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Abstract

In Mexico, the Upper Jurassic to lowermost Cretasda Casita and coeval La Caja
and La Pimienta formations are well-known for treundant and well-preserved
marine vertebrates and invertebrates. The lateude conspicuous inoceramid
bivalves of the genu&nopaeanot formally described previously from Mexico.
Anopaea basséLecolle de Canta, 19673nopaeacf. stoliczkai(Holdhaus, 1913),
Anopaeect. callistoensiCrame and Kelly, 1995 ardhopaeasp. are rare
constituents in distinctive Tithonian-lower Beriaslevels of the La Caja Formation
and one Tithonian horizon of the La Pimienta ForamatAnopaea bassevas
previously documented from the Tithonian of cenlfaixico and Cuba, while most
other members cknopaeadescribed here are only known from southern high
latitudes. The Mexican assemblage also includes\tdich closely resemble
Anopaea stoliczkdrom the Tithonian of India, Indonesia and the Actia

Peninsula, andnopaea callistoensisom the late Tithonian to ?early Berriasian of

the Antarctic Peninsula. Our new data expand theepgeographical distribution of



the high latitudeAnopaeato the Gulf of Mexico region and substantiate &lun
exchange, in the Late Jurassic-earliest Cretacéetween Mexico and the Antarctic

Realm.

Keywords:AnopaeaLlate Jurassic, earliest Cretaceous, La Caja/iracihia

formations, palaeobiogeography.

1. Introduction

Late Jurassic to earliest Cretaceous marine setsnaea widespread in northeastern
and central Mexico, but inoceramid bivalves areyanéntioned occasionally (e.g.,
Burckhardt, 1930; Burckhardt and Mulleried, 193&n@i-Chapa, 1967; Mora et al.,
2000; Buchy et al., 2003). A few taxa were illugtch(Cantu-Chapa, 1989; Lopez-
Caballero, 2009) but formal descriptions are rarddte (Felix, 1891; Lecolle de
Cantu, 1967; Villasefior et al., 2005).

Here we document 19 inoceramid bivalves of the gémopaearom the La Caja
Formation of Coahuila, Nuevo Leon and San Luis §lioend from the La Pimienta
Formation of Puebla (Fig. 1). The specimens wellected from different
stratigraphic levels and were assignedmnopaea bassélecolle de Cantl, 1967A,.
cf. stoliczkai(Holdhaus, 1913)A. cf. callistoensiCrame and Kelly, 1995 and
Anopaeasp. The Late Jurassic-Early Cretaceous gelgpaeads a characteristic
constituent in both the Boreal and the Australmeafe.g., Crame, 1981; Kelly, 1984;
Dhondt, 1992; Crame and Kelly, 1995; Sha, 1996; bamenea et al., 2013), but
isolated occurrences include the Tithonian of thep@thian Alps (Boehm, 1883), the
late Tithonian of Cuba (Myczgki, 1999), the Tithonian of Mexico (Cantu-Chapa,

1967; Lecolle de Cantu, 1967; Cantu-Chapa, 1989}laa late Tithonian of



Indonesia (Westermann et al., 1978). Here we dontuArmopaeafrom northeastern
and central-east Mexico and discuss the palaeobgvgphic and palaeoclimatic

implications of their presence in Mexico.

FIGURE 1

2. Depositional environments and stratigraphic ages

Late Jurassic to earliest Cretaceous sediments addaly in northeastern, eastern
and central Mexico and are known as the La PimiEotanation (Cantu-Chapa, 1967,
Goldhammer, 1999; Goldhammer and Johnson, 200%5aBes et al., 2009)
deposited under hemipelagic conditions, and th€&ja Formation (Imlay, 1936;
Longoria, 1984; Pessagno et al., 2009), whichganded as the time-equivalent
proximal to distal shelf facies (e.g., Goldhamni®99; Goldhammer and Johnson,
2001). Overall, the sedimentary succession is grassive in the two
lithostratigraphic units, with strong transgressibpulses during the middle
Kimmeridgian, the early and late Tithonian, andehey Berriasian (Goldhammer
and Johnson, 2001; Olériz et al., 2003; Jenchebi/;20campo-Diaz et al., 2008;
Pessagno et al., 2009). Lithologies are predoniyaiticiclastic and composed of
conglomerate, sandstone, shale and marl, whil&itheneridgian-Tithonian part of
the La Caja Formation yields additional phosphs¢idiments (e.g., Imlay, 1936,
1938; Rogers et al., 1956; Michalzik, 1988; Goldhanand Johnson, 2001; Zell et
al., 2013, 2014b). The La Caja and the coeval, evatively more distal La Pimienta
formations are widely known for their abundant arell-preserved marine vertebrate
and invertebrate assemblages. Most taxa are enderthie ancient Gulf of Mexico

but some show affinities with the European Tetleyg.( Cantd-Chapa, 1967; Lecolle



de Cantu, 1967; Verma and Westermann, 1973; Buchl, 2003; Buchy, 2010; Zell
et al., 2014a, b; Frey and Stinnesbeck, 2014&Yhe other hand, belemnites
assigned t&ylindroteuthisand the bivalvdBuchiaare of Boreal origin (Seibertz and
Spaeth, 1999, 2008; Mora et al., 2000; Lopez-Caligl2009; Pessagno et al., 2009;
Zell et al., 2013).

The bivalves described here were collected in gpeula Caja and the upper La
Pimienta formations of northeastern and centralibtex-or locations see Figure 1;
for the stratigraphic position of bivalves withimetsediment unit see Figure 2. Shells
are mostly preserved three-dimensionally, but ademflattened and one is preserved
with both their valves in “butterfly position” (séaopaeect. callistoensisCrame and

Kelly, 1995; Fig. 6a).

FIGURE 2

3. Systematic palaeontology

Bivalve classification follows Bieler et al. (201@orphological terms used in the
text are shown in Figure 3, discussion of highgot@mic levels follows Cox et al.
(1969) and Lazo (2006). Measurements are takdreahbiximum axial altitude (al)
where a complete set of data is possible, maximreaerved is also indicated as
almax. All specimens described here are housed ilCtileccion de Paleontologia de

Coahuila(CPC), at the Museo del Desierto, Saltillo, Coywexico.

FIGURE 3

Class BIVALVIA Linné, 1758 (Buoanni, 1681)



Subclass PTERIOMORPHA Beurlen, 1944
Order PTERIOIDA Newell, 1965

Suborder PTERIINA Newell, 1965
Superfamily PTERIOIDEA Gray, 1847
Family INOCERAMIDAE Zittel, 1881

GenusAnopaea Eichwald, 1861

Type species: Inoceramus lobatuduerbach and Frears, 1846

Anopaea basséLecolle de Cantu, 1967)

Fig. 4

1967.Inoceramus bassep. nov. — Lecolle de Cantd, p. 31-32, pl. 9, fig$.
1989.Inoceramus basseiecolle — Cantu-Chapa, pl. 1, fig. 1.

1999.Anopaeasp. aff. AnopaeeacallistoensisCrame and Kelly — Myczski, p. 85,

pl. 4, figs. 1, 2,4, 7.

Material: One incomplete specimen from La Pefiita, Nuevo (ERC-1443), one
incomplete right valve from a phosphate pit at RuBifiones, Coahuila (CPC-1444,
Fig. 4f), one incomplete right valve from SierraJabali, Coahuila (CPC-1445, Fig.
4a), one incomplete left valve (CPC-1446, Fig. &) four incomplete right valves
(CPC-1447, Fig. 4c; CPC-1448, Fig. 4d; CPC-144§, &#&; CPC-1450, Fig. 4g) from
Mazatepec, Puebla. Dimensions are provided inable tbelow and abbreviations

used therein are explained in Figure 3.

Description: Large-sizedAnopaeawith a rounded-wedge shaped outline and a

prominent posterior and anterodorsal region. Thesalanargin is straight; the



anterior, ventral and dorsal margins are widelyhomd. The gently anteriorly-curved,
small pointed beak is situated slightly below tiregk (Fig. 45). The anterior side of
the umbo drops sharply away in a deeply excavaiegeca prominent lunule is
present (Figs. 4i& 4e,). Our specimens are weakly inflated with maximuegrée of
convexity in the umbonal region. An anterior sul@isot present. Corrugations are
regularly spaced and narrow; they reach maximunthsidf about 3 mm (2.8
corrugations per 10 mm height in specimen CPC-1B#g,4d). They have rounded
summits and a symmetrical cross-profile. The imace width gradually increases
from 0.6 mm across the umbo to 1.6 mm near thealemiargin (CPC-1448, Fig.
4d). Ribs weaken towards the dorsal, posteroveatrdlanterodorsal margins. Traces
of six oval to nearly rectangular ligament pits seen on the internal mould and
reach to 0.8 mm in width (CPC-1449, Figx/e

Specimens CPC-1445 (Fig. 4a; shell preservatiod)GPC-1450 (Fig. 4g; internal
mould) are associated with prominent tubes situatéde transition between the
anterior and dorsal, and between the posteriodanshl margins; they are
accompanied by siphonal gapes. The tubes are aboutn in width in both the
large-sized (lesened82.5 mm) specimen CPC-1445 (Fig. 4a) and the smsitted
(H=27.1 mm) specimen (internal mould) CPC-1450 .(Ewm); their preserved length
reaches 25 mm in CPC-1445. The tubes are projgcstero- and anterodorsally;
they curve upwards in the well-preserved right gadé specimen CPC-1450 (Fig.
4g). The shell of valve and of both tubes is pre=gin specimen CPC-1445 (Fig.
4a), but tubes are flattened due to lithologic bueden. They are unornamented,
without any evidence of growth lines or any othget of structures. A direct
connection between the valve and accompanying tcéo@sot be observed, but both

tubes move into their associated siphonal gapesirfternal mould of a right valve



(CPC-1444, Fig. 4f) exhibits a downward directetdhet-like structure projecting
through the lunule.

Dimensions:

TABLE1

Discussion: The rounded-wedge shaped outline, the presenceminainent lunule
and the prominent, regular narrow-spaced corrugatiharacterize the genus
AnopaeaCrame, 1981; Crame and Kelly, 1995). Although Byiski (1999) and
Pszczétkowski and Myczgki (2003) suggested thatoceramus bassshould be
assigned t@&\nopaea stoliczkaive agree with Lecolle de Cantu (1967) thabpaea
basseis a valid species, which closely reseml#flestoliczkaibut differs by stronger
ribbing across the umbo, more regularly spaced siightly stronger inflation of
valves and smaller-sized ligament p#s bassei0.8 mm; A.stoliczkai <2 mm in
width, see Crame, 1981, p. 212nhopaea stoliczkadescribed by Crame (1981, pl. 1,
fig. a-f) has a more rounded outline, and is ldssausly pyriform. There is also a
more prominent, flattened postero-dorsal area o, beft and right valves.

The internal moulds oAnopaeasp. aff. Anopaeacallistoensisrom the upper
Tithonian of Cuba were described by Myagki (1999), are here interpreted to
belong toAnopaea basseilhe Cuban specimens are morphologically inseparab
from Anopaea basseiescribed by Lecolle de Cantl (1967), and fronptiesent
specimens. Prominent tubes and their siphonal gaeesere described fAinopaea
for the first time. The two prominent, upward-piigd, calcified tubes are
interpreted as siphons and indicate that the bévelas buried in the substrate.

Modern deep burrowing bivalves suchMyga andLutraria are characterized by long



siphons. They are de facto sessile endobenthagmesgits, living at >300 mm depth
(Cox, 1969)Anopaea bassdiad two siphons, possibly inhalant and exhalant,
providing access to the bottom water, similar ppsha the moderhoripeslucinalia
(Lamarck) (Cox, 1969, p. N4, fig. 1.1). The oridita of Anopaea bassenay thus
have resembled that of Recent Tellinidae, whichpéaeed immediately below
surface, with the commissure horizontal and thietnglve representing the upper
one (Cox, 1969). The function of the prominent daward-directed structure in
specimen CPC-1444 (Fig.2Hs not known and cannot be determined due to
insufficient preservation (internal mould) of thegle specimen.

Occurrence: Anopaea bassevas first described by Lecolle de Cantu (1967) fthm
middle Tithonian La Pimienta Formation at Mazatepagebla, southern Mexico,
associated with the ammonité€essmatiavictoris andPseudolissoceraztteli
(described by Cantu-Chapa, 1967), but also ocounpper Tithonian sediments in
the subsurface of Nuevo Ledn (Pozo Corral 1), marstern Mexico (Cantu-Chapa,
1989). Myczyiski (1999) reportednopaeasp. aff. Anopaeeacallistoensisrom the
upper Tithonian of Cuba. These specimens are h&agpreted to represent specimens
of Anopaea basseAt Sierra El Jabali (Fig. IAnopaea basseiccurs in a lowermost
Berriasian (Calpionella Zone, Zone B), 8 mm-thid&rk grey marl at approximately
2.5 m below the La Caja-Taraises formations boundére belemnit&khaphibelus
aciculiformisZell et al. 2013 is present 10 mm below the hariander consideration
and was also interpreted to be of earliest Bearaage (Zell et al., 2013).
Stratigraphic assignment of the horizon is basedadpionellids identified by Adatte
et al. (1994) at Sierra El Jabali. At La Pefiitay(Ri), Anopaea bassevas identified
at the base of a 1.8 m-thick dark grey limestontneflowermost Berriasian

Calpionella Zone B at 11 m below the top of theQaga Formation and from a



phosphate pit at Puerto Pifiones assigned to theriign. At Mazatepednoceramus
bassewas sampled from the riverbed of the Rio Tecol(Ffig. 1) and we cannot
provide a precise horizon of origin. However, caimpling site can be correlated to
approximately the middle Tithonian point 4 of the Rimienta section illustrated by
Canti-Chapa (1967, p. 15), slightly below tisaiaritesbeds” (point 3). Lecolle de
Cantu (1967) identified the species at Mazatepdchwivas there assigned to the

middle Tithonian.

FIGURE 4

Anopaeacf. stoliczkai(Holdhaus, 1913)

Fig. 5

Material: Two incomplete, flattened right valves (CPC-1458, Bb; CPC-1453,

Fig. 5¢) and one incomplete, slightly flattened ieflve (CPC-1451, Fig. 5a) from El
Verde, San Luis Potosi. Dimensions are providetiértable below and abbreviations

used therein are explained in Figure 3.

Description: Large-sizedAnopaeawith a prominent posterior region. The valve
margins are not completely preserved in our mdfdna a rounded wedge-shaped
outline is indicated. The dorsal margin is straigie posterior margin is moderately
convex and is only partially preserved in one apeci (CPC-1452, Fig. 5b). The
ventral and posterior margins seem to be widelyded. The beak is small and
pointed, gently anteriorly curved; it is situatdidtstly above the hinge (Fig. 5a The
anterior side of the umbo drops sharply away ieeptly excavated curve; a
prominent lunule is present (Fig..paOur specimens are only weakly inflated with

maximum degree of convexity in the umbonal regm.anterior sulcus is not



present. Regularly to irregularly spaced narrowugations reach maximum widths
of about 4 mm (1.5 corrugations per 10 mm heigtgpecimen CPC-1452, Fig. 5b).
They have rounded summits and are symmetricalasseprofile. The interspace
width gradually increases from 1.4 mm across thbaito 6.7 mm near the ventral
margin (CPC-1453, Fig. 5c). Ribs become finer talsahe dorsal margin and
weaken towards the posterior margin. The umbo @snamented.

Dimensions;

TABLE 2

Discussion: Our material lacks the genus-characteristic anterécus. Even though,
specimens assigned Amopaeaby Crame (1981) also lack an anterior sulcus; this
author also included specimens describe#iblghaus (1913) and he discussed the
variable strength of ribs and their interspacemsijlar to the individuals described
here. Due to the low quality of preservation, thape and the outline of our valves
are not conclusively determinable, but preservatufes are indistinguishable from
characteristics seen Anopaea stoliczkgHoldhaus, 1913, p. 418, pl. 98, figs. 10-11;
Crame, 1981, p. 212, pl. 1, figs. a-f).

Occurrence: The most similar specieAnopaea stoliczkawas first described from
the lower Tithonian of India by Holdhaus (1913)t the taxon was also reported
from the Tithonian of eastern Alexander Island,aaotic Peninsula (Crame, 1981)
and the upper Tithonian of Indonesia (undescriveblumfigured in Westermann et
al., 1978; discussed by Crame, 1981). At El VeFig.(1), two horizons yielding
Anopaeect. stoliczkaiare situated within the upper middle to lower upfighonian

KossmatiaBeds, in a 4 m-thick silty limestone unit within eaterval rich in

10



phosphatic horizons. Stratigraphic assignment df horizons is based on ammonites
identified by Verma and Westermann (1973), andata dummarized by Villasefior

et al. (2012).

FIGURE 5

Anopaeccf. callistoensisCrame and Kelly, 1995

Fig. 6

Material: One almost complete right valve, one incompletbtriglve (CPC-1454,
Fig. 6a) and one incomplete, deformed left valvB@€L455, Fig. 6¢) from Puerto
Pifiones, Coahuila, and two complete right valve3Gc456a & b, Fig. 6b) from
Sierra El Jabali, Coahuila. Dimensions are providetie table below and

abbreviations used therein are explained in FiGure

Description: Medium-sized, equivalvAnopaeawith an elongate-rectangular outline
and a weak posteroventral sulcus with a subrectangutline. The dorsal margin is
straight; the anterior margin is moderately conaed slightly shorter than the more
convex posterior margin. The ventral margin is Wideunded in the largest-sized
specimen (CPC-1455, Fig. 6¢) and short and convélxel smaller-sized specimens.
The umbones are prominent and prosogyrous; thestaraksituated slightly above

the hinge. The lunule is well developed. Our specisnare weakly (CPC-1456, Fig.
6b) to moderately (CPC-1454, Fig. 6a) inflated hwitaximum convexity reached in
the umbonal and central regions and a considefiatiening towards the
anterodorsal and posterodorsal regions. Regulpdygesd fine growth lines are present

as well as low irregular commarginal folds. Specit@i¥C-1454 (Fig. 6a) is

11



ornamented by regularly spaced corrugations regahiximum widths of about 0.9
mm. They have acute summits and are symmetricabiss-profile. A small, “ear-
like” anterior buttress is present in specimen (64 (Fig. 6a).

Dimensions:

TABLE 3

Discussion: Specimens described here are relatively smalb{EB81.4 mm; CPC-
1455) and are interpreted to represent juvenikesa)sb suggested by their typically
more erected outline as compared to adult specifeén&rame and Kelly, 1995).
Anopaea callistoensis characterized by very fine concentric ribs, ciahére
superimposed on low folds (Crame, 1981, p. 213 ,digs. e-j; Crame and Howlett,
1988, p. 15, fig. 6a; Crame and Kelly, 1995, p.[®31, figs. 1-7, text-figs. 3a-b, d-e,
4Db). This distinctive ornament pattern is not prése our material, possibly due to
poor preservation and lack of adult specimens. Thysecise assignation of our
specimens té&\nopaea callistoensis not possibleCrame (1981) and Crame and
Kelly (1995) discussed the similarities betwéeropaea callistoensind the coeval
RussianA. brachowi(Rouillier) andA. sphenoideéGerasimov). From these species,
A. callistoensisand our specimens are distinguished by a submganposterior
margin and by less regularly spaced commargindkfol

Occurrence: Anopaea callistoensis known from the lower Tithonian (Crame, 1981,
Butterworth et al., 1988; Crame and Howlett, 1988)ossibly lower Berriasian
(Crame and Kelly, 1995) of Alexander Island, Anter®eninsula. At Puerto Pifiones
(Fig. 1), Anopaeccf. callistoensiccurs rarely close to the formational top, 3 m

below the base of the overlying Taraises Formatianlowermost Berriasian (cf.

12



Adatte et al., 1991, 1996; Lopez-Caballero, 2069t &t al., 2013) marl of 10 to 20
mm thickness. At Sierra El Jabali (Fig. 1), claséhe village Gomez Faria&nopaea
cf. callistoensisoccurs in a lowermost Berriasian (lower Calpica&bne B), 10 mm-
thick marly siltstone at approximately 33 m beldw ta Caja-Taraises formations
boundary. Stratigraphic assignment of the horizdaised on calpionellids identified

by Adatte et al. (1994) at Sierra El Jabali.

FIGURE 6

Anopaeasp.

Fig. 7

Material: Three incomplete left valves (CPC-1457, Fig. 7aCAaR58, Fig. 7b;
CPC-1459, Fig. 7c) and one incomplete right va@WB(-1460, Fig 7d) from El
Chorro, Coahuila. Dimensions are provided in thetdbelow and abbreviations used

therein are explained in Figure 3.

Description: Small to medium sizeAnopaeaThe dorsal margin is straight; the
anterior margin is moderately convex and shorten tihe posterior margin, which is
also more convex. The ventral margin is not preshwt the ventral-most ribs
indicate that it is straight to moderately convElxe umbo is prominent and situated
anteriorly, at one third of the dorsal margin (CP459, Fig. 7c). A lunule is seen in
CPC-1457 (Fig. 7a). Our specimens are moderatéténl, with a maximum degree
of convexity in the umbonal region and notabletéiaing posteroventrally. Growth
lines are regularly spaced, fine and low. In additirregular concentric commarginal

folds are present. Regularly spaced fine corrugatare seen in CPC-1457 (Fig. 7a)

13



and reach maximum widths of about 0.6 mm. Corregatiexhibit rounded summits
and are symmetrical in cross-profile.

Dimensions:

TABLE 4

Discussion: Due to insufficient preservation, a specific asatgm is not possible.
However, the Mexican specimens exhibit the spediesacteristic regularity of
ornamentation oAnopaea trapezoidali@homson and Willey, 1972), which is
unknown from other taxa &nopaeaCrame, 1981, p. 215). However, ornamentation
in A. trapezoidaligThomson and Willey, 1972) differs from the presgmcimens in
comparatively deep interspaces with a U-shapedi@refhich separate even, regular,
sub-parallel ribs.

Occurrence: The El Chorro site is situated on the southwedtank of the Sierra de
Los Chorros (Fig. 1)Anopaeasp. was sampled there from the upper portion ot.the
Caja Formation (Tithonian-lowermost Berriasian). ¥&mnot assign the specimens to

a specific horizon of origin.

FIGURE 7

4. Discussion

Most taxa known to date of the gerisopaeawere reported from the Boreal and
Austral realms, and Tethyan occurrences are rage (@rame, 1981, 2002). The
presence of four differednopaeaspeciesAnopaea basseh. cf. stoliczkaj A. cf.

callistoensisandAnopaeasp.) in the Gulf of Mexico region of northeastenuda

14



central Mexico is therefore unexpected. The higleiity is even more surprising
when the palaeobiogeographic relationship andilligion of these taxa is
considered. ThAnopaedaaxa from northeastern and central Mexico are rolosely
related to species known from the Antarctic Perdang§lhomson and Willey, 1972;
Crame 1981, 1982; Crame and Howlett, 1988; Butteiwet al., 1988; Crame and
Kelly, 1995), where they are relatively abundant] o taxa from northern India
(Holdhaus, 1913), Indonesia (Westermann et al.8)Laid eastern Cuba (Myamki,
1999) (Fig. 8), where occurrences are rare.

Anopaea stoliczkas documented from Antarctica (Crame, 1981) ansd also
reported from the lower Tithonian of India (Holdlsad913) and the upper Tithonian
of Indonesia (Crame, 1981). The Mexican occurreacesrom two sediment
horizons in the upper middle to lower upper Titlomin northern San Luis Potosi.
Anopaea callistoensisas documented from the lower Tithonian to posdiieer
Berriasian of the Antarctic Peninsula (summarizg€Cbame and Kelly, 1995).
Anopaeccf. callistoensidgs here described from the lowermost Berriasiasoaithern
Coahuila andAnopaeasp.from the upper part of the Tithonian or lowermost
Berriasian of southern Coahuila. The Mexidaropaeaspp. therefore add important
evidence to the hypothesis that a faunal conneetx@sted during the latest Jurassic
(Tithonian) and earliest Cretaceous (Berriasiamyeen the Antarctic Realm and the
Gulf of Mexico. This migratory pathway was previbusuggested by Myczgki
(1999) based on the presencéabpaean the upper Tithonian of eastern Cuba.
Based on ammonites, Khudoley (1974) and Salazdr2j28lso suggested that the
faunal connections between the eastern Pacificten@ulf of Mexico were stronger
than expected. At Mazatepemopaea basseippears slightly below the Tithonian

“Suaritesbeds” (point 3; Cantu-Chapa, 1967, p. 15). Basedromonites, this unit,

15



which was also identified at Sierra de CatorcehGahua (Canti-Chapa, 1976),
shows closest resemblance to the Interspinosum &btie Andes (Hillebrandt et al.,
1992). Inoceramids and buchiids from the upperaritan of Sierra de los Organos,
Cuba, are associated with ammonites of Pacifidro(igyczynski, 1989;
Pszczotkowski and Myc#gki, 2003).Anopaea bassdiere described from the
Tithonian of Coahuila and Nuevo Ledn, was previpusported only from the middle
Tithonian of central Mexico (Lecolle de Canta, 1R&Re upper Tithonian of
northeastern Mexico (Cantu-Chapa, 1989), and flerupper Tithonian of eastern
Cuba (Myczyiski, 1999). The species is thus known only fromGh#f of Mexico

and here regarded to be endemic to this region.

The Late Jurassic “circum-Tropical marine Curreméls directed westward,
transporting water from the Atlantic through theient Gulf of Mexico into the
Pacific (Iturralde-Vinent, 2003, and referenceséi®. This situation changed during
the Berriasian, when northward-directed surfaceetus established along the
western margin of South America. These currentsredtthe ancient Gulf of Mexico
and water masses were transported in a northealiteation into the ancient Atlantic
(Scotese and Moore, 201Mnopaedikely originated in the Antarctic Realm or India
(e.g. Spiti Shales of Himalayas; Holdhaus, 1913)mhigrated westwards into the
ancient eastern Pacific during the Middle Juragkite margin re-organisation of
Antarctica (e.g., Elliot, 2013). This opening, acganied by a global transgression,
led to the formation of a shallow intermittent epitinental seaway between east
Africa and southern Patagonia during the TithorBamriasian (Riccardi, 1991) and
was likely accompanied by changing environmentaldd@mns and the generation of
a new oceanic current system with intermittentgpamt of cold water from the

Antarctic Realm into the eastern Pacific, and fitbere across the Balsas Portal

16



(Imlay, 1940; Arkell, 1956; Lopez-Ramos, 1981) ithe Gulf of Mexico. The
expansion of Antarctic cold-water currents into titegics and subtropics could have
been a driving factor for the intermittent expansid Antarctic bivalve faunas into
northeastern and central Mexico and eastern Culaen€(1981) suggested that the
distribution ofAnopaeawas controlled predominantly by facies rather ttrenresult
of climatic zonation. Nevertheless, the intermitteresence of cool nutrient-rich
water masses is indicated in northeastern Mexicihdyepeated occurrence of
phosphate-rich sediment units (e.g., Rogers e1@h6; Zell et al., 2013, 2014b) and
is likely related to upwelling (e.g., Michalzik, 88; Zell et al., 2014b). Thus, the
presence oAnopaean Mexico may be related to upwelling, offeringd:avater

environments at least at or near the seafloor.

FIGURE 8

Anopaeaspecies identified here are rare and restricteghéaific intervals of the La
Caja and La Pimienta formations. Even in thesesuhi diversity oAnopaeads low
and restricted to only a single taxon per horizoraddition, no other benthic
elements are associated withopaean these horizons.

The genusAnopaeawas largely, but not exclusively, a deep-wateotafe.g., Crame,
1981; Crame and Kelly, 1995; Myazski, 1999). This interpretation coincides with
facies interpretations of the La Caja and La Pitaiéarmations, which are
considered to represent hemipelagic depositionat@mments (e.g., Michalzik,

1988; Michalzik and Schumann, 1994; Adatte etl8194; Goldhammer and Johnson,
2001). In the Southern Hemisphere, the occurrehéeopaeas linked to deep-

water facies associated with the circum-Pacific&olc arcs, along with buchiids,
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oxytomids, certain ammonites and belemnites (anmthers). Our record and the
Cuban occurrences (Myazski, 1999), indicate thatnopaeancreased in numerical
importance within benthic assemblages from lowigh Iatitudes.

Cold-water intervals were recently documented ftbenUpper Jurassic La Casita and
La Caja formations of northeastern Mexico and &eacterized by the intermittent
presence of Boreal elements, such as the biBehia(e.g., Mora et al., 2000) and
the belemniteCylindroteuthis(Zell et al., 2013), and by the abundance of
phosphorite-rich sediments (e.g., Rogers et ab61%ell et al., 2013, 2014b). The
latter were likely the result of upwelling of nanit-rich cold bottom waters
(Michalzik, 1988; Michalzik and Schumann, 1994;|£lal., 2014b). The presence
of Anopaean the La Caja and La Pimienta formations theeefupports the
occurrence of cold bottom-water intervals in thitsapical Gulf of Mexico region.
However, the presence of the Boreal elemBuitshiaandCylindroteuthisprovides
strong evidence for the ingression of cold watenifthe northeast via the Hispanic
Corridor (e.g., Zell et al., 2013), while identdidnopaeaspecies represent Austral
elements that must have immigrated to Mexico v&aRhacific ocean. This alternating
intermittent presence of Boreal and Austral elesmémis relates to profound changes
in the Gulf of Mexico current system, with shontreingressions from east to west
through the Hispanic Corridor, and from west taglaesm the Pacific through the
Balsas embayment. These conditions ended neauthssic-Cretaceous boundary as
a result of rising seawater temperatures and trassmn (e.g., Abbink et al., 2001;
Lécuyer et al., 2003; Grocke et al., 2003; Olétiale 2003; Ocampo-Diaz et al.,
2008; Pessagno et al., 2009), which allowed fog{tatm access of faunal elements

from the European Tethys (e.g., Adatte et al., 19996, 2001; Buchy et al., 2003).
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The Antarctic immigrants (e.@\nopaea were among the first elements to disappear
from the ancient Gulf of Mexico.

The palaeobiology of Upper Jurassic-lowermost Cesias inoceramids is poorly
understood. Taxa are distributed widely from insieelf to abyssal depths (Schneider
et al., 2013), and abundance was higher closerttinemtal landmasses and oceanic
islands than in distal equivalents (Crampton, 1838é sources mentioned therein).
Likely, they were epifaunal to semi-infaunal susgien feeders using a wide range of
substrate types (Schneider et al., 2013). ManyaCeetus inoceramids were tolerant
to low oxygen conditions (e.g., Sageman, 1989)ctviarould explain their presence
in horizons lacking other benthic elements. InNMexican localities discussed here
low oxygen sea-floor conditions are indicated g itiono-specific benthic
assemblages dfnopaeasp.andAnopaea bassand by high Gg-content in the
limestone containingnopaeasp.andAnopaea bassgindicated by dark-color and a
foul smell when split with a hammer. Crame (19812@8, fig. 2) discussed the life
position ofAnopaeabased on the general morphology of their valves éguivalve
nature and rounded-elongated outline). He suggéistednopaeavas an epifaunal,

endobyssally-attached surface-dweller rather tmainfaunal burrower.

5. Conclusions

Here we discuss new and relatively complete matefidne bivalveAnopaearom
central and northeastern Mexico. The individualsenmllected in the Upper
Jurassic-lowermost Cretaceous (mid Tithonian-loBenriasian) La Caja and La
Pimienta formationsAnopaea stoliczkgHoldhaus, 1913) and. callistoensiCrame
and Kelly, 1995, were previously reported from Aota, whileA. basse{Lecolle

de Cantu, 1967) is here considered to be endentietancient Gulf of Mexico. The
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presence of Australnopaeaspecies reflects periods of cold bottom-waterasgion
from the Pacific into the Gulf of Mexico and mayheir be related to geotectonic
changes associated with the opening of the Balsdalh southwestern Mexico, to
short intervals of global cooling, or to distin&rpds of upwelling of cold and
nutrient rich bottom water system. Our new findifigsn Mexico extend the
palaeogeographic distribution of all threeopaeaspecies and provide evidence for
an intermittent latest Jurassic-earliest Cretacémusal pathway between the

Antarctic Realm, the Pacific Realm and into thef@fMexico.
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Figure captions

Fig. 1. Map of Mexico with insets of Upper Jurassic-lowesnCretaceous localities
studied here. Base map of Mexico simplified aftestituto Nacional de Estadistica 'y
Geografia (2013).

Fig. 2. Lithostratigraphic columns of the La Caja Formatshowing horizons from
which bivalves of the genusnopaeawere collectedAnopaeect. stoliczkaiis
recorded from the lower upper Tithonian Kossmaédsat El VerdeAnopaeact.

callistoensigs documented from the earliest Berriasian CalgllarZzone B at Puerto
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Pifiones and at Sierra El Jabaljopaea bassdiom the early Berriasian Calpionella
Zone B at Sierra El Jabali and from the earliesti8ssian Calpionella Zone B at La
Peiita.

Fig. 3. Morphologic terms used here are illustrated ford@alized right valve of the
genusAnopaeaThey are based on Crame (1981), Walaszczyk (199@yer and
Summesberger (1994), Crame and Kelly (1995), Hagial. (1996) and Walaszczyk
and Cobban (in Kennedy et al., 2000). H: heightebgth; al: axial length; sa:
secondary axis; bh: beak height; u: distance betwee ribs; b: beak; h: hinge; I
lunule; ab: anterior buttress; as: anterior suleusapical angle;: : inclination; r :

posterodorsal angle.

Fig. 4. Anopaea bassélLecolle de Cantu, 1967). a, right valve (CPC-144&n the
lowermost Berriasian portion at Sierra El Jabalinternal mould of left valve (CPC-
1446) from the middle Tithonian portion of the Liaenta Formation at Mazatepec;
c, internal mould of right valve (CPC-1447) frone timiddle Tithonian portion of the
La Pimienta Formation at Mazatepec; d, internal lehofi right valve (CPC-1448)
from the middle Tithonian portion of the La Pimiarftormation at Mazatepec; e,
right valve view (g) and internal view (@ of an internal mould (CPC-1449) from the
middle Tithonian portion of the La Pimienta Formatiat Mazatepec; f, right valve
view (f;) and dorsal view £ of an internal mould (CPC-1444) from a phospluéte
of Tithonian age at Puerto Pifiones; g, internallchofiright valve (CPC-1450) from
the middle Tithonian portion of the La Pimienta iation at Mazatepec.

Fig. 5. Anopaeaf. stoliczkai(Holdhaus, 1913) from the upper middle to lowerempp
Tithonian portion of the La Caja Formation at Elrtfe. a, left valve view ¢qand

dorsal view (g CPC-1451); b, right valve (CPC-1452); c, righlvea(CPC-1453).
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Fig. 6. Anopaeect. callistoensisCrame and Kelly, 1995. a, two internal moulds of
juvenile right valves (CPC-1454) from the earliBstriasian portion of the La Caja
Formation at Puerto Pifiones; b, two juvenile rigiites (CPC-1456) from the
earliest Berriasian portion of the La Caja Fornrat Sierra El Jabali; c, internal
mould of a left valve (CPC-1455) from the earliBstriasian portion of the La Caja
Formation at Puerto Pifiones.

Fig. 7. Anopaeasp. from the Berriasian portion of the La Cajarkation at El

Chorro. a, internal mould of a left valve (CPC-145¥, internal mould of a left valve
(CPC-1458); c, internal mould of a left valve (CRE59); d, internal mould of a right
valve (CPC-1460).

Fig. 8. Palaeogeographic map of the Late Jurassic wotkkéy, 2014). An asterisk
marks the study area. The distributionAofopaeaspecies discussed here is based on
several sources mentioned in the text. Dashed iimksate probable migration routes

(including interpretations of Myc#gki, 1999).

Table captions

Table 1. Dimensions:
Table 2. Dimensions:
Table 3. Dimensions:

Table 4. Dimensions:
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al sa al/sa H L H/L bh u a L T almax
CPC-1443 104.3 2.3t03.0 47.2
CPC-1444 48.4 48.8 0.99 47.7 47.3 1.01 5.5 1.5t0 4.7 96 42 136
CPC-1445 103 101.3 1.7 to 3.8 80.3
CPC-1446 80.3 76.8 82.9 0.93 6.7 1.4to3.1 96 53 128
CPC-1447 45.6 4.4 0910 3.5 78 119 42.6
CPC-1448 65.2 62.7 73.9 0.85 4.1 0.9 to 4.3 94 39
CPC-1449 4.3 1.1to0 4.0 98 57 42.1
CPC-1450 279 27.1 3 1.3to 2.2 72 32 96




ACCEPTED MANUSCRIPT

a sa al/sa H L H/L bh u o 1 b3 al e

CPC-1451 6.1 281053 94 48 50.3

CPC-1452 214 385 0.56 21 36.1 0.58 18 13t022 132 38 103
CPC-1453 7.2 14t06.7 107 25 96.1



CPC-1454
CPC-1455
CPC-1456a
CPC-1456b

20.1
336
105
104

175
354
10.8

7.8

al/sa

115
0.95
0.97
133

20
314
10.2
10.3

16.7
33.8
10.1

7.7

H/L

12
0.93
101
134

bh

15
?4.1
12
16

09t01.6
0.8to1.1
0.3t00.9
0.2t00.6

68

&

23

M
19

114

115



ACCEPTED MANUSCRIPT

a H L bh u o 1 al ax
CPC-1457 19.6 23.1 0.2t00.6 76 36 205
CPC-1458 0.1t02.3 50.6
CPC-1459 35 0.1t00.9 26.5

CPC-1460 411 40.9 0.3t0 10 292 241
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. Anopaea bassei (Lecolle de Cant(i, 1967) (late Tithonian) @ 4. stoliczkai (Holdhaus, 1913) (Tithonian)

A A callistoensis Crame & Kelly, 1995 (early Tithonian-early Berriasian)



We provide data about stratigraphy and palaeogeography of the bivalve Anopaea
(Inoceramidae) from the uppermost Jurassi c-lowermost Cretaceous of northeastern
and central-east Mexico

We identified four species

Two species indicate afaunal connection between the ancient Gulf of Mexico and the
southern high latitudes



