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ABSTRACT

Maossbauer data were obtained from 23 samples [20 lizardite (I7) samples, two chrys-
otile samples, and one antigorite sample] taken from five geologically well-characterized
serpentinites. These serpentinites represent both hydration and serpentine recrystallization
in lizardite-chrysotile serpentinites. Mossbauer parameters obtained from the samples used
in this study were integrated with electron microprobe and H,O extraction yields to gen-
erate a comprehensive set of compositional data for lizardite, which was compared with
modal magnetite values in the same samples.

Lizardite contains up to 70% of its Fe as Fe*+ in both tetrahedral and octahedral coor-
dination. The ©Fe’+ content shows a positive correlation with “WFe’+ and a negative
correlation with ©Fe2+, Substitutions of trivalent cations in both sheets are correlated and
do not require cation vacancies (including H*) to maintain charge balance. The “IFe/iIFe
and Si/Mg ratios of lizardite, chrysotile, and antigorite are different, with the “IFe/(Fe
ratio decreasing, and the Si/Mg ratio increasing from lizardite to chrysotile to antigorite.

The Fe,,, content and the ®Fe/('Fe + Mg) and Fe3;/Fe,, ratios of lizardite in the Jeffrey
and Woodsreef serpentinites are inversely correlated with modal magnetite, indicating that
Jo, was internally controlled in these serpentinites. In contrast, the Fe,, and the “!Fe/(*!Fe
+ Mg) and Fe})!/Fe,, ratios of lizardite in the Cassiar serpentinite exhibit either direct or
inverse correlations with modal magnetite, indicating internal or external control of f,,,
with f;, externally controlled early in recrystallization and internally controlled later in
recrystallization. The availability of Si affects internal vs. external control of f;, because
Si exchanges with “Fe3+ either to form or to consume magnetite during serpentine re-

crystallization.

INTRODUCTION

The serpentine minerals are Mg-rich trioctahedral 1:1
layer silicates, in which SiO,, MgO, and H,O (MSH) usu-
ally account for approximately 90-95% of each analysis.
The misfit between the octahedral and tetrahedral sheets
for serpentine compositions is relieved by different mech-
anisms in the different crystal structures (see Wicks and
O’Hanley, 1988). Lizardite consists of planar layers,
whereas chrysotile consists of cylindrical layers. Lizardite
may be stable at lower temperatures than chrysotile in
the MSH system because chrysotile has a larger entropy,
attributable to the nonperiodic distribution of H bonds
produced by its cylindrical structure (Wicks and Whit-
taker, 1975; Chernosky et al., 1988). Although samples
of both lizardite and chrysotile contain Al and Fe3+, liz-
ardite exhibits a greater extent of substitution of these
cations than does chrysotile (Wicks and Plant, 1979).
Substitution of trivalent cations, such as Al and Fe*~, for
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Mg and Si, produces stronger interactions between adja-
cent layers and increases the stability of the planar struc-
ture (Mellini, 1982). Antigorite has a modulated structure
(Guggenheim and Eggleton, 1985), which reduces the
number of octahedral coordination sites per number of
tetrahedral coordination sites to reduce the misfit. As a
result, antigorite contains slightly less H,O (3.85 OH
groups rather than 4 OH groups per 14 O atoms) and
fewer octahedral cations (2.85 rather than 3 per 14 O
atoms) than lizardite or chrysotile.

The relationship among serpentine minerals, magne-
tite, and f;, has long been the subject of controversy in
the serpentine literature. Recently, Wicks and O’Hanley
(1988) observed that magnetite can be a reactant, a prod-
uct, or a passive agent during changes in serpentine min-
eral relations or texture. In the Cassiar serpentinite in
north-central British Columbia, for example, the reac-
tions lizardite = antigorite + magnetite and lizardite +
magnetite = antigorite were inferred from petrographic
observations, indicating that variations in u,, may not
induce changes in serpentine mineralogy. This conclusion
was also reached by Frost (1985), who thought that O,
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Fig. 1. Photomicrographs, all scale bars in mm. (a) Lizardite
+ magnetite (Lz-Mag) in hourglass texture, replaced by Lz +
Mag (Lz) in hourglass texture (sample J2, Jeffrey mine, Quebec).
(b) Lz + brucite + Mag (Lz-Brc-Mag) mesh-rim texture replaced
by a Lz = Mag (Lz), low-birefringent hourglass texture, in turn
replaced by a Lz + Mag (Lz-Mag) hourglass texture (W3,
Woodsreef mine, New South Wales). (¢) Olivine (Ol) cut by an-
tigorite (Atg) mesh rims and both partly replaced by lizardite
(Lz) mesh texture (arrow points to Lz replacing Atg). There is
no magnetite visible in plane light (Jo21, Josephine ophiolite,
California).
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was too minor a component in the fluid to determine
mineral assemblages. In the Jeffrey mine in southeastern
Quebec, magnetite was consumed when lizardite recrys-
tallized to form a new lizardite-bearing texture (Fig. la).
These observations suggest that u, may be constant dur-
ing the formation of magnetite during serpentinization.
The formation of magnetite may indicate a change in the
partitioning of Fe** rather than a change in u,, or a change
in some other parameter. However, in the absence of data
on the Fe3* content of the serpentine minerals, the im-
plications of these observations could not be understood.

Fe3+ data for serpentine minerals are available from
studies that used wet-chemical methods (see Whittaker
and Wicks, 1970) or, more recently, utilized Mdssbauer
spectroscopy (e.g., Rozenson et al., 1979). The earliest
Mossbauer studies of serpentine minerals by Malysheva
etal. (1976) suggested that the Fe** content in serpentine
might control which of the minerals forms in a given
sample, but identification of the minerals is ambiguous;
the fact that three of their eight samples are labeled as
loop serpentines (polygonal serpentine?) makes it difficult
to interpret their results. Rozenson et al. (1979) were able
to resolve peaks corresponding to Fe** in tetrahedral co-
ordination (/Fe*+) for only two of their samples (an an-
tigorite and a chrysotile sample); no “Fe’+ was found in
lizardite.

The latter studies focused on establishing Mossbauer
parameters for serpentine and on the role of Fe’* content
of the serpentine minerals, without considering serpen-
tine paragenesis. Mdssbauer data have not been consid-
ered when interpreting lizardite composition, assem-
blage, or texture, until now.

We propose a model to explain the changes in lizardite
composition, based on the distribution of trivalent cat-
ions in lizardite /7. Our results are based on thorough
characterizations of minerals from several geologically well
characterized lizardite-chrysotile serpentinites associated
with chrysotile asbestos deposits, using a combination of
analytical techniques, including X-ray diffraction, elec-
tron microprobe analysis, Méssbauer spectroscopy, and
stable isotope extraction analyses. Discussion will focus
on the location and concentration of trivalent cations and
Fe?* and H~ in lizardite /T and the relationship among
lizardite composition, paragenesis, and f,,.

GEOLOGIC SETTING

Samples for this study were taken from well-character-
ized lizardite-chrysotile serpentinites from chrysotile as-
bestos deposits for which mineral parageneses were known
from X-ray diffraction studies and for which petrologic,
stable isotope, and major-element compositional data
were available. The geologic and petrologic characteris-
tics of the Cassiar, Woodsreef, and United serpentinites
have been described by O’Hanley (1991). The Cassiar
serpentinite, located in north-central British Columbia, is
a completely serpentinized harzburgite tectonite (80-90%
olivine, 20-10% enstatite, minor chromite) and is an ex-
ample of serpentine recrystallization in which lizardite
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TasLe 1. Mineral assemblages, modal magnetite, and mineral compositions for serpentine sampies used in this study
Mag- Mineral composition**
netite Excess
Sample Assemblage* (vol%) Mineral* Si “IFg3+ 1A IBIA| Cr EIFg?+ Fe?+ Mg charget
C50 L+ A, F,CrM 0.20 L 3.84 0.06 0.10 0.15 0.02 0.05 0.06 5.73 +0.06
A 3.84 0.07 — 0.09 0.00 0.05 0.07 5.68
C51 L+ A 0.21 L 3.82 0.09 0.09 0.13 0.03 0.09 0.05 5.75 +0.07
A 3.86 0.08 — 0.10 0.01 0.08 0.04 5.58
C52 L+A 0.18 L 3.83 0.07 0.10 0.14 0.02 0.07 0.04 5.76 +0.06
A 3.84 0.09 — 0.12 0.00 0.09 0.05 5.59
C53 L 0.03 L 3.77 0.14 0.09 0.09 0.06 0.08 0.04 5.80 0.00
C54 L 0.05 L 3.89 0.06 0.05 0.08 0.02 0.06 0.02 5.84 +0.05
C55 L 0.22 L 3.84 0.08 0.08 0.086 0.06 0.07 0.08 5.82 +0.03
C56 L, CrM 0.54 L 3.86 0.11 0.03 0.08 0.01 0.10 0.05 5.82 +0.05
C139 A, Pn, M 0.00 A 3.97 0.04 0.00 0.09 0.03 0.08 0.39 5.36 +0.16
C167 C — C 3.97 0.04 0.00 0.05 0.00 0.05 0.04 5.78 +0.06
C200 Cc — o] 3.95 0.03 0.02 0.03 0.00 0.05 0.03 5.82 +0.03
J2a LM 4.76 L 3.90 0.07 0.02 0.00 0.0 0.03 0.14 5.82 -0.06
J2b LT, M 1.00 L 3.91 0.05 0.02 0.00 00 0.07 0.15 5.87 0.00
J7 L+B T, M 0.04 L 3.98 0.05 0.00 0.03 0.0 0.01 0.13 5.81 —0.01
B+L 0.01 0.0 — 0.0 0.0 0.00 0.09 0.89
J32at L+B M 0.29 L+B 3.95 0.02 0.02 0.00 0.0 0.03 0.08 5.87 —0.01
J32bi L + B + C(vn), 0.23 L+B 3.88 0.07 0.02 0.00 0.01 0.02 0.10 5.85 —0.06
M B+L 0.14 0.0 — 0.0 0.0 0.00 0.06 0.70
J51 L, Ch, M 0.17 L 3.94 0.04 0.02 0.00 0.01 0.05 0.08 5.85 0.00
W22ai O+L+B, 0.10 L+B 3.99 0.02 0.00 0.00 0.00 0.02 0.06 5.87 0.00
Ch, CrM
W26a L 0.00 L 3.97 0.06 0.00 0.03 0.00 0.05 0.10 5.78 +0.02
w2aéb L, Ch, M 0.0t L 3.97 0.09 0.00 0.10 0.07 0.09 0.07 5.59 +0.17
w41 O+L+BT, 0.49 L+B 4.01 0.02 0.00 0.04 0.0 0.03 0.08 5.94 +0.05
CrM B 0.0 0.0 0.00 0.0 0.0 0.0 0.13 0.85
w68 L, Pn 0.11 L 3.94 0.03 0.03 0.00 0.00 0.07 0.14 5.81 +0.01
88DSO-11 L + B + C(vn), 0.08 L+B 3.94 0.06 0.00 0.04 0.02 0.07 0.02 5.78 +0.07
T M B+L 0.06 0.0 —_ 0.0 0.0 0.0 0.02 0.87
M19804 L 0.00 L 3.94 0.06 0.00 0.01 0.0 0.01 0.0 5.94 —0.04

* L = lizardite, A = antigorite, C = chrysotile, B = brucite, T = FeNi alloy, F = ferrichromite, CrM = chromian magnetite (=1 wt% Cr.O;), M = magnetite,

Pn = pentlandite, Ch = magnesian ferroan chromite, vn = vein,
** Serpentines based on 14 O atoms; brucite based on 1 O atom.
T Excess charge = FIR3+ — (R3+,
1 Reported analyses were corrected for brucite as an impurity.

recrystallized before it was partly replaced by chrysotile
and antigorite. Brucite and FeNi alloy are absent from
the serpentinite, but pentlandite and heazlewoodite are
present. Primary chromite has reacted extensively both
before and during serpentine recrystallization such that
the serpentine minerals after olivine contain up to 0.25
Al atoms per 14 O atoms (Table 1). The samples chosen
for Mossbauer analysis represent the recrystallization of
lizardite to antigorite (C50-C56), chrysotile asbestos veins
that cut these textures (C167 and C200), and an antigorite
from the hanging-wall alteration zone, in which lizardite
and magnetite were replaced by antigorite (C139).

The United mine serpentinite, located in east-central
Ontario, is a completely serpentinized dunite cumulate
(100% olivine) from a differentiated mafic-ultramafic sill
(O’Hanley, 1988). One sample from the completely ser-
pentinized dunite (Table 1: DSO-1) was studied. It con-
sists of lizardite + brucite + FeNi alloy + magnetite, cut
by chrysotile asbestos veins. Based on the presence of
lizardite + brucite in mesh textures, serpentine recrys-
tallization is considered to be minimal.

The Woodsreef serpentinite, located in eastern New
South Wales, is a partly to completely serpentinized harz-
burgite tectonite (65-70% olivine, 30—25% enstatite, 5%
chromite; Glen and Butt, 1981; O’Hanley and Offler,

1992). Samples were chosen from partly serpentinized
peridotite (W22a, W41) and completely serpentinized pe-
ridotite with either lizardite mesh textures or lizardite
hourglass and interlocking textures indicative of serpen-
tine recrystallization (W26a, W26b, W68). Chromite is
optically and texturally unaltered, and the lizardite after
olivine contains very little Al or Cr (Table 1). An FeNi
alloy and magnetite are present in the partly serpentin-
ized peridotite, and brucite is found only in partly and
completely serpentinized peridotites that have not un-
dergone recrystallization. Pentlandite was observed in one
sample (W68).

The Madoc serpentinite, located in the Grenville Do-
main of Ontario, formed by serpentinization of marble.
It consists of lizardite only and lacks opaque minerals
(Table 1: Royal Ontario Museum no. 19804).

The Jeffrey serpentinite, located in southeastern Que-
bec, is a partly to completely serpentinized and recrys-
tallized harzburgite tectonite (85-95% olivine, 10-5%
enstatite, 5% chromite) that is part of an Ordovician
ophiolite (Lamarche, 1973). At the Jeffrey deposit, the
patterns of serpentinization in outcrop are virtually iden-
tical to those at Woodsreef. The Jeffrey deposit is divided
into five ore zones labeled 1 to 5 from east to west (Fig.
2), separated by schistose serpentine devoid of chrysotile
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Fig. 2. Geologic sketch map of the Jeffrey mine, southeastern
Quebec. Asbestos fiber is present in massive serpentinite situ-
ated in ore zones between the shear zones. The serpentinized
peridotite tectonite is part of an Ordovician ophiolite.

asbestos. Although several shear zones are present within
the serpentinite, the greatest extent of hydration and re-
crystallization occurs in the center of the serpentinite,
near the boundary of ore zones 2 and 3. Sample J2 was
taken from a nonschistose block of serpentinized perido-
tite within the shear zone between ore zones 2 and 3.
Sample J7 is from ore zone 4, and samples J32 and J51
are from ore zone 2. One important feature of serpentine
recrystallization in the Jeffrey serpentinite is the replace-
ment of lizardite + chrysotile + antigorite interlocking
textures by lizardite hourglass textures, particularly in ore
zone 2. Chromite has reacted with serpentine in some
parts of the serpentinite such that the Al and Cr contents
of lizardite vary (Table 1). An FeNi alloy is present in
both partly serpentinized peridotite and completely ser-
pentinized peridotite that has not undergone recrystalli-
zation.

EXPERIMENTAL METHODS AND RESULTS

Twenty-three samples were chosen from the five ser-
pentinites. Mineral assemblages were identified optically
based on the results of Wicks and Plant (1979) and by
microbeam X-ray diffraction using the methodology of
Wicks and Zussman (1975). The composition of opaque
minerals was determined by electron microprobe. Micro-
probe data for the serpentine minerals were obtained us-
ing a Jeol 8600 Superprobe housed at the University of
Saskatchewan; natural mineral standards, including ser-
pentine for Mg and Si, were used under operating con-
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ditions of 15 KeV and 10 nA. Mineral assemblages, mod-
al magnetite, and relevant compositional data
(recalculated to include the Fe’+ data) for the lizardite
samples are listed in Table 1. H,O contents of the Cassiar
lizardite samples were determined in this study using the
methods and facilities described in Dyar et al. (1991), and
were used in conjunction with the microprobe data (Ta-
ble 1) to recalculate lizardite mineral formulas based on
18 O atoms (Table 2). Modal magnetite was determined
using a Tracor-Northern Series II X-Ray Analyzer in
conjunction with the microprobe. Three representative
areas in each thin section were analyzed and the results
averaged to obtain the value for modal magnetite given
in Table 1.

The microprobe data for samples J32a, J32b, W22a,
and DSO-1 have high Mg and low Si contents and Mg,
Si, and Fe contents that vary with cation totals: these
variations are consistent with the presence of brucite as
an impurity in the lizardite in these samples. The data
were corrected for brucite content by constructing regres-
sion lines for Mg, Si, and Fe vs. the total Mg + Si + Fe,
using four points per grain. A specific value for the total
Mg + Si + Fe was chosen by assuming a cation total of
10 (per 14 O atoms) minus the sum of all other cations
present in the sample (i.e., Al, Cr, Ni, Mn). Using the
determined value for Mg + Si + Fe, values for Mg, Si,
and Fe were calculated from the regression curves. The
corrected values for the above samples are reported in
Table 1.

Mineral separates were removed from samples using
thin sections to select the areas to be drilled. Purity of
samples is estimated to be close to 100% serpentine +
magnetite, with minor brucite or olivine impurities, as
indicated in Table 1. Approximately 200—-400 mg of each
sample was finely ground with sugar under acetone to
achieve a homogeneous thin mixture of sample across the
sample holder and to minimize possible oxidation of Fe.

Maossbauer spectra were recorded in 512 channels of
the constant acceleration Austin Science Associates spec-
trometer located in the Mineral Spectroscopy laboratory
at the University of Oregon. A source of 70-20 mCi *"Co
in Pd and a gradient of approximately 0.01545 mm/s/
channel were used. Results were calibrated against an a-Fe
foil 6 mm thick and of 99.99% purity. Spectra were fitted
using an IBM PC-compatible version of the program
Stone (Stone et al., 1984). The program uses a Gaussian
nonlinear regression procedure with the capability of con-
straining any set of parameters or linear combination of
parameters. Lorentzian line shapes were used for resolv-
ing peaks because there was no significant improvement
in fit statistics when a Gaussian component was added.
Procedures used to fit individual samples were similar to
those described in detail for micas by Dyar and Burns
(1986).

In some cases it was necessary to fit magnetite peaks
to the spectra because of the presence of magnetite as an
impurity. As the velocities (i.e., peak positions) of the
magnetite peaks are well known (e.g., Banerjee et al., 1967;



O’HANLEY AND DYAR: LIZARDITE AND MAGNETITE IN SERPENTINITE

TasLE 2. Electron microprobe analyses and H,O extraction yields for lizardite from the Cassiar serpentinite

395

Oxide C50 C51 C52 C53 C54 C55 C56
Sio, 40.76 39.29 40.22 38.50 40.57 39.57 40.12
Al,O, 2.22 1.87 2.14 1.56 1.15 1.26 0.94
Cr,0, 0.29 0.36 0.30 0.80 0.22 0.77 0.11
MgO 40.88 39.6 40.54 39.72 40.85 40.26 40.58
FeO* 2.18 2.81 213 3.18 1.73 2.07 3.22
MnO 0.05 0.05 0.04 0.07 0.06 0.10 0.04
NiO 0.18 0.18 0.18 0.17 0.16 0.17 0.16
H,0 11.69 11.36 11.79 11.86 11.94 11.26 11.37

ToTAL™ 98.27 95.55 97.34 95.89 96.71 95.51 96.63

Mineral formulat, based on 18 O atoms
Si 3.91 3.89 3.89 3.80 3.93 3.92 3.94
“IFg3+ 0.07 0.09 0.07 0.13 0.06 0.08 0.1
Al 0.02 0.02 0.04 0.07 0.01 — —
IR 4.00 4.00 4.00 4.00 4.00 4.00 4.05
Al 0.23 0.20 0.20 0.11 0.12 0.15 0.1
Cr 0.02 0.03 0.02 0.06 0.02 0.06 0.01
©)Fgs+ 0.05 0.09 0.07 0.08 0.06 0.07 0.10
Fe2+ 0.07 0.05 0.04 0.04 0.02 0.02 0.05
Mg 5.84 5.84 5.84 5.84 5.90 5.94 5.94
Mn 0.00 0.00 0.00 0.01 0.01 0.01 0.00
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01
IR 6.22 6.22 6.18 6.15 6.14 6.26 6.22
H 7.48 7.50 7.60 7.81 7.7 7.43 7.44
Excess charge} —0.31 -0.32 -0.22 -0.14 —0.16 —-0.37 —0.45
©IFe3+ [Fe2+ 0.71 1.8 1.75 2.0 3.0 35 2.0
* Fe,, as FeO.

**TiO, + CoO + CaO + Na,0 + K0 < 0.05 wt%.

+ Mossbauer data were used to partition Fe into tetrahedral and octahedral coordination sites.

f Assuming 18 O atoms present, because C was not measured.

Jensen and Shive, 1973), positions of those peaks were
held constant in the initial models for each peak to aid
in resolution of the serpentine peaks. As fitting pro-
gressed, constraints on the positions of the magnetite peaks
were also removed to allow for the best possible fits, al-
though the resolved peak positions varied little from the
known positions. For most samples a minimum of 50-
60 models were fitted to the spectral data to test for mag-
netite impurity. Ultimately a statistical best fit was ob-
tained for each sample using the x2 and Misfit parameters
(Ruby, 1973). The practical application of these statistical
parameters is discussed in Dyar (1984). At best, the pre-
cision of the Mdssbauer spectrometer and the fitting pro-
cedure is approximately £0.02 mm/s for isomer shift (6)
and quadrupole splitting (A) and +1.5% of the Fe,, per
peak for the area of well-resolved, distinct peaks (Dyar,
1984). However, due to the heavily overlapped nature of
the peaks in the serpentine spectra, the errors are esti-
mated at +£0.05 mm/s for 6 and 0.03 mm/s for A. The
errors for the areas of the individual doublets are esti-
mated to be =4% of the Fe,,.

DiscussioN
Quality of the Mossbauer data

In about half of the samples, it proved impossible to
separate lizardite (Fig. 3A) from finely intergrown mag-
netite (Fig. 3B). Therefore, it was necessary to fit the inner
four magnetite peaks of the two magnetite sextets (cor-
responding to A and B site occupancies in magnetite) in
our spectra using the procedure described above. Area

data presented in Table 3 represent the peak areas of only
the serpentine doublets and therefore do not always total
to 100%.

All of the lizardite analyzed during this study contains
[“Fe3+, based on the high-energy peak (H,) of the “Fe*+
doublet that is visible in the spectra at +0.4 mm/s (Fig.
3A, 3B). The quality of the Mdssbauer data can be as-
sessed by plotting the velocities of the low-energy (L) and
high-energy (H,) peaks of the ¥Fe3+ doublet. These values
are obtained from the relationships L, = A — §/2 and H,
= A + 6/2. The velocities group very tightly, with a width
of 0.8 mm/s for both L, and H, (Fig. 4). Two samples
plot outside this box (samples J2a and J32b), and in-
spection of Table 3 indicates that both samples contain
significant amounts of magnetite impurity. The Moss-
bauer spectra for these two samples were remodeled using
average values from within the L—H, field, and these new
parameters (Table 3, model A) were used to calculate
mineral formulas in Table 1.

The Mossbauer parameters for lizardite measured in
this study, which include § = 1.14 + 0.02 (average + 20)
and A = 2.73 + 0.14 mm/s for ©1Fe?*, § = 0.36 = 0.04
and A = 0.79 + 0.18 mm/s for ©Fe**, and 6 = 0.21 =
0.04 and A = 0.36 = 0.14 mm/s for “WIFe*+ (Table 3), are
similar to those reported in the literature for other ser-
pentines. The only lizardite spectra reported in the liter-
ature are one studied by Malysheva et al. (1976) and three
studied by Rozenson et al. (1979). The peak positions in
the former spectrum, which was fitted with the same three
doublets found here, resemble our data for the least-re-
crystallized lizardite, but the sample contains significant-
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Fig. 3. Typical Mdssbauer spectra of lizardite. (A) Sample
W68 from Woodsreef yields a spectrum typical of pure lizardite;
it has three doublets corresponding to /Fe>+, ®¥lFe3+, and WFe3*.
(B) Sample C52 from Cassiar shows the more complicated spec-
trum of lizardite containing magnetite impurity. Five doublets
are fitted to the spectrum, including two central doublets that
are the innermost components of magnetite sextets. The contri-
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bution from the magnetite is most apparent at the lower end of
the velocity range used in this study (visible at —3.7 mm/s in
the spectrum). This region of the spectrum was not fitted because
the entire magnetite peak did not lie in the region of interest to
this study. The comparison of these two spectra illustrates the
difficulties of studying lizardite when spectroscopically pure sep-
arates may be impossible to prepare.

ly more “Fe*+ (61%). Data reported by Rozenson and
coworkers are difficult to interpret because peaks with
MFe3+ parameters were not found. For two of their three
samples of lizardite, the octahedral contribution of Fe2+
to the spectra was split into two doublets ascribed to Fe2+
in M1 and M2. These fits result in two very different M1/
M2 ratios (0.58 and 0.18), with a wide range of Moss-

TaBLE 3. Mdssbauer parameters for serpentine samples

bauer parameters. In our data set, two Fe?*+ doublet fits
were attempted for samples without magnetite impurities
(i.e., where spectrum quality was sufficiently good to al-
low meaningful fits of multiple doublets). However, those
fits are not reported here because (1) peak widths of the
©IFe2+ doublets are not wide enough to suggest the pres-
ence of two rather than one doublet, and (2) when such

I61Fg2+ BIFg3+

Sample Remarks IS 1 Qs 1 W1 At 1S 2 Qs 2
Cassiar-50 interlocking texture 1.14 2.72 0.38 34 0.32 0.86
Cassiar-51 interlocking texture 1.14 2.7 0.35 19 0.36 0.82
Cassiar-52 interlocking texture 1.14 271 0.33 19 0.36 0.81
Cassiar-53 type 2 hourglass, ribbon and curtain 1.15 2.67 0.41 16 0.35 0.89
Cassiar-54 type V2 hourglass 1.15 2.70 0.27 14 0.38 0.76
Cassiar-55 type 2 hourglass 1.14 2.7 0.32 10 0.34 0.83
Cassiar-56 type 1 hourglass 112 270 0.38 17 0.35 0.81
Cassiar-167 bursts packages 1.13 2.7 0.25 30 0.35 0.75
Cassiar-200 doesn’t burst 1.13 2.71 0.25 29 0.33 0.75
Cassiar-139 hanging wali 1.13 2.69 0.35 78 0.41 0.70
DSO-1 United mine, liz + mag mesh 1.16 2.67 0.25 10 0.38 0.63
Jeffrey-2a liz + mag (Modet A) 1.14 2.69 0.27 31 0.37 0.73
liz + mag {(Mode! B} 1.14 2.68 0.27 31 0.35 0.70

Jeffrey-2b liz + mag (younger) 1.13 270 0.27 44 0.38 0.69
Jeffrey-7 liz + bru + mag 1.14 278 0.36 67 0.34 0.97
Jeffrey-32a liz + mag 1.14 2.76 0.31 61 0.39 0.70
Jeffrey-32b liz + bru + mag (younger) (Model A) 1.13 273 0.25 17 0.37 0.84
liz + bru + mag (younger) (Model B) 1.12 2.82 0.30 17 0.40 0.61

Jeffrey-51 liz + mag 1,13 2.69 0.27 44 0.40 0.69
Woodsreef-22a liz + mag + ol? 1.13 2.88 0.38 59 0.35 0.89
Woodsreef-41 liz + mag + ol? 1.14 2.93 0.31 60 0.36 0.83
Woodsreef-26a hourglass 1.12 270 0.32 42 0.32 0.88
Woodsreef-26b interlocking 1.13 271 0.39 28 0.36 0.73
Woodsreef-68 liz + mag 1.13 2.69 0.33 58 0.38 0.70
M19804 Madoc township, after limestone — —_ —_ —_ 0.40 0.68

* Because of the presence of >40% magnetite, fit parameters do not reflect goodness of fit and are therefore not tabulated. Error bars on these fits

are at least twice those given for better purified samples.
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fits were attempted, improvement in the statistical pa-
rameters of the fits was not significant. Therefore, we could
not justify use of two Fe>* doublets in our fits. More
importantly, the refinements of lizardite /7 by Mellini
(1982) and of lizardite /T and lizardite 2H, by Mellini
and Zanazzi (1987) did not indicate the presence of two
distinct octahedral sites. Accordingly, fits incorporating
two doublets corresponding to different ©1Fe2* sites are
not reported here.

Most of the data reported in the literature were ob-
tained from chrysotile and antigorite. The reported data
suffer from a lack of compositional or provenance infor-
mation and are of uneven quality, making them difficult
to interpret. For example, chrysotile samples from the
same ore grade (BC-110-4D) investigated by Blaauw et
al. (1979) and Nagy-Czabo et al. (1981) resulted in two
different reported results; the former group found “Fe3+,
but the latter group did not. The fact that Nagy-Czabo et
al. (1981) reported no “Fe’* may be related to the prob-
able presence of magnetite with the chrysotile, which could
mask the WFe+ peak. Regardless of how this occurred,
the discrepancy between the results of Blaauw et al. (1979)
and Nagy-Czabo et al. (1981) calls the latter’s results into
question. Our results for Cassiar fiber (C167 and C200)
agree with the results of Blaauw et al. (1979).

Lizardite compositions and site occupancies

The samples of lizardite /7 studied here exhibit minor
but significant concentrations of Cr, Al, and Fe (Table 1).
Other cations, such as Mn, Ni, and Co, are present in
such consistently small amounts (<0.03 atoms/14 O at-
oms) in the samples that they are not important to un-

TaBLE 3. Continued

0.2
7 J2a
0.14
- ) %
o
B
| X
0.0 By
J32b
a
-0-1 L] T T T T
0.2 0.3 0.4 0.5
He

Fig. 4. A graph of the low-energy (L,) and high-energy (H,)
peaks of the “Fe+ doublet of lizardite. All points cluster in a
box with widths of 0.8 mm/s, except for values for samples J2a
and J32b. The Mdssbauer spectra for these two samples were
remodeled using values from inside the box, and the results from
both models are given in Table 3.

|5||:e:|— |4!Fes--
w2 A2 1S 3 Qs 3 w3 A3 Mis Uncert BIFgi BIFg+ “Fe>* Fe&:
0.38 25 0.21 0.31 0.38 34 -2.88 -0.38 37 27 37 63
0.35 33 0.23 0.34 0.35 35 0.61 0.05 22 38 40 78
0.33 33 0.23 0.33 0.33 33 0.41 0.06 22 39 39 78
0.41 29 0.23 0.36 0.41 51 —8.40 —~1.02 17 30 53 83
0.39 40 0:22 0.37 0.36 36 —-0.21 —-0.03 16 44 40 84
0.32 34 0.23 0.33 0.32 40 0.44 0.08 12 40 48 88
0.38 37 0.20 0.35 0.38 40 —-0.12 -0.03 18 39 43 82
0.56 39 0.18 0.35 0.42 30 -0.17 -0.04 30 39 30 70
0.59 47 0.17 0.33 0.36 25 -0.34 —-0.06 29 47 25 71
0.66 15 0.21 0.36 0.39 7 0.03 0.01 78 15 7 22
0.49 42 0.19 0.39 0.36 34 0.60 0.05 12 49 40 88
0.40 8 0.21 0.33 0.43 14 e £ 58 15 26 42
0.39 7 0.20 0.11 0.43 14 g 3 60 13 27 40
0.56 20 0.19 0.37 0.38 15 3.45 0.21 56 25 19 44
0.55 7 0.22 0.37 0.45 26 0.64 0.09 67 7 26 33
0.51 23 0.20 0.36 0.33 12 -0.03 -0.02 64 24 13 36
0.25 4 0.21 0.36 0.28 12 g . 52 12 36 48
0.30 7 0.14 0.46 0.30 9 : : 52 21 27 48
0.46 28 0.19 0.40 0.33 21 -0.24 —-0.05 47 30 23 53
0.38 20 0.25 0.37 0.38 21 0.32 0.03 59 20 21 41
0.50 25 0.22 0.43 0.41 15 0.07 0.02 60 25 15 40
0.32 20 0.24 0.32 0.32 25 0.44 0.07 48 23 29 52
0.58 36 0.20 0.43 0.48 36 0.48 0.1 28 36 36 72
0.64 30 0.20 0.39 0.39 12 0.23 0.03 58 30 12 42
0.34 19 0.22 0.44 0.64 81 0.25 0.04 0 19 81 100




B.
- 0.104 n [6]Fe3+
1 s =
& 0.08 L]
&2 [ ] * [ ]
E 0.064 * me
L] a
W 0.04
- *
0.0z4 o o o ¢
000 ’ " X il
0.00 0.05 0.10 015 o. e P o
[4]Fe3+ ;
[6]a
0.2 0.2
C. D
JEFFREY
CASSIAR
+ 1]+ WOODSREEF
) o
© 0.1+ e %17
" EFFREY = ]
- *
b L]
"
CASSIAR ‘
.0 T L] T T T
N e S DSREE 0.00 0.02 004 0.06 0.08 0.10 0.12
0.00 0.02 0.04 0.06 0.08 0.10 0.12 [6]Fe3+
[6]Fe3+
0.20 0.05
IMeE E. E. . 11
= i »
,Fez"‘ © 004 - [
+ - = "
(4] N
[ ] * —
5 > 0034 '
2 o104 [Blrad+ s me & "
& L] L] . S s L] 'y = 0.0008 + 0.7875x
. * =0
& Q A ¥ R=0.80
- waem ‘i
i TUNE < 0014 " /e
ot
L f "
= a a
0.00 5 T T T 0.00 T
55 56 57 58 59 6.0 0.00 0.01 0.02 0.03 0.04 0.05 0.06
Mg

(Al+Fe3+)/(3[41}

Fig. 5. Characteristics of lizardite composition as deter-
mined in this study; the data are grouped by serpentinite where
appropriate. (A) Positive correlation of /Al with “IFe3+: substi-
tution of Fe*+ in tetrahedral sheet is slightly greater than that of
Al (B) Poor positive correlation of Cr and ©Fe3* with ©IAL (C)
Positive correlation of WFe+ with ©Fe3+. (D) Negative corre-
lation of Fe?+ with “Fe3+. (E) Poor negative correlation of Fe?+
and ©Fe*+ with Mg. (F) Positive correlation of (¥Al + Cr +
16IFe3+ )/3IR (octahedral cations) with (WAI + “Fe3+ )/Z4IR (tet-
rahedral cations): least-squares fit of the data goes through the
origin, with a slope a little greater than the value of 0.68 expected
for equal amounts of coupled substitutions of trivalent cations
into both tetrahedral and octahedral sheets.

derstanding them. On the basis of the discussion above,
we focus on substitutions involving Cr, Fe, and Al with
Mg and Si.

The extent of cation substitution in lizardite is known
to be minimal, and our data reveal no exceptions. The
limited cation substitution in natural lizardite is caused
by the limited range in bulk-rock compositions of ser-
pentinites rather than limits imposed on substitution by
the serpentine crystal structures, although the different
serpentine minerals exhibit different extents of cation
substitution (Whittaker and Wicks, 1970; Wicks and
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Plant, 1979). Thus, the composition of lizardite depends
more on bulk-rock composition than on P, 7, and chem-
ical potentials. However, as our data set includes the ox-
idation state and site occupancies of Fe in lizardite, we
can evaluate the compositional variations in natural liz-
ardite more completely than previous workers and assess
the relationship between lizardite composition and mod-
al magnetite.

Fe*+ and Al occupy both tetrahedral and octahedral
coordination sites in lizardite /7 (Table 1). Fe*+ and Al
exhibit a poor positive correlation in the tetrahedral site
(Fig. 5A) and, along with Cr, a poor positive correlation
in the octahedral site (Fig. 5B). Both “Fe** and ©Fe’+
exhibit a positive correlation (Fig. 5C), whereas ©Fe’+
and Fe?+ exhibit a negative correlation in the octahedral
site (Fig. SD). Both ¥Fe’* and Fe?* exhibit a poor neg-
ative correlation with Mg (Fig. 5E). Other compositional
variations among the lizardite samples studied are simi-
lar to those found by Wicks and Plant (1979).

As shown in Table 1, trivalent cations occupy both
tetrahedral and octahedral coordination sites in lizardite,
and the charge imbalance that results from the substitu-
tion of Fe3+ and Al for Si, and Fe**, Al, and Cr for Mg
is very small. A graph of (Al + Cr + Fe**)/Z¥IR (octa-
hedral cations) vs. (Al + Fe**)/ZR (tetrahedral cations)
shows that the data yield a regression line with a slope
<1 that passes through the origin (Fig. 5F). The trend of
the data suggests that the substitution of trivalent cations
in these lizardite samples occurs without the formation
of cation vacancies for two reasons. First, the line passes
through the origin, and second, equal amounts of substi-
tution of trivalent cations into both the tetrahedral and
octahedral sheets will result in a line with a slope equal
to 0.68, which is very close to the calculated value of
0.79.

The data presented above lead to several conclusions
regarding the composition of lizardite. First, Fe’* occu-
pies both tetrahedral and octahedral coordination sites in
lizardite, so that both Fe**+ and Al are secondary tetra-
hedral cations in lizardite. Second, Fe** occupies an oc-
tahedral site partly at the expense of Fe>*. Third, Fe2+/
Mg ratios do not vary much (0.01-0.02), casting doubt
on the validity of prior conclusions regarding lizardite
composition based on Fe/Mg values calculated from probe
data only. Finally, trivalent cation substitution in lizard-
ite occurs such that the charge balance of the layer is
maintained without the formation of cation vacancies.

Variations in H+* in lizardite

The presence of unequal amounts of Fe3+, Al, and Cr
in the tetrahedral and octahedral sheets of the lizardite
structure raises the possibility that cation vacancies (in-
cluding H*) are necessary to maintain charge balance.
For example, if the octahedral sheet contains greater sub-
stitution of trivalent cations than does the tetrahedral
sheet, then cation vacancies will be necessary to establish
charge balance.

This premise can be tested in two ways. One way is to
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plot excess charge of the structure vs. the extent of tri-
valent cation substitution in either the tetrahedral or the
octahedral sheet. If the extent of substitution correlates
positively with excess charge, then vacancies are needed
to maintain charge balance. The other way to test for
vacancies is to measure the H* content and recalculate
the chemical formula; for lizardite, this means that 18 O
atoms rather than 14 O atoms would be used to calculate
the chemical formula.

Using the microprobe data in Table 1 (normalized to
14 O atoms), the extent of substitution of trivalent cat-
ions in the octahedral sheet is plotted vs. the excess charge
(Fig. 6A), with distinctions made among samples from
the different serpentinites. The lizardite samples from the
Jeffrey serpentinite possess either balanced charge or neg-
ative excess charge, indicating that the structures are ei-
ther charge balanced or possess a greater extent of triva-
lent cation substitution in the tetrahedral sheet. Both the
Woodsreef and the Cassiar lizardites are either charge
balanced or possess excess positive charge, which indi-
cates a greater extent of trivalent cation substitution in
the octahedral sheet. The Cassiar lizardite samples plot
directly above the Woodsreef lizardite, indicating that
both lizardite samples possess the same extent of excess
charge for different amounts of trivalent cation substitu-
tion.

H,O analyses were obtained for the lizardite from the
Cassiar serpentinite and used in conjunction with the
probe data in Table 1 to recalculate mineral formulas
based on 18 O atoms (Table 2). The totals of 11.3-11.9
wt% H,O are less than the theoretical value of 13 wt%,
and the low H,O yields lead to an excess of octahedral
cations (6.1-6.3) and an excess negative charge (—-0.2-
—0.5 units) for the structure. These two features, together
with the observation that the probe data indicate that the
structure is closely charge balanced, suggest that the H,O
determinations are low because of impurities. A graph of
H+ vs. modal magnetite (Fig. 6B) suggests that the cause
of the low H,O yields is the presence of magnetite as an
impurity.

Alternative explanations for the correlation of H* and
modal magnetite and the absence of cation vacancies in
lizardite are that the correlation is real and that the mi-
croprobe data, in addition to summing to low totals (84—
86 wt% oxides, without H,O), are not accurate enough to
show the effect, or that O vacancies are present and the
assumption of 18 O atoms is incorrect.

Given these caveats, the microprobe data and the H,O
analyses support two conclusions regarding the need for
cation vacancies in lizardite. Firstly, the extent of triva-
lent cation substitution in the octahedral sheet is closely
balanced by the extent of trivalent cation substitution in
the tetrahedral sheet, so that cation or H* vacancies are
not needed to establish charge balance. Secondly, the ex-
cess charge is <0.1 unit of charge (with sample W26b the
only exception). This value is equivalent to 0.1 H* ions
per 14 O atoms, and given that lizardite contains § H+
ions per 14 O atoms, the difference of 0.1 H+ ion, or 1%
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Fig. 6. (A) Graph of trivalent cation substitution in the oc-

tahedral sheet [ZTR>+] with excess charge on the structure (Z¥R3+
— 3MIR3+), illustrating the lack of any correlation between the
two parameters. (B) Graph of H*/18 O atoms with modal mag-
netite: the negative correlation suggests that magnetite impurity
in lizardite results in lower H,O yields from the H extraction
lines.



400

TaBLE 4. Variations in modal magnetite and the amount and
oxidation state of Fe in lizardite from successive as-

semblages
©Fe/

Modal (Mg + Fet/
Sample Age* magnetite IFe) Fel Fe
J2b young 1.00 0.036 0.27 0.444
J2a old 4.76 0.028 0.24 0.417
J32b young 0.23 0.020 0.19 0.900
J32a old 0.29 0.018 0.13 0.385
Wa6b old 0.01 0.028 0.23 0.720
W26a young 0.22 (vn) 0.025 0.21 0.524

* Age refers to relative age of assemblage based on one assemblage
(young) replacing another (old).
** Per 14 O atoms.

of the total H* ions, is not resolvable with the greater
uncertainty in the H,O analyses.

Lizardite compositions and variations in
modal magnetite

The variation in modal magnetite in lizardite-chryso-
tile serpentinites can be substantial; from no magnetite,
as in sample M19804, to so much magnetite, as in some
of the Woodsreef samples (Fig. 1b; samples not used in
this study), that one cannot separate a sufficient amount
of lizardite to analyze with the Mossbauer spectrometer.

The variations in modal magnetite and the composi-
tion of lizardite can be studied by determining how each
varies in successive assemblages from the same hand
sample. Three samples (J2, J32, and W26) were found in
which one lizardite assemblage overprinted an earlier liz-
ardite assemblage (Table 4; Fig. 1a). Three parameters
involving the Fe content of lizardite vary consistently
with modal magnetite: as modal magnetite increases, the
Fe,, content and the ©'Fe/("®Fe + Mg) and Fe};/Fe,, ra-
tios of lizardite decrease. These results indicate that when
modal magnetite increases, the Fe content of lizardite de-
creases, and the Fe?+ content of lizardite decreases more
than that of Fe?*.

Note that all three samples in Table 4 formed during
serpentine recrystallization, in which one lizardite assem-
blage replaced another, rather than during hydration, so
the observed relationships between lizardite composition
and modal magnetite may not apply to lizardite and mag-
netite formed during hydration. To determine if these
results can be generalized, we first concentrate on com-
positional variations in lizardite vs. modal magnetite in
the individual serpentinite bodies. Arrows are used to
connect successive assemblages in Figures 7 and 8, with
the arrow pointing from the older to the younger assem-
blage. The data are discussed first by deposit (Jeffrey,
Woodsreef, Cassiar), and then as one data set.

The data for the lizardite samples from the Jeffrey mine
are shown in Figure 7A Fe,,, 7B [®Fe/(®'Fe + Mg)], and
7C Fel; /Fe,,,. The arrows connect successive assemblages
in two of the samples (J2, J32) given in Table 4. In all
three diagrams, the arrows have negative slopes, indicat-
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ing that the formation of magnetite is accompanied by a
decrease in the Fe content of lizardite.

The data for the lizardite from the Woodsreef serpen-
tinite show similar trends to those of the Jeffrey data, but
the arrows point toward greater values for modal mag-
netite. As modal magnetite increases, Fe,,, (Fig. 7D), the
IFe/(Fe + Mg) (Fig. 7E), and Fel)/Fe,, (Fig. 7F) ratios
decrease.

The lizardite from the Cassiar mine represents the re-
crystallization of lizardite (C53-C56) through to the for-
mation of lizardite + antigorite (C50-C52). The arrows
in Figure 8A, 8B, and 8C represent the sequence from
the least- to the most-recrystallized sample. In each of
the three diagrams it is apparent that there are two trends.
The arrows that connect samples C54-C56 have positive
slopes, indicating that both modal magnetite and the Fe
content of lizardite decrease with an increase in the extent
of recrystallization. The situation changes from samples
C54-C52, in which the arrows have negative slopes, in-
dicating that modal magnetite increases as the Fe content
of lizardite decreases. The arrows for samples C52-C50
are almost vertical, indicating that the composition of
lizardite changes without affecting modal magnetite. As
antigorite is present in these three samples, we think that
the changes in the Fe content of lizardite that are not
related to modal magnetite are related to the formation
of antigorite.

Although the data from the three serpentinites indicate
that there is a relationship between the composition of
lizardite and modal magnetite, a general trend is not ap-
parent when all the data are treated as one data set (Fig.
8D-8F). This is because the relationship between the Fe
content of lizardite and modal magnetite exhibits both
negative and positive correlations, depending on the ex-
ample, and because the variation in modal magnetite is
small when compared with the variations in the Fe con-
tent of lizardite.

The control of f,, during serpentinization

According to Frost (1991), if £, is internally controlled
by silicate minerals in the silicate + oxide assemblage,
then the Fe/(Fe + Mg) ratio of the silicates should be
inversely correlated with modal magnetite because the Fe
to form magnetite is supplied from the silicates. If modal
magnetite increases, the Fe content of the silicates should
decrease. If f;, is externally controlled, the opposite re-
lationship should be observed; that is, the Fe content of
the silicates should be positively correlated with modal
magnetite because Fe must be added to the rock to in-
crease the Fe content of the silicates and modal magne-
tite. The situation is more complex in silicates that accept
Fe’+ because of the coupled substitutions that are needed
to maintain charge balance.

The data suggest that f;,, was internally controlled dur-
ing recrystallization in the Woodsreef and Jeffrey serpen-
tinites. The situation was more complex at Cassiar. At
the start of recrystallization, the data suggest that f,, was
externally controlled, but during recrystallization f,, was
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Fig. 7. Graphs of Fe,, ©Fe/(®/Fe + Mg), and Fel;/Fe,, vs.

modal magnetite for the Jeffrey (A-C) and Woodsreef (D-F)
samples. The arrows connect successive assemblages in the same
hand sample, with the arrow pointing towards the younger as-
semblage. The data indicate all three parameters are inversely
correlated with modal magnetite.

internally controlled. Modal magnetite was not greatly
affected when lizardite was partly replaced by antigorite.

The relationships given above suggest that two differ-
ent Fe end-member reactions describe the changes in liz-
ardite composition and modal magnetite during serpen-
tine recrystallization. These reactions are not strictly
correct because greenalite [Fe,Si,0; (OH),] does not have
the lizardite structure, but they do illustrate the chemical
relationships, and because the extent of substitution of
Fe for Mg in lizardite is small, the Fe end-member com-
ponent is minor. In the first reaction, the Fe content of
lizardite decreases as modal magnetite increases. This re-
action most closely approximates an internal control on

foz:
Fe3+ Fe3* SiO4(OH), + Si(OH), + 0.340,

lizardite
= Fez* Si,0,(0H), + 0.33Fe,0, + 2H,0.

lizardite magnetite
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modal magnetite for the Cassiar (A-C) samples, and for all the
samples used in this study (D-F). For the Cassiar samples, the
arrows connect successive assemblages in different hand sam-
ples, with the arrow pointing toward the younger assemblage.
See text for discussion.

The addition of Si is necessary for mass balance, but the
Fe needed to form magnetite is supplied internally by
lizardite.

For the examples from Cassiar in which both the Fe
content of lizardite and modal magnetite increase, the Fe
end-member reaction must have a source of Fe in addi-
tion to the silicates. Furthermore, lizardite with magne-
tite should have more Fe’+ than lizardite without mag-
netite. An Fe end-member reaction describing the addition
of Fe to a lizardite + magnetite assemblage that satisfies
these requirements is

Fe2+Si,0,(OH), + 2Fe** + 0.670,
lizardite

= Fe3* Fe3* SiOy(OH), + 0.33Fe,O, + Sit+.

lizardite magnetite

The data and interpretations presented here indicate
that f, is neither solely internally nor solely externally
controlled during serpentine recrystallization because one
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cannot write a buffer reaction containing only O and min-
erals. However, in some examples of recrystallization the
control on f;, is more or less internally or externally con-
trolled, and knowledge of the serpentine paragenesis is
crucial to determine which situation applies because the
addition or removal of Si determines the relationship be-
tween lizardite composition and modal magnetite.

IMPLICATIONS FOR SERPENTINIZATION
Stability of the serpentine minerals

It has been accepted since the work of Evans et al.
(1976) that in the MSH system antigorite is stable at high-
er temperatures than chrysotile. Lizardite may have a
stability field at lower temperatures and higher pressures
than chrysotile (Chernosky et al., 1988), but this inter-
pretation remains to be established firmly with either
geologic or geochemical data. Lizardite is stabilized to
higher temperatures by Al in phase equilibrium experi-
ments, but the amount of Al used (3.5 and 9 wt% Al,O;;
Caruso and Chernosky, 1979) is much greater than that
found in most lizardite (<1 wt% Al,O;; Wicks and Plant,
1979). In serpentinites, lizardite is generally thought to
be metastable and to form by a topotactic reaction after
olivine and enstatite (Dungan, 1977). However, Wicks
and Plant (1979) identified serpentinites in which the three
serpentine minerals formed at the same time, indicating
that lizardite recrystallized to form a new texture before
it reacted to form chrysotile or antigorite (or both). Fur-
thermore, the formation of lizardite after chrysotile, an-
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tigorite, and chlorite in the Cassiar serpentinite (O’Han-
ley and Wicks, 1987), and the formation of lizardite after
chrysotile and antigorite in the Jeffrey mine, suggest that
lizardite does have a stability field. Coupled with the in-
ference from stable isotope studies that recrystallization
occurs isothermally (O’Hanley, 1991), this sequence im-
plies that the replacement of one serpentine mineral by
another depends on composition. In the Garrison serpen-
tinite, located in the Abitibi greenstone belt of Ontario,
the replacement of lizardite by chrysotile occurs with no
change in composition (O’Hanley, 1991), according to
the electron microprobe data, although Fe?*/Fe?* ratios
are not generally obtainable using that method.

Whittaker and Wicks (1970) were the first to suggest
that lizardite has a preference for Fe*+ over chrysotile and
antigorite, based on wet-chemical analyses. They used a
restricted data set because they rejected many analyses
that were based on the lack of identification of the ser-
pentine, that were incomplete, and that showed the pres-
ence of impurities. If we use only the Cassiar samples
that contain one serpentine mineral (Table 1), it is evi-
dent that lizardite has higher “Fe’+/IFe’** and lower Si/
Mg ratios than either the antigorite or the two chrysotile
samples (Fig. 9) and that chrysotile has higher “Fe3+/
8)Fe3+ and lower Si/Mg ratios than antigorite. We suggest
that it is differences in these ratios among the three ser-
pentine minerals that are related to their stability during
serpentine recrystallization, as inferred from petrographic
observations by O’Hanley (1991) and O’Hanley and Of-
fler (1992), and that lizardite and chrysotile are stabilized
to higher temperatures by Fe’*.

The formation of magnetite in serpentinites

The serpentinization of olivine is accompanied by both
the oxidation of Fe2* to Fe*+ and the reduction of Fe?*
to Fe? (Frost, 1985). As both Fe?* and Fe** can be present
in lizardite, the formation of magnetite is not a necessary
consequence of the serpentinization process. For exam-
ple, serpentinite consisting of lizardite after antigorite and
olivine, without visible magnetite, occurs in the Jose-
phine ophiolite of northern California (Fig. 1¢). The sam-
ple from the Madoc serpentinite is an extreme example
of the ability of lizardite to accept Fe*+ such that mag-
netite does not form.

The substitution of Fe*+ for Si in the tetrahedral sheet
of lizardite suggests that bulk-rock compositions with
higher SiO, contents, like harzburgite (olivine + ensta-
tite), should contain more magnetite than those with low-
er SiO, contents (such as dunite) because the solubility of
Si in lizardite is greater than that of Fe3+, The association
of more modal magnetite in serpentine after harzburgite
(0.42 + 0.10 modal%) rather than serpentine after dunite
(0.22 + 0.09 modal%) was noted by Coleman and Keith
(1971). In addition, brucite that forms early in the ser-
pentinization process can be consumed later in the pro-
cess, if a source of silica is present. For example, enstatite
hydrates more slowly than olivine (Coleman and Keith,
1971), and then only lizardite is produced (Wicks and
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Plant, 1979). The excess SiO, would become available
later in the hydration process, after olivine had hydrated
to produce lizardite + brucite. The additional Si would
combine with brucite to form more lizardite and would
liberate Fe to form more magnetite (O’Hanley and Offler,
1992). An Fe end-member reaction that describes this
process is

Fe3+81,05(0OH), + 6Fe(OH), + 2Si0O, + 0.50,

lizardite brucite

= 2Fe?* Si,O0(OH), + Fe,0, + 4H,0.

lizardite magnetite

The formation of magnetite late in the serpentinization
process explains the density susceptibility data for ser-
pentinites as well, in which density decreases more rap-
idly than susceptibility values increase (Toft et al., 1990).
Conventional models of the serpentinization process, in
which lizardite contains no Fe, or only Fe*, produce too
much magnetite too early, resulting in susceptibility val-
ues that are too high for the calculated density. Solubility
of Fe** in lizardite and the suppression of magnetite for-
mation early in the serpentinization of peridotite ac-
counts for the lag between changes in density and suscep-
tibility.

These observations indicate that magnetic susceptibil-
ity is not a reliable criterion of the extent of serpentiniza-
tion. Nor is it a reliable criterion of the extent of serpen-
tine recrystallization because modal magnetite may
actually decrease with an increase in the extent of recrys-
tallization, as shown by samples from both Woodsreef
and Cassiar.

The addition of SiO, during serpentine recrystallization
in the ore zone in the Cassiar serpentinite probably con-
tributed to the formation of talc, antigorite, and magne-
tite from lizardite, because antigorite contains more Si
per 14 O atoms than does lizardite. The Fe end-member
reaction given below, balanced on Fe, describes the for-
mation of antigorite + magnetite from lizardite:

0.96Fe3+Si,04(OH), + 0.050, + 0.08Si0,

lizardite
= Fe24,Si,0,(OH),, + 0.01Fe,0, + 0.07H,0.
antigorite magnetite

However, the formation at Cassiar of antigorite from
lizardite + magnetite in the hanging-wall alteration zone
is accompanied by a net reduction of Fe?*+ to Fe2*, on the
basis of the petrographic observations of antigorite form-
ing from lizardite, magnetite, and pentlandite, and the
Maossbauer data on sample C139 (Table 1), which indi-
cates that antigorite in this sample contains mostly Fe?+.

This discussion on the stability of the serpentine min-
erals implies that the WFe**/®Fe*+ and Si/Mg ratios of
the serpentine minerals are important in the stability of
the serpentine minerals, so that the serpentine minerals
are not polymorphs in general, although lizardite, chrys-
otile, and antigorite may have similar compositions in
specific situations. The “WFe*+/®Fe*+ and Si/Mg ratios of

403

7
| [ FeNi alloy}
6 B O PBrucite
R
o -
[V
e
~ 1 @
+ 3 S
d:’ Lizardites Chrysotile
L ' [a]
X e
E a o
11 Qi@ @  Antigorite
. x
() 4ty e T
0.64 0.66 0.68 0.70 0.72 0.74 0.76
Si/Mg

Fig. 10. Graph of WFe*+/6Fe’+ vs. Si/Mg for all the samples
used in this study, including the chrysotile and antigorite sam-
ples. Samples containing brucite or Fe alloy (or both) are indi-
cated.

the lizardite samples used in this study are shown in Fig-
ure 10, along with the values for the chrysotile and an-
tigorite samples. Also indicated are those samples that
contain Fe alloy or brucite (or both); almost all of the
samples contain magnetite.

There are exceptions to any conclusions drawn from
these data because of the scatter within them. However,
samples with brucite and Fe alloy (+ magnetite) plot at
Si/Mg ratios of 2.68-2.69, just above the ideal Si/Mg
ratio of 2.67 for serpentine. Samples with brucite (and
without Fe alloy) plot at lower Si/Mg ratios than samples
with Fe alloy and brucite. There is no clear relationship
between lizardite composition and modal magnetite, al-
though samples with high “Fe**/©®Fe** and high Si/Mg
ratios tend to have less modal magnetite than those sam-
ples with low “Fe3+/19Fe’+ and low Si/Mg ratios.

The identification of FeNi alloy in completely serpen-
tinized peridotite (J2b, J7, 88DSO-1) is contrary to the
prediction by Frost (1985) that FeNi alloy is stabilized at
low f,, values by the isobaric-isothermal reaction

20Fe,SiO, + 22H, + 30,

olivine

= 10Fe,Si,0,(OH), + 2Fe(OH); + 2Fe,0, + 2Fe

serpentine brucite magnetite alloy

in which the presence of olivine with the other phases
buffers f,, at values equivalent to the iron-magnetite (IM)
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buffer. According to Frost (1985), once olivine reacts out
during hydration, f,, should increase markedly. As ser-
pentinites that have not undergone recrystallization con-
tain brucite as well as FeNi alloy, we propose the follow-
ing Fe end-member reaction

4Fe(OH), = Fe + 4H, + 20, + Fe,O,

brucite alloy magnetite

as a reaction that operates in unrecrystallized serpentin-
ites to buffer f,, at values equivalent to the IM buffer.
Many serpentinites that have undergone serpentine re-
crystallization lack both brucite and FeNi alloy; therefore
Jo, should be higher in this type of serpentinite.
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