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a b s t r a c t

The basal portion of the Permian Rio do Rasto Formation (Serrinha Member), Passa Dois Group, Paran�a
Basin, Brazil, records an entirely new bivalve fauna intercalated between the underlying Pinzonella
neotropica assemblage (uppermost portion of the Teresina Formation) and the overlying Leinzia similis
assemblage (Rio do Rasto Formation). Mollusks of these assemblages lived in marginal shallow-water
habitats of an immense epeiric sea and were dominated by endemic bivalve species. Taxonomic anal-
ysis revealed the presence of Terraia curvata (60.61%), Astartellopsis prosoclina (19.70%), Cowperesia
emerita (10.61%), Leinzia curta (4.55%), Terraia bipleura (3.03%) and Beurlenella elongatella (1.52%), which
are associated with conchostracans and plant remains. Species composition, abundance, and dominance
in this novel assemblage differ notably from the preceding ones, suggesting a substantial evolutionary
turnover. Regional-scale environmental changes recognized based on taphonomy, facies analysis, and
geochemical data consist of progressive freshening of the marginal habitats of the Paran�a Basin and taxic
changes that include the following: (a) loss of genera, (b) decrease in bivalve abundance and ecological
guilds, (c) disappearance of the dominant bivalve group (Pinzonellinae) and (d) diversification of Ter-
rainae bivalves. The ecological signature also changed notably because only infaunal suspension-feeding
bivalves are present, indicating a significant loss of functional diversity at the regional scale. Likely
stressor factors (among others) are tied to freshening events, suggesting profound changes in (a) salinity,
(b) primary productivity and (c) a lack of coarse, stable substrates coupled with high bioturbation rates.
Hence, our regional example could offer valuable clues to benthic (bivalve) community responses in a
habitat subjected to (a) rapid climate changes and (b) freshening events in shallow-water settings.
Finally, the stratigraphic range of the dominant species (T. curvata) appears to be restricted to the basal
portion of the Rio do Rasto Formation. Based on the presence of this species and of C. emerita, the novel
assemblage is tentatively correlated with that of the Permian Gai-As Formation in the Huab region of
Namibia, thus supporting previous assumptions of a seaway connecting both basins during the Guada-
lupian Epoch.

© 2015 Elsevier Ltd. All rights reserved.
. Sim~oes), sumatos.s@gmail.
.unesp.br (R. Rohn), warren@
r (J.M. David).
1. Introduction

Permian bivalve mollusks of the Passa Dois Group in the Paran�a
Basin (see syntheses in Sim~oes et al., 1998 andWesselingh, 2007) of
Brazil represent a distinct chapter in the evolutionary history of the
Class Bivalvia (Runnegar and Newell, 1971). The fauna is known
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worldwide due to its diversity, disparity and endemicity. According
to current knowledge, this molluscan fauna can be arranged in
ascending order into five distinct assemblages (sensu Kidwell et al.,
1986) as follows (Rohn, 1994; Sim~oes et al., 1998): Anhembia froesi
(Serra Alta Formation), Pinzonella illusa (Teresina Formation), Pin-
zonella neotropica (Teresina Formation), Leinzia similis (Rio do Rasto
Formation, Serrinha Member), and Palaeomutela? platinensis (Rio
do Rasto Formation, Morro Pelado Member) (Fig. 1). These indige-
nous bivalves evolved in a large epeiric sea (~1.6 million km2)
comparable in area only with the Miocene Pebas lake system (~1.1
million km2) (Wesselingh et al., 2002; Wesselingh, 2008). Pro-
nounced paleo-environmental changes occurred in the Paran�a Ba-
sin during the CisuralianeLopingian Epochs, when these bivalves
flourished in a confined aquatic environment with restricted cir-
culation, variable salinity and distinct substrate types (Beurlen,
1954; Runnegar and Newell, 1971; Sim~oes et al., 1998;
Alessandretti et al., 2015, Fig. 10).

The Permian endemic bivalve fauna of the Passa Dois Group is
believed to be the oldest known example of a molluscan fauna that
thrived in intracratonic sedimentary basins (Wesselingh, 2007, p.
289). However, several Permian bivalve assemblages of the Passa
Dois Group remain undescribed or poorly studied, which hampers
our understanding of their evolutionary history and biodiversity.
Indeed, an analytical bias (sensu Fürsich and Aberhan, 1990) exists
in the study of those bivalves because most of the available in-
vestigations focused on well preserved fossil occurrences of the
Teresina and Corumbataí formations in the middle portion of the
Passa Dois Group. In contrast, much less is known of the bivalve
assemblages in the upper portion of the Passa Dois Group, the Rio
do Rasto Formation, where the L. similis and Palaeomutela? plati-
nensis assemblages are recorded (Fig. 1). Hence, the fossil material
described herein represents an entirely new bivalve assemblage in
Fig. 1. Schematic chart of the Passa Dois Group, Permian at the eastern margin of th
the sedimentary succession of the Passa Dois Group of Brazil. The
assemblage is recorded in the basal part of the Rio do Rasto For-
mation, which is initially marked by the deposition of sandstones
and mudstones in a storm-influenced epeiric sea system (Fig. 1)
with occasional fluvial incursions. At the top of the studied suc-
cession, sandstones and certain mudstone intercalations generated
in shallow deltaic and eolian settings are recorded (Lavina, 1991;
Rohn, 1994; Rohn et al., 2003; Warren et al., 2008; Holz et al.,
2010; Schemiko et al., 2014). During these intervals, sedimenta-
tion was dominated by arid or semiarid conditions throughout the
major portions of the southern South America continent (Limarino
et al., 2014). In other words, the studied assemblage is tied to the
period of progressive continentalization and growing aridization of
the Paran�a Basin (see Sim~oes et al., 1998; Warren et al., 2008)
extending from the late Guadalupian to the early Lopingian,
possibly to the end of the Permian at subsurface. Therefore, this
paleoenvironmental scenario is completely distinct from that
observed in the basal and middle portions of the Passa Dois Group
(i.e., Serra Alta and Teresina formations), when storm-influenced
offshore-to-coastal-plain settings prevailed in the Paran�a Basin
(Holz et al., 2010; Warren et al., 2015). In this context, the current
contribution sheds light on the evolution of the Passa Dois Group
bivalves and records an extreme faunal turnover tied to the con-
tinentalization phase of the central-western Gondwana basins with
a profound influence on bivalve assemblage composition, abun-
dance, and dominance.

1.1. Background

Detailed field-works conducted by one of the authors (R. Rohn)
during the 1980s and 1990s in the outcrop belt of the Passa Dois
Group of southern Brazil revealed numerous (~125) new fossil
e Paran�a Basin, showing the bivalve assemblages (based on Rohn, 1994, 2007).
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occurrences in the Rio do Rasto Formation (Rohn, 1988, 1994, p. 52).
Among these, one in the basal part of the Rio do Rasto Formation
(Serrinha Member) is particularly noteworthy and is recorded
along the geological section between Cândido de Abreu and Res-
erva, State of Paran�a (Fig. 2). Previously, all recorded bivalves in the
Serrinha Member were assigned to the L. similis assemblage (see
discussions in Rohn, 1994 and Sim~oes et al., 1998), which was first
discovered by Mendes (1954). However, based on the available
stratigraphic information, Rohn and Sim~oes (1997) suggested that
such bivalves might be slightly older than those recorded in the
L. similis assemblage (Fig. 1). Still, these authors pointed to the fact
that such an occurrence might represent an entirely novel assem-
blage intercalated between the P. neotropica assemblage below
(uppermost portion of the Teresina Formation) and the L. similis
assemblage above (Fig. 1). The best records of this occurrence are
the rocks of the Rio do Rasto Formation cropping-out along the
geological section in the PR-239 road (Fig. 2). Bivalves are recorded
~25 m above the last occurrences of P. neotropica (Rohn, 1994, p.
143). In that locality, meter-thick beds of greenish and bioturbated
shales contain abundant bivalve shells (as internal and external
molds), some of which were excellently preserved. The shells are
directly associated with complete conchostracan shells, and plant
remains (Glossopteridales and ferns) are common at the top of the
unit (Rohn, 1994). A brief inspection of the bivalve shells revealed
the presence of Terraia curvata and Cowperesia emerita, among
Fig. 2. Location map of the Passa Dois Group outcrop belt in the eastern Paran�a Basin, south
de Abreu and Reserva, State of Paran�a (modified from Rohn, 1994; Ferreira-Oliveira and Ro
other undescribed shells. Therefore, this new bivalve occurrence is
of high biostratigraphic and paleogeographic significance because
C. emerita and T. curvata were previously recorded in the Permian
Gai-As Formation of Namibia (David, 2010; David et al., 2011). Thus,
in this contribution, we formally describe the bivalve shells of a
novel assemblage and discuss their regional paleoecological and
biostratigraphical meaning. Finally, we show how climate-driven
changes can influence a local benthic community, thus shedding
light on future scenarios and likely responses of the bivalve fauna to
freshening events in marginal marine habitats.

2. General geological setting

In the Brazilian part of the Paran�a Basin (i.e., the largest Paleo-
zoic basin of South America), the upper portion of the Permian
succession is referred to the 1400-m-thick Passa Dois Group (Figs. 1
and 3), which includes (in ascending order) the Late Artinskian Irati
Formation, the Kungurian Serra Alta Formation, the Late
Kungurian-Roadian Teresina Formation and the Capitanian-
Wuchiapingian Rio do Rasto Formation (Rohn, 1994, 2007; Holz
et al., 2010). This last unit has been subdivided into the basal Ser-
rinha Member (100e250 m thick) and the Morro Pelado Member
(250e300 m thick) (Holz et al., 2010; Alessandretti et al., 2015, in
press). Greenish sandstones, siltstones and mudstones charac-
terize the Serrinha Member and are generally organized in tabular
ern Brazil, and the occurrence of the bivalve assemblage between the cities of Cândido
hn, 2010).



Fig. 3. Stratigraphic section of the basal part of the Rio do Rasto Formation, Serrinha Member, at kilometer 44.6 (PR-239 road) between Cândido de Abreu and Reserva localities,
State of Paran�a, southern Brazil (based on Rohn, 1988, 1994). Abbreviations: Gr., Group; Fm., Formation; Mb., Member; S.B., S~ao Bento; Piramb., Piramb�oia; Taq., Taquaral; Ass.,
Assistência; Ser., Serrinha; M.P., Morro Pelado.
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strata. These rocks were deposited in a large and shallow epeiric
water body influenced by storms (Warren et al., 2008; Alessandretti
et al., 2015). However, reddish fine sandstone and mudstones that
compose the Morro Pelado Member were interpreted as deposited
under proximal deltaic and eolian settings (Rohn, 1994; Warren
et al., 2008; Holz et al., 2010; Schemiko et al., 2014).

The newly described bivalve-dominated assemblage was
recorded in heterolithic and mudstone facies of the basal portion of
the Serrinha Member (Fig. 3). In Paran�a State, the unit occurs
immediately above the siltstones of the Teresina Formation, sug-
gesting a transitional contact marked by the gradual appearance of
sandstone facies (see also Rohn, 2007, p. 155). The coarsening-
upward pattern observed in the transition between the units cul-
minates in an aggradational to progradational succession
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characterized by mm-to-m thick intercalation of fine sandstones,
mudstones, and heterolithic tabular beds (Warren et al., 2008). The
sandstone facies commonly show wave ripples, planar lamination
and locally, swaley and hummocky cross-stratification interbedded
with highly bioturbated siltstones and flaser-to-linsen heterolithic
facies. Relatively common sinuous traces such as Palaeophycus and
simple to spreiten-bearing U-shaped traces such as Arenicolites and
Diplocraterion have been noted (Warren, 2005). Certain bioclastic,
rich, and densely packed bone beds occur sporadically interbedded
with the heterolithic and sandstone facies and are composed of the
scales and teeth of paleoniscid fishes and phosphatized coprolites.
The facies association of the Serrinha Member suggests a scenario
characterized by the episodic deposition of tempestites in an
offshore setting marked by oxygenated bottom conditions (Warren
et al., 2008; Alessandretti et al., 2015). The sporadic occurrences of
mud-crack-like structures in the basal portion of the unit were
interpreted as seismites by Warren (2005). Hence, these structures
are not indicative of subaerial exposure, as previously inferred by
certain authors (Schneider et al., 1974; Gama Jr., 1979; Lavina, 1991;
Rohn, 1994).

A discernable change in the color of the pelitic facies (from gray
to red and purple) and an increase in the thickness and frequency of
lenticular beds of fine-grained sandstones occur at the top of the
Serrinha Member. These features indicate the transition to a deltaic
and eolian setting of the Morro Pelado Member (Lavina, 1991;
Rohn, 1994; Warren et al., 2008; Schemiko et al., 2014).

The studied succession (Figs. 2 and 3) occurs as a long roadside
exposure at kilometer 44.6 of the PR-239 highway located between
the towns of Cândido de Abreu and Reserva in Paran�a State of Brazil
(Fig. 2). According to Rohn (1994), the most abundant rock type is a
greenish fossiliferous mudstone that gradates upwards to hetero-
lithic rocks with wavy bedding (Fig. 3). Compact calcareous sedi-
ments, mudstones lenses and fine sandstone with hummocky
cross-stratification and planar lamination characterize this suc-
cession (Rohn, 1994), but bioturbation is commonly recorded at the
base of the outcrop (Fig. 3). The bivalve fossils are found in a
greenish-gray heterolithic facies located in the uppermost portion
of the succession. Closed articulated shells are common, and signs
of fragmentation, bioerosion, and encrustation are lacking. How-
ever, selected shells (Beurlenella elongatella) might be preserved in
situ (Anelli et al., 2010). The bivalves are commonly associated with
well preserved shells of conchostracans.

3. Material and methods

The material studied in this work was originally collected by R.
Rohn during the 1980s and 1990s and are housed in the Institute of
Geosciences and Exact Sciences of S~ao Paulo State University
(UNESP) in Rio Claro, S~ao Paulo State, under the code URC-MB. The
material is composed of ~60 specimens primarily represented by
internal and external molds. Laboratory preparation includes
plasticine casts (FIMO brand) and magnesium coating to enhance
the internal anatomical characters of the shells, such as muscle
scars and hinge structures. The suprageneric systematics is based
on Morris et al. (1991) and Carter et al. (2011). The morphological
terminology and systematic classification of carditids and pachy-
domids are based on Mendes (1952), Runnegar and Newell (1971),
Runnegar (1974) and Sim~oes et al. (1997). Determination of elon-
gation and obesity indices follow Stanley (1970). The bivalve mode
of life was interpreted based on Stanley (1970) and Ghilardi (1999),
and the ecological guilds (inferred lifestyle) were determined ac-
cording to Aberhan and Kiessling (2015, p. 2), including: epifaunal,
stationary, byssate, suspension feeders (ESBSF); epifaunal, sta-
tionary, unattached, suspension feeders (ESUSF); semi-infaunal,
stationary, byssate suspension feeders (SISBSF); semi-infaunal,
facultatively motile, suspension feeders (SIFMSF); semi-infaunal,
stationary, byssate, suspension feeders (SMSBSF); shallow
infaunal, facultatively motile, unattached, suspension feeders
(SIFMUSF); shallow infaunal, facultatively motile, chemosymbionts
(SIFMC); intermediate infaunal, facultatively motile, unattached,
suspension feeders (IIFMUSF); and deep infaunal, facultatively
motile, suspension feeders (DIFMSF).

4. Systematic paleontology (by J.M. David, L.E. Anelli and M.G.
Sim~oes)

Infraclass HETEROCONCHIA Hertwig, 1895.
Cohort CARDIOMORPHI F�erussac, 1822.
Subcohort CARDITIONI Dall, 1889.
Order CARDITIDA Dall, 1889.
Superfamily CRASSATELLOIDEA F�erussac, 1822.
Family TERRAINAE Scarlato and Starobogatov, 1979.
Terraia Cox, 1934
Type species. Terraia altissima (Holdhaus, 1918).
Terraia curvata (Reed, 1929) (Fig. 4)
Isocyprina curvata Reed, 1929, p. 12.
Terraia sp. cf. Terraia curvata: David et al., 2011, p. 6, Fig. 4.

Material. Thirty nine internal molds (URCMB-300 2a, 2b, 4, 7, 21,
23, 27a, 31a, 31b, 31e, 32, 34a, 34b, 39, 43, 44, 48a, 48d, 55, 61a, 69a,
71a, 71c, 82, 93, 97a, 98, 99a, 100, 116, 121, 125, 144a, 146, 151, 154,
158a, 158b, 159) and one external mold (URCMB-300 5a).

Locality and unit. Road PR-239, km 44.6, Passa Dois Group,
Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil.

Age. Permian, Guadalupian.
Description. Shell small, inequilateral, equivalved, moderately

elongate to elongate (Table 1). Umbones high, pointed and proso-
gyrate, with subcentral beaks. Anterior dorsal margin rounded;
ventral margin convex; posterior dorsal margin arched, descending
steeply to a small obliquely truncated posterior margin. Two
rounded posterior umbonal carinae are present, the first one
extending from the umbonal region to the postero-ventral angle
and the second very close to the posterior dorsal margin. Hinge
plate of right valve with a large and well defined triangular tooth,
bordered at both sides by depressions in the thickened hinge plate.
Hinge plate of the left valve with corresponding triangular socket
bordered in both sides by a hinge plate thickening. External surface
of the valve covered with fine growth lines. Muscle impressions
were not observed.

Discussion. The material resembles Isocyprina curvata (Reed,
1929) in shell shape and internal characters (i.e., hinge), which
occurs in deposits of the basal part of the Rio do Rasto Formation.
Mendes (1954) suggested that I. curvata might be a subjective
synonym of Terraia altissima, but Beurlen (1954) argued that
T. curvata differs from T. altissima by its very posteriorly elongated
shell, with subcentral umbones and an arched posterior dorsal
margin. Our material exhibits most of the characters summarized
by Reed (1929) and Beurlen (1954) and thus is assigned to
T. curvata.

Terraia bipleura (Reed, 1929) (Fig. 5D)
?Pleurophorus bipleura Reed, 1929, p. 47, pl. 4, Figs. 8e10.
Terraia bipleura: Runnegar and Newell, 1971, p.53, Fig. 23.

Material. Two internal molds (URCMB-300, 11, 93).
Locality and unit. Road PR-239, km 44.6, Passa Dois Group,

Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil.
Age. Permian, Guadalupian.
Description. Shell small, equivalved, inequilateral, moderately

elongate (Table 2). Umbones low, subcentral. Anterior dorsal



Fig. 4. Terraia curvata (Reed, 1929), Road PR-239, km 44.6, Cândido de Abreu-Reserva, Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil. A, Internal mold of left valve,
URCMB-300(2); B, Latex cast of internal mold, left valve, same specimen; C, Sketch of the hinge features, based on the same specimen. Arrow indicates the triangular socket of the
left valve; D, Internal mold of right valve, URCMB-300(69); E, Latex cast of internal mold, right valve, same specimen; F, Sketch of the hinge features, based on the same specimen.
Arrow indicates the large and well defined triangular tooth; G, Internal mold of left valve, URCMB-300(4); H, internal mold of left valve, URCMB-300(44); I, Internal mold of left
valve, URCMB-300(82). All scale bars ¼ 0.5 cm.
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margin concave; ventral margin convex; posterior dorsal margin
slightly convex. Two well-defined posterior umbonal carinae
running from umbonal region to the posterior margin. Shell surface
covered with fine growth lamellae. Hinge andmusculature features
were not observed.

Discussion. Terraia bipleura is usually found in sedimentary
rocks of the Serrinha Member, Rio do Rasto Formation. It was first
described as ?Pleurophorus bipleura (Reed, 1929) and tentatively
regarded as a junior synonym of T. altissima by Mendes (1954).
Indeed, the hinge of T. bipleura is very similar to that of T. altissima,
but the second umbonal carina of T. bipleura does not coincide with
the posterior dorsal margin of the valve, as in T. altissima (see also
Runnegar and Newell, 1971). Our material closely resembles that
figured by Runnegar and Newell (1971, p. 53) as T. bipleura, espe-
cially the distinct carinae and the wide area behind the second
umbonal carina.

Astartellopsis Beurlen, 1954
Type species. Astarte cf. triasina Roemer: Reed,1929, pl. 49, pl. 3,
Figs. 2e8.
Astartellopsis prosoclina Beurlen, 1954 (Fig. 5AeC)
Astartellopsis prosoclina: Runnegar and Newell, 1971, p. 57.

Material. Thirteen internal molds (URCMB-300 5b, 6, 19, 30a,
30b, 33, 45, 48b, 53, 61b, 67a, 89, 133).
Locality and unit. Road PR-239, km 44.6, Passa Dois Group,
Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil.

Age. Permian, Guadalupian.
Description. Shell small, triangular, equivalved, inequilateral,

equant (Table 3). Umbones high, pointed and prosogyrate, with
subcentral beaks. A posterior umbonal carina is weakly developed
coinciding with the posterior dorsal margin of the valve. Posterior
dorsal margin concave; anterior dorsal margin convex; ventral
margin concave. Hinge plate of the right valve with a massive and
curved cardinal tooth, bordered on both sides by a thickened hinge
plate. Anterior adductor muscle scar oval, located next to the
anterior dorsal margin. External surface of the valve covered with
fine growth lines.

Discussion. Reed (1929) proposed Astarte cf. triasina for some
specimens found in rocks of the Serrinha Member, Rio do Rasto
Formation. Later, Beurlen (1954) analyzed some bivalve material
from the Passa Dois Group in the Paran�a State and erected a new
genus and species, Astartellopsis prosoclina, for Reed's material.
Runnegar and Newell (1971) validated Beurlen's designation. Rohn
(1994) suggested that A. prosoclina could be a junior synonym of
T. curvata, but in our view the species differs from T. curvata in
external shell characters especially in the position of the carina.
Also, the cardinal tooth in A. prosoclina is more pronounced than
that of T. curvata. Our material resembles that illustrated and
described by Beurlen (1954, Figs. 4e33, Figs. 5e45, 46, 47), in shell



Table 1
Measurements of Terraia curvata (Reed, 1929).

Specimen code Length (mm) Height (mm) Elongation L/H

URCMB-300(2a) 39.7 31.8 1.24
URCMB-300(2b) e 31.1 e

URCMB-300(4) 29.0 20.8 1.39
URCMB 300(5a) 30.0 20.7 1.44
URCMB-300(7) e e e

URCMB-300(21) 23.4 19.5 1.20
URCMB-300(23) e e e

URCMB-300(27a) 35.5 21.6 1.64
URCMB-300 (31a) e e e

URCMB-300(31b) e e e

URCMB-300(31e) 12.7 8.4 1.51
URCMB-300(32) e e e

URCMB-300(34a) e 28.9 e

URCMB-300(34b) e 27.7 e

URCMB-300(39) e e e

URCMB-300(43) 26.7 18.5 1.44
URCMB-300(44) 24.5 19.7 1.24
URCMB-300(48a) 23.0 18.1 1.27
URCMB-300(48d) 42.4 30.0 1.41
URCMB-300(55) e 17.0 e

URCMB-300(61a) 16.1 12.5 1.28
URCMB-300(69a) e 20.5 e

URCMB-300(71a) e 16.8 e

URCMB-300(71c) 28.7 19.8 1.44
URCMB-300(82) 20.2 15.1 1.33
URCMB-300(93) e e e

URCMB-300(97a) e 25.4 e

URCMB-300(98) 28.8 19.2 1.50
URCMB-300(99a) e 15.4 e

URCMB-300(100) e e e

URCMB-300(116) e 19.1 e

URCMB-300(121) e e e

URCMB-300(125) e e e

URCMB-300(144a) 33.2 22.2 1.49
URCMB-300(146) e 18.0 e

URCMB-300(151) e 12.1 e

URCMB-300(154) 41.9 30.0 1.39
URCMB-300(158a) 20.7 12.8 1.61
URCMB-300(158b) 28.3 22.4 1.26
URCMB-300 (159) 36.7 26.9 1.36
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shape and hinge features. In particular themassive cardinal tooth of
the right valve is identical to that recorded in Beurlen's specimens.

Subcohort CARDIONI F�erussac, 1822.
Infrasubcohort CARDIIDIA F�erussac, 1822.
Megaorder POROMYATA Ridewood, 1903.
Order PHOLADOMYIDA Newell, 1965.
Superfamily PHOLADOMYOIDEA King, 1844.
Family PHOLADOMYIDAE King, 1844.
Leinzia Mendes, 1949
Type species. Solenomorpha similis Holdhaus, 1918, by original
designation.
Leinzia curta Beurlen, 1954 (Fig. 5F)

Material. Two internal molds (URCMB-300 14a, 14b) and one
external mold (URCMB-300 68).

Locality and unit. Road PR-239, km 44.6, Passa Dois Group,
Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil.

Age. Permian, Guadalupian.
Description. Shell small, inequilateral, posteriorly expanded,

equivalved, moderately elongate (Table 4). Umbones low, proso-
gyrate, with subcentral beaks. Anterior dorsal margin rounded;
ventral margin weak convex; posterior dorsal margin. A well-
marked umbonal carina is present, delimiting a small respiratory
margin with the extremity of the posterior dorsal margin. Hinge
plate of the right valvewith a triangular cardinal tooth immediately
below beaks. Hinge plate of left valve with corresponding trian-
gular socket. External surface of the valve covered with regularly
spaced commarginal rugae. Muscle impressions were not observed.

Discussion. Leinzia curta was first described by Beurlen (1954)
from the Serrinha Member, Rio do Rasto Formation. He suggested
that this species might be related to precursor forms of L. similis,
since the two species are very similar. L. curta resembles L. similis
but the former exhibits a very rounded anterior dorsal margin,
lacking the rostrum that characterizes the latter species. David et al.
(2011) suggested that forms described as Huabiella compressa in
Namibian deposits could be related to L. curta of the Passa Dois
Group. However, the hinge of H. compressa was interpreted as
edentulous, while a triangular cardinal tooth in the right valve is
present in our specimens of L. curta (see also Beurlen, 1954). The
characteristic ornamentation of regularly spaced commarginal
rugae and the hinge features are identical to those of L. curta
illustrated by Beurlen (1954).

Megaorder SOLENATA Dall, 1889.
Order HIATELLIDA Carter et al., 2011.
Superfamily EDMONDIOIDEA King, 1850.
Family PACHYDOMIDAE Fischer, 1887.
Subfamily PACHYDOMINAE Fischer, 1887.
Tribe PLESIOCYPRINELLINI Sim~oes et al., 1997.
Beurlenella Anelli et al., 2010
Type species. Beurlenella elongatella Anelli et al., 2010, p. 15,
Figs. 1 and 2.
Beurlenella elongatella Anelli et al., 2010 (Fig. 5GeI)

Examined Material. One internal mold of articulated shell
(URCMB-300 58).

Locality and unit. Road PR-239, km 44.6, Passa Dois Group,
Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil.

Age. Permian, Guadalupian.
Comments. The material here examined (Table 5) surely refers

to the pachydomid (¼Plesiocyprinellini) B. elongatella Anelli et al.,
2010, from the Serrinha Member, Rio do Rasto Formation. The
specimen has a well-defined blunt tooth in the right valve and a
well-defined socket in the left valve.

Cowperesia Mendes, 1952
Type species. Cowperesia anceps Mendes, 1952, p. 88, pl. 2,
Fig. 3a, b, pl. 4, Figs. 2ae5b.
Cowperesia emerita (Reed, 1929) (Fig. 5E)
Pseudocorbula emerita Reed, 1929, pl. 2, Figs. 4e6.
Cowperesia emerita: Mendes, 1954, pl. 3, Fig. 9.
Leptoterraia emerita: Runnegar and Newell, 1971, p. 37.
Cowperesia emerita: David et al., 2011, p. 12, Fig. 6.

Material. Three internal molds (URCMB-300 28, 36, 93b) and
four external molds (URCMB-300 21, 31d, 52, 77).

Locality and unit. Road PR-239, km 44.6, Passa Dois Group,
Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil.

Age. Permian, Guadalupian.
Description. Shell small, subtriangular, equivalved, equilateral,

equant (Table 6). Umbones low with central beaks. Two well
defined and slightly curved posterior umbonal carinae run from the
umbonal region to the postero-ventral angle and close to the
postero-dorsal margin, respectively. Anterior dorsal margin
straight; anterior margin rounded; posterior margin straight.
External ornament of fine, commarginal growth lines, super-
imposed by widely spaced, broad co-marginal rugae, also apparent
on internal molds. Hinge features and muscle impressions not
observed.

Discussion. The genus Cowperesiawas first proposed byMendes



Fig. 5. AeC, Astartellopsis prosoclina Beurlen, 1954, Road PR-239, km 44.6, Cândido de Abreu-Reserva, Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil. A, Internal
mold of right valve, URCMB-300(33); B, Sketch of the hinge structure and the anterior adductor muscle scars (aa), based on the same specimen; C, Latex cast of internal mold, right
valve, same specimen; D, Terraia bipleura (Reed, 1929), Road PR-239, km 44.6, Cândido de Abreu-Reserva, Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil. Latex cast
of external mold, left valve, URC-MB-300(11). E, Cowperesia emerita (Reed, 1929), Road PR-239, km 44.6, Cândido de Abreu-Reserva, Serrinha Member, Rio do Rasto Formation,
Paran�a Basin, Brazil. Latex cast of external mold, right valve, URCMB-300(31); F, Leinzia curta Beurlen, 1954, Road PR-239, km 44.6, Cândido de Abreu-Reserva, Serrinha Member, Rio
do Rasto Formation, Paran�a Basin, Brazil. Latex cast of internal mold, left valve, URCMB-300(14); G, Beurlenella elongatella Anelli et al., 2010, Road PR-239, km 44.6, Cândido de
Abreu-Reserva, Serrinha Member, Rio do Rasto Formation, Paran�a Basin, Brazil. Latex cast of internal mold, articulated valves, URC-MB-300(58). Arrows indicate the blunt tooth in
the right valve. HeI, Beurlenella elongatella, Rio do Rasto Formation, Paran�a Basin, Brazil, figured by Anelli et al., 2010. H, Plasticine cast of internal mold, articulated shells, GP/1E
4825; I, Plasticine cast of internal mold, articulated shells, GP/1E 4815. Arrows indicate the blunt tooth in the right valve. All scale bars ¼ 0.5 cm.

Table 2
Measurements of Terraia bipleura (Reed, 1929).

Specimen code Length (mm) Height (mm) Elongation L/H

URCMB-300(11) 21.2 14.2 1.49
URCMB-300(93) 17.8 10.0 1.78

Table 3
Measurements of Astartellopsis prosoclina Beurlen, 1954.

Specimen code Length (mm) Height (mm) Elongation L/H

URCMB-300(5b) 18.7 14.9 1.25
URCMB-300(6) e 15.5 e

URCMB-300(19) 13.1 9.0 1.45
URCMB- 300(30a) 30.6 25.0 1.22
URCMB-300(30b) 16.5 13.4 1.23
URCMB-300(33) 17.5 14.7 1.19
URCMB-300(45) e e e

URCMB-300(48b) 13.3 11.4 1.16
URCMB-300(53) e e e

URCMB-300(61b) e e e

URCMB-300(67a) e 13.0 e

URCMB-300(89) 18.8 16.8 1.11
URCMB-300(133) 14.0 11.8 1.18
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(1952) and includes three species: Cowperesia anceps (Reed, 1935),
C. emerita (Reed, 1929), and Cowperesia camposi Mendes, 1952.
Runnegar and Newell (1971) suggested that this genus is a junior
subjective synonym of Pyramus Dana, 1847. However, according to
some authors this synonymy does not seem to be valid (Mello,
1999; David et al., 2011, pp. 506e7). The present material closely
resembles the specimens described as C. emerita by David et al.
(2011) from the Permian Gai-As Formation, Huab area, Namibia.
The external shell morphology as well as the ornamentation and
the presence of two umbonal carinae are identical to those in
C. emerita.
5. Results and discussions

5.1. Assemblage composition

In total, 66 bivalve specimens of the studied assemblage were



Table 4
Measurements of Leinzia curta Beurlen, 1954.

Specimen code Length (mm) Height (mm) Elongation L/H

URCMB-300(14a) e 8.8 e

URMB-300(14b) e e e

URCMB-300(68) 26.4 11.2 2.35

Table 5
Measurements of Beurlenella elongatella Anelli et al., 2010.

Specimen code Length (mm) Height (mm) Width (mm)

URCMB-300(58) e e 15.62

Table 6
Measurements of Cowperesia emerita (Reed, 1929).

Specimen code Length (mm) Height (mm) Elongation L/H

URCMB-300(21) e 9.9 e

URCMB-300(28) 12.6 8.6 1.46
URCMB-300(31d) 13.2 9.1 1.45
URCMB-300(36) 9.4 6.7 1.40
URCMB-300(52) e 7.8 e

URCMB-300(77) 18.7 15.4 1.21
URCMB-300(93b) e 11.0 e

Table 8
Bivalve species composition, ecology and abundance of the Pinzonella illusa
assemblage, Teresina Formation. Explanation: SIFMUSF, shallow infaunal, faculta-
tively motile, unattached, suspension feeders; IIFMUSF, intermediate infaunal,
facultatively motile, unattached, suspension feeders; DIFMSF, deep infaunal, facul-
tatively motile, suspension feeders; ESBSF, epifaunal, stationary, byssate, suspension
feeders; SIFMC, shallow infaunal, facultatively motile, chemosymbionts.

Unit Species Guild N. %

Teresina Fm. Pinzonella illusa SIFMUSF 437 50.87
Terraia aequilateralis SIFMUSF 96 11.18
Plesiocyprinella carinata SIFMUSF 93 10.83
Casterella gratiosa IIFMUSF 72 8.38
Favalia arcuata SIFMUSF 41 4.77
Houldhausiella elongate SIFMUSF 35 4.07
Ferrazia cardinalis SIFMUSF 34 3.96
Cowperesia anceps IIFMUSF 14 1.63
Roxoa corumbataiensis DIFMSF 12 1.40
Itatamba paraima IIFMUSF 6 0.70
Angatubia cowperesioides SIFMUSF 5 0.58
Runnegariella fragilis SIFMUSF 4 0.47
Coxesia mezzalirai ESBSF 4 0.47
Tambaquyra camargoi SIFMC 4 0.47
Othonella araguaiana SIFMUSF 2 0.23

Totals 859 100

Table 9
Bivalve species composition, ecology and abundance, Pinzonella neotropica assem-
blage, Teresina Formation. Explanation: SIFMUSF, shallow infaunal, facultatively
motile, unattached, suspension feeders; IIFMUSF, intermediate infaunal, faculta-
tively motile, unattached, suspension feeders; SMSBSF, semi-infaunal, stationary,
byssate, suspension feeders; DIFMSF, deep infaunal, facultatively motile, suspension
feeders.

Unit Species Guild N. %

Teresina Pinzonella neotropica SIFMUSF 498 74.44
Cowperesia anceps IIFMUSF 95 14.20
Naiadopsis lamellosus SMSBSF 62 9.27
Jacquesia brasiliensis SIFMUSF 7 1.05
Roxoa intricans DIFMSF 4 0.60
Holdhausiella elongata SIFMUSF 3 0.45

Totals 669 100
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examined and described in this contribution. Other Permian as-
semblages of the Passa Dois Group are also cited and discussed
below. The identified bivalves are referred to the following species:
T. curvata, A. prosoclina, B. elongatella, T. bipleura, L. curta, and
C. emerita (Table 7). Four of these species (T. bipleura, A. prosoclina,
L. curta, and B. elongatella) are endemic to the Brazilian part of the
Permian Paran�a Basin. The most abundant species is T. curvata,
followed by A. prosoclina and C. emerita (Table 7).

During the deposition of the basal to middle part of the Teresina
Formation, assemblages were relatively diverse (at least 15
endemic species) and dominated by P. illusa, followed by Terraia
aequilateralis and Plesiocyprinella carinata (Fig. 1, Table 8). These
species were shallow burrowing suspension feeders (Runnegar and
Newell, 1971; Sim~oes et al., 1998; Ghilardi, 1999), which co-occur
with other infaunal (intermediate and deep burrowering) bi-
valves and rare epi-byssate species (Coxesia mezzalirai). These
species thrived in fine-grained siliciclastic sediments in shallow,
oxygenated marginal waters and were succeeded by members of
the P. neotropica assemblage in the middle-upper parts of the Ter-
esina Formation (Fig. 1, Table 9). The assemblage is dominated by
P. neotropica, C. anceps and Naiadopsis lamellosus (Table 9), which
thrived in shallow, quiet, oxygenated and saline waters with a
minimum input of siliciclastic sediments, probably under dry
weather conditions (Rohn, 1994, 2007). Thus, the studied fauna,
dominated by Terrainae bivalves, distinctly differs from the
Table 7
Bivalve species composition, ecology and abundance of the Terraia curvata assem-
blage, Serrinha Member, Rio do Rasto Formation. Explanation: SIFMUSF, shallow
infaunal, facultatively motile, unattached, suspension feeders; IIFMUSF, intermedi-
ate infaunal, facultatively motile, unattached, suspension feeders.

Unit Species Guild N. %

Serrinha Mb. Terraia curvata SIFMUSF 40 60.61
Astartellopsis prosoclina SIFMUSF 13 19.70
Cowperesia emerita SIFMUSF 7 10.61
Leinzia curta SIFMUSF 3 4.55
Terraia bipleura SIFMUSF 2 3.03
Beurlenella elongatella IIFMUSF 1 1.52

Totals 66 100
preceding molluscan faunas, which were dominated by Pinzo-
nellinae and Pachydomidae (Megadesmidae) bivalves (Sim~oes
et al., 1998). Therefore, the newly described bivalve assemblage in
the basal part of the Rio do Rasto Formation, which is located nearly
25m above the last occurrences of members of the Pinzonella fauna,
records a geologically rapid faunal turnover in the Permian suc-
cession of the Paran�a Basin.
5.2. Faunal turnover and paleoenvironmental change

As shown in Tables 7e9, bivalve assemblages found in the
shallow water lithofacies of the basal and middle parts of the un-
derlying Teresina Formation are much more diverse taxonomically
and ecologically, with no significant change in bivalve life-habits
over the deposition of this unit (Fig. 6). In marginal areas, wave
energy was minimal and was dampened by friction along a broad
shallow sea floor. During the deposition of the Teresina Formation,
the marginal habitats of the Paran�a epeiric sea experienced sub-
stantial salinity variations (Rohn, 2007). During more humid in-
tervals, the area of the epeiric sea expanded considerably, and the
waters were less saline. Concomitantly, sedimentation was pri-
marily siliciclastic. In contrast, when dry weather conditions pre-
vailed, the salinity increased, mixed siliciclastic-carbonate
sedimentation occurred, and large areas of the basin margin were
exposed (Rohn, 2007).

The transition between the Teresina and the Rio do Rasto



Fig. 6. Main bivalve species and corresponding guilds during the Guadalupian (Permian) Passa Dois Group, Teresina and Rio Rasto formations, Paran�a Basin, Brazil. Note the
pronounced decrease in bivalve abundance, and the absence of pinzonellids and epifaunal bivalves in the base of the Rio do Rasto Formation.

Table 11
Guild diversity and abundance of the bivalve mollusks in the Pinzonella illusa
assemblage, Teresina Formation. Explanation: SIFMUSF, shallow infaunal, faculta-
tively motile, unattached, suspension feeders; IIFMUSF, intermediate infaunal,
facultatively motile, unattached, suspension feeders; DIFMSF, deep infaunal, facul-
tatively motile, suspension feeders; SIFMC, shallow infaunal, facultatively motile,
chemosymbionts; ESBSF, epifaunal, stationary, byssate, suspension feeders.

Unit Guild N. %

Teresina Fm. SIFMUSF 747 86.96
IIFMUSF 92 10.71
DIFMSF 12 1.40
SIFMC 4 0.47
ESBSF 4 0.47

Totals 859 100

Table 12
Guild diversity and abundance of the bivalve mollusks in the Pinzonella neotropica
assemblage, Teresina Formation. Explanation: SIFMUSF, shallow infaunal, faculta-
tively motile, unattached, suspension feeders; IIFMUSF, intermediate infaunal,
facultatively motile, unattached, suspension feeders; SMSBSF, semi-infaunal, sta-
tionary, byssate, suspension feeders; DIFMSF, deep infaunal, facultatively motile,
suspension feeders.

Unit Guild N. %

Teresina Fm. SIFMUSF 508 75.93
IIFMUSF 95 14.20
SMSBSF 62 9.27
DIFMSF 4 0.60

Totals 669 100

Table 10
Guild diversity and abundance of the bivalve mollusks in the Terraia curvata
assemblage, Serrinha Member, Rio do Rasto Formation. Explanation: SIFMUSF,
shallow infaunal, facultatively motile, unattached, suspension feeders; IIFMUSF,
intermediate infaunal, facultatively motile, unattached, suspension feeders.

Unit Guild N. %

Serrinha Mb. SIFMUSF 65 98.48
IIFMUSF 1 1.51

Totals 66 100
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Formation is marked by the abrupt appearance of conchostracans
at the base of this last unit (Rohn, 1994, 2007). Thus, the freshening
of the Paran�a epeiric system increased significantly at this time (see
also Ferreira-Oliveira and Rohn, 2010). Among the recorded con-
chostracan species, Monoleaia unicostata is one of the most abun-
dant, showing a wide stratigraphic range (Rohn, 1988, 1994;
Ferreira-Oliveira and Rohn, 2010) and occurring in direct associa-
tion with the studied bivalves. The tendency of the water towards
increased freshening at the end of the Permian Period in the Paran�a
Basin is also attested by the oxygen and carbon stable isotope
values of eodiagenetic concretions of the Serrinha Member
(Alessandretti et al., 2015), nearly 10 m above the contact with the
underlying Teresina Formation. Additionally, d13C data reveal low
rates of primary productivity at the surface of the freshwater body
(Alessandretti et al., 2015).

In the studied interval, an abrupt change of the plant assem-
blages also occurs, including the disappearance of lycopod plants
and expansion of glossopterids, ferns, and sphenopsids (Rohn,
2007; but see Neregato et al., 2008; for the possible taphonomic
control on plant preservation at the Teresina/Rio do Rasto transi-
tion). Thus, a major ecosystem change took place in the marginal
environments of the Paran�a Basin at that time. As indicated by our
data, during the interval related to the basal parts of the Rio do
Rasto Formation, major biotic changes in benthic communities
involved loss of diversity, a drop in bivalve abundance and the
establishment of a novel assemblage (Table 7, Fig. 6). Indeed, the
studied stratigraphic interval is a record of a profound change in the
gross taxonomic composition of bivalve assemblages, leading to the
emergence of a taxonomically distinct fauna and a drop in the
number of ecological guilds (Tables 10e12). Themain faunal change
is related to the shift in dominance between pinzonellin and terrain
bivalves. Indeed, Pinzonellinae was the most abundant and wide-
spread (stratigraphically and geographically) group throughout the
Teresina Formation. Pachydomid bivalves, which were highly
diverse throughout the Teresina Formation, declined to notably few
species (B. elongatella and C. emerita) (Fig. 6). Thus, a key feature of
the Serrinha assemblage is the lack of taxa that were abundant and
diverse in pre-existing assemblages. Concomitantly, certain
ecological guilds disappeared, such as the (a) epibyssate and (b)
endobyssate suspension feeders, and deep infaunal suspension
feeders (Table 7). The disappearance of epifaunal bivalves might be
linked to changes in nutrient supply because the biomass of the
sessile epifauna decreases profoundly with a decline in nutrient
availability (Birkeland, 1977) and freshening events (Stockton,
1984) as well as the disappearance of coarse stable substrates.
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The species diversity and abundance of bivalves partitioned by
their life habits also changed intensely. The new assemblage is
dominated by shallow-infaunal suspension feeders, especially
T. curvata and A. prosoclina (Tables 7 and 10). Thus, with respect to
the range of bivalve modes of life, the novel assemblage is
ecologically impoverished. However, due to the diversification of
the Terrainae, the species diversity of the novel assemblage is
similar to that of the preceding assemblage from the top of the
Teresina Formation (Table 8). Concomitantly, the diversity of
selected marine groups, such as the pachydomid bivalves, which
were the most diverse infaunal group during the deposition of the
Teresina Formation, dropped markedly (Tables 7e9, Fig. 6).

The faunal turnover coincides with an interval of pronounced
freshwater influence that could account for the disappearance of
the pre-existing dominant bivalve groups, such as the Pinzonelli-
nae. Freshening of the marginal settings of the Paran�a Basin during
the deposition of the Serrinha Member is attributed to the preva-
lence of more humid conditions (Rohn, 1994; Sim~oes et al., 2012;
Alessandretti et al., 2015). Indeed, Wesselingh (2007) noticed that
extreme faunal turnovers in molluscan faunas that thrived in
epeiric seas or long-lived lakes might be partially linked to climate
change and periods of pronounced freshening as well as food-web
changes (see also Todd et al., 2002; Pfuhl and McCave, 2007). In
other words, our data favor a marked facies change at the base of
the Rio do Rasto Formation, which reflects a deep environmental
change, the main reason for the turnover in bivalve composition.
After that, any newmode of life was originated, because all Permian
bivalves of the overlying Morro Pelado Member (see Sim~oes et al.,
1998) were shallow infaunal burrowing and suspension feeders.
Therefore, a pronounced loss of functional diversity occurred at the
regional scale, indicating an ecologically depauperate condition of
the marginal benthic ecosystems of the Paran�a Basin (Fig. 6).

5.3. Climate change, freshening events and the lessons from the
fossil record

The Teresina-Rio do Rasto succession of the Permian Passa Dois
Group in Brazil is a historical archive of data of endemic bivalve
community reactions to regional paleoenvironmental changes (see
Sim~oes et al., 1998). During the interval documented by the Rio do
Rasto Formation, a vast epicontinental freshwater body fed by
fluvio-deltaic systems existed in the Paran�a Basin (Warren et al.,
2008; Alessandretti et al., 2015, Fig. 10). Continentalization of this
body of water, coupled with climatic and hydrological changes
(freshening), was accompanied by a benthic community crisis in
the marginal habitats, as represented by the disappearance of >80%
of preexisting genera and 60% of bivalve ecological guilds.

In the studied sedimentary succession, the most diverse and
abundant assemblages (see Tables 8 and 9) are those found in the
middle part of the Teresina Formation (P. illusa assemblage), when a
number of shallow-water benthic microhabitats existed in the ba-
sin, including fine-grained siliciclastic-dominated bottoms,
bioclast-rich sandy substrates, and hypersaline carbonate-
dominated settings (Fig. 6). Shallow well oxygenated aerated wa-
ters prevailed during this phase of high habitat heterogeneity and
niche departmentalization. Closed articulated bivalves, certain of
which are preserved in growth position, are found in a number of
substrates, showing that distinct species thrived in different bot-
toms. The impoverished assemblages of the uppermost portion of
the Teresina Formation P. neotropica assemblage (when most of
preexisting species and guilds disappeared; see Tables 10e12) in-
dicates increasing stress conditions. After this, epifaunal bivalves
vanished from the benthic communities of the Paran�a Basin. The
T. curvata assemblage in the basal part of the Rio do Rasto Forma-
tion includes newly evolved genera and species, which infaunally
colonized the soft bottoms of the freshened marginal habitats of
the Paran�a Basin. Indeed, d18O values recently recorded from early
diagenetic carbonate concretions of the Serrinha Member indicate
freshwater conditions rather than marine ones (Alessandretti et al.,
2015). As argued above, appearance of this assemblage is linked to
the input of freshwater into basin margins as a response to more
humid conditions (see also Rohn, 1994). In fact, the negative d18O
values recorded in the carbonate cement and fracture fills of con-
cretions of the Serrinha Member appear to be related to the
decreasing salinity in the epeiric basin (Alessandretti et al., 2015).
According to these authors, this effect was primarily governed by
the discharge of meteoric waters from continental runoff, rivers
and rains. Thus, stratigraphical, sedimentological and paleonto-
logical data coupled with geochemical evidence indicate that the
(a) onset of diversity and abundance losses, (b) extinction of long-
lived endemic species, (c) guild impoverishment, and (d) expansion
of infaunal bivalves coincide with intervals of climate-driven
freshening of marginal habitats of the Paran�a Basin. Similar phe-
nomena are recorded in present-day temperate and polar envi-
ronments, in which the influx of freshwater during the summer in
marine settings is an important stressor acting on shallow water
benthos (Smale and Barnes, 2008 and references therein). Due to
glacial and ice shelf melting, the coastal waters of various regions
are experiencing a considerable increase in freshwater input
(¼freshening, see Jacobs et al., 2002), which influences those ma-
rine benthos living in very shallow waters (Smale and Barnes,
2008). The studied regional Permian example shows that fresh-
ening events could indeed influence the local bivalve community.
For example, in our case study, the disappearance of epifaunal bi-
valves coincides with the interval when the marginal waters of the
Paran�a Basin were freshened (see also Sim~oes et al., 1998). Inter-
esting, Stockton (1984) observed mass mortality in an epifaunal
pectinid bivalve population following the summer formation of a
hyposaline lens of seawater at McMurdo Sound, Antarctica. In this
context, the recorded faunal turnover in bivalve assemblages
inhabiting the shallow waters of the margins of the Paran�a Basin
might offer some clues to the benthic responses to climate change
and ocean freshening (i.e., hyposaline conditions) (see also Peltier,
2007).
5.4. Biocorrelation and paleogeography

Rohn (1994) suggested that the basal part of the Serrinha
Member in the Rio do Rasto Formation could represent the strati-
graphic range of a new bivalve biozone lying between the
P. neotropica and Lenzia similis biozones (sensu Rohn, 1994). Our
results support this assumption. According to current knowledge,
the vertical range of four studied species (T. curvata, A. prosoclina,
L. curta, and B. elongatella) is restricted to the basal part of the
Serrinha Member. In other words, these species are not recorded in
other bivalve assemblages of the Permian Passa Dois Group (see
Rohn, 1994). Additionally, members of the overlying L. similis Bio-
zone are absent.

Despite the high degree of endemism, the studied bivalve
assemblage can be correlated with that of the Permian Gai-As
Formation (David et al., 2011) in the Huab region of Namibia,
which shares in common at least two species (T. curvata and
C. emerita). Radiometric dating of zircon grains from tuff beds be-
tween two bivalve horizons within the upper part of the Gai-As
Formation provide U/PB ages of 265 ± 2.5 Ma (Holzf€orster, 2000,
2002; Wanke, 2000). These data reinforce the idea of a hydrologi-
cal connection (seaway) between the Paran�a and Huab basins
during the Guadalupian Epoch (Holzf€orster, 2000, 2002; Wanke,
2000; David et al., 2011).
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6. Summary and concluding remarks

During the Guadalupian Epoch of the Permian Period, the
Paran�a Basin was an immense and confined epeiric sea with hy-
drological connections (seaway) to the Huab Basin of Namibia.
Within this shallow body of water, successive endemic bivalve
faunas developed (Fig. 1). The Rio do Rasto Formation records the
last progradational cycle tied to the complete continentalization of
the basin (Rohn, 1994; Warren et al., 2008; Holz et al., 2010;
Alessandretti et al., 2015). The basal part of this unit (i.e., Serri-
nha Member) was deposited under shallow-water conditions
punctuated by storms and episodic deltaic incursions (Warren
et al., 2008; Alessandretti et al., 2015). Geologically rapid and
extreme faunal turnover is recorded in the Serrinha Member,
which is believed to be linked to regional-scale paleo-environ-
mental changes and shifts in the sedimentary regime. In this
study, we demonstrate that the composition and ecological
structure of the bivalve assemblage in the basal Serrinha Member
is distinct from those recorded in the underlying Teresina For-
mation and the overlying Morro Pelado Member of the Rio do
Rasto Formation. The recorded evolutionary turnover of bivalves
correlates with taphonomic, sedimentologic and geochemical data
that indicate pronounced freshening of the marginal settings of
the Paran�a Basin. The faunal transition is tied to basinal-scale
salinity variations and changes in primary productivity, which
are both associated with the progressive continentalization of the
Paran�a Basin coupled with climatic variations (alterations between
more arid and humid intervals). Therefore, changes in salinity
demonstrably primarily controlled the faunal turnover in the
studied Permian interval of the Paran�a Basin, a condition already
recognized in other Paleozoic (Zampito et al., 2012) and Cenozoic
(Wesselingh, 2007, 2008) invertebrate faunas.

Although species-level diversity persisted in the new assem-
blage, the preceding dominant bivalve group (Pinzonellinae) dis-
appeared. In addition, the diversity of the Pachydomidae (a typical
marine bivalve group with the widest stratigraphic range in the
Passa Dois Group) dropped dramatically. Thus, the transition be-
tween the Teresina and Rio do Rasto formations marks the onset
of extinction and loss of typical members of the “Pinzonella” fauna,
including (among others) shallow (Pinzonella, Plesiocyprinella and
Holdhausiella), intermediate (Casterella and Cowperesia) and deep
(Roxoa) infaunal suspension feeders plus semi-infaunal (Naia-
dopsis) and epifaunal (Coxesia) byssate forms. The lack of the
epifaunal and semi-infaunal byssate suspension-feeding bivalves
and the dominance of shallow infaunal bivalves is a signature of
the novel assemblage. This evidence indicates conditions of high
environmental stress outside the range of the fluctuations wit-
nessed during the deposition of the Teresina Formation (for
additional similar examples, see Aberhan and Kiessling, 2015).
Furthermore, this evidence confirms that the crisis affected bi-
valves in different ways (i.e., it was selective; see also Foster and
Twitchett, 2014) and that the responses varied between taxa
(e.g., Pinzonella versus Terraia), guilds (e.g., infaunal versus
epifaunal bivalves), or clades (e.g., edmondioids versus
crassatelloids).

Finally, our data can offer a snapshot of the impact of climatic-
driven changes in coastal benthic ecosystems and offer some
clues of bivalve fauna responses to climatic-induced releases of
freshwater (i.e., freshening events) in marginal settings of present-
day oceans. A biotic crisis characterized by (a) annihilation of
members of local fauna coupled with changes in (b) species
dominance, (c) abundance and (d) a decrease in ecological guilds is
expected in such regional environmental scenario.
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