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ABSTRACT

Anoxic to dysoxic conditions must have existed in the Parana Basin during the deposition of the Permian oil-bear-
ing shales of the Irati Formation, reflecting the marine isolation of the basin from the Panthalassic Ocean. In this
environment, benthic invertebrates are extremely rare, in contrast to the overlying Serra Alta and Teresina for-
mations, which were deposited in dysoxic/oxic waters, respectively. Hence, the abundant shallow-burrowing,
endemic bivalves recorded in the shales of the basal portion of the Irati Formation are one of the most distinctive
features of this stratigraphic interval. Their preservation in offshore deposits is, however, a product of storm flows
in shallow waters that swept the shells to distal settings. Subsequently, these were sorted by long-lasting shelf
currents that produced dense (2-5 shells/20 cm?) pavements in which shells in a hydrodynamically stable pos-
ture (convex-up) predominate, forming thin, complex shell concentrations despite their simple internal stratig-
raphy. The new data presented here have important paleoecologic, paleogeographic and evolutionary
implications and indicate that (a) during the deposition of the oil-rich shales of the Irati Formation, numerous
benthic bivalves thrived in the contemporary shallow-water bottoms of the Parana Basin; (b) the mono- to
paucispecific nature of the studied shell-rich pavements is, in part, due to hydrologic shell transport; and (c) re-
stricted connections to open ocean waters (Panthalassa) existed during Irati times. Therefore, the origin of the
endemic Passa Dois molluscan fauna occurred somewhere between the interval represented by the underlying
Palermo Formation and the basal portion of the Irati Formation. Finally, these endemic bivalves appeared at
least ~10 million years earlier than previously thought.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

(Astartidae) (Runnegar and Newell, 1971; Simdes et al., 1998).
Members of this fauna were also recorded in coeval successions of the

During the Permian (Cisuralian-early Guadalupian), the eastern in-
traplate basins of southern Gondwana (sensu Limarino et al., 2014)
were flooded by a huge epeiric sea. In some basins (e.g., the Parana
and Chaco-Parana basins), the development of this restricted interior
sea was accompanied by the appearance of a diverse, endemic,
bivalve-dominated assemblage known as the Passa Dois Group mollus-
can fauna (Mendes, 1952; Runnegar and Newell, 1971). This fauna is
known worldwide for its diversity, abundance, high degree of endemic-
ity and complex evolutionary history (Simdes et al., 1998; Wesselingh,
2007). In fact, it is considered to be the oldest molluscan-bearing,
long-lived, restricted sea fauna (Wesselingh, 2007) and was mainly
dominated by the Edmondioidea (Pachydomidae) and Crassatelloidea
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Huab (Namibia) (Holzfoerster, 2000, 2002; Stollhofen et al., 2000;
Wanke, 2000; David et al., 2011) and Karoo (South Africa) basins
(Cooper and Kensley, 1984; David, 2014). However, the best records
in terms of abundance and preservation quality are found in the eastern
border of the Parana Basin, Brazil. During its ~38 million years history
(Artinskian-Changhsingian), this basin had limited or no connections
with the Panthalassa Ocean and was subjected to important climatic
oscillations (Hachiro et al., 1993). These effects produced third-order
cycles of sea level fluctuations (Holz et al., 2010a) that periodically
caused variations in salinity (hypersaline, brackish, and freshwater)
and oxygen (anoxic to oxic bottoms) (Schneider et al., 1974; Zalan et
al., 1991; Milani et al., 1994; Rohn, 1994; Simdes et al., 1998;
Wesselingh, 2007; Holz et al., 2010a; Bondioli et al., 2015; Warren et
al,, 2015).

The Passa Dois Group succession begins with the extensive deposi-
tion of the shales of the Irati Formation and coeval units in the Huab
and Karoo basins. These shales record widespread dysoxic to anoxic
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conditions (Aratjo, 2001; Aratjo et al., 2001; Milani et al., 2007; Holz et
al., 2010a), and are succeeded by a brief transgressive cycle (Serra Alta
Formation). Deposition of this last unit is followed by a large-scale re-
gressive phase (Teresina and Corumbatai formations) that ended with
the establishment of the transitional and continental deposits (fluvial,
deltaic and eolian) of the Rio do Rasto Formation (Zalan et al., 1991;
Sousa et al., 1991; Rohn, 1994; Simdes et al., 1998, 2015; Wesselingh,
2007; Warren et al., 2008, 2015; Holz et al., 2010a).

The best records of the Passa Dois molluscan fauna (Fig. 1) are found
in the shallow-water deposits of the Teresina and Corumbatai forma-
tions and the basal portion of the overlying Rio do Rasto Formation
(Mendes, 1952; Runnegar and Newell, 1971; Simdes et al., 1998,
2015; David, 2014). Until now, only brief reports were known of the
presence of bivalves in the oil-rich shales of the Irati Formation.
Hence, the sudden appearance and environmental tolerance of this
morphologically diverse bivalve fauna are outstanding issues in South
American Gondwana geology (see Runnegar and Newell, 1971, p. 15).
The bivalve genera of the Teresina, Corumbatai and Rio do Rasto
(Serrinha Member) formations are commonly found in shallow-water
deposits (Simdes et al., 1996, 1998; Simdes and Kowalewski, 1998)
and it is reasonable to assume that their ancestors may also have
flourished in a coastal or transitional settings (Runnegar and Newell,
1971, p. 15). These authors also suggested that the best places to search
for the ancestors of the Passa Dois bivalves may be the marginal-
equivalent deposits of the Irati Formation where a shallow-water

fauna might have thrived. They envisaged a paleogeographic scenario
similar to that of the Cenozoic evolution of the Black and Caspian seas,
in which anoxic waters are found in the deeper parts of the basin
(below 100 m). Hence, benthic organisms are restricted to the margins,
and their distributions are sharply reflected in the lithofacies distribu-
tion (Runnegar and Newell, 1971). They also argued that “if the bivalve
fauna of the Parana Basin had a similar distribution at the time of depo-
sition of the Irati Formation, most, if not all, of its record may have been
lost through subsequent erosion of the basin margins” (Runnegar and
Newell, 1971, p. 15; but see also Beurlen, 1954, 1957a for similar reason-
ing). Indeed, data from sedimentary facies distributions and isopach and
basement structural maps of the Parana Basin suggest that the Permian
units extended further eastwards (towards offshore) and constituted
the basement of the Pelotas and Santos basins generated during
the Gondwana rifting phase (Holz et al., 2010b, and references therein).
In other words, part of the geological record of the late Paleozoic
Gondwana succession of the Parana Basin was indeed lost. Viewed from
this perspective, solving the enigmatic absence of benthic invertebrates
during Irati times seems difficult because of a major preservational
megabias (i.e., the lack of records of contemporary shallow-water sedi-
mentary facies).

In this work, we approached the above issues from a new perspec-
tive. On the basis of a few hidden reports and unpublished data, we
focused our efforts in searching for bivalve fossils on the distal anoxic
deposits of the Irati Formation, where the presence of benthic
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invertebrates is unexpected. In fact, a critical review of the available sed-
imentologic and taphonomic information about the Irati Formation in-
dicates that some levels within the shales may correspond to distal
deposits generated by episodic events (Lavina et al., 1991; Soares,
2003; Matos et al., 2013). Such events could entrain sediment and
mollusks from contemporary shallow water bottoms, which were
transported to offshore settings by high-energy flows (see Brett et al.,
2012a, 2012b for similar Devonian and Fiirsich et al., 2016, for Jurassic
examples). In this context, we document for the first time the presence
of an abundant molluscan fauna that thrived nearshore during the Irati
dysoxic-anoxic event. These data are noteworthy and diametrically op-
posite to the general belief that benthic invertebrates were almost ab-
sent in the Parand Basin during the deposition of the Irati Formation.
Our results are significant for several reasons, since they (a) fill a critical
gap in the evolutionary model of the Passa Dois Group molluscan fauna,
as proposed by Runnegar and Newell (1971) and refined by Simdes et
al. (1998), and (b) allow us to explore the possible taphonomic path-
ways responsible for the preservation of shallow-water mollusks in
contemporary offshore facies.

2. Background
2.1. The long search for the missing bivalves

As noted above, the Permian Passa Dois Group encompasses the dis-
tal (anoxic to dysoxic) deposits of the Irati and Serra Alta formations,
as well as the proximal (oxic) deposits of the Teresina, Corumbatai
and Rio do Rasto formations (Fig. 1). Abundant and well-preserved silic-
ified bivalves are recorded in the bioclastic sandstones (Simdes and
Kowalewski, 1998), centimeter-thick shell-beds or coquinas (Simdes
et al, 1996) and oolitic grainstones (Neves et al.,, 2010, 2011) of the Te-
resina and Corumbatai formations. Therefore, the majority of the pale-
ontological studies focused on those shell-rich deposits. In contrast,
the monotonous and fossil-poor shales and mudstones of the Irati and
Serra Alta formations are frequently overlooked for benthic macrofossils
(see Bondioli, 2014; Bondioli et al., 2015; Warren et al., 2015 for excep-
tions). Hence, an analytical bias exists in the paleontological investiga-
tions of the sedimentary succession of the Passa Dois Group, i.e., the
distal deposits are less explored. Therefore, a consensual belief exists
that the black pelitic facies of the basal portion of the Passa Dois
Group are almost devoid of benthic invertebrates.

The above statement seems justifiable, given the widespread occur-
rence of organic-rich and unbioturbated shales in the Irati Formation.
However, a detailed analysis of the sparse literature information re-
vealed that the shales may yield benthic invertebrates. For example, in
a brief talk given in 1956 during a scientific meeting of the Brazilian
Academy of Sciences, the German paleontologist Karl Beurlen men-
tioned the first occurrence of tiny bivalves in the Irati Formation in the
shales of a borehole log. Unfortunately, detailed information about this
occurrence never appeared. The same author made a new report on
the occurrence of bivalves in shales of the Irati Formation in 1957. The
fossil (a single complete and poorly preserved left valve) was found
~30 m above the basal portion of the Irati Formation (Beurlen, 1957b;
Runnegar and Newell, 1971, p. 57). The rare specimen was assigned as
a new species of Maackia (M. iratiensis), the dominant genus in the bi-
valve assemblages of the overlying Serra Alta Formation (Bondioli,
2014; Bondioli et al., 2015; Warren et al., 2015; Matos, 2016). Regretta-
bly, repository information on the specimen (collection and reference
number) is not available in Beurlen's brief note, and this fossil is proba-
bly lost.

New reports of the occurrence of bivalves in the Irati Formation only
became available at the beginning of the new century. In 2002, the geol-
ogist Marcio Kazubek contacted the senior author of this contribution
(MGS) to report the finding of small bivalves in shales of the Irati Forma-
tion (Taquaral Member) in southern Brazil. He called our attention to
the fact that the fossils were amazingly abundant in some bedding

planes (30,000-45,000/m?, Kazubek and Simdes, 2003b), which could
be laterally tracked for tens of kilometers. Given the rarity of benthic in-
vertebrates in the Irati Formation, this information was astonishing. Un-
fortunately, Kazubek could not study those fossils, but a small collection
was donated to the scientific collection of the Department of Zoology,
Sdo Paulo State University, Botucatu campus (see Kazubek and
Simoes, 2002, 2003a, 2003b). Concomitantly, Rohn et al. (2003) and
Lages (2004) also mentioned the occurrence of small bivalves in bore-
hole samples from the base of the Irati Formation (i.e., the Taquaral
Member) (Fig. 2). In all those cases, the bivalves were not identified, de-
scribed or illustrated.

More recently, during a broad study of the basal portion of the Passa
Dois Group (see Bondioli et al., 2015; Warren et al., 2015), we had an
opportunity to study the Irati Formation at its type locality in southern
Brazil. Following the information provided by Marcio Kazubek, we ex-
plored the basal deposits of the Irati Formation (Taquaral Member) in
the vicinity of the homonymous city in the State of Parana. Our results
largely confirmed the observations of Kazubek and Simdes (2003a,
2003b), i.e., bivalves can be amazingly abundant in some horizons of
the basal portion of the Irati Formation. Therefore, we can now shed
light on the dynamics of benthic ecosystems that existed during a criti-
cal interval of the Late Paleozoic history of the Parana Basin-namely, the
Irati anoxic event-as well as the taphonomic and sedimentologic pro-
cesses responsible for the generation of the shell-rich concentrations
in the offshore muds.

2.2. The early Permian Irati anoxic event

The Permian Irati Formation (Almeida and Barbosa, 1953) comprises
the basal portion of the Passa Dois Group (Fig. 1) and was deposited fol-
lowing a large postglacial transgression that flooded the Parana Basin
during much of the early Permian (Zalan et al., 1991; Milani et al.,
1994, 2007; Holz et al., 2010a; Limarino et al., 2014) (Fig. 3). During
the deposition of the Irati Formation, the Parana Basin was a huge
(>1.300,000 km?), closed, inland, oxic to anoxic body of water
(Aratjo, 2001). The Irati Formation also records a unique moment
in the intracratonic Parand Basin when its connection with the
Panthalassic Ocean was definitively closed (Milani et al., 2007). During
the Lower to Middle Permian, the collision of the Patagonian terrane
against southwestern Gondwana was responsible for the deformation
of the Ventania Fold Belt (Lopez Gamundi et al., 1995), which isolated
the Parana Basin from the Panthalassa (Milani et al., 2007). Due to the
distance of the Gondwanides Orogen, the deposition of the Irati Forma-
tion occurred under relatively stable tectonic conditions, and the basin
paleorelief was almost devoid of structural highs. Lowlands and wide
plains characterized the landscape at the northern and eastern margins
of the basin (Lavina, 1991).

The Irati Formation lies between the Palermo and Serra Alta forma-
tions and is delimited by regional discordances and local diastems
(Holz et al., 2010a; Warren et al., 2015). On the basis of SHRIMP U-Pb
dating of igneous zircons in volcanic ash beds, a 2°°Pb/?38U age of
278.4 + 2.2 Ma is suggested for the basal portion of the Irati Formation,
indicating an Artinskian depositional age (Cisuralian epoch) (Santos et
al., 2006). However, SHRIMP U-Pb zircon ages from bentonite beds
suggest a Kungurian age for the upper portion of the Irati Formation.
The unit is ~60 m thick and has a notorious basin-wide distribution of
approximately 4 million km? in the Brazilian Parana Basin and African
basins (Limarino et al., 2014). This unit extended from Uruguay
(Mangrullo Formation, Delaney and Goni, 1963; Mones and Figueiras,
1981; Martinez, 2004), Paraguay (Beder, 1923; Harrington, 1956) and
Brazil (Oelofsen and Aradjo, 1983) into Africa, and encompassed the
Artinskian Huab Formation, and Huab Basin in NW Namibia, and the
Whitehill Formation, the Ecca Group, and the Main Karoo Basin in
South Africa (Padula, 1968; Aratjo, 1976; Oelofsen and Aratjo, 1987;
Stollhofen et al., 2000) (Fig. 3). Therefore, the unit is a key stratigraphic
datum that is traditionally used to divide the upper portion of the late
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Paleozoic succession of the Parand Basin (Gondwana I Supersequence,
Milani et al., 2007) into two main lithostratigraphic units, the underly-
ing Guata (Rio Bonito and Palermo Formations) and Passa Dois (Serra
Alta, Teresina, Rio do Rasto Formations) groups (Fig. 4).

Abundant organic-rich shales and mudstones characterize the basal
portion of the unit (Taquaral Member), while claystones and siltstones
are intercalated with tabular beds of dolomitic limestones towards the
top (Assisténcia Member) (Schneider et al., 1974; Aragjo et al., 2001;
Hachiro et al., 1993; Hachiro, 1996). Regionally, the amount of carbon-
ate facies increases from south to north. Hence, in the State of Sdo
Paulo, the Irati Formation consists of a rhythmic alternation of dolomitic
limestones and oil-rich shales (Almeida and Barbosa, 1953; Mendes,
1967; Amaral, 1971; Hachiro et al,, 1993; Hachiro, 1996). The cyclic al-
ternation of dry and humid periods coupled with high-frequency sea-
level changes driven by Milankovitch orbital variations are inferred to
be the main factors favoring the genesis of the dolomite-bituminous
shale alternations (Hachiro et al., 1993; Hachiro, 1996; Holz et al.,
2010a). Nevertheless, the almost rhythmic successions of the

Assisténcia Member, the presence of articulated skeletons of
endemic, aquatic mesosaurid reptiles, some with preserved soft parts
(Rosler, 1974; Rosler and Tatizana, 1985), the occurrence of insects
(e.g., Rosler et al, 1981) and crustacean remains (Caires, 2005;
Ricardi-Branco et al., 2008), also exhibiting preserved soft-part molds
(Matos et al., 2013), indicate that the deposition occurred predominant-
ly under hypersaline (Pifieiro et al., 20123, 2012b), quiet and oxygen-
depleted waters just at or below the storm-wave base (Hachiro, 1991,
1996). On the other hand, grainstone facies with meter-scale, hum-
mocky cross-stratifications, centimeter thick-bone beds and crusta-
cean-dominated shell beds suggest that the quiet muddy bottoms
were occasionally disrupted by episodic, high-energy depositional
events (i.e., storms) (Lavina et al., 1991; Soares, 2003; Matos et al.,
2013). The abrupt replacement of siltstones, mudstones and shales of
the Taquaral Member by the limestones of the Assisténcia Member
are definitive evidence that the basin was progressively shallower
(i.e., from an exclusively siliciclastic to a mixed carbonate-siliciclastic
setting, Holz et al., 2010a).
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There is no doubt that part of the Irati Formation could have formed
during a period of widespread stagnation of the bottom waters of the
Parand Basin (see Runnegar and Newell, 1971). Abundant bitumen, py-
rite, and kerogen, together with the almost complete absence of benthic
invertebrate trace fossils, suggest that the shales and much of the distal
carbonates were deposited under dysoxic to anoxic conditions (Amaral,
1971; Subacius and Amaral, 1983; Maynard et al., 1996; Hachiro, 1996;
Faure and Cole, 1999; Calca and Fairchild, 2012). Concomitantly, the
climate was interpreted as seasonal, with dry summers and rainy win-
ters (Monteiro, 1979; Mussa et al., 1980; Costa, 1981; Alves, 1994).
However, the very recent contributions of Euzébio et al. (2016),
and Goldberg and Humayun (2016) demonstrated a much complex
paleoenvironmental scenario for the deposition of the shales of this
unit. Geochemical paleoredox indicators (redox-sensitive elements,
DOPT and Feq/Al), from 43 drill-core samples of the Irati Formation
from the southern part of the Parana Basin indicate that the bottom wa-
ters were not persistently anoxic, but rather oxygen concentrations var-
ied significantly during deposition of the formation (Goldberg and
Humayun, 2016, see also Euzébio et al., 2016). According to Goldberg
and Humayun (2016), periods of episodic ventilation are also indicated
by sedimentologic evidences (e.g., interbedded calcarenites with
hummocky cross-stratification, silty laminae with small ripples, and
bioclastic lag laminae). To those authors, the Irati Formation was depos-
ited in a salinity-stratified body of water, mainly under dysoxic to oxic
conditions (i.e., anoxic conditions were episodically). Indeed, trace-
elements indicate that the black shales were similar to “average” silty
shales, except in two intervals where the rocks are enriched in U (two
to five times) and Mo (four to five times), suggesting fully anoxic condi-
tions (Goldberg and Humayun, 2016). These are <10-m thick intervals
also displaying very high Fer/Al The positive correlation between Cu
and Cu/Mo ratio suggests that bottom-water anoxia was driven by
increased organic flux, probably from algal blooms (Goldberg and
Humayun, 2016, see also Aratjo, 2001). In this way, increased produc-
tivity resulted from the nutrient input via high continental runoff to
the landlocked sea, which was mainly located in the mid-latitude
humid zone (Goldberg and Humayun, 2016).

3. Geological setting

In the study area, the Irati Formation comprises a narrow NW-SE
strip that surrounds the eastern flanks of the hills in the vicinity of the

homonymous city, State of Parand, Brazil (Fig. 4). The best outcrops
are in active and abandoned quarries (Table 1) where complete sections
up to 30 m thick occur. In the central and southern portions of Parana
State, the Irati Formation comprises a thin (<60 m thick) succession
composed of black shales and dark-grey silty shales occasionally inter-
bedded with tabular, centimeter-thick carbonate layers. The presence
of euhedral pyrite crystals in the pelitic beds indicates that sedimenta-
tion and eodiagenesis occurred under reducing conditions. Centime-
ter-scale nodular arsenopyrite and sphaeroidal septarian carbonate
concretions disseminated in the rock are quite common. The Irati For-
mation occurs in erosive contact above the green pelites of the Middle
Artinskian Palermo Formation (Holz et al., 2010a) and immediately
below the grey siltstones of the Serra Alta Formation (Fig. 4).

Detailed stratigraphic sections were acquired in two quarries located
north of Irati City and approximately 7 km from each other (Figs. 5, 6, 7).
The studied succession is approximately 15 m and is stratigraphically
located above the paraconformity separating it from the underlying Pa-
lermo Formation and the corresponding basal portion of the Irati For-
mation (Taquaral Member) (Fig. 4). Sections A and B are both mainly
composed of dark pelitic facies as shale and silty shales, with subordi-
nated grainstones at the top. The lower portion of the succession is
marked by the presence of nodular, centimetric, septarian arsenopyrite
concretions dispersed in the rock. These nodules appear to have been
formed by progressive cementation from the centers to the rims; they
show no internal deformation, suggesting that they are eodiagenetic
(Mozley, 1996). The occurrence of several examples of plastic deforma-
tion of the shales around the nodules reinforces the hypothesis of a pre-
compactional origin. At the middle portion of the succession, decimetric
spheroidal carbonate concretions are also common and confined to a
meter-scale layer. Fossils include insects, plants, Clarkecaris crustaceans
and fish remains (scales and teeth) dispersed in the pelitic matrix.

The apparently monotonous succession is composed of dark pelites
(Figs. 5, 6A-C) organized in three metric cycles and characterized by
subtle changes in grain size, from shales at the base to silty shales at
the top, Fig. 5. The variation in grain size is indicated by the differential
erosion profile in the silty shales located at the top of the cycles and
by the presence of quartz silt grains dispersed in the very fine pelitic
matrix, which was confirmed by petrographic analysis. The upward-
coarsening cycles are marked by the occurrence of fossiliferous beds at
the top, as observed at the upper portion of the cycle 1 (Fig. 5). These
beds are laterally continuous and form millimeter-thick pavements
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Table 1

Locations and conditions of the bivalve-rich quarries of the Irati Formation, Taquaral Mem-

ber, near the city of Irati-PR (UTM Zone J).

Quarry Location (UTMs) Access Observations

I 7.182.595 m S/538.866 m E Private, closed

1l 7.183.165 m S/540.376 m E Private, closed Partially flooded

111 7.186.932 m S/537.035 mE Private, open Abandoned

I\% 7.193.653 m S/536.388 m E Private, open Partially active

\Y 7.193.001 m S/535.454 m E Private, open Abandoned, flooded
VI 7.197.784 m S/534.214 mE Private, open Abandoned

consisting of small fragments of disarticulated bivalve shells. At the top
of cycle 1, several bioclastic-rich beds occur interbedded with a shale
layer constituting a decimetric rhythmic succession of fossiliferous and
non-fossiliferous levels.

4. Materials and methods

At the study area (Fig. 4), the basal portion of the Irati Formation was
analyzed and columnar sections were acquired (Figs. 5, 6, 7). In the field,
particular attention was given to the vertical distribution, geometry and



24 S.A. Matos et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 469 (2017) 18-33

Cycles | Arch.

Legend
Lithology

E Grainstone

[ sity shate

I s

3 Fossil bearing levels
/ Sedimentary structures
|:| Massive bedding

Planar lamination
2 =

Fossils

<2 Bivalves

"""" = Conventions
/" Regressive cycles
1 Shallowing
architecture
&3P Carbonate concretions
"""" & &ZD Arsenopyrite concretions
........ @D

14.6rg Section A
5| HE )
3
E | 141
= -
o
o
]
82
m 3
< 124 g
Section B
10 2m
10
=
o
=
©
E 8 ................ @ 8
w5
=1 =
®|E ¥
=2 )] =
== IHeoeoe——r— "L annnnna==
:
5| 6
o
K 6
s &
4
2
2
Palermo Formation
0
CS FSMSCS3
0 7 km

CS FSMSCS G
|

(‘gf Fish remains
ZZ7 Insect remains

Z= Domal stromatolites

Fig. 5. Columnar sections of the basal portion of the Irati Formation, Taquaral Member, in the studied area. Note the progradational architecture of the succession. Abbreviations: C = clay;

S = silt; FS = fine sand; MS = medium sand; CS = coarse sand; G = granule.

stratigraphic contacts of the shell-host rocks and shell concentrations.
The biofabric (sensu Fiirsich and Oschmann, 1993), shell-size sorting,
and orientation (plan and cross-sectional views), valve articulation
and fragmentation were quantitatively measured (e.g., Kidwell et al.,
1986; Kidwell, 1991; Kidwell and Holland, 1991; Firsich and
Oschmann, 1993) (Figs. 8, 9). The shell abundance (the degree of
cover, sensu Posenato et al., 2013, p. 266) in the pavements was also
quantitatively measured, which ranged from sparse (2-5 valves per
20 cm?) to dense (surface totally covered by valves). In addition to the
information directly acquired in the field, several rock slabs were
taken to the laboratory for thin-sectioning and taxonomic analysis.
The rose diagrams in Fig. 9 show the frequency of shells in a given orien-
tation perpendicular to the paleoflow. Since some samples are falling
slabs, all rose diagrams were rotated to adjust the values with high
frequencies to the N-S direction. The slabs are deposited in the paleon-
tological collection of the Institute of Biosciences, Sdo Paulo State Uni-
versity, under the code DZP.

Most of the shells in the pavements are extremely compacted, and
were thus counted in thin sections to determine the degree of valve ar-
ticulation. The bivalves were identified only to generic level since the
shells are usually compressed and poorly preserved. In fact, various fea-
tures make the precise classification of the shells at the species level dif-
ficult, including (a) the compactional distortion of shells and (b) the
lack of preserved internal characters such as muscle scars and hinge
structures. The identification of the shells was mostly based on
Mendes (1952), Runnegar and Newell (1971), Simdes and Anelli
(1995), and Simdes et al. (1997).

5. Results
5.1. Taphonomy

In the studied succession of the Irati Formation (Figs. 5, 6, 7) (1),
a fossil-poor mudstone and (2) shell-rich pavements are both charac-
terized by the presence of small (mm) bivalves. The first includes a rel-
atively barren mudstone with minute, complete shells of Runnegariella,
Plesiocyprinella and other unidentifiable bivalves. The valves are
chaotically oriented in a massive mudstone (Fig. 8E) in which the
shell density varies laterally from barren to dispersed (sensu Kidwell
et al., 1986). The specimens are disarticulated and fragmented shells,
with abundant shell debris. Signs of post-depositional deformation/
fragmentation of the shells are usually present. The most conspicuous
occurrence of this mudstone lithotype is ~56 cm below the first
shell pavement in the succession (Figs. 5, 7C), where it forms a layer
10-15 cm thick.

On the other hand, mono- to paucispecific shell pavements are local-
ly the most conspicuous fossil-rich lithotypes in the first half of the in-
vestigated interval of the Irati Formation (Figs. 5, 6D-E, 8). The beds
with the pavements are ~30 cm thick (Fig. 6) and each individual pave-
ment is <1-2 mm thick (Fig. 6D-E). The shell covering is dense and each
pavement is separated only by ~1-5 mm of shell-poor or barren mud-
stones (Fig. 6D-E). At least 32 thin-shell pavements were counted in
this interval at the section in Quarry A (Figs. 4, 6). However, at other out-
crops in the study area, Kazubek and Simdes (2003b) counted at least
270 shell pavements in an interval 52 cm thick.



S.A. Matos et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 469 (2017) 18-33 25

14.5A._ Section A
@
Z
§
=| 14
8
g
&
&
8
L
12.
10
c
L
g
E |
g2
-| E
E[2
e
g
o 6
Rl
4.
2
i
o
0
C S FsMmscsg
Legend
Lithology

E Grainstone

[ sitstone

- Silty shale

I svae

Fossil bearing levels
Sedimentary structures
[] massive bedding

% Planar lamination

Fossils

<) Bivalves

Y Fish remains
ZZ7 Insect remains

Conventions

@ Carbonate concretions
&2 Arsenopyrite concretions
Z Stromatolites

Fig. 6. The Irati Formation in an abandoned quarry near Irati-SP (Section A) (see Table 1). A: Columnar section showing the bivalve rich interval at the Taquaral Member; B: overview of the
outcrop where Section A was acquired; C: detail of the bivalve-rich level; D: laminated organic-rich shale from the basal portion of the unit with numerous mm thick, laterally continuous
shell pavements. E: Close-up view of a cm thick slab of organic-rich shale with several mm thick shell pavements (white arrows). Abbreviations: C = clay; S = silt; FS = fine sand; MS =

medium sand; CS = coarse sand; G = granule. Scales = 1 cm.

The base of each individual pavement is usually sharp (Fig. 6E-D)
and undulated, and the pavements are covered by complete,
disarticulated shells of infaunal bivalves. The shells occur in high densi-
ties on various bedding planes and left valves always predominate (see
Figs. 6, 8, 9). Evidence of bioerosion and encrustation is lacking. In all
bedding planes studied, the shells are mainly in a convex-up orienta-
tion, which can be seen in thin sections (Figs. 8, 9, 10 see also Kazubek

and Simdes, 2003b). Measurements of a number of shell molds pre-
served in the pavements (fallen slabs) showed a preferred orientation
(Fig. 9). Size-frequency histograms of shells from individual pavements
commonly show a unimodal or bimodal distribution (Fig. 9). Addition-
ally, comminuted and rounded shell debris occur associated with whole
valves in some pavements. Sometimes debris can form millimeter-thick
laminae just above the pavements.
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5.2. Faunal composition

The shells in the pavements are densely packed and it is difficult to
split some of them apart. The shells are poorly preserved with no
signs of muscle scars or hinge structures (teeth and sockets), which pre-
vents their accurate identification. However, in the mudstones below
the shell pavements, the bioclasts are loosely packed and relatively
well-preserved shells can be found. At least two genera are represented:
A-Runnegariella is a small (maximum length = 9.9 mm) infaunal, shal-
low, facultatively mobile, suspension-feeding bivalve. Closed articulated
shells of species of this genus (e.g., R. fragilis) are recorded in micritic
limestones generated in shallow-water conditions in the Teresina
Formation (Simdes and Anelli, 1995) (Fig. 11). B-Plesiocyprinella is also
an infaunal, shallow, facultatively mobile, suspension-feeding bivalve.
Actually, this is one of the most abundant components of the bivalve as-
semblages of the Teresina/Corumbatai formations (see Simdes and
Kowalewski, 1998) (Fig. 11). In situ shells of Plesiocyprinella are com-
monly found in bioclastic sandstones of this unit. Hence, the composi-
tion of the studied assemblage is noteworthy, since the fauna includes
a large amount of unidentified specimens (in some cases poorly pre-
served and broken shells) associated with shallow burrowing forms
referred to common taxa in the basal and middle portions of the
Teresina Formation.

6. Discussion

6.1. Are the shells in the offshore mudstones autochthonous,
parautochthonous or allochthonous?

Bivalves are common and are the dominant benthic elements in the
shallow-water paleocommunities of the Permian Passa Dois Group in
the Parand Basin, Brazil (Runnegar and Newell, 1971; Simdes et al.,
1998, 2015). Within this unit the bivalve occurrences are grouped in
distinct assemblages, which are arranged in ascending order (Fig. 1).
They are extremely common in the proximal and very rare in the distal
facies (but see Bondioli et al., 2015 and Warren et al., 2015 for excep-
tions). For example, until now, only Maackia iratiensis was reported
from the oil-rich mudstones of the Irati Formation on the basis of just
one specimen (Beurlen, 1957b). Hence, the occurrence of tiny shells of
shallow burrowing bivalves (e.g., Runnegariella and Plesiocyprinella) in
the oxygen-deficient facies of the Irati Formation is unique within this
unit (Fig. 11). A possible explanation for the presence of these bivalves
is that they are autochthonous elements and may represent a mortality
of individuals that briefly colonized anoxic-dysoxic substrates (see
Oschmann, 1991; Wignall and Hallam, 1991; Fiirsich et al., 2012, for ex-
amples). However, despite their burrowing mode of life and the high
degree of cover (2-5 shells/20 cm?), none of the shells was preserved
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Fig. 8. Bivalve-rich pavements in basal portion of the Irati Formation (Quarry A). Note the variable degree of shell covering (A, B, D) from dense (surface totally covered by valves) to sparse.
A: Sample showing high density of complete, convex-up orientated shells; B: similar to A, but note the high amount of minute shells remains; C: detailed vertical distribution of the studied
shell pavements and associated rocks, Quarry A, see Table 1; D: relatively sparse covering of articulated shells; E: plan view of a fissile and almost barren, bivalve mudstone with small,
disperse and disarticulated, chaotically oriented bivalve shells. This fossil-poor interval is overlain by organic-rich shales with shell pavements.

in situ and evidence of intrastratal biological activity is lacking in the
matrix. Hence, an intriguing question emerges, were those abundant
shells and shell debris disrupted from their original substrate, partially
reworked in shallow-water settings, and subsequently transported off-
shore (allochthonous shells in the sense of Kidwell et al., 1986)?

In pooling the data, bivalve shells are mainly represented by
disarticulated valves (94.30%, n = 364) and more rarely by articulated
(closed 5.18%, n = 20 or butterflied 0.52%, n = 2) valves. Most of the
shells are left valves (60%, n = 81), indicating a pronounced 50:50
(left-right) valve deviation, suggesting that the shells were differentially
transported (see Chattopadhyay et al., 2013, and references therein). In
those individual pavements where complete shells can be confidently
measured, size-frequency histograms of the valves show unimodal or

bimodal peaks (Fig. 9), indicating that the shells are well sorted.
Tiny shell fragments (>3 mm), some rounded and others with sharp
edges, are also very abundant in some levels, contrasting drastically
with the prevailing quiet-water conditions during the deposition of
the mudstones. These imply that part of the shell remains were me-
chanically fragmented in shallow water-facies, probably by background
processes. Additionally, the presence of oversize grains (thousands of
millimeter-size bivalve bioclasts) also contrasts with the depositional
environment characterized by the deposition of mud in very calm
conditions.

In summary, the above evidence indicates that the shells were
transported from contemporary shallow-water facies and swept into
the offshore muds.
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Fig. 9. Shell-pavements from fallen slabs DZP-19014 (A), DZP-19010 (B), DZP-19019 (C)
showing the orientation of disarticulated shells on bedding planes of organic-rich shales
of the Irati Formation. Rose diagram showing orientation of the shells; proportions of
convex-up or -down valves and shell size sorting are exposed on the right.

6.2. Genesis of the shell-rich bivalve pavements

Bivalve shells are amazingly abundant in the approximately 1 m
thick intervals of offshore mudstones. At least two distinct modes of
shell concentrations are recognized from the base to the top of the suc-
cession, including (1) dispersed, chaotically oriented shells in massive
mudstones, and (2) shell-rich pavements composed of complete shells
or comminuted remains. In the first case, the bivalve shells are complete
or fragmented and are exclusively represented by disarticulated valves
(Fig. 8E). This suggests that they were scoured out from the original
shallow water bottom by erosional processes (storm flows) and settled
from suspension in the distal portions of the basin (Fig. 12). Hence, the
entrainment of the shells in the sediments occurred without the subse-
quent action of long-lasting bottom currents (see also Posenato et al.,
2013, for a similar example). In the second type of deposit, the shells
are mainly single valves, but rare conjoined (closed, or butterflied,
5.7%, n = 22) valves are also present. The pavements show an upward
increase in the degree of valve abundance and shell fragmentation
(Fig. 8). However, isolated shells (mainly left valves) predominate and
are mixed together with articulated shells.

In the taphonomic analysis, the degree of mollusk shell articulation
in a given assemblage is commonly used as a proxy for shell transporta-
tion and residence time at the sediment/water interface (Brett and
Baird, 1986). However, various authors have shown that closed, articu-
lated bivalve shells can be transported for long distances (Cadée, 2002).
During transport, these animals may be alive (Sérliin, 1988; Hunt et al.,
2007; Firsich et al., 2016) or dead with dried tissues (Cadée, 2002). In
our case study, we infer that the rare, tiny, closed articulated shells of
shallow burrowing bivalves were transported alive, dying only at the in-
hospitable oxygen-deficient depositional setting. The bivalves died

Fig. 10. Thin-sections showing the minute bivalves in shell-rich shales of the Irati
Formation. A: Note the dense occurrence of the shells, which are almost flat due to
compression. B: Bivalve shells in convex-up posture (arrowed). Graphic scale: 0.25 mm.

without trying to re-burrow themselves, since the shells are preserved
concordant to the bedding and the sediments are not disrupted (see
Fiirsich et al., 2016, for a similar example).

The preservation of articulated (butterfly) shells in the pavements
may indicate different scenarios, but it is highly unlikely that previously
splayed (butterflied) shells could have been transported articulated for
long distances (see also Allmon, 1985; Selover et al., 2005). They may
represent recently dead and closed articulated bivalves in shallow-
water settings, which gaped during transport (see Watkins, 1974). Al-
ternatively, they may represent transported individuals that died soon
after deposition in the offshore muds (see above) and were exposed
for short periods of time in the sediment/water interface prior to final
burial. In all, those rare articulated (closed or splayed) bivalve shells
are not autochthonous in the studied deposits. Finally, gaped shells
often occur in fine-grained, non-bioturbated sediments generated
under anoxic to dysoxic conditions, which favor the slow decay of the
ligaments (Plotnick, 1986; Allison and Briggs, 1991). Indeed, some au-
thors (Etter, 1996; Schatz, 2005) have shown that butterflied bivalve
shells are commonly found in sedimentary facies associated with se-
verely dysoxic bottoms in low-energy settings (e.g., Oschmann, 1991;
Wignall and Hallam, 1991). As discussed above, all these conditions
were common in the environment of the Irati Formation where the
shell-rich pavements were deposited. However, should be noted that
both disarticulated and articulated shells were preserved with their
commissural plane concordant to the bedding and predominantly in a
convex-up orientation (Fig. 9). These observations imply that after set-
tling down, the shells were submitted to persistent bottom currents that
overturned them to the stable, convex-up orientation. The measured di-
rections of hundreds of shells from individual slabs showed pavements
with specimens in preferred orientation, which is perpendicular to the
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Fig. 11. Permian bivalves of the Irati Formation. A: Silicified shell of Runnegariella fragilis, right valve, interior view, for comparisons, DZP-19234, Teresina Formation. B: Drawing of the same
specimen. C-F: External and internal molds of the Runnegariella sp., Irati Formation (DZP-19202; DZP-19226; DZP-19217; DZP-19174). G: Plesiocyprinella carinata, internal mold, left valve,
for comparisons, Corumbatai Formation, DZP-2289. H-I: Internal molds, right valves of Plesiocyprinella sp., Irati Formation (DZP-19191; DZP-19168). Graphic scale: A-F; H-I = 3 mm, G =

10 mm.

directions of the bottom currents (Fig. 9). In other words, despite the
generally calm background conditions that prevailed during the deposi-
tion of the pelitic facies in the studied stratigraphic interval, the bottom
currents affected the basin floor. Indeed, the sharp and undulated base
of each individual shell-rich pavement indicates bottom erosion prior
to the final deposition.

Finally, some pavements are made-up only of comminuted shell de-
bris (Fig. 8B). Some fragments exhibit sharp margins while others are
rounded. Hence, the shelly remains show distinct taphonomic path-
ways, all incompatible with the calm conditions prevailing in the depo-
sitional setting. They may represent bioclasts that were differentially
reworked in shallow water-settings after being transported offshore in
the water column by high-energy combined flows during storms.
After the storm event, the fine-grained bioclasts were deposited by sus-
pension fall-out. In summary, the bivalve-rich pavements of the Irati
Formation are the final product of combined sedimentary processes,
including high-energy episodic events (storm flows), followed by
the action of background agents (long-lasting shelf currents) in an
oxygen-deficient, low-energy offshore setting.

6.3. An alternative genetic model for the origin of the Irati shell-beds

An alternative explanation for the origin of the shell fragments found
in the shell-rich deposits described above is that the valves were biome-
chanically fragmented by durophagy in shallow water settings and lat-
ter transported to distal settings in a similar manner of those found in
Late Triassic shell-beds (Zogno 2) in mudstones of the Lombardian
Basin, northern Italy (see Tintori, 1995). There, storm waves reworked

loose bivalve shell fragments derived from fish-predation, which were
later transported by turbidite currents to the anoxic bottoms of the dis-
tal parts of the basin (Tintori, 1995). Hence, the generated shell-beds in
mudstones are mainly formed by biomechanically fragmented shells
(Tintori, 1995). Despite the fact that vertebrates (Xenacanthiformes,
Ctenacanthiformes, Petalodontiformes, Actinopterygii, Sarcopterygii,
Tetrapodomorpha.) are common in sandstone beds of the base of the
Taquaral Member of the Irati Formation (Chahud and Petri, 2015), fish
remains were not found in the studied succession. In addition, predato-
ry trace (i.e., semicircular notches on the fragmented edges or punctures
on whole valves, see Tintori, 1995) are lacking in the bivalve shells.
Hence, there is no any evidence of predation by crushing or drilling on
the shells, and these processes are unlike to be the main culprit for bi-
valve shell fragmentation.

In the Italian Triassic Riva di Solto shales, there are also dense
paucispecific shell-beds (Member 2) of infaunal and semi-infaunal
bivalves that are in anoxic distal-type deposits (Tintori, 1995).
These are similar to the bivalve shell pavements of the Irati Formation.
However, the shell-beds are thought to be concentrated by storm-
wave winnowing of fine-grained sediments, which concentrate living
or recently dead shells in place. Hence, the Riva di Solto shells are
often articulated (Tintori, 1995). As in the case of the Irati Formation,
no burrows are associated with those shells (Tintori, 1995). Contrary
of the Italian shells, the Irati ones are mostly disarticulated and not
fragmented. The predominance of some size classes, the high degree
of shell disarticulation, strong valve type bias and the dominance of
shells in convex-up posture are all indicative of bioclast transport rather
than a local rework of living shells in fine-grained distal bottoms.
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Actually, our model above traces a close parallel with the northeastern
China Mesozoic fossil record, as documented by Fiirsich et al. (2016).
According to these authors, bivalves from Jurassic and Early Cretaceous
benthic lake faunas living in marginal habitats were transported to dis-
tal areas by storm events. Detailed taphonomic evidence shows that
some bivalves were transported alive and died articulated on the anoxic
mud bottoms due to the hostile conditions prevailing there (Fiirsich et
al., 2016). Hence, although the bivalve concentrations were composed
of closed articulated bivalves, the shells are mainly allochthonous. The
rare articulated shells in mudstones of the Irati Formation were proba-
bly transported from shallow water settings to distal areas in a similar
manner described by Fiirsich et al. (2016). Therefore, the Irati bivalves
were preserved out of their living bottoms. However, while the out-
of-habitat movement of skeletal remains is rare (but see Flessa, 1998,
for exceptional exceptions), small within-habitat transport of shells is
extremely common in shallow-water environments (Kidwell and
Bosence, 1991, p. 158). The unusual presence of shallow-water bivalves
in offshore deposits of the Irati Formation shows that the out-of-habitat
transport of shells may be relevant in those sedimentary successions
generated in intracratonic basins, where geomorphic structures such
as the continental slope were missing, and high-energy episodic events
(i.e., storms, tsunamis) occurred especially during shallowing episodes.

6.4. Depositional cycle patterns

Figure five shows that at least three coarsening-upward regressive
cycles can be recognized in the investigated interval of the Irati Forma-
tion. The meter-scale cycles are considered excellent proxies for identi-
fying small-scale fluctuations in the water level (Kerans and Tinker,
1997) and are here interpreted as a product of high-frequency

oscillations in the epeiric sea level. As discussed, the association of the
facies succession suggests deposition in anoxic waters under reducing
bottom conditions, as indicated by the presence of eodiagenetic arseno-
pyrite concretions and the high content of organic matter preserved in
the black shales (Oliveira, 2012). The incidence of massive claystones
indicates deposition of muds and silts by suspension fallout in distal en-
vironments, far away from the reworking of day-to-day (background)
processes by fair-weather and storm-wave orbitals. Changes in storm
intensity are responsible for the intrabasinal transport of whole bivalve
shells and comminuted shell debris from shallow-water sites, which
eventually led to the formation of shell pavements or bioclast-rich
claystones. The fairly regular alternations of barren claystones and
shell pavements illustrate the cyclic pattern of deposition. In this con-
text, any increase in the rock granulation (mud shale to silty shale)
and the presence of fossil-rich levels are interpreted as a product of
changes in the water-level base and/or perturbations in the offshore en-
vironment. In other words, the fossil-rich layers at the top of cycle 1 and
the grainstone bed in the uppermost portion of the succession were
produced by proximal sediments and organisms transported from the
shallower portions of the basin margins, probably by episodic currents
or wave orbitals, during periods of falling sea levels (Fig. 5). Thus, the re-
currence of coarsening upward cycles is strongly suggestive of high-
frequency pulses of regressive sedimentation. At the outcrop scale, the
progradational architecture of the succession is indicated by the upward
decrease in the thickness of each cycle. This tendency culminates with
the grainstone facies of the Assisténcia Member, suggesting the input
of proximal carbonatic sediments in an increasingly shallower water
body.

6.5. Evolutionary implications: were Runnegar and Newell (1971) right?

The find of bivalves in the Irati Formation has important implications
for our understanding of the evolution of the endemic molluscan fauna
of the Permian Passa Dois Group (Fig. 1). In their benchmark mono-
graph on these bivalves, Runnegar and Newell (1971) were the first
authors to confidently demonstrate that they belong to the families
Pachydomidae (= Megadesmidae) and Astartidae. They noted the mor-
phological similarity among various pachydomid bivalves of the Passa
Dois Group fauna with those found in the Australian Permian succes-
sions. Simoes et al. (1997) demonstrated that all endemic pachydomid
bivalves of the Passa Dois Group belong to a monophyletic group (the
Plesiocyprinellinae), which were derived from marine ancestors.

For many years, a major objection to the model of the endemic evo-
lution of the Passa Dois Group bivalves was the complete absence of
shells in the Irati Formation, which is intercalated between the Palermo
and Serra Alta formations (Fig. 4). Simdes (1992) recorded the presence
of marine Gondwanean bivalves (i.e., Megadesmus, Pyramus, and
Astartila) in the Palermo Formation. Thus, a marine stock of pachydomid
bivalves populated the bottoms of the Parana Basin prior the Irati anoxic
event.

The abundant and diverse endemic pachydomid bivalves found in
the Teresina Formation (see Fig. 1) lived in extremely shallow-water
bottoms (see Simdes and Kowalewski, 1998; Simdes et al., 1998).
Hence, it is reasonable to assume that their ancestors may also
have inhabited similar marginal environments in the Parana Basin
(Runnegar and Newell, 1971, p. 15). Our data corroborate this assump-
tion, since the recorded bivalves probably lived in marginal, oxic to
dysoxic environments of the Irati Formation, where a poorly diversified
shallow-water fauna thrived (Runnegar and Newell, 1971). Not surpris-
ingly, the shells found in the Irati Formation were assigned as shallow-
water bivalves. Even more importantly, the non-specialized genus
Plesiocyprinella is present in the assemblage, just a few meters above
the underlying Palermo Formation, which contains shells of the closely
related genus Megadesmus (see also Runnegar and Newell, 1971). Final-
ly, Plesiocyprinella is one of the oldest known representatives of endemic
Pachydomidae in the Passa Dois Group. In other words, even without
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this information, Runnegar and Newell (1971) were right in several key
points about the evolutionary history of the endemic molluscan fauna of
the Passa Dois Group. The main one is the continuous development of
the bivalve faunas throughout the underlying Rio Bonito and Palermo
formations (Guata Group) and the overlying Irati and Serra Alta forma-
tions (Passa Dois Group) (see also Simdes, 1992).

7. Summary and conclusions

This paper sheds light on our knowledge about the genesis of shell-
rich concentrations in black shales (see also Fiirsich et al.,, 2016). During
the deposition of the studied mudrock succession, conditions of soupy
substrates and extremely low oxygen content (dysoxic-anoxic)
prevailed in the bottom waters. We convincingly demonstrated that
contemporaneous with the deposition of the anoxic offshore muds, a bi-
valve mollusk fauna thrived in oxic-dysoxic bottoms of the Parana
Basin. Their preservation in distal deposits is, however, the product of
shell transport by storm flows from shallow water habitats and subse-
quent sorting by long-lasting shelf currents in offshore settings. Thus,
the bivalve-rich pavements are thin complex shell concentrations
(sensu Kidwell, 1991), despite their simple internal stratigraphy.

The foregoing scenario has important paleoecologic, paleogeograph-
ic and evolutionary implications. First, it indicates that benthic inverte-
brates thrived in large numbers in the margins of the basin during the
deposition of the shales of the Irati Formation. Second, the mono- to
paucispecific nature of the studied bivalve-rich pavements is partly
due to mechanical sorting. Hence, these offer us only a limited view of
the bivalve fauna that lived in the contemporary marginal settings.
Third, the presence of endemic infaunal pachydomid bivalves in the
pavements indicates that the fauna developed in situ while the basin
connection with the open ocean (Panthalassa) was restricted or absent.
This idea was defended by previous authors (i.e., K. Beurlen, J.C. Mendes,
N. Newell, B. Runnegar, M.G. Simdes) without having a consistent re-
cord of bivalves in the Irati Formation. Therefore, the origin of the en-
demic Passa Dois molluscan fauna occurred somewhere between the
interval of the deposition of the underlying Palermo Formation and
the Irati Formation, and not in the overlying Serra Alta and Teresina for-
mations as previously thought (see the discussions in Runnegar and
Newell, 1971; Simdes et al., 1998).

As shown above, the anoxic crisis represented by the deposition of
the organic-rich shales of the Irati Formation was a limiting factor to bi-
valve colonization of the distal settings (below the storm-wave base) of
the Parana Basin, but not to the life at its margins, where dysoxic or even
oxic conditions may have existed. Actually, the rare shell-rich pave-
ments in distal deposits of the Irati succession do not reflect the normal
(day-by-day) depositional conditions on the offshore basin floor. They
are primarily event beds, and thus sedimentologic indicators of brief ep-
isodic ventilation of the dysoxic-anoxic bottoms.

Finally, during the deposition of the overlying Serra Alta Formation,
as a result of the improved bottom water circulation into the Parana
Basin, the pachydomid bivalves diversified dramatically, especially in
dysoxic bottoms (see Bondioli, 2014; Bondioli et al., 2015; Warren et
al.,, 2015; Matos, 2016). This represents the first true event of endemic
bivalve expansion into basin bottoms following the Irati anoxic
event. Our results considerably change the known vertical range of
these unique bivalves (see Fig. 1), whose first appearance occurred at
least ~10 million years earlier than previously thought.
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