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The St. Cassian formation of northern Italy contains an unsurpassed diversity o f  Triassic organ- 
isms, often with original or only slightly recrystallized shells. The shell microstructure ofPatella 
costulata Munster, 1869, is examined and compared with the shell microstructures of 14 extant 
gastropod limpet taxa. The distribution of shell structure characters supports the assignment of 
P. costulata to the patellogastropod taxon Patellidae. St. Cassian facies also include near-shore 
environments that are consistent with the habitat of extant Patella species. The corroboration 
of Patella costulata as a member of the Patellogastropoda reduces the hiatus between estimated 
origination and the previous unequivocal first occurrence by a minimum of 116 Ma. 
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Limpet morphology in the Gastropoda is infamously 
homoplastic and has independently evolved among 
numerous gastropod taxa (e.g., Patellogastropoda, Coc- 
culinidae, Phenacolepadidae, Hipponicacea, Siphonarii- 
dae) (Ponder & Lindberg 1997). Limpet morphologies are 
also widely distributed throughout the fossil record -the 
Monoplacophora of the earliest Cambrian (Yu 1979) to 
the giant Anisomyon limpets of the Cretaceous (Kanie 
1975). While anatomy provides an independent means by 
which to allocate living limpets to respective taxa, allocat- 
ing fossil limpets is problematic. 

The Patellogastropoda are hypothesized to be the sister 
taxon of all other gastropods and one of the earliest 
branches of gastropod evolution (Golikov & Staroboga- 
tov 1975; Lindberg 1988; Haszprunar 1988; Ponder & 
Lindberg 1996, 1997). They are widely distributed in 
Phanerozic sediments, but their limpet morphology 
imparts few clues and landmarks to distinguish them 
from limpet forms of crown groups. When available, 
muscle scars and associated impressions can be used to 
diagnose taxa (Lindberg & Squires 1990), but even these 
traces of soft anatomy become tentative in deeper time as 
comparisons with living taxa fail (e.g., Yochelson 1988). If 
the fossil limpet shells are not recrystallized, shell micro- 
structures - the microscopic arrangement of calcium car- 

bonate and organic material of the shell - are diagnostic 
in the Patellogastropoda and can be used to allocate indi- 
vidual fossils within this clade (MacClintock 1967; Lind- 
berg 1988; Hedegaard 1990; Lindberg & Squires 1990; 
Kase 1994; Kase & Shigeta 1996). 

The St. Cassian formation, which outcrops around 
Cortina d'Ampezzo in the Dolomites of northern Italy, 
contains an unsurpassed diversity of Triassic organisms. 
Zardini (1978) described over 300 species of molluscs as 
well as impressive numbers of echinoderms, bryozoa and 
other taxa. The fossils occur in clay and marl beds in a 
dolomitic limestone (Fursich & Wendt 1976), which 
allows for the preservation of fossils with original or only 
slightly recrystallized aragonitic tests (Bandel 1988, 1991). 
The excellent preservation of skeletal material from this 
formation produces a more complete sample of this Tri- 
assic fauna and provides additional characters, such as 
shell structures, for the taxa present. Two putative patel- 
logastropods have been reported from this fauna - Patella 
costulata Munster, 1844, and Patella crateriformis Broili, 
1907. Here we report the results of a scanning electron 
microscopy study of the shell microstructures of Patella 
costulata to establish if this species is a patellogastropod 
limpet, and demonstrate it as the earliest member of this 
clade yet reported. 
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Material and methods 

We examined the shell structures of 11 specimens of 
Patellrz costdata (Fig. 1 A )  from Campo, Cortina 
d'hmpezzo, Italy ( GeoLPaliiont. Instit. Univ., Hamburg, 
Germany). The shell microstructures of 14 extant limpet 
taxa were also examined and tabulated for comparison 
with the St. Cassian specimens (Table 1 ). Fractured shells 
were examined using an Electroscan Environmental 
Scanning Electron Microscope ( ESEXI) at the University 
of California hluseum of Paleontology, Berkeley 
(LJCMP). We used fractured sections rather than cut and 
polished thin sections, because we believe that fractured 
sections produce more reproducible results. Patellogas- 
tropod shells tend to break along contours parallel to 
first-order elements of the shell microstructures, and we 
find this characteristic much easier to control than the 
angle at which a specimen is cut and polished. Xloreover, 
if we were not successful in fracturing the specimen in the 
desired plane, or natural breaks were neither transverse or 
radial relative to the shell aperture, the orientation rela- 
tive to growth lines plane of deposition) is readily appar- 
ent and serves as an index from which to orient the micro- 
structures. Fractured sections are also less prone to 

Table 1 .  Shell microstructure sequence o f  P. costtilata compared ni th  
summary ddtJ for extant linipets. Entries in parentheses indicdte htruc- 
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( 19301. ,\lacClintock j 19671, tledegaard 1990, unpublishedl. 
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artifacts associated with cutting, etching, and polishing, 
m d  leave more specimen unaltered and available for 
future research. This latter consideration is especially 
important when dealing with fossils. For descriptions of 
structures and orientation of fractures we follow the ter- 
mino log  of Carter & Clark (1985) with modifications 
and additions of Hedegaard (1990) and Lindberg & 
Hedegaard (1996). 

Results 
The specimens are relatively small, rarely exceeding 4 mm 
in length. The original outer shell structures, which are 
composed of calcite, are well preserved, but the inner 
aragonitic shell structures are largely recrystallized. The 
outermost layer has a calcitic comarginal crossed-lamellar 
structure (crossed-foliated of MacClintock 1967). This 
layer is followed by a thin layer of calcitic prisms, a thick 
recrystallized layer with possible remains of an aragonitic 
comarginal crossed-lamellar layer, a myostracal layer, and 
another recrystallized shell layer immediately below the 
niyostracuni (Figs. lB,  C). 

Aragonitic and calcitic crossed-lamellar structures may 
be identified by their mode of deposition. Calcitic 
crossed-lamellar structures are deposited on a plane par- 
allel to the first-order lamellae, i.e. the first-order lamellae 
are parallel to the inside of the shell (Fig. 1B). In contrast, 
aragonitic crossed-lamellar structures are deposited on a 
plane perpendicular to the first-order lamellae, i.e. the 
first-order lamellae are perpendicular to the inside of the 
shell (Fig. 1D). This difference provides criteria by which 
to distinguish between these two structures and reduces 
the problems associated with determining whether a cal- 
citic crossed-lamellar layer is a diagenetic outcome of the 
alteration of aragonite to calcite. In the case of the St. Cas- 
sian specimens, the deposition is parallel to the first-order 
lamellae, and therefore we identify the structure as origi- 
nally calcitic. 

Table 1 summarizes the shell structures of Patella costu- 
h t a  and extant limpet-shaped gastropods, excluding 
some ofthe deep-sea and hot-vent forms (e.g., Hirtopelti- 
dae 1. Patella rostulata possesses a calcitic comarginal 
crossed-lamellar structure that is restricted in living gas- 
tropods to the Patellogastropoda clades. Within the Patel- 
logastropoda this shell microstructure is found in the 
extant taxa Sciitellastra and Patella (Patellidae), and Cel- 
h r i n  (Nacellidae). There are no other structures diagnos- 
tic of any of the other limpet groups, such as the prismatic 
complex crossed-lamellar ones of Acmaeidae and Lottii- 
dae, or the regularly foliated ones of some Nacellidae, 
Acmaeidae, Patellidae and Lepetidae, or the shell com- 
posed of purely aragonitic structures as it is in the Coccu- 
linidae, Fissurellidae, Lepetellidae, Pseudococculinidae, 
and Siphonariidae. 
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Fig. 1. UA. Patella costiilata Miin- 
ster, 1844, from Campo, Cortina 
d’Ampezzo, Italy (Paleo. Mus., 
Univ. of  Hamburg, Germany). 
Scale bar 1.0 mm. OB. Radial sec- 
tion of Patella costnlatu taken 
close to the shell margin and 
showing outer comarginal calcitic 
crossed-lamellar layer (a), fol- 
lowed by the recrystallized 
remains of aragonitic layers (b). 
At the top of  the recrystallized 
layer are possible remains of an 
aragonitic comarginal crossed- 
lamellar layer (c). Scale bar 40 pn. 
UC. Comarginal section ofPatella 
costulatu showing the outer 
comarginal calcitic crossed-lamel- 
lar layer (a), followed by the thin 
calcitic simple prismatic layer (b), 
and recrystallized remains of an 
aragonitic layer (c). Scale bar 20 
p. UD. Aragonitic comarginal 
crossed-lamellar structure of 
Neritu politu Linneaus, 1758, 
showing first-order lamellae ori- 
ented perpendicular to the inte- 
rior surface. Scale bar 10 pn. 

Sciitellastra and Patella species are typically heavily 
sculptured, whereas Cellana are relatively smooth-shelled 
species. Given these character distributions, we consider 
P. costulatu to be a member of the Patellidae. In addition, 
some of the St. Cassian facies represent a near-shore envi- 
ronment in the Triassic (Fursich & Wendt 1976), a habi- 
tat consistent with the lifestyle of extant patellid species 
(intertidal to shallow subtidal on rocks). 

Shell size of previously reported specimens of P. costu- 
lata has also been minute. Kittl (1891), in his treatment 
of the gastropods of St. Cassian, illustrated specimens 
approximately 5 mm long, and Zardini (1978) illustrated 
specimens of 7.5 mm and 4 mm in shell length. Zardini 
also suggested that these small limpets represented only 
the apices of much larger specimens and estimated the 
overall length of a complete specimen at about 5 cm. 
Most of the specimens examined by us are not partial 
specimens. In most cases, the ribs extend beyond the 
shell aperture, producing a crenulate shell margin (Fig. 
1). When patellogastropod shells decollate, the apex sep- 
arates from the lower portion of the shell at the myostra- 
cum, producing smooth margins regardless of the exte- 

rior ribbing pattern (cf. Chapin 1968). In addition, 
muscle scars are visible on several of our specimens, 
indicating the entirety of the shell. Whether these speci- 
mens represent juveniles or full-sized specimens is not 
known. The smallest Recent patellid species - Scutellas- 
tra chapmani - reaches a maximum size of 30 mm in 
length (Powell 1973), while the median size of described 
living taxa is about 55 mm in length (24-225 mm; data 
from Powell 1973). 

Discussion 
Shell microstructure characters are the only unequivocal 
way to identify fossil patellogastropods, an approach 
greatly facilitated by patellogastropods having abundant 
calcitic shell structures that are more often preserved than 
aragonitic layers. Patellogastropoda also have more varia- 
ble shell structures than any other similarly sized clade of 
gastropods, and their structures are distinct from all other 
extant limpets (MacClintock 1967; Lindberg 1988; Hede- 
gaard 1990). Thus, these characters allow us to identify 



334 C. Hedegaard, D.R. Lindberg & K. Bandel LETHAIA 30 (1997) 

Patellogastropoda Neritopsina Vetigastropoda Heterobranchia Caenogastropoda 
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Fig. 2, Phylogenetic hypothesis of gastropod relationships 
with first-occurrence data overlain. The dashed lines indicate 
the existence of ghost lineages (Norell 1992). Phylogeny 
modified from Ponder & Lindberg (1997). Minimum origi- 
nation times from Knight et al. (1960), Signor (1985), Yu 
(1994) and this paper. 

fossil patellogastropods, not by taxonomic default 
because they are marine limpets, but as a taxon diagnosed 
by apomorphy. Moreover, these undisputed occurrences 
can be used to estimate fossil distributions, establish the 
minimum age of the clade, and ultimately, in conjunction 
with a phylogenetic hypothesis, estimate the minimum 
age of divergence of major subclades within the group. 

MacClintock (1967) was the first to use shell micro- 
structure to recognize patellogastropod limpets in the fos- 
sil record, identifying patellid and lottiid species from the 
Eocene of the Paris Basin. Lindberg & Hickman (1985) 
used shell microstructures to identify New World Eocene 
occurrences of Cellam, and, more recently, Kase (1994) 
and Kase & Shigeta ( 1996) used shell microstructures to 
recognize patellid limpets from the Miocene-Pliocene of 
Japan and the Cretaceous of Japan and Russia, a taxon 
absent from the Recent northwest Pacific Ocean. These 
and other studies depict a Tertiary distribution of patel- 
logastropods that bears little resemblance to Recent dis- 
tributions nor is indicated by present ranges (Lindberg & 
Hickman 1985; Lindberg 1988). However, comparable 
resolution and insights in the Paleozoic and Mesozoic 
have been few. With few exceptions (Lindberg 1988; Kase 
& Shigeta 1996), the remaining identifications of patel- 
logastropod taxa in Paleozoic and Mesozoic rocks have 
been based on overt shell morphology and occasional 
muscle scars (e.g., McLean 1990; Yochelson 1988). 

The Patellogastropoda are consistently the sister taxon 
of all other gastropods in phylogenies based both on mor- 
phology (Ponder 81 Lindberg 1996, 1997) and molecules 
(28s mRNA) (Tillier et n1. 1992). And given minimum 
origination times for these sister taxa, the origin of the 
Patellogastropoda would be in the Cambrian (Fig. 2) .  The 
confirmation ofPatella costulnta as a member ofthe Patel- 
logastropoda reduces the hiatus between estimated origi- 
nation and the previous unequivocal first occurrence 

(hibian, Cretaceous of England; Lindberg 1988) by a min- 
imum of 116 Ma. We are confident that future investiga- 
tions of shell microstructures will further reduce the hia- 
tus. Moreover, these studies should not be limited just to 
fossil limpets, but should also include spirally coiled taxa 
in order to discover the sister taxon of the Patellogastro- 
poda (Lindberg 1988; Ponder & Lindberg 1997). 

Conclusions 
Shell microstructure characters unequivocally identify 
Patelln costulata as a member of the clade Patellogastrop- 
oda, and based on these characters we have assigned it to 
the taxon Patellidae. This assignment extends the record 
of the Patellogastropoda from the Cretaceous to the Tri- 
assic. However, a fossil record hiatus of over 300 Ma 
remains between this record and the estimated first 
occurrence of the common ancestor of the patellogastro- 
pods and all other gastropods. The postulated occurrence 
of this ghost lineage (Norell 1992) necessitates a re-exam- 
ination of Paleozoic gastropods for patellogastropod taxa 
- both limpet-like and coiled. 

Aikrio~vled~ettietit~. -We thank J. Taylor and an anonymous reviewer 
for constructive criticism and comments and D. Reid for pointing out 
pertinent literature. 
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What do artificial life, computer art, and palaeontology have in com- 
mon? Well, a meeting was recently (August 29th to September lst, 1997) 
held at the Banff Centre for the Arts in the Canadian Rocky Mountains 
to find out. Entitled ‘Digital Burgess’, it was the brainchild of Bruce 
Damer of the Digitalspace Corporation, and the idea was to bring 

together computer scientists, artists, palaeontologists and biologists 
around the theme of the Cambrian Explosion as a source of inspiration 
for interaction. 

Why the Cambrian Explosion? This event has aroused great interest 
also outside palaeontological circles, largely thanks to Goulds (1989) 


