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Abstract

The taphonomic features and paleoecology of this species were investigated focused on vertically embedded individuals of ar-
ticulated Inoceramus amakusensis Nagao et Matsumoto. In the Hinoshima Formation, Himenoura Group of Kyushu, Japan, this
Santonian (Late Cretaceous) inoceramid bivalve characteristically occurs in incised-valley fill siliciclastic marine deposits. Modes
of I. amakusensis occurrence and preservation, from in situ (= occurrence in life position) to allochthonous shell fragments, are
strongly affected by its paleoecology and depositional environments. Several I. amakusensis (up to 25 cm in shell height) were
recovered from bioturbated sandstones associated with storm-influenced deposits. Their commissural planes are almost perpendic-
ular to the bedding plane, with the anterior face oriented downward and the posteroventral portion extending upward. Furthermore,
I. amakusensis is morphologically comparable to endobyssate mytilid bivalves today. These results suggest that this Cretaceous
species was an orthothetic sand sticker at least during mid-ontogeny that preferentially inhabited a well-oxygenated, nearshore
seafloor. I. amakusensis was distributed in various depositional environments and has been regarded as a recliner in offshore muddy
substrate. However, the present discovery suggests that it was also well adapted, with an upright life position, to high-energy
shallow clastic environments characterized by high sediment supply.
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1. Introduction

Inoceramids, an extinct group of pteriomorphian bivalves,
had a cosmopolitan distribution in Mesozoic marine environ-
ments (Noda and Matsumoto, 1976; Dhondt, 1992; Voigt, 1995;
Harries and Crampton, 1998). They first appeared in the
Early Permian, flourished during the Cretaceous Period, and
became extinct in the mid-Maastrichtian, about 2 Ma before
the Cretaceous-Paleogene (K-Pg) boundary (Waterhouse, 1970;
Ward et al., 1991; MacLeod, 1994; Keller, 2001). On the ba-
sis of its variable shell morphology, which changed substan-
tially over relatively short intervals in the fossil record, numer-
ous inoceramid species have been established (Woods, 1912;
Cox, 1969). Because they exhibit a widespread biogeographic
distribution and short species longevity, their role as biostrati-
graphic index fossils for the correlation of Mesozoic marine
strata, particularly during the Late Cretaceous, is well estab-
lished (Harries and Crampton, 1998). Accordingly, systematic,
phylogenetic, and biostratigraphic studies have been empha-
sized in inoceramid paleontology for centuries (e.g., Sowerby,
1814, 1822; Woods, 1912; Nagao and Matsumoto, 1939, 1940;
Noda, 1975; Dhondt, 1983; Niebuhr et al., 1999; Yazykova,
2002; Walaszczyk, 2004; Walaszczyk and Cobban, 2007).

The predominance of inoceramids in several marine benthic
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fossil assemblages is well known, especially those from the Up-
per Cretaceous Series in the Western Interior and the Gulf Coast
of North America (Hattin, 1982; Alencáster and Omaña, 2006;
Kauffman et al., 2007), South Atlantic (Hessel, 1988), Europe
(Walaszczyk, 2004; Wilmsen, 2008), and circum-Pacific re-
gions (Haggart, 1984; Elder and Box, 1992; Yazykova, 2002;
Kumagae and Komatsu, 2004; Komatsu et al., 2008; Kumagae
and Misaki, 2008; Yamaguchi et al., 2008).

Despite their significance as a virtually ubiquitous compo-
nent of Cretaceous benthic communities, comparatively little
work has been devoted to reconstructing inoceramid paleoe-
cology (e.g., Seitz, 1962; Kauffman, 1967; Carter, 1972; Frey,
1972; Stanley, 1972; Tanabe, 1973, 1983; Hattin, 1982; Hes-
sel, 1988; Dhondt and Dieni, 1990, 1995; Hayakawa, 1990;
Hayakawa et al., 1994; Stewart, 1990; MacLeod and Hoppe,
1992; Toshimitsu et al., 1992; Harries, 1993; Knight and Mor-
ris, 1996; Crame and Luther, 1997; Ozanne and Harries, 2002;
Tanoue, 2003; Kauffman et al., 2007; Kumagae and Misaki,
2008). Therefore, biological aspects such as their life habitat,
life position, and mode of life have hitherto been inadequately
understood.

The Himenoura Group, a thick clastic sequence developed
in shallow-marine to slope and pelagic environments (the term
‘shallow-marine’ is used for the depositional environments af-
fected by waves: Walker & Plint, 1992), is favorable for ob-
serving the modes of inoceramid occurrence and preservation
(e.g., Yehara, 1922; Nagao, 1922, 1930; Nagao and Matsumoto,
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1940; Ueda, 1962; Matsumoto and Ueda, 1962). In particu-
lar, Inoceramus amakusensis Nagao et Matsumoto is common
in the Hinoshima Formation, the lower part of the Himenoura
Group. This species is one of the index taxa for the Santo-
nian (Upper Cretaceous) in northeastern Eurasia (Japan, Far
Eastern Russia)(Tashiro et al., 1986; Toshimitsu, 1988; Toshim-
itsu et al., 1995, 2007; Lamolda and Hancock, 1996; Yazykova,
2002), and it has been presumed to be an offshore mud recliner
without any detailed investigation. In fact, its paleoecological
aspects such as life habitat and life position have remained un-
known.

Detailed field observations were made on Inoceramus
amakusensis on Hinoshima and Kugushima islands, which are
situated in the midwestern part of Kyushu, southwestern Japan
(Fig. 1). To reconstruct the species’ paleoecology, the depo-
sitional environments of the lowermost part of the Hinoshima
Formation and various different modes of I. amakusensis occur-
rence and preservation are described. In particular, we focused
on unusual in situ (= in life position) materials which provide
a very important key to elucidate the paleoecology of extinct
bivalves, as with inoceramids (Fürsich, 1980; Kondo, 1998).

2. Geologic and stratigraphic framework

The Himenoura Basin is a fault-controlled, forearc basin af-
fected by the movement of the Median Tectonic Line (Tashiro
et al., 1980; Sakai and Okada, 1997; Toyohara and Matsuo,
2000). The Upper Cretaceous is represented by the Himenoura
Group (Nagao, 1922), consisting of non-marine to shallow-
marine siliciclastic deposits distributed mainly in the eastern
area of the Amakusa-Kamishima Island and its adjacent is-
lands as well as the Uto Peninsula of Kumamoto Prefecture,
Kyushu, southwestern Japan (Fig. 1). The Himenoura Group
consists, in ascending order, of the Hinoshima and Amura for-
mations (Tashiro and Noda, 1973; Tashiro et al., 1986) and
yields abundant molluscan fossils such as ammonoids, bi-
valves, and gastropods (Yabe, 1900, 1902; Yehara, 1921, 1922,
1923; Nagao, 1930, 1932; Nagao and Matsumoto, 1939, 1940;
Ueda and Furukawa, 1960; Matsumoto and Ueda, 1962; Ueda,
1962; Tashiro, 1976; Noda, 1983; Sato et al., 2005; Komatsu
et al., 2008, 2009). On Amakusa-Kamishima Island, this Up-
per Cretaceous deposit unconformably overlies the basement
rocks consisting of the Higo metamorphic rocks and associated
granitic rocks, which are the western extension of the Higo Belt
(Nagakawa et al., 1997; Toyohara and Matsuo, 2000), and is
unconformably overlain by the Paleogene Akasaki Formation,
Miroku Group (Nagao, 1922; Ueda, 1962; Fujino, 2003).

The present study mainly investigated the lowermost portion
of the Hinoshima Formation, which is distributed on the Hi-
noshima and Kugushima islands, southeast of the Amakusa-
Kamishima Island (Fig. 1). The formation in the study area
reaches a thickness of more than 270 m, strikes generally NE-
SW, and dips at 40–70◦ to the north (Fig. 2). Abundant fossil
bivalves, a few ammonoids, and echinoids are found in shallow-
marine conglomerates, sandstones, and mudstones at several lo-
calities (Figs. 3 and 4).

Two inoceramid species are used to determine the age of the
Hinoshima Formation. Inoceramus amakusensis, from the low-
ermost part of the formation (Locs. K2001–2010, K1001–1006,
H4001–4003: Figs. 3 and 4), indicates early Santonian, and I.
higoensis Noda, from the lower portion of the formation (Locs.
K2011–2019, 2021, 2024, 2025: Figs. 3 and 4), suggests late
Santonian (Matsumoto, 1959; Noda, 1983; Toshimitsu et al.,
1995).

Sedimentological studies of the Himenoura Group, mainly
of the Hinoshima Formation, have been conducted by several
geologists, who reconstructed the depositional facies develop-
ment of the formation. They interpreted it as a deepening-
upward succession from coarse clastic nearshore environments
to turbiditic slope (Tashiro et al., 1986; Fujino, 2003; Komatsu
et al., 2008). The present study basically follows Komatsu et al.
(2008) in the interpretations of the depositional environments.

Komatsu et al. (2008), on the basis of depositional facies
analysis, discussed in detail the depositional environments and
history of the Hinoshima Formation. They recognized nine de-
positional facies composing four facies associations interpreted
as fluvial environments, bay-head delta, central embayment,
and submarine slope, and concluded that the strata represents
an incised-valley fill with transgressive succession from a nar-
row estuary via wave-influenced marine embayment to a sub-
marine slope environment. In particular, the lower portion of
the Hinoshima Formation, which crops out in the study area,
corresponds to the bay-head delta system filling the estuary
and embayment. This depositional system is dominated by
three shallow-marine depositional environments: distributary
channel-fill and sand bar deposits in the river mouth of the delta
topsets and foresets, a wave- and storm-influenced coastal sea
lying between fair-weather wave base (FWWB) and storm wave
base (SWB) in the distal delta foreset and marginal bay, and a
marine central embayment (enclosed shallow sea) partly related
to prodelta deposits (Komatsu et al., 2008).

3. Sedimentological descriptions of inoceramid-bearing
strata

We take particular note of the sedimentary features (lithol-
ogy, grain size, sedimentary structures, and fossils) of the San-
tonian lowermost portion of the Hinoshima Formation, indexed
by the occurrence of Inoceramus amakusensis. Shell remains
of I. amakusensis are distributed mainly within marine silici-
clastics of incised-valley fill systems (Komatsu et al., 2008),
which consist of three depositional facies: 1) cross-stratified
gravelly sandstone (river mouths of bay-head delta foresets),
2) hummocky and low-angle cross-stratified sandstone (storm-
influenced shallow sea), and 3) bioturbated sandy mudstone
(marine embayment). These depositional facies respectively
correspond to Facies 2a, 2b, and 3 recognized by Komatsu et al.
(2008). The sedimentological terminology of Walker and Plint
(1992), Cheel and Leckie (1993), and Johnson and Baldwin
(1996) is followed.
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3.1. Cross-stratified gravelly sandstone

The basal portion of the Hinoshima Formation consists pre-
dominantly of medium- to very coarse-grained gravelly sand-
stone that overlies basement rocks and fluvial deposits (Fig.
4). This depositional facies frequently contains shell fragments
of Inoceramus amakusensis, which are easily recognized by
their prismatic structure visible in cross-section (Fig. 5B). In
most cases, this gravelly sandstone exhibits trough and pla-
nar cross-stratification (Fig. 5A) and forms fining-upward units
(2.5–7 m thick) beginning at a concave-up erosional basal sur-
face. The base of the units consists of matrix-supported gran-
ule to boulder conglomerates (0.2–1 m thick) containing sub-
angular to well-rounded gravels, coaly woods, and abundant
fossil bivalves, such as disarticulated Glycymeris amakusen-
sis Nagao and shell debris from I. amakusensis, Crassostrea
sp., and Spondylus sp. This conglomerate gradually grades
upward into the main part of the unit, composed of medium-
to coarse-grained sandstone. It is characterized by trough and
planar cross-stratification, in which fragments of I. amakusen-
sis and Crassostrea sp. distributed along foresets with gran-
ules of metamorphic and granitic rocks derived from the base-
ment rocks are commonly observed at localities between Locs.
K2001 and K2005. In this main part, lenticularly bedded, grav-
elly channel-fill sandstones and bivalve shell concentrations (up
to 15 cm thick) and sheet conglomerates (3–15 cm thick) are
occasionally intercalated. These cross-stratified gravelly sand-
stone beds gradually change upward into the finer-grained sand-
stone described below.

3.2. Hummocky and low-angle cross-stratified sandstone

Fine- to coarse-grained sandstone beds characterized by low-
angle and hummocky cross-stratification (HCS), without asso-
ciated mudstone beds, crop out at Locs. K2006, H4001, and
H4002 (Figs. 4 and 5C, D). The HCS and low-angle cross-
stratified strata (0.5–4 m thick) are mainly composed of fine- to
medium-grained, well-sorted sandstones with erosional bases
(first-order surface: Cheel & Leckie, 1993). The basal part
(10–30 cm thick) of the beds generally consists of medium-
to coarse-grained, poorly sorted sandstones with sporadic an-
gular to rounded pebbles, rip-up mud clasts, plant remains,
as well as disarticulated and fragmentary shells of Glycymeris
amakusensis, Inoceramus amakusensis, and Crassostrea sp.
The HCS and low-angle cross-stratified sandstones are overlain
by bioturbated fine- to medium-grained sandstones (0.2–1.5 m
thick), which yield scattered bivalves (G. amakusensis and I.
amakusensis) and nearly horizontal trace fossil Macaronichnus
isp. (Fig. 5F).

At Loc. K4002, the gravelly sandstone bed including the
fragmentary shells of Inoceramus amakusensis is overlain by
the present depositional facies (5.5–6.5 m thick) with an erosive
contact (Fig. 7). In the basal 20–45 cm interval above the ero-
sional surface, characterized by low-angle cross-stratification,
subangular to rounded gravels up to cobbles in size and dis-
articulated valves of Glycymeris amakusensis accumulated to-
gether. Fine-grained well-sorted, bioturbated sandstones over-
lie the lowermost part. Articulated valves of four individuals

of I. amakusensis and clustered G. amakusensis (Fig. 5G) are
found in this bioturbated sandstone, which is overlain by amal-
gamated HCS sandstones at least 3 m thick (Fig. 5C).

3.3. Bioturbated sandy mudstone
Bioturbated, dark-gray, sandy mudstone (20–40 m thick)

overlies the bioturbated sandstone described above. This poorly
sorted mudstone shows no obvious depositional structures be-
cause of homogenization by intense bioturbation and is occa-
sionally intercalated with very fine- to fine-grained sandstone
sheets (5–10 cm thick) characterized by fine parallel lamina-
tion. Some marine invertebrate fossils and abundant plant re-
mains are found in this depositional facies, particularly in the
disk-shaped, calcareous concretions. Most of the fossil bi-
valves are disarticulated or fragmented (Glycymeris amakusen-
sis, Inoceramus amakusensis, Acila hokkaidoensis Nagao, and
Spondylus sp.), although some individuals of G. amakusen-
sis occur in an articulated or butterfly position (Loc. K1002).
Some fossils of stenohaline animals, such as ammonoids, echi-
noids, and solitary corals, also occur (Fig. 4).

4. Modes of occurrence and preservation of Inoceramus
amakusensis

Inoceramus amakusensis is large (up to 60 cm in shell height)
and thin-shelled (< 0.5 cm) for the family and is characterized
by being equivalved, with low convexity, irregularly spaced
rugae, and large posterior wings (Fig. 6). Within shallow-
marine siliciclastic deposits in the study area, I. amakusensis,
which is associated with other molluscan fossils such as bi-
valves and ammonoids, displays various taphonomic features
(Fig. 4). These are strongly controlled by the depositional en-
vironment, as well as by the paleoecology and the nature of the
shell structures of the present species. The inoceramid shell,
consists of an inner nacreous layer (aragonite), followed by a
prismatic layer (calcite), and an outer periostracum (organic
coating) (Harries et al., 1996). When the organic framework
sheathing the prismatic crystals decays away, the inoceramid
shell is supposedly prone to fragmentation along the boundaries
between each prismatic crystal. On the basis of detailed ob-
servations of the taphonomic features of I. amakusensis in the
field and laboratory, the modes of inoceramid occurrence and
preservation are subdivided into three categories (Types 1–3),
as described below.

4.1. Type 1: Articulated valves
Description. All the articulated specimens of Inoceramus

amakusensis in this type are embedded vertically into to sub-
strate. At Loc. H4002, cross-sections through articulated valves
of I. amakusensis are sporadically found in the bioturbated,
fine-grained sandstone associated with HCS (Fig. 8). Their
commissural planes are oriented almost perpendicular to the
bedding plane and strike N60–80◦W, with umbo-down and the
crushed posterior part extended upward (Figs. 7 and 8).

The stratigraphic distribution of Type 1 is unique to the
storm-influenced, shallow-marine sandstones, where four indi-
viduals show sporadic distribution in a 1.5-m-thick interval at
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Loc. H4002 (Figs. 4 and 5C). They occur together with au-
tochthonous individuals of articulated Glycymeris amakusensis,
which occur in clusters in the same locality (Fig. 5G). Disar-
ticulated valves (Type 2) and fragmentary shells (Type 3) of I.
amakusensis are also found in the same horizon.

In this case, only part of the disk of Inoceramus amakusensis
is preserved, whereas the concentric ribs on the shell surface
exhibit no signs of abrasion. As a result of post-burial pro-
cesses, the shell in the umbonal area is dissolved away, and the
posterior area including the posterior wing is crushed (Fig. 8).
The original shell size of Type 1 individuals is estimated to be
no less than 25 cm in height. This is the average size for I.
amakusensis in comparison with other specimens described in
previous studies (Nagao and Matsumoto, 1940; Matsumoto and
Ueda, 1962; Noda and Matsumoto, 1976; Noda et al., 1995).

Interpretation. Cretaceous inoceramids essentially have no
interlocking teeth (Cox, 1969; Harries and Crampton, 1998;
Knight and Morris, 2009). Accordingly, when the soft tissues
decay away, given the weak, multivincular ligament, the two
valves are prone to disarticulation. Hence, the preservation
of articulated valves of fossil inoceramids in strata indicates
that they were buried in their original habitat without any post-
mortem transport; that is, autochthonous preservation occurred.
Type 1 indicates that I. amakusensis assuredly inhabited storm-
influenced, shallow-marine environments of sandy substrate, as
Glycymeris amakusensis did (Fig. 5G).

Their unstable vertical orientation, with the umbonal region
oriented downwards and the posteroventral area raised, is com-
parable to that of epibyssate or endobyssate mytilid bivalves
of the present (in Stanley, 1970, 1972) and epifaunal edgewise
recliners or semi-infaunal mud (sand) stickers (in Seilacher,
1984). The modes of occurrence of byssally attached, semi-
infaunal pteriomorphians in a vertical position are observed in
the Jurassic (Fürsich, 1980). Considering the shell size of Type
1 specimens (25 cm in height), the possibility that articulated
shells were oriented by a post-mortem disturbance such as bio-
turbation or load deformation is extremely improbable. Thus,
the shell orientation demonstrated by Type 1 individuals is in-
terpreted as an original life position of Inoceramus amakusen-
sis, and Type 1 represents in situ preservation of this species
(Fig. 9).

4.2. Type 2: Disarticulated valves

Description. On the bedding plane of bioturbated sandstone
associated with HCS (Locs. K2005 and H4002) and sandy
mudstones (Locs. K2010 and H4003), Inoceramus amakusen-
sis infrequently occurs as well-preserved disarticulated valves
lying parallel to the bedding plane in convex-up position. Al-
though inoceramid valves are found in these high-energy depo-
sitional environments, they are comparatively well preserved:
the umbonal area, posterior wing, ventral margin, and faint con-
centric lines still remain (Figs. 5H and 6). Type 2 is, therefore,
distributed in the storm-influenced shallow sea and the central
embayment (Figs. 4 and 5E, H). The shell size of some individ-
uals exceeds 40 cm in height, and no individuals smaller than
15 cm in height are found (Figs. 5E and 6).

In the storm-influenced, coastal sandstones, Type 2 Inoce-
ramus amakusensis co-occurs with autochthonous Glycymeris
amakusensis and occasionally represents shell accumulations
consisting of a few individuals (Fig. 5E). In addition, in the
sandy mudstone of the central embayment, they are sparsely
found together with G. amakusensis, Acila hokkaidoensis, am-
monoids, solitary corals, and coaly plant particles. At the same
time, these Type 2 individuals are associated with Type 1 and
Type 3 in the storm-influenced, shallow-marine environment
and with shell fragments of Type 3 in the central bay (Fig. 4).

Interpretation. Type 2 is interpreted as a para-autochthonous
occurrence for the following reasons. The predominance of
convex-up shells is consistent with previous studies which
demonstrated that this orientation is hydrodynamically stable
for a single bivalve shell in moderate- to high-energy environ-
ments (Emery, 1968; Salazar-Jiménez and Frey, 1982; Norris,
1986; Dent and Uhen, 1993; Dey, 2003). Hence, disarticulated
valves in a convex-up position are attributed to the influence of
waves or currents, and they could suggest reorientation. De-
positional environments where the Type 2 occurrence is dis-
tributed, as described above, are surely affected by wave and
storm disturbances, and therefore, reorientation is consistent
with this observation.

Although Type 2 individuals are embedded within wave- and
storm-influenced sandy deposits, and the shells of Inoceramus
amakusensis are not very thick (< 0.5 cm) for the overall shell
size (up to 60 cm in height: Noda and Matsumoto, 1976), brit-
tle marginal parts such as the umbo, posterior wing, and ventral
margin still remain (Figs. 5H and 6). This suggests rapid burial
and little post-mortem transport from their life habitat and sup-
ports a para-autochthonous interpretation.

4.3. Type 3: Fragmented shells
Description. Fragmented shells of Inoceramus amakusensis

characterize the lowermost part of the Hinoshima Formation
(Fig. 4). This demonstrates the worst preservational state of I.
amakusensis. The shell debris varies in size, ranging from 0.5 to
6 cm in the long axis, and its shapes are also varied from prism
to block. The periostracum and the nacreous layer (aragonite)
are generally dissolved or abraded.

This type is widespread in the bay-head delta and marine
embayment (Fig. 4). In the river mouth channel-fill gravelly
deposits, fragmented shells of Inoceramus amakusensis, asso-
ciated with disarticulated Glycymeris amakusensis and frag-
mented Crassostrea sp. and Spondylus sp., are embedded along
the foresets of trough and planar cross-stratifications (Fig. 5B)
and appear randomly in the lag deposits of channel infillings
and lenticular shell concentrations. In addition, in the storm-
influenced sandstone beds, fragments accumulated as lag de-
posits that cover the first-order surfaces of HCS, together with
rip-up mud clasts, disarticulated G. amakusensis, and fragmen-
tary Crassostrea sp. In the sandy mudstone of the embayment,
shell debris has three different appearances: 1) scattered occur-
rence with disarticulated G. amakusensis and coaly plant de-
bris, 2) patchy two-dimensional shell concentrations (less than
1 cm thick), which originated from a single individual of I.
amakusensis without any other fossils, and 3) limited presence
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in calcareous loose concretions that contain G. amakusensis,
Acila hokkaidoensis, Protexanites sp., Polyptychoceras sp., ju-
venile Gaudryceras sp. (< 1 cm in diameter), solitary corals,
and coaly plant debris (Fig. 4).

Interpretation. Type 3 indicates the dominant allochthonous
occurrence. In the lowermost Hinoshima Formation, shell re-
mains of Inoceramus amakusensis obviously act as sedimen-
tary particles (Fig. 5B), and, therefore, were transported from
their original habitats to several depositional environments (Fig.
4). Owing to the nature of inoceramid shells, however, near
their habitats, where storms and waves had substantial effects,
the shells of I. amakusensis nevertheless could be readily frag-
mented.

As a result, inoceramid shell remains are spread and accu-
mulated in the shallow-marine bay-head delta and central em-
bayment and co-occur with other bivalves. The genus Cras-
sostrea has been a typical brackish-water taxa since the Late
Jurassic (Komatsu et al., 2002; Komatsu, 2004); moreover, the
inferred life habitat of Glycymeris amakusensis is on a well-
sorted sandy shoreface to inner shelf (Kumagae and Komatsu,
2004). Shell fragments embedded in channel-fill and coarser,
storm-influenced lag deposit, in particular, underwent physi-
cal destruction including abrasion by comparatively energetic
flow (Driscoll and Weltin, 1973). Sato et al. (2005) and Ko-
matsu et al. (2009) reported I. amakusensis from turbiditic
sandstone beds in basin and submarine fan systems in the mid-
dle and upper parts of the Hinoshima Formation. The shells of
I. amakusensis are poorly preserved as disarticulated valves and
fragments on the erosional basal surfaces of turbidites. These
shell remains appear to be transported from the coastal marine
environments to the basin and submarine fan.

5. Paleoecological considerations of Inoceramus amakusen-
sis in a shallow clastic sea, the Himenoura Basin

5.1. Life habitat

Inoceramid bivalves once inhabited widely diverse marine
environments ranging from nearshore sands to offshore muds
and chalks (Carter, 1972; Frey, 1972; Hattin, 1982; Harries and
Crampton, 1998; Kumagae and Misaki, 2008). Moreover, some
of them, potentially with chemosynthetic symbionts, might
have successfully ventured into oxygen-deficient sea bottoms,
which were generally uninhabitable by other benthic marine
forms (MacLeod and Hoppe, 1992; Kauffman et al., 2007).
While most inoceramids were definitely bottom-dwellers, a few
forms could be pseudoplanktonic, attaching themselves to var-
ious floating objects such as ammonoid shells and driftwood
in seawater, for part or whole of their lifetime (Jefferies and
Minton, 1965; Tanabe, 1973, 1983). However, it is still contro-
versial whether the pseudoplanktonic life habit is appropriate
for inoceramids, and thus other bivalves (Harries and Cramp-
ton, 1998; Schatz, 2005).

Several Inoceramus amakusensis specimens from the lower-
most Hinoshima Formation occur in situ. Such specimens co-
occur with articulated Glycymeris amakusensis in bioturbated
sandstones in storm-influenced environments (Figs. 5G and 7).

Kumagae and Komatsu (2004) described a dense occurrence of
autochthonous G. amakusensis within bioturbated sandstone on
top of an HCS sequence in the Himenoura Group on the Oshima
Island, southwest of Amakusa-Shimojima Island (Fig. 1A) and
reconstructed its life habitat as a wave- and storm-dominated
sandy shoreface to inner shelf. Moreover, bioturbated sand-
stone beds correspond to the burrowed flat laminae (Fb) or cross
laminae (Xb) intervals (Dott and Bourgeois, 1982) that indicate
the active behavior of marine benthos under calm conditions be-
tween storms (Cheel and Leckie, 1993; Johnson and Baldwin,
1996).

Storms with breaking waves play a crucial role in introduc-
ing dissolved oxygen into seawater (Wallace and Wirick, 1992;
Chanson and Cummings, 1994; Nittrouer and Wright, 1994;
Chanson et al., 2006). As cluster occurrences of autochthonous
Glycymeris amakusensis and a densely bioturbated lithology
(Fig. 5G, F) suggest, high activity of marine benthos would
be allowed under such mixed (aerobic) condition (Savrda et al.,
1984) existing between FWWB and SWB within the Hime-
noura Basin. Consequently, Inoceramus amakusensis inhabited
a well-oxygenated sandy substrate of a shallow clastic sea with
no demand for chemosymbiotic adaptations.

5.2. Life position

Previous studies of the life positions of inoceramids have
been conducted on the basis of their modes of occurrence and
preservation, functional morphology, and other indirect circum-
stantial evidence. In most cases, fossil inoceramids used for
these studies were mainly obtained from calcareous chalk or
offshore mudstone (Bottjer, 1981; Jablonski and Bottjer, 1983;
Kauffman et al., 2007), that is, initially soft, and potentially
soupy substrates inhospitable to infaunal suspension feeders
(Seibold and Berger, 1982; McCave and Jones, 1988; Egeberg
and Saigal, 1991; Stow et al., 1996). Based on this, the life posi-
tions of several Upper Cretaceous inoceramid species have been
inferred with iceberg or snowshoe adaptations (in Thayer, 1974,
1975): Platyceramus platinus (Logan) and Cladoceramus un-
dulatoplicatus (Römer) were considered as snowshoe strate-
gists for their large flattened thin-shelled valve (Frey, 1972;
Hattin, 1982; Kauffman et al., 2007); Inoceramus lamarcki
Parkinson and Volviceramus involutus (Sowerby) [?= V. grandis
(Conrad)] were considered as iceberg strategists for their bowl-
shaped left valve (Carter, 1972; Frey, 1972; Hattin, 1982).

A few previous reconstructions promoting an upright life po-
sition for Late Cretaceous inoceramids exist [ e.g., Dhondt and
Dieni (1990, 1995) for Cladoceramus undulatoplicatus, Stew-
art (1990) for Platyceramus platinus, and Toshimitsu et al.
(1992) for Sphenoceramus schmidti (Michael)]. The first three
studies used evidence of bivalve and cirriped encrustation on
the shell surface of host inoceramids, whereas the latter exam-
ined the preferred orientation of individuals. However, since all
of the studies are based on equivocal data, these reconstructions
of upright position are still debatable.

Here, Inoceramus amakusensis is reconstructed as semi-
infaunal, and thus, it was an orthothetic sand sticker in shallow-
marine environments. Above all, articulated individuals that
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exhibit vertical umbo-low and posterior-up orientation are ob-
viously indicative of an erect life position (Figs. 8 and 9), al-
though Seilacher (1984) interpreted this umbo-down position
as a result of the pull of the byssus in response to burying alive.
This is supported by Tashiro (1978) and Noda et al. (1995),
who reported two bivalve species, Atreta intulaevis Tashiro and
Pycnodonte amakusensis Tashiro attached on both (right and
left) valves of immature individuals of I. amakusensis. It is
interpreted to suggest that both discs, during early ontogeny,
were located above the sediment–water interface when the in-
oceramid animal was alive (Toshimitsu et al., 1992).

Several accounts reinforce the reconstruction of the life posi-
tion of Inoceramus amakusensis as a sand sticker. The shell is
less inflated, and the anterior end of the conjoint valves forms
a cuneiform edge; moreover, the cross-sectional shape of the
shell reaches its greatest width nearly at the middle of the dorso-
ventral axis (Fig. 9). These morphological characteristics are
typical of semi-infaunal modern mytilids and burrowing bi-
valves (Stanley, 1970, 1972). To securely settle at a sandy bot-
tom, I. amakusensis likely required the burial of a portion of its
body in the substrate. Shell valves themselves function as an an-
chor in the sediments (Seilacher, 1984). Furthermore, consid-
ering this species’ shell size (25 cm in height), I. amakusensis
potentially held its body firmly to the seafloor with a byssus as
an additional anchor. Although it is assumed, but not substan-
tiated, that this inoceramid possessed a byssus, the presence of
a byssus is one of the diagnoses for the superfamily Pteriacea,
in which inoceramids are classified. In addition, the presence
of a byssal notch, from which byssus passing outward from the
valve, was confirmed in several inoceramid species by previ-
ous studies (Seitz, 1962; Cox, 1969; Kauffman, 1969; Stanley,
1972; Harries and Crampton, 1998).

The cross-sectional shape of Inoceramus amakusensis is un-
likely to contribute to the physical stabilization in an epifaunal
habit (Fig. 9). If I. amakusensis was an epibyssate strategist,
considering its storm-influenced life habitat and comparatively
large size in the Type 1 occurrence, a secure byssus that an-
chors its body vertically and firmly to the seafloor or densely
packed gregariousness may be required (Fürsich, 1980). How-
ever, any reliable objects to which byssal threads are attached
are not found in sediments around their anterior margin, and in
situ individuals of the species occur solitarily, not in clusters
(Fig. 8).

The life strategy of semi-infaunal sand (mud) stickers could
allow themselves to survive relatively high sedimentation rate
(Seilacher, 1984, 1985) and high-energy depositional environ-
ments (Stanley, 1970, 1972). The erect life position of In-
oceramus amakusensis enables it to position its posteroventral
shell margin such that the gills and mantle tissue are located
well above the sediment–water interface. This upright position,
for this originally sessile inoceramid, is effective against rapid
burial (Chinzei, 1982; Chinzei et al., 1982) and offers an ad-
vantage in a benthic suspension-feeding community in terms
of tiering (Ausich and Bottjer, 1982). As such an environ-
ment is likely affected by storms and waves, a semi-infaunal
life habit is potentially an effective strategy to prevent exca-
vation from the sediment (Kauffman, 1969). Furthermore, the

posterior wing of byssate bivalves functions as s stabilizing
rudder (Kauffman, 1969). Also, the preferential shell orien-
tation affected by river current or tidal flow is known in sev-
eral suspension-feeding bivalves [e.g. Toshimitsu et al. (1992)
for Margaritifera laevis (Haas) and Mathers (1976) for Pecten
maximus (Linnaeus)]. The preferred orientation of the com-
missural plane of I. amakusensis may suggest that they settled
on the sea bottom with their posterior wing parallel to the pre-
dominant flow direction. The paleoecology of I. amakusensis
described above denotes an example of an essentially immobile
inoceramid’s adaptation to a shallow clastic environment with
storm and wave disturbances and a high sediment supply.

6. Conclusions

The Santonian inoceramid bivalve Inoceramus amakusen-
sis as found within a shallow-marine siliciclastic sequence of
the Upper Cretaceous Himenoura Group represents various
modes of occurrence and preservation from in situ valves to
allochthonous shell debris. Taphonomic features of this species
are subdivided into three categories: Type 1, characterized
by articulation and vertical embedding, is only observed in
storm-influenced, coastal sandstones and is interpreted as in situ
preservation; Type 2, showing disarticulation and good preser-
vation, is found in the bay-head delta foresets, storm-influenced
sandstones, and central bay environments and is interpreted
as para-autochthonous; and Type 3, composed of fragmentary
shells, exhibits a widespread distribution throughout the low-
ermost part of the Hinoshima Formation and indicates typical
allochthonous occurrences.

In the Himenoura Basin, Inoceramus amakusensis was an
orthothetic, semi-infaunal sand sticker that preferentially in-
habited an aerobic nearshore environment between fair-weather
and storm wave base (SWB). The inhabited substrate of this
species consists of well-sorted, fine-grained sands that accumu-
lated in the distal area of a bay-head delta. Well-oxygenated
seawater in the inoceramid habitat allowed I. amakusensis to
subsist without chemosymbiosis. This inoceramid species par-
tially buried its dorsoanterior face into the sandy bottom, and
potentially, anchored itself by a byssus to affix its body in a
habitat influenced by storms and waves. This vertical position
is an effective strategy for preventing I. amakusensis from storm
and wave disturbances and rapid burial, and offers an advantage
in tiering a benthic suspension-feeding community. In the San-
tonian of the Yezo Group, northeast Japan, large articulated I.
amakusensis (over 60 cm in height) lying on a bedding plane
of bioturbated mudstone on a slope to a proximal basin plain
below SWB are occasionally observed. This might suggest that
this species was a recliner snowshoe strategist owing to either
its large shell size at a later growth stage, an offshore soft bot-
tom condition, or both.

Inoceramus amakusensis, possibly by changing its life habit
flexibly, could have adapted to various marine environments.
In any case, further studies are required to clarify its range of
inhabited paleoenvironments as well as life positions.
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Figure captions

Fig. 1 Location of the study area (A) and distribution of the Upper Cretaceous Himenoura Group (in stripes) around the study area
(B).

Fig. 2 Geologic map of the study area.

Fig. 3 Locality map of the study area.

Fig. 4 Generalized columnar section and invertebrate faunal succession of the lower part of the Hinoshima Formation, Himenoura
Group in the study area. Stratigraphic distribution of modes of Inoceramus amakusensis occurrence (Types 1–3) is indicated.
Depositional environments are based on Komatsu et al. (2008).

Fig. 5 Field photographs of sedimentary features and various modes of fossil occurrence. Hammer is 30 cm long. Lens cap is 5 cm
and coin is 2 cm in diameter. A, trough and planar cross-stratified gravelly sandstones contain rounded granules to boulders
(Loc. K2003). B, shell fragments of Inoceramus amakusensis (arrowed) embedded in the gravelly trough cross-stratified
sandstone (Type 3); structure of prismatic layer is observed at the fracture surface of each (Loc. K2004); photograph shows
cross-section. C, low-angle to hummocky cross-stratified (HCS) sandstone (Loc. H4002). D, HCS sandstone (Loc. K2006).
E, disarticulated large valves of I. amakusensis (Type 2) accumulate in a bedding plane of HCS sandstone bed (Loc. K2006).
F, cross-section of intensely bioturbated sandstone beds (Loc. K2006). G, cross-section through autochthonous individuals of
Glycymeris amakusensis (arrowed); bedding plane view of bioturbated sandstone (Loc. H4002). H, well-preserved left valve
of I. amakusensis (Type 2); note that the posterior wing (PW) is visible (Loc. K2008); bedding plane view of bioturbated
sandy mudstone.

Fig. 6 Inoceramus amakusensis Nagao et Matsumoto, 1940 (left valve, internal cast) from HCS sandstone of the Hinoshima For-
mation at Loc. K2006; note that umbo, posterior wing, and faint concentric lines are preserved (Type 2).

Fig. 7 Schematic columnar section of HCS and bioturbated sandstones in which in situ Inoceramus amakusensis (Type 1) and
autochthonous Glycymeris amakusensis are embedded (Loc. H4002); pie chart represents articulate-disarticulate ratio of I.
amakusensis, and rose diagram shows the frequency of the angle formed between commissural plane and bedding plane.

Fig. 8 Field photograph (A) and schematic sketch (B) of cross-section through Inoceramus amakusensis in life position (Type 1)
embedded perpendicularly in fine-grained bioturbated sandstone at Loc. H4002; note that the posterior part is crushed.

Fig. 9 Life position and cross-sectional shape of Inoceramus amakusensis based on the specimens illustrated in Figs. 6 and 8
(lateral view, left valve); fragmentary specimen (left) corresponds to shaded area on the sketch of I. amakusensis (right)
modified after Tashiro (1992); gray fish indicates the observation direction in Fig. 8; open arrows indicate the position of
cross-section (right); striped area in the cross-section denotes maximum shell-width.
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Highlights

> The first record of a Santonian inoceramid, Inoceramus amakusensis in upright life position.

> This species inhabited storm- and wave-influenced, well-oxygenated sandy bottoms during mid-ontogeny.

> Its life position is comparable to that of endobyssate mytilids or semi-infaunal sand stickers.

> I. amakusensis, possibly by changing its life habit, could have adapted to various marine environments.
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