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ABSTRACT

Nonstandard trioctahedral serpentine polytypes are proving to be abundant, at least on
a submicroscopic scale. These nonstandard polytypes have intermixing within the same
crystal of either zero and +b/3 interlayer shifts or —b/3 and +b/3 shifts in patterns other
than —,+,—,+, neither of which occurs in the 12 standard polytypes. They may also have
more complex ordered sequences along ¢ of occupation of the two sets of octahedral cation
positions not found in the standard polytypes. All possible nonstandard, interlayer shift
sequences and octahedral cation sequences up to nine layers were generated by a computer
program. Diffraction patterns were calculated for all sequences with periodicities encoun-
tered in our studies' of natural serpentines to date (regular-stacking sequences up to four
layers and ordered octahedral sequences up to seven layers). Thirty-two theoretical, non-
standard, regular-stacking polytype models are reported here. They consist of 14 regular
interlayer stacking sequences (one two-layer, four three-layer, and nine four-layer) and
four ordered octahedral cation sequences. The nine four-layer regular-stacking sequences
can each exist with any of three possible ordered octahedral cation sequences along ¢
(LILLII, LLLI, or LLILII). Most of the nonstandard regular-stacking polytypes have
triclinic geometry and C1 symmetry. Two have monoclinic Cc symmetry, and in one of
these a and b are reversed.

Assuming no a/3 interlayer shifts, the octahedral cation sequence present in any polytype
up to seven layers can be identified by the periodicities and intensities of the 20/ reflections.
The regular interlayer stacking sequences up to four layers can be identified uniquely by
the a angle and the intensities of specific 02/ reflections. Although it may not be known
which of the pseudohexagonal a* or b* axes is present along with ¢* on a given diffraction
pattern, identification is possible by assuming that true a* or b* is present and using
prescribed identification rules. We report intensities suitable for both X-ray and electron
diffraction analysis. We have determined that the distortional and compositional differ-
ences likely to be encountered in natural serpentines are not great enough to obscure the

diffraction characteristics that we recommend for identification.

INTRODUCTION

Polytypism is possible in hydrous phyllosilicates based
on planar 1:1 layers because of two structural variables.
First, cations in the octahedral sheets can occupy either
of two possible sets of positions, termed I and II, which
are defined as shown in Figure la. With +a, pointing
toward the viewer, the three octahedral sites around the
inner OH group of each six-membered ring form a tri-
angle pointing toward the viewer for set I and away from
the viewer for set II. Because set I changes to set II by
180° or +60° rotation about c*, these sets are different
only when occupied in different layers, in which case the
octahedral slants are in different directions (Fig. 1b). The
different sets can also be described by rotations. The oc-
tahedral cations in the great majority of 1:1 layer silicates
have either the same set of octahedral positions occupied
in every layer or a regular alternation of the two sets in

1 Deceased November 30, 1994,
0003-004X/95/1112-1104%$02.00

adjacent layers (LILLII, etc.). Adjacent planar layers are
always positioned one above the other so that there is a
close pairing of each OH group on the top surface of one
layer with an O atom on the basal surface of the above
layer, for the orientations used here with the octahedral
sheet above the tetrahedral sheet, forming long H bonds
(2.7-3.2 A between the centers of the anions). The second
structural variable that makes polytypism possible is that
several relative positions of adjacent layers can cause
similar O-OH pairings. The six-membered rings of ad-
jacent layers can superimpose exactly along ¢ (zero shift).
Alternatively, the rings can shift by +a/3 along any of
the three pseudohexagonal a axes of the structure (the
sense of the shift determined by the slant of the under-
lying octahedra) or by +b/3 along any of the three pseu-
dohexagonal b axes (normal to the three a axes).
Theoretical stacking sequences (polytypes) for triocta-
hedral 1:1 layer silicates were derived by Zvyagin (1962),
Steadman (1964), Zvyagin et al. (1966), Bailey (1969),
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Fig. 1. Diagram illustrating (a) type I vs. type II octahedral sites and (b) polyhedral slants associated with type I vs. type 11
octahedral sites. Open circles represent O, double circles represent OH, and solid circles represent Si.

Dornberger-Schiff and Durovi¢ (1975a, 1975b), Durovié
et al. (1981), and Hall et al. (1976). All these derivations
included certain simplifying assumptions that restricted
the number of polytypes involved to those thought to
exist in nature. For example, Steadman (1964) assumed
that interlayer shifts along a are never accompanied by
layer rotations, nor are shifts along a intermixed with
shifts along b. All the other authors allowed rotation but
did not allow intermixing of shifts along a with shifts
along b or with zero shifts in the same crystal. Without
these simplifying assumptions, many theoretical poly-
types would be possible. The treatments by Dornberger-
Schiff and Durovi¢ (1975a, 1975b) and by Durovi¢ et al.
(1981) differed from the others by the application of OD
(order-disorder) theory to 1:1 structures. Instead of treat-
ing a 1:1 layer as a combination of tetrahedral and oc-
tahedral sheets, these authors considered a 1:1 layer as
an OD packet consisting of three OD layers, namely the
entire tetrahedral sheet (including the inner OH groups),
the plane of octahedral cations, and the plane of surface
OH groups. OD theory involves all possible interrelations
of the symmetry operators present in the three kinds of
OD layers and in the OD packet.

The net results of the application of OD theory for
trioctahedral species are identical to those of the deriva-
tions involving physical shifts of layers plus rotations
(equivalent to occupation of I and II sets of octahedral
positions). There are 12 so-called standard polytypes with
periodicities between one and six layers along ¢, and these
are equivalent to the 12 MDO (maximum degree of or-
der) polytypes of Dornberger-Schiff and Durovi¢ (1975a,
1975b). The derivation of Bailey (1969) divided the 12
polytypes into four groups. Groups A and B have inter-
layer shifts of +a/3 along the three pseudohexagonal a

axes. Group A (polytypes 1M, 2M,, and 37) has octa-
hedral cations in the same set of positions in every layer,
whereas group B (207, 2M,, and 6H) has regular alter-
nation of octahedral cations between sets I and II in ad-
jacent layers. Groups C and D have shifts of =b/3 along
b, or zero shifts (but not intermixed in the same crystal).
Shifts of £b/3 along b, and b, do not lead to additional
polytypes. Group C (17, 27, and 3R) has octahedral cat-
ions in the same set of positions in every layer, whereas
group D (2H,, 2H,, and 6R)) alternates octahedral cations
regularly between sets I and II. The polytypes involving
zero shifts are 17 in group C and 2H, in group D. Groups
C and D are judged to have more structural stability than
groups A and B and are more abundant in nature.

As far as the present authors are aware, the only report
of a serpentine in which interlayer shifts along a are in-
termixed with shifts along b in the same crystal is that of
Jahanbagloo and Zoltai (1968). On the other hand, sev-
eral known natural occurrences have zero shifts inter-
mixed with +b/3 shifts along b in the same crystal. The
most abundant of these nonstandard polytypes, designat-
ed 6R, by Hall et al. (1976), has a sequence of interlayer
shifts 0, —b/3, 0, —b/3, 0, —b/3, with alternation of oc-
tahedral sites I and II in adjacent layers. This polytype
was identified in amesite from the Northern Urals and in
cronstedtite from several localities by Steadman and Nut-
tall (1962, 1963, 1964). Anderson and Bailey (1981) also
reported 6R, in amesite from the Northern Urals, and
Zheng and Bailey (1995) reported it from amesite from
Postmasburg, South Africa. Although the ideal symmetry
of this rhombohedral six-layer structure is R3, Wiewiora
et al. (1991) found that cation ordering decreased the
symmetry to triclinic P1 (on hexagonal axes) for amesite
from Mount Sobotka, Poland, to form a two-layer struc-
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Fig. 2. Diagram illustrating that the repeat between octahe-
dral cation planes need not be the same as that between basal O
planes.

ture with « = 102°. This is similar to nacrite, in which
ordering of ©Al and vacancies reduces the ideal R3c
symmetry of the 6R, polytype to monoclinic Cc to form
a two-layer structure with 8 = 114° (a and b reversed).
Hall et al. (1976) described a second nonstandard poly-
type with intermixed zero and b/3 interlayer shifts and
regular alternation of I and II octahedral site occupancies
in serpentine from Unst in the Shetland Islands and in
synthetic Ge- and Mg-containing serpentine described by
Zussman and Brindley (1957). Hall et al. derived all pos-
sible six-layered polytypes with orthohexagonal unit cells
(o = 8 = v = 90° and both intermixing of zero and +b/3
interlayer shifts and regular alternation of I and II sets of
octahedral positions. They designated the best-fit model
as polytype 67 of ideal symmetry P3 (on hexagonal axes),
in which the interlayer shifts are —b/3, +b/3, —b/3, +b/3,
0, 0. Subsequent work has revealed that the Unst serpen-
tine is polygonal, and that each polygonal fiber consists
of several polytypes (Banfield et al., in preparation).

We found long-period, nonstandard serpentine poly-
types to be abundant when small areas are studied by
selected-area electron diffraction (SAED). These might not
be detected by conventional X-ray study of larger vol-
umes. The octahedral cation sequences in these nonstan-
dard structures are always ordered and usually form more
complex ordered arrays than in the standard polytypes,
e.g., LLII and LLILII, etc. The stacking of layers may be
random or regular. The interlayer stacking sequences of
the regular-stacking varieties are explained only by inter-
mixing of zero and +b/3 interlayer shifts or by mixing of
—b/3 and +b/3 shifts in patterns other than alternating

BAILEY AND BANFIELD: NONSTANDARD SERPENTINE POLYTYPES

—,+,—,+, etc. Most can be described by triclinic-shaped
unit cells with a # 90°, although some of these can also
be described by tripling the number of layers to form a
rhombohedral structure with a = 90°, and some are based
on orthogonal axes.

The 6R, polytype (treated here as two-layer triclinic) is
locally abundant, and one three-layer and four four-layer
regular-stacking polytypes occur less often. To identify
the latter precisely, it was necessary to make a theoretical
computer derivation of all polytypes that are possible with
any combination of zero, +b/3, and —b/3 interlayer shifts
and any combination of I and II octahedral cation sets
occupied along c. Long-period, ordered octahedral cation
sequences up to seven layers were also observed but al-
ways with random interlayer stacking for octahedral pe-
riodicities greater than four layers.

We present here the derivation of all nonstandard, reg-
ular-stacking interlayer sequences up to four layers (a to-
tal of 14) and the diffraction characteristics that identify
each uniquely. We present also all the possible octahedral
cation sequences up to seven layers and their diffraction
criteria. The numbers of the remaining stacking and oc-
tahedral sequences up to nine layers are given, but their
diffraction patterns are not presented. The specific non-
standard serpentines encountered in our own studies, their
occurrences, and their origins will be reported separately
(Banfield et al., 1995).

We calculated diffraction patterns for both X-ray and
electron diffraction. Dynamical scattering effects expected
for a sample thickness of 32 A were incorporated in the
electron diffraction patterns, and it should be noted that
Friedel’s Law is not necessarily obeyed in the calculated
patterns, and that reflections for which the calculated in-
tensities are zero may actually be observed because of
dynamical scattering.

GENERAL PRINCIPLES

Bailey (1988) pointed out that the octahedral cations
and anions within a 1:1 layer repeat at intervals of b/3
and thus diffract exactly in phase with one another for all
reflections with index k = 3n, which are generally strong
as a result. The periodicity between adjacent reflections
of this type (20/ and 13/ are most convenient) on single-
crystal or powder patterns is the same as the periodicity
between identical octahedral sheets in the structure. For
the standard polytypes, groups A and C have 7 A peri-
odicity and groups B and D have 14 A periodicity be-
tween identical octahedral sheets. For polytypes within
the same group, all reflections with k¥ = 3» indices have
identical intensities, provided the compositions are sim-
ilar.

TasLE 1. The « values for the n-layer triclinic-shaped models

n= 1 2 3 4 5 6 7
Net —b/3 shift (%) 113.35 102.18 98.19 96.16 94.93 94.11 93.53
Net —2b/3 shift () 130.80 113.35 106.05 102.18 99.80 98.19 97.03
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TaBLE 2. Model characteristics for n-layer regular-stacking serpentines

Interlayer Octahedral Space Identifying
Model n shifts sequence a () group characteristics
1 2 0,— 1L, 102.18 Cc1 il = odd) > /(I = even) for 02/
2 3 0,+,+ all LLI 98.19 (o] 020 strong
3 3 — all L1l 98.19 c 021 and 022 strong
4 3 0,0,— all LI 98.19 c1 022 and 021 strong
5 3 0,—,+ 1L 90 c1 all 02/ intensities similar
6 4 0,0,0,— 96.16 c1 023 and 02; strong
7 4 St ' 96.16 ci 021 and 023 strong
8 4 0=, =+ o £ LLEroF 96.16 c 022 and 022 strong
9 4 0,—-,+,— . 96.16 C1 020 missing
10 4 ,0,+,+ 96.16 Cil 020 strong
11 4 - =+t 90 Cc* 022 and 022 strong
12 4 0,—,0,+ either LILLIL LLLIL or 90 Ccc* 022 and 022 missing
13 4 0,0,—,+ LLILI 920 C1 020 strong
14 4 0,—,—,— 90 Cc1 023 and 027 strong
* Monoclinic Cc with a 1,11,1,1l octahedral cation sequence. The a and b axes are reversed in model 12 but not in model 11.

The tetrahedral cations repeat at intervals of b/3, but
the periodicity is interrupted by the center of each six-
membered ring. The basal O atoms do not repeat at in-
tervals of b/3. Both of these atom types contribute to all
reflections, but they are the only contributors to intensi-
ties of the k # 3n reflections, which are generally weak
as a consequence. The periodicity between adjacent k #
3n reflections (02/ and 11/ are most convenient, using a
C-centered orthogonal base for indexing) is the same as
the repeat between identical basal O planes in the struc-
ture, which can differ in position according to the inter-
layer shifts present. The k # 3n reflections, therefore,
identify the polytypes within each of the four groups of
standard polytypes. Figure 2 shows that the repeat be-
tween octahedral cation planes is not necessarily the same
as the repeat between basal O planes. All these general
principles can be applied equally well to the nonstandard
polytypes that are derived in the present paper.

The simplifying assumptions in the present derivation
are as follows: (1) The 1:1 layers are planar and identical
in composition and structure. (2) The octahedral sheets
are trioctahedral with no vacancies. (3) No cation order-
ing takes place. (4) The tetrahedral and octahedral sheets
have undistorted hexagonal geometry. (5) The stacking of
layers is regular rather than random. (6) Only interlayer
shifts of zero and +b/3 are permitted. Because shifts along
b,, b,, and b; do not give rise to different polytypes, only
shifts along b, are used. Symbols 0, —, and + are used
to designate interlayer shifts of zero, —b/3, and +b/3,
respectively. (7) Any combination of occupancy of the I
and II sets of octahedral positions in different layers is
permitted. (8) Orthorhombic-, monoclinic-, and triclinic-
shaped unit cells are considered. The triclinic-shaped unit
cells have 8 = v = 90° but « # 90°.

In accordance with the recommendation of Hall et al.
(1976), polytype symbols are not given to these theoret-
ical structures. They are called models until such time as
they are known to exist. The method of derivation and
the terminology used are those of Bailey (1969).

The composition assumed for calculation of the differ-
ent diffraction patterns is Mg;Si,O,(OH),. The cell di-

mensions are @ = 5.323, b sin « = 9.220, ¢ sin a = 7.120
A x n, 8 = v = 90° with « variable. The a values used
for the n-layer triclinic-shaped models are given in Table
1 and explained as follows. For a given n value, say 4,
the diffraction pattern could be indexed with either o =
96.16° or « = 102.18° by choosing the b* row line on a
b*-c* diffraction pattern to go on opposite sides of the
line corresponding to o* = 90°. All our indexing is based
on a resultant —b/3 shift. Observed intensities may be
expected to deviate somewhat from the calculated values
because of compositional or distortional differences, but
the differences are not considered great enough to prevent
identification (see below). Table 2 lists the interlayer shifts
and octahedral cation sequences for all models, and Ap-
pendix Table 1 lists their calculated 20/ and 02/ X-ray
intensities to facilitate identification. Table 3 lists the
atomic coordinates for all regular stacking models.! All
reflections are indexed on a C-centered orthohexagonal
base.

The diagnostic reflections used to identify the interlay-
er stacking sequences are of type 02/ and 11/, and the 02/
intensities may or may not be equivalent to those of 11/,
The equivalence relations for reflection intensities for each
model are listed in Appendix Table 1. When the crystal-
lographic angle @ # 90°, the three pseudohexagonal re-
ciprocal zone axes [010]*, [110]*, and [1T0]* do not make
the same angle with the zone axis [001]*. It is not possible
to determine which of these three reciprocal zone axes is
present along with [001]* in a given SAED pattern, how-
ever, because the overall distribution of intensities re-
mains similar for all three cases. But the following iden-
tification rule is applicable to all our calculated models.
Assume that each apparent b*-c* SAED pattern repre-
sents true b*-c* and, therefore, that the first row lines on
either side of c¢* are true 02/ and 02/ reflections (rather
than 11/ and 117 or 1T/ and 11/). Table 2 summarizes the

! A copy of Table 3 may be ordered as Document AM-95-599
from the Business Office, Mineralogical Society of America, 1015
Eighteenth Street NW, Suite 601, Washington, DC 20036, U.S.A.
Please remit $5.00 in advance for the microfiche.
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Fig. 3.
sequences. (a) LILLIL (b) LLIL, (¢) LLIL, (d) ILILIL, and (e)
LLLIL These patterns are not affected by the nature of the in-
terlayer stacking sequences. The calculations incorporate dy-
namical scattering effects expected for a sample thickness of 32 A.

Calculated [010] SAED patterns for octahedral cation

Fig. 4. Calculated [100] SAED pattern for the 6R, polytype.
The [110] and [1T0] patterns are indistinguishable from that of
[100]. Note that for the intensities of 0k/ reflections with indices
! # 3n, [ = odd is more intense than / = even.

identifying features for each model on the basis of which
02/ and 021 reflections are either strong or missing. It does
not matter which of the three reciprocal zone axes is ac-
tually present. The same reasoning applies to the distinc-
tion between the pseudohexagonal 20/, 13/, and 13/ re-
flections. It should be assumed that each apparent a*-c*
SAED pattern represents true a*-c*, and the intensities
for the 20/ and 20/ reflections listed in Appendix Table
1 should be used to differentiate the octahedral cation
sequences.

OCTAHEDRAL CATION SEQUENCES

In our specimens the octahedral cations always form
an ordered sequence along ¢, whereas the interlayer shifts
may be either regular or random. When the layer stacking
is regular, the periodicity between identical basal O planes
is either the same as or a multiple of the periodicity be-
tween identical octahedral cation planes. For two- and
three-layer polytypes the only possible octahedral cation
sequences along ¢ (excluding II,I) are I,II and LIII, re-
spectively. Three sequences are possible in four-layer
polytypes, namely LILLII and LILIT and I,LILII, or per-
mutations thereof. The periodicity between adjacent 20/
reflections is 14 A for LIT and LILTIT and 21 A for LLIJ.
Both LI,III and I,I,I1,II sequences have 28 A periodici-
ties, and the calculated intensities (Appendix Table 1)
must be used for differentiation. Both give strong 20/ re-
flections for / = 4n, but the LLILII sequence also has
absences for / = 4n + 2. Calculated SAED patterns for
all these octahedral cation sequences are illustrated in
Figure 3. Octahedral Fe, replacing Mg, increases the in-
tensities of the 20/ reflections as a general rule but not
necessarily in a proportional manner. Calculated values
for the octahedral cation sequences above show that the
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Fig. 5.
[100] SAED patterns for three-layer serpentines with o = 98°:
(@) 0,+,+, (b) —,—,+, (c) 0,0,—, and with a = 90> (d) 0,—,+.
The position of the strong 02/ reflection is different in calculated
patterns for the three models with triclinic-shaped unit cells but

(A) Possible stacking sequences and (B) calculated
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occurs in the same position relative to the 82° reciprocal angle
a* in the [100], [110], and [1T0] zones for a specific stacking
sequence (see text). Calculations incorporate dynamical scatter-
ing effects expected for a sample thickness of 32 A. Intensity
differences are apparent in samples up to ~10 nm thick.

patterns of intensities listed in Appendix Table 1 are
equally valid for the Mg and Fe end-members, and this
is true also for all octahedral cation sequences reported
in this paper.

EQUIVALENCE RELATIONSHIPS

Equivalence relationships of all interlayer stacking se-
quences reported in this paper were considered. In an
interlayer stacking sequence along c such as 0,0,0,—, for
example, 0,0,0,— = 0,0,—,0 = 0,—-,0,0 = —,0,0,0 because
this simply moves the origin to a different layer along the
sequence and does not change the diffraction pattern. Re-
versing the sequence to —,0,0,0 generates identical se-
quences. For other sequences, a reversal may generate
equivalent rather than identical patterns. This equivalen-
cy was built into our computer program. The same equiv-
alence of forward and reverse sequences holds also for
the octahedral cation sequences. For example, ILIII =
LLILI=LILLI = ILLLI This means that the origin with-
in any sequence is indeterminant and, thus, that the pre-
cise location of the II octahedral set in a I,ILIT sequence
or the —b/3 shift in a 0,0,0,— sequence cannot be deter-
mined by these methods. It is tempting, however, to as-
sume that a change in stacking mode is coupled with a
change in the octahedral cation set occupancy, and most
of our calculated patterns were modeled in this manner.

TWO-LAYER REGULAR POLYTYPES

Only one model is possible that gives an offset of —b/3
per two layers, namely a shift sequence of 0,— (or 0,—b/3)
to give an « angle of 102°. If the octahedral cations alter-
nate regularly (i.e., III) and the layer stacking pattern is
extended to six layers, this is the already recognized 6R,
polytype of symmetry R3 with « = 90°. Known examples
in amesite and cronstedtite actually have triclinic sym-
metry as a consequence of cation ordering, and so the
smaller two-layer cell is preferable. Polytype 27¢ (= 6R,)
is identified by alternately weak and medium intensities
of the 02/ and 027 reflections, with / = odd more intense
than / = even (Fig. 4 and Appendix Table 1). Comparison
with intensities calculated from the atomic coordinates
of Wiewiora et al. (1991) for the 27¢ structure of amesite
from Poland, in which there is considerable distortion
because of tetrahedral rotation and cation ordering, shows
that the ratio between the intensities of adjacent medium
to weak 02/ reflections decreases from an average of 2.76
in the ideal structure to 2.20 in the actual structure. But
the pattern of medium and weak adjacent reflections is
still discernible. Substitution of 50% ™“Fe in the same
distorted structure (as in cronstedtite) returns the ratio to
2.74. The same effects are found for the calculated and
observed patterns for the standard 2H, polytype of ames-
ite, which has very similar intensity differences between
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Fig. 6. (A) Possible stacking sequences and (B) calculated
[100] SAED patterns for serpentines with four-layer periodicities
in Okl reflections with k + 3n and « = 96° (a) 0,0,0,—, (b)
+,+,+,—, (¢) 0,+,—,~ (equivalent to 0,—,—,+), (d) 0,—,+,—,
and (e) 0,0,+,+. The position of the strong or missing 02/ re-
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flection relative to the 84° reciprocal angle is different for each
structure but the same in the [100], [110], and [110] zones for a
single structure (see text). Calculations incorporate dynamical
scattering effects expected for a sample thickness of 32 A.

adjacent 02/ reflections. As mentioned previously, com-
positional differences in the octahedral cations affect only
the k = 3n reflections, and then only the magnitudes of
the intensities are affected rather than the periodicity be-
tween adjacent reflections. So the stacking sequence pres-
ent in an Fe-, Ni-, or Co-bearing serpentine can be iden-
tified as readily as in the Mg species. If the octahedral
cations were all in the same set of positions in every layer
of a 0,—b/3 stacking sequence, then the k # 3n reflections
would remain unchanged from those in the 27¢ structure,
but the k = 3n reflections would have only a 7 A peri-
odicity between adjacent reflections (instead of 14 A as
in 27T¢, see Fig. 3). The 2M, standard polytype with in-
terlayer shifts of +a/3 also has a comparable 102° angle
and the same LII octahedral cation sequence as in 27¢,
but it can be recognized by its monoclinic distribution of
intensities and the reversal of the customary a and b axes.

THREE-LAYER REGULAR POLYTYPES

Four stacking variants are possible: 0,+,+; —,—,+;
0,0,—; and 0,—,+. The first three models are based on
unit cells with o = 98°, and the last is based on orthogonal
axes but has triclinic symmetry (Table 2). Models 0,+,+
and 0,0,— have rhombohedral symmetry R3 if extended
to nine layers. The only possible ordered octahedral cat-
ion sequence along ¢ that gives a three-layer repeat is
LLII (= LILI = ILLI).

Figure 5A illustrates the stacking sequences possible for
three-layer models. Figure 5B shows the calculated elec-
tron diffraction patterns for these models. The identifi-
cation rules cited in Table 2 can be applied as follows:
first (upper) pattern 020 strong = 0,+,+ sequence, second
pattern 021 strong = —,—,+ sequence, and third pattern
022 strong = 0,0,— sequence. The lower pattern for mod-
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(A) Possible stacking sequences and (B) calculated [100] SAED patterns for serpentines with four-layer regular stacking

and o = 90° that produce four-layer periodicities in Ok/ reflections with k # 3n: (a) —,—,+,+, (b) 0,—,0,+, (c? 0,0,—,+, and (d)
0,—,—,—. The position of the strong or missing 02/ reflection is different in each calculated pattern but the same in the [100], [110],
and [1T0] zones for each structure. Calculations incorporate dynamical scattering effects expected for a sample thickness of 32 A.

el 5 with a 0,—,+ interlayer shift sequence and orthogo-
nal axes gives 02/ intensities that are all similar. It should
be noted that the intensities listed in Appendix Table 1
are based on X-ray scattering factors for the elements.
The calculated intensities illustrated in the figures, how-
ever, are based on electron scattering and incorporate dy-
namical scattering effects expected for a sample thickness
of 32 A. The thickness at which dynamical diffraction
becomes sufficiently intense to obscure the intensity dif-
ferences among the polytypes of this study varies. In most
cases (e.g., for 27¢), we found that the characteristic in-
tensity criteria remain apparent to thicknesses in excess
of 100 A. The results of our study of natural specimens
(Banfield et al., 1995) verify that the calculated and ob-
served electron diffraction intensities are comparable for
suitably thin and well-oriented specimens.

FOUR-LAYER REGULAR POLYTYPES

We observed both triclinic- and monoclinic-symmetry
SAED patterns from serpentines that have four-layer pe-
riodicity in the 02/ reflections. Five interlayer stacking
sequences give rise to a unit cell with « = 96°, namely
0,0,0,—; +,+,+,—;0,—,—,+;0,—,+,—;and 0,0,+,+. The
identification criteria (Table 2) are as follows: The most
intense reflection in the 02/ row line is 020 for 0,0,+,+,
021 for +,+,+,—, 022 for 0,—,—,+, and 023 for 0,0,0,—.
For the 0,—,+,— sequence, the criterion is that 020 is

absent. Figure 6A and 6B illustrate the five models and
their calculated SAED patterns.

There are four possible models that give a four-layer
periodicity in which the axes are orthogonal (a = 90°),

TaBLE4. Model characteristics for long-period octahedral cation
sequences

Octahedral
sequence

1 5 LLLLI

Identification
criteria

201, 202, 203, 204 similar
intensities

1,1 201, 204 strong

[N 202, 203 strong

KAl 201, 202, 203, 204, 205 similar
intensities

203 absent

203 strong

202, 204 absent

202, 204 strong

201, 202, 203, 204, 205, 206 similar
intensities™”

203, 204 weak

201, 206 strong

202, 205 weak

201, 206 weak

201, 202, 203, 204, 205, 206 similar
intensities**

202, 205 strong

201, 202 and 205, 206 weak

Model

3

- wnN

*

LLILILIGH
LILLILILTE
LLLILILI
LLILLIL
LLLLLLI

- hwWwN
~NO DD (o Mo )]

DN A WN

7
8

NN NNNNN

LILILLLALI
LILLILLILI

* The pattern for L1111, is the same as for the three-layer repeat |,1,11
(listed in Appendix Table 1 and illustrated in Fig. 3).
** See text for identification.




1112

200)

BAILEY AND BANFIELD: NONSTANDARD SERPENTINE POLYTYPES

Fig. 8. Calculated [010] SAED patterns for five-, six-, and seven-layer octahedral cation sequences. Only the 20/ row lines are
shown. Labels such as 5-1 indicate the pattern for the five-layer repeat, model 1 octahedral cation sequence listed in Table 4.

namely stacking sequences —,—,+,+; 0,—,0,+; 0,0,—,+;
and 0,—,—,—. The sequence 0,—,0,+ in model 12 has
monoclinic symmetry Cc with a and b reversed but only
if the octahedral cation sequence is LILLII. Otherwise,
the symmetry is C1. Model 11 also has Cc symmetry if
the octahedral cation sequence is LILLII, but in this case
the axes are not reversed. Figure 7A and 7B illustrate the
four models and their calculated patterns.

The nine regular, four-layer, interlayer stacking se-
quences can each exist with any of the following three

octahedral cation sequences: LILLII; IILII; or ILILII.
This creates 27 four-layer polytypes. The interlayer stack-
ing sequences and the octahedral cation sequences are
identified by the intensities of the 02/ and 20/ reflections,
respectively, as listed in Appendix Table 1.

LONG-PERIOD SEQUENCES

There are three possible five-layer, six six-layer, eight
seven-layer, 16 eight-layer, and 22 nine-layer nonstan-
dard, ordered, octahedral cation sequences along ¢ (ex-
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cluding L1, etc. and LII, etc.). Table 4 lists the sequences
and the identification criteria for the five-, six-, and sev-
en-layer cases. Figure 8 shows their calculated SAED pat-
terns. Appendix Table 2 lists the calculated 20/ intensities
on which the identification criteria are based. Identifica-
tion usually can be made from the weaker 20/ intensities
by observing whether selected reflections are medium,
weak, or absent. The only exception is the seven-layer
sequences where the 20/ intensities for reflections with
indices / # 7n are similar for models 7-1 and 7-6. The
! = 7n intensities are different for the two models, how-
ever, so identification can be made by noting that the
ratio F2(20/)/F2(20!) for [ = 7n pairs is greater for model
7-1 than for model 7-6 (Appendix Table 2). The diffrac-
tion patterns for the eight- and nine-layer cases were not
calculated.

The number of possible nonstandard, regular-stacking,
interlayer shift sequences increases rapidly with an in-
creasing number of layers. There are 20 possible five-
layer sequences (including eight with orthogonal axes), 44
six-layer sequences (17 with orthogonal axes), 104 seven-
layer sequences, 253 eight-layer sequences, and 624 nine-
layer sequences. The enormity of the possibilities can be
better appreciated by noting for a given layer repeat, say
n = 7, that each of the 104 regular-stacking models can
exist with any of eight different ordered octahedral cation
sequences for a total of 728 seven-layer models. It is
questionable whether many of these will be found to ex-
ist, and we did not calculate diffraction patterns for n > 4.

HYBRID STANDARD POLYTYPES

It is also possible, at least on a theoretical basis, to have
the same interlayer stacking sequences present in the
standard polytypes but with more complex octahedral
cation sequences. For example, the interlayer shift se-
quence —,—,—, etc., as in 3R, or 0,0,0,0, etc., asin 17,
could exist with various octahedral cation sequences, per-
haps LLII in 3R and LLLII in 17. In such cases, the
interlayer shift sequences can be identified according to
the tables for the standard polytypes given by Bailey
(1969), and the octahedral cation sequences can be iden-
tified by the 20/ intensities given in Appendix Table 1 of
the present paper. In the reverse sense, it is possible also
to have nonstandard, regular interlayer stacking sequenc-
es but standard octahedral cation sequences (cations all
in the same set of positions in every layer or alternating
LII). The LII sequence is especially common for the ser-
pentines we studied (e.g., in specimens with four-layer
regular interlayer shift sequences).

CONCLUSIONS

Many nonstandard serpentine polytypes are theoreti-
cally possible. These are based on regular interlayer stack-
ing sequences and ordered octahedral cation sequences
along c¢ that were not considered in the original deriva-
tions of the standard polytypes. The polytypes derived
here are identified based on both electron and X-ray dif-
fraction intensities and the periodicities between adjacent
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reflections. Specifically, in the case of electron diffraction,
the relative intensities of selected 20/ and 02/ reflections
are definitive providing that suitably thin and well-ori-
ented specimens are employed. Calculations and com-
parisons with well-refined structures show that the dis-
tortional and compositional differences to be expected in
natural analogs of these ideal structures are not great
enough to prevent identification.
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APPENDIX TABLE 1.

BAILEY AND BANFIELD: NONSTANDARD SERPENTINE POLYTYPES

Calculated intensities F2 (x 10-2) for regular-stacking serpentine models

Octahedral cation sequences

Interlayer stacking sequences

Two-
layer, Three-
o =102° . — Qge layer,
Two- Three- Four-layer 2Tc, Unee-iayera =99 a=90°
layer layer (=6A,) Model 2 Model 3 Model 4 Model 5
) Al LLN LILLI LLLI LLILI 0,-) 0,+,+) (—.—+) 0,0,—) 0,—,+)
20/ 20/ 207 20/ 20/ 207 201 02/ 027 02/ 027 02/ 027 02/ 027 02/
0 1.1 2.6 — 4.3 5.1 — 4.3 1.5 —_ 8.5 — 1.0 — 24 —_ 4.1
1 15 1.1 1.1 0 1.0 1.0 19 3.5 4.0 2.3 1.0 8.1 2.4 1.0 8.6 4.0
2 157 21 21 6.1 15 1.5 0 1.0 1.4 0.9 2.4 21 8.3 7.3 1.0 3.7
3 6.0 47.3 25.2 0 2.5 25 4.9 21 3.0 6.3 7.6 0.8 0.9 1.8 22 33
4 40 5.2 5.2 62.7 95.7 36.9 62.7 0.5 0.8 1.5 0.8 5.3 1.9 0.6 6.7 28
5 8.4 6.6 6.6 0 4.8 4.8 9.5 1.0 1.6 0.5 1.6 1.2 5.7 4.3 0.7 2.3
6 3.0 16.7 5.0 23.8 5.9 5.9 0 0.2 0.4 3.4 4.6 04 0.6 1.0 1.3 19
7 6.5 8.4 84 0 7.0 7.0 13.9 0.4 0.7 0.8 0.4 2.7 1.0 0.3 3.7 15
8 7.2 8.4 8.4 15.7 38.8 7.9 15.7 0.1 0.2 0.2 0.8 0.6 2.9 2.0 0.4 1.1
9 3.2 16.0 1.4 0 8.1 8.2 16.3 0.1 0.2 15 2.2 0.2 0.3 04 0.6 0.8
10 27 71 71 335 8.3 8.3 0 0 0.1 0.1 1.6 0.3 0.2 1.0 0.5 0.6
Equivalencies Equivalencies
Two layer, F2(201) = F2(20]) = F2(131) = F2(13/) ~ F(13]) = Two layer, F2(02/) = F2(1T+ 1) = FP2(1T1 + 1) = F2(02]) =
a = 102% F?(131) a=102% F(111 = 1) = F2(111 - 1)
Three layer, F2(20/) = F2(137T + 1) = F2(131 — 1) = F2(20]) = Three layer, F2(021) = F2(11TF 1) = F2(1T1 + 1) = F2(02]) =
a =98 F(13/ — 1) = F2(131 + 1) a =98 F2(111 — 1) = F2(T11 - 1) N »
Three layer,  F2(20/) = F2(13]) = F2(131) » F2(201) = F2(13/) = Three layer, F2(021) = F2(11]) = F2(171) = F2(02]) = F2(111) = F2(11))
a=90% F2(131) a =90
Four layer,
a = 96° - _ _ B
(JILLIN and  F2(201) = F?(20]1) = F2(131) = F2(13/) = F?(13]) =
(RIS F?(13)) _ _
(,1,L,0): F2(20/) = F?(131 + 1) = F2(13/ — 1) = F2(20]) =
F2(131 — 1) = F2(13/ + 1)
Four layer,
a = 90%
(LILLIyand  F2(20/) = F?(207) = F2(13/) = F2(131) = F?(13]) =

(LI 0):
LLLI:

F2(131)
F2(201) = F2(13]) = F2(131) # F2(207) = F2(13]) =
F2(131)

AppeENDIX TABLE 2. Calculated intensities F2 (x 10-2) for long-period octahedral sequences

Five-layer Six-layer
Model 5-1 Modei 5-2 Model 5-3 Model 6-1 Model 6-2 Model 6-3 Model 6-4 Model 6-5
1 (LLLLI) (LLILILID (LILLILY (LLLLLIY (LLILILII) (LILLILILI (LLLILIIY (LLILLI,I)
20/ 207 20/ 207 20/ 207 20/ 207 20/ 207 20/ 207 20/ 207 20/ 207
0 84 — 6.9 — 69 — 127 — 104 — 10.4 — 9.7 — 9.7 —
1 0.9 0.9 23 23 03 0.3 0.8 0.8 25 2.5 08 0.8 34 3.4 0.8 0.8
2 1.3 1.3 0.5 0.5 33 33 1.1 11 1.1 1.1 1.1 1.1 0 0 33 33
3 1.9 1.9 0.7 0.7 4.9 4.9 1.5 1.5 0 0 6.2 6.1 1.6 1.6 15 1.5
4 2.6 26 7.0 7.0 1.0 1.0 2.1 21 21 21 2.1 21 0 0 6.4 6.4
5 1613 509 805 1174 1173 805 2.8 2.8 8.4 8.4 2.8 2.8 11.3 1.3 2.8 2.8
6 4.6 46 119 1.8 1.7 1.7 2438 67.1 1002 189.3 1004 189.0 1408 1414 1410 1412
7 55 5.5 21 21 143 144 4.5 45 13.2 13.1 4.4 4.4 17.6 17.5 4.4 4.4
8 6.4 6.3 24 2.4 16.7 16.8 5.2 5.2 5.2 5.2 5.1 5.1 0 0 15.6 15.7
9 7.0 72 187 18.7 2.8 27 6.0 59 0 ] 24.0 23.8 6.1 6.0 6.0 6.1
10 715 129 16.8 36.6 364 169 6.7 6.7 6.6 6.5 6.6 6.7 0 0 20.1 20.0
11 8.2 82 214 21.3 3.1 3.1 7.2 73 21.9 21.8 74 7.3 29.1 20.1 71 71
12 8.4 8.3 33 3.2 218 219 1136 19.8 19.8 67.4 19.8 67.1 35.4 36.0 35.7 35.6
13 8.4 8.4 3.2 3.2 221 220 8.2 8.3 245 24.1 8.2 8.1 326 323 8.2 8.1
14 8.1 82 215 21.4 3.2 3.1 8.3 8.3 8.5 8.4 8.1 8.2 0 0 25.1 25.1
15 72.7 02 8.5 32.8 32.7 8.5 8.5 83 0 0 33.9 335 8.6 8.4 8.4 8.6
16 7.4 75 196 19.4 2.8 2.7 8.4 8.4 8.2 8.2 84 8.5 0 0 25.1 25.1
17 6.8 6.9 2.6 2.7 178 179 8.1 8.2 24.8 24.4 8.3 8.2 329 32.7 8.0 8.0
18 6.2 6.2 24 23 162 165 115.8 0.4 55 63.5 55 63.4 26.4 26.6 26.5 26.5
19 5.4 55 144 14.3 22 2.1 7.6 7.7 22.7 22.3 7.6 7.4 30.2 29.9 77 7.5
20 378 735 518 40.3 401 52.0 7.0 7.0 7.2 72 6.8 71 0 0 211 21.3
21 41 42 108 10.8 1.6 1.5 6.6 6.4 0 0 26.3 25.9 6.6 6.4 6.4 6.6
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APPENDIX TABLE 1.—Continued
Four-layer, « = 90°
Four-layer, o = 96° Model Model Model
11 12 13
Model 6 Model 7 Model 8 Model 9 Model 10 (--, 0~ (00, Model 14
1 (0.0,0,-) (++,+.-) 0,—,—.+) 0.—+.-) 0.0,+.+) +4) 04 -+ (0-——
02/ 02/ 02/ 027 02/ 027 02/ 027 02/ 02/ 02/ 02/ 02/ 02/ 02/
0 4.0 — 4.0 — 4.0 —_ 0 — 121 — 14 5.4 9.5 14 —_
1 1.1 15.1 146 1.1 3.9 4.1 7.8 8.1 3.9 41 4.0 8.0 4.0 1.1 149
2 1.2 13 1.2 13 8.6 9.2 49 5.3 12 13 115 0 3.8 3.8 3.8
3 12.7 1.0 0.9 14.2 3.4 3.8 6.8 7.5 34 3.8 3.6 7.2 3.6 134 1.0
4 3.0 3.5 3.1 3.5 31 3.5 0 0 9.2 105 1.1 4.4 7.6 1.1 1.1
5 07 11.8 10.0 0.8 27 3.2 53 6.3 27 3.2 29 58 2.9 0.8 10.9
6 0.8 0.9 0.8 1.0 54 6.5 31 3.7 0.8 0.9 7.7 0 2.6 2.6 2.6
7 7.2 0.6 0.5 9.0 2.0 2.4 3.9 4.9 2.0 2.4 2.2 4.4 2.2 8.2 0.6
8 17 2.0 16 2.0 1.6 2.1 0 0 4.9 6.2 0.6 25 4.3 0.6 0.6
9 04 6.6 5.1 0.5 14 1.7 28 3.5 14 1.7 1.6 3.1 1.6 0.4 5.8
10 0.4 0.5 0.4 0.5 2.6 34 15 19 0.4 0.5 3.9 0 1.3 1.3 1.3
Equivalencies Equivalencies
Four layer, F2(02/) = F2(11T+ 1) = F2(1T71 + 1) # F2(02]) = F2(111 — 1) = F?(111 - 1) Model 12: F2(021) = F2(11]) =
o = 96° F2(111) = F?(020) =
F(111) = F%(111)
Models 11,13,  F2(02/) = F(11]) =
and 14: F(111) = F2(02]) =
F2(111) = F2(A11)
APPENDIX TABLE 2.— Continued
Seven-layer
Model 71 Model 7-2 Model 7-3 Model 7-4 Model 7-5 Model 7-6 Model 7-7 Model 7-8
] (LLLLLLIY (LLILILILILIT {LLLILILILI [(RINHIRININD)] (LILILLILILED (LILLLILILI (LILILLLH,I (LILLILLILH)
201 207 20/ 207 20/ 207 20/ 207 20/ 207 20/ 207 20/ 201 20/ 207
0 179 — 14.8 —_— 133 — 14.8 — 14.8 —_ 133 — 13.3 —_ 13.3 —
1 0.8 0.8 2.6 26 41 41 1.3 13 0.2 0.2 1.6 1.6 0.5 0.5 0.3 0.3
2 1.0 1.0 1.6 1.6 0.3 0.3 0.2 0.2 33 33 2.0 2.0 5.1 5.1 0.6 0.6
3 1.3 13 0.3 0.3 0.8 0.8 43 43 2.1 2.1 27 26 04 0.4 6.7 6.7
4 1.8 1.8 0.3 0.3 1.1 1.1 5.8 5.7 27 27 35 35 0.5 0.5 8.9 8.9
5 23 23 3.6 3.6 0.7 0.7 0.5 0.5 7.5 7.5 46 46 11.6 11.6 1.5 1.5
6 29 2.9 9.5 9.5 147 147 45 45 0.6 0.6 5.8 5.8 19 1.9 0.9 0.9
7 3433 858 1229 2776 1673 2189 1230 2774 1230 2774 1674 2187 167.3 2188 1673 2188
8 42 4.3 139 13.8 216 215 6.7 6.7 0.8 0.8 8.6 8.6 27 28 1.3 1.3
9 5.0 49 7.7 7.7 15 15 1.0 1.0 16.1 16.1 9.9 9.9 25.0 25.0 3.2 3.1
10 5.6 57 1.1 11 3.6 3.6 18.2 18.2 8.8 8.8 1141 11.2 1.7 1.7 28.4 28.3
11 6.2 6.3 1.2 1.2 41 4.1 20.3 20.4 9.6 9.7 125 125 1.9 1.9 31.6 31.6
12 6.7 6.7 10.6 10.6 21 21 1.4 14 223 221 13.8 13.7 346 34.4 4.4 4.3
13 73 7.4 23.8 23.8 36.9 36.9 1.4 1.4 14 14 14.6 14.7 4.7 4.7 23 23
14 1653 285 248 1071 36.8 64.1 249 106.9 248 1070 36.8 64.0 36.6 64.3 36.7 64.2
15 8.0 8.1 26.2 26.1 40.8 40.7 12.6 12.6 1.6 1.6 16.2 16.2 5.2 5.2 25 25
16 8.4 8.3 13.0 12.8 2.6 2.6 16 1.6 26.9 26.9 16.5 16.5 41.8 41.7 53 5.2
17 8.4 8.4 1.7 1.6 5.4 54 271 271 13.0 13.0 16.6 16.6 26 26 42.3 42.3
18 8.4 8.4 1.6 1.6 54 5.4 27.3 27.3 13.0 13.0 16.8 16.8 2.6 26 422 424
19 8.2 8.2 129 129 2.5 2.5 17 1.7 271 26.9 16.8 16.7 421 41.9 5.4 5.3
20 8.2 8.2 26.4 26.4 40.9 409 12.6 12.6 1.6 1.6 16.2 16.2 5.2 5.2 25 25
21 170.6 1.3 3.5 1052 21.6 55.5 3.5 105.1 35 1051 21.6 55.4 21.6 55.5 21.6 85.5




