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Ihe se;pentinization reactlon is characterlzed by

reactions o£ the type MngiOu + MgSiO3 + ZHzo - <.

-

Nq;SlgOs(OH)a, involving a 40% »olume'expansion and

At all temperatures between
(48

considerable heat generation.’
1009C _and QOOOC rates of serpentlnizetion are'geoloqlcally

~-

rapid and are controlled b) the rate at, which tater is.

. .

&

suppbiga‘to the reactlon 1nterface (surfaces)

* Y

any further reaction will’

O

once'serpentine beqins to form,

Iherefore;

depend on the rate of water penetratlon throuqh an exlstinq

lsyet of serpentine._ Defects 1H0- 1000°A wide praduced by’

.the bucklinq of the Dlat) seroentine?mlneral, lizardlte,‘

provide the permeabillty necessary for .the transport,of

.
- .

)0

water 1nto fresh perldetltes and hence continuous .

{

reaotiaon. If flow rates are slow,

.

.

3
. *

-

water wirl be consumed

at the reaction lnterface as fast as ‘it arTl»es,_ieadinq to'

This

Y

1rrewers£b1e volume expans;gn stress and strain.’

«
\"

stronqujsupported by Bhe ma1oroe1ement chemlstry.

An experimental study, at room temagratures (250C-

B

OOC), has shown that ' a thln (3-4 mm) slice of serpentl

lzed penidotite placed in 2 diffusion cell exhibits .a -

r3

1‘s'

n-

-3 w L
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_slgnlflcant peraeablllty o water, nhllewgehavlng seni-

.,‘;\

18 3 perneably to salto ?i?fusion coefflclents of water at; 34°C \s

N s

1 SN . trange fron>10°7 to 16-8 cml sec“1 whereas using a uodlfled .
Darcy equation lntrlnsic perneablllty coefflclents of 10-11

P . to 10° -12 darEyQ,are obtained. Similar transport co- .

;\ﬁ - : efflclents haqp been meapured for zeolltes d%d compressed

T

clays, respectlvely\A The results suggest also that

\.‘ serpentlnlzatiqn can produce hJ;h salinity flulds. ' - —

. o . At typlcal serpentlnlzation temperatures (eg. 200—

300°C) DHZO s’ estimated to be on the order of 10'“ to.

..
4 e )

10 5 cmz :sec"1 ‘ Using the slmpﬁlgﬂed pgg@bollc rate law,

i {'i" X, = (ZDt)”2 such 6oeffic1ents l&ply a mean penetratton

v (.’ distance, x, through serpentlnized perldotltes ln the range
. i ’ . of: 1 80 cm a- 1., It thus appears that ln deep (1.e. >5~ km)ﬂ %
"Q :"1 ’ groundwhter ‘or marine envlronﬁenlsp water wlll penetrate : . |

&
masslve serpentlnlte @é an appreclable E“?% and hence will

lead to moderately rapld reaction rates. leen thL large h .l.‘

PHzo gradient produced by the reactlon (l e. Py,0." » ’

external - PHZO reaction 1nterface), the prbcess wlll o
- ‘ . .
"8 cause'large volume stralns eoupled to ﬂlow and reactlon- . ,t

-7 d . - .

L : r ‘rates.’ As the swelling pressure (stresses) of the reaction

‘ L '4are on the order ‘of -1 kb, refracturing will be a contlnuous- -l
. . L. < . -

. - process. chrostruc&ures, ubiquitous to all,serpentlnlzed’ L

~ v

peridotItes, shon'that microfradtuglng has GCcurred on all ‘ {

> 4," scales .and ls ip accord with hlgh local voluhe stralns. In .

i

v .~ such” envlronnents, there:orez‘serpentlnlzation should be a’
. i K A . .

. A * . . - o
v - . . iv .
. . ) . :
. .
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A contlnuous process, eontrolled ouly by wﬁte: aeeess to *
. u-.- 2
\. . - A4 - .
S ultramafic rocks through‘thelr cover; - ' S
. ° N *
. —_— Ulbranafic rocks répresent a najor conponent of the
(. ' earth's crust, wltu.speclal dynanic ahd chemlcal effects as
P . a result of both the serpentinizatlon and the . B
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CHAPTER 1 o

~ AN INTRODUCTION. INTO THE Sé&PENTINIZATION PROBLEM

4

r

1.1 The PeridotiteﬂSerpentlne Association

Steinmann (1927) was one of the. first .geologists fo

recognize the association, in alpine-type Broqedkc QYStems,

of serpoentinlized peridotltes,1 pelagdic ‘cherts. (radlolar-

-

ites), and soilites ("Stelnmanns-tninity"), along with
suporalnéte.qabb:o, dYabasef theiprmetamofphlc.edulvalents,

and related sedidentary rocks. BenSon (1926) emphasized

_the worldwide nature of .this assoclation. Grouped together

]

these rocks are cplled ophloll%éﬁ, which has its orlqin in

' \ ’ '

the Greek word "ophi", meaninq snake or 'serpent, ‘because of

~the mottled or ggeenlsh appearanoe of sheare¢ serpentlnite

)

ﬂBroqnlqnt, 1827 from Coleman, 1977) .
. ‘ - A -
In 1955, the late Professor Harry Hess published a

paber entitled "Serpentinl;eé, Oroqehy, and Epelroqpny", ih

- - .

"which he suggested that the common: presence of serpentin- .

»

'1tes in all modern island arcs (e.g. Cuba, Philioppines, New

[N

Caledonlaﬁ is'compelllnq evidénce that island arcs

The rock name serpegtﬁnite will be reserved for -
peridotites containimwg more than 50% serpentine-oroup
minerals (Coleman, 1971).

. -
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represent an 1n1tial stage in :the development of. an . '.} s

-

alpine-type mountaln system, and hence (Wilson, 19#%, Hess,

1954) arque for the growth of contlnents by jp;h'vertical ‘; .

" and horlzontal accretion” along their margins. Seismic )

studies by Ewing, Rait andlothers (see Rait, 1956), anq
observations on samples of serpentinlzedfperidotltes
dredged from fdult scarps on the ocean floorl(Shand, 1949
Ross, Foster and Myero, 195#); had hy. this time shown‘that

the Mohorovicic discontinuity is the SOOngary between -

basaltic rocks and mantle peridotite (PTnave veioclty

‘-

changes from==6.7 km/sec to=<8.1 km/sec). Hess (1955) went

on to say that layer 3 of the ocean crust might be composed

.

‘of seroentinized perldotites, formed .as-fluids ascending

. s‘
with the rislng iimb of a mantle convection cell at mid-

ocean ridges cross the 5000C lsothern (Bowen and Tuttle,

-

_1949) and react with dry peridotite: the Moho is thus a ‘>

hydration boundary, separatlnq serpentinized from un -

serpentinlzed peridotites.

-

And then in his classic paper of 1962, "History of the

-

Ocean Baslns Hess proposed the modern theory of sea floor

spreadlnq (see GISCussion by Wyllie, 1971, oo; 298-305;

Dietz, 1961; Bullard, Maxwell and Reyelle, 1956 on heat

flow measurements; Vine ahd Mathews, 1963 on the llnear
~

maqnetié anomolies), In whlch he concluded thatwalpine

ophlolites represent allochtnonous‘sllces of ocean crust

and mantle (Dietz, 1963; Gass “and Masson Smith, 1963) Tne
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characteristics of ultramafic rocks (peridotites), u;ually
serpentinized gabbros and baeal£; dredged from the se;
fldor. near mldobeanic ridges (Quon and EhLers, 1§63' Melson
et al.; 1967 Bonatti, 1968; Miyashiro, 1969; Aumento"
1269; Melson and Thom;son; 1971), from trench walls (Bowin

et al.; 1966), and‘thése exposed in Alpine complexes'fremi

various parts ef the world (Gass, 1968; Thqyer, 41967, 1969;

.

Bonatti et al., 1970; Moores and Vine, 1971), are'ep

-

similar as to imply a common origin.

-¥.2 Ocgurrences-of Peridotites and Serpentinized

Peridotites

*

The major occurrenqee of massivelalpine'eeridétite
bodies (slabs) are listed in Table’131, along Yith thelir
sizes, and tﬁe extent of serpentinizaiion. Associated with
these more massive peridoties are semi- continuous belts, up
to 200 km2, of sheared-sedimentary and brééﬁiated—
(Lockwood, 1971) setpentinite (usuaaly 100% serp;ntinized)
melanges (e.g. Big Blue Formation, Californla 20- km3,
Oriete, Cuba, 4 km3; E. Papua (Musa Valley) 200 km3, f

’

Gréen, 1961).

-

s

The largebt'pceurrence’of‘peridottte is found,
however, at the base of the ocean cfeit. The total area of
all the ocean basins ‘is 3.62 x 108 km2 (Pacific - 1.65 x
108 ka Atlantic - 0.82 x 108 kmz Indfan. - .75-x 108 km2,
Artic - 0.14 x 109 kmz, the rest ,28 x 108 kmz- Elder,

.

LY

-
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1978). ‘Let. us assume, as 3 conservatlve e3t1mate, what‘%'
only 20% of the total ucean basiﬁ crust 13 undethin by a’
layer of serpentinized peridotlte 1 km thick.‘ If . ~‘: '~ ’

serﬁenzinization is qpmplete (100%) then the denslty will

F) —

-

Gbe 2, 55 g/cmi‘énd the .amount of hydrated peridotite will be

-

7,24 x 107 ‘km3. (aqztx 1022 g). As’ a completely se:pentin-

- 1zed peridgtite co ains“~15 wt. % HzO, at lqést 25 of the

total acean mass = A 4 x 1024 g may be tied;ﬁp in serpen-

tine minerfls—in the lower ocean crustq ‘9ﬁservatfons of

pexidbtltes - domlnantly lherzolltea/ﬁﬁﬁ/harzburgites

‘(tectonLtes) - dredged from fracture zones on the ocean

- - , T VAN
floor show that serpentiniiation ranges from 20- 100% .

A3

(Bonatti and. Hamlyn, 1981; and referencés above). The

L

recovered s
(brECclaf

serpentinized

_(bodios 40 Em

and sedLme;%ary serpentlné}es) and massivg

ens include both reworked ultramaflcs

E

A~
peridotite 'lntruslons' dp_to & km thick f

1.3 Evidence for the “xdration of the Ocean Mantle -

Oman ophlolite by Grggoby and” Taylor (1981§‘havé demod-

(length) x 10 km (wide) have been observed).

’

Bésed on his water-assisted thermal cracking model,
. .
Lister (1974) concluded that conuectlve fiuid penetratlon

to depths close to the Moho (=10 km) is likely to be

obtained (see ‘also Strauss .and Schubert, 1977; Ribando,

1976; Lister, 1981a and b); Oxygdn isotope stddfes‘of'the

strated that in the cooling process, seawater has circulat-

b

ed to at leasp the base of the gabbroic layer (le.>7 km)
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in th-e.Om‘a'n ophiol i treen—egey Vibettii (persanal communication,

o" ‘ot

'198&) has fpund extensive veining and alteration in the

.A

. gabbros ?ron the Troodos complex {Cyprus) to depths 2 km

.
.

below the sheeted dyke complex.

€ -

-~ A synthesis of seismic refraction data from the

Pacific sugqests that. the iower oceanic crust thickens by b
about 2 km with?aqe. until it Is about 40 Ma years old
(Goslin et ai., 1973, Christensen and saiisbury, 1?7?,.';
Rottingna qnd Steinmetz, 1980) 'Lewis and Snydsman (1980)
studied similar data ‘from the North Cacos Piste, an¢.have
suqqestsd ‘that a low »eiocity zone (<6 B km/sec.-ie. >50%

a=

.serpentinization,,Fiq.,17 in Christensen and‘Salisbury,

1975), deveiogs-at"the base of iayer 3 as'a result of the
gradual hydration of . uoper mantle materiai by serpentiniza-

:tion {see discussion in Christensen and Salisbury, 1975).

h

Based on a comparison of synthetic seismoéréms_fron-ophio-

lites and actuai marine refraction data, Kempner'end'

-

Getfrust (1983) presented, at the recerit Qeodynamics

Symposium on the Oceanic Lithosbhere:(1§§3), an. aqinq'nodei'
' g . . =S o, :
for the lower ocesn.crust which inclydes a )} km\tﬁick_iayer

‘ Y “ 'é‘t
of serpentiplzed peridotite. At the same canference,

.'ﬁutter et al. (1983)-reported on doubie refiectors neer the
. 1, * M
Moho, with a 2 km separatrbn in very oid ocean crust.
<

Purdy (see Fyfe and Macdonaid, 1984) emohashzed, however,

that "the scale upon which the experiments were: earried out

was almost - aiways inaopropriate to ‘the. processes’.that




dete;mrne velécfty'structﬁre. ) ' S | e
~De Beer et ai. (1983, Gough 1981--De'8e;r and Goﬁgh,
1980) measured high magnetic and electrical conductivlty
anogalies 1n‘;hg'Southetn Capg?Fqld Belt of Africa, which
they\%nterpret as resulfing from mineral conduction in
maégetit;~fotﬁed ﬁurfﬁg tap serpéntinization o} marine
'focki, that'ﬁave been partially sgbducted'(underthrust) -
" beneath .the contlnent ;prlﬁg an Andean-type colIislon. T T
Retent measu;ements of the magnetic intenslty of sea; .
floor kock:,~synthesized by Harrison (1981~ Cdnde and- Kent,
_1976), suggest that a. siqnlflcant fractlon of th;\:kqnetic ;
anoqalles ("magqeflc stripes ) observed in ocean floor~ﬂ

v . .
crust must come from,léyar‘ﬁ tef. Matkins and qutor,

1971) .. ‘ e

€,

1.4 " Probiems 3

-
»

1.4 The Emplacement of Sérpenvinized.Peridotltes into

Uaper Levels of the Crust : 1\

According to the model envisioned by Ralei gnd

'Patterson (1965) and others, the gartial (1.e. ng its

margins) dehydration of a. serpentlnite body may qenerate

high local pore fluid pressures (PHZO), thus substantial-

7
ly weakening the rock (Hubbert and Rubbey,.19591 and hence °

facilitating its movement by brittle fracture in dlscrete

fault zones. Evidence for dehydratlon appears ‘to be 1ack-

'
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S

ing, however, (see below), as shown by the observations of

Hess (1955); Jahns (1967) and ofhers; 1n§té$d alpine

peridotite bodies ar; characteristically surroundéd by a .,
blastic (s{ickensldeq) zone of 1nt;nse1y sheared {schis-
tose) serpentine, often on thg order of»S‘h;ters thick,
which grades into an intermediate zone o;posed of shear
.(Cyélopean) polyhedrons and finallx idependlng on the sizé
of the body)-ﬁore massivelykserpentfniigd peridotite (g.g.
Burro Mtn., Californiaj Loney et al., 1970; Coleman and: ﬂ
Kieth, 1971). This is consistent with the expérimedéally
observed tgansitibn Ttom brittle to ﬁuctile‘beha&ibr,shoﬁn
by mésh-;extured serpentinites at confining préssures
greater than 2 kb (T < 5000C; Raleigh and Patterson,” 1965).
The ptocessqsﬂleéd;qg:to t?e:emblacemént of an
ophloilt; massif or ;élange are q9o}ly underStood. lBen-
Avraham and Nur‘(1985)'have suggested that for a thick
piécé of ocean crust to be obducted it mu;t be light and
buoyant, anéahave soéq_tbbograbhic relief (eg. oceanic.

plateaus, seamounts, island arcs, old hot spot traces).

While tectohic forces must certainly Be important, the

1 . a

contribution that serpentinization may make to'the process

-

has been largely ignored. As -3 result of the serpentiniza-

tion reaction peridotites develop, if completely serpentin-

L]

ized, two,very special. dynamic properties: (1) a Perido-

tite's density drops from 3,25 g/ém3 to <2.55 g/cmjjzand

(2) when compressed (i.e. sgueezed) it deforms ductilly, in




~ significant in the obduction of the lesser deformed .OPhio-,

_ 3
a manner similar to a .shale (Handin;‘196b).

Gass (]976)_has euqqesfed-that diapirism aeeonoanyiﬁo
large scale éeppenolnization of mantle peridotite may be
lites (eg. .Troodos, Cyprus) .Serpentlnlzed ultramafic
protrusloné, exposed in fracture 2Zones oOn the sea floor,
are believed to be examples of lgwer crustal Material which .

hak risen diapirically because of lts lower density

(Aumento et al., 1971; Bonattl, 1978).

In ophiofitea showing eeldence of extensive tectonic )
staokinq (eo. Oman), due. to gravity slidlng and/3?~tectonic '
pushing (113' collision), sheared serpentinlte at the base
of the. thrust sheet may reduce the frictional stresses
necessary for’obducoion., yhen temperatures riaelaboue the

. ~ ' i .
upper stabillty of serpentine (i.e. > 3009C), the partial

’ . ‘ . o

.desetpeotlnizatlon of a peridotite may a;so’coptrlbyte‘to

3
.

its tectonic emplagement (see ref. above: Lockwood, 1972). =

~ ! -—
’

1.4.2 "Subduction of Oceanic Serpentinites.

Ocean crust is being sdbducted at an annual- nate of qﬁ”
z 995 kmz (Parson, 1981). If 20% of the ocean crUst belnq
subducted is underlain by a layer of serpentiniﬂe 1 km

thlqk - containinﬁ 515 wt. % H20 when totally hydrated - S

_ the. amount of water subducted’ yearly will be on' tHe order 2 .

. X 101“ g, as: compared to (lto et al., 1983) the 8.8 «+ 2 9 x ¢

101“ g of water estimated to be tied- -up in a prer1y1ng)

‘Y - ! ot . kS




6.5 .km thick slab of altered oceanic crust.

- : \
Water released during the deserpentinization of

e

entrained hydrated peridotites (harzburglte) méy be imett;

ant ia the melting of island arc héqmas,.and in the trans-

‘port of lncompatible trace and-minor elements found in

these rocks (e.q. bonlnites, Green, "1984; Rinqwood, 1982),

L 4

as well as in the hydratipn of the ove:}ylnq mant}e ﬁedg;'

(it.e. which-is part of Gass's model, section. 1.4.2).

&

1.4.3 How does Serpentine Form? ° . ., .
- ¥ - e . . .

‘Once sefpentine begins ?o‘forﬁ}‘tpe serpen@inization

¥

reaction involves ‘the penetration of water into perido-

“e v

tites. The process then involves the transport bf water

through a product 1nterface.‘ Basic reaetloﬁs,are, S

.,
Y .

.o

ZHZO + Mq5103 T+ quSiOu-ﬁ-MQ351205(OH)q . T '."'(1)

water + pyroxene + olivine serpentine
QBV;ollds'= *33 cm3 or 40% -
AHo i <16 k cal mol -1

AC = -15,109 cal mol- 1

LY

3H20, ;“’zngzsmu-.naguzos(om4 + Mg(OH)Z o -. (2')
waver + 61iv1ne h7:serpent1ne + bruclte |
‘;‘;_'&'Tj - vasolids = +us cm3 o SO% B : ' B

) AHO = -19 $ k .c@l mol -1. e

72 L “ ..

AS = -91.95Quéa1 mol-1 (okg)-1 .- r




AGO = -17,}‘72 cal mol-1
. : ASOm= -312.472 cal mol-' (0K)-1
! A

(Fyfe and Lonsdale, 19681).

¢ s .
An experimental study on the kinetics of -the hydration

’

" of for$terite and enstatite has shown that given fluid at.

i the reaction interface, ‘rates of serpentiniiation are geo-

logically rapld between 1000C and 4000C (Martin and Fyfe,
1970). This study concluded that in natural systems, the
’ ) dlffneion of water to the reaction interface through a

» f ’

serpentine reaction layer will be rate limiting. -

1

. ' - . i}
* ‘.-
L 4 . . . .

1.4.4  Constant Volume Replacement: Yes or No? .

»

rd

[y

_Most of the prle;rock geochemical .studies have shown

4

'fhat, except for the introduction of water, segpenflniza-

o

T - tLon has oecur#ed with mlnimal-chanqes in the oridinal

chemical composition of the rogck (i.e. also the textural-

petrograpnid study of,Clark and Greenwood, 1972~ Hess and

- '. ) Otélore, 1934, j9?6; Green, 1964; Hostetler et al., 1966;
Condie and Madison, 1969; Page, 1967, 1968; Coleman and
Kieth, 1?71); 'nnd yet the mytn'of'EOnstant volume replece-.‘

- L4

ment remains, as 1s seen in this statement by Hawkins and

_Evans (1983, 9. 104): "The olinine has been replaced by an
_ ? . : anastomosing networks of serpentine, which give the gnaine
an ‘exploded’ appearance- but the qraln shape has been
retained. There is little or ne evidence for volume change

and no evrdence_fef penetrative deﬁornation.“

. , 4




Fiqure 1.1

. . ’ .

The large volume expansion assoclated with the nearly
complete serpentinization of olivine In a troctolite has
caused radial fractures to develop in' the surrounding -
labradorite plagioclase (white) (from Harker, 1935, Fig. .
24) . . -
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deformation." - &

.-

I fluidvfidw is slow, then getpentinlzétlon may occur
as fast as Hzﬁésrrlves a; éhenreactton lntetface,:since the
proc;ss appgarsvfo be controlled by diffusion Qnd not b&
reaction chemistry. Until serpentinization is complete,
fluid flow must be essentially uniditecttonal! Thus
arguments of constant volume reﬁlacement Sy the removal of .

large amounts of Mg and Si (30%, Thayer, 1966; Turner and

‘Verhoogen, 1960) in solution can hardly be relevant in most

-

‘(any?) serpentinized peridotites. Therefore, this process

must involve significant volume expansion.

N

1.4.5 Thermal Effects

Ryfe (1973) hasfc§lcu1ated that the heat evolved in
?Smpletely serpentinizing 1 cubic kilqmgter of peridotite
(3.2 «x 1015 g) will be on the order of 2 x 1017 calorles. .
For such a hydration reactfion to make a significant - I
contribution to the heat flux fiow rates must be slow, .
relative to hydration rates, the water/rock ratio low (Fyfe
and Lonsdale, 1981) and large volpmes of peridotite must be-
§erpentihiqu moderately rapidly; in ;hich-casé the
permeability of both the.overlylnd basaltic crustAand the
serpentine layei must be appropriate (cf. Hartin,'1968).

The failure of the agel/2 law (based on the semi-

infinite slab model of. Parker and Oldenburg, 1973; Parson

and Sclater, 1977) to account for the observed mean heat




e . . .

flow values (values >==1,5 HFU) in old ocean crust
(Anderson and §kllbeck; 1981), and in extinct plateaus,
(Matsubayashi, 1983) suggésts that an additional heat

source is necessary. ) '

4.4:6 Volume (Strain) Effects

« -
~

-
V-

Serpentine minerals produced durlng the hydtation of 4

perldotite will rapidly reduce the ooroslty and seal e

4
cracks, bﬁ’?if there is any further reaction volume strains

|}

FE O S PO S SR

may be generated and the rock will continue to fracture. .

-

Mlcrosttucfurés, as shown by the extenslvé veinlnd_ublqult-

ous to all serpéﬁtlnites and partlally serpentinized

T

"peridotites (cf, Coleman and Kietp, 1971), sdqgeqt.thaf

volume strain rates weré locally high, and is.in acco;d

with rather rapid diffusion rates. And is in agreement

wlth the large volunte~ 1ncreases predicted by cquatlons (1)

and (2). ) - N A ) -
F : " If cracks propagate at high velocitles (1.?. fast

unstabl? fracturing), the procesi'méy be accompanied by
focussed plcroselsmic acti#itgr(cf. Francls, 1981: Prothero
and Reld, 1982). - .
-Serpentihizafloﬁ. and deserpentinization of ?ydrated
peridotite in the ocean’cruét (Hess, 1955) by renewed
-1gneous activity or later during suhduction, ;ay cause N

large changes in surface -(seafloor ‘or continental)

topograohy.

.




1.4.7 Timing of Serpentinization

Wenner and Taylor (i973, see also Magaritz and Taylor,
1974; Wenner, 1979) studied the‘oxygen and'hydiﬁqen‘jSOdqpeg
compositton; of serpentinized oeridé}ites from ophiolite
complexes and the seafloor,.and cdﬁ?iuded fﬁat most Alpine
peridofites pAVe begﬁrsetpentinized by meteofic w;ter
(domlnangly) during a late stage in their emplacement
ﬁistory,.at tempertures >1000C. Sakai and Tsutsumi (1978)
showed, howéver, that the frécfiohafion'of hydrogen
fsotopes during serpentinization, which forms the basis for
the conclusion above, ref1ects kinetic rather than
equilibrium processes. These aq;hors also suggest that the -
source of water for submarine sexpentinl;atlon has been
two-fold: a seawater and magmatic of upper mdﬁtle derived
component (eg. subducted peridotite?).

éénsideilnq the dynamic ﬁature of obduction, and the
low concentration of hydroqen 1n:unaltered‘rocks, extgns;ve

hydrogen isotope re-equilibration (and to a lesser extent

oxygénb is- 11kely to occur, especially at high' water/rock

-ratios. If serpentinized peridotites behave as semi-

permeable membranes, additional kinetic lsotope’fractiona-

“tion* is possible (Graf Qt'al.,‘1965: Coplen and Hanshaw,.

1973).

.

Nicolas et al. (1981) have used intrusive relatfon-.
ships among the diabase sills and gabbro dikes'ln'thew

Xigaze ophiolite (Tibet) to show that.the peridotites were

’

\
- '
~
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"water transport through'serpentlnizéd peridotites at -

4 -

serpentinized near the spreading ridge itself.

1.5 Conclusions R ,

-

Peridotites are a mator component of the ocean crust,
with very special dynamic-effects.(properties) as (1)

“velatile acceptors, &&ring serpentinization and as (2)

- ,’}"
7

volatile releasers when dehydrated.

1.6 Emphasis and Scope of this Study

According to Lister (1977, 1981a) écti;e craéking.and

fluid pénetration ceases when the descending plume of

seawater encounters a peridotite layer, since the

's;rpentinizatlon,reqction(s) with its attendant volume

' expansion must significantly reduce the perméaplllti and be

self-throtfling. The ultimate problem involves, ‘therefore,
the,perﬁéabiljty of serpentinized_materiai.
In Part I of-this study, ‘the thermodynamically calcu-’

lgted swelling pressures produced by a Serpentidization

[

.reactlion are used, in combination with a textural and

. £l
mineralogical investigation of serpentine microstrucﬁrres

from the Zambales pltramafic Comp}ex in the Philippines, to
explain the developmgnt.of mlcrhstructurésm}n'massivély
ser?entinized peridotites. worldwide.

o Ip Part II'of this thesis, the'empﬁasls’is on the

expérimental dgterminatlon of the mechanism and'rates of




b

temperatures between 2590C and 490C, Some. preliminary work

is also presenped oﬁ'sernentin%zatidn by ‘saline fluids

wppfe-qgmbrane filtration may &céur. The results are
“comﬂared'iith tfan§poq§ cogffiélent; obtained in other

pof&us‘iateri$ls. ‘

The bxperimentdliy,obtalnqd permeabilities are then

used to estimate possible serpentinization rates in natural ..

geothermal systems, and to predict (semi-quantitatively)
what effect the associated flows of heat and pressure have

on the tegbtion rate. .

L]
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CHAPTER 2 '

*

THE GEOCHEMISTRY AND STRUCTURES OF THE SERPENTINE MINERALS:
A REVIEW

-~

2.1 The Structure and'Crxstal Chemistry of the Serpentine

Mineralsl ’ ’

The serpentine minerals are essential@y hydrated
maqnesium silicares with orthorombic' (pseudo-trigonal)
symmetry On structural grounds, the serpentine mlnerdﬁs
have been divided into lizardite with a planar structure
(Plate 1A), chrysotile with a cylindrlcal-structure (Plate
18), and antigorite with an alturnatlnq wave or corrugated-
structure (Whittakerhand Zussman, 1256; Kunze,J1956; Wicks
and Whittaker, 19759, Chrysotilée also forms an iuter-
mediate planar structural form called Povlen type chryso-
tlle, composed of polyqonal serpentime fibers arranqed
concentrically around a more normal tubular core (Plate 1Cs

Middleton and Whittaker, 1976). Lizardlte and chrysotile -

though not antigorite - form a variety of polytypes based

LY -~
-

-
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A.

B.

c..

. . )

Plate 1

The serpentine polymarph lizardite seeh in this
transmission electron photomicrograph (TEM) displays
its characteristic blade-like morphology. Specimen
iss from the margin of a complexly banded vein (from
Cressy, 1979).

High resolution electron microqraphs of the .
cylindrical serpentine mineral of chrysotile (i.e.

.asbestos) observed paralklel to the sectioned fiber

axis. +Curling of the serpentine layers has produced

a tubular structure with an open circular core (from'

Yada, *1967). -~ . . .

‘Povlenctype serpentine seen in cross-section under

the TEM. The cylindrical chrysotile-like core dis
surrounded by a shell or polygonally-arranged flat
layers similar to lizardite (from Cressy and Zussman,

1976) . K ;)

.
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on different stacking sequences. Table 2.1 provides a

brief summary of this classification.

~

2.%.1 131 Layer Type Sllicqtes

Y

Structures that combine a gibbsite (f1 hydroxide) or

brucite (Mg hydroxide) sheet with a Si-0 sheet are desig-

L

nated as 1:1 layegltypes. The serpentine group minerals

-

belong to the same structural category of clay minerals"asn,

the kaolinite group (Bailey, 1969; Brindley, 1967). As

both of these gbyllosilicates consist of lé&eg; that are

-,

electrically neutral and are.without interlayer cations,
they don't normally show interlayer swelling (Brindley,

£

1981).. Clay minerals containing a brucite sheet are tri-
-octah;dral, while thpse with a gibbsite shéet are diocta- .
" hedral. B ‘

“ Although chemically less complex than';hc’ahphibble
group, 1:1 1ayer.silicatés eghlbit a complex variety of

morphologies (Wicks, 1979). Bailey (1969) has suggested
that the relative structural stabilities of tricotehedral

1:1 layer polytypes can be predicted by considering the

Ve

following factors (listed In order of importance):
(1) The relative amounts of attraction and repulsion

between tetrahedral and octahedral cations.

(2)‘ Tﬁe effect (f.e. repulsion or attraction) of tetra-

hedral rotation on Basal oxygens as a result of

tetrahedral-octahedral misfit.
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. " Table 2.1 .
° Claalifica:iok of Sc:pgntine Minerals
chrysotile chrysotile-2%,,*
i . chrysotile-20r,; i
. chrysotile®l¥,;
parac }ysottle* . '
ite liZardice~1T
lizardite~24* N
lizardite of various .o
* multi-layer polytypes
antigorite various superlatticds

* May occur in cylindrical or

polygonal ?oilen-:&pe structures-

+ May occur with cylindrfcal chtyso:ile-ZOrel in a Povlen-type

structure

(from Wicks, 1979)

.

. N .




o E i));}kqpul;iyn oriattraction between cations of$5djacent

L4 7

- .

layers. - - - .. ) S
Balley (1969) concluded that the, otdet of stabillty is 27 -
Pt Pt i o

.‘.> 1T >» 2Hp > 2Hy > = 2M Sy 2M = "30R = ;H . Bates

(1952) suggested that mor hology’ and chemiswry are inter- :‘ o
P - .

e, - related .as ‘a result of theffollowtng' (1) misfit of the : '

octahedral and tetrabedral sﬁeets, and (2) strength of the -

k

Fa

<
~

.interlayer bond[nq. f . o .

Less attention has been given'to the effect ofuinter}'a
1ayer bonding on morpholoqy In contrast to 2:1 phyllo— ' '
silicates, the bdndlng 1n 1: 1alayer structutes has beeﬁ

!9 X " - thought to be primarily of the hydroqen bond@type, which

develops between the bagal'oxygen of one Iayenﬂand the out-
er hydroxylé of another layer..'More tecent_modeliinq by
Giese (1973, 1980) hee ehqwn that the ortentétion of the
3 , hydroxyl qroups in amesite, serpentine end kaolinite detet-
mines the- strength 6f- the lnterlayer hydroqen bonds. Bond-
ing forces between layers may be significantly strengthened
o if ionic substitutton, for example the substitutibn of A13* ,
N in both the octahedral-and tetrahedral sltes‘(eg. amesite;
Giese,'f980), leads td the development ef'a dipolar léyer'
charged based on hydrogen (electrostatic) bonds (cf. Cruz_

[

et al., 1972). L . i o

v
=~

2.1:2 Chemical Differences Among_the Seipentine Minerals-’

13

- © Wicks (1979) and Whittaker and Wicks (1970) have

..
.. ¥ . * - .
.

-




summarized the general. compositional differences, l.e.

'_(11 Antigorites have a higher $102, and lower MgO and

H>0* content than chr&sotlle or lizardite. Fe2+* seems to

domlﬁate o;er-Fe3*.

(2) Chry;oEILe and lizardite have overlapping Mg0 and
. - .
Si02 contents, and an excess of H20*. 9

‘ .‘J(é) Fe3+ greater than Fe2+ in lizardite.

' (4) The total Fe conmtent of chrysotile is lower than

’ that of ejther llzardite or antigorite.
-~ . . Wicks and Whittaker (1975) arque that chrysotile and
, & ‘ -~ . b .

iizardite ar2 polymorphs, arld not simply polytypes, even

though they may have different ranges of composition. As a -

consequence qfhits slightly d;fferént composition antigor-

o . N

PR

ite is not considered a polymorph of th% other serpenplne

\\ . minerals.
RY < , I )
\,511.5 Misfit Relie‘ and Interlayer Wgnding
- - o

. \ . .
The development of~a particular serpentine structure
. ' . - a R .
I (i.e. blanar, curved, curved-wave) has been attributed, in

par€,\to the mismatch in-the dimensions of the larger octa-

.hedral and smaller tetrahedral. sheets (Wicks and Whittaker,

. L

1 . ot . .
| ‘ . 1975 Wicks;, 1979).' In planar structures, sych as lizard-
ite, the mismatch is oartly accommodated by a'bucklyng q%

the Mg plane (and thus ' a thinning of the tetrahedral sheet)

- ‘

-

due to the ?bpulsike‘f&tces between cations (see factor #1

and #3 above; Bailey, 1969; Raﬁosloyich,~1962); The misfit

* - 4




.J ‘in curved structures, such as ch}ysotllef is only p;-tlallg

T .relieved by‘curvature;'in fact, a siqnif{sapt amou;t&Pf
mismatch between the tﬁp sheets 1ls necessary if folled
sEructures are to dgiclob. 'The“greater thickness aof the
octghedr;l sheet of éhrysotlle appears ko be an important
diffeapnce between 1E and lizardite. Antigorite, wlth ifg

curved wave-like structure, behaves 'in a similar.manner.

The substitution of AL3+ and fe3+ (+ N12+, Cr2+) in sites

"in the octahgdral sheet _and Al3+ (+ Fe3*) in the~octahed{al
sites reduces the misfit necessary if planar structures are
to forms wher &as ;n éurbed structures there is a llmléat;on
to the amount of substitutiop possible.

The weakness of’ this modellllés ih.lts failure to take
fully into accouat the charge distéibution, arising from
ion substltutioﬁ, within ;ayers and between successive
layer; (cf. GfT&ery, ﬁ§59; Cﬂernosky; 1975). Mellini

(1982) has $uggeated that the substitution of trivalent

ions Iin both the octahedral and tetrahedral sheets will

. tend to produce an excess of positive and negative charges
. RN o \ ,/‘
on the two sheets,.respectively. If this extra charge }s

4

localized on the hydroxyl groups and the tetrahedral

oxygens, stronger hydrogen bonds may~be formed. Qonsé—\
quently, the sheets are less likely to curl Into tubes, and

the development of .planar structures, such as llzardi;i,

will be favoured.

——
~

-It is difficult to apply this-model to-antigorite. Y

3




Systematic hydrogen bonding is lacking - as it is’ in
chrysotiie - because of the curvature of its wave-like
strycture. Compositional limitations are similar, tﬁough
they are.not” as rigorous as-they are for chrysotile; the

-

increased substitution of Fel+ 1ncreasesieven further the

amount of Al3+ and Ee3* that can be incorporated into the
structure and the misfit between the octahedral and tetra-
. hedrai sheets (Wicks, 1979). The very long Mg-(0,0H) bonds
ob;erved may develop as a result_of the substitution of
Fe2+ for ﬁg in the octahedral sheet whlch,-because it has a

greater electronegativit; than Mg (see Fyfe, ]964), may

produce weaker hydrogen bonds. This effect, as well as the

lang;'bond angles at shared octahedral ed@és, may be'partly
responsible for the development of a wave-like structure,
in which the octahed;al sheet is linked in an alternating
manner to one’ set of S5i-0 tetrahedﬁal, eltﬁér above or
below the Mg-0OH sheet (see figure 1.26, Wicks, 19792). The
final structure thus seems to be ‘a balance between weak
interlayer forces that epcourége the st;ucture to curvE,
and yet are strong enough to Llnf'some of‘the'units '
togetﬁer (see also discussion in Wicks.Snd Whittaker,

1975). B

- .

2.2. Serpentine Phase Equilibria

Pertlnentlphase relations in the system ﬁgO-SiOz-HzO»-

(+ Al1203) under conditions where Pﬁzo = Ptotal> and the




\‘

‘a0 = 1 are summarized in Figure 2.1.
Lizardite (usually 1T) and chrysotile have been °
produced simultaneously 1n experimental runs eontalnin&\Fe
'and[or,Al (Chernosky, 1975- Moody, 1976). and appear to co-
exist stably - in serpentinized peridotites (Coleman and
Keith, 1971; Wicks and Plant, 1979). SEM studies by
Pritchard (19753.shoi clearly that 1lzo;dlte is' the domin-
ant seroentlne mineral, but that the-amount of chrysotile
;ncreaseh slightly with the degree of.serpentinizatlon
(1 e. but is less than 5%). However,'in the pure Mg0-S10)-
H20 system chrysotile is the onl% mefpentine mineral that
‘has been synthe&lzed stabfy {Giliery, 1959; Roy and Roy,
1954; Yoder,-1952, Chernosky, 1975). 1Iishi and Saito
(1973) have shown that the formation of antigorite’ is
promoted by higher temperatures and pressures, the limited
availability'o% water, aod Mg/§1 less than 3}2.’
Experimental studies in toe syitem Mg0-5i102-A1203-H20
by Yoder (1952), Glllery (1959), Chernosky (1975) and
Caruoo and Chernosky.i1979) sugqest ;oat the upper
otability'limit of llzé;dite (ano ﬁrobably.anbloqr;tef
increases as the Al eoﬁtent increases, while at’ lower
temperatuees it may form a solid solution series wlzﬁ
amesite (Royvand Roy, 1954; Nelson and Roy, 1958). The

introduction of iron into the system appeare to have the

opposite effect (Moody, 1976).'.A\

Activlty diagrams have been enployed by Pfeifer

28
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% ' B
. figure 2.1

et

Pressure-temperature diagram (Py,g9 = Ptotal) for ;
serpentine minerals in the sytem Mg0-S102-H20 + Al203 (X =

[0.2].= & wt. % Al203; X = [0.5] = 9.25 wt. % A1203). Chr
= chrysotile, B = brucite, L = lizardite, A = antigorite, F
= forsterite, T = talc, W = water, and C = clinochlore
(after Caruso et al., 1979). Co

?
w»
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2.3 -Summarx ' ;1

absence may indicate higher temperatunes (l.e. below curve ’

(1977), Hemley et al. (1977), Nesbitt and Bricker (1978)

-

and more recently Brennan (1983) to model the possible '

-

' reaCtion paths and-hence,sequence of alteration minerals

(iJe. brucite;. talc and serpentine) that might form during

the hydration of an ultramafic body. 7 .

The transition from chrysotile/lizardite to‘antigorjte

during the proqressiwe Metamorphism of serpentinized

peridotites occurs near where the prehnite-pumpellyite
facles gives way to the'greenschist faclies assemblage,
actinolite + epidote + HzO (Trommsdorff and Evans, 1974;

Scarfe and Wyllie, 1967; Chidester, 1962). Nitseh (i971)

‘showed experimentally that the lower limit of this boundary

is about- 3so°c (+ 250¢) 1f Pfluld = Ptotal, and the -
aHap = 1. By the middle of:the amphibolite facles .

( 500°C)'antigor1ee has- been completely repiaced—by newlri
formed olivine- + talc # tremolite (see also O'Hara, 1§8f§

Vance and Dungan, 1977); o - T - ; : -

Retrograde serpentine asaemnlageb are composed'of
llzardlte 1T+ minor chrysotlle + magnetlte * brucite. The

presence of brucite clearly indicates that the reactlon

) 'took place at tempenﬁtures below curve (1), however, 1ts

[y

”(2)) or that thc 38192 is high (Brennan, 1983). *Mhe.

studies ofwMartin.and Fyfe (1970) show that at temperatures




between #Ooéc.and ¥00°d; that hyﬁra&ion rates 5rg rapid.
At loﬁ;t temﬁerathrés the dlésolufion o; annydrous phases
appears to proceed at a faster rate than bhe precipitation )
- - _ . af the hydtohs serpentlne mlnerals (Nesbitt and Bricker,
“1978). - . | ' |
Retrograde antigorite is very rare (eg. Wicks anq
Plant, 1979), and hence pfobably doesﬁ}tﬂfdrﬁ easily unlésgv
temperatures remain fairly high (cf. Evans et alq,'f976{ '
Evans, 1977). . T
The q:owth of'planar (buckled) or rolled structures ls

aﬁparently compositionally (via lsomorphous substitution}

"controlled. Given the composition of the phases being -
replaced, and the temp&rature 1nterval over which hydrati
is rapid, it is not surprising that Iizardite + brucite +
miror chrysotl{g (plus magnetite) is gﬂé mo§t commonly
observédlnet;;g}ade serpentine assemblage seéen in 6ph10ﬁb
llt;s. THe‘legs extensive development of brucite in
serpentiné samples dredged from the océén fioor (bonattif

aﬁd Hamlyn, 1981) may reflect a slightly highe; temperature

of formation.
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- . "CHAPTER 3
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® ) r .
: . CEOCHEMISTRY AND STRUCTURE QF SERPENTINIZED PERIDOTITES
AND SERPENTINITES FRON THE ZAMBALFS ULTRAMAFIC COMPLEX,
. e - PHILIPPINES |
! . . S
’ ' L ' . ", . e
3.7 Introduction. Tectonlc qetthq Lo
: . .
The Phlllpplnes -are’ an atchloelano.of over 1,000
s lsldnds ‘situsted 1n the.western marqin of the Philippine

) Sea between 5° and 150N 5eparpt1nq Lhe P@llipo{ne Sea

basln from the South Chtna, Subd{ anﬁ-Celebes seas mar@iﬁal

basins, the Phlllppines are in a zone of con»ergence

between the Eurasian and Philinptne Sea plates (see Fig.

"_'

* 3.1 and Plate‘Z) Active, near vcrtlcal, east-dipping sub- -

[ . - .. 4. e ¥ .

ductlon 13 marked by a bélt (arc) of Quarternary volcanoes

- ° of South China sea llthosphere assoclated with the Manlla

’n L Trench (Hamburqet et al., 1983; "Cardwellk- et al., 1980).

'

Present volcenlsm and carthquake actfvlty alonq the uestern
_ . ‘marqxns of the archlpelaqo squests that westward (shallow).

-

<



ﬁ@, ‘ - Plate 2 :
N . . 1 s

Landsat photo of the Zambales Range, Luzon,; Philiopines,

showirig the South China Sea (bluish black) to the west and

the Central Valley (greyish-white area) to the east, A

part of the Central Cordillera is exposed in the upper

right hand .corner of the photo. Red color is produced by

vegetation, the light blue colors are rivers, and the white’
patches are clouds (MSS bands 4,*6, and 7;: Feb. 26, 1976).

~

-
~
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Figure 3.1

»

Map showing the tectonic setting and location of the
Philippine island arc (after Hamburger et al., 1983;
Weissel, 1980). Present spreading centers are marked by
solid ‘lines with the sense of motion indicated by the solid
arrows.. Convergent plate boundaries are denoted by
sawtooth lines, with the sawteeth on the oyerriding plate.
Open arrows indicate the direction of predicted plate

- motion. Dashed line denote strike slip zones, with the
sense of motion defined by the arrows.







' "squeezed between two major plates (above; Fuller et-aluglv‘

‘3.2 Regional Geology ’ . Ll

has an_average relief of about 1600 m: Zambales,

.of perldotites and gabbros, whlch have been sub-divided

Enys. 95), denites (Fogg. 91 ), and pyroxenites . o

i.typical of alpine type complexes (1hayer, 1960, 1965), are'

; ¢ a
]

subductioﬁ of Phlllppine Sea crust may be beginning at the

iy
Phlllppine‘trench. ‘The geology of the Philtppines records,

in a broad sense, the complex history of a mobile region

-
14

1983).

The Zambales Range, eutcropping over 2300 km2 (1.e3

110 x 30 km) 1is located in the'west-centraf'portlon of thet ;
island’of Lozon, between the South .China Sea Basin and: the
east dipping Manila Trench to the west, and the Central'
Luzon Volley to'the east (Ftg. 3.1 and Plate 2) . Foure-

provinces are covered by this rqued mountain range, wh'ie.h-.

” -

Pgngasinan, farlac, and Bataan.

X

The range (see’ map, Flg. 3. Z) is- composed domlnantly

into three to four fault bounded masslfs (belts, Fernandeg,

*

1960) and collectively called the Zambales Ultramaflc “‘

-

Complex (Rossman, 1964) The peridotite sequence is

composed ‘of harzburqites (locally called saxonite,

lRossman, 1964) vMassive podiform chroﬂfte depoolts,

found throuqhout the Zambales range, as irreguiar leuses or

~pods - within the harzburglte, oftqn hear the~gobhro (elther

- . ., ‘
. P ]

-
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7 ) \
Generalized geologic map of the Zambales Range, Luzon,
Philippines, showing  the location of the Acohe and Cofo

mines (from Fuller et al., 1983)..
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olieibe gabbro or-norite) contact (Stoll, 1952; Rossman,
19643 Bacuta; 1978). Tyo grades of chromite ;re are mined;
a metallurgical grede (high chromium) from the§kcohe‘M1ne
(operatee by the Acoje Mining Co.) and a refractory'grade

(hlgh Al) from the Coto Mine (Benguet Mlnlng Co.} see

Figure 3.2). Note: these mines appear on the map to be
lodated in the gabbro as the peridotites in the”qine.area ‘
are covered by a layer of'qabbroic rocks. The combined - -
prodqctien from these two mineslpleces the Philippines. in .

about seventh‘place as a wofld supplier of chromite

1978)

The contacts between the various rock units ere
generally faulted and/or masked ey lateritic soils; whef .
they can be observed, however, lt ‘appears that ollvlne-
gabbro grades into norite, which grades into a diabase dyke
(or sifl) swarm, yhlch in turn grades into basic volcanic
rocks (Ro;sman, 1964). ‘Complex intrusive relationehips are
often observed at contacés.(eg. gabbro-perideflte‘COntact;
Thayer, 1967); for ‘example, at the gabbro-peridotite
contact along the South'Lewis River, 1-2 km east of the
Coto Mine,sbre601as conslstlng'of slabs of pefidqtite and-

gabbro in a matrix of mafic gabbro, as well as xenoliths of

recrystallized qabbro enclosed in massive peridotite, are

observed (Thayer, 19673 see below also). A basaltic-
andesite dyke searn.(not sheeted dykes), with a diabasic
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ﬂ%exture (Hawkins and'Evéns, 1983) and chilled margins

. - . N
. (Hawkins, 1979; Stoll, 1952; this study) is highly visible
N T ’

. at the Cotog Mine, where it {is seen intruding both the.

peridotites and gabbro§ (Plate .2). Accordin§ to S, dela
“Cruz (personal communication, 1981), senibr geologist at
Coto, similar dykes. are presént throughout -the central
portion of the Zambales Range. . | .
To the !gég the complex -is overlain by Lower Miocene
to'Pliocene sedqunt;ry rocks éonélstinq of codglometates
of serpentinized dunites and haributg}fes,cshale, sand-

stone, limestone, and recedt'deposits. On-going erosion

has produced deeply incised streams that are filled with

3

) enormous peridotite boulders. Along the more gentle slopes

lateritic soils, which are dften high in chromium, are

y-
I

accuﬁulatlng. Once covered by a dense troﬁibgl forest, the
area-has suffered, as.has most‘of the Philippines,'from
intense loégind and a lack .of sny'proper conse?vétidn
management. |

‘The complex 4aé least loéally‘along its nortﬁbrn

flanks) has been tilted down to the northeast (Hawkins and
. e horth ‘

Evans, 1983). Because of erosion on the,tllf&d block ﬁhe
. :

vy

" most complete stratigraphic sections are loc#ted Slong the

ranges qastéfn,‘nontheasternf and southeastern f;anks.f The

Geélogtc Map of tﬁe Philippines (1967)—1nd1§htes daciglq-;.

andesitic flows in this area. .Reconélssaﬁcg erk,by,Al'

Macdonald and W.S. Fyfe in 1981 .confirmed .the existénce of -
. - ‘




easterly dipping masslve.fldws; sills(?), and pillowed

‘Q-floys, all extensively sdbaerially weathered.. Their’

contact and relationship to the mafic-ultramafic sequence

is not cledr. Along some of the river valleys which extend

. knto .the foot-hills of the complex, massive basalt flows

(Cretaceous-Paleogene(?) in age), often with an upper layer
of spillitic pillow basalts, basalt rubble, and associated
manganiferous cherts and metallic sulfides, (as well as

dykes and sills_that appear to be feeders to them, are'

observed (Brynef,i1967i Hawkiﬁs and Evans, 1983). _At the

Barlo Mine in Dasol, Pangisman, this assemblage is under-

lain by silicified gabbroic and dioritic rocks (Hawkins,
1979).

Along the upper stretches of the North Balincaguin

River, east-of~Barlo (see me Fig. 3.2), ﬁassive and
brecciated basalts were observed unconformably cpvetinq
bodies of dunites ;nﬂ pyroxenites (personal observation).
Sporadic occurrences of sill-like badies of plutonic
(tonalitic to trondh1em1t1c) rocks, which show ‘mutually

intrusive contact relations with the upper-level gabbros

“and diabases (c.f. Hawkins and Evans, 1983), were also -

~seen. _ Some of the:coarse grained basalts seen in the same

\

area nay actually be gabbroic rocks that were able to reach

‘
-

the surface as. small intrusions (Macdonald and Fyfe,

personal observation,- 1983). This sequence is- conformably

overlain by the upper Eocene Askitero Formation, which is

43
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composed of both volcaniclastlc turbidites and belgglc
limestones (Schweller et al., 1983)., It is covered
uncohtormably by the upper-middie Miocene clastic sediments
(includes serpentinized pefidotite fragneqts) of the
Moriones Formation -(Amato, 1965; Villones, 1980). This
suggests that sometime after the late Eocene yolcanic
activity ceased, and that by early Mlocene erosion and
_upiift(?) of the cqmpiex'began (Schweller et al., 1983).

3.3 Tectonic and Geochemical History '

A qeochemlgal and petrolodical Sfudy by qukins and
Evans (1983) suggests that the.Zambales Range ophlolité
_resemblés, at least in part, a poprly‘evalved island
, arc-tholeiite series. that forﬁéd within an interoceanic
lslandihrc‘(eg. Marianas Arc). The geochemical data
indlcaxé; that the dlabase-dykes that cut the peridotites )
in the Coto Mine area (elsewhere?), and Q;st of the
. basaltic rqgks, are genetically related.v Additlon§l
evidence suggests that some of the Barlo ser1e$ basal;s may
be chepibally.related to boninités, whiie the assoclated
irondhjemi(cs are apparently petrologically similar to the
sp-called,plagieranltes of Coleman and Peterman (1975).
However, some of ‘the baéaltic rocks albnq the eastern «edges
'appear chemically more similar to those generated in chk
.arc basins (or deep ocean basins) . The ultranaflc rocks -

that form the root of the complex 1nc1ud¢ an unusually

[




g "not vhe-apurcg for this piece of"oﬂducted oceanlc litho-

Ve

thick (.7 - 1.3 km):stguence of cumulate ultramafic rocks

.. Sea spreading<ééntéru Counterciockwiée rotétion'by as much

T las 900, and westward migration in the’ ubper Eocene, formed

" ally‘in situ,;of the-arc.' Seafloos spreading in the South

" China Sea Basin began tﬁ the middle Ollqocene to “early

sphere.- - _ oo T el
e - . "’j'v__ ._- AR ,‘:_’_‘.\s
3.4 1Island or Ophiolite? °~ °~ - '~ *, . -

',that qphiofltes Tepreséent” fraqments of qcean crust formed
'(Penrose ngf., 1972) More detailed studies havén;hown
ophiolltes are 1dent£;§1 (Saunders gt al., 1979- Ciss,"

’1976). L some of them, even in the absenqg nf a compll- B

‘cated post empl;cement metéhorphlc and tectonic hr%to:y,

A

{compared. to‘back arc basin or deep sea ocean floor crust’)

and shows.signs oﬁ'e;tensiye partial nelting, especlally in

the Acohe belt. -

Paleotectonic recbnstructlons (Hawkins and Evans,
1983; Fuller et al., 1983,,Taylor and Hayes, 1983) suggest

that the Zambales Range eii;ted as an east-west trending

Eocéne‘anc-back“arc basin complex behind a West Philippine

the Manilq Jdreach and led to subsequent obduction, essenti-

Mlocene apd (Taylor and Hayes, 1983), thus it 1s probably

- . .,,—\
.-

‘o .

It has been widely accepted,~unt11 only very reoently,.

at a consttuctive plate margin of a major ocezn baslh .o

that neither the structqré'ndr the gec@hemistri of all

“ »
e - . . Lo £) -
. s - o - P PR o <




the stratigraphy is far from normal, iifh entire sections
of the more 'typical' ophiolites missing.

The Zamheles Complex, for example, lacks a sheeted

+

dyke complex, and consists of an upper layer of gabbroic to

trondhjemitic plufdnic rocke that\show‘complex intrusive

telatinnships (i.e.~they comprise a sill complex?). The

L4

rocks below the gabbroic layer consist of an Unusually
' thick ultramafic cumulate series, that {s resting on a base

‘composed of dedleted (1:e{ alpine-type) peridotiiés. The

peridotites are cut by an extensive dlabase dyke ;warm,'

-~

/.indicative of a maqma chamber at a much’ qreater depth.
'Geochemistry, structural and stratiqraphlc relationships
Aamong the belts and the”diﬂferent roc$~types, weathering
~and the orientati6nfof some'of the lava flows (and 51115)
squests that the Zambales peridotites formed the ‘base of a

:grOup of blogk- faulted subaerial volcanoes, that.resemble_

.. -

the stratgvolcanoes'fqrminq.inuthe Marianas nrc'todiy
| (HuSsond and Uyeda; 1981). Extensionél teetonics are'
'dominant during the stage ‘when. tholeiitic volcanism is
occurrlng. Scattered between the %resent volcanlc arc add
'the trench axis (in the fore arc) are many large seamounts,.
which may be serpentine diapirs (ref, above, P. 920 the

Slerra Madre ultramaflcs°' see\Fiq. 3 1Y, '-.;' o .:;

- -

One possibillty seldom considered, untll recently,

q_that some of the lese typical ophiolites may correspond to'-

~»

such rellef furming features as oceanic islands (thdero,_

T . CE °, - R - A
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1969; Bosshard and Macfarlane, 1979), seamounts, rldgés,)

‘plateaus and island arcs (Miyashiro, 1973; Phelps et al.,

1980; Gerlach et al.,‘1981;'Hiﬁmelhurg‘et al., 1980), as
they will be more prone to obductioh.(Ben-Avraham et 31.,
1982).

The mechanism of ebductfon, althoqgh poorly under-

stood, may be very importa:;/Xn determining what sort of,

©or if any, 'crust' is emplaced. Uyeda and Kanomori (1979)

have. suggested that we classify subduction zones as those

activated by either back-arc or ocean ridge spreading. The

style of subduction will depend‘lérqely on the density

differences and the relative motion (rate/speed) of the

-

'collidlnq plates (Uyeda; 1979) progressing, as part of a

single e€volutionary cycle, from Chilean-type subduction,
pharaqteri}ed by strong mechanical coupling (underthrust-

ing, vertical tectonics), to the Marianas-type where the

.~ oceanic plate falIs freely into the mantle‘(Kenémorl,

.-

sy

- -

'j977). .for example, the Japanslredeh ias'apparently

/"

'(Huesong and ngda, 198]) ﬂifype durfng most of the Miocene

jdd hés only recently becoﬁe'C;type;~-It\le not hard'to
imaéine the obductlon of both relief forming features ‘and

some oceanic sediments as thrust sllwers (c.f. Oxburgh,\

/, -—

—

-1972 . Dewey,’ *876) durind’C type suhddctlon !eq. Sierra -

. Haqre, IsabelaL Philippines (west elde of Luzow); Gervasia,

.

19f1) fhe bambalgs Range may represent an addltional

néchqgﬁgm !or'emgthementi.l.eattpe tr;nnlng and.gpwand

4
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..QQUeez;ng.of\an arc between  two céﬁVgrging pla€es (c:f.‘

" Gass, 1976). o T | o .
_Maﬁy of the more typiéai dpﬁiglit; complexes may

inclﬁde the effectq of a superimposed cycle of séamount-

. [ .
island arc magmatism’ prior to. and during obductipﬁ“(t.f.

Alabaster et al., 1972, the Oman ophiolite compléx),<thus

f#urther complicating their tectonic énd geochemical
history. So, while there lleiftle.doubt that many 'ophio-
lites' represent fragments qf ocean crust and upper mantle

(see also Nur, 1983), it is clear that the term oéhiolite

*

(Penrose Conf., 1972) must be expanded to include island:

. Iike. oceanic features that have not forméd at spreading

N

centers, or that hqu‘bee& at least modi}led 80 such

"disfinctions are not recognizable. -

g

3.5 Serpentinization L.

PR

3.5.1 Locﬁtion and Expenf of Serpentinization

The sampling and local mappi&g.for iﬁ%s thesis were
done In the summers of 1978, 1980, and 1987. Although the o,
size and ruggedness of the Zam;ales Mountain Réhge.madgfény
large Egale mapping projeép impossible, the podiform ) '
chroﬁ!te mines at Acohe-and Coto (see map flg. 3.2; f' |
prowldgf.fortunately; two well e#pos;d'and represeﬁtive
sections of massive serpeht-lnize‘d ‘m.aflc to,\'nttr"apaﬂé’ '

rocks. L ' L ' ' e

The ultramafic (harzburgftgs and dunites) rocggland.

.




Plate 3

»
/

Diabase textured dykes, 3-4 mebers wlde, cutting the
depleted mantle ultramafic rocks at the Coto mine.
Geachemically the dykes are related to an island arc
series.- Thermal contraction in the dykes produced a
larqe permeability contrast ‘at the dyke-peridotite .
.interface, thus making possihle vigorous hydrothermal
convection ‘and metamorphism, Note, that In these

rocks serpentlnization Is complete!

@
Y

‘Close -up of a densely cracked dyke at Cote mine.
Typically the fractures are-filled with orehnite
(whlte material as shown by arrow).

Sheared serpentine zone in blocks of masslively
. seroentinized peridotites (Coto). 1If water diffusion
rates into the perlidotite are moderately rapid (see A
above), volume 3trains generated, perhaps -
syntectonically, by the serpentinization reaction may
_cause large blocks of massive serpentinite to rise
."diaolrically" and ag the same time to deform
ductilly along their margins,







* chromite deposits at Coto are cut by an"exténsive basaltic’

andesite dyke swarm (Plate 3A). In the vicinity of the
dykes periﬁotltes are from 90 to 100% serpentinized (Tablie

Iv-2, Appepdfxf. At Acohe ;he'degree of serpéptinizatlon
- .-

. s more variable, ranging anywhere from 30 t: 90% (Table.

K -

IV-1; Appendix); the more completely serpentinized rocks
are élways found immediately beneath the gabbroic layer,

and then it decreases with depth.

AcY

The degree of serpentinization is always highér;ln the

2 .

1ﬁmediate vicinity of dykes, along the margins qf{ or with-
in massive ghromife pods, and at contacts betweengdifferent
lifhologic units. 'In the peridotite bodies at Coto - and
at Acohe -'pervasive local tectonic adjustment (joints?
shears?) between meter. scale blocks has occurred, fhouqhs
little movpment is evident (Pl#te 3A), :However, along °
zones where shearing (aﬁd faultiﬁg) has been more exfen-‘
silve, as iIs shHown by the>presence of sheared serpentine,
the displacement (up to S0 meters) of dykes and chr6m4€;'

-

bods is observed (Plate 3C) (Rossman, 1964).

1

3.8.2 Se pentlne Textures and Mlneralqu
In\fleld exposurqs, mass;\e blocks of unweathered
peridotlte show a orugressive color . change from olive-grey

to dark Qreeniah»black as the amount of serpentine uinerals

exceeds iﬂl (df; Loney et al., 1981). Sgtpentiplteo,g@ner-

- I

ally appear q.deeper'qreen'if thprmégnegitg has migratad

. PR . oo » . ¢




R ‘tnto the‘velns.n ' o

“ Serpentine minerals (p;us brucite and iagnetlte) found

4 in the massive blocks of serpentinized ultramafic rocks are
_ N

lietéd in Table 3.1, along with the n;neral‘assenblages
.. observed petrographically in the diabase dykes and.gabbrost

. A
] (at ghe Coto Mlne) Cortect identification of the differ-

e

" ent serpentine minetals (+ brucite) is dlfflcult and -

requlres a varlety ‘of analytlcal techniques (Appendix I).

.o

‘The tex;ural description of the serpentine minerals in
h “ _ thin section follows the comprehensive work of Wicks and’

Whittaker (1977), Wicks, Whittaket and Zussman (1977), and

Wicks and Plant (1979); for serpentine veins see also Cooke

' §> (1937) and Riordan (1955!% In the pe;tlally serpentinlzed
perldotites, mesh textured lfzarditet1T + brucite + magne-
¢ - tite has partially replaced the edges of fraqments of‘}‘,_
pyroxene and olivine grains (Plates 6A to C). The fracture
trace'is oéten clearly outlined by a cen%rdf parting
conteinlng anistropic serpentine. Contacts between the -
apparent lizardite "fibers“ and the unaltered portlon of
the b:iglnap mineral may either be sharp or diffuse. The'
epparen; flbg&: ere in.reelity platesf which often show'
(001) serpentine oriented eoughly perpendleele; to the
' fracture walls/and'papallel to the [100] partlkg 1n N
;\'p'. ' : forsterite, Brindley and Zussuan (19@7). Brlndloy (1963).

and Wicks (1969) have’ shonn that the parent nineral

L ]
ar ,

-, T ‘tlbit? some structural coritzol on the eryetallogrewnie

’ ' ‘. ’ -«




",Thli_trahsiates sery roughly into .a preservation of the

i

v
%

'fnnngs. . L SR

' 'lizardite 1T + brucite + ngnetitet-chrysdtue. The \ﬁ&la! .

. oonstant (Wléks,,1979),.the‘serppntdne in the mesh centers

' dyke{ at Coto. -Sgrpehtfne pseﬁdomorphs after pyroxenes are -

; L LT . .
serpenbinlzatlon, but it never'appears to constitute more

© than about 5% of the serpentlne minerals in the rock (o.f.

e
' - B
. -
fj . . \
* '. .
-

- ‘., .t . -
orientation of .the serpentine mineral pseudomorphing it.

-

bkygen anion framewbrk, and the migration -of. cations }iee

below, Vetid a-hd Craokk Fornation) :

"

> A the lore cpmpletely serpentinized samples, the .

central pqr;ions of .grain fragments have been completely

pséhdonorphed by .mesh textured lizardite + brucite +
mggﬁetitéil chrysotile (Plate$ 4A and 48). If the fluid

_supply is sufficient, and the temperature Is more-or-less
. . . ‘.Q\‘ ‘

'tendi to become -afore cr?@télliﬁe<and,héunglass textures.
devklop (Plate 4C). This was.more. frequently observed in

sefpentiéhtes in the immediate vicinity of the diabase

known as bastltes (Plate 4E). The amount of chrysotile

serpentine pppearé to increase slightly with tné degree of

~ .

-

Pritcharq, 1979), except locally, as veins filllng conju- .

gate or en echelon Shear'cracks (Plate 7; recrystalllzation

» - *

&y,
-textures often evident)q or as non- pseudomorphic crack .

.
~ f
* - * - v -

A variety of veins.éhowing non-pseudoaoruhlc textures

are associatod witﬁ and grade lnto the. nesh-textured

-

are cpnposed of both asbeutlforn (sliu and cr%ss-fibtc) and

- rx

¢ o
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— s ) Plate & -

Serbentinejtextures (under ‘crossed nicols)
‘ e

Mesh, textured aerpentlne replacing olivine, as seen
in thin section. Well crystallized mesh rims
(lighter color), composed of lizardite 11 + brucite *
chrysotile, surround finer gralned ‘(generally darker
‘colored) mesh cénters. Dark lines in mesh . rims,
which consist of magnetite and fine grained
anistropic serpentine, outline thé traces of the
original fractures.

, <> e
Close -up of serpentine mesh-cells, showing well
crystallized mesh rims enclosing finer grained and
randomly oriented serpentine in mesh centers (Mc)
Hourglass textured seppentlne (artow) after olivine,
composed of lizardite « brucite + chrysotile’ The
original fractures, in each textural unit, are
visible as fine dark lines. - - -

Ribben textured serpentlne, produced by
serpentinization along a network of (usually -
transgranular) parallel spaced fractures. -The dark
fractures arg filled‘wlth magnetlte and serpentine.

——
Close-up of lizardite 1T bastite after orthopyroxene
{l.e. a bastite). Serpentine filled fractures,
- produced by the volume expansion sassociated with the

reaction, are obvious. 3\5;
Non-pseudomorphic textured serpentine.
Yellowish-white areas are "veins™ composed of

‘discrete, anhedral grains.of brucite, and asbestiform -

chrysotile, . Black lines are magnetite. -When
setpentinization” rates are moderately rapid, the heat,
flux generated by hydration may cause the local
recrystalllzation of eaglier formed mesh ~textured
serpentine. '
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n&n-}sﬁgstiforn;chrysafile, ;s well as of lizardite and
brucite (Plate 6C);* )
.In the vicinity of the dykes at Coto, however, some of
the sections show non-pseudoﬁor%hic textutes,‘thqt have - .
‘fo;med by the rec@ystallizatlon of eariier formed mesh .
textured serpentlne. Serrate-veins, of chrysotile + brycite

‘(usually'of the Povlen<type, Zch or 20rcl; Wicks and

Plant, 1979) occur after. what appear to be either mesh por
— . ' hourglass textureé sér;éntlnev(see above; Plate 4F). ‘
- Interlocking and ;andomly oriented, anhedral grains of

lizardite (and antigorite?), and sometimes chlorite-lige
mineral, are seen scatiered;throughout the sectio;s. X-ray
. " diffraction patterns of few of the samples, though not a
' reliab1e method for 1deptif§ing themdifferent serbentlne'
- ‘minerals, suggest that small amounts of antijqrfte may'be
present. The fractures between the graiQ’?Eagments.are
fllrbdu«ﬁth a cre;my-white mixture of columnar serpeﬁtine

_ ‘
(probably Povlen-type chrysotile and multi-layer

1lzardité), brdcite, ;nd sometimes asbestiform chrysotile

o .

.o {see Plate 4F). - 2

— a

3.5.5 P-7 Conditions of Serpentinization’

- -

The successive retrograde mineral assémblagey; and

hence grades of metamorphism, observed in the’diqbas& dykes’

. N . [:' : ‘.
and gabbros in the vicianity of the Coto Mine (Table 3.1),

are consistent with those determined by Geary and'Kay .

-
4 2

o
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(1983) for basic rocks in other parts of the Zambales °

ophiolite complex. The most'quvasive metamorbhiq grade

attained was greenschist -facles, as defined by the

" assemblage actinolite + chlorite + albite + epidote, 350 <

T < 8759C (Py,g = Ptogci 2 Kb) (Liou and Ernst,
1979). Although the rare ocs@rrence of- blocky, brown or

dark green harnblende after p;:;:2h§, and dynamically
- nad GyR: .

" induced recrystallization text s, inyicates that some of

tﬁe rocks may have'been affected by amphibole facies meta-
morphism. Shrinkage cracks in the diabase dykes are
commohly filled wish whitish veins of prehnite.(+ quartz,
Plate 38).' There is, however, some suggestion that the

¢

assémb}age prehnite + actinolite + chlorite may.represent - .

“an‘equilibrlum assemblage; at temperafures < 3800C (PHzO

= Protal = 2 Kb). Kuniyoshi and' Liou (1R26) believe that

this hay be characteristic of low-pressure metamorphism.

The greenschist fecies\gineral assemblaqe(s) under

conditions where Pfluld < Pfotal and the ay,q < 1 -

.as was’certalnly: the' case - s stable at'tempera;ures.;

between approximately 3000C and 4250C (Nitsch, 1971; Liou

and Ernst, 1979). _ .

In th! dlabase dykes, gabbros, and peridotites, .
serpentlne is sometlmes seen replacing both actlnolite and
chlorite (+ talc) - which had'previqy;ly replaced oltvlne
and pyroxene. It %s not’ completely clear whether the

serpentine phase is antigorite or lizardite, but optlcatly f
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it appears to be iizardffe. In the dlabase dykes fractures

'containing prehnite are cut by "vglns o'f fibrous, radiat-

ing textured zeolites, filling cracks'thet seem ‘to have

.;

- formed as d result of'brecclatinnaf This’ evidence, taken as

C 2N . o

a whole, suggesés that'th%fniﬁeral agsehbdagee observed in
the surrounding intrusive and .basic prtpnic rocks can ?e'
used to estimate a possible ;emperature range for ‘
'serpentinization. |

fhe serpentine assemblage lizardite + brucite +
chrysotile (+‘magnet1te).is stable at Eempebatures belby
about 3750C, when whter‘vapot‘pressures are low (e.g. 1\
Fb),'}pduwhere szo = ptota} (Figure 2.1 curve 1), JFor
conditions where PH20'<'P;ota1 £ 1 kb, which ls.mbre
realistic, if the system is open, 3000ta3500g 1s'prdbab1y.
the upper limit of stability of pseudomorphic serpentine;
aSsemblages containing bruclte.' The development of the
,transitional assemblaqe serrate chrysotile + brucite *
chlorite-like mineral (+ very minor antigorite?) plus hour -
, glass textured serpentine, in the vicinity of‘the'diabase
dykes a#% Coto; indicates tpat temperatuies pgx;have been -
close to &4000(C, but not much higher than this because . of
the lack of any slqnlflcant growth of antigorite in
lssoclation with,actlnolite + chlorite 12&1c. This 1is

observed in the.

! 4

also in accord wiéh the mineral Essemblag

'nore~ basic rocks.

- - R

Concluding then, it appears that. serpentlnizatlon

‘- . . '
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.began "at temperatures near 4000C (depending on Py q4/

_ Ptﬁtal and the aﬂzo)ly_The sharp temperatute grédlenf

b ‘"at‘fhe‘perfdotife-d;ke ln}epféce, as well as a sufficient
fluid Supply, produce& hourglass texidred serpent£;e loca1-'

_ ly. And then, because 6f‘éxtrape;y.?ast re;ction rates,
heat'generatqd by thé Serpentinlzation reactioq ;ayﬁhave

caused theilocal recrysﬁplli;ation of the hourglass

L)

.téxtu;ed serpentine (see Qq.'1.1-and'112): ng';buhdanée
of mesh ;extzted serpéntine clearly ihdigafes, However, .;
- 5 that'thé bulk of the Serpehgiﬁjzatio;ipccufred. uﬁ;er“
}girag;ade metaﬁorphic-cond;tions (C€};\W1cks and - | o
i . .Wnittaker: 1977). The close Qpa_ci'ng “of - the dyk;s‘ (10-20 m)
. at thp.;m,eans that crack permeablllty.wés Very la‘rqe_’
‘16130‘6ﬁ2) and mgst haye led tp'the.raold any complete )
serpentinization éf,the surrounding péridotltes. The
.'.dramatic reductipn in permeability ﬁhlcq accompanied the
- ] ' ' Jprecipiiation of actinolite, qué?tz and preﬁnite in veins
implies that most of tbc‘sérpenyinizatiOn was ctompleted by
‘k. .’ ' fhé,tlme zgol@telchfes temberatures were reached
i . —4£2500C), - Fiﬁally, ;g_a result. of the large .volume change "ﬁﬁ)
| . o { 50%) accampinying'hydpqtiqn; tectpnlc readjustment'iitﬁin -
;he éﬁtirg block caused the local béecqiagioq'of thé dykes
(c.f. Liou and Ernst, 1979), aqd'at least a bfﬁﬁdrary
increase in permeability. .-As guch wéggr'qantlnued to

circulate along the dykes and zeolites were able to-

form. .




Tne'eane-relaildnships were observed, althoudn much’

@

less extensively, at the Acohe .Mine. It appears t%aé the
- large permeabillty contrast caused‘by thernal'contractlon
.:‘ : of the digpase-dyke‘swatm at. Coto ds the main reason for ‘

Tl . .. w

the much more complete serpentinization.

N ' 3. 6 Strain Fabq&gs in Serpentfnlzed Peridotites; Including
7. ‘ Samples from Newfoundland and Italx : .
) . ’3.6.1 Htcppstructures in Masslve,Sergentlnized Peridotites

ﬂgprostruetures, ubiqultous to, all serpentinized

, pergddtites, consist of a complex network of intra, (nter,
- °and transgranular serpentine "filled" fractures that giye

the rock its Hlétinc%ive.microfabric..'This microstructure .

B .
D“ o . ' )
i -

fabri¢ 1s seen on all scales (Plate 5),
In partlally serpentinlzed peridotites, .the pervaaive-

ness of the’ nicrofracturlng 1s clearly visible. Serbentinl

fzed peridotites from the Phlllpplnes and Newfoundland
chqracteristicalﬂy show 3 lipear crack dena%ty in the range
of 50 cfacks per ce:nti.metiinzt Such sub-millimeter cracking

gives the rock its.peculliar shattered and crushed appear- " '

ol ance, - : . i ‘ T -

In olivine, the microstructure fabriec is typicaliy

&

'F produced by a conplex semi- rectangular aosalc of irregular-~

ly spaced inter (i.e. grain boundary) and Intragranular

b serpentlne “fllled" (L.e. uesh rims of llxardlte 11) micro- .

fractures (Plates A and 8; Colenan and Keitn. 1971), in
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which thc trace of the original fracture may be outllned by

- a thin (central) zone of fine-gralned anistroplc serpen;
tine. ‘ T.
In the majority of the serpentinized ultrcmafic rocks
studied, however, the’microstructure~battern typically
consists of, in addition to the "box-like" crack pattern.
‘described above, a crosscuttinq network of transgranular
microfractures filled either with complexly banded serpen-
tine (lizardite 17) ;nd/or ;;re normal mesh textured
serpentine fibers (ngtegléD and 6F, respectively). .
cecause rbe clcrofractures tend to fork and branch repeat-
edly, .at times even curvfnd somewhat sinuousfy cefore

tapering into a narrower set of microfractures, the final
microstructure pattern is duite nbmpk;\ and'heterogeneous{
Several generations of microfractures (and hence micro-
fracturlng) are recognizable. The microbrecclatlon, and
the displacement of gratns’ observed in some of the trans-
granular fractures show that a local shear coﬂbonent has.
been involved 1n'the fracturing process. All of the fabric
structures described so far.shcw that fractur;cg has
.ccCurred by a brittle fallure mechanlsm.
Preferentlaf/se.pentlnization'along (1. e. perpen-
dicular to) the more. closely spaced, sub- parallel network
of microfractures (see Plate 6E) tends to produce gibbon
textured serpentine (Francis, 1956; Maltman, 1978). ﬂlcro-
fracturesiic.the most highly ierbenticited perldoiltes; as

-



e Plate 5
Reaction induced strain fabrlcsjln aérpentlhizgi‘”
peridotites visible on the hand specimen and the rock
scale. . .

.

A Branching transgranular fracture in ‘partially (60%)
serpentinized peridotite (Acohe, Zambales,
Prilippines). Fracture is fllled with complexly
banded lizardite + brucite. Sample no. H9-82,

Typical fracture distribution in partially
serpentinized ultramaflic from the .Bay of Islands

~ gomplex, Newfoundland. Fractures contain lizardite
(+# brucite) often handed parallel to contacts. Field
sample no. NA 71-16 (collection of W.R. Church).

¥
«

Tyoical fracture dlstrlbutlon in totally
serpentinized harzburgite (Coto, Philippines). Dark
transqgranular fractures contain lizardite and
magnetite. Sample W-2-11,

Less weathered specimen of the sample above (i.e.
C». Maagnetite (dark) Is clearly wlslble in
fractures.
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Plate 6

T e / . » . /

Mictbscopic strain fabiyys in serpgﬁftnlzed péridotltes.

el

olivine crystal . (i.e. the light area) in a dunite
(Acohe, Philippines). The fabric structures,
composed of mgsh veinlets of %troentine (lizardite +
brucite) enclosing fragments of remnant ollvine
(brlght white), show no preferred orientation, The
dark fracture trace is faintly visible in samé mesh -
rims. Such a fabric dis in accexd with. rather slow'
reaction rates. Crossed nlcq}s.- .
Close -up of typical microfracture distrlbution ln a
Dartially alte olivine. Serpentinizatioen, as
shown by the dafk fractures contalring lizardite +.
brucite, i§ confined to:rgrain boundaty and intra-

granular cracks.
Crossed nicols.

Note how brittely oliviné ‘behaves.
Sample from Acohe Hine, Fhilipplnes.

Intense1§.microfractured olivlne, showing. cataclas;ic"

fabric structures(dark) containing lizardite and
brucite. Some of‘khe cracks have been produced by .

" .transgranular fracturing. Thls texture suggests that -
the reaction Tnduced strain rates may have beer
locally high. The remnant olivine (ol) fraaments are.

the light colored areas.

Crossed nicols.

Cevinta (Acohe,

Phllippines)

Sample Cos

Transqranular fracture is oartlally seroentlnlzed
harzburgite peridotité, composed of eomplexly handed
serpentine (lfzarditfe) and ‘magnetite (black). The
dark seéroentine veinlets in the. surrcundina rock show .
that microfracturing has occurred on all. scales.
Lighter areas are unaltered olivi gralns. Sample .
DA-3, Acohe, Philippines. (Similaf microstructures

' have been observed in samples from the Ray of

. lslands, Newfoundland; c.f3 Plate SA, and SB) -
Crossed nlcols. -

o

Typical "cubic" ﬂicrofractures develobed‘tn a single

o
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Plate 6 (contindéd) ' : . SRS

]

Ribbon textured microstructures-from E. Liguria,

Italy, prodaced by serpentinization induced swelling
in response to a "static" apisotropic stress field.
The lizardite fibers, which grow towards the least -

 compréssive stress and hence at an oblique angle to

the walls of the fracture, are faintly visible.
Crossed nicols. o ® ' <.

[

CF. Dark tﬂ‘ﬁsqranuiar microfracture (arrow) composed of

magnetite (black) and serpentine (greylsh-white) in
completely sgrpentlnized.harzpurqiteV(Cote Mine, -
Philippines). The fracture is boarded by -

] B

well-crystallized mesh textured‘serpentine

(lizardite). This type of microstructure is in-
.- acgord with water diffusion rates that were locally,
moderately rapid. Sample DC-5. Crossed n{cols.
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Plate 7 .| , o
. - SR

Syntectonic serpentinization fractures. -

1
, s

.Conjugate ;Hear‘fractures éutfth¢ mjssi»ely'~
serpentinized dunite. -The fractures ar€ filled with
n%n‘%bbestofonm chpysotile: serpentlne.

Close-up of;coniugqte shear-cracks cuttlng massiwe
serpentinite (i.e. ﬁ&burqite) - Frdctures®corsist -
of cross-fiber cﬁ%ysotile and maqnetite (dark zone
Indicatéd by FZ).  Yellowish-white (porcelianeous)
fracture margins, composed of recrystallized mesh

points to shear'gurface coatcd ‘with Massiwb

serpenting c&ntaining sllckensides.

¥ —-—
© ' B

speci above, because of the extensive chrfysotjile

growt’arq clearly retognizeable in this.section.” .
If .the tectonically Induced straln is large enough,
these small scale shear cracks will coalesce to. form

. composed of cross-fiber chrysotile, are outlined in-
. grey whfle the reaetion zone appears blackish,
‘Crossed’ nicols. b :

»

'Mlcroscopic vlew of fracture abovey showing the )
. - cross-fiber chrysotile asbestos in -the fractured -
- . zone. The serpentine zone bordering .the fracture

© zone to-the left 1s coniposéd of rectystalllzed mesh
texturéd serpentime. Crossed nicols.

textured serpentiné, define the reaction zone. Arrow‘

Microscopic.‘hear fractyres -not easil; visible in the-

a major shear fracture (see A and B8). The fractures,

»







seen in both thir section (Plate 6) and in handspecimen

. " (Plate 5), are's&ill easlily recogni;eablp Qeéause of the
thick stringers of magnetite that are concentrated in veins *
composed of well-crystallized nesh'(or ribbon) textured

lizardite serpentlne'(Plate 6F). Thls texture suggests,
v o o . . - . . .
further, that the penetration of ga;eg into the rock was

. controlled -locaily by cértain majfor (i.e. transqrénulaf) .
. LY - t.‘ . . .

h;ifoétructures that cut agrois the mesh cell fébric. NN

Y Massive blocks of setpentinized peridotite are often

cut by a conjuqatevtet of ."macrofractures" . fllled with

wat appears to.be massive crpss fiber chrysotile asbestos

- . (+ magnétite + brucite) lPlate 7A and B). When viewed in
] thln section, the serpentinlzed.peridotite is seen to
conslst of an en echelon array of conweoted shear ’~‘ \

fractures, composed of croSs f;ber chrysotile (Plates 7C

- ~

and D). These mlcrofracbures crosscut the earlier forned
serpentine nesh Cpseudonorphic) cells, and q;e quitef '

comnonly bordeced’by a- thln zone compos%p of recrystalllzed

.« o

egh textured sqrpenttne. In conparison to-thianlcro-
fractures-desorlbéd aﬁéve, these’ uicrostructures dlsplay a

_~very dlstlﬂctlve morphology (including a strong preferr’u :

k ‘ orientation) and setpenttne ntneralogy. Often shese ° ¢
.M"fractures grade (or, are cut’ by) what/sﬂpear to bi“txtension:
;}‘;’or shear Lpints;iwhose walls shqu l!ttlp cvldencc of l_ .

- serpmunlzauon (thonqh -auckonud,eﬁ uruﬂtlne :s un-

.
r.

tlnes observed, coa;inp tﬁc fracturp wzlla).
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3.6.2 ScaonlngfElectto;ﬁnlozographs of Serpentine

s t gtructures - \\U

e ! ' .

- - Samples of serpentlnlzed perldotlte were ion- etched

- . tBS}per, 1970) and then viewed with a scanning electron

.~ microscope (made by International Scientific Instruments,

i&del DS-130) in order to study the growth sgtuotures.of

. - ‘'serpentine minerals in fractures. Photomicrographs show_ .

crenulated stacks of platy lizardite lying, parallel to one.
another and pé€rpendicular to the fracture walls (Plate 8;

c.f. Cressy\and Zussman, 1976' Cressy, 1979). In this

+ ~ -

study, well crystallized, well-oriented serpentlne was

observed onl» ln veln; and in mesh :-i.me.‘l while the serpen-'

tine ln mesh centers was found to be qenerally fine. qralned

- L

*and ;andomly‘priented (Plate 90, c.f. Cressy, 1979). The

oaps'between thé. plates in the well- crystalllzed serpentine

"are quite- wariable. ranglng from 100 1000 A (up to 4000

A)."'Elecbton mlcrographs by Cressy (1978, P. 743) suggest

that even poorly- crystﬁrllne mesh centers are - porous (l. .

gaps on, the order of 100 A). Flne qraineﬂ matcrial Bl

(smectlte any’) s sonetlme; observed coatlﬂq plates and'

. fllllng in the qaps (see C:es;y, 1979; Prl&chatd,-1979),
-thus naking-it lmpossible.to‘estlmate accurabnlxdthe .

- aye-age slzb.oj the pores.

¢ - \.

L. Al Defects in tbe serpentine structure must bo respons-.

= lgleA{or th!_siqplﬁicantvvolune'aorositymgposurod,(n-*’

. . ) . . . )
sorpgntlnlteo‘(l.e. 123%; this' study; Diment, 1968, up to

7

=3
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. Plate 8

photomicrographs of microstructures |in’ serpentinlzed
perldotltes.

!

13
.

Typical micr !tdcture,<contalnlhg the'nléty

‘serpentine neral lizardite, developed in olivine .
_(ol)'(Phllipplnes). Scale bar is 4.33 microns.

Close-up of typical sernentine (lizardlte) structéres

fn - mivrofracture above. DNefects produced by the

-buckling of the serpentine plates are" obv Lous. Scale

L]

bar is 3.23 micrans. .
Similar. to the photd above, except that some of the
lizardite crystals are terminated with needle- like
triangular -(trigonal) dyramids.

Close-up of crenulated llzatﬂlte plLtes in -
serventinite from quuria, Itiiy. Voids produced by

. buckling are again apparentT ~

C ) i} ~—

- - ? - . ~
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6%) . In lizardite, because of a';taak!ng disorder and/or
'coqpre;sfon of the octahedha} sheet, the plates tend to be
bent around the x and y ‘axes (Ruckll&ge and'Zussnan; [965;
Wicks and whittaker, 1975); whilé_Yada (EQG;) has fouad
that curling in the chrysotile polynorph produces tubular

dafects (Plate 1C). o

[

N

3 6.3 Crack Gropth 1n Rocks in tha~Presence of Molisture .

Stress cortosion cracklng ia a slow, stable crack

gfoﬁth in the presence of a cor;oslve-environmen; (eg.

x
bt )

 moisture); ‘which catalyse;-chemical reactions at'crack,
tips, tﬁus reducing the enargx qéqulred for bond separation

t anggrson and Grew, 1977).

b
Experimental'data on corroslve crack growth e. g

kadltionally Ain studles of. alloys, cetamlcs, qlasses) ls
usually plotted as the logarlthm of the stress corrosicn .
_ crack veloctty aQaiﬁst the stress lntenslty. The rqsulting”

curve ls characte:l;ed by three main regions, ﬁabelled I,

11, and III, atter 'iderhorn 11967),¢ In regions I thraugh*”
¢

I11 crack growth 1is slbw £<10 -5 to=10-13 cmlsec) and
o

stable. The rate controbllng nechanisn in region I is
bellevea to be aeternined by “the’ reaction rate, whereas in -
reglon II crack growth 13 controllqp by the nass tran:pcrt

of raactlnts (eg. Hin to tbe cﬁf%k tip llndcpcndent of thc /

seress 1ntonshﬁy). In reglon III, thc eontrolllnq ki»etic

3

r appears to be ‘a conbintxton.of corrcaivu and
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a

€
)

nechanlcal tailure (Evans, 1972) As the critical stressn

intensity (KIC) is approached, cracks begln to- grow

unstably (1.e. begin to grow at critical velocities, )10'1

-

cnlsec - 105 cnlsec), and the material eventually fails

[ 4

catastrophically (1.e. by Griffith failure).

" .- Slow crack growth in both wet and dry geblogicp%_“

'materlals is chaiacterlzed by intragranular separation,

which gives way to transgranular fractqles as the compress-

ive stress is lncreased {(Brace and Bonbolakis, 1963,

Martin, 1972; Bienlawski, 1967): When the fallure strength

of the material is reached an incréased forking of

-

'fractutes and shattering of grains 1s observed, that

'x

Charles, 1965; Wiederhorn, 1972).

' ' ]
k4 ~ N b ]

culminates in the rupture of the specimen. However,
silicate materials that are - placed under a constant load in
the presence of water, ‘will also, glven sufficliept tlne,

fail. (usually »iolently and internal transgranular eracks

'gay doulnate; Scholtz, 1972; Nartin, 1972). Such time-

dependeﬂt deformation (i.e- "creep" failure oe strain) is@

called static fatlgue, and is attrlbuted to st:ese corro-
\ °

* sion crackinq. Aceordlng to,ﬂartin and Durham (1975), the

rate of Frack growth (1i.e, crack ve}oclty) is proportional

o the rate of—water transport to the crack tip, which in

4

- many silidate reacttons may control the.rate of the hydra-

tion reaction and the strain Fate (ses also ﬁlllfg and
A .




3.6.% Swelliﬁg Pressure GStress) of the Reaction o

The swelling pressure of the reaction is the total

pressure needéd-to stop hydration given'a deflntéé_fﬁzg’/ L

A in the envlronment (1.e. in cracks, see. also seétion S.1),

L

'.This assUMes that- water is able to flow continuously
L]

thr0ugh defects in the serpentlne structurg to the reSEtion

interface (see abofe). - ’ Lo E “

’

" Imaglne a block of perldotlte under aeh floe;

condltlons, c0vered by 5 km of seawater, and ,at a crustal

B -

deDth of 7 km (Pgolid = 26000 -bars,. Phydrostaeic

1200 bars) For the teactlon 2 forsterite 4 3 Hzo-—1 ; : L
serpeptine + 1 bruclte, under - condltions where Peluid =

Ptotal =+1200 bars, the pressure that must be applied to .

i

,stop the reactlon tP ) wlll -be,

3 )
Ty

.
- - . -

-'\.. .- : . - PS.'
&iresction (P=Py,0 = 1200 bars) = - Aysdllde dP, (3.1)

' 1200

L4

] ]
-

+ ) :

R I

¢

where P; is the swelling pressure. Gl#en the'eqeilibrluh' '
vapor pressure data for an open systen, it is -a élmpie e o
: matter to calculgte swellinq pressures for any given depth,
fluid pressure conditions (Appendlx 1.
~ For example, at 1soor. the eqoilibriun vapor pt{psure

corrected for the effect of the nonhydroetetlg preesure on.

the solide will be on.tWewg ff 2 bars (see Fig. 5.2). . - o
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Table 3.2. Typlcél swelling pres;ures‘proddged by the

reaction 2 forsterite + JH20=8-1 serpentine «+
btuclte when Phydrostatic 1200 bars, and
Psolid = PH0(eq) *+ 2600 (bars)! .

Toc .Swelliﬁe.pressure Effective Swelling?
: (bars) Pressure (bars)

180, 230 . 1723.0

200" 4980.0 ' 2380.0:

260 ‘ 3896, 0 1294.0

260 ° . 3206.0 606.0 .

280 2810.0 ' -210.0

300

2348.0 ' -3

1) /For a block of perldotlte at a depth of 7 0 km, and

2)

3)

‘The effective swelllng pressure (Pg) = swelllng

which'is covered by 35 km of seawater. Pllthostatlc a
2600 bars. : . '

pressure (Pg) -.Load pressure \(L). 4 ‘
Above 2800C the - load pressure on “the sollds stops the.

reactlion, .
Y . e C T /
s - ' ‘




a

To stop the reaction a load pressure of & kb would have to

e

be applied to the system. The effective swellinq pressure

will simply be the swelling pressufeJ(P,) - llthosbatie |
pressq'e {P1oag (eg. 2600 ba?%) It {s clear that, for

_ these conditlons tﬁe serpentinization reaction will
generate fractures continuously (see Table 3.2). At

temperatutes above 280°C the vapor peessure for thls

sernentlnizatlon reaction rises steeply, then the 1itho--
static pressure is sufficiently large.;o stop the reaction
once dny open mlcr&-craeks'are'fllled. For serpentine

) ’ . Ty ‘"‘-\_\'ﬁ

. reactions without bruclte‘this uppet boundary would be

about 1009C higher (i.e. 3800C, PHy0 < Ptotal).

}.7 Mineral and Whole Rock Chemistry

Whole rock and selected mlneral analyseshare presented
fin Tables IV-1 and IV 2 (Appendix IV),’and Tables III 1a to
e and IIl-2a to d (Appendix III), respecéively., |

In the earliest stages of serpentinlzation, the
eoncentrations of Fe, Mg, and Si in setpentine mineraIs-

. (and yedns) after olivine and pxroxene-vary-cgnsiderably

»(see Wicks and Plant, 1979), The composition of the

serpentind phase (usually lizardite; c.f. Wicks and

- Plant, 1979; 6..797) isfusuakly‘Internedlate.QeQneGn that ‘?

.
L . o

of glivine’and serpentine. Iﬁternedlate eoﬁﬁcs&tlon; were

* generally found in_.high reIlef alteratlon naterlil -

connonly forning uesh rl-s . which showed anolaluus colo?s




brown tb reddish ‘brown mesh rims and centers, of more

| partiaglly and more conpletely serpentinized sauples.

the rock) ‘Mg /Si ratlos uay be es low es 0.85 (see Bonettl '

. . '
. .~ - . ’
. & - 2 L3 .
. 7
. RN
‘Q

" ranging from pele,yellou to a teddish;xeliow. Thehptt‘éiﬁn_-n i

yelloW'zones'contaihed Higher‘contente‘of Si, but less Fe

- than the teddish yellow materiak (see Tabl?\gll 1d). "Pale

N &‘*‘.‘7‘ . : .

a7

wvmal_relief,abut showing high Mg and Fe contents, are

comgosed Gf intermixed lizardite brucite (which may

S . ' <

cont-cnnqp to 30i Fe0) (Page, 1965){ : ' R .

tn ‘the more cdmpletely.sefbentlhlzed samples (eg. see

Y

Table ILL-Z), serpehthe composltlons—are generaily more

-homogenous, and tend to approach the proportions suggested

by the structural fonaula. -At thls stage smakl anounts=of

Al are founﬁ“in almost all the serpentines analysed (except -
in rocks contafninb little or no-oyraxene). Trace amounts

|
of Cr, NI and Cl- werewcqmmonly detected ln bofh the

[

.- ¢t

Whole rock analyses (see Appendix I) of the

serpentfnized perlqotites, when recalculated to 1005 uater

a

free, appear nearky lgenticaleto analyses’ of othet dry
alpine-type pertdotlges. The Mg/St ratio of pristine

alpine perldotlres ranges ftom Apptbximately 1.05, for

e -

Q
harzburqitﬁp wlth a 1 1 orthopyroxene to ollvlne contistf

to 1.23 as the ideal dunlte composition is rea%hed
1.

(Coleman, 1971). However, in less deﬁleted 0ceanic perldb-

- * »

tites (and éepending on the nodal percentaqe of ‘pyroxene in .

. R ‘j, t- - )
and Haulyn,,1981). The najority of %ﬁi‘hydreteé perldo-‘ o ;/




-
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t1=:s analysed ln th&s-study dlffer hy no mare than . f'ee'~ 1~f
percent from' the theoretical value. If ‘their Mg/Si ‘ratio :' k
(deternloed both by point count, TableN}II 2a and by .o "
'conparison with*uhole rock analyses, Table IV.2, sanples o
©-35 and-£~31). does deviate tiom the . ’lﬁial' ratlo, it is
" usually on the- low side (le. 0.90 to 0.99) and is tn -
samples that contain }arge chr;sotlle velns. Thisy seens |
' 'conslstent wlth most reported analyses fron alplne- ' « -

type ultramafic bodles {Coleman and Kleth, 1971; Aumento

-and Loubat, 1971-‘1aurent, 1975).

. . -
o

',3«3 1 The Hoblllty of. ugl,sx, CaL_Na, fe and- HeO

The serpentlnlzatlon ‘of a body of perldotite regults,_'
- 1

as-in any other.reactlon-transfer systgn, in the conserva-
tion of mass being transponted f.e, the flux of chemicaL
species &ntering - bhe peridotlte = fluX leaviﬁu the systen +

rate of accumulation of the quantity 1n- the sys?"i due to

. e ?

reaction (eg. hydratlon)' : .ﬁ h T ,
Hiqh temperature hydrothermal flulds. that niqht react

(L.e.~enter vs. be produced by seppedtlnizatlon) wﬁth a

peridotite in the.ocean crust are likely to bé. blghly f'_"

saline (e q ) seawater: the mafor 1o$s in. se&iattr are Cl. -

Na > Mg > Ca o K GFyfﬁﬂqu Lonadale, 1980). "~% o ;"

. o‘_ -4 M ,’ o

. Flow and reaction processea in craekqd baaolﬁ&e rooﬁp
at ekevated tenneratureo”{JSOO ) tend tb onrioh tbe‘toeﬂ&

'"1n Na, Hg and oooaibly £Y . (sih Edaoud et nl.. 17?’)y ihllm
" . ‘. ) “ ‘° . "-,- C e ‘:‘ “

- o . “v . L e . .
. . - . . S

L. .
*\"en' L
. P :
R
)
R A




144 3




1eac_h1\ng S(l, K, Ca and Fe (se{ Hatash, 1975; Blschof.fh '
Dickson, 1975 Seyfried et al., 1978; Fyfe and Lonsdale,
éﬁﬂ;}980); The precise behavlor of the catlons will, of ; a;
| course, vary along the flow path. ’

Experimental studies have shown further fﬁat‘flufd pH,’

and the boncentrations of Mg, Ca, "and Na in solution at

temperatures between 150-3500C are deterd*;ed (primarily) .

by the relative rates of reactions which remove alumino-
A e

"silicates from solution and produce H*, versus. rates of
. .
fluid flow (Ellis, 1971; Seyfried and Mottle, 1982). At

"low water/rock ratios Mg(:ﬁa,Na)-hydroxy-silicate reactions

rapidly remove these fons from solution (eg. the green-

' schist facies assemblage chlorite + albite +-epidote +.

tremolite + sphene + quartz), while maintaining a—-near
neutral solution pH. Under.fluid dominated conditions Q%
¢ [ ) Q , % %
(water/rocks mass ratio > :50), the solute supply exceeds the
’ . ~ .
reection rate, so the pH will be on the acldic side, and
. -

\4 L. the concentration of Mg, Ca, and Na in the solution wllL be

rqlati&g}y hlqh (eg. talé, smectites and chlorltes will be

~ L

favoudred). However, at elevated temperatutes (>300°C) :5

4

the:e 1s an 1ncreased tendenc;\Yor fons to form complexes

f weak aclds, hence reducing the pH (Fyfe et alk., 1978; Ve

Ellis,; 1979). - ° ‘
- ' A - . .
Although the permeability of ocean crust at depths of™

¥

5-8 kn is unkndwn at present, it is probably relatlvcly

, low, Modgrately saline flulds (T < 400°C) circulating in

-

S S p——




cracks Reat a peridotite body.in the ocean crhst\gfe likely

to be somewhat acidié, contain very low (but_sifuratéi)
cdncentéﬁtidns of Si (0.16 -10;77 m mol/1l), low-moderate :
amounts{of (:-50 m mdl/l), Ca, K, Fe, and Mg and high
‘(400-500 m mol/1l) concentra;{ons of\Na, and Cl (Edudnds et.

al., 1979; c.f. Ellls, 1979 for analysis of land based geo-

>

thermal systems).

Fluid reactiné with a ‘peridotite body at temperatures
- i 1 ]
<4000C (PHZQ < Pgolid) will rapidly seal all the avail-

b

able cracks; water,ﬁ?awe&er, will have contlnual,aggess to
i

fresh (i.e. dry) peFidotite by moving, probably -by

diffusion, through defects (pores) produyced by the growth ..
structures in the serpentine minerals - especlally the

N
ll1zardite polymorph.  The fluld velocity in this channel

system must be low, hence the serpentlnlzatlon~rééction

&

will.control the chemistry of the water moving into- and
through a peridotite (1000C < T < 4000¢),

! -
For a chemical specie; (includlnq H20) to be trans-

ported,lntb and through a berldoi@té during serpentiniza-

'tlon, either a chemlcal potential gradient must exist, or

i * 2

micro-cracks must -open.at least -temporarily to allow the =
. X . N

influx of material by convection and dispersfon. 1In the.

case of Si, Mg, and Fe - given the compositicn of a

-

perl&otlte - any concentration gradient, if present at all,

will be small. This suggests that any addltion of these

ions wlll be llmlted to local inflltration netasouatlsn

-




)

~—

-

(see Bloch ann Hoffnan,\l978'), inlch may occur when‘ the
swelling pressures of the reactinn crack thg'fock (see Vein
Formation below). Because nf the defects in the serpentine
structure, the interface between a perldotgte and a
éirculating fluid may act not only as a semspermeable‘
membrane, if charged, but by slowing the rate of fluld flow,
and ralsing the pH (see Brennan, 1983) it will filter the
solutions entering the rock "and increase the rate of those
-reaction(s) forming chlorite, tneoollte, epidote, talc and
brucite (etc.). It is clear that Mg, Si, fe, Na, and Ci;
wilk' not penegrate f;r into ; peridotite.

What geochemical éevidénce 1s'theie7f6r~thé loss and
gain of components from the system? Hess and Otalora
(1964), Page ‘(l19s7), n.iyash{r.o' et al. (1969), Condie .md
Madison (1969) suggest thaf with 1ncreasing’serpentin%za-
tlon small amounts of Ca, (Ki,'A1203vand alkalis may'be .
leacﬁed from.the.roek. However, as pointed out by
Miyashiro et al. (1969), nost‘Of'this apparent.change'may
reflect the chemical heterogenelty of the perido}lgés them-
selves., The loss nndlén gain of Mg and Si.dnring active
serpentinlzatidn, aa’shénn by an extensive comﬁarlson of
Mq/Sl ratio of altered and unaltered peridotltes has been,
1f it occurs at all, xtremely .small (see Table 1v. 1 and
1v- 2), excegt pechaps during rodlngitizatlon (Honnorez and
Kirst, 1975; Wares and Martin, 1980), or 1in serpentinite

bodies regionally netamorphosed, where some chemical

¢ -




[

(metasomatic) teadjusinent at oontacts is to be expected
(cf. Le Chattlier 's rules Fyfe et al., 1978, dp; f66-170),
. and 1s observed (Chidester, 1962-_Ph111pps and Hess, 1963,
Jahns, 1967; Sanford, 1982)." The one other exception ~
appears to be in the case of ma;sivefy serpentinized
petidofites which are cut by veins, usual}y;o}‘cross-;fﬁre"
chrysotite’?eg. C-31, Table 1V-2). Tﬁe low Md?Sl reported‘
in th?se sgﬁplqs may be the result of the adhitlﬁn of some
silica (3-5 wt. %, or 23 g/kg Si); and/or it may simply be
due .to ptocessq; associated with reacfign-vein'foertion
(see below; Coqulu and Laurent, 1984) and the dréwth of
stoichiometrically pure chrysotile serbenthe.

In conclusion, beocﬁemléal and mineralogical evidence
sugqests that the mator chemical change ‘assoclated with the
serpentinization of dry peridotites has been the 1ntro-
duction of H20 (plus Cl 400-800 ppm, Na ; F, 8, §r,< ef‘
ksee Hess and Otolora, 1964; ﬁelson and Thompson, 1971;
Aumento aﬁd Loubat, 1971); i.e., the ' |

;nflux-of H20 (+ ppm Cl, Na, F; B etc.) =
rate of ﬁzo consumption by the hydration
’ reﬁctlon |

\
Perldotites act -as sponges and must swell by 40 50$

yd

(dependlng on mineralogy) if the - reaction is complete. ‘
Some of the lons (eg. Cl) that enter - the peridotlte may ..

simply ‘be’ absorbed on the surfaces of minerals (c.f. Kohls

/

and Rodda, 1967; Poty et al,, 1972; Patterson and

.
. 4

-9




-~ "\" ';

Rygklldge,. 1977).
A

’ 3.%.1 The Oxidation of Fe

Serpentinization is accompanied by an increase in the

oxidation ratio ngb) x 100/(Fe203"+ Fe0) (Coleman and

Kieth, 1951? Melson and-fhoﬁpgon; 1971{ Bonatti and Hamlyn,
‘1981; thls'study). mcgleman and Keith (1976) found that
éfls ratio 1ﬁcrea§es.with‘fﬁe degree of ;erpentlnizatlon
_(total Fe remained constant),.aithobqh the amount of..
~magmetite (FejOa)‘formea ;a; always less than 0.6 wt, % ;nd
;ésﬁnot a simple function of the degree of s;rpéntgﬁizaw
tion. In'thls‘stud;, the amount of maqnetite'was deter-
mined by ﬂéasurlng the magnefiq susceptibility agaiﬁst:au
known’ standard (Appendix 1), ahd ghen plotting it aqélnst
the % of sFrpentlne ;minerals”\(sérnenplne + brucite) found,
in the sample (Table 3.3). Again no linear correlatlon
with deg;ee of serpentlniia;lon.wab bbseEVed.il

\ The results suggest fﬁat ferrous iron is gradually

)

expelled from the primary §1l;cate phases‘(o&:vlng4an¢
prroxeh?). At very low water/rock ratlos, llttle of the
ixon_is 9x1q12ed; lnstead a great proportlon of lt may
entef fhe brucite structure as ferrous Fe (CoLeman and
Kieth, t971; this study, samples from Acohe).'vln perido-
tites ihat havbhbeen'serpentidized'ﬁore rﬁbldly, as shown

by the pervasive microstructures (eg. Coto sanples or sea-

floor serpchtlnites), water/rock ratios were sllghtly hlgh-
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Diagram showirig the concentration .(in wt. %) of magnetite .
in serpentinized peridotites from the Zambales:complexr,

and Burro Mountains, California, plotted as a

functlion of the degree of 3erpent1nlzatlon"(1.e, ,
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er and most of the iron, ferrous and ferric, in the rocks

'

has eoded up in the ubiqultous magnetite veins. - These
observations show that, ultlmately, the partial pressure o?
oxygen (POz) in a peridotite being serpentin!zed is

-. buffered by the large reservoir of ferrous fe ln the rock

it.l._f:
3Fe2+(silicate)q + 0.50,—=Fe304 + (silicate); (3.2)
. (F&fe et al., 1978). Fig, 3. 3|shows, most. Importantly,

LA

‘thdt regardless of the degree of . serpentlnlzation some -or .
even a large proportion of the Fe may remaln as. ferrous ’
iron in the hydrated magneslum_silicate phases and 1in ,

brucite;“l.e: it takes a great deal of water to oxidlze;the
.iron in a rock. - I .-
: .
' . oLty

»3.8 ;Vein and Crack Formatlon DuéingVSerpentinizaﬁlon
’ .

R4

. .

3.8.1 Reaction induced volume strains : 3

" - Most of the deformation recorded. by the mlcro-
structures (1 e. veins) Apn Masslvelyvserpentinized perido-

tites, from this study and others, has occurred by briftke

b4

failure (Plates 5 _and 6), or: by a falfure mechandsm that is

transitional between brittle and duetile fallure (e.f.

»

Aunento and Louhat, 1971; Colenan, 19713 Wicks, Jsaan).

The alteratlon observed in ophiolltlc qabhros, while

pervasive onea ;arge ;csle, is.quite'hecerpqeneous on ehe




scale of a cenpimeter or millimeter (see Fox and Stroup,

1981). The alteration fabric follows an 'open' fracture
network that is the product of thermal contraction craekingk
(c.f. Lisser, 1974), %his contrasts quite stronély with
the quasi-regular microstructure fabric seen ln all

serpentinized peridotites, 1n which" the cracking and

. alteration has occurred pervasively on all scales - centi-
, \J . ’

meter to sub-millimeter. This alteration texture is in
accord wlth'a_reactlon induced crackipq process, and.ﬁgg
with e-simple fluid-infiltration an& metasomatic model
appropr}ase only for reaction processesein an open. micéo-
crack SysteT!"

The expansien stresses associated with the geaetinn
must #mpose their own deformational: fabric on the rock by
gradually extending 'old' cracks (Wicks, 1984¢c) - which are
n;; all iﬂtercobnecte& - ahd by.producing eew cracks. As

serpentinizatlon is- occurrinn in rocks which are themselves

'affected by a reglonal stress fleld,-the final micro-

structure fabric will aldo reflect the tectonlc chistory of

’

the system, and hence is likely to be” cOMp}ex. The quasi-

. ‘ . * . . - . N
reqular, < {.e. little preferred orlentatlon - "box-like"

°

microfabrlc structures observed in almost all massively

— ‘

serpentinized peridotites squests that the regional and
the reaction lnduced stress field during serpentinization
" was fafirly isotroplc. This microfabrl¢ is in agreement

with a water diffusion controllbd proa@ss.‘

\




However, on a lgcal - centimeter to millimetér - S

scale, the stress and strgln,distqibutién may nb; be

Y

homoéeﬁeous. Because of very high local strain rates, the

reaction process generates a compléx array df cross-cutting

fractures, which fnclude complexly banded transgranula}
. . s . .,
microstructures. These fabric structures are consistent
| -

with the méderately rapid, local diffusion of water into

the peridotite. If the local strain‘rqtes are léwer, ﬁhe

‘primary igneous miﬁerals may deform brittly by slow intra-
and intergranular crack grbwth. ,Tﬁis genérglization is
complicated, howe;er, by thg apparent tendency of ollvjné
:to behave in a more brittle ;;nner.than pyroxene. |

(: ¥hen the stre;Ses in an ultramafic rock are somewhat.

.inhomogeneous, the feaction strains produce a set of

pa;éflel - {.e. well oriented -- and clerly spaced micro- .

. L4

fractures. The serpentine "fibers" grow in the direction- -
of the least coTpressive stress, apd hence at oblique

, agglés to the fracture itself. This process-fofms"ribbon
textured serpentine (c.f. Wicys,'1§84c); The patéhy
distfisutﬂon of these miééosiruqtures in many Serpéntinm
ftes, for example thése found in the Philippines and:ﬁrg,

‘ B?y of Islands qomplex,—Newfoundland,'suggesf'that it may
o;ly be the local stress field which is anfsotropic. In

the ngurian'serpentinltes“thf?ftéxthre is more cOumonly

o $déveiopea,'1nd1caflng-that itils the product_qf-serpentih-

o ;zation.gn response to a porelidhomogenoous regional stiesq

»

v
I3 N * .
[ 4 S ' Ty : s




dinamlcélly by’the sweliinq‘pressﬁres of -an on-goind

‘ . ) ) .‘. * ) -
dlstribufion; for example, as must occur near a ;ransiggg\\u

Dy

fault. . .t

-

The successive generafiohs'of-cross-cutting micro-

»

structures seen 'in a serpentinized ultramafic rock must,

qulée clearly, be récogﬁized as having bgen generated

chemlcal reaction' the serpentlnlzation reaction'

.

The flnal crack (vein) pattern seen in a sé}pentinized

S

.peridotite massif is a function of both continued "low

temperature” (see Chapter 5) serpentinization strains,

which weaken the rock by nrodpclng microscopic cracks, and

)

tectonically induced - large scale (reglonal) - elastic

strains which, when they reach a critical level, ‘cause the

microscopic cracks to extend and then coalesce to form a

macroscoplc shear fracture (Plate 7; cf. Ramsey, 1980) In

-

" such a'system, crack and vein formation will be occurring

- synchronously. - However, in contrast to the observed

.

microstructure pattern discussed above, which appears- the
result of reaction induced vb;ume strains accumulating

under conditions where the confining pressure is moderately

~

high, the‘development*of late stage'conjngate shear

fractures suggest that the confining stress g3 was

-

relatively low (i.e. 01-03 1is large). The necessary large.

scale strain and stress conditions can be reasonably

Y

generated“durlng the teétonic .obduction - -and concurrent

unloading - of an“pphiolite complex. Finally, following
N .
. K _ - .
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the pgrtlal erosion of the oVerlxlng.carapace qf volcanic -

rock and form\the ublqultoue,‘f@igeli‘unserpentlnlzed

oerldotlteagare not the resuLt of true fracture Jtﬂllng,

-

conjugate jJoint set. X - . . -
| o .
! v . . .
E ‘ 3.8.2 Serpentin® veins ) N
f ., Most 'veins' (1. e. ‘mesh rlms) seen ln serpentlnlzed
) - t.
t
I

but are produced by the lnward lefuslon of water into a
pyroxene o; ollvineacrfatal,tand the subsequent qronth of
the serpentlne vein - or reactlow’zone lnto the .crack.’
This crack accommodates the wolume change of - the reactlon
. .‘ by expandlng (see Harker, 1935; Fig. 1.1). Slnqle crystals
‘ are repeatedly cracked lnto a mosalc of smaller -grain
fragments, pernaps lnltlally bx;theretressee generated by
the brucite reactlon: i.e. . |
Mg0 + HzO-——Mg(OH)z, AN 50% _’ . (3. 3)
. __At "some crltical size the hydration of. the remalndng sub-
'mllllmeter fraqment ks able to proceed at constant volume,
crystal structure {c. f. chks and Whlttaker, 1977) On a,
-¢.  local scale Si, Al, Cr, Ni, Fe, Mn (etc ) are moblle (see
Wicks and Plant, 1979; Brennan, 1983), yet, in terms of the
'entlre system lt apoears negllglbli_(see 33?Vé7 and
o therefore in regards to mass tra:ji;} ‘only the chemlcal
,‘potenrlal of Hzo,jbuzo, need be ﬁildercd (8ee Thompson,
. T DA .

. . n N

by the relatlvély‘straln free redrganlzatlon of the~o;1mary

" and gaobrolc rocks, resldual exoanslon stresses rupture the
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1959). Heterogenous reactions of the tf?efjﬁqqqqt;er and
Souchay, 1967), : C " o .

4

Asolid(sTanhydrous * Bfluld = Bgolid(s)nydrous® . - ..
_ , : L (3;&{

. where V3 products > Vi reactants may adequately descrihe.'

reacthn processeg in peridotite;.that ane being serpentin-. 3

s e o
. 1zed." - Such reactions, as the alteration,text e suggests,

o~ L | .o AN

are generally diffusion controlled’éfter a’qtrta;n period-

o time (c.f. Martin and Fyfq, 1970) .? u:i”“

-

The small deqree of displadement sqen in the éykes j_?

” c

s {etc. ) in the Zambales ophiolite’ suqqestsf}hat mostuof the

-

volume increase in large, totally serpentrnfzed bodiés

’ o

(e.g. Coto, this study) is accoMmadated by the,upwardﬁ

e
> '

mo»ement .of large blocks alonq wldely spaced (bo»jugate)
< © 0 N
shear .zones (c.f. Coleman and-Keith, 1971).w This L

adjustment may QIVe the appearance of having been pnoduced

PRSP + -

by diapiric intrusion.

3.9 Conclusions ° s B ~ ': T

(1) The major cﬁeﬁical'chéhge accompanyinq Qerdehtihi
lzatlon is the lntroduction of water. v S
(2).Bebrograde hydration of tbe Phillpplne peridotites
produced the serpentine asseublage 11:awd1t¢-11 {+ uincf -~

chrysotile) + brucite + magqeti;g. Voluaq chcﬁges, givcw"

’
7’




A}

tﬁé'nln1-a1~gain oﬂ'natertal and alﬁeralogy,-were;on°the
order of 50-50% in .the most hlgh{y sebnentinizea 3aiples.

(3) Calculated swelling pressures for the serpentine

reaction are on the order of, a few thousand bars at typlical

serpentinization tenberéturé&l. The noéphologlcal charac-

<

teristics and the bervailvengssaof the fracture network

’
.

(now serpentiné veins) 1s in accord with both the stable.
. )

and critical growth of crachc; as a résult-of'reaétion‘
. P

inquced strains.. Thu; if defects produced by the buckllng

3 ‘. -

of plates of lizardite result in a "structure" that 1s

permeable to wate;, hydratlon-rates‘and ‘local volume
strains wlll depend only on the rate. of.water transpoft
through a serpentine reaction 1ayera~ The avallablllty of
water and fhus the.bvefall macro-permeabillty of the systém
will determine both the. extent and violence of serpéntln-
.izatlon (eq}/Coto area), but cdearly giﬁgn.a sufflciegt
.fluld supply fracturing will be a contlﬁupus proée;;.

(4) Chemical, mlngra]ogfdgl, and'texgural evidence
suggests that the local hydration of olivine, and to a g
lesser extent py%o*ene, ptbcéEerQia 3 complfx heterogenous
"(brittle) reaction which results in'fhe rapid precipltation
of brucite (i.e. Mgo +.H20'—— Mg(OH)z) This reacglon'ma§
be very.. lnportant 1n the inl al stages of new crack forua-

tion. , o . FooY

qb&) tocally formed cracks (i.e. veins) act as sinks

for the excess Mg, Si, and Fe (Al;’Ca,'ctd.) reiqasid .t

L}
.




during the hy&ratlon of olivine and pyroxene and accommo-

h .

date most of tpe-volune expansloh. As an exaeple coosidef
the effectvof 100% serpentlnlzatloo of “a blook of perldo-
tite 1 m3, It lhe resultihg-volume expansion is 0%, the
,block must lncrease }n slze by. 11 9 cm on a side (i.e. 11:9
cm ‘x 11 9.¢em x 11,9 ¢m). If the llnear crack density is 50
cracks/cm (observed in Phillpplne serpentlnltes) the blifk
contains 5595 craoks/cm, therefore each crack (vein) ‘had-to
expand by a mere 2/100 mm. Thls means that 50% of the
volume of the rock is occupied by cracks which are now
velns.' Clearly, thls sort. of volume expansion will be
.barely vlsible ‘in the scale of a _thin Sectlon'

(6) Until serpentinization is complete, the swelling .

pressures ‘-of the reaction will generate fractures in

‘pe!ﬁdo&ltes by‘cataclaatlc flow. However, once- the -

L]

reaction is finished blocks oflégfpentlnltes may begin, a; '
‘ high confining pressure (i.e. 52 kb), to deform ducfllly
(Ralelgh‘and Patterson, 1965).' Ae.}hé volume strains *
g;odUced 6y toe serpentlnizatioh'react{on must‘caose the
large scale expansion of the rock this process must cause _°
some sort of mechanlcal dlsplacement in the su;roundlng

rocks. Shear zones (e. q. block faults ln Cyprus; W.S.

Fyfe, personal conmunlcatlon), common in all senpentlnlzed:

: ultraaaflc conolexes, provide vislible evidence for the

development of such stresses and strains, and the

-conseqoent upward (diapiric) movement of overlytng blocks

of rocks.




CHAPTER &

+

SOME MEASUREMENTS OF WATER AND 'SALT TRANSFER

THROUCH SERPENTINIZED PERIDOTITES

<

4.1 Purpese ofr Study

Solid state diffusion processes will generally Jnly
affect fairly small thicknesses of buik rock at elevated
pressure; Jqd temperatures (ie. a-few tens Jf meters at
3000C; Fyfe et al., 4978; Nigrini, 1969). This must also.
be trﬁe fqr'perfect solids. But when a mgdiumlis cr;cked,
or porous, or 1: defects occur In the crystalline stqutur&/

« _of solids; fluid diffusion méy be more rapid. In terms of
watep penetration into serpentlplzeq peridotites, aéfécts
réSultinq from plate baakllng in tﬁe serpentine ﬁineral
lyiardxte (Plates 8A to D) iﬁoly that the rate of water

4

transport may be similar to that observed in other porbus

materlals (éq. Zeolktes and coﬁpacted élays), in wh}chﬁthe‘

diffusion coqfflclen{ 9f water is close (i.e. 1 or‘zlorders

of magnitude less) ¢o its free.so}dtion value of = 10-5 cm?
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. sec-1 (at 2509C). - As all obserratlons of serpentinites show
uﬁieultous microscale cracking direct measurehent‘of the

‘diffusion permeability must be made.

e 4,2 Transfer Processes-in Open Systems

. ' Conslder a system.containing two reservoirs A and B,

separated by a membrane (i e. membrane, porous clay layer,
'etc ) (see Denbigh, 1981, p. 34). Civen that the chemical.
potentlal (ui) of B is less than A, energy and matter will

*flow from A tb B ln an attempt to elimlnate the gradient,

If the reservolrs A and B are lnfinitely larqe (i.e dre

. open ended) there will be ~an irreversible and contlnuous '{
transfer of material within the system, as well as between
the systeh and'the surroundings. In such a system the
stationary s:ate"wlil not be charaeterlieq by rhermodynamlc’
equilibridam (eq. closed system), but instead a time

invariant condition called the steady-state, fin which rhe'
cJ;centration(s), c, lor acrivity, a) of the material’that'

is being transferred is constant with time, t; le.

. ' 3
' 4 . o

defdt = & . . LW

~
L]

At the steady state, material (mass or »oiume).flows are'
constant (see Lerman, 1979, p; 73- 5Y. The flux 13 a ‘ s
measure of. the rate of transfer (14 naterlal (or eneﬂqy)

\\ between any two reservoirs, and from one’ chealcal oF-
, - w




98

-

physical state to another (Lerman, 1979). A more generdl
definition of the flux is,

. . b
fluxgystem = proportionality constant x driving force

[ML=2 =17 or (Mt-1] . (8.2)

i

»

where M is a measure of the quantity of material trans-
fer;ed,'kkiq a linear dimeéilon, and-t is the time.
However,lln flbq systems fnvolving a reaction in which
the steady state coﬁcentraﬁ}oﬁuqradlent is changing with‘
" time, kinetic 1n?ormation'(1e, rate constants) will be
'negded to/ ‘'describe “the rate of approach to the steady state
(see St:#m and MO{QQn, 1981:for a discussion). If the |
concentratlion. gradient chsﬁbes slowly (or-linQarby,,as is.

?

the case with many.reactlons) with ¥imé, the system may be

sald t& be qyaslzstationar? tJdost, 1960,'p.‘8-11). In
other sysfems in which_ﬁpe shanée lnr}ﬁg flux 1sfstrondly
dependent on time, as well GS distaﬁce, transient state
models (te. parti&l A}ff;rentlal equations) are needed to
coﬁéletely'describe the System'(see Lerman, 1979, CHApteg

»

8)0

4.2.1 Transpcrrggguatloﬁs for Diffusive Flow

Diffusion is a process which results in the elimina-
tion of concentration gradients (ie. chemical potential

gradients) wt;hin » single system as a result of the

-

7



. - y )
. . v,
+ * .
-
- v

- dispersal and migration of a material(s) by random

molecule-molegule interaction (Jost, 1960;’Lerﬁan, 1979).

Ficks first law, empirically derived by Adolf Fick in 1855,

states that the diffusive flux of a species, i, in a plane
perpendicular to the direction of mass transfer, is
proportional to the concentratioﬁ gradient of i, ;e.
L 3i = -Dj de/dx ' C(4.3)

where Ji ls«th; quantity of material passing through a
reference plgne, x, per unit éimei(b cm-2 ;ec“), Dj Ms the
diffusidq c&efflcfent wlthidimen§i6ns of cm? sec",_and—
dc/dx ls'the concentra;ioh gp;dbeat (@ cm=%) in a direction
perpendicular to the reference plane. _Ihe‘nedative s;gn i
necessary because the mass transport' is in the direction of
de;reaslng céncentration. A more géneraL.(ié. funéamenbal)
form ‘of the diffusion equation‘for'nonfidéal solukions,
given by Jost. (19§O,Ip. 240-1), relates ‘the flux 3 (hole§
cm-2 secf1)-of a material to its- chemical potential
gradient (d /dx); 1@.:.9 . '
- o |
D d , : ‘ .
i = -¢c RTdx . . . .(4.4)

where ¢ is éhe average concentration (moles cm-3) of the .. .
speclés, i, in the diffusion currbnt, D is the diffusion

coefficient (cm2 sec-1), ® 1s the gas constant {1.987 x. -




vdiffusinq,particle per.unlt force (see Jost, f960, P.

‘channel system (L1 and Gregory, 19?4: Lerman, 1979, p. 86-

water in .2 (or throuqh)_poroué material measures in effect

. N .’

10-3 kcal deg-1 mol-1), and T is ‘the temperature in”degrees° .

. Kelvin. Note that D/RT is equal to u, the mobility of the

139). . Dfin“Fick's law abov? (eq. 4.3) 1s thus equivalentf':
to R‘T-u. :

In general, the diffusion coefficient kor diffus- -
iQity), indicates the ability of a material (eg. water,
salt 1on)‘t9—move th;ough a ﬁaréicular-meaium. This :
AEflnitlon is applicablé to all transoorf‘coefflclents (;ee
Bear,.1972, eg. the'goﬁdugtivlty.éoeffictent in.Darcy's or
Fourler's law). .The diffusion coeffiéieﬁt; Di depends on
the nature,(l.e.‘phyglcal, elegtrical propertfes[ of theJ
diffusing materiél as well as the me?}zﬁ ltsélf (Lerman, -
1979). Fo; diff&slon through a; porous ﬁedlum, the porous
system dlffusl&lty, Dp, is a‘sérong function of porosity : .
({.e. viscosity, pore size) and the tortuoslt; of the s

. . »
. , U - '
93). Because of the effect o0f such parameters, porous
system diffusivities will,bé lower in comp#rlson to their
resoectlve’self-diffuslon iaIUQS'ln buik solution (which
are on the order of 10_‘5 cm% ;ecf1; Roblnson-aﬁd Stokes,

1970; L1 and Gregory, ]274)f The ‘diffuston coefficlient of

the permyaﬁility of the medium - that is the capacity of a
porous material for transmitting a fluld. -~

»for‘all practtcallpurposei the diffuslvity‘can be




- consi#eged to beiinvariant with changes in concentratibn
- .

(i.é. actigity, see Jost, 1960;.9.'241; Kemper and Shaik,.
1966) along the path of diffusion. Hence diffusion

coefficients of ions or water molecules determined using L

'Ficks.fLrst law, when thehu1k<flux‘én(\:?ncentraﬁlon

. gradient .of the Mateylal.are'kpown,fshou d not vary

-

‘ o abﬁreciably.from.sélf—diffusion coefficients obtained using
a ;raé?rlisotobe;pf the species that is diffusiﬁa:
The diffusion coéfflcient is,_ however, strongly. depen-

Qqnt'oh teﬁperature as 1is shoyn by, an equatfon analogous to

the Arrehenius relationship; l.e.. ’ o 1
) | lqﬁ;;w )
D =-Do exp (-E/RT) (cm2 sec-1) .- I'(#.Si
where: E is the activation Ene}Qy fof.dlffusion'&kcal
‘mol=t), T lsothe.temperature-ld degrees Kelvin, R is'thg
" gas consfant, and Do is a constant coefflclent, with units )
ﬂSP em? sQC‘1,- Plots of exderlmentaiLy determi&ed valueéfof
.flnhD-versus the reciprocél o{ temperature, IIT; qenéralli '
g . .qitina stratéﬁé;llne,with a slope of -E/R, and ay inﬁef-~
{.,' cept Do at 1[T =\0. . Whén the slope (E/R) ii knqwn,-tﬁ;
. value of*the diffusion coefficient Dy, at sahe'témpeEA: |
‘ fgrp Tzlcéf bejestlm?ted trdm‘the equation; . | '; p | ’
v ’l.n'l)zz - %\('}?“.%) . RS V' - . "‘-\ (8.6)

* s i
* v l; . -~ ] < e '
1Y - T.1 Ve , . , .. ) . b 4 h‘ -‘.
. vt . ., T e ' ' ’ ) Lt
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eraan, 979, p. 116) where DT1 is an experlmentally

known d ’Lsion coefflclent at some temperature Ti. This

.
*

s -of course may not be completely valid in_porous media in
:hich the ttansfet ofjwatet is-qvos1{1300us (1.e.'it'willv
oe.more;stfpnqu‘a functgon of the ohsnge'ln-viscosity i&th
temperature and prsssure; see Lerman, 1979,'pp; 86;85).
. < o \ - > a |

“The quotients dx (equation 4.3) or AT dx" (equation
4.4) have the dimensions of a veloclty {cm sec"), and thus
represents the velocity of dlffusional transport of a

'material across'a layer of thickness x‘(Lerman, ‘1979, p. .

:59). One cao thus predict on dLmensional grOunds - and

thislis born out by all formal solutions (seo Jost,-léso; -'.
Crank, 1956) avthat a typical ditfusion distance, (or

* "penetration distance'), «x, will'hs-qiven By the equation,

L)

kt*ﬁ\\ - L ’ ox = (Dt)l/2 (cm) - ;p ’ (6.7) . :
\_B ' i« T " .

If this gquationvls'fewrl%ten as t = x2/D,-one can proqict

°the'transfst times, t (i.e. tﬁe.timq needed to roach a-
quasi- steaoy staté' see equation in Wadden ano Katsubo,
1982) of a materlal QIVen & dlfﬁusivity and a dlstance (
x).' A slmilar equaticn can be wrltten for heat conduction,r
thus allawlnq one to estimate the quasl steady state cool- |
lnq (or heating),times of -1 body of rock at a speciflc

: depth 1see Verhoogen et al., 1970)

*p
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4.2.2 Osmotic Flow : - \

Con&tder a concentration cell composed of two comparx-
7y
ments 1 an&FII, one of whlch ALY contalns a pure solvent -

¥ )
-
-

(eg. water), A, and the other (II) a“solution of~a solute:

leg. salt), B, ‘in the same.solvent, A.. The .two cbmpart-
c el 14“ )
ments are separated by a membrane . that is pe:meable only to

-

“the sqlvent (A) water (i.e. the membrine is semi’:

permeable). Because the activijty of ‘the water s lower in

°

the solﬁtlon, water will tend to flow thr0ugh the slice and

Into the solutien compartment. Thi; is the phenomenon of
. D ]

osmotlc flow or.osmosis (Lorrimer, 1979). .

The osmotic flow of water causes the fluid level In

compartdeﬁt II to rise slowly with glme,,wlth the result

(3
-

“that a pressure Hifference develaps across the membrane.

-

" When this hydrostatic pressure reqchee'ittemagkmuh value,

cdlled the osmofic'presshre, 1r,'the flOﬂ stops.?gThe.

osmotlc pressure is thus the. pressure that must be applied

[y

(eg. by a plstOn) to a solution, senarated by a semf-

; permeqble membrane, to spop-the solvent: flow anq maké the

f’chemlcal potential of tﬁe'solvent fn'the,solution equal to

"that of the pure - solvent, when both are at the same

emperature (Thain, 1967). | Osmotic equlllbrlum ls deflned

g -

~

"

-

as (see Lewis et al.,. 1961), ' L ‘ ) .'i'
34,0 L ' e .
AP Xz - m 1n —tee e (8.8)

. V . AHZO’ ‘ . - .,
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where ¥ is the osmotic pressures (bars), Pry is pressure

.applied to the soLvent(iHZO) in the Qolution,_PI is the .

a4

presSure-(uéually‘atmospherlc) on the solvent in the pure

. solvent phase,.R ls the gas contant (83 1421 cm3 bar

‘mble"(OK) 1), T is the temperahure (deqrpes Kelviﬁ?, v is

&

<

row

. the partial molal volume of the pune solvent‘iﬁlter

- but "leaky") can be described by an-épptopriate transfer

‘not _equally true, as squested by Denbigh (1981,;pp 262~

) liger‘!) of “water |(n the,§olut£pn/and pure solvent phase,

transfer procgsses in that the driving force is a free

regarded as the origin for all diffusion processes, ituise

mole"), 34,0 and aHzO* are’ thh activities (moles ° - . .

T4 El

=3
L]

respectively (see Appeﬂqix,i;)f

The flux of wbperfbytasmosls is similar to other mass.

- -2

ehergy gradient. If thbfconcehﬁrétions of the solutions in

-

the two compartments remain constant with -time the system

.

can be considered to be open’, and the flux of water (and

solutes if the membrane 1s'not_perfectly semi-permbablé,

F ]

. .- . 0

equation. | . T

Although differences in chemical potential may be
. ) 2

-

&), that diffusion is always responslble for an osmotic
flow. This has been shown by a number of workers (cf'.

Kemper and Evans, 1963‘ Mokady and Low, 1948). The results =~/

suggest that in some porous materials (eg. clay systems),
water may be transported by viscous or quési-viscous.bulk

(L.e. "cbnvectlve")'flbw. In such.caséi the transport .




(i.e. not the self-diffuslon)_coefficient D of water . .

.obtgined experimentally using Fick's firsi law (see\study

) ﬁy.Mokaay and Low, 1968, in which DHZO fs on the order of .
10-3 cm2 sec-!) may represent combined effect qf both
convection and diffusion; and so appear much larger than

© 1its self-diffus;::‘eqefflcient for that tehppféiure. It is
thus not surprising éhat flqid tfansport through some
membranes may obqy Dacéy's law (see Bqar, ]972; Freeze‘qhd
Cherry, 1979). .{hfs equatidﬁ describes the viscous (i.e..
the fluid Pehaves as a Newtonian liquid) transport of a,
fluid in response to a hydraulic gradient: )

Q/A = 7 .- L _'(crr‘u'3 cm-2 secj‘)» . (4.9)

where Q/A 1is the vélume oflwater ¢low1nQ';e; unit area per
upit- time (cm3 ém'é sec“): k is the pe;ﬁeability (darcy or
cm25, P is the pressure (in bars if k is in darcy.unltg,
in dynes em-2 if k.has dimensions of cm2), nvis the viscos-

ity (cenEipose.or;dynes sec cm-2 respectively), and L is
9 .. L &

the length of the porous column (cm). The.perEEablllfy k

depends on the grain size, packing andgpérdslfy of the

-

medfum (Lgrman,-i§7?);fitimeasures, as does the poéga‘ >
system qiffusicn'cOefficient‘D, the (relative) reslitance
"felt by .the material as it is transported through a pordus

medium (see Bear, 1972).

Whether water. moves viscously or rot in response to a.-

s
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chemical potential or hydraulic gradient gfli depend
strongly on the average pore size 1in the medium being

A LN

' -studied (eg. clay, cracked rock,fetc.), and thus must be -,

experimentally verified in each case (see Scheideqger,
1960; Swartzendruber, 1961). ' *\\\\\\. '

4.3 Experimental Methods

L

4.3.1- Samples’ .
. 2920 =2

The samples of partially and totally serpentinized

’ . . .
peridotitey used In the experiments were carefully chosen

to be'free.of_macrofractures by collectinq‘boulder-slze
samples alqnq vigorously flowing streams In‘;he ZamQ@les
Ultramafic Complex, Phil;pbines.‘-A few a&dltlonq[ samples
were provided by W.S, Fyfe from the Ligurian Ophialité in
Italy (Appendix VIID and, by W.R. Church from the Bay.bf
Islands Ophiolite in Newfoundland (see ‘AopAe“ndlx VIID.

Three "types" of séﬁples were used In the diffusion"
exoerlmenfs: T. partially éerPentlnized pe;ld&tltes (a)
éontalﬁlnq fracture-filled velns visible in hand sqecl&%n
(Plate 5B and' 6D), and those'showiné (b) dominately pseudq-
morphic textures (Plate 6A); 2, ;otalIy'sérpentlniied/ |
Derldétltes that are extensiveiz velned; ;s is clearly '.
shown by tﬁe strinqers-of)maqnétlée‘(sge'PLa§g§ bA to D aﬁ&

-

6F)n ' ) «‘ .‘ . ! °

-t . . . -

a0
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ha.‘s.z The Diffusion Cell C iy

Steady state diffuslon coefficlients can. be detetuined

by studying the mass’ trﬁnsport from one soLutlon to
. .

anotger; sepagated by a thln'slice of the sollid, "
.-The experimental apparatus consisted of two cylindric~

o o . -

“al glass cells, both op&p at one end (Fiqure &4.1). Glass. -

caplllary .tubes with an internal diameter of 2 mm were v

attached close to the closed ends, and shorter, larger .o
diameter (1.0 x 6 mm) filllnq tubes were attached near the-
uopen ends. Semi-circular sllces, 3 to 5 mm thick, were cut N
from .the stredm boulders with. a water or kerosene lubrlcat-

éd saw, and.then oolished by hand until the sample faces .
were parallel.“Next; the samples were placed tn an altra- s
sonfc vibrator In a beaker of methyl-alcohol or acetone, in

order to remove -any fine rock particles or kerosene that

J . . . ¢

‘might have clogqed the pore system.” Flnally, the slices -

were -oven dried In order to evapordte any remalning dll. .
NG A
The samples were -3ll-carefully studied under a binocular’ '

mlcroscdpe‘to'see if they contalned any open microcracks.

] - '

Tables V-1 and 2 (Appendix V) summarizes the varkous . -
H * [ 4 4 . .
physical and mineralogical cnatacteristics of the samples.

Cementing the *&Ices to the glass.cells proved to be

_the most’ "difficult and time consuming aspect of the experi~

ments. In the initial runs fast ’bring expoxy (Lepage) uas

employed as the‘bondinq aqen;, but nlth tbne,the exnpxy

’

tended to become plastic and to peel away frou one of the .

* L g . v
~ . ~ .
. e , .
. . Lot v T . .
. 4 - . § PR ‘
. . . .




. T Fiqure 4.1 ' .

»

o

i Schematic diagram of the diffusion (concentration) cell L
used to study the transport of salt and water across thin
slices of serpentinized peridotite.
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surfaces. For the later runs a\fast-cufinq aneorobic
adhesive (Speed BendeE}#BZQ) manufactured.by the: Loctite,
>Corp. was used AlthOugh the improved heat, water end
impact resistance (as weli as the gap fillinq ablllty) of
adhesives are rdmarkable, the bend strenqth of the seal

Abetween the glqss and the rock speclmen was not substanti~

ally” 1mproved (ie. and at a much higher cost). To fully,

.prevent any lateral miqratlon of flulds through the samples‘

‘or between cracks.at the qlass-rock interface, and to
provide some additional (aibe;t elastic) strength to hold
the ceLl apparatus together, bopious amounts, of sillcone

L)

~rubber sealant (Dow Cornina) were applied to the outer

-surfaces. This held the cylinders tightly toqethercfor
exoerimental runs lasting a few months. . .

After the serpentine slices were cemented between the

glass cells, one of Fhe compartments was filled with de-
1onlzed.waéef, and tﬁe other-yith{a.NaCL solution ranging
from 2 to 6 molal. Fluid leuels wefe.egualized and then
the filling tube was sealed.- The eelis wefe then placed In
a cirCulatinq‘dateiibeth fﬂetd, moder wW3241-3) at a

: constant (+ 0.10C) temperature, o

s

4,3,3 Measurement of Sodium -Chleride and Water Fluxes

were determined for 138 serpentlnlzed perldotlte slices by -

?

“measuring the rate of change 1n ‘the concentratlons of .the

. - ‘,

Qua;l steady state fLUXes of ;odium chloride and water
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dlffusldalspecies in the external solutions in cells A and'

L)

L
B, respgttively. ‘ ‘
The diffusion of sodium chloride through the serpen-
tine slices resulted in an increase in ‘the 'salt concentra-

(gog,in ;ompartment A (Figqure 4.1). In brder to maintain

o v

electrical neutrality in the system, the quantity (grams, '’

moleé) of cations (eq. Cl- }oq;) and anions (eg. Na+ ions)
leavihg the membrane must be équél. Therefore, the flux of
only one fon (In this case chlorgde)‘neédlbe'mehéured to
¢etérﬁine the totai §od1um chloride flux, l.e. JIya+ =
Jer-= InaCl. These meaég}§Meqt5'were made on the

average of everyrls‘dayg with ag‘ion-senslflye electrode
(0:lon); The cell was then refilled with.de;ionized water
if the saﬁple‘was to be Iin another gxpgfimenéal run. The

equation for the total mass transfer of chloride through

the serpentine slice in a time t, 1is

L4

Jci-+ =(Cr2 -~ C¢1)
- (4.10)

Qherq,JCI- is the net flux of cﬂlorlde fons (moles cm-2
sec-1)

C(B) is the measured chloflde concentration in

,codéartment B t{moles iiter-1)

V 1s the volume of solution in each cell (35.38)

A 1is tﬁe area of the serpenflne disc (9.0746)

‘¢ 1s the time (seconds)




"

v

e

At the same time that salt {s defusfng érom B'é'A’:
water is flowing from A—+B by odmosis. This Qolume
transfer of water causes a rise in.the fluid level in the
capillary tube on side B; and dhrind_the’steady state a
correspondihg qecrease in the level of pure water in the

capillary tube in cell A. The flow of water through the

solid’ilikes was -measured by recording daily the rate of

displacement of the meniscus in a éallbrate¢ capillary

+

tube attached to cell B, and then caléulating-the flux

(JHZQ) using the equation,

., 8 . )
-1 0 -~ (mMR2 h) . 1/18 moles g~
JHzO"’ AV. = : : x Cw .
Ax t L Axt (4.11)
o~ -
where JHZO is water flux (moles cm-2 sec-1) R ) -
fR2 is the internal area of_the'cépiliary t@bes
(3,16 x 10-1 cm?) -
h is change in floid level in cell B (cm)
AV is the change In the volume of water (em3) e

-

Ay isépﬂe‘area of the serpentine discs (9.0746
) )

cm

t is the time (seconds)
Cw is the water concentratfon on the solution side
(q/cmi); . .
v ts the partlal molal volume of water (cm3
mole-1) ‘
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Because the concentration of the salt solution in cell é
chanées negligibly (f.e.-in cell A), what w§ ére réally '
measuring is th; rise of the salt solution; so> it 1is
necessary to multiply this rfse by the water Eoncgntratlon

‘ of the solutloh‘Cw'(q 1-1) in- order ta obtain thf'actua}
water flyx (see Appeﬁdi; II).*

R It is assumed, given the time span of each experlmen;-
al run, that the hydrostatic pressure that.builds up across
the slices as a result of the transport of yhter ;§n't
slqnlfigant;'and doesn't.affectxtge quasi-steady state
gradients that develop. In order to insure tﬁat the.

gradients remained roughly constant with.time - and were

controlled by the physicél.propertres'of the membrane - the
solution in comparfment‘A was replaced.frequently'(l.e.

generally when salt measurements were made),

'4,3.4 Determination of the lefusion'Coefflclents of

., Sodium Chloride an& Watér

"w

The quasi-steady state porous system diffusion
coeffibients for sodium chloride and water can be obtalned,

if thelr respective fluxes are known, from Fick’s first law |

e

(eq. 4.3); i.e.

o o dac .
© 3 = -Dp @x ' .

e

Therefpre for sodium éhloride thls becomes, ;

4




and for water,

- JHzo- x

ono = (cﬂ-cA) L 13)
where Dy is the diffusion coefflcient of water or salt
(cm2 sec-1)

-Ji is the flux (moles cm-2 sec-!)

x 1s the-thickness of the serpentine disc (cm)

Results of the Diffusion Experiments

L} ) ‘ ‘ . ;:
~Fluxes of Water and Sodium Chloride in Response to a

6 Molal Sodium Chloride Concentration Difference at

- . *

340()

The exparlmentally measured rates of water flow in-

oa

molés per day thrquh each of the serpentlne 'llces studled .

are shown graphically in quures VII-1A to J- (Appendix VI

&

salt- was not plotted). The total volume of water accumu-

1Results of ;he-txperiments at ZSOt and 409C, and different’
“salt concentrations (2, 3, and & molal NaCl) are not
lncluded or q13cussed in the main text (see Appendix Vi ).

‘ ’




Table &.1.

-

>

4

.Observed fluxes of water and sodium chloride

. through totally serpentinized peridotites at
340C in response to a 6 molal NaCl
concentratlon difference.

115

. C . ' :
Sample Time! Average H>0 Time?2 Average NaCl IH»0
and ‘ Flux (J) © Flux " (J) - 3“%61

~ Run moles cm=2 day'1_ ., Mmoles cm- -2 day-!
No. days x 10-6 ddys x'10-6
... DC-511 (845) - 102.2 - _
2 (1) 137.9 - 62.96
& (15) 108.7 T 2.19 49.52
DC-521 (49) 37.82 - (50) 2.8 13,5
DC-532 (39) 99.19 (180) ' 3.:02 32.84
DC-711 (45) 107.-3 | - O
.DC-733 (38)° 142.9 . (180) 4.4 32.46
DC-751 (8) 211.67 (10) 5.15 41,1
3 (25) 122,44 | -
L4 . .
' DC-761 (8) 183,33 (10) 5.55 33.02
Ligurla-11#¢38) 13,49 (59) > . .049 710.0
: : o (8) 17.28
Liguria-21 (8) - 48.26 . (10) . 0,07 632.28
(58) *26.91, (90) 0.45 .59.0

- &
%
~

. - Not,Measured.

(1) Time' of run during which the. quasi-steady’ state

transpoPt. of water was measured.

(2) Time of salt measurement.

* Reverse flux of salt and water obser»ed.,

W



Table 4.2.

Observed fluxes of watbr and sodlun chloride )
through: partially serpentinized peridotites at

340C in response to a 6 molal NaCl
.concentratiqp differencg:

o

Sample Time! Average H»0

Time? AQerage NaCl JH»0
INatl

and Flux iy Flux (J)
Run moles cm” day'1 moles cm-2 clay'1
No. .days x 10-6 days x 10-6 K
DA-611 (76) . 24.62 ~(96) 1.025 24,0
DA-621 (38) 15.13. ’180) 0.01986  .-786.64
DA-911 (62) 18.22 (80) 1,53 11.9
. DA-411 (60) 13.50 (130) 0.505 6.72
_DA-311 (36) 51.52 - (50) 1.55 33:23
* - (7) 0.77 -
DA-321-(39) 39.55 . ’ :
(30) .57.62 (78) 1,29 44,48
Bay-11.(41) 32.0 (74) 1.47 S 21.76,
(30) 73.0 -

*

‘Not Measufed.
1,2 See Table &.1.
See Table 4.1,

116
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‘ water through the .diffuslon slices, was observed almost

lated }s plotted against the time in days. The average

fluxes of water and salt'through-eqch sample slice at 340C*

.

-are reported in the main text in Tables 4.1 and &.2.

£l -

After an éxperiment had been completed, the. serpentine
sample was removed fr;m the diffusion cell and studied
‘optlcally with a binocular, scanning electron and petro-
graphic microscope. In aik the samples, ex?épt tpo;e frqp
Liquria, the unpolished surfaces and thin secFloﬁs (cut .
parallel to the.diffﬁsion direction) of the:setpeﬁtine
slices showed signs of secbndary fgrrou5v1ron ﬁ:}dﬁtlon.
This staining, which was produced during the transporf of .

always w{thiﬁ the serpentine mesh rims and In major cross-

cutting veins (Plates 9 and 10).  On the surface that was

immersed in- the concentrated salt solution, the color of

*

N . , ~
the alteration material Is greenish-white (this was  °
3

observed-in only the lon@est experimental runs), whereas on

the side immersed in distilled water, and In the thin !

secklon;,'the célar 1s a-distinctive reddish-brown.,
Although the gteenish-white alteratioﬂ material was too
fine grainéd gnd amorphous to bé resolved under even the
scanning electron microscope, it appears to be coating the
serpentine plates (i.e. lizardite; Plate 90)., . .
A qualitative analysis o?‘thls material e.ﬁhlch
appears "whitisp" undet‘the‘SEM - using the'énergy_

L=

dispersive unit aftached to the SEM (see ﬂayabhi et al., .

- v -



A.

Plate 9
‘The serbentine dlffusion slices

A typical serpentine diffusion  slice Jused ln the
experiments. The brown ferric iron stainlng along
mesh rim-veinlets is faintly visible. The dark -

ircle shows where the slice was attached to the
glass diffusion'cell‘walls.

Close-up of altered sdr%ace of, diffusion slice
immersed in de-ionized water. Serpentinite surface
shows, typical iron oxidation staining (brownish

.color) along mesh rim veinlets. Blackish band in the

upper. right hand corner of photo shows where the
glass diffusion cell wall was cemented to the slice.
Sample DC-7.

Binocular microscope view of altered surface of
diffusion slice imbibed in salt solution. The
surface of the serpentinite slices shows typical
intense dissolution-oxidation (greenish-white
material) .along mesh rim veinlets. Alteration
material is believed to be composed of Cl bearing

. ferric oxyhydroxides of iron (i.e. green rust).

Sample DC-7.

Close-up of amorphous green rust coating well-
crystallized lizardite serpentine plates in mesh

rim. The serpentine in the mesh centers (MC) appears
fine grained and randomly oriented, and shows no sign
of altératign. Sample DC-7. . SEM photo. .

Photomicrograph showing location of ferric iron
stalning inside the diffusion slice. The iron:
oxidation is clearly limited to the serpentine in the
mesh rims (arrows). Dark lines are magnetite that
are concéntrated in fractures bordering mesh center’
(i.e. in mesh rim veinlets), Section was cut.
parallel to the direction of diffusion (x). One
nicol. Sample DC-5.. -

Close-up of iron staining (arrow) in above sample (MC
= mesh center). This series of photos show clearly
that the transfer of water through the slices has
occurred in. an Interconnected network of well-
crystallized mesh rim veinlets, and not through
fihite open mictocrapks' One nicol. ..






- v - ‘ R 5w o B N et ik
——— Cop— Ea ARG R PR ST SR LR RIS
: - -

)

Plase 10 o .

The serpentine diffusion slices (c¢on't.)

A. Surface of slice showing ferric fron stalning along
. cross-cutting veins In sample from Islands, .
y Newfoundland. ©Degree of serpentinization Is 60%. ¢ .

. 8. Same as above, in sample DA-3 from Acohe Mine, )
- Philippines. Note that the diffusion of water has
0 occurred preferentially through this microstructure.

.Serpentinization s 30%

C. High magnification photomicrograph shoglnq‘i:on
stalning in mesh rim veinlets. White patches are
unaltered olivine grains. Sample DA-6. 80%
-serpentinized. One nicol. ,

g
-

D. "Photomicrograph of serpentine iﬁ a non1exper1mentai
slice, given for comparison. Little iron oxidation - -
. ' is apparent. One nicol. -
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1978), gave oniy,thejlrop peaks + Cl. An analysis of the
6r¥§nish~wh1té n?terial (plus minor serpehtinc)'by{xaray
diffraétlbn, while showlng no visible change in fﬂe.sh;rp;
ness of most-of the serpentine ppaks, indicates that an .
. amorphoﬁs oxyhydroxide, 6erhaps‘lebldocro€:te mixed wlth
qreen rust (oxyhydroxide + Cl), may be forningq%See Misawa
'qt-al., 1974 Murray, 1979). . In the Ligurian samp;es,_
which contain only very-small amounfs of brucite; none, .or

' lit;la of, the ferrous lron has been oxidized.

Energy disperslig spectra, obtained from traverses

_across sectlons parallel tc the direction of diffusion,

k]

detected‘Ci within well-crystallized mesh rims or in

veins. Sodium was not found,. because it is much léss
Y oa "
sensitive to detectlion at very low concentrations. An

. attempt to determine the relative concenfrarton distri- -
-&jbution of Na and Cl across the slices, usinq an electron

\‘,mlcroprobe, was- nog~very successful"kThis was aqain dué,
in part, to thg very loy conqﬁntrations1hg&,pumeasurcd.

Pl

Yet, in severql*s}ices a similar concentration digfrlbution 3

was observed {see Eigurés 4.2a,'b),

L4

. .
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4,6,2 Dgffusio» Coefflcients of Water and Sodium thorlde '

Average por?us system dlffusion coeffictents of water'
(Bw) -and’ sodium chloride (Ds) at zso 340 and 400C gere
calculatedruslnq Ficks first lan (equcthps b 12 and &, 13),

onice thelr r;gﬁective fluxes.had been measured. :jha

HE
. . - ' .., -
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Calculated*average diffusion coefficiénts for

N
‘1

-Table &.3.
. water, (D) and sodium chloride {Dg) .through .
partially serpentinized peridotites at. 349C in
‘response to a 6 molal NaCl concentration
differenee. , -
Sample Dy [P Dy/Ds
aﬂd . , -
,‘Run.NJ. moles ¢m-2 sec-! moles cm-2 sec-!
DA-611 1.3 x 10-8 5.9 x 10-10 22.6
‘DA621 8.38'x .10-9  1.1'x 10-11 76t. 82
DA-911 7.6 x 10-9 6.5 x 10-10° 11,68
pA-411 ¥ 6.7.x 16-9  2.55 x 10-10 . 26.26
PA-311. . - - - 2.8 x 10-8 9 x 10-10 3,11 -
' - 4.5 % 10-10»
DA~ 321 . 2.3 » 10-8 -
. 3.3 x 10-8 7.5 x 10-10 44,0
' Bay~11 R quO'g 7.5 % 10-10 22.0
' . d 4-2 X ]0- - .
‘fsee Table 4.1.
::,‘-',4):‘: e
- 8
a’ \\
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Calculated average diffusion coefficients of

Table 4.4,
S sodium chloride (Ds) and water (Dy) through:
completely serpentinlzed peridotites at 340C in
. -response to a 6 molal - TNacCl concentration
* difference. -

Sample " Dy ' Ds . Dw/Bs
and - . , .
Run No. _ "moles cm-2 sec! moles cm-2 sec-!
DC-511 6.5 x 10-8 . ©ONLML T -

(2 8‘.8 x 10-8 -N."o ° - s -

4 6.3 x 10-8 1.4 x 10-2 45.0
DC-521 3.0 x -10-8 2.6 x 10-9 12.5
DC-532 5.7 x 10-8 1.8 x 10-9. - 30.8
DC=711 6.6 x 108 - N.M. -

[}
DC-733 7.8 x 10-8 2,5 x 10-9 30. 58
DC-751 1.15 x 10-7 3.0 x 10-9 38.32
. . . . - .

3 7 x 10-8 | NM, -
DC-761 9.3 x 10-8 3.0 x 10-9 3%70
Liguria-11 7.3 % 10-9 1.1 % 10-1T - 663.66

: - 1 x 10-8+ oL T
Liguria-21 2.7 x 10-8 4.6-x 10-11 566.96
1.0 x 10-8 4.5

x-10-10 . 57,78

L

* See Table 4.1' .
N.M. Not measured !
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results are listed in Tables &.3 and 4.4,

Th# diffusivities of water through fhe'serpentine
slf&es range from 10'7'to 10-8 cm2 sec-1; whereas those of
sodium chloride range from 10-8 to 10-11 cm2 sec-1. Values
of Dw in the comgletély serpentinized ‘samples differ gener-
allm.by'less than an\quer of magnitude from those in the .
partially serpentinized peridotites. Although the same
trend is observed with respect to valdéé of Ds, its value
for a patticular sample™is almost always an order of magni-
tude lower than that of Dw, saﬁble,,as shown by the ratio

.""-a -

Dw/Ds. - e e

4.4,3 'Discussion of Results

a) Fluxes and diffusivities

o

In terms of water transoort, a quas}-étéaQ& state
condition within the serpehtine°slic;s was a'ssumed to. exlst
when ‘the flux of water. leaving the sllces was equal to the
flux of water entering the slices: the net. flux "2 influx -
outflux =LO. The tIqesfrequired for the sgstems to reach‘a.
quasi-steddy state ;ere variable, ranging from 10-20-9ays
in the more completel&'sérbentlnized sdmplqs; to about 40-
60 days In the nartlall; serp;ntlnlzed perldotite sahples,
includinq those- from quuria (see equation 4 7). Acco:dlnq

L

to this.equatlon, the salt flux in the uaﬁorlty of the

slicés would hqve approached a quasi-statlongry va;ue onlysf ~

»

'%fter.about ZOOVdays (or 7 months) hgé elapséd. Howg;ﬁt{'
‘ L -t
A - IPEREE :
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in membranes in which the solvent row experiences little‘ .
reslstance, in contrast to 1ions, osmosls may strongly
affect the elect;olyte flux by. transfetring salt ions back
towards the congentrated solution aqainst their chemical
potehtial gradients (Helfferich, 1962, p. 390). Therefore;
the meaeuted diffusion coefffcients may actually be quasi-
steady state valuegs. agt eonsideriqq the very lowvdiffus-
lvities observed for salt in some of the partially serpen-
tlnized samples, non-steady state transport coeff;clents‘
may also have been measured. |

* _ The observed diffusive fluxes of water through the
serpentine slices by osmosis is at least an .order of a
magnitede qreater~than the reverse flux of so&iem *

‘chloride. This 1is clear evidence that finite, open

microcracks didn't contribute to the measured diffusion

5
*

petmeability.‘ Support fer this important observation comeés
from both the‘éEM and'post-experlmentel photomicrographs °
(Plates'9 and *0) of the serpeptine stices which show, by
the ferric iton staining, tpat mos; of the fluid flow
occurred through serpentine "veins" that'make up the mesh-
rims or fill trénsqranelar tractures.x '

Thls difference (above) in the rates of transport of

salt and water is a reflection of the relative ability of

water and sodium chlorlde to move thtough the serpentlne

sllces, as. indicated by the ratlos of - thcir resoective

-

diffusion coefficients, Dw and Ds. The phyeicql parameters

. . . . B
- o
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responsible fOr this variation in mobility within -
individual saﬂples - and more 1mpottant1y between the
samples - of a porous material .can be qenerally ascrlbed to

the porosity, the constrictivity (pore size), and the

tortuosity of the diffusional path. Ion retardation due to

sqrbtlon mechanisms, such as simple adsorptioh on solid

.surfaces, may also be idportent. These physicol'panameters

are also responsible, as dISCUssed earlier, for the

reduced diffuslvlties of both lons and solvent specles in

porous media, in comparisqn to thelr measured values in

. free solution. K

The larqer diffuslon coefficlent of water and salt -

-

through the more extensively serpentinized sliqgiﬂ(exclud-

ing those from’ the.Ligurian ophiolite) apopears to be a

" function of their higher apparent porosity (2 to 3% vs. 1

-

to 2%, Table V-1; Appendix V), and what- is aopdrently a
less tortuous. channel .(vein) system. Given the polar

structure of!the water molecule, an absorbed water film

(i.e. interlayer iqter in swelling clays) of higher than

average viscosity illl'alﬁays be pre;en; on pore walls-
(cf. Pundsack,.1956)}. fhls moaos.that ‘as the average pore.
_slze decreases - as is indicated by the loWer porosity of
the partlally serpentinlzed peridotites - and the constric-
tlvlty-increoses, the dlffoslve movement of both water and -
salt will tend to be reducgd.hecause of,the Increased

CoLL ’. -
viscous drag (Kemper et al., 19643 Low, 1976).

y
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o

~ Why is the effective diffusion coefficient of NaCl

(Na+ and;CIJ) smaller than, that"offﬂzd° The diffusional -
resistance. felt by an.ion nlgrating threugh a porous- NS
material is a functibnwof the reduced surface area (as |
1nd1cated by the,porosity and density), the tortuosity .of

the vold‘system,-th;_slzei'Vatence and degree of hydration

,(iona may move througb a membfane partly tgo fully stripped

of thefr'hydration shells; Ericksen and Jacobeson,,1981; of
the ion, and sorptlion processes: (1) In trug lon exchange
minerals the crystal structure ccntains surplus electric
charge (either positlve or neqatlve) which ls compensated

for by fons of opposite charge - whléh-in turn can be

,replaced by other 1ohs of the same sign.  These are called

counterlons. Ions sorbed from the pore solution fill

1nterlayer sltes in the swellinq clays - e.g. smectite and
illite"tlays - while in’ zeolltes they;don L occupy\fixed\

positlons‘ln”the poroue'solld but are- 'fpee' to mbve in the

channels of the lattice framework (Helfferich 1?6éi; OR -
(2) the physical (and~e35entiafly tpreversible)_adeotptlon

of fons on ciystal'(i.e. pbte)‘SUIfaces bhat have developed*.

—~

a net charge as a result of the loss or gain of prctons on"

- -

surfaces containinq exposed hydroxyl groups (1 e. at. broken

bonds, edges, etc., e.g. kaolfnite, Donn, 1977) Such a

."charge is dependent ‘on the pH 6f the solutlon that is in' :-'

contact with the clay structure. - _ v’“‘_.o :

. Unless ‘pore sizes ip tﬁe membrane matrix are very
small - {.e,. the,dlaneteg:apprcadhes that of the diameter

N .




-

3

of a partlally or unhydrated 1on (see Ericksen dnd
Jacobsson: 1981; Monk, 1961) the effective dlffuslon
coefflcfent_of an electrolyte (vs DHZO) fop the_mass.
transport through a.p;rous anc‘permeable'materlal wlllﬂ

debend more‘strongly on. the charqe (i.e. ion sorption
’ ’ .

capacity) of the mat;ix st;ucture. The 1:l,layer-type -
phyllosilicates serpenflne (trioctahedral) ano'kacllnlte i
(dioctahedral)—have no‘interla§er‘catlons,-and as lndlcated
by differential thermal analysis a low adsorption cabaél;x
(serpentine < kaolinite, Lambe and Whitman, 1969;.Dixon,
1977; Brlndley, 1981): Nonetheless, lron oxides such as.

magnetite or qoethlte (or orthohydroxldes) and broken

(l.e,.at octahedral) sheet edges ‘will develop a net surface

..charge in strongly basic or acldlc solutions .tDrevor," 1982,

p. 78-79). In aqueous solutions of hlgh pH produced durlnq

serpentinization or the dlssolqtion of hydraped magnes ium

silicates- at low temperatures (Besbltt aﬁo"arlcker,'197e),

the surfaces of.thesefmlnerals will become negatively

k]

charged. If this occurs the‘adsorptlon cation capacity'of\

the "rock"‘as a whole may become significant.

Because of this excess negative charge on the surfaces

12

of the serpentlne minerals cations - Na+ in thls experlment‘

- will have no trouble entering the slices, but once 1nslde

+

they wlll be strongly adsorb&d on pore surface to form a.

layer of so- called counterlons. Co-gons - the anlon C1- in

these experlments-- on the other hand ﬁlll have difflculty

-

PR ! ' . [

-



diffusing into the membrane because of this charge. They
are, it ls belleved, repelLed at the»concentrated ’
eolution-membrane interfaCe;. Thus inside the serpentine
slice the concentration of counterions (e.g. Na+t) nill be
very hlgh le. g . 10x oackground;.c f. Table III-2b; analysis
no. 9, 909- 1), and tne concentration of co- -fons (Cl-) will
be relatively low (e g. *t. 5x background, c.f. Table III 2d;
average of analyses 1-13 of DC-S), as is clearly shdyn in
Figures 4. Za and b. ' This MNa/Cl ratio, Obeerved in some of
.the experimental sllces, is in agreement with analyses |
onblished py.Hess and 0;a!ora-ﬂ19§9). Due to the.diffi- o
oL eulty of measuring the Na‘conCentratidn, however, more

“detafled work is necessary before these results can be’

extrapolated ‘with a full mea5ure of confidence to the

PR
-

natural’ sy;tem. ; -

In order that elecironeutrality be conserved every-

where An the system, the~f1uxes Qf co-ions (eg. Cl-) and
counterions (eq. Na+) through a'membrane must be stoichio-,
metrlcalby equivalent; i.e. Jq = 327=.312.or INg +
= 361; =. INaCl» ‘Thls condition 13 enforced by the.
“electric potential (Dcnnan or diffusion) potential
. establlshed by the dlffusion process 1tse1f- the_ faster ion
. usually the counterion (Na+ in'thls-study) - tends to
R build up a positive space eharqe at the exlt interface,'

'1' E whlch speeds up the slower ion (eg. Cl ) In.esSenee the

. " ‘slower ion (usually the cotion) determines the diffusion -

’



.
g

~

fiqure 4.2a,b

4

Diagrams illustrating the variation in the concentrations
of Na*+ and Cl- plotted as a function of distance from the
side of the slice imbibed in the salt solution. Sections
are perpendlicular to the direction of diffusion (i.e. 'x).
Vertical lines marked by an open circle or bar represent
the standard devlatioq.
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coefficient and the rate of migration of the electrolyte
. (see Hellferich, 1962). ‘ ,

The "effective™ average dlffusion coefficlent of NaCl
through the serpentine slices will tend to be—lower than
DH20 as a result of this electrlcal reduction'in mobillty
- which is probably most important at the solution membrene
interfaces (Dutt and Low, 1961; Kempler and Shark, 1966;
Neretnieks, 1983) - and geometric effects wh{ch.tend to
reduce differentlally fon diffusivities and thus céntqibute
to the development of an eleétr1C'fie1d; This may be . |
espenially important when void sizes are relatively snall
(eg. un-spllva,tedb radius of Na* (1'.08..A) < Ci- (1.3A) and
DNa; > Dcp-3 Ericksen and Jacobsson, 1991).

The very low salt diffusfvities (i.e. high Dy,g/
bNaCl value) determined in the initial stagés of some of
the diffusion experiments 1s believed to be the result of
botn steric effents (i.e. geometric exclusion oﬂqgons) ahd
the nearly complete ansorptlon of the dif;uslnq cduntér-
fon. ance,'what one really measures Is the aggareni
(dlthough this 1Is by definition unfd only In the cang of
strong sorptlion durlng-diffusioné‘Manheim,_1970; van Schalk
and Kemper, 1966) diffusion coefflcient; This 15; hounver;'
‘only a temporary (1.e. transient) phenomenon, and is soon
replaced by a quasi~statlonary concantratlon dradlent and
flux of salt. o . . .

A few of the ;ongen (6 month) exggfigggtiﬁ runs snaiéd o

.




a gradual decrease in the flux of water across the slice

l

/
(see Appendix VID Although sone of this change,nay be dte

to a partial. sealing of pores by secondary iron oxlde- . ':;'
hydroxides, most of the decrease 1s probably due to the:
proqressive increase in the internal salt concentraticn

" tHanshaw and Ccplen, 1973). As the seolvent flux is cocclec
e

-

to the mass transfer of sodium chloride in the reverse

direction,'this affect is not surprising.

* I

b) Salt filtration

—_— - +

The salt filtering - or osmotic - efficiency of a- -

memcrane separating a ccncentrated_solutlcn from a dliutqt
one is. a strong function of tts ion sorptlop.capactty, f -
poroslty;iand pore~stze);‘aﬁd the lonl&'strehgth of the
.SBLUtion'migrating‘throuqh it (Kemper. and Maasland, 1964;y
Fritz and Marine, 1964); The serpent ine sllces act as'

leaky semipermeablérmembranes - i'e. permselective to

“counterions - because of these propcrtles. For exanple,

in 6 months the cohcentration J’ NaCl In the dllute

solution side of the. cell was found to‘be on the order‘bf L
x 10-1 moles liter-! or' 30 40 tlmep louer than ‘that of the
(6 molal NaCl) concentrated sglution. . Thls ratio ls also
apparent in the ﬂaily aVeraqe value cf JHZQ!JH;CI (or S
Duzolouac1).. If dilute electrclyte solutlonf ate used,
‘”salt flltration" ratlos of 300/1; iay have been observec

(but~iee belou -alsol. [Q::zis siiilar to t#at cbeérvcd &n

DAY - S BT A oS



,:bentonite claxe (cf Hokady and Lq', 1966). Because of Ihe

" 2 molal NaCl) was not. investhated.

‘micro-»elns -of serpentine -negatlive osmosls was observed

-hydroxides, which are believed to be formlng as a result of

. . - h - .
. o~ - » . [
. .

-

dlffldulty of qulckly saturating the sanples with water at
the start of an experlﬂent, the filtering capaclty of the

serpentihe slices llbibed with low salt concentratlons (<<

*  How much of the\eorotlon capacity of the slices was

L4 .

due to the growth of secondary ferrlc iron- oxide- RN

‘tlne(?l'(Plates 9 and 10), is not known. But the absence
‘of anf,observed ferric iron oxidation in the Ligurian

'samples, which exhiblt slmllar flux ratlos, suqqesté that

“experiments. ‘As mentLoned before, these samples have very .
_serpentinized slices Contalninq vislble cross- cuttlnq

ﬁdllute slde (A) of the cell tended to rige, whlle that on

'Mohilltiea of “the counterion agd co- -ion are qulte dlffer-:\’:
.ent, the pressure (osmotio) gneéfent drivlng ‘the sq}went ' ‘
a flou nay ‘be. partly halenced or outletqhed ﬁ;Mthe resuittmo ,‘Z“
‘ ,"éuetrieal (dlffus‘ion) poxentl.ai nidient ﬂrivinq en@ N
| “__:",tunsfer Qf iom !ﬁéifferieh, 1!62, p. .3 ﬁ-jﬁm lf tM

*

the- diasolutlon of ferrous "iron rich brucite and serpens

-
it was not lmportant dur ng the life soan of most of these

4
v

low anounts of bruclte. .

~In-a few of the slices - notlceably the partially

(1.e. the level of t?\c fluld tn “the captuuy-tube on the

the eoneentrated side was droppe&) In menbranes where the.

-

e
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eeqlon is nucﬁ.fasfer than the‘coueterion,'lt "oushes®™,
;-beceuse,of'lon-!ater ﬂtpole interaction, tpe electrlcaliy
charged eore fluid in the direction of theiﬂif@te~soiutlon;
- Iﬁgéééeuof'sinply balanclig the fluxes of the diffusing
kons (eg. Né;-and bl'). This ttaﬁsfer phenomendn is
characterlstic of rather open structured exchanqers,.where
_ the permeability to water !is -high (i.e. low flow
reslstance), and:the membranes.tyglcally‘“ieaky"
(Patterson, 1970).’ It.also pqints.out the fact that the

pore sizes In a brittle porous medium, such as a

. serpentinized oer@dotlte, are probably qulte‘heterodeneeus.
. . ' . , . ' R q * -

c)-Tempecarure dependeuce of D

3

The temperature dependence of Dw or Ds ls given, by the-
Arrehenius relatlonshlo (equatlon &, 5). The scatter in the -
values of the diffusion coefficlents (esoeclally ln the

-

'.partially serpentinlzed samples) for a part;cular sample
type is prehably caused - by,small dlfferences in the water
. . .contents of the slices (cf Barrer, 1961 pp. 97- 101' as a
resqL&, the small dlfference in E between sahple types 13
'not notieedble)."Barrer (1961, r'p. 103) qlves values of 5.#
kcal mo - “1 and 9.& kcal mol 1 for the: dlffuslon of water 3

- parallel (to 001 plape) to the maln channel taperature)

system and at .an ohlique angle {paralle; ro 201) to 1t, -

'respectlvely, in.the zeqlire,ﬁealenqlté. .Thereetiyr;lgp.';

" energy, E, for the diffuston of:chpg,&nEngaigme;diieesj o

. . 4 . . . . Cw
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Figure 4.3

Arrhenius plot for the diffusion of water ang’ sodium '

chloridé through serpentinized peridotites,; based on the

experimentally measured values of DH,q and Dnac)l at

259, 3490 and 409C. Solid points = %0 through Coto
& \serpent1n1tes, crosses = H20 through Acohe seérpentinkzed

peridotites, and open circles = NaCl through Coto :

serpentinites. :




nt

. | . 40 34 . 28
. | . -'504 T _T r— f

o
J
L

-160 F

e
—Ha0 THROUGH

-170 COTO SERPENTINITES-

-180

2gec!' x 107V)

H20 THROUGH
ACOHE SGRPENTINITES - |

Ln D (cm

-190

NaCl THROUGH

. - . 3 ' COTO SERRENTINITES |°
-200F * N 7
4 . : '
’ , --Z[OF' . whs NE— .'—L - J

315 320 - 3285 330 .33 340 -
| IR : [/T(. K,'l,-x'lo-S)dp

. . . . b
. . L. R - - . o
. N AN . . - . -
' - s v« .
. LN ., s
s . . , K . LRRT
. . - . é, - - ,
/ . . - ' f L ¥
f . . - P AN "
. . . v . PP
R . e, e D
' . L . . -, CL
. . . s LA S _ - PP TSRPR P 2

-




Figure 4.4 )

Graph showing the estimated average ‘diffusion coefficients
of water plotted as a functlon of ‘the reciprocals of
temperature. The measured value of Dy,qg at 340C is taken
as.Tqy:-i.e. therefore ln 012 E/R (1/*1

D'|'1 (see tst) ,

- 1/72) + lo
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“%trodtuge? a species behaves ppre ‘as if it were moving Ain
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was. found to be on the order‘of 10- 12 kcal nolW', whereas
more linlted data for salt suqqests ‘a sinilar value &see
Fiqure 6.3).. This rolatiyegy hign value_of €, in conoarl-

son to that reported for dfftusion in agueous solutlons,

_means that D will increase fairly rapidly as the tenpera-

tu;e-increa;es. And s0 ln dlffusing through the serpentine
‘ \

K solld akbeit porous soll& (see Lermén, 1979 PP, 116-

¥

"17). Flgure 4. 4 s a blot showing” the estimated values of
‘ szQ,at highe; tempqratores.' These were determined_using

. equation y;s;iand aosqminq an activation energy-6f 10 kcal

‘ n01=11

-

d) Transport coeffilients of H,0. o oLt ’,_2,

v

Several stuéles (Durbin, 1960; Kemper and-Evans; 1963,

Hammel and Soholandor, 1976) have shown that if a porous

"membrane separating two solutions behaves semipermeably,

the osmotic flux is equivalent to thatoproduced by a . .
hydraulic g;qeient\(barﬁlcm) equal to the meooured osnotic‘ :
pres;ure difference (eg. 4.85 of the system (éb0ve)e It

has also- been found thﬁ; in some cases the solvent (eg.

H20) moves throuqh the solid membrane (eq. clay paste)
prtmarily by viscpus or quasl viscous flon. Keaper (1961) -
calculated that tne diffuslve flow. becones doninant only
whon the pore size (or water filn thiokncss) falls below

about'#OA (how thhtly the adsorbed oater film }s held lay



' ence ieq. 4.8) produced by the water / serpentine siice}g

B ‘ . .i433;

also oe'inportant).—. © o

| Peviations from parcy's law e_determined bu plotting
the flow rate ao;instlthe nydrauiic gradient (Dullien,
1979) - are‘compon‘in—comnressed cla&s'(eg.;bentonite,_
.Push 1983i, especially at low hydrauiic gradients. ihis'
has been attributed to the non-Newtonlan behavfor of
strongly adsorbed pore rater in, systems characterized by

very slow ‘flow rates (Swartzendruber, 1961; Bear,-1972

[y

po. 127 8) Therefore,—permeability coefficients measured :

- " -

in- such systems using Darcy s iaw (eq. 4, 9) - or those

determfned using the bulk flux (i e. no tracer species of o

water) and Fick's first law (eq. #.3),- should be simply-

.calied transport coeffitients untii the mechanism of mass

»

transfer ts known. ‘(Note: when the DHzO (T .= 250)

- exceeds the self diffusion coefficient of water at that S
_a_ ’;.

temperature 1 S X 10 -5 cm2 sec-1, ﬁyis impiies that water.

may be moving dominantly by a viscous mechanism).

In order to compare: the transport coefficients of

water thrquh ‘serpentinites with. those in compressed ciays' , N

-

obtained from other experimentai studies, it is necessary

”

to determine the intrinsic‘permeabtiities (k‘s in darcys or

smz) of the sergentine siices. Tﬁis was dqne by substi-'-

I -
-+ - .y

-

-

tuting for the hydrauiic gradienf ( P) in Darcy 8- faw (eq. )

~

‘4 9) the theoreticai or potentiai osmotic pressure differ-r_

»

. salt‘sciutiom system‘(Kemper and Rcdiins,.1966). Becaude - ’4,..

» . . - AN .
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Table 4.5,

144

e

_ Intrinsic permeabilities (k's) of partially“

serpentinized peridotites at 349C in response

.t0 a pressure gradient equivalent to the

calculated osmotic pressure, 7, of a 6 molal
NaCl solution. )

/

SamplG and

Pressure . Intrinsic
Run No. Gradient Flux of H20  Permeability
‘ AT /x Q/ A.t k-
bars cm- cm3cm ngy . darcys
. x 10"~ .
-~
DA-611 1363 44, 31 1. 2.76x10-12
DA-621 1859.0 - 27.73. 1.7x10-12°
DA-911 1859.0 29.06 2. 1.69x10-12
DA-411 1573.0 26,22 3. 1.31x10-12
DA-31] 13833 10,0 1 6.5x10712
. DA-321 . . 1239.3 - 78.6° ™ « 4.88x10-12

T C e a - . 103.72 ~ 7i11x10-12
Bay-&] 1516.8 63,5 . 3,95x10-12

AT i T 131,40 7.36x10-12
"r ) - 4$' ) )

b - . —_¥ﬂ . —_ - -.‘ ) ‘
e “./‘:’. E = * ‘-\‘ K W3

Lo L r ) h d - ._"‘wq ".. - h N '

S UG S

e O - s <n |

. . - o
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. . . . s o ’ -«

Table 4.6. Intrinsic permeabilities (k's) of totally

‘ serpentinized peridotites at 340C jn response
to a pressure gradient equivalent teo the

calculated osmotic pressure,qr, of a é molal
NaCl solution. )

b

.

—p—

Sample and Pressure a ‘ Intrinsic
. Ruri Noa. Gradient Flux of H»0 Permeability
5{:‘ | AT /x ( *Q/ ALt .k |
bars cm-1 cm3cm-2day-1 ’ darcys
x 10-3 .
- DA-S511 . 1278.1 . 1.84 1.ia x 10-11
2 . - 2,47 1.5 x 10-11 _
4 | ' 1.96 1.5 x 10-11
DC-521 929.5 | 0. 68 4,25 x 10-12
DC-532 - 1278.1 1,79 1,12 x 10-11
DC-711 1278.1 S oW.92 . 1.2 x i0-M1
DC-733 1202.9 . 2.58 1.6 x 10-11.
0C-751 1460.7° | 2:20 1,37 x 19-1
s . e 2.37 x 10-11
DC-761- 1460 3.30  2.06 x 10-11
Lxduria-}l . 1363 .- 0.17 'R1'5 19-12  °
Liguria-21 - 1202:9 "'- 079 4.95 x 10-12

-

S

1 darcy = 92.87 §'10'9 cm?
_or 9.66 x 10-4% cm sec-!
» N b Y -



the serpentlne slices'are not perffectly semipermeable (to
salt ions), the transport coefflcients (k's) obtained may,
be as much as an order of magnitude too low (cf.. Hauro,

1965; Fndtz and Marine, 1983) .

1y

Tables 4.5 and 4.6 list the minimum intrinsic perme-

abilities calculated using this modified version ,of Darcy s

law and the observed rates of water flow (converted from
moles cm3) throuqh the serpentlne slices. In Figure 4,5

.the measured average transport coefflcients (D's and k's)

are plotEed against the density ( to degree of serpentini-

. k) .
zation) of the samples: and are then compared with perme-

, ab;llpy'coefflcieotsJmeasured in Na-bentonite, plot;ed as
function of Its water-saturated density. Some variation
with density is observed, although not to.toe extent seen
in bentonite clays. Partially serpentinized peridotite

slices with major cross-cutting veins (Bay and dA-3) have

‘s transport coefflclents Intermediate between that of the
’ . i .

other samples. This suggests that th fundamental reason
for tho‘diffeoences{?n the rates of salt and water .
transport betweon samp1e§ are‘not solely ohyslcal
‘oaraﬁeters related to the degree of se:néntlnlzation, but_
gather the detalls of the serpent;nlzatioo process itself.
The variable permeability clearly reflects differences in
the Qeometff of'vold oefocts,'produced because réac}ion-'
stresses in‘a:hrittie medium are highly anfistropic on a

. local scale.

146



Figure 4.5 . ' R
X . X ’ ) .-‘t >

This graph 1llustrates the relationship between the- : .
measured transport coefficients of water and bulk density -
of serpentinized peridotites. A similar curve for sodium
bentopflte has been inserted for comparison. (The stippled

area shows the range in permeability due to experimental

scatter and variable pore salt contents). Open circles =
partlally serpentinized peridotites containing visible .
cross-cutting -serpentine veins, triangles = partially "t
serpentinized samples, solld circles = Ligurian s
serpentinites, and pentdagons = completely serpentinized
peridotites. Dashed line is indicated trend for samples

without major velns.
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A .

‘cell substantially reduces the mass transport rate of the

for the diffusion of water and salt suﬁgest that D w!ll

_increase by at ‘least an order of magnitude for every 100°C

Tables 4.7 and 4.8 are a'coapilatlon_pf the transporf_

" coefficients ef water“andjthe measured ieﬁ dlffueion-

coefficients tespecifvely, obtained in different compressed’

clays and zeolites.

-

4.5 Summary and Conclusions

A serpentinized peridatite cen be cbns;dered a;xa
semipermeable (though leaky), porous solid composed of an -
interconnected network of water filled voidelipnggycedghy
plate bucklinq in .the serpentine polymorph, lizardite. A

thin slice of this rock placed in a diffusion (osmotic)

diffusing selt 16hs (Na+ and Ci'); while allowing a much
faster rate of water transfer (f.ea by at least .a factor of
30) in.the reverse direction.

Effective porous system dlftysion coefflcients of
water and sodium chloride determined in quasi-steady stg;e
serpentirne systems, at'room temperatures, were_?ound to pe
on-the order of 10*7’to 10-8 cm2 sec-1, and 10-9 to.WO'10'

cnZ sec-1, respectively. Calculated activation eneégies‘

rise in temperature (seé ?igure 4,4). The lower dlffus-

1v1t1es, and hence rates of diffuslon, of sodiuu chlorlde

*

for the diffusion bf thiy"Salt tbrogg thl einples - 1n .

conparison tvfc’;er ‘> are due to an’ electt&cal reduettqn in
2 . "'

[}
0
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the moblility of these lons when entering or leaving 529

L} . . ’ -
negatively charged serpentine slices, and possibly. geo-

metric effects. Salt filtration was guiteﬂvarlable because
-\ -J‘

af the heterogeneity in the size of pores., Differences iIn

o~

the diffusivities of NaCl® and HzO .between samples appear

to reflect differences in the serpentinization process

1tsei}, rather ¢han in the degree of serpentinfzation.
;Siuilar ffanspogf coefficients tsee’Tables 4.7 and

4.§T'have been reported fo;,tee migretlen of water and

LS . .
small non-interacting anions C1- and I-, .and the alkali

© metal ions, Cs*land Na+*+, in zeolites (Barrer, 1961;_Letman,;

. -“ - -
1979~ 10-8 to 10-7 cm2 sec‘1) in a direction parallel to
the layered svTuctufe and in highly compaoted clays perpen-

dicular to the orientgtjon of the particles.. Considering

_the lerge.differenpe in the apparent porosity betweer the

-

serpentine slices and -the oéher porous media (about 5% - ;; ,
co;pared to 20-30% for zeoiites and compressed clays), the .
coefficlients egeee remarkably well with one another. 'They
suggest éhat fhe average pote (i.e. defect) size in the
serpentiee velns 1is geperally somewhat.larger, but also -
quite variable. '_ | ' -

A diffusion coefficlent of water of 10-7 cm? eec'1 is
probably roughly equlvalent to a quasl Intrlnslc perme-
abllity. coefficient of 10- 10 o 10-31 darcys, obtalned

using Darcy's law, and the theoretlea; osnot;c‘pressure of

the salt solution. What proportion of the mass trnnsfer of ‘

!

-



water through the serpentine slices is by viscous flow°is

not knowh,‘but if the diameter of the pores are on an~oéder‘,

of 50-100x greater than
viscous flow may become
gradients are large and

3000C); i.e. at typical

15:

M

.-

thqt of a wat;r mofecule quasi-
significant. .Especlally when
temperature§ moderaﬁely-hiqh (1004

'serpentlnizaxion tempera;pres}. But

if we consider.the relatively small and variable size of
the observed defects, and the effécts of tbrtqogity,
méléculan"méss transfer is probably the dominant transport

mechanism for water in serpentinités under most conditions.




" CHAPTER 5

THE' DRIVI#G FORCE FOR SERPENTINIZATION

5.1 The Serpentine-Peridotite Interface

| Congide? the qugral problem,. as shown in Fiqure 5.1,
in wﬁlch a'crgyk-(eg; fault) conqected'td th% sgafl&o? has‘
developed {n a'bl;ck of &ry perldotlée. At temperatures
between 1000¢C and 400°C (PHZO = Protal) the rate of
serpentlnlzatlon is very rapid (Martin. and Fyfe, 1970)
Therefore 1f‘Qater is Dresth a l;xér of'sefﬁentinlzé&
pefidotite witl lmmediatéiy oLm Qlo;g the margins qf the
crack, and the pro&uct&on'of_new serpentine af t?e |
perldotltefserpewtine,;nterf&cé-wlli depend on the
dlffu;ion rate of w}ter throqgh the existing serpentine
r;action layer, ' 'f”
If the water panetratioh rate. ls slower than the

reaction rate, the partial presQure of uater, PHzO' at

the reactlon interface will be the equllibriun prdasure of

o
-]




will be contro

7

Figqure 5.1

-

Schematic diagram showing the reactlon environment along .
the marqgins of a crack, connected to the sea floor, that
has developed in layer of peridotite, The reactlion rate

led by the rate of Hs0 flow through reaction
zone a. . -

.y

.
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'the crack, c,. can now be written:

. e 187

. @ a

the paitlcglar serpentinizétion'reactlon. Andgthe
'nagnitude of thé fluid pressﬁre 1nfthe macéq-c?ack connect-
ed to’th§ s&ffacc will be determined by_the|heigﬁtf6f the
fluid column in the cracktii.e. 100 ba;s/km). Sinée the
;ystem is opén, the equilibrium-vapor bbqss&re\;urvcs must -
be recalculated fpr the éase ih?fe the'presquie on the
solid is nonhydrostatic (i-é-,PH20'<:P;oiférisee F;fg,;.l
1973). fThis correction lbwers the equifipﬁium,bounpary;
ugder steqdy.state'condltions; by aboutnsﬁof at depfhs of 5.
to 8 kilometers lnnthe eru§t. The reaction'forsterite +

&

.*j ] .. . » ’ '
water =' serpentine +.brucite is gilven-as -an example in

_Figure 5.2 (compare with Figure 2.1). The upper tempera-

ture limit of stabllity for serpentine would thus be about

4500C (Pyyg < Psglids PHpo equilibrium = 1 kb cf.

»

. Figure 2.1). When the aH,9 is less than one the boundary

willebe shifted éven more (see Brennan, 1983). . At tempera-
tdres  well Selqw the uppeﬁ stability llplt of_serpentlne
the equilibrium vapor pressure, as shown by the'e;ampie,in
Figure 5.2, will be very lows onlx a few~t§ns of bars at
temperatures $3500C (c.f. Fyfe, 1958), o
When thé reacfion ls‘aubmafine, ag‘tybléai depths (5;7
km),belo;fgﬁe ocean floor.water,pfesgyre gradients acros; a
1 cehtmyettr thick layer of sé;pentlne will be on the_orper
of~1006'bars; The free enérgx change for q-serpeq;in;zal_

4

tiom, reaction; given this new pressure of water, Py,g," in

4




& 3 . N v
. . : .
NS | ,
w : "
- ' )
’ - .
g 3
‘ g
L < Figure5,2
+ VApor pressure-temperature diagram showing the shift in the
“bpundary of the equillibrium vapor pressure curve, for the
.serpentine reaction sernentine.+ brucite = 2 Forsterite +
3H50 when- Pyotal is larger than Py,g, and is in a fixed _.
¢ ratio to Py,p. At temperatures below 280°C the vapor
pressure 1s“very low (i.e.” < 50 bars).
- ’

ue
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Psoltd = PH,0/+ 2600
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Pe
8GR(Teq.sPc.) =8GR(Teq. Peq.) 'J"Hz° dp (s.1) . .
and as AGO(Tqq ,Peq,) = O,
. ~
the equation becomes, B - -
Pe : -
AGR(Teq, Pc) = - J.Vﬂzo dp . .
Peq *
- fHZQ(C) ]
= - BT In fy,gleq.) | ‘ (5.2)
.' -

where fHZo(c) ‘1s the fugacity (or activity) of Qater in
, .

-

the crack at the new pressure, Pg, and fy,gteq.) and
T(eq.) are the equileriuﬁ activity an& lempcfatuf? (6
Kefvin) bf water for the.serﬁentlniiationiggactlon;
'respectively; and R is the gas constant = 1.987 cél éo;e“

(ok)~1.

N Lo
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Becgqse.the sy;tennis open, tﬁete wili be no
equilibrium ‘§n the classical thermodynamic sense. Instead,
;f there 1s a continuous supply of water fo the reaction
interface, Q*R'will be st:;ngly negaflve and the
reaction will proceed spontanequ#ly (and Tiréﬁeférbiy)
until all the reactants (eg. olivine and‘pyroxe}e)'have

been consumed. The driving force for a serpentinization -
-

reaction 1is, theiefore, the chemical potential (i.e. ~

partial molal free energy) gradient of water across a
Y . [
reaction layer; i.e. : ’

AGR Ao - -RT 1nAfhyp

X BE X ‘ ‘ ‘ (5,3)

S
v

wherelaquo is the chemlcaiwpotentlal 1ifference of

water, and x is the thickness of the serpentine reaction

layer (cm). When PHZO in the macro-crack is about 1000

"bars, and the equilibrium g:;5~1§ on the order of 10 bars

(T = 3000C) (see Appendix II), the chemical potential
qradient driving the diffusion of water throuah a layer of
serpentine 1 centimeter tHick will be on the order of 12090

: ‘o
calories per mole per centimeter.

¢

Fd

"In such a system a true steidy state will never be

reached, but if the change in the rate of productidn of new

serpentine with time can be adequétely descr;bed kinetic-

ally, the system may approach a quhsl-stafionary

- b
£ LI




conddtlon. We shall assunc that the rate ofywatér

diffusion xhrough a continually expanding product layer of

serpentine, and not an interface (nucleation, solution)

* . ¢

process, is the rate controll{ng step in a serpentinlzatlon:
régctlon (ct. Hartln and Fyfe, 1970). The rate of change
in the thickness, x, of a reéction layer Aeq. serpentlne),

dx/dt (defined as the reaction vélocity (ques,-]961), will

" be in»ersely‘propqrthnal to the thickness of the layer.

" This is because the driving force for diffusion, the free

enerqgy gradient, is proportional to 1/x; hence we can

write, -

-

‘ L -._‘ \ (5.“)

(cm sec-1)

Ix

—
——

dx
dt

C o

r
— -

¢ .. 7

(cf. Jost, 1961 pp.-340«2),'nhefe k is a rate constaﬁt
with Q}mensions of cm? sec“, ‘that 1is proportional to. the

porous . system diffusion coefficlent of water, B,(T)

s

'multiplied by the difference {n chemical potentialfaf//

water, AflH,0(P, T) l.e. k = DQ&M)IRT (see equatlon 4'%)\
Note D/RT.dp/dx is defined as the diffusional velocity (see <
section &, Z 1. Integrating the equatlon above qives the

thickness. of the layer, or bhe distance which the

- -~

serpentine ffont has,advanced, at’a.tine, ts

f

X ‘= k‘/z k1/i

. . . ¢ X
’ . . .. - A
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E .‘IL.'Al‘HzO. /2 1142
(3 Asn0) V!

: o . (5:5)
= "(constant) t1/2 : -

*

which is commonly called the parabolic rafé\fan'(bf;

equation 4.7). This model assumes that the change in the

free enerQy of water is llnear‘ so the system is then

\

- ’quasi-stationary. Differentlating this equation with

J respect to distance as well as t;me (f.e. a partial deriva-’
tive) would also fé#ult,in éfraté expression composed of a .
. constant tlmgs't1f2, but would not siqnificént i 1mprov¢ )
thevacc;facy of the pronoﬁed llneagcquel (cf..?fqver,
-+ 1982, pp. 129-32). , s
A At temperatures h:ar 3o000c, wherg tﬁe’estiﬁéted'éaLue

~ .

of D"ZO is on the order of 10'“ cml sec", water may

J

!

penet/ate serpentlnlzed per{dotites by quasl viscous fldw.

Jherefore, as dispusJed in Chapter 4, "DHZQ may not.
_actually be a.true dlffusion coefficient, However, -as long

as the valye of'the “ffan;bort'coefficient" has-been.falrly

accurately measured, . and’ the rJte limitlnq reactlon

‘mechanism’ (eg. tTansport of -atgr throogh a reaction layer

with pqrabolic th1 kenlnq o the product material) 1s
:] : <known, mathematlcal modeis o:xthe form qiven tbove should

give rgasonable kinetic inﬂornatidn ab0ut the proeess

1tse1f - regardlesa af whethbr thd rate coastant usbd hal
%‘
been derived from Ficka first law uc 0¢tcy'a law. Thq

£ *
o, .




o‘fftuslon' coefficient 'D " derived from Fiek's law, has besn

PR N T s he

. used in tlﬁs s‘tudy,. because at moderate tenperatures the
e e ————
S transport of \vater in serpentinlzed peridotites is. probably
SCI dominated by moleculer mass transfer (ile. diffusion). T,-h'is‘
D .. - h - ) ) .

N B IR reasonable assumption considering the relatively small
- g .

- . slze of the vold defects’ in serpentinlzed perldotltes, and
- ’ .
‘“ the maqnltude of most of the temperature extrapolated

“ﬂ " dtffuoion coefﬂclents.‘ Stlll, it is possible that -at ' -
B " -tempe;atu:-:g close to the upper stabllity of serpentipe and,

A . 8 under conultidns wiiere APHZO is large, that quosi \vlscous

. . flmv may become 1nereasinq1y important. ) It‘Ls lmpo,rtant to

r‘emembgr“' that a pressure gradlent,- or a cheuii'ca]n potentlal

_ - . gredient, may produce a concentration (density) qradient
VY- . - ¢ ;
- \ which will drive a difPuslve flux of water. - ©..

. . - . Q

.o The thickness of a seroentlnized peridot'ite layer (in ‘

"meters), 1n which all the oldvine end nyroxene have been ql"{t

‘e

s SO comerted to sernentine, is olotted as a fun% of t;ae
& .

. (yoors) in quurg 5. )afor d.ltl'erent reaction tem eratu:es
L ? )

DR ; tusing the sinpltﬁed mrobolic equation ,‘2 = 2Dt)._
,.‘" \ . P

N The r-esults presen,ted iw FLq.fS 2 amd T;bre 5 LB show

' '-, : ’ cl,early that serpentinizatﬁon 1¢.a rapld p?ocesvsz eg. at L

-,aoooc a loyer\q senpeatlae on the order ‘;‘H 1 kilmr

.-‘t..

e .«w’u111-be aor-ed in a~hrdbk of peridotlte In abaist 106 T

S
. R "“l" —: 'S ' " £,

Ce, 'yeors.': ~We - con., see, thot the waune bf peumtte thet ﬂll " _""

-1

; ey

. i,he hyouted durmg tM lwe-opm'of‘, or enhpge, a ungle
LA .eontfnehtol-;m_ocd hy yt.n:r-lk e&ﬂﬁt 43 ﬂ"W Tto 3 x-1&‘

.
'] : ’ . .
. yor s T e ’ .
Yo ML D e 6 -n-“ e " '1_ L! A.’ i

, : . . 3 .
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A . R JF.‘qu!‘&, 5.3° .
‘Curves showling wdistdnce, x, the reaction front advances
versus time, ¢, dffferent values' of ﬁ“foir)’ These
reaction distances were ‘obtained using the“simplified .

.parabollc rate equation, x =-(20t)¥2. . .

4 .
~ . ' Lo .
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Table 5.1. Typical rates of 'serpentiniZation at moderate
4 o -tenper7tures, obtained using the equation x =
T -1 R 3 I
3 - '4 e ‘ o - . .
' vI TEOC).  Dyygbcm2see-T) x{meters).  t{years)
‘ 38 T LA . .
: _ o 5x 10-7 .  _ 100 3 x 106
. © 200 \' 10-3 | 100 . 1.5 x 105
- - . N 3 . . .=
] 300" | 10-4 100 et 1 x 104
— +
To completely serpentinize 1 km =1 Ma at 3000C.
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TN

o . ' ; .
years, gyrxs, 1979; Elder, 1976) 1is likely to be substan-,

tiai when aacro cracks are spaced at dlstances of a few -

The discusslon, so far, has considered only the

'serpentinizatlon that results when water is dlffuslng into |
a "block’ of peridotite in a* direction normal (i e.'x) to a

.vertical crqck.‘ Hot circulating water may, in fact,

-~
.

ke enqounter,a somewhat horizontal layer of peridotite at the

crust- mantle lnterface and then begin forming a” layer of
serpentlnized perldotite that increases slowly with ‘aqge ‘and
§hows lower selsmic vgloclties.(cf Claque and Straley, . .
1977 Lewis'anﬁ Sﬁydsman, 1980)t A serpentinlzed.perldo—
tit? layeéfimz kilométérs ih;ck is not unrgasoanle-
considering the estimated Jlfosibn coefficlents of water |
(see Figire 4.5) even if, as squested by Lxster (1980), ;,_&_
the convective permeabllity necessary to create larqe |

LA

Rayleigh numbers aqd viqorous coqugtion exten&s only to

'the base of the.gabbroic layer (1.& .to the base of layer

. - . * :
. - - -
y ' L3 . ‘.
3 )" . . v 5’ . L4 . N
B
- - . i . R . '
. - B
[} » . . L v
- ., L]
.. » Fy - o, ~ “.
. . . -

-

5.2 A, Scml qyant&ggg}ve Analysls of. the Forces and Fluxes

.. Coupled to Serpeneinizatlon

-

. Coupled to E-ohqgtdal potential qradfent{'that é;iv;s
» . A .
a diffusive flux “of water and causes thp readtlon, ls a

chenlcaliy produced heat'flun d?lvcn by the heat of hydra- :

M » s

Y 9 o ‘.0. " e e ki e AR o ah e s . ‘ae “ AAAAAAAAA &
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equations 1.1 and.1.2), t.e. ]

B . | 16
— -

driven by .an effective pressure (stress) gredient-generated

beeau;e of the large volule ohange of the reactlon (ses

JH0 = - ¢ RT ‘cheuical flux (see. eq. 4.4)

g.- .= K dx heat flux . (5.6) .
- . dg . L NS ‘ '
P = e(t) dx pressure flux (3.7

LN
) -

‘where P |is the,preesure.flux.(dynes'ﬁm‘3 c{]),"ﬁ'is the

heat flux;(cal'cm’z sec-!), é is the volume strain ‘rate (&

¢

= AV/t, where AV i{s the volumé-. ~expansion of the solid

phases due to setpentinijation) in sec“, K:fs the
\

coefficLent of - thermal conductl»ity (cal em=1 aec" oC- ’)'

do/dx is the stress gradient in dynes cm"2 cm“ 4‘% dY/dx

-

s the temperature qradlent (oC cn")

L
T At temoeratures close to 300°C the serpentinizetion _
g »
reaction will generate an effectlve stress (i.e. o

Pswelllnq.* Pload = Peffeétive) on the drder of éf‘ﬂ.

Y ﬁ.1

least 5 x 103 dynes (see Table 3.2). The vdluﬁe‘strain

rates, e, that will develop at the nerldotite-sdrpentine

of )

»”

Interfast’ln layers of serpentine 1 neter end 190 neters .

thlizr/aesuming a voluue ehanoe of 408 end reactlon tines

7 wecpnds_and. 1012 secgnds, ate on ‘the ordercef 10-8
A oo . T

- ¢y ‘¢
. . }




-

_.aee<1 (deformation will be fast).and 10-12 sec-! respect-
ively tdeferuatlon is slow; ef. Price, 3975). These rates
show that even without any detailed knowledge of the

-'norpholegy of the cracks seen in serpentinites ore 15 ahle
to deduce that, -in eone cases, fracturinq nust cause hlgh
local straln rates to develop. These strain rates may in
part be responsible for tﬁe m&croearthquakes reported near

.-and awdy from ridge erests (Francis, 1981)

Tue.volume change of the reaction, 1nted?ated over

. A several million years, may cause a substantial increase in

. -

the elevatlon of seafloor topography, If most of the
ra

- expansion is direeqed uowards - as is likely coﬁeldetlnq '
> the crustal stress dlst?lbetion -:}9 the time }t takes to
.completely serpen}in;ze.a éllomefei of-petldotlte'Y'I Mai '
the crust will be relsee about 40Q meters; Opposing this
is ehe slower thermal contraction of.fhe bcean crust

. predicted by.the square root of time law: h = s(t)1/2
]

t A
-

where h,1is the toanrhphlc hélqht (km), s Is the elooe |
" iomstant (.39 kn My -12L1ster, 1980). |
Bec&use serpentinizbton is hithy exothermlc (see
' equatlons 1. 1 and 1.2), heat oroduced hy. the’ reactlon may
increaee the rate of wa:er diffusion, and if reaction rates .
o ‘ : are fast there is the addltlonal poesibillty that the -
;'e‘l!tlnq qeothe;mal gradlent ¢ 3096 kn" bieed of.-an -

averaqe q "of 1,5 HFU) nill be lnereaeed slqalflcantly. The'




follows that given by Martin in 1970; which we believe,
givén the experinentally:deternined values of Dﬂzo,*ban

now be somewhat more acéurately estimated.
h, b -

Consider the serpentinization of 1 km3 of peridotite

at a (Moho) depth of 8 km (hy = € «x 105‘En) below the

'sedgment-seawater lnterface (a gradiént of 300C/km 1s

-1 .
assumed). The heat of hydtation, Hr, in a peridotlte

- and tonsdale, 1981). If. the time required“to completely

—serpeWtigize 1 km (1 x 103 cm) of peridotite is on the

order .of' 5 x 1013 sec “( 1. s x 106 years) when Dy = 104 cm?
sec-l.and T = 2400€, the heat flux, q° (caf& cm-2 sec*‘),
preduced by the reaction (1n the overlying crust, layer 1)
when lntegrated over the reaction time, is: . ‘

a(1) = HR/t '., , ’ .

- . °

¢

¢« 200 ca/cm-3 -
sSo, q(1) = 1073 sec (103 cm)

- s .

= & x 10-7 cals c¢m-2 sec-1 (or 2 NFY).

-
L4

17

.(eg. harzburgite) is roughly 200 calories per cm3 (see Fyfe-:

And the resulting heat flux q* throuqh the setpentiﬁ’ layer

(1 e.-into layer Ihowill be,

- . - .
- . - ] ‘ -
. . . -

g* = q(1) + q° (steady state conductive heat flux?
= (¥ x 10- 7) » AL X 1046) L

= 1.9,: 10'5 cal cw‘z sec’g- "T. o .
. T , . A
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The'ln-ed;}ie'effect of the reaction 1s to change the

.- g . . ]
normal steady state temperature qlstribution above the

- serpentine- layer. The .heat produced by the reactiohj

‘required':for

. diffuses to the surface-slowly; the time, t,”
the heat to reach the surface - and establish a new quasi-
steady state heat profile - is qiven by the equation

(Verhoogen et al., 1970) .

. . »
—— LY 3

he
¢ t = « (seconds) | .

L]

where h is the depth to the ‘heat source (cml,(x(PT) is the '
V‘ .
thermal diffusivity (cm2 sec-1). (Note o = k/pc, where c

-1s the specffié-heat capacity in cal gm-10cCc-1,) Ifa = 5

x 10-3 cm2 sec-! a time of & Ma is obtained. Considering

~_ , -
the semi-quantitative nature of ,the calculation, it {s

i

constructive to assume a'quasl-stagrgnary tqmpetigure

&

gradient has heen reached when thgvserbehtlne front had

L

advanced 1 km ({.e. q* is now the new heat flux at the

<

surface), and to calculate the rise in temperagture at the

top of the serpentine layer (Tp, at 8 x 105 km), and at’
the serpentine-peridotite “interface (Th,) . The tempera-

ture in layer 1 ls glven by the equation,

-

Th1‘=~kq*/K1W x + To ~

xﬁbrefore, , Thy = To,o' K (s x "105%) .-
. T - . t. . . /




¥

. . . .

-* =

1f Ky, the thermal conductivity, .is'5 x 10-3 cal ¥m-! sec-!

1,°C'1, and To, the temperature Qt the ;uEfSce = O{
. . ’ s ' B .

, - l‘/.
Th1 = 3040C, )

. S ‘ 4
™

L 4 co- - N N - .

The heat o(,the't;act{on'has qauéea the tenpér;tarejéo,ﬁisé -
about 609C, both in and immediately above thej;erpentlne“
1ay¢? (1.e. . assuming a geotheémalfqradient ofﬂ306E'kn°1).
The fedﬁe;at;rg at the syrpe;tine—peyidqpite 1nter}ace}

Thzhaqga ﬁepfh at 9 km is given by the equitibn, .

Iy ) \ .
. AT
. * ' 4 - .q* = K J-R'
-~ therefore, as’ h = 1 km'11 x 105 bm),
1.9 x.‘o-s . s ’ .’
AT = X =3 (1 x 105) ' . .
= 380C, and Ty, & 3620C - | - .

(cf. Mart®i, 1970, equation 20). If equilibrium is not

" reached until the serpentine. layer is 2 km thick, q* = 1
- t i i \\
x 10-6 cal cm-2 sec-1, T, = 2720C and Ty, (s 10 km) =

[ ]

JuoocC. | \ | ’
' As the rate of the r;act;on is d¥pendént on a number

of variables, tRe .former value Is probably.ngt unreason--
able. The 'serpentinization of perldotite bodies at ..

shallower dépths in the crust - 1or 2 km (;t a reaction f' .

.
» ”~




~

site; 1t° is easy to see that in- this }ase,the deqreg of
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temperature of 3000C) - .would establish a quasi-steady -

_state condition more -rapidly with the surfoundinq rocks and

would thus generate -larger heé; fluxes,

Observitions Qn "strange" thermal springs near fossil
suturés'are common. It is posslblg that-1f pefléotite{
slices are left in such reglons, that abnormal heat fluxes

may be generated by serpentinizatien (W, S, Fyfe; pers.
. . -

comm.).

5.3 Limits on the Depth of Serpentinization: In the Crust

5.3.1 The'LoweryBodhdary

When the temperature rises -above about 4000C (PHZo <

Ptotal) the slopeJof‘the'equillbrium PH,0 curve - |
representing the Qpper stability limltaﬁxhigiggptlne -
becomes essentially »ertlcal, PHzO increases rapidly and
- the reactlon is soon stopped (1 e. A“Hzo = 0). The

results of ;he swelllng‘pressure calculations (Appendix II,

Table 3.2) show that unless the fuqacity-of water, fi,q,

“is very low (< 50 bars, T < 3500- uooom no effective

(Ps;vell'lng - Pioad £ 0) swellinq ptesﬂ.u'e ®tress is

llkely to develop. at typlcﬁl'depths and fluid (Peyyid)

.pressures in the’ ctust. But as lonq as there is‘a qxadie&?

in P”ZOG water will continue to flow to the ‘reaction

‘e

sérpeﬁtiniza;ian will be constrained by. the volume of crack

-

$pace provided by thermal contraétion (see Epp and




@ b

Suyenaga, 1978). fo_rapidly reducing the difference th

szO to zero in this P-T region, the tempe;ature places: a
fairly.rigid limit on the depth, of serpentinization.  in the .
ocean or coﬁtinentai crust: i.e. about 10 km if the heat of

hydration is 1ne1udedf}n the calculation (30°9C/km gradient
AN

as‘sumed). - : ! . \_/“\
\

- . _. ) ' .
> . ‘

5.3.2 The Upper Boundary

’ Normal metamorphlc\lggic Is that Pgjgyid is Hydro- L.

static to depths of 5 Fm, T = 1000C, and Pﬂzos'af 5?0 ~
bars in contlnentai crust; just as-lp the‘;géfloqr crust:
'peéidotites can be expected ¥o'occur at mod;rate depth§ and“
be serpentinized. | - . _ L -
At temperatures near 1009C the rate of diffusion, as
shown bylihe diffuslon.coefficlentt will be t06 low to
acébunt for any substantial amount of serpentinization,
unless cracks are spaced at distances of aAfew.meters“or
less. For examplé, when D'; 5 x°10;7'cm2 sec (T =- 100°C)
‘and a rgdctlop'timé of 103 and 10% years, the serpentine
front will peneérqte a dl;tahce of x = 1.5 meters and‘5:6
meters, respectlvely. . . : _ g e
Obducted perldotite slabhs often exhibit ah extensive,
close spaced (meter ;cale) 1oint pattern (Hopson et al,,

19&1- Boudier ‘and Coleman, 1931; Coleman,' 1982, oersonal

comnunlcation; this study). Cnnslderinq the brittle

behavior of. serpentinized peridotites at .low conflniuq




-

©

.preqsurgs, which-is coupled to residual ;oluue stresses

Intrﬂddé&d by acpossﬁple-earlieg stage of higher

s
.

temperaturek;erpentiﬁization, .this deformation Gaﬁrld'ls

[

not.at -all surprisian The- addltlonal sernentlnlzation of

peridqtites by meteoric@water duting emplacement is

posslble, of course, and 15 consistent with the stable

- o*

isotope s{Ldies of Wenner an§ Taylor -¢197%,. 1973, 1974),

At lower femperatures~(i:e'4GOQ) Lotglhygrat;pa ' ~
kinetic; (nucleatlon”) and diffu;ion rates may become réte.
limiting (cf.°Mart1n and Fyfe, - 1?70- Nesbitt and Brlcker,
1978). This-is q~strong reason for doubtinq the conclasfon
bf'Qarnes and p'Nell (1969) - tﬁat serpentlnlzation is. an.
on-going process at ésoc.° Enstead the aquifer chemlstry
may repreésents thé féiter-dis;olutlon oéjhydrous ‘and *
anhhydrous magnesium sillcate mineré;s, along sn opeﬁ jolht

or shear crack system, as compared to the precipitation of

the hydrous phases.

-~

5.3.3 Summary and. Conclusions .

At temperatures between 100°C and 400°C (PHZO <
Protal) ‘the rate of pdvance of the react!on front driving -
serpentinization is. controlled by the rate of* water.

transport thrOugh an existinq poroqs product layer af

-serpentlnized naterial, ttself a functlon of the- bulk rock .

petueabil’ky, tenperature and the lntrinstc pxnperties of

'

- the mass transfer of water 1n the poreus lddlun 1tse1f.

] . - 1 A
s, ‘ B -
L] ’ P
- - . ¢ . .
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‘face. - o e

fnun'fnzo .,pnnpuzo» aﬁ‘ ,uw tetal p:’qhurm)u, at the\,

. ) .
At noddrdte debths (1e. > 5 km) invthe érﬁst there 1is
a 1arge potentlal, qiven the fluid. pressure, P“Zo (1.e. b

HZQ), of a colunn of water in’ a crack connacted to the

~ - W

surface, for either diffuslve or - quasi-vlscaus (Datey~type)

flow into fresh' ultramafic rocks.:-lt ‘must be‘e-phasized=

-,
that jﬁ is thé’chemical reactlon rate’ which is :esponsible

q}for the ‘large qradient in PHZO across the reqcvion inter-

4

‘ - L0 .
Because the gradient in the chemlcal poteqtial—is a
strong functioh of the thickness of the serpentlnlzggmlayer

and thus in crack spacinq (and permeablllty), neqative

.
Kt °

feedback. wlll tend to sléw down the rate’ of reaction as.‘ the

eaction layer expands and the drivinq qradlent decreases.

In gene:al. the faster the rqte of water penetratton the

‘

larger the heat flux - which will lncrease thé;rate of .

diffusion - and the hlqher the strain rate -,wwleh widl

. ) r
tend to increase the rate of crack qrowkh One would also

- - v

expect an_ osscilating growth of new cracks and a tenporary

»

lncreasé in nermeablllty a;sdciatéd wiéh the bwlld -gp of.

the swelling pressure i‘ress (Fiq. 5. 4). ’

P ’ :
The serpenttnlzatlon rea tion codsumes Hzo and qener- |

a

ates. a swelllng oressure - as do c14y$*(eq. montwor-

*r

lllonitqs) with etchanqable lsterlayep catlons beqaua‘

the rRemical potentlal of wq;er,‘buzq (uﬂtlnquqo ;‘- 5;_

PR T
” .

. - . ‘.
r . ; : ‘ o '- "; R
. . I ¥ " . . s e

X re&ctlon 1nte:ﬁtce “\:g’ﬁF" ¢oipi?jlon to~thtﬂ“¢l¢ths 45r§5

C . ‘»)

-

-
-




a \J

‘EEE JE
| ddaa

o
9 . F] .
Huﬂﬂﬂl-nu- —

»

0 — 5 .
- — N
. .
.
é
- . [ 2N
N -




: Figure 5.4

4 g '
"Diagram showing possible permeability fluctuations due to

episodic cracking during serpentinizatlon. Following crack
formation, slower reaction rebuilds the stress to generate
new cracks.
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. . g \‘-
fluid solvent ()g.#ﬂzﬂ) in the surrounding environment. As

@ result a large dlffereate in PHZO is produced. There-- .~

fore, in order for the reaction system to regaln .

~equilibrium with the fluld entérinq the system hydration
. must occur and the rock must swell. If this swelling

- pressure stress exceeds the lithostatic pressure being -

> -

but repeatedly. ’

L}

Ultimately temperature is rate controlling, as the

équllibrium (reaction) PHZQ, transport coefficient, and’

\
the reaction kinetics are all strongly temperature

{

depeﬁﬁent.

Y

" applied to the solid' phases, the rock will crack, not once,



CHAPTER 6

SUMMARY AND CONCLUSIONS
» l ) -

It appears that water can penetrate serpentlnized
peridotites at appreciable rates by dlffuskng through
defects caused by the buckling of. the platy serpentine
mineral, lizardite. However, under condttioﬁs whéte the
te;peratures are moderately high and tﬁe water préssufc
gradients are large the movement-may'bé by_sldw Darc;
flo;.' Diffusion coefficients on the order of 10-8 to 10-%
cm? sec-! must be anticipated over temperatures from 30-
3OOQC,‘respect1vely, inside the serpentine stability
region. Using the simplifjied parabolic rate.haw, x =
_(ZDt)1/2, such coefficients imply a mean ﬂﬁnétration |
distance (x) througﬁlserpentinized peridotite in the range
of 1-80 cm a-1. Given the large PHZO gradient produced
by the reaction (i.e. pHZO external "Peq. interface),
this process will causé’}arge volume sttqins coupled to the

flow of heat and water and‘reactibﬁ,ratbs. Blocksqu



"

-

peridStlte undergoing rapid hydration'mayvgenera;p larg;
volume strains which under mo¥% eénditjon§ will cause this
mas;ﬁve portlon of the rack to deform by a bfittlé mechan-
ism,lélthough at high Lonﬁin;;g pressures (P > 1 kb),
perhaps developed in part by volume expansion itself,
serpeptinites may deform plastically (ductilly) (Raleigh
and Patterson, 1965). As the‘gnelliag pressures of thls 
process are on the orger~o€ a kilobar, crack growth will be
a continuous process. This 1s”in accord with the camplex
array of cros?écutting.microféactures ubiquitous to
serpentinites on all sca{e§. The re;ction cleéarly will not
be d;pendent on the continual removal of magnesium and
sifieé by élrculating_fluids, for which there is no geo-
chemical evidence.

Hydration will proceed more rapidly along intra- and

inter-granular microfractures then perpendicudar to cracks,

- but ,with a linear crack density “of about 50 cracks/cm,

observed in peridotites from the Philippines, most of the

‘rock will be prone to attack at similar rates. It is also

clear that ,if ultramafics occur at ghallo; depths in the
ocean crust, vertical strains ﬁay cause appara:t dlapiric
rise and exposure of small serpentinite bodlies. An.upward.
rate o% movement of 1 mm/yr predicted by Bonatti (1976,.see
also Bonatti and Hamlyn, 1981) is quite reasonable.

Salt filtration depends on the cation exchange

capactty of minerals other tham serpentine, the poposlty,




the solute concentration of the fluid in the crack, an&
streaming petentlals generated by the fluid flow itself.
More field work is needed to determine if very high
_salinity fluids will be produced (see Vanko and Batiza,
19bé) 6;‘membrane élltration, but the exeerimeAZal results
presented in this study suggest that serpentinized perido—
tites behave somewhat semlpermeably to salt .ions (eg. Nat
€l-). If flow rates are very slow - and th;s,must,be a

| critical parameter - fons may have difficulty entering the
‘rqck during serpentinization, and as ; cohseduence locally
clrcalatinq fluids may beeome énricﬁed salt ions>-
especlally Cl-. To preserve electrical neutrality, either
oxyhalides must precip{tate or hetai speeies must be
leached from the surroundlgg rock.

According to Lfsterﬂf1974,.1986:11;81), once active -
crackiqq penetration, and therefore'also the "active" phasge
of hydrothermal ci;culation (with a life span of millions
of years), ceases due to the.combined effects of chemical
alteratiqn.- e.q. serpentiniiation and/or static fatigue -,
heat conduction from below will continue to\drIVE a "pass--
fve" herothermal system..

During this stage, waéer circulat}ngﬁko the base of

the ocean crust may lead to the moderately rapid hydration

of the upper mantle, making:serpentlnlzatton an 1ntegra1-

part of ocean tloor hydrothermal circulation and metamorph-

ism. If the bulk permeability of the overlying crust

183
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remains high enough for fluid to convect through Ehe lower
oceanic crust, the ocean crust?may thicken gradually with
age due to serpent{hizatién (Lewis and Snydsman, 1980; '
Mutter and Kempner, 1983). This will provide the additign—'
al seafloor heat flow and elevation not predicf;d by the
(age)1/2 model (see Anderson’ and, Skilbeck, 1981).

Althougﬁ the per&eabllity nece;shry for cbnvection must
gtadqally decrease with age as cracks are sealed, the
evldpnce indicates stréngly lhat coquétion - of which an
inifeased proportion may be c{gséd-system toirecircgiateq.’
flow - continues for tens of millions of years (i.e. >100

. km from the ridge crest) (Dav}s and Lister, 1977; Anderson
gt al., 1979; Lister, 198}). Note, that while near ridge
basalts show pétchy alteration, in ophiolites-the_altera-
tion is oft;n Hervasivé.

Qne of the basic difficulties of making any definitive
conclusion cdncgrnlng the extent of metamorphism of lower
crustal mgterlal}is,that our understanding of the structure
beneath ridges is stillyincomplete (see }eport by Fyfe and
’Macddnald, 1984). 1If newlllthospﬂe::, in ghe form of sea-
mpunts] ridges, volcanoes, and blocks flows inio fracture
zones, as suggested by Smoot (1983), individual layers may
be’absent-qy‘thinner than normal oc;anic bfust,‘makiﬁg them
more acch;Ible to atfack by -seawater. The complggity of
normal oceanic c;ust is now belng recognized in ophiolites

(Lewis, 1983). It must also be recognized that the obduc-

-

‘.



tion of oceanic crust is a relatively rare process, aﬁﬁ as
LR [)

such the metamorphism observed in ophiolites may not be

completely representative o? "typical" ocean floor process-

-~

‘es (Coleman, 1983).

.Wh?n macro-cr;éks‘are spaced on a scale of meters, as
they are at Coto - because Qf‘the thermal conéraction in
the dykes cubic kil&meters‘of peridotite may bé totally
‘sqrpentinized in a fe; thodgand‘years{‘_The extent and
ﬁigtributlon of serpenf{nized peridotites, as well as fhe
degree of serpentinization within ihe Zambales ophliolite,
Philippines, may be typlcal-of thﬁt ﬁorming’benéath many
modern island arcs or oceanic islands, ‘whereas thoéé '
exposed In the Ligurian ophiolite and B;y of Islands ophio-
1&te may bé characteristic ;f similar processes occuring
within transform faults (Co;tesogno et all, 1981);_and.1n'
-ocean crust and upper mantle with a moré‘nprmal s?a-floor .
spreading tectonic history (Casey‘et al., 1983; Karson,
}983), respectiQély. Ultramafic rocks dredged from the.
equatorial Mid-Atlantic Ridge by Bonatti et al. (1971),
Aumento and Loubat (4?71)‘anq Dmlgriey et el.'(1921)
_conéain microstructdfes, lndiéative of *high local‘volume
strains, that efe very si*ilar to th§sg obs ve : n’ he
land based ophio}ltes diicuised'in.fhis‘study‘igee abov;).

This study cleéarly shows that serpentinization 13 a |

Eapid and continuous process in Beafkoar and débp ground-

ﬁéter envlronment;.l The reaction is cqntrolled“only'by the

- . .




‘avallability of water to ultramafic rocks through their - ‘

-

cover. As the reaction consumes on the, order of 5 x 1011
liters of water per km3 of rock, - serpentinized periYotites
may represent a lmarge sink for watef in the ocean éru;t.
Thus, during eithe; the hydration or dehydration prgfess,
ultramafig rocks will produce some very special dynamic and
chemical effects. Sihce peridotites are a dominant compon-

ent of the earth's crust, these processes need to be

considered more fully.




APPENDIX I

SUMMARY OF ANALYTICAL TECHNIQUES.

I-1. Whole rock geochemistry .

Ten major-oxides (Na0, Si0p, T102,-Al1203, Fe203, Mnd,~
Mg0, Ca0, -K20 and P20s) were determined by X-ray fluores-.
cence using a Philf??r;;TT\jo Automatic Sequentia}
Spectrometer. The standard monitor used was FS94, supplied’
by R.W. Norrish (CSIRO, Australia). Excé;t f&r‘Nago and
LOI (volatiles, eg. Hp0), the analyses were -performed
according to the fusion techniques of Norrish and Huttoa _
(1969). Na20 was analysed using pressed pellets; and loss
on ignition (LOI) - ie. Ho0 - was calculated By determlplng
the welqhé loss qfter'roastlng powdered samples of the rock

-

for 2 hrs at 11000C. This may include about 2 percent by

‘

weight of sorbed water (Hess and Otalora, 1964),
The results indicate that major element determinations

are generally accurate to within 2-5% of the amount .

‘present, except for MgO0, which In Mg-rich rocks (i.e. y .

peridovites), may err by as much as 5-1@%.




( ) ]

I-2. Electron microprobe mineral analxsés.
- >

Mineral chemical analyses were obtained from 25 mm

" diameter poll§hed thin sections coated with carbon, using a

MateriaI;‘Analysis Company model gOO electron microprobe

?quipped with three diffractometers and‘KrISel automation.

The equipment was operated at 15 kv, and with a sample't

current of 25 nA. The following standards were used:

bronzite for Mg, Si, and Fe; kaersutite for.Al and Ti; .
diopside. for Ca; orthoclqsé }or K;‘élbite'foi Nd;‘chromite

for Cr; Phodonite for Mn; and biotitg for Cl. The . .

precision of replicate analysis indicates that the fesults

" are accurate to within + 1 to 2% for the major elementé and

up to'+ 10% for the minor elements.

I-3. Idéntification of the serpentine minefals, 1nc1ud1ng
brucite ’ ’t
A combination of.optical (see Wicks and Whit;;ket;»
1977), electron microscopic (see Cressyr‘1979) aﬂd X-ray
diffraction techniques are ﬁeceSsary for the accurth
Aetermination of the different serpentime minerals (i.e.

\ *
'antigorite, chrysotile, llgardrte) and thelr proportions

“

(see Mumpton and Thompson, 1973).

X-ray diffraction :

Standard X-ray diffraction patterns of finely-powdefed

. \
rock samples were obtained using a Rigaku/"Geigerflex"



X;ray diffractometer |System; D/Max serles. 'hlle-tﬁi§ P
-
method is useful dn/determining if any serpentlne minerals

(1ncludimp bruclte) are present, it {is not very diagnostic

with regards to thei% Qgtgay tdentification (cf. Wnittaker‘

»

_and Zussman, 1956). o : ‘ ' A

-

However, by using a microbeam X-ray diffractlon camera’
selected areas of a thin section ean be removed photoa
graphed, and compared with the optical {eqg. teifﬁral)
propertlies observed under the petrographic (and scanning
electron mlcroscopo) Ten representative sections were -

studled - under the quidance of F J. W;cks at the Royal-

Ontario Museum in Toronto - with a Noreleo mlcrobeam camera

[

according to the methods of wicks and Zussman (1975)

" 14
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1-4. Densit SR s . N t A
\n‘ *4 * N " / . ~l .

The densities p,of the serpentinized peridotites were
*& »
determlned acc@rding to Archimedes Principle; i.e. p = ) .

WA.L/yA-WL,'where,L is tne dénsity of the Iiquid (eg. de- _ :

. T .
~ donized water), WA is the weight of the solid sample in~ (

™ ) R

air, and WL is the weight of the solid when immersed in the
liquid (wilson, 1972). The density-of a dry peridotite 1is
taken as 3.25 g/cm3 and that of a completely serpentinized

peridotite < 2.95.g/cm3 (Hess, 1964 Page, 1967).

A}

-

L

I-5. Weight percent magnetite

The.megnetlte content was determineéd by measurkng‘the:

,



<’

magnetic susceptlbiiity - using a Bison Susceptlbility':

" Méter, Model 3103 - .of powdered whole rock sample!:(qf

equal volume) against known standards. The resul?s:ehQuId

be censidered as semi-quantitative, as dlffereﬁceg 1ﬁ Jrain

"- 1.e. domain - sizes related to fhe crystalliiaéio;eh?w

1-6.

magnetlte during serpentinization will prqfﬂbe é’somewhet;,%

variable magnetic susceptibility curve. PThis-effect is not-

completely removed by crushing and sieving the sample.
*» .

r

Effective porosity

-

The effective porosity was determlned by drying ‘the—--
serpentine slices %Eed in the experiments in "an oven fon 2
weeks at 1100C, and then measuring the weight lan£€§o:
wt, HZO lost (é)'diviéed by (deﬁsitf,of\HZO (g/cm¥)) 5} v
vogume. of sample (cm3) = cm3 of liquid peﬂ cm3 of ‘sample. -
When multiplied by 100 it is equivalent to the effective
porosity; deflned ase the percentaqe of intetconnectedwpore

Q . X N
spaces in the total volume of rock.

<

~3
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. relatlionships. (see Fyfe et al., 1958; Fyfe, 1973).

’ ‘
APPENDIX II e
) THERMODYNAMIC CALCULATIONS, INCLUDING THE )

CONCENTRATIVE PROPERTIES OF AQUEOUS SALT SOLUTIONS

* ’
. N .

4

. . N e

II-1. P-T diagrams . et y
A) The vapor-pressure curve for the ;eaction e

serpentine + brucite = forsterite + H30, where PHZO =
Ptotal under conditions where PHZO is low (i.e. < 100

bars) can be determined using the fo}loying;thermodynaﬁic

(1) 496y
. ap)T

(2) 43¢
)

e

i

[
v

-
-

It 1s assumed that at 1o§ pregssures the das phase may be.
‘f\ . -

treated as essentially ideal; so the. Gibbs free energy,, -
> 45 r .
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c 4G = -RT In Py,q

[}

and that for most reactions the change in entropy, Sz=

b
.

c;nstant with T at moderates T's.
B) To cerrect the above éurve for conditions where the
pressdre on thé soli&é Is non-hydrostabic (i.e. P on solids
>> ansv S0 PHZO < Ptotal)s the new Gibbs free enerqy

of reaction G* under these condltions becomes,

- ' ; Psolid Hp0 S
AGReaction = AGR + Vsolids + VHzo dp 0

eq. Peq.

r

(see Fyfe, 1973), where Pgq is the equillbrium vapor
- bressure under conditions where PH20:= Ptotll’ Peolid
is the lithostatic pressure being applied to the sollds,

. an® PH,0 is the new equilibrium vapor oressure where

' PH,0 < Ptotal-

Valueg for the entrony (As;)ﬂ the molar volume
(AVgy1ids)s and the Gibbs free energy of formation (AG;L
mere taken from Roble et al. (1979). Jhe standard state ls

L .
the stated temperature and 1 bar.

11-2. Swelling pressures :

The swelling pressure, Pg, of the reactlion is defined

IE | ' o



as the total pressure needed to stop hydratioha qlveﬁ a
particular fluid pressure, Phydrostatic = PHoo in a
crack. }et us assume :hat the reaction has regch;d
equilibrium with a'p}essute Ps being applied by a piston,
at a given T, and PHgO in the environment. Therefore,
the thermodynamic question thaf must be answered is:what
loadjpressu;e, Ps, must be put on the piston to stop the
‘reaction = pressure (or stress) the process can generate
-

(T, PHy0)? i.e.

L4

Ps ‘ : PH20

L ;
4GR - = J'A_VSolids dp - Jvﬂzo dp ="0
Pe"q A g Peq

therefore,
PHzO R
_AVSolidsAPS = JVHZ() dp . .

Peq

where‘Peq is thet equilibrium vapor pressure at a given

temperature (calculated in II-IB) and V is the change in

the volume o6f the solid phasés in cm3., The right hand side

of the above equation can be calculated using values of
(G;Ho)r p of H20 given fin Sharp (1962), or using the.
fugacities of Hzo from Helqeson (197“) or Burnham et al.

(1969). (Note: values of (G-Ho) must he converted to cm3

-
-
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bars.)

4

11-3, 'Conceptratlve properties of aqueous splutions

The molal concentrations (moles kg-1) of NaCl (Cs) and
H20 (Cw) in the various experimental salt solutions were
taken from the Handbook of Physics and Chemistry (1973 by
Wolf et al.). The solubility qf salt in watef at a given
temperature iS IISt;A in Mellor's (see Brigcoe ?t al.,”

1961).

Values of the solubility. of sucrose (cane sugar),

C12H22011 are listed in Seidel (1917, p. 693). The

activity of water 15 a saturated sucrose solution 1s given
by Robin;on and Stokes (1965).

The activities of water (ap,q) in different NaCl
solutiopns - used in the calculation of -osmotic pressures -,

.are listed in Robinson and Stokes (1965).




11

-
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REPRESENTATIVE MICROPROBE ‘ANALYSES FROM THE ZAMBALES
OPHIOLITE COMPLEX, PHILIPPINES
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APPENDIX IV

REPRESENTATIVE WHOLE -ROCK (XRF) ANALYSES FROM THE

OPHIOLITE COMPLEX, PHILIPPINES
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APPENDIX V

A

SUMMARY OF THE PHYSICAL AND CHEMICAL PROPERTIES OF - THE

SERPENTINE SLICES USED IN THE EXPERIMENTS
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APPENDIX VI

A SUMMARY §F THE ADDITIONAL AVERAGE FLUXES. AND DIFFUSION

COEFFICIENTS MEASURED FOR THE TRANSPORT OF H30 AND NaCl

. THROUGH .SERRENTINIZED PERIDOTITES
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APPENDIX VII

REPRESENTATIVE FIGURES SHOWING .THE TOTAL VOLUME OF WATER
TRANSPORTED ACROSS A SLICE AS A FUNCTION OF TIME




P

Figure VII-1A to J

Representative plots showing the total volume of water
observed flowing through the slices as a function of time.
This value was averaged and- then converted to moles in °
order to calculate the fluxes and diffusion coefficients
listed in Tablés 4.1 to 4.4. The heading contains the
sample number, the run number and the temperature under

*" which the run was conducted, followed (underneath) by the

solution concentration (in molal units).
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DESCRIPTION OF
SERPENTINIZED P
OPHIOLITE SULTE,

VIII-1

VIII-2

APPENDIX VIII

SERPENTINE TEXTURES AND MINERALOGY- IN
ERIDOTITES COLLECTED FROM THE LIGURIAN

ITALY, AND THE BAY \OF ISLANDS OPHIOLILTE

- LY

COMPLEX IN NEWFOQUNDLAND

-

Liquria, Italy

Bay of Islands, Newfolndland

235
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VIIl-1 Serpentinites from Liguria, Italy

L]

" In hand-specimen, serpéntinized (§0-100%jfper1dot1tes
frém Lfburla (collected by ¥.S. Fyfe and F. Barriga near -
Sestrilevante, East Liguria) are a distinctive b;ulsh-
green.” This color is typical of serpentinites which are

-3

heavily serpentinized (i.e. water/rock ratios high) and are
not éxtensively subaerigziy weathered. Some remnant
pyro;ene is still visible.

In thln.sectioq,'the slice is choatically fractured
and veined - i.é. intense uni—directioﬁal strain
deformation is indicated. -Ribbon and mesh textures,
composed primarily of lfzardlte-If'(ag indicated by
microbeam diffraction), dominate. Minor slip-fibre
chrysotile is also obseéyed. X-ray diffraction showed
that n&, or very little,_ brycite ;as present.. Host,qf;the
iron in the rock 1is concentrated in veins as magnetite
(wglch_as well as the 1a9k of brucite (Fe rich) incrgase;
the colbr noted above). - _ .

VIII-2 Sefpentinlzed Peridotites from Bay of Island

Samplé No. NA-71-19 ( 30% serpentiqized) - frb; the
..collection of W.R. Church, studied by Riccio (1976) - used
in the preéoht-ﬁl(fusion experiments is typical of other
serpentinized (harzbuydite) peridotites cor;ected-from this
area. _ ' A

In hand specimen,.serpenttnized.periddtites from the

. , .
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'Ba;_&¥ Isiands nassl? appé;r éreeni;hcg;ey. 'Specln?na ;reh
variably serpentinized (see Table 1) and'dispiay an extens-
;1v;‘network of cross-cuftlng veins. |

In thin section the serpentine v?ins are éharactér-

istically complexly banded, an& appear to have split -
crystals of olivine apart. Grains of olivine are typically
shattered and filled with a mosaic of micré;e{nlets of
serpentine. The dominant serpentlhe minerhlf as shown by

-~

microbeam X-ray diffraction, is lizardite-IT. Brucite was
detected by XRD. ‘ F

Similar textured serpe&tinl;ed peridotites have been
dredged from the walls of fraqture~zonés in the equatoridl

Mid-Atlantic Ridde by Bonattl et al. (1971).

N
-
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