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ABSTRACT

The distribution of serpentine minerals and textures in
lizardite-chrysotile serpentinites can be explained with an
emphasis on the role of fault-controlled flow of fluid in
their formation. Variations in serpentine mineralogy and
texture can be attributed to three subprocesses within ser-
pentinization. These subprocesses are characterized by the
different roles ofwater and heat. Hydration proceeds via
exothermic, water-consuming reactions and produces retro-
grade lizardite or antigorite serpentinites with mesh textures.
Deserpentiniaatior?, the prograde metamorphism of serpen-
tinite, proceeds yia endothermic, water-producing reactions.
Serpentine recrystallizatior?, the replacement of one serpen-
tine mineral by another, proceeds via endothermic, water-
conservative reactions, and produces serpentinites consisting
of lizardite hourglass and lizardite + chrysotile + antigorire
interlocking textures. A fluid is present during serpentine
recrystallization, on the basis of changes in whole-rock
6180 values. Serpentine recrystallization is not necessarily
a pervasive process; it also can be fracture-controlled.

Keywords: serpentine, hydration, recrysrallization, de-
serpentinization, serpentinite, fracture, fault.

Souvernp

La distribution des min6raux du groupe de la serpentine
et des textures dans les serpentinites i lizardite + chryso-
tile peut s'expliquer en consid6rant la distribution d'une
phase fluide, souvent contrainte de circuler le long de fis-
sures. Les variations dans les assemblages min6ralogiques
et les textures r6sultent de trois sous-processus du ph6no-
mbne de serpentinisation, qui diffbrent tant dans le r6le de
la phase fluide que dans le budget de chaleur. lJne hydra-
tation accompagne les r6actions exothermiques, dans les-
quelles I'eau sen de r6actif; il en r6sultg des serpentinites
i lizardite ou ir antigorite, i texture en maille. La ddser-
pentinisation accompagne le metamorphisme prograde
d'une serpentinite; les r6actions sont endothermiques, et
libdrent l'eau. La recristallisation de la serpentine impli-
que le remplacement d'un min6ral par un autre, et procdde
par r6actions endothermiques qui conservent l'eau. Les ser-
pentinites qui en r6sultent contiennent la lizardite en tex-
ture de sablier, et lizardite + chrysotile + antigorite en
intercroissances. Une phase fluide est pr6sente au cours de
cette recristallisation, d'apies les rapports 6180 des roches
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totales. La recristallisation de la serpentine n'est pas n6ces-
sairement un processus r6pandu; elle aussi peut Ctre limi
t6e aux zones faill6es.

(Traduit par la R6daction)

Mots-clds: serpentine, hydratation, recristallisation, d6ser-
pentinisation, serpentinite, fissure, faille.

INtnooucttoN

The formation of serpentinite from peridotite is
considered one of the classic examples of low-
temperature metamorphism, in which water gains ac-
cess to the peridotite along faults and shear zones.
As serpentinized peridotite contains 13 to 15 wt.9o
H2O that is not present in the unaltered peridotite,
serpentinization is best thought of as an example of
infiltration metnmorphism (Ferry 1988), in which an-
hydrous minefal assemblages (olivine and enstatite),
indicative of fluid-absent conditions, are replaced by
hydrous mineral assemblages (serpentines). This view
stresses the importance of the fluid to serpentiniza-
tion and its role in catalyzitg chemical reactions that
occur during serpentine recrystallization. In contrasl,
low-temperature metamorphism is best used to
describe processes operating at relatively fixed bulk-
composition, such that mineral assemblages and
compositions are a function of P and Z.

Based on the 13 to 15 wt.Vo H2O added to a
peridotite during its hydration to form serpentine,
the relationship between faults and fluid flow is obvi-
ous once one has developed an intuitive understand-
ing of serpentinization, which is the replacement of
olivine, and other Mg-rich silicates, by serpentine.
Allhough this may now seem to be obvious, it should
be kept in mind that this intuitive understanding and
the obvious nature of serpentinization were slow in
coming. If the fault-controlled nature of serpentini-
zation was obvious, then I think that Hess (1938)
would not have promoted the hypothesis that the for-
mation of qerpentine represents the final stage in the
crystallization of a peridotite magma. Setting aside
consideration of hydration due to serpentinization,
it is not at all clear that the replacement of one ser-
pentine mineral by another, termed serpentine
recrystallization, also is a fault-controlled process.
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This is especially true where a completely serpen-
tinized peridotite is the protolith affected by serpen-
tine recrystallization. In these examples as well, the
fault provides a pathway for the fluid that either
catalyzes reactions that change the serpentine mineral
assemblage and its texture, or it causes a metasomatic
alteration of the serpentinite (1.e., addition of SiO,
to the rock) that also results in a change in mineral
assemblage and texture. In both cases, serpentine
recrystallization produces mineral assemblages sta-
ble at rhe P and T at which it occurs.

Serpentine recrystallization should be greatest near
the fault that served as the fluid conduit and dimin-
ish with distance from it. The implications of fault-
controlled flow of fluid for serpentine recrystalliza-
tion may seem obvious to anyone who has considered
it in detail. However, an absence of proper sampling
based on this knowledge has hampered understand-
ing of stable isotope systematics (O'Hanley et al.
1989a) and density-susceptibility relationships (Toft
et al. l99l) in serpentinites. It has also hampered
understanding of the formation of chrysotile as a
rock-forming mineral (Page 1967) and the origin of
chrysotile asbestos veins (O'Hanley 1988a).

The main purpose of this paper is to illustrate the
spatial patterns of rock-forming serpentine minerals.
This will be done by using four asbestos deposits as
examples. Each exhibits different patterns of serpen-
tine minerals and textures. Detailed information con-
cerning the deposits is published elsewhere (see
below), and only the elements essential to this paper
are discussed.

Another purpose of this paper is to define sub-
processes within the serpentinization process that are
associated with the formation of different types of
serpentinite. These subprocesses are characterized by
the roles of water and heat and serve to justify the
distinction between regimes of serpentinization as
defined by O'Hanley et al. (1989b) and the differ-
ent serpentinites that result.

The terminology of serpentine textures developed
by Wicks & Whittaker (1977) is used here. Pseudo-
morphic textures (mesh-rim and hourglass textures)
preserve protolith textures, whereas non-
pseudomorphic textures (interlocking and inter-
penetrating textures) do not. For the serpentinites
discussed here, the serpentine textures were identi-
fied by optical microscopy, and the serpentine
minerals were identified with a microbeam X-ray
camera using the methodology of Wicks & Zussman
(1975).

THE ClassrIcATIoN oF SERpENTTNTTES
AND SuBpRocESsES oF SrnpsNrNtzettoN

Wicks & Whittaker (1977) defined eight types of
serpentinite based on the presence or absence of
antigorite and a schistose fabric and divided them

into retrogade (characterized by pseudomorphic tex-
tures) and prograde serpentinites (characterized by
nonpseudomorphic textures). Wicks & Plant (1979)
augmented the study of Wicks & Whittaker with an
electron-microprobe study of the same samples. An
important distinction that resulted from this work
is that lizardite-chrysotile serpentinites present in
chrysotile asbestos deposits are dominated by
lizardite hourglass and lizardite t chrysotile t
antigorite interlocking textures that are transitional
between pseudomorphic and nonpseudomorphic tex-
tures.

In these serpentinites, chrysotile is present as a
rock-forming mineral in an interlocking texture, in
addition to its presence in asbestos veins. The chryso-
tile formed from lizardite rather than olivine. An
interesting feature in these rocks is the presence of
different types of lizardite hourglass textures and
lizardite interlocking tefiures that represent recrystal-
lization of lizardite before the formation of
chrysotile.

In contrast to retrograde alteration of peridotite
that results in partly serpentinized peridotite with
lizardite mesh-rim textures, prograde metamorphism
of serpentinite produces antigorite in interpenetrat-
ing textures. The formation of interlocking lizardite
and chrysotile textures is attributed to a mild pro-
grade metamorphism, sufficient to recrystallize
lizardite to chrysotile with an interlocking texture but
not sufficient to form antigorite (Wicks & Whittaker
1977).

There are two models for the serpentine phase dia-
gram based on different reaction relationships
between lizardite and chrysotile. In the system
MgO-SiOz-HzO (MSH), lizardite and chrysotile are
polymorphs, and only one of them can form stably
from forsterite during hydration at low P(H2O)
(O'Hanley el a/. 1989b, Fig. 7). In the system MgO-
AI2O3-SiO2-H2O (MASH), lizardite is more Al-rich
than chrysotile, which removes their polymorphic
relationship, and both lizardite and chrysotile can
form stably from forsterite during hydration
(O'Hanley et ql. 1989b, Fig. O. Electron-microprobe
data for lizardite and chrysotile that replaces it (e,9.,
Wicks & Plant 1979, Table 3) are virtually identical
and confirm the progress of a solid-solid reaction
during the replacement, indicating that lizardite and
chrysotile are polymorphs.

The absence of thermodynamic data for Al-free
lizardite prohibits the calculation of its equilibria,
so that lhe stability oflizardite with respect to chryso-
tile is uncertain. I prefer the topology given by
O'Hanley et al. (1989b, Fig. 7) because it is easiest
for me to accept lizardite forming metastably from
forsterite at low P(H2O) and then lizardite being
replaced by a stable chrysotile if serpentine recrystal-
lization occurs. The alternative topology is lizardite
forming stably from forsterite and then being
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replaced by a metastable chrysotile during serpen-
tine recrystallization. In addition, if the reaction for-
sterite + water = lizardite + brucite is stable at low
P(H2O), then the reactions antigorite + brucite =
forsterite + water, and antigorite : forsterite + talc
+ water are metastable at low P(H2O), and chryso-
tile is everywhere metastable. Mineral assemblages
produced during prograde metamorphism of serpen-
tinite suggest that antigorite-bearing assemblages are
stable rather than metastable, and thermodynamic
data for chrysotile and antigorite in the system MSH
are consistent with antigorite being stable at higher
temperatures than chrysotile (Berman et al, 1986).

As the crystal structure of lizardite and its thermal
behavior are more similar to those of chrysotile than
antigorite (Wicks & O'Hanley 1988), I expect the
behavior of lizardite to be closer to that of chryso-
tile than to that of antigorite, such that lizardite
should be a low-temperature mineral. For these rea-
sons, the topology for the system MSH given by
O'Hanley et al. will be used in this discussion, so
that lizardite is metastable when it forms after for-
sterite.

O'Hanley et al, (1989b) defined four regimes of
serpentinization in the P(H2O) - Zplane. The eight
types of serpentinites of Wicks & Whittaker can be
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FIc. L Temperature - log a(H2O) diagram calculated at 250 bars H2O pressure, illus-
trating the stable reactions among the phases forsterite (F), enstatite (E), brucite
(B), antigorite (A), chrysotile (C), talc (l), and water (qD. Lack of thermodynamic
data for Al-free lizardite precludes calculation of its equilibria. It is assumed to
be metastable; see text for discussion. Path A-A' represents a decrease in a(H2O)
accompanying sealing of a rock containing water initially under hydrostatic con-
ditions.
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reduced to four with the following assumptions: first,
the presence of a schistosity does not affect serpen-
tine stability, and second, the presence or absence
of antigorite is a function of temperature. These
assumptions may not be appropriate at low P(H2O)
for two reasons. First, the development of schistosity
can affect the magnitude of P(HrO) with respect to
geostatic pressure by changing porosity arid perme-
ability (Bruton & Helgeson 1983). If the rock
becomes sealed, then q(H2O) may be reduced; if the
change is of sufficient magnitude, then hydration
could be stopped because the anhydrous mineral
assemblage is stabilized as a(HrO) is reduced to a
value below the equilibrium @ath A-A' in Fig. l).
Second, in the vast majority of partly serpentinized
peridotites, hydration produces lizardite metastably
rather than the stable assemblages brucile + chryso-
tile, or chrysotile + antigorite below 260oC or
antigorite + brucite above this temperature (Fig. l).
The presence of lizardite without chrysotile or
antigorite + brucite indicates only that lis less than
4m"C lwhich is the highest Zfor the metastable reac-
tion olivine + water = lizardite + brucite in the
MSH model of o'Hanley et ol. (1989b)l and that
there could have been insufficient energy available
to induce recrystallization to produce the stable
assemblage.

The four-fold division leads to the distinction
between retrograde lizardite t chrysotile serpen-
tinites, lizardite + chrysotile + antigorite serpen-
tinites found in asbestos deposits, and retrograde and
prograde antigorite serpentinites (Table l).

Most retrograde lizardite + chrysotile serpen-
tinites consist of lizardite onlv in mesh-rim textures.

Sub-process (a@bds!i€ Reactloasl
of l@d@

(Re8ultltrg Mincralg
&To'1N)

Eo&alpy Ct@g*
(Lvuol Il2O)

In the other examples, chrysotile occurs in two tex-
tures. First, millimeter-wide chrysotile veins occur
in compound mesh rims where they can be identi-
fied optically. In this type ofserpentinite, no serpen-
tine recrystallization has occurred because chryso-
tile is found in fractures (serpentine recrystallization
is the replacement of one serpentine mineral assem-
blage by another). Second, submicroscopic lizardite
+ chrysotile intergrowths occur in isotropic mesh
centers, and it is not clear whether or not chrysotile
formed from lizardite or from olivine. To the writer's
knowledge, no one has documented at the thin-
section scale the formation of chrysotile directly from
olivine. The one sample that contains chrysotile only
in a mesh center formed from olivine has been
studied both optically (sample 18501: Wicks & Whit-
taker 1977) and by transmission electron microscopy
(Cressey & Zussman 1976). It occurs in a serpentinite
from an asbestos deposit rhat does not contain relict
olivine, so that this chrysotile could have formed
from lizardite rather than olivine. Neither the studies
by Wicks & Zussman (1975), Wicks & Whittaker
(1977) nor Wicks & Plant (1979) document a serpen-
tinite in which chrysotile formed from olivine dur-
ing hydration. Prichard (1979) concluded from her
study of samples taken from ophiolites and from the
ocean floor that chrysotile formed from lizardite
rather than olivine and that chrysotile did not form
until olivine had reacted out. Based on these obser-
vations, I conclude that chrysotile does not form
microscopic textures after olivine. As lizardite is the
sole serpentine mineral present in most retrograde
lizardite serpentinites, there is no evidence for ser-
pentine recrystallization in these rocks. However, the
other serpentinites of this type contain chrysotile
along with lizardite. Both tlpes of retrograde
lizardite serpentinites will be described as lizardite
t chrysotile serpentinites (Table l).

Antigorite does form mesh-rim textures after oli-
vine without either lizardite or chrysotile, so that
these serpentinites represent a second type of retro-
grade serpentinite.

All eight types of serpentinite defined by Wicks
& Whittaker (1977) may be found in chrysotile
asbestos deposits. The most common are lizardite
hourglass textures and lizardite t chrysotile t
antigorite interlocking textures. The paragenetic
sequence is olivine to lizardite to chrysotile or
antigorite (or both); chrysotile is never found with
olivine. Although asbestos deposits are best known
because they contain chrysotile asbestos veins, it is
the presence of chrysotile as a dominant rock-
forming mineral that make them petrologically
important. In some asbestos deposits, serpentinites
consisting of antigorite interlocking or interpenetrat-
ing textures are present. They form from lizardite
and may or may not contain coexisting chrysotile.

The discussion above indicates that chrysotile as
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a rock-forming mineral forms after lizardite, and
that it is most commonly found in interlocking tex-
tures. Thus, serpentinites in asbestos deposits con-
tain lizardite mesh-rim and hourglass textures,
lizardite t chrysotile t antigorite interlocking tex-
tures, and antigorite interpenetrating textures. These
rocks will be referred to as lizardite t chrysotile =
antigorite serpentinites (Table l).

Prograde metamorphism of serpentinite produces
first antigorite interpenetrating textures and then for-
sterite + talc. They represent a fourth type of ser-
pentinite and have been discussed by Evans (1977);
they will not be discussed here.

The formation of the four types of serpentinites
can be related to three distinct subprocesses within
serpentinization (Table l). One subprocess, hydra-
tion of olivine to either antigorite or lizardite,
produces retrograde serpentinites. It is accomplished
by water-consuming, exothermic reactions. A second
subprocess, recrystallization of lizardite to a differ-
ent lizardite-bearing texture, or to either chrysotile
or antigorite (or both), produces serpentinites found
in chrysotile asbestos deposits. It is accomplished via
solid-solid reactions that are weakly endothermic
because there is little or no fluid or vapor involved
(Table l). A fluid is inferred to be present during
this process on the basis of changes in whole-rock
stable isotope values and changes in mineral com-
position (O'Hanley et al. 1989a); in most cases,
HrO is a catalyst rather than a reactant or product,
so that reaction progress does not indicate the
water-rock ratio during the process. The final sub-
process, deserpentinization, which is the prograde
metamorphism of serpentinite, represented by the
formation of olivine from antigorite, is accomptshed
via HrO-producing, endothermic reactions (Table
l ) .

It is possible that the heat released during hydra-
tion, which is equivalent to a rise in temperature of
200 to 250'C (MacDonald 1984, Frost 1985, Peacock
1987a), is sufficient to transform lizardite to chryso-
tile, so that both hydration and recrystallization
occur during the same serpentinization event. If this
is the case, then the distinction between the two
subprocesses is not a useful one because these do not
result in two distinct serpentinization events that
affected the peridotite. Instead, the rate at which
water gained access to the peridotite would be
important in controlling whether or not chrysotile
formed during hydration, because it would determine
the rate at which heat was generated at the reaction
front. Which parameters control the result are not
well known, so that further discussion is not war-
ranted; several authors have discussed qualitatively
the influence of heat on hydration (Frost 1985,
Peacock 1987a). The purpose of this discussion is
to motivate the presentation of textural criteria that
may distinguish hydration with recrystallization from

hydration followed at a later time by serpentine
recrystallization.

If serpentine recrystallization accompanies hydra-
tion, then lizardite should be intimately mixed with
chrysotile within the same texture, such as in the ser-
pentinite at Burro Mountain (Coleman & Keith
l97l). At Burro Mountain, chrysotile and lizardite
occur in mesh textures, and there is no variation in
patterns of serpentine weathering in outcrop to indi-
cate that there are different types of serpentinite
presenu there are only different extents of hydration,
based on increasing modal amounts of serpentine
minerals.

The serpentinite at Woodsreef, New South Wales,
contrasts greatly with that at Burro Mountain. At
Woodsreef, most of the rock is partly serpentinized
peridotite, consisting of lizardite mesh rims sur-
rounding cores of unaltered olivine. Near a fault in
the center of the partially serpentinized rock, veins
of chrysotile asbestos, spaced one meter apart, with
completely serpentinized zones on either side, cut the
partly altered rock. In outcrop, the boundary
between the completely and the partly serpentinized
rock is very sharp, similar to that at Mt. Belvedere
(Labotka & Albee 1979). At Woodsreef, these mar-
gins contain a series of serpentine textures consist-
ing of different serpentine minerals. From the partly
serpentinized peridotite toward the vein, these
minerals and textures are lizardite t brucite mesh
rims with olivine mesh centers, lizardite + brucite
mesh texture, lizardite hourglass texture, lizardite
interlocking texture, and finally chrysotile interlock-
ing texture; the chrysotile texture is not invariably
present. Thus, the lizardite and chrysotile textures
are distinct spatially both on the macroscopic and
microscopic scales.

Using the evidence in outcrop and in thin section
from both the Burro Mountain and Woodsreef ser-
pentinites, hydration with recrystallization can be dis-
tinguished from hydration followed at a later time
by recrystallization. In outcrop, hydration with
recrystallization should produce one serpentinite, and
in thin section only one texture in which the serpen-
tine minerals are intimately mixed. The type-3 ser-
pentinites of Wicks & Whittaker (1977), or the retro-
grade lizardite serpentinites in this study, which
consist of lizardite t chrysotile in mesh textures, fit
this description. Hydration followed by recrystalli-
zation should produce at least two types of serpen-
tinite in outcrop, and apparent cross-cutting relation-
ships. In thin section, the serpentine minerals will
not be intimately mixed in one texture but will form
different textures composed of different minerals.
Examples that have been described by Laurent &
H6bert (1979) from the Thetford Mines area of Que-
bec, and others that are described in this paper, are
composedof lizardite t chrysotile t antigoriteser-
pentinites, or several types of serpentinite as defined
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TABLE2. PERTINENTDATA ON ASBESTOS DEPOSITS

Woodsreef Cassiar Garrison Unired

l o c a t i o n

geo l  og ica l
se l t i  n  g

s e r p e n l i n e
p r o r o l i r h

Woodsreef,
N. S. \ryabs

Tamworth
rerrane I

peridotile
tectonite2

forearc
b asem ent  I

Cassiar,
B. C.

S y lvester
al  loc hthon3

per id ot i re
tec ton i  te4
arc - re l  a led,
suboceanic
c ru s[5

Matheson.  Matachewan,
Ont. Ont.

Southem volcanic zone, Abitibi
greenstone belt6

dunitg cumulate, dunite cumulate,
in differentiated in differentiated
mafic-ultramafic m afic -ullram afi c

s i l lT  s i l l8

I otr*" & uurctry (1988), 2 OHanley & Omer (1989), J tla.rs 1tXe), 4 Ourol"y & wicks (1987),
5N"l"ont&Bradford(1989),6frOO*AHuben(1986), Zwictse!d.(1983),8K&rschnar&

ketscimar (1986).

by Wicks & Whittaker.
For the remainder of this paper, serpentinites like

the one found at Burro Mountain will be considered
products of hydration, and those similar to Woods-
reef will be considered products of multiple episodes
of serpentinization involving hydration followed at
a later time by serpentine recrystallization.

In an earlier, comprehensive study, Wenner &
Taylor (1 97 1, 197 3, 197 4) used serpentine-magnetite
0180 thermometry to differentiate lizardite-
chrysotile serpentinites (85 < f < 185'C) from
antigorite serpentinites Q20 < Z < 460"C). The
Cassiar asbestos deposit, British Columbia, was con-
sidered anomalous in their study because of its high
calculaled temperature (260"C). The results summa-
rized in this paper suggest that asbestos deposits form
as a result of fluid flow accompanied by deforma-
tion; the fluid is necessary to accomplish serpentine
recrystallization, and fluid and deformation are
necessary to form the chrysotile-filled fractures.
Temperature estimates for these processes are 290
t 40oC based on fluid inclusions in rodingite from
the Bowman asbestos deposit in Ontario (Schandl
et al, 1989), and 300 t 50oC from serpentine-
magnetite 6180 thermometry from the Cassiar mine
(O'Hanley et al. 1989a). The petrographic observa-
tions and the calculated temperatures of serpentine
recrystallization indicate that asbestos deposits are
a type of serpentinite distinct from retrograde
lizardite and retrograde and prograde antigorite ser-
pentinites.

SpscrFrc Dsposrrs

Four prototypes of cross-fiber asbestos deposits
are discussed in this paper (Table 2). The examples
include both serpentinized tectonite peridotites from
Phanerozoic terranes (Woodsreef and Cassiar), as
well as serpentinized dunite cumulates from an

Archean greenstone belt (Garrison and United mines,
Ontario). The chrysotile deposits of southeastern
Quebec that formed during Ordovician time are simi-
lar to the Woodsreef deposit (Laurent & H6bert
1979, Cogulu & Laurent 1984). The Garrison and
United deposits are very similar, both in terms of
mineralization and serpentine protolith, to many
asbestos deposits in southern Africa (e.9.,
Anhaeusser 1980.

Woodsreef deposit

The Woodsreef deposit, located in New South
Wales, Australia, consists mostly of partly serpen-
tinized harzburgite tectonite as described earlier
(Glen & Butt l98l; Table 2, Fig. 2). Within the mid-
dle of the serpentinite, southeast of the Nl0E fault,
the partly serpentinized peridotite is dissected by ser-
pentine veins bounded on either side by zones con-
taining completely serpentinized peridotite. This
combination is called a kernel pattern (O'Hanley &
Offler 1989; Fig. 3a). The kernel pattern starts
abruptly southeast of the Nl0E fault and dies out
to the southeast, a\ray from the fault. On Figure 2,
the distribution of the kernel pattern coincides with
that of massive serpentinite, a term used by Glen &
Butt (1981) to describe this rock.

O'Hanley & Offler (1989) presented evidence for
several episodes of hydrothermal alteration that
affected the peridotite. Relict protogtanular textures
indicate that the host rock'was a peridotite tectonite.
In addition, fabrics consisting of recrystallized oli-
vine grains, kinked olivine and orthopyroxene grains
and cataclasites, were found in partly serpentinized
peridotite near one fault in the Wunderlich pit (see
Fig. 2 for locations of pits). Taken together, the pro-
togranular textures record a pervasive annealing of
the peridotite followed by a localized high-
temperature ductile deformation and subsequent
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Ftc. 2. Geology of the Woodsreef serpentinite in New South Wales. PFS: Peel fault system, MFS: Manning fault sys-
tem. The inset in the lower left-hand corner shows the shape of the Woodsreef serpentinite and its setting with respect
to the Peel fault system. The NIO'E fault cuts across the northwestem parts of the open pits, labeled H (Hardee),
W (Wunderlich) and N (North). Massive serpentinite consists of kernel pattern (shown in Fig. 3a), which occurs
southeast of the NlooE faulr.
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brittle deformation. In contrast to the ductile defor-
mation, tremolite, talc and chlorite are present in the
Hardee and North pits in addition to the Wunder-

lich pit. This alteration occurred before the brittle
deformation because the amphibole is deformed. All
of the above minerals are partly replaced by lizardite,
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Frc. 3. a) Outcrop photograph from the Woodsreef mine, illustrating details of kernel pattern, which consists of panly
serpentinized peridotite (in core) mantled by completely serpentinized peridotite (rim). Asbestos veins (av) are located
in the rims. Lens cap is 6 cm wide. b) and c) Photomicrographs of serpentine textures from the United mine: scale
bars in millimeters. b) Grain-boundary-controlled asbestos veins (white in photograph) in serpentinized dunite cumulate;
veins occur between grains (sample DSO88-0001). c) Transgranular asbestos vein in lizardite + brucite interlocking
texture (DSO88-0011).

indicating that the chemical alteration and deforma-
tion described above predate serpentinization.

The serpentine minerals and textures in the ker-
nel rims were described earlier. However, near the
shear zones, represented by schistose serpentinite, the
chrysotile texture overprints earlier-formed asbestos
veins, producing isolated lenses of asbeslos fiber
within "bastite", called "bastite fiber" by Glen &
Butt (1981).

Oxygen isotope data from the lizardite + brucite
texture in the kernel core (3.9 s 6180 s 4,2o/s),
representing hydration, is lighter isotopically than
the kernel rims (3.3 s 6180 s 8.6/ss), represent-
ing serpentine recrystallization. Serpentine-magnetite
thermometry on ribbon fiber indicates temperatures
of recrystallization of 300 and 350"C; there are no
temperature eslimates for serpentine hydration.
These results indicate that oxygen isotope data do

rg$r c0 re rlrn
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not clearly differentiate the fluid accompanying
hydration from that accompanying recrystallization.

The hydrothermal alteration that produced tremo-
lite, talc, chlorite and lizardite is characterized by the
addition of water to the peridotite and the opera-
tion of retrograde, exothermic reactions. The second
alteration, which produced the kernel rims, involved
serpentine recrystallization, which is characterized
by prograde, endothermic, solid-solid reactions, such
as lizardite reacting to produce chrysotile during
recrystallization (Table 1).

The operation of retrograde exothermic reactions
assists cooling of the peridotite by providing a
mechanism for rapid removal of energy, in the form
of heat, from the rock to the fluid involved in alter-

ing the rock. The origin of the energy associated with
the endothermic reactions is not clear. It could be
transferred from the fluid to the rock because the
fluid needs only to supply sufficient heat to form
chrysotile. As chrysotile occupies <6 to 7 cm out
of every meter of peridotite, and only occurs east
of the N10E fault, the fluid does not have to heat
up the entire peridotite. Although fluids cannot pro-
vide enough energy to induce regional metamor-
phism, they can provide enough heat to induce ther-
mal perturbations locally, in particular during
non-steady-state conditions (Brady 1988).

The energy needed for recrystallization also could
be provided by the peridotite, as it continued to cool.
However, this process should produce serpentinites

Frc. 4. Geology of the Cassiar serpentinite in north-central British Columbia. The
ore zone lies in the center of the serpentinite, structurally above the 45 and 70'
shears. Serpentine-in "isograds" and the ore-zone perimeter show an excellent
geometrical relationship to the shear zones. The antigorite-in "isograd" at the
eastem margin of the serpentinite is paft of a zone of metasomatic alteration formed
between serpentinite and greenstones and metasedimentary rocks. It is not
associated with recrystallization in the ore zone.
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such as those at Burro Mountain, described earlier.
As the Woodsreef serpentinite is different from the
one at Burro Mountain, I prefer the fluid as the heat
source. Regardless ofthe energy source, the differ-
ence between evidence for hydration and serpentine
recrystallization, as discussed earlier, is consistent
with at least two distinct episodes of alteration, both
possessing distinct characteristics in terms of the
processes involved and their effects on the rock.

These observations document an extensive history
of hydrothermal alteration and physical deformation
of the peridotite. All deformation and alteration
diminish with distance from the shear zones, which
evolved from wide ductile to brittle zones that pre-
date serpentinization, to narrower brittle zones of
shear during serpentinization. It was the Nl0E fault,
serving as a fluid conduit, and not the Peel fault,
located further to the west (Fig. 2), that was the
major control on serpentine recrystallization, in light
of the distribution of the kernel pattern. Further, the
asbestos veins are associated with the kernel pattern
(Fig. 3a); it is thus deformation associated with
minor faults east of the N10E fault that is responsi-
ble for the presence of the asbestos veins. The dis-
cussion above indicates that the Woodsreef deposit
contains evidence for both fault-controlled hydra-
tion and fault-controlled serpentine recrystallization
accompanied by deformation.

Cassior deposit

The Cassiar serpentinite, located in north-central
British Columbia, is a completely serpentinized
peridotite tectonite Clable 2). The oldest textures con-
sist of lizardite in hourglass textures containing up

TABu 3. wREsmAtm cHwlcAL comrroN (ELEcmoN-MlcropnosrJ nat^r
OF COXISTNC LUARDITE ND CHRYSONLE ROM ME CAM$ON ASBESTOS DEPOSIT

70"59 1t-242 82-X 10"568 7r.b3

to I wt.9o Al2Or. The absence of mesh-rim textures
and unaltered olivine indicates that the Cassiar ser-
pentinite does not record evidence of hydration. The
ore zone, defined by the presence of >390 by volume
asbestos fiber in fractures, is located in the center
of the serpentinite, structurally above the 45 and 70'
shears, both of which contain talc-magnetite pods
(Fig. 4). Examination of samples taken on traverses
perpendicular to both shear zones allowed
serpentine-in "isograds" to be defined based on tex-
ture and mineralogy. Stable isotope studies
documented a difference of 3%o in 61EO values
between the least- and most-recrystallized samples
(O'Hanley et al. 1989a).

Serpentine recrystallization at Cassiar, which did
not go to completion, can be described by reactions
such as lizardite : chrysotile and lizardite + SiO2
: antigorite + H2O (Table l); brucite was not
produced during recrystallization. HzO is
stoichiometrically low in the latter reaction, so that
these reactions are essentially solid-solid, endother-
mic ones. The formation of antigorite without bru-
cite from lizardite requires a change in bulk compo-
sition; the presence oftalc in the shear zones suggests
that SiO2 was added to the serpentinite during
recrystallization.

Serpentine recrystallization at Cassiar requires a
heat source, albeit a small one, to accompany the
change in bulk composition. Thermally driven
metamorphism associated with intrusion of igneous
rocks is ruled out for several reasons. First, there are
no igneous rocks nearby that can produce recrystal-
lization in the center of the serpentinite but not in
the margins (drilling done to acquire data for esti-
mates of ore reserves did not locate any). Second,
the 6180 values ofeach texture are distinct, and the
Fe3*,o,u1lFe2* ratios in lizardite decrease continu-
ously with recrystallization, suggesting equilibration
with a fluid emanating from the shear zones. In the
absence of alternatives, it is logical to make the fluid
the energy source. As with the Woosdreef deposit,
not much energy is needed to cause the amount of
recrystallization observed; its localization in prox-
imity to a shear zone makes the fluid a feasible
source.

Inspection of Figure 4 indicates a good geometric
fit between the "isograds", the ore-zone perimeter
and the shear zones. The "isograds" are defined by
an increasing extent of recrystallaation based on the
serpentine minerals. In contrast, the ore zone is
defined by the presence of asbestos veins, which are
the result of physical deformation (O'Hanley 1988a).
There is no o priori reason why serpentine recrystal-
lization and physical deformation should affect the
same volume of rock unless they are the result of
related processes. Serpentine recrystallization and the
formation of the ore zone both are due to fault-
controlled processes: for serpentine recrystallization,
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fault-controlled flow of fluid, and for the ore zone,
fault-controlled deformation.

Garrison deposit

The Garrison asbestos deposit, located near
Matheson, Ontario, has been studied by Wicks el a/.
(1983). It is within the completely serpentinized basal
dunite cumulate of a differentiated mafic-ultramafic
sill (Table 2). The presence of two types of serpen-
tine minerals and textures (a lizardite mesh-rim and
hourglass texture that is overprinted by a chrysotile
interlocking texture) suggests that the dunite was
affected by lwo episodes of alteration. The compo-
sitions of both lizardite and chrysotile are very simi-
Iar, confirming the progress of a solid-solid reaction
relationship between the two minerals (Table 3).

A search was made for spatial patterns involving
the serpentine minerals by plotting sample locations
on a map of the deposit and noting the presence of
either lizardite or chrysotile (Fre. 5).The chrysotile-
in "isograd" is poorly defined because the samples
represent one traverse oblique and parallel to the
rock contacts. Nonetheless, chrysotile dominates the
rock near the basal fault, whereas lizardite dominates
the rock near the clinopyroxgnite. Stable isotope data

from samples of both textures indicate that lizardite
(3 < 6t8O < 5o/oi and chrysotile (5 toTlsr) are iso-
topically distinct, such that a fluid is inferred to have
been present during serpentine recrystallization.

The isotope data and the distribution of the ser-
pentine minerals and textures and mineral chemis-
try indicate that recrystallizalion occurred via a
solid-sotid reaction (Table 1) in the presence of a
fluid; they are consistent with recrystallization
increasing toward the basal fault. As heat is neces-
sary for recrystallization and as there are no igne-
ous rocks nearby to provide a heat source for
recrystallization (the diabase dike is oriented perpen-
dicular to the "isograd"), I conclude that the Gar-
rison deposit contains evidence for serpentine
recrystallization caused by a fluid that gained access
to the serpentinite along the basal fault.

United deposit

The United deposit, located approximately 26 km
west of Matachewan, Ontario, is in the completely
serpentinized basal dunite cumulate of a sill (Table
2). There are two orebodies within the dunite, near
the contact with a wehrlite and separated from each
other by serpentinite barren of asbestos (Kretschmar

I
I

l^lai
\1" /a i  . /

lizardite tr
chrysotile r
carbonate O
isotope
analysis i

faul t
"isograd"

Oartl!on

* doposll

Ftc. 5. Geology of the Garrison serpentinite, in east-central Ontario, on the 2lGmeter level. Sample locations are marked
with a solid (for chrysotile) or open circle (for lizardite), depending on the presence or absence of chrysotile. The
chrysotile-in "isograd" is dashed where it separates samples with and without chrysotile, and dotted where it is con-
strained by samples on one side only.
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& Kretschmar 1986; Fig. 6). Both rock contacts and
the ore zones strike east, so that sampling was done
on north-striking traverses. The results discussed here
are based on observations from the North orebody
(O'Hanley l988b,c).

The North orebody, bounded by two shear zones,
each one meter wide (Fig. O, lies within serpentinized
dunite that consists of lizardite + brucite in an inter-
locking texture. It also contains magnetite-free
asbestos veins that, under the microscope, are
observed to zig-zag across the thin section as they
follow the grain boundaries ofgrains ofserpentinized
olivine @ig. 3b). Near the dunite-wehrlite contact,
asbestos + magnetite veins are spatially associated
with lale-stage faults. These veins cut across grains
of serpentinized olivine (and are therefore called
transgranular veins; Fig. 3c).

There are no rock-forming serpentine minerals in
the mine that can be attributed to fault-controlled
processes. The origin of the grain-boundary asbestos
veins is uncertain at this time, but O'Hanley (1988c)
attributed their formation to strain accumulation
during folding of the sill, because the veins are in
the fold plane, and no evidence of slip along the veins
was found. The asbestos + magnetite veins are fault-
related, mode-l fractures (Pollard & Aydin 1988).
They can be modeled as pinnate fractures associated
with fault displacement based on the angle between
the veins and the faults (28o and 35o for two exam-
ples; O'Hanley 1988b). In summary, no evidence for
either fault-controlled hydration or serpentine
recrystallization \ryas found in the United mine.

DISCUSSION

L i za rd i t e-c hry s o t i Ie se rpe nti ni t es

The examples used to illustrate the role of fault-
controlled processes in serpentine recrystallization
exhibit spatial patterns to varying degrees. Such var-
iation supports the hypothesis that serpentine
recrystallization is a fault-controlled process because
one would expect variations in vertical and horizontal
flow of fluid and deformation in orogenic belts. The
absence of spatial patterns related to faults does not
rule out fault-controlled flow of fluid because ser-
pentine recrystallization could have gone to comple-
tion; the fluid affected the entire serpentine protolith.
From this view the absence of spatial patterns involv-
ing textures is moot in deciding for or against fault-
controlled flow of fluid. This may be the case with
the serpentinite in the United mine, in which the
rock-forming texture is uniform.

The model for the serpentine phase diagram and
the petrographic observations presented above indi-
cate that hydration of peridotite to form serpentine
proceeds via a melastable reaction in most cases
because lizardite forms from olivine. It is driven by
the addition of water to the peridotite within the sta-
bility field of hydrous minerals, such as chrysotile
or antigorite.

Serpentine recrystallization occurs in the presence
of a fluid, although HrO may not be consumed or
produced during the process. The fluid is a catalyst
only in the Garrison and United deposits, but it was
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Ftc. 6. Geology of the United serpentinite, in east-central Ontario, showing the orebodies and faults identified. Ore
zones correspond to occurrence of fiber; asbestos is absent from the dunite - peridotite layers, and sparse to absent
in dunite between the two orebodies. At the scale of the map, several faults coincide with lithologic contacts (although
in fact they are distinct).
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also a source of SiO, at Cassiar. HrO was con-
sumed during hydration reactions at Woodsreef, but
it was a catalyst only during serpentine recrystalli-
z,ation.

In all these cases, the fluid gained access to the
serpentinite protolith along faults; the changes in the
peridotite or the pre-existing serpentinile are manifest
as variations in serpentine minglalsgy and textures
with respect to them. Serpentine recrystallization is
not necessarily pervasive; it can be fracture-
controlled, as it was in the Woodsreef serpentinite,
or it can be pervasive, as it was in the Cassiar and
Garrison serpentinites.

Ant igo rite se rpent inites

Antigorite serpentinites cut by chrysotile asbestos
veins associated with emplacement-related thrust
faults (Chidester et al. 1978, Peacock 1987b) also
offer examples ofrocks altered by fault-controlled
flow of fluid and deformation, in which dehydra-
tion reactions in tle footwall supply fluid for hydra-
tion reactions in the hanging wall. In these exam-
ples, the asbestos veins are attributed to retrograde
alteration rather than to prograde metamorphism
because chrysotile is stable at lower temperatures
than antigorite. Lizardite may also be associated with
the chrysotile veins, where it seems to replace previ-
ously unaltered olivine grains @eacock 1987b).

Regional and contact-metamorphosed greenschist-
grade and blueschist-grade antigorite serpentinites
are not dependent upon structural elements in the
same manner as are the other types of serpentinites
(Springer 1974, Frost 1975, Evans 1977, and refer-
ences therein), so that they are probably not related
to fault-controlled processes. Instead, thermally
induced metamorphism is the controlling process, in
which diffusion of heat away from the igneous rock
initiates reactions @vans 1977).

Given the distinction between lizardite-chrysotile
and antigorite serpentinites, it is prudent to keep in
mind that prograde ntetamorphism affects pre-
existing lizardite-chrysotile serpentinites as well as
fresh peridotite (Wicks & Whittaker 1977, Wicks &
Plant 1979). Therefore, the distribution oflizardite
and chrysotile formed during hydration or serpen-
tine recrystallization may influence the subsequent
prograde metamorphism of the serpentinite. Evi-
dence of such an influence has been reported from
two peridotite bodies.

Contact metamorphism of the Blue River serpen-
tinite affected both serpentinized and unserpentinized
peridotite. Prior to prograde metamorphism, serpen-
tinite was produced along shear zones, such as the
Nickel Creek thrust, whereas peridotite farther from
the faults was virtually unaffected. Prograde
metamorphism occurred via different reactions in
each rock: at the highest grade, metamorphosed ser-

pentinite contains olivine + enstatite assemblages but
no anthophyllite, whereas metamorphosed perido-
tite contains olivine + anthophyilite but no ensta-
tite @insent & Hirst 1977). Regional metamorphism
of the Apew ultramafic sill produced mineral assem-
blages that were dependent on the H2O-CO2 ratio
of the rock, inherited from a prior low-temperature
infiltration metamorphism (Gole el al. 1987).

CoNcLUSIoN

Serpentine minerals and textures are not randomly
distributed in lizardite-chrysotile serpentinites. Their
spatial patterns reflect ordered processes based on
fault-controlled flow of fluid. The formation of
lizardite-chrysotile serpentinites can be attributed to
either hydration or serpentine recrystallization. Each
process produces serpentinites wilh distinct charac-
teristics at both the mesoscopic and microscopic
scales.
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