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Serpentines Close-Up and Intimate: An HRTEM View
ISTVÁN DÓDONY1 AND PETER R. BUSECK2

Departments of Geological Sciences and Chemistry/Biochemistry, Arizona State University, Tempe Arizona 85287

Abstract

High-resolution transmission electron microscopy (HRTEM) affords a close look at the complex
structures and intergrowths of the serpentine minerals. All contain alternating sheets of cations in
tetrahedral and octahedral coordination. Lizardite, the flat species, forms in sufficiently large and
well-ordered crystals to permit reliable X-ray structure determinations, and it is the reference min-
eral for estimates of the structures of antigorite and chrysotile. However, even lizardite forms in a
wide variety of polytypes, only some of which have been explored. It also forms polygonal serpen-
tine, a roughly cylindrical variety that typically consists of 15 or 30 sectors, each of which consists
of lizardite layers. HRTEM images of the structure at sector boundaries show offsets of fringes that
we interpret as the result of inversions of the tetrahedral sheets. 

Using lizardite as the basis for an estimate of the curled chrysotile structure, we obtained atomic
coordinates and used them to calculate fiber-axis X-ray and electron-diffraction patterns for poly-
types. HRTEM images obtained viewing down the fiber axis show no ordering between layers.
Chisholm (1988) reported 2mm symmetry for fibers when viewed perpendicular to their length, but
most of our measured fibers show no symmetry for such orientations. Employing Fourier transforms
of HRTEM images, we found a new one-layered orthorhombic chrysotile polytype with mirror sym-
metry perpendicular to the fiber axis. 

Antigorite is notable for its conspicuous, modulated structure. We observed the waves to be
asymmetrical and infer that the asymmetry results from an inhomogeneous distribution of hydrogen
bonding between the layers. This distribution helps with a long-standing problem by explaining
some apparently anomalous features of HRTEM images. The abundant (001) faults in antigorite are
produced by boundaries of lamellae having different modulation profiles. 

HRTEM images show the relations of serpentine minerals to each other as well as their host
materials. Areas exist where layers of each of the serpentine minerals grade continuously and free
of faults from one variety to another. The resulting intermediate or partial structures defy categoriza-
tion into simple mineral types. 

Introduction

THE MAGNESIAN SERPENTINE minerals are trioctahe-
dral phyllosilicates with idealized composition
Mg3[Si2O5(OH)4]. The most abundant minerals are
antigorite, chrysotile, and lizardite. Although the
Mg:Si ratio in antigorite is slightly smaller than in
chrysotile and lizardite, antigorite is often grouped
with the others because of the close genetic, crystal-
chemical, and structural relationships of the three
minerals. Serpentinite rocks, which have played a
major role in the work of R. Coleman (e.g., Coleman,
1961, 1971a, 1971b), typically consist of mixtures
of two or more of the serpentines.

Serpentine minerals are abundant as retrograde
metamorphic alteration products of ultrabasic rocks
and of the more magnesian minerals in other mag-
matic rocks, where they typically form through
hydrothermal processes (Hess, 1933; Wenner and
Taylor, 1974). They are also important carriers of
water in subduction slabs (Ulmer and Trommsdorff,
1995; Bostock et al., 2002; Hyndman and Peacock,
2003), and they form aseismic regions within sub-
duction slabs (Hyndman et al., 1997; Peacock and
Hyndman, 1999). They are common components of
altered primitive carbonaceous chondrite meteorites
(Bunch and Chang, 1980; Barber, 1981; Tomeoka
and Buseck, 1985, 1990; Buseck and Hua, 1993;
Brearley, 1997). Bailey (1988) and Wicks and
O’Hanley (1988) provided a comprehensive review
of serpentine mineralogy, Chernosky et al. (1988)
and Bromiley and Pawley (2003) summarized
the results of experimental studies of the phase
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508 DÓDONY AND BUSECK

relations, and Evans (2004) reviewed serpentine
occurrences and phase relations. 

The serpentine minerals consist of octahedral
(O) and tetrahedral (T) sheets that form TO (1:1)
layers that are stacked to form various polytypes
(Rucklidge and Zussman, 1965; Krstanovic, 1968;
Mellini, 1982). In the absence of element substitu-
tions such as Al for Si and Mg in lizardite, a misfit in
dimensions between the T and O sheets is charac-
teristic of the serpentine minerals. To accommodate
the misfit, the minerals tend to assume curled or
modulated structures in which the T sheets expand
and the O sheets contract. The details of their struc-
tures can be complex and are best observed using
high-resolution transmission electron microscopy
(HRTEM).

In spite of extensive work, questions remain
regarding the structures of the serpentine minerals.
Many researchers have studied lizardite (Mellini,
1982; Mellini and Zanazzi, 1987; Mellini and Viti,
1994; Krstanovic and Karanovic, 1995; Brigatti et
al., 1997; Guggenheim and Zhan, 1998; Zhukhlistov
and Zvyagin, 1998), and its structure is the best
known of the serpentine minerals. However, the
details of its relation to polygonal (formerly called
Povlen-type) serpentine are not well understood.
Using electron microscopy, Dódony and Buseck
(2004a) recognized a new lizardite polytype and
inferred a new group of polytypes that still need to
be detailed. X-ray crystal structure determinations
of chrysotile do not exist, and its structure is based
largely on indirect modeling experiments (Whit-
taker, 1953, 1955a, 1955b, 1956a, 1956b, 1956c).
The original model of antigorite (Kunze, 1956,
1958, 1961), sometimes called a half-wave model,
was refined using data from HRTEM images
(Dódony et al., 2002) and single-crystal X-ray dif-
fraction (Capitani and Mellini, 2004), but details
such as possible polytypism and modulations
remain unresolved.

Transmission electron microscopy has proven
effective in providing detailed results about micro-
structures, textural and structural relationships, and
thus greater insight into their growth and reaction
mechanisms (Veblen and Buseck, 1979; Mellini et
al., 1987; Viti and Mellini, 1998). Here we use the
lizardite structure as a reference for the other ser-
pentine minerals. Following a discussion of the
structural features of lizardite, we provide examples
of disordered stacking, coherent intergrowths of liz-
ardite and chlorite, HRTEM images of polygonal
serpentine, and HRTEM images and simulated dif-

fraction data of chrysotile structures both along and
perpendicular to the fiber axis.

Materials and Experiments

We studied serpentine samples from several geo-
logic environments. The lizardite is a splintery vari-
ety labeled “baltimorite” that is intimately
intergrown with chlorite. It occurs in a serpentinite
that formed as an alteration product of olivine and
pyroxene in dunites and gabbros (the Baltimore
mafic complex, near the Maryland–Pennsylvania
state border) from a marginal basin inland from a
volcanic arc or a sub-arc plutonic complex (Hanan
and Sinha, 1989). The polygonal serpentine is from
a vein in a massive serpentinite near Jaklovce
(Szepes-Gömör Mts., Slovak Republic). Both speci-
mens are from the Collection of the Mineralogical
Dept. of Eötvös University, Budapest, Hungary. The
chrysotile samples are from Asbestos (Quebec, Can-
ada), the Half Moon Bay area (California), and the
Philips and Canadian Mines (Salt River Canyon,
Arizona). The first two are from cross-fiber veins in
massive serpentinites, and the others are metaso-
matic and formed along the contact between chert-
bearing carbonates and diabase. The metasomatic
samples consist of porcelainous, splintery, and
asbestiform material. The splintery one seems to be
transitional between the chert and long-fiber chryso-
tile. The antigorite samples are from Val Antigorio
(Italy) and the Deligh quarry (Baltimore County,
Maryland). The Val Antigorio sample is a foliated
antigorite schist, and the other is from massive
serpentinite. 

Samples were prepared for TEM study through
Ar-ion milling in order to obtain regions that permit
viewing parallel to the serpentine layers. The
thinned samples were lightly coated with carbon to
avoid charging. Chrysotile fibers were crushed
under ethanol and deposited onto copper grids cov-
ered by lacey-carbon supporting films to obtain
fibers having their lengths perpendicular to
the viewing direction. A JEOL 4000EX (400 kV;
top-entry, double-tilt stage; cs = 1 mm) transmission
electron microscope was used for HRTEM imaging.
Crystals were aligned along their main crystallo-
graphic directions, and selected-area electron-
diffraction (SAED) patterns were recorded. 

Fourier transforms were generated using Gatan
Digital Micrograph 2.5.7 software (Meyer et al.,
1996) to check experimental conditions such as
crystallographic orientation, resolution, astigma-
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HRTEM VIEW OF SERPENTINES 509

tism, and to approximate diffraction information
from small areas in HRTEM images. To reduce
background noise, background subtraction was
applied to selected digitized images using the same
software. We simulated HRTEM images and SAED
patterns from numerical structure data using a com-
bination of the atomic positions of lizardite layers
(Mellini, 1982) and Cerius2 4.0 software (Molecular
Simulation Institute, Inc.).

Lizardite 

Lizardite is the most abundant serpentine min-
eral exposed in Earth’s upper crust and is the basis
for structure determinations of the other serpen-
tines. The coupled substitution of M3+ for Mg and Si
relieves the dimensional misfit, yielding a flat struc-
ture (Fig. 1) and the composition (Mg3–xM

3+
x)[Si2–x

M3+
xO5(OH)4], where M3+ is commonly Al but can

also be Fe or Cr (Caruso and Chernosky, 1979). The
value of x lies between 0 and 0.5, with a usual value
around 0.1. 

Polytypism in TO phyllosilicates like lizardite is
well established (Staedman and Nuttal, 1962, 1963,
1964; Rucklidge and Zussman, 1965; Jahanbagloo
and Zoltai, 1968). Zvyagin et al. (1966) and Bailey

(1969) derived lizardite polytypes on the assump-
tion that a/3 and b/3 shifts of adjacent layers do not
occur within the same crystal. Bailey and Banfield
(1995) provided a comprehensive review of the
polytype derivations, including those in which a/3
and b/3 shifts occur within the same crystal. The
<100> and <110> directions are symmetrically
equivalent in each lizardite layer, as are <010> and
<310>. For displacements, we use the terms “a/3-
type” and “b/3-type” to indicate shifts of 1/3[100] or
1/6[110] and 1/3[010] or 1/6[310], respectively.

The several polytypes differ in one or more of the
following respects: (1) the relative slants of octahe-
dra in adjacent layers, (2) the sequence of a/3-type
shifts relating adjacent layers along [100] or [110],
and (3) the sequence of b/3-type shifts along [010]
or [310]. These conditions are illustrated in Figures
1 and 2, in which the orientation of octahedra are
denoted as + or –. The identification of lizardite
polytypes is based on their characteristic X-ray and
electron-diffraction patterns (Zvyagin et al., 1966;
Zvyagin, 1967; Bailey, 1969, 1988; Bailey and Ban-
field, 1995). Dódony (1997a) derived the possible
two-layer lizardite polytypes and provided a method
for their identification. Crystallographic data for
these polytypes are listed in Table 1.

The results of X-ray structure refinements are
consistent with the derivation of lizardite polytypes
by Zvyagin et al. (1966), Bailey (1969), and Bailey
and Banfield (1995). The stacking of successive TO
layers was assumed to occur such that hydrogen
bonding develops between each basal oxygen of a
given T sheet and the outer hydroxyls of the O sheet
in the adjacent layer. HRTEM is useful for studying
polytypism, although the identification of polytypes

FIG. 1. Sketch of the lizardite structure. A. Perspective
views along [010] (left) and [100] (right) of one-layer mono-
clinic lizardite. The projected unit cell is indicated by paral-
lelograms. The tetrahedral and octahedral sheets are labeled T
and O, respectively. The projection of the c axis on the a-b
plane (arrow 1) indicates the a/3 displacement of adjacent TO
layers. B. The + and – symbols indicate the slants of the octa-
hedra in the O sheets. Small open circles indicate hydroxyl
units. 

FIG. 2. Possible shift vectors between adjacent lizardite
layers: shift vectors 1 to 6 are for <100> and shift vectors a to
f are for <010>. Cases in which there is no shift are labeled 0.
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510 DÓDONY AND BUSECK

using HRTEM requires two or more viewing
directions parallel to the layers. No such paired
images of lizardite have been published to date.
However, single images can provide qualitative
information about the stacking order. 

Almost all lizardite grains in massive serpen-
tinites show streaked SAED patterns, indicating that
the stacking is commonly disordered. Figure 3
shows random stacking in a <100> projection,
although locally ordered regions may exist (Fig. 4).
The zigzag line indicates the projection of c vectors.
Comparing HRTEM images to various structure
models, we deduced the separations between oxygen
atoms in the T sheets and those presumably bonded
to H in the adjacent O sheets. On this basis, we
identified a lizardite polytype with 4-1+ stacking
and O—H distances out of the H-bonding range
(Table 1) and inferred a new group of lizardite poly-
types that is not H-bonded (Dódony and Buseck,
2004a).

Banfield and Bailey (1996) studied lizardite-
chlorite interstratification, and Schmidt and Livi
(1999) gave an example of the relation between
polytypism and conditions of formation of chlorite in
a metamorphic area. In the sample of baltimorite we

TABLE 1. Lizardite Polytypes Derived using data from Mellini (1982)1

Sequence of shift vectors and 
octahedral slants; Ramsdell symbol

c (Å) α (º) β (º)

0+, 1T 7.233 90 90

1+, 1M 7.45 90 76.19

a+, 3R 7.86 113.06 90

0+0–, 2H1 14.47 90 90

0+1+, 2M3 14.58 90 83

0+1–, 2M4 14.58 90 83

1–2+, 2M2 14.79 84.03 79.62

1+3+, 2M1 14.58 83.94 86.5

1–4+, 2O 14.47 90 90

a+a–, 6R 15.72 113.06 90

0+a+, 6R3 14.79 77.99 90

0+a–, 6R2 14.79 77.99 90

a+b+, 2T 15.42 72.57 99.96

a+b–, 2H2 15.42 72.57 99.96

a–2+, 4M1 15.21 72.33 86.65

a–2–, 4M2 15.21 72.33 86.65

4–1+, 2M5 14.47 90 90

1All have a = 5.332, b = 9.235 Å, and γ = 90º. The data for the non-H-bonded 4-1+ polytype are in bold.

FIG. 3. <100> HRTEM image of random stacking in liz-
ardite. The zigzag line shows the projection of the c axis
between adjacent layers. (Baltimore mafic complex.) 
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HRTEM VIEW OF SERPENTINES 511

found that lizardite and chlorite layers can mix on
the unit-cell scale via (001) interstratification (Fig.
5). Based on textural relations, Lapham (1958) sug-
gested that chloritization in samples from the Balti-
more complex postdated serpentinization. 

Lizardite is the best-studied serpentine mineral,
but a related less-understood form called polygonal
serpentine also exists. It has a cylindrical shape and
consists of radial sectors of lizardite (Cressey and
Zussman, 1976; Mellini, 1986; Chisholm, 1992;
Dódony, 1993; Baronnet et al., 1994; Cressey et al.,
1994; Baronnet and Devouard, 1996; Baronnet and
Belluso, 2002). We discuss polygonal serpentine
together with lizardite because of the similarity of
the two structures. However, polygonal serpentine,
like chrysotile, has a fibrous morphology, and so
some authors group those two materials together.
The distinction, at least with the current state of
knowledge, seems arbitrary. 

Chisholm (1992) recognized that polygonal ser-
pentine must contain either 15 or 30 sectors of liz-
ardite-type material. Chisholm (1992) and Baronnet
et al. (1994) presented models for both 15- and 30-
sectored polygonal serpentine. However, Dódony
(1997b) showed that there is a mismatch between
experimental TEM results and these models. The
model of Dódony for the 30-sectored polygonal ser-
pentine matches experimental diffraction geometry
and intensities as well as simulated TEM images.

FIG. 4. <100> HRTEM image of an ordered region of lizardite hosted within a larger region with random stacking.
The zigzag line shows the projection of the c axis between adjacent layers. A calculated diffractogram of the imaged area
is inserted. No indications of order appear in the diffraction pattern. (Baltimore mafic complex.)

FIG. 5. <100> HRTEM image of lizardite-chlorite inter-
stratification. Some chlorite (Chl) and lizardite (L) layers are
indicated. The T sheets in an interstratified area are detailed
on the right. The brucite-like sheets in the chlorite are indi-
cated by arrows. (Baltimore mafic complex.)
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512 DÓDONY AND BUSECK

Because of the lack of appropriate diffraction data
and high-resolution images, the 15-sectored poly-
gonal serpentine is less understood than the 30-
sectored one. 

The SAED pattern in Figure 6A conforms to the
structure model inferred for 30-sectored polygonal
serpentine consisting of one-layered lizardite poly-
types (Dódony, 1997b). However, faint reflections
indicate disordered stacking. Figure 6B differs from
Figure 6A in that the number (20) of 020 lizardite
reflections is doubled, which indicates either two-
layered or two different one-layered polytypes in
each sector. The spacing of two-layered polytypes is
visible in the central part of the polygonal serpen-
tine (Fig. 7), but the outer ring differs in stacking in
each sector. An enlarged area (Fig. 8) shows the off-
sets between adjacent sectors caused by inversions
in the tetrahedral sheets.

Chrysotile

Chrysotile is the least abundant but commer-
cially most significant of the Mg serpentine miner-
als. Because of its tubular structure and fibrous
texture, it is also one of the most fascinating of all
minerals. The lateral misfit between its O and T
sheets is relaxed by continuous curling (Fig. 9), with
the axis of curvature parallel to a [uv0] direction of
what would be lizardite if the chrysotile were flat-
tened. Whittaker (1953, 1955a, 1955b, 1956a,

1956b, 1956c) produced the first descriptions of the
chrysotile structure. He based his results on X-ray
measurements and analogue studies that utilized
masks to simulate diffraction patterns that could
then be compared to experimental data. He defined
the chrysotile structures relative to reference lizard-
ite (which has similar spacings along a and b) to
explain the axes of curvature and polytypism. Dev-
ouard and Baronnet (1995) and Amelinckx et al.
(1996) refined this approach for their improved
descriptions of the chrysotile structure. Yada (1967,
1971, 1979) obtained HRTEM images of chrysotile,
and confirmed the X-ray predictions about its cylin-
drical nature. Evans (2004) reviewed the energy
considerations that influence and ultimately control
its growth and radial dimensions.

Wicks and Whittaker (1975) revised the poly-
type nomenclature originally used by Whittaker.
They noted the existence of a range of materials with
chrysotile topology, all having a [100] fiber axis, but
differing in the relative placements of the concentric
single-layered tubes. Adjacent layers in chrysotile
are displaced along the fiber axis, i.e., along a of ref-
erence lizardite, with values that differ from a/3 and
have + or - slants for the octahedra. Data for the
polytypes described by Wicks and Whittaker (1975)
are presented in Table 2.

The above studies were done using analogue
methods (a complete X-ray structure refinement of
chrysotile does not exist). In contrast, the simula-

FIG. 6. SAED patterns of 30-sectored polygonal serpentine projected parallel to the fiber axis. A. The one-layered
polytypes give rise to 10 020Liz reflections (two are circled). B. The 20 020Liz reflections (two are circled) indicate two-
layered lizardite polytypes, but the non-uniform intensities show some disorder. The image of this grain is given in Figure
7. (Jaklovce.)
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HRTEM VIEW OF SERPENTINES 513

tions in this paper, as well as those by Dódony and
Buseck (2004b), are based on atomic coordinates,
and thus yield results that can be used for quantita-
tive comparisons to observed data.

Fibrous minerals like chrysotile and polygonal
serpentine are commonly studied by the fiber-axis
X-ray diffraction method (Wicks and O’Hanley,
1988). Combining the results of Wicks and Whit-
taker (1975) with the atom coordinates determined
by Mellini (1982) for lizardite, we estimated atom
positions for chrysotile. We used these data to calcu-
late fiber-axis patterns (for non-distorted reciprocal-

lattice geometry) for the polytypes described by
Wicks and Whittaker (1975) (Fig. 10). 

The symmetry of chrysotile along the fiber axis
has been controversial. Cressey and Whittaker
(1993) agreed with the inferences of Whittaker
(1955a) regarding the 5-fold symmetry of chrysotile
projected down the fiber axes. Simulated SAED pat-
terns for the four Wicks and Whittaker polytypes are
identical to one another in fiber-axis projections
(Fig. 11) and in good agreement with the results of
Devouard and Baronnet (1995). However, our exper-
imental data contradict these theoretical results in

FIG. 7. TEM image of 30-sectored polygonal serpentine viewed down its fiber axis (its SAED pattern is in Fig. 6B).
The inner part of the fiber consists of chrysotile (Chr) surrounded by a ring of sectors with two-layered lizardite polytypes
(d001=14.4 Å). The outermost zone of the fiber consists of disordered lizardite. The area in the white box is enlarged in
Figure 8A. (Jaklovce.)D
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514 DÓDONY AND BUSECK

that our HRTEM images show neither 5- nor 10-fold
symmetry.

Figure 12 shows a HRTEM image and corre-
sponding Fourier transform of chrysotile viewed
down its fiber axis. The figure shows continuous
intensities even in the second ring (representing the
b/2 spacing of reference lizardite), in which one
would not normally expect streaking unless there
was random stacking. In contrast, the SAED pattern
predicted for chrysotile polytypes in Figure 11
shows 10 distinct spots. Most chrysotile samples

that we have observed contain such continuous
020Liz bands, which indicate random rotations of
adjacent layers.

The polytypes were originally defined by their
displacements along the fiber axis (parallel to a) but
without constraints along the b direction. We adopt
that convention, although there clearly are difficul-
ties because, for example, it gives rise to situations
in which apparently random rotations of adjacent
layers are compatible with the lack of randomness
implied by polytypes. 

Chisholm (1988) predicted 2mm symmetry of
chrysotile patterns when viewed perpendicular to
the fiber axis. He also reported that SAED patterns
should have the same symmetry as ones obtained by
fiber-axis X-ray diffraction. However, we observe no
symmetry in most HRTEM images having this orien-
tation (Fig. 13). In contrast, the image in Figure 14
and its Fourier transform (Fig. 14B) indicate ortho-
rhombic symmetry, with a spacing different from
that of the 2Orc1 polytype defined by Wicks and
Whittaker and shown in Table 2. This is an example
of a new chrysotile polytype. The details of chryso-
tile structures, their calculated X-ray fiber-axis
patterns, and simulated SAED patterns are
discussed by Dódony and Buseck (2004b). 

Antigorite 
Antigorite occurs in mafic and ultramafic rocks

of uppermost prehnite-pumpellyite to amphibolite
facies of regional metamorphism as well as in some
carbonate rocks in regional- and contact-metamor-

FIG. 8. A. Enlarged area indicated in Figure 7 showing offsets of lizardite layers at sector boundaries. B. Schematic
sketch of the T sheets in a 30-sectored polygonal serpentine. Inversions occur in the T sheets at sector boundaries. The
polytypes in adjacent sectors are indicated by their b and c axes. The diagonal interface in (A) corresponds to one of the
sector boundaries in (B). (Jaklovce.)

FIG. 9. Perspective view of a cylindrical chrysotile layer.
The O sheet surrounds the T sheet. The fiber axis is parallel
to the a axis of the reference lizardite structure. 
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HRTEM VIEW OF SERPENTINES 515

FIG. 10. Calculated fiber-axis X-ray diffraction patterns of chrysotile polytypes (Wicks and Whittaker, 1975) using
atomic positions for fibers with 323-Å diameter. The indices refer to the reciprocal-lattice planes of the reference lizard-
ite structure. 

TABLE 2. Chrysotile Polytypes of Wicks and Whittaker (1975)1

Polytype [100] shift sequence [in Å] Slant sequences of octahedra β (º)

1Mc1 … 0.5 … …+…or …– … 94.1

1Mc2 … 0.3 … …+…or …– … 92.5

2Mc1 … 0.5, 03 … …+…or …– … 93.3

2Orc1 …0.5, –0.5…or …0.3, –0.3… …+ –… 90

1The shifts between adjacent layers are in the opposite direction from the shifts used by Zvyagin et al. (1966) and Bailey 
(1969) for lizardite polytypes.
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516 DÓDONY AND BUSECK

phic terranes (O’Hanley, 1996; Trommsdorff and
Connolly, 1996). It is stable to depths of 90 to 150
km (Schmidt and Poli, 1998), is among the most
hydrous rock-forming silicates, and is proposed to
be the dominant phase for carrying water into the
upper mantle during subduction of ultrabasic rocks
(Ulmer and Trommsdorff, 1995; Peacock, 2001;
Wunder et al., 2001). 

Antigorite and lizardite differ both in composi-
tion and in structure, with antigorite having a dis-

tinctive wavelike structure parallel to a of the
reference lizardite structure (Fig. 15). The Mg and
OH contents decrease slightly in regions near
the inversions of the corrugated T and O sheets.
The composition can be expressed as Mg3m–3
[Si2mO5m(OH)4m–6], where m is the number of tetra-
hedral positions in a unit cell as seen in [010]
projections. 

In a TEM study, Mellini et al. (1987) observed an
inverse proportionality between metamorphic grade
and the m-values of antigorite. However, they
pointed out the limited applicability to geothermom-
etry because most antigorite shows a heterogeneous
distribution of m-values even within individual crys-
tals. Wunder et al. (2001) showed a close connection
between the m-value, temperature, and pressure. 

Our structure model was derived from HRTEM
and SAED measurements (Dódony et al., 2002),
retaining the original half-wave configuration pro-
posed by Kunze (1956) but without his four- and
eight-membered silicate rings at every second
inversion along a. Our HRTEM images show no
traces of such rings (Fig. 16), although even recent
papers (Auzende et al., 2002; Grobéty, 2003) utilize
the Kunze model. 

Another discrepancy exists between experimen-
tal TEM images and images calculated using the
standard Kunze (1956) half-wave model for antig-
orite. The calculations predict that all (200) fringes
in [010] HRTEM images are of equal intensity.
However, experimental images show differences,
with alternate (200) fringes everywhere being
weaker. Spinnler (1985) suggested that the dark

FIG. 11. Simulated SAED pattern of chrysotile viewed par-
allel to the fiber axis based on atomic positions for a fiber with
323-Å diameter.

FIG. 12. A. HRTEM image of a chrysotile fiber viewed down the fiber axis. B. Fourier transform of the image in (A).
The indices refer to the reference lizardite structure. The continuous 020 ring indicates disordered layer stacking. (Bal-
timore mafic complex.)
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HRTEM VIEW OF SERPENTINES 517

fringes occur at the locations of the presumed eight-
membered rings, where the T sheets reverse orienta-
tion. Otten (1993), on the other hand, concluded
that alternate (200) fringes [he called them the
“conspicuous (100) fringe(s)”] are in the positions of
the reversals containing the six-membered rings of
tetrahedra. The model of Dódony et al. (2002) pro-
vides compatible experimental and calculated
results. Using that model, we interpret the above
discrepancy as the result of a lack of eight-
membered rings and an asymmetry on either side of
the modulation wave. The modulation wavelength is
evident in the images, as is the different contrast of
alternating (200) fringes (Fig. 17). 

The atomic positions for our antigorite model
were used to produce the representation in Figure
18A, which we subsequently confirmed using the
atomic positions determined by X-ray diffraction
data of Capitani and Mellini (2004; Fig. 18B). We
estimated the distances between the oxygen posi-
tions in the basal planes of T sheets and the (OH)
planes of O sheets in adjacent antigorite layers and
used the results to determine the extent to which H
bonding occurs. H-bonded oxygens are closer to
each other than non-bonded ones, and the strength
of the bonds increases with their proximity (Brown,
1976, 1978; Ceccarelli et al., 1981). The model
shows that the H—O separations between the T and

FIG. 13. HRTEM images of three chrysotile fibers projected perpendicular to the their lengths. The fiber cores are
aligned with one another and are vertical in the figure. The appearances of both the cores and walls of the three fibers
differ. The images show no symmetry. A. Asbestos. B. Half Moon Bay area. C. Canadian Mine.
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518 DÓDONY AND BUSECK

O sheets are less than 2.3 Å. We interpret these
shorter separations as indicating the probable
places of H bonding. These places are indicated by
the short black lines that extend between adjacent
TO layers (Fig. 18). 

Hydrogen bonding provides stronger attractions
between adjacent sheets in the regions near the cell
origin than in the centers of the cells (Fig. 18). A
consequence is that the separation of the layers is

greater in the cell centers than around the origins. A
further consequence is that the modulation profile
differs from that proposed in the Kunze (1956)
model, because each of the half-wave portions are
distorted so that they no longer display mirror sym-
metry (Fig. 19). The more strongly H-bonded por-
tions of modulation waves are brighter in the
HRTEM images around the origin of the unit cells in
the models of Dódony et al. (2002), indicating the
unique character of alternate (200) planes. Although
TEM studies have significantly improved our knowl-
edge of antigorite, a mathematical description of the
wave profile and polytypism of antigorite await more

FIG. 14. HRTEM image of a chrysotile fiber projected per-
pendicular to its length. The fiber displays mirror symmetry,
with a reflection plane indicated by a horizontal white line.
The right and left sides of the image have different contrast,
and no symmetry is evident parallel to the fiber axis. The inset
depicts a Fourier-transform of the image. Intensities indicate
orthorhombic symmetry. The 20l reflections indicate the one-
layered character of this chrysotile. (Asbestos.)

FIG. 15. Sketch of the lizardite and antigorite structures.
A. [010] projection of lizardite, the reference structure for
antigorite. B. [010] projection of antigorite (m = 17). The mis-
match between T and O sheets is accommodated by bending
of the structure. Each half of the antigorite wave shows mirror
symmetry for the T sheets.

FIG. 16. [001] HRTEM image of an antigorite crystal with m = 14. The small black dots indicate the silicon positions;
the T sheet is a continuous network of six-membered silicate rings. (Val Antigorio.)
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HRTEM VIEW OF SERPENTINES 519

precise measurements and more quantitative inter-
pretations. 

Our antigorite model, based on HRTEM data,
lacks four- and eight-membered silicate rings. In
contrast, the structure proposed by Capitani and
Mellini (2004) based on single-crystal XRD mea-
surements, does contain them. They propose that the
difference may depend on whether m is even or odd.
However, models based on our SAED and HRTEM
data for m = 14 and 17 are free of such rings (Figs.
14 and 15, respectively, in Dódony et al., 2002).
This apparent discrepancy between XRD and TEM
results remains to be resolved. 

Textures and Transitions of Serpentines
in HRTEM Images 

The textural and structural relations among the
serpentine minerals can be complex, and provide
information about reactions that are not evident dur-
ing study of the phases in isolation or at low magni-
fications. Furthermore, in a manner analogous to
petrographic microscopy, TEM of serpentine
textures can help reconstruct the history of mineral
formation. 

The fibrous morphology of chrysotile makes it
intriguing. Depending on the geologic environment,
it may form in several ways (Evans, 2004). Here, as

an example, we discuss chrysotile formed during
contact metasomatism of a carbonate-chert
sequence intruded by a diabase sill. Figure 20
shows undamaged cross-sections of fibers in what
appears to be an amorphous matrix that we believe
to have been chert. Their subparallel orientation is
consistent with growth in a diffusion gradient at a
metasomatic contact (B. W. Evans, pers. commun.,
January 2004). The central cavities of these chryso-
tiles have roughly uniform diameters and appear to
be empty. 

FIG. 17. [010] HRTEM image of an antigorite with m = 14.
Calculated HRTEM image and the structural model are
inserted in the area marked by white corners. The octahedral
and hydroxyl positions are indicated be large and small white
dots, respectively. (Val Antigorio.)

FIG. 18. Sketch of hydrogen bonds, shown by the thin black lines, in antigorite structures with (a) m = 14 (Dódony et
al., 2002) and (b) m = 17 (calculated using data of Capitani and Mellini, 2004). The number of H bonds is greater near
the cell origin (A) and cell center (B). Those bonds are drawn where the separation between oxygen in the T sheets and
hydrogen in the O sheets is less than 2.3 Å. The cell origins for m = 14 and m = 17 antigorite are those of the source
publications and are shifted by half a cell along a.
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520 DÓDONY AND BUSECK

There appears to be an inverse correlation
between sizes of the central cavities and the number
of surrounding layers of chrysotile (Fig. 21). Only a
few poorly ordered chrysotile layers with low con-
trast and no traces of regular spacings occur around
the largest holes. The holes are smaller within larger
and better-ordered chrysotile grains. This puzzling
relationship seems to suggest that the cavities pre-
ceded serpentine formation or perhaps formed
simultaneously with incipient chrysotile formation.
The interlayer spacings in these cases are irregular
and suggest poor ordering. Figure 22, which shows

FIG. 19. [010] HRTEM image of an antigorite with m =14.
A stacking fault is marked by arrowheads and separates
regions having waves (bold bands) with opposite asymmetry as
well as opposite slants in the O sheets. (Deligh quarry.)

FIG. 20. HRTEM image of cross-sectioned irregular chrysotile fibers in an amorphous matrix that was presumably
chert (layer B in the inset). The fiber cores appear to be empty, and the fibers are oriented subparallel to one another.
Some incomplete fibers are marked by arrows. The inset shows (A) porcelainous, (B) splintery, and (C) fibrous materials.
(Philips Mine.) 
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HRTEM VIEW OF SERPENTINES 521

the 0kl spacings of chrysotile, is an SAED pattern of
the area in Figure 21.

There are also partly curled layers without
hollow cores in regions containing well-defined
chrysotile fibers (arrows in Figs. 20 and 23). Some,

like the arrowed example in Figure 23, appear to
have one part crossing the other, suggesting ribbons
with spiral structures.

Figure 24 shows an intergrowth of chrysotile,
lizardite, and chlorite. The HRTEM image and

FIG. 21. HRTEM image of large holes (marked by stars) in an amorphous matrix surrounded by only relatively few
chrysotile layers. (Philips Mine.) 

FIG. 22. SAED pattern of the area in Figure 21. The pattern is similar to a powder pattern, with the reflections
forming rings. The spacings match those in the calculated SAED pattern in Figure 11, a portion of which is inserted on
the right side. (Philips Mine.) 
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522 DÓDONY AND BUSECK

calculated diffraction pattern for the upper part of
the figure suggest lizardite oriented parallel to
[100]Chl. The indicated area in Figure 24A is
enlarged and background filtered in Figure 24B,
with the calculated diffraction pattern inserted.

Intensities indicate disordered stacking in a lizard-
ite-like structure, and the intense continuous scat-
tering provides evidence of  an amorphous
component. The faint, slightly diffuse intensity max-
ima (marked by B) have a spacing between 4.3 and

FIG. 23. HRTEM image of an area consisting largely of chrysotile-like grains, many of which are free of central cores (marked
by arrows). Some appear to consist of curved ribbons. (Philips Mine.)

FIG. 24. A. HRTEM image of chlorite (Chl), lizardite (L), and a chrysotile fiber in partly ordered matrix (top). The
lizardite forms a thin layer between the matrix and chlorite. The lizardite layers split into at least two ribbons, with one
ribbon curled to form the chrysotile fiber. The weak horizontal fringes crossing the chrysotile fiber indicate that it is
thinner than the sample. B. Enlarged and background-filtered image of the boxed area in (A), which contains 7.3-Å
fringes of lizardite. C. Fourier transform of boxed area in (A). The pattern is consistent with disordered lizardite viewed
along [100], but an additional pair of peaks (arrowed at B and explained in the text) occurs at 4.5±0.3 Å-1. (Philips Mine.)
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HRTEM VIEW OF SERPENTINES 523

4.7 Å. Based on this spacing and the composition of
the matrix, we interpret this peak as indicating the
presence of disordered brucite- and tetrahedral
sheets in the matrix. The crystallinity of the
surrounding matrix increases with proximity to the
lizardite (L). No faults intervene between regions of
chrysotile and lizardite in Figure 24A; therefore, we
conclude that both must exhibit the same shift vec-
tors in the direction of the projection, i.e., chrysotile
has the same shift as lizardite along the a axis. 

Only small quantities of chrysotile formed
together with lizardite in this matrix. Figure 24A
demonstrates that lizardite curls into chrysotile.
Veblen and Buseck (1979), Buseck (1984), Buseck
and Veblen (1988), Sharp et al. (1990), and Dódony
(1993) have reported similar types of intergrowths
and transitions, all of which raise questions about

the discreteness of these minerals and about serpen-
tine nomenclature. 

An intriguing feature of chrysotile is the range of
arrangements of layers within a fiber. In addition to
concentric and scrolled layers (Yada, 1967, 1971;
Baronnet and Belluso, 2002), there are bundles in
which it appears as if groups of layers nucleated on
opposite sides of what are now the cores (Fig. 25). It
does not appear as if they grew by the familiar layer-
by-layer or screw-dislocation mechanisms typical of
sheet silicates. The HRTEM image shows a large
chrysotile grain viewed along its fiber axis. It con-
sists of two stacks of layers originating at the oppo-
site sides of the fiber core. These stacks contain
three and five layers, respectively, and one might
expect the result of the growth of such material to
result in an eight-layered periodicity. However, the

FIG. 25. A. HRTEM image down the fiber axis of a chrysotile fiber with a core that suggests a doubly coiled structure.
It consists of three and five layers, respectively. B The Fourier transform of the HRTEM image indicates a lack of stack-
ing order. (Jaklovce.)
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524 DÓDONY AND BUSECK

Fourier transform of this image consists of only the
concentric rings of the corresponding lizardite 001,
020, and 002 reflections. There is no indication of
ordering or an eight-layered periodicity in this
projection. 

Figure 26 shows an intimate intergrowth of mate-
rial that, over short distances, could be considered
to be lizardite (L), chrysotile (Chr) with its outer
parts partly polygonized, and chlorite (Chl). The
white arrows are all of the same length and indicate
a continuous packet of material that is apparently
folded back upon itself. The transitions are smooth,
free of distortions, and discontinuities. Even the

chlorite-chrysotile interface shows no strain contrast
or break in continuity of the fringes. Phase defini-
tion is clearly an issue in a sample such as this.

Conclusions

The serpentine minerals display a rich range
of structures and textures. They form in large quan-
tities in geophysically significant regions. Grada-
tional structures raise serious questions about phase
definitions, and they remain fertile minerals for
continuing research.

FIG. 26. HRTEM image of an intimate intergrowth of regions of chlorite (Chl), lizardite (L), and chrysotile (Chr). Each
of these structures shows coherent, continuous boundaries with the others. See text for an explanation of the arrows.
(Baltimore mafic complex.)
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