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ABSTRACT

Six-layer orthohexagonal serpentines similar to
that described from Unst in the Shetland Islands are
now known from six other localities and have been
made synthetically in the Mg-Ge, Mg-Si, Ni-Si, and
Mg-Al-Si systems. The strong X-ray powder reflec-
tions of index k==3n are similar to those in
amesite, and indicate (1) alternate occupation of
the I and II sets of possible octahedral positions in
adjacent layers, and (2) interlayer shifts involving
some alternation of zero, --b/3, and —b/3 vectors.
The weak supercell reflections of index k-43n in-
dicate that (3) the symmetry cannot. be rhombohe-
dral. There are 21 possible 6-layer models fulfilling
these three characteristics. Comparison of calcu-
lated structure amplitudes with those obtained by
corrections applied to a densitometer trace of the
powder pattern of the Mg-Ge synthetic serpentine
gave three best-fit models. One model is favored
because it not only gives the lowest residual R
value but also is a relatively simple structure that
most closely resembles the amesite-2H, structure.
The model can be described as a stacking of two
unit cells of the standard 2H, polytype (with —b/3
and -}-b/3 interlayer shifts in each cell) plus one
cell of the 2H, polytype (with zero shifts), and is
designated as lizardite-6T.

SOMMAIRE

Des serpentines orthohexagonales & 6 couches,
semblables & celles provenant de Unst des Iles
Shetland, ont été trouvées dans six autres environ-
nements naturels et elles ont été synthétisées dans
les systtmes Mg-Ge, Mg-Si, Ni-Si et Mg-Al-Si. Les
réflexions intenses de clichés de poudre qui ont
lindice k=3n sont. semblables & celles de TI"amé-
site, et indiquent (1) une occupation alternante des
ensembles I et II des positions octaédriques possibles
dans des couches adjacentes, et (2) des déplacements
entre les couches avec alternation des vecteurs zéro,
+b/3 et —b/3. Les faibles réflexions de super-
maille qui:ont U'indice k+£3n indiquent que (3) la
symétrie ne peut &tre rhomboédrique. I1 y a 21
mode¢les 4 six couches possibles ayant ces trois ca-
ractéristiques. Une comparaison des amplitudes de
structure calculées avec celles obtenues par des
corrections faites & une trace de densitométre d'un
diagramme de poudre de la serpentine synthétique
Mg-Ge nous donne les trois modéles préférés, Un

des modeles est favorisé parce qu'il donne non seu-
lement l'indice résiduel R le plus -bas, mais aussi
une structure relativement simple qui ressemble
beaucoup & la structure de l'amésite-2H,. On peut
la décrire comme un amoncellement de deux mail-
les élémentaires du polytype standard 2H, (avec
—b/3 et 4-b/3 de déplacements entre les couches
de chaque maille) plus une maille du polytype 2H;
(avec zéro de déplacement), ce qui est désigné par
lizardite-67';.

(Traduit par le journal)

INTRODUCTION

Six-layer orthohexagonal serpentine from
Unst in the Shetland Islands was described by
Brindley & von Knorring (1954). According to
these authors, the X-ray powder pattern re-
sembles that of 2-layer amesite but is differen-
tiated by a series of closely spaced extra lines
following the 020 reflection. The periodicity of
43.8A determined from these superlattice lines
suggested an analogy to the 43.39A lateral pe-
riodicity along X, as determined for antigorite
by Aruja (1945). However, the authors could
not discount the possibility of a multi-layer
periodicity along Z. Zussman & Brindley (1957)
showed later by electron diffraction that the
Unst serpentine did not have a lateral super-
lattice, and they concluded that the superlattice
must be along Z.

Since- the description of the Unst material,
other natural 6-layer serpentines with very
similar X-ray patterns have been identified from
the Tracy mine, Michigan, by Bailey & Tyler
(1960), Thompson Lake, Labrador, by Olsen
(1961), Piz Lunghin, Switzerland, by Miiller
(1963),. Korab Mtn., Yugoslavia, by Krstanovié
& Pavlovié (1967), Lord Brassey mine, Tasma-
nia, and Silversheen mine, Western Australia, by
I. M. Threadgold (pers. comm., 1960, 1975).
Most of these serpentines are Mg-rich, but the
Tracy mine material is Al-rich and approaches
amesite in composition, Six-layer structures that
give similar X-ray patterns (with small differ-
ences probably due to compositional variations)
have been made synthetically by Roy & Roy
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(1954) with the composition Mg:Ge0s(OH)s,
by Jasmund & Sylla (1971, 1972) with the
probable compositions MgsSi:0s(OH)s and
NisSi;0s(OH)s, and by Shirozu & Momoi (1972)
at Al-rich compositions.

The Unst serpentine is described as massive
with a conchoidal fracture on a macroscopic
scale but lath-like and elongate along X on a
microscopic scale. Electron diffraction of an
apparent single lath gave a composite diffrac-
tion pattern simulating rotation of an. ortho-
hexagonal structure about X (Zussman et al.
1957). The pattern is different than that of the
known chrysotiles, however, and does not have
the azimuthal disorder that is typical of a curled,
tubular structure. Several flat laths in different
orientations parallel to X, rather than curling,
would explain the composite pattern. Electron
diffraction photographs of several different
lath-like fragments of the Unst serpentine taken
in the present study were similar to that shown
by Zussman et al. (1957) in their Figure 7d.
The sample was prepared for electron micro-
scopy by taking' loose material, obtained by
scraping the sample with a steel file, and placing
it on a glass slide that had been coated previous-
ly with a monolayer of soap. After carbon
coating, the sample was floated off the slide,
washed repeatedly in distilled water, and
mounted on a copper grid for microscopy. Dif-
fraction patterns from different lath-like frag-
ments showed different assemblages of reflec-
tions along the Y* row lines, and this lends
support to the view that these actually are com-
posite patterns due to laths oriented in a zone
semi-parallel to X. Specimens from Thompson
Lake and the Silversheen mine examined by
electron microscopy in the present study also
were found to consist of lath-like fragments.
The more Al-rich Tracy mine serpentine, how-
ever, takes the form of small hexagonal plate-
lets similar to the synthetic Mg-Ge serpentine
of Roy & Roy (1954). Jasmund & Sylla (1971,
1972) noted in their study that curled tubes of
Mg-chrysotile and Ni-chrysotile formed first,
but were converted to hexagonal platelets of the
6-layer form after annealing at 320°-350°C and
200-500 atm for several weeks.

Gillery (1959) has reported hydrothermal
synthesis of a second form of platy 6-layer ser-
pentine, which increases in amount at the ex-
pense of 1-layer serpentine as tetrahedral and
octahedral Al increase. The X-ray powder
pattern of this material is quite different in
detail from that of the Unst-type serpentine.
The Unst serpentine has ! reflections for which
the intensity relationship is Ii— s > iz saz1,
so that the structure approximates a 2-layer cell
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[termed by Gillery a 6(2) structure]. The Gillery
synthetic 6-layer serpentine has hkl reflections
for which the intensity relationship i Ii_z.
» I _ 2041, S0 that the structure approximates
a 3-layer cell [termed a 6(3) structure]. Shirozu
& Momoi (1972) have confirmed Gillery’s hy-
drothermal results, in which the amount of
6(3) structure increases at the expense of the
1-layer structure with increase in Al-substitu-
tion. But they also found on raising the tem-
perature from 300°-400°C to 590°C, and the
pressure from 18,000 psi to 35,000 psi, that the
6(2) Unst-type structure formed instead of the
6(3) structure. Natural serpentine similar to
the synthetic 6(3) material has been described
from the Tracy mine intermixed with 6(2)
serpentine. These are the type F and type B
materials, respectively, of Bailey & Tyler (1960).
Bailey (1969) subsequently realized that the
powder pattern of the type F serpentine did not
have the extra reflections indicative of a 6-layer
cell and could be correlated instead with his
ideal 1M or 3T polytypes. The latter two poly-
types give identical powder patterns and cannot
be differentiated except by single crystal study.
Single crystals of aluminian serpentine from the
Lake Superior region give patferns similar to
those of both the synthetic 6(3) and natural
type F serpentines, but with weak reflections
indicative of a 9-layer or 18-layer cell (Jahan-
bagloo & Zoltai 1968). None of these serpentines
is considered further in this paper.

STRUCTURE DETERMINATION

The structure of the Unst-type 6-layer ser-
pentine has been of interest in this laboratory
since the discovery of the similar Tracy mine
serpentine. Further work on the type B sample
of Bailey & Tyler by R. A. Eggleton (unpub-
lished), however, showed it to be a mixture of
two type B phases of slightly different composi-
tions. The small differences in d-values became
apparent only by using FeKe X-radiation rather
than CuKa. Further structural work, therefore,
has been concentrated on the type material from
Unst and on the synthetic Mg-Ge material pre-
pared by Roy & Roy (1954), both kindly sup-
plied by G. W. Brindley. In addition, the
Thompson Lake and Silversheen mine speci-
mens have been made available to us by E. I,
Olsen and I. M. Threadgold, respectively. All
specimens are very fine grained, and single
crystals suitable for individual study have not
been discovered to date.

Brindley & von Knorring (1954) noted the -
similarity of the strongest reflections in the
Unst X-ray powder pattern to those of amesite.
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TABLE 1. GROUP D 6-LAYER SERPENTINES
Medel No.  Interlayer Shifts* Space Group
1 -+ -+00 P3
2 - -+ -+ + r3
3 ++-~--00 P3
4 0-+ -0+ P3
5 0000+ - P3
6 0-+0+ - P64
7 0+ -+ 4+ P3
8 0-=-+0+ P3
9 O+ +++ ~ P3
10 0+0+ - - P3
11 00++0+ P3
12 00+0++ P3
13 0+ ---- P3
14 -=-0++0 P63
15 - -+ 4+ P64
16 00+00 - P6y
17 0++ -+ + P3
18 0O+ 4+ + -4+ P3
19 000+ + + r3
20 000+0 - P3
21 O+ -0+ - P3ecl
2 oL R3e
23 0-0-0- R3
24 00+ - -+ R3

* Interlayer shifts of zero, +b/3, and ~b/3
relative to the axes of Fig. 1 are listed as
0, +, and -, respectively. Octahedral

cation sets II and I are occupied in alternate
Tayers.

Bailey (1969) has pointed out that these strong
reflections correspond closely in intensities to
those of his theoretical group D polytypes, of
which amesite is one example, but that the
weaker reflections which define the 6-layer
periodicity do not fit those of any of the three
standard polytypes within group D (namely
2H,, 2H;, and 6R). The group D structures are
those characterized by occupancy of octahedral
cation sets I and II in alternate 1:1 layers
{equivalent to octahedra slanting in opposite di-
rections), and by interlayer shifts either of zero,
+b/3, or -b/3, rather than of =+a/3. For sim-
plicity, Bailey (1969) assumed in the derivation
of his standard polytypes that interlayer shifts
of zero and =+b/3 were not intermixed in the
same crystal. This constraint must now be re-
laxed and the exact stacking sequence deter-
mined from its effect on the weak reflections of
index k+#3n (orthohexagonal indexing). The
strong reflections are all of index k=3n and
hence are insensitive to shifts of zero or =b/3
(i.e. are invariant within group D).

It was concluded for purposes of experimen-
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tal model construction that Unst-type 6-layer
serpentines

(1) are based on platy trioctahedral 1:1 layers
of the serpentine type,

(2) are characterized by occupancy of octa-
hedral cation sets I and II in regular alternation
in adjacent layers (because calculations show
that regular I, I, I, II, IL, II alternation, irregu-
lar permutations such as I, IT, I, I, II, II, se-
quences, or unequal numbers of the two sets
cause recognizable deviations from observed
group D intensities),

(3) have interlayer shifts that are of magni-
tude zero, +-b/3 or -b/3 between layers, but
always preserving long hydrogen bond contacts
between adjacent oxygen and hydroxyl surfaces
of the layers, and

(4) are based either on an orthohexagonal or
hexagonal-shaped cell, but do not have rhombo-
hedral symmetry (because the observed continu-
ous succession of superlattice lines does not have
systematic rhombohedral absences).

As a first attempt to solve the structure,
Moore (1972) derived five non-rhombohedral
6-layer group D sequences by trial-and-error
variation of interlayer shift vectors of 0, +5/3,
and -b/3. Calculation of k-<3n intensities
showed moderate agreement with observed
values for one model (model 2 in this paper).
As a second stage in this process, a computer
program was written to derive all possible per-
mutations of these interlayer shifts that would
give a 6-layer repeat. This resulted in 21 pos-
sible models, including the five derived pre-
viously by Moore (Table 1). Enantiomorphs
have been excluded. Three rhombohedral struc-
tures also derived by the computer program were
not considered further.

TESTING OF MODELS

Because the synthetic Mg-Ge serpentine gives
an X-ray powder pattern that is sharper and has
more superlattice lines than given by the other
available specimens, it has been used as the
principle source of reflection data of the Unst-
type for testing of the 21 possible models. The
best model then was compared in detail to the
natural Unst sample. For both the Mg-Ge syn-
thetic serpentine and the natural Unst sample,
X-ray powder pattrens were taken without prior
sample grinding in a 114.6 mm diameter ca-
mera with CuKe radiation. A thin, solid needle-
shaped specimen was cut by razor blade from
the massive Unst serpentine. The synthetic ser-
pentine was already in powder form, and was
placed in a Lindemann glass capillary tube.
The resulting powder arcs were smooth and
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homogeneous for both samples, indicative of
tiny particles in random orientation. Intensities
were measured as peak heights above back-
ground from scanning transmittance microden-
sitometer charts. Intensities were corrected for
Lorentz-polarization factors and multiplicities
to yield observed structure amplitudes (¥,) for
comparison with calculated values (F.) for the
test models.

Ge is approximately the size of Al in tetra-
hedral coordination so that considerable tetra-
hedral rotation can be expected in order to
reduce the lateral dimensions of the tetrahedral
sheet to fit those of the octahedral sheet. Bond
lengths of Ge—O = 1.75A and Mg"—O,
OH = 2.09A were assumed, and the tetrahedra
were rotated until they would fit in a cell having
the observed lateral dimensions of the Ge ser-
pentine. The tetrahedral rotation value predicted
by this procedure was 18.55°. The same direc-
tion of rotation was assumed as was found for
amesite by Hall (1974), namely, movement of
the basal oxygens in a direction that is both
toward the nearest OH-groups in the adjacent
layer and toward octahedral cations in the same
layer. For the Si-rich Unst serpentine the same
model of the layer used by Bailey (1969) for
derivation of his standard polytypes was used.
This model has a planar hexagonal network
with no tetrahedral rotation and is assumed to
be of ideal composition MgsSi-Os(OH).. Table 2

TABLE 2. ATOMIC COORDINATES FOR UNST-TYPE SERPENTINES
Atom Mult. x y a(Ge) =z(S1)
T(1 1 1/3 2/3 .0128 014
T{2 1 2/3 1/3 .0128 .014
M 3 .6667 .0000 .0753 .078
0(1) 1 1/3 2/3 .0519 .053
0(2 1 2/3 173 L0519 .053
0(3 3 .5969;.500 ,0000;.000 0 0
OH(1) 1 0 4] .0519 .053
OH(2) 3 .3333 .0000 .0986 .101

Coordinates listed only for first layer of a primitive
hexagonal cell, with coordinates of subsequent layers
determined by stacking sequences, For the basal oxygen
0(3) the = and y coordinates for the Ge analogue are
Jisted first, followed by those for the Si analogue. The
z coordinates for the two analogues are listed separately.

lists the atomic positions of the first layer for
the two specimens, as based on a 6-layer primi-
tive hexagonal cell.

For convenience, all models were assumed
to be triclinic and to be based on an ortho-
hexagonal cell. Computer programs were used
to generate atomic coordinates and to calculate
structure amplitudes for each model. The strong
reflections of index k=3n were found to have
identical F values for all of the models so that
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further differentiation was made by means of
non-overlapping k+43n reflections. Of the 21
possible models, eight (#14-21 in Table 1) could
be eliminated at once because of numerous cal-
culated (non-rhombohedral) structural absences
among the observed continuous sequence of
02! reflections (orthohexagonal indexing). Of the
remaining 13 models, six (#1-6) predicted
FOkD=F(OkD and seven (#7-13) predicted
F(OkD-~(kl). The latter seven structures were
rejected due to very poor agreement between
observed F? values and those calculated by
0kl and Okl in the superimposed reflections.
taking into account the mnon-equivalence of
Within the remaining group of six structures,
three gave a better fit than the other three by
5 to 10 percentage points in comparison of the
residual R values. These three best-fit models
are listed below.

RESIDUAL R VALUES
all k # 3n
INTERLAYER SITIFTS reflections reflections
(1) —b/3, +b/3, —b/3,
+5/3,0,0 14.5% 30.6%
(2) —b/3, —b/3, +b/3,
—b/3, +b/3, +b/3 15.1 33.5
B +b/3, +b/3. —b/3,
—5/3,0,0 15.2 33.7

The comparison above excludes only over-
lapping reflections and those to which several
non-equivalent sets of spectra contribute, such
as hkl. Some of the weakest k+43n reflections
are barely visible above background (intensity
values of 0.6 in Table 3), however, and cannot
be measured accurately, If these reflections are
deleted, the residual R values for k+3n reflec-
tions are 23.4% for model 1, 30.1% for model
2, and 29.1% for model 3. Thus, the best meas-
urements for these diagnostic reflections clearly
indicate model 1 as the correct structure. The
stronger k=3n reflections are invariant within
group D so that all of the models have the
same residual of 10.5% for these reflections.
Although not required by space-group symmetry,
F(hOD=F(hOl) for all 13 models. The higher R
values for the weaker k#3n reflections are be-
lieved to result from (1) poorer precision in-
herent in the measurement of the smaller peaks
on the densitometer trace, and (2) lack of any
detailed structural refinement.

Figure 1 compares the three best-fit stacking
models with that of amesite-2H, in YZ projec-
tion. All three models belong to space group
P3. As mentioned, model 1 is considered cor-
rect because it clearly gives the smallest residual
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TABLE 3. OBSERVED AND CALCULATED POMDER DATA
Synthetic Mg-Ge Serpentine Unst Serpentine Synthetic Mg-Ge Serpentine Unst Sarpentine
Zeate _Ica'lc Tobs  abs W obs Tobs Teate eatc dca'lc.Icalc Tobs  Jobs el dopg Tobs Teale %eate
T T e Ll e e (0 e wa {3 B
3 4.69 {01071 4.585 3¢ 30.8 re asmflsz o2 we 1511 01.28
W 4.606 01.2 4 aspe] 0.2 12.16
34 4.490 01.3 4402 7.3 27.6 4.393]1.498 o.s} 0.5 we 1501 4 53 1.462 we 0.3 1.46¢
17 4.33% 01.4 4251 3.9 6.2 4.205 1,450 2.2 w 1.491 00,30 1.453 2.2 1.8 1.454
18 4366 015 4.074 5.0 5.4 4.075]1.460 1.0 we o 1.462 0224
1 e 0 380 61 PRI [T 12.4 6.3 1.415
w o 3. . 03 . . 03.12 31
66 3.728 00,12) 3-637 8 733 {69.1 a3 l1ts 1s 10 15 e {902} 1as 39 7.0 {0‘7 1418
. . 02.25
M Bamome oy onimll ) e e (88
. . 9 3.413 o0, . . NEEN . . 1219
3.241 3 7.5 3.241  01.10 3.170 2.8 2.3 3.168]1.414 4.0 50 1.414 17,27 1.381 5.6 7.6 1,381
3.075 2.6 6.9 3.076 01,01 3.004 2.2 1.9 3.006|1.358 2.7 3.41.358 2200 2.0 1.331
2.921 9.3 5.7 2,923 01.12 2.85¢ 1.7 6.2 2.854|1.384 0.8 0227 b 1327 1.7 4.3 4 0.9 1.323
2.776 1.9 3.8 2,778 01,13 2,710 2.2 1.3 2.712]1.353 06f 1.4 ww  1.354 { 555 1.4 1.32%5
gg;g gg 26 ggo Hg gg?g ]: ]g} ggg 1.33 11 16 1.33%  22.6 1.308 16 13.8 1.309
. . 13 2673 11, . a2
;.ggg mtlj.g 103.3 ;.ggg ?Hll gggg 7;4 9‘1).2 g-ggg }.gﬁg S; 5.7 1.326 03.18 1.298 1.7 3.5 1.297
. . . . . a2 . . 22.9 .
1306 84l o %% e e 53 1.276
2.517 5.6 w 2517 0115 2.457 2.8 3.2 2.459 |1.305 o8 . . 13.0
g.gg 1?; ]06 g.zgz 810.}2 2.424 1.1 5.3 2.423 ;l.gg? 8; }3.1
. . 0.6 2. . . 3.5
2.383 4.0 7.5 2.386 11.9  2.333 26 w7 2320128 02y 0o Lol
2t 18 w2@s 023 227 1.0 2.27 (1.288 14 9390 13.6
. . w2, . . . 12.24
2.295 1.0 we o 2,208 01.17 0.5 2197|1276 32 3.9 1.276  22.12  1.250 ww 0.6 1.249
b n RS pebe wowe {UEG)E
2198 15:5} 18.9 19 2.196 {11112}2'”3 17 19.4 {1727 2.147 | 1261 oﬁs} 21 2.2 1260 {193
2.168 0.5 0.6 2.168  02.8 .25 0.6 ’ 02.30
2.126 1.8 4.42,124 02,9 2,090 w 1.6 2.081§1.242 0.9 we  1.242 700,367 1910 3.4 48 1.2 r2n
208 07 0.6 2103 0179y 2 { 0:4 z.058 1238 s;} 1 2.2 1.2% {22.15} 210, 3.4 4, 36 1.210
. 5 62.08 02, . w oL 42, . . 9 z2z .
2.0 0.5 0.8 .03 ] 0.4 1.992{1.212 0.4 2 1212 5 1.9 list
2.008 18.1. 25" 2.006 11.15° 1.962 27 nis Tessli2iz osp 12w T2z {E-Bliasm w21 {07 1a
;.32‘.; g.s 0.6 1,992 02.12 04 1899 Hgg gg 4.2 1,200 " 03.24 . 0.9 H;g
. 4 02.13 . .89 . . 13.1 1.168 mw 4. 0.4 1.
1% 2_2} 2.6 6.3 1.941 {01.21 1.895 w 1.3 { 0.9 1.883f1.192 3.7} 4.6 5.7 1.193 {22.12 {z.a 1.166
1.894 0.4 0.6 1.894  02.14 1176 0.2 04.0
Lo 3.4 BOLEs ooy 187 34 s a8 S o0 w1 s
. X 61 5 1.174 0.5 .
}.gg lg.: 3;5 }.ggg l]);.}g 1,792 4.5 0.7 .71 o8 1 te s {gggi 1921w 3.7 112
1.796 0.4 0.6 1,796 01.23 1.4 1782 1% od o 5
L vl o e {120} 1742 45 2.2 s 1t l1azs 2:7Y 300 3.377.120 { 11036
77 1 0.8 1.781
1773 ol 061772 152 Copeer ez) 13.20
1.768 EX 1765 123 1728 W 2.8 1.730% 11y 921 - 13 f01.29
. . 1.3 ;1. ‘f12.4 1.113 0.6 0.8 w T1.113 :
R 2.8 1.756 { g5°1; 1088 ooa 3 0.4 1072
. 100 S:&1 59 s51.007 22224} 1.074 m 3.8 {34 703
1.732 1.4} 4.7 3.1 1.3 4 01.24 1.080 4.5 03,30 1.056 mw 4.6 1.056
1730 3.3 alb 12.6 1.080 0.2} 4.8 5.2 1.080 {23.0
113 0.8 w17 ey 1079 0.1 e 23.1
. . 3. 2.8 X
1. 08 2.8 18.8 1|08 02 we 1.063 00,42
1673 2.8 6.7 15 .1.675 126 | 1.638 12 20.2 1.4 163 )]0 g.?} 0.5 we 1.053 {fggs
10653 0.7 we 1,653 12.10 ! ’ ’
1,620 0.3 02.20 8 1.
1,618 0‘3} 0.6 1.3 1.618 { 22-20 1050 o8 w1050 .27 1.028 % 1.8 1.027
1.605 2.4 1.9 1.604 - 12.12 1.018 0.4 ’ 12.36
1.580 c.s} - 12.13 1.017 7.7 81 m 1~°17{14‘5 0.9965 m 5.2 0.9963
1.578 1.2 -8 1.9 1579 ¢ 5o°y 1.006 0.7 4.9  0.9850 w 1.7 0.9848
1.569. 26.7 41 1.563 " 03.0 1.536° 35 28,3 1,536]1.004 2:8f 35 w 1.005 {zz,so e
e 8'2} 6.8 09903 o i2] o.eem0 w27 {H 0:9801
0.3899 3.0 e Rt ) 1.2 0.9603
421 indexed Tines +8 fndexed }inas

Synthetic Mg-Ge serpentine: ¢ = 5.43371(7)3. o= 44.697:(8)X
Unst serpentine: o =5,322+(1)f, o = 43.61+(1)}

R value for those reflections that differ among
the three models. It also is a relatively simple
structure that most closely resembles the amesite-
2H; structure. It can be described as a stacking
of two unit cells of the amesite 2H, polytype
(with -b/3 and +b/3 interlayer shifts in each
cell) plus one cell of the 2H,; polytype (with zero
shifts). Another way to describe the structure
is that of the 2H. polytype with one stacking
fault interrupting the sequence such that the
6th layer is projected onto the 1st layer, rather
than being offset by -5/3.

For the natural Unst serpentine specimen
there are fewer lines and less resolution of in-
dividual reflections on the powder pattern than
for the synthetic Mg-Ge specimen. When model
1 is used (incorporating the Mg-Si structural
unit with no tetrahedral rotation), a residual R
value of 19.5% for all non-overlapping reflec-
tions is obtained for the Unst serpentine, which
is considered reasonable in view of the quality
of the powder pattern and the lack of structural
refinement of the model. Table 3 lists the ob-
served powder patterns for the Unst serpentine
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Fic. 1. Diagrammatic representation of layer sequences in three best-fit models for ‘Unst-type serpentine,
relative to that in amesite-2H;. Octahedral cation sets II and I alternate in successive layers.

and its Ge analogue, along with the patterns
calculated from mode! 1. A few minor changes
have been made in the indexing originally given
by Zussman & Brindley (1957), including
several' reflections not previously recorded.
These latter reflections were seen to have signi-
ficant intensity on densitometer scans, and were
indexed using a least-squares convergence pro-
cedure based upon observed d values and cell
dimensions.

In fine-grained materials of this sort it is
possible that different structures may be inter-
mixed, either as individual crystallites or as
domains within crystallites. Single crystal study
would be necessary to identify the latter situa-
tion as well as to recognize complex stacking
variants of a more simple structural motif of
the sort described by Jahanbagloo & Zoltai
{1968).

Note should be taken that the k+43n reflec-
tions usually are not observed in powder pat-
terns from group D serpentines that are not of
the Unst-type. Gandolfi patterns taken of known
examples of 2Hi, 2H,, and 6R single crystals
of amesite and cronstedtite confirmed that the
k=23n reflections are too weak to show up on
powder patterns even though they are observable

on single crystal photographs. This means that
these polytypes cannot be distinguished from
one another by means of powder patterns. Dis-
ordered layer stacking, if present, would not be
detectable either, because it affects only these
same unobserved k-43n lines. If all other group
D conditions are satisfied, however, the strong
k=3n reflections diagnostic of group D would
be observed and would indicate 2-layer period-
icity. Randomly stacked 2-layer packets of this
sort have been identified and illustrated for Cr-
chlorite by Lister & Bailey (1967). For these
reasons, group D serpentines that do not show
Unst-type long-periodicity lines cannot be
characterized as to regularity or randomness of
stacking from powder patterns, and Mg-rich
varieties also might be misidentified as the more
Al-rich amesite unless careful attention is paid
to the positions of the basal reflections. Two
such examples have been found in the present
study.

NOMENCLATURE

‘Wicks & Whittaker (1975) have suggested
that the ideal 6H polytype of space group P6:
derived by Bailey (1969) in his group B struc-
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TABLE 4. .SIX-LAYER POLYTYPE SYMBOLS

Space Steadman (1964) Bailey (1969) Wicks & Whittaker Present Paper
Group Model Number Group Symbol  (1975) Symbol Model Symbol
Py s - B 68 68, - 61,
P63 14 § 15 D - 68, 14 68,
R3e 16 D 6R 6}?1 22 6R1
R3 4.§ 5 C - 6R; - -

R3 12 § 13 D - 6Rx 23 6Ry
P3 - D -~ -~ 1 6T

tures be designated 6H, and that the ideal 6R
polytype of space group R3c be designated 6R,.
Further designations 6H,, 6R., and 6R; were
suggested for several 6-layer structures derived
by Steadman (1964). It would be impractical
to assign similar designations to the large num-
ber of theoretical 6-layer structures derived in
the present study for group D serpentines, how-
ever, or to the large number of structures that
preliminary calculations indicate can be de-
veloped by similar permutations of stacking
shifts involving the X directions. It is proposed,
therefore, that polytype designations beyond
those given by Bailey (1969) for the simple
polytypes be limited to structures actually ob-
served in natural or synthetic specimens.

If the proposal above is followed, the designa-
tions 6H; and 6R; as given by Wicks & Whit-
taker would be retained for Bailey’s ideal 6H
and 6R polytypes. Although no natural or syn-
thetic examples of the 6H; polytype are known,
there are at least two minerals based on the
6R; structure (model 22 of this paper). Nacrite
is a dioctahedral derivative that has the 6R,
stacking sequence. A trioctahedral example has
been found in amesite by Hall & Bailey (1976),
but because of suspected twinning a more ac-
curate symbol for that particular specimen
would be 6PR, (where P=pseudo). The enan-
tiomorphic 6-layer structures 12 and 13 gen-
erated by Steadman (1964) in space group R3
have been identified in amesite and in cronsted-
tite by Steadman & Nuttall ( 1962, 1964) and in
kellyite by Peacor et al. (1974). This polytype
is designated here as 6R., thus superceding the
6R; symbel given by Wicks & Whittaker to a
different and as yet unobserved Steadman poly-
type (Table 4). The 6R, structure as designated
here corresponds to model 23 of the present
paper. For the amesite and cronstedtite speci-
mens studied by Steadman & Nuttall a symbol
6PR, is more appropriate because of observed
twinning and reduced symmetry. The symbol
6H., suggested by Wicks & Whittaker for Stead-
man’s enantiomorphic structures 14 and 15 of
space group P6s, can be retained because this
polytype has been identified in cronstedtite by

Steadman & Nuttall (1964). The 6H; structure
corresponds to model 14 of the present paper.
The Unst serpentine is based on model 1 of
the present paper, and has trigonal symmetry
P3. The appropriate structural symbol, there-
fore, is 6T1. Following the recommendation of
Wicks & Whittaker that the name lizardite be
extended to include other flat-layer serpentines,
the entire name of Unst-type serpentines would
be lizardite-6T; with adjectival modifiers as
needed to indicate compositional variants. Due
to lack of information as to symmetry, no struc-
tural symbol can be assigned at present to the
6(3) aluminian serpentine synthesized by Gillery
(1959) and by Shirozu & Momoi (1972).
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