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Abstract
Serpentine minerals exert important controls on the physical properties of ultramafic rocks and 

have the potential to influence deformation phenomena in fault zones and to control the release of 
water in subducted slabs. Sheet serpentine generally, and lizardite and amesite specifically, can adopt 
alternative crystallographic stacking arrangements called polytypes. Polytypism has been extensively 
studied in fully ordered crystals, but it remains largely enigmatic in the more common semi-disordered 
crystals that in long-range analyses such as X-ray diffraction only exhibit random combinations of 0b 
and ±1/3b interlayer shifts. To date, atomic-resolution imaging to identify locally ordered polytypes 
has been precluded by the beam-sensitive nature of this hydrous magnesium silicate mineral. Here, 
we employed low-dose high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) to study the polytypic structure of semi-disordered lizardite and amesite. Because 
the electron dose was as low as ~6000 e–/Å2, it was possible to directly resolve oxygen atomic columns 
and all the cations with a resolution of ~1 Å and reveal the short-range order. For lizardite, we identified 
long-period non-standard polytypes, including examples with 3, 4, 8, and 9 layers stemming from the 
ordering of the octahedral tilt along the a-axis. For amesite, we found short-range ordered polytypes 
with periodicities of up to 42 Å stemming from the ordering of interlayer shifts along the b-axis. The 
resolution was sufficient to determine the relative abundance of 6R2, 6R1, 2H1, and 2H2 polytypes in 
amesite to be 46.1, 29.6, 7.7, and 1.9%, respectively. This is contrary to the expectation that the most 
common form of amesite is the 2H2 polytype, which may be more likely to form macroscopic crystals 
suitable for conventional X-ray diffraction-based studies. We conclude that HAADF-STEM methods 
open the way for the characterization of beam-sensitive minerals and to resolve the structural details 
of less well-ordered (but possibly more abundant) minerals at a unit-cell scale. 
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Introduction
Sheet silicates are a diverse family of minerals that includes 

serpentine-kaolin group minerals, smectite, chlorite, micas, etc. 
They are often produced during thermal and chemical alteration 
of rocks. Sheet silicates exhibit substantial structural diversity, an 
understanding of which enables us to infer aspects of geological 
history (Morton 2005; Thiry 2000; Turpault et al. 2008). The 
structural diversity arises through alternative stacking sequences 
of the fundamental building blocks, silica tetrahedra (T) and 
metal-oxide octahedra (O) sheets in a 1:1 or 2:1 ratio, which 
leads to polytypes analogous to those observed in alloys (Zhang 
et al. 2018), ceramics (Zhang et al. 2020), and many other layered 
materials (Trigunayat 1991).

Serpentine is the structurally simplest group among the many 
sheet silicates. In serpentine, the T- and O-sheets of the TO lay-
ers are covalently bonded, and sequential layers are held together 
mainly by hydrogen bonding (Evans et al. 2013). Because of weak 
interlayer coupling, the energy difference among various possible 
stacking configurations is relatively small, generally a few kJ/mol 
among the energetically favorable structures (Mercier and Yvon 
2008). Consequently, various stacking patterns can coexist in 

ordered or disordered arrangements. The former creates numer-
ous polytypes (Bailey 1969). One polytypic variable is the tilt of 
octahedra. Change in the tilt direction, denoted as I and II (Fig. 1), 
is equivalent to a ±60° or 180° rotation (Bailey 1969). The most 
common polytypes have two TO layers with alternating octahedral 
tilts in one unit cell, but the periodicity can be as long as tens of 
nanometers due to complicated tilt patterns (Bailey and Banfield 
1995). Using selected-area electron diffraction (SAED), Banfield 
et al. reported a series of long-period structures with periodicities 
of 21, 35, 42, 49, and 63 Å (Banfield et al. 1995) that, based on 
modeled diffraction intensities, were interpreted as structures with 
the tilt pattern (I,I,II), (I,I,II,II) or (I,I,I,II), (I,II,I,II,II), (II,I,I,I,II,II), 
(I,II,I,II,II,II,II) or (I,II,I,II,I,II,II), respectively.

Another polytypic variable is the interlayer shift of one TO 
layer relative to the next, which could be ±1/3b and 1/3a (Bailey 
1969; Bailey and Banfield 1995; Plançon 2001). For the structure 
with alternating octahedral tilt, polytypes with interlayer shifts 
along the b-axis are most common, Figure 1. The simplest two-
layer polytype, 2H1, has the T- and O-sheets (shaded in gray in 
Fig. 1a) stacked along the c-axis without interlayer shifts along the 
a- or b-axes (Figs. 1a and 1b). The stacking sequence for 2H1 can 
be written as (0bI, 0bII, 0bI, 0bII...). In 2H2, the adjacent TO layers 
in the unit cell are shifted by 1/3b (red arrow in Fig. 1c) with a net 
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