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Following e xtensive L ate Triassic coral-constructed reefs
and the a ftermath oft he Triassic–Jurassic mass e xtinction,
Early Jurassic buildups are rare and constructedp rimari-
ly by bivalves. The P liensbachian exhibits a radiation ofab-
errant pterioid bivalves, the ‘‘Lithiotis’’ bivalves, which in-
clude: Lithiotis problematica, Cochlearites loppianus, Ger-
villeioperna s p., Mytiloperna s p., and Lithioperna scutata.
These large bivalves are ubiquitous in shallow, nearshore
tropical waters and restricted to the Early Jurassic recovery
interval. F ield and thin-section observations indicate a
strong zonation o f ‘‘Lithiotis’’ bivalves in shallow nearshore
environments. Gervilleioperna and Mytiloperna are re-
stricted to tidal-flat and inner-platform facies. Lithioperna
scutata is f ound throughout the lagoonal subtidal f acies
and e ven in s ome low-oxygen e nvironments. Lithiotis and
Cochlearites construct buildups in subtidal facies, and
both taxa exhibit discordant valves—one valve is c onverted
into a p edestal, the o ther is a n opercular valve. The largest
buildups a ttain lengths over 60 m and thicknesses of3–5 m.
It is proposed that the reef-building bivalves Lithiotis prob-
lematica and Cochlearites loppianus f illed the relatively
empty e cological niche o f reef-building during the Early Ju-
rassic (Lias), only to be replaced by their p redecessors, the
scleractinian corals, by the M iddle J urassic. The other
‘‘Lithiotis’’ bivalves (Lithioperna scutata, Mytiloperna, and
Gervilleioperna s p.) lived in restricted lagoonal environ-
ments with possible f luctuating salinity o n E arly Jurassic
(Liassic) c arbonate shelves. Lithiotis and Cochlearites, in
contrast to many oysters, d o not o rient their c ommissure
planes in a s ingle d irection. Instead, these two buildup-con-
structing g enera radiate out f rom a central bouquet, p ossi-



bly maximizing exposure to light rather than current. Due
to their g rowth h abit, e xtensive c alcification, presumed oli-
gotrophic e nvironment, and p seudocoloniality, these two
genera may have harboredp hotosymbionts. Severe environ-
mental changes and a ssociated unusual seawater chemis-
try o f theprotracted Early Jurassic recovery may have led to
suppressed coral-reef g rowth and the rapid radiation of
reef-building bivalves.

INTRODUCTION

Throughout the Phanerozoic, nearshore tropical car-
bonate environments contain higher biodiversity than
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other marine ecosystems, yet are more vulnerable to glob-
al biogeochemical events. Reefs are often the first ecosys-
tems decimated in b iotic crises and often the last to return
(Droser et al., 1997). One of the most striking effects ofthe
end-Triassic mass extinction was the total loss ofr eefe co-
systems that had flourished, notably in the Northern Cal-
careous A lps and elsewhere, until the end of the period.
The Early J urassic, or Lias, represents a slow but steady
paleogeographic change due to the reconfiguration of the
continents with the rifting of Pangaea (Nance and Mur-
phy, 1994). The Early Jurassic is also punctuated by a sig-
nificant second order extinction—the Pliensbachian–
Toarcian extinction event (Aberhan and Fu ¨rsich, 1997)—
and the shifting and diminishing carbonate-platform
space due to rapid sea-level change and associated climat-
ic warming (Hallam and Wignall, 1999). One of the pro-
posed causes of environmental stress at the end-Triassic
and Early Jurassic is a rapid rise in CO2 levels caused b y
the outpouring of the Central Atlantic Magmatic Province
(CAMP) as a result ofthe rifting ofPangaea (Marzoli et al.,
1999). Some paleobotanical evidence and carbon isotopes
from oolithic goethites and pedogenic calcite estimate a



2,000–4,000 ppm increase in atmospheric CO2 levels
(Yapp and Poths, 1996; McElwain, et al., 1999). However,
others propose only a 250 ppm increase b ased on carbon
isotope paleosol data, approximately double that ofpre-In-
dustrial Holocene atmospheric CO2 (Tanner et al., 2001).

The link between this rapid rise in CO2 and ecosystem
degradation has not been explored in Early Jurassic shal-
low tropical marine environments. Colonial metazoan
reefs are unknown in the Hettangian, but stromatolite
reefs have been reported (Stanley, 1988 and 1997; Kies-
sling et al., 1999; Fig. 1). Sinemurian reefs with Late Tri-
assic coral species are known from volcanic islands in the
ancestral Pacific (Stanley and Beauvais, 1994). The num-
ber of reefs per million y ears rose in the Pliensbachian
only to drop after the Early Toarcian extinction event.
Only by the Bajocian (Middle Jurassic) did reefs construct-
ed by colonial metazoans become reestablished on a global
scale (Beauvais, 1984; Fig. 1). The development of reefs
may have b een complicated due to dramatic sea level
change during the Late Triassic and Early Jurassic. Atthe
Triassic–Jurassic transition, sea level dropped to an ex-
treme eustatic low. During the Early Jurassic, sea level
slowly rose, progressively flooding shallow-water plat-
forms, which allowed for the return of carbonate buildups.
Extensive carbonate buildups occur in this interval, but
they are not dominated b y coral reefs as in the preceding
Late Triassic.

However, Lower Jurassic tropical marine environments
are exceptional for the great number of bivalve-construct-
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facies bivalves. Norian–Rhaetian boundary from Gradstein et al.
(1994), Early Jurassic stages after P ´alfy et al. (2000). Jurassic reef
curve from Flu¨ gel and Flu¨ gel-Kahler (1992) and Kiessling et al. (1999).
ed buildups (Kiessling et al., 1999; Fig. 2). The term ‘‘Lith-
iotis’’ bivalves refers to five unique bivalves notable for
their heavily calcified valves, multivincular ligaments,
and dominating presence in Pliensbachian and Lower
Toarcian nearshore tropical ecosystems. The ‘‘Lithiotis’’bi-
valves include: L ithiotis p roblematica, Cochlearites loppi-
anus, Gervilleioperna sp., Mytiloperna sp., andLithioperna
scutata (Geyer, 1977; Fig. 2). The bivalve L ithiotis proble-
matica formed extensive rudist-like buildups, yet not all
‘‘Lithiotis’’ facies bivalves constructed bioherms (Broglio
Loriga and Neri, 1976). The term ‘‘Lithiotis’’ bivalves has
been applied haphazardly to all bivalves found in Lower
Jurassic shallow carbonate deposits (e.g., Lee, 1983).

All of the ‘‘Lithiotis’’ bivalves appeared during the Early
Jurassic and all but one b ecame extinct before the Middle
Jurassic (Mytiloperna ranges into the Middle J urassic),
thus they represent failed crisis progenitors (sensu Har-
ries et al., 1996). Failed crisis progenitors are unique evo-
lutionary and ecological recovery taxa—in the aftermath
of a mass extinction these organisms appear uniquely
adapted to the environmental conditions of the recovery
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only to b ecome extinct when normal conditions return.
Lithiotis, Cochlearites, and L ithioperna constructed car-
bonate b uildups. Bioherms constructed by L ithiotis p rob-
lematica in particular have been assigned in previous
studies to restricted nearshore environments of rapidly
fluctuating salinity and temperature, based on the low di-
versity of the bioherms and morphological similarity to
modern oysters (e.g., Bosellini, 1972). This assessment
should be questioned. Depleted diversity is to be expected
after mass extinctions and does not necessarily indicate
restricted nearshore environments (Bottjer, 1998). A non-
uniformitarianist view of recovery intervals should be ap-
plied as many ofthe constraints on new niches, organisms,
or interactions are relaxed in the interval immediatelyfol-
lowing a mass extinction.

Reefs and Buildups



The term ‘‘reef’’ is fraught with controversy. The strict-
est definition of a reef is a ‘‘rigid wave-resistant frame-
work constructed by large skeletal organisms’’ (Ladd,
1944, p. 26). However, to prove conclusively that a buildup
could withstand wave action is very difficult in the exten-
sive fossil record of reefs. In particular, because the major
framework-building constituents of reefs have changed
significantly throughout the Phanerozoic, it is even more
difficult to use uniformitarian principles to define ancient
reefs. Wood (1999; p. 401) proposed a more encompassing
definition of a reef as a ‘‘discrete carbonate structure
formed by in situ or bound organic components that devel-
ops topographic relief on the seafloor.’’ Other terms used
to describe carbonate buildups include bioherm and bio-
strome. The term bioherm designates a lens-shaped struc-
ture with some topographical relief constructed by in situ
biota, but not necessarily wave-resistant or created by
skeletal elements (James and Bourque, 1992). Biostrome
is used to denote a tabular body without significant topo-
graphic relief and consists of biological elements that are
often but not always in life-position (e.g., a death assem-
blage; adapted from Wood, 1999). For the purpose of this
paper, the term carbonate buildup is used in an attempt to
refrain from genetic implications associated with bio-
strome, bioherm, or reef. The term reefo r bioherm is used
when the criteria ofLadd (1944) have been sufficientlymet.

‘‘Lithiotis’’ Facies Bivalves

Lithiotis p roblematica originally was described as an
alga, thought to be related to the modern Udotea, by Gu ¨m-
bel (1871). Later, Tausch (1890) and Reis (1903) correctly
placed it within the Mollusca. Carter (1990) proposed that
the ‘‘Lithiotis’’ bivalves should b e placed in the Family Is-
ognomidae, which radiated during the EarlyJurassicfrom
the Family Bakevilliidae within the Pterioida. L ithiotis
problematica is a sessile, monomyarian bivalve character-
ized by its unusual morphology, prismatic aragonite min-
eralogy, and propensity to aggregate in rudist-like bioh-
erms (Fig. 3A). L ithiotis p roblematica has a spoon-shaped
shell, which reaches a height of 30 cm or more, a width of



4–6 cm, and an average thickness of 3 cm (Accorsi Benini
and Broglio Loriga, 1982; Fig. 2A). Lithiotis has a thick, at-
tached pedestal v alve (Fig. 2A) described as the left or
right in the literature (e.g., Accorsi Benini and Broglio Lo-



FIGURE 3—Bivalve-constructed buildups of the Early Jurassic. (A) A
Lithiotis p roblematica buildup near Suplee-Izee, Oregon. (B) Assem-
souk, an Early Jurassic reef from the Eastern High Atlas; a Coch-
learites l oppianus buildup is located at the top meter of the outcrop,
indicated by dashed lines.

riga, 1977 and Chinzei, 1982, respectively). The other
valve, referred to as the opercular v alve, is of subequal
length, flat, and very thin (only 1–2 mm thick; Chinzei,
1982). Because these forms are grossly elongated along
the dorso-ventral axis, the terms ventral and dorsal are of
little utility. Therefore, the terms adapertural and adapi-
cal from other molluscan classes are employed for ventral
and dorsal, respectively. A small body cavity space was lo-
cated at the most adapertural portion of the shell. Coch-
learites loppianus, also a bioherm-builder, is of a similar
morphology but the opercular valve is thicker than that of
Lithiotisp roblematica (Fig. 2B).

Lithioperna scutata, ironically the most common bivalve
of the ‘‘Lithiotis’’ facies, is most often 15–20 cm long, but
some specimens can reach 70 cm (Debeljak and Buser,
1997; Fig. 2C). The valves are subequal, with flattened to
concave-convex massive shells that are rounded at the
adapertural margin (Broglio Loriga and Posenato, 1996).
In many L ithioperna specimens, the ligament grooves are
slightly oblique to the anterior margin (Accorsi Benini,
1979). Gervilleioperna sp. is roughly equivalved, with a
vertically elongated cuneiform body, massive shells, a nar-
row prominent umbo, a long posterior wing, and a proso-
gyrous beak (Cox et al., 1969; Fig. 2D). M ytiloperna is an

54FRASERE TE L.



FIGURE 4—Distribution of the ‘‘Lithiotis’’ facies bivalves; all sites are Pliensbachian in age except those denoted by a ‘‘T’’ (Toarcian). Uncon-

firmed occurrences are denoted by a ‘‘?’’. Compiled from Broglio Loriga and Neri (1976), Lee (1983), Nauss and Smith (1988), and Rey et al.,

(1990). Base map of the Early Jurassic from Schettino and Scotese (2001 ).

equivalved, mytiloform bivalve with a massive shell and a
ridge running from the subterminal beak to the adapical
margin (Cox et al., 1969; Fig. 2E). The shell microstruc-
ture of the five genera is similar: an outer layer of calcitic
prisms with middle and inner nacreous layers (Accorsi
Benini and Broglio Loriga, 1982; Broglio Loriga and Po-
senato, 1996). L ithiotis, L ithioperna, Gervilleioperna, and
Mytiloperna all have a multivincular ligament. Cochleari-
tes has a narrow-groove, simple ligament structure, which
may be a secondary derivation (Chinzei, 1982).

The objectives of this paper are: (1) to clarify the term
‘‘Lithiotis’’ bivalves by establishing the ecological zonation
of the five bivalves and their constructional morphology;
(2) detail the growth habit and arrangements ofclustering
species; and (3) reevaluate paleoenvironmental data in a
non-uniformitarian context. The paper closes with a dis-
cussion on linking high atmospheric CO2 and intervals of
bivalve-constructed buildups.

STUDY SITES AND METHODS

‘‘Lithiotis’’ facies bivalves are common inLowerJurassic



nearshore tropical deposits (Fig. 4). Three regions, West-
ern North America, Italy, and Morocco were compared
(Fig. 5). Western North American sites are located in the
Robertson Formation near Suplee-Izee, Oregon, the Dun-
lap Formation in the Garfield Hills, Nevada, and the
Thompson Limestone at Mt. Jura, California (Figs. 5A
and 6; see Appendix for locality information).

Well-developed buildups and carbonate platforms inthe
Lower Jurassic are much reduced in size and displaced in
position relative to the large Upper Triassic carbonate
platforms (Cocozza and Gandin, 1990; Cobianchi and Pi-
cotti, 2001). The Moroccan and northern Italian sites are
the few carbonate platforms of Pliensbachian and Lower
Toarcian age. Northern Italian sites are located in the Cal-
cari Grigi Formation on the South Trento carbonate plat-
form, north of Verona in the Monte Lessini district (Zem-
polich, 1993; Figs. 5B and 6; A ppendix). The two Moroccan
field sites are located in the Central and Eastern High At-
las Mountains (Figs. 5C and 6; A ppendix). Table 1is a
summary of the number of samples from representative
facies from each site.

Each site was described based on: (1) buildup structure
(lithofacies, stratal geometry); (2) buildup composition
(types of fossils, diversity, abundance, and facies); and (3)
intensity of bioerosion and encrustation. To assess the
buildup structure, four stratigraphic profiles were com-
pleted for every site: two at the buildup margins and two
in the interior. A long the profiles, bedding thickness, dip
of the stratal planes, and the geometry of the buildups
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TABLE 1—Summary of number of samples from field sites and representative facies.

Western United States Monte Lessini, Italy Central & High A tlas,

Suplee-Izee,Garfield PonteGarzond i Morocco
Facies OR Hills, NV Mt. Jura, CA dell’Anguilla Bellori Sotto Ait Athmane Assemsouk

Non-buildup 10 4 3 9 4 4 1
Buildup 13 5 3 2 4
Flank 3 4 2
Nerineid 3 2 2
Total 29 9 8 9 8 4 5 6



were measured. Samples for slabbing, acetate peels, and
thin-sectioning for detailed analyses of sediment fabric
were collected to determine representative lithofacies ho-
rizons. On well-exposed bedding planes or reefb locks con-
taining gregarious assemblages of L ithioperna, L ithiotis,
or Cochlearites, the orientation ofthe valves relative to pa-
leocurrent was recorded with a compass on a scale of 0–
1808, since it is difficult to determine which v alve is right
or left in bedding planes. These orientation values were
analyzed for significance when compared to an estab-
lished paleocurrent value b y a modified Rayleigh test (Du-
rand and Greenwood, 1958).

To estimate buildup composition, b ulk samples of2.3 kg
were taken from stratigraphic intervals less than 1m in
extent; interbuildup facies are represented b y single beds
and within the various buildup facies (flanks, core, above,
and below) by a single sediment type (Table 2). These sam-
ples were slabbed at 1-cm thick intervals, and attempts
were made to identify organisms to the generic level when
possible. Some representative faunal samples were pre-

TABLE 2—Summary of field site descriptions.
pared using acryloid and a mild formic acid bath to remove
surrounding matrix to aid in identification. To determine
the intensity of bioerosion and encrustation on ‘‘Lithiotis’’
facies bivalves, individual specimens were examined from
field sites and museum collections at the California A cad-
emy of Sciences, Natural History Museum of Los Angeles
County, University of Tu¨ bingen, the Natural History Mu-
seum of Verona, and the University of Ferrara.

RESULTS

Buildup Structure and Lithologic Data

Western N orth America s ites: At Suplee-Izee, the Robert-
son Formation is typified by v olcaniclastic green sand-
stone with limestone lenses. These lenses are fossiliferous
and dominated by L ithiotis p roblematica assemblages.
The sediment between the L ithiotis v alves in these reefs



alternates between gray calcareous muds at the b ase to

sandy limestones at the top of the buildups. The buildups

Depositional Buildup Reef-building Lithotid
Site Location Age Setting Paleodepth Form Fauna bivalves References

Robertson Suplee-Izee, Upper Volcanic in- subtidal to
Formation OR Pliensba- traarc ba- low inter-

chian sin tidal

Thompson Mt. J ura, CA Upper Volcanic in- subtidal
Formation Pliensba- traarc ba-

chian sin
Sunrise & Western NV Pliensba- Siliciclastic subtidal

Dunlap chian- embay-
Formation Toarcian ment on

craton

Calcari Gri- Mt. Lessini, Pliensba- Carbonate subtidal to
gi Italy chian-Ear- platform intertidal

ly Toar- lagoon
cian

Ait A th- Central High Pliensba- Rift b asin subtidal to
mane & Atlas, Mo- chian-Ear- and car- supratidal
Assem- rocco ly Toar- bonate
souk cian platform

bioherms Lithiotis, Lithiotis Nauss and
and b io- spongio- Smith,
stromes morphs, 1988

algae Nauss,
1986

biostrome — Lithiotis Batten and
Taylor,
1978

biostrome — Lithiotis Muller and

Ferguson,

1936; Sil-
berling,
1959



bioherms Lithioperna, Lithiotis, Bosellini
and bio- Lithiotis, Cochleari- and Brog-
stromes Cochleari- tes, L ith- lio Loriga,

tes ioperna, 1971
Gervilleiop-
erna, My-
tiloperna

bioherms Cochlearites, Cochlearites, Lee, 1983;
and b io- Opisoma, Lithioper- Crevello,
stromes Lithioper- na, Gervil- 1988

na, corals, leioperna,
algae, Mytiloper-
spongio- na
morphs
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TABLE 3—Faunal list. A checkmark indicates t axon is present.

Central & High A tlas,
Western United States Monti Lessini, Italy Morocco

Suplee-Izee, Garfield Mt. J ura, Ponte Garzon Ait
Fauna OR Hills, NV CA dell’Anguilla Bellori di Sotto Athmane A ssemsouk

‘‘Lithiotis’’ Facies
Lithiotis p roblematica u u u
Cochclearites cf. loppianus
Lithioperna scutata
Gervilleioperna
Mytiloperna

BIVALVIA
Astarte u u
Camptonectes u
Cardinia u u
Chlamys u u
Coelastarte u
Corbis
Ctenostreon u
Entolium u
Gervillia u
Goniomya u
Gramattodon u
Gresslya u
Isocyprina u
Lima u
Lucina u
Megalodon
Meleagrinella u u
Modiolus u u



Mytilus
Opisoma
Ostrea u
Pachyrisma
Paralleolodon u
Pecten juhanus
Pholadomya u u
Plagiostoma u
Pleuromya u u
Trigonia u u
Weyla u u

GASTROPODA

Nerinea u u u
Scurria

BRACHIOPODA

Rhynchonellids u
Terebratulids u u

CNIDARIA

Opelismilia u
Phacellostylophyllum u
Cerioid corals

u
u

u
u u
u u u
u u

u

u
u

u? u?

u u
u? u



u? u
u u

u u

u u u u u
u

u u

u u
u
u

vary in size from 1–10 m thick, averaging about 6 m thick;
the tops of the flank beds are inclined 3–58 (Figs. 3A, 7A).
The outlines of these buildups have ragged margins while
moving up section, as described for buildups with topo-
graphic relief; while others have a lentincular outline con-
sistent with transported death assemblages or biostromes
(James and Bourque, 1992). Taphonomically, the b io-
stromal b eds consist of highly abraded and broken shells
with rounded edges, which, together with biotic evidence
below, suggest that the Robertson Formation was depos-
ited in a shallow-water, nearshore environment.

Near the base ofthe Pliensbachian–Toarcian deposits in
the Shoshone Range are transported assemblages of Lith-
iotis p roblematica (Fig. 7A). The L ithiotis v alves are com-
pletely recrystallized to a white sparry calcite, while the
surrounding matrix is a dark gray micritic limestone. In
this area, the Dunlap Formation is blue-gray to tan, with
mixed siliciclastic and limestone facies. Limestone lenses



are found interspersed with large, lenticular beds of an-
gular b ioclasts. Some of the sandier limestone facies are
bioturbated, indicated b y features similar to Thalassino-
ides. Chert-rich sandstones and conglomerates are found
in younger units. Microbial features are found in the silt-
stone facies above the limestone facies.

58FRASERE TE L.

(pers. comm., 2002) and Tucker (1969). Key of symbols for stratigraphic columns adapted from Corsetti (pers. comm., 2002), Tucker (1969),

and Swanson (1981).

Unlike other outcrops of the lithiotid bioherms in West-
ern North America, the Mt. Jura locality lacks significant
siliciclastic material in the matrix (Fig. 7A). Shells at the
site do not appear to be in situ and are broken by physical
means. Based on these taphonomic observations, the site
represents a nearshore environment with strong wave
and current action. The Nerinea bed and overlying unit
have a feature suggestive of microbially influenced lami-
nae, which are associated with other peritidal carbonate
environments.



Northern Italian s ites: The Rotzo Member of the Calcari
Grigi is comprised mainly of oolitic, peloidal, bioclastic,
and intraclastic limestones; marls and clays also are com-
mon with occasional lignites (sometimes referred to as
brown coals), which have b een identified as shallow-water
black shales (Boomer et al., 2001). The ‘‘Lithiotis’’ facies bi-
valves are the most distinctive faunal assemblages. A t
Ponte dell’Anguillara, the lignite at the base ofthe outcrop
has yielded an excellently preserved fossil fauna and flora
(Fig. 7B). L ithioperna, M ytiloperna, and Gervilleioperna
are common in this unit; however, L ithioperna is the only
bivalve that appears to b e in place. The unit consists of
small-sized disarticulated shells and shell fragments, and
plant remains (roots, cuticles, and spores), often encrusted
with pyrite. Millimeter-scale b ioturbation is seen in thin
section. A t Garzon di Sotto, the b ase of the outcrop is a lig-
nite facies similar to that found at Ponte dell’Anguillara,
however the fossils are a well-preserved death assemblage
of Lithiotisp roblematica and brachiopods.

At Bellori, 55 m of the Calcari Grigi is exposed (Fig. 7B).
The b ase of the streambed is a marl and in the upper
reaches of the streambed are b eds of in situ L ithiotisprob-
lematica. A bove this bioherm unit, an oolitic limestone
that lacks fossils is overlain by a silty limestone with small
bivalve shells that are disarticulated. A biostrome of Lith-
iotis material is in turn overlain by a silty limestone with
large Thalassinoides. A series of massive shell b eds domi-
nated by L ithioperna scutata in the recliner morphology
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(described in the following section) is observed in the up-
per portion of the section. These b eds are similar to the
most common ‘‘Lithiotis’’ facies (densely packed b eds of
large, reclining, articulated L ithioperna) seen in the Cal-
cari Grigi. A bove this unit is a large L ithiotis biohermal
unit approximately 10 m thick. However, individual bioh-
erm horizons are only 1–1.5 m high, with minor relief. Be-
tween the bioherms are occasional incursions of an oolitic
facies followed by reestablishment of bioherm construc-
tion.

The Rotzo and Massone Members of the Calcari Grigi
have been interpreted previously as a lagoonal environ-
ment (Rotzo), protected towards the open sea b y oolitic
bars and shoals forming barrier-island complexes at the
margins of the Trento Platform (Massone; Bosellini and
Broglio Loriga, 1971; Masetti et al., 1998). Recently the
Rotzo Member has been interpreted as a ramp-lagoon en-
vironment, protected towards the west by a distal littoral
complex (Monte Baldo area) represented by the Massone
Member (Masetti et al., 1998). With the exception of the
Lithiotis beds at Bellori, all other limestone facies studied
in the Calcari Grigi appear to have been transported. The
Lithiotis death assemblage at Garzon di Sotto is associat-
ed with open-marine fauna. The shallow-water black
shales of Ponte dell’Anguillara have been interpreted as a
parautochthonous deposit (Bassi et al., 1999). No shells
show evidence of boring or encrustation, signs of abrasion
are rare, and broken shells usually exhibit sharp edges.

Moroccan s ites: The Central and Eastern High A tlas
Mountains are composed almost wholly of Jurassic lime-
stones, marls, and shales. A t A ssemsouk, a well-exposed,
large reef structure is found on the north flank of Jebel
Azourki (Fig. 3B; Lee, 1983). The structure, which is 90 m
high, 1250 long, and trends east-west parallel to the road,
consists of massive beds of pure limestone with four dis-
tinct biotic successions: basal Opisoma facies, coral-algal
bivalve facies, spongiomorph-coral facies, and a Cochlear-
ites climax facies (Fig. 7C). The final stage is tightly
packed beds of Cochlearites loppianus in life position. The



bioherm is approximately 2–7 m high, but it is difficult to
discern if this reef stage had significant relief above the
seafloor because the reef flanks are not well exposed. In
thin section, the Cochlearites b eds show acicular synsedi-
mentary cements (Lee, 1983). The individual beds exhibit
lower, sharp, erosional contacts. Individual v alves often
are eroded but do not show evidence of significant trans-
port. However, from the acicular synsedimentary cements
surrounding the reef fauna, it appears that the reef was
subtidal with rare exposures during low tide. The A ssem-
souk section represents a very shallow subtidal to low-in-
tertidal reef system that was within the photic zone.

At Ait Athmane, the sections are dominated by thick- to
massive-bedded limestones with b ioclasts of Opisoma,
Gervilleioperna, and M ytiloperna that appear to b e trans-
ported and not in life position (Fig. 7C). Contacts between
the beds are well defined. Oncolitic and oolitic lime sands
occur interbedded and mixed with bioclasts. Evidence of
subaerially exposed environments includes fenestral fea-
tures, teepee structures, mudcracks, and evaporite brec-
cias. The Ait Athmane sections represent a sequence from
outer margin, shoal, inner platform, and restricted lagoon
with repeated emergence (Crevello, 1989).

Buildup Composition

Table 3 summarizes the faunal list used for the various
sites. Taxonomic assignments used by previous research-
ers were updated with recent taxonomic revisions where
appropriate. For example, previous occurrences of Lithio-
tis inNorth America prior to Nauss and Smith (1988) were
referred to as P licatostylus (Lupher, 1941). North A meri-
can sites yielded only L ithiotis p roblematica and not the
four other ‘‘Lithiotis’’ facies b ivalves. These sites have a
well-developed interreefcommunity ofdiverse infaunal bi-
valves and a buildup-flank community (phaceloid spon-
giomorphs and regular echinoids). The reef core is repre-
sented b y the monospecific aggregation of L ithiotis p rob-
lematica. Rare, small nerineid gastropods and terebratu-
lid b rachiopods occur within the interstices of the lithiotid
buildup. In selected sections at the Cow Creek site, this
buildup core complex grades laterally into a buildup flank



assemblage typified by regular echinoid debris, including
the hollow spines of diademoid urchins, a phaceloid spon-
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giomorph, and the bivalve Weyla sp. The interbuildup as-
semblage is similar to the infaunal bivalve facies de-
scribed b y Batten and West (1976) for the Robertson For-
mation, which is characterized by the bivalves M odiolus,
Trigonia, Camptonectes, P holadomya, P arallelodon, and
Lucina. Another facies commonly associated withLithiotis
problematica buildups in Western North America is one of
densely packed nerineid gastropods, such as that found at
Mt. Jura, California.

The faunal composition of the European sites has been
the subject of much research, including studies by Broglio
Loriga and Neri (1976) and Accorsi Benini and Broglio Lo-
riga (1982) in Italy, and Buser and Debeljak (1994) in Slo-
venia. The Italian and Moroccan sites contain all five of
the ‘‘Lithiotis’’ b ivalves, and a greater variety of facies can
be recognized on the Tethyan carbonate platforms when
compared to the accreted terranes of Western North
America. Similar associations of buildup-flank fauna are
found at the Tethyan sites, including the thick-shelled bi-
valve Opisoma menchikoffi, styllophyllid corals, unidenti-
fied cerioid colonial corals, regular echinoid debris, spong-
es, and the solitary coral Opelismilia sp. A ggregations of
high-spired gastropods are common at many of the sites.
Interreef macrofauna at the Tethyan sites are limited to
Mytilus sp., P ecten juhanus, L ima sp., P holadomya sp.,
and Ceratomya sp.

Microfossils and algae are important constituents ofthe
buildup environment. The foraminifera Orbitopsellaprae-
cursor Gu ¨mbel and L ituosepta recoarensis Cati, important
biostratigraphic markers in the Tethyian realm, are found
in both the Italian and Moroccan sites. Other foraminif-



era, including Mayncina termieri Hottinger, Haurania
amiji Henson, H . deserta Henson, I nvolutina sp., Trochol-
ina sp., and F rondicularia sp., are common elements (see
Fugagnoli and Loriga Broglio, 1996, for a review). The cod-
iacean algae Palaeodasycladus mediterraneus (Pia) and
Thaumatoporellap arvovesiculifera (Raineri) are prevalent
in Tethyan facies associated with L ithiotis and Cochleari-
tes. The rhodophyte Cayeuxia sp. is found in association
with L ithioperna scutata.

In Oregon, the interbuildup area supports a wide array
of microfossils including red algae, small miliolid forami-
nifera, thin-shelled ostracodes, and possibly P alaeodasy-
cladus sp. The Cow Creek and Jackass ranch sites are par-
ticularly rich in algae.

Intensity of Bioerosion and Encrustation

Entobia (clionid borings) can b e seen on individual Lith-
iotis specimens in thin section and on hand samples. The
limpet Scurria was found in the A ssemsouk structure on a
Cochlearites valve (Lee, 1983) and a shallow ovoid exca-
vation, similar to the resting trace of a limpet, was found
on the interior of a transported L ithiotis. Trypanites-
shaped borings without calcareous linings, possibly the re-
sult of boring b y lithophagid bivalves, were found on a few
Lithiotis specimens from the northern Italian sites. Sev-
eral disarticulated lithophagid valves were found in the
interbuildup facies of the Robertson Formation in Suplee-
Izee. Many of the algae and L ithiotis p roblematica were
encrusted by serpulid worms in the Calcari Grigi. Most en-
crustation occurs on the interiors of disarticulated lithio-
tid shells and therefore is post-mortem.

Bioerosion is conspicuously absent on the v alves of Ger-
villeioperna sp., M ytiloperna sp., and L ithioperna scutata.
The exclusion of bioeroders from estuaries, lagoons, bays,
and intertidal zones has been well documented b y the
modern aquaculture industry (see W hite and Wilson,
1996, for a review). Similar restrictions may have occurred
in intertidal and fresh-water influenced paleoenviron-
ments of the Early J urassic. Modern coral reefs, particu-
larly reefs in mesotrophic waters, are eroded continuously
by a host of bioeroding organisms (Hallock and Schlager,



1986; Wood, 1993). The dearth of b ioeroders, encrusters,
and other shell-destructive taxa in the Early Jurassic
‘‘Lithiotis’’ facies bivalves could be explained by a variety
of factors. Harper et al. (1998) attributed lack of evidence
for Early Jurassic bioerosion in other Lower Jurassic sites
to taphonomy (i.e., poor preservation). However, even at
some of the sites where ‘‘Lithiotis’’ bivalves are well pre-
served, bioerosion is rare. A second possibility is that
bioeroding organisms were largely eliminated during the
preceding mass extinction interval.

Of all the ‘‘Lithiotis’’ b ivalves, L ithiotis p roblematica
would have b een most prone to predatory bioerosion. Its
thin free v alve, only a few millimeters thick, would have
left it vulnerable to predatory drilling or shell-crushing.
The other four genera have thick valves that would have
required significant effort b y a predator to penetrate. Al-
though very rare, drilling predators were present inEarly
Jurassic benthic ecosystems (Harper et al., 1998; Kowa-
lewski et al., 1998). Extraorally feeding asteroids, which
are common predators on modern bivalves, have ranges
that extend b elow the Early Jurassic (Gale, 1987). Y et, as
discussed b elow, it is Lithiotisproblematica that most like-
ly lived in a more open-marine environment. Anon-unifor-
mitarian explanation—reductions in the occurrence of
predators from the preceding b iotic crises—seems likely.

Growth Habit/Arrangement

Many living and fossil organisms (e.g., oysters and b ar-
nacles) align their commissures to a current, presumably
to maximize filter feeding (Lawrence, 1971). Three of the
‘‘Lithiotis’’ facies bivalves (Lithiotis, Cochlearites, and
Lithioperna) appear to form aggregations (Fig. 8). The
benefits ofaggregating behavior are thought to include de-
creased susceptibility to competitive overgrowth, infesta-
tion, predation, or sediment smothering (Jackson, 1983).
Conversely, the benefits of aggregation might b e limited
when compared to availability of suitable substrate for
spat to settle (Brown and Swearingen, 1998). Dense pop-
ulations of colonial or solitary organisms are common de-
spite considerable costs, such as increased competition for
food.



Rose diagrams of the orientations of Lithiotis, Cochlear-
ites, and L ithioperna are displayed in Fig. 9. Vector means
were computed for these and other groupings and then an-
alyzed for significance b y a modified Rayleigh test (Du-
rand and Greenwood, 1958). Using this test, a V 9 v alue of
more than 1.645 at the 95% confidence level is needed to
reject alignment with a preferred orientation, in this case
to a paleocurrent. A t Suplee-Izee, Oregon, the orientation
of Lithiotis shells in a transported death assemblage indi-
cates a paleocurrent direction of 2708. When this v alue is
compared to adjoining in situLithiotis buildups, aV9 value
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of 6.261 was computed (Figs. 8A and 9A). Cochlearites
from A ssemsouk have a V 9 v alue of 1.919 when compared
to a paleocurrent of 1208 (308 after conversion to 1808 scale;
Figs. 8B and 9B). In the field, the non-aligned orientation
measured above is visible as L ithiotis and Cochlearites ra-
diate away from each other in ‘‘banana-bunch’’ clusters,
morphologically resembling coral heads (Chinzei et al.,
1982). This arrangement is in contrast to recent and fossil
oysters, which align their planes of commissure parallel to
the direction of current flow (Lawrence, 1971). However,
Lithioperna at Bellori, Italy has a V 9 v alue of 1.421 when
compared to a paleocurrent of 58 (958 after conversion to
1808 scale; Figs. 8C and 9C). L ithioperna exhibits an ori-
entation parallel to the current and therefore may have
had a life habit more dependent on filter feeding. There-
fore, L ithioperna aggregations are comparable to modern
oyster reefs. These alignments depend significantly on
habitat. For example, channels subjected to consistent tid-
al currents may produce orientations that do not appear to
be aligned with a single current direction. The L ithiotis
and Cochlearites bedding planes do not have scoured beds
or other indications of a channel depositional setting.
Therefore, L ithiotis and Cochlearites did not align their
planes of commissure parallel to the direction of current
flow and may not have had a trophic strategy relying sole-
ly on filter feeding.

CONCLUSIONS

Biozonation of ‘‘Lithiotis’’ Facies Bivalves

Field and thin-section observations indicate a strong zo-
nation of ‘‘Lithiotis’’ facies bivalves in shallow nearshore
environments. Gervilleioperna and M ytiloperna are re-
stricted to intertidal and shallow-subtidal facies. Lithiop-
erna is found throughout the lagoonal subtidal facies and
even in some low-oxygen environments. L ithiotis and
Cochlearites are found in subtidal facies, constructing
buildups. These associations and proposed life habits are
discussed b elow and presented in Fig. 10.

Tidal F lat/Shoal Facies: Gervilleioperna sp. and M ytil-



operna sp. are associated with the lithofacies found at Ait
Athmane, which represent tidal flat and exposed shoal en-
vironments (Septfontaine, 1986; Crevello, 1989). Two lith-
ofacies are common: carbonate mudstones and plane-bed-
ded wackestones. The carbonate mudstones are flat-bed-
ded to slightly mounded and locally have fenestral fabrics
and desiccation cracks (Crevello, 1989). In thin-section,
the mudstones are comprised of peloids and debris from
ostracodes, forams, and gastropods. On some bedding sur-
faces, Ophiomorpha-like trace fossils are common. Beds of
scattered individuals of Gervilleioperna sp. or small clus-
ters of Mytiloperna sp. at the Ait Athmane site are capped
by an evaporite breccia. In the Trento area of the Calcari
Grigi, reports of shallow subtidal associations of Gervil-
leioperna sp. or small clusters of M ytiloperna sp. are re-
ported (Monaco and Giannetti, 2002).

In cross-section, Gervilleioperna sp. appears as an epi-
faunal recliner that is thick-shelled and only slightly in-
equivalved, with the thicker, heavier v alve acting as the
lower v alve, similar to gryphaeid oysters (Fig. 10A). Iden-
tification of Gervilleioperna sp. in the field is problematic
because it lacks many of the distinctive characters that
typify other ‘‘Lithiotis’’ facies b ivalves. Unlike the other
‘‘Lithiotis’’ facies b ivalves, it does not appear to form gre-
garious associations.

Three different morphotypes of M ytiloperna sp. can be
differentiated using the valve discordancy obliquity angle,
the angle between the dorsal straight margin, and the
more anterior point of the anterior margin (Arkell, 1933;
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valves found in gregarious arrangements. Arrows denote paleocurrent
direction. Results compared with the modified Rayleigh Test created
by Durand and Greenwood (1958).



Fig. 10B). The first form, an orthothetic semi-infaunal re-
cliner, has a very low obliquity angle of only 38–408, a
high, narrow body cavity, and a shorter cardinal platform
than the other two M ytiloperna forms. In addition, the
teeth are fewer than in the other forms or completely ab-
sent (Fig. 10 B1). The second form has an obliquity angle
of 55–608 and is equivalved with a semi-infaunal habit
(Broglio Loriga and Posenato, 1996; Fig. 10 B2). The third
form has an obliquity angle of about 808, is strongly in-
equivalved, with a wide lunule similar to H ippochaeta,
and had a pleurothetic habit with the thicker v alve b elow
the sediment surface (Fig. 10 B3; Seilacher, 1984). The as-
sociation of both M ytiloperna and Gervilleioperna at Ait
Athmane with lithologic evidence of subaerial exposure
suggests life in intertidal environments.

Lagoonal S ubtidal: L ithioperna scutata is common at
most Moroccan and Italian sites. It occurs in fan-like ar-
rangements at Ponte dell’Anguillara and in solitary ar-
rangements at Ait Athmane, A ssemsouk, and Bellori, de-
velopingjust behind the coral facies atAitAthmane. Adult
specimens of L ithioperna exhibit three different morpho-
types that are characterized by different b ehaviors and
different environments: (A) spoon-shaped mud stickers
with a flat and thin shell forming densely packed fan-like
colonies; (B) thick inequivalved, cup-shaped isolated re-
cliners that are concave-convex in cross-section, with a
rounded outline; and (C) thin equivalved recliners with an
ovoid outline (Fig. 10C; Seilacher, 1984; Broglio Loriga
and Posenato, 1996).

The first L ithioperna morphotype has an elongated,
ovoid outline with a spoon-shaped mudsticker morphoty-
pe, and is found invery dense, fan-like arrangements (Fig.
8C). The shells were partially buried in the sediment and
grew ventrally or adaperturally with their soft parts at or
just above the sediment surface (Seilacher, 1984). While
not always visible in bedding-plane arrangements, indi-
vidual specimens of L ithioperna morphotype A aligned
their commissures to the current (Fig. 9C) and had a filter-
feeding and life habit similar to that of oysters. Debeljak
and Buser (1997) proposed that L ithioperna shells were
byssally fixed to a firm object, similar to other isognomid



bivalves, and that the weight of the heavy shell sub-
merged the posterior portion in sediment, resulting in the
anterior region facing upcurrent. L ithioperna morphotype
A is common at the Ponte dell’Anguillara site in a shallow-
water lignitic deposit with significant amounts of terres-
trial plant debris between the L ithioperna fans. The docu-
mented presence of root traces penetrating into the inte-
rior of articulated L ithioperna shells in life position lends
credence to the idea that these organisms occupied a la-
goonal habitat, near swamps (Posenato et al., 2000). How-
ever, L ithioperna morphotype A also is common at Ait
Athmane, Morocco, a high-energy carbonate setting along
the outer platform margin.

The pleurothetic, cup-shaped recliner morphotypes are
characterized by shells with rounded or obliquely ovoid
outlines (Figs. 10C2, C3; Broglio Loriga and Posenato,
1996). W hen compared to the fan-like morphotype, the re-
cliner morphotypes are less elongated. A shorter b yssal
notch and a smaller central plate give the appearance of a
larger b ody cavity. Shells rested on the convex valve with
their commissure roughly parallel to the substrate. Some
Lithioperna recliners grew in dense arrangements, ap-
pearing to have partially overlapped and imbricated with
the heavier anterior-dorsal part of the shell partially b ur-
ied. L ithioperna morphotype B has an ovoid outline and is
found in deposits (e.g., shell debris, cross-bedded features)
interpreted as high-energy inner-platform and restricted-
lagoonal facies at Ait Athmane (Fig. 10C2). It may h ave
developed a heavy-weight strategy for bottom stabiliza-
tion in order to prevent capsizing (Seilacher, 1984). L ith-
ioperna morphotype C is a thinner-shelled form and ovoid
in outline, with valves up to 10 mm thick and 350 mm high
(Fig. 10C3). This morphotype occurs in mud-rich sub-
strates with a minor amount of skeletal debris; therefore,
a lightweight strategy or snowshoe function may have de-
veloped to prevent sinking into the mud (Seilacher, 1984).
This morphotype is common in the b ack-reefl agoonal en-
vironments at the A ssemsouk site.



Subtidal Buildup Constructors: A side from L ithiotis-
and Cochlearites-constructed bioherms, reefs are v irtually
non-existent during the Pliensbachian and Toarcian
(Kiessling et al., 1999). This facies consists of massive len-
ticular, convex-upward calcareous buildups that interfin-
ger with and grade laterally into thinner b eds of Lithiotis
or Cochlearites fragments and in some places an echinoid-
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study and Broglio Loriga and Neri (1976).

dasycladacean-bivalve flank facies. A t the Oregon out-
crops, the facies is light to medium gray, massive, cliff
forming, and up to 6 m thick (Fig. 3A). Geopetal sediment
fills some of the lithiotid shell cavities. Fine- to medium-
grained packstone with a matrix of micrite and microspar
is found between the buildups. Small cavities within the
buildup are filled with carbonate mud and silt; peloids of
unknown origin fill the cavities ofsome fossils like peloidal
cement does in many modern reefs (Macintyre, 1977).

Both L ithiotis and Cochlearites have been described as



upright, spoon-shaped mudstickers. A s described earlier,
Lithiotis are found in vertically oriented ‘‘banana-bunch’’
clusters (Chinzei et al., 1982) with colonies starting on any
available hard substrate (rocks or shells; Fig. 10D). J uve-
niles most likely initially attached themselves with a b ys-
sus, and later cemented themselves onto olderL ithiotis bi-
valves. In cross section, body chambers are filled with sed-
iment at varying levels. Nauss (1986, p. 72) proposed that
‘‘most of the (framework) matrix sediment was deposited
after the bivalves were well established.’’ The result was
well-cemented buildups that were certainly wave-resis-
tant and rose above the surrounding seafloor (Buser and
Debeljak, 1994).

Cochlearites grew similarly to L ithiotis—a vertical life
position (Fig. 10E). The orientations of Cochlearites in the
Assemsouk section b arely deviate from upright, without
the twisting so common inL ithiotis buildups. There is not
evidence of cementation or attachment to other clams as
in L ithiotis. Therefore, it is presumed that Cochlearites
buildups were not as well cemented or wave resistant as
the L ithiotis buildups and may have had less topographic
relief.

In Oregon, Lithiotis-constructed buildups are laterally
continuous with a buildup-flank facies bearing a phaceloid
spongiomorph as well as spines and plates of regular echi-
noids, both of which would have been organisms restricted
to open-marine or at least normal-salinity conditions.
Lithiotis probably needed well-oxygenated, clear waters,
as it is only found in clean, calcareous facies (Posenato et
al., 2000). A t A ssemsouk, the Cochlearites facies caps a
well-developed reef containing scleractinian corals (Fig.
3B). W hile not laterally continuous, it is likely that Coch-
learites also inhabited more open-marine conditions than
the other ‘‘Lithiotis’’ facies bivalves.

Photosymbiosis



Lithiotis and Cochlearites, in contrast to many oysters,
do not orient their commissure planes in a single direction.
Instead, these two buildup-constructing genera radiate
out from a central bouquet. This arrangement is not the
most advantageous for maximizing the filter-feeding, tro-
phic mode of many heterotrophic b ivalves. It could be pos-
sible that the radiating growth habit exhibited byLithiotis
and Cochlearites was a result of selection to maximize ex-
posure to light.

The buildup-constructing bivalves L ithiotis and Coch-
learites do exhibit characters proposed by V ogel (1975) for
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the recognition of possible fossil bivalve photosymbiosis:
growth habit, extensive calcification, presumed oligotro-
phic environment, and pseudocoloniality, in addition to
association with other possible photosymbiotic fauna (e.g.,
scleractinian corals). V ogel (1975) also suggested thin or
transparent valves (windows) that may have let light
transmit through the closed valves to photosymbionts,
similar to the modern F ragum sp. The extremely thin (1–
2 mm), free valve of Lithiotis p roblematica may have b een
thin enough to transmit light to a mantle that harbored
photosymbionts.

DISCUSSION

Bivalve-constructed buildups traditionally are placed in
two models: oyster reefs and rudist reefs. Oyster reefs are
common in restricted-estuarine and lagoonal environ-
ments and form relatively monospecific aggregations that
commonly are (but not always) aligned with current direc-
tion, presumably to maximize passive filter-feeding capac-
ity (Lawrence, 1971). L ithioperna scutata, with its fan-like
habit and associated restricted-water lithofacies, inhabit-
ed a niche similar to that of modern oyster reefs. Rudist-
constructed reefs are thought to have inhabited a wide
range of habitats on carbonate-platform shelves, with
some restricted to lagoonal environments and others



found exclusively in oligotrophic environments associated
with modern scleractinian reefs (Perkins, 1974). Elongate
radiolitid rudist b ivalves, which are similar to L ithiotis
and Cochlearites in morphology and habitat, interlock
with mutual cementation of neighboring individuals as
they grow upright (Kauffman and Johnson, 1988). These
rudist aggregations, when at their climax, could be mono-
specific (Kauffman and Johnson, 1988), as L ithiotis and
Cochlearites were in the Early Jurassic.

Scott (1995) proposed that the rise of rudists over coral
reefs during the Cretaceous was a result ofglobal environ-
mental stress linked to the rapid rise in atmospheric CO2.
The same scenario may b e applied to the bivalve-con-
structed reefs of the Early J urassic. The appearance of
‘‘Lithiotis’’ facies bivalves was delayed by ten millionyears
after the end-Triassic mass extinction at a time when the
nearshore tropical carbonate environments were relative-
ly vacant. This niche was then recaptured by scleractinian
corals by the Middle Jurassic (Wood, 1999). Beauvais
(1984) noted that middle Lias reefs are lower in coral di-
versity than the Upper Lias and Dogger coral reefs. Stan-
ley and Fautin (2001) suggested that the disappearance or
decreased diversity of scleractinian corals is associated
with elevated atmospheric CO2. Three possible global
stresses linked to the rapid rise in CO2 may have inhibited
scleractinian coral growth during the Early J urassic: tem-
perature, inhibition of calcification, and episodic eutrophi-
cation ofshallow carbonate shelves (McElwain et al., 1999;
Cobianchi and Picotti, 2001).

Concomitant with the rise in atmospheric CO2 was a
proposed 3–48C rise in global sea-surface temperature
(SST; McElwain et al., 1999). Modern scleractinian corals
have been reported to bleach (i.e., lose their photosym-
bionts) and experience high rates of mortality when SST
exceeds 308C (Carriquiry et al., 2001). Similarly, some
studies of modern bivalves (Crassostrea virginica) report a
shut-offi n shell calcification when water temperatures ex-
ceed 288C and a presumed mortality should such high
temperature conditions persist (Surge et al., 2001). Other
bivalves, such as Tridacna maxima, do not exhibit similar
shut-offs when water temperatures exceed those required
for coral b leaching (Romanek and Grossman, 1989). Glob-



al SST rise during the Early Jurassic could have caused a
similar coral crisis that reduced the number ofsuitable en-
vironments for scleractinian coral growth that might not
have similarly affected some b ivalves.

Increases in atmospheric CO2 alter the saturation states
of both aragonite and calcite, thereby inhibiting calcifica-
tion. Studies of modern scleractinian corals show that a
280 ppm increase in atmospheric CO2 lowers calcification
rates by 60% (Langdon et al., 2000). The results are deadly
to corals, which experience weaker skeletons, reduced ex-
tension rates, and increased susceptibility to erosion
(Langdon et al., 2000). No similar modern studies assess
the role of CO2 on bivalve calcification. Because the ‘‘Lith-
iotis’’ facies bivalves have a thin outer prismatic calcite
layer, they may not have been as vulnerable to such lower
saturation states and thereby were able to utilize the
nearshore carbonate niche.

Kauffman and Johnson (1988) proposed that the prolif-
eration of rudists was enhanced b y nutrient flooding of
shelves by oceanic anoxic events. In the Early Jurassic,
deep-water facies (benthos-free, laminated, organic rich
limestones and shales) contemporaneous with the ‘‘Lith-
iotis’’ facies bivalves alternate with beds containing high-
density, low-diversity faunas, suggestive of opportunistic
colonization in dysaerobic conditions (Hallam and Wig-
nall, 1997). A significant extinction at the Pliensbachian–
Toarcian transition is associated with a global oceanic an-
oxic event (Hesselbo et al., 2000). In modern reef environ-
ments, increased eutrophication affects the physical envi-
ronment b y decreasing water clarity, increasing the
sedimentation rate, and destabilizing oxygen levels and
pH (Brasier, 1995). Modern coral-reefw orkers have noted
that nutrients appear to be the controlling factor of reef
faunal development by changing phytoplankton and mac-
rofauna distributions, predation, and herbivory, all of
which influence the reef community structure (Wood,
1999). However, heterotrophic bivalves tend to thrive in
nutrient-rich environments. ‘‘Lithiotis’’ facies bivalves, if
they were mixotrophs or heterotrophs, may have been less
at risk than the scleractinian corals. Presumably, these
conditions would have dissipated by the Middle Jurassic
when scleractinian corals returned with sponges and mi-
crobes to become the dominant reef-builders (Wood, 1999;



Cobianchi and Picotti, 2001).
If the Early Jurassic had a 1000 ppm increase in atmo-

spheric CO2 as proposed by McElwain et al. (1999), or the
minimal value 250 ppm proposed b y Tanner et al. (2001),
the result of such an increase in CO2 on scleractinian cor-
als, already diminished by the Triassic–Jurassic mass ex-
tinction, would have been devastating. Regardless of
which value or the source for the proposed rise in CO2, it
would have had cascading effects on paleotemperature,
sea level, carbonate platform development, and organis-
mal calcification. It may be more than coincidence that the
two times of global bivalve reef-building, the Early Juras-
sic (McElwain et al., 1999; Tanner et al., 2001) and the
Middle to Late Cretaceous (Johnson et al., 1996; Poulsen
et al., 1999), occurred during elevated atmospheric CO2.
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‘‘Lithiotis’’ facies bivalves represent unique recovery
taxa within the coral-reefn iche. Unlike disaster taxa that
expand their distribution after a mass extinction, ‘‘Lithio-
tis’’ facies bivalves were uniquely adapted to the unusual
conditions of the Early J urassic. Whether due to increased
atmospheric CO2, nutrient flux to carbonate shelves, or a
combination of both, ‘‘Lithiotis’’ facies bivalves thrived and
dominated tropical facies only to become extinct when
these environmental conditions disappeared as well.

ACKNOWLEDGEMENTS

This research was supported in part by an A.A.P.G.
Raymond C. Moore Grant, the USC Department of Earth
Sciences Graduate Student Research Fund, A MNH Ler-
ner-Grey Marine Research Fund, and the Wrigley Insti-
tute of Environmental Studies. We are grateful to R. Zor-
zin and A . Vaccari (Museo di Storia Naturale di Verona);
C. A . Benetti (Museo Geopaleontologico di Camposilvano);
K. Chinzei (Kyoto); A . Seilacher and H. Luginsland (Insti-
tut und Museum fu ¨r Geologie und Pala¨ ontologie, Tu ¨bing-
en); C. Broglio-Loriga, R. Posenato, A. Bosellini (Istituto di



Geologia Universita` degli Studi di Ferrara); D. Najid and
M. Boutakiout (Service Geologique du Maroc and Univer-
sit´ e Mohammed V); L. Groves (Natural History Museum
of Los Angeles County); J . F. DeMouthe (California A cad-
emy of Sciences); C. Lee (University of South Wales); and
J. W arme (Colorado School of Mines) for access to samples
and field site information. Property owners are thanked
for their assistance: S. Hess, M. Keerins, L. Schnabele,
and E. Sturza (Suplee-Izee); R. Tornieri (Mt. Lessini); M.
Kharbouches (Ait A thmane). H. Feldbaum, W. Fischer, J .
Halfar, M. Forment-Halfar, T. Huynh, and D. Major are
thanked for their help in the field. C. Johnson, E. Gischler,
P. Smith, and P. Monaco are thanked for their valuable
comments on earlier versions of this paper.

REFERENCES

ABERHAN, M., and FU¨RSICH, F.T., 2000, Mass originationversus mass
extinction; the biological contribution to the Pliensbachian–Toar-
cian extinction event: Journal of the Geological Society of London,
v. 157, p. 55–60.

ACCORSI BENINI, C., 1979, L ithioperna, un nuovo genere fra igrandi
Lamellibranchi della facies ‘‘Lithiotis ’’; Morfologia, tassonomia ed
analisi morfofunzionale: Bollettino della Societa´ PaleontologicaIt-
aliana, v. 18, p. 221–257.

ACCORSI BENINI, C., and BROGLIO LORIGA, C., 1977,Lithiotis Gumbel
1871 e Cochlearites Reis 1903, 18 revisione morfologica e tasson-
omica: Bollettino della Societa´ Paleontologica Italiana, v. 16, p.
15–60.

ACCORSI BENINI, C., and BROGLIO LORIGA, C., 1982, Microstrutture,
modalit´ a di accrescimento e periodicita´ nei lamellibranchi Liassici
(facies a ‘‘Lithiotis’’): IISimposio Ecologia e Paleoecologia delle co-
munit a´ bentoniche: Geologica Romana, v . 21, p. 765–793.

ARKELL, W.J., 1933, A monograph of British Corallian Lamellibran-
chia, Part V : Journal of the Palaeontological Society, v. 85, p. 181–
228.

BASSI, D., BOOMER, I., FUGAGNOLI, A., LORIGA, C., POSENATO, R., and
WHATLEY, R.C., 1999, Faunal assemblage and paleoenvironment
of shallow water black shales in the Tonezza area (Calcari Grigi,
Early J urassic, Southern A lps): A nnali dell’Universita´ di Ferrara
(Nuova Serie) Sezione, Scienze della Terra, v . 8, p. 1–16.

BATTEN, B.L., and TAYLOR, D.G., 1978, Reassessment ofthe age ofthe
Thompson Limestone, Lower J urassic, Plumas County, Califor-
nia: Journal of Paleontology, v. 52, p. 208–209.

BATTEN, B.L., and W EST, R., 1976, A study of the Robertson Forma-
tion, Grant County, Oregon: Oregon Museum of Science and In-



dustry, OMSI Technical Reports, v . 4, p. 1–37.
BEAUVAIS, L., 1984, Evolution and diversification of Jurassic Scler-

actinia: recent advances in the paleobiology and geology of the
Cnidaria: PalaeontographicaAmericana, v. 54, p. 219–224.

BOOMER, I., WHATLEY, R., BASSI, D., FUGAGNOLI, A., and LORIGA, C.,
2001, A n Early Jurassic oligohaline ostracod assemblage within
the marine carbonate platform sequence of the Venetian Prealps,
NE Italy: Palaeogeography, Palaeoclimatology, Palaeoecology, v.
166, p. 331–344.

BOSELLINI, A., 1972, Paleoecologia dei calcari a ‘‘Lithiotis’’ (Giurassico
inferiore Prealpi Venete): Rivista Italiana di Paleontologia e Stra-
tigrafia, v. 78, p. 441–466.

BOSELLINI, A., and BROGLIO LORIGA, C., 1971, I‘‘Calcari Grigi’’ diRot-
zo (Giurassico inferiore, A ltopiano di Asiago) e loro inquadramen-
to nella paleogeografia e nella evoluzione tettonico-sedimentaria
delle Prealpi venete: A nnali dell’Universita di Ferrara, v. 5, p. 1–
61.

BOSELLINI, A., MASETTI, D., and SARTI, M., 1981, A Jurassic ‘‘Tongue
of the Ocean’’ infilled with oolitic sands: the Belluno Trough, Ve-
netian A lps, Italy: Marine Geology, v. 44, p. 59–95.

BOTTJER, D.J., 1998, Phanerozoic non-actualistic paleoecology: Geo-
bios, v. 30, p. 885–893.

BRASIER, M.D., 1995, Fossil indicators of nutrient levels 1: eutrophi-
cation and climate change: in Bosence, D.W.J., and Allison, P.A.,
eds., Marine Palaeoenvironmental Analysis from Fossils: The
Geological Society of London Special Publication No. 83: London,
p. 113–132.

BROGLIO LORIGA, C., and NERI, C., 1976, Aspetti paleobiologici e pa-
leogeografici della facies a ‘‘Lithiotis’’ (Giurese Inferiore): Rivista
Italiana di Paleontologia e Stratigrafia, v. 82, p. 651–706.

BROGLIO LORIGA, C., and POSENATO, R., 1996, Adaptive strategies of
Lower Jurassic and Eocene multivincular bivalves: in Cherchi, A.,
ed., A utecology of Selected Fossil Organisms: A chievements and
Problems: Bollettino della Societa` Paleontologica Italiana, V ol-
ume Speciale no. 3, p. 45–61.

BROWN, K.M., and SWEARINGEN, D.C., 1998, Effects of seasonality,
length of immersion, locality and predation on an intertidal foul-
ing assemblage in the Northern Gulfo fM exico: Journal of Exper-
imental Marine Biology and Ecology, v. 225, p. 107–121.

BUSER, S., and DEBELJAK, I., 1994, Lower Jurassic beds with bivalves
in south Slovenia: Geologija, v. 37, p. 23–62.

CARTER, J .G., 1990, Evolutionary significance of shell microstructure
in the Palaeotaxodonta, Pteriomorphia and Isofilibranchia (Biv-
alvia: Mollusca): in Carter, J .G., ed., Skeletal Patterns, Processes
and Evolutionary Trends, Volume I:Van Nostrand Reinhold, New
York, p. 136–296.

CARRIQUIRY, J.D., CUPUL-MAGANA, A .L., RODRIGUEZ-ZARAGOZA, F.,
and MEDINA-ROSAS, P., 2001, Coral b leaching and morality in the



Mexican Pacific during the 1997–1998 El Nin˜ o and prediction
from a remote sensing approach: Bulletin ofMarine Science, v. 69,
p. 237–249.

CHINZEI, K., 1982, Morphological and structural adaptations to soft
substrates in the Early Jurassic monomyarians L ithiotis and
Cochlearites: Lethaia, v. 15, p. 179–197.

CHINZEI, K., SAVAZZI, E., and SEILACHER, A., 1982, A daptational
strategies of bivalves living as infaunal secondary soft bottom
dwellers: Neues Jahrbuch fu ¨r Geologie und Pala ¨ontologie, Abhan-
dlungen, v. 164, p. 229–250.

COBIANCHI, M., and PICOTTI, V., 2001, Sedimentary and biological re-
sponse to sea-level and palaeoceanographic changes of a Lower–
Middle Jurassic Tethyan platform margin (Southern A lps, Italy):
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 169, p.
219–244.

COCOZZA, T., and GADIN, A., 1990, Carbonate deposition during early
rifting: the Cambrian of Sardinia and the Triassic–Jurassic of
Tuscany, Italy, in Tucker, M.E., Wilson, J., Crevello, P.D., Sarg,
J.R., and Read, J .F., eds., Carbonate Platforms: Facies Sequences
and Evolution, Special Publication of the International Associa-
tion of Sedimentologists, v . 9, p. 9–37.

COX, L.R., NEWELL, N.D., BOYD, D.W., BRANSON, C.C., CASEY, R.,
CHAVAN, A., COOGAN, A .H., DECHASEAUX, C., FLEMING, C.A.,
HAAS, F., HERTLEIN, L.G., KAUFFMAN, E.G., KEEN, A .M., LA-

66 FRASER E T EL.

ROCQUE, A., MCALESTER, A .L., MOORE, R.C., NUTTALL, C.P., PER-
KINS, B.F., PURI, H.S., SMITH, L.A., SOOT-RYEN, T., STENZEL, H.B.,
TRUEMAN, E.R., TURNER, R. D., and W eir, J., eds., 1969, Treatise
on Invertebrate Paleontology. Part N: in Moore, R.C., ed., Treatise
on Invertebrate Paleontology, Part N: Mollusca 6, Bivalvia, v. 1–2:
Geological Society of America and the University of Kansas, Boul-
der, and Lawrence, KS, p. N1–N489, N491–N952.

CREVELLO, P.D., 1989, Carbonate platform facies mosaic ofthe south-
ern margin ofthe Central HighAtlas Rift: inWarme, J.E., ed., Rift
Tectonics and Carbonate Facies Response; Exploration Models
from the Jurassic of the High A tlas, Morocco: A APG field seminar
[Morocco, Sept. 24–Oct. 1, 1989], Colorado School of Mines, Gold-
en, p. X -1–X-42.

DEBELJAK, I., and BUSER, S., 1997, Lithiotid bivalves in Slovenia and
their mode of life: Geologija, v . 40, p. 11–64.

DICKINSON, W.R., and VIGRASS, T.P., 1965, Geology ofthe Suplee-Izee
area, Cook, Grant, and Harney Counties, Oregon: State ofOregon
Department of Geology and Mineral Industries Bulletin 58, 109 p.

DILLER, J. S., 1892, Geology of the Taylorville region of California:



Bulletin of the Geological Society of America, v. 12, p. 369–392.
DROSER, M.L., BOTTJER, D.J., and SHEEHAN, P.M., 1997, Evaluating

the ecological architecture of major events in the Phanerozoic his-
tory of marine invertebrate life: Geology, v. 25, p. 167–170.

DU DRESNAY, R., 1965, Le gite de mangane` se de bou-Arfa, in A gard,
J., and Diouri, M., eds., Colloque sur des Gisements Stratiformes
de Plomb, Zinc et Mangane` se du Maroc (2 Mai–14 Mai 1962): Ser-
vice G e´ologique du Maroc, Rabat, p. 132–135.

DUBAR, G., 1948, La faune domerienne du Lias marocain (domaine at-
lasique): Notes Memoire Service G e´ologique du Maroc (Rabat), v.
68, p. 250.

DURAND, D., and GREENWOOD, J .A., 1958, Modification of the Ray-
leigh test for uniformity in analysis of two-dimensional orienta-
tion data: Journal of Geology, v . 66, p. 229–238.

FLU¨GEL, E., and FLU¨GEL-KAHLER, E., 1992. Phanerozoic reef evolu-
tion: Basic questions and data base: Facies, v. 26, p. 167–278.

FRASER, N.M., 2002, The Early Jurassic reefeclipse: paleoecology and
sclerochronology of the ‘‘Lithiotis’’ facies b ivalves: Unpublished
Ph.D. dissertation, University of Southern California, Los A nge-
les, 259 p.

FUGAGNOLI, A., and LORIGA BROGLIO, C., 1996, Revised biostratigra-
phy of Lower Jurassic shallow water carbonates from the V ene-
tian Pre-Alps (Calcari Grigi, Trento Platform, northern Italy):
Studi Trentini di Scienze Naturali: Acta Geologica, v. 73, p. 35–73.

GALE, A .S., 1987, Phylogeny and classification of the A steroidea
(Echinodermata): Zoological Journal of the Linnean Society, v. 89,
p. 107–132.

GEYER, O.F., 1977, Die ‘‘Lithiotis-Kalke’’ im Bereich der unterjuras-
sischen Tethys: Neues Jahrbuch fu ¨r Geologie und Pala ¨ontologie,
Abhandlungen, v. 153, p. 304–340.

GRADSTEIN, F.M., A GTERBERG, F.P., OGG, J .G., HARDENBOL, J., VAN
VEEN, P., THIERRY, J., and HUANG, Z., 1994, A Mesozoic time
scale: Journal of Geophysical Research, v . 99, p. 24051–24074.

GU¨MBEL, C.W., 1871, Die sogennanten Nulliporen (Lithomammien
und Dactylopora) und ihre Betheiligung an der Zusammenset-
zung der Kalksteine, pt 1: Die Nulliporen des Pflanzreichs (Lith-
othamnium): A bhandlungen der Mathematisch-Physikalischen
Classe der K o¨niglich Bayerischen Akademie der W issenschaften,
v. 11, p. 13–52.

HALLAM, A., and WIGNALL, P.B., 1997, Mass Extinctions and Their
Aftermath: Oxford University Press, Oxford, 323 p.

HALLAM, A., and WIGNALL, P.B., 1999, Mass extinctions and sea-level
changes: Earth-Science Reviews, v . 48, p. 217–250.

HALLOCK, P., and SCHLAGER, W., 1986, Nutrient excess and the de-
mise of coral reefs and carbonate platforms: PALAIOS, v. 1, p.
389–398.



HARPER, E.M., FORSYTHE, G.T.W., and PALMER, T., 1998, Taphonomy
and the Mesozoic marine revolution: preservation state masks the
importance of boring predators: PALAIOS, v . 13, p. 352–360.

HARRIES, P.J., KAUFFMAN, E. G., and HANSEN, T., 1996, Models forbi-
otic survival following mass extinction: in Hart, M.B. ed., Biotic
Recovery from Mass Extinction Events: Geological Society of Lon-
don Special Publication No. v. 102, p. 41–60.

HARWOOD, D.S., 1993, Mesozoic geology of Mt. J ura, northern Sierra
Nevada, California: a progress report: in Dunn, G., and Mc-
Doguall, K., eds., Mesozoic Paleogeography of the Western United
States—II, Book 71: Pacific Section SEPM, Los Angeles, p. 263–
274.

HESSELBO, S.P., GROCKE, D.R., JENKYNS, H.C., BIERRUM, C.J., FAR-
RIMOND, P., MORGANS BELL, H.S., and GREEN, O.R., 2000, Mas-
sive dissociation of gas hydrate during a Jurassic oceanic anoxic
event: Nature, v. 406, p. 392–395.

JACKSON, J.B.C., 1983, Biological determinants of present and past
sessile animal distributions: in Tevesz, M., and McCall, P. W.,
eds., Biotic Interactions in Recent and Fossil Benthic Communi-
ties: Plenum Press, New Y ork, p. 32–120.

JAMES, N.P., and BOURQUE, P.-A., 1992, Reefs and Mounds: in Walk-
er, R.G., and J ames, N.P., eds., Facies Models: Response to Sea
Level Change: Geological A ssociation of Canada, St. John’s, New-
foundland, p. 332–348.

JOHNSON, C.C., BARRON, E.J., KAUFFMAN, E.G., ARTHUR, M.A., FAW-
CETT, P.J., and YASUDA, M.K., 1996, Middle Cretaceous reef col-
lapse linked to ocean heat transport: Geology, v . 25, p. 376–380.

KAUFFMAN, E.G., and JOHNSON, C.C., 1988, The morphological and
ecological evolution of Middle and Upper Cretaceous reef-building
rudists: PALAIOS, v . 3, p. 194–216.

KIESSLING, W., FLU¨GEL, E., and GOLONKA, J., 1999, Paleoreefm aps:
evaluation of a comprehensive database on Phanerozoic reefs:
American A ssociation of Petroleum Geologists Bulletin, v. 83, p.
1552–1587.

KOWALEWSKI, M., DULAI, A., and FU¨RSICH, F.T., 1998, A fossil record
full of holes: The Phanerozoic history of drilling predation: Geolo-
gy, v . 26, p. 1091–1094.

LADD, H.S., 1944, Reefs and other Bioherms: National Research
Council Division of Geology and Geography A nnual Report, v . 4,
Appendix K, p. 26–29.

LANGDON, C., TAKAHASHI, T., SWEENEY, C., CHIPMAN, D., and GOD-
DARD, J., 2000, Effect of calcium carbonate saturation state on the
calcification rate of an experimental coral reef: Global Biogeo-
chemical Cycles, v . 14, p. 639–654.

LAWRENCE, D.R., 1971, Shell orientation in Recent and fossil oyster
communities from the Carolinas: Journal of Paleontology, v. 45, p.
347–349.



LEE, C.W., 1983, Bivalve mounds and reefs of the central High Atlas,
Morocco: Palaeogeography, Palaeoclimatology, Palaeoecology, v .
43, p. 153–168.

LITTLE, C.T.S., and BENTON, M.J., 1995, Early Jurassic mass extinc-
tion; a global long-term event: Geology, v . 23, p. 495–498.

LUPHER, R.L., 1941, Jurassic stratigraphy ofcentral Oregon: Bulletin
of the Geological Society of America, v. 52, p. 219–270.

MACINTYRE, I.G., 1977, Distribution of submarine sediments in a
modern Caribbean fringing reef, Galeta Point, Panama: Journalof
Sedimentary Petrology, v. 46, p. 503–516.

MARZOLI, A., RENNE, P.R., PICCIRILLO, E.M., ERNESTO, M., BELLIENI,
G., and DE MIN, A., 1999, Extensive 200-million-year-old conti-
nental flood basalts of the Central Atlantic Magmatic Province:
Science, v . 284, p. 616–618.

MASETTI, D., CLAPS, M., GIACOMETTI, A , LODI, P., PIGNATTI, P., 1998,
ICalcari Grigi della piattaforma di Trento (Lias inferiore e medio,
Prealpi venete): Atti Ticinensi di Scienze della Terra, v. 40, p. 139–
183.

MCELWAIN, J.W., BEERLING, D.J., and W OODWARD, F.I., 1999, Fossil
plants and global warming at the Triassic–Jurassicboundary: Sci-
ence, v . 285, p. 1386–1389.

MONACO, P., and GIANNETTI, A., 2002, Three-dimensional b urrow
systems and taphofacies in shallowing-upward parasequences,
Lower Jurassic carbonate platform (Calcari Grigi, Southern Alps,
Italy): Facies, v. 47, p. 57–82.

MULLER, S.W., and FERGUSON, H.G., 1936, Triassic and Jurassic for-
mations of west-central Nevada: Bulletin of the Geological Society
of America, v. 47, p. 241–251.

MULLER, S.W., and FERGURSON, H.G., 1939, Mesozoic stratigraphy of
the Hawthorne and Tonopah quadrangles, Nevada: Bulletin ofthe
Geological Society of America, v . 50, p. 1573–1624.

NANCE, R.D., and MURPHY, J.D., 1994, Orogenic style and the config-
uration of supercontinents: in Embry, A .F., Beauchamp, B., and
Glass, D.J., eds., Pangea: Global Environments and Resources:

DISSECTING 0LITHIOTIS0 BIVALVES 67

Canadian Society of Petroleum Geologists Memoir v. 17,Calgary,
p. 49–65.

NAUSS, A .L., 1986, L ithiotis bioherms in the Pliensbachian (Lower
Jurassic) of North America: unpublished MS thesis, University of
British Columbia, V ancouver, 102 p.

NAUSS, A .L., and SMITH, P.L., 1988, L ithiotis (Bivalvia) buildups in
the Lower Jurassic of east-central Oregon, U.S.A.: Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, v. 65, p. 253–268.

PA´LFY, J., SMITH, P.L., and MORTENSEN, J .K., 2000, A U-Pb and 40Ar/



39Ar time scale for the J urassic: Canadian Journal of Earth Sci-
ences, v. 37, p. 923–944.

PERKINS, B.F., 1974, Paleoecology of a rudist reef complex in the Co-
manche Cretaceous Glen Rose Limestone of central Texas: Geo-
science and Man, v. 8, p. 131–173.

POSENATO, R., MASETTI, D., and LORIGABROGLIO, C., 2000, Ibanchi a
bivalvi del Giurassico inferiore (Piattaforma di Trento): dinamica
deposizionale, modalita´ di insediamento e sviluppo: in Cherchi, A.,
and Corradini, C., eds., Crisi Biologiche, Radiazioni A dattative e
Dinamica Delle Piattaforme Carbonatiche: A ccademia Nazionale
Scienze, Lettere, e A rti di Modena, v. 21, p. 211–214.

POULSEN, C.J., BARRON, E.J., JOHNSON, C.C., and FAWCETT, P., 1999,
Links between major climatic factors and regional oceanic circu-
lation in the mid-Cretaceous: in Barrera, E., and Johnson, C.C.,
eds., Evolution of the Cretaceous Ocean-Climate System: Geolog-
ical Society of America Special Papers 332, Geological Society of
America, Boulder, p. 73–89.

REIS, O.M., 1903, U¨ber Lithiotiden: A bhandlungen der Kaiserlich-
K o¨niglichen Geologischen Reichsanstalt, W ien, v. 17, no. 6, 44 p.

REY, J., ANDREO, J., GARC´ı A-HERNA´NDEZ, M., MART ´ıN-ALGARRA, A.,
and V ERA, J.A., 1990, The Liassic ‘‘Lithiotis’’ facies north of V ´elez
Rubio (Subbetic Zone): Revista de la Sociedad Geol ´ogica de Es-
pan˜ a, v . 3, p. 199–212.

ROMANEK, C.S., and GROSSMAN, E.L., 1989, Stable isotope profiles of
Tridacna maxima as environmental indicators: PALAIOS, v. 4, p.
402–413.

SCHETTINO, A., and SCOTESE, C.R., 2001, New internet software aids
paleomagnetic analysis and plate tectonic reconstructions: Eos, v.
82, p. 1–5.

SCOTT, R.W., 1995, Global environmental controls on Cretaceous ree-
fal ecosystems: Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, v . 119, p. 187–199.

SEILACHER, A., 1984, Constructional morphology of bivalves: evolu-
tionary pathways in primary versus secondary soft-bottom dwell-
ers: Palaeontology, v. 27, p. 207–237.

SEPTFONTAINE, M., 1986, Mileux de depots et foraminif` eres (Lituoli-
des) de la plate-forme carbonat´ ee du Lias moyen au Maroc: Revue
de Micropal´ eontologie, v . 28, p. 265–289.

SILBERLING, N.J., 1959, Pre-Tertiary stratigraphy andUpperTriassic
paleontology of the Union District, Shoshone Mountains, Nevada:
United States Geological Survey Professional Paper 322, Reston,
67 p.

STANLEY, G.D., JR., 1988, The history of early Mesozoic reefc ommu-
nities: a three-step process: PALAIOS, v. 3, p. 170–183.

STANLEY, G.D., JR., 1997, Evolution of reefs of the Mesozoic: Proceed-
ings of the Eighth International Coral Reef Symposium, v. 2, p.
1657–1662.



STANLEY, G.D., and BEAUVAIS, L., 1994, Corals from an Early J uras-
sic coral reefi n British Columbia: refuge on an oceanic island reef:
Lethaia, v . 27, p. 35–47.

STANLEY, G.D., J R., and FAUTIN, D.G., 2001, The origins of modern
corals: Science, v . 291, p. 1913–1914.

SWANSON, R.G., 1981, Sample Examination Manual: Shell Oil Com-
pany, Exploration Training, Methods in Exploration Series,
American A ssociation of Petroleum Geologists, Tulsa, 123 p.

SURGE, D., LOHMANN, K.C., and DETTMAN, D.L., 2001, Controls on
isotopic chemistry of the American oyster, Crassostrea virginica;
implications for growth patterns: Palaeogeography, Palaeoclima-
tology, Palaeoecology, v. 172, p. 283–296.

TANNER, L.H., HUBERT, J.F., COFFEY, B.P., and MCINERNEY, D.P.,
2001, Stability of atmospheric CO2 levels across the Triassic–Ju-
rassic boundary: Nature, v. 411, p. 675–677.

TAYLOR, D.G., SMITH, P.L., LAWS, R.A., and GUEX, J., 1983, The stra-
tigraphy and b iofacies trends of the lower Mesozoic Gabbs and
Sunrise formations, west-central Nevada: Canadian Journal of
Earth Sciences, v. 20, p. 1598–1608.

TAUSCH, L., 1890, Zur Kenntniss der Fauna der ‘‘Grauen Kalke’’: Ab-
handlungen der Kaiserlich-K¨ oniglichen Geologischen Reichsan-
stalt, v. 42, p. 1–42.

TUCKER, M.E., 1969, The Field Description of Sedimentary Rocks:
Open University Press, Milton Keynes, 112 p.

VOGEL, K., 1975, Endosymbiotic algae in rudists: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 17, p. 327–332.

WHITE, M.E., and WILSON, E.A., 1996, Predators, pests and competi-
tors: in Kennedy, V .S., Newell, R.I.E., and Eble, A .F., eds., The
Eastern Oyster: Crassostrea virginica: UM-SG-TS-96-01, Mary-
land Sea Grant, College Park, p. 559–579.

WOOD, R., 1993, Nutrients, predation and the history ofreef-building:
PALAIOS, v. 8, p. 526–543.

WOOD, R., 1999, ReefE volution: Oxford University Press, Oxford, 414 p.
YAPP, C.J., and POTHS, H., 1996, Carbon isotopes in continental

weathering environments and v ariations in ancient atmospheric
CO2 pressure: Earth and Planetary Science Letters, v . 137, p. 71–
82.

ZEMPOLICH, W .G., 1993, The drowning succession inJurassic carbon-
ates of the Venetian A lps, Italy: a record of supercontinent break-
up, gradual eustatic rise and eutrophication of shallow-water en-
vironments: in Loucks, R.G., and Sarg, J.F., eds., Carbonate Se-
quence Stratigraphy: Recent Developments and A pplications:
American A ssociation of Petroleum Geologists Memoir v. 57,Tul-
sa, p. 63–105.

APPENDIX

STUDY SITES—LOCALITY INFORMATION



Western United States

(1) Oregon localities, Suplee-Izee. Localities include: Cow Creek
(Funny Butte 7.5 Minute Quadrangle, SE1/4, SW1/4, sec. 17,
T17S, R26E; 44806.5419N, 119830.6419W), Swamp Creek (Funny
Butte 7.5 Minute Quadrangle, SW1/4, NW1/4, sec. 3, T18S, R26E;
44802.2999N, 119835.7549W), Jackass Ranch (FunnyButte 7.5 Mi-
nute Quadrangle, SW1/4, NE1/4, sec. 13, T17S, R26E; 44805.841
N, 119832.4169W), and Robertson Ridge (Delintment Lake 7.5 Mi-
nute Quadrangle, SE1/4, sec. 28, T18S, R27E; 43858.9369N,
119837.7289W), described b y Lupher (1941), Dickinson and Vi-
grass (1965), and Nauss and Smith (1988).

(2) Nevada locality, described by Muller and Ferguson (1939), ‘‘Pli-
catostylus Basin’’ (Garfield Hills 7.5 Minute Quadrangle, center of
sec. 8, T7N, R33E; 38829.7259N, 118821.5349W).

(3) California locality, described by Batten and Taylor (1978) on the
north side of Mt. Jura (Taylorsville 7.5 Minute Quadrangle, SE1/
2, SW1/4, sec. 24, T26N, R10W; 40805.2899N, 120848.0029W).

Northern Italian Sites

These sites are located north of V erona in the Monti Lessini Dis-
trict, described b y Chinzei (1982), R. Zorzin (pers. comm., 2000) and
R. Posenato (pers. comm., 2000).

(1) Ponte dell’Anguillara (Bosco Chiesanuova Map Foglio 49 IV, No.
1, 45829.5359N, 11801.0299E).

(2) Bellori (Bosco Chiesanuova Map Foglio 49 IV, No. 1, 45835.3609N,
10859.2989E).

(3) Garzon di Sotto (Selva di Pregno, Foglio 49, IV, No. 11,
45835.1189N, 11808.1419E)

Morocco

These localities are in the Central and Eastern High A tlas Moun-
tains.

(1) A ssemsouk. On the north flank of J ebel Azourki (30843.0029N,
9804.0029W), described b y Lee (1983).

(2) Ait Athmane. Located in Oued Ziz (31855.9149N, 4825.4649W), de-
scribed by Dubar (1948) and Crevello (1989).
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