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10.1 Introduction

Kazutaka AmanoSteffen Kiel, and Krzysztof Hryniewicz

Bivalves are one of the major animal classes inhabiting hydrothermal vents, hydro-
carbon seeps, and whale-fall and wood-fall sites, because several bivalve clades
developed symbiotic associations with chemotrophic bacteria that provide them
with the bulk of their nutrition. Bivalves house the symbionts in their enlarged gills,
either intra- or extracellularly. The symbionts are thiotrophic or methanotrophic
gammaproteobacteria and are obtained either by environmental acquisition (also
called horizontal transmission), or they are passed on from the parent to the off-
spring (called vertical transmission) (e.g., Duperron 2010; Taylor and Glover 2010)
(Table 10.1).

In extant bivalves, chemosymbiosis has been documented in nine families or
subfamilies. These are widely dispersed among the bivalve tree of life, showing that
chemosymbiosis was repeatedly and independently acquired by several bivalve
groups through Earth history (Figs. 10.1 and 10.2). The degree to which their
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Table 10.1 Chemosymbiotic type and symbiotic acquisition methods in six extant bivalve
families. References are in the text

Family Symbiont type Symbiont acquisition
Solemyidae Thiotrophic Mostly maternal
Nucinellidae Potentially chemoautotrophic ?

Mytilidae Thiotrophic, methanotrophic Environmental
Lucinidae Thiotrophic Environmental
Thyasiridae Thiotrophic Environmental
Vesicomyidae Thiotrophic Mostly maternal

members depend on chemosymbiosis for nutrition varies considerably. Some have
reduced their gut and rely largely or exclusively on their symbionts (Solemyidae,
Nucinellidae, Bathymodiolinae, Pliocardiinae among Vesicomyidae), while others
retain a functional gut and can derive a significant part of their nutrition from other
sources (Lucinidae, Thyasiridae). Whereas all investigated lucinids have symbionts,
most smaller species of Thyasiridae and Vesicomyinae do not harbor symbionts at
all (Taylor and Glover 2010; Krylova and Sahling 2010). Among the Montacutidae,
Basterotiidae, and Teredinidae, chemosymbiosis is rare and only documented in a
single species of each family: Syssitomya pourtalesiana among the Montacutidae,
Atopomya dolobrata among the Basterotiidae, and Kuphus polythalamia among the
Teredinidae (Oliver et al. 2012; Oliver 2013; Distel et al. 2017, respectively).
Bivalves have a remarkable fossil history at seeps, with about 150 named species
and many more reported in open nomenclature. In addition to the main groups of
modern chemosymbiotic bivalves, all of which occur at fossil seeps, a few others
have been abundant at seeps in the older geologic past, suggesting even further
instances of the acquisition of chemosymbiosis in Earth history. These groups
include the families Kalenteridae and Modiomorphidae among the Archiheterodonta
(Hryniewicz et al. 2017b; Jenkins et al. 2018b) and a genus of the Anomalodesmata
not assigned to any family (Kiel et al. 2017; Kiel 2018). Furthermore, chemosym-
biosis was inferred for the large Permian bivalve Shikamaia of the family
Alatoconchidae, which, however, does not occur in an ancient seep environment
(Asato and Kase 2019). Some authors suggested or stressed that large Cretaceous
inoceramids might have depended on the chemosymbiosis, based on their size, their
mode of occurrence, and stable carbon isotope data (MacLeod and Hoppe 1992;
Kauffman et al. 2007; Walliser et al. 2018, 2019). However, the isotope data are
inconclusive (Grossman 1993), and the structure of well-preserved, phosphatized
gills of Inoceramus sutherlandi and Platyceramus sp. is very different from that

»
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rences of chemosymbiosis, ? chemosymbiosis suggested but questionable, (*)extinct family with
assumed chemosymbiotic members. Chemosymbiosis is inferred for the Triassic anomalodes-
matan species Aksumya krystyni, but it has not been assigned to any anomalodesmatan family;
hence, a + sign is placed at the base of the anomalodesmatans. Note that among Mytilidae only
members of the subfamily Bathymodilinae are chemosymbiotic, not the entire family. Kalenteridae
are here placed basal to all other archiheterodonts except Modiomorphidae solely. Tree compiled
from Bieler et al. (2014), Combosch et al. (2017), and Sato et al. (2020)
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Nuculidae
Solemyidae*
Nucinellidae*
Nuculanidae
Arcidae
Limopsidae
Anomiidae
Limidae
Pectinidae
Mytilidae*
Pinnidae
Pteriidae
Ostreidae
Trigoniidae
Uniodinae
Crassatellidae
Astartidae
Carditidae  Archiheterodonta
Kalenteridae(*)

Modiomorphidae(*)

Poromyidae
Thraciidae
Cuspidariidae
Pandoridae
Thyasiridae*
Gastrochaenidae
Lucinidae*
Solenidae
Hiatellidae
Montacuidae *
Cardiidae
Tellinidae
Teredinidae *
Myidae
Dreissenidae
Mactridae
Gaimardiidae
Vesicomyidae*
Veneridae
Petricolidae
Arcticidae

Protobranchia

Pteriomorphia

Palaeoheterodonta

Anomalodesmata

Imparidentia

Glossidae
Chamidae

Fig. 10.1 Simplified phylogenetic tree of the Bivalvia showing the distribution of chemosymbi-
otic clades. *Families with chemosymbiosis as dominant feeding mode, + families with rare occur-
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Family/ Genus

Eoc.

Olig. | Mio.
e|ll |E[M|L

IPIio. I Rec.

m| 1

Ecology

Solemyidae
Dystactella
Solemya (s. |.)
Acharax

Nucinellidae
Nucinella

Thyasiridae
Cretaxinus
Large "Thyasira"
Thyasira
Conchocele
Rhacothyas
Maorithyas

Lucinidae
Beauvoisina
Tehamatea
Ezolucina
Amanocina
Cubatea
Nymphalucina
Elongatolucina
Epilucina
Nipponothracia
Lucinoma
Elliptiolucina
Meganodontia
Pegophysema

Anomalodesmata
Aksumya

Infauna

Vesicomyidae
Pliocardia (s.l.)
Hubertschenckia
Pleurophopsis
Calyptogena
Archivesica
Isorropodon
Notocalyptogena
Wareniconcha

Semi-
infauna/
infauna

Modiomorphidae
Ataviaconcha
Sibaya

Kalenteridae
Terzileria
Kasimlara
Caspiconcha
Pseudophopsis

Mytilidae
Vulcanidas
Bathymodiolus
Idas/ Adipicola
"childressi clade"
Gigantidas
Brachidontes

Sessile
Epifauna
/Semi-
infauna

Fig.10.2 Chronostratigraphic range chart of chemosymbiotic bivalve genera; solid lines show the
confirmed fossil record, while dashed lines show the inferred occurrences

observed in the commonest extant chemosymbiotic bivalves (Knight et al. 2014).
Hence it seems more plausible that inoceramids were filter-feeder (e.g., Kiel 2010a).

The recent findings of modiomorphid and kalenterid bivalves at Paleozoic and
Mesozoic seeps have shed considerable doubt on an earlier hypothesis that brachio-
pods dominated the seeps in the Paleozoic and Mesozoic and were outcompeted by
chemosymbiotic bivalves only from the Late Cretaceous onward (Campbell and
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Bottjer 2006). Many of the modiomorphids and kalenterids co-occur with brachio-
pods atindividual seep deposits: the Silurian-Devonian modiomorphid Afaviaconcha
with the atrypid brachiopod Septatrypa, the Triassic kalenterids Terzileria and
Kasimlara with the dimerelloid brachiopod Halorella, and the Cretaceous kalen-
terid Caspiconcha with the dimerelloid brachiopod Peregrinella. By reviewing the
ecology and geochemical settings of these occurrences, Kiel and Peckmann (2019)
put forward the new hypothesis that brachiopods and bivalve were partitioning
resources: brachiopods relied on methane for nutrition via free-living methanotro-
phic bacteria, whereas the bivalves relied on sulfide via their sulfide-oxidizing
symbionts.

10.2 Family Solemyidae

Krzysztof Hryniewicz

Members of family Solemyidae Gray, 1840, are one of the most basal bivalve clades
(Fig. 10.1) with a fossil record going back to the Early Paleozoic. They have a
global distribution and are known from the tropics to high latitudes from shallow
waters down to ca. 5350 m water depth (Fujiwara 2003; Taylor and Glover 2010;
Hansen et al. 2019). All representatives of the two recognized extant genera of
Solemya and Acharax live in obligate symbiosis with sulfur-oxidizing gammapro-
teobacteria (Coan et al. 2000; Imhoff et al. 2003; Stewart and Cavanaugh 2006;
Taylor and Glover 2010). The symbionts are stored intracellulary in bacteriocytes
located at the abfrontal zones of ctenidial filaments (Dubilier et al. 2008; Taylor and
Glover 2010). Symbiont transmission in solemyid varies depending on the species.
For example, symbionts of Solemya reidi and S. velum are likely transmitted from
parent to offspring (vertical transmission; Gustafson and Reid 1988; Cary 1994;
Krueger et al. 1996; Russell et al. 2018), while symbionts of S. pervernicosa are
more alike those of lucinid and thyasirid bivalves than to those of S. reidi and
S. velum, suggesting environmental acquisition (horizontal transmission; Fujiwara
et al. 2009).

Solemyids disperse via short-living, actively swimming pericalymma larvae
similar to that of other protobranch bivalves (Gustafson and Reid 1986). They occur
in a range of habitats, from seeps, vents, and oxygen-minimum zones to other
reduced sediments at seagrass beds, sewage outfalls, and around whale carrions
(Reid 1980; Métivier and Cosel 1993; Coan et al. 2000; Neulinger et al. 2006;
Kamenev 2009; Fujiwara et al. 2009; Taylor and Glover 2010; Oliver et al. 2011;
Sato et al. 2013; Walton 2015). Solemya commonly inhabits the shelf and slope
depths (e.g., Taylor et al. 2008; Kamenev 2009; Rodrigues et al. 2011; cf. Sato et al.
2013), whereas Acharax is commonly associated with deeper settings (e.g.,
Neulinger et al. 2006). Solemyids are burrowers, often building a U- to Y-shaped
burrow extending as deep as 30 cm below the sediment-water interface (Owen
1961; Stanley 1970; Reid 1980; Stewart and Cavanaugh 2006; Seike et al. 2012),
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and can be occasionally trapped and killed in their burrows by rapidly deposited
sediment cover (Hryniewicz et al. 2020). The species of Solemya living in settings
with high organic matter content are often gutless (e.g., Reid 1980; Coan et al.
2000), while others have retained their gut and are capable of suspension feeding
(e.g., Krueger et al. 1992; Taylor et al. 2008; Simone et al. 2015). Relatively little is
known about the biology of Acharax, but the available data suggest that at least
some species are gutless (Métivier and Cosel 1993). Solemyids are able to thrive at
relatively low sulfide levels (Anderson et al. 1987; Conway et al. 1992), and at
seeps, they have been recorded from the marginal zones (Sahling et al. 2002; Jenkins
et al. 2007). Some species of Solemya are able to swim if disturbed (Reid 1980;
Taylor et al. 2008).

10.2.1 Fossil Record and Evolution

The oldest known solemyids are Dystactella ordovicicus (Pojeta and Runnegar
1985) and Dystactella aedilis (Isakar and Sinitsyna 1985) from the Middle
Ordovician of Estonia. They belong to the branch of anteroventrally expanded sole-
myids that has gone extinct in the Paleozoic. The extant genera Solemya and
Acharax belong to the branch of elongated solemyids, known at least since the
Devonian (Meek 1873). A possible ancestor of this branch is the anteriorly elon-
gated genus Psiloconcha Ulrich, 1894, of Ordovician age. The oldest solemyid
from a seep deposit is Dystactella? eisenmanni Hryniewicz, Jakubowicz, Belka,
Dopieralska, and Kaim, 2017, from a Middle Devonian seep carbonate in Morocco
(Aitken et al. 2002; Hryniewicz et al. 2017b). Solemya and Acharax first appeared
at seeps in the Jurassic (Hryniewicz et al. 2014; Kaim et al. 2014). An alleged sole-
myid species has been found in an early Carboniferous (Viséan) seep in Germany
(Peckmann et al. 2001). The oldest undoubted Solemya species at seep deposits
include Solemya (Petrasma) cf. woodwardiana from the latest Jurassic-earliest
Cretaceous shallow-water seeps in Svalbard (Fig. 10.3a—d'; Hryniewicz et al. 2014,
2015a), and Solemya rossiana has been reported from latest Maastrichtian (Late
Cretaceous) shallow-water seeps in Snow Hill Island, Antarctica (Little et al. 2015).

1 Institutional Abbreviations in the Figure Captions

GZG = Geowissenschaftliches Zentrum, University of Gottingen, Germany

JUE = Joetsu University of Education, Japan; collection now at the University Museum of
University of Tokyo, Japan

PMO = Natural History Museum, University of Oslo, Norway

PRI = Paleontological Research Institution, Ithaca, USA

UMUT = University Museum of Tokyo University, Japan

UOA = University of Auckland, New Zealand

USNM = Smithsonian Natural History Museum, Washington DC, USA

UWBM = University of Washington, Burke Museum, Seattle, USA
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Fig. 10.3 Solemyidae. (a—d) Solemya (Petrasma) cf. woodwardiana (Leckenby 1859) from a lat-
est Jurassic-earliest Cretaceous seep site on Spitsbergen, Svalbard. (a, b) PMO 224.956: the aster-
isk indicates the position of the posterior adductor muscle scar (PAMS) extending into the shell
dorsally of the chondrophore (Ch). (¢, d) PMO 217.249: (c) specimen displaying both the anterior
and posterior adductor muscle scars (AAMS and PAMS); (d) rubber cast of an internal mold show-
ing PAMS supported on buttress (BT). (e-g) Acharax yokosukaensis (Kanie and Kuramochi, 1995)
from Early Miocene seep sites in Ibaraki Prefecture, Honshu, Japan. (e) JUE no. 15887-2; (f) JUE
no. 15887-4; (g) JUE no. 15887-2; the asterisk indicates the protruding external ligament attach-
ment. (a—d: Hryniewicz et al. 2014; e-g: Amano and Ando 2011)
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Solemya sp. was described from Paleocene wood-fall communities in Spitsbergen
Island (Hryniewicz et al. 2019). The oldest species described as Acharax is Acharax
stantoni from the Late Jurassic-Early Cretaceous (Tithonian-Albian) seeps of
California (Kaim et al. 2014). Further Cretaceous species of Acharax found at seeps
are Early Cretaceous (Albian) Acharax mikasaensis from the Ponbetsu seep site and
the Campanian Acharax cretacea from the Yasukawa seep site, both in Hokkaido
(Kanie and Nishida 2000; Kiel et al. 2008). Various species of Acharax are known
also for seeps in the Paleogene (e.g., Amano et al. 2013a, b), the Neogene (e.g.
Amano and Ando 2011; Kiel and Taviani 2018), and the late Pleistocene off of
Svalbard (Hansen et al. 2019). The largest specimen of Acharax at a seep deposit
reached at least 296 mm in length and is of the latest Early Miocene age (Fig. 10.3e—
g; Amano and Ando 2011). In addition to the seep occurrences listed above, ancient
Solemya is reported from shelfal siliciclastics, especially those organic-rich (e.g.,
Roemer 1839; Duff 1978; Kiel 2010a), while Acharax is more typical of deep-water
environments (e.g., Vokes 1955; Taviani et al. 2011; Kaim et al. 2014).

10.2.2 Classification and Shell Characters

Two extant genera are recognized among Solemyidae, Solemya Lamarck, 1818, and
Acharax Dall, 1908, and are well supported by molecular data (Sharma et al. 2013;
Fukasawa et al. 2017). Distinguishing Solemya and Acharax based on shells requires
information on the ligament and the internal radial rib in front of the posterior
adductor muscle scar (Taylor et al. 2008; Kamenev 2009; Oliver et al. 2011). Most
shell characters, i.e., the elongated shell shape, a thick periostracum, and broad but
shallow radial ribs are present in both genera; thus, the easiest way to distinguish
Solemya from Acharax is by the ligament; Solemya has an internal ligament set in a
chondrophore (Fig. 10.3a—d), whereas Acharax has an external ligament supported
by a thickened shell margin (Fig. 10.3e—g). Although the difference is noticeable on
well-preserved shells, fossils are usually incomplete or partial internal molds lack-
ing the ligament margin (Hryniewicz et al. 2014), rendering a generic identification
of the specimens problematic. The internal features of both genera are similar and
should not be used for generic distinction (e.g., Vokes 1955; Kamenev 2009; Oliver
et al. 2011).

The genus Solemya is subdivided into the subgenera Solemya s.s.; Solemyarina
Iredale, 1931; Petrasma Dall, 1908a; Zesolemya Iredale, 1939; Austrosolemya
Taylor, Glover, and Williams, 2008; and Pseudacharax Huber, 2010, based on the
difference in length and character of the anterior ligament extension, relation of the
chondrophore to posterior adductor muscle scar, and presence of a buttress, support-
ing the anterior margin of posterior adductor muscle scar. A detailed discussion and
table of the differences between particular subgenera of Solemya were presented by
Taylor et al. (2008), Kamenev (2009), Oliver and Taylor (2012), and Hryniewicz
et al. (2014). The Paleozoic genera Dystactella Hall and Whitfield, 1872, and
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Clinopistha Meek and Worthen, 1870, have commarginal ornament and an external
ligament. They differ by the rate of anterioventral expansion: weak in Dystactella
and strong in Clinopistha (Pojeta 1988).

10.3 Family Nucinellidae

Kazutaka Amano and Krzysztof Hryniewicz

The family Nucinellidae Vokes, 1956, is considered either as the sister taxon to
Solemyidae (Fig. 10.4) or at least closely related to it (Sharma et al. 2013). The spe-
cies of Nucinella are shallow burrowers and are not obligate vent and seep inhabit-
ants but also occur in “normal” marine sediments of 6 m to 3500 m in depth (e.g.,
Matsukuma et al. 1982; La Perna 2005; McLeod et al. 2010; Oliver and Taylor,
2012). Chemosymbiosis has been suggested for some species of Nucinella based on
their reduced or absent digestive tract (e.g., Kuznetsov and Shileyko 1984; Reid
1998). These suggestions were partially confirmed by the accumulation of light
carbon in the tissues of Nucinella maoriana, similar in magnitude to that of species
of Thyasiridae and Solemyidae with confirmed chemosymbiosis found in their
immediate surroundings (McLeod et al. 2010). Oliver and Taylor (2012) found
potentially chemoautotrophic bacteria in the gills of the modern species Nucinella
owenensis and Huxleyia habooba, which were recovered from the oxygen-minimum
zone in the Arabian Sea off of southern Oman. Thus, Nucinella potentially is a
member of chemosynthetic communities in seep sites.

10.3.1 Fossil Record and Evolution

The oldest fossil Nucinella species are N. taylori and N. nakremi from earliest
Triassic marine sediments in Spitsbergen (Foster et al. 2017). A very small (~2 mm
long) Nucinella? sp. has been reported from the early Carnian (earliest Late Triassic)

Fig. 10.4 Nucinellidae. (a—d) Nucinella gigantea Amano, Jenkins, and Hikida, 2007, from a
Campanian seep site in Nakagawa Town, Hokkaido, Japan. (a, b) UMUT MM29245; Holotype;
ALT anterior lateral tooth. (¢, d) UMUT MM29248; Paratype. (a—d: Amano et al. 2007)
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“normal” marine Cassian Formation from Northern Italy (Niitzel and Kaim 2014),
but the generic assignment of this species is uncertain. Later Mesozoic and Cenozoic
non-seep species of Nucinella are associated with a variety of shallow to deep
marine sediments (e.g., Vokes 1956; Clausen and Wignall 1990; Wignall et al.
2005). Seep species of Nucinella are generally larger than their non-seep relatives
and are known since the Jurassic and possibly the Triassic. Peckmann et al. (2011)
illustrated “a possible Nucinella” from a Late Triassic (Norian) seep site in Oregon.
However, as the hinge of this species is unknown, it is difficult to judge whether this
is the oldest record of this genus from seep deposits. Hammer et al. (2011) illus-
trated Nucinella sp. from uppermost Jurassic-lowermost Cretaceous seep carbon-
ates in Svalbard. This oldest confirmed species of Nucinella has been described as
N. svalbardensis (maximum length = 23 mm) by Hryniewicz et al. (2014). Coeval
but smaller species of Nucinella have recently been reported from the latest Jurassic
seep deposits from Novaya Zemlya in Arctic Russia (Hryniewicz et al. 2015b).
As-yet undescribed species of Nucinella have been reported from a Barremian
(Early Cretaceous) seep site in California (Kaim et al. 2014) and from the mid-
Cretaceous Awanui II deposit on the North Island of New Zealand (Kiel et al. 2013).
The Late Cretaceous Nucinella gigantea (maximum length = 18 mm) was described
from Cenomanian and Campanian seep deposits on Hokkaido by Amano et al.
(2007a) and Kiel et al. (2008) (Fig. 10.4). Amano et al. (2013b) found one large
specimen of Nucinella sp. (23 mm in length) in the upper Eocene to lower Oligocene
Tanamigawa Formation in Honshu. Moreover, one fossil specimen (14 mm in
length) of Nucinella sp. was described along with other chemosymbiotic species
from the Lower Miocene Kurosedani Formation in Toyama Prefecture, Honshu
(Amano et al. 2019b). These records indicate that large Nucinella species were
common in the latest Jurassic-earliest Cretaceous boreal shallow-water seeps
(Hryniewicz et al. 2014, 2015a, b) and the Late Cretaceous Hokkaido seeps (Amano
et al. 2007a, b; Kiel et al. 2008) but rather rare in Cenozoic fossil chemosynthetic
communities.

10.3.2 Classification and Shell Characters

The genus Nucinella Wood, 1851, is characterized by usually small (a few mm in
length) nuculiform shell with a smooth surface except for growth lines, a continuous
row of taxodont teeth in the cardinal area, a long anterior lateral tooth, and one
adductor muscle scar (Fig. 10.4). The largest living species, N. boucheti La Perna,
2005, reaches 25 mm in length. Huxleyia A. Adams, 1860, differs from Nucinella
by having cardinal taxodont teeth only anterior to the umbo, posteriorly bound by a
deeply sunken resilium. Nucinella is easily discriminated from smooth-shelled
nuculids such as Leionucula by having a long anterior lateral tooth and one adductor
scar only and by lacking a nacreous inner layer.
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10.4 Family Mytilidae

Steffen Kiel and Kazutaka Amano

Chemosymbiotic species among the Mytilidae occur only in a single subfamily, the
Bathymodiolinae. Bathymodiolins range in size from a few mm to approximately
360 mm in length and have colonized a broad range of chemosynthetic environ-
ments including vents, seeps, whale fall, and wood fall (Duperron 2010; Lorion
et al. 2013). Most bathymodiolins are epifaunal, although some large species live
half-buried in the sediment. Typically, methane seeps and hydrothermal vents are
inhabited by large species, while wood and bones are colonized by small species.
Bathymodiolins disperse via planktotrophic larvae, some of which are able to stay
as long as 17 months in surface waters and feed on phytoplankton (Arellano and
Young 2009; Arellano et al. 2014; Laming et al. 2015, 2018). After settling on the
seafloor and metamorphosis, juveniles undergo a transformation from heterotrophy
to chemosymbiosis, via mixotrophy, associated with increasing body size and gill
proliferation (Laming et al. 2018). Although juveniles need to attach themselves to
hard substrates with byssus threads, larger individuals can cut the byssus and
actively move around to find the optimal position for the uptake of reduced com-
pounds (Duperron 2010).

In contrast to all other groups of chemosymbiotic bivalves, bathymodiolins take
up the sulfides and other reduced compounds via their inhalant current (Duperron
2010). Also unique among chemosymbiotic bivalves is that the bathymodiolins can
harbor methanotrophic symbionts, either exclusively or in addition to the sulfur
oxidizers (Childress et al. 1986). All other chemosymbiotic bivalve families rely
solely on sulfur-oxidizing symbionts (Dubilier et al. 2008). While the acquisition of
sulfur-oxidizing symbionts is considered an apomorphy of the group and is linked
to its origin, methanotrophic symbionts were apparently acquired only much later in
the evolutionary history of bathymodiolins (Lorion et al. 2013). Bathymodiolins
have a wide range of symbiotic associations, with most symbionts being either sul-
fur or methane oxidizers, although some species are known to host as many as six
different symbionts, including methyl and hydrogen oxidizers (Duperron et al.
2008; Duperron 2010; Petersen et al. 2011). The symbionts are housed in the gills,
where they are located either extra- or intracellular. The phylogeny of the group
suggests that extracellular symbiont location is the ancestral condition, whereas the
more integrated, intracellular symbiont location is the derived condition (Lorion
et al. 2013). Methanotrophic symbionts are only known from species with intracel-
lular symbiont location, suggesting that the ability to house symbionts intracellu-
larly is an evolutionary prerequisite for the acquisition of methanotrophic symbionts
(Lorion et al. 2013). The symbionts are environmentally acquired after metamor-
phosis (Laming et al. 2018), and both the sulfur oxidizers and the methane oxidizers
are gammaproteobacteria (Duperron et al. 2006). The small wood-inhabiting spe-
cies Idas argenteus apparently lost its symbionts and turned to preying on larvae of
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xylophagain (wood-feeding) bivalves (Ockelmann and Dinesen 2011; Rodrigues
et al. 2015), indicating that chemosymbiosis is not an evolutionary one-way street.

A few non-chemosymbiotic mytilid species have been reported from fossil
chemosynthesis-based habitats, including Musculus? sp. from Paleocene wood-fall
communities in Spitsbergen (Hryniewicz et al. 2019), Brachidontes sp. from
Miocene seep deposits in Cuba and Venezuela (Kiel and Hansen 2015), and
Samiolus iohannesbaptistae from a Late Miocene “Calcari a Lucina” seep deposit
in northern Italy (Kiel and Taviani 2017).

10.4.1 Fossil Record and Evolution

Bathymodiolins first appear in the fossil record in the middle Eocene (Kiel and
Amano 2013). A time-calibrated molecular phylogenetic tree indicated a latest
Cretaceous or early Cenozoic origin followed by a major radiation during the late
Eocene-early Oligocene, possibly because the increased global circulation of cold
deep water after the initial glaciation of Antarctica slowed larval metabolic rates,
thereby increasing their longevity and dispersal capabilities (Lorion et al. 2013).
Based on the phylogenetically basal position of various wood- and bone-inhabiting
species, the “wooden steps” hypothesis was proposed, which claims that bathymo-
diolins first adapted to the low sulfide concentrations at sunken wood and bones on
the seafloor and subsequently adapted to the higher sulfide concentrations at methane
seeps and hydrothermal vents (Distel et al. 2000; Smith and Baco 2003). The general
pattern of wood- and bone-inhabiting species in basal positions and the vent- and
seep-inhabiting species in more derived positions has been confirmed by most sub-
sequent molecular phylogenetic studies (Samadi et al. 2007; Lorion et al. 2008;
Miyazaki et al. 2010; Thubaut et al. 2013). However, from the paleontological point
of view, the role of whale carcasses as evolutionary stepping stones is less clear. The
oldest records of bathymodiolins are from middle Eocene seep deposits, while exam-
ples from whale falls (and wood falls) are so far only known from the late Eocene
onward (Kiel and Goedert 2006a, b; Kiel 2008). Large marine reptile bones in the
late Mesozoic supported a similar suit of taxa as early Cenozoic whale falls, but lack
bathymodiolins or other epifaunal chemosymbiotic bivalves (Kaim et al. 2008;
Jenkins et al. 2017). Also, wood-fall communities are known from late Mesozoic
deep-water deposits, but again, bathymodiolins or other epifaunal chemosymbiotic
bivalves are missing from these communities (Kiel et al. 2009; Kaim 2011).

10.4.2 Classification and Shell Characters

Based on molecular phylogenetic work, it is now well established that all chemo-
symbiotic mytilids inhabiting vents, seeps, bones, and wood form a single mono-
phyletic clade, the bathymodiolins (Distel et al. 2000; Samadi et al. 2007; Miyazaki
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et al. 2010; Lorion et al. 2013; Thubaut et al. 2013; Liu et al. 2018). Their closest
relative among the Mytilidae is Modiolus modiolus (although the sample size is
limited), with which bathymodiolins share similarly shaped shells including the
morphology of the prodissoconch, as well as a similar shell microstructure (Génio
et al. 2012). Within the bathymodiolins, genera are difficult to distinguish based on
shell characters, especially among the small taxa. The larger genera may be distin-
guished using the morphology of muscle attachment scars, although these are typi-
cally very weak and are rarely found in fossils older than Miocene.

1. Bathymodiolus Kenk and Wilson, 1985: Large mussels with the general shape of
the horse mussel Modiolus found at hydrothermal vents and methane seeps have
initially been assigned to the genus Bathymodiolus, based on B. thermophilus
from the first known vent communities on the Galapagos Ridge (Kenk and
Wilson 1985). With increasing numbers of species being discovered at vents and
seeps worldwide, molecular work indicated that these large-sized Bathymodiolus
species belong to at least two distinct clades: Bathymodiolus (sensu stricto) and
the so-called childressi clade, a group of species closely related to Bathymodiolus
childressi from the Gulf of Mexico. A distinction of the two clades on concho-
logical ground may be possible because they differ by the structure of the poste-
rior retractor muscle scars (see discussion of the “childressi clade”™).
Bathymodiolus may be distinguished from Modiolus based on its very early
juvenile shell, which is triangular in Bathymodiolus and more modioliform
(more elongate) in Modiolus. Based on this character, the Oligocene Modiolus
willapaensis Squires and Goedert, 1991, was the first fossil species to be identi-
fied as belonging to Bathymodiolus (Kiel 2006). With the distinction between
Bathymodiolus (s.s.) and the childressi clade being difficult to make in the
absence of well-preserved muscle scars, many fossil mussels from methane seep
deposits of the Cenozoic age are simply referred to as Bathymodiolus (sensu
lato). These include several species from the Eocene to Oligocene of Washington
State, USA (Kiel and Amano 2013); Bathymodiolus (s.l.) inouei Amano and
Jenkins, 2011, from the late Eocene to Oligocene of Japan (Fig. 10.5c, e, g;
Amano et al. 2013b); and B. (s.1.) palmarensis from the Oligocene of Colombia,
as well as several Miocene species from the Caribbean region, Italy, Japan, and
New Zealand (Gill et al. 2005; Amano et al. 2010; Kiel et al. 2010; Kiel and
Hansen 2015; Kiel and Taviani 2017).

2. Gigantidas Cosel and Marshall, 2003: Based on Gigantidas gladius Cosel and
Marshall, 2003, from extant vents on the Kermadec Ridge north of New Zealand,
this genus includes large and very elongate shells and can be separated from
Bathymodiolus (s.1.) by its elongated shell and strongly concave ventral margin.
A single fossil species, Gigantidas coseli Saether, Little, Campbell, Marshall,
Collins and Alfaro, 2010, has been described from Early to Middle Miocene
seep deposits on North Island, New Zealand (Fig. 10.5i; Saether et al. 2010).

3. The “childressi clade”: Bathymodiolus childressi Gustafson, Turner, Lutz and
Vrijenhoek, 1998, from methane seeps in the Gulf of Mexico was only hesitantly
assigned to Bathymodiolus because molecular phylogenetic data indicated that it
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Fig. 10.5 Mytilidae (Bathymodiolinae). (a) Bathymodiolus (s.l.) heretaunga Saether, Little,
Campbell, Marshall, Collins, and Alfaro, 2010, from the Middle Miocene Moonlight North seep
site in North Island, New Zealand. (b) Adipicola chikubetsuensis Amano, 1984, from an early
Middle Miocene whale-fall site in Shosanbetsu village, Hokkaido, Japan; JUE no. 15002;
Holotype. (c, e, g) Bathymodiolus (s.1.) inouei Amano and Jenkins, 2011, from an early Oligocene
seep site in Urahoro Town, Hokkaido, Japan; JUE no. 15873; Holotype. (d) Vulcanidas? goederti
Kiel and Amano, 2013, from a middle Eocene seep site in Washington State, USA; UWBM 98890;
Holotype. (f) Adipicola sp. from a Middle Miocene whale-fall site in Nupinai, Hokkaido, Japan.
(h) Idas? olympicus Kiel and Goedert 2007, from an early Oligocene seep site in Washington State,
USA; UWBM 98918. (i) Gigantidas coseli Saether, Little, Campbell, Marshall, Collins, and
Alfaro, 2010, from the Middle Miocene Moonlight North seep site in North Island, New Zealand.
(b: Amano 1984; ¢, e, g: Amano and Jenkins 2011; d, h: Kiel and Amano 2013; f: Amano et al.
2007; a, i: collection by Amano)

belonged to a different clade within the Bathymodiolinae than B. thermophilus
(Gustafson et al. 1998). Among members of the “childressi clade,” the posterior
byssal retractors form a continuous scar united with the posterior adductor mus-
cles, reflecting the multibundle posterior byssal retractor complex diagnostic of
modern species of this clade (Cosel 2002; Saether et al. 2010). This feature dis-
tinguishes the “childressi clade” from Bathymodiolus (s.s.), in which the anterior
and posterior portions of the posterior byssal retractor scars, are well separated.
Although several authors suggested establishing a new genus for the “childressi
clade” (Gustafson et al. 1998; Jones and Vrijenhoek 2006), others suggested
including this clade in Gigantidas (Thubaut et al. 2013; Xu et al. 2019; Jang
et al. 2020). A single fossil species, Bathymodiolus (s.l.) heretaunga Saether,
Little, Campbell, Marshall, Collins and Alfaro, 2010 (Fig. 10.5a), from the
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Miocene of New Zealand, has been assigned to the “childressi clade” (Saether
et al. 2010).

4. Vulcanidas Cosel and Marshall, 2010: This phylogenetically basal genus is
based on Vulcanidas insolatus Cosel and Marshall, 2010, from vents north of
New Zealand. Its shell is similar in shape to that of Bathymodiolus (s.l.), and it
may be distinguished from other bathymodiolins by its distinct ridge running
from the beak to the posterior ventral margin, with a concave margin anterior to
it and expanding posterior shell portion behind this ridge. The only fossil record
so far is Vulcanidas? goederti Kiel and Amano, 2013 (Fig. 10.5d), from seep
carbonates of the middle Eocene Humptulips Formation in Washington State,
which is also the oldest fossil record of the bathymodiolins.

5. Idas Jeffreys, 1876/Adipicola Dautzenberg, 1927: Numerous small (<20 mm)
mussels living on wood, bone, and other organic substrates in deep water have
been variously assigned to Adipicola and Idas (Dell 1987). Molecular phyloge-
netic work has shown that these species are found within various clades among
the bathymodiolins and, furthermore, that they show a wide range of morpho-
logic diversity. This makes it currently very difficult to assign small, fossil bathy-
modiolins to either of these genera. Two generic names (Lignomodiolus and
Nypamodiolus) have prematurely been applied to these taxa by Thubaut et al.
(2013) and have since been used in other publications (Génio et al. 2015; Samadi
et al. 2015; Liu et al. 2018; Xu et al. 2019). However, the two genera have not
been formally described, and no type species have been designated; hence, the
names are nomen nuda and are presently not available. Morphologically, Idas
may be separated from Adipicola by small crenulations on its hinge, which are
absent in Adipicola (Fig. 10.5h). A few fossil records of these taxa are known,
the oldest being Idas? olympicus Kiel and Goedert, 2007, from late Eocene to
Oligocene deep-water whale-fall and wood-fall communities in Washington
State, USA (Goedert et al. 1995; Kiel and Goedert 2007). Further records are
Adipicola chikubetsuensis (Amano, 1984) from an early Middle Miocene whale
fall in northern Hokkaido, Japan (Fig. 10.5b; Amano and Little 2005); Adipicola
sp. from a Middle Miocene whale fall in eastern Hokkaido, Japan (Fig. 10.5f;
Amano et al. 2007a, b); and Adipicola sp. from a late Middle to early Late
Miocene whale fall in central Hokkaido (Jenkins et al. 2018a). Adipicola apenni-
nica occurs at a Middle Miocene whale fall (Danise et al. 2016), and Idas sp. was
reported from Pliocene whale and wood falls in northern Italy (Bertolaso and
Palazzi 1994). Idas sp. was also illustrated from a Pliocene shallow-water whale
fall in northern Italy (Danise et al. 2010). Under certain circumstances, possibly
the absence of large bathymodiolins, extant Idas colonizes methane seeps, for
example, in the Mediterranean Sea (Olu et al. 2004). Fossil seep carbonates with
Idas? olympicus have been reported from the Oligocene of western Washington
State (Kiel and Amano 2013); Idas aff. tauroparva is known from the Late
Miocene “Calcari a Lucina” in northern Italy (Kiel et al. 2018); and a single
specimen of Idas sp. was found in early Oligocene seep carbonate in northern
Peru (Kiel et al. 2020a, b).
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10.5 Families Modiomorphidae and Kalenteridae

Robert G. JenkinsKrzysztof Hryniewicz, and Steffen Kiel

The Modiomorphida is a heterogeneous clade of bivalves ranging from the
Ordovician to the Miocene, and both its internal and external phylogenetic relation-
ships are controversial. For the sake of this review of Modiomorphida from fossil
vents and seeps, we consider the clade related to Carditida (cf. Kaim and Schneider
2012; Jenkins et al. 2013) rather than to Anomalodesmata (Morris et al. 1991) or to
Cardiida (Carter et al. 2011). Among the traditionally defined families of
Modiomorphida, only the Modiomorphidae Miller, 1877, and Kalenteridae
Marwick, 1953, include taxa at fossil vents and seeps.

Although Modiomorphida are extinct and there is no direct proof for chemosym-
biosis in the fossil record, the vent- and seep-inhabiting taxa are generally assumed
to have been chemosymbiotic based on the actualistic principle. Modiomorphida at
fossils vents and seeps are often large or abundant, and all bivalves with these traits
at modern vents and seeps are chemosymbiotic. Hence it seems a fair assumption
that also the vent- and seep-inhabiting Modiomorphida were chemosymbiotic
(Kelly et al. 2000; Hryniewicz et al. 2017b; Jakubowicz et al. 2017; Jenkins et al.
2013, 2018b; Kiel et al. 2017; Kiel and Peckmann 2019).

Modiomorphida have modioliform shells (hence the name), some species exceed
300 mm in length, and several of the seep-inhabiting taxa are quite elongated, show-
ing a striking resemblance to elongate extant bathymodiolins and vesicomyids
(Hryniewicz et al. 2017b). Furthermore, some species of the kalenterid Caspiconcha
were found in densely packed clusters and positioned at an angle of ~30° relative to
bedding plane (Kelly et al. 2000; Kiel and Peckmann 2008) and possess a gape at
the anterior ventral shell margin (Jenkins et al. 2013). These traits indicate that seep-
inhabiting Modiomorphida had a semi-infaunal lifestyle to ensure access to both
sulfide from within the sediment and oxygen from the water column, as in extant
vesicomyids and some bathymodiolins (Jenkins et al. 2013; Hryniewicz et al.
2017b; Krylova et al. 2010).

10.5.1 Fossil Record and Evolution

Vent- and seep-inhabiting members of the Modiomorphidae are known from the
Silurian and Devonian, with the Silurian Ataviaconcha sp. from the El-Borj seep
deposit in Morocco being the as-yet earliest record of bivalves from chemosynthesis-
based ecosystems (Jakubowicz et al. 2017). The Kalenteridae include four genera
occurring at fossil seeps, Terzileria and Kasimlara from the Late Triassic,
Caspiconcha from the Late Jurassic to Late Cretaceous, and Pseudophopsis from the
Eocene to the early Oligocene. This stratigraphically patchy distribution of different
kalenterid genera inhabiting seeps raised the question if these genera are repeated
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radiations of various kalenterid lineages that convergently developed similar mor-
phological adaptations to this habitat (the “repeated colonization hypothesis”), or if
they are members of a single phylogenetic lineage that continuously inhabited deep-
sea hydrocarbon seeps (the “single lineage hypothesis™) (cf. Kiel 2018). In favor of
the first hypothesis, Hryniewicz et al. (2017b) argued that the elongate modioliform
shell shape is a necessary adaptation to reach sulfide deep in the sediment while stay-
ing in contact with oxygenated bottom waters, possibly enhanced by competition
with infaunal chemosymbiotic species. A possible counter-argument is that the
repeated development of elongate shells occurs also among vesicomyids (with very
elongate specimens among the genera Pleurophopsis, Archivesica, and Abyssogena)
and bathymodiolins (i.e., Gigantidas and Bathymodiolus boomerang), both of which
are largely restricted to chemosynthesis-based ecosystems. However, especially the
early Mesozoic, fossil record of seeps is still very patchy, and more data and phylo-
genetic analyses are needed to solve this issue.

The kalenterid genus Caspiconcha has a prominent place in the history of
research on the vent and seep fauna. Two Cretaceous members of Caspiconcha have
been misidentified as vesicomyids or mytilids in the earlier literature, resulting in
considerable misinterpretations of the fossil ranges of these modern chemosynthetic
bivalve clades (e.g., Little and Vrijenhoek 2003; Kiel and Little 2006). These cases
are the alleged mytilid Modiola major from seep deposits in California, USA
(Fig. 10.6¢c, d), and the alleged vesicomyid “Calyptogena sp.” from Hokkaido,
Japan. These two species are now recognized as Caspiconcha major and Caspiconcha
lastsamurai, respectively (Amano and Kiel 2007b; Kiel and Peckmann 2008;
Jenkins et al. 2013, 2018b).

10.5.2 Classification and Shell Characters

Family Modiomorphidae

1. Ataviaconcha Hryniewicz, Jakubowicz, Belka, Dopieralska, and Kaim, 2017, is
based on A. wendti (Hryniewicz et al. 2017b) from the Middle Devonian Hollard
Mound seep deposit in Morocco. Its shell is elongated and modioliform with
enlarged anterior and posterior lobes and reaches >100 mm in length. Larger
specimens have a boomerang-like shape with a deep ventral sinus. Both anterior
and posterior adductor muscle scars are present, and it lacks the “caspiconchid
process” close to the anterior shell margin (see Caspiconcha). A weak socket is
present in the cardinal area of the right valve; the shell is otherwise edentulous.
At least some of these morphological features, such as large, elongated modioli-
form shell with enlarged anterior and posterior lobes, are also seen in the Silurian
Ataviaconcha sp. from El-Borj (Jakubowicz et al. 2017). The genus hence ranges
from the late Silurian to the Middle Devonian.

2. Sibaya Little, Maslenikov, Morris, and Gubanov, 1999, is based on the sole spe-
cies Sibaya ivanovi, which is known exclusively from the Devonian Sibay vent
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10 mm

Fig. 10.6 Kalenteridae. (a, b) Caspiconcha whithami Kelly, 2000, from an Early Cretaceous seep
site in Greenland; K8318 stored at the Sedgwick Museum, the University of Cambridge; Holotype.
AAMS anterior adductor muscle scar, CP caspiconchid process. (¢, d) Caspiconcha major (Gabb,
1869) from the Early Cretaceous Eagle Creek seep site in California, USA; CAS 72527-9 stored at
California Academy of Science. AAMS anterior adductor muscle scar, PAMS posterior adductor
scar, MB myophoric buttress, EL external ligament. (a, b: Kelly et al. 2000; ¢, d: Gabb 1869)
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site in the Ural Mountains, where it co-occurs with worm tubes (Little et al.
1999). Two specimens of S. ivanovi have so far been discovered, one of them
incomplete, which in addition to its restricted occurrence, further limits the
knowledge on Sibaya. A study of limited materials available indicates that
Sibaya had an ovoid shell reaching 70 mm in length and lacked a ventral sinus.
Its external ornament was composed of a series of commarginal growth lines.
Ligament was external, the dorsal margin of both valves connected with perios-
tracum. Internal structures, like pallial line and muscle scar impressions, are as
yet unknown. The genus is known so far only from the Middle Devonian.

Family Kalenteridae

3. Kasimlara Kiel, 2018, includes the Upper Triassic type species, K. kosuni, and
an as-yet undescribed species from the same seep deposits, and can be separated
from Caspiconcha and Terzileria by having a small pallial sinus and a much
smaller anterior adductor muscle scar (Kiel 2018).

4. Terzileria Kiel, 2018, is known only from its Upper Triassic type species,
T. gregaria Kiel, 2018, and differs from Caspiconcha by having an anterior
adductor muscle scar separated from a pedal retractor scar and located at a more
ventral position and the pallial line being closer to the shell margin (Kiel 2018).

5. Caspiconcha was introduced for Caspiconcha whithami, Kelly, in Kelly et al.
(2000) (Fig. 10.6a, b) from Early Cretaceous seep deposits in Greenland. It is
characterized by a cuneiform to mytiliform shell with a smooth shell surface
apart from growth lines, an anterior adductor muscle scar deeply set within the
myophoric buttress, which is partially covered by the so-called caspiconchiid
process, and an edentulous hinge; the shell has a crossed lamellar shell structure
and lacks nacre (Kelly et al. 2000; Jenkins et al. 2013). Caspiconcha differs from
Mpyoconcha by its caspiconchid process and its edentulous hinge plate. It pres-
ently includes seven named species, the oldest being Caspiconcha major from a
Upper Jurassic (Tithonian) seep deposit in California, USA. The genus reached
its highest diversity and a nearly worldwide geographic distribution in the Albian
(Kiel and Peckmann 2008; Jenkins et al. 2013), followed by a rather sudden
demise after the end of the Early Cretaceous. One further Late Cretaceous spe-
cies of Caspiconcha is known from the Santonian of Amakusa in southern Japan
(Jenkins et al. 2018b) and is awaiting formal description.

6. Pseudophopsis Kiel, Hybertsen, Hyzny, and Klompmaker, 2020, is based on
Pleurophopsis peruviana Olsson, 1931, from the Oligocene of Peru and includes
Unio bitumen Cooke, 1919, from the Eocene of Cuba (Kiel et al. 2020b). The
elongate-oval shells are well inflated, reach 100 mm in length, and are sculptured
by rough growth lines only; the hinge plate is either edentulous or bears weak
teeth subparallel to the shell margin. Pseudophopsis differs from Caspiconcha
by having a round rather than elongate anterior adductor muscle scar without
posterodorsal projection, and the Miocene kalenterid Madrynomya Griffin and
Pastorino, 2006, has more coiled and more pointed umbones and a much broader
but shorter hinge plate.
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10.6 Family Lucinidae

Steffen Kiel

Lucinids are the most species-rich group of chemosymbiotic bivalves (Taylor and
Glover 2006). The highest diversity is found in shallow water, particularly in sea
grass environments, but they are also recorded from the depth of 2500 m, especially
from the tropics (Glover and Taylor 2016; Taylor et al. 2014). Lucinids live buried
in the sediment, with the umbones orientated upward and the inhalant and exhalant
siphons reaching upward in mucus-lined tubes (Allen 1958). Sulfide is taken up by
the foot from the sediment pore water and transported to the symbiont-hosting gills.
The symbionts are typically gammaproteobacteria, which are environmentally
acquired after metamorphosis and are housed intracellularly in the gills (Duperron
et al. 2007). The main shell features of lucinids are a roundish to oval shell often
with a posterior ridge, an elongate anterior adductor muscle scar that is detached
from the pallial line, and the lack of a pallial sinus, and some taxa show an impres-
sion of the pallial blood vessel. The hinge often has cardinal and lateral teeth,
although groups with reduced dentition or even edentulous forms exist, especially
among seep-inhabiting clades (Taylor and Glover 2009; Kiel 2013). Lucinids have
a prodissoconch (early ontogenetic shell) with a large initial shell (prodissoconch I)
that reflects lecithotrophic development, although some species show indications of
a short planktonic larval phase (Glover and Taylor 2007). Shallow-water lucinids
have a wide range of shell shapes and ornamentations (Taylor and Glover 2006),
whereas seep-inhabiting taxa tend to be smooth, elongate-oval, and flat (Taylor and
Glover 2009; Kiel 2013). Exceptions to this are Nymphalucina and Lucinoma with
their strong and sharp ribs, and the very inflated Meganodontia.

10.6.1 Fossil Record and Evolution

Lucinidae seem to have originated in the Silurian. lliona prisca from the Silurian of
Gotland (Sweden) shares characteristic features with modern lucinids, such as the
elongate, detached anterior adductor muscle scar and the scar of the pallial blood
vessel. These two characters are thought to be associated with the chemosymbiotic
mode of life (Taylor and Glover 2006). Furthermore, lliona prisca was found in a
similar life position as Recent lucinids (Liljedahl 1991; Taylor and Glover 2006).
Thus, lucinids are considered to have acquired their chemosymbiotic mode of life in
the early Paleozoic time.

Diversity among lucinids remained low for most of the Paleozoic and Mesozoic.
The rapid and large radiation of the modern groups started in the mid-Cretaceous
and was considered related to the rise of sea grasses and mangroves (Stanley 2014).
Deep-water groups are known since the Jurassic (Taylor et al. 2014), and the first
occurrences at methane seeps are from the Upper Jurassic (Gaillard et al. 1992; Kiel
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2013). This late appearance at seeps is peculiar given that lucinids are considered to
have acquired their chemosymbiotic mode of life in the Silurian. This may be a
sampling artifact because pre-Jurassic seep deposits are scarce (Kiel 2010a) or
might reflect the overall diversification of the Lucinidae, which were rare during the
Paleozoic and most of the Mesozoic and only started diversifying in the Cretaceous
(Stanley 2014; Kiel and Peckmann, 2019).

10.6.2 Classification and Shell Characters

Molecular phylogenetic work conducted during the last decade showed that con-
trary to previous classifications, neither the Thyasiridae nor the Ungulinidae belong
to the lucinids (Williams et al. 2004; Taylor et al. 2007a, b). Seven subfamilies of
the Lucinidae are currently recognized based on molecular data — these being the
Codakiinae, Leucosphaerinae, Lucininae, Monitilorinae, Myrteinae, and
Pegophyseminae; the status of Milthinae is presently equivocal due to the lack of
material available for molecular work (Taylor et al. 2011). Members of the Myrteinae
have colonized deep-sea methane seeps since the Jurassic and were the most diverse
group in this environment during the remainder of the Mesozoic (Kiel 2013). The
Codakiinae started colonizing seeps in the Late Cretaceous with the genus
Nymphalucina, and the most common codakiin at Recent seeps, Lucinoma, first
appeared in this environment in the Oligocene (Kiel 2013). Among the
Pegophyseminae, Meganodontia and Pegophysema are known from vent/seep envi-
ronments (Bouchet and Cosel 2004; Kiel and Hansen 2015) and were reported from
Miocene seep deposits in both Italy and the Caribbean region (Kiel and Hansen
2015; Kiel and Taviani 2017). Many lucinid genera found in Mesozoic and Cenozoic
deep-water seep deposits are restricted to this type of habitat and show morpholo-
gies that are unknown from shallow-water environments, with the notable exception
of the widespread genus Lucinoma. Two species of Lucininae, Megaxinus ellipticus
(Borson) and Megaxinus stironensis, were found at a Pliocene seep site in northern
Italy (Kiel and Taviani 2018).

As more fossil seeps are being described, the number of genera living in, and
possibly being restricted to, this environment is likely to increase. In the following,
the main shell features of the seep-inhabiting lucinid genera are outlined.

Subfamily Myrteinae

The genera Amanocina, Elliptiolucina, Elongatolucina, and Nipponothracia are
all characterized by an elongate-oval, smooth shell with an edentulous hinge and are
considered as a single seep-inhabiting lineage among the Myrteinae (Kiel 2013).

1. Myrtea Turton, 1822: The extant Myrtea amorpha (Sturany, 1896) occurs at
seeps in the Mediterranean Sea (Olu et al. 2004), but in the fossil record, this
genus tends to be used as a “trash bin taxon” for various Myrteinae of uncertain
affinity and should be treated carefully. In eastern Hokkaido, Myrtea ezoensis
(Nagao) survived from the Cretaceous to the Paleocene (Amano et al. 2018a).
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Beauvoisina Kiel, Campbell, and Gaillard, 2010: This monotypic genus occurs
only in Oxfordian (Late Jurassic) seep deposits at Beauvoisin in southeastern
France. Shells are elongate-oval, reach 140 mm in length, are smooth except for
rough growth increments, and have two cardinal teeth in each valve and a short
ligament nymph. The pallial line and muscle attachment scars are very indis-
tinct to almost indiscernible; the anterior adductor muscle scar is broad and
elongated and reaches about half the shell height. A peculiar feature of this
genus, which distinguishes it from the otherwise very similar Tehamatea and
Cubatea, is a ridge inside the lunule (Kiel et al. 2010; Kiel 2013).

Cubatea Kiel, Campbell, and Gaillard, 2010: Based on an Eocene species from
Cuba, Cubatea asphaltica (Fig. 10.7b) (Cooke, 1919), the genus is now recog-
nized from the Upper Cretaceous of New Zealand to the Neogene of the
Caribbean region (Kiel 2013; Kiel and Hansen 2015). Shells are of moderate
size (50-100 mm), elongate-oval, with regular rib-like growth increments on
the juvenile shell, and a mostly smooth adult shell. The hinge plate is broad,
with one strong and often bifid cardinal tooth in the right valve, and two cardi-
nals in the left valve; the lateral teeth are very strong and bifid. The anterior
adductor muscle scar is distinctive, relatively short and broad, almost rectangu-
lar, is ventrally detached from the pallial line for about 2/3 of its length, and is
diverging from the pallial line for about half its own width. The genus Tehamatea
is very similar and differs mainly in having indistinct (but similarly shaped)
muscle attachment scars and weaker lateral teeth. Ezolucina differs by having
an elongate lunule (Amano et al. 2008; Kiel et al. 2010; Kiel 2013).
Tehamatea Kiel, 2013: The genus is based on an Early Cretaceous species,
Tehamatea ovalis (Stanton, 1895), from Tehama County in California, USA
(Fig. 10.7a), and reached a worldwide distribution during Late Jurassic to Late
Cretaceous time (Agirrezabala et al. 2013; Kiel 2013; Hryniewicz et al. 2014).
Its shell characters are essentially those of Cubatea; the differences between
Cubatea and Ezolucina are outlined in the discussion of Cubatea.

Ezolucina Amano, Jenkins, Kurihara, and Kiel, 2008: The genus is based on
Vesicomya inflata Kanie and Nishida, 2000, from the Cenomanian (Upper
Cretaceous) of Japan, a large, moderately inflated, veneriform shell with a very
elongate lunule. In large specimens, the posterior side has a strong ridge result-
ing in a somewhat pointed posterior shell margin. The hinge has one strong
cardinal tooth in the right valve and two in the left valve. The anterior adductor
muscle scar is broad with a rectangular ventral end and reaches just below the
midline of the shell (Amano et al. 2008). The type of locality of Ezolucina
inflata is not a seep deposit, but Ezolucina has subsequently been reported from
Cretaceous seep deposits in New Zealand (Amano et al. 2008; Kiel et al. 2013).
Cryptolucina Saul, Squires, and Goedert, 1996: The type species, Cryptolucina
megadyseides Saul, Squires, and Goedert, 1996, has an elongate-oval shell with
a nearly smooth surface; an edentulous hinge; an anterior adductor muscle scar
similar to that of Cubatea, Tehamatea, and Ezolucina; and a strongly prosogy-
rate umbo (Saul et al. 1996). This morphology of the umbo distinguishes
Cryptolucina from Beauvosina, Cubatea, Ezolucina, and Tehamatea. The type
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Fig. 10.7 Lucinidae. (a) Tehamatea ovalis (Stanton, 1895) from an Early Cretaceous seep site in
California, USA; USNM 23056; Holotype. (b) Cubatea asphaltica (Cooke, 1919) from an Eocene
seep site in Cuba; USNM 533988. (¢) Elliptiolucina washingtonia Kiel, 2013, from an Oligocene
seep site in Washington State, USA; GZG.INV.88327; Holotype. (d) Amanocina ezoensis (Kanie
and Kuramochi, 1996) from a Late Cretaceous seep site in Hokkaido, Japan; UMUT MM 29541.
(e) Nymphalucina cleburni (White, 1882) from the Late Cretaceous of Colorado, USA; USNM
9971. (f) Lucinoma sp. from the Pliocene Stirone River seep site in northern Italy. (g, h)
Meganodontia sp. from a Miocene seep site in Cuba. (a—c: Kiel 2013; d: Kiel et al. 2008; e: Kiel
and Peckmann 2007; f: collection by Steffen Kiel and Marco Taviani; g, h: PRI collection)
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species was described from middle Eocene mudstone of the Humptulips
Formation in Washington State, USA, and the assignments of all other species
considered as belonging to this genus have been questioned (e.g., Kiel 2013),
which may leave Cryptolucina as a monotypic genus that is probably not
seep-related.

Amanocina Kiel, 2013: This genus differs from the other three edentulous seep
lucinids by lacking the triangular depression in the hinge plate below the umbo
and by having a narrower and longer anterior adductor muscle scar. It is based
on the Cenomanian (Upper Cretaceous) Amanocina yezoensis (Fig. 10.7d)
(Kanie and Kuramouchi 1996) and is currently known from the Barremian
(Lower Cretaceous) of Greenland, the Albian (Lower Cretaceous) of New
Zealand, the Cenomanian (Upper Cretaceous) of Hokkaido, and the Oligocene
of Colombia (Kiel 2013).

. Nipponothracia Kanie and Sakai, 1997: The shells of this genus are oval and

have the umbo in a subcentral position, in contrast to many species of
Elliptiolucina and Elongatolucina with their umbo displaced toward the ante-
rior. Nipponothracia is based on Thracidora gigantea Shikama, 1968, and is
currently known from the Oligocene of the northern Peru and the Middle
Miocene of central Japan and Trinidad (Kase et al. 2007; Kiel 2013; Kiel and
Hansen, 2015).

Elongatolucina Gill and Little, 2013: Shells are large, reaching a length of
180 mm or more, very elongate, and have the umbo in a very anterior position.
The anterior adductor muscle scar is detached from the pallial line for most of
its length and may reach slightly below the midline of the shell. A character that
may distinguish this genus from Elliptiolucina is the flattened lateral side of the
shell of Elongatolucina. The genus is based on Cryptolucina elassodyseides
Saul, Squires, and Goedert, 1996, and is currently known from the middle
Eocene of the Washington State, the Oligocene of Colombia, and the Middle
Miocene Venezuela (Gill and Little 2013; Kiel 2013; Kiel and Hansen 2015).
Elliptiolucina Cosel and Bouchet, 2008: This is the only extant genus of the
“edentulous seep lucinids”; shells are elongate-oval and rarely reach beyond
130 mm in length — differences between Nipponothracia and Elongatolucina
are outlined above. Molecular data clearly support its position within the
Myrteinae (Kuhara et al. 2014). The currently oldest record is from the late
Oligocene of the North American Pacific coast, with further records from the
Neogene of the central Indo-West Pacific and New Zealand (Fig. 10.7¢c; Kiel
2013; Amano et al. 2018b).

Subfamily Codakiinae

11.

Nymphalucina Speden, 1970: This genus was widespread in the Late Cretaceous
Western Interior Seaway, a broad epicontinental sea stretching from the Gulf of
Mexico to the Arctic Ocean, where it occured in seep and non-seep environ-
ments (Speden 1970; Kauffman et al. 1996; Kiel et al. 2012). Lucina scotti,
likely belonging to Nymphalucina, has recently been reported from shallow-
water seeps in Campanian-Maastrichtian (Late Cretaceous) sediments on Snow
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Hill and Seymour islands on the eastern side of the Antarctic Peninsula (Little
et al. 2015). The genus thus appears to be widespread. Shells are oval to pen-
tagonal with a distinctive posterior ridge, sharp commarginal ribs and a very
elongated lunule. There are two to three cardinal teeth in each valve, which
radiate and diverge away from the umbo. The anterior lateral teeth are very
strong; the one in the left valve is bifid (Fig. 10.5¢). The anterior adductor mus-
cle scar is narrow, detached from the pallial line for most of its length, and
reaches just below the midline of the shell (Speden 1970; Kiel 2013). Lucinoma
differs by having less distinctive anterior lateral teeth, a heart-shaped lunule,
and often a slightly longer anterior adductor muscle scar.

12. Epilucina Dall, 1901: Epilucina washingtoniana (Clark, 1925) occurs in two
upper Eocene seep deposits in the Wagonwheel Formation in central California
(Squires and Gring 1996), but these are so far the only records of this genus at
seeps. The genus is characterized by roundish shells with coarse commarginal
ribs; a small, heart-shaped, strongly asymmetrical lunule; a long external liga-
ment; and a weak posterior ridge and/or groove. The hinge plate is moderately
broad and bears two cardinal teeth in each valve; anterior and posterior lateral
teeth are well developed (Kurihara 2007). The genus differs from Lucinoma by
its strong lateral teeth, and the anterior adductor muscle scar is further detached
from the pallial line in Lucinoma.

13. Lucinoma Dall, 1901: The origin of this genus might go back to the Paleocene
(Petersen and Vedelsby 2000; Taylor et al. 2011), and since the Oligocene time,
it can be found at seep deposits worldwide (Goedert and Campbell 1995;
Majima et al. 2005; Kiel et al. 2020b). There are at least 24 extant species
(Taylor and Glover 2010), and 11 species have been reported from fossil seep
deposits alone; most of these records need revision. In contrast to most Mesozoic
deep-water lucinids, the genus is not restricted to seeps but is widespread in
muddy sediments. Shells are roundish to oval, often with a somewhat pointed
anterior margin, a truncate and angular posterior margin, and a posterior ridge.
The sculpture consists of distinctive and often sharp-crested commarginal ribs
(Fig. 10.7f). The hinge plate is narrow and has two cardinals in each valve, one
of which may be bifid; the anterior lateral teeth are not well developed (Salas
and Woodside 2002; Holmes et al. 2005; Taylor and Glover 2010). Nymphalucina
builds similar shells; see Nymphalucina section for characters distinguishing
the two genera.

Subfamily Pegophyseminae

14. Meganodontia Bouchet and Cosel, 2004: The genus is based on the extant spe-
cies M. acetabulum Bouchet and Cosel, 2004, from a possible venting area off
of Taiwan. Members of the genus have recently been recognized in Miocene
seep deposits in Italy (Kiel and Taviani 2017), New Zealand (Amano et al.
2018b) ,and the Caribbean region (Fig. 10.7g, h; Kiel and Hansen, 2015). The
main shell features include very large (typically > 100 mm) and very inflated
shells lacking sculpture except for rough growth increments, a narrow and
edentulous hinge plate, a long and thin ligament nymph, and a broad, more-or-
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less straight anterior adductor muscle scar that is widely detached from the
pallial line and extends for about 2/3 of the shell height toward the ventral shell
margin (Bouchet and Cosel 2004). Members of the Anodontia clade differ by
being smaller and by having a shorter and/or narrower anterior adductor muscle
scar (Taylor and Glover 2005).

15. Pegophysema Stewart, 1930/Anodontia Link,1807: When Taylor et al. (2011)
established a new subfamily Pegophyseminae based on the genus Pegophysema,
they put Anodontia into the subfamily Leucoshaerinae. However, it is very dif-
ficult to separate these genera on morphological grounds. Compared to
Meganodontia, Pegophysema and Anodontia have a smaller and narrower ante-
rior adductor muscle scar, a more swollen umbo, and a straight hinge (see
Amano et al. 2018b). A fossil Pegophysema was reported from the Lower
Pliocene of the Dominican Republic (Kiel and Hansen 2015); Anodontia mio-
inflata was described from a Late Miocene seep, and Anodontia sp. was
recorded from a Late Pliocene seep, both in northern Italy (Kiel and Taviani
2018; Kiel et al. 2018).

Subfamily Lucininae

16. Megaxinus Brugnone, 1880: The genus is based on Lucina transversa Bronn,
1831, from the Italian Pliocene, and its occurrence at seeps is presently restricted
to the Upper Pliocene Stirone River seep complex in northern Italy (Kiel and
Taviani 2018). Shells reach about 50 mm in length, are roundish to rounded-
quadrate in outline, lack sculpture, and have an only weakly developed poste-
rior ridge and a distinct lunule. Internally, they have a mostly edentulous hinge
plate, and the long and tapering anterior adductor muscle scar runs very close to
the pallial line but is detached from it for about 3 of its length.

10.7 Family Thyasiridae

Kazutaka Amano and Krzysztof Hryniewicz

The family Thyasiridae was traditionally classified among Lucinoidea (e.g., Dall
1901; Chavan 1969) until molecular studies have shown that both lucinoids and
thyasirids are distinct clades (Taylor et al. 2007a, b). Members of the family
Thyasiridae inhabit reduced environments from intertidal mudflats to the deep sea,
and many of them harbor sulfur-oxidizing bacteria in or on their gill (Dufour 2005;
Oliver and Levin 2006; Oliver and Holmes 2006; Taylor and Glover 2010). In the
last decade, six new genera have been proposed from Recent and fossil chemosyn-
thetic communities: Channelaxinus Valentich-Scott and Coan, 2012; Cretaxinus
Hryniewicz, Little, and Nakrem, 2014; Ochetoctena Oliver, 2014; Ascetoaxinus
Oliver and Frey, 2014; Wallerconcha Valentich-Scott and Powell, 2014; and
Rhacothyas Astrom and Oliver, 2017.

Thyasirids have a global distribution but are most common in colder waters
(Dufour 2018). They include both symbiotic and asymbiotic species;
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symbiont-bearing species almost exclusively have gills with two demibranchs, and
have by far the highest diversity of symbiont location and integration of symbionts
among the bivalves (Dufour 2005). Six gill types have so far been recognized among
thyasirids, reflecting progressive integration of symbionts and increasing reliance
on chemosymbiosis (Oliver 2014). Symbionts are hosted either on the surface of the
gills among the microvilli of the bacteriocytes (Dufour 2005) or in deep invagina-
tions of bacteriocytes, the so-called bacterial chambers (Kharlameko et al. 2016).
As far as they have been studied, all symbionts are thiotrophic gammaproteobacte-
ria and are hosted extracellularly (e.g., Imhoff et al. 2003); only symbionts of
Maorithyas hadalis have been said to be stored intracellulary (Fujiwara et al. 2001).
The symbionts are likely acquired from the surrounding environment, at least in the
case of Thyasira cf. gouldi (Batsone et al. 2014).

Most thyasirids are infaunal and burrow in the sediment with the aid of their
vermiform foot (Dando and Southward 1986; Oliver and Killeen 2002; Dufour and
Felbeck 2003; Dufour 2018), which can be extended up to 30 times the length of the
shell (Dufour and Felbeck 2003). Regardless of being symbiotic or asymbiotic,
thyasirids construct extensive burrows, likely resulting from pedal feeding com-
bined with the farming of chemosynthetic bacteria along the burrow walls (Zanzer
and Dufour 2017). Larger thyasirids have been observed on the sea floor, for exam-
ple, Conchocele bisecta (Conrad 1849) in the Sea of Okhotsk (Sahling et al. 2002;
Kharlameko et al. 2016) and Conchocele novaeguinensis Okutani, 2002, at a water
depth of approximately 470 m off of Papua New Guinea (Okutani 2002). A frag-
mentary specimen of C. bisecta, possibly crushed by a crustacean predator, was
obtained from a core sample from the Sea of Japan. These observations were used
by Amano et al. (2013a) to infer that C. bisecta is a shallow burrower. Earlier works
(e.g., Kamenev et al. 2001) claimed that C. bisecta uses suspension feeding in addi-
tion to chemosymbiosis for nutrition. However, this claim was largely refuted by
further studies, which have shown that C. bisecta relies almost exclusively on che-
mosynthetic food source (Kharlameko et al. 2016).

10.7.1 Fossil Record and Evolution

Fossil representatives of the family have been recorded from seep sites and whale-
fall and wood-fall sites (e.g., Amano et al. 2007b; Kiel et al. 2009; Kiel 2010a). The
oldest thyasirid, Cretaxinus Hryniewicz, Little, and Nakrem, 2014, is known from
the earliest Cretaceous seep site on Spitsbergen. Then, the following thyasirid gen-
era have been reported from hydrocarbon seep deposits since the Late Cretaceous:
Thyasira Lamarck, 1818, the large Late Cretaceous “Thyasira” hataii from the
Sada Limestone seep deposit in Japan, which belongs to a new genus; Conchocele
Gabb, 1866; Maorithyas Fleming, 1950; and Rhacothyas Astrom and Oliver in
Astrom et al. (2017). Lucina sculpta Phillips, 1829, from the Albian Gault Clay in
England was illustrated as the “oldest thyasirid” by Taylor et al. (2007a, b); its sys-
tematic affiliation is uncertain because its internal morphology is unknown.
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As noted by Kiel et al. (2008) and Kaim et al. (2013), Lucina rouyana (d’Orbigny,
1844) from Lower Cretaceous (Valanginian-Hauterivian) rocks in Europe could be
the oldest species of Thyasira (s.s.). The second oldest species is T. (s.s.) tanabei
Kiel, Amano, and Jenkins, 2008 (Fig. 10.8a, b, d, e), from Albian to Campanian

Fig. 10.8 Thyasiridae. Thyasira (s.s.) tanabei Kiel, Amano, and Jenkins, 2008, from a Late
Cretaceous seep site in northern Hokkaido, Japan; (a, b) UMUT MM?29533, holotype; (d) UMUT
MM 29537, paratype; () UMUT MM 29536, paratype. (¢) Conchocele bisecta (Conrad, 1849)
from an early Miocene seep site in Ibaraki Pref., Honshu, Japan. (f, g, h) Thyasira sp. from a Late
Cretaceous seep site in Kochi Pref., Shikoku, Japan. (i, j) Cretaxinus hurumi Hryniewicz, Little,
and Nakrem, 2014, from an earliest Cretaceous seep site in Spitsbergen, Svalbard; PMO 217.277,
holotype. (a, b, d, e: Kiel et al. 2008; ¢, f, g, h: collection by Amano; i, j: Hryniewicz et al. 2014)
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seep deposits on Hokkaido. In the northern Pacific area, Thyasira species are also
known from Paleocene deep-water deposits (Kalishevich et al. 1981; Amano et al.
2015). After the late Eocene, Thyasira became much less common at hydrocarbon
seeps; rare examples include Thyasira (s.s.) sp. from Miocene seep sites in New
Zealand (Campbell et al. 2008; Amano et al. 2015), T. (s.s.) nakazawai Matsumoto,
1971, from an Early Miocene seep from the Wappazawa Formation in central
Honshu, Japan, and T. (s.s.) montanita at a seep deposit from the Oligocene-
Miocene boundary in Ecuador (Kiel et al. 2021).

The oldest species of Conchocele, Conchocele townsendi (White, 1890), is
known from Maastrichtian seep deposits on Snow Hill Island, Antarctica (Kiel et al.
2008; Little et al. 2015; Hryniewicz et al. 2017a). The next oldest species are C. aff.
conradi (Rosenkranz 1970) from the Danian Kangilia Formation in western
Greenland (Rosenkranz 1970) and C. conradii from the Thanetian Basilika
Formation in Spitsbergen (Hryniewicz et al. 2016, 2017b). Conchocele was also
reported from Paleocene sediments in New Zealand (Beu and Maxwell 1990). In the
northern Pacific, Conchocele flourished since late Eocene, and Thyasira (s.s.) con-
temporaneously declined (Amano et al. 2015, 2018a; Hryniewicz et al. 2017a). In
the Early Miocene, Conchocele invaded the deep-water basin of the Sea of Japan at
latest 1 million years after the basin formed (Amano et al. 2019b).

Two species of Maorithyas have been found at fossil seep sites, these being
Maorithyas humptulipsensis Hryniewicz, Amano, Jenkins, and Kiel, 2017a), from
the middle Eocene Humptulips Formation (Hryniewicz et al. 2017) and Maorithyas
folgeri (Wagner and Schilling 1923) from the Eocene Wagonwheel Formation and
the Oligocene San Emigdio Formation in Southern California, USA. A single fossil
species of Rhacothyas, R. spitzbergensis, has been described from Paleocene seep
and wood-fall communities in Spitsbergen Island (Hryniewicz et al. 2019).

10.7.2 Classification and Shell Characteristics

The size of thyasirids ranges from a few mm to about 200 mm in length (senior
author’s observation). Most thyasirids are characterized by an edentulous hinge and
a sulcated posterodorsal shell area. Molecular phylogenetic work on 13 species of
thyasirids divided them into two well-defined clades (Taylor et al. 2007a, b) —
T. flexuosalT. gouldilT. polygonata from “normal” marine-reduced environments
and 7. sarsii/T. methanophila from seeps — and a third clade which lacks strong
support and is composed of asymbiotic species including Mendicula ferruginosa,
Leptaxinus indusarium, Anodontorhina cyclia, and Axinulus.

Several fossil seep thyasirid genera are known, yet due to lack of data and diffi-
culty of identifying thyasirids based on the shell features alone, their taxonomy is
only partially resolved. Several taxa are problematic, and more material for further
studies is needed. Below we list the main morphological features of ancient seep-
inhabiting thyasirids as currently understood.
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Cretaxinus Hryniewicz, Little, and Nakrem, 2014: This genus was proposed for
C. hurumi from lowermost Cretaceous (uppermost Berriasian) seep carbonates
from the Slottsmgya Member in central Spitsbergen, Svalbard. The genus is
characterized by a rather large shell reaching 57 mm in length, posterodorsally
flattened and poorly pronounced sulci without auricle, and by a thick external
ligament (Fig. 10.8i, j). In contrast to other large thyasirids, Cretaxinus has a
rather weak and short anterior adductor muscle scar and a strong and deep pos-
terior adductor muscle scar. The inner shell surface is covered by dense radial
striae, probably resulting from descending mantle muscle scars. The species
occurs in small clusters of up to ten specimens, associated with the lucinid
Tehamatea rasmusseni, the solemyid Solemya (Petrasma) cf. woodwardiana,
and Nucinella svalbardensis (Hryniewicz et al. 2014, 2015a).

. Thyasira Lamarck, 1818: This genus includes two subgenera: Thyasira (s.s.) and

Philis Fisher, 1924. Philis can be separated from Thyasira (s.s.) by having a
small tooth-like projection below the umbo. Both subgenera have small shells
(up to 30 mm among the Recent species) with two folds and an auricle. Of the
two symbiotic clades, the T. flexuosal/T. gouldilT. polygonata clade differs from
the T. sarsii/T. methanophila clade by having less inflated shells with a medial
flattened area (Amano et al. 2015). Huber (2015) splits Thyasira into T. (s.s.) and
eight undescribed groups including the 7. sarsii/T. methanophila clade, for
which a new genus may be warranted.

. Large Cretaceous Thyasira: A large species from the Upper Cretaceous Sada

Limestone in Shikoku, Japan, was described as Aphrodina (Aphrodina) hataii
(Fig. 10.8f, g, h) by Katto and Hattori (1964). Tashiro (1992) allocated this spe-
cies to Thyasira (s.1.), but the species differs from the genus Thyasira by lacking
a distinct auricle and by reaching up to 80 mm in length. Although the size of this
species is similar to that of Conchocele, its well-rounded posterior margin sepa-
rates it from Conchocele (Nobuhara et al. 2008). Taxonomic work on this species
is ongoing.

. Conchocele Gabb, 1866: This genus is characterized by a large shell (up to

200 mm in length) with a long, deeply sunken ligament, a beak situated near the
anterior end, a subtruncated anterior margin, and an elongated anterior adductor
muscle scar (Fig. 10.8c). The sulci developed in the posterodorsal shell area are
strong and deep.

. Maorithyas Fleming, 1950: This genus was proposed on the Recent species,

M. marama Fleming, 1950, from New Zealand and is characterized by its mod-
erate size (up to 62 mm in length), thin, globose shell with a well-defined lunule.

. Rhacothyas Astrom and Oliver in Astrom et al., 2017: The genus was introduced

for the Recent species R. kolgae Astrom and Oliver, 2017, from methane seeps
off Svalbard. The genus is characterized by a small (up to 25 mm), thin, and
luciniform shell with edentulous hinge, a small sunken lunule, and a weak pos-
terior sulcus. Its external surface is sculptured by raised and narrowly spaced
commarginal lamellae and weak posterior sulcus. The only fossil record so far is
the Paleocene R. spitzbergensis, from shallow marine deposits on Svalbard.
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10.8 Family Vesicomyidae

Kazutaka Amano and Steffen Kiel

The Vesicomyidae is the second most species-rich family of chemosymbiotic
bivalves after the Lucinidae, and they are arguably the most successful radiation
into chemosynthetic environments. More than 100 extant species have been
described, and there are approximately 30 named fossil species and even more
reported in open nomenclature. Vesicomyidae inhabit hydrothermal vents, methane
seeps, and whale- and wood-fall sites and are also found in organic-rich deep-sea
environments. Geographically they are found worldwide from the Arctic via the
tropics to Antarctic waters and in depths from 100 to 9500 m (Krylova and
Sahling 2010).

Vesicomyids have a broad size range, ranging from a few mm to more than
300 mm in length. Only the smallest species (belonging to the genus Vesicomya)
apparently lack symbionts, whereas the larger species host symbionts on which they
rely for nutrition. The symbionts are exclusively sulfur-oxidizing gammaproteobac-
teria that are transmitted mostly from parent to offspring (vertical transmission),
resulting in coevolution between host and symbiont lineages (Peek et al. 1998).
Sulfide is taken up from the sediment (or in the case of hydrothermal vents, from
fluids seeping through crevices between pillow lavas) via the bivalves’ extensile
foot and is transported to the intracellular symbionts in the gills. Most vesicomyids
are semi-infaunal except for species smaller than approximately 20 mm long, which
tend to live completely buried in the sediment. The larger species frequently move
around at the sediment surface, probably to search for optimal sulfide flux (Krylova
and Sahling 2010).

Vesicomyids disperse via lecithotrophic larvae, yet at least some species have
wide transoceanic distributions (Kojima et al. 2004; Audzijonyte et al. 2012). The
small-scale distribution of vesicomyid species at individual seep sites appears to
relate to their sulfide-binding and storage capacity. Species with a high binding and
storage capacity (such as Calyptogena pacifica) are able to live in areas with lower
sulfide flux than species with lower binding and storage capacity (such as Archivesica
kilmeri), which can only survive in areas with a steady and high supply of sulfide
(Barry et al. 1997).

10.8.1 Fossil Record and Evolution

Vesicomyids first appeared in the North Pacific in the middle Eocene, with the earli-
est record being from the Humptulips Formation in western Washington State, USA
(Amano and Kiel 2007b; Hybertsen and Kiel 2018). Another potential middle
Eocene record comes from deep-water deposits of the Murotohanto Group in
Tokushima Prefecture, Japan (as “Crassatellites nov. sp.”; Hatae 1960; Suyari and
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Yamazaki 1987) but this still needs confirmation. The few middle Eocene seep
deposits from the eastern Atlantic and Tethyan region lack vesicomyids (Natalicchio
et al. 2015; SK, unpublished). From the late Eocene to Oligocene, vesicomyids
occur throughout the Pacific and Caribbean regions (Olsson 1931; Amano and Kiel
2007b; Kiel and Amano 2010; Amano et al. 2013b; Kiel and Hansen 2015; Kiel
et al. 2020a, 2020b), but seep deposits are unknown from outside this region, pre-
venting a comprehensive assessment of the biogeography of vesicomyids. From the
Miocene onward, seep deposits with vesicomyid bivalves are known from virtually
all ocean basins (Beets 1942, 1953; Gill et al. 2005; Majima et al. 2005; Kiel 2007,
Amano and Kiel 2007b; Kiel 2010b; Kiel and Amano 2010; Amano and Kiel 2011;
Amano and Kiel 2012; Amano et al. 2014a, b; Kiel and Hansen 2015; Kiel and
Taviani 2017, 2018; Kase et al. 2019; Amano et al. 2019a, b).

Also, molecular age estimates for the vesicomyids suggest a middle Eocene ori-
gin (Baco et al. 1999; Vrijenhoek 2013). Based on the roughly coeval appearance of
large whales and vesicomyid bivalves, it was hypothesized that the (geologically)
sudden appearance of sulfide-emitting whale carcasses on the seafloor expanded the
dispersal capacities of vent and seep-inhabiting species to such an extent that it trig-
gered the radiation of new groups into these habitats (Baco et al. 1999; Smith and
Baco 2003).

Other investigations using time-calibrated molecular phylogenetic trees (chrono-
grams) of the vesicomyids indicated that lineages of pliocardiine vesicomyids have
accumulated at a regular pace since the Eocene, with no signs of diversification
pulses (Valdés et al. 2013; Johnson et al. 2017). The fossil record also provides
insights into this issue, but the diversification pattern seen in the fossil record should
not be overemphasized because although the genus-level classification of fossil
vesicomyids is improving, there are still many uncertainties. Our current under-
standing of the fossil record of vesicomyid genera is shown in Table 10.2. However,
ongoing taxonomic revisions and further discoveries of new taxa and new seep
deposits are likely to change this picture. For example, species currently assigned to
Pliocardia and pre-Miocene species assigned to Archivesica are likely to be placed

Table 10.2 Characteristics of the vesicomyid genera having fossil records. + present; — absent; +
basically absent, but sometimes present; ? unknown

lined
Maximum | Elongate | Lunular | Subumbonal | pallial | 3a 3a & | nymphal
Genus size (mm) | shell incision | pit sinus | tooth | 3b ridge
Isorropodon 47 - - + - + + _
Pliocardia 47 - + + + + - _
Wareniconcha 120 - - + - + — _
Pleurophopsis 180 + — - - — - _
Ectenagena 70 + - + - - _ _
Archivesica 250 + - + + + - _
Hubertschenckia | 75 - — + + + — +
Calyptogena 90 + - - - + — +
Notocalyptogena | 52 + - - - + _ _
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in new genera as mentioned later. There are many poorly preserved specimens in the
fossil record, which may also belong to new genera or may extend the fossil record
of described genera further back in time. New genera will continue to be named also
for extant species, exemplified by the recent introduction of Turneroconcha Krylova
and Sahling, 2020, for the iconic giant white clam Calyptogena magnifica from the
East Pacific Rise hydrothermal vents. Once established, fossil species may be
assigned to these new genera. Furthermore, especially the small, thin-shelled genera
(e.g., Cosel and Salas 2002) are less likely to be found in the fossil record than large,
thick-shelled genera (Valentine et al. 2000).

There is limited fossil evidence for an onshore-offshore pattern, a gradual adap-
tation to deeper water, in the evolution of the Vesicomyidae. Hubertschenckia
appears to have lived in lower sublittoral to upper bathyal depths (Amano and
Jenkins 2007). Its probable descendant Archivesica now lives in bathyal depth
(Kojima 2008). Moreover, extensive work on vesicomyids in Japan indicates that
Archivesica and Calyptogena, which today live in bathyal depths, took over this
ecological niche from the genus Pleurophopsis during the Late Miocene (Amano
and Kiel 2011; Amano et al. 2019a). A similar onshore-offshore pattern was recog-
nized in molecular phylogenies of the bathymodiolins (Distel et al. 2000; Lorion
et al. 2013) with the additional point of an adaptation from low-sulfide environ-
ments (wood-falls) to high-sulfide environments (vents/seeps), but this had not been
seen in the molecular study of vesicomyids (Decker et al. 2012).

10.8.2 Classification and Shell Characters

The generic classification of both fossil and recent vesicomyid bivalves is an active,
though difficult, field of research suffering from the frequent convergence of many
shell characters, resulting in inconsistencies between morphological and molecular
data. Krylova and Sahling (2010) distinguish two subfamilies: Vesicomyinae con-
sists of only the small and asymbiotic type genus Vesicomya; Pliocardiinae includes
all other genera. Shell characters used to distinguish species and genera include
shell size and shape, presence or absence of a lunule or lunular incision, the point of
contact between pallial line and the adductor muscle scars, the presence and shape
of a pallial sinus, and the morphology of the right valve hinge area (number and
arrangement of teeth, subumbonal pit, posterior nymphal ridge) (Fig. 10.9,
Table 10.2). A comprehensive overview of the vesicomyid genera, their characters,
and species compositions (although some assignments remain controversial) was
provided by Krylova and Sahling (2010); here we discuss only genera with a fos-
sil record.

1. Pliocardia Woodring, 1925: The Pliocene type species, Anomalocardia bowde-
niana Dall, 1903, has a small (~10 mm), oval shell (Fig.10.9g) with a strong
posterior ridge and sulcus, and a lunular incision. It has three cardinal teeth in the
right valve, of which 3a is typically thin, while 3b is broad (Fig. 10.9f) and points
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Fig. 10.9 Vesicomyidae. All scale bars are 10 mm. (a, k) Hubertschenckia ezoensis (Yokoyama
1890) from a late Eocene seep site in Hokkaido, Japan: (a) hinge of right valve with subumbonal
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in a posteroventral direction (Woodring 1925; Krylova and Janssen 2006; Amano
and Kiel 2007b). In molecular phylogenies, extant species with this type of mor-
phology fall within at least two distinct clusters: one with Vesicomya crenulo-
marginata and V. kuroshimana and the other with Calyptogena ponderosa and
C. cordata (Kojima et al. 2004; Martin and Goffredi 2011; Audzijonyte et al.
2012; Valdés et al. 2013; Johnson et al. 2017). Pliocardia is used for the former
group, whereas the latter is typically referred to as ‘cordata group’ (Johnson
et al. 2017). Apart from their general similarity to Pliocardia, these extant spe-
cies vary greatly in size and also in the presence and shape of the pallial sinus.
The same applies to the fossil species currently considered as belonging to
Pliocardia, including the oldest species of the Vesicomyidae, Pliocardia aff.
tschudi from the middle Eocene of Washington State (Amano and Kiel 2007b;
Amano et al. 2014a), Vesicomya tsuchudi from the lower Oligocene of Peru
(Kiel et al. 2020b), and Pliocardia? tanakai from the Middle Miocene Bessho
Formation in central Honshu (Miyajima et al., 2017). Clearly, the species cur-
rently assigned to Pliocardia are in need of taxonomic revision, and the intro-
duction of one or more new genera may be necessary (Amano et al. 2014a;
Martin and Goffredi 2011; Kiel et al. 2020b).

2. Wareniconcha Cosel and Olu, 2009: This genus is based on the Recent species
Wareniconcha guineensis (Thiele and Jaeckel 1931) living in the Gulf of Guinea.
It is characterized by having a veneriform, medium-sized shell, a narrow hinge
plate with a strong middle cardinal tooth (1) in the right valve and a subumbonal
pit, and the lack of a pallial sinus. One large fossil species, Wareniconcha mer-
cenarioides, occurs at a Pliocene methane-seep deposit at Liog-Liog Point on
Leyte Island, Philippines (Kase et al. 2019).

3. Pleurophopsis Van Winkle, 1919: This is an exclusively fossil genus based on
P. unioides Van Winkle, 1919, from Miocene seep deposits in Trinidad. It is
characterized by an elongate shell with two cardinal teeth in the right valve

<

pit (sp) and posterior nymphal ridge (pnr); JUE no.15837-12; (k) inner surface of left valve with
pallial sinus (indicated by white arrow), JUE no. 15837-10. (b, m) Pleurophopsis hokkaidoensis
(Amano and Kiel 2007b) from the early Middle Miocene whale-fall site in Shosanbetsu Village,
Hokkaido, Japan; (b) rubber cast of right valve hinge with subumbonal pit (sp), JUE no. 15851,
paratype; (m) JUE no. 15848, holotype. (¢, i) Archivesica kawamurai (Kuroda, 1943) from
Pliocene seep sites in Kanagawa Pref. (c) and Chiba Prefecture (i), Honshu, Japan; (c) right valve
hinge with subumbonal pit (sp); JUE no. 15877-2; (i) inner surface of left valve with pallial sinus
(indicated by white arrow); JUE no. NSM no. 4409. (d, 1) Calyptogena pacifica Dall, 1891, from
a Late Miocene seep site in Aomori Prefecture, Honshu, Japan; (d) right valve hinge with subum-
bonal pit (sp) and posterior nymphal ridge (pnr), JUE no. 15884-5; (1) JUE no. 15884-1. (e, j)
Notocalyptogena neozelandica Amano, Saether, Little, and Campbell, 2014, from the Early
Miocene Ugly Hill seep site, North Island, New Zealand; (e) UOA L4593, paratype; (j) UOA
L4591, holotype. (f, g) Pliocardia kawadai (Aoki, 1954) from an Early Miocene seep site in
Fukushima Pref., Honshu, Japan; (f) JUE no. 15895-2; (g) JUE no. 15895-3. (h) Pleurophopsis
uchimuraensis (Kuroda 1931) from a Middle Miocene seep site in Nagano Prefecture, Honshu,
Japan; JUE no. 15865-1. (a, b, k, m: Amano and Kiel 2007b; ¢, i: Amano and Kiel, 2010; d, I:
Amano and Jenkins 2011b; e, j: Amano et al. 2014b; f, g: Amano and Kiel 2012; h: Amano and
Kiel 2011)
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(a strong cardinal 1 and a short 3b, cardinal 3a is reduced; Fig. 10.9b). The ante-
rior adductor muscle scar and pedal retractor muscle scar are separate, and the
pallial line starts at the posteroventral margin of the anterior adductor muscle
scar. A synonym is Adulomya Kuroda, 1931, with the Miocene type species
A. uchimuraensis Kuroda, 1931 (see also Amano et al. 2019a; Fig. 10.9h).
Pleurophopsis shares its elongated shell and two cardinal teeth in the right valve
with the Recent genus Ectenagena Woodring, 1938, but differs by the absence of
a deep umbonal pit. The oldest fossil record of Pleurophopsis may be P. chi-
nookensis (Squires and Goedert 1991) from upper Eocene seep deposits of west-
ern Washington State, USA (Amano and Kiel 2007b).

4. Calyptogena Dall, 1891: Based on the extant Calyptogena pacifica (Fig. 10.9d,
1), this genus includes species with moderately sized shells, characterized by
having a posterior nymphal ridge on the hinge plate, three cardinal teeth in the
right valve of which cardinal 3b typically points in an antero-ventral direction,
and the absence of a pallial sinus, subumbonal pit, and lunular incision (Krylova
and Sahling 2006). In particular, the posterior nymphal ridge is unusual among
vesicomyids and clearly distinguishes this genus from all others. The oldest fos-
sil record is Calyptogena katallaensis from the Oligocene of Alaska (Kiel and
Amano 2010); the oldest record of an extant species is Calyptogena pacifica
from the Upper Miocene of Japan (Amano and Jenkins 2011b).

5. Notocalyptogena Amano, Saether, Little, and Campbell, 2014: This is so far a
monospecific genus based on N. neozelandica (Fig. 10.9e, j), from the Early and
Middle Miocene of New Zealand (Amano et al. 2014b). Notocalyptogena and
Calyptogena share elongate ovate shells (maximum length = 90 mm; Krylova
and Sahling 2006), three cardinal teeth in the right valve, and the lack of a sub-
umbonal pit and a pallial sinus. Notocalyptogena differs from Calyptogena by
lacking a stout posterior cardinal tooth (3b) and a posterior nymphal ridge.

6. Hubertschenckia Takeda, 1953: This is an exclusively fossil genus based on
Tapes ezoensis Yokoyama, 1890, from the late Eocene to Oligocene of northern
and central Japan (Amano et al. 2013b; Amano and Kiel 2007b; Takeda 1953).
Its shell is elongate ovate, has three cardinal teeth in the right valve, a subumbo-
nal pit, and a shallow pallial sinus (Fig. 10.9a, k). Hubertschenckia differs from
Archivesica by having a smaller shell (about 75 mm versus up to 300 mm in
Archivesica; Krylova and Sahling, 2010), a long anterior cardinal tooth (3a), a
middle tooth (1) that runs parallel to the hinge margin, and a vertical posterior
cardinal tooth (3b) (Amano and Kiel 2007b).

7. Archivesica Dall, 1908b: The extant type species A. gigas (Dall, 1896) is charac-
terized by an elongate, broad, ovate shell with three cardinal teeth in the right
valve; a subumbonal pit; and a shallow pallial sinus. The cardinals are thin; car-
dinal 1 starts below the umbo, is curved, and points to the anterior; 3a runs
roughly parallel to the posterior shell margin and is fused with 3b, which points
to the posterior. The oldest record of the genus is Archivesica sakoi Amano,
Jenkins, Ohara, and Kiel, 2014, from the Lower Miocene Shikiya Formation in
Wakayama Prefecture, southern Honshu, followed by several species in the
Middle to Late Miocene species of Italy (Kiel and Taviani 2017), the Late
Miocene of Japan (Amano and Kiel, 2010; Amano and Suzuki 2010), and the
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Pliocene-Pleistocene of California (Squires 1991). Problematics are the relation-
ships to, or synonymies with, the three genera Phreagena, Laubiericoncha, and
Akebiconcha. Phreagena Woodring, 1938, is based on the Pliocene species
Phreagena lasia Woodring and may be distinguishable from Archivesica by hav-
ing a thicker shell with narrower subumbonal pit, a longer ligament, and a deeper
anterior pedal retractor scar (Krylova and Janssen 20006). Laubiericoncha Cosel
and Olu, 2008, based on the extant L. myriamae Cosel and Olu was separated
from Archivesica by having a tapering posterior part of shell, a short and broad
pallial sinus, and a deep anterior pedal retractor scar. Akebiconcha Kuroda, 1943,
based on the extant A. kawamurai Kuroda (Fig. 10.9¢, i) was not compared with
Archivesica at its proposal. The concept of the generic composition of the plio-
cardiins as outlined by Krylova and Sahling (2010) was not entirely supported
by recent molecular phylogenetic work (Audzijonyte et al. 2012; Johnson et al.
2017); thus, Phreagena and Akebiconcha are regarded as a synonym of
Archivesica (Amano and Kiel 2007b). Moreover, Laubiericoncha Cosel and
Olu, 2008, based on L. myriamae Cosel and Olu, 2008 falls within a large cluster
including the type species of Archivesica (Audzyonite et al. 2012; Decker et al.
2012; Johnson et al. 2017), and also based on shell characters, it is difficult to
distinguish from Archivesica (Amano and Kiel 2007b; Amano and Suzuki 2010).
Although Johnson et al. (2017) referred to a large clade including all these taxa
as “gigas group,” it has to be referred to as Archivesica because A. gigas is the
type species of Archivesica.

8. Isorropodon Sturany, 1896: The type species, Isorropodon perplexum, is extant
in the Mediterranean Sea. This genus comprises species with small, thin, ovate
shells that may or may not have a posterior ridge, lack a lunular incision, and
have a Vesicomya-like dentition with the cardinals in the right valve all arranged
roughly in one line and undulating sub-parallel to the dorsal shell margin.
Pliocardia differs by having a lunular incision and a more Archivesica-like hinge
dentition with a thick posterior cardinal tooth (3b) in the right valve that points
postero-ventrally. Vesicomya has a more globular, roundish shell with a lunular
incision (Cosel and Salas 2001). Fossil species includes Isorropodon frankfor-
tensis Amano and Kiel, 2007b, from the Lower Miocene in southwestern
Washington State, USA (Amano and Kiel 2007b), and Isorropodon sp. from the
Pliocene Stirone River deposit in Italy (Kiel and Taviani 2018).

10.9 The Anomalodesmata

Steffen Kiel

Anomalodesmatan bivalves have not been reported from modern seeps, and only a
few are known from the older fossil record. A single cuspidariid species, Thermomya
sulcata Chen, Okutani, Watanabe, and Kojima, 2018, was reported from a back-arc
vent site in the Southern Mariana Trough (Chen et al. 2018), but although the
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anatomy of the available specimens are too poorly preserved to assess the potential
of chemosymbiosis, this seems unlikely as all other cuspidariids are carnivore (e.g.,
Morton and Machado 2019).

A definitive anomalodesmatan, Aksumya Kiel, 2018, occurs in Upper Triassic
seep deposits in Turkey and is restricted to seeps (Kiel et al. 2017). Its shells reach
up to 82 mm in length, are oval-elongate with a drawn-out and somewhat pointed
posterior margin, are apparently edentulous, sculptured by irregular growth lines,
and have microscopic spines, which clearly identify them as members of the
Anomalodesmata (Sartori and Harper 2009). The feeding habits of Aksumya is
unknown, and chemosymbiosis can only be inferred from its relatively large size, its
abundance at seeps, and its restriction to the seep environment.

Several taxa previously reported as anomalodesmatans from Paleozoic seeps
(i.e., from the Hollard Mound; Aitken et al. 2002) are now considered as belonging
to the modiomorphids (see above; Hryniewicz et al. 2017a). From the Permian of
Brazil, members of three genera of presumed anomalodesmatans (Anhembia,
Tambaquyra, and Maackia) were reported from concretionary limestone deposits,
interpreted as cold seep deposits (Matos et al. 2017). If this interpretation is correct,
anomalodesmatans would have reached a remarkable diversity at late Paleozoic-
early Mesozoic seeps. However, the figured outcrops and rock samples look unlike
those of other, confirmed, seep deposits, and lack the typical “seep cements” such
as banded and botryoidal rim cements (cf. Peckmann and Thiel 2004). In addition,
the reported carbon isotope values are only as low as —7.6%o and thus well within
the range of septarians and other concretions resulting from the oxidation of organic
matter (Irwin et al. 1977). Furthermore, the interpretation of Matos et al. (2017) of
these bivalves as chemosymbiotic relies partly on a questionable comparison of
shell characters of non-chemosymbiotic bivalves and partly on the negative isotope
signature of the shells themselves. However, studies on extant and fossil bivalves
have shown that metabolic carbon (which would carry a signal for chemosymbiosis)
is not incorporated into the shell (Paull et al. 1989; Kiel and Peckmann 2007).
Moreover, the Permian shells from Brazil are recrystallized and hence do not carry
the original isotopic signature of the shell but rather of the dissolved carbon incor-
porated during their recrystallization. A single specimen of Pleuromya? has been
collected from the Paleocene seep fauna of the Basilika Formation on Spitsbergen
Island (Hryniewicz et al. 2019).

10.10 Conclusions

Kazutaka Amano

The chronostratigraphic ranges of all genera of mainly seep-inhabiting chemosym-
biotic bivalves are shown in Fig. 10.2; records from hydrothermal vent, whale fall
and wood fall are also included. This shows an overall increase in bivalve diversity
at seeps since the Paleozoic, a pattern that was linked earlier to the general increase
of bivalve biodiversity through the Phanerozoic (Kiel and Peckmann 2019). Forsey
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(2013) emphasized a large increase in seep bivalve diversity starting in the Jurassic
and considered this increase as being part of the “Mesozoic Marine Revolution”
(Vermeij 1977, 1987). Remarkably, apart from the Devonian solemyid Dystactella,
many infaunal chemosymbiotic bivalve taxa such as the solemyids, thyasirids, and
lucinids appeared in the Late Jurassic and diversified in the Cretaceous. This timing
is synchronous with the increasing infaunality of bivalves as an antipredatory strat-
egy, known as one of the effects of the “Mesozoic Marine Revolution.” However,
these patterns and their potential causes should be treated cautiously because the
fossil record of seeps and seep communities beyond the Cretaceous is still very
sparse (Campbell 2006; Kiel 2009, 2015; Hryniewicz et al. 2017b; Kiel and
Peckmann 2019).

Drill holes made by predatory gastropods have been reported from chemosymbi-
otic bivalves soon after the first appearance of these gastropods in the mid-Cretaceous
(Taylor et al. 1983): in Cenomanian nucinellids; Eocene thyasirids and vesicomy-
ids; Oligocene thyasirids and bathymodiolins; and Miocene thyasirids, vesicomy-
ids, and bathymodiolins (Amano 2003; Amano and Jenkins 2007; Amano and Kiel
2007a; Kiel et al. 2008, 2016). The fossil record of these drill holes thus suggests
increasing predation pressure since the Late Cretaceous. Remarkably, this coincides
roughly with a “mid-Cretaceous faunal turnover” from pre- to post-Albian seep
faunas (Kiel et al. 2012; Jenkins et al. 2013, 2018b; Kiel 2015). Although this faunal
change is not readily apparent in terms of genus richness or extinction and origina-
tion pattern (Fig. 10.2), the lifestyle of the dominant bivalves at seeps changed from
epifaunal to infaunal. Kiel (2015) suggested that this “mid-Cretaceous faunal turn-
over” resulted from a decrease in seawater sulfate concentrations but did not con-
sider drilling predation in this context. However, drill holes in the main epifaunal
bivalve at seeps at that time, Caspiconcha, have never been reported. Disentangling
the biological, chemical, and physical environmental changes leading to the
described changes in seep bivalve diversity and life habits in the late Mesozoic
requires further research.

Many clades of the modern vent and seep fauna, including the dominant bathy-
modiolins and vesicomyids with their semi-infaunal or epifaunal lifestyles, appeared
in the Eocene (Fig. 10.2). Jacobs and Lindberg (1998) and Vrijenhoek (2013)
claimed that deep-water anoxia during the Paleocene-Eocene Thermal Maximum
(PETM) caused the extinction of the deep-sea fauna, including that at vents and
seeps. Furthermore, also molecular age estimates indicate an early Cenozoic origin
of many of the major groups at vents and seeps, and the PETM extinction is consid-
ered to have played a major role in this pulse of origination, by extinguishing old
groups and making room for new ones (Chelvadonné et al. 2002; Jones et al. 2006;
Vrijenhoek. 2013). However, the (admittedly patchy) fossil record during this time
interval (Fig. 10.2) does not show any extinctions (Hryniewicz et al. 2017a, 2019).
Kiel (2015) argued that the mid-Eocene appearance of semi-infaunal and epifaunal
bivalves such as bathymodiolins and vesicomyids was linked to a dramatic rise in
seawater sulfate concentrations (Wortmann and Paytan 2012), which resulted in
increased sulfide availability at vents and seeps, and organic substrates. New and
more detailed fossil records across the end-Cretaceous and PETM extinction events
are needed to test these competing hypotheses.
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