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Abstract

The Permian gigantic bivalve family Alatoconchidae forms a member of the tropical shallow marine fauna intimately associated with the Tethyan
warm-water-adapted Verbeekinidae fusulines, such asNeoschwagerina and Yabeina. The Velebit Mountains in central Croatia is one of the nine areas in
the world that yielded Alatoconchidae, as first reported early in the 1970 s. In addition to the Neoschwagerina Zone (Wordian, Middle Guadalupian)
originally described, we newly found Alatoconchidae from the Yabeina Zone (Capitanian, Upper Guadalupian) from the Brušane area in the central
Velebit Mountains. Alatoconchidae occur in three stratigraphic levels of the Velebit Formation composed of black fusuline/algal wackestone/packstone
with Yabeina. Although fragmented, the Alatoconchidae shell reach sizes over 40 cm long, and possess unique morphology with a lateral flange plus a
prominent prismatic external layer in the double-layered shell structure. Our results confirm, for the first time in Europe and thus in the western Tethyan
domain, that the stratigraphic range of the gigantic bivalve family extends up to theCapitanian aswell as in the superocean Panthalassa. As no occurrence
has been reported from the overlying Lopingian (Upper Permian), Alatoconchidae likely became extinct globally at the end of the Guadalupian, i.e.,
through the Guadalupian–Lopingian boundary mass extinction.
© 2007 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Alatochonchidae is a Permian aberrant bivalve family that has
an extraordinary shell size (up to 1 m in length) and unique
morphology with a wing-like flange on each valve. This family is
so different from other ordinary bivalves that it was regarded as a
paleontological problematica when first described from Japan
in the late 1960s (Ozaki, 1968). Although the taxonomy of
Alatochonchidae started with considerable confusion, Yancey
and Boyd (1983) and Yancey and Ozaki (1986) finalized the
controversial issue by proposing an overall model morphology
and unique ligament structure as clear criteria for identification.

The occurrence of Alatochonchidae was reported from seven
Tethyan areas, Tunisia, Croatia, Oman, Iran, Afghanistan,
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Malaysia, and Thailand, and from two mid-Panthalassan domains
currently in the Philippines and Japan, as summarized by Isozaki
(2006) and Isozaki and Aljinović (in press). It is noteworthy that
alatoconchids occur in close association with Early–Middle
Permian Tethyan fusulines (Verbeekinidae, Schwagerinidae),
rugose corals (Waagenophyllidae), and abundant calcareous
algae, a fact that suggests that the Alatoconchidae flourished in
warm, shallow (photic) marine environments in low-latitude areas
in Tethys (Yancey and Boyd, 1983). The occurrences of
Alatoconchidae were reported from the Cisuralian–Guadalupian
but its stratigraphic range has not yet been fully constrained.
Isozaki (2006) recently emphasized that Alatoconchidae ranged
up to the Capitanian (Upper Guadalupian) in Japan and became
extinct at the end of the Guadalupian together with Verbekinidae
and Waagenophyllidae.

The Velebit Mountains in central Croatia is one of the nine
areas in the world that is located at the western end of the
occurrences, i.e., in the Cul-de-Sac of Tethys, as well as Djebel
esearch. Published by Elsevier B.V. All rights reserved.
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Tebaga in Tunisia (Fig. 1c). Kochansky-Devidé (1978) and
Kochansky-Devidé and Ramovš (1987) reported an occurrence
of Alatochonchidae from the Wordian (middle Guadalupian)
limestone of the Permian Velebit Formation near Baške Oštarije,
Fig. 1. Index map (a) and geologic map of the Brušane area (b) (modified afte
paleogeographic map of Pangea in the Middle Permian (modified from Scotese and La
with Tunisia, formed a part of peri-Gondwana carbonate platform located in the we
ca. 10 km west of Gospić (Fig. 1a). Our recent fieldwork in the
neighboring Brušane area in central Velebit Mountains, between
Baške Oštarije and Gospić, documented a new locality of the
Alatoconchidae. This article reports the occurrence of the strange
r Salopek, 1942) in the central Velebit Mountains, central Croatia, and also
nford, 1995; Vai et al., 2000) (c). Note the Velebit Mountains in Croatia, together
stern end of Tethys around the equator.
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bivalve family Alatoconchidae from the Capitanian part of the
Velebit Formation and discusses the geological implications
particularly about the upper range limit of the Alatoconchidae in
western Tethys.

2. Geologic setting

The External Dinarides along the northern margin of the
Adriatic Sea form a geotectonic belt that continues for ca.
1000 km all the way from the Southern Alps in Austria/Italy to
the Hellenides in Greece. This belt was derived primarily from
Late Paleozoic–Triassic rifting of the Gondwana margin
(Vlahović et al., 2005; Balini et al., 2006) and was later
overprinted byMesozoic–Cenozoic convergent tectonics, i.e., the
Fig. 2. Stratigraphic summary of the Permian System in the central Velebit Mountain
Mountains is composed of Lower Permian and upper Middle–Upper Permian shallow
between. This study focused on the upper limestone unit of the Velebit Formation t
closure of Paleo-Tethys and new subduction along the northern
margin of Neo-Tethys. As the entire External Dinarides is mostly
composed of Mesozoic and Paleogene platform carbonates, often
called the Adriatic Carbonate Platform (e.g., Vlahović et al.,
2005), Paleozoic rocks in the External Dinarides are limited in
distribution. The Permian rocks in Croatia are two-fold; a shallow
marine carbonate-dominated facies in the Velebit Mountains in
central Croatia (Fig. 1) and a terrigenous clastic-dominated facies
in Gorski Kotar in western Croatia (e.g., Aljinović et al., 2003).

The Velebit Mountains located in the middle of the External
Dinarides (Fig. 1a) is exceptional in containing extensive
occurrences of Upper Paleozoic sedimentary rocks, in particular
Middle–Upper Permian carbonate rocks (e.g., Salopek, 1942;
Kochansky-Devidé, 1965; Sokač et al., 1976, Sremac, 2005).
s, Croatia (modified after Kochansky-Devidé, 1982). The Permian in the Velebit
marine carbonates with the upper Lower Permian terrigenous clastic wedge in

hat belongs to the Upper Guadalupian.
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Salopek (1942) published a detailed geologic map of the Brušane
area in the central Velebit Mountains, ca. 10 km to the west-
southwest of Gospić (Fig. 1a, b). His contribution built a
foundation for subsequent geological researches in the area in
several aspects, in particular paleontological and sedimentolog-
ical studies (e.g., Kochansky-Devidé, 1965; Flügel, 1977;
Kochansky-Devidé, 1978; Kochansky-Devidé and Ramovš,
1987; Sremac, 1991, 2005).

According to Flügel (1977) and Kochansky-Devidé (1982),
the Permian rocks in the Velebit Mountains comprise three
distinct stratigraphic units: the Sakmarian (Cisuralian) Rattendorf
Beds (carbonate), probably early Guadalupian clastic Košna
Formation, and the Guadalupian–Lopingian Velebit Formation
(carbonates) in ascending order (Fig. 2). In other words, the
Permian platform carbonate sequence in the Velebit Mountains is
intercalated in its centre with a terrigenous clastic wedge.

On the basis of previous analyses of sedimentary facies and
environments and on geologic structures (Kiessling et al., 2003,
Sremac, 2005; Vlahović et al., 2005), we briefly summarize the
tectonic evolution of the Velebit Mountains as follows. This part
of Croatia started to develop as a part of the Carboniferous to
Early Permian epeiric platform along northern Gondwana
(Fig. 1c), accumulating shallow marine carbonates and terrige-
nous clastics. In the late Early Permian this primary setting was
punctuated by intermittent rift-related extensional tectonism that
broke the platform into several horsts and grabens. The Velebit
Mountains probably represents one of these Permian topograph-
ic-highs (horsts) isolated from the main carbonate platforms in the
Southern Alps, whereas the clastic rocks in the Gorski Kotar in
western Croatia filled the Permian inter-platform basins (grabens)
prior to the Early Triassic carbonate deposition (Aljinović, 1997;
Aljinović et al., 2006). The Permian clastic wedge (Košna
Formation) intercalated between carbonates (the Rattendorf Beds
and Velebit Formation; Fig. 2) probably represents a temporary
terrigenous cover over the platforms.

The Velebit Formation sensu Flügel (1977), ca. 930 m thick, is
mainly composed of dolomite with three lenticular bodies of
limestone: lower, middle, and upper limestone (Salopek, 1942;
Kochansky-Devidé 1965, 1982, Fig. 2). These three limestone
lenses are the main source of fossils from the Velebit Formation,
such as gastropods, bivalves, brachiopods, cephalopods, rugose
coral, sponges, bryozoans, fusulines, smaller foraminifers, and
calcareous algae, all forming typical Tethyan elements
(Kochansky-Devidé, 1965, 1979; Kochansky-Devidé; 1982;
Sremac, 1991). The rock types and fossil content clearly indicate
that the Velebit Formation formed in a shallow marine, warm-
water environment. By analyzing the middle limestone (middle
Guadalupian) in particular, Sremac (1991) emphasized the key
role of sponges and algae in the development of patch reefs and
carbonate mud mounds on a carbonate platform.

The lower limestone yielded fusuline (Eoverbeekina salopeki)
of Artinskian (Late Cisuralian) age (Kochansky-Devidé, 1965;
Fig. 2). The middle limestone is replete with various macro- and
micro-fossils including the above-mentioned reef-builders; e.g.
gastropods (Bellerophon, Pleurotomaria, Murchisonia), bivalves
(Shikamaia, Edmondia), brachiopods (spiriferids, enteletids,
productoids, oldhaminoids), cephalopods (Orthoceras?), rugose
coral (Waagenophyllum), calcisponges, bryozoans, fusulines
(Eoverbekina, Neoschwagerina, Chusenella), smaller foramini-
fers (Paraglobivalvulina, Agathammina, Hemigordius), and
calcareous algae (Mizzia, Vermiporella, Gymnocodium, Permo-
calculus) (Kochansky-Devidé, 1965, 1979; Sremac, 1991). On
the basis of the occurrence of Neoschwagerina craticulifera
(Schwager), Kochansky-Devidé (1965, 1979) and Sremac (1991)
concluded a Wordian (or Murgabian; Middle Guadalupian) age
for the middle limestone (Fig. 2).

The upper limestone yields abundant fusulines with minor
amounts of rugose corals (Waagenophyllum), brachiopods,
gastropods, and calcareous algae (Kochansky-Devidé, 1965).
The occurrence of the index fusuline Yabeina syrtalis (Douville)
indicates a Capitanian (or Midian; Late Guadalupian) age for the
upper limestone (Fig. 2). The megafossil assemblage of the upper
limestone is similar to that of the middle limestone, but differs in
recording the first occurrence of some brachiopods (Derbya,
Streptorhynchus, Orthotetes) and a gastropod (Temnochelius)
(Salopek, 1942; Kochansky-Devidé, 1982). The upper limestone
is conformably overlain by a thick (N200 m) less-fossiliferous
dolomite that merely yields gymnocodiacean algae in the lower
part, and small foraminifers (mostly Earlandiacea) in the
uppermost part (Fig. 2) but they are not diagnostic for dating.

We investigated the stratigraphy and fossil contents, in
particular the mode of occurrence of the large-shelled bivalve,
in the upper part of the Velebit Formation in the Brušane area
(Figs. 1b and 2). We measured a section in detail near Velnačka
glavica in Brušane (44° 29' 41'' N, 15° 16' 04'' W; Fig. 1a, b) on
the south of a small stream (Suvaja creek), collected more than
100 rock samples for indoor analyses, and made 60 thin sections
of carbonate samples for observing sedimentary textures. The
studied section, named here the Brušane section (Figs. 1b and 3),
partly corresponds to Profile no. 16 illustrated by Salopek (1942).
Paleontological data of the section were later added by
Kochansky-Devidé (1979) and Sremac (1991).

3. The Brušane section

3.1. Lithostratigraphy

The Brušane section exposes the upper part of the Velebit
Formation, i.e., a ca. 250 m-thick interval from the upper
limestone to the topmost dolomite (Figs. 2 and 3). The section is
composed of 2 distinct rock types: a predominant light gray
dolomite and a minor black limestone intercalated in the former
as thin lenses. As shown in Fig. 3, the latter occurs in 3 horizons,
and here we name them as L-1, L-2, and L-3 in ascending order
(Fig. 3). Kochansky-Devidé (1979) and Sremac (1991) previ-
ously correlated L-1 to the middle limestone of Kochansky-
Devidé (1965), and both L-2 and L-3 to their upper limestone,
respectively (Fig. 2). Photographs of the outcrop at Brušane and
thin section views of samples are illustrated in Figs. 4 and 5.

L-1 is 45 m thick and consists of dark gray, well-bedded,
bioclastic wackestone or packstone and lime mudstone (Fig. 4a)
with various bioclasts. The wackestone/packstone (biomicrite)
mainly consists of fine-to coarse-grained peloids and bioclasts of
foraminifera, algae, bryozoans, echinoderms, corals, bivalves,



Fig. 3. Stratigraphic column of the Guadalupian Velebit Formation at the Brušane section near Velnačka glavica. See Fig. 1a, b for the location. This section exposes
the upper part of the Velebit Formation from the upper limestone to the topmost dolomite (see Fig. 2).
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Fig. 4. Photographs of the Guadalupian Velebit Formation at Brušane, central Velebit Mountains. a) bedded packstone–wackestone and lime-mudstone intercalating in
L-1, a hammer for scale in circle; b) Alatoconchidae gen et sp. indet. (N25 cm-long large bivalve) in black lime mudstone (Sample K-13, L-2), the shell has a U-turn
fold on the right-hand side end; c) Alatoconchidae gen et sp. indet. (N30 cm long) in black lime mudstone (Sample K-12, L-2); d) a juvenile form of Alatoconchidae in
lime mudstone (Sample K-26, L-3), e) thickly-bedded wackestone with large bioclasts in the basal part (Sample K-21, L3) with a white arrow pointing a fragment of
large bivalves; f) basal part of fusuline (mostly Yabeina) packstone (middle-upper) and lime mudstone of the underlying bed (lower) (Sample K-27, L-3).
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gastropods, and microbial problematica, in a micritic matrix. See
Sremac (1991) for thin section views of L-1 limestone. Small
fragmented bivalve shells (Alatoconchidae) occur in the basal
parts of some thick packstone/wackestone beds. Trace fossils
(Zoophycos-type) occur in the muddy wackestone and lime-
mudstone beds (Sremac, 1991).

L-1 is conformably overlain by a ca. 50 m-thick, light gray
dolomite exhibiting microcrystalline texture, in which dasycla-
dacean algae are still discernable in the field and in thin sections
(Fig. 5a). The common occurrence of dasycladacean algae
suggests that the dolomite was originally deposited as algal
limestone. Fairly preserved primary bioclastic detritus and
microcrystalline texture suggests possibly early diagentic dolo-
mitization in supratidal conditions.

L-2 forms an 11 m-thick lens of thick-bedded, black
wackestone/packstone containing abundant large-size fusulines
(Verbeekinidae) and a minor amounts of rugose coral (Waagen-
ophyllidae), bryozoans, and large bivalves (Alatoconchidae)
(Figs. 4b,c and 5b). In addition to fusulines, bioclasts also include
less abundant brachiopods, gastropods and fragments of
echinoderms, algae, bryozoans, and microbial problematica
(right half of Fig. 5b).

Another dolomite, ca. 20 m thick, occurs between L-2 and
L-3. The dolomite is polymodal, anhedral to subhedral, micro- to



Fig. 5. Photomicrographs of the Guadalupian limestones at Brušane. a) bioclasts of algae and gastropod in a light grey dolomite overlying L-1 limestone. Well
preserved primary bioclastic components and microcrystalline texture suggest possibly early diagenetic dolomitization, K-10, b) wackestone with various sand sized
bioclasts (left side) and a large fragment of Shamovella (=Tubiphytes)microbial problematica (right side of a photo) illustrate the dominant rock type of L-2 limestone,
K-16; c) Polymodal anhedral to subhedral micro to coarse-crystalline dolomite overlying L-2 limestone. Note that some of primary bioclastic components are
mimically replaced by dolomite crystals, K-14; d) fusuline packstone (mostly Yabeina), K-29, L-3; f) macrocrystalline polymodal anhedral to subhedral dolomite with
faintly preserved algal fragments overlies the L-3 limestone. Its fabric suggests dolomitization in a burial stage, K-33.
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macro-crystalline. Primary components (mostly bioclasts) are
mimically replacedwhereas thematrix-replacing dolomite consists
of homogenous anhedral to subhedral coarse crystals (Fig. 5c). This
dolomite unit has likely suffered shallow burial dolomitization.
L-3 is approximately 37 m thick, and is composed of thick-
bedded bioclastic wackestone/packstone and lime mudstone.
The basal part of each bed is composed of coarser-grained
wackestone/packstone (Fig. 5d) that grades upward into lime



Table 1
List of fossils from the Brušane section reported in previous studies (fossils with
asterisk were reported by Kochansky-Devidé, 1979, and the rest by Sremac,
1991)

L-1
Fusuline

Dunbarula nana⁎

Ozawainella sp.
Reichelina sp.
Staffella cf. elegantula
Nankinella waageni
Sphaerulina croatica
Schubertella sp.
Kahlerina pachytheca⁎

Chusenella velebitica
Dunbarinella velebitica
Eoverbeekina cf. paklenicensis
E. cf. salopeki
Neoschwagerina craticulifera⁎

N. occidentalis⁎

N. rotunda
Yabeina syrtalis⁎

Smaller foraminifera
Agathammina pusilla
Baisalina pulchra
Climacammina sp.
Glomospira sp.
Glovivalvulina sp.
Hemigordius renzi
H. irregulariformis
H. cf. ovatus
Palaeonubecularis sp.

Algae
Vermiporella nipponica longipora⁎

V. longipora
V. serbica
Velebitella triplicata
Mizzia velebitana
M. yabei
M. cornuta
Gymnocodium bellerophontis⁎

Permocalculus tenellus⁎

P. plumosus⁎

Rugose coral
Waagenophyllum sp.

Bivalve
Tanchintongia (= Shikamaia) ogulineci
Edmondia permiana

Gastropod
Bucania kattaensis
Pleurotomaria sp.
Murchisonia sp.

Brachiopod
Martinia velebitica

Sponge
Guadalupia cyllindrica

Microbial
Shamovella (=Tubiphytes) obscura
S.(T.) carinthiaca

Dolomite between L-1 and L-2
Algae

Gymnocodium sp.⁎

L-2: same as L-1
Dolomite between L-2 and L-3: barren

L-3: same as L-1 plus below⁎

Fusuline
Verbeekina sp.⁎

Reichelina cribroseptata⁎

Algae
Permocalculus fragilis⁎

Dolomite above L-3
Fusuline

Staffella sp.⁎

Smaller foraminifera
Glomospira sp.⁎

Hemigordius sp.⁎

Glovivalvulina sp.⁎

Algae
Mizzia sp.⁎

Gymnocodium bellerophontis⁎

Permocalculus cf. fragilis⁎

Fossils with asterisk were reported by Kochansky-Devide, 1979 and the rest by
Sremac, 1991.

Table 1 (continued )
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mudstone of the upper part. Sand-sized bioclasts form occasion-
ally faint parallel to ripple cross lamination. Large bioclasts (e.g.,
brachiopod, gastropod fragment), as well as fragmented shells of
large bivalves (Alatoconchidae), occur occasionally in the basal
part (Fig. 4e). The black limemudstone of the top part of each bed
contains small amount (less then 10%) of fine-grained siliciclas-
tics. In the upper part of the L-3, some packstone beds are
composed almost entirely of large fusulines (Yabeina) (Figs. 4f
and 5e).

Above the L-3, a ca. 100 m-thick massive, less-fossiliferous,
white dolomite occur that has a macrocrystalline polymodal,
anhedral to subhedral fabric with faintly preserved algal
fragments (Fig. 5f). The dolomite possibly suffered several
stages of dolomitization but in the present stage its structure
indicates recrystallization of burial dolomites. This dolomite
corresponds to the “transitional dolomite” sensu Salopek (1942)
and Kochansky-Devidé (1982). The top of this dolomite is not
exposed but apparently it is overlain by undivided, Triassic-aged,
reddish conglomerate and bedded limestone.

3.2. Fusuline biostratigraphy

Fossil distribution in the Brušane section is shown in Tables 1,
2 and Fig. 3. Table 1 lists all fossils reported in previous studies,
whereas Table 2 shows those found in the present study. Among
the three limestone units in the studied sections, L-1 is
outstanding in having a great variety of fossils. Despite the
apparent richness in faunal composition, the sole fossil group
useful for dating is fusuline, in particular Verbeekinidae that
includes the index genus Yabeina.

The fossil content of L-1 was fully analyzed by Kochansky-
Devidé (1979) and Sremac (1991). As L-1 yields N. craticulifera
(Schwager), Kochansky-Devidé (1979) and Sremac (1991) once
assigned a Wordian (Middle Guadalupian) age for L-1; however,
the co-occurrence of Y. syrtalis (Sremac, 1991; Table 1) presents
a difficulty in this age assignment. Y. syrtalis is one of the
advanced forms of Yabeina that characterizes the Capitanian



Table 2
List of fossils from the Brušane section found in the present study

L-1
K-7: Alatoconchidae gen. et sp. indet.

Neoschwagerina craticulifera (Schwager)⁎

L-2
K-12: Yabeina syrtalis (Douville)

Neoschwagerina sp.,
Chusenella velebitica Kochansky-Devidé
Eoverbeekina salopeki Kochansky-Devidé
Sphaerulina croatica Kochansky-Devidé
Dunbarinella nana (Kochansky-Devidé)
Kahlerina pachytheca Kochansky-Devidé
Nankinella sp.

K-13: Alatoconchidae gen. et sp. indet.
L-3

K-19: Alatoconchidae gen. et sp. indet
K-21: Alatoconchidae gen. et sp. indet.
K-23: Alatoconchidae gen. et sp. Indet

Yabeina sp.
K-26: Alatoconchidae gen. et sp. Indet

Yabeina sp.
K-27: Yabeina syrtalis (Douville)

Neoschwagerina sp.
Chusenella velebiticaKochansky-Devidé
Eoverbeekina salopekiKochansky-Devidé
Sphaerulina croatica Kochansky-Devidé
Dunbarinella nana (Kochansky-Devidé)
Kahlerina pachytheca Kochansky-Devidé
Nankinella sp.

K-29: Yabeina sp.
K-30: Yabeina sp.

Refer to main text for details about Neoschwagerina craticulifera* from K-7.
Fossils with asterisk were reported byKochansky-Devide, 1979 and the rest by
Sremac, 1991.
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(Late Guadalupian) interval, as well as Y. globosa that represents
the nominal species of the Y. globosa Zone in Japan (e.g.
Toriyama, 1967; Ozawa and Nishiwaki, 1992; Zaw Win, 1999;
Ota and Isozaki, 2006). Such advanced forms of Yabeina
generally co-occur solely with advanced Neoschwagerina, such
as N. margaritae, but never accompany primitive forms like
N. craticulifera (H. Igo, personal communication). Sremac (2005)
recently reported the abraded shape of N. craticulifera from
the same horizon (from K-7 as illustrated in plate 4, fig. 1 of
Sremac, 2005), and this suggests a possible reworked origin of
Neoschwagerina; thus requires caution in age assignment. On
the basis of these relations, L-1 is likely correlated with the
Capitanian in West Texas (rather than the Wordian), with the
Midian in Transcaucasia, and with the upper Maokouan in South
China.

L-2 and L-3 are both dominated by large-tested fusulines, such
as Y. syrtalis, Chusenella velebitica, E. salopeki, and Neoschwa-
gerina sp., as shown in Table 2 and Figs. 4f and 5e, in accordance
with the preliminary report by Kochansky-Devidé (1979).
We could not confirm that N. craticulifera occurs both in L-2
and L-3. The dominance of well-evolved Yabeina suggests that
both L-2 and L-3 are also correlated with the Capitanian. After all,
it seems likely that the three limestone lenses are all correlated
with the Capitanian; therefore, the Neoschwagerina/Yabeina
Zone boundary (= Wordian/Capitanian boundary) probably lies
in a much lower horizon below L-1. The dolomite between L-1
and L-2, and the one between L-2 and L-3 lack good age
indicators.

On the other hand, the top of the Capitanian (or Guadalupian)
has not been constrained (Fig. 3), although the overlying
Lopingian interval is inferred in the N100 m-thick dolomite
above L-3 and below the Triassic rocks. The sole occurrence of
Staffella sp. from the top dolomite (Table 1) may support this
assumption.

It is noteworthy that all the large bivalves (Alatoconchidae)
occur in L-1, L-2 and L-3. Sremac (1991) first reported
the occurrence of Tanchintongia (= Shikamaia) ogulineci
(Kochansky–Devidé), one of the species of Alatoconchidae,
from L-1 in this section (Table 1). The present study also confirms
the occurrence of juvenile forms of Alatoconchidae gen. et sp.
indet. from the upper part of L-1 (Sample K-7). The largest
specimen of Alatoconchidae from the Brušane section, ca. 40 cm
long, was found in L-2 (K-13; Figs. 4b, c and 6a, c). L-3 only
yielded smaller shell fragments (K-21; Fig. 4e) and juvenile forms
(K-28; Fig. 4d). Thus in the Brušane section, the stratigraphic
range of Alatoconchidae overlaps entirely with that of Yabeina.

3.3. Sedimentary facies

We studied 60 thin sections under the microscope to check the
sedimentary facies of the Brušane section. Among the various
bioclasts, calcareous algae are the most abundant, not only in the
three black limestone lenses but also in the less-fossiliferous
dolomites in-between. Particularly in the black limestone of L-1,
a rich flora composed of 5 genera and 10 species was reported by
Kochansky-Devidé (1979) and Sremac (1991). Although we
need further detailed analyses of the floral composition of the
algae, their ubiquitous occurrence throughout the section clearly
indicates that the Velebit Formation as a whole was deposited
mostly in a very shallow marine environment of the photic zone
on a carbonate platform, as primarily suggested by Kochansky-
Devidé (1965) and Flügel (1977). As for the black wackestone/
packstone of L-1, L-2 and L-3 (Figs. 4b,c,e,f, 5b,d,e and 6c),
abundant reworked bioclasts of various shallow marine biota,
including microproblematica Shamovella (=Tubiphytes) (Sremac,
1991) of probable microbial origin, indicate a subtidal to possibly
intertidal regime.

Likewise, the lime mudstone was probably deposited in a
lagoonal environment with a very limited influx of fine-grained
terrigenous clastics. The good preservation of fossils and trace
fossils of mud-feeding organisms supports the predominance of a
low-energy environment; however, the occasional development
of current ripple cross lamination implies the occasional influx of
fine-to coarse-grained bioclastic material by currents into a quiet
lime mud lagoon. Wave megaripples and wave ripple cross
lamination also suggest reworking of clasts by oscillatory wave
action.

The remainder of the Velebit Formation, more than 90%, is
composed of apparently massive dolomite. Judging from the
remnant algal textures, in particular those of dasycladacean algae
likeMizzia (Fig. 5a, Table 1), these dolomites were likely derived



Fig. 6. Photographs of the shell structure in Alatoconchidae from the Brušane
section a) the external layer of Alatoconchidae shell characterized by prismatic
calcite (enlarged part of the specimen in Fig. 4b; Sample K-13, L-2;
b) photomicrograph of a double-layered shell of Alatoconchidae, Sample
K-21, L-3; c) photomicrograph of the external layer of the shell in a wackestone
under polarized light, Sample K-13, L-2. Note the double-layered shell structure,
particularly with a unique external layer composed of prismatic calcite crystals
aligned perpendicularly to the shell surface.
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primarily from a shallow marine limestone that underwent early
diagenesis under possible supratidal conditions, although early
diagenetic fabrics may have been overprinted by later diagenesis.

4. Large bivalves

We foundAlatoconchidae fromL-1, L-2, andL-3 in theBrušane
section. In L-1 and L-3, shell fragments of large individuals rarely
occur in packstone/wackestone, (Fig. 4e), whereas juvenile forms
less than 5 cm long are in limemudstone (Fig. 4d). L-2 yieldsmany
large specimens of Alatoconchidae including the biggest specimen
in the studied section, the shell of which is about 40 cm long and
2 cm thick (Fig. 4b,c).

Most of the bivalve shells were broken into smaller
fragments and densely lithified together with the matrix, thus
free individual specimens are rare. The size of the broken
bivalve shells is mostly 5–30 cm long and 0.5–2 cm thick,
suggesting an abundance of extraordinarily large individuals.
As our observation is limited to sections of shells on surface
exposures and those on randomly sliced rock slabs, three-
dimensional morphology of the whole bivalve shell is not well
documented. No well-preserved hinge/ligament parts of valves
or inner shell ornamentation has been recognized. Nonetheless,
we can identify these shells as Alatoconchidae, because of their
unusually large and thick shells (Fig. 4b) and the prominent U-
shaped folds of shells in sections are unique to Alatoconchidae,
but quite distinct from other Permian bivalves.

In addition, macroscopic and microscopic observations
confirmed that the shells have a unique double-layered
structure as illustrated in Fig. 6; the external layer is composed
of long, prismatic calcite crystals aligned perpendicular to the
shell surface, whereas the internal layer consists of a
microgranular mosaic calcite (Fig. 6b). Each prismatic calcite
crystal in the external layer generally ranges from 1 to 5 mm in
length and 100 to 500 μm in diameter with the longest reaching
nearly 10 mm (Fig. 6a). This is another significant feature that
supports the identification as Alatoconchidae. In this article,
we tentatively describe these bivalves from the Brušane section
as Alatoconchidae gen. et sp. indet. More detailed paleonto-
logical study is obviously needed, and the results will be
reported elsewhere.

Kochansky-Devidé (1978) reported the occurrence of large
isolated specimens within the same family with the name of
Tanchintongia ogulineci Kochansky-Devidé from the Neosch-
wagerina Zone of the Velebit Formation in the neighboring Baške
Oštarije area.

The originally-described Tanchintongia ogulineci Kochansky-
Devidé was later renamed as Shikamaia ogulineci (Kochansky-
Devidé) according to the taxonomic synonymy pointed out by
Boyd and Newell (1979). Accordingly, the specimen of
T. ogulineci, described from L-1 from the studied section (Sremac,
1991), is here re-assigned in the genus Shikamaia (Table 1). It is
noteworthy that alatoconchids from the Neoschwagerina Zone
(Kochansky-Devidé, 1978) are much larger (over 40 cm in length)
than those from the Yabeina Zone, as this tendency in size change
may represent a general polarity in the unique bivalve evolution
(Isozaki and Aljinović, in press).
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5. Discussion

5.1. Range of Alatoconchidae

The present results prove for the first time that the stratigraphic
range of the family Alatoconchidae extends up to the Capitanian,
Late Guadalupian, and not only in the Velebit Mountains in
Croatia but also in southeastern Europe representing the western
Tethyan domain (Fig. 1c). Previous studies in the Velebit
Mountains (Kochansky-Devidé, 1978; Kochansky-Devidé and
Ramovš, 1987) recognized the occurrence of S. ogulineci
(Kochansky-Devidé) from the middle limestone of the Wordian
N. craticulifera Zone.

An occurrence of S. ogulineci (Kochansky-Devidé) was also
reported from a Saikra bioherm complex at Djebel Tebaga in
Tunisia that also belongs to the Neoschwagerina Zone. This
marks the highest horizon ever reported from western Tethys
including both Croatia and Tunisia, as there has been no report
from the well-defined Capitanian Yabeina Zone.

According to paleogeographic reconstructions (Scotese and
Lanford, 1995; Vai et al., 2000; Kiessling et al., 2003; Gaetani
et al., 2003), the Permian carbonates in the Velebit Mountains and
Djebel Tebaga in Tunisia belong to the same carbonate platform
Fig. 7. Schematic range chart showing the upper limit of Alatoconchidae in the
Velebit Formation in Croatia and in the mid-Panthalassan limestone in Japan.
Not to scale. Keys: G–LB: Guadalupian-Lopingian boundary, C–R: Codono-
fusiella–Reichelina. The topmost horizon of the occurrence of Alatoconchidae
was confirmed in the Capitanian (Upper Guadalupian) in this study. Despite the
geographical separation between Croatian (western Tethys) and Japanese (mid-
Panthalassa) sections, this aberrant bivalve group became extinct almost at the
same time at the end of Capitanian, together with large-tested Verbeekinidae
(fusuline) and Waagenophyllidae (rugose coral). The extinction of “the tropical
trio”may have been driven by the Kamura cooling event (Isozaki et al., 2007a,b)
immediately before the Guadalupian–Lopingian boundary.
in a broad sense at the western end of equatorial Tethyan realm
(Fig. 1c). Thus in the Cul-de-Sac of the western Tethys, the large
aberrant bivalve family likely thrived in shallow carbonate
platforms throughout the Middle Permian, i.e., commonly in the
Wordian, and up to Capitanian (Fig. 7). The same range for
Alatoconchidae up to the Lepidolina Zone of Capitanian was
recently confirmed in Japan (Isozaki, 2006). As the Japanese
sections originated primarily from the mid-Panthalassan domain,
their occurrence in both Croatia and Japan indicates that the
Alatoconchidae survived up to the Capitanian in both Tethys and
Panthalassa.

In contrast, no Alatoconchidae have been reported to date
from the Lopingian. On the basis of all the previous and current
data, the aberrant bivalve family Alatoconchidae likely became
extinct at the end of the Guadalupian, in other words at the
Guadalupian–Lopingian boundary extinction event (Jin et al.,
1994; Stanley and Yang, 1994; Isozaki, 2007), simultaneously in
Tethys and Panthalassa almost on the opposite sides of the globe.

5.2. Paleogeographic distribution of Alatoconchidae

The ecology and taxonomy of bivalves have been investigated
in several studies (e.g., Kondo et al., 2006). The occurrence of
Alatoconchidae is highly limited to low-latitude areas. As
summarized by Isozaki (2006) and Isozaki and Aljinović (in
press), the occurrence of Alatoconchidae has been hitherto
reported from 9 areas in the world, i.e., Tunisia (Boyd and
Newell, 1979), Croatia (Kochansky-Devidé, 1978; Kochansky-
Devidé and Ramovš, 1987; and this report), Oman (Pillevut,
1993), Iran (Thiele and Ticky, 1980), Afghanistan (Termier et al.,
1973), Malaysia (Runnegar and Gobbett, 1975), Thailand
(Udchachon et al., 2006), the Philippines (Kiessling and Flügel,
2000), and Japan (Ozaki, 1968; Yancey and Ozaki, 1986; Isozaki,
2006). The first three areas belong to the peri-Gondwanan
carbonate platform, whereas the 4 examples from theMiddle East
and South Asia are from the Cimmerian landmasses, which rifted
from the northern margin of Gondwana and migrated northward
to the equatorial zone (Fig. 1c). On the other hand, the last two
examples were from accreted paleo-atoll complexes that
primarily originated in the middle of Panthalassa (Isozaki et al.,
1987; Isozaki, 2006; Isozaki and Aljinović, in press). Therefore,
regardless of their tectonic setting and/or facing oceans, all the
Alatoconchidae-bearing rocks were deposited in low-latitude,
tropical to subtropical domains of Tethys and Panthalassa.

The concentrated occurrence of Alatoconchidae in low-
latitude areas appears concordant with their closely associated
fossil assemblage composed of abundant large-tested fusulines
(Verbeekinidae, Schwagerinidae) and rugose corals (Waagen-
ophyllum) that represent the typical Tethyan fauna well adapted to
warm-water environments (Yancey and Boyd, 1983; Isozaki,
2006). The reason why Alatoconchidae is absent in the western
Pangean margin (e.g., West Texas) remains enigmatic; however,
this may have resulted from sampling bias or from local
environmental factors.

Nonetheless it is noteworthy that the aberrant bivalve family
Alatoconchidae became extinct at the end of the Guadalupian
almost simultaneously in both western Tethys and Panthalassa
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(Fig. 7). Their probable extinction at the end of the Guadalupian,
together with the extinction of large-tested fusulines and most
rugose corals, suggests that unfavorable environmental condi-
tions may have appeared in the Late Guadalupian on a global
scale and terminated long-lasting, warm-water-adapted fauna in
low-latitude areas that Isozaki (2006) called the “tropical trio”.

The appearance of a cool interval in the Capitanian (Kamura
event) in the tropical zone was recently proposed by Isozaki et al.
(2007a,b) on the basis of stable carbon isotope chemostratigra-
phy. Similarly, cooling in the Middle–Late Permian was also
suggested in concurrent high latitude domains (Beauchamp and
Baud, 2002). In general, cooling is critical to the survival of most
tropical biota that are too well adapted to a warm climate. With
respect to the extinction pattern of Alatoconchidae, a possible kill
mechanism and relevant environmental change is discussed
elsewhere (Isozaki and Aljinović, in press).

6. Conclusions

The occurrence of the Permian large bivalve family
Alatoconchidae from the Capitanian (Upper Guadalupian) Ya-
beina Zone is confirmed for the first time in Europe, (i.e., at the
western end of Paleo-Tethys). This aberrant bivalve family
became dominant and attained an extraordinarily large size during
the Middle Guadalupian in low-latitude areas in both Tethys and
Panthalassa. In turn, they became extinct at the end of the
Guadalupian together with large-tested fusulines (Verbeekinidae
and Schwagerinidae) and a large variety of rugose corals
(Waagenophyllidae). A possible kill mechanism for “the tropical
trio”may have been the Capitanian cooling (Kamura event) in the
tropics; however, further study is needed, particularly from the
viewpoint of physiology of the tropical trio in an oligotrophic
condition in low-latitude carbonate platforms.
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