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ABSTRACT
Transmission electron microscopy (TEM) studie'son an
orthopyroxene bastite have confirmed the existenceof the
planar structures in lizardite and a variety of variously
curved serpentinestructuresthat were observedin previous
studies. The curved structures include simple curvesat the
end ofplanar structures,complete180. curvesforming hairpin structures, tightly curved "chrysotile-like" structures
and ribbon structures. Single-crystal X-ray-diffraction
studies of orientation of one partly serpentinizedgrain of
enstatite reveal a complex relationship betweenthe parent
enstatite and the replacementlizardite-Ir. Forty percent
of the lizarditeis alignedwith X1;rnZ"o,Yt rlYn, \jznxe,
690 is aligned 'ilith XianZeN Yt"nX^, Zy"ly"n, 60/ois
alignedwith 26, 130" X"o,3Vo is aligned with 4:" al|o
Z^and 45Yois in a random orientation. Although this
study appliesin detail only to the grain studied, it illustrates
the variations of lizardite orientation and clarifies the orientation of the lizardite structures observed in the TEM
studies.Lizardite forms in one of two ways: l) either as
planar structuresfollowing the planesof close-packedoxygen atoms in the parent pyroxene, with a minimum disruption of the parent stnrcture, or 2) as curved structures
and randomly oriented serpentine that suggestan extensive reorganization of the anion framework of the parent
structure. Lizardite, chrysotile and antigorite have all been
observedand identified by TEM. Some complex planar
structuresin lizardite end in gentlecurvesand othersin tight
"chrysotile-like" rolls. At presentthe diffraction evidence
required to identify these structures is not available.

dite montre la relationXpI Zsa, Y1r2lY*,Zy"lX*,6V0 est
align6 selon Xt"nZ*, YDznXn, ZrznYe\, 6t/o selon Z1i,
L30 Xen,39oselonZuz Lllo Zev et450/oen orientalion quelconque. Quoique ces r6sultats s'appliquent en
d6tail au cristal etudie seulement,ils ddmontrent les grandes variations dans I'orientation de la lizardite et simplifient l'interpr6tation desstructuresde la lizardite observ6es
par microscopie €lectronique. La lizardite apparait selon
un des deux mdcanismessuivants: l) elle forme des structures en plan qui suivent les plans d'empilement d'atomes
d'oxygbnedans le pyroxdneparent, avecle minimrm de
d€formation de sastructure, ou 2) elle forme desstructures
courbeset e orientation aldatoire,ce qui fait penserqu'il
y a eu un rdorganisation majeure de la trame anionique du
pr6curseur.On a pu observeret identifier lizardite, chrysotile et antigorite par microscopie 6lectronique i transmission. Dans certains cas, des structures complexesen plan
de lizardite aboutissent en ondulations subtiles, et dans
d'autres, on trouve des rouleaux serr€squi rappellent la
chrysotile. Les donn€espar diffraction X n€cessairespour
identifier cesstructuresne sont toujours pas disponibles.
(Traduit par la R€daction)
Mots-clds: lizardite, chrysotile, antigorite, min6raux du
groupe de la serpentine,serpentinization,pyroxbne,diffraction X avec microfaisceau, diffraction par cristal
unique, microscopiedlectroniquepar transmissiond
haute rdsolution, 6tudes d'orientation.
INTRODUCTION

Keywords: lizardite, chrysotile, antigorite, serpentine
minerals, serpentinization,pyroxene,microbeam X-ray
diffraction, single-crystaldiffraction, HRTEM, orientation studies.

The orientations of serpentine formed after
pyroxenes, amphiboles and various sheet silicates
have been studied by microbeam X-ray camera
(Wicks & Zussman 1975, Wicks & Whittaker 1977,
SoMMAIRE
Wicks & Plant 1979), by transmission electron
Des6tudespar ruicroscopiedlectroniquei transmission microscopy (IEM) of intermediate resolution (Cresd'une bastite form6e aux ddpensd'un orthopyroxbne con- sey 197:7,1979)and by high-resolution transmission
firment l'existence de structures planesdans la lizardite et electron microsmpy (HRTEM) (Veblen 1980, Veblen
d'une vari6t6 de structures courbes telles qu'avaient 6td & Buseck 1979, lgSl,Spinnler 1985, Livi & Veblen,
observdesdans des €tudesantdrieures, Parmi ces structu- in press). Several ofthese studies have been carried
res courbes, on voit descourbessimplesaux extr6mit€sde out on the same suite of specimens, but the way in
structuresen plan, descourbescomplbtesde 180oqui forwhich the results relate to each other, particularly
ment desstructuresen 6pingle, desstructuresA courbature
to the TEM results, has
serrdequi rappellent la chrysotile, et des structures ruban- the microbeam X-ray results
never been established. As the two techniques are
n6es.Des 6tudesconguespour 6tablir les relations d'oriencomplementary, a study that correlates results from
tation d'un cristal d'enstatitepartiellementserpentinisdr&dboth techniques would seem appropriate.
lent une grande complexit6 entre I'enstatite parent et la
lizardite-l 7 qui la remplace.Quarantepourcent de Ia lizarX-ray diffraction is used here to develop an over-
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view of the crystallographicrelationship betweenserpentineand the parentpyroxenethat can be usedto
better assessmicrobeamX-ray-diffraction and TEM
results. The identification of iome of the serpentine
mineralson the basisof the cuivature displiyed by
tf* iOOfl fringes is shown to be difficult.
PREvIousSruorns
X-ray dffiaction
The first study of the serpentinerninerals by
microbeam (50-pm diameter) X-ray came.a
section
trated on their identification in siru in thin "oo".o(Wicks & Zussman1975).This provided the opporiunity to study directly the resultsof replacementof
parent minerals by serpentine.In thit study, the
ieplacementof orihopiroxene by lizardite-If and
thi formation of a clearlyrecognled
-cletail.pseudomorph
Later studies
(bastite)'Awere investigat;d in
Whittaker 1977, Wicks & Plant L979)
iWi"t 5
iocused on the replacement of orthopyroxen{
clinopyroxene, .ti"oarnptti6ote, talc, chiririte and
pfttog6pit". Lizardfte-fT was'identified as the
domi-nantmineral in 38 of the 4l samplesof bastite
ixamined. TwoJayer lizardite and multilayer lizardite were found to occur infrequently. Povlen-type
ct[ysotile was identified as the dominant mineralln
only 3 specimens,and normal chrysotilewas identified as a minor componentwith lizardite-l Z in one
rJ..i-r". Accessorychlorite and brucite occur as
an accessoryto lizardite-lZin 5 and 3 samplesof
bastite, respectively.Antigorite was identified as
formingthrbughth!recrysia[izationof lizardite-lT
bastite-in progfade regimes, but its development
eventuallyied io the deitruction and obliteration of
the bastite (Wicks & Whittaker 1977,Wicks & Plant
lg7g).
Although bastiteis dominatedby lizardite-lZ, it
displays i perplexing array of teitural variations
tWi.ts A' Wnittatier tVll1. The microbeam
diffraction-patternsofWicks&Zussman(1975)have
demonstratld that the fast ray in serpentinetextures
indicatesthepositionoftheZaxis.Theslowrayindicatesthe porition of the X or I axis or a combination of X and Y axis positions (Fig. 5 in Wicks &
Zussman 1975). Examples of lizardite bastite with
Z parallelto, and with Z perpendicularto the (110)
pyror.ne cleavage,were obsirved. Somerandomly
oriented lizardite is usually presentand, occasionir dominant. Preliminary work was done to
"fit,
aeietmine the relationship between the parent
orthopyroxene and the repia".mettt lizardite-l Z by
but this information wasnot included
Wicts (1SOS),
in the Wicks & Zussman(1975)study. This omission makesit difficult to relate the microbeamresults
to the TEM results.

Tronsmission electron microscopy
The first TEM and X-ray study of the ordered
replacementof a pyroxeneby a sheetsilicatewas carried out by Eggleton(1975).He found that the nontronite had formed in crystallographic -continuity
with the parent hedenbergite(XoonllZh.d, Ioonll Yu"a),
and that d,6nof hedenbergitehad becomethe d*t
of nontronite'
Cressey(1977, 1979)carried out the first TEM
studies of pyroxene and amphibole bastite usinE
some of the same specimensused in the Wicks &
Whittaker (1977)-microbeamX-ray camerastudy'
Someof thoseTEM observations,suchastle sliebfly
divergent stacksof lizardite plates in clinopyroxene
and amphibolebastite, and well-formed chrysotile
2M", fibres lying along the (110)-cleavagesin a
clinopyroxene!1s!ite, confirmed the microbeamresults(Wicks& Zussman195). other TEM
c€rmera
observationssuggestless preferred orientation of
lizardite than is indicated by the microbeam-camera
study. The dominant product of serpentinizationof
both orthopyroxene and clinopyroxene grains and
exsolution lamellae appears to be a randomly
oriented serpentine,generally too fine grained to
identify, associatedwith minor, more coarselycrystalline lizardite that only occasionally displays a
preferred orientation, 7'V aligned roughly perpendicular to tlte (100) of the orthopyroxene (Cressey
1979).Semicircularsectionsof polygonalserpentine
with Zr"* llX.px?ppearto be unique to the serpentinized iiinofrroxene in exsolution lamellae(Figs.
12, l3a, Cressey1979).
The first HRTEM studiesof the uralitization of
amphibole' with
pyroxeneand serpentinizati_o1
9f
point-to-point resolution of 4 A, were carried out
by Veblen& Buseck(1979,l98l) and Veblen(1980).
Spinnler (1985)canied our further studiesusing serpentinizedpyroxenecharacterizedin the microbeamcamerastudies(Wicks & Whittaker 1977,Wicks &
Plant 1979).When vi91v9{*it!^Zw aligned.parallel
to the electronbeam,Veblen& Briseck(1981)found
that the sheetsilicatesreplacethe parent pyriboles
with their sheetsparallel to the silicate chains of the
parent. Spinnler (1985) found thgt th9 serpentine
iheets are roughly parallel to the length of the silicatechainsin pyroxene.Theseare important observations becausethey permit the micros.copist.toalign
a partly serperttinizedgrain in a positio:r that will
promote the imaging of (001) fringes of sheetsilicates.
Talc, chlorite and serpentinewere observedwithin
tens of Angstrdmsof each other, occurring in discretedomainsintergrown on (001)(Veblen& Buseck
1981).In addition the three principal types of serpentinestructurehaveall beenobserved:the neatly
rolled cylindrical structure of chrysotile (Fig. I '
Veblen & Buseck 1979), the planar structure of
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Ftc. l. Featuresof lizardite after enstatite.a) Subparallelalignment of lizardite grains with chlorite interlayeredon (Ol),
b) planar lizardite with chlorite interlayer on (@l), c) gentle S-shapedcurve in lizardite, d) a kink in lizardite, possibly a pseudomorph of a kink band in the enstatite.
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lizardite(Figs.2a, b, Yeblen& Buseck1979;Fig.23,
Veblen & Buseck l98l), and the alternating-wave
structureof antigorite (Fig. 7, Yeblen 1980;Fig. 7,
Livi & Yeblen,in press).Thereare also many unusual
structuresthat do not exactlymatch the classicstructures. Some plates of lizardite terminate in curves
varying from gentle (Fig. 2a, Veblen & Buseck1979;
Fig. 23, Yeblen& Buseckl98l) to tight "chrysotilelike" curls (Fig. 2b, Veblen& Buseck1979)."Ribbon structures" occur that are complexcombinations
of planar, gently curled and tightly curved structures
@ig. 25, Veblen& Buseck1981).Malformed chrysotile structures,including S-shapedstructures(Fig. 6,
Veblen 1980),and corrugation-periodicitydisorder
and misorientation in antigorite structures,havealso
been noted (Fig. 8, Veblen 1980).Spinnler (1985)
found, ashad Cressey(1979),that randomly oriented
serpentineis abundant in bastite.
The microbeamcameraand the TEM studiesindicatethat serpentinein bastiteoccursboth in preferred
orientation that is commonly related to the parent
pyribole structure, and in random orientation. The
microbeam diffraction-patterns provide an overview
of the variations in orientation, and the TEM studies
provide a wealth of detail of individual structures
and structural variations. One of the outstanding
problems of relating these studies is that neither
microbeam nor TEM results have been analyzedto
determine the frequency of occurrence of the various orientations and the various structures.

Correlation ploblems
The scaleat which an observation has beenmade
and how it relatesto the scalesof observationin
other techniquesis one more problem that has not
beendiscussedin previousstudies.In hand specimen,
bastite grains between0.5 and I cm are common,
and the features of the parent pyribole are easily
recognized.In thin section' somefeaturesof the parent pyribole such as kink bands, usually 0.4 mm
(400 pm) or lessin width, are preservedand recognizable even after serpentinization (Wicks 19Ma).
Other features, such as cleavageplanes and exsolution lamellae,may be preservedor obscureddepending on the exact nature of the enclosing serpentine.
The microbeam X-ray camera employs a 50-4.m
diameter collimator so that the diffraction pattern
recordedrepresentsthe averageorientation of serpentine in a cylindrical volume 50 g.m in diameter
and 30 pm thick. The TEM resultsof Cressey(1979)
were publishgdat a field of view of approximately
3 pm (30000A), and no (001)fringeswereresolved,
whereasthe resultsof Veblen & Buseck(1979,l98l),
Veblen(1980),Spinnler(1985)and Livi & Veblen(in
press)werepublishedala field of view of approximately 0.2 pry (2000 A) and (001) fringes were
resolvedto 4 A. Thesefields of view are L/17 an.d
l/250 the diameter of the microbeam area of
exposure. Obviously much larger €feas were examined to obtain these(001)fringes,and the published
imageswere choseneither to representtheselarger

iiliftfiFrii1i..l

"l'q'.11

b
Frc.2. a) u00l selected-areadiffraction patterns of serpentine.This pattern is consistentwith a lizardite-llmicrobeam
X-ray-diffraction pattern, but it doesnot uniquely identify lizardite-I7; b) selected-areadiffraction pattern of randomly oriented serpentine.
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FIc.3. Curved features associatedwith lizardite after enstatite. a) Lizardite ending in gentle curves, b) lizardite ending
in a l80o "chrysotile-like" curl, c) lizardite endingin a 270o"chrysotile-like" curl, d) lizardite with an open l80o curve.
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area$or to illustrate unusual structures. When one
carefully examines the microbeam diffractionpatterns,the variation of serpentineorientation illustrated by the TEM microgfaphsis not surprising.The
problem is to quantify the microbeamresultsto provide someorientation parametersso that sipificance
of the more detailedTEM resultscan be established.
The microbeam camera used (Wicks & Zussman
1975)is limited in that the specimenis fixed in a plane
perpendicular to the X-ray microbeam, making
detailedstudresof orientation impossible,A Unicam
rotation cameia with a 0.5 mm (5@ pm) diameter
collimator was usedin the presentstudy to overcome
this problem. The specimenis exposedto an X-ray
beam 10x broaderthan in the microbeamcamera,
but the resulting X-ray-diffraction patterns recorded
from a stationary specimen are similar to the
microbeam X-ray-diffraction patterns and form the
basis for the presentstudy.
ELECTRoN
MICRoScoPY
Srupv nv TRANSMISSIoN
A bastite-bearingserpentinite(specimenW70-55)
from the Beavermine (C pit), Quebec,was examined
on the JEOL JEM-100 CX scanningtransmission
electronmicroscopeat the University of Michigan.
Studiesusing the X-ray microbeamcameraindicated
that the bastite is composedof lizardite- 1I and lesser
chlorite intimately intergrown on (001) (Wicks &
Plant 1979).A gain aligned with the former enstatite cleavageperpendicular to the plane of the thin
section was selectedand ion-thinned for examination by electron microscopy.

The bastite contains areas of subparallel planar
7-A structures(Fig. la) that produce[100] selectedarea diffraction (SAD) patterns with arcuate reflections (Fig. 2a) consistent with the liandite-lT
microbeam diffraction-patterns (Fig. 5e, Wicks $
Zussman1975).Singleor setsof two or thee l4-A
fringes are irregularly distributed, indicating chlorite layersintergrown on (001)with the lizardite (Figs.
la, b). Some featurelessareas produce randomly
oriented serpentineSAD pattprns (Fig. 2b). The
diffuse band in the 2.6- to 2.4-A region in the place
of sharp reflections suggests^structural disorder.
Zonesofwell-developed7-A fringesindicatethat
the lizardite is essentiallyplanar (Fig. lb), although
gentle S-shapedcurvesare cornmon @igs. lb, c).
Sharp S-shapedcurves also occur @ig. ld). The
structure at the edgesof planar regions may also be
planar (Fig. lb), but often curvaturehas developed
(Fig. 3). The degreeof curvature may be slight,
20-30'(Fig. 3a) to great,270" and "chrysotile-like"
(Fig. 3c). Overlapping planar and curyed structures,
the ribbon structuresof Veblen& Buseck(1981),are
cornmon but not well developed(Fig. a).
The (001)fringes wereinfrequently observed;thus
it is clear that large areasof the bastite were not
orientedwith (001)parallel to the electronbeam,or
are composedof randomly oriented fine-grainedserpentine (Fig. 2b) that doesnot produce (@l) fringes,
or are .unorphous owing to ion milling or beam
the relative abundance
damage.It is difficult to assess
of thesedifferent areas.
Theseresultsconfirm the earlier studiesand provide a basis for linking the TEM studies and the

Frc. 4. Possibleribbon structure in serpentineafter enstatite.
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microbeam X-ray-diffraction studies. The interpretation of the X-ray-diffraction studyis basedon the
small grain-size and subparallel alignment of the
lizardite grains revealed in the TEM studies.
Sruoy sy X-RAv P1ppp,4611s\r
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ing (Table l). The 2C[)and 202reflections are absent,
but the equivalent 130and 132reflections are present
and indicate l7o and 15' of tilting, respectively(Iable
l). The absenceof the 200 and202reflectionsindicatesthat the tilting of Z away from the X-ray beam
in the X, Z plane is lessthan 15' (Table 1). These
observationssuggesta systematictilting of someof
the lizardite-lT away from the position with Z
parallel to the X-ray beam. The TEM observations
@igs. 1, 3, 4; also, Veblen& Buseck1981,Spinnler
1985)indicatethat the areairradiatedis not a single
of subparallelgroins, many
crystalbut an assemblage
of which are curved to some degree.The X-raydiffraction pattern suggeststhat the angular variation of the position of thesesubparallelgrains varies
continuouslyover a rangeof at least34' Qx 17" f.or
130:Table l) in the plane containing the X-ray beam
and the normal to the 130reflections,and over less
than 30' (2 x 15" for ?.02,Table 1) in the X, Z plare.
When the compositegrain wasrotated 90" so that
Yoo"is parallel to the X-ray beam, a diffraction pattern approximating a [010] lizardite-l 7 diffraction
pattern is produced.This indicatesthat the average
position of Ix" is parallel to lon" (Frg. 6b). The 00/
reflections are spread out intoarcs of 25o to 30o
(measuredon 002),indicating up to t l50 of tilting
on Z rnthe X, Z plane away from the ideal position
Clable l). Very weak@3 reflectionscan be detected
on the filrn, indicating tilting of at least 18" of Z in
the Y, Z plane (Table 1). The 201 reflectionsindicate l8o oftilting (Table l), but the 200 reflections
are absent and indicate that the tilting of X in the
X, Y plane is lessthan 17" (Table 1).
The averageposition of lizardite-l Z in the primary
orientation is XxrlZ"o, Yr,rnY"n,Zto\X"n. However,
the actual position of the individual lizardite grains
varies over at least 36o in the Y, Z plane and 25"
to 30o in the X, Z an'dX, I planes.

To establishthe relationship betweenlizardite and
the parent orthopyroxene, a partly serpentinized
enstatite@ng7)grain wasremovedfrom a thin section of the Lizard peridotite, Cornwall (specimen
18510)and mounted in a Unicam rotation camera.
This is the samesampleusedby Cressey(1977,1979)
and similar to one (FW-L-4) used by Spinnlsl
(1985). The Z direction of the enstatite was ser
parallel to the rotation axis of the camera, and the
X and Y were located. With the X direction of the
enstatiteparallel to fhe X-ray beam, the grain was
translateduntil a lizardite-lZdiffraction pattern was
recorded(Fig. 5a). The grain was then rotated 90",
so that the I direction of the enstatite was parallel
to the X-ray beam, and a secondlizardite-lZdiffraction pattern recorded (Fig. 5b). Both lizardite
diffraction-patterns were recorded from a stationary grain on flat films, thereby allowing direct comparison with microbeam diffraction-patterns.
Individual reflections occur as spots or short arcs
superimposed on weak, but usually complete,
diffraction rings @ig. 5). The complex diffractionpattems reveal five distinct lizardite-l Z orientations
wilhin s gylindricalvolume 0.5 mm in diameterand
0.03 mm thick. The spreadof most reflectionsinto
arcs indicatesa significant rotational disorder of the
lizardite-lf grains. The interpretation of the five
superimposeddiffraction-patterns will be presented
in order of decreasingoverall intensity (abundance
of sample)and decreasingcomplexity of the diffraction patterns. Indexing of the diffraction patterns
has been carried out using a conventional,singlelayer, orthohexagonalcell.
Secondary orientation
Primary orientation
The most intensediffraction-pattern is produced
when the composite enstatite-lizardite grain is
aligned with Xoo* parallel to the X-ray beam. It
approximatesa [001] l'zardite-lT diffraction pattern (Fig. 6a), indicating that Zyris approximately
parallel to XoDx.The diffraction spots are slightly
broadened anil form a hexagonal array. A much
larger number of reflectionsare recordedthan would
be expectedfor a stationary single crystal (Fig. 5a).
For the 201 and equivalent l3l planes to be in a
diffracting position, the lizardite structure needonly
be tilted 2o from the alignment of Zn" parallel to the
X-ray beam in a plane containing the X-ray beam
and the normal to tie diffraction spot Clable l). The
020and equivalent110reflectionsindicate l0o oftilr-

Lizardite-llin a secondaryorientation is indicated
by a weak [010] diffraction pattern superimposed
upon the stronger,primary [001]diffraction pattern
(Figs. 5a, 6c) and by a weak [001] diffraction pattern superimposedupon the primary [010] diffraction pattern (Figs. 5b, 6d). Thus the lizardite-lZthat
produces the secondarydiffraction-patterns has its
averageXposition alignedparallel to the averageX
of the primary lrzardite-lT, but it is rotated 90o
about the X axis with respectto the primary orientation. In most respectsthe [001] and [010] diffraction patterns of the lizardite-l2 in the secondary
orientation are similar to the primary diffractionpatterns (Fig. 6) but indicate a more strongly developed preferredorientation. The 020reflectionsare
l/3 the intensity of the I l0 reflections@g. 5b, Table
2), indicating that there is lessrotation of lizardite
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b
Frc.5. X-ray-diffraction pattern of lizardite-llrecorded whena) Z"ois vertical and X"o is parallel to the X-ray beam,
and b) when Z* is vertical md I.n is parallel to the X-ray beam. The axes on the patterns refer to the lizardite
in the primary orientation,

grains about X in the secondaryorientation. The
absenceof the 201 reflections suggestsa strong
parallelismof the lizardite grains along X . The averageposition of the lizardite-l Z in secondaryorienIri, llX.n, Zwll Y
tation approximatesXyrl Z
"n.
"n,

TASLE 2.

AWRAGE INTENSIIIES OF SELESIE)
DIFFMCIION RINCS FROMTBE
ROTATION CAIEM PATTERNS
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A ternary orientation of lizardite-l Z is indicated
by 00/ reflectionsthat are spreadinto 25-30" arcs
located at 30o away from the main 00/ reflections
on the primary [010] diffraction pattern @igs. 2b,
6f). No other reflectionsare recordedin association
with these00/ reflections,so that the X and Ipositions cannot be located. Only the relationshipZ* z
30o fm can be specified for the ternary orientation.
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Similarly, a quaternary lizardite-lZ orientation is
indicated by weak 00/ reflections also spread into
25-30" arcs aligned so that the quaternary Z dtrection is at an angle of 5 to 100to Z"o. This is at 5 to
l0o to the X position of the primary and secondary
orientations (Figs. 5a, b, 6e, f). No other reflections
that would indicate the position of X and Y were
recorded,so that only the relationship 21, z-l0o Z*
can be specified for the quaternary orientation.
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Ftc.6. Theleft columnof thediagram(a, c ande)relatesto thelizardite-lTX-raydiffractionpatternin Figure5a,andtheright columnO, d andf), to thepattern
in Figure5b.a) [0] l] pattern,primaryorientation;b) [010]pattern,primaryorientation;c) [010]pattern,secondary
orientation;d) [001]pattern,secondary
orienquaternary
tation;e) 00/reflections,
orientation,and f) vertical00/reflections,
quaternaryorientation.The inclined@/ reflections:ternaryorientation.

Random orientation

trotecnica di Tenno densitometer,indicate that the
randomly oriented lizardite-lIis not uniformly disIn associationwith these four partially oriented, tributed between the two diffraction patterns
superimposeddiffraction-patterns from four distinct recorded. The 002 ring is more intense on the [010]
orientations of lizardite, there iq also the randomly pattern (Fig. 5a) than on the [001] pattern (Fig. 5b).
orientedlizardite-lTthatproduo*theweak,relatively Although it is difficult to estimatethe amount of
uniform diffraction-rings (Iable 2) in both of the lizardite-lzin eachorientation, an approximalioncan
diffraction patterns recorded @igs. 5a, b).
be made by assuminga uniform gradation between
the two measureddiffraction-rings at 15" intervals
over the quadrant of a sphererepresentingthe 002
Intensity distribution
surface. The distribution of the lizardite-lT among
the five orientations obtained is: primary orientation
Intensity measurementsat l5o intervals about the 4090,secondary6Vo,temary6t/o,quaternary390,and
@2 diffraction ring (fable 2), u5ingan Officina Elet- randomly oriented 45g0.
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(the primary orientation of this study) is by far the
one most commonly encounteredin lizardite-lZ
It must be emphasizedthat the control of the par- bastiteafter enstatite(Wicks & Zussman1975).The
ent enstatite over the lizardite-lf that replacesit is other orientations recorded were also found in the
not rigorous. The four orientations of lizardite earlier studies, although not always within a single
observedare averagepositions of related subparallel diffraction-pattern. Someorientations not observed
grains of lizardite that are rotated some 25 to 36" in the present study were recorded in the earlier
with respectto each other and about a particular studies[e.g.,Fig. 6k, and p.252,2nd column,2nd
direction in parent enstatite.The primary orienta- paragtaph, Wicks & Zussman(1975)1.
tion (40V0),Xu"nZ^, YrirlY"o,Zt"\X"o, and the . As the plane of a thin section containing bastite
secondary orientation (6Vo) Xy,llZ"o, Iri,llX"n, is fixed perpendicular to the X-ray beam in the
ZtrilY"o, have one feature in common. Both are microbeamcamera,there is no way to re-align a paroriented so that X*lZ^. This is not a universal fea- ticular bastite. Thus most microbeam diffractionture, however,for in the quaternaryorientation (3Vo) patterns have been recordedfrom bastite oriented
Z1sis subparallel1o Z"o, Although the relationship at someintermediate position betweenthe two prinbetweenthe enstatite and lizardite is not precise, cipal alignmentsusedin the presentstudy. As a result
some of the silicate chains in the enstatite do form fearuresofboth the [010] and the [001] diffraction
the foundation of someof the replacementlizardirc. patterns are usually recorded (Fig. 6m, Wicks &
However, the 4590lizardite in a random orientation Zussman1975).The characteristicfeature ofthese
has not been directly influenced by the structure of patternsis a marked differencein intensitiesbetween
equivalentreflectionsacrossthe trace of the Xaxis.
the parent enstatite.
With an estimated45q0of the lizardite in random This is an important diagnosticfeature becausethese
orientation, it is surprising that so many features of diffraction patterns have some similarities to those
the original enstatiteare preservedin the pseudo- of chrysotile(Figs. 6a, b, Wicks & Zussman1975),
morph. Serpentinizationdoesnot disrupt many of except that the cylindrical structure of chrysotile
the internal planar features of the en$tatite, such as producesequal intensitiesacrossthe plane contarncleavageplanes (Wicks 1984b)and boundaries of . ing the X axis. The intensity differences in the
exsolution lamellae (Cressey1979). This process, lizardite-lZpattern indicate that the lizardite does
combinedwith the 45 to 5590 of the lizardite that not have a completely random orientation about the
is structurally related to the parent enstatite, X axis or have a uniformly cylindrical $tructure.
preservesmany of the enstatite features.
In some samplesof orthopyroxene bastite and
The X-ray results obtained from this particular in many of clinopyroxene bastite, most of the
specimenof bastite should not be taken as represen- lizardite occurswith Z1;,alignedparallel to Znr. This
approximates the quaternary orientation of the
tative of all samplesof bastite. Even amongstdifferent grains in this one thin section, microbeam presentstudy. Cressey(1979)has shown that such
diffraction-patterns indicate a variation in lizardite lizardite occurs as subparallel, slightly divergent
orientation relationships.Thus, although most of the stacks of lizardite plates (Fig. 14, Cressey1979).
Microbeam diffraction-patterns from this material
microbeam diffraction-patterns recordeddiffraction
arcs of 30o, somerecordedsharp diffraction-spots haveOkl reflectionsrelating to second-and fourth(Frc. 6k, Wicks & Zussman195). This indicatesthat layer lines of I* superimposedon 20/ reflections
within the 50-pmbeam diameter, lizardite grains can relating to secondJayerlines of X* (Fig. 69, Wicks
be in a more strictly parallel alignment than those & Zussman1975).This superimpositionof U00l and
discussedabove.This study should be taken as one [010]diffraction patternsis producedby avariation
example of a complex and variable system. It can, in the alignment of the stacks of lizardite plates of
however, be used to link the previous diffraction over 30o, Although lizardite has beenindexed on an
resultsobtained by microbeam (Wicks & Zussman orthohexagonal ctll, it has trigonal symmetry,
1975) to published TEM results (Cressey'1979, so every Xor,6ochosenis only 60o away from an
alternate X axis and only 30' away from an alterVeblen 1980,Veblen& Buseck1979, lgSl,Spinnler
1985),and to the TEM resultsin the presentstudy. nate Yaxis. This relationshipcombinedwith a rotation of over 30obetweenthe lizardite stacksproduces
the superimposeddiffraction-patterns.
Application to microbeom diffraction
DIscussIoN

The oriented diffraction-patterns obtained from
this compositeenstatite-lizarditegrain can be applied
to the microbeam diffraction-patterns from other
samplesof bastitepublishedearlierby Wicks & Zussman (1975)and Wicks & Whittaker (1977),The crystallographicrelationshipXt:,nZ*, YBrnY^,Zto\X"o

Application to electron microscopy
The observationof Veblen & Buseck(1981)that
silicatesheetsform parallel to the pyribole chainshas
greatly assistedin the study of the alteration process.
The orientation relationships revealed by X-ray
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diffraction indicate that placing Z of an orthopyroxene parallel to an electron beam will allow the
lizardite n the X6,lZ*, Y1olY"o,ZwllX"o orientation (primary in this study), in the Xr,llZ*, Yn]|"X"o,Zrol I.o, orientation (secondaryin this study)
and any found in the Xxr[Y"o, Y1o,lZ"o,ZvnX,n
orientation (not found in this study) to be successfully imaged. This includes most of the oriented
lizardite found in this study (4690), but excludesthe
lizardite oriented with 4j,nz& (approximates the
quaternary in this study) and that oriented with Z*
L30" to X.o (ternaryin this study)and most of the
randomly oriented lizardite. The latter at 4590is the
most abundant orientation and hasbeenencountered
frequently in TEM studies (Cressey1979, Spinnler

re85).
In order to designa HRTEM study with comprehensivecoverageof all orientations of lizardite, a
single-crystalX-ray-diffraction study is very useful.
It providesan overviewof the major orientation of
the lizardite and allows the HRTEM study to be systematically planned to provide structure details of
the lizardite in eachorientation. In future studieson
serpentinizedpyroxenes,amphibolesand sheetsilisates, a combination of X-ray diffraction and
HRTEM studiesis recommended.
Mechanisms of serpentine growth
An interpretation of theseX-ray and TEM results
can only be made in their proper context in the complex and varied processof serpentinization(Wicks
& Whittaker 1977).Serpentinizationcan be divided
into two types:progradeand retrograde.The main
factors controlling serpentinization are temperature
and the availability of water. Thereare other secondary factors, but they need not be discussedhere.
Temperatureis the most important factor in progradeserpentinization.At the highesttemperatures
of prograde serpentinization, all previous structures
suchaslizardite-bastiteare obliterated,and antigorite
is the only stable serpentinemineral. TEM studies
of this prograde antigorite reveal well-formed
antigorite structures with a uniform superlattice
period and few dislocations (M. Mellini, pers.
coulm., July 1986).This well-crystallizedmaterial
is obviously the product of a processthat reached,
or at leastapproximated, equilibrium. The antigorite
found in lower-temperatureprograde events,such
as the antigorite + brucite assemblagesin chrysotile asbestosdeposits,is poorly crystallins(Wicks &
Whittaker 1977,Wicks & plant 1979).Superlanice
periodsare variable, and stackingdisorder and structural imperfections are common (Spinnler 1985).
This suggeststhat theseare the products of a process
that did not reach equilibrium. Chrysotile and
lizardite commonly occur in association with this
antigorite (Wicks & Whittaker 1977,Wicks & Plant
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but it
1979).Bastiteis common in this assemblage,
is mineralogically more varied than in other cases.
Although lizardite is commonly the dominant
mineral, mixtures of lizardite and chlorite (Figs. la,
b) and antigorite and chlorite have been identified
(Wicks & Plant 1979).Chrysotile bastite, of both
normal and Povlen-type, also occurs(Wicks & Plant
1979).The developmentof this mineralogicaldiversity of curved structures, chrysotile and antigorite,
and high-temperature minerals, chlorite and
antigorite, is promoted by the progradeenvironment'
Retrograde serpentinization is characterized by
lizardite and the pseudomorphism of the original
minerals. It occursover a rangeof low temperatures
(Barnes& O'Neil 1969,Wenner& Taylor 1971);the
rate of serpentinizationis controlled by the progress
of water into the ultramafic body (MacGregot 1962,
Wolfe 1967,Martin & Fyfe 1970,MacDonald 1984).
If the flow of water stops, serpentinizationstops.
Often, serpentinization is incomplete, and
equilibrium has not beenreached,'asin the caseof
the enstatite and lizardite grain used for the X-iaydiffraction study. The pseudomorphismcharacteristic of this tlpe of serpentinization is promoted by
this low-energy environment, where lessreorganization of material is possible.
Three ty.pesof serpentinehave been observedin
bastite in the various TEM studies:serpentinestructurally aligned with the parent structure, curved serpentine not aligned with the parent structure, and
randomly oriented serpentine.The lizardite that has
developedin parallel or subparallel growth with the
parent pyribole (Figs. la, b, c), such as in the
XulZ*, Ir"ll I"n, Zrr"nX* primary orientation in
the presentstudy, hasdone so parallel to equivalent
structural elements, principally the plane of closepacked oxygen atoms in the pyroxene, and along
someof the silicatechains.Most of the bondsin the
pyribole are broken during the formation of serpentiue, but the fewest number will be broken by this
type of lizardite growth. The secondform of growth,
the curvedstructures(Figs.3,4) and the third form,
the randomly oriented serpentine,bear little relationship to the parent pyribole, which suggestscomplete
dissolutionof the parent and crystallizationof the
reactant. The bastite specimenfrom the Lizard,
Cornwall, usedin the X-ray study and in the TEM
studiesof Cressey(1979)and Spinnler (1985),was
produced by a retrograde serpentinization. It is only
partly serpentinized. Thus the temperature of serpentinization was low, and the water supply was
limited to lessthan that required for complete serpentinization. Perhapsin this situation the types of
growth are controlled by the availability of water
arriving at the reaction site. This has beennoted for
smectite-to-illitereactions Qau et a/., in press).A
limited supply of water may promote parallel growth
with the minimum disruption of bonds. A plentiful
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supply of water may promote the extensivedissolu- a subparallel alignment, nor does it provide infortionoftheparentandcrystallizationofacurvedser- mation on the numerous small curved structures
pentine.
observedby TEM.
As the microbeam X-ray-diffraction camera has
beenusedfrequently in studiesof serpentinetextures,
Cnrrpnra FoR IDENTTFTcATToN
including bastite, and as this material is commonly
The identification of the serpentinemineralsin this used in TEM studies, it is useful to assessthe
paperhasbeenbasedon X-ray-diffraction data from microbeammethod further. Using measurementson
powder, rotation and microbeam cameras,and SAD a microbeam diffraction-pattern containing diffractechniques. The X-ray-diffraction criteria for iden- tion maxima from both lizardite and paxent enstatification of the serpentineminerals were established tite (specimen18549, Mt. Albert, Que.) and the
by Whittaker & Zussman(1956)and remain essen- Scherrerformula for particle-sizebroadening given
a particlesizeof the lizarditebetween
tially unchanged,although addedto by subsequent in West(198^4),
work (seethe review by Wicks 1979).The serpen- 140and 70 A was calculated.Thesegrain sizesagree
tine mineralsare dividedinto threebasicstructures: reasonably with the grain sizes recorded in the
lizardite with a planar structure, chrysotile with a presentTEM study (Figs. 1, 3, 4) and in other studies
cylindrical structure, and antigorite with an (Veblen& Buseck 1979,1981,Spinnler 1985).The
alternating-wave structure. It must be remembered calculationsalso suggestthat chrysotile, qhich comthat theseare ideal structures.Thus although lizardite monly has fibre diametep of 2fi) to 350 A and wall
of75 to l50A(Yada 1967,l97l), should
specimenswith planar structures suitable for single- thicknesses
crystal structure refinements haverecently beendis- producesharp diffraction-patterns by the microbeam
covered(Mellini 1982,Mellini &Zanazzt 1986),the technique.Minor amounts of chrysotile, evenisolizardite crystals from the type locality, the Lizard,
lated fibres distributed through a bastite, can be
Cornwall, are macroscopically bent into spherical detected if they are in parallel alignment because
capswith an estimated12' of bendingover a 0.3 mm equivalent diffraction-maxima from all fibres will
diameter.
coincide at the same point on a film to produce a
Each diffraction technique has its own assetsand detectablefibre-pattern (Wicks & Whittaker 1977,
limitations. X-ray powder diffraction is a rapid Wicks & Plant 1979).Minor amountsof randomly
method for identifying the three basic structuresand oriented chrysotile cannot be detected becausethe
the stackingvariations, the polytypes(Bailey 1969, intensity is spreadout over the entire diffraction-ring.
Wicks & Whiltaker 1975),within eachstructuretype. The degreeof crystallinity also affects the diffracIt does not reveal any information about the mor- tion pattery. In somepatterns diffuse fogging in the
phology of the material. Chrysotile asbestosfibres 2.6 to 2.4 A region of the microbeampatternssugand massivegreenvein chrysotile can give an iden- geststhe presenceof disorderedmaterial (Wicks &
Zussman 195), but there is no way of estimating
tical pattern. RecentX-ray-diffraction studies(Middleton & Whittaker 1976)and TEM studies(Cres- its abundance.
sey& Zussman1976,Mellini l98O indicatethat some
SAD patternsprovide information for identificaof the massivevein material appearsto be composed tion, although patternsfrom more than one orienof cylindrical chrysotile 2M", coreswith a polygonal tation may be required (Fig. 2a). Thesepatterns are,
overgrowth of planar chrysotile 2M", structure.
to a first approximation, similar to those from the
microbeam samera, although from a much smaller
This material is not well understoodand needsfurarea. Similarly, very fine-grained, poorly crystallized
ther study, but it servesas an example of the limits
of X-ray powder diffraction. A classiccylindricaUy serpentinegivesdiffuse diffraction-effects in the 2.6
1o 2.4 A region of the pattern (Fig. 2b).
rolled chrysotile structure and a flat sheet with
The (001)fringesof serpentinemineralsproduced
a chrysotile structure cannot be distinguished by Xray powder diffraction.
in TEM studies provide the only direct view of the
The microbeam camerahas an advantageover the structures we are dealing with. The three basic serpowder technique:it provides information on the pentine structureslizardite, chrysotile and antigorite
haveall beenobservedand identified (Veblen1980,
orientation of grains and records the diffraction
effectsfrom the cylindrical chrysotilestructure. Thus Veblen& Buseck1979,1981,Spinnler 1985,Livi &
it can be usedto distinguishbetweencylindrical struc- Veblen, in press). Commonly, SAD is possibleto
tures and polygonal overgrowths. The rotation confirm the visual identification. However, there is
camera,particularly as usedin this study, produces a surprising variation in fine structural featuresand
the sameinformation (Middleton &Whittaker 1976). combinationsof structural features,such as a plaHowever, the diffraction effectsrecordedwith the nar lizardite passinginto a "chrysotile-like" curl
microbeamcameracannot easilybe usedto distin- (Fig. 3b; Veblen 1980,Veblen& Buseck1979,1981,
Spinnler 1985,Livi & Veblen, in press).SAD patguish betweena sphericallybent lizardite crystal, like
the type material, and a group of smaller grains in terns usually c€umot be obtained from these fine-
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scale,isolated structures,so that diffraction data are
not availableto aid in the identification. The most
commonly used tool is the comparison of the
observed structure with the structure of a wellcharacterized specimen. Thus the work of Yada
(1967, l97l) on chrysotileasbestosfibres provides
the basis for the identification of spirally and concentrically rolled cylindrical structuresof chrysotile,
.rs well as the common growth-defects of chrysotile
asbestos.Many of these features, plus others not
observedby Yada, havebeenobservedin chrysotile
in bastite (Fig, 6, Veblen 1980; Fig. 1, Yeblen &
Buseck1979).Similarly Yada's (1979)work on imaging the superlatticestructure of antigorite and Spinnler's (1985)computer-simulatedimaging of the structure provide criteria for identifying antigorite when
it is aligned with X perpendicular to the electron
beam (Fie. 7, Veblen 1980).Small areasof lizardite
can be recognizedby their planar (001) fringes and
their similarity to larger areas of lizardite (001)
fringes from which SAD patterns have been
recorded.
Important unansweredquestionsremain. Approximately 5090 of the lizardite in the bastite studied
was related to the parent enstatite structure. Is the
structurein Figure ld a curvedserpentinestructure,
or is it a lizardite pseudomorphof a microkink band
in the parent enstatitesimilar to those observedwith
the petrographicmicroscope(Wicks 1984a)?How
much curvature can the lizardite structure accommodate?The work of Mellini (1982)and Mellini &
Zanazzr (1986)indicatesthat well-formed, planar
lizardite crystals exist, but Rucklidge & Zussman
(1965)have noted that the type lizardite is macroscopically bent into spherical caps, demonstratlng
curvatureon a large scale.Veblen & Buseck(1981)
stated that the accurate (00/) diffraction maxima in
their electron-diffraction patterns indicate a rotational disorder ofthe serpentineabout the Z drection of the parent amphibole. The microbeamcamera data (Wicks & Zussman 1975) and the
rotation-camera data in the present study also suggest rotational disorder, but in all casesthis could
be interpreted as curvature of a large crystal or as
rotation betweenadjacent subparallelgrains. The
structure refinements (Mellini 1982, Mellini &
ZanazA 1986)and the DLS modelling (Bish 1981,
Wicks & Hawthorne l98Q of the lizardite structure
have demonstrated that the octahedral and tetrahedral sheetsof lizardite can be linked together in
a planar structure without the extreme buckling of
the plane of the Mg atoms once thought to occur
(Wicks & Whittaker 1975). However, the misfit
between the octahedral and tetrahedral sheetswill
still producean internal strain, and the structuremay
well curve, if it can, to relieve this misfit.
It would appear reasonablethat the gentle Sshapedcurve in Figure lc would be acceptedby the
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lizardite structure. At the other extreme, the
"chrysotile-1ike" rolls in Figures3b, c and 4 certainly
look like chrysotile, but there are, as yet, no diffraction data to confum this. Chrysotile is not simply
a rolled-up lizardite structure. The structures of
chrysotile and lizardite are different, as has beendiscussedin detail by Wicks & whittaker (1975).There
is some evidence,although not conclusive, that the
chrysotile structure can form the planar layersin the
polygonal overgrowthsof cylindrical chrysotile(Middleton & Whittaker 1976).Perhapsit is impossible
for the lizardite structure to adopt sucha tight curve
as those in Figures3b, c and 4, and the chrysotile
structureis automatically adopted. If this is the case,
how much curvature can lizardite accept? Is the
broad 180" curve in Figure 3d over or under the
limit?
One other considerationis that the (001)fringes
only give us information in two dimensions,and we
do not really know the form or continuity of a structure in the third dimension.Yeblen& Buseck(198D
have been able to calculate a ribbon width of 500 A
for ribbon structures(Fie. 4), but this is a special
case,and information in the third dimensionis not
normally available. Could the imagein Figure 3a be
a section through a slightly flattened spherical cap,
a microscopic version of the macroscopic spherical
capsfound by Rucklidge& Zussman(1965)?Or is
it that of a lizardite grain that ends in a curl about
a single axis at each end of the grain, or are the
curved ends chrysotile?
The questions of curvature posed here can be
argued about but not solvedat this time. We must
await the microdiffraction evidenceto resolve this
problem. Until that time some caution should be
exercisedin the use of mineral nameson some of
theseunusual curved structures.
ACKNOWLEDGEMENTS

I thank Robert A. Ramik and Errol G. Katayama
of the Royal Ontario Museum for the measurement
of the intensities.Discussionswith ProfessorD. R.
Peacorat the University of Michigan werevery helpful, and his arrangementsfor accessto the eleclronmicroscope facility at Ann Arbor are appreciated.
The time and effort of Drs. J. H. Lee and J. H. Ahn
of the University of Michigan, in connection with
the operationof the electronmicroscope,arc gratefully acknowledged.Mary Anne Chalmers'swork
with the word processoris greatly appreciated.I
thank Dr. G. E. Spinnler for sendingme a copy of
his Ph.D. thesisand ProfessorD. R. Veblen for a
preprint of his paperon "eastonite". My thanks to
the official referees,ProfessorsS. Guggenheimand
D. R. Veblen, and to an unofficial referee,Professor D. R. Peacor, for their many helpful suggestions
and hearty debateson various aspectsof the paper.

788

THE CANADIAN MINERALOGIST

It is a pleasureto acknowledgethe support of this
& Z*ltzzu P.F. (1986):The T-O layer of
project by the Natural Sciencesand Engineering
lizardite: new structure refinements.Int. Mineral.
Assoc., I4th Gen, Meet., Abstr. Program, 170.
ResearchCouncil of Canada through an operating
grant to F. J. Wicks and by the National Science
Foundation through grants EAR-8313236 and MDorEror.r,A.P. & Wurrrerrn, E.J.W. (1976):The
structureof Povlen-typechrysotile. Can. Mineral.
EAR-8604170to D. R. Peacor.
14, 301-306.
Rucrr.rpcB,J.C. & ZussueN,J. (1965):The crystal
structure of the serpentinemineral, lizardite
Acta Cryst.19, 381-389.
Mg3Si2O5(OH)0,

REFERENCES
BarLEy, S.W. (1969): Polytypism

of trioctahedral

l:1

layer silicates.ClaysClay Minerols 17,355-371.

G.E. (1985):HRTEM Study of Antigorite,
SpDn{Len,
Reactionsand Chlorite.Ph.D.
Pyroxene-Serpentine
thesis,Arizona StateUniv., Tempe,Arizona.

BanNss,I. & O'NBrr-,J.R. (1969):The relationship
betweenfluids in somefreshalpine-typeultramafics
and possible modern serpentinization,western Vssr,sN,D.R. (1980):Anthophyllite asbestos:microstructures,intergrown sheetsitcates, and mechanUnitedStates.Geol.Soc.Amer.Bull.80,1947-1960.
isms of fiber formation, Amer. Mineral. 65,
1075-1086.
Bnn,D.L. (1981):Distortionsin thelizarditestructure:
a distanceleast-squares
stldy. Amer. Geophys.
minerals:
& Buspcr,P.R. (1979):Serpentine
Union Trans, 62, 417(abstr.).
inter€rowths and new combination structures.
Science206, 1398-1400.
Cnrssnv,B.A. (1977):Electron MicroscopicStudiesoJ
Serpentinites.
Ph.D. thesis,Univ. Manchester,Man(1981): Hydrous pyriboles and
& chester,England.
sheetsilicatesin pyroxenesand uralites:intergrowth
microstructuresand reaction mechanisms.An7er.
Electronmicroscope
-Qn9):
studiesof serpenMineral. 66, llOT-1134.
tine textures.Can. Mineral. 17.741-756.
& Zussvas,J. (1976):Electronmicroscopic
studiesof serpentinites.
Can.Mineral. 14,307-313.
Ecclprox, R.A. (1975):Nontronite topotaxial after
hedenbergite.
Amer. Mineral. 60, 1063-1068.
Lrvr,K.J.T. & Vrsr,BN,
D.R. (1987):"Eastonite" from
Easton,Pennsylvania:
a mixtureof phlogopiteand
a new form of serpentine.Arner. Mineral. 72 (in
press).
MecDoNaro,A.H. (1984): Water Diffwsion Rates
through SerpentinizedPeridotites:Implicationsfor
ReactionInducedDynamicand ChemicalEffects in
UltramaJicRocfrs. Ph.D. thesis, Univ. Western
Ontario,London,Ontario,
MacGnrcon, I.D. (1962): Geologlt,Petrology and
Geochemistry
of theMount Albert andAssociated
UkramaJicBodiesof CentralGaspe,Quebec.M.Sc,
thesis,Queen'sUniv., Kingston,Ontario.
Mar.rw, B. & Fvrs, W.S. (1970):Someexperimental
andtheoreticalobservations
on the kineticsof hydration reactionswith particular referenceto serpentinization. Chem.Geol. 6, 185-202.
MnI,r,rNr,
M. (1982):The crystalstructureof lizardite
lT: hydrogen bonds and polytypism. Amer.
Mineral,67. 587-598.
(1986):Chrysotileand polygonalserpentine
from the Balangeroserpentinite.
Minerol.Mag.50,
301-306.

D.B. & Tavlon,H.P., Jn.(1971):TemperaWBNNsn,
of ultramaficrocksbased
turesof serpentinization
on 018/016fractionationbetweencoexistingserpentineand magnetite.Contr. Mineral. Petrology
32, 165-185.
Wssr, A.R. (1984): Solid State Chemistry and its
Applications. John Wiley & Sons,New York.
Wsrr-rar<Bn,
E.J.W. & Zussuax,J. (1950: The characterization of serpentinemineralsby X-ray diffraction. Minerol. Mag. 31, 107-126.
Wrcrs,F.J. (1969\ X-ray and Optical Studieson Serpentine Minerals. D.Phil. thesis, Oxford Univ.,
Oxford, England,
-

(1979):Mineralogy,chemistryand crystallography of chrysotileasbestos..lz MineralogicalTechniquesof AsbestosDetermination(R.L. Ledoux,
ed,),Mineral. Assoc.Can.,Short CourseHandbook
4,35-78.
(1984a): Deformation histories as recorded

by serpentinites.I. Deformationprior to serpentinizalio* Can. Mineral. 22, 185-195.
(1984b):Deformationhistoriesas recorded
by serpentinites.III. Fracturepatternsdeveloped
prior to serpentinization
. Can.Mineral. t2,205-209.
& HrwrHonNe,F.C. (1986): Distanceleast-

squaresmodellingof the lizardite1T structure.Geol.
Assoc.Can.-Mineral.Assoc,Can,,ProgramAbstr,
ll, lM.

LIZARDITE AND ITS PARENT ENSTATITE

789

& P nin,A.C . (1979\:Electron-microprobe Yana,K. (1967):Studyof chrysotileasbestosby a hieh
andX-ray-microbeamstudiesof serpentine
minerals.
resolution electron microscope.Acta Cryst. 23,
Can. Mineral. 17, 785-830.
70+707.
-&

Wnryrexrn,E.J.W. (1975):A reappraisal -(1971):
Studyof microstructureof chrysotile
of the structuresof the serpentineminerals. Caz.
a$bestosby high resolution electron microscopy.
Mineral. 13,2n243.
Acta Cryst, An, 659-664.
(1977):Serpentinetexturesand
&serpentinization.
Cqn. Minerqt, 15, 459488.
& Zussuarq,J. (1975): Microbeam X-ray
diffraction patternsofthe serpentineminerals.Car.
Mineral. 13,24-258.

WorrB, W.J. (1967): Petrology, Mineralogy and
Geochemistryof the Blue River Uhramafic Intrusion, CassiarDistrict, British ColumDia.Ph.D. thesis,YaleUniv., New Haven,Connecticut.

(1979):Mcrostructuresof chrysotileand
antigorite by high-resolutionelectronmicroscopy.
Can, Minerql. 17, 679-691.
(in press):
Yeu,Y.C., Pnecon,D.R.& McDowsLL,S.D.
Smectite-to-illitereactionsin Saltonseashales:transmission and analytical electronmicroscopystudy.
J. Sed. Petrologlt.
ReceivedJune 25, 1966,revisedmanuscriptaccepted
November11, 1986.

