4.774(2) 40.93(3) 100' 

Parenthesized figures represent the estimated standard deviatlon (~8d) ca1cu1ated from Burnham's (1962) 
program in terms of least units cited for the value to their Immediate left, thus 4;758(2) indicates an 
ead of 0.002 

• 
. -

. ,,-' 

VI ...., 



5 3 .0:7 
~ .. -

e 
"" 

'\ 

Table 6 cont'd 

* composition calculated fram !(130) with determinative curve of Fisher and Medaris (1969), maximum error 
lB + 2 mole 1 Fo 

+synthetic olivine of composition 92.9 mole 1 Fo reported by Jambor and Smith (1964) 

++ synthetic olivines reported by Fisher and Medaris (1969), OP194 cel1 ref!nements ~ere re-determined in 
th!s study 

°natural o,l1vine, Royal ontario ~seum M7863, Arizona, 'U.S.A. 

OOUatural olivine separate, Burro Mt., Ca1ifornia, Loney et al. (1971, Table 4)reported 92.5 mole l Fo 
fram a chemical analysis 

l' 

\ 

~ 
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, . 

direction on1y. Therefore, the hydration experiments will not be dlscussed 

"'1n terms of definltion of a P .'T curve. hut the mlneralogy of the phase 

assemblage will be described as a basis for comparison with other experi-

ments and observations on natural serpentlnites. The products or the 

reaction were: lizardlte, brucite, magnetite ~chrysotlle. 

Table 7 shows a comparison of di~ferent olivine atarti~ materiala 
- , 

at the same T,P with percent olivine remaining at end of rune There ia a 

correlation of the rate of reaction with initial composition: F0 95 (2-17) 

was more resistant to 'altetation than the other more iron-rich olivines. 

These data suggest that grain size and perhaps iron content of olivine 
r 

influence the rate of alterat:on (the synthetic olivines have a smaller 
. 

grain size on the average than the natural olivines). Table 8 gives the 

unit cell dimensions for some of the olivines and their compositions. Only 

Run 3-47 showed appreciable change in iron content at the end of the rune 

, Both lizardite and chrysoti1e wer~ produced in these experlments. 

Detection of the first appearance of lizardite was not difficult optically 

nor in the Guinier X-ray powder pattern. Howeyer, detection of chrysotile 

ln a mixture of olivine + lizardlte was dlfflcult due to overll/-pping of 

diffraction lines and lack of positive optical identification due to fine 

grain size of serpêntine. The SEM was extremely useful ln solving this prop-

,J, lem and allowed e.sy detection of chrysdtile 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 opticàlly and chrysotile by 

SEM (see~dix 3). 
" 

~ 

'; 
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Run 

3-30 
~ 

3-47 

3 ... 2 

2'"'99 

') v TABLE 7 

Cl 
~Comparison of d1fferent olivines for effect of run duration 

~ and initial composition on the rate of reaction. 

0ll!!~~} T(oC) P(kbar) Run Duration Comp-os i tion. 
, 

hrs. -' mole ~ Fo 

OPl94. 331 1.47 764 80 
'> 

M7863 331 1.00 1121 88 

2-17 329 1.00 1637 95 
" -

2 ... 33 329 1.47 529 '. ,; 88 

? 

'. !- .? 

, 

'fi' ~ 

.'(1 " 
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~ Oliving 
Remaining 

70 

40 

98 
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Jun a '(A) 

" '" 3~25 4.756(1) 

3-15 4.756(1) 

3-32 4.760(1) 

/3-30 4.764(3) 

3-47 4.756(1) 

3-77 4.758(1) 

'\ !-

~ 

TABLE 8 

seléctll olivine cell parameters and Jalculated' cpmpositions 
from the hydration experiments with pure water. 

, . 

b (A) c (A) V (A3) Composition 
mole % Fo 

'\ 10.217(2) 5.9&8(1) 291.01(9) 93 
1 

10';217(2) 5.986(1) , 299.98(6) 94 

10.218(2) 5.990(1) ,291.32(6) r-95" 
10.240(9) 6.000(2) 292.72(21) 81 

10.220(3) 5.988(2) 291.10(11) 96 

10.210(2) 5.989(2.) 290.94(8) 93 

Refinement and compositions ar~ obtained as in Table 6 
\ 

0( 

à, mole % Fo* 

" 

-2 

-1 

+2 

+1 

+8 

-1 

*d!fference between the atarting mater!al and<product, minus (-) means a decrease in Fo content 
and plus' (+) indicates an increase in Fo content 

e 

" 
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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 cel1 • 

• 
Whittaker and Zussman (1956) estab1ished that c = 14.6 A for clinochrysotile. 

though Yada (1967, 1971) has presented evidence from 1attice fringe edge 

dislocations that the repeat unit in t~e c direction also may be 1.3 A. 
" 

1 

Zvyagin (1967) has shown that both on~-layer (7.3 A) and two-layer (14.3 A) 

monoc1inic structures exist for clinocgrysoti1e, but the distinction between 

, ) 

the one- or two-layer structure can only be made from single-crystal 

photographs of higher-order layer lines or from electron diffraction patterns , 

(Wicks,1969). When chr~sotile makes up greater than 50% of the serpentine, 

the Guinier powder pattern allowed refinement of both the chrysotile and 

liiardite cell dimensi6ns. The cell edges and volumes are comparable to 

natural lizardites and chrysotiles as shown in Table 9. The variation in 

, these parameters for llzardite are: 

range of values 

minimum Jll8ximum _difference 

a (A) - 5.300 5.363 0.063 

Ê. (A) - 9.179 9.211 0.032 

c (A) rai 7.290 7.322 0.032 

V (A3) III 355.85 361. 73 5.88 

There does not appear to be any systematic variation in cell edge or volume 

with temperature and pressure of formation or composition of inltial starting 

olivine. 

.. 
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TABLE 9 

Cell edge and volumes refined for 1izardite and chrysoti1e 
produced from hydraaion reaction with water. 

/ C (A)( V (A3) 
". d002 (A) + llun a (A) - b (A) f3 

lIt-
\. 

\ 
3-25(L) 5.318(3)* 9.185(4) o7.290(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(~) 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 

.. l-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) 910 57'(33'}-

3-32(L) 5.319(4) 9.204(4) 7.293(9) 357.10(50) 3.649 

3-4 (L) '5.311(9) 9.119(4) 7.298(8) 355.85(46) 3.650 

3-1 (L) S.301{21)~.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) é? 3.643 
... 

3-P{C) 5.269(16) 9.210(7) 14.650(74) 712.72(31) 93 11'(11') 
- ..... 

,..,~ 

1.1' 
QD -

~-

" -~- - -
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Run a (A) b (A) c (A) V (A3) f3 cl (A)+ 
002 

3-41(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 

** 241M(L) 5.312(4) 9.204(17) 7.237(15) 353.81 (112) 3.619 

** 930 20' 212M(C) 5.306(6) 9.176(12) 14.650(8) 712.13(177) 3.656 

'1n9804 (L) 5.319(2) 9.223(3) 7.313(6) 358.84(29) 3.661 

~9142 (L) -5.317(1) 9.208(2) 7.305(4) . 357.69(21) 3.653 , 

~507 (C) 5.320(3) 9.208(4) 14.631(17) 715.72(8) 930 18' (3') 3.652 

+~ {OO2}, observed, basal_apacing of serpentine mineraIs, Chernosky (1973) showed maximum variation 
in Al conten~ t~.be reflected in ~ (002) of serpentine, Forbes (1969) i11ustrated change in iron 
content of~talc with its basal spacing 

*figures in parenthesis represent the estimated standard deviation (esd) ca1culated from the 
Appleman et al. (1963) program, 5.318(3) indicates an esd of 0.003. 

** ~ pure synthetlc lizardlte and chrysoti1e (Chernosky, 1973) 

°Roy.l ()Jtario )lJseum standard lizard:Lte, Kad~~, Ontario 

~OORoyal Ontario MUseum standard lizardite, Dyplngdal, Snarum, Norway 

O~oyal Ontario MUseum standard clinochrysotile, Montreal Chrome Pit, East Broughton, Quebec , 

1, 

':: 

Vt 
\0 



) 

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 i8: 
1 

olivine 

lizardite 

chrysotile 

brucite 

magnetite 

anhedral, massive grains on order of 20-100 p. m 
in width (Plates lA, lB) 

massive, plat y, laths and euhedral crystals which 
exhiblt hexagonal symmetry (Plates lC, ID, 3A, 3B, 
3e, 3D) 

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

hexagonal plates, 4-100 p. m (Plates 2A, 2C, 2D) 

cu.bes, 1-2 " m. 

Magnetite wes rarely observed in SEM studies. The most common serpentine 

habits are lizardite platea and chryaotile fibers. Lizardite laths 

.' 0 appear ta form at tempe~atures greater, than 315 C, in the p~ês8ure range 
\ 

0.5-1. S kbar, whereas euhedral, he;lS:agonal forma of lizard,ite fol"Ul at low 
" ' 

temperatures ( < 30Soe) or long run duration at both hith and low tempera-
. ..-' o' 

tures. Chrysotlle laths fol"Ul et lo~ temperatures ( < 310 C) and relatively 

high ~eséure Vith shorter ~un durations. Lizardite is the firat 8erpent~e 

mineraI to appAr, from the 'reaction ~'i olivine wlth water. Chry.otile 

forma as ~un duration ia increa.ed. ,!vide~ce will be preaented ln a later 

section to ahow that lizardite and chrysotile appear to co-exiat stablYJ 

. ' 

~, chryaot1le ia Dot replactng lizardite. ....*; 

Brucite occurs Inla~' rUD producta in wh~ .ttetat~ had proceeded 
, 

to auch an extent that 1e$8 than 601 of the olivine remalned. Run 2-99 la 

/ 

" 

::1 

' .... , 
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TABLE 10 " 
Sùmmary of SEM results on the distribution of serpentine habit for lizardite and chrysotile 

produced from bydration of olivine witb pure water: 

, 
T(Oc) P(kbar) R.un Duration Massive, Lath Eubedral libers La th * .1tun Relative Amount 

• brs. Plat y L L L C C 

+3-12 321 1.99 1150 x x x L > C • CI 
c; 

3-77 307 1.93 999 x x x L > C 

3-61 302 , 
~.93 50t. x x x L> C 

2-94 339 1.47 575 x x L' 

+3-30 
... 

.331 1.47 765 " x x L > C 

* , 2-102 311 1.47 504 x x x L»C ..... 
3-48 309 1.48 1773. x x L ii C 

! 
3-4 317 1.01 1492 x x x L> C 

~. 3-1 302 1.01 1660 "V x x x L > C 

+3-23 323 0.54 1606 x x x L > C 

.3-22 304 0.54 160S x x x x L == C 

* ' esttm&ted ~isua11y fram SEM s~ples and correlated witb X-ray resu1ts 

+no cell refinement possible for lizardite er cbrysotile 

+f-: 0\ leaat.squares cell refinement not attempted .... 
r .. 

'" !. .. -

~ ~~::~~ 
_._ .. __ .. ~~:::""'- _---'>... 
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the only one in which brucite vas not observed either by X-ray or optica1 

examination though it may have been present in trace amounts which escaped 

opticai detection. Table Il presents tbe cel1 ~dge refinements and the 

Iron content for'those brucites that had sufficient X-ray lines for a 

least squares refinement. Runs 3-12 and 3-61 at 2.0 kbar and Runs 3-4 

and )-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 prucite 

as a function of tempe~ture will be di8cussed later. Runs )-12 and 3-25, 

conducted at the same T,P with the same olivine start1ng mat~r1al, may 

indicate an increase in the iron content of brucite with run duration. 

In DOSt cases~gnetite was identified optically in the ru~ 

products (see Appendix 4). A corre1ation of grain size with color of the 

powder ~s made: a light tan powder indicat~d that the magnetite was 

f1nely disseminated ("dusty") throughout the serpentine (grain size, ... 
1-2 "m). In the grey powders. the magnetite was larger in grain size 

(4 to 10 "m) and in some cases had begun ta aggregate. ·When the grain 

, '. size and the amount of the magnet1t~ became'large enough it could be 

1dentified in the X-ray pattern (Plate 7D)~ Runs 3-48 and 3-32 at the 

same T and P allow comparison of,magnet1te production vith run durat±on; 

the longer the run the greater thé amount of magnetite. The natura1 

olivines appear to produce approximately the sase amount an& grain 8ize of 

BUlgnetite a's tne synthetic olivines within the compositions and run durations . , 

invelt1gated. ... 

) 

. 
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TABLE Il 

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

Run 

3-25 

3 

a (A) 

3.176(1) 

3.159(3) 

3.156(1) 

3.152(1) 

3.156(1) 

c (A) 

+4.767(23) 

+4. 759( 19) 

4.734(1) 

4.756(3) 

4.753(3) 

4.762(3) 

4.760(3) 

l * mole % Mg(OH)2 

98(2) 

93(7) 

82 (1) 

92(1) 

90(1) 

95(2) 

94(2) 

Refin ment as specified in Table 6 

* j determined from the !(001) reflection (~ ce II edge) 
after MUmpton and Thompson (1966), error calculated 
from esd in c ce1l edge refinementj Page (1966) has 
shown good agreement between iron content of brucite 
from X-ray cell edge d~term1nation and electron­
microprobe analy81s of brucite 

+only c refined due to small number of brucite reflections 

, , 
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Table 12 presents a few magnetie measurements. More magnetite was 

produced in Run 2-98 than in 2-100. Those rune differ in temperature 

(2-98, lo~er) and ~tarting material, but are otherwise identieal. Run 2-98 

had a synthetic olivine as starting ma~erial. 2-100 i natural olivine of 

whieh approximately 70% remained at the end of the rune The incompleteness 

of the reaction for Run 2-100 probably accounts for the lower magnetite 

production in comp~rison to Run 2-98. These measurements 111ustrate the 

difficulty in an optical 8ssessment of the amount of Magnetite produced 

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

Experiments Involving Fluids of Variable Composition 

The fluids other than water used to study the slteration of olivine 
() 

were chosen ta conform with the natural serpentinizing fluids as studied 

by Barnes et al. (1969, 1972): 0.1-0.4 M NaCl, 0.01-0.03 M NaOH. 0.05-0.14 M 
l, 

sodium metasilicate (Na2~i03.9H20) and.h a1kaline chloride solution (a 
1 

mixture of NaOB and NaCl). The rate of reaction as a function of fluid 

c01Ilpqsltlon ls: '\ 
Na metasilicate > NaOH il alltallne cblotide > H20 > NaCl. 

3 

lUth sodium metasUicate solutions, the four-phase assemblage lizardite, 

chrysotlle, brucite, and magnetice was forsed o~ly at the lowes~ temperature 

° (306 C, 0.99 kbar), whereae llzardite, .. guetite, mlnor olivine + chrysotile -
vere oDserved up to 352°C, 1.S kbar. but without brueite ~refer to 

) 

Appendd.x 2). The assemblas_ lilar~ite, chrysotile, brucite and magnetlte 
"-

, a 

was ob •• ned for th. NaOR and alkaline ohloride solution •• Only traces , 

/ • 

, 
li 

~(~ 
.;-
". " ' el J 1 , 
~ 
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TABLE 12 

* Magnetic measurements of starting materia1 and run 
products from hydration of a synthetic and natura1 olivine. 

Materia1 

2-98 

H7863 
(starting 
materla1 for 
Run 2-100) 

2-100 

* 

* Js, enro/g 

4.5 

0.()3 

0.68 

1) 

Eq. ~, wt. 7. 
~ 

4.8 

0.04 

0.70 

, 
~, 

Net Increal~' 
M, wt. % 

4.8+ 

0.66 

courtesy of R.B. Hargraves, Princeton University 

**net increase in amount of magnetlte:, product magnetite minus 
the magnetite i~ starting material 

+a magnetic measurement was not ~de 
however, magnetite was not observed 
optical and X-ray examination 

. ' 

• 1 

.. 

of the starting material; 
in start!ng material with 

/ 

.. 
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of serpe~tine + brucite were observed in reaction of olivine with NaC1 

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 in three samples and possible iron enrichment in the 
, 

other five. The brucites are pure Mg(OH)2 ln three samples but contains 

l3:.lDOle % Fe (OH) 2 in Run 3-46. 

Lizardite ie the dominant serpentine mineraI in theae experimenta. 

though chry80tile ia observed in the lower temperature runs with aIl 

the fluids except those cont~ning ~aCl. However. these runa averaged 

about 500"houra in duratlon whereae some of the experimenta with pure water 

were extended ~or twice that time. the lizardite shows a larger variation 

ip unit cell paramet'ers than those formed in the èxperiment8 with pUl'e .' , 

water. though, the! (002) falls consistently between the values of 3.652 

ran,e of values 
~,- . .' 

m1.niDn.llll maximum difference 

a (A) .. S.278 5.380 0.102 ,.. 

~ (A) .. 9.143 ,9.193 0.Q50 , .s. CA) .. 7.292 1.329 0.037 
" ' 

V (A3) • 355.08 - 361.43 5.35 

Run 3-64 a1lowed retinelnent of the X-ray pattern for chrysotile but not for 

lizardltej the abundanct o~ chrysotile in the .ample 1. 8ub_tantlated from 

" 
" 
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'fable 13 eont' ct' 

~ 

leftoe.ent and olivine composition as sp~c1fled in Table 6. 
, 

* difference betveen the starting material and the product 

e-

'" **determined fram the d(OOl) ref1ection after Mbmpton and Thompson (1966), er~or ca~culated from esd in d(001) - -
+s. refined cmly _ d l" 

" 
". ; ~ 

'" 
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TABLE 14 , 

Se1ected cel! pa~~eters f~~~izardite and chrysoti1e 
produced fram the reactio~~ivine with f1uids of varying composition r 

- t 

-, 
0 B.un a (A) b (A) c ~A) v (A3) -fJ d(002) (A) 

~ 3-51 (L) 5.380(100) 9.180(44) 7.316(25) ~61.43(569) 3.652 
.. - ~ 

3-42 (L) 5.320(5) 9.143(25) 7.320(14) 356.14(125) 3.656 

3-42 (C) 5.307(11) 9.213(11) a 14.644(JOO) 715.13(46) 92° 53' (1&') 

3-49 (L) 5.3l5(6) 9.173(9) '" 7.306(13) 356.30(7,4) 3.655 ---3-46 (L) ~.311,(8) '- 9.191(8) 7.292(16) 
.' r 

355. 97( 81) 3.652 

3-54 (L) 5.309(11)\ 9.194(7) 7.317(20) 357.17(125) 3.655 

C> 3-64 (C) ~ .305'(6) c 9.201(?) 14 • .622(54) 712.97(24) . 92° 54'(8') 
~ 

3-96 (Ll- 5.278(13) 9.}79,6~ 7.329(11) 355.08(68) 3-.661 
o • \ - 0 -3-95 (11) 5.298(30) 9.193(9) 7.317(2'5) 

! >, , 
3-93 (L) 

(" 

5.300(9) 9.188(4) 1.307(8) 

,356.4:1(147) 
Ir 

3.661 

-y ""-' 

355.91(48).,. 3.650 
< • 

.. " '~efinement as apecified in T~ble 9 
0 

.-

---........, 
,\, 
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TABLE 15 

SEM results for a few serpentine samples formed fram the reaction of olivine 
. with fluids other than pure wate~. ~ 

Run T(OC) 

3-42 306 
'1 , 

3-54 302 

3-64 302 

t 

P(kbar) 

~~. ~9. ,. 

1.00 

1.00 

'-

Run Duration 
hrs ~ 

573 

550 

524 

*estlmated visually fram SEM samples 

+sodlum metasilicatè, NaZSi03 • 9Hz0 

. , . . 

" 

-<; / 

60 

F1uid 

0.06M NaSi+ 

O.OlM NaOH 

0.33M NaCl 
0.02M NaOH 

Massive 
Plat y L· 

x 

x 

x 

Euhedra1 
L 

x 

, 

) , 

Fibers 
C 

x 

x 

x 

\J 

....... 

Laths 
C 

le, 

-

. , 
.. 

jo 

ReJ •• tive* 
amount: 

L.C 

L >C 

C >L 

..., .... 
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In Run 3-28 gold was detected ib the X-ray pattern of the product material. 

AI the solutions were not analyzed for gold, there May have been some dis-

solution of Au with the NaCI and alkaline chloride fluids as weIl. There 

was, however, no discoloration of the fluid nor recrysta11izaLion of the 
'\. 

Au as reported by Anderson a?d Burnham (1967). It ls not likely that 

" at the lower temperatures and pressures of the runs with the Iess concen-

72 

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 
1 

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

ReversedJ Experiments on the Reaction Boundary for Olivine (F093) + H20 

In order to establish criteria of equilibrium, it ~as necessary to 

study the reaction of an iron-bearing olivine with water in both directions, 

i.e., to conduct bracketing experiments. The reversaI wa~'ldone by reacting 
~ . ~ ~ 

GSC olivine (Fo
93

) with water to form the products of reactiQn (Run 3-48). 

The products of Run 3-48 were then mixed with an equal weight of the GSC 
, , 

o11vine, and the appearance or disappearance of olivine determined in the 

odxture. 

The m1crodensitometer intensity measurements of t~~ ~y films 

of the run products and the SEM results are presented in Table 16. The X-ray 

intensity measurements for the reversed experiments were not decisive for ' 

Runs 3-98, 3-85, 3-99<i1and 3-100. These are interpreted to be close to the 

l 

1 
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TABLE 16 

1 

The microdensrt~eter intensity measurements 
and SEMf resu1ts tor the hracketing experim~ts. 
These resu1ts are a1so summarized in Figure 4. 

0.5 khar 

• 3-69 3-6à" , 3-97 3-98 
0 - ( -) - ( -) * (+) 
L * (*) * * (+) ( -) 
C * (+) * + (+) + ( -) 
B * (+) * + (+) + ( -L 
T (oC) 311 32J 336 352 
duration (hrs.) 895 86 814 814 

1.0 khar 

3-70 3-71 3-84 3-85 
0 - ( -) .J(_) . ( -) * (+) 
L * (+) + (+) * * ( -) 
C * (+)1 * (*) + (+) - * (-) 
B * (+) + (+) * (*). * '( -) 
T (oC) 322 330 341 .. 349 
duration (hrs .) 837 ;792 568 567 

1.5 kbar .... 
.1 

3-~R 3-74 
0 .. -) 
L * (+) * 'C * (*) . + 
B * (*) + 
T (~(!) 332 341 
dur&tion (hrs .) 791 481 

'" 
" 2.0' kbar 

3-75 3-76_ 3-99 3-100 

/ 

\ 

3-87 3-86 
+ (+) - (+) 

* ( -) - ( -) 
* ( -) - ( -) 

* ( -) - ( -) 
361 371 
568 569 

3-101 
0 ( -) - ( :..) .* ( -) * (+) + (+} -~-,-- .-- .-

L * (*) - * (+)' * ( -) * ( -) - ( -) 
C ." (*) + (+) + (+) * ( -) - (-) 
B * <*) * (+) + ( ... ) * . (-) - ( -) J T (oC) r 

335 , .344 361 376 392 .: ' -
duration (l1rs .) 480 479 ~~ 793 794 695 . ,,' \ -, - t 

disappearance of a :phase 
o -. SEM re8ults are in parenthesii 

+ _growth o-f a phase 
., ... "!l ~ -

* '~o c~ange , 
:: .. 

73 
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equilibrium curve. The SE~I was used to further delineate thé direction of 
1 

the react·ion and Table 17 summarizes the criteria developed to distinguish 

the mineraI stability fields devèloped from the SEM work~ Plates 2-6 

illustrate these criteri~ Table 18 summarizes the serpentine habit " 

for these rU{ls. Figure 4\resents the T,P reaction boundary det~~e(tb'/t-'~ 
the X-ray and SEM'~ork for an olivine of composition Fo

93
., This boundary 

o i8 shifted to the 1eft ~ to lower temperat~res ~y 15 C compared to . 

" Johannes' (1968) curve for pure forsterite + H20. 

Table 19 presents the ce1l edge and volume data for the lizardites 

in the equilibrium runs within the stability field for serpentine. These 
( 

ti~ardites'had a smallêr ,variati~n in cell edge compared to those discussed 

in l'!revious two se'ç,t.lons, consis,tent with a cl,pse approach to equilibrium: 

~ 1 ft 
range of vAlues 

minimum maximum difference 

{ 5122 

" 
f 

a (A) = 5.295 - 0.027 f 

b (A) "" ~~- 9.174 - 9.201 0.027 

c (A) • 7.289 - 7.314 0.025 

V (A3) = 355.18 - 356.97 1. 79 

Chrysotile refinements attempted for,Runs 3-99, 3-84 aqd 3-97 we~ not 

successful. 
~ ~. 

The cel! edge refinements and Iron content of the brucHes are 

presented in Table 20. These brucites contain more Iron at lower temperatures 
, 

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

.,JI'!' 

r , 

1 
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TABLE 17 

Criteria for distinguishing the minera1 stabi11ty fiel~s_ 
from habit of the phases as observed by SEM. 

~~~ 

Serpentine-Brucite-Magnetite 
1 

I-t 'len~thening of chry~otile fibers (Plat;;,'-4A,' 4C) 

I\~ 

2. formation of chrysotil, fibèr bundles (Plate 4D) 
{ " , . 

3. increase in avera~~size of brucite plates (Plate 2~) 
~ ~ 

4. formation of euhedral lizardite crystals (Plates JA, 3B, 3C) .' 

5. absence of olivine 

Olivine 

1. dècrease in size and amount of other phases (serpentine + brucite) () 
with respect to olivine, ~, shortening of chrysotile ~bers (Plates SC, SD) 

2. solution and etching of lizaidite (Plate 6A) 

3. increase in Skain size of olivine 

4. crystallization 9f olivine to form euhedral crystals (Plates 6B~ 6C, 6D) 

.. 
CI 
J 

e 

r 

, 
, 

..... 
VI 
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~ TABLE 18 
( \ , ,. 

" Summary'? of SEM resu1ts on the distribution of serpentine. habit 
within the serpentine stab!lity field defined-by the bracketing experiments. 

fi' 

Run T(oC) P(kbar) Run Duration Massive Lath Euhedral Fibers Fiber *' ~e1ative Amount 
hrs Plat y L L L C Bundles, " 

3-99 361 2.,01 793 x x x + L .. C 

---
• 3-76 344 1.93 479 x x x C > L 

3-75 335 _1.93 480 x x L>C 

'-72 332 1.48 ' 791 x x x L> c, 

3.-84 341 1.01 568 x , x L==C 

3-71 330 1.00 792 x x x x L > C 

3-70 l22 1.00 l 837 x x x L == C 
l 

3-97 336 0.54 814 + x x x L == C 

3-69 311 0.56 895 x x il- S) L- ii! C 

------------- -- b 

*esttm&ted visual1y fram SEM samples 

-+present in minor amounts -

) 

.. ... ~ 

....... 
" ~ 

'-.. 

.' ., 
-~'''1b...,. 
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If 
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/ 
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~. 

f , 

, 

.( J' , ..... ~­
" , 

, ....... 

j 

The open triangles indicate that olivine dis-. / 
appeared and the other phases grew, fhe open 

circles indicate that olivine greW~nd th~ 
~ 

other phases disappeared. The ftlled circles 

'end triangles indicate the ~am,' direction 
/ 

of reaction as the open tria~gle or circles, 
/ . 

butl~ly that the directidn of the reaction 
/ 

was determined from SEM 1~sults rather than. 

X-ray intens1ty measurefuents (see Table 16). 
1 

The dashed' curve was Jetermined by Johannes 

(1968) for the reac.tion: 2Mg
2
Si04 + 3H29 "" 

r 

Mg3Sf.
2

0
S 

(OH) 4 + ;,Mg (OH) 2' The error bars 
/ 

estimated by t~e authors are p1aced on the 

/ 
curves. / 

/ 

/ 
1 

: 1 

.. 

e . 

• 



e 'c 

.J~ . , 
-, " . 'l': 

' .. 't 
., 

'- , 
. 

~ 
~ .. 

1 
• 

" 
... • ~ • • 

1 
-

~ 

,2.0- • • 0 

a 6 
~ 

/ • 

1 
/ 

/. 1.5- 6 6 
I---JOHANNES 

/ 
(1968) 

Flotol / 
\ (kbor): 1.0- A 6 6 0/ 0 

/ 

f .fi;. 

6 6 1 .;" 

0.5- / , 

/ 
~~ .. 

cr 

t- -

1 1 1 1 1 , 310 330 350 370 390 .. 
. • ~ '1 ...... 

0 

ï (OC) 0 

, ,. .. ~ ... 
"'", 

( 

...... '.SI. 
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Run 

3-99 

3-76 

3-75 
r' r 

) 3-74 

3-72 

l , 3-84 

'~-71 
3-78 

3-70 

3-97 

3-68 

3-69 CY- -

.. 

• 
TABLE 19 . 

Ce11 parameters for 1izardlte within stabi1ity field of serpentine 
defined by t~e bracketing experimenta. , 

a (A) b (A) c (A) V (A3) d(002) (A) 

5.295(1) 9.174(2) 7.310(1) 355.18(10) 3.655 

5.322(1) 9.196(2) 7.292(3) 356.89(19) 3.649 

5.306(7) 9.201(3) 7. 301 (6) 356.59(36) 3.652 

5.315(9) 9.190(9) 7.290Ç19) 356.17(98) 3.656 

5.299(2) 9.187(2) 7.301(2) 355.47(14) 3.650 

5.318(6) 9.194(6) 7.289(12) 356.43(64) 3.646 

" 5.302(18) 9.199(5) 7.300(15) 356.09(89) 3.649 

5.317(7) 9.187(8) 7.290(15) 356.12(82) 3.651 

5.3~8(3) 9.190(5) 7.300(7) 356.78(41) 3.653 

5.315(5) 9.199(5) 7.300(11). 356.96(59) 3.655 

5.301(3) 9.176(1) 7:314(3) 355.80(17) 3.656 

5.317(8) 9.195-(8) 7.300(16) 356.97(89) 3.656 

Refinement as specified in Table ~ !" 

._, ..-, . . 

e 

b 

\ 

" 00 -



Run 

3-99 

3-76 

3-74 

" 3-72 

" 3-84 
il .' .. 

v 
3-71 

-3-78 , 
3-70 

3-91 

3-68 

;-

·e 

,-
" 

TABLE 20 
'. 

Ce11 edge refinements and compositions of brucite ~ 
in reversed runs in stabi1ity field, , 

of serpentine-brucite-magnetite. , 

a (A) • c (A) mole % Mg(OH)2 

+4.760(1) 

, 
94(1) 

3.158(1) 4.751(1) 89(1) 

3.149(4) 4.754(16) 91(9) 

3.152(1) 4.752(1) 89(1) _ 

3.150(5) 4.763(21) 96(4) 

+4.766(19) 98(2) 

3.15-8'(4) 4.744(17) 85(9) 

3.160(1) 4.748(2) 87(1) 

+4.758(3) 93(2) 

+4.772(19) 100 

~/ 

+2 

-3 

-1 

-3 

+4 

+6 

-7 

-5 

+1 

+8 

Refinement and composition as specified in Table Il 

* ' change/fram 8tarting composition of 92 mo1a % H8(OH)~ 

--->+ 
~ refined on1y 

J 

l ' 

79 
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experiments (Table Il), except for the 0.5 kbar runs Which are extremely 

sluggiSh. Runa 3-99 and 3-97 show no change, but they are very close to 

the equilibrium curve. 

Table 21 presents the cell edge and volùme data for the olivines. 

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

Th~ definite exceptions are Run~ 3-76,,3-85 :and 3-84; the 2 kbar runs 

• showing a gain in Iron content and the one kbar.experim~nts showing a 

loss. These runs exhibiting defin~te change fa!l into the narrow tempera­

ture range of 340-3500 C. 

Magnetite occurs in the bracketing experiments as very small grains 
~ 

disseminated in the· serpentine aggr~gates as has been describad ~n petro-

graphie investi~ations .. of .serpentinites as "dusty" magnetite (Thayer, 1966). 

The dusty magnetite appears to outline grains of brucite (Plafe 7A) 'and . \ 

forms irregutar patches in the sërpentine (Plate 7C). Table 22 summarizes 

the amount of magnetlte observed, as obtained from opt1ea1 examination qf 

the chérge and from the magnetic measurements. At 0.5 kbar, aIl runs 

lasted 800-900 hours so that the only variable was temperature~ Run 3-97 

was direct1y on ,t:he equU:ibrium curve', which may be the explanation for the 

decrease in the amount of magnetite a~ compared to 3-68. At 1.0 kbar, 

Run 3-84, which had the largêst amount of magnetite, had a1so a sho!ter 

run duration than the other two runs with1n its stab11ity field, but was 

at a higher temper~tu~e. Run 3-72 st 1.5 kbar had twice the run time of 
. 

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

\ 

1 .. -

( 
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TABLE 21 '" . --, 

\ c , Refined cel! parameters and composi~ions of olivine$ present 
at completion of the bracketing·experime~ts. oF 

<;) 

Run a (A) b (A) • c o(A) V (A3) Composition Q 6 . * , mole % Fo 
mole 70 Fo 

~ 

03-101 4.759(1} 10.222(1) 5.988(1) 291.27(8) 94 +1 . 

., • 3-100 4.758(1) 10.218-(2) 5.987(1) 291.12(6) 94 +1 

3-99 4.762(1) 10.221(2) 5.988(1) ~91.44(7) 93 0 

3-76, 4.760(1) 10 •. 210(3) 5.981-(3) 291.04(11). 89 -4 ~ .. 
" 

5.985(1) 3-74 4.760(1) 10 •. 217 (2) , 291.07 (9) 95 +2 " " ,/ 0 
3-72 4.761(1) 10.-218(2) 5.981(1) 290.97 (7) 93 0 ... 

" .. 
3-86 4.701(1) 10.218(2) 5.990(1) 291.40(6) 93 0 

r " 
3-87 4.75'9(1) 10~214(2) 5.989(1) ~ 291.12(6) 93 0 

~ 

~ , 3-85 4.759(1) 10.216(1) 5.987(1) 291.31(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 
c 

3-70 4.760(1) 10.215(3) 5.985(2) 291.04(10) 95 ...+2 
, 
"-

c 

3-98 4.759(1) 10.219(1) 5.987(1) 291.18(6) 95 +2 

" 
3-97 4.760(1) 10.212(1) 5.989(1) 291.15 (5) 93 0 00 .... 

--
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TABLE 22 

Amounts of Magnetite observed in bracketing experiménts 
as estimat~d optic,11y and determtned dit~~tly 

fr~ m:ae.n~tici measurements. \ . 
J .. 

, *..\., 
Materia1 Js, entù~~.' '._ eq. M, wt. % Nèt increase 

M, wt. 't 

~-

equil mix 

3-71 

3-84 

3-76 

() , 

{' 
c 

0 

0.25 

3.S 

9.5(5) 

0.69(1) 

" 
l,} 

<t' 
, , 

* courtesy of R.B. Hargraves, Princeton University 

3.25 

9.25 

0.44 

ç' " 

. , 

", 

. 
-~ 

~ 

, 
J 

83 

• 

Relative** 
Amount M 

3-71 > 3-76 

3-71'" 3-70 

3-72 -3-74 

3-75> 3-76 

3-9g> 3-76 

~-68 > 3"97 
,'" -

,3-68> 3-69 ' 
~ , 

**amop~t of Magnetite est1mated fram optical exam1nation of run praducts 
(8~e~ Appendix 4) 

+average of two"measurements, esd calculated fram error in measurement 

~.------, ~----

. ----- ~ ... ~ ---- -- ::. \. 

- --------~--: ' 0 " . 
__ - ______ ---_ ft· 
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that the rate of magnetite production in )-74 was greater than in 3-72. 

Both Run )-75 and 3-76 at 2.0 kbar were'relatively short r~ns compared to 

Run 3-99; it is dlfficult to separate time and temperature effects. From 

the data in Table 22, the maximum relative amount of magnetite at each 

pressure and temperature is: 

Run 

3-68 322 

3-84 341 

3-99 361 

This evaluation suggests that 

p(kbar) 

0.56 

1.01 

2.01 ~ 

v 
~. 

within the 

(un Duration 
hrs 

~ 
568 

793 

serpentine-brudite-magnetite 

, " 

stability field, more magnetite was pro~uced at the highest temperature for a 

given pressure. 
1 
~ 

t' 

The dehydration experiments vere conducted with a natura~ .. llivine 

(1094 ) ta demonstrate the similarity in propucts b~tween the synthetic and 

n~tural olivines and ta try ta nucleate olivine in its stability field from 

. a mix which was predomlnately serpentine, brucite and ~gnetite with 

traces of olivine. Runs 3-106 and 3-103 were run in the stabi1ity field 

of olivine + water, the other experiments were iq the stabl1ity field of 

the breakdown products (see Figure 4 and Appendix 2). 

Table 23 presents the X-ray data for olivine, serpentine and 

brucite. W1thin their stabi11ty field the olivines did not show any 

, , . , 

( 
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Run 

Olivine 

3-106 

3-105 

l, 3-103 

3-104 

Brucite 

3-105 

3-103 

3-104 

Serpentin~ 

'. 3-106 (L) 
" l , 

3-10~~ ~f) 

". 

, , 
-; 

f 

TABLE 23 -
. 

Refined cell, parameters and compositions 
for olivine, brucite and serpentine formed in dehydration reactiona. 

a (A) b (A) c (~) V (A3) Compos1tion ~ole t Fo* 
mole % Fo 

4.757(3) 10.233(6) 5.993(6) 291. 71(18) 93 0 

4.763(1) 10.221(2} 5.988(1} 291.60(7} 88 -5 

4.757(2) 10.225(2) 5.988(1) 291.21(10) 91 -2 
c 

4.160(3) 10.2,23(4) 5.991(2) 291.54(19) 84 -9 

mole 7. Mg(OH)2 

/ +4.759(4) 93(2) 1 

/ +4.762(11) 95(5) 

/ . +4.760(4) • 94'(2) , 
4Ir 

1 fJ d(002) (A) 

S.320<!> 9.196(5) 7.301(7) 357.24(40) 3.653 

5 ~31l(8) 9.197(3) 7.306(7) 356.91(42) 3.653 

(-

'\ 

-

{.. 

CD 
\,Il 

~ 
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Table 23 cODt'd 

• v (A3) fj , Run . a (A) b (A) c (A) 
, 

3-105 (C) 5.377(14) 9.213(7) 14.677(65) 719.97(363) 940 5'(20') 

3-103 (L) 5.322(5) 9.205(5) 7,. 288J13) 357.09(65) 
.:le 

3-102 (L) 5.309(12) 9.209(3) 7.301(10) 357.05(58) 

3-104 (L) 5.316(3) 9.187(4) 7.300(6) 356.56(35) 

& 

L 

Refinement, and composition 'as:specified in Tables 6, 9 and 11 , 
* . , 
difference between starting material and product 

+only c refined 

<> 

~ 
. 

:' 

L: 

/ 
~ 

' .. 

• 
" 

\ : 
\ 

{ '\ 

,-

; . -; j , . .; 
'" 

'~ 

d(002) (A) 

'3.649 

3.649 

-'-3.&55 .. r-
"\., _ ".,.j"J,~r 

" 'f")." • 

.., 
:; -, .. 
~ 

~ 
8 

) 

CJ) 
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change in Iron content,:~erea9 the olivines 3-105 and 3-104 outside their 

stability field (i.e., a lower temperatures) increased in Iron content 

compared ta the starting 0 ine. Olivine in Run 3-104 waB cnnsiderably en-
\ 

~ 

riched in iron (from F093 to FoS4 )' Brucite had approximately the same 

amount of iron fer aIl runs. Unfortunately, it was not possible to de-

termine the iron content of brucite in Run 3-77, therefore a comparison of 

the brucite before and after the experiment could not be made. 

Table 24 summarizes the SEM results for the se~pentine mineraIs in 
Q 

these expertments. Run 3-105 showed significant developm~nt of chrysoti1e 

that allowed refinement of X-ray pattern for both lizardite and chrysotile, 

though chrysoti1e was a1so strongly deve10ped in Run 3-103. Lizardite 

occurred as both massive plates and as 1aths 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 

minimum maximum difference 

a (A) • 5.309 5.322 0.013 

b (A) z 9.187 9.209 0.022 

c (A) - 7.288 7.306 0.018 

-v (A3) = 356.56 -357.24 0.68 

The semples 'contained a large amount ot<magnetite produced as finely< 

disseminated grains to very large aggregates greater than 50 p m in size 

(Run 3-105, Plates SA, SB, BC). The relative amounts of magnetite observed 
• 

• 
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TABLE-"24 

SEM results on serpentine habit for the dehydratipn experiments. 

0 
Run Dl1ration-Run T( C) P(kh-ar) Massive Lath Fibers Fiber Bundles ~ 

hrs Plat y L L C 
ID' 

,.,~? 

3-106 370 2.01 1014 . x x x 

3-105 355 2.01 1014 x x x + 

3-103 355- 1.01 1035 x x x 

( 

C" 

~ 

-+ ~ 
1 present in minor amounJ:s ~;:' 

~ 

~ 

, 
. 

•. 1., ..... -.J .. 

e~ 
f 

Relative Amount 

CaL 

C ;: L 

C" L 

JIIt. 

œ 
CD 
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from optica1 examination of the products were Run 3-105 ) 3-102 > 3-104. 

The results for dehydration experiments ~re 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 stabi1ity field of 

olivine + water. The SEM resu1ts for Run 3-106 did not show nuc1eation 

of olivine, but the run products did exhibit some of the features that sh~wed 

a decrease in the serpentine-brucit~ phases discussed earlier. for the 

bracketing experiments: (1) shortening of chrysotile fibers; (2) rounding 

of the hexagonal brucite p1atelets; and (3) solution of li~~rdite grains. 

These features werf not as weIl 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 stabi1ity field of serpentine-brucite-magnetite. showed 

weIl cryata1lized lizardlte, chrysotl1e and bruclte. 

Reactions Invo1ving Bruclte 

Attempts to synthesize an iron-bearing brucite with and without the~ 

lM buffer from starting materials MgO, native iron and water were unsuccess-

ful. Both iron filings and iron sponge were'used. This failure can be 

attributed to the ease of nuc1eation of magnetite under the conditions of 

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

nuc1eation barri ers and would also insure homogeneity in the product. 

, 1 
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Hostetler (1963) and Wicks (1969) have postulated the formation of 

serpentine from brucite, which could be expressed by the fo11owing reaetion~ 

(15) 

Reaction (15) was investigated in Runs 3-16, 3-17 and 3-28 with excess 

disso1ved siliea. The reaction yielded lizardite, ehrysoti1e, + brucite 

jt quartz. Table 25 presents the X-ray and SEM results for the serpentine 

mineraIs produced. X-ray,1east squares refinement attempted for Run 3-17 

did not give a solution for either lizardite or chrysoti1e. The habits 

determined from the SEM were typical: 1izardite plates and a mat of 

chrysoti1e fibers. 

Fluid Analysis 

( , 
pH Measur~ment8 

Table 26 presents the quench pH(a) measurements of fluid 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 relative1y constant 
1 

vith a total variation of only 0.6 pH ~nits regardless of temperature, 

pressure, product phases or run duration. ~ 

• 
(a)Thè quench pH Is the pH ~f the fluid at room temperature and pressure 

weasured as fast as possible after the run was quenched from the 
temperature and pressure of, the exper1ment. 
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TABLE 25 , 
X-ray and SEM resu1ts for serpentine 

formed from reaction of bruc1te w1th sodium metasilicate solutio~ 

i. .. , '! " 

R.un~ a (A) b (A) c (A) V (A
3

) fJ d(002) (A) 
" 

3-16 (C) 5.351(20) 9.197(11) 14.172( 454) 696.583 (2012) 930 8' (17') 

3-28 (L). 5.303(80) 9.206(16) 7.348(32) . 358.77 (548) 3.670 

.r; -. 

, , 

llun T(oC) p(kbar) Run ~ration Massive Fiber Relative Amount 
hrs Plat y L C 

3-17 351 1.94 889 x x L-~~ C 

3-16 304 1.94 893 x x C _ L 
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,-- TABLE 26 

Quench pH measurements of f1uids after reaction of olivine with water. 
~ 

,;/ 

* ** Run Startin~ T~OC) p(kbar) Run J)Jration Fluid Products pH 
Material brs 

:< ' . 
3-30 OP194 331 1.47 764 HzE> o (L,C,B,M) 11.55 

3-32 GSC 307 1.47 911 H20 L,B,M (0) 10.93 . 
3-23 " 2-17 323 0.54 - 1606 H20 o (L,C,M) 10.95 

3-22 ,2-17 304 0.54 1606 H20 L,C,B,M 11.10 

* ' ~p'haaes in parenthesis are present in minor amounts 

** ,.j ~ • 

meaaurement'offundiluted fluid at room temperature and pressure imm~d~tely after quench, 
measurement iO.1 pH units ~ -: '~ .. 

.. 

/ 
~ " . , 

.. .. 

" ~ 
" 

o 
(? 

e , 

\CI 
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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 in;~~e 

acidified samples. The majority (79%). of the Mg analyses fell in the, ,range 

of 0.5-7.0'ppm. However, in several rune 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 was aIsa high in the fluid. ranging from 8~ ta ' 

458 ppm, but these ~ations of Iron were probably caused by the dis~ 

solution of the lM buffer and not of the silicate charge. 

Figure 5 shows the variation of fluid composition for the different 

There ia • ( 

f' 

experiments expressed as a function of molality vs te~perature. 

change in the amount of dissolved constituents with temperature and fluid ' 

composition. The NaCl fluid had greater .concentrations of Mg when compared 

to 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) doe~ 

reflect the mole ratio in the solid (1.6 to 1.9 in olivines studied). Si 

1s enriched in the fluid in comparison to Mg for most (90%) of the experiments. 

Table 27 sho~s the effect of fluid 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 mo1a1ities (X 105) vs temperature 

\' . 

.1'- . 

st 1.0 kbar Ptotal for the hydrat~on experi­

ments with a synthet~c olivine (2-17) and 

NaCl :ia the fluid phase (Runs 3-62, 3-56, 

3-:57 and 3-55). 

B.'kg.molality (X 105) vs temperature at 1.0 

kbar Ptotal for the hydration exper1ments with 

a synthetic olivine (2-17) and the bracketing 

experiments with pu~e water (Runs 3-1 through 

" 3-5, and 3-87, 3-86, 3-85, 3-84, and 3-70). 
1 

The triangles indicate the Mg concentrations and 

Si ls noted by fl1led clrc1ea. 
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Figure 6: 
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/, 
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The molar ratio Mg/Si in solution vs 

temp~rature for the f}uid c~mpoB1tions 
" 

from some of the experimental~ runEf. 

The x'a indicatè those runa done ~ith 

pure water. the 'fillèd circlea NaOU 
{k 

fluid, squ.res NaCl, and the triaqgles 
, c 

the alkaline f'luid. 
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TABLE 27 

Effect of fluid composition and solld prod~ct assemblages present on the molar ratio of Mg/Si 
in solotion'during the hydration expérimenta with a synthetic olivine F095 ° 

Run 

)-3 

3-45 

3-56 

3-22 

3-54 

" 

Pro~ucts 

\ 
"0 \ 

o 

o 

L,C,B,M \ 

L,C,B,M 

T, Oc P, kbar Run Duration 
hrs 

;:; 

349 1.0 1559 

355 0.99 524 

351 1.0 481 

304 0.54 1605 

302 1.0 550 

Fluid 

H20 

0.01 M NaOH 

0.14 M NaCl 

'Ha,~/ 
0.01 M NaOH 

Molar, Ratio 
Mg/Si 

0.034 (1)* 

0.35 (9) 

0.59 (4) 

0.30 (7) 

0.17 (20) 

:; 

*numbers in parenthesis are esd for 
in the MS and Si determination 

the molar ratio as calculated fram the error 

, '. ~ ~. 
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T,P for the same starting material and product assemblage, there ia an 

increase in the molar ratio Mg'/Si for NaOH and NaC1 fluids compared to the 
1 \ 

pure water experiments, even though the run duration in the water e~eriments 

" was three times longer than the experiments with the other fluids. \ 
1 \ 

Data in Table 28 demonstrate the effect of different starting , 

materla1s on the measured amounts of Mg and Si in f1uid and presents two 

sets of runs (Run 3-70, 3-78 and 3-47, 2-107) which Most close1y represent 

duplicate fluid samples, i.e •• fluids co1lected from two experiments 

"\ conducted at the same temperature, pressure, start~n8 material and run 

duration. The variability in the measure~ fluid composition may be due 

to: (1) atarting material, (2) pressure, (3) run duration, or (4) product 

phases. Runs 3-70 and 3-78 have time a8 the only variable in the experiment, 
1-

and the difference between the samples cou1d be explained by the longer run 

durati~n for 3-70. Runs 3-47 and 2-107 have atartlng materla1 and tempera-

ture constant, but product phases and time vary. Trends observed in other 

data wou1d 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 fluide 

- . 
} 

" • 
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Run 

3-1 

3-32 

3-77 

3-30 

" 

TABLE 28 

'fil Possible variation in measured amounts of Mg and Si in final fluid " 
as a function of sôlid assemblag~temperature, pressure and run duration • 

Starting 
Materia1 

2-17(Fo95) 

GSC (Fo93) 

* 0 Products T( C) 

L,C,B,M 302 

L,B,M(O) 307 

2-BU-66(Fo94) L,C,B,M 307 

OP194{Fo80) 

P(kbar) 

1.01 

1.47' 

1.93 

1.47 

Run Duration Mo1ality 
hrs Mg X 105 

1660 7.4 

911 1.6 

999 9.9 

764 n.d. 

3-47 M7863(Fo88) 

2-107 M7863 (Fo8S) 

O{b,G,B,M) 331 

L,B,M{O) 331 

O(L,C,B,M) 328 

1.00 

1.47 

1127 
\ 

\ 819 , 
9.9 

6.3 

... 

:, 

3-70 equi1 mix L,C,B,M 322 1.00 837 2.7 

3-78 equi1 mix L,C,B,M 321 1.01 384 1.9 

n.d. - not detected 

* phases present in parenthesis are present in minor amouats 

+not determined 

~ 

Mo1ality 
Si X 105 

n.d'. 

21.7 

37.4 

17.8 

292.0 

+ 

n.d. 

a.d. 

~ 

-

10 
~ 
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Plate 1: 

, 

.. 

... 

Scannlng Electron Microphotographs 

A. Anhedral olivine grains (GSC olivine, Fo93). Note angularity and 

lack of crystal outlines ln grains; startlng materlal fqr bracketlng 

exper1ments with an equal weight of run products 3-48. 

B. GSC olivine, Fo93 , hlgher magnlfication of plate LA. 

C. . Euhedral lizardite plate with a\few very short chrysotile need1es , 
\ 

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

D. Lizardite, higher magnificat ion of .late lC (Run 3-1). 
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Plate, 2:. 

A. 

., 

Scanning Electron Microphotographs 

Thick brucite platelet surrounded by chrysotile fibers (Run 3-76, 

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

B. Chrysotile and lizardite. Note the chrysotile fiber on the right 

s~ows "tube-in-tube" structure. which may indicate development of , 
parachrysoti1e, on1y observed in this sample (Run 3-12, hydration 

experiment) • 

~. Thin brucite p1atelet completely surrounded by we1l-develop~ 

chrysotile fibers (Run 3-7~): 

D. Large agg!'egate of b.rùcite plates, maximum width observed in the 

sample was 80 "m (Run 3-76). 
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Figure :3: 
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1. 

ô 

Scanning Electron Microphotographs 

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

fibers (Run 3-76) • 

Euhedral lizardite, h~r magnificat ion of Plate 3A (Run 3-76). 
~ .~ 

B. 
\ 

C. Large euhedral lizardite plate, appears also to be a substrate for 

"chrysotile fibers (Run 3-75'~~~ketlng experiment in L +C+ B +M 

stabl1ity field). _ ", 
v 

D. Lizardite laths, length about 60 p.m (Kun 3-99, bracketing experiment 

in L + C + ~ + M stability field). 
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Plate 4: 
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'-

Scanning Electron Micropbotograpbs 
, 

A. Very short chrysotile fibers at early stages of ~elopment 

(Run 3-75). 

B. Lizardite lath. chrysotile fibers, and brucite platelets. 

The white area around the edge of the hexagonal brucite 

platelets i8 due to charging (Run 3-71, bracketing experiment 

in L + C + B + M sta~ility field). 

C. Lengthening of chrysotile fibers as temperature is increased. 

Oompare to plate 4A. c~nducted at a lower temperature (Run 3-76). 
~j: - ~ 

\ Kaximum deve10pment of chrysoti1e into fiber bundles up to 100 "m 
• 
l' 
in length (Run 3-76). 
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Scanning Electron M1crophotograp~a 

'~P 

,1 ..... 

A. Mat of ipte~oven chryaotil~ fibera. probably fOrm1ng on an oliv1n. , 

'.,,, -1 L .. ~ubatrate (Run 3-99). 

B. A1gregatien of chrysoti1e fibera to form bundlea. not aa well-developed 

c. 

D. 

, li \ " 

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

Shortened chryaot~l~ fibers on ~ olivi~e substrate (Run 3-100. bracket~g 

exp-er1ment in 0 Btability field~., 

. ~ 
Shortened chrY$.Ptlle,fi~ers. compare to Plate 5B to note decrease iD 

r 

deve10pment (RUn 3-100). 
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Plate 6: '" 

t;:~ 

o 

A. 

B. 

-,.. .... -: ~ " ~ ... 
", .. 

'" "i 

Scanning 

Etch and solution pite in 

Deve10pment of euhedral oli 

grains, compare to Plates 

.. " 

(Run 3-100). 

-
from the f~rmer angular 

" L 
d lB (Run 3-101, br1lck.et,1ng 

experiment in 0 stability field). 

cr?' 

C. Eubedral olivine erystals develop1ng on a pre-exieting lizardite (1) 

• 

D.' .. 

substrate (Bun 3-101). 

Small euhedral olivine crystals, sim1lar to Plate 6C (Bun 3-101). 
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Plate 7: 

.., 
, 

.... ' 

e 

" 
A. 

, . 

Fine "dusty" magnetite oud.1ning brucite platelets in a serpentine-

brucite-magnetite aggrega~e. Transmitted light, in oil (Run 3-85, 

bracketing exper1ment, in 0 sta~ility field, suggestion of solution 

etching of the larger brucite plate). 

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

c. 

in oil (Bun 3-64, hydration exper1ment ~th ~synthet1c olivine and 

alka1ine ch10rid~ f1uid). 

"Dusty" magnetite in ir~egular patches in serpentine. Transmitted 

liiht, in oil (Run 3-84}1 bracketing experiment in L + C + B + K~ 
stabi1ity field). 

D. A magnetite + brucite + serpentine aggregate. Transmitted 1ight, in 

/ oil (Bun 3-61, hydration experiment ~th synthetic olivine and pure vater). , 
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Figure 8: 
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.' 

A. Large magnetite auregate in serpentine, enlargement of Plate SB. 

Transmitted light, in oil (Run 3-105, dehydration experimen~ in 
< 
àerpentine-brueite~magnetite stability field, natural olivine starting 

material). 

B. Magnetite-serpentine aggregate. Transmitted light in btl (Run 3-105). 

c. Magnetite, same area and magaifieation as Plate 8A. R~fleeted 11ght, 

in oil (Run 3-105). 

D~ Chrysotile growing on a larger mass of lizardite. Note fine, long 

J' 

hairs of ehrysotile.' Transmitted light, in oil (Run 3-69, braeketing 

exper1llent in the stabilitr field of L + C + B + M). 
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DISCUSSION OF RESULTS 

Qxysen Fusaci~y 

Tvo 1ines of evidence suggest a reducing environment during ser-

pentinization: (1) presence of native metals (native Fe, native Cu, and 

Most common1y awaruite, Ni3Fe) in serpentinized ultramafic rocks (Nickel, 

1959; Chamberlain et al., 1965; Ramdohr, 1967; Eckstrand, 1972) and 

(2) hydrogen gas released by serpentinites (Hahn-Weinheimer and Rost, 1961} 

Thayer, 1966; Coveney, 1972). A question aJ:ses as to tbe difference 

between the oxygen fugacity defined by the lM buffer in the experimental 

work and the oxygen fugacity existing at tbe time of serpentinization of 
\ 

ultramafic rocks. The oxygen fugacity in the natura1 environment can be\ 

inferred from th~ metal1ic phases observed. The assemblage iron-magnetite 

reported by Chamberlain et al. (1965) in the Muskox Intrusion is identical 

to the synthetic lM buffer. The common assemblage magnetite-awaruite 

. (M-A) represents a slight1y higher oxygen fugacity than native iron-magnetite 

• because the activity of Iron is decreased in the solid solution. Thete is 
~ 

some compositiona1 variation in natura1 awaruites co-existing witb magnetite; 

they may contain between 65 and 78 wt. % Ni, i.e., Ni
2

Fe to Ni
3
Fe (Hu1tin, 

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 

, " 
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with Bulfides in serpentinites have slightly different extreme compositions: 

awaruite co-existing with haze1woodite has a composition 81 wt. % Ni, 

whereas with troilite an~ pentandlite it contains 63 wt. % Ni. 

The value of the oxygen fugacity defined by the assemblage Fe
3
04 -Ni

3
Fe 

-~.--

and Fe
3
04-N:l2Fe can be calculated in the manner described previously for 

the lM buffer. The reactions are: 

1.SNi
3
Fe + 

°2 = O.SFe304 + 4.SNi (16) 

or 1. SNi2Fe + °2 = O.SFe304 + 3.0Ni (17) 

and âGo (T) = O. S L\G~ ,M (T) 1. 5 L\G~ ,A (T) (18,) r 
o 

TheÔGf,A(T) was obtained from Kubaschewski and Go1dbeck (1949) and the 

volume data from Robie and Wa1dbaum (1968) assuming ide,s,l--ftolid solution 

for Fe and Ni to obtain the mo1ar volume for Ni3Fe and Ni2Fe. Figure 7 

presents the ca1cu1ated values f H and f H ° for the-assemb-lage_s. lM, 
2 2 

Fe304-Ni3Fe and Fe
3
04-Ni 2Fe fo~ the PtT range of interest for the experi-

mental work done ln this study (see Appendix lc for actuai values). The 

change in oxygen fugacity from lM to the assémblage M-A is not large. 

However, the amount of water in the gas phasè is greater for M-A than 

for lM, although in both cases the vapor phase i8 definitely hydrogen-rich. 

Hahn-Weinheimer and Rost (1961) stated that N1
2

Fe represents a more re­

rducing environment than Ni
3
Fe, as suggested by these calcu1ations. The' 

vapor becomes more hydrogen-rich with decreasing temperàture at constant 

pressure. With decreasing pressure at constant temperature the amount 

of hydrogeh increases in proportion to the total pressure. 
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, " , Figure 7: 
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Log fH IfH 0 vs temperature for the a~semb1ages 
2 2 

iron-magnetite (lM), magnetite-awaruite 

(Ni2Fe-Fe304 and N13Fe-Fe304) ,for Ptota1 = 500 

and 2000 "bars. Caleulations are deseribed in 

text. At 500 bars. the difference between the 

log fH IfR 0 for M-Ni2Fe and ~Ni3Fe 18 too 
2 2 

amall to be meaningful within the error of the 

thermodynamic data and assumptions necessary 

for the eâlculations (see Appendix le). 
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The above ea~cu\ptions indicate that the difference in fo b~~ 
, ,2 ~ 

lM and M-A is not geo10g~ly significant in the P, T range in which " 
" 1 

serpentinization occurs. The diff~ence la not significant because with 

-23 an oxygen fugacity less than 10 bars (~ugster, 1972), ~xygen does not 

exist in the gas phase but participa tes in the formation of magnetite. 

The two assemblages do differ significant1y in the amounta of hydrogen 

and water iQ ~he gas phase, and hydrogen makes up a larger proportion of the 

gas phase for lM than M-A at a given T and P. 

lt should be re-emphaaized that lM and ~-A assemb~ages define an 

extreme1y reducing and hydrogen-rich vapor phase. These conditions are 

unusua1 in the normal crusta1 environment, commonly thought ta have an 

oxygen fugacity defined by QFM or HM buffers. The gas phase buffered by 

o QFM at 300 C consists essentia1ly of water plus a small amount of hydrogen 

with log f
H 

!fH 0 = -2.04 for Ptotal ~ 1000 bars (Eugster, 1972) versus 
2 2 

1.391 for lM and 1.066 for M-Ni3Fe at the aame T and P. The difference 

between QFM b4~fer and lM or M-A becomes immediate1y apparent: QFM ha~ a 

vapor containing water and traces of hydrogen, and lM 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 

ultr~mafic rocks. 

Thé composition of awaruite should be considered in terma of the 

Fe-Ni binary. Heumann and Karsten (1963) found a eutectoid reaction st 

34SoC in which A-Fe comes into equilibrium with Y-Ni
3

Fe (Figure 8). 



111 

~~,FigUr. 8: 

-- ---........~ 

, 
1-

" \ i .•. 

The le~Ni system from Shunk (1969); the 
, 

dashed lines indicate extrapolation. 

Cl = CI-le and Y = Y-(le,Ni). The 

shaded area indicate8 the range of co~ 

positions of awaruites found co-existing 

vith magnetite in serpentinites. The 

awaruite compositions co-existing with 

sulfides have slightly different extremes \ 

.in composition (see text). 
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The lower temperature region was extrapo1ated ,by Shunk (1969) to show 
c 

the edge of the a -Fe + Ni)Fé region at 2S
oc to be }6 wt. % Ni (Nile), 

, 6 
which shows that Ni3Fe is most probably the stable composition at 25 C, 

1 atm. 

, 
Serpentine Mineralogy 

Lizardite has not been reported previously as a reaction produet 

in an experimental study of the reaction of olivine with water, though it 

is a common serpentine mineraI 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 (1973) for the equilibrium deterfuination of the higher 

temperature talc reaction (Reaction (2), p. 4 ). Searfe and Wyllie (1967) 

did not identify the serpentine mineraI formed in thelr experiments. 

The influence of Iron on the formation of lizardite ls difflcult 

to evaluate. Whittaker and Wicks (1970) investigated the ahemical dlfferences 

amang natural serpentine mineraIs and have demonstrated that the lizardite 

structure tolerates more iron and aluminum substitution than does chrysoti~e. 
<) 

~he limlted chemlcal substitution in chrysotlle 16 easily understood in 

terms of the constraints imposed by its common but pecu1iar cylindrtcal 

structure (Whittaker,~ 1956; Wicks, 1969). 11shi and Saito (1973) synt~el1zed 
aU three serpentine minera1s (lizardite, -chrysotile and" anUgorite) by 

-l-
L 

~ , 

(). 1 

""" 
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, 
variations of molar ratios of Mg(OR)2' Si02 and R20. It would appear that 

J 

the conclusions 'of lishi and Saito with respect to antigorite formdtion may 

also ho Id for lizardite: the presence of Fe2+, Fe3+ and A13+ are incidental 

to th~formation of 1izardite. 

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 mosl 

probably due to increased run duration, which allows the lizardite to crys-

tallize and become structural1y more perfect with time. This conclusion 

is verified by the work of Ross (1968) and Forbes (1969). Ro~ showed 

that the basal spacings of layer silicates (muscovite, biotite, etc.) will 

, deviate from their true values when the crystals are several unit cells 

thick. Forbes demonstrated that the anomalous basal spacings of synthe tic 

talc became normal with longer run durations and/or higher run temperatures .. 
and pressures. The formation of euhedral lizàrdite crystals in the 

longer hydration experiments and in the bracketing?experimen~s as ob8er~ed 

in SEM work provides additional evidence that c\Y8t~~lization is occurring 
1 

with time. 
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~, Aumento (1969) observed a slmilar degree of cell edge variation 
~. 

in natural lizardites from a variety of serpen~in1z:d ult·~.fiC rocks-. 
1 

He suggested that these variations may be due to differences lin temperature 

of formation or compositional differences. Variation in the cell dimensions 

could also be 

layers of the 

caused by ~match between 

m1neral~fluenced by 

sequences (Radoslovich, 1962; Wicks, 

the octahedral and tetrahedral 

or for different stacking 

Table 29 presents data on the osition and cell edges 
\, 

of lizardite as collated from the literature. The variation in ce Il 

edge with significant differehees (7-20 mole %) in Al and Fe le small 

(less than 1%), the greatest variation i8 in ~ and d (002). Chernosky 

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

thetic serpentine mineraIs. For low Al contents (0.5 to 10.5 mole %) 
. 

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

a tWQ-phase field of lizardite + chrysotlle. The cel! edge differences 

exhibited by Chernosky' s synthetic lizardite + chrysotlle mixtures ~ere 

small (less than 1%) and by t~emselve~ do not accurately reflect the 

vlrlation in Al content, coupled with the fact that celi edges measured 

were for a mixture of two phases, not a sidile phase. 

The effect of Iron on celi edge of lizardite cao only be inferred 

from natural specimens and by èalculation as no experimental data are 

available. Table 30 presents X-ray and cell edge data for iron-bearing 
1 

serpentine mineraIs. In Table 31 calculated va~e8 of a and b cell 

parameters of serpentine from observation of the end member compositions-

'.' 
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TABLE 29 

x-rày and composition data on naturally occurring lizardites. The structural formulae 
were recalculated ~or 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 1imit for chrysotile from the X-ray work 
was about 201. in a mixture of both mineraIs. Aumento did not specify the esd 

Sample 

108-3 

165-1 

6-1 

6-5 

19-NI-63A 

Radusa 
lizardite 

10S-) 

165-1 

6-1 

6-5 

19-NI-63A 

Radusa 
1izardite 

for his X-rày refinements of cell edges. 

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

5.333 9.21S 7.302 3.639 2.501 Aumento (1970) 

5.327 9.20S 1.305 3.652 2.498 Aumento (1970) 

5.312 9.207 7.304 3.645 2.496 Aumento (1970)-

5.306 9.204 7.301 3.649 2.497 Aumento (1970) 

5.339(3) 9.226"(2) 7.315(6) 3.660 2.504 Fage & Coleman (1967) 

5.301(3) 9.186(6) 7.2S1(5) 3.64 2.494 Krstanovic (1968) 

2+ 2+ 3+ 4+ 3+ 0 
(MgS.4FeO.OlFeO.S)(Si3.6AlO.4)010(OH)S' Mid-Atlantic Ridge, 45 N 

(Mg5.4FeO.02FeO.5S)(Si3.rAIO.OSFeO.12)010(OH)S' Mid-Atlantic Ridge, 4S
o

N 

(MgS.4FeO.0]FeO.53)(Si3.rAIO.3)010(OH)S' Mid-Atlantic Ridge, 4S
o

N 

(Mg5.3FeO.03FeO.57)(Si3.rA10.3)010(OH)S' Mid-Atlantic Ridge, 45
0
N 

(Mg5.98Fe~~02)(Si3.6A10.lFe~~2)010(OH)s, New Idria, Joe 5 Fit, Calif. 

\ 
M86Si40I0 (OH)S' Radusa, Chromite Mine, Yugoslavia; e1ectron micr~probe analysie of the 

mineraI indïcated that total amount of cations other than Mg and Si was 
less than 1.0 wt. % 

... ... 
VI 
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Table 29 cont'd • 

JJ> 

* . recalculated under the assumption that Si02 , A1203' Fe203' PeO and MgO make up the idea1 serpentine 

composition of Mg6Si4010(OH)~ Al distributes between octahedral and tetrahedra1 sites in serpentine 
2+ 4+ 3+ 3+ 

structure indicating a coupled substitution of Mg + Si • Al (oct) +AI (tetr), the same 
3+ 

substitution ho1ds for Fe and is reflected in Samp1e 165-1 

., 

\t7 

, 

• 

... ... 
0\ 
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TABLE 3.0 

X-ray and celi edge data on some iron-bearing members of the ser~ent1ne group. 

Mineral 

greenalite 

* (M83.OFez.6AlO.4)Si4010(OR) 

greenalite 

Fe6Si49!O(OR)S 

cronstedt[~ '\ -
" .... f) 

2+ r \~34-
(Fe4,Fe ~(Fe2 SL2)OI0(OR)S 

a (A) 

5.539(3) 

5.56 

5.49 

b (A) c (A) d(OOZ) (A) d(20l) (A) 

9.589(2) 7.216 3.61 2.586 

9.60 7.21 3.60 2.59 

9.51 7.32 3.54 2.305 

e 

Reference 

Dietrich(l972) 

ASTM 11-265 

Steadman 6& 
Nuttal (1964) 
ASTM 17-470 

') * ~ * composition recalculated from microprobe analysis, Fe /pe not determined, therefore al1 iroD 

j; 
t • 

\ ,'~' 
,1 

• 2+ wa. allocated as Pe 

-~ 

Il 

...... .... ...., 
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TABJ.E 31 

ft 
Comparison of some observed ! and ~ cell parameters and some calculated values 

Phase 

M86Si4010(OH)S 

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+. 

Calculated\Va1ues (A) Average (A) 

tet,rahedral octahedra1 

* ** * b*** a b a a b 

5.28 9.15 5.40+ 9.36+ 5.34 9.26 

M83.0,e2.6A10.4Si40io(OH)S 5.28 9.15 5.73 9.92 , 5.51 9.54 

" 
Fe6~i4010(OH)8 5.28 9.15 5.95 10.30 5.62 9.72 

Fe4Fe4S120l0(0H)S 5.53 . 9.59 5.77 10.00 5.65 9.79 

Ms6FeSi3010 (OH)S 5.41 9.37 5.40 9.36 5.40 9.36 
, 

~5.aA10.2Si3.~lO.2010'OH)8 5.31 9.20 5.39 5.34 5.35 9.27 

~ , 

Observed Values (A) 

a b 

5.2S-5.32 9.1S-9.22 

5.54 '9.59 
~ 

5.56 9.60 

5.49 9.51 

J 

5.32* 9.22++ 

;' 
/ 

.... .... 
00 
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Table 31 cont'd / Ir 

" *~_ b/(3)1/2. (Brind1ey, , 1967) ~ 
i j 
(.t ** 3+ ' À t - 9.15 + 0.87x, where x equa1e the Fe in tetrahedral site, Sil Fe (Brlnd1ey, 1967) in A 

-te ra -x x 

~ ...-.... *** 
) ~ct 

2+ 2+ 3+ - 8.923 + 0.125 Mg + 0.299 Fe + 0.079 Fe (Rodos1ovich, 1962) in A 

;- +measured, b~cite 1aye.r • " 

++Chernosky (~973) 
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are presented. The effect of small amounts of Iron on ce!! edge of lizardite 

are diff~cult ta eva1uate from these data because 1izardltes often contain 

some Al (Ta~le 29). The ca1cu1atlons show. however. that it wou1d be 

difflcu1t to detect small amounts of Iron in the lizardite from cel! edge 

measurements. The re1atlonship,between iron content and ce11 edge has been 

determined for mineraIs structurally re1ated to serpentine: biotite (Wones, 

1963) and talc (Forbes, 1969). There, variation in band c ce11 edge was 

a function of Iron content and oxygen fugacity. For example~ Forbes (1969) 

observed that Iron substitution produced an increase in c dimension of talc, 

with the amount of increase greatest for HM and lowest for lM buffers. 

Out of the four oxygen buffers (HM, NNO, QFM, lM) investigated by Forbes, 

two factors specifical1y characterized the lM (or WM) buffer: (1) longer 

run times (up ta 480 hours) were needed to produce a talc with a stable 

~ (003) spacing, and (2) a systematic correlation between ~ (060) and iron 

content was found ooly 'for talcs synthesized with lM buffer. Variation of 

~ or ~(003) for talc with increasing Iron content was very small for aIl 

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

content of lizardites was with ~ (002) as determined by Chernosky (1973). 

The increase in basal spacing of talc with increasing Iron content and 

oxygen fugac~ty suggested tetrahedra! Fe3+ substitution even for the low ,\ 

oxygen fugacitites d~fined by lM buffer. 

From the above considerations, ~e Iron contents of the !izardites 
, 

synthesized in this study are apparently small. The differences in the 
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, 
cell parameter', of the synthetic lizardite are wit'hin the variation observed 

;. 1 

for their natural analogues. Besides the cell dimensions, the d (060) 
- -

..... 
for lizardlte~ pro~uced in this study was constant st 1.535 (1) At not 

showing any change as might ~e suggested from Forbes' work on talc with the 

lM buffer. With~~t' direct analysls of the lizardite, it Is impossible ta 

determine whether the ce Il edge variation is due to composition or other 

structural effects. Evaluation of structural effects such ar) those due ta 

polytypism 18 not possible without single crystal work, an ~proaCh pre- _ 

cluded by the fine grain size of aIl the synthetic lizarditts pr~ 
::-

experimentally. 

Pressure and temperature of formatlon do'not appear to affect the 

celi 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 llzardites from 

experiments 3-47 and 3-77 run at different T and P. 

Chrysotile gave poor refinements of cell dimensions in aIl cases 

except for Runa 3-22 and 3-26. These poor results were most probably 

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

nant phase. Also, a poor degree of crystallinity is reflect~,d by diffuse 

powder diffraction lines that are difficult to read accurately. 

r 
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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, pe'rs. comm •• 

1974). The euhedral, hexagonal prismatic crysta1s 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 weIl character-

ized as chrysotile~. The distinction of chrysotile laths in SEM work was 

made on size only (thinner and shorter crystals). Whittaker and ZU8sman~ 

(1971) suggest that an unambiguous classification of chrysotile laths 

lies in electron diffraction patterns which show a minimum of ~o zdhes of 

refiections (hkO and either hOl or Okl). Chrysotile from fo~~ runs (3-77, 

3-61, 3-22, 3-54) was classified as laths on the basis of SEM habit. 

Without electron diffraction, however, the identification can be questioned. 

The ~ly other candidate is lizardite. The division between the two lath-

shaped mineraIs is based in the final analys1s on width alone, the smaller 

width ( < 3 pm) being attributed to chrysotile. The identification of 

larger laths as lizardite is unambiguous because the constraints of the 

cylindrica1 struct~re of chrysotile wou1d not allow it to form such a wide 

lath (Whittaker. 1956). "Tube-in-tube" formation was observed in chrysotile 

from Run 3-12 (Plate 2B). 

The common 'habi~s observed in aIl experiments were: massive 

plat y lizardite with or without crystal faces, chrysotile fibers, and in 



Mineral 

Uzardite 

lizardite 

Uzardite 

lizardite 

chrysotile 

chrysotile 

chrysotile 

chrysotile 

chrysotile 

TABLE 32 

Habit . of natural lizardite and chrysotile 
observed from both transmission electron 

and transmitted light microscopy, 
as compiled from the literature.' 

Habit Size (" m) 
+ 

* / plates 50 

plates 0.1-1.0 

hexagonal plates 100-400 

* anhedral grains < t.O 
... 
fibers 0.02.6 

fibers 0.0)2-0.04 

** fibers 0.018-0.2 

fibers , 0.02 
(length, ~.04-0.8) 

1aths maximum 0.2 

+for chrysotile fibers, the outer diameter of fiber 

* estimated from published photographs 

123 

Reference 

Zussman e.t al. (1957) 

1ishi & Saito (1973) 

Krstanovic ( 1964) 

Zussman et al. (1957) 

Whit taker (1957) 

Kheiker et al. (1967) 

jada (1967, 1971) 

1ishi & Saito (1973) 

Zussman et al. (1957) 

,-

( 

'** statistically significant, an average of 170 measurements of individual 
fibers on natura1 chrysotile from 5 different 10calities and on one 
synthetic chrysoti1e 

'. 

, 
" 

1 

! 

v 
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Ipnger rune within the ~hryso~ite stability field, chrysotile fiber bund1es. 
' .. 

The following observat'i'Ons were a1so made: 

• 

., 

, 0 
(1), lizardite forms 1achs at temperatures ab ove 315 C at aIl 

pressures investigated, and persists in runa up to 2500 
hours in duration 

(2) euhedral, hexagonal crysta!s of lizardite existed at 
temperatures less than 345 C at aIl pressures with run 
durations greater than 1100 hours, except in tbe sodium 
metasi1icate fluid experiments where euhedral lizardite 
formed after only 573 hours. 

(; 

0(3) "chryaotiie" Isths formed at lower temperatures ( < 3l00 C) 
at aIl pressures but did not persist with longer run durs­
tt.ons' ( > 1660 hours) except at the lowest pressure of 
0.5 kbar • 

. Thua, temperature may control the formation of lizardite laths, but not 

necessari1y any of the other crystal forms within the atability field 

of serpentine. 

Temperature, Pressure and Compositions! Effects oJ'Formation of 
Serpentine MineraIs 

. .. 

Figure 9 summarizes aIl known synthesis data and 'quilibri~ phase 

boundaries determined for the serpentine mineraIs. The synthesis tempera-

" tures and pressures c1early bear no relationship to the determined phase 

boundaries for the reactions of interest. Iishi and Saito's (1973) work 

demonstrates that Al or Fe are not necessary for the formation of either 

l~ardite or' antigorite. The T J,p fields of U:tardite J chrysotile and anti­

gorite determined by Iishi and Saito for a fixed Mg(OH)2:Si02:H20 reflect 
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, , (1 
F.igure 9: Compilation of thè synthesis and phase equi1ibrium." 

. -

.""t ' .... 

data on the "~rpen~ne' minerals as a lunction of 
L 

temperature ~~d pressure. For the composition 

data: x = lishi and Saito (1973) composittbn 

fixed at 5.46Mg(OH)2:4.0S~02:l0.92H20; • ~ 

Chernosky (1973), no Al" excess water •• = 

. Chernosky (1973), Al contents vary O. 0 ~ x ~ 

0.25, where x is defined by (Mg6 Al) 
. -x x 

(Si4_xAlx)OlO(OH)a; " = Chernosky (1973), 

Al contents vary 0.25 ~ x = 2.0; + • 

Page (1966), fixed composition'S.6Mgo:4.0Si02 

with excess water. Curve i determined by 

Chernosky ,(1973) for the phase assemblage 

chrysoçile, talc, fors;~rite, water; Curve 2 

1 
determined by Johannes~1968) for the, 

assemblage chrysotile, brucite, forsterite, 
" \ 

water; Curve ~ determined in this 8~udy for the 
o 

assemblage lizardite, chryB~tile, brucite, 

1\ magnetite, olivine (Fo93) ,1 water. with oxygen 

fugacity defined by lM buffer • 

... 

.. 

~ , , 

,) 

? 
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disequilibrium relationships, not surprising for runs lasting only five 

claye. 

Lizardite and chrysotile are be1ieved to form s stable two-phsse 

assemblsg~ in the determination of the lower temperature brucite reaction 

by bracketing experiments (Curve 3, Figure 9). Experiment agreés with 

observations on natural assemblages because the occurrence of'lizard!te 

and chrysotl1e together ls common in serpentlnized dun1tes, AlI experi-
v 

ments relate to cases where water ie in excess. The exact inter-relationship 

of 11zardlte, chrysotile, ,and antigorite in a composition and tempe~ture 

diagram needs further study. 

Brucite and Magnetite 

Iron Content of Brucite 

The iron content of brucites f~om partia11y and 

inized ultramafic rocks are summari,zed in Table 33. lt 

o to 70 mole % Fe(OH}2' with an average of about 15 

Hostetler et al. (1966), Page (1967a), Wicks (1969), Shte 

Chashchuk1i~ (1969), and Evans and Trommsdorff (1972) 

serpent-
r> 

ries widely from, 

Fe(OH}2' 

berg and 

shown that: 
:, 

(1) brucite i8 enriched in iron compared to co-exist! 1izardite; (2) . ~ . 
bruc!te usual1y' has more iron than the parent oliv! 

has either more or less iron than the pa 
.... 
l 

, i 

and (3) lizardite 

, < 

~. 

, 
(j 
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TABLE 33 

Su~ry of the iron content of brucite in serpentinites 
as detel'mined from X-ray method of Mumpton "and ~vans (1965) 

and electron microprobe analysis. AlI examples are 
serpentinized dunites and have co-existing magnetite 

with brucite. 

Serpentlnite ' molp. '%. '%. Serpentine 
Fa* Serpentinlzed Mineralogy 

Dun Mountain, (1) 8.5 58 L, minor C 
_(-.New Zea land 

Hat Island, (1) 6 98 L, minor C 
Wasb. 

New Idria~l), (2) 100 L+C 
CaUf. 

:l'Win Slsters, 
(1) 

9.0 56 L l' 

Wasb. 

Burro Mountain, (1),(3) 7.5 54 L 
CaJ.-H. 

~ . 

Mount Albert,(4) 8-10 70 L 
Quebec 

MJskox, 
(4) 

20-15 70 / L -
N.W.T. 

* ' original composition of olivine, m~le % fayalite 
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Average Brucite 
mole % Fe(OH)2 

16 
(10.5-19.0)+ 

L ' 

16.5 
(5.9-24.7) 

15 
(11.4-17.7) 

17 

14 
(11.4-1:6.0) 

13 
(10J,5-l8.2') 

18-32 
(0-50) 

6~12 
(6-42) 

~ ~0-70 

+ • , numbers in paren~hesis lndlcate the range of values found for brucite 
compost t 10n 

(l)Hostetler ~t a!. (1966),brucite composition determined by mlcroprpbe 
and chemic~1 analysls 

(2»)tam~ton and E~ans (196'6) t X-ray determinatidh'-.... 
; 

~ 

(3) pag~ (1967a), X-ray ~microprobe analysi.s . 
1 _ 

(4)Wick~ (1969).X-ray analy.la 

.' 



The iron content of synthetic brucite in this study varies 

bétween 0-18 mole % Fe(OH)2' ln aIl types of experiments performed, 
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more Iron enters brucite at lower temperatures at constant pressure ~, 

Runs 3-12, )-61 and 3-4, 3-1, Table Il). Iron enrichment may occur with 

increased run duration at constant T and P (Runa 3-25, 3-12, Table Il). 

Decreasing pressure at constant temperature may be correlated with a 

decrease in amount of Iron in brucite (Runa 3-76, 3-74, 3-84 and 3-72, 

3-71, Table 20). Iron-free brucite is formed in rune with an alka1ine 

chlotide fluld, but lron ls present ln brucite at lower temperatures 

o ( < 330 C) in the NaOH fluid runs (Runs 3-46, 3-54, fable 13). Table 34 

collates aIl 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 corre1ates with lower Iron content of co­
,1 

existing olivine and brucite; (3) brucite has the higheat Iron content in 

the lowest temperature runs for the bracketing experiments at each pressure 

(3-76, 3-72, 3-7~, and 3-70); and ~4) in longer-duration hydration experi­

ments small variations in iron content of brucite (5-10 mole % Fe(OH)2)can 

be correlated with major amounts of magnetite formed (Runs 3-48, 3-1, 

3-4 and 3-22). 

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

d~nites may be re1ated ta the production of an iron-rich brucite ~ 

Hayaguez Intrusion, Puerto Rico; Glen Urquhart Intrusion, Scotland). 
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TABLE 34 1 • 

CorrelatioQ of Iron content of olivine and brucite 1 
with magnetite production in the .. 1 

bracketing and hydration experiments . 

\ 
Run T(oC) P(kbar) Mo1p % fl** Mole % fl*** Anlount of 

Fa* Fe(OH) Magnetite 
,.J 

3-99 361 2.01 7 0 6(1)0 +2 major 

1100 ~ '" 
,.Jo 3-76 344 ~.01 -4 11(1) -3 minor 

3-74 341 1.48 5°0 +2 9(9) -1 
... 

minor 

3-72 332 1.48 7°0 0 11 (1) -3 • mit\or 

3-84 341 1.01 2 +5 4(4) +4 major 

3-71 330 1.00 5
00 

+2 2(2) -Hi major 

3-78 321 1.01 15 (9) -7 minor 

3-70 322 1.00 13(1) -5 major 

3-97 336 0.54 7 0 7 (2) +1 major 
1 

3-68 322 0.56 0 +8 major 

3-25 323 1.94 7 -2 2(2) trace 

3-12 321 1.99 7(7) trace 

3-61 302 1.93 18(1) major 

3-48 309 1.48 8(1) major 

3-1 302 1.01 10(1) major 

3-4 317 1.01 5(2) major 

1 3-22 304 0.54 6(2) major 

1 
3-105 355 2.01 12°0 -5 7 (2) major 

, 

1 

e 3-103 355 1.01 9~ -2 5(5) ;major 

3-104 330 1.01 16°0 -9 6(2) major 

j 

.. {)<" 
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Table 34 cont'd 

* composition of olivine at end of run, mole 10 fayalite 

** in of 011 vine fram the change the composition starting material olivine , 

ma~brucite ~ in the composition of the brucite from starting 1 change 

°error in the iron detérmination calculated from the error ~n ~(OOl) of 
brucite determined from the least squares refinement 

00 ~ 
trace amounts of olivine remaining at the end of run 

, \.'" 

-, 
'1' 
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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 original iron content of 

the olivine (see Table 33); ~, in the original dunite of the Muskox 

Intrusion, the olivine vas iron-rich and then produced an iron-rich 

brucite upon serpentinization. If the iron content of the brucite depends 

on the original composition of the olivine, it provides an explanation for 

the 1imited range of iron content of the synthesized brucites: they may 

reflect the limited compositional range of the original olivines. 

Page (l967a) related the brucite compositions at Burro Mountain, 

Calif., to the degree of serpentinization: (1) brucite in core rocks 

(least se~tinized) had t~e:.l~rgest variation in iron content; the margin 

rocks (hi~ly~erpentinized) had the least variation (Table 33), and (2) 

the most iron-rich brucites occurred in moderately serpentinized rocks and 
e 

in the late chrysotile-1izardite veins vith a large production of magnetite. 

Page found no correlation bet~een the primary ~ock type (dunite vs 

peridotite) and the iron content of tne brucite. 

Stability ~! Fe(OH)2 

Page (1966, 1967a) attempted to ca1cu1ate thermodynamically the 

2+ 
influence of Fe on the brucite stabi1ity by assuming an Ideal mixing 

mode1 for the Mg(OH)2-Fe(OH)2 solid solution series. He considered th~ 

equation: 

r 
" 

, 
'" 
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Mg Fel (OH) 2 x -x = 
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• 

xMg(OH) 2 + (l-x)FeO + (1-x)H20 (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 in an oxygen deficient 

environment that the breakdown of ferrous hydroxide at temperatures below 

5600 C occurs by a different reaction: 

3Fe(OH) 2 = (20) 

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 Ni2+ or 

6 2+ 
Cu "catalyzed" the reaction in the direction of the formation _9f mag-

o netite even at room temperature; (2) at temperatures above 220 C, the 

reaction went to completion too rapidly to measure the amount of hydrogen 

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

of excess Fe2+. OH-, and dissolved si1ica; however at 316oC. excess Fe2+ 
• 

had no effect on the decompositfon of Fe(OH)2; (4) minor a,-Œe was found 
~ l'" 

1 0 
in the reaction products for the experiments above 178 C a~d this.was 

attributed to the breakdown of ~nitia11y-produced minor amounts of ferric 

hydroxi,de. o Linnenbom (1958) reported similar results at 25 C. 1 atm for 
. .,) "'-

Fe(OH)2 in an oxygen-deficient envir~nment. b~t stated that it was con­

verted to magnetite at 600 C and 300°C. Interestingly, Linnenbbm<~epoTted 
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, 
that leakage of air into the 2Soc experiment caused the formation of mag-

netite. Pritchard et al. (1971) confirmed the results of the other studies 

on the decomposltion of Fe(OH)2 and found that magnetite produced from a 

o solution of pH 10.5 at 200 C was different in grain size and stoichiometry 

(s1ight1y deficient in Fe2+) wh en compared to the magnetite produced at 

pH 13 at 230oC. 

The stabi1ity of the brucite solid solution compared ta Its break-

40wn products (pure brueite, magnetite, water and hydrogen) ls analogous 

~o the annlte-ph10gopite stabi1ity reaetions as determined by Eugster and 

Wones (1962) and Wones and Eugster (1965). Reaction (20) defines the break-

down of pure ferrous hydroxide and the equi11brium constant for that reactlon 

18 given by: 

= 

With reference states 

K20 = 

aa 

3 
(aFe(OH) ) 

2 

defined earlier, 

2 f H (fH 0) 
2 2 

3 
(8Pe (OH) ) 

2 

the equilibrium constant beeomes: 

The activ:ity of ferrous hydroxide in the saUd solution cou1d be defined as: 

aFe(OH) = 
2 

\ 

_________ ( • ...010..0 

1-
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are the fugaclties of hydrogen and water in eqfiilibrium 

* * with the brucite solid solution and fH 0 and f H are the fugacities of hydro-
2 2 

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

temperature and Pt l' From the equilibrium constant, reaction (20) is ota 

driven to the right (towards magnetite, etc.) by decreasing either [(f
H 

0)2 
2 

fH ] or by decreasing aFe (OH)2 with fH 0 and f H constant. Experimental 
2 2 2 ,f .;-

data are needed for reaction (20) as a,~.function of t~perature and fugacities 

of water and hydrogen, i.e. , a study of the break40~ of pure ferrous 
1 il' 

hydroxide and brucite solid solution at different'-.~étnperatures with various 

oxygen/hydrogen buffers. Thermochemical data are: a1so neeped on/the brucite 

solid solutions. The difference between th~ formu~~n and that of 

Page (1966, 1967a) ls that the bruclte SOlid~on ls defined here as 
/ 

a single phase consisting of two components (Mg(OH)2 and Fe(OH)2)' and only 

one component need be considered thermodynamically.o ~fine the solid 

solution. However, from Pagels treatment and considerations given above, 

. the effect of increasing the Mg(QH)2 component of the solid solution is to 

decrease the activity of Fe(OH)2' Also, the thermal stability of end member 

component Mg(OH)t-:lS ~ch greater th~n Fe(OH)2' Therefore, for the same 

.values of fH 0 and f H ' the assemblage Mg-rich brucite + magnetite is 
2 2 

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

"-
A general trend of Iron contents of brucite in the experimental 

~esults may be explained. A correlation exists between the amount of mag-

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

o 
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ia assoeiated with more iron in brucite; furthermore, the amount of mag-

netite increases with increasing te~perature. 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 temperàtures for each pressure and had 

more Magnetite and less Iron in the brueite. The iron content of the 

brucite May not only be an indication of the initial iron content Qf the 

olivine, but also an indication of the temperature at whieh serpentinization 

took place. 

Martin and Fyfe (1970) reported that they did not observe the 

formation of magneti~e in unbuffered experiments with a natural olivine 

(FoS5) in temperature range Of~O-3000C st 1.39 kbar and their X-ray 

cell edge data on brucite suggest that Iron entered the brueite structure. 
1 

\ Martin and Fyfe's experiments were done to determine the temperature of the 

o maximum rate of reaetion of olivine + water; they were condueted 50-75 C 

lower tnan those done in this study. The lack of production of Magnetite 

follows the trend reported here. 

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 brueite. No 

iron was found in the brueites formed from the reaction of olivine with 
G 

alkaline chloride solutions (Run 3-95, 3-92), most probably due to the 

,. 
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801ubility of ferrous iron in chloride solutions by the formation of a 

ferrous chloride complexe 

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 

texturaI studies that magnetlte has a high degree of mobility, causing 

a variation in textures, from the fine "dusty" particles formed in the 
1 

initial stages of serpentinization to the formation of clots and stringers 

of magnetite in mesh textures, then to the concentration of magnetite at 

grain boundaries of the original olivine crystals. Wicks observed a 

possible parallel between the migration of the magnetite and the chemical 

homogeneity of iizardite in the mesh textures. Magnetite also rims primary 

spine1s in E{e,rpentinites (Wicks, 1969; Bliss, 1972). Wenner and Taylor 
( 

(1971) further recogriized magne Cite vein1ets and euhedral magnetite grains 

in addition to the types described by Wicks (1969). The mode of occurrence 

of magnetite can be re1ated to the type of serpentinite. Ant1gorite ser-

pentin~tes have the largest amount of magnetite (Wenner and Taylor, 1971) 

and euhedral grains are very common besides clots and' du st Y magnetite. 

The lizardite-chrysotile serpentinites have a variety of different texturaI 

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 ls 

related to the higher temperatures considered to be necessary for the 

formatio~M'. of antigorite compared to lizardite and chrysotile. Iron is 

probably lost from the brucite (and lizardite) to form magnetite as the 

serpentinlte recrystallizes. Whether the recrystallization and the 

formation of antigorite takes place at constant or increasing temperature 

Is conjectural, though petrologic observations and stable isotope data 

(Wenner and Taylor, 1971) indicate that antigorite forms at higher tempera-

tures than 1izardite or chrysoti1e. 

Magnetite occurs in aIl run products as either fine micro~ size 

particles ("dusty") or as larger euhedra1. grains. The experimental results 

resemble the natural states of Magnetite aggregatlon. Runs> 3-32 and 3-48 

used the same startlng materlal and were held at the same temperature and 

preasure, however, Run 3-48 lasted almost twice as long as. Run 3-32. The 

Magnetite in Run 3-32 was very fine grained ( < 1 Il m), evenly disseminated 

through the serpentine, whereas magnetite in Runs 3-48 had begun to aggregate 

and form larger euhedral crystals. Besides longer run duration at a givén 

temperature and pressure, higher temperatures can promote the formation 

of larger grains of magnetite and euhèdral crystal forms. 

The Braçketing Experiments Equilibrium Determination 

Evaluation of Influence of Iron" on Lower Thermal Stability of Olivine 

Tsble 35 summarizes the experimenral data on reactions involving 
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TABLE 35 

• tFquilibrium temperatures and pressùres determined from reversed experiments 
, for reactions involving serpentine. Curves as shown in Figure 9. i_ " 
,------~-------------------------.--~------------------------------------------------- ".. 

Johannes (1968) 2Mg2S1~4 + 3H2o • Ms3Si20S.(OH) 4 + Mg(OH) 2 (1) 
,1 

forsterite clinochrysotile brucite 

T(OC) P(kbarr T(oC)* P(kbar)* 
350' (10)** 

QI 

l~er stability 0.5 • limit for 36S 1.0 390 1.0 
forsterite c 380 2.0 420 2.0 

400 3.5 
", 420 5.0 

C> 

this study 10(Msl.86FeO.14)Si04 + 14.20H2O • SMg3Si20S(OH)4 + 3·8Mg0.9SFeO.OS{OH)2 (21) ..... .i 

Qliv!ne lizardite, brucite 
" \ clinochrysotile ,l, 

\ \.. . ~ 

'!> 

" + 0.40 Fe304 + 0.4H2 - , Magnetite 
lowèr st~bihty ** ~ 335 (S) O.S 

1'1 I1m1,t of F09l 348 1.0 365 LO 
.-'- - ~6 2.0 410 2.0 

< -

èhernOB~t '''Ù9-73) ~Mg25i04 + Ms3Si40lO (OH) 2 + 9H2O • SMg3Si20S(OH)4 
,r • 

fdirsteri te talc clinochrysotile 
/ 

** upper stabili ty 420 (lQ) 0.5 
liÏnit for " 427 . 1.0 ~ 470, cr 1.0 
chrysotile 441 2.0 510 2.0 
(and proDablyo 466 4.0 
lizardj,te) 478 5.0 ... 

w 
CIO 

'" ~ .... - 't,.- - - _ 

; 

" 
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" .' * ' temperaturesJcal~ulated for a given pressure from tnermodynamic data (Olsen, 1963) for compari8on' 
vith the experimentally determined'temperatures ana pressures on the 1eft 
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l 
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**~nc~r\:ainty in the tempera~ure determinat·ion as quoted by the-authors 
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ol:tvine (FolOO and Fo93). The forsterite + talc + serpentine + water 

reaction (Rl!action (2» defines the upper stability limit for chrysotf1e 

(and probably lizardite) because an irôn-bearing 'olivine + talc would 

shift the "curve to 'lQwer temperatures as has been demonstrated for :; 
') 

Reactions (2) and (21) (Table 35). The equilibrium curve for this reaction 

t~r an Olivine F0
93 

is shifted ISoC downwards (to lower tempe~tures) 

fro~,the curve for pure forsterite as determined by Johannes (1968). Olsen 

(1963) calculated curves for the reactions of interest from thetmochemica1 
, 

~d~tà; the curves plot at higher temperatures for a given fressure when 

compared to the ;xperimentally'determined curves. The error between the 

'~, calculated snd experimental curves is directly related to the qua1itly of 

1 

y, 

thermochemical data, ,especially data for chrysotile and talc (Chernosky, 

1973). Note that Bowen and Tuttle's (1949) original unbuftered e~riments 
- "" 

witb a ~atural olivine (Fo
90

) agree with the determined equi1~brium curve 

for Reaction (21): 

T(oC) P(kbar) Run Duration Products 
hrs 

365 1.02 336 'olivine 

340 "l.OZ 336 serpentine, 
brucite 1 maS!!etite 

This does not imply, however, that a higher oxygen fugacity does not influence 

< the ~c~fon. ( 

Evans and orff (1972) and Trommsdorff and EV,ans (1972) have 

messured the Mg/Fe ca-existing mineraIs in antigorite schist pf 

• 
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) 
the southern Bergel! Alps. From the MglFe ratio of co-existing brucite 

and antigorite, Evans and Trommsdorff (1972) ca1culated a shift of 1-20 C 

st a standard state pressure ~f 2000 !)ars from the/univariant curve for 

the reaction forsterite + watèr to an olivine of composition Fo
90 

in 

eq~ilibrium with an antigorite of ~omposition Mg5.78FeO.22Si40l0(~H)8 and 

a brucite of composition MSO.91FeO.09(OH)2' The uncertainty in their 

ana1ysis lies in the a'~sumptions: (1) the activity of water was ealeulated 

as if pure water were the gas phase; (2) the aetivity eoefflci~ts;for 

'Mg in the solid solùtions (brucite, antigorite, and olivine) are;equa1 to 
~ 1 

one; (3) iron contents df the three mineraIs are equilibrium dirtributionsi ,. 
and (4) the conditions (P, T, fH ' etc.) for formation of tpe antigorite 

2 
serpentines are similar to those involved in the formation of lizardite-

chrysot1le serpentlnites. The experlmentalo work and calculated fH and 
, 2 

f
U20 

have shown that the ga~.phase d~fined by the lM bufrer or by the ~ 

assemblage M-A is a hydrogen-rleh, water-deflcient vapor i..e. f H > f H O. 
)\' 2 2 

~vans and Trommsdorff stated that the p~ot of log aH 0 vs lIT (Arrhenius 
2 

plot) was somewhat curved. According to Orville and ~reenwood (1965) a , ~ 

curved plot of log f vs lIT ia an indication that enthalpy for th~ reaetion 

ls not constant or alternat1vely that the P (pressure on the SQlid phases) s 

i8 not constant. Observati9ns discussed previously showed that magnetite 

ls alway. present as a run product. The amount of magnetite produced 

increases with temperature as the equi~ibrium curve i8 approached and v 

correlstes with s decresse in the smount of iron in brucite. The composition 
,i 
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of brucite immediate1y adjacent to the equi1ibrium curve showed an average 

composition of MgO.95Feo.o?(OH)2 and a 105s of iron compared to the starting 

brucite composition at aIl ~emperatures and pressures investigated. The 

Iron analyses of co-existing ljzardite, chrysotile and antigorite from 

\ natura1 occurrences indicate that the amount of iron in the brucite i5 much 

greater than the amount of Iron tied up in the serpentine. This may a1so 

be. t1:ue in the synthetic lizardites, though direct confirmation is lacking. 

In summary" the introduction of iron into the system MgO-Si02-H20 (even a 

smal1 amount such as 7.6 wt. % FeO in F0
90

) may lead to a change in the 

gas phase (production of H
2

) and consideration not on1y of Iron partitioning 

among serpentine and brucite, but its appearance as ma~netite. The sim-

pllfied equation (serpentine + brucite :: 2 forsterite + 3 water) used 

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

bearing system. 

Tentative Therrnbdynamic Data Derived from the Equi1ibrium Curve 
d 

( 

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

deriving thermQchemical data from reversed equilibrium curves. Zen (1973) 

extended his prevfous analysis to inc1ude redox reactions contro1!ed\by 

oxygen buffers. In attempting to use Zen'~ (1973) analysis to derive a 

A 0 0 aGf (25 C, 1 atm) for serpentine, several prob1ems were found to, seriously 

affect the vali~ity of the calcu1ation except to prove the internaI con-

sistency o( the experimental data: 
" 

l" 

. , 
.. 



( 

\ ... ....... _ ... 

(1) the non-Ideal H2-H20 mixing model proposed by Shaw (1963, 

1967) and extrapolated by Zen (1973) cannot easily be 

applied to hydrogen-rich gas mixtures such as defined by 

lH 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 stably as 

products of the reaction and .1 G~ of a two-phase 

assemblage has little rigorous thermodynamic application; 

(3) there are major discrepancies in available thermochemical 

data necessary for the calculation, ~, 1.38 kca1/gfw 

A 0 0 difference in uGf (25 Ct 1 atm) for forsterite (King 

et ~l., 1967; Robie and Waldbaum, 1968); 

"(4) the Iron conte~t of the serpentine mineraIs is smJ!l but 

unknown; the iron content of brucite is known, but no 
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thermochemical data are available on brucite solid solution 
t' 

or the olivine solid solution, only on 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 consistent. nowever, the dif-
" 

ficulties in ~r~ning the gas mixture for the lM buffer will be outlined. 

Table 36 presents data and calculations for the lM buffer for the 
-r 

equilibr~um tempera&ures at Pt~al equal tO 1000 and 2000 bars. The 

parameter '1' is a' measure of the departure of the gas mixture from ideality , 

. , 
, ' 
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) 

l" 

" 
f 

" TABLE 36 

Results of ca1cu1ations based on a large extrapolation 
of th&. equation of s~ate for hydrogen-wat~r' 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 extreme1y"' high implied values 
of hydrogen fugacity. The results are 

qua1itatively consistent with experimenta1 observations 
but the numerical values of hydrogen and water fugacities 

may be subject to large and unknown errors 
(Shaw, 1974, pers. comm.). 

... -
\ 
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as ia given by the approx!mation (Shaw, 1967): 

o {T, K; 
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, (l 

'1' , liters/mole). ' 

Shaw stated that the accuracy of tne expression for '1' falla off rapidly at 

o temperatures be10w 500 C. The parameters Y and A were defined by Zen 
'. 

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

form more readily applied to thermochemical calculations: 

= 

~and 
_"'7 

A = ,P'I' 
RT 

= 

(for an ideal gas A = 0). 

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 'thàn 2.2 on his aH vs aH 0 diagram. 
" 1 2 2 

Shaw (1967) dOéS not consider value of A greater than 1.4 and Zen (1973) 

warns further that the equation of mixing proposed by Shaw is on1y valid 

within limited values of A. Phase separation ls predicted for mixtures 

obeying the equation defined by A with crit'càl mixing reached at A = 2.0 • 
..,) 

Prediction of the activity of hydrogen and water in the hydrogen gas mixtu~es 
, 

" defined by the lM buffer in the temperature range below 500°C awaits further 

, .' 
theoretica~ and experimental work (E. Zen and H.R. Shaw, pers. comm., 1973) 

weIl beyond the scope of this present.study. 
1 

, . 
" 

, 1 

, 
1 
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Martin and Fyfe (1970) studied the rate of reaction of forsterite + 

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

~ 0 .~ 
of forsterite (60-75%) occutred at léO C with run durations of up to 6 days. 

o 
The temperature of maximum conversion i8 100 C lower than the equi1ibrium 

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

reaction falls off rapidly away from the maximum as the univariant curve 

ie approached. Their results on an iron-bearing natural olivin~ (FoSS ) 

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 conc1usion that the rate of 
, 

reaction increases with increased amounts of wàter' is not strictly valid as 

the equilibrium temperature at a given pressure i8 approached. AlI o~ the 

experimental work on determination of serpentine 8tability curves have shown 

the reactions to be very sluggish close to the equilibrium curve even in 

the presence of excess ~ater. 

Martin and Fyfe ~ostulate that the mechanism of the forsterit~, + 

water reaction involves surface nucleation and growth at certain active sites 

on a reactant surface (brucite). There i8 no evid~nce from the SEM work 

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

~~in the T,P range investigated here . 

... 
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Reaction of Olivine with F~uids Other Than Water 

There ia essentially no differènce in the mineralogy of serpentine 

or the nature of the other phases obtained from the reaction of olivine 

with the flui~ 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 

o 
(FoSS ) 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 f1uids compared to water and acid solutions. However, only 

30% of their olivine was converted to lizardite (+ minor Ghrysotlle) at .~ 

300°C, 0.5 kbar with pure wat~r after 720 hours, much 1ess than obsérved 

in this study at the same T,P (s~e Appendix 2~ Run 3-22). KQrytkova et al. 

(1972) reported magnetite as a product of the reactlons with al~a1ine fluids. 

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

çonsist of a dark-grey material~ from which the presence of magnetite can 
9' 

be inferred. Nothing was stated by Korytkova et ,al. (1972) about thê ~roduct 

from acid treatment ~o indicate the'presence or absence of Magnetite. 

Brucite was not mentioned 8S a product of sny of the reactions, though the 
• ~ 

\ 
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distinçtly we11-developed hexagonal platelets co-existing with antigorite 

and chrysoti1e (Korytkova et al., 1972, Fig. lb) may be brucite. 

Korytkova et al. (1972) s~ate that the pH of the fluid is the 

principal factor in the formation of lizardite vs antigorite. The experi-

mental fluids in the present study are alkaline, as are natural waters that 

co-exist with lizardite as weIl as antigorite (Barnes and O'N~il, 1969; 

Barnes et al., 1972). However, it ls quite possible that the formation of 

antigorite is enhaneed by silica-bearing fluids at low temperatures a~d 

pressures as observed by Korytkova et al. (1972) because the composition, of 

natural antigorites commonly have a greater wt. % Si02 compared to the 

idea1 serpentine composition of Mg 6Si4010 (OH)a (Whittak~r and Wicks, 1970); 

\ 

ailiea in the fluid may be stabilizing antigorite. Korytkova and Makarova 

(1971, 1972) and Korytkova et al. (1972) do not give the concentration of 

ailiea in fluid used in their experiments, whieh prevents comparison of ,their 

results with this work where antigorite was not observed. If the above 

postulate is correct, it is probable that the siliea concentrations in their 

"fluids 'Nere higher than those used in this stud'''. Their experiments were 
• ç 

conducted at a higher oxygen fugaeity than those buffered blf lM, p~obably 

promoting magnetite formation rather than Iron for magnesium substitution 

in serpentine miner~Is and brucite. It has been observed that chrysotile 

forms after lizardite both, in' experiments (Korytkova et al., 1972. this study) 

~nd in texturaI observations of naturai mineraIs (Wicks, 1969). Whether 

c~rysoti1e is replacing lizardite ia difficult to a~sess, though its Iater 
• 

formation eompared to lizardite perhaps indicates a nucleation b,a.~_ri7' 

.... , 
',1 

\ 
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Composition of Serpentinizing Fluids 

Compositions of fluids co-existing with serpentine mine~als have 

been measured at a variety of temperatures, pressures, and run durations 

(see Table 37). Factor$ that must be fo~sidered in ev~l~ating the measured 
, 

concentrations of Mg and Si in solut~oris co-existing with serpentine and 

forsterite are: 

(1) 
j 

a difference has been shown for measured Mg and Si concentrations 
inlsolution depe~ding on whether th~ mineral-fluid system was open 
or closed to the atmosphere; Wildman et al. (1968) and Luce " 

(2) 

(1969) have determined differences in measured Mg and Si as a 
function of CO2 concentration in fluid; 

run duration was critical because Luce (1969) and Luce et al. 
(1972) have demonstrated that the dissolution of serpentine 
(lizardite and chrysotile) and forsterite are 'controlled by 

Ishortl'term incongruency and long-term congruericy; 

(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; mineral~ can also pre~ent problems~ 
in"solubility determinations due to smal1 amounts of impurities 
(Hostetler and Chri'st, 1968) ~ an "amorp'hous" ma~rial has 
~een found fi1ling the hollow tubes of chrysoti1e (Martinez • 
and Comer, 1964), which wou1d influence the short-term solubility 
and thus the measur€d amounts of Mg and Si in solution; 

(4) with 1izardite or chrysotile + distilled water, the pH of the , 
" fluid reaches a 'steady etate value of 9.4 in a nitrogen atmosphere, 
whereas the pH of the tluid open to the atmosphere ia buffered • 
at 7.7, and the pH of the fluid do~ control the short-term 
incongruent dissolution of these mineraIs (Luce, 1969); • 

(5) J'lildman et al. (1968, '1971) have defined the co-existence of 
brucite and serpentine as a function 0~disso1ved Mg. SiO~ and pH o -
at 25 C, 1 atm and cqnc1uded from their measurements of t e fluid 
co-existing with serpentinite in a nitrogen atmosphere that the 
c01l\position of fluid :Ls controlled by serpentine solubility rather" 
than by br~cfte solubility. 
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TABLE 37 
! 

'Measured mo1~y of f1~ids co-existing with natura1 and synthe~ic serpentine 
and olivine at a-- variety of temperatures and pressures .. 

lbase . T{oC,> P{bars) 
~ 

Run Duration 
hrs 

" 
~ Mo1ality 

Mg (105) 

~ --- - ---~ --- ---- ------ - ----y 

ayn. C 90 1 1615 7.69 15.2 

+C (S-2) 90 
-! 

1227 7.70 14.0 
( 

t 

'" *nat. C 260 --l000 2160 .....,.12 15.0 

* nat. C e!- 260 1000 t11-6 6.48 i 5.4 

L,C (3-69) 311 560 895 
.~:, 11 

17.7 

L,C (3-71) 330 1000 792 ." 23.4 

++nat. L 25 1 119 8.57 3.7 
'-

F 

'++llat .. C 25 1 6480 9.02 8.3 

++: 25 nat. O(Fo91) 118 9.99 15.0 
, 

1 

/ ,-
c 

syn. - ~thetic, nat. = ~atura1 
/ 

+loca1ity, New Idria, Calif. 

MolaHty 
SiO (105) 

2 

4·r 
3.8 

1.9 .. 
4.4 ~ 

n.d. 

46.6 

4.2 

8.2 

0.7 

fi 

Ratio 
Mg/Si 

3.5 

3.7 

7.9 

1.2 

.' 
~~.5 

0.9 

1.0 
1 

21.0 

1 , IJ 

++ 0 

lizardite, Morgan Hill, Calif., chrysotile, 19N16313, Thetford Mines, Quebec 

* locality not,given "'. 
~ 

, 
,\, 

'e 

. 
\ 

; 

-' 

Reference 

~ 

7.Hostet1er & Christ (1968) 

Hostetler & Christ (1968) 

o Moiseyev (1974) 

Moiseyev (1974) 

this study 

this study 

. Luce et al. (1972) 

Luce (1969) 

Luce_et al. (1972) 

.... 
I.n 
o 

- ------ -----------------------------------------------------------------------------------
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, 
The major facto~8 controlling the ~omposition of the fluid in contaGt with 

these mineraIs are: pH, pres~nce or absence of dissoived CO
2

_ ,the phase 
,.;.. 

and its composition, surface are a of the phase in contact with the fluid, 

and duration of the experiment untii a steady state is reached. Luce 

(1969) and Luce et al. (1972) showed the importance of time as incongruent 

* dissolution becomes congruent dissolution after a minimum of 60 days, 

because Luce accepted Hostetler and Christ's (1968) two -month experiment 

as c~ngruent dissolution of chrysotile. Moiseyev's (1974) experiments 

may indicate that the dissolved CO2 initially present in the distilled water 

or the starting materiai (a naturai chrysotile) influenced the larger ob-

served measured solubility of Mg and Si than would be predicted by an 

equilibrium caiculation. Any equation written for the dissolution of 

chrysotile (or lizardite) contains a pH ~erm which is thJh raised to sorne 

power in the equilibrium constant: 

= (22) 

(Hostetler and Christ, 1968) 

whére 

3 6 2+ 
(~2+) (aOH-) (~SiO) , 

4 4 
with activity of water equal to one. Therefore, in calculation of the 

equi1ibrium 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 înineral. 'The OU- term in th~ equilibrium constant for the above reaction , 

ie raised to the 6t~ power, introducing an appreciable error in the ca+~ulated 
/ 

K22 if the steady/state pH has not been attained. 
( 
j 
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In analyzing the problems that others hRve had with the determination 

of solubility of "chrysotile and lizardite, it is not sur~rising that the 

measured ~g an'd Si concentrations in this study are also difficult to 

interpret. As an ad~itional complication, the small volume of the sample 

solution requires dilution. This introduces an appreciab1e error in sorne 

of the results due ta detection li~it problems, especially with regard ta 
, 

silica. The variables stated above for the dissolution of the Mg silicates 

are applicable to the fluid compo,sitions determined in this study: pH, 

minera~ phases present (s~~ting material and products)/ run duration, 

temperature, pre~sure and initial fluid composition. The only possibility 

of interpretation without more detailed, systematie work Is to indieate 

sorne of the trends shown hy the d?ta. 

In aIl of the runs with pure water in which siliea was detected in 

the fluid, the molar ratio Mg/Si was less,tWan 1.0. This may indicate 

incongruent dissolution but factor (3) discussed above should be considered 

as weIl as the unknpwu effect of brucite on the measured amount of Mg 

(measurement of Mg should considér equilibrium with both Mg phases ser­

pentihe and brucite). In the experiment~ of Luce (1969) and Luce et al. 

(1972) on the incongruent dissolution of these mineraIs, Mg was found to 

enter the aqueous phas'e faster than Si. In the present study, the very 

a1ka1ine nature of the fluid (pH > 10) influen.ced the in1t1.a1 leach1ng and 

exchange of Si bet~een the solld and fluid, to a greate~ extent than'with~ 

!' 
" 

'j 

(, 
l, 
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Mg. However, ther~ were many experiments in which Si was not detected in 

the fluid phase, most probably due to detection llmit problems. Greater 
f 

amounts of Mg were detected at aIl temperatures and pres~ures with f!ulds 
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other than pure water, attesting to the fact that the alkaline and alkalin~( . 

• 
chloride solutions had greater solvent p~operties for Mg than pure water. 

Only preliminary calculations of fluid , , 

, 
with th?,' solid phases of reaction (21) .ca,n be 

Cam~!i~iOnS in equilibri~ 

attempted beoause of the 

complexity and multiplicity of possible reactions and the pàucity of 

thermodynamle data at higher temperatures. Â new set of caleulations are 

• 
elearly rêquired because Helgeson's (1969) disso~utron da~a for hlgher 

" 
temperatures pertain to aeid chloride solutions; Alkalin~ solutions with-

out chloride appreciably affect the type and distribution of aqueous species 

in thè fluid. 

Prellminary ca1eul~t1ons of f1ufd compositions show that Mg(OH)+ 

. 2~ 1 -p!edominates over Mg ,ana that H
3
Si04 is probably mo~e importapt than 

f 

"49i04 at the high pH of these {lui~s. The available data do not allow 

o calcu1ation of aqueous siliea species at 300'C,or ab ove (W. Nesbitt! pers. 

comm., 1974).' The effecs of pressure on species distribution in these 

dilute solutions i8 also difflcult to ~valuate. The prelimlnary ealculations 

show that the Mg eo~tent of the f1uid ls toe 'high to be contrQlled by . . . 
\ ' 

equllibrium with brueite. Calculation of possible tluid compositions in 

equilibrium w;i.th eh~ysoti1e or lizardite i8 not feasible withO'U'~ (.~a on 

aqueous siliea speeies at these el~vated T and P. 

, , 

.Jt 

• Q , 
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The measur'ed composition of the fluids does not differ appreciably 

from compositions of waters co-existing with serpentinized or partial1y 

serpentinized u1tramafic rocks. The ~ ia the same ~, the fluid i8 

very a!ka1ine) though the disso1ved Mg is higher in the experiments than 

in natura1 waters. From thermodynamic dhta at 2SoC, 1 atm, Barnes and O'Nei! 

(1969) and Barnes et al. (1972) calcula~~ the f1uid co~osition expected 

if equi1ibri~m with chrysotile and bruc)te is attained. They found th~ 
\ 

naturai waters to be Bupersaturated with respect to bath phases. Brucit~, 

"' in fact, was observed to precipitate at the orifice of Complexion Spring 

(Luce, 1971). For both the natura1 waters and the fluids from the experi-

ments, a large degrae of supersaturation may be needed before serpenti~e 

or brucite will nucleate from solution. 

Application of Experimental Results 

Martin (1971) has written an excellent review paper concerning the 
~ 

processes of serpentinization based on experimental work and observations 

of serpentinites. The purpose of this section is to bring Martin's 

analy81s up to date in light of this study and other investigations done 

since the la te 1960's. 

Evidence on Serpentinization from Egui11pr1um Determin!tlons 
and Mlnera10gy of Phases 

The equilibrium temperatures and pressures for the fol1owing 8ssemb-, 

lages have been determined in the pr~sence ~f pure water (Table 35): 
'. , 

--­\ 



• 
chrysoti1e-brucite-forsterite 

1izardite-chrysotile-brucite­
magnetite·olivine {Fo93 )/IM 

chrysotlle-talc-forst~rite 

(to 6.5 kbar) 

(to 2.0 kbar) , 

~o 7.0 kbar) 
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(Johannes. 1968) 

(this study) 

(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 

la equivalent to that observed in aerpentinized dunite. The inter-re1ationship 

of chrysotile and lizardite cannot be determined from the work done in the 

forsterlte + water system because both reactions (Johannes, 1968; 

Che rnosky, 1973) were determined from a starting mix composed of chrysotile 

on1y. Work in the iron-bearing system demonstrates the co-existence of 

both serpentinè mineraIs within the duration of the experiments; however, 

the detailed texturaI observations of Wicks (1969) on naturai occurrences 

of the two mineraIs suggest the replacement of 1izardite by chrysoti1e in 

the Iater stages of serpentinization. The large majority of serpentinized 

rocks are composed of lizardite only or of lizardite + chrysotile (Wicks, 
~ 

1969; Aumento, 1970; Wenner and Taylor, 1971, 1973). With a geotherma1 

gradient of 30oé7km. olivine would be transformed to serpentine + brucite 

+ magnetlte above depths of about 12 km. With less steep geotherma1 grad-

lents, the phase assemblage serpentine + brucite + magnetite cou1d peraist 

to greater depths. 

The relatlonship between serpentine minera10gy and bulk composition i8 

not yet entlrely clear. The composition of serpentine mineraIs show distinct 
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substitutions of iron (Fe2+ and Fe3+) and a1uminum i~ aIl three serpentine .,., 
, 

mineraIs vith ~ 1argest substitu~ions of Fe and Al in lizardite and 

antigorite (Whittaker and Wicks, 1970). The Iron and aluminum in the 

mineraIs ~y be a reflection of the bu1k compoiitiori of the parent rock 

rather than be~g essentia1 constltuents in the formation of 1izardite or 

antigorite as has been suggested by many authors. Chernosky (1973) has 

documented the effect of Alan serpentine mi~eralogy: most natural ser­

pentine compqsitions are Al-poor, weIl within Chernosky's two-phase field 

of lizardite + chrysotile. The work of 11sh! and Saito (1973) was 

critical in demonstrating that liz~ite, chrysotile and antigorite can be 
, 

produced simply by varying the ratio of the major component oxides: 

MgO:Si0
2

:H
2
0. Thus, the bulk Iron content of the olivines used in this 

study, should not affect the formation of lizardite + chrysoti1e. 

The stability of antigorite versus lizardite and chrysotile has not 

been evaluated exp~rimenta11y. Field evlclence indicates that antigorite 

may be stable ~ higher temperatures ip a regional metamorphic environment. -. 
Appearance of antigorit~ may reflect a water-deficient environment. 

Korytkova and MaKarova (1971) and Korytkova et al. (1972) showed further 

that antigarite did farm from the action of alka1ine silica-bearing fluids 

on olivine at low temperatures and pressures. Th~r etudies point ta a 

chemical control of the formation.of antigorite. Cettainly high pressure 

ls not required, though increased pressure or directed pressure may cause 

partial dehydration of lizardlte or chrysotile. aiding in formation of 

anUgorite. 

J 

,~ , 

l' 
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The Iron content of brucite does not influence the position of the 

equilibr.ium curve determlned for the phase assemblage lizardite-chrysotile-

brucfte-magnetite-olivine(Fo
93

)!IM. The Iron content of the brucite at an 

oxygen fugacity defirted by tne lM buffer or the natural assemblage M-A 
~ 

appears to indicate temperatures of reaction below the equilibrium curve. 

Magnetite + brucite form at the expense of iron-bearing brucite as tempera-

1 
tures are increasea to the equilibrium curve. At oxygen fugacities higher 

, 'r 
than lM or M-A at the same T,P, the Iron would probably not enter brucit~, 

but would form magnetite, though further work with different oxygen fugacity 

buffers la needed to clarlfy this point. The ubiquitous occurrence of 

magnetite-awaruitè is important with respect to defining the oxygen-deficient 

conditions durlng serpentinization. 

Evidence on the Nature of the Fluid Phase 

-
The fugacity of water is less than P t 1 if the fluid phase contains to a 

additional components. The experimental work and calculations done in this 

study show that the gas phase was made up of H2 and H20 with f
H2 

>, f
H20

, 

though water was still present in excess compared to the amount needed to 

convert aIl 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
2 

may build up to the point of having a major effect on the 

activity of water in the fluid phase. For other dissolved constituents 
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(except CO2) the comparative decrease in activity of water ls not likely 

to'affect serpentinizatian to an appreciable extent. For example. Helgeson 
, 

(1969) has calcula~ed that the act~v1ty of water decreases to 0.919 for a 

3 
a ~ 

M,NaCl solution at 270 C, 1 atm indicatiog that a large concentration of 
1 

dis~olved inarganic ma~erial ,may not lead to a substantial decrease in the 

activity of water in the fluid. 

Present experimental evidence and observations on natural waters 
, , 

indicate that the fluids reacting with olivine ta form serpentine or f1uids , . 
'in contact with serpentinite are very alkaline (pH> 9). Sueh fluids are 

reactive and have the possibility of carrying significant qu~tities of 

dissolved silica. The.fluid phase is also like1y t9 be extremely reducing 

(H
2 

rich) if serpentinization is taking place at other than surface, con~ 

ditions in a c10sed or partly c10sed environment where H2 cannot readily 

escape. However, the CO
2 

content of the fluid phase must be very low 

because serpentine ls not stable with respect to talc in CO2-bearing' 
1 

• fluids due to the decrease in the activity of water (Johannes, 1969). 

Dilute fluids resembling those used in th~ experiments with pure water do no~ 

carry appreciable amounts of dissolved constituents (av. 4.8 ppm Mg and 
1 

av. 10.4 ppm Si). However, the Nael, NaOH, and al~ chloride solutions 

carrled inereased quantities of Mg, but S1 was similar te pure water 

exper~ments (av. 11.0 Mg and 9.6 ppm Si). The siliea concentration in 

fluids from the experiment~ is controlled by pH; the pH of both the pure 

"', 
water and ether fluids was alkaline (pH> 10). Note that the experlments 

- .... 
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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 (St~mm and Morgan, 1971), 
, 

approximat~ly twice as concentrated as the NaCl fluids used in the experi-

ments. Sea water is still a possible fluid f~ serpentinication given longer 

reaction times and lower temperatures; experimentally the alkaline chloride ' 
, 

fluid (NaOH + NaCl) was effecti~~ in reaction of olivine to form serpentine. 

The ability of the fluid to carry disso1ved constituents has an 

important bearing on the constant volume versus constant chemical composi-

tion arguments 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 compositi~n of disso1ved con-

. stituents in the pure water experiments would not indicate widespread, re-

moval of Mg or Si'. However, the alkaline chloride and NaCl flulda are 

capable of removing larger ~mounts of Mg. Barnes et al. (1972) have found 

spring waters in contact with partial1y serpentinized u1tramafic rocks to have . . . . 
variable contents of disso1ved ~ilica, though the amount of disso1ved Mg 

was always lower compared to that in fluids from comp1etely serpentinized 

rocks. The complexity of the interrelated factors that control the com~ 

_ pOSit~o~ of the f1uid phase, coupled with the difficulties of calculation ,~ 

of the comp.osition of the fluid lin equilibrium with- serpentine + brucite 

+magnetite, do nqt àllow more than the ~bove general statements to be 
."\ 

made about the fluid phase. r-" 
,. 

,~ 

\.../ 
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The kinetic studies of Martin and Fyfe (1970) showed t the 

reaction of olivine to form serpentine + ~rucite was initial surface-

and solution-contro!!ed unti! the olivine becomes surrounded by serpentine + 

brucite after which it becom~s controlled by the rate of diffusion of fluid 
~ 

to the olivine-serpentine interface. The accessibility of water to the 
~ 

olivine can be increased by shearing, fracturing, and fau1ting of the 

ultramafic body; this increases surface area and thus the rate of serpentini-

zation. The volume of' fluid is important with respect to possible meta­
C 

/. 
somatic effects; these will be minor if a fixed volume of fluid remains in . 

~ 
a closed environment, without significant removal, but could-be major if 

fresh flùid has continuous a~cess to the rock body in an open, highly sheared 

envlronment. The ~xperi~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. 

, . 

/ 
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SUMMARY 

~. 
'\ . ( Oxygen Fugac-ity 

• 

\ 
Evalrlation of the efficiency of the ·iron-magnetite (lM) buffer by 

! 
ex~ination· of tne buffer material. and the presence of a gas and fluid 

phase at ,the end' of the experimental runs. indicates tha t the oxygen fugacity 

can be defined by lM buffer to temperatures as low as 3000 C at 0.5 kbar 

total p~re. Thermodynamic calculations of the fugacities of oxygen, 

hydroge~d water show that the gas phase 1n the presence of lM 1s 

-
oxygen-deficient, hydrogen-rich and water-poor: f H > f H 0' with 

2 2 
iO < f

H 
O· 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 lM: the gas phase is al~o oxygen deficient and is hydrogen-rich, but 

contains more water than was.the éase ~ith lM. The fuga~ities of hydrogen 

and water presented for the assemblagd lM and M-A were calculated assuming 

an ideal mixin~ model (E~gster and Wones, 1962)~he calculations yield 

extremely high values for f H . 
, 2 

~ Ap~lication of the H2-H20 mixing model of Shaw (1963, 1967) as 
, , , 

extrapolated by Zen (1973) does not yield satisfactory results on the pre-

diction of the activity of hydrogen· and water 1n tQese mixtures. Therefore, 
TI 

though the calculated values o~ fH and f H 0 are qualitatively consistent with 
.. ,', . 2 2 

l ' 

J 
'\ 

~ 

• f 

.. 
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experimental observations. the actual numerica! values of ,fH and f
H 

0 
, 2'· 2 

presented in Appendices lb ~nd lc (Figures 3 and 7) may be subject to large 

and unknown errora. 

The conditions that 1ead to the formation of the assemblage lM or 

M-A during serpentinization are quite different thsn what is commonly 
. 

thought to be the normal crustal fo environment, closer to the fo defined 
2 2 

by the QFM or HM buffers (Eugst~~912)w The ubiquitous assemb1agè M-A 

in natural serpentinites thus provides a definite indicator of a Iocally 

extremely reducing, hydrogen-rich ehvironment. 

, . 
Serpentine Mineralogy 

Lizardite and chrysotile a\e the serpentine mineraIs observed in 

aIl experiments: no evidence for antigorite was found in the X-ray, optica! 

or SEM work. The rang~ in the unit ce1l parametera of 1izardite, from 

results of'least squares refinements of Guinier powder patterns, are: 

~ a (A) = 5.278 5.380 

b (A) = 9.143 9.211 
r 

c (A) = 7.290 7.329 

V (A3) = 355.08 361. 73 

The bracketing and dehydration experiments feature much --emaller variation 

of the lizardite -cel1 dimensions than noted above for the hydration and , 
variable fluid composition experiments. With time, the lizardite became 

," 
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better formed atructurally as inferred by development of euhedra! crystals 

and demonstrated by the cell dimensions. Theoretical considerations of 

the effect of composition on cell edge of lizardite lead to the conclusion 

that smali amounts of Iron ( < 10 wt. % FeO) ~ould be difficult to detect 

by variations in cell edges; this conclusion also has 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 ce!! edge variations in 

lizardite. chrysofile, though present in almost aIl runs, did not in most 

càses yield a sati\factory least squares refinement of the X-ray powder 

diffraction data, probably due to the fact that I1zard1te was usually 

present in amounts greate' than chrysoti~e. 

From the Scanning Electron Microscope (SEM) data the fol!owing 

cry~tal forms of ~erpentine were observed: 

lizardite 

chrysotile 

AlI the crystal 

, .. 
massive plate~laths, and euhedral, hexàgonal 
crystal forms 

fibers, Iaths and fiber bundles 

forms have,been observed in natural specimens with the 

Q 
exception of the hexagonal stubby crystals of l1zard1te. The most commdn 

forms were massive, plat y lizardite and chrysotile fibers. There may be a 

temperature control on the formation of lizardite laths in that they we,re 

only observed in runs conducted at temperatures greater than 31SQC; no 8uch 

, control was noted for any of the other morphologiea! forms of lizardite or 

chrysotile. "Chrysotile" laths do not appear ta persist with Increased run 

duration • 

• 
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, Lizardite and chrysotile appear to 'form a stable two-phase as~emblage 

that has been observed commonly in nat~~~~erpentinites~ Iishi and Saito 
~~--~ ---", .-

3+ 2+ 3+ 
(1973) have shown tha~ Fe , Fe , and Al are not necessary for the forma-

. , 
tion of lizardite or ant~gorite by synthesizing aIl three serpentine mineraIs 

-) 

(lizardite, chrysotile and antigorite) by varying the ratio di the major 

component oxides of serpentine (MgO~Si02:H20) in a water-defici~nt envir­

onment. The effect of bulk composition was further emphasized by the 

work of Korytkova ~nd Makarova (1971), who produced antigorite from the 

reaction of olivine witn silica-bearing fluids at 250-300oC, at less than 

1.0 kbar. It appears doubtful then that the Iron content of the olivine 

inf1uenced the formation of lizardite in this experimental work. 

Brucite and Magnetite 

Brucite 'and magnetite were ~bserved in aIl experimental runs. The 

,Iron content of brucite was shown to be ~e1ated to the amount of magnetite 

produced: the smaller the amount of magnetite, the larger the Iron content 

of the"brucite. The irdh content of the brucite varies between 0-18 mole 
~ 

% Fe(OH)2' though ~he variatiop'observed ln natural brucites le much larger 

attaining 70 mole % Fe(OH)2' Furthermore, the amount of magnetite produced 

increases with temperature. Experiments in °an oxygen-deficlent atmosphere 

have documented that ~he breakpown of ferrous hydroxide occurs by the 

following reaction: 

l ' 
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3Fe(OH) = 
2 

Ci' • 

+ 

-.. 
\ 

\ , 

(20) 
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/ .. 

• l , 
f) The stability of brucHe s01i4 solution with respect to. brucite ..J- magnetitlé 

can be defined ~ Reaction (20) if Fe(OH)2 is considered to be the mole 

fraction of ferrous hydroxide in the solid solution. The equi1ibr~um 
o 

constant for Reaction (20) i8: 

= 

where the,aFe (OH)2 can be formutated by ana10gy with expres~ions defining 4' '-''''', annite-phologopite stability re~~tionships determined by Eugster and Wones 

(1962) and Wones and Eugster (1965) : 

[(fH 0)2 fH ] 
1/3 a 

Fe(OH)2 = 2 2 ' 
~ 

~ ~ -* 2 * ] (f~·o) fH2 
1/3 

f
H 

and f
H 

0 are the fugacities of hydrogen and water in equilibrium with 

2 2 * v * 
brucite solld solution assemblage and f

H 
and f

H 
0 are the fugacities of 

,22 
hydrogen and water in the analogous assemblage containing pure ferrouB 

hydroxide at the same temperature and Ptotal. Experimental or thermochemical 

data are not available on Fe(OH)2 or ~g,Fe) (OH)2' so that aFe (OH)2 cannot 

be rigorously evaluated as a function of temperature at this time. Howe*er, 

from the preliminary ca1culations of Page (1966, 1967a), the low-t~erature ,. 
/experimenta1 etudiee on the brea\down of Fe(OH)2 and the thermal stahi1ity 

\. 

,. 

\\ 
'\ 

, " 

\ 
---------
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of Mg(OH)2' it can be concluded that ver~larg~ 
\ 

to stabilize the brucite ~olid solutions at higher temperatures. 

, 

amounts of Mg are reqUir~\ 
\ 

\ 

Considerations of the breakdown of ferrous hydroxide suggest, an 

explanation for the experimenta1-observation~ because the brucite solid 

solutions appear stable,at lower temperatures compared to brucite ~ magnetite. 

The fact that brucife becomes more iron-rich as teJllperature talls below 
oIIa 

the equilibrium curve, cQupled ~ith the fàct that the largest amount of 
\ 

magnet;f.te was observed at temperatur~s close to th'e equilibrium curve, 

indicates that the brucite solid solution breaks down according to Reactiotl 

(20). The amount of iron ln~rucite is a function of oxygen fugacity, iron 

content of olivine, and the'~emper~ture at ~hich serpentinization took 

place. ... 

The distribu~on of magnetite closely parallels the tex~ral observa-

tions on natural serpentinite as 
CI 

modes of occurrence of magnetite: 

Run ~roducts showed two major 

(hdustylf) partil:les or 

larger euhedral grains. lncreased r n duration 'and temperature promote 

the aggregation of magnetite into larger, more euhedral grains. 

Determination of the Reaction Boundary for Olivine (F0
93

) ~ H20 

The reaction that defines the maximum thermal stability of the 

assemblage olivine (F093) + water at an oxygen fuga~ity defined by lM 

buffer, 

• 

'. 
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1 

,~ 

+ 0.4Fe304 + O.4H2 
1 

has been bracketed with reversed experiments at: 0.5 kbar, 33SoC <± SoC), 

o 0 " 0 0 
1.0 kbar, 348 C (±5 C), and 2.0 kbar, 366 C (± 5 C). This curve Is shifted 

o 
to a lower temperature by 15 C from the one defined by Johannes (1968) 

for the assemblage forster1te + brucite + cl1nochrysotile + water. 

F1uids Involved in'Serpentinization 

Published studies on the solubi1ity of serpentine ànd forsterite 

have shown that the f1uid composition in equil1brium with those mineraIs 
<.> J 

depends on pH, presence or ab~ence surffce are a of phase available 

to the f1uid, startlng material,. nd Luce (1969) 

and Luce et al. (1972) demonstrated that the solubility of forster1~e and 

setpentine was contro11ed by short-term incongruency and long-term congruency. 

Thé Ù101ar ratio Mg/Si ls less than 1. 0 ,.for aIl the fluld compositions 

measured in thls study. The high pH of the fluids (~ Il.0) 1eads to more0 

Ffficient remova1 of Si than Mg for the pure water experlments. 'The 
() 

~unts of dlsso1ved Mg and Si av~raged 4.8 ppm~and 10.4 ppm respectlvely in 

~he'experiments wlth pure water 'and Mg Increases to Il ppm and 51 18 9.6 ppm 

in NaCl, NaO~ and a1~11ne ch1o~lde flulds. 

l ' 

,­
..... _._ , ... l,il, .~ • _ ~:'-....1'.~""_"1,:..,..L. 
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• --
The high pH of the fluid, coupled with the strongly reducing envifon­

ment created by"the lM buffer (high f H ) does not readily lend itse1f to 
2 

calcu1ation of the amount of Ms and Si in solution, assum1ng equilibrium 

between fluid and solids. Helgeson's (1969) data pertain to acidic ch10ride 

solutions at e1evated temperatures and are of 1imited use here. Alkaline 
• 

solutions, with or without chloride, considerably influence the type and 

+ distribution of aqueous species. For example, Mg(OH) probably predominatès 

2+ -over Mg and H
3
5i04 over H48i04 for the high observed pH of the fluids 

from the experiments. The activ1ty of water 18 a180 decreased due to the 

amount of H2 present in the gas phase. 

-. 
, i 
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D 

Observation of the iro?4nagnetite buffer for the hydrothermal 

runs. 

Caleulated fugae1ties of oxygen, hydrogen and wa~er for the 

temperature-pressure range of interest. The hydrogen and 

water fugaeities are tabulated in ba~s directly, whereas the 

oxygen fugacity 1s given 1n log units (bars). 

Calculated oxygen, hydrogen, and water fugacities for the iron-
J 

magnetite buffer and magnetite-awaruite in temperature-pressure 

range of interest. The hydrogen and water fugacities are 

tabulated in bars, whereas th~ oxygen fugacity i8 gi~n in log 

units (bars). • 

The nu~rieal va~ues of f
H2 

and f
H20 

in Appendices lb and le 

were cal~ed assuming an ideai mixing model\~Eugster and 

~, 1962), and though qUa1itatively consist.,i with experi­

mental observations on HZ-H20 system, théy may be subject to 

large and unknown errors (see text for further ~xplanation,. 

'. 
1. 

/ 

1 

1 

, 1 
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~ • 
* Amt. !luid** Ruq M, '%. 

JLamaining, '%. 

3-106 30 <33+ 

3-105 25 50+ , 
3-104 2S 33+ 

3-103 30 50+ 

- . , . 
3-102 x x 

'" 3-101 50 x 

3-100 40 33+ 

- 33+ 3-99 30 

3-98 50 >50+ 

3-97 10 50+ 
~ ef' 

3-96 25 x 

3-95 15 50 

3-94 x x 

3-93 15 >33 

3-92, 40 33 

Ir 

" -
Appendix la 

Additiona1 comments *** 

capsule puffed double, gas escape on opening 

capsule puffed double, gas escape on opening 

capsule puffed double, gas escape on openirrg 
. 

capsule puffed double, gas escape on opening 
<. 

capsule puffed, leak on quench . . 
~ 

" 

capsule puffed, leak due to a~cidental drop of pr~ssure in 1ine 

c~psule puffed double, large amt. gas escape on opening 

capsule puffed double;, large amt. gas escap~on~ning -. 
capsule puffed double, large.amt. gas escape on opening 

.. -, ... ~ .0--

: .J>. 
capsule puffed double,igas escape 

capsule puffed double, leaked on quench 

caps~le PUff~double, large amt. gas escape 

capsule puffed double, gas escape on opening 
..... 

capsule puffed double, small amt. gas escape 
~ 

... 
capsule puffed double, no gas escape ~ 

'" 

~ 
Q) 
o 



---------------------,-----------------------------------------------------------------------

1" 
~_I 

• 
, . 

.. ~ 

• 
Run 

3-87 

3:..86 

3-85 

3-84 

3-78 

3-77 

3-761 

3-162 

3-751 

3-75 2 

3-74 

3-72 

3-11 

3-70 

3.,69 

3-68 

3-64 

c 

..r 

H, ~ * 

25 

20 

15 

15 

15 

x 

12 

10 

15 

15 

10 

15 

20 

20 

x 

10 

15 _ 

-, 

Amt. f1uid 
Remaining, 7. **-

x 

50 

25 

25 

>25 

>50 

x 

50 

< 10 

x 

>10 

25 

25 

>H) 

> 10 

10 

<10 

-: .. 1' 

~ 

.... ,-

.. 

-- *** Additiona1 commenta 

capsule puffed, gas escape on opening . 
capsule puffed, gas escape, 

capsule puffed double, gas escape 

c~psule puffed, gas escape 

capsule puffed, gas escape 

capsule~puffed, ga& escape 

capsule puffed, gas escape 

capsule'puffed, large amt. Bas given off 

capsule puffed, $as given off 

e 

., 

( 

/ 

capsule co11apsed, no gas given off, smal1 amount of fluid remaining 

capsule puffed, gas escape on opening 

capsule puffed, gas given off 

capsule puffed,.gas given off on opening 

capsule puffed, gas escape 

capsule puffed, gas escape 

capsule puffed, gas escape 

capsule puffed double, gas escape (?leak on quench) ~ 
C» 
~ 

... 



( . 
,e e 

~ 

* *** Run M, '1 "Amt. f lu1d ** Add1t1onal Comments, 
Rema1n1ng, '1 .' 

t 

3-63 25 >25 cap~u1e PUff~d d~b1e, large ~t. gas escape 

3-62 25 50 capsule puff~d double, gas escape on opening 

3-61 25 >10 capsule PUff~, gas escape 

3-60 ~25 25 capsule PUffer' large amt. gas escape on opening 

3-57 10 < 25 capsu,le puffef double, gas escape 
1 1 « 

3-56 15 >50 capsule puffe~ double, gas escape 

3-55 10 >10 capsule pUffej douole: gas escape 

--------- 3 -54 15 < 10 capsule puffe double, gas escape 

~-48 10 < 10 capsule PUffed~ gas escape ~ 
3-51 20 >10 capsule puffed\double, large amt.' gas escape 

.... c 

3-50 25. x capsule puffed. leaked on quench 
, 

3-49 20 > 33 capB~le puffed ,double,gas escape "i!6 

3-47 12 < 10 capsule puifed double, gas escape 

'3-46 25 capsule puffed double, large amt. gas escape 
1 

x 

3-45 25 x capsule puffed double, leaked 0n quench 

3-43 45 33 capsule puffed dou~e, large amt. gas escape • 

.... 
CIO- • 
N 

...... -



---~<!---

e· e 

'* Additional commenta *** Run M, t Amt. fluid ** 
Remaining, ~ 

" .;. 

3 .. 42 35 33 capsule puffed double, gas escape on opening 

. 3-32 20 33 capsule puffed double, large amt. gas escape fi 

3-31 20 < 25 capsule puffed double, large amt. gas escape 

3-30 25 <33 / 
capsule puffed double, 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 capsule puffed double, small &mt. gas escape 

3-22 10 <10 capsule puffed double, large amt. gas escape 

3-15 20 x capsule puffed double, le,k on quench 

3-14 25 x capsule puffed doùble, ~eak on quench 

3-12 20 x capsule puffed double, leak on quench 

3-5 30 10 Fe f1l1ogs + M, capsule puffed. gas escape, M reaction rims on Fe 

3-4 25 < 25 Fe fi11ngs + M, capsule puffed, ga~ escape, M reaction rims on Fe 

3-3 25 50 Fe fillogs + M, capsule puffed, gas escape, M reactlon rima on Fe 
/; 

3-2 15 25 Fe f1lings + M, capsule puffed, gas escape, M reactio~ ~ims on Fe 

.... 
eX) 
w 



-
&un M, 70* 

3-1 10 

2-110 7 

2-109 x 

2-108 8 

2-107 10 

2-106 tr. 

2-102 15 

2-101 . 12 

2-lQ.O min. 

2-98 15 

2-95 10 

2-94 20 

2-99 7 

/ 

-~ . 

Amt. fluid 
Remaining, 1.** 

33 

50 

x 

>50 

> 50 

> 30 

> 50 

x 

>50 

x 

10 

33 

33 

... 
-\ ~ 

e 
1 

Additional comments*** 

Fe f111ngs + M, capsule puffed, gas escape, M reaction rims on Fe 

Fe fi1ings + M, capsule slightly puffed, no M rims 

Fe filings + M (leak?) 

Fe fi1ings + M, capsule s1ight1y puffed, no M rims 

Fe fil1ngs + M, capsule not puffed, no M rima 

Fe ~lings, capsule not puffed 

Fe f11ings + M, capsule not puffed, no M rims 

Fe f11ings + M, capsule slight1y puffed, smal1 amt. gas escape, no M rims 

Fe filings, capsule slightly puffed, small amt. ga~ esc~pe 

Fe f11ings + M, capsule puffed, gas escape, M reaction rima on Fe 

Fe f111ngs, capsule puffed, gas escape 

Fe 'f11ings, capsule puffe~large amt.,gas escape 

Fe filings, capsule puffed, gas escape, M react10n rim~ 

J 

,... 
CI) 
,c.. 



4, 

o 

e J 

If 

/' 

*i magnetite is approximate, estimated visually from polished section, native Fe always present 

**wt. X fluid remaining at end of run, determined frem directly weighing amount collected (minimum 
8mOunt because the fluid was not removed quantitatively) \ 

***init1al buffer start1ng material was Fe sponge + filings, unless otherwise stated 

-~ 

Xphase 18 present, amount net estimated 

+ 
amount of fluid remaining at the end of run estimated visually upon opening capsule , 

". f' 

'. 

\ 
l 

~ 

e 

..c 

~ 
«XI­
V! 
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e Appendix lb 

Ptota1' bars 

T, Oc 500 1000 1500 2000 
l ' 
1 

300 / 
-log fO ,,' 42.108 42.055 42.002 

(\ 
41. 949 

f 2 467 912 1375 1867 . 
H2 

f H 0 18 37 59 . 86 
2 

-320 

-log fO 40.140 40.359 40.308 40.257 
f 2 464 905 1361 1846 
H2 .1 .. 

fH 0 
2 22 46 73 105 

/ 1 
3'6 ' . • 
-log fO i 38.823 ". 38.774 38.724 38.675 
f 2 

. 
'898 462 1346 1825 

H2 -1 .... 
f H '0 . ' , 88 . '- 27 ~: . 56 127 

'- 2 

360 " 

-log fO 37.336 37.288 37.240 37.192 
f 2 458 888 1327 1793 
H2 

f H 0 
2" 

33 67 105 151 

380 
\ 

-log fO 35.940 35.894 35.848 ' 35.~ 
f 2 454 878 0 1310 1714-
H2 ~ 1 

f H 0 
2 39 79 124 177 . 

e 400 

-log 'fO 34.627 34.582 34.536 34.492 ' 
f 2 447 865 1~88 1740 
H2 

lH 0 
2 45 92 ·145 205 

, 



• 

r .. 

T(OC) 

300 

-log fO 
f 2 
H2 

f H 0 
2 

400 

-log fa .• 2 
f H 2 
fH 0 

2 

---~.-

IM 

500 2000 

<42.108 41~949 

467 1867 

18 86 

34.627 34.492 

447 1140 

45 205 

.-

.) 

Appendix le 

Ptotal(bars) 

M-A • (Ni2Fe~ 

500 2000 

41.594 41.-158 

398 1053 

27.4 120 

34.102 33.729 

380 1014 

70.2 289 

.. 

-:> 

/ 
1 

'. 

M-A (Ni3Fe) 

500 2000 

41. 590 41.018 

398 934 

2~5 125 

34.112 33.625 

381 930 

69.7 298 

e 

~ 

, 

1 
"-

~ co ..... 

/ 
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APFENDIX 2 

• 

Hydrothermal rup table showing the nature 01 the 

starting materiad, temperature, pressure, l'un 

\ 

duration, bu-ffer, composition of the initi81 fluid 

phase and l'un p;oducts. The temperature variation 
, 

during the l'un was Iese than 2oC, ~he pressure 

variation ±~O bars. Run duration was measured 

from the time the bomb was placed in the furnace • 

.. 
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e 
'" 

T(oC) Run Starfing 
Materia1 

3-14 () (2-17) 376 

3-60 o (2-17) 338 

3-25 o (2-17) 323 

3-15 o (2-17) 349 

3-26 o (2-17) 322 

3-12 o (2-17) 321 

3-61 o (2-17) 302 

J 
2-95 o (2-33) 375 

~, 

~ 2-92 o (2-19) 351 

2-94 o (2-33) 339 

2-99 o (2-33) 329 

3-30 o (OP-194) 331 

3-48 o (CSC) 309 

" 
,l . 

, .. 
-" 

p(kbar) Run Duration Buffer F1uid 
hrs 

-
Experiments with synthetic olivines + pure water 

1.94 1128 lM H20 

. 1.94 674 lM H20 

1.94 742 lM H20 

1.99 l107 lM H20 

1.94 739 IM H
2

0 

1.99 1150 lM H20 

1.93 504 lM HZO 

1.47 504 lM H20 

1.47 576 H20 

1.47 575 lM H20 

1.47 529 lM H20 

1.47 764 lM H20 

1.48 1773 lM H20 

-
* Products ** 

0 

45i. 0, L, C, tr. B, M 

40i. 0, L, tr. C, B, M 

80% 0, L, M 

tr. 0, L, .n, M 

tr. 0, L, C, B, M 

tr. 0, L, C, B, M 

O· 

tr. 0, L, C, B 

40% 0-, L, tr. B, M 

tr. 0, L, C, M 

70i. 0, L, C, tr. B, M 

tr. 0, L, C, B, M 

" ~ 
CD 
\D , 



• 
/II 

Start1.ng T«()C) Run p(kbar) 
Material 

,''-~ .... .......... 

3-32 o (GSC) 307 1.47 

2-98 o (2-33) 302 1.47 

3-5 0' (2-17) 376 1.00 

3-3 o _(~-::17) 349 1.01 

3-31 o (OP-54) 321 0.99 

3-2 o (2-17) 329 1.01 

3-4 o (2-17) , 317 1.01 

3-1 o (2-17) 302 1.01 

2-109 o (2-33) 377 0.51 

2-108 o (2-33) 349 0.51 

3-23 o (2-17) 323 0.54 

2-110 o (2-33) 316 0.51 

3-22 o (2-17) 304 0.54 

Run DI.ll"ation Buffer 
hrs 

911 lM 

625 lM 

1539 lM 

1559 lM 

764 lM 

1637 lM 

1492 lM 

1660 IM 

720 lM 

------
<: 

793 lM 

1606 rM 

743 lM 

1605 lM 

* F1uid 

'H ° 2 

H20 

H20 

H20 

R20 

H20 

H20 

~o H20 

H20 

H2.() 

H20 

H20 

• 
Products ** 

20i.. 0, L, B, M 

tr. 0, L, ç, B, M 

0, tr. L 

0, tr. L, tr. B 

? 

0, tr. L 

tr. 0, L, C, B, M 

tr. O. L. _C, B. ~ 

0 

1010 O. L, B, M 

80i.. 0, L, M. C 

Si.. O. L. C. B. M 

tr. O. L. C. B, M 

1-' 
\0 
o 



--~ ----- ----~ ._--------, 

• e' 

Fluid* 
if 

** Run Starting T(oC) P(kbar) Run Duration Buffer Products 
Material hrs 

. 
Experiments with natural olivines + pure water 

/ 

3-77 2-BU-77 307 1.93 999 lM H20 tr. 0, t, C, B, M 

2-101 M7863 375 1.47 504 lM H20 '-.. 0 

2-100 M7863 347 1.47 528 lM H20 70% 0, L, C, B, M ., 

2-107 M7863 328 1.47 819 .- lM , H~O 101. 0, L, C, B, M 

2-102 M7863 317 1.47 504 lM H20 401. 0, L, C,~B, M 

2-106 M7863 303 1.47 815 IM H20 501. 0, L, B, M 

_3-47 M7863 331 1.00 1127 lM H20 40% 0, L, B, M 

Experiments with synthetic and natural olivines with fluids of variable composition 

3-50 o (2-17). 352 1.48 52$ lM 
, + 

0.14 M NaSi ~in. 0, L, C, tr. M, (?) 

3-51 o (2-17) 317 1.48 525 IM 0.12 M NaSi + tr. 0, L, M 
, 

0.05 M NaSi of; .... 3-43 o ('2-17) 331 0.99 573 lM min. 0, L, M 

3-42 o (2-17) 306 0.99 573 lM 0.06 -l'rNaSi+ L, C, B, M 

3-62 o (2-17) 372 1.00 517 lM 0.39 ,tt NaCl 0, tr.jl, tr. B, tr. M 
, 

3-56 o (2-17) 351 1.00 481 lM 0.14 M NaCl 0, tr. L, M 
,.. 

.. 

.... 
\Q .... 

~ 
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, 
T(oC) 

, * ** Run _ Starting p(kbar) Run Duration Buffer F1uid Products 
. Materia1 hrs 

3-55 o (2-17) 319 1.00 481 ;IM 0.12 M NaCl O. L. M l 
3-57 o (2-17) 300 1.00 483 IM 0.25 M NaCl 0, tr. ~, M 

3-45 o (2-17) -: 355 0.99 524 lM 0.01 M NaOH 0, tr. L, M, tr. B 

3-49 o (2-17) 342 1.48 596 lM 0.03 M NaOH min. 0, L, tr. C, M, B 

3-46 o (2-17) 322 1.48" 524 lM 0.01 M NaOH tr. 0, L, B, M, tr. C 
~ 

3-54 o (2-17) 302 1.00 5'50 lM 0.01 M NaOH tr. 0, L, C, B, M 

3-63 o (2-17) 332 1.00 525 lM 0.1'1 M NaCl 0, tr. L, tr • .B 
0.01 M NaOH 

3-64 o (2-17) 30Z 1.00 524 lM 0.33 M NaCl tr. 0, L, C, B, M 
0.02 M NaOH 

3-96 2-BU-66 346 2.01 433 lM 0.23 M NaCl 0, L, C, B, M 
0.01 M NaOH 

3-95 2-BU-66 330 2.01 433 lM 0.23 M NaCl .min. 0, L, C. B, M 
0.01 M NaOlf' 

, . , 

3-92 2-BU-66 317 1.00 526 IM 0.12 M NaCl min. 0, L, C, B, M 
0.01 M NaOH 

3-93 2-BU-66 320 0.57 479 lM 0.19 M NaCl tr. 0, L, C, B, M 
0.01 M NaOH 

3-94 2-BU-66 310 0.57 478 lM 0.12 M NaCl min. 0, L. C. B, M 
0.01 M ~~lJ' 

.... 
\0 
N 

~---
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Run Starting T(oC) P(kbar) Run Durat10n Buffer Fluid * Products ** 
Materia1 hrs 

~ 

Reversed experiments on the reaction 
• boundary for ol~vine (Fo93) + H20 

3-101 
++ 

2.02 695 equil mix 392 IM R20 0, L, C, B, tr. M C 

• 
3-100 equi1 mix 376 2.01 794 IM H20 0, L, C, B, M 

3-99 equ11 mix 361 .... 2.01 793 IM H20 0, L, C, B, M 

3-76 equiÎ mix 344 1.93 479 IH H20 tr. 0, L, C, B, H 

3-75 equil mjx 335 1.93 480 IM H20 tr. 0, L, C, B, M 

3-74 equil mix 341 1.48 481 IH H20 tr. 0, L. C, B, M 

3-72 equi1 mix 332 1.48 791 ' IM H20 tr. 0, L, C, B, ~ 

3-86 _ equ11 mix 371 1.01 569 lM H20 0, L, C, B, tr. M 
'b 

3-87 equll mix 361 1.01 568 IH H20 0, L, C, B, tr. M 

3-85 equil mix 349 " 1.01 567 IM H20 0, L, C, B, M 
1 

3-84 equil mix 341 1.Ôl 568 
~ 

IM H2O, 0, L, C, B, FI ï 
, 

3-71 equil mix 330 1.00 792 IH H20 tr. 0, L, C, B, M 

3-78 equil mix 321 1.01 384 IM H20 tr. 0, L, C, ~, M 

3-70 equil mix 322 1.00 837 IM H20 cr. 0, L, C, B, M 

~ 

.... 
\0 
l.oJ 

.\ 
'J 

<' 
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--r(oC) * ** Run Starting P(kbar) Run Duration Buffer F1uid Prod~s 

Mat'eria1 hrs 
.c 

3-98 _ equi1 mix . 352 0.54 814 lM H20 0, L, C, B, M 
\) 

3-97 equil mix ' 336 0.54 814 ,lM H20 0, L, C, B, M 
0 

3-68 . equil mix 322 0.56 863 lM H20 tr. 0, L , C, B, M 

3-69 equi1 mix 311 0:56 895 lM , H20 tr. 0, L, C, B, M 
'. 

Dehydration reactions 
Q 

3-106 3-77 370 2.01 1014 lM H20 0, L, C, B, M 
" 

3-105 3-77 355 2.01 1014 IM Rz° 0, L, C, B, M 

3-103 3-77 356 1.01 1035 lM Rz° 0, L, C, B, M 

3-102 3-77 339 1.01 1058 lM H20 0, L, C, B, M .--
3-104 _ 3-77 330 1.01 1035 lM H20 O,~ L, C, B, M " 

Reactions involving brucite 

3"-8 MgO+f"e 60S-+++- 1.53+++ 67 lM H20 B, M 

3-19 MgO 599+++ 1.46+++ 70 H20 B 

599-1++ 1. 46+H- .70 
0 

3-18 Mg<HFe-+Fe 203 H20 B, M, tr. Hm 

2-85 MgO" 400 1.47 795 lM 'H29 B 

2-70 MgO + Fe 400 l.47 169 IM H20 B, M, Fe ~ 
\Q 
~ 
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Run Starting T(oC) P(kbar) Run Duration \ Buffer Fluid* products ** 
Materia1 hrs 

2-72 'MgOfFe 399 1.50 152 \ lM H20 B'; M, min. MgO 

2-71 MgO+Fe 399 1.48 170 lM HZO B, M, min. MgO 

2-77 MgO+Fe 398 1.51 36Q lM a20 B, M 

• }'2-74 l02 1.51 341 lM ~O B, ~, Fe MgO+Fe • . 
300 2-67 MgO 1.41- 3~~ _ ,lM .H20 0 

B, tr. Mgq 
5" ~- ~" ... -'- }.;-~ 

2-75 MgO+Fe 299 1.51 341 lM H20 B, Fe 

2-76 MgOfFe 299 1.51 341 lM H20 B, M 

B (3-19) 376 1.94 744 + L,. C, B, tr. Au, ('l) ..,.. 3-28 0.5 M NaSt 
.~ 

) < 

B (2-67) 351 1.94 889 + L , tr. C, tr. B, ( 1) 3-17 / 
0.5 M NaSi 

3-16 B (2-67) 304 1.94 893 0.5 M NaSi + L, C, B, qtz 

... Buffer kiaetic experiments 

3-6a Fe sponge 340 +++ 1.53 +Ho 69 '" H20 ' g5% M, Fe ' '\ 

3-6b Fe sponge 338 +++ 1.54 +++ 
~ 

21 H20 570 M, '"Fe 

3-6c Fe sponge '335+++ 1.53 +t-+ 43 H20 30'%. M, Fe , 

,} 

.... 
\0 
VI 
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Run Starting T(oC) P(kbar) 
Material 

2-78a Fe filings 400 1.50 

2-78b Fe f11ings 399 1.50 • 

2-78c Fe filings 401 1.51 

2-80a Pe filings 400 1.47 

2-80b Fe filings 402 1.47 

qtz CI quartz 
Fe - native Fe 
Hm - hematite 
tr. "" trace &Dount present 2'7.. 
min. - minor camount present 2-407. 

* . initial fluid composition 

Ge 

Run Duration Buffer 
hrs 

-43 

;-11 

93 

143 

127 

C' 

* Fluid 

H20 

H20 

H20 

H20 

H20 

** Product~ 

Fe 

1'7.. M, Fe 

3% M, Fe 

5'7.. M, Fe 

tr .M, Fe 

e 

** '7.. olivine ls an approximate volume èstimate from optical and X-ray results, '7.. magnetite is estimated 
from polished section 

+ sodium metasilicate, Na2Si03 .9H2Q 

" ++ a mixture composed of equal weights of products of Run 3-48 + GSC olivine 

+++ -uncalibrated temperature, pressure equipment utilized 

\>-
.... 
ID 
C\ 
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APPENDIX 3: 

" 

.. 
.... 

DetaUed description of tp.e-- samples examined by the 
\ 

Scanning Electron M1~roscope, including Phas~ 

distribution, habit and grain size. . 

o 

.. 

• 

" 
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Run o L c B 

2-94 x x 

2.-102 x x 

-3-4 x x 

3-12 ... ~ x x 

3-16 ~ x 

3-17 x x 

3-42 x x _x 

8 

3-48 x x x 

3-54 x x x 

3-64 x x x 

\-

M 

x 

(7) 

(7) 

e 

, 
Remarks concerning grain size a~ habit * 

lizardite is massive grains, plates, and laths, sorne of the plates have 
curled edges, 0 - irregular pitted grains, M - cubes 

L - massive, plates and 1atha (20l'm in width), C laths of width of 
_ 0.8 - 1.1 l'm 

L - plates, C - bund1e of 1ath of width "># 1 l'm 

L - massive, plates, some development of euhedral faces in L; interlocking 
mat of C fiber of max 1ength of 10-15 l'm, fibers appear to coat li~ardite 
plate1ets, parachrysoti1e possib1e (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 

plat y and m~ssive l, sorne plates cur1ed; minor C - fibera 

plat y , massive (60 l' m) Li subhedral to euhedral crystal development in L; 
1 l'm • B - hex. platelet; C - needles of 0.2 - 0.3 l'm width, needles 

form a mat on surface~~f Land grow in vapor cavities, fibers less than 
10 l' m in 1ength -- . 

massive, irregular grains of L, some larger L laths, C - fine needles 
0.35 l'm width and 4, - 10, l' m length, some L plates, B - hex. plates of 
4 - 18 l' m, cube M ':: 2 l' m 

plates of L, needles and laths C, large brucHe plate lets - 28 "m 

plat y and massive L, chrysotile needles, B platelets 

". 

1-' 
\0 
00 
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Run o L c 

3-69 x x x 

3-72 x x x 

3-75 x x 

3-76 x x 

3-99' x x x 

3-100 x x x 

3-101 x x x 

. 
J 

'\. 

3-70 x x 

3-71 x x 

B M 

x 

x 

x 

x 

lC 

x 

x (1) 

x 

1 

--
Remarks concerning grain size and habit * 

plat y, laths and some massive L, very fine, long chrysotile ~eedles of 
0.2 ~m in width, needles covering Land Band filling vapor cavities, 
single B platelets, most L a substrate for C 

plat y and lath L, fibrous C, coating L 

grains covered with C needles, B platelets up to 22 ~m in size, sorne 
euhedral morphology developed in L, C and B as in Run 3-48 

c - dev~lopment of long fiber bundles up to 100 Il m in length and 10 - 12 Il m 
in width, euhedral morphology in L (hex. or trigonal), weIl crystallized 
brucHe - 25 - 80 Il m 

L plates and 1aths (10 - 12 P. m in width and 30 - 60 p.m in length), long C 
fibers, B, angularity in 0 grains, some suggestion of 0 growth in small 
number of 2 p. m size particles that are very irregular 

o euhedral and not covered with C fibers, shortening and thickening of C 
fibers, sorne B and weIl crystallized L, 0 growth in new1y precipitated 
grains (7) - 8 Il m 

-definite euhedral 0, growth on pre-existing substrate, shortening of C needles, 
sorne L laths, 8 Il m x 3 p.m smarler than in Run 3-99, increase in grain size 
of new 0 ma~erial (15 p.m), etching of L grai~s, rounding of B platelets, 
minor amount of B 

weIl deyeloped B - 30 - 40 Ilm plate,lets x 4 /lm thick; relatively short C 
needles - 4 - 5 Il m length, some C laths; plates and euhedral crystals of L 

B - 20 P. m hex. plate let ; L laths, plates and euhedral morphology, C fiber 
development and increase in Iength of fibers 

" 
-.;.,. 

.... 
'" '" 
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Run o L c B 

3-84 x x x x 

3-85 x x x x 

3-87 x x .-x x 

3-86 x x x x 
o 

3-1 x x x 

3-22 x x x 

3-23 x x x x 

3-30 x x x x 

M 

(?) 

4-

e 

/' 

Remarks concerning grain size and habit * 

B - 15 - 20 ~m rrex. p1atelets, C forms fiber bundIes, euhedrai L, minor 0 -
larg~ anhedral grains with some C .coating 

B - 10 - 18 ~m hex. p1atelets, some rounding of B; C fibers and 1aths~ 
shortening from 3-84, c1ear anhedral 0 grains, L platelets with new 0 
growing on them 

o grains are sharp anhedra1, decrease in arnount of B present (4 - 6 ~ m) 
hex. piatelets, some lath L, development of solution or etch pits in some L, 
o growth in newly precipitated grains (7) - 10 lA m for SOrne grains 

rounded B platelets, short C fiber, vapor cavities in L, 5 pm size of newly 
formed material - a (7) , 

wel1-developed L morphology in plates and other euhedral forms, plates 
60 - 100 pm, chrysotile needles short - l.ess than la pm, hex. B platelets, 
micron-size cubes - M 

C needles short, thick, some lath development, hex. brucite (max. 40 IJ. m)', 
L - massive, thin irregular shaped platelets, and some euhedral ~orphology 

surface of large 0 grains al tered, fine C needles 15 - 20 IL m l.ength, 
L laths and very small platelets 4 - 10 IJ. m; B small hex. plate1ets 

2 - 6 "m 
C fibj!rs are 20 - 30 IJ. m,.long, covering and coating grains; L - small platelets 
4 "m, sorne larger angular 0 grains - 20 "m, sorne very large brucite plate lets 
40 - 60 ,.,. m 

N 
o 
o 
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Run o L c B 

3-61 x x x 

3-71 x x 

3-97 x x x 

3-98 x x x x 

3-103 x x x 

3-105 -x x x 

3-106 (1) x Je Je 

......,.. 

hex. • hexagonal 

M 

\ 

.' 

-
Remarks concerning grain size and habit * 

C laths and fibers, lath - 1 ~ m x 10 ~m long) about equal distribution 
between laths and fibers, B - hex. platelets, L - massive and plat y 

short, squat C laths (2 - 4 pm in length), L - massive and plat y, C growing 
on surface of larger rounded grains of 0 

'9 

10 - 40 /lm hex. B platelets; 20 - 100 p. m massive and plat y L, definite 
euhedral L mdrphologYj C fibers weIl developed and form long (50 - 100 ~m) 
fiber bundles; minor L laths 

new euhedral 0 growing on pre-existing 0 grains (1 - 4 pm); shortening of 
C fibers, B shows rounded edges ta hex. platelets, L laths have dissolution 
hales, newly precipitated material - 0 i8 le~s 2 pm 

C needles coating larger grains (O?), C fiber bundles, 30 ~m width, irregular 
grains of L, hex. B platelets - 20 /lm, SOrne solution etching of Land B 

. 
weU-developed long C fibers (40 pm), L - massive, plat y , and 20 pal lath8, 
B well formed, less than la pm size 

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 plate lets 

x phase positively id~ntified in SEM sample 
1 phase identification tentative 

• • aIl sizes are approximate from visual comparison with Beale at time of observation, or from photographs 

'Q 

N 
o 
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\ 

Magdetite distribution in run products as ?bserved 

optically by binocular, transmitted and reflected 

light microscopy. 
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Run 

-
3-25 

3-12 

3-61 

2-94 

2-99 

3-32 

2-98 

3-30 

3-4 

3-1 

2-108 
1 

3-26 

2-110 

3-22 

3-77 

2-100 

2-107 

• 

Color 
powder 

T 

T 

G 

T 

T 

T 

T 

-- ----~ 
T ...... \ 

G 

G 

T 

T 

G 

G 

G 

G 

G 

Observed 
By X-ray 

x 

x 

x 

x 

x 

x 

203 

, 

\ Magnetite Distribution 

very small amount < 1%, irregular1y distributed 

very small amount < 1%, irregu1arly distributed 

very large aggregates, moderate to large grain 
size 

few small grains in silicate 

large amount of fine1y disseminated grains 
(dusty), not evenly distributed 

very fine-grained ( < 1 Il m), evenly 
disseminated 

evenly distributed, small to modera te grain 
size, Sorne euhedral grains 

trace arnounts, very fine grained 

disseminated, varying grain size - small to 
moderate 

disserninated, large to moderate grain size, 
sorne euhedral grains 

. 
fine to moderate size, evenly distri~ted 

fine, disseminated 
J 

disseminated, moderate size 

large, euhedral grains, disseminated 

fine, disseminated throughout serpentine 

moderate grain size, sorne euhedral grains, 
abundant 

evenly distributed, rnoderate size, euhedral 
(cubes) . 

1 

1 



Run 

2-102 

Color 
Powder 

G 

2-106 G 

3-47 G 

3-48 light G 

3-50 light Gn 

3-51 G 

3-43 T 

3-42 G 

3-62 dark B 

3-56 T 

3-55 T 

3-45 

3-49 • G 

3-46 T 

3-54 G 

3-63 dark B 

3-64 G 

3-96 G 

3-95 G 

Observed 
By X-ray 

x 

x 

x 

x 

.' 

204 

Magnetite Distribution 

moderate Bize, evenly distributed 

moderate, euhed~a~ cubes, evenly disseminated 

large euhedral crystals, evenly distributed 

very fine-grain~d, disseminated, few large 
euhedral crystals 

.fine-grained, disseminated 

very fine-grained, disseminated 

some large discrete grains, also very fine 
grained, disseminated 

finely disseminated, large to moderate discrete 
grains 

,traces, fine-grained 

small amount, fine-grained 

traces, fine-grained 

traces, fine-grained 
._-~ 

.finely disseminated grains, sorne Large 
euhedral grains 

finely disseminated, sorne large euhedral grains 

grains of aIl sizes, abundant, sorne euhedral 

finely disseminated grains 

moderate to large size, some aggregates of 
smaller grains form larger clots, abundant 

abundant, fine to large grain aize 

finely disseminated, larger aggregat~s about 
10 #lm size 



Run 

3-92 
1 

3-93 

3-94 

3-101 

3-100 

3-99 

3-76 

3-75 

3-74 

3-72 

3-86 

3-87 

3-85 

3-84 

3-71 

-~--- 3-ÎS-

3-70 

Co1or 
powder 

G 

G 

G 

ligh~ G 

light G 

G 

light G 

G 

G 

G 

T 

G 

G 

G 

G 

G 

l1ght G 

Observed 
By X-ray 

1 
~gnetite Distribution 

205 

moderate size, euhedral grains (cu~es) and 
fine1y disseminated 

fine1y disseminated 

finely disseminated 

minor, fine1y disseminated, sizable number 
of large ~ggregate grains 

large amount of finely disseminated grains 

large amount of finely disseminated, larger 
grains in 'aggregates, amount greater than 3-76 

fine1y disseminated, outlines other phases 

fine1y disseminated, forms irregu1ar patches 
in serpentine 

finely disseminated, irregular patches, 
approximate1y same amount as in 3-72 

fine1y disseminated, irregul~r patches in 
serpentine 

fine1y disseminated, irregu1ar patches 

fine1y disseminated, irregu1ar patches, sorne 
moderate size grains 

finely disseminated, irregular patches, sorne 
od i i l_l, m erate s ze gra ns 

fine1y disseminated, irregular patches, some 
very large aggregates 

finely disseminated, irregu1ar patches, many 
large grain aggregates 

finely disseminated, irregular patches 

0nelY dissemin:ted, irregular pa~ches" some 
~erate grains, amount approximately same 
as 3-71 



Run Color 
powder 

3-98 

/3-97 

3-68 

3-69 

3-106 

3-1.05 

3-103 

3-102 

3-104 

... 

... 

light 

G 

G 

light 

G 

G 

G 

G 

.G 

tan 
grey 

T 
G 
Gn 
B 

= green 
.. brown 

G 

Gn 

Observed 
By X-ray 

x 

206 

Magnetite Distribution 

• < 

finely disseminated, ~rregular patches 

finely disseminated, irregular patches, more 
presént than in 3-98 

finely disseminated, so~e large, euhedral 
aggregates, amount greater than in 3-69 and 3-97 

finely disseminated 

large amount of.. fine to moderate-size grains, 
disseminated 

finely disseminated and very large grain 
aggregates (> 50 #l m) ',' 

fine1y disseminated. Sorne moderate-size 
,grains, irregu1ar patches 

large amount of finely disseminated 

large amount of fine to ~~derate-size grains, 
disseminated 

fine ... 
moderate ... 
large = 

<1-2 #lm 
2-10 #l m 
> 10 #l m 
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APPENDIX 5: ' Chemical an~lyses of fluids collected after the 

exper1me~.ts. The resul te are presented as con­

centration in ppm Ms, Si and Fe' and in terms of 

molality (moles/kg solution). The method of error 

.. "\1 

,: ~alculation is presented 1n the description of 
1 
, techniques for chemical analysis in section on 

'" (" EXPERIMENTAL METHODS. 
D 

, 
1 

.. .J 
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Mg (ppm) * * * Ibm F1uid Si (ppm) Fe (ppm) Mo1ality Molality. Molality Ratio 
Mg (105) Si (105) Fe (105) Mg/S1 

3-1 B20 1.80(8) n.d. 

3-2 B20 3.1 (1) n,do 12.8 

, 3-3 82° 0.47(2) 15.8(24) 1. 93 56.3 0.034 

3-4 B20 , 2.8 (1) n.d. 11.5 

3-5 B20 4.2 (2) 33.4(113) 17.3 119.0 0.145 

3-12 B20 1. 8 (1) n.d. 7.40 

3-14 8~0 2.60(1) n.d. 10.7 2 
+3-15 B20 °24.0 (11) n.d. 98.7 

3-22 - 8 ° 2 
16.2 (7) 62.4(210) 66.6 222.0 0.30 

3-23 B20 0.58(3) " 4.8(28) 2.139 17.1 0.14 

3-26 B20 0 11•5 (7) n.d. 12.0 • 
~ 

3-30 82° n.d. 5.0(41) 17.8 

3-60 82° 5.2 (2) 11.6(31) 21.4 41.3 0.53 

3-61 82° 6.4,(36) n.d. 26.3 

3-32 82° 0.39(2) 6.1(25) 1.6 21. 7 0~O74 

3-41 820 2.4 (1) 81. 9(661) 9.87 292.0 0.034 

3-77 ~O 2.4 (1) 10.5(9) 102.7(15) 9.87 37.4 184.0 0.26 
+3-50 NaS100 6.2 (3) 25.5 

2~107 B20 1.53(7) 9 6.29 
w? 

• , 
"1 

" N 
0 
<» 
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~ J 
't 

~ 

!un Fluid i 
Mg(ppm~ * li (ppm) 

,. 
Fe (ppm) * Molality Molality Molality Ratio 

Mg (l05) Si (105) Fe (l05) l1g/Si 

++3-76 HiJ 2.00(9) n.d. 458.0(67) 8.23 820.0 

)-78 H20 1. 90 (8) n.d. 7.82 

3-84 B20 4.2 (2) n.d. 115.3(70) 17.3 206.0 

3-85;, H20 2.6 (1) 34.9(39) 10.7 124.0 0.09 
++3-86 H2Q 1.50(7) 32.4(19) 6.17 58.0 

n.d. - not detected 

molality - moles/kg solution 

Figures in parenfheses represent the ead st 95% confidence level calculated from the standard solutions 
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, ~, minor or no gas escape on opening the capsule 

++contamination suspected 

o 
element at the detection limit in the measured ~iluted) solution 

00 , sodium metasilicate 
,. 

-------

~ 

\ , 

In Runa 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 iuto acidified 
distilled water a't the t1m.e of dilution. 

t 

.. 
N .... 
o 

• 


