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ABSTRACT

Textures of serpentines observed in thin section
can be ‘divided into three types: pseudomorphic tex-
tures formed after olivine, pyroxene, amphibole,
talc and chlorite; non-pseudomorphic textures
formed either from the same primary minerals or
from pseudomorphic serpentine textures; and tex-
tures formed in serpentine veins. Microbeam X-ray
camera results indicate that the pseudomorphic tex-
tures (mesh texture after olivine, and bastites after
pyroxene, amphibole etc.) are most commonly
composed of lizardite 17 == magnetite or lizardite 17
- brucite = magnetite. Antigorite or chrysotile
2M,., = magnetite, or antigorite or chrysotile 2M,,
- brucite = magnetite pseudomorphic textures oc-
cur infrequently. Non-pseudomorphic interpenetrat-
ing and interlocking textures are most commonly
composed of antigorite = magnetite, but antigorite
-} brucite & magnetite and chrysotile 2M,, and/or
lizardite 1T = brucite = magnetite also occur.

Hourglass textures of a-serpentine and mesh tex-
tures with q-serpentine mesh rims and «, ¥ or iso-
tropic serpentine mesh centers, and bastites of a- or
y-serpentine are mainly lizardite 1T or lizardite 17
-+ brucite. The brucite occurs as a fine intergrowth
with lizardite and is optically indistinguishable from
it. Interpenetration and interlocking textures of -
serpentine are usually antigorite, but in some cases
it is not possible to distinguish chrysotile, lizardite
and antigorite in non-pseudomorphic textures with-
out X-ray evidence. Brucite, however, occurs in dis-
crete grains in non-pseudomorphic textures and is
easily identified. Interlocking textures of a-serpen-
tine are usually lizardite, often a multi-layer poly-
type, but some are composed of intimate mixtures
of lizardite 1T and chrysotile 2M,,. Antigorite and
chrysotile asbestos can be recognized in veins, but
non-fibrous chrysotile and lizardite are optically in-
distinguishable.

Serpentinization processes are divided into eight
types depending on whether the conditions involve,
or do not involve, rising temperatures, presence of
substantial shear, and nucleation of antigorite.
Three main regimes of temperature are recognized
which correspond to the stability of different ser-
pentine mineral and brucite assemblages. These
categories permit a systematization of the various
textures and mineral assemblages, the redox condi-
tions during serpentinization, and the conditions re-
quisite for the formation of chrysotile asbestos de-
posits.

SOMMAIRE

La texture des serpentines, telle qu’on l'observe
en lames minces, est de trois types: (1) texture
pseudomorphe d’olivine, pyroxéne, amphibole, talc
et chlorite; (2) texture non-pseudomorphe formée
i particr des mémes minéraux primaires ou bien
d'une texture pscudomorphe déja en place; (3) tex-
ture formée dans un filon de serpentine. D’aprés
l'analyse & la chambre aux rayons X 2 micro-
faisceau, les textures pseudomorphes (texture réti-
culée héritée de I'olivine; bastites provenant de
pyroxéne, d’amphibole, . . .) se composent le plus
souvent de lizardite 1T = magnétite ou de lizardite
1T -+ brucite = magnétite. Comme textures pseudo-
morphes peu fréquentes, citons: antigorite ou chry-
sotile 2M,; & magnétite; anmtigorite ou chrysotile
2M., + brucite == magnétite. Les textures non-
pseudomorphes, avec interpénétration et enchevétre-
ment, consistent surtout en antigorite = magnétite;
parfois en antigorite 4- brucite = magnétite, ou en-
core chrysotile 2M,, ou lizardite (ou les deux) =
brucite = magnétite. Les textures en sablier de ser-
pentine ¢ et les textures réticulées ol le centre est
fait de serpentine a, ¥y ou isotrope et la périphérie
est faite de serpentine o, ainsi que les bastites de
serpentines « ou y, se composent principalement de
lizardite 17 avec ou sans brucite. La brucite se pré-
sente en intercroissance intime avec la lizardite,
dont on ne peut la distinguer optiquement, Les tex-
tures de serpentine y i interpénétration et enche-
vétrement sont d’ordinaire de 1’antigorite, mais dans
certains cas on ne peut distinguer entre chrysotile,
lizardite et antigorite dans les textures non-pseudo-
morphes sans le secours des rayons X. La brucite,
par conire, se présente en grains bien séparés et
facilement identifiables dans ces textures. Les tex-
tures i enchevétrement de serpentine o sont d’ordi-
naire de 1a lizardite, souvent polytype & couches mul-
tiples, mais certaines d’entre elles sont constituées
de lizardite 1T et de chrysotile 2M., intimement mé-
langés. On peut reconnaitre Yantigorite et le chryso-
tile dans les filons d’asbeste, mais le chrysotile fi-
breux et la lizardite ne se distinguent pas optique-
ment.

Les processus de serpentinisation se divisent en
huit types, selon qu'ils impliquent ou non: (1) ac-
croissement de température, (2) glissements notables,
(3) nucléation d’antigorite. On distingue trois régimes
de température, qui correspondent & la stabilité des
différents assemblages des minéraux de serpentine
et de brucite. Ces catégories permettent de systéma~
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tiser les diverses textures et les assemblages de mi-
néraux, les conditions rédox au cours de la serpen-
tinisation et les conditions requises pour la forma-
tion de gites d’asbeste-chrysotile.

(Traduit par la Rédaction)

INTRODUCTION

Some data are available on the mineralogy of
the textures in serpentinized ultramafic rocks.
X-ray powder-diffraction studies of bulk sam-
ples, serpentine concentrates, or material hand
picked from thin sections (Hochstetter 1965 )
have indicated that mesh texture and bastite
assemblages are composed mainly of various
combinations of lizardite, chrysotile and bru-
cite (Green 1961; Hochstetter 1965; Coleman
1966; Page 1967a, 1968; Aumento 1970; Bou-
dier 1971; Coleman & Keith 1971), and that
thorn or flame textures are composed mainly of
antigorite (Green 1961; Hochstetter 1965; Bou-
dier 1971). X-ray powder-diffraction studies of
bastites picked from hand specimens or thin sec-
tions (Whittaker & Zussman 1956; Hochstetter
1965), or drilled from polished sections (Page
1967a) indicate that most bastites are composed
of lizardite, and a few of chrysotile. These re-
sults contradict the suggestion of Winchell &
Winchell (1959) and Hess et al. (1952) that bas-
tites consist of antigorite, although Hochstetter
(1965) and Boudier (1971) have identified some
possible antigorite bastites as well as lizardite
bastites.

Most of these identification techniques are
limited by the fact that the optical properties
of the mineral fragments cannot be related, with
certainty, to the variety of optical properties
observed within the different textural units.
Hochstetter (1965) partly overcame this prob-
lem by removing fragments with specific tex-
tures from thin section under the polarizing
microscope and mounting each fragment in a
Debye-Scherrer camera. However, this method
is limited by the relatively large size of the frag-
ment, about 0.5X0.3 mm, in respect to the size
of the various textural units (for example, mesh
rims range from 0.01 to 0.30 mm and average
0.07 mm — Wicks et al. 1977). The Norelco-type
microbeam X-ray diffraction camera, used in
the present study, overcomes these difficulties.
The camera accommodates a fragment of thin
section up to 10X 10 mm, and textural units
within the fragment can be aligned with the 50
mm diameter Pb-glass collimator under a petro-
graphic microscope (Wicks & Zussman 1975).

The serpentine mineral textures can be di-
vided into three groups: pseudomorphic textures
and non-pseudomorphic textures, both of which
form by the replacement of pre-existing min-
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erals, and vein textures which form by crystalliz-
ation in fractures. 1t is the purpose of this paper
(1) to describe the serpentine textures and iden-
tify the component minerals, (2) to establish cri-
teria for the optical identification of the serpen-
tine minerals in these textures, and (3) to discuss
the conditions of formation of the serpentine
minerals and textures.

EXPERIMENTAL METHODS

The Norelco-type microbeam X-ray diffrac-
tion camera was used for in situ textural studies
following the procedure outlined in Wicks &
Zussman (1975). Supplementary data were ob-
tained from 114.6 mm diameter powder-diffrac-
tion cameras using Ni-filtered Cu radiation. The
material for these diffraction patterns was either
picked from thin section (areas down to 0.5 X 0.5
mm) or removed from hand specimens, ground
in acetone, and mounted in 0.2 mm diameter
glass capillaries. Fibrous and splintery serpen-
tine bundles were subjected to X-ray examina-
tion in 60 mm diameter Unicam oscillation-rota-
tion cameras using Ni-filtered Cu radiation, and
both stationary and rotated specimens.

Thin sections of 1300 serpentinized and part-
ly serpentinized ultramafic rocks from various
locations were examined. From these, 79 were
selected as representative of the various tex-
tures and studied with the microbeam X-ray
camera. The results are presented in Tables 1,
2, and 3. Each Table is divided according to the
type of serpentinization represented. These types,
numbered 1 to 8, are defined later in this paper,
but it is necessary to refer to them in advance of
their definition in order to locate particular en-
tries in the Table. The types are further sub-
divided into various geological environments,
although the serpentinized ultramafic rocks may
or may not be at the same metamorphic grade as
the country rocks.

PSEUDOMORPHIC TEXTURES

Pseudomorphic textures form through the ser-
pentinization of almost all minerals in ultramafic
rocks. The perfection of pseudomorphism varies
from excellent to indistinct, and the latter grade
into non-pseudomorphic textures. Many massive
serpentinites are composed of pseudomorphic
textures, but most of the associated foliated
serpentinites are composed of non-pseudomor-
phic textures as is discussed in the following sec-
tions.

Olivine
Olivine alters along fractures and grain boun-
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daries to form easily recognized pseudomorphs
composed of mesh and hourglass textures. Either
may be composed of a- or y-serpentine. A de-
tailed discussion of the form of these textures,
with several figures, has been given in Wicks,
Whittaker and Zussman (1977). Frequent refer-
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ence is made to these figures, and for brevity
they are denoted as WWZ followed by the Fig-
ure number, Forty-four a-serpentine mesh tex-
tures, four a-serpentine pure hourglass textures,
five ry-serpentine mesh textures, and five y-ser-
pentine pure hourglass textures were examined

TABLE 1. X-RAY RESULTS ON PSEUDOMORPHIC TEXTURES FROM VARIOUS ULTRAMAFIC BODIES

Location Sample -No. Texture Location Sample No. Texture
TYPE 1 SERPENTINIZATION
ANTIGORITE * MAGNETITE LIZARDITE 17 + BRUCITE * MAGNETITE
stratiform intrusions atratiform intrusions
Fox River, Manitoba FW-FR-1 y-mesh Muskox, N.W.T. 18482 u-mesh+
18483  a-mesh
TYPE 3 SERPENTINIZATION concentrically soned intrusions
LIZARDITE 17 + MAGNETITE Tulameen, 8.C. 18488 a-hgls
stratiform intrusions aszﬁ&—type 1ntrus;ons 18508 b <-talc-bast
Glen Urquhart, Scot. a-mesh, y-talc-bas
Stillvater, Hontara e e blag Keponigbach, Austria 18525 o-mesh o
18479 a-mesh, y-c-Cpx-bast Mayaguez, Puerto Rico 18529  o-mesh, y-opx-bast
18480 y-a-is-opx-bast Jeffre +
y mine, Quebec 18541  q-mesh
Muskox, N.W.T. 18484 a-mesh Mount Albert, Quebec 18543  a-mesh, y-a-opx-bast
Fox River, Manitoba 18485 a~mesh 18550  a-mesh, y-a-opx
FW-FR-1 a-mesh + g-y-amp-bast
differentiated sills 18552 y-opx-bast**
Quill Creek, Yukon 18487 a-mesh 18553 o-mesh, y-a-opx-bast
Tadamagouche Creek, Yukon 1B67-249  y-mesh 18562  «-mesh, a-y-amp-hais
Telson Lake, Yukon 1867-265  y-mesh Pinchi Lake, B.C. 18554 a-mesh, y-opx-bast
alpine-type intrusions
Glen Urquhart, Scotland 18509 a-mesh, a-y-is-amp-bast
Lizard, Eng]aad 18510 a-mesh: y-opx-bast, IYPE 5 SERPENTINIZATION
y-chl-bast
18511 a-tiesh, v-opx-bast CHRYSOTILE + BRUCITE # MAGNETITE
18512 a-mesh alpine-type intrusions
18513 a-mesh P
18514 a-mesh Jeffrey mine, Quebec 18538 y-hgls
18516 a-mesh 18541 y-hgls
Kaponigbach, Austria 185247 a-mesh, 7—a-opx7*-bast LIZARDITE 17 + CHRYSOTILE ZMG] £ MAGNETITE
Totalp, Davos, Switzerland 18527 a-mesh, y-opx-bast
Mayaguez, Puerto Rico 185287 a-mesh, y-Opx-bast Precambrian high-grade metamorphic terrain
18530 a-mesh, y-c-opx?-bast Pipe Lake mine, Man. 18500 a-hgls, o~y-cpx?-bast
Jeffrey mine, Quebec 18538 a-mesh, a-opx?-bast 18501  y-mesh
18540 a-hgis, y-opx?-bast
Mount Albert, Quebec 18551 a~mesh
Shulap Range, B.C. 18556 a-mesh, y-opx-bast TYPE 7 SERPENTINIZATION
Branganca, Portugal 18563 a~mesh

Rrecambrian high-grade metamorphic terrain

ANTIGORITE + MAGNETITE

stratiform intrusions

Bowden Lake, Manitaoba 18489 a-mesh
‘e, Mani }8290 a-mesh, y-phl-bast Stillwater, Montana 18481 ~y-hgls
Bucko Lake nitoba 8492 a-mesh . . . .
Joey Lake.'Manitoba 18493 a-hgls Precambrian high-grade metamorphic terrain
Little Clarke Lake, Man. 18494 a-mesh Oswagan Lake, Man. 18498  y-hgls, y-chl-bast
18495 a-mesh’ Precambrian low-grade metamorphic terrain
Moak Lake, Manitoba 18497 a-mesh
Pipe Lake'mine, Manitoba 18499 a-mesh, y-o-opx?-bast knee Lake, Man. 18558 y-hgls
Setting Lake, Manitoba 18503 «-mesh, y-opx?-bast
18505 a-mesh, y-chl-bast ANTIGORITE + BRUCITE + MAGNETITE
18506 a-mesh’ alpine-type intrusions
Erecambrian lov-grade metamovphic tervain Jeffrey mine, Quebec 18544  y-mesh
IsTand Lake, Manitoba 18557 a-mesh

18000 series = Oxford University accession numbers; FW series =
Survey of Canada numbers.
a = a-serpentine; y = y-serpentine; is =

opx = orthopyroxene; cpx = clinopyroxene; amp = amphibole; chl =

isotropic; mesh = mesh texture; hgls =

F.J. Wicks field numbers; IB67 = T.N. Irvine, Geological

pure hourglass texture; bast = bastite;

chlorite; phl = phlogopite; plag = plagioclase.

B.C. = British Columbia; Man. = Manitobaj N.W.T. = Northwest Territories; Scot. = Scotland.
*The 7 indicates that the exact nature of the pre-serpentinization mineral {s uncertain.

**These bastites are composed of lizardite 17 + brucite. AIl

the other bastites are composed of lizardite 17 only.

tIndication of 2% polytypes in some microbeam diffraction patterns.

PFov]en-type chrysotile
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with a total of 371 X-ray microbeam camera netite. There is often a correlation between the
exposures (Table 1). distribution of the magnetite and both the de-

The most common accessory mineral pro- gree of serpentinization and the color of the ser-
duced by the serpentinization of olivine is mag- pentinite. In the early stages, magnetite forms

Fic. 1. (a) Lizardite 1T (a-serpentine) pure hourglass texture. Sample
18540, Jeffrey mine, Quebec. (b) Lizardite 17 4 brucite mesh texture,
mesh rims of lizardite (q-serpentine) with minor brucite, and reddish
brown mesh centers of an intimate mixture of brucite and minor lizard-
ite. Plain polarized light. Sample 18529, Mayaguez, Puerto Rico. (c)
Lizardite 17' (y-serpentine) mesh rims with relict olivine mesh centers.
Sample IB67-249, Telson Lake, Yukon. (d) Chrysotile 2M,, and 20r,
(v-serpentine) pure hourglass texture with anhedral brucite grains towards
center of one hourglass unit. Sample 18538, Jeffrey mine, Quebec. All
except (b) under crossed nicols. Bar represents 0.2 mm.
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very fine discrete grains distributed throughout
the serpentine, and the rock is black or dark
grey. As serpentinization progresses the magne-
tite forms coarser grains and concentrates in
mesh centers or in the central parting of mesh
rims, and the rock is usually a pale gray or
brown. At later stages the magnetite migrates
out of the mesh or hourglass textural units into
cross-cutting lenses and veinlets, and the rock is
usually green, often a pale green.

a-serpentine mesh and hourglass textures.
The a-serpentine mesh textures (Type 3, Ta-
ble 1 and WWZ Fig. 1) and hourglass textures
(mainly Type 3, Table 1 and Fig. 1a) were found
to be composed mainly of lizardite 17, although
approximately one microbeam diffraction pat-
tern in 40 contained weak extra reflections sug-
gesting the presence of some lizardite 2H. One
of the pure hourglass texture specimens (18500,
Type 5, Table 1) contained very minor amounts
of chrysotile 2M.; in intimate association with
lizardite 17. The lizardite in the mesh rims and
hourglass textural units often occurs as “appa-
rent fibers” lying at a high angle to the original
fracture in the olivine (WWZ Figs, 2a, d). In
other cases the lizardite does not appear to be
fibrous so that mesh rims appear as two lizardite
plates lying on either side of the central frac-
ture (WWZ Fig. 1a). In all cases the lizardite
yields microbeam diffraction patterns with z
approximately parallel to o« and the “apparent
fiber” axis, and elements of x and y parallel to
v (Figs. 6g, h in Wicks & Zussman 1975).

Eleven of the mesh textures and one of the
pure hourglass textures also contain brucite in
an intimate submicroscopic mixture with the
lizardite (Fig. 6f in Wicks & Zussman 1975). The
brucite in the mesh rims (WWZ Fig. 1b) and
hourglass textures is aligned with the z axis
parallel to the z axis of lizardite. In general, the
microbeam diffraction patterns from mesh rims,
with or without brucite, show better orientation
than those from hourglass textures.

Serpentine mesh centers generally were found
to be composed of lizardite 17 =+ brucite regard-
less of the optical character of the centers. Ex-
ceptions occur where lizardite mesh centers or
relict olivine mesh centers were replaced by chry-
sotile, antigorite, or 6-layer lizardite, during la-
ter development of non-pseudomorphic textures.
These exceptions will be described in the section
on Intermediate Textures. The lizardite = bru-
cite in the @- and y-serpentine mesh centers often
has an average z-axis direction parallel to that
of the lizardite (q-serpentine) in the adjacent
mesh rims, but has less preferred orientation.
The average z-axis direction always coincides
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with the a-ray. Isotropic serpentine (serpophite)
mesh centers (WWZ Fig. 1b) usually yield a
randomly oriented lizardite diffraction pattern
(Fig. 6j in Wicks & Zussman 1975) and only
rarely a diffraction pattern with the z axis pa-
rallel to the X-ray beam (Fig. 6f in Wicks &
Zussman 1975). The infrequent occurrence of
the latter is explained in the discussion of ideal-
ized textures by Wicks et al. (1977).

Microbeam diffraction lines are commonly
broader for lizardite mesh centers than for the
associated lizardite mesh rims (compare Fig. 6j
and 6g in Wicks & Zussman 1975). This suggests
that the lizardite in mesh centers is finer grained
and/or more poorly crystallized than that in
mesh rims. It may be that minor chrysotile
2M.; occurs intimately associated with the lizard-
ite 17 in the mesh centers (Cressey & Zussman
1976), but is not detected because of the diffuse
nature of the 20/ and 13! reflections on the mi-
crobeam diffraction patterns.

Brucite, both in mesh rims and centers, is
variable with locality and even within individual
specimens, but there is rarely any visual indica-
tion of its presence. Brucite and magnetite co-
exist in thin section and their amounts are
commonly in an inverse relationship. A few bru-
cite-bearing textural units (Fig. 1b) are charac-
terized by a reddish brown color, often called
“iddingsite” or “bowlingite” (Francis 1956; Matt-
son 1964), but not all reddish-brown areas con-
tain brucite.

‘y-serpentine mesh and hourglass textures.
Of the five specimens with y-serpentine mesh
texture, two have mesh rims of antigorite (FW-
FR-1, Type 1 and 18544, Type 7, Table 1), two
of lizardite (IB67-249, IB67-265, Type 3, and
Fig. 1c) and one of chrysotile 2M., (18501, Type
5). Three of these have mesh centers of olivine.
The fourth, with antigorite mesh rims, (FW-FR-
1, Type 1) has later-formed secondary rims and
mesh centers of lizardite (WWZ Fig. 2b). The
fifth specimen, with chrysotile 2M., mesh rims
(18501, Type 5), has mesh centers composed of
a mixture of chrysotile 2M.; and lizardite 17,
(WWZ Fig. 2c). Of the five specimens with -
serpentine hourglass textures, three are antigor-
ite (18481, 18498, 18558, Type 7, and WWZ
Fig. 3a), and two are chrysotile (2M.; and 20r.)
with brucite (18538, 18541, Type 5, and Fig.
1d).

The antigorite occurs as blades, or less fre-
quently as apparent fibers, and yields antigorite
microbeam diffraction patterns with y approx-
imately parallel to y and elements of x and z
approximately parallel to o (Figs. 60,p in Wicks
& Zussman 1975). The lizardite also occurs as
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blades or very fine apparent fibers (Fig. 1c) but
yields lizardite 17 microbeam patterns with ele-
ments of x and y approximately parallel to -y and
z approximately parallel to «. The chrysotile oc-

curs as fibers (Fig. 1d) or apparent blades, and
yields chrysotile 2M.: microbeam patterns that
may (Fig. 6b in Wicks & Zussman 1975) or may
not have associated chrysotile 20r. or, less fre-

Fic. 2. (a) Lizardite 17 (y-serpentine apparent fibers) bastite after ortho-
pyroxene. Sample 18528, Mayaguez, Puerto Rico. (b) Lizardite 1T bas-
tite, after orthopyroxene, as a nearly featureless plate. Sample 18540,
Jeffrey mine, Quebec. (¢) A complex lizardite 17 bastite after ortho-
pyroxene with a marginal zone of q-serpentine and an inner core of v-
serpentine. Sample 18538, Jeffrey mine, Quebec. (d) Lizardite 1T bastite
after orthopyroxene as a type of “mesh texture” with y-serpentine appa-
rent fiber rims surrounding o-serpentine apparent fiber centers. Sample
18527, Davos, Switzerland. All under crossed nicols. Bar represents 0.2

mim.
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quently, parachrysotile (Fig. 6a in Wicks &
Zussman 1975). The chrysotiles have x approx-
imately parallel to +, and y and z approximate-
ly parallel to a; parachrysotile has y approxi-
mately parallel to , and x and z approximately
parallel to «. Some diffraction patterns have ex-
tra reflections, outside that of the (130), which
can be rationally indexed (Fig. 6b in Wicks &
Zussman 1975) and identified as those of Povien-
type chrysotile (Krstanovic & Pavlovic 1964;
Middleton & Whittaker 1976; Cressey & Zussman
1976).

Pyroxenes

Serpentine pseudomorphs after pyroxenes are
generally called bastites, a term of long stand-
ing in the literature (Haidinger 1845). The term
has also been applied to serpentine pseudo-
morphs after amphiboles (Weigand 1875; Rost
1959; Klinkhammer 1962; Hochstetter 1965).
Hochstetter (1965) has pointed out that, once
serpentinization is complete, it is often impos-
sible to distinguish a pyroxene bastite from an
amphibole bastite. We have found that serpen-
tinization of talc, chlorite and phlogopite also
produces bastites indistinguishable from those
after chain silicates. Therefore, it seems prefer-
able to use the term for a serpentine pseudo-
morph after chain or sheet silicates. The terms
enstatite bastite, tremolite bastite, talc bastite,
etc. may be employed where distinction is
possible. O’Hara (1967) has expanded the term
bastite to include talc pseudomorphs after pyrox-
ene, but this adds an unfortunate complication
to the terminology and is not recommended.

Serpentinization of pyroxenes begins at grain
boundaries and fractures, follows along cleav-
ages and partings, and yields y- or a-serpentine
apparent fibers or laths lying parallel to the
original cleavages. Orthopyroxenes tend to alter
to <y-serpentine bastites (Fig. 2a) which usually
appear to be fibrous, but may appear as nearly
featureless plates (Fig. 2b). Variable amounts of
a-serpentine may be present either randomly
distributed, or as a marginal rim (Fig. 2c) or
as a central core. A few orthopyroxene bastites
are composed only of a-serpentine. In rare cases
bastites may occur as a type of mesh texture
(Fig. 2d and Rost 1959; Klinkhammer 1962
Peters 1963; Hochstetter 1965) or may be com-
posed mainly of isotropic serpentine (Fig. 3a).
Clinopyroxene exsolution lamellae, where ser-
pentinized within orthopyroxene bastite, are no
longer recognizable.

Clinopyroxene is serpentinized less easily
than orthopyroxene, but can yield ~y-serpentine
bastites indistinguishable from orthopyroxene
bastites (Leech 1953). However, some clino-
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pyroxenc bastites observed in the present study
(Fig. 3b) have been replaced by long thin zones
of ~y-serpentine “apparent-fibers” along cleav-
age planes or orthopyroxene exsolution lamellae,
and by either elongate a-serpentine lamellae or
nearly isotropic serpentine in the zones between
cleavage traces.

Pyroxene bastites from twenty specimens were
examined with 82 X-ray microbeam exposures
(Table 1). Twelve (and probably another six) of
these were orthopyroxene bastites, and one (and
probably a second) was a clinopyroxene bastite
(all mainly Type 3, Table 1). In every case but
one, lizardite was the only serpentine mineral
present, regardless of the optical characteristics
of the serpentine or the type of bastite. In the
exceptional case (18500, Type 5) the lizardite 1T
of the bastite has minor amounts of chrysotile
2M. intimately associated with it, and in pa-
rallel growth with chrysotile 2M., in adjacent
asbestos veins. In the lizardite described as o-
serpentine, z is approximately parallel to «
(similar to Fig. 6g in Wicks & Zussman 1975),
in that described as -y-serpentine x is approxi-
mately parallel to y (Figs. 6i, m in Wicks & Zuss-
man 1975), and in that which is isotropic the
lizardite is randomly oriented (similar to Fig. 6j
in Wicks & Zussman 1975). The lizardite in all
cases is the 1T polytype; however, some ortho-
pyroxene bastites (18524, 18528, Type 3) also
contain minor amounts of a 2-layer polytype.

Patches of parallel antigorite (y-serpentine)
lamellae resembling bastites (Hochstetter 1965;
Boudier 1971) occur associated with some of
the well-developed antigorite interpenetrating
textures examined in this study (Fig. 3c). Hoch-
stetter and Boudier identify these as antigorite
bastites. No positively identified antigorite pseu-
domorphs after pyroxene were found in our
study. All the pyroxenes, amphiboles or lizardite
bastites partly replaced by antigorite were found
to contain random antigorite blades developing
towards interpenetrating textures, and so are
not strictly pseudomorphic (Fig. 3d).

Accessory minerals are not commonly asso-
ciated with bastites. Brucite occurs in intimate
association with lizardite in bastites in only
three samples (18529, 18552, 18554, Type 3,
Table 1). In each case the presence of brucite is
indicated by a yellowish to reddish brown color
in plain light and an anomalous reddish birefrin-
gence under crossed nicols. These lizardite-+-bru-
cite bastites are associated with lizardite+-brucite
mesh textures. Magnetite is generally not asso-
ciated with pyroxene bastites. Only one specimen
(18556, Type 3) has significant amounts of mag-
netite associated with the bastites. Seven others
had traces of magnetite.



466 THE CANADIAN MINERALOGIST

Amphiboles (Klinkhammer 1962; Hochstetter 1965) begins
at grain boundaries, fractures, and cleavages,

Serpentinization of orthorhombic amphiboles and can produce pseudomorphs resembling
(Winchell & Winchell 1959) or clinoamphiboles those after pyroxene. The serpentine formed

Fic. 3. (a) Lizardite 1T (mainly isotropic) bastite after orthopyroxene.
Sampls 18519, Glen Urquhart, Scotland. (b) Lizardite 1T bastite after
clinopyroxene; y-serpentine apparent fibers lie along cleavages with iso-
tropic serpentine between them. Sample 18511, Lizard, England. (c)
Possible antigorite bastite of uncertain origin. Sample 18524, Kaponig-
bach, Austria. (d) Randomly oriented antigorite blades which have re-
placed lizardite 17 (v-serpentine apparent fibers) bastite after ortho-
pyroxene. Sample 18556, Shulap Range, B.C. All under crossed nicols.
Bar represents 0.2 mm.
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along cleavages has no central parting although zones along the cleavages (Fig. 4a). Views along
the serpentine formed along fractures does. other directions may show a set of cleavages
Views down the z axis of the amphibole may filled with serpentine without a central parting
show characteristic development of serpentine and this set may be at right angles to a series

Fic. 4. (a) Lizardite 1T (y-serpentine lamellae) which has replaced clinoam-
phibole along cleavage planes. Sample W68-6b, Brionde, France. (b) Liz-
ardite 17 bastite after amphibole. The bipartite q-serpentine veins along
the cross-cutting fractures, combined with the y-serpentine along the cleav-
age, produce a mesh texture that strongly resembles mesh texture after
olivine. Sample 18509, Glen Urquhart, Scotland. (c) Lizardite 1T and bru-
cite (y-serpentine apparent fibers) bastite after talc. Sample 18508, Glen
Urquhart, Scotland. (d) Talc reaction rim on unserpentinized enstatite.
Sample IB67-213, Bobtail Mountain, B.C. All under crossed nicols.
Bar represents 0.2 mm.
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of fractures filled with serpentine with a central
parting. These two serpentine zones combine to
produce mesh textures similar to those after
olivine (Fig. 4b). However, mesh textures after

amphibole can be distinguished from mesh tex-
tures after olivine by the lack of a central part-
ing in one set of mesh rims. The difference be-
tween such amphibole mesh textures and olivine

Fic. 5. (a) Antigorite (medium grey) which has partly replaced chlorite
(pale grey) to produce bastite after chlorite. Sample 18518, Glen Urqu-
hart, Scotland. (b) Lizardite 17, both banded and featureless areas, after
plagioclase. Sample 18478, Stillwater, Montana. (c) Antigorite inter-
penetrating texture. Sample 18523, Tasiussarssuaq Fjord, Greenland. (d)
Antigorite and brucite interlocking texture. Anhedral brucite grains occur
associated with anhedral magnetite grains in the middle of the NW
quadrant and the east edge of the NE quadrant. Sample 18544, Jeffrey
mine, Quebec. All under crossed nicols. Bar represents 0.2 mm.
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mesh textures may have been overlooked pre-
viously (Fig. 4b). Weigand (1875) used the term
window serpentine and trellis serpentine to de-
scribe these bastites, but Klinkhammer (1962)
recommended that this use be discontinued.

Amphibole bastites from three specimens were
examined with nine X-ray microbeam exposures
(18509, 18550, 18562, Type 3, Table 1). g-ser-
pentine, ~y-serpentine and isotropic serpentine
were examined. The serpentine in each was
lizardite 17, with z always approximately pa-
rallel to o and the isotropic material always
having a random orientation. No brucite or mag-
netite was found associated with the amphibole
bastites studied, although brucite occurs in the
mesh textures after olivine in samples 18550
and 18562.

Talc, phlogopite and chlorite

Talc, phlogopite and chlorite can be replaced
by <y-serpentine apparent fibers which develop
along the original cleavages. Totally serpentin-
ized talc forms bastites similar to orthopyroxene
bastites (Fig. 4c). Frequently, the serpentinized
talc rims around orthopyroxene are unrecognized
and considered to be serpentine after ortho-
pyroxene (Fig. 4d). This confusion further em-
phasizes why bastite should be used as a tex-
tural rather than a mineralogical term. Chlorite
and phlogopite seem to be slightly less suscept-
ible to serpentinization than talc, but they too
can be altered (Fig. 5a). The pseudomorphic re-
placement of chlorite by a blade of antigorite
(y-serpentine) during the development of non-
pseudomorphic textures has been described by
Rost (1961), Klinkhammer (1962) and Klink-
hammer & Rost (1967) (see section on Interme-
diate Textures).

Bastites of talc, phlogopite and, chlorite were
examined from four specimens (18510, 18490,
18505, 18508, Type 3, Table 1) with 4 micro-
beam exposures. The phlogopite and chlorite bas-
tites consist of lizardite 1T and the talc bastite is
an intimate mixture of lizardite 1T and lesser
brucite. All have the z axis approximately parallel
to . One chlorite bastite (18498, Type 7) was
examined with three microbeam exposures and
was found to be composed of antigorite with the
y axis approximately parallel to vy (similar to
Fig. 60 in Wicks & Zussman 1975).

Feldspar

Plagioclase is often replaced by chlorite prior
to serpentinization (O’Hara 1967), and may be
replaced by hydrogrossular (Smith 1958), thom-
sonite (Page 1976) or serpentine (Fig. 5b) dur-
ing serpentinization. Serpentine after plagioclase
often has a very fine-grained interlocking tex-
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ture, or may be featureless, or may be marked by
very fine concentric banding. a-serpentine, 7y-
serpentine or isotropic serpentine may be present
as a very crude pseudomorph, recognizable main-
ly by the outline of the former plagioclase grain,
which becomes much less distinct if pervasively
serpentinized. The one specimen X-rayed with
the microbeam camera was found to be lizardite
1T (18478, Type 3, Table 1).

NoON-PSEUDOMORPHIC TEXTURES

Non-pseudomorphic textures are xenoblastic
and form either through the recrystallization of
pseudomorphic serpentine textures or, less fre-
quently, directly through the serpentinization of
primary olivine, pyroxene, amphibole etc. Non-
pseudomorphic textures can be divided into in-
terpenetrating (Fig. Sc) and interlocking (Fig.
5d) types. The serpentine grains in both are an-
hedral and mutually interfere, but tend to be
elongate in interpenetrating textures and equant
in interlocking textures. The orientation of the
elongate grains may vary from completely ran-
dom, in which case a massive rock is produced,
to strongly subparallel orientation, in which case
a foliated rock is produced. These textures have
been described extensively (Angel 1930, 1964,
du Rietz 1935; Selfridge 1936; Francis 1956;
Gees 1956; Rost 1959; Green 1961; Chidester
1962; Klinkhammer 1962; Hochstetter 1965;
Troger 1969) although without X-ray identifi-
cation the precise mineralogy of some of these
textures remains in doubt.

In contrast to pseudomorphic textures, bru-
cite in non-pseudomorphic textures is easily
recognized as discrete anhedral grains (Figs. 5d,
8d) with creamy or anomalous brown or blue
birefringence. Magnetite also occurs in discrete
grains or lenses distributed throughout the tex-
tures. The color of the non-pseudomorphic ser-
pentinite usually varies with the grain size and
distribution of the magnetite, becoming darker
as the grain size decreases and as the grains are
more uniformly dispersed.

Interpenerating textures

Interpenetrating textures are composed of
elongate blades, flakes, or plates that form a
tight interpenetrating fabric (Fig. Sc). Francis
(1956) used the term flame texture, and Green
(1961) used the term thorn texture, to describe
those consisting of antigorite.

Interpenetrating textures usually begin to de-
velop as isolated flakes or blades, or fan-shaped
bundles of blades (Angel 1930; Klinkhammer
1962) distributed throughout lizardite pseudo-
morphic textures (Fig. 3d) or primary silicates.
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As recrystallization progresses, more and more
blades form until they begin to interfere with
one another, and develop an interpenetrating tex-
ture. Lizardite 17 mesh centers are a common,
although not the only, place for this recrystal-
lization to begin.

Eight <-serpentine interpenetrating textures
were examined with eleven microbeam X-ray ex-
posures supplemented by two powder photo-
graphs (Table 2). Five of the eight y-serpentine
interpenetrating textures are composed of anti-
gorite (Type 7, Table 2) in characteristic “flame”
or “thorn” textures, with y approximately pa-
rallel to -y (Figs. 60,p in Wicks & Zussman 1975).
The other three consist of chrysotile 2M.: with
visible brucite (18488, 18541, 18548, Type 5).

TABLE 2. X-RAY RESULTS ON NON-PSEUDOMORPHIC TEXTURES

FROM VARIOUS ULTRAMAFIC BODIES

Location Sample No. Texture

TYPE 5 SERPENTINIZATION

CHRYSOTILE + BRUCITE + MAGNETITE
concentrically aomed intrusiors
Tulameen, B.C. 18488  y~-inpen, v-ser vn
alpine-type intrusions
Jeffrey mine, Quebec

18541 y-inpen, y-ser vn

18548  y-inpen, v-ser vn
CHRYSQTILE + LIZARDITE 17 = MAGNETITE
alpine-type intrusions
Jeffrey mine, Quebec 18543  y-inlock
CHRYSOTILE + LIZARDITE 17 + BRUCITE = MAGNETITE
alpine-type intrusions
Cassiar mine, B.C. 18555 «-inlock
Precambrian low-grade metamorphic terrain
Porcupine mine, Ontario 18559  a-inlock
LIZARDITE 1F + MAGNETITE
2 brian high-g phie verrain
Setting Lake, Manitoba 18503  a-inlock
LIZARDITE (MULTILAYER) = MAGNETITE
stratiform intrusions
Stillwater, Montana 18479  a-inlock
alpine-type intrusions
Mayaguez, Puerto Rico 18530 a-inlock spher
Mount Albert, Quebec 18550 a«-inlock

TYPE 7 SERPENTINIZATION

ANTIGORITE + MAGNETITE
stratiform intrusions

Stillwater, Montana 18481  y-inpen
alpine-type intrusions

Kaponigbach, Austria 18524 y-inpen*

Shulap Range, B.C. 18556  y-inpen
Precambrian high-grade metamorphic terrain

Oswagan Lake, Manitoba 18498 y-inpen

Tastussarssuaq Fjord, Greenland 18523 y-inpen

ANTIGORITE + BRUCITE = MAGNETITE

alpine-type intrusions

Jeffrey mine, Quebec 18544  y-inlock, y-ser vn

18000 series = Oxford University accession numbers

o = e~-serpentine; y = y-serpentine; inpen = interpenetrating;
inlock = interlocking; ser vn = serrate vein; spher = spherulitic;
B.C. = British Columbia.

*an interpenetrating texture with talc
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The microbeam diffraction patterns of the chry-
sotile indicate that x is approximately parallel to
v (Figs. 6a,b,c in Wicks & Zussman 1975). The
chrysotile may occur as recognizable fiber bun-
dles, but its fibrous nature may not be visible
in thin section, in which case it may closely re-
semble antigorite blades.

Interlocking textures

Interlocking textures are composed of irreg-
ular, equant (Fig. 5d), sometimes spherulitic
grains (Fig. 6a) of serpentine that form a tight
interlocking fabric. They develop as small iso-
lated patches which grow and join together as
recrystallization proceeds. Both a-serpentine and
+y-serpentine have been identified where it has
been possible to determine an elongation. Some
of these textures have been described as rosette-
serpentine (Peters 1963) and as radial fiber
bundle serpentine (Lapham 1964).

Two +y-serpentine and six «-serpentine in-
terlocking textures were examined with nine
microbeam exposures and three powder photo-
graphs (Table 2). One of the two <y-serpentine
textures is composed of antigorite with visible
brucite (18544, Type 7, Table 2), with the y of
antigorite approximately parallel to . The sec-
ond is composed of an intimate submicroscopic
mixture of chrysotile 2M. and lizardite 1T
(18543, Type 5). vy lies approximately parallel to
x of the chrysotile and elements of x and y of
the lizardite.

Three of the six a-serpentine interlocking tex-
tures (18479, 18530, 18550, Type 5) are com-
posed of a multi-layer polytype of lizardite (Fig.
6n in Wicks & Zussman 1975), one (18503, Type
5) of lizardite 1T and the remaining two (18555,
18559, Type 5) of an intimate submicroscopic
mixture of lizardite 1T and chrysotile 2M.; with
visible brucite.

SERPENTINE VEINS

Late veins of serpentine along fractures, shears
and joint planes can be found to a greater or
lesser degree in almost every serpentinite. The
fractures may pinch, swell, and branch, and
those that have been sheared have often been
subjected to slippage in several successive direc-
tions and have highly polished slickensides. This
highly sheared serpentine is the “fish scale” or
“fish meat” serpentine of Cooke (1937) and the
“Schalenserpentin” of Rost (1949, 1959), Klink-
hammer (1962), and Hochstetter (1965). Slip-
veins are not as frequently observed in thin sec-
tions as they are in hand specimens or in the
field, because the slip-veins often occur in high-
ly sheared and broken rock unsuitable for thin
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sectioning, or because they occur along joint hand specimens, where they are less frequently
planes or shear surfaces that form the edges of preserved during sectioning. Vein serpentine is

Fic. 6. (a) Multi-layer lizardite, fracture-filing vein of spherulitic and
interlocking, radial apparent fiber bundles of a-serpentine. Similar tex-
tures have formed in the wall rock through recrystallization of the lizard-
ite 17 mesh texture. Sample 18530, Mayaguez, Puerto Rico. (b) Chryso-
tile asbestos cross-fiber vein following a mesh rim parting (upper half)
and then passing through a mesh center (lower half). Sample 18520, Glen
Urquhart, Scotland. (¢) Chrysotile asbestos cross-fiber vein with complex
extinction patterns, cutting through a lizardite 17 bastite. Sample AG67-
3c, Jeffrey mine, Quebec. (d) Chrysotile asbestos slip-fiber vein with
associated parallel, thin, brucite fibers and magnetite pencils. Sample
AG67-7a, Jeffrey mine, Quebec. All under crossed nicols. Bar represents
0.2 mm.
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TABLE 3. X-RAY RESULTS ON SERPENTINE VEINS FROM VARIOUS ULTRAMAFIC BODIES

Optical Optical
Location Sample No. Character Location Sample No. Character
TYPE 3 SERPENTINIZATION TYPES 5 AND 7 SERPENTINIZATION
ASBESTOS CROSS-FIBER VEINS ASBESTOS CROSS-FIBER VEINS
CHRYSOTILE = BRUCITE + MAGNETITE CHRYSOTILE + BRUCITE & MAGNETITE
alpine-type intrusions alpine-type intrusions
Mayaguez, Puerto Rico 18529 v-fiber Jeffrey mine, Quebec 18532 y-fiber
Precambrian high-grade metamorphic terrain }Iggig Z:;;E:r‘:
Setting Lake, Manitoba 18503 y-fiber 18541 y-fiber
18545 y-fiber
NON-ASBESTIFORM VEINS--FRACTURE FILLING 18546 y-fiber
CHRYSOTILE = BRUCITE % MAGNETITE Precambrian Wigh-grade metamorphic terrain
alpine-type intrusions Pipe Lake mine, Manitoba 18499 y-fiber
Mayaguez, Puerto Rico 18528 y-app fiber 18500 y-fiber
18529 ——-
NON-ASBESTIFORM VEINS-~FRACTURE FILLING
LIZARDITE 17 + BRUCITE x MAGNETITE CHRYSOTILE + BRUCITE = MAGNETITE
alpine-type intrusions alpine-type intrusions
Lizard, England 18511 a-app fiber Jeffrey mine, Quebec 18546 ———
18513 near is
Pinchi Lake, B.C. 18554 y-app fiber CHRYSOTILE + LIZARDITE 17 + BRUCITE = MAGNETITE
Precambrian high-grade metamorphic terrain alpine-type intrusions
Bucko Lake, Manitoba 18492 crystals Jeffrey mine, Quebec 18547 =
Setting Lake, Manitoba 18504 -

CHRYSOTILE + LIZARDITE 17 + BRUCITE * MAGNETITE
stratiform intrusions
Fox River, Manitoba 18486 ——

alpine-type intrusions

Lizard, England , 18515 y-app f'iber*
Totalp, Davos, Switzerland 18527 y-app fiber
Mount Albert, Quebec 18549 near 15*
FPrecambrian high-grade metamorphic terrain
Setting Lake, Manitoba 18507 ---
TYPE 4 SERPENTINIZATION
NON-ASBESTIFORM VEINS--SLIP
LTZARDITE 17 = BRUCITE = MAGNETITE
alpine-type intrusions
Lizard, England 18515 y-app fiber
TYPE 5 SERPENTINIZATION
NON-ASBESTIFORM VEINS--FRACTURE FILLING
LTZARDITE 17 + BRUCITE = MAGNETITE
Precarbrian high-grade metamorphic terrain
Setting Lake, Manitoba 18503 a-inlock

LIZARDITE (MULTILAYER) + CHRYSOTILE + BRUCITE + MAGNETITE

stratiform intrusions

Stillwater, Montana 18479 a ok y-app fiber

LIZARDITE (MULTILAYER) = BRUCITE # MAGNETITE
alpine~type intrusions
Mayaguez, Puerto Rico 18531

Pinchi Lake, B.C. 18554

a-spher inlock

a-spher 1n10:‘.k"r

TYPE 6 SERPENTINIZATION
ASBESTOS CROSS-FIBER VEINS
CHRYSOTILE + BRUCITE = MAGNETITE
alpine-type intrusions
Jeffrey mine, Quebec 18537 y-fiber
ASBESTOS SLIP-FIBER VEINS
CHRYSOTILE * BRUCITE & MAGNETITE
alpine-type intrusions
Jeffrey mine, Quebec 18534 y-fiber
18536 y-fiber
NON-ASBESTIFORM VEINS--SLIP
CHRYSOTILE & BRUCITE * MAGNETITE

alpine-type intrusions

Jeffrey mine, Quebec 18533 -—
18535 y~fiber’
18536 y-fiber’
18537 -

CHRYSOTILE + LIZARDITE 17 + BRUCITE x MAGNETITE

alpine-type intrusions

Jeffrey mine, Quebec 18535 -r-f'lberp
TYPE 7 SERPENTINIZATION
NON-ASBESTIFORM VEINS--FRACTURE FILLING
ANTIGORITE + BRUCITE = MAGNETITE
alpine-type intrusions
Mount Adstock, Quebec W70-45 y-blades
TYPE 8 SERPENTINIZATION
NON-ASBESTIFORM VEINS--SLIP
ANTIGORITE * BRUCTTE = MAGNETITE
alpine-type, intrusions
Valtournanche, Italy 18526 v-app fiber

18000 series = Oxford University accession numbers, W70 series = Wicks field number.
o = g-serpentine; y = y-serpentine; app = apparent; is = isotropic; inlock = interlocking texture; spher = spherulitic texture;

8.C. = British CoTumbia.

Samples with no optical description were studied by 114.6 mm powder diffractfon cameras and were not observed optically.

Panlen-type chrysotile
*with minor brucite
**1izardite 17 with minor multilayer lizardite

For simplicity, brucite is included as a possible accessory in all headings in this table. When it was recorded on a diffraction
pattern, the entry is suitably marked. However, several veins also contain clearly distinguishable brucite, in hand specimen,

which has not been noted in the table,
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often distinctly green because any associated
magnetite is usually segregated into coarse dis-
crete grains. Good descriptive papers of vein
morphology are those by Cooke (1937), Riordon
(1955), and Merenko (1958).

Chrysotile asbestos cross-fiber veins

In fractures that have not been subjected to
shear and in which chrysotile asbestos has de-
veloped, the chrysotile always appears as y-ser-
pentine in thin section. The finer veins may
follow lines of weakness, such as the parting in
a lizardite 17 mesh rim (Fig. 6b) or may cross-
cut textural features (Fig. 6¢). The fibers in small
veins tend to lie normal to the walls and extend
from one wall to the other without a break (Fig.
6b); larger veins commonly have a more or less
central parting, often containing magnetite.
Chrysotile fibers are usually visible in thin sec-
tion and have parallel extinction, but some com-
plex extinction patterns develop in cross-fiber
veins which have kinks (Riordon 1955) through
the combination of changing fiber direction and
the oblique cut of the thin section (Fig. 6c).
Fibers with anomalously high birefringence have
been discussed by Wicks & Zussman (1975).

Eleven specimens were studied, six by micro-
beam camera, four by fiber camera, and one by
powder photography (Type 3, Types 5 and 7,
Type 6, Table 3). In all veins chrysotile 2M., is
the main component, but some samples (18529,
Type 3, 18541, Types 5 and 7, 18537, Type 6)
contain minor, and in one case (18546, Types
5 and 7) major chrysotile 20r. Others (18532,
18539, 18541, Types 5 and 7) contain minor
parachrysotile. One sample (18541, Types 5 and
7) contains minor amounts of both parachryso-
tile and chrysotile 20r... Brucite occurs as dis-
crete grains or fibers in some specimens.

Chrysotile asbestos slip-fiber veins

Slip-fiber veins of asbestos can be seen, in thin
section, to be composed of parallel to sub-pa-
rallel fibers of y-serpentine lying parallel to, or
at a low angle to, the enclosing vein walls (Fig.
6d). The fibers are generally visible, and the ex-
tinction varies from simple parallel to complex
irregular patterns,

Two samples were X-rayed, one by fiber and
one by powder techniques (18534, 18536, Type
6, Table 3). Chrysotile 2M.: was identified as the
main phase in both. Parachrysotile is present in
minor amounts in one specimen (18534, Type 6)
and traces of lizardite 17 were detected in the
other (18536, Type 6). Brucite may be present
as discrete fibers (Fig. 6d) or grains.

473

Non-asbestiform veins

These veins have different appearances in
hand specimens and may be pseudofibrous,
splintery, columnar, banded or massive. They
are most frequently green with resinous luster,
but may be dull or earthy and vary from white
to black. The veins may occur in fractures that
have experienced no movement, or in those that
have experienced considerable shearing.

In thin section under crossed nicols, a great
variety of textures is observed. The serpentine
may appear to be columnar or pseudofibrous
(Fig. 7a2), banded parallel to the contacts (Fig.
7b), spherulitic (Fig. 7c), interlocking or inter-
penetrating grains or blades (Fig. 7d), or totally
featureless. The extinction may be undulating or
sweeping, or the serpentine may be isotropic.
Where grains, blades or pseudofibers are visible,
the fast- and slow-rays can be determined and
the serpentine can be described as a- or -y-ser-
pentine, In featureless serpentine the extinction
positions are commonly approximately parallel
and perpendicular to the vein walls so that fast-
and slow-ray directions can be determined with
respect to the vein walls, A great variety of
combinations of textural features has been ob-
served, with the serpentine in the wider (>0.15
mm) unsheared veins generally having a more
complex textural development (Fig. 7c) and
sometimes a central parting (Fig. 7a). Rarely,
well-formed crystals of lizardite occur in veins
(Fig. 8a). The slip-serpentine which formed in
fractures which have undergone shearing is
usually less complex. It resembles asbestos slip-
fiber, in that it is often made up of +y-serpentine
apparent fibers with the slow-ray subparallel to
the shearing movement and the fiber axis, but
is only pseudofibrous or splintery. In some cases
composite veins have formed and several genera-
tions of serpentine, including asbestos, can be
distinguished. Veins that have formed during
shearing may pass into veins that have not un-
dergone shearing. Serpentine may pass from non-
fibrous to fibrous forms within a single vein.

Twenty-four specimens were studied, fourteen
by microbeam camera, with 73 exposures, three
by fiber photographs, and nine by powder pho-
tographs (Table 3). Lizardite 17 and chrysotile
2M.. predominate, occurring both singly and
together either as an intimate admixture or with
segregation of one or other towards the vein
walls, Five veins (18486, 18527, 18507, Type 3,
18546, Types 5 and 7, 18537, Type 6, Table 3)
contain variable amounts of chrysotile 20rq,
and two other veins (18535 18536, Type 6) con-
tain chrysotile which gives lines of the “Povlen-
type” (Krstanovic & Pavlovic 1964; Middleton &
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Fic. 7. (a) Vein composed of non-asbestiform chrysotile (y-serpentine ap-
parent fibers) in the columnar central zone, and lizardite 17" with minor
multi-layer polytype (a-serpentine) in the banded, nearly isotropic, mar-
ginal zones. Sample 18479, Stillwater, Montana. (b) Vein composed of
lizardite 1T (a-serpentine apparent fibers and isotropic serpentine) banded
paralle] to contacts. Sample 18513, Lizard, Cornwall. (¢) Complex vein
composed of lizardite 17T (a-serpentine apparent fibers) in radial bundles
and some spherulites (SW corner), lizardite 17 = chrysotile 2M,, = bru-
cite in the marginal isofropic loops, and lizardite 17 and/or chrysotile
2M., in the fine-grained and isotropic central zone. Sample 18515, Lizard,
Cornwall. (d) Fracture-filling vein composed of antigorite interpenetrat-
ing blades which partly replace the host lizardite 17 (NW corner). Sam-
ple W70-45 Mount Adstock, Quebec. All under crossed nicols. Bar rep-
resents 0.2 mm.
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Whittaker 1976; Cressey & Zussman 1976). One
in eleven lizardite 1T diffraction patterns also
contains some lizardite 2H. Multi-layer lizardite
polytypes make up two veins (18531, 18554,
‘Type 5) and occur in minor amounts in a third
(18479, Type 5). Antigorite occurs in two veins
(W70-45, Type 7, 18526, Type 8). The lizardite
crystals (18492, Type 3) were identified as the
1T polytype. Brucite may occur either as dis-
crete grains or in an intimate admixture with the
serpentine minerals (18515, 18549, Type 3,
18554, Type 5). The only cases in which optical
identification of the serpentine seems to be
possible is the rare occurrence of antigorite (y-
serpentine) which can be recognized from its
characteristic bladed morphology (Fig. 7d), and
the more abundant, fibrous, bladed, or spheru-
litic q-serpentine which seems to be lizardite,
usually a multi-layer polytype (Fig. 6a). The
common 7y-serpentine apparent fibers are usually
chrysotile and/or lizardite. The only specific
textural generalization is that the coarseness of
crystallinity of lizardite, as indicated by spots
on the microbeam diffraction patterns, increases
toward the margins of veins, but exceptions were
noted.

The non-asbestiform veins discussed in this
section have been called picrolite by Riordon
(1955), and this term is in current usage in the
asbestos mining industry. However, the name pi-
crolite was originally applied to a fibrous vein
material by Hausmann (1808). This type ma-
terial was shown by Whittaker & Zussman
(1956) to be antigorite, and they recommended
that the name, if retained, should be restricted
to distinctly fibrous or splintery antigorite.
Earlier workers on the asbestos deposits of the
Eastern Townships, Quebec (Cooke 1937) seem
to have applied the name to fibrous veins of non-
chrysotile-like material, and this usage has grad-
ually been extended to cover all non-asbestiform
veins whether fibrous or not. The work described
here shows that this extension of meaning makes
picrolite into a purely textural field term de-
void of mineralogical meaning. The term serpo-
phite has been used by Lodochnikov (1933) and
Merenkov (1958) to describe these vein serpen-
tines, but we prefer to confine this term to iso-
tropic serpentine in mesh centers,

INTERMEDIATE TEXTURES

The above classification of textures into pseu-
domorphic, non-pseudomorphic, and vein types
is in some respects an idealization and the divi-
sions, in some cases, are gradational.

Some antigorite and chrysotile pseudomorphic
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textures (Table 1) represent an early stage in the
development of interpenetrating or interlocking
textures of the same minerals (Table 2). In par-
ticular, relict olivine in lizardite mesh textures
readily alters to crude antigorite or chrysotile
pseudomorphs (Figs. 8b,c); however, their promi-
nence decreases as their outlines become blurred
by the extensive formation of interlocking and
interpenectrating textures. Similarly, although the
antigorite pseudomorphs after chlorite are a
faithful replacement (Fig. 5a), once the chlo-
rite alteration is complete the pseudomorphs
become indistinguishable from the surrounding
antigorite in the enclosing interpenetrating tex-
ture. Also, in some cases, chlorite is not replaced
by antigorite in an orderly manner, but is re-
placed by random interpenetrating blades of
antigorite. The antigorite bastites described by
Hochstetter (1965) and Boudier (1971) also may
fall into this group of textures.

Hairline fractures across pseudomorphic or
non-pseudomorphic textures, or between ser-
pentinized and relict olivine, are often the site
of the beginning of recrystallization and lead to
the development of vein-like textures (Fig. 8d).
These often have serrate boundaries rather than
the smooth walls of typical veins, and Riordon
(1955) called them “serrated veins”. They are,
however, recrystallization features and not frac-
ture-filling veins, although serrate veins of asbes-
tos are closely associated with the formation of
cross-fiber asbestos veins. In a rectilinear set of
closely spaced fractures, the serrate veins can
give rise to crude hourglass textures (Fig. 1d).

Four samples containing serrate veins were
X-rayed with four microbeam exposures. Three
(18488, 18541, 18548, Type 5, Table 2) were
found to be composed of chrysotile 2M.;, two
(18541, 18548, Type 5) with minor chrysotile
20r.., and one (18544, Type 7) of antigorite.
All are associated with discrete brucite grains
(Fig. 8d).

Some non-asbestiform fracture-filling veins
are associated with recrystallization of the wall-
rock serpentine to non-pseudomorphic textures
similar to the textures in the veins (Figs. 6a, 7d).
The parallel growth between chrysotile in asbes-
tos veins and in adjacent bastites, described in
the pyroxene section above, is a similar pheno-
menon,

Non-asbestiform slip veins are often intimate-
ly associated with, and in parallel orientation to,
foliated non-pseudomorphic textures in the host
rock, so that the margin between vein and host
rock is uncertain. Non-asbestiform veins also
grade and merge into chrysotile asbestos veins,
and more or less isolated pockets of each may be
present in the other.
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IDENTIFICATION CHART chart for petrographic studies. In some cases

predictions can be made from Table 4 with a

The results of the X-ray study are summarized high degree of certainty, but in others the cer-
in Table 4 which can be used as an identification tainty is not high. The data further emphasize

Fre. 8. (a) Lizardite 1T crystals in a fracture-filling vein. Sample 18492,
Bucko Lake, Manitoba. (b) Antigorite which has replaced olivine to
produce crude lens-shaped pseudomorphs. Sample 18481, Stillwater, Mon-
tana. (c) Chrysotile 2M,, and 20r., mesh center, after olivine within
lizardite 1T mesh rims. Sample 18538, Jeffrey mine, Quebec. (d) Chryso-
tile 2M,; and minor 20r,, serrate asbestos veins replaced non-fibrous
chrysotile. Brucite is visible as discrete anhedral grains in the serrate veins
and the groundmass. Sample 18548, Jeffrey mine, Quebec. All under
crossed nicols. Bar represents 0.2 mm.
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that the terms o~ and ry-serpentine have no strict
mineralogical meaning (Wicks & Zussman 19735).

Pscudomorphic textures usually consist of
lizardite 17, and are therefore a good determi-
nant of this mineral. The only exceptions are an-
tigorite or chrysotile pure hourglass textures and
mesh centers, and antigorite bastites after chlo-
rite. However, these textures only occur infre-
quently through the serpentinization of relict
primary minerals, usually at the same time as
lizardite 17 = brucite pseudomorphic textures
are recrystallized to antigorite or chrysotile non-
pseudomorphic textures. Therefore, they can
often be identified by this association. The pre-
sence or absence of brucite in pseudomorphic
textures can be determined only by X-ray dif-
fraction.

Non-pseudomorphic textures consisting of a-
serpentine can also confidently be expected to
consist mainly of lizardite 17, or multi-layer
polytypes (though minor chrysotile, usually 2Me,
may be present as well), but those consisting of
-serpentine are variable. Antigorite is most
common, and generally forms easily recognized
interpenetrating textures composed of sharp
distinct blades. Chrysotile, mainly 2M.:, and/or
lizardite 17, often form interlocking textures
composed of less distinct grains, but exceptions
are common. The refractive indices of antigorite
generally are higher than those of chrysotile or
lizardite, but there is a considerable overlap
among the ranges of the indices of all three min-
erals (Wicks & Zussman 1975). Extinction in
antigorite blades usually sweeps across the blade,
whereas in chrysotile fibers the extinction usually
sweeps along the length of the fibers. However,
not all chrysotile appears to be fibrous and often
it is not possible to distinguish antigorite, chry-
sotile and/or lizardite without relying on X-ray
diffraction. Brucite is easily identified in non-
pseudomorphic textures because it is present as
discrete grains.

Chrysotile asbestos, both in fracture-filling
and slip veins, can be identified in thin section
with great confidence. The «-serpentine inter-
locking spherulitic textures in veins are usually,
but not always, multi-layer lizardite. Antigorite
veins usually can be recognized by the character-
istic appearance of the antigorite blades, but
many non-asbestiform veins are composed of
chrysotile or lizardite, or both, in intimate as-
sociation. There is no optical criterion that can
be used to differentiate these, and X-ray studies
are essential for identification. Povlen-type chry-
sotile is not uncommon. In lizardite, 17 is the
common polytype, but the 2H polytype occurs
more frequently in veins than in pseudomorphic
textures. Brucite may again occur in the veins
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TABLE 4. SERPENTINE IDENTIFICATION CHART FOR THIM SECTIONS
Optical
Texture Character Mineralogy
PSEUDOMORPHIC TEXTURES*
mesh rim B Tizardite** « brucite
¥ lizardite, antigorite or chrysotile
mesh center 1\, v + is commonly lizardite = Lrucite, rarely
antigorite or chrysotile + brucite
‘hourglass a Tizardite = brucite
t antigarite or chrysotile
orthopyroxene-bastite o 1{zardite, rarely with brucite
5 Tizardite, rarely with brucite
¢Tinopyroxene-bastite a lizardite
¥ lizardite
amphtbole-bastite a Tizardite, rarely with brucite
. lizardite, rarely with brucite
phlogopite-bastite not found
1izardite, rarely with brucite
talc-bastite K not found
B Tizardite, rarely with brucite
not found

chlorite-bastite =3
- antigorite or lizardite

NON-PSEUDOMORPHIC TEXTURES*

interlocking 2 Tizardite 1T or multilayer polytype,
possibly with some chrysotile
1 chrysotile and/or lizardite or
antigorite
interpenetrating “ not found
i commonly antigorite, less commonly
chrysotile and/or lizardite
serrate veins a not found
¥ commenly chrysotile,

less commonly antigorite

VEIN SERPENTINE*

ashestos cross-fiber S not found
¥ chrysotile

asbestos slip-fiber a not found
¥ chrysotile

non-asbestiform (fracture a Tizardite 1T or multilayer polytypes

filling) ¥ chrysotile and/or lizardite or
antigorite * brucite
is chrysotile and/or 1izardite + brucite
non-asbestiform (slip) o not found
¥ chrysotile and/or lizardite or
antigorite + brucite
is chrysotile and/or lizardite z brucite

is = isotropic

*Brucite can very rarely be identified with the microscope in pseudo-
morphic textures and some non-asbestiform veins, so the possibility

of its presence is included in these parts of the table. It can,
however, usually be identified optically in non-pseudomorphic textures
and fiber veins, so mention of it is omitted from these sections.

**] izardite usually occurs as the 1T polytype, and occasionally there
are minor amounts of a 2H polytype. The occurrence of other multilayer
Tizardite ts specifically noted in the table.

either as an unrecognizable intimate mixture with
chrysotile or lizardite, or as recognizable discrete
grains.

THE PROCESS OF SERPENTINIZATION

Review of phase studies

Any discussion of the implications of the
foregoing sections for the process of formation
of the serpentinites must be based on available
knowledge of phase stabilities. The reaction

forsterite |- water == serpentine -+ brucite (1)
has been shown by Johannes (1968) to occur at
380°C at 2 kbars, and
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forsterite + talc + water = serpentine  (2)
occurs at 460° (Scarfe & Wyliie 1967) or 440°
(Chernosky 1971) at the same pressure. The
effect of iron in the system is to slightly reducc
these maximum temperatures (Olsen 1963;
Moody 1976). There are indications from the
work of Yoder (1952) and Chernosky (1971,
1975) that the upper stability limit of serpentine
is raised by the presence of Al, although it is
not clear that all the reactions quoted have been
reversed. Possible reactions are:

forsterite-+spinel+water=Al-serpentine
+brucite  (3)
and

chlorite = Al-serpentine 4)

The serpentinization of diopside and tremolite
involves the consideration that either silicon
must be removed or an extraneous source of
magnesium must be available, the effect being
more marked in diopside. In cither case calcium
must be removed from both minerals. The pro-
cess that is geologically most relevant is the addi-
tion of magnesium provided by forsierite as in
the reaction

tremolite+forsterite+water=serpentine-
diopside (5)
proposed by Evans & Trommsdorff (1970), which
has an equilibrium temperature between those
of (1) and (2).

Chrysotile has been synthesized in the pure
MgO-Si0—H.0 system (Yoder 1952; Roy & Roy
1954; Gillery 1959; Johannes 1968) and co-
existing chrysotile and lizardite 17 in the pre-
sence of small proportions of iron (Moody
1976) and alumina (Gillery 1959; Chernosky
1971, 1975). At higher alumina concentrations,
lizardite 17 and (increasingly) multi-layer lizard-
ite polytypes are produced. However, a 6-layer
lizardite polytype also seems to have been pro-
duced in the alumina-free system by Jasmund &
Sylla (1971, 1972). Antigorite has been synthe-
sized (with coexisting chrysotile and lizardite)
by Iishi & Saito (1973), but only when the ratio
of MgO:Si0O, was lower than 3:2. They found
antigorite formation to be promoted by limited
availability of water, and by higher temperatures
and pressures. Other reported syntheses of anti-
gorite are those by Korytkova & Makarova
(1971), Korytkova et al. (1972), Johannes (1975)
and Evans et al. (1976). General evidence that
antigorite, although less readily synthesized, is
more stable than the other serpentine minerals
comes from DTA evidence (Faust & Fahey
1962), structural considerations (Wicks & Whit-
taker 1975), field studies of metamorphosed
serpentinites (Hess ef al. 1952; Hahn-Wein-
heimer & Rost 1961; Chidester 1962; Wolfe
1967; Dietrich & Peters 1971; Keusen 1972;
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Bucher & Pfeifer 1973; Trommsdorff & Evans
1972, 1974; Vance & Dungan 1977), and ther-
mzeaemical calcuiations (King et al. 1967; Evans
et al. 1976). This evidence suggests that the
equilibrium temperatures of reactions 1 to 5
involving antigorite are higher than those involv-
ing lizardite or chrysotile.*

The above results can be unified schematically,
as in the first two sections of Figure 9, to provide
a basis for the interpretation of the textures iden-
tified in this paper. The discussion of the rela-
tionship between the temperature scales of the
two and the effect of pressure are beyond the
scope of this paper, but are discussed, at least
for chrysotile and antigorite, by Evans et ql.
(1976). The evidence suggests that lizardite and
chrysotile behave similarly (Dungan 1977). Since
it seems clear that metastable relationships among
the various serpentine minerals are widespread,
one may deduce in the simplest case the exis-
tence of not less than three temperature ranges
corresponding to different assemblages as shown
in the third section of Figure 9. The evidence
presented in Figure 4 in Evans er al. (1976) sug-
gests that the reactions F+Ta+W=(@+C) and
F+W = A4B do not occur at the same tem-
peratures as suggested in Figure 9, but for the
purpose of our discussion this simplified form
will be used.

General considerations of starting
materials and temperature

Ultramafic rocks, whether dunite, harzburgite,
lherzolite, wehrlite etc. and whether plagioclase-,
spinel- or garnet-bearing, can be subjected to
significant alteration prior to, and unrelated to,
serpentinization. With cooling from high tem-
peratures in the presence of water, rocks of
these compositions can produce clino-amphi-
boles, chlorite, anthophyllite and talc successive-
ly (Fig. 1.4 in O'Hara 1967; Fig. 2 in Evans &
Trommsdorff 1970). The complete cooling se-
quence of reactions has been observed in the
Glen Urquhart ultramafic rocks (Francis 1956)
included in the present study. Any or all of
these minerals along with olivine, orthopyroxene
and clinopyroxene may be present at the com-
mencement of serpentinization and may them-
selves be serpentinized. Progressive metamorph-
ism of a serpentinite will produce the same min-

*While our paper was in press our attention was

‘drawn to two papers, both by Hemley et al. (1977),

which have a bearing on the possible equilibrium
relationships among antigorite, chrysotile, and bru-
cite, and other equilibrium and non-equilibrium pro-
cesses involved in serpentinization.
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F+Ta+W
A
F+AT:|;w antigorite A
F+Ta+W F+W
A+B -
(LFO_:_C)W - antigorite + brucite
+Tr+ .
h t B
{LorC)+D c' ryso.lle
lizardite
F+W
(LorC)+B
antigorite + brucite
chrysotile + brucite ©C
lizardite + brucite
T

FiG. 9. Schematic diagram of the temperature regimes of the observed as-
semblages. Abbreviations for minerals in the equilibria: A—antigorite, B
—brucite, C—=chrysotile, D=diopside, F—forsterite, L=lizardite, Ta=
tale, Tr=tremolite, W—water. The three temperature regimes are denoted
A, B, C on the extreme right of the diagram.

eral assemblages (Evans & Trommesdorff 1970;
Trommsdorff & Evans 1974; Evans et al. 1976)
which in turn may be serpentinized at some later
period.

It is important to note that the experimental
studies described above, and summarized sche-
matically in Figure 9, indicate only maximum
temperatures of serpentinization. It is clear from
recent isotropic studies (Wenner & Taylor 1971,
1973, 1974; O’Neill & Barnes 1971; Magaritz &
Taylor 1974; Barnes & O’Neill 1969; Barnes et
al. 1972) that much serpentinization occurs at
temperatures well below these upper limits, and
probably in regimes of substantially constant
temperature, This is entirely consistent with
Figure 9, requiring only that the rate-limiting
factor in serpentinization be the availability of
water rather than temperature.

A model of the serpentinization process

A possible model of the serpentinization pro-
cess, which takes account of the available ex-
perimental evidence summarized in Figure 9,
provides a framework into which the observa-
tions on the various textures may be fitted. The
model provides eight distinguishable regimes in
terms of all combinations of the following three
alternatives.

a. (i) falling (or constant) temperature
(ii) rising temperature

b. (i) absence of substantial shearing
(ii) presence of substantial shearing

c. (i) nucleation of antigorite
(ii) no nucleation of antigorite

The physfcal or chemical conditions correspond-
ing to (c) cannot at present be identified fully,
but experimental work over the past 25 years

has strongly suggested that nucleation of anti-
gorite is an improbable process in many circum-
stances. The absence of shearing, and falling or
low constant temperature, may be expected to
promote the formation of pseudomorphic tex-
tures, which may be disrupted by shearing to
produce non-pseudomorphic textures and some
veins. Under rising temperature conditions, re-
crystallization to form mainly non-pseudomor-
phic textures is promoted. The eight types are
discussed in sequence beginning with high tem-
perature, going down to low temperature and
then back up to high temperature. Within each
temperature regime the unsheared assemblage is
discussed first followed by the sheared assem-
blage.

The eight types of process are therefore as
follows:

1. a(i)+b@)+cl) Serpentinization begins at the
highest possible temperature and gives rise to
antigorite pseudomorphic textures in regime
A in Figure 9. Fracture-filling veins produced
with this type will be composed of antigorite.

2. a(i)+b(ii)+c() As type 1 but produces foliated
non-pseudomorphic textures.

3. a(i)+b(i)-+c(i) Serpentinization is delayed to
lower temperatures and gives rise to pseudo-
morphic textures of lizardite in regime B or
lizardite==brucite in regime C. Chrysotile does
not usually occur in abundance in the pseudo-
morphs, but may occur in veins along joint
planes with or without lizardite and brucite.

4. a(i)+bi)+c(ii) As type 3 but produces foliated
chrysotile=brucite non-pseudomorphic tex-
tures, with or without lizardite, and chryso-
tile=lizardite=brucite veins. -
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5. afii)-+b(i)+c(ii) Rising temperature produces
the recrystallization of lizardite+brucite pseu-
domorphic textures of type 3, or the serpen-
tinization of relict primary minerals to form
non-pseudomorphic textures of chrysotile=
lizardite+brucite with associated veins of
similar mineralogy in regimes B and C. Relict
olivine may be serpentinized to crudely pseu-
domorphic textures of chrysotile=brucite.
(See below for the association of the chryso-
tile textures with asbestos vein development).
Interlocking non-pseudomorphic textures and
associated veins of multi-layer lizardite with-
out chrysotile are a minor variation of this
type.

6. a(ii)-+-b(i)+c(ii) As type 5 but produces either
chrysotile=*-lizardite—=brucite, or, less fre-
quently multi-layer lizardited-brucite, foliated
non-pseudomorphic textures and veins.

7. a(i)+b(i)+4-c@) Continued rising temperature
produces recrystallization of type 3 serpen-
tine textures, or the serpentinization of pre-
viously unserpentinized primary minerals and
gives rise to non-pseudomorphic textures, and
occasionally crude pseudomorphic textures of
antigorite+brucite in regimes B and C, and
of antigorite in regime A. (See below for the
association of antigorite-+-brucite textures with
asbestos vein development.

8. a(ii)+b(ii)+c(@ As type 7 but produces foli-
ated non-pseudomorphic textures of antigorite
Fbrucite.

The problem of the relative volumes of the
primary minerals and of the serpentinized prod-
ucts has to be considered at this point (for dis-
cussions on serpentinization at constant volume
versus constant composition see Hostetler et al.
1966; Thayer 1966, 1967; Page 1967b, 1976*;
Gresens 1967, 1969; Thompson 1968; Coleman
1971; Coleman & Keith 1971; Martin 1971;
Clark & Greenwood 1972). This problem always
affects processes 1 to 4 significantly and will
affect similarly processes 5 to 8 if they operate
on unserpentinized peridotite. If processes 5
to 8 operate on previously formed serpentine,
they are predominantly recrystallization pro-
cesses and little volume or composition change
will occur. We take the view that the pseudo-
morphic textures produced by processes 1 and
3 require that serpentinization be a topotactic

*Page (personal communication). There are mis-
calculations on page 136 of Page (1976). For a vol-
ume increase of 37% the linear expansion should
read 11% (not 3.3%), and for a volume increase of
19% the linear expansion should read 6% (not
2.7%).
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process which, on a grain-for-grain basis, should
involve but little volume increase. In some cases
radial cracks which occur in plagioclase (Flett
1946; Smith 1958; Page 1976) and diopside
(Clark & Greenwood 1972) adjacent to serpen-
tinized olivines, undoubtedly represent some ex-
pansion. Observations of thin sections can re-
veal only linear expansions and these are one-
third of volume expansion. Volume increases of
between 25 and 45% have been calculated for
complete serpentinization. These would produce
linear expanmsions of 8 and 13%, respectively,
and would cause much greater disruption of the
enclosing minerals than is observed. The radial
cracks, therefore, represent a much smaller vol-
ume increase. There will be, of course, an over-
all expansion in the body corresponding to the
volume occupied by the ever-present serpentine
veins, and to the volume occupied by some of
the serpentine in the shear zones usually found
adjacent to the contacts (processes 2 and 4). On
the basis of the assumption of a topotactic pro-
cess with little volume increase, one may treat
the various serpentinization reactions on the
basis of the preservation of the number of oxy-
gen atoms in the (weighted mean) formula of
the primary minerals. This means that the anion
framework of close-packed oxygens remains al-
most unchanged by serpentinization and leads
to the results given in Table 5.

It is evident from Table 5 that only forsterite
and enstatite can alter to serpentine without the
addition of magnesium from an outside source.
Anthophyllite, talc, tremolite, and diopside all
require an outside source of magnesium, and
forsterite is the only possible magnesium source.
Furthermore, only those reactions which produce
excess of both Mg and Si can contribute to the
formation elsewhere of vein-filling serpentine in
fractures or shear zones. The most appropriate
reactions in this respect are:

forsterite—lizardite-+brucite
and

forsterite4-(enstatite or anthophyllite)->lizardite
because of the ratio of Mg:Si in their excess
products.

When one considers that some iron usually
substitutes for magnesium in these minerals, it
becomes clear why the production of secondary
magnetite is almost always confined to the ser-
pentinization of olivine, as it isthe only mineral
that liberates significant amounts of its cation
content during serpentinization.

Interpretation of the observed textures

The observed textures may be classified in
terms of the types of processes that would be ex-
pected to produce them according to our model.
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REQUIREMENTS AND REACTION PRODUCTS QF SERPENTINIZATION BASED ON 72 OXYGENS

Product in situ

Excess to be carried
away or to provide
reaction product elsewhere

Reactant needed to
complete constant
volume reaction

Primary mineral

forsterite Tizardite

forsterite
enstatite Tizardite
anthophyllite Tzardite
tale Tizardite
tremolite Tizardite

diopside Tizardite

Primary assemblage on a 1:1 basis

forsterite + enstatite lizardite

forsterite + anthophyllite Tizardite
forsterite + talc 11zardite
fersterite + tremolite lizardite

foreterite + diopside Tizardite

Tizardite + hrucite*

32 1292+ 2s1%*

+

a2H amg?* + esi?t

321"
mg?*

oMg2
2+

+ 26"

* 4 2on?

omg?* + 264" + pea®t

1246%* 5 32H" + 12¢a%"

san’ 4%

12mg2t + 1081

58 amg?* + 10514

s2H eig?" + 10si*

+ +

56 g+ 108" 5 gca®t

64H 1051%" + 120a%"

“b-sed on 72 oxygens and a 3:1 ratio of serpentine:brucite.

For heading “Reactant needed . . .” read Reactant needed to complete to-

potactic reaction.

Type 1. Only one example of this has been ob-
served in the present work, namely the pseudo-
morphic antigorite after olivine of the Fox River
Sill peridotites (Table 1). The veins associated
with these textures are composed of antigorite.
The antigorite textures in a similar environment
described by Varlakov (1975) are non-pseudo-
morphic and therefore their relationship to this
type seems doubtful.

The <y-serpentine mesh textures in the Telson
Lake and Tadamagouche Creek sills (Table 1)
could easily be mistaken, under the microscope,
for further examples but the X-ray microbeam
results demonstrate them to be lizardite in an
unusual orientation.

Type 2. No example of this type was found in
the present work, but possibly some of the
foliated antigorite in the lherzolite of the Lanzo
Massif (Nicolas 1967, 1969) represents this type.

Type 3. This type appears to be the most com-
mon, as is indicated by the majority of our spe-
cimens (Table 1). The serpentinization of olivine
by this process leads to the formation of mesh
rims by a steadily advancing front of serpentin-
ization that produces reasonably well-crystallized
and crudely oriented lizardite (Wicks & Zussman
1975; Wicks et al. 1977). In some cases the front
advances uniformly without a break until all the
olivine is replaced and lizardite 17=brucite pure
hourglass textures are formed. Pure hourglass
textures occur most frequently in association
with Type 5 textures, suggesting that the forma-
tion of both is promoted by higher temperatures.

More often, the front stops at some point either
because of cooling or lack of water, or possibly
because the reaction changes from being inter-
face-controlled to being diffusion-controlled
(Martin & Fyfe 1970). The remnant olivine frag-
ments may subsequently serpentinize to produce
mesh centers of poorly crystalline, fine-grained,
semi-randomly to randomly oriented grains of
lizardite 1T (Wicks & Zussman 1975) with pos-
sibly minor chrysotile (Cressey & Zussman 1976).
This mesh-center serpentinization takes place
simultaneously throughout the olivine remnant,
in contrast to the advancing front of serpentin-
ization that produces the mesh rims and pure
hourglass textures, The lizardite produced often
has some orientation in sympathy with the ad-
jacent, earlier-formed mesh rim, although it
seems more randomly oriented, a change that is
difficult to explain, Where brucite is present,
there is a strong tendency for it to occur, with
lizardite, in the mesh centers surrounded by
lizardite mesh rims. However, the reverse situa-
tion with lizardite+brucite mesh rims and
lizardite mesh centers has also been recorded
(Glen Urquhart and Mount Albert, Table 1).
These differences in brucite distribution could
be associated with temperature regimes B and C
of Figure 9, but they are more likely to be due
to varying kinetic effects on the amount of mag-
nesium removed in solution. Orthopyroxenes
also alter to lizardite pseudomorphs. These gen-
erally are free of brucite and magnetite in ac-
cordance with the fact that no octahedral cations
need be lost (or gained) in a topotactic serpen-
tinization of orthopyroxene, but rarely some
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lizardite bastites contain brucite near the center
of the pseudomorph (Mayaguez, Mount Albert,
Pinchi Lake, Table 1). This requires a complete
loss of silicon and an addition of %5 again the
number of octahedral cations to maintain a con-
stant-anion framework.

Primary clinopyroxene has also been found
in this study to be altered to lizardite 17. Ac-
cording to the calculations and observations of
Evans & Trommsdorff (1970), diopside forms a
stable assemblage with serpentine (Fig. 9). How-
ever, their calculations for this reaction were
based on thermochemical data for chrysotile,
but their observations were for antigorite of a
Type 7 serpentinization. Also, the diopside in
equilibrium with the antigorite is of significant-
ly different composition from the primary diop-
side (Peters 1968), so one could expect the latter
to become unstable during serpentinization. The
lizardite 4 secondary diopside pair has not been
clearly established for Type 3 serpentinization
although diopside is present in rodingites as a
product of this serpentinization process.

The veins associated with these textures are
composed of lizardite and/or chrysotile (both
fibrous and non-fibrous) with or without brucite
(Table 3), but the presence of significant amounts
of chrysotile asbestos veins can be attributed to
process 5. ,

Type 4. Examples of this are “fish scale” or
“fishmeat” serpentine (Cooke 1937) or “Schalen-
serpentin (Rost 1959; Klinkhammer 1962; Hoch-
stetter 1965). This is highly sheared, slippery to
the touch, slickenside material with a platy tex-
ture, which is nevertheless mainly chrysotile
with or without lizardite. Some of the material
coating the slickensides may be produced by ser-
pentinization elsewhere in the serpentinite and
deposited in the shear zones, and some of the ser-
pentine must have formed in situ, but it is im-
possible to distinguish the two. The highly
sheared nature of the serpentine makes it diffi-
cult to produce thin sections, so that this type
does not appear in Table 2, but one example is
given in Table 3. Examples described by Cole-
man (1966, 1971) occur at sheared contact zones
or in highly sheared, detached, tectonic serpen-
tinite bodies. Type 4 can only be distingnished
from Type 6 by the environment, and not from
mineralogical or textural evidence.

Where Type 4 shear zones are adjacent to
serpentinite containing pseudomorphic textures
of Type 3, the latter is invariably fractured and
contains fine veins of chrysotile within the pseu-
domorphs (Fig. 6b). The material in these veins
must represent a volume increase, albeit a small
one, and must be derived from the material that
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goes into the solution during the topotactic
formation of the pseudomorphs.

Type 5. Examples of this are provided in Table
2. Interlocking non-pseudomorphic textures or
serrate veins of chrysotile form through the re-
crystallization of lizardite pseudomorphic tex-
tures. At the earliest stages the lizardite pseudo-
morphs are still recognizable, but chrysotile can
be detected, with the microbeam camera, as a
component of the pseudomorphs (18500, Pipe
Lake mine, Table 1). As recrystallization ad-
vances, the pseudomorphs after olivine are
rapidly obliterated, but bastites are often slightly
more resistant. Relict primary minerals may be
altered to crude chrysotile pseudomorphs, often
with brucite, which may then be partly obliter-
ated by the developing interlocking textures.
Chrysotile asbestos veins associated with non-
asbestiform veins of chrysotile, not infrequently
of the Povlen-type, or lizardite==brucite com-
monly form in association with these textures
(Table 3).

Spherulitic interlocking textures of multi-layer
lizardite may also form in serpentinization of
this type, through the recrystallization of lizard-
ite 1T=brucite mesh textures and lizardite 1T
bastites, particularly in zones adjacent to multi-
layer lizardite veins (Fig. 6a). The development
of these more complex polytypes is so closely
associated with bastites that their formation
might be thought to be due to the release of alu-
minium from the pyroxenes during serpentiniza-
tion. However, the aluminium content of many
multi-layer lizardites does not seem to be ex-
ceptionally high (Wicks 1969).

Type 6. As stated above, this can only be
distinguished from Type 4 on environmental
grounds. Several examples are listed in Table 3.
The Coalinga asbestos deposit (Mumpton &
Thompson 1975) is the ultimate example of this

type.

Type 7. This is a common process, particularly
in regime A of Figure 9, and examples are given
in Table 2. Lizardite pseudomorphic textures of
Type 3 recrystallize directly to antigorite non-
pseudomorphic textures in passing from regime
B to A. Relict olivine and chlorite may remain
as crude pseudomorphs, but their outlines are
blurred or lost during the formation of the anti-
gorite interpenetrating textures. Any veins
formed at this stage will be composed of anti-
gorite (Table 3).

The presence of brucite may depend either on
its presence in the recrystallizing lizardite texture
or on whether regime B or A is reached; how-
ever, note also that the conversion of lizardite to
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antigorite involves the loss of small amounts of
Mg(OH), because of the geometry of the inver-
sion lines in the antigorite structure (Zussman
1954; Kunze 1956, 1958, 1961; Whittaker &
Wicks 1970). There also may be brucite produc-
tion by the serpentinization of relict olivine at
this stage.

The antigorite+brucite non-pseudomorphic
textures (Table 2) form mainly from olivine. This
may be the normal path of formation for this
particular assemblage. The antigorite grains are
generally somewhat less distinct and form inter-
locking textures in regime B or C, in contrast to
the sharply defined blades and interpenetrating
textures of the antigorite in regime A.

The antigorite+brucite textures of Type 7
are often associated with chrysotileZxbrucite tex-
tures of Type 5 within the same ultramafic body,
and this is usual in asbestos deposits (Jeffrey
mine, Tables 1, 2, 3). All form as interlocking
or (less frequently) interpenetrating textures,
with or without chrysotile and/or antigorite ser-
rate veins (Table 2) and pseudomorphic textures
(Table 1), whether through the recrystallization
of lizardite-=brucite pseudomorphic textures, or
through the alteration of primary olivine (or
other silicates). Chrysotile asbestos veins com-
monly form in association with this type, as also
do veins of non-fibrous chrysotile and/or lizard-
ite=brucite in regime C and B in Figure 9
(Table 3).

In the lower half of regime A, diopside is
stable with antigorite to form an antigorite
+diopside=magnetite assemblage (Evans &
Trommsdorff 1970). but this assemblage prob-
ably only forms through the recrystallization of
relict primary assemblages that include diopside
(Peters 1968) or tremolite (Trommsdorff & Evans
1974), and would not be formed from a lizard-
ite=brucite pseudomorphic assemblage unless
calcium was introduced. If the temperature rises
above regime A, amphiboles, talc, and olivine
(Wolfe 1967; Trommsdorff & Evans 1972, 1974)
are produced at the expense of antigorite.

Type 8. The only example of this type in this
work is an antigorite vein sample (Table 3), but
this type has been described by Coleman (1966).
Type 8 is related to Type 7 in the same way that
Type 6 is related to Type 5.

In many cases in all 8 types of serpentiniza-
tion the veins and rock-forming serpentine are
composed of the same mineral, or minerals from
the same regime, indicating that the serpentines
in the two sites are formed at approximately the
same time and approximately in equilibrium. It
is also possible for veins to form later, by a type
of serpentinization different from that involved
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in production of the rock-forming serpentine,
and therefore to be out of equilibrium with the
host serpentine. For example, chrysotile veins
of regime B occur in antigorite interpenetrating
textures of regime A (Chidester 1962).

If CO; is present in more than minor amounts,
the serpentine formed in all types, 1 to 8, of
serpentinization will become unstable and will
be replaced by talc and carbonates (Naldrett
1966; Greenwood 1967; Johannes 1967).

Magnetite formation and oxidation-reduction
processes

The preceding discussion has been in idealized
terms in the sense that it has treated the primary
phases as magnesium (==calcium) silicates, where-
as in fact they mostly contain substantial amounts
of iron replacing magnesium. Some of this iron
may enter the serpentine minerals as they form,
and there may be concomitant changes of oxi-
dation state. However, because of the relatively
low preference for iron in the structures of the
serpentine minerals (Whittaker & Wicks 1970)
much of the iron goes elsewhere, either into the
brucite or to form magnetite, and again redox
processes may be involved. These processes also
may be involved when conversion of one ser-
pentine mineral into another occurs through re-
crystallization, since lizardite, chrysotile and an-
tigorite generally have different ferrous:ferric
ratios (Whittaker & Wicks 1970; Shteynberg &
Chashchukhin 1972; Wicks & Whittaker 1975).

The olivine in ultramafic rocks is commonly
about Fog and the lizardite produced from it in
the major serpentinization process (Type 3) con-
tains only about 5 mole % (in round figures) of
Fe replacing Mg, mostly as Fe**, The iron con-
tent of brucite may be highly variable but, from
the results of Evans & Trommsdorff (1972), an
iron component of about 15% would be reason-
able for purposes of calculation, The amount of
brucite formed is likely to be between 0 and 20%
by volume. If the iron that does not enter either
lizardite or brucite is assumed to form as magne-
tite, then we can formulate the reaction in terms
of the conversion of 200 oxygen atoms in oli-
vine to 200 oxygen atoms in lizardite-+ magne-
tite=brucite as follows:

i) no brucite formed:

forsterite (200 O2-, 90 Mg?+, 10 Fe2t) — lizardite

(191 02-, 60.2 Mg2+ 3.1 Fe3+) 4+ magnetite (9 03—,

2.3 Fe?t, ‘46 Fed+) 4 solution (29.8 Mg2+)

i) 209, brucite formed:
forsterite (200 02—, 90 Mg2?+, 10 Fe2t) — lizardite
(154 02—, 48.8 Mg2+ 2.5 Fe3™) + brucite (40 0%,

17 Mg+ + 3 Fe?*) '{ magnetite (6 O*-, 1.5 Fe?*,
3 Fe3+) + solution (24.2 Mg2+)

Thus these extremes respectively require the
oxidation of 7.7 and 5.5 of every original 10
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Fe** ions, and this oxidation will clearly be at
the expense of water which will be reduced to
gaseous hydrogen. This may escape from the
system, as has been reported by Thayer (1966).
However, the hydrogen will in the process
provide a highly mobile reducing medium ca-
pable of producing the awarnite and native iron
that are observed in minor amounts in serpenti-
nites (Nickel 1959; Chamberlain et al. 1965;
Ramdohr 1967; Eckstrand 1975). Therefore, the
existence of these phases does not imply reducing
conditions, as such, during serpentinization, but
is a function of the lower oxidation potential of
Fe®** in the lizardite and magnetite structures
than in the olivine structure, which permits the
reaction
2Fe** 4+ H,O0= 2Fe?t —+ (0 + Ho

to move towards the right. That the iron is a
highly mobile element between the various min-
eral phases and the solution is indicated by the
behavior of the magnetite that is formed. Mag-
netite initially forms as small discrete grains
within the textural units, but migrates during
pervasive serpentinization to form coarser grains
and stringers still within the textural units, and
finally to form even coarser cross-cutting lenses
and veins which cut through the textural units.
In a parallel development, the chemical compo-
sition of all the minerals becomes fairly uniform
among the various textural units (Wicks 1969;
Wicks & Plant 1972). Because the iron that is
rejected by the lizardite probably has to go ei-
ther into brucite or into magnetite, any factors
that limit the oxidation of iron will increase the
quantity (and iron content) of brucite, This is
in line with the observed indication of an anti-
pathetic variation in amounts of brucite and
magnetite.

The formation of bastites (mainly from ortho-
pyroxene) in Type 3 serpentinization differs from
the formation of mesh texture from olivine in
that, although the pyroxene contains a similar
Fe:Mg ratio, very little magnetite is formed.
This is presumably because there is no excess
of cations to be disposed of [the ratio (Mg-+Fe):
O =1:3 in both enstatite and lizardite, Table 5],
and magnetite can only be formed if some com-
pensating magnesium is carried info the bastite
from surrounding olivine. There is, in fact, evi-
dence for a higher iron content in the lizardite of
bastites than in mesh textures (Page 1967a,
1968; Wicks & Plant 1972) as would be expected
for this reason.

Because chrysotile has lower total iron than
lizardite, its direct formation in Type 4 serpen-
tinization, and in Types 5 and 6 serpentinization
of relict minerals, leads to a greater rejection of
iron and to the production of a smaller amount
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of hydrogen. Since antigorite has lower ferric
iron than lizardite, its formation in Types 1 and
2 serpentinization, and in Types 7 and 8 serpen-
tinization of relict minerals, will also lead to
similarly reduced hydrogen production. On the
other hand, when lizardite recrystallizes to anti-
gorite in processes of Types 7 and 8, some re-
duction of ferric iron will usually occur, and
this is probably also true to a lesser extent for
recrystallization to chrysotile in Types 5 and 6.
This process will raise the oxygen fugacity of
the aqueous phase and, in the presence of car-
bon dioxide, may be responsible for the conver-
sion of brucite to frequently observed pyroau-
rite, brugnatellite, and similar minerals. Whether
these minerals are constituents of the serpenti-
nites, or whether they have been produced by
subsequent oxidative carbonation, is uncertain.

CHRYSOTILE ASBESTOS DEPOSITS

Chrysotile asbestos deposits are characterized
by a specific association of textures (Grubb
1962). These textures have been studied in more
detail and can be further interpreted in terms of
the classification of serpentinization processes
that we have advanced. In the host rock of these
deposits, lizardite 1T mesh textures with lizard-
ite or unaltered olivine centers are rare, whereas
the corresponding pure hourglass textures are
common and are frequently associated with, and
recrystallized to, non-pseudomorphic interlock-
ing textures of antigorite--brucite, chrysotile==
brucite, and chrysotile--lizarditez=brucite. This
suggests that asbestos deposits are confined to
serpentinites formed under special conditions of
metamorphism, in addition to being confined to
the structural conditions needed to open the
fractures and shears in which the asbestos fibers
are able to grow, and to the appropriate mineral-
ogy needed to provide the material required for
the formation of the asbestos veins, as discussed
in Table 5. Normal Type 3 serpentinization is
involved, but either it goes to completion (giving
the pure hourglass textures) and is followed by
processes of Type 5 or 7, to the upper limit of
regime B, or it is interrupted by these processes
so that there is no time at which lizardite mesh
centers can arise. The formation of asbestos de-
posits then further requires that the rising tem-
perature does not reach regime A of Figure 9,
where chrysotile asbestos would be unable to
form, and that the appropriate fracturing of the
rock provides a site for asbestos growth at the
same time. The importance of shearing (Type 6
serpentinization) was recognized by Rost (1949,
1959) and reaches its ultimate expression in the
Coalinga deposit described by Mumpton &
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Thompson (1975). The recognition of this spe-
cific association of textural characteristics could
be of importance in the exploration for asbestos
deposits, since it presents a further criterion for
evaluating possible formations, and could pro-
vide a basis for exploration programs.

The Manitoba Nickel Belt serpentinites exam-
ined in this study form an interesting example of
trends which may be found in studies of this
kind, and which may be relevant in exploration.
At the southwestern end of the belt, Little Clarke
Lake and Bucko Lake (18494, 18495, 18492,
Table 1) serpentinized ultramafic bodies are
composed of lizardite mesh textures. However,
towards the northeast, at Bowden and Setting
lakes, non-pseudomorphic lizardite interlocking
textures occur which contain lizardite veins with
the same texture (18503, Table 2). Farther north-
east, lizardite hourglass textures occur at Joey
Lake (18493, Table 1); slightly farther northeast
at Pipe Lake mine, lizardite mesh and hourglass
textures have been recrystallized to chrysotile-+
lizardite interlocking textures and chrysotile+
lizardite mesh textures (18499, 18500, 18501,
Table 1). Here, chrysotile asbestos veins are
abundant, although the Pipe Lake mine is a
nickel mine, not an asbestos mine. These lim-
ited textural studies seem to indicate, in a very
general way, that conditions for the formation
of asbestos become increasingly favorable from
the southwest towards the northeast.
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