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Abstract. Mackinnonia davidi from the Cambrian (Series 2) of Australia has a prismatic outer shell layer and, as newly described 
here, a calcitic semi-nacre inner layer. The pattern is the same as in stenothecids such as Mellopegma, providing more evidence 
for a strong phylogenetic signal in the shell microstructure of Cambrian molluscs. In addition, calcite now appears to have been 
common in helcionellids and other molluscs during the early and middle Cambrian, with many species exhibiting foliated calcite. 
This is surprising given the dominance of aragonite in molluscs, both modern and from post-Cambrian fossil deposits with 
exceptional shell microstructure preservation, including localities from the Ordovician of the Cincinnati region, USA.  
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INTRODUCTION 
 
Fine microstructural detail can be preserved in calcium 
phosphate internal moulds and replacements of the 
shells of Cambrian molluscs (Runnegar 1985). While 
some common molluscan shell microstructures such as 
prismatic, crossed-lamellar and foliated calcite occur  
in Cambrian molluscs (Runnegar 1985), the textures 
amongst early molluscs are diverse and often unusual 
(Kouchinsky 2000). Stenothecids are a group of laterally-
compressed helcionellids whose inner shell micro-
structure in at least some forms consists of calcitic semi-
nacre (Vendrasco et al. 2011). This texture is rare in 
modern molluscs but is common in lophophorates 
(Taylor et al. 2010). 

Mackinnonia Runnegar in Bengtson et al. 1990 is a 
widespread early Cambrian helcionellid mollusc known 
from China, Australia, Siberia, Greenland and North 
America (Parkhaev 2001, 2005; Skovsted & Peel 2007). 
The genus is characterized by a shell with a strongly 
undulating inner surface and straight outer wall 
(Runnegar 1990). The polygonal textures on the convex 
parts of the internal phosphate mould (corresponding to 
depressions in the inner surface of the shell; see Fig. 1) 
consist of a polygonal texture that represents prismatic 
shell microstructure (Runnegar 1990). Imprints of original 
shell crystals from concave parts of the internal moulds 
were previously unknown. 

The occurrence of shell microstructure data in 
molluscs from both the Cambrian (e.g. Runnegar 1985) 
as well as Ordovician (e.g. Mutvei 1997) potentially 
allows the inference of broad-scale evolutionary patterns. 
Recent data from the Ordovician suggest that the 
aragonitic shell microstructure nacre was fairly wide-
spread by this time (Vendrasco et al. 2013; MJV, personal 
observation). 

Here we describe the nature of the inner shell layer 
in Mackinnonia davidi from the early Cambrian of 
Australia. Then we discuss the significance of this type 
of helcionellid microstructure pattern as it relates to 
phylogenetic analysis and seawater control over shell 
mineralogy. 
 
 
MATERIALS  AND  METHODS 
 
The specimens shown herein are all from the Parara 
Limestone of the early Cambrian (Series 2) of the Mount 
Scott Range in the Flinders Ranges, South Australia, 
University of New England, Armidale localities (UNEL) 
1763C and 1856 (Bengtson et al. 1990). Stefan Bengtson 
and Bruce Runnegar collected the rocks and processed 
them. Fossils were sorted, then coated with carbon 
(Hitachi UHS evaporator) for FESEM observation 
(Zeiss Leo Gemini 1530 and Zeiss Auriga Cross-Beam 
Station) at the Centro de Instrumentación Científica  
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(CIC) of the University of Granada (Spain). Measure-
ments were made from digital SEM photographs using 
ImageJ (Rasband 1997�2014). Specimens are deposited 
at the South Australian Museum (SAMA), Adelaide, 
South Australia. 
 
 
RESULTS 
 
Most internal moulds of Mackinnonia davidi have at 
least faint polygonal texture along comarginal ridges 
and sometimes at the apex. The walls of polygons are 
typically 2�3.5 µm in thickness (Fig. 2D), while the 
centres of polygons range from about 5�8.5 µm in 
width/diameter with outlines that vary from sub-circular 
to rounded-polygonal. Most of the polygonal imprints 
are concave, with the walls standing proud relative to 
the central region. The internal structure of polygons is 

unclear, although the phosphate seems to be arranged in 
thin layers here (Fig. 2D). In transitional zones between 
ridges and troughs in the internal moulds, the regular 
polygonal network in some cases gives way to thin, 
roughly comarginal ridges made up of segments of 
polygonal walls (Fig. 2B). 

Most regions of the comarginal troughs in internal 
moulds of Mackinnonia davidi lack identifiable regular 
texture. However, in some cases imprints of the whole 
or portions of flat, roughly equidimensional structures 
can be seen. These tend to vary within about 1�3 µm  
in width and the outlines range through a variety of 
polygonal shapes (e.g., square, rectangular, hexagonal; 
Fig. 2E�H). There tends to be a high degree of orientation 
of these tablets and in many cases one or two of the 
corresponding sides of the tablets are consistently 
preserved in one region (Fig. 2E, G). 
 
 

 

 
Fig. 1. Shell microstructure patterns in Mackinnonia and stenothecids. A, cross-sectional view of Mackinnonia fossils, showing
how troughs in the internal mould express the inner shell layer while ridges express the outer shell layer. B, general microstructure
pattern of stenothecids and Mackinnonia with a prismatic outer layer and calcitic semi-nacre inner layer. Outer shell surface is at
the bottom. C, sectional view of Mellopegma and other molluscs where the shell margin thins and expresses the outer shell layer
on the inner shell surface. Outer shell surface is at the bottom. 

 

________________________________________________________________________________________________________

Fig. 2. Shell microstructure in Mackinnonia davidi from the early Cambrian Parara Limestone of South Australia. Specimen in B
from UNEL 1856, all others from UNEL 1763c (Bengtson et al. 1990). A, SAMA P50819, ridge on the internal mould,
expressing outer shell microstructure. Shell apex to the left. B, SAMA P50820, internal mould of pegma-like structure, outer
(prismatic) shell microstructure to the left and right of pegma. Shell aperture just to the left of photograph. C, D, SAMA P50821:
C, ridge on internal mould near aperture; D, closer view of prismatic shell microstructure. E�H, imprints of tablets in the
comarginal troughs of the internal moulds, reflecting inner shell microstructure; E�G, electronically inverted images of the
textures, creating an electronic cast of the original shell tablets, SAMA P50822; H, original (non-inverted) image of tablet
imprints, SAMA P50823. Scale bars in A�C are 10 µm, in D�H 2 µm. 
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DISCUSSION 
Inner  shell  microstructure  of  calcitic  semi-nacre 
 
Thin sections reveal that Mackinnonia had a straight 
shell wall. Thus the comarginal ridges in internal 
moulds represent regions where the shell thins and 
expresses the outer shell microstructure on the inner 
shell surface (Runnegar 1990, fig. 159), while troughs 
in the inner phosphate coating represent regions where 
the inner shell microstructure is imprinted (Fig. 1). 

The inner shell microstructure of Mackinnonia is 
clearly laminar and composed of tablets. Thus it can be 
classified either as nacre (where tablets are aragonitic) 
or calcitic semi-nacre (with calcitic tablets). Tablets 
occurring in troughs of internal moulds of Mackinnonia 
typically are straight-sided and occasionally have a 
rhomboidal shape. Some have an outline that looks 
similar to tablets of nacre (Fig. 2F), but we interpret 
the texture instead as calcitic because the interfacial 
angles of tablets generally match those expected for 
rhombic calcitic semi-nacre, 78° and 102° (Taylor & 
Weedon 2000), and are far from those expected for 
nacre (Fig. 3). 

 
Calcitic(?)  prismatic  outer  shell  microstructure 
 
The polygonal texture on the comarginal ridges of 
internal moulds represents the imprint of prismatic shell 
microstructure where prisms are about 10 µm in diameter 
(Runnegar 1990). The dimensions of the polygons are 
consistent with prismatic shell microstructure in modern 
molluscs, although prism diameters are at the small end 
of the range. Thin sections of Mellopegma show a tall 

and narrow prismatic shell microstructure, although the 
prisms seen in thin section are 3 µm diameter, about a 
third the size of the prisms imprinted on internal moulds 
(Runnegar 1990, fig. 159e). 

The mineralogy of the prisms is more likely calcite, 
although there is some doubt. In favour of calcite are the 
observations that prisms are remarkably well-preserved 
in calcitic specimens (Runnegar 1990), and no modern 
mollusc has an aragonitic outer shell layer and calcitic 
inner shell layer � those with calcitic inner layers have 
calcitic outer layers as well (although oysters with such 
a configuration can have an aragonitic myostracum).  
To explain the difference in size estimates of inferred 
prisms noted above, it is possible that each prism 
contained 2�3 columnar calcite crystals. Such a con-
figuration, however, is unusual in molluscs. 

Prismatic is by far the most common outer shell 
microstructure in modern molluscs and many early 
Cambrian molluscs show polygonal imprints (e.g., 
Kouchinsky 2000; Parkhaev 2004). Thus it seems likely 
that the earliest molluscan shells had a prismatic outer 
layer. The organic scaffolding around prisms is often 
thick in Cambrian molluscs (Vendrasco et al. 2010), 
similar to the modern bivalve Neotrigonia, indicating 
that the earliest mollusc shells tended to be more flexible 
in parts than in most modern molluscs. 

 
Phylogenetic  signal  to  shell  microstructure  data 
 
A shell that consists of a prismatic outer layer and 
rhombic calcitic semi-nacre inner layer characterizes 
Mackinnonia davidi as well as many stenothecid 
molluscs (Vendrasco et al. 2010, 2011). Stenothecids 

 

 
Fig. 3. Interfacial angles of tablet imprints in the inner shell layer of Mackinnonia davidi from the early Cambrian of South
Australia. Expected interfacial angles for rhombic calcitic nacre are indicated by thick grey arrows, expected angles for nacre are
indicated by thin black arrows. 
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and Mackinnonia share many general morphological 
features, including lateral compression, an undulating 
inner shell surface, a prominent pegma-like structure 
(Fig. 2B), a convex ventral margin and preservation  
of outer shell microstructure where the shell thins. 
The correspondence between shell microstructure and 
inferences of phylogenetic relationship based on general 
morphology has been noted for other groups of Cambrian 
molluscs (Runnegar & Pojeta 1992; Kouchinsky 1999; 
Vendrasco et al. 2010). The additional evidence provided 
herein for the correlation in Mackinnonia and stenothecids 
strengthens the argument that shell microstructure has a 
strong phylogenetic signal in early molluscs and thus 
has utility in inferring phylogenetic relationships within 
early molluscs and mollusc-like Problematica. 

 
Commonality  of  calcite  in  shells  of  Cambrian  
molluscs 
 
A growing number of early to middle Cambrian  
molluscs have been found to have had at least a 
partly calcitic shell. This includes foliated calcite in 
Pseudomyona and Eotebenna (Runnegar & Jell 1976; 
Runnegar 1985) and calcitic semi-nacre in the 
stenothecids Mellopegma, Acanthotheca and possibly 
Stenotheca (Vendrasco et al. 2011). In addition, calcitic 
textures similar to foliated calcite can be inferred from 
photographs of Calyptroconus, Anuliconus, Aequiconus 
and another helcionellid (Parkhaev 2001, pl. xxiv). 
Furthermore, a recent examination of fossils from the 
early Cambrian of Australia revealed calcitic semi-nacre 
in the Mackinnonia-like Parailsanella and foliated 
calcite in the paragastropod Pelagiella and other 
helcionellids tentatively identified as Bemella, Marocella, 
Figurina and Microconulus (to be treated in a sub-
sequent publication). In fact, a majority of Cambrian 
molluscs whose inner shell microstructure is known in 
detail appear to have had a calcitic shell. 

These calcitic molluscs range from just after the  
first switch to calcite seas that shelled metazoans 
experienced (Porter 2007). Thus perhaps seawater 
chemistry influenced the shell mineralogy of early 
molluscs. Temperature (Carter et al. 1998) and various 
biological factors such as predation (Carter 1980) clearly 
contribute to the relative fitness of calcite versus 
aragonite, but the relative importance of these selective 
pressures is at present unclear. Predatory pressure 
increased during the Great Ordovician Biodiversifi-
cation Event, and this correlates with the apparent 
independent evolution of nacre in many groups of 
molluscs (Vendrasco et al. 2013). Perhaps at this time 
selective pressure via predation outweighed the push of 
seawater chemistry. 

Helcionellids  as  a  mixture  of  modern  mollusc  
and  other  lophotrochozoan  character  states 
 
Calcitic semi-nacre might occur in other molluscs, for 
example platyceratids including Platyceras spinigerum 
from the Carboniferous of the USA (Carter & Clark 
1985) and possibly older representatives dating back to 
the Ordovician. The �nacre�, identified by Batten (1984) 
from both groups of the diphyletic Platyceratidae (Frýda 
et al. 2009), may likewise be calcitic semi-nacre. But 
this shell microstructure otherwise is unknown in post-
Cambrian molluscs. Calcitic semi-nacre is much more 
common in lophophorates (Taylor & Weedon 2000). 

Other traits of helcionellids likewise reflect their 
close relationship to the ancestors of modern non-
molluscan lophotrochozoans. For example, exceptional 
fossils of the coiled helcionellid Pelagiella preserve 
chaetae (Thomas et al. 2010), a character more common 
in annelids and brachiopods than in molluscs. In 
addition, many helcionellids had a densely porous shell 
(Parkhaev 2006; Vendrasco et al. 2011); pores occur in 
the shells of some molluscs but are much more common 
in brachiopods. As with many early members of stem 
lineages, helcionellids share a mixture of character 
states of the crown group (Mollusca) with states of 
closely related phyla (Brachiopoda, Bryozoa, Polychaeta). 
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