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ABSTRACT

Studies by microbeam X-ray camera and electron
microprobe indicate that the serpentine minerals in
retrograde lizardite * chrysotile == brucite pseudo-
morphic textures become progressively more homo-
geneous and, in most cases, more Mg-rich as ser-
pentinization progresses. Whereas lizardite =
brucite mesh-textures develop in a retrograde envi-
ronment, the closely related lizardite =+ brucite
hourglass-textures are probably formed by a mild
prograde event. Aluminum is a minor but persistent
element in the mesh and hourglass textures, but
lizardite-bastites after pyroxenes have distinctly
higher Al and Cr contents. During prograde meta-
morphism, recrystallization of retrograde pseudo-
morphic textures usually begins in the fine-grained
lizardite - chrysotile mesh-centres. Relict olivine
mesh-centres may alter to chrysotile 4 brucite or,
at higher temperatures, to antigorite - brucite.
Chrysotiles are usually slightly less Fe-rich, and
antigorites either more or less Fe-rich, than the
serpentine in the textures being replaced. Com-

positions tend to become more homogeneous
with prolonged recrystallization to prograde
nonpseudomorphic textures. However, prograde
shearing produces variable Fe contents in the
resulting chrysotiles and antigorites. Bastites
undergo complex mineralogical and chemical

changes during prograde metamorphism. In the
simplest case, lizardite-bastites remain more or
less unchanged by the development of prograde
chrysotile -+ brucite. The development of anti-
gorite - brucite may have two effects on lizardite-
bastites: they may undergo a drastic loss of Fe
and recrystallize directly to antigorite, or they may
lose or gain Fe and Al and recrystallize to a
chlorite-like mineral 4- antigorite. The develop-
ment of antigorite without brucite may or may
not produce a loss of Fe and Al from lizardite-
bastites, but it may produce a recrystallization to
Povlen-type chrysotile, without much visible effect
on the bastites. Many of the veins that develop
in the various assemblages have compositions
closely related to those of the host minerals.
However, veins of very different compositions also
develop and these may or may not react with the
wallrock minerals, depending on conditions at the
time of crystallization.
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SOMMAIRE

Des études par diffraction X (chambre a micro-
faisceau) et & la microsonde électronique montrent
que les minéraux de serpentine dans les assem-
blages rétrogrades lizardite = chrysotile = brucite
a4 textures pseudomorphes deviennent progressi-
vement plus homogénes et, en général, plus magné-
siens & mesure que progresse la serpentinisation.
Les textures réticulées de lizardite =& brucite sont
caractéristiques d’'un milieu en rétromorphose, tan-
dis que les textures en sablier du méme assemblage
signalent probablement un faible métamorphisme
prograde. Toute serpentine, de l'une ou Il'autre
texture, contient un peu d’aluminium, mais les
bastites 3 lizardite, formées & partir de pyroxénes,
ont des teneurs en Al et Cr nettement supérieures.
La recristallisation de textures pseudomorphes ré-
trogrades au cours du métamorphisme prograde
débute généralement aux centres des mailles de la
texture réticulée de lizardite == chrysotile. Les
reliques d’olivine qui s’y trouvent peuvent se trans-
former en chrysotile + brucite ou, & températures
plus élevées, en antigorite -+ brucite. Ces chryso-
tiles sont généralement un peu moins ferriféres
que la serpentine en voie de remplacement, tandis
que les antigorites sont soit plus, soit moins ferri-
féres. Les compositions tendent & s’homogénéiser
par recristallisation prolongée en textures progrades
non-pseudomorphes, mais le cisaillement prograde
produit une teneur en Fe variable dans les chryso-
tiles et antigorites. Les bastites subissent des modi-
fications minéralogiques et chimiques compliquées
pendant le métamorphisme prograde. Dans le cas
le plus simple, les bastites & lizardite restent quasi
inchangées durant la formation prograde de chryso-
tile 4+ brucite. Lors de la cristallisation d’antigo-
rite -+ brucite, les bastites & lizardite peuvent
soit subir une perte énorme de Fe pour donner de
I’antigorite, soit perdre ou recevoir Fe -+ Al pour
donner un minéral chloritique -+ antigorite. La
formation d’antigorite sans brucite peut ou non. étre
accompagnée d’une perte en Fe et Al dans les
bastites & lizardite, mais elle provogue la recristal-
lisation d’un chrysotile de type Povlen, sans grand
effet sur les bastites. Nombre de veinules qui se
forment dans les divers assemblages ont une com-
position en relation étroite avec celles des miné-
raux encaissants. On trouve pourtant aussi des
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veines de composition totalement différente, qui
peuvent ou non réagir avec les minéraux des épon-
tes, selon les conditions lors de la cristallisation.

(Traduit par la Rédaction)

INTRODUCTION

In previous papers the crystal chemistry of
the serpentine minerals (Whittaker & Wicks
1970, Wicks & Whittaker 1975) and the min-
eralogy of serpentine textures (Wicks et al.
1977, Wicks & Whittaker 1977) were dis-
cussed, Although a model for serpentinization
in various geological settings was proposed by
Wicks & Whittaker (1977), few chemical data
were presented; of the chemical analyses that
were available, most pertain to vein serpentine

MINERALOGIST

and few to rock-forming serpentine (Whittaker
& Wicks 1970). In order to obtain a better
understanding of the chemistry of the rock-
forming serpentine ‘minerals and the serpenti-
nization process, a combined electron-micro-
probe and X-ray-microbeam study has been un-
dertaken as a companion study to the earlier
X-ray-microbeam survey (Wicks & Whittaker
1977).

Since the discussion of the classification of
the serpentine minerals by Wicks & Whittaker
(1975), more data have become available on
the polygonal structure of Povlen-type ser-
pentines (Cressey & Zussman 1976, Middleton
& Whittaker 1976, Morandi & Felice 1979).
Povlen-type serpentines have been found with
cylindrical cores of chrysotile-2M. or chryso-
tile—20r, each with polygonal overgrowths of
serpentine that approximates the chrysotile-

TABLE 1. TYPE OF SERPENTINIZATION, ROCK TYPES AND SAMPLE LOCATION
'RETROGRADE PROGRADE
TYPE 1 - ANTIGORITE * MAGNETITE TYPE 5 - CHRYSOTILE +/OR LIZARDITE + BRUCITE = MAGNETITE

IB67-249 wehrlite Tadamagouche Creek, Yukon

TYPE 3 - LIZARDITE + MAGNETITE

18479 harzburgite Stillwater, Montana
18480 harzburgite Stillwater, Montana
18491 dunite Bowden Lake, Manitoba
18530* harzburgite Mayaguez, Puerto Rico
18540 harzburgite Jeffrey mine, Quebec
. (also Type 7)
AG67-67b  dunite Jeffrey mine, Quebec
(also Type 7
FW-L-4 harzburgite Lizard, England

TYPE 3 - LIZARDITE + BRUCITE & MAGNETITE

18508 dunite Glen Urquhart, Scotland
18529 dunite Mayaguez, Puerto Rico
AG67-70a  dunite Jeffray mine, Quebec

TYPE 3 - CHRYSOTILE + LIZARDITE * BRUCITE x MAGNETITE

AG67-64a" wehrlite Jeffrey mine, Quebec
. {also Type 7

IB67-265 dunite Telson Lake, Yukon

W70-72*  dunite Normandie mine, Quebec

(also Type 7)

18501 poss. dunite Pipe Lake mine, Manitoba
18538 harzburgite Jeffrey mine, Quebec
(also Type 3)
18559 serpentinite  Porcupine Asbestos mine, Ontario

TYPE 6 - CHRYSOTILE + LIZARDITE + MAGNETITE

W70-74 serpentinite Normandie mine, Quebec
(also Types 3 and 7)

TYPE 7 - ANTIGORITE + BRUCITE  MAGNETITE

18544 harzburgite Jeffrey mine, Quebec
(also Type 3

W70-35 dunite National Asbestos mine, Quebec
(also Type 3)

W70-41a dunite National Asbestos mine, Quebec
(also Types 3 and 5)

W70-55 dunite Beaver mine, C Pit, Quebec
(also Types 3 and 5)

W75-62 serpentinite Bell Asbestos mine, Quebec

{also Type 5)
TYPE 7 - ANTIGORITE + MAGNETITE

18478 peridotite Stillwater, Montana
(also Type 3)

18498 serpentinite Oswagen Lake, Manitoba

18540 harzburgite Jeffrey mine, Quebec
(also Type 3)

18543 harzburgite Jeffrey mine, Quebec
(also Type 3)

AG67-64a  wehrlite Jeffrey mine, Quebec
(also Type 3)

AG67-67b  dunite Jeffrey mine, Quebec
(also Type 3)

W70-72 dunite Normandie mine, Quebec
(also Type 3)

W76-5 serpentinite  Flintkote mine, Quebec

(also Type 3)

TYPE 8 - ANTIGORITE + MAGNETITE

T-179 serpentinite  Talon, Quebec
(also Type 3)

*The development of the textures in these samples, although closely related to pseudemorphic processes of type 3, is

promoted by mild prograde metamorphism of type 5. Thus, some

of these textures form a link between types 3 and 6.
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2M., and lizardite-2H structures, respectively
(Middleton & Whittaker 1976). Recently, poly-
gonal parachrysotile has been discovered (Mid-
dleton & Whittaker 1979). Transmission elec-
tron-microscopy (TEM) of ion-thinned samples
(Cressey & Zussman 1976, Cressey 1979) has
provided more detailed information on the mor-
phology and distribution of the various serpen-
tine minerals within different textural units

and on the nature of the serpentinization process. -

In field and theoretical phase-diagram studies,
Evans and his coworkers (as reviewed in Evans
1977) have unraveled many details of the ser-
pentinization process, particularly in the pro-
grade regime, Hydrothermal studies on the com-
position and stability of lizardite (Chernosky
1975, Caruso & Chernosky 1979) and the stabi-
lity of antigorite (Evans et al. 1976), and mi-
croprobe studies of serpentine textures (Page
1967, 1968, Trommsdorff & Evans 1972, Frost
1975, Dungan 1979a, b) have provided further
data on the serpentinization process. The distri-
bution of Cl in partly serpentinized ultramafic
rocks has been studied by Rucklidge & Patter-
son (1977).

In order to relate some of these studies to
the work of Wicks & Whittaker (1977) and to
test the model of serpentinization proposed in
that study, a series of samples representing the
various serpentine minerals and the various
types of serpentinization were selected for mi-
croprobe analysis. Some of the samples had
been identified by Wicks & Whittaker (1977)
but many new samples were added to fill in
types not completely covered by the earlier
study (Table 1). It is the purpose of this paper
to discuss the chemistry of the serpentine min-
erals and the various processes of serpentiniza-
tion.

ANALYTICAL METHODS

Two thin-sections were made from each sam-
ple, usually from back-to-back slices, one. left
uncovered for the microbeam camera and one
polished for the microprobe. Both types of
section were examined optically to select areas
for analysis. Previous microprobe studies have
been limited by the uncertainties of the identi-
fication of some of the serpentine minerals, but
in our study all serpentine-mineral assemblages
to be studied with the electron microprobe
were identified with the microbeam X-ray-dif-
fraction camera (Wicks & Zussman 1975). A
total of 310 microbeam X-ray-diffraction pat-
terns were taken. Furthermore, all analyses of
individual points within the. selected areas were
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recorded on photomicrographs. The examina-
tion of the polished thin-sections in reflected
light served as an aid in distinguishing anti-
gorite from lizardite and chrysotile: antigorite
is slightly harder and thus takes a better polish.
This distinction is illustrated in Figures 15a and
15b where the same field of view is seen in
transmitted and reflected light, respectively, and
where antigorite blades are clearly distinguished
from the enclosing chrysotile in reflected light.
Lizardite usually takes a good polish, although
it is softer than antigorite, and chrysotile takes
a good-to-poor polish depending on its mor-
phology and orientation with respect to the plane
of the thin section.

Recent TEM studies of ion-thinned sam-
ples from the Wicks & Whittaker (1977) study
(Cressey & Zussman 1976, Cressey 1979) have
definitely shown that some serpentine textures
are morphologically and mineralogically more
complex than the microbeam-camera results
would suggest. In particular, mesh centres after
olivine, though mainly lizardite, often contain
fine chrysotile and polygonal Povlen-type ser-
pentine, which does not produce a recognizable
microbeam diffraction-pattern. The presence of
chrysotile may be suggested on microbeam X-ray-
diffraction patterns by diffuse fogging of the
film in the 202 to 204 region (Wicks & Whit-
taker 1977) but cannot be proved positively.
The presence of semicircular polygonal serpen- -
tine in bastites (Cressey 1979) is consistent
with the asymmetrical distribution of intensities
and the gross similarity of lizardite microbeam
diffraction-patterns to chrysotile-fibre X-ray-
diffraction patterns (WZ, Fig. 6m; for brevity,
references made to figures in Wicks & Zussman
(1975), Wicks, Whittaker & Zussman (1977)
and Wicks & Whittaker (1977) are referred
to as WZ, WWZ and WW respectively). How-
ever, minor amounts of chrysotile could be
masked in this type of microbeam pattern. In
spite of the greater detail provided by the TEM
on minor components, the larger X-ray micro-
beam does give a better representative average
of the main components, over an area roughly
comparable with the area analyzed by the mi-
croprobe. The microbeam X-ray camera is, there-
fore, the best instrument to use in conjunction
with the electron microprobe.

There is a problem in the identification of
two-layer structures, chrysotile—20r» and liz-
ardite—2H (Wicks 1979). Both produce the
same series of 20! reflections but with different
intensities. It is not possible on most microbeam
diffraction-patterns to make the intensity mea-
surements necessary to distinguish these two
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structures, particularly in mixtures with other
structures. The following convention has been
adopted in this paper for ambiguous cases.
Where a two-layer structure was noted in asso-
ciation with chrysotile-2M., it has been called
chrysotile—20r.;, and where in association with
lizardite—1T it has been called lizardite-2H.
Microprobe analyses of olivine, pyroxene and
serpentine assemblages identified by the micro-
beam camera are reported in Tables 2 to 13.
These 197 average analyses, which represent a
selection of 772 analyses from the 1140 indivi-
dual analyses available, were obtained using a
Materials Analysis Company electron micro-
probe equipped with a Kevex energy-disper-
sive spectrometer Model 5000A, and automated
to produce simultaneous multi-element analysis
and data reduction (Plant & Lachance 1973).
Operating conditions were as follows: 20 kV
accelerating voltage, specimen current of 10 nA
measured on a standard kaersutite, and a count-
ing time of 100 seconds. Under these conditions
no effects of volatilization of the minerals under
electron-beam bombardment were observed. For
the serpentine analyses, a natural serpentine
(Aumento 1967) was used as a standard for
Mg and Si, with kaersutite for Al, Ca and Fe,
chromite for Cr, biotite for Mn and Cl, and
a synthetic Ni-bearing magnetite for Ni. A
series of mineral and synthetic standards was
used for olivine and pyroxene. Although no
statistical analysis of the data has been under-
taken, the precision of the replicate analyses
of the standard serpentine and other standards
indicate that the determinations have a relative
accuracy of == 1 to 2% for major elements
and up to = 10% for minor elements. In addi-
tion to the reported elements Si, Al, Cr, Fe, Mn,
Mg, Ca, Na and K, the energy-dispersive spectra
permit the identification of any other element
with atomic number > 10 that may be present.
All spectra were monitored for significant con-
centrations of other elements but Ni and Cl
were the only other elements identified. Minor
Ni was noted in most olivine and serpentine
after olivine, and lesser amounts usually were
noted in pyroxene and serpentine after pyrox-
ene but it is not specifically reported. However,
where minor Cl was detected it has been noted
in the text. Two samples, FW-L—4 and 18540,
were selected for detailed analysis of Ni and Cl
distribution using wavelength-dispersive spectro-
meters. During analysis care was taken to avoid
fine grains of magnetite and other opaque min-
erals, and in most cases, with the aid of the
energy-dispersive spectrometer, it was possible
to do this. However, in some samples very
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fine grained magnetite and sulfides were
evenly dispersed through the sample; it was im-
possible to be certain that they were avoided
during analysis. These cases are noted in the
tables and the text.

To simplify the presentation of the data, the
analyses of homogeneous serpentines have been
grouped and an average analysis is given in the
tables. For inhomogeneous serpentines individual
analyses are reported. The analyses are
primarily intended to illustrate the migration of
elements during serpentinization and were not
gathered specifically as mineral analyses. Iron
is reported as FeO in the analyses and in
the calculation of cation values. These were
calculated on the basis of 14 oxygens for the
serpentines, 4 oxygens for olivine and 6 oxygens
for the pyroxenes but, to conserve space, have
not been included in the tables,

CHEMICAL COMPOSITION OF THE
SERPENTINE MINERALS

Electron-microprobe analyses of serpentines
are limited because the H.O" content and fer-
rous—ferric ratio cannot be determined. Ideally
the major elements calculated as oxides should
total 87% for chrysotile and lizardite and about
88% for an average antigorite. The actual H.O*
contents of chemically analyzed chrysotile and
lizardite tend to exceed the ideal 13%, whereas
antigorites tend to be under 13% (Whittaker &
Wicks 1970). This general trend was usually
noted in the difference from 100% in our mi-
cropobe analyses, though it must be empha-
sized that the results cannot be used as an
indirect determination of the H.O™ content.

The lack of data on the oxidation state of
Fe is a further difficulty in the interpretation of
the microprobe analyses. In the limited number
of wet-chemical analyses (22) examined by
Whittaker & Wicks (1970), there is a very
strong tendency for Fe to be in the trivalent
state in lizardites (Fe®**/Fe** = 7.0 to ), a
weaker tendency for Fe to be in the trivalent
state in chrysotiles (Fe®**/Fe** = 1.0 to 9.0),
and a moderately strong tendency for Fe to be
in the divalent state, or at least for the divalent
and trivalent states to be equal, in antigorite
(Fe**/Fe** = 0 to 1.2). Recent Mdossbauer
studies of Fe in serpentines (Blaauw et al. 1979,
Rozenson et al. 1979) have indicated that in
some cases Fe®*/Fe** ratios are significantly
different from those determined by classical
chemical methods. Rozenson et al. suggest that
Fe**/Fe** trends noted by Whittaker & Wicks
(1970) may not be as definite as suggested.
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Fic. 1, MgO—FeO-SiO, diagram. A selection of microprobe analyses of
antigorite, chrysotile and lizardite from the present study. Symbols are

the same as in Figure 4.

The Fe®*/Fe** ratio in serpentine minerals is a
reflection of the oxidation/reduction environ-
ment in which the minerals formed. Many, but
not all, lizardites are formed in an oxidizing
retrograde environment, most antigorites in a
reducing prograde environment, and chrysotile
in both. Thus one would expect many lizardites
to be Fe**-dominant and many antigorites to
be Fe**-dominant, but it would not be surpris-
ing to find exceptions to.these generalizations.
In spite of these limitations, the results of the
microprobe study can be compared with, and
extend the earlier study of, samples analyzed
by wet chemistry and discussed by Whittaker
& Wicks (1970).

Representative microprobe analyses are plot-
ted on an MgO-FeO-SiO; triangular diagram
in Figure 1. The FeO represents the total Fe
content calculated as FeO. [In discussing these
diagrams the corresponding relative proportions
of the components of each diagram are de-
scribed as “values” to distinguish them from the
true “contents”.] The selected analyses represent
the compositional range of the antigorites, chry-
sotiles and lizardites, including Povlen-type
serpentine and multilayer lizardite polytypes en-
countered in this study. In discussing composi-
tions on these diagrams it is useful to refer to
a series of lines joining ideal compositions:
(1) MgSi,0:(OH). — (Mg:Fe®") (SiFe’*)0s
(0H)4, (2) MgsSizos(OH)4 - Fe2+3Si205(0H)4
and (3) Mg§i205(OH)4 fond Fes+zSizos(0H)4,
respectively abbreviated the Mgs—Mg.Fe®*, Mgs—
Fe**; and Mgs—Fe**, composition lines, The first
two composition-lines involve trioctahedral struc-
tures but the last, Mgs—Fe’*., joins the triocta-
hedral serpentine composition to the dioctahedral
ferric analogue of kaolinite plotted in terms of
FeO. It is not suggested that the relationship

of a point to one of these composition lines be
used to determine the oxidation state of the Fe,
but it does give some idea of how an analysis
relates to ideal compositions. The position of
the points plotted is also affected by the sub-
stitution of other elements, mainly Al, not
included in this plot. For instance, several of
the lizardites and the chrysotiles that plot below
the Mgs—Mg:Fe** composition line contain ap-
preciable amounts of Al substituting for Si,
which accounts for their positions below the
line. Associated brucite and talc can also in-
fluence the plot but analyses of samples in
which impurities were detected with the micro-
beam camera are omitted from this diagram.
Antigorites (Fig. 1) lic above the Mg—Fe**s
composition line and illustrate the SiO: enrich-
ment and MgO depletion relative to the ideal
stoichiometric ratio, which is produced by the
systematic omission of Mg, Fe and OH at points
of inversion in the antigorite structure (Kunze
1956, 1958, 1961, Wicks & Whittaker 1975).
Lizardites, including the common 17 and less
common multilayer polytypes, have a wide dis-
tribution. Most plot closer to the Mgs—Mg:Fe**
composition line than to the other two composi-
tion lines, but there is a second group that plots
along the Mgs—Fe?*s and Mgs—Fe®*, composition
lines. Chrysotiles and the Povlen-type serpen-
tines, most of which are at least in part chry-
sotile—2M.;, plot in several positions. Most Fe-
poor chrysotiles plot near or below the Mgs—
Mg.Fe** composition line. A second group of
more Fe-rich chrysotiles plot along the Mgs—
Fe?*; and Mgs—Fe**: composition lines. A third
smaller group of Fe-poor to Fe-rich chrysotiles
plot well above the Mgs—Fe®*» composition line,
in the area occupied by antigorites. The maxi-
mum FeO value of chrysotile and Povlen-type
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Fic. 2. MgO--Al,O0;-Si0, diagram. A selection of microprobe analyses of antigorite, chrysotile and liz-
ardite from the present study. The three rectangles outline areas of high concentrations of analyses.
The line joins the compositions Mg,Si,05(OH), and (Mg,Al) (SiAl)Os(OH),. Symbols are the same
as in Figure 4. The numbers refer to the analyses given in the tables.

chrysotile is 9% on Figure 1, significantly less
than lizardite at 16% FeO or antigorite at 12%
FeO. All these are appreciably greater than the
FeO values of 3% for chrysotile, 6% for liz-
ardite and 7% for antigorite found by Whittaker
& Wicks (1970). The multilayer lizardites anal-
yzed all have low (1% ) to intermediate (10%)
FeO values.

Figure 2, an MgO—-Al:O:-Si0; triangular dia-
gram, contains representative analyses to illus-
trate the range of Al contents. Most specimens
analyzed have Al:O; values of less than 1%.
Thus Al is not a major component of most
of the antigorites, chrysotiles and lizardites
studied. The serpentines with Al:O; values below
1% can be subdivided into three groups on
Figure 2: (1) chrysotiles and lizardites plotting
between values of 48 to 50.2% SiO;, (2) chry-
sotiles, lizardites and antigorites plotting between
50.2 to 52.6% SiO.; and (3) lizardites and
antigorites plotting between 52.6 to 55.2% SiQ..
The first group of chrysotiles and lizardites, in-

cluding Povlen-types, plot around the ideal com-
position and are similar to those studied by
Whittaker & Wicks (1970). The antigorites of
the second group also plot where the antigorites
of Whittaker & Wicks plotted, but the chry-
sotiles and lizardites in this group, including
Povlen-types, and the antigorites and lizardites
of the third group are anomalous in comparison
with the earlier study. These are all Fe-rich,
Mg-poor serpentines not included in the earlier
study; this Fe-for-Mg substitution shifts them
to higher SiO. values on the MgO-AlLOsSiO:
diagram.

Two chrysotiles have Al,Os values of greater
than 1% (Fig. 2: 6-16, 12-3) and eight antigo-
rites attain Al:Os values of 3% . Many lizardites
plot at or below the 1% AlO; value but, in
contrast to the chrysotiles and antigorites, liz-
ardites, generally from bastites, plot out to 7%
Al.Os and a few, from veins, plot at 19% ALOs.

The Si occupancy of the tetrahedral sites is
illustrated in Figure 3. The majority of the
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antigorites seem to the filled completely, or over-
filled, by Si but this is in part produced by the
method of calculating the formula on the basis
of 14(0), which does not take into account
the effect of the omission of Mg and OH in
the antigorite structure (Wicks 1979). Adjusting
for this would shift the occupancy by approxi-
mately 0.10, so that the majority of the antigo-
rites would be shifted from 4.05 and 4.00 to
3.95 and 3.90. A discussion and interpretation
of Figures 1 to 3 are presented at the end of
the paper.

A MODEL OF THE SERPENTINIZATION PROCESS

A possible model of the serpentinization pro-
cess was described by Wicks & Whittaker
(1977). Eight processes were described, four
retrograde and four prograde. The retrograde
processes from the higher- to lower-temperature
assemblages are: Type 1, antigorite == mag-
netite pseudomorphic textures formed in the
absence of substantial shearing; Type 2, antigo-
rite nonpseudomorphic foliated textures formed
during shearing; Type 3, lizardite =+
brucite = magnetite pseudomorphic textures

formed in the absence of substantial shearing,
and Type 4, chrysotile + lizardite = brucite =
magnetite nonpseudomorphic foliated textures
formed during shearing. The prograde processes
from the lower- to higher-temperature assem-
blages are: Type 5, chrysotile =+ lizardite =+
brucite = magnetite nonpseudomorphic textures
formed in the absence of substantial shearing;
Type 6, chrysotile = lizardite = brucite =+
magnetite nonpseudomorphic foliated textures
formed during shearing; Type 7, antigorite ==
brucite == magnetite nonpseudomorphic textures
formed in the absence of substantial shearing,
and Type 8, antigorite = brucite = magnetite
nonpseudomorphic foliated textures formed dur-
ing shearing. No examples of types 2 and 4 were
examined. This model will be used as an outline
for the description of the results obtained for the
samples examined in this study, and will be
modified slightly by the interpretation of these
results.

Type 1: antigorite

Type-1 serpentinization is represented by a
single sample, IB67-249 (Table 1) in this study.
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Fic. 4. MgO-FeO-Si0, diagram for type 1. IB67—249. Olivine alteration
to antigorite. The symbols in the legend apply to all the triangular
diagrams.

TABLE 2. RETROGRADE TYPE~3 LIZARDITE AFTER OLIVINE

Sample No. F-L-4 18480
Analysis No. 1 2 3 4 § 6 7 8 9 10 n
Pts. Analyzed 5 1 2 1 4 2 2 2 3 1 1
5102 4.3 39.6 38.1 40.8 40.0 40.3 39.7 38.8 38.9 47.6 43.5
A1203 0.0 0.34 0.78 0.20 0.0 0.15 0.18 0.27 0.26 0.23 0.21
Cr203 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO* 9.9 5.3 10.1 5.7 14.8 8.4 9.4 12.3 13.4 1.8 14.9
H¥n0 0.08 0.0 o.n 0.16 0.16 0.0 0.02 0.09 0.12 0.14 0.15
Mg0 48.9 41.2 38.7 31.8 44.8 37.2 38.1 33.0 32.0 27.9 27.4
Ca0 0.0 0.0 0.0 0.18 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ni0 0.36 0.29 0.36 0.51 - - - - - -
cl 0.0 0.32 0.20 0.18 - - - - - - -
Less 0 = C1 0.07 0.05 0.04
Total 100.54 86.98 88.30 79.49 99.76 B86.05 87.40 84.46 84.68 87.67 86.16
Sample No. 18479 18491 18540 AG67-67b
Analysis No. 12 13 14 15 16 17 18 19 20 21
Pts. Analyzed 1 2 1 4 3 [ 2 2 10 8
swz 38.2 39.5 38.5 42.3 44.0 4.7 41.5 42,6 42.7 41.9
A1203 0.27 0.78 0.36 0.89 0.18 0.17 0.19 0.16 0.26 0.32
Cr:203 0.0 0.0 0.0 0.04 0.0 0.0 0.01 0.01 0.03 0,0
FeO* 9.8 12.8 1.3 12,5 0.60 1.5 0.93 1.5 5.0 2.8
MnQ 0.08 0.12 0.0 0.19 0.0 0.02 0,03 0.0 0.04 0.05
Mg0 36.8 32.5 34.4 31.3 43.9 41.4 1.3 ,.8 39.3 42.7
Ca0 0.0 0.10 0.01 0.16 0.0 0.01 0.0 0.0 0.0 0.0
Ni0 - - - - - - - - 0.31 -
o1 . - - - - - - - 0.0 -
Less 0 = C1
Total 85.15 85.50 84.57 87.38 88.68 84.80 83.96 86.07 87.64 87.77

Analysis Nos. 1 and 5, olivine F"g] and F°84 respectively; 2, 3, 6, 7, 12, 13, and 17, lizardite-17 mesh
rims; 16, 1izardite-17T central parting in mesh rim; 8, 9, 14, 18, and 19, Tizardite-17 mesh centres, 18
without spherical inclusions and 19 with fine spherical inclusions of nickel sulfide; 4, 10, 11, and 15,
Tizardite-17 + ? anomalous mesh centres; 20 and 21, lizardite-17 hourglass texture.

*Tota'l iron calculated as Fe0.
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F1G. 5. (a) Mesh rims of lizardite—1T (2-2, 2-3) -+ magnetite, mesh centres of olivine (2—1) and in-
termediate, high-relief, Si-rich material (2—4) left side and top centre, lizardite—1T bastite (3—2, 3—3)
and relict enstatite (3—1) central portion, lizardite—~17T (3—16, 3—17) and dusty brown alteration after diop-
side (3—-15) right side. Sample FW—I—4, plane-polarized light. (b) Mesh rims of lizardite—1T (26, 2-7)
lined with magnetite, mesh centres of olivine (2—5), intermediate high-relief, Si-rich material (2-10,
2-11) and normal lizardite—-17 (2—8, 2-9). Sample 18480, plane-polarized light. (a) Mesh rims of lizard-
ite—1T (4—10, 4—11), small mesh-centres of lizardite—17 (4—13), large mesh-centre of multilayer lizardite
(4-9) with magnetite along mesh-rim—centre boundary, vein of multilayer lizardite (4-9) top left.
Sample 18530, Partly crossed micols. (d) Central parting of lizardite—1T (2—16), mesh rims of lizard-
ite—1T (2~17), mesh centres of lizardite—17 without (2—-18) and with very fine spheres of nickel—iron
sulfide (2—19). Sample 18491. Crossed nmicols. (¢) Hourglass texture of lizardite—1T (2-21) partly re-
placed by antigorite blades (11-1) and cut by fine chrysotile-2M,; and minor 20r cross-fibre-
asbestos veins (4—17). Sample AG67-67b. Crossed nicols. (f) Early lizardite—1T bastite (3-5)
adjacent to fracture (sinuous black line), later lizardite—1T bastite (3—6) adjacent to enstatite (3—4).
Sample 18480. Crossed nicols. All numbers refer to analyses in the tables. Bar represents 0.2 mm,
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F16. 6. MgO-FeO-Si0, diagrams for type 3. Upper figure: olivine alteration. FW—L-4: 2—1 olivine Fog,
2-2, 2-3 and associated points, lizardite—1T mesh-rims, 2—4 lizardite—1T in intermediate, high-relief, Si-
rich mesh-centre. 18480: 2—5 olivine Fo,,, 2—6, 2-7 and associated point, lizardite~1T mesh-rims, 28,
2-9 and associated point, lizardite—1T mesh-cenires, 2—10, 2—11 and associated points, lizardite—17
in intermediate, high-relief, Si-rich mesh-centres. 18491: 2—16 lizardite—1T central parting of mesh
rim, 2-17 lizardite—17" mesh-rims, 218 lizardite—1T mesh-centres, 2—19 lizardite-1T and spherical
nickel sulfide inclusions. 18540: 2-20 lizardite—~1T hourglass-textures, 4—16 chrysotile-2M,, cross-fibre-
asbestos veins. AG67—67b: 2-21 lizardite—1T hourglass-texture, 4—17 chrysotile—2M,., 4 minor 20r
cross-fibre-asbestos veins, 11-1 antigorite after lizardite hourglass. Lower figure: pyroxene alteration.
FW-L—4: 3-2, 3-3 and associated points, lizardite—1T bastite after enstatite, 3—~16 and 3—17 lizardite—
IT after diopside. 18479: 3-7 and 3-8 lizardite—17T after enstatite. 18480: 3—5 and 3—6 lizardite—1T
after enstatite. 18530: 3-9 lizardite—17' bastite partly after enstatite and partly vein, 3—10, 3—11 and
3-12 multilayer-lizardite bastites after enstatite, 318 lizardite—17T bastites after clinopyroxene. 18540:
3-13 and 3-14 Povien-type chrysotile—2M,, and 20r,; + minor Povlen-type parachrysotile after ensta-
tite, 11-2, 11-3 and 11-4 antigorite blades after Povlen-type chrysotile.
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(It should be noted that this sample is listed
mistakenly as type 3 in WW, Table 1 and Fig.
lc. The location in the caption in WW, Fig. la
should be Tadamagouche Creek, not Telson
Lake). Microprobe analyses yielded the follow-
ing: olivine, average of five points, SiO: 40.1, FeO
16.8, MnO 0.21, MgO 43.4, CaO 0.02, total
100.53; antigorite, average of two points, SiO.

44.5, Al,Os 0.23, FeO 3.6, MnO 0.08, MgO 41.9,
CaO 0.21, total 90.52; antigorite, average of
five points, SiO. 44.6, Al:Os 0.21, Cr:Os 0.02,
FeO 4.1, MnO 0.04, MgO 41.1, total 90.07.
The olivine (Fos:) has been altered along
grain boundaries and fractures to antigorite 4
magnetite, forming a mesh texture of antigorite
mesh-rims and forsterite mesh-centres (WW,

3
18508 }7

ALY YN YN

15 10

Fic. 7. MgO-FeO-8i0, diagrams for type 3. Upper figure: olivine altera-
tion and veims. 18479: 2-12, 2—13 and associated points, lizardite—1T
mesh-rims, 2-14, 2-15 and associated point, lizardite—1T mesh-centres,
4-1 lizardite~1T early vein, 4-2, 4-3 and 4-6 multilayer-lizardite con-
tinuous marginal zone, 4-4, 4-5 and 4—7 chrysotile—2M,, central zone.
18530: 4-10, 4-11 and 4-14 lizardite—17 mesh-rims, 4-12, 413 and
4-15 lizardite—1T mesh-centres, 4-9 multilayer-lizardite mesh-centre,
4-8 and 4-9 multilayer-lizardite veins. Lower figure: olivine and other
silicate alteration to lizardite—1T == brucite. 18529: 5-2 lizardite—1T
mesh-rim, 5—1 and 5-3 lizardite—17 4 brucite mesh-rim, 5-4 lizardite—
1T mesh-centres, 5—5 brucite + lizardite~17 mesh-centre, 5—12 lizardite—
IT 4+ minor 2H marginal zone of bastite, 5-13 lizardite—1T colorless
interior of bastite, 5—14 lizardite—1T pale brown interior, 5—15 lizardite—
1T + brucite red-brown central zone, 516 brucite 4 lizardite—1T
red-brown central zone. 18508: 5—6 and associated point, lizardite—1T =
brucite central parting of mesh rim, 5—7 and associated points, lizardite—
1T + brucite mesh-rims, 5-8 lizardite~1T grey and colorless mesh-
centres, 5—19, 5-20 and associated points, lizardite—-1T bastite after talc,
5-17, 5-18 and all associated points not already accounted for, lizardite—
1T bastite after amphibole. AG67—70a: 5—10 lizardite—1T hourglass and
associated point, lizardite—17 - brucite hourglass, 5—11 brucite grain.
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Fig. 1c). The magnetite occupies former forster-
ite grain-boundaries and the central partings of
the antigorite mesh-rims. The antigorite contains
considerably less Fe and more Al than the
olivine, and plots well above the MgsFe®**,
composition line (Fig. 4), as is typical of anti-
gorite,

4

Type 3: lizardite chrysotile = brucite

Type-3 serpentinization occurs in a retrograde
or static environment at lower temperatures than
type 1. Several samples of three different as-
semblages were analyzed: lizardite &= magnetite,

MINERALOGIST

—+

lizardite 4+ brucite = magnetite, and chrysotile
+ lizardite = brucite *= magnetite (Table 1).
All are pseudomorphic textures.

Lizardite after olivine. The early of llzardlte
+ magnetite development is represented
by samples FW-L-4 and 18480 (Table 1)
in which the olivines are 70 to 90% ser-
pentinized. The olivine (Fos) in FW-L—4
produced colorless lizardite—17 mesh-rims
(Table 2) with both lesser and greater
Fe values than the original olivine (Fig. 6, 2—-1,
2-2, 2-3: in these pairs of numbers, the first
number is the table number and the second is

TABLE 3. RETROGRADE TYPE-3 LIZARDITE AFTER PYROXENE
Sample No. FW-L-4 18480 18479
Analysis No. 1 2 3 4 5 6 7 8
Pts. Analyzed 5 5 1 4 2 3 3 6
sio, 54.4 36.1 37.9 55.4 4.2 40.3 40.0 39,2
Ti0, 0.07 0.07 0.04 0.03 0.0 0.08 0.1 0.1
A1,04 4.6 3.8 2.8 1.8 0.83 2.2 1.5 1.6
Cr 05 0.56 0.63 0.41 0.59 0.02 0.80 0.59 0.64
Feo” 6.6 7.8 9.4 ’ 9.5 9.6 14.3 1.2 12.2
Mn0 0.10 0.14 0.15 0.15 0N 0.21 0.17 0.15
Mg0 32.8 38.8 38.0 31.4 34.4 27.9 32.4 31.2
Ca0 1.4 0.03 0.0 1.3 0.07 0.08 0.07 0.07
Ni0 0.09 0.10 0.10 - - - - -
4] 0.0 0.13 0.10 - - - - -
Less 0 = C1 - 0.03 0.02 - - - - -
Total 100.32 87.57 88.88 100.17 86.23 85.87 86.04 85.17
Sample No. 18530 18540 FW-L-4 18530
Analysis No. 9 10 n 12 13 14 15 16 17 18
Pts. Analyzed 5 3 3 3 - 4 3 7 1 2 4
§10, 39.3 37,8 38.2 383 42.7 42 50.9  36.6  40.3 36.7
Ti0, .02 0.03 0.0 0.05 6.0 0.0 0.18  0.10  0.05 0.04
A]203 1.4 4.1 2.8 2.4 0.51 0.30 5.8 3.1 1.9 2.4
Cr203 0.07 0.61 0.61 0.73 0.43 0.39 0.93 1.0 0.18 0.32
FeO'r 6.3 7.4 6.9 7.6 7.4 7.8 3.3 5.1 5.9 6.9
Mn0 0.07 0.15 0.05 0.06 on 0.13 0.03 0.0 0.08 0.22
Mg0 38.9 36.8 37.8 37.3 36.4 35.4 17.6 41.5 40.9 35.5
Ca0 0.04 0.08 0.02 0.01 0.10 0.09 21.0 0.04 0.09 0.33
NiO - - - - 0.28 0.23 0.06 0.03 0.05 -
cl - - - - 0.0 0.0 0.0 0.31 0.21 -
Less 0 = C1 - - - - - - - 0.07 0.05 -
Total 86.10 86.97 86.38 86.45 87.93 86.44 99.80 87.71 89.61 82.42

Analysis Nos. 1 and 4, orthopyroxene (Ca:,}'inge]0

and (:azMgMFe-14 respectively); 2, 3, 5, 6, 7, 8,

and 9, tizardite-17; 10 and 11, multi-layer lizardite; 12, multi-Tayer lizardite and unidentified

sulfide, broad beam analysis; 13and 14, Povlen-typ
15, clinopyroxene (CaMMglees). 16, 17, and 18, 1

*Total iron calculated as Fe0.

e chrysotile-2u
1zardite-17.

24 ¢ and 20r ot minor parachrysotile;
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the analysis number within that table), as well
as cloudy lenses of very fine-grained magnetite
within the mesh rims and along some mesh-rim—
centre boundaries (Fig. 5a). The olivine (Fogs)
in 18480 produces colorless to very pale yellow
lizardite~17 mesh-rims with less Fe than the
original olivine (Table 2, Fig. 6: 2-5, 2-6, 2-7).
The secondary magnetite produced occurs in
irregular grains and lenses along the mesh-rim—
centre boundaries so that both the rims and
centres are largely clear of magnetite (Fig. 5b).

In FW-L—4 the mesh centres are usually com-
posed of relict olivine, but some pale green,
high-relief alteration material that seems to be
intermediate between olivine and serpentine oc-
curs infrequently in some mesh centres. In
18480 a similar intermediate type of yellow to
yellow-brown high-relief alteration material oc-
curs in some mesh centres between the relict

797

olivine and the mesh rims (Fig. 5b). In both
cases this material gives lizardite-1T microbeam
diffraction-patterns that vary from diffuse to
sharp, and both have anomalously high Si
contents (Fig. 6: 2—4, 2-10, 2-11). Other mesh
centres in 18480 contain normal randomly
oriented yellow lizardite~17, and plot near the
Mg—Fe?*; composition line with Fe values sim-
ilar to the original olivine (Fig. 6: 2-8, 2-9).

An intermediate stage of complete serpentin-
ization is represented by samples 18479 and
18530 (Table 1). Sample 18479 is similar to
18480 but serpentinization is slightly more ad-
vanced and the Fe content of the lizardite—-1T
mesh rims and centres (Table 2) is more closely
grouped but still variable (Fig. 7: 2-12 to 2-15).
A thin selvage of the high-relief mesh-centre
material plots at a slightly less anomalous SiO.
value than those in 18480 (Fig. 7: 2-15). In

TABLE 4. RETROGRADE TYPE-3 VEINS AND RECRVSTI{LLIZATION

sample No. 18479

Analysis No. ¥ 2 3 4 5 6 7

Pts. Analyzed 2 3 3 2 2 6 4
si0, 4.4 31.9 3.3 a. a.2 3.2 42,0
A0, 1.2 13.9 181 0.70 0.78 13.6 0.84
£ry0, 0.0 0.0 0.0 0.02 0.02 0.0 0.0
Fe0” 9.4 2.8 a0 5.1 5.7 0.64 3.9
M0 0.13 0.44 0.43 0.15 0.2 0.37 0.17
¥g0 35.5 34.0 32.7 38.5 8.2 36.7 39.6
ca0 0.03 0.03 0.08 0.0 0.0 0.0 0.0
¥0 - - - - . . .
a - - - . . . .
Total 87.66 83.07 83.61 85.87 86.15 84.51 86.51

sample No. 18530 18540 AGET-67b

Analysis No. 8 9 woon 1?2 13 1B s 16 17

Pts. Analyzed 3 6 8 2 3 2 2 2 8 5
si0, 39.6  40.4 38.9 379 3.6 3.9 39.0 37.6 3.0 a2.4
A10, 1.7 1.3 098 1.8 1.5 41 058 2.3 0.39 0.40
oryy 0.0 00 00 00 00 06 00 0.0 0.06 0.0
Fe0” 6.6 63 54 7.6 7.3 61 43 54 5.6 1.6
Mn0 0.04 0.7 0.07 002 013 0.0 003 0.1 0.06 0.07
Mgo 38.4 389 39.7 3.9 378 36.9 4.4  38.3 38.6 2.7
ca0 0.02 0.0 011 0.28 017 0.05 004 0.17 0.0 0.0
Ni0 - - - - - " - - 0.28 -
a - . y N - . N . 0.0 -
Total #6.36 86.97 85.16 85.56 84.50 8105 85.35 83.88 87.99 87.17

Analysis No. 1, lizardite-17 early vein associated with 2 to 7; 2, 3, and 6, muiti-layer Tizardite con-
tinuous marginal zone of vein; 4, 5, and 7, r;hr‘ysot;‘l'h=.~Z"J‘_Jl central zone of vein; 8, multi-layer 1izardite
vein; 9, milti-layer 1izardite vein and mesh centre; 10, 11, and 14, lizardite-1r mesh rim; 12, 13, and 15,
1izardite-17 mesh centre; 16, chrysotﬂe-?zﬂa] cross-fibre asbestos veins; 17, t:hr'ysoi:'l’le-ZMG1 and minor

201'5] cross-fibre asbestos veins.

“Total iron calculated as Fe0.
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sample 18530 (Table 4, Fig. 5¢), serpentiniza-
tion is more advanced than in sample 18749,
The lizardite—~17 mesh-rims (Fig. 7: 4-10, 4~
14) are somewhat less Fe-rich than the randomly
oriented lizardite—1T mesh-centres (4—12, 4-15),
although one reversal was noted (4—11, 4-13),
but the lizardite—17 in this centre is Al-rich
(Table 4). The lizardite—1T compositions of
both the mesh rims and centres are grouped
more tightly than the lizardites from earlier-
stage serpentinization on Figure 7 and are slight-
ly or significantly less Fe-rich than the olivine
compositions of Fos determined by Hess &
Otalora (1964). Some very fine grains of mag-
netite and Fe-rich sulfides (Lapham 1964)
occur dispersed through the lizardite, but most
of the magnetite occurs as irregular lenses of
coarser anhedral grains in the mesh centres.
The most advanced stage of a thoroughly
developed lizardite mesh-texture is represented
by 18491 (Table 1, Fig. 5d). The Fe content
of all textural units is very low (Table 2). The
central parting of the mesh rim contains the
least Fe (Fig. 6: 2—-16) and the lizardite—1T
of the main part of the mesh rims contains
slightly more (2-17). The lizardite~17 mesh-
centres (2—-19) have a similar Fe content to
the mesh rims, but this lizardite also contains
very fine spheres of a nickel-iron sulfide that
increase slightly the apparent Fe content. A
band of grey lizardite—1T at the edge of the
mesh centre is relatively clear of these spheres

MINERALOGIST

and .has an Fe content intermediate between
the central parting and the mesh rims (Fig. 6:
2-18). Magnetite is present as fine anhedral
grains in the central parting and as irregular
lenses at the former olivine grain-boundaries
and in interstitial zones.

The most completely developed pseudomor-
phic textures after olivine are lizardite hourglass-
textures (Table 2) represented by two samples,
18540 (WW, Fig. 1a) and AG67-67b (Fig. 5¢).
The Fe content of 18540 lizardite-17 is mod-
erately high and the analyses plot just above the
Mg:—Fe®*; composition line, which is high for
lizardites (Fig. 6: 2—20). Only traces of mag-
netite are present in this sample. The lizardite—
1T hourglass of sample AG67—67b has a low
Fe content (Fig. 6: 2—21) and contains minor
secondary magnetite as discrete anhedral dis-
persed grains along what were the fractures in
the original olivine,

A striking feature of all lizardite mesh- and
hourglass-textures is that although the host
olivine contains no Al, minor amounts of Al
are present in all lizardite formed after olivine
(Tables 2, 4). The Al:O; content is usually well
under 1% but in a lizardite—1T mesh-centre in
18530 it reaches 4.1% (Table 4: 4-13).

Nickel and chlorine were specifically anal-
vzed for in FW—-L—4 and 18540. The olivine
in FW-L—4 contains 0.36% NiQO (Table 2:
2-1) and the lizardites after olivine have sim-
ilar NiO values (Table 2: 2-2 to 2-4). The
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Fi16. 8. Aluminum and chromium ions per formula unit for retrograde bastites, all of which are num-
bered, and for serpentines in mesh textures, hourglass textures and veins, most of which are not num-

bered as they cluster too closely along the abscissa,

cluster of points near 0.1 on the abscissa.

Point 3-5 is not numbered but it occurs in the
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Fic. 9. (a) Enstatite bastites of multilayer lizardite (3—10 to 3—12), part veinlet and part bastite of liz-
ardite—1T (3-9) in thin very dark grey zone running from right of centre to the left side. Sample
18530, Crossed nicols. (b) Enstatite bastite (in lower half) Povlen-type: chrysotile—2M., and 20r, +
minor Povlen-type parachrysotile (3—13, 3-14) partly replaced by antigorite blades (11-2 to 11-4);
hourglass texture of lizardite—1T (2—20) in top-left corner, vein of chrysotile—2M., cross-fibre asbes-
tos (4—16) running diagonally from lower left to top-right side. Sample 18540. Partly crossed nicols.
(c) Early vein of lizardite—1T (4-1) along right side, late vein of a multilayer lizardite (4-2, 4-3,
4-6) marginal zone and chrysotile—2M,, (4—4, 4-5, 4-7) central zone, enstatite bastite mostly to the
left of multilayer-lizardite vein, composed of early lizardite—1T (3-7) (dark grey to black) and late
lizardite—17' (3—8) (light grey polygons). Sample 18479. Crossed nicols. (d) Mesh rims (pale grey) of
lizardite + brucite (51, 5-2, 5-3), mesh centres (medium to dark grey) of lizardite + brucite (5-5),
enstatite bastites (very pale grey areas in centre) composed of a thin lizardite—1T and minor 2H margin
(5-12), an interior of lizardite—1T (5—13, 5—-14) and a centre of lizardite - brucite (5-15, 5-16).
Sample 18529, plane-polarized light. (¢) Mesh rims of lizardite 4+ brucite (5-7), concentrically zoned
mesh-centres of lizardite (5-8). Sample 18508. Crossed nicols. (f) Mesh rims of lizardite—1T +
minor chrysotile—2M,, = brucite (6-2) with magnetite in central parting, later magnetite-free mesh-
rims of lizardite—17 -+ brucite (6-3), mesh centres of olivine (6—1). Sample IB67-265, plane-polar-
ized light. Bar represents 0.2 mm.
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lizardite-1T after olivine in 18540 contains
0.31% NiO (Table 2: 2-20), although the Ni
content of the original olivine is unknown. Similar
small amounts of Ni were detected, but not
analyzed for, in most of the other lizardites
after olivine. Chlorine is present in amounts of
up to 0.32% in lizardites after olivine in FW-
L—4 (Table 2: 2-2 to 2—4), In the other sam-
ples, chlorine was found to be less common as
the degree of serpentinization increased. Thus
it was detected in half or more of the points
analyzed in lizardite mesh-textures in 18479,
18480 and 18530 but very rarely in 18491; it
is not present at all in the lizardite hourglass-
textures in 18540 (Table 2) or AG67—67b.

Lizardite after pyroxene. The same stages of
carly, intermediate and fully developed serpen-
tinization occur in pyroxenes, although these
tend to serpentinize slightly less readily than
olivine. The early stage is represented by FW—
L4 and 18480 (Table 3)., In FW-L4, liz-
ardite—1T with slightly variable Fe content (sim-
ilar to the variation in the lizardite after olivine,
Fig. 6: 3-2, 3-3) has formed along cl