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Two biogeographical units are generally recognized in the present shelf area of Argentina: the M agellanian and 
A rgentinian Provinces. The two provinces differ in their fossil record. The evolution of these provinces has been 
characterized by migrations, extinctions, pseudoextinctions and, perhaps, even spéciation events. M arine verte­
brate assemblages w ith some sim ilarities to the A rgentinian fauna were already present in the Miocene, whereas 
no associations sim ilar to those of the M agellanian fauna have been found in South America before the Pleistocene. 
Two successive major m arine transgressions flooded northern Patagonia during the Miocene: the ‘Patagoniense’ 
(Early Miocene) and the ‘Entrerriense’ (Middle to Late Miocene). We analyse three rich fossil assemblages th a t 
were formed during these transgressions. The absence of M agellanian Miocene vertebrate assemblages is consis­
ten t w ith the hypothesis of a more southern distribution of the cold-temperate fauna a t th a t time. In Patagonia, 
as in other regions, an increased num ber of living groups appeared from the Lower to Upper Miocene. The Late 
Miocene aquatic mammals had a modern aspect, and some of the fish species are still living in the South Atlantic 
Ocean. In this contribution, we stress th a t warm -tem perate fishes and a high diversity of penguins are found 
together a t the base of the Gaiman Formation. We hypothesize th a t penguins were adapted to live in w arm er 
w aters than  those of the la test Cenozoic and the Recent. Finally, we recall th a t m any taxa became extirpated 
because of the global tem perature drops of the late Cenozoic. However, some fishes and pinnipeds which were 
extirpated only in the Atlantic Ocean are discussed here. © 2011 The Linnean Society of London, Biological 
Journal o f the Linnean Society, 2011, 103, 423—440.
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Actualmente se reconocen dos provincias biogeográficas en la plataform a m arina argentina actual: la Magallánica 
y la Argentina. Las dos unidades difieren en su registro fósil. Se sugiere aquí que la evolución de las provincias 
fue compleja y caracterizada por migraciones, eventos de especiación, extinciones, pseudoextinciones. Durante el 
Mioceno ya había asociaciones de vertebrados marinos con similitudes taxonómicas con Ios de la Provincia 
A rgentina pero no se detectaron hasta  ahora asociaciones fósiles similares a las de la M agallánica hasta  el 
Pleistoceno. Aquí describimos tres ricas asociaciones faunísticas m arinas del Mioceno que se depositaron durante 
dos grandes transgresiones atlánticas: el ‘Patagoniense’ (Mioceno Temprano) y el ‘Entrerriense’ (Mioceno Medio a 
Tardío). La ausencia de asociaciones de tipo magallánicas en el Mioceno confirma la hipótesis de que la fauna 
templado-fría se distribuía más al sur en ese tiempo. En Patagonia, ta i como en otras áreas, se registra un número 
mayor de formas actuales desde el Mioceno Temprano al Tardío. Los mamíferos acuáticos del Mioceno
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Tardío ten ían  u n  aspecto m oderno; incluso alguna de las especies de peces p e rd u ra  en  la  actualidad. 
Asim ism o, en  este trabajo  llam am os la  atención sobre la  coexistencia de u n a  d iversidad  m uy a lta  de 
pingüinos con tiburones de am bientes tem plado-cálidos en  la  base de la  Form ación G aim an. 
In te rp re tam os que estos pingüinos estab an  hab ituados a soportar aguas m ás cálidas que Ios actuales. 
F inalm ente , discutim os la  pseudoextinción de verteb rados en el Océano Atlántico.

PALABRAS CLAVE: Actinopterygii -  Aves -  biogeografía -  E lasm obranchii -  M am m alia -  plataform a 
continental.

INTRODUCTION
The Recent verteb ra te  biogeography of the southw est 
A tlantic has been relatively well studied (Menni, 
R inguelet & A rám buru, 1984; Cousseau & P erro tta , 
1998; M enni & Stehm ann, 2000; Acosta Hospitaleche, 
2006; Acosta Hospitaleche e ta l., 2007a; Jefferson, 
Weber & Pitm an, 2008). Cold- and w arm -tem perate 
associations coexist on the shelf off Patagonia and 
central A rgentina (Menni et al., 2010). These associa­
tions include m any m odern m arine vertebra te  fam i­
lies which have been reported since the  Miocene, bu t 
also some ex tan t Miocene species, a t least among 
fishes. A knowledge of the Miocene verteb rates and 
the ir d istribu tion  is relevant for a proper understand ­
ing of ex tan t biocenoses and biogeographical pa tterns. 
Miocene m arine vertebra tes are  relatively well docu­
m ented in  southern  South America (Cione, 1988; 
Cozzuol, 1993, 1996, 2001; A rra tia  & Cione, 1996; 
Acosta Hospitaleche, 2003, 2004, 2006; Cione & Báez,
2007). Here, we describe the  vertebra te  fauna from 
two lithostratig raphic  un its of early  and m iddle-early  
late Miocene age from Patagonia (Gaim an and Puerto 
M adryn), and a form ation of la te  Miocene age from 
central-eastern  A rgentina (Paraná), rich in  fossil ver­
teb ra tes and thus relevant to our evolutionary and 
biogeographical discussion. The aim  of th is contribu­
tion is to synthesize knowledge about the successive 
changes in  the composition of m arine vertebrate  
faunas from the southw est A tlantic Ocean during  the 
Miocene, and to in te rp re t it in  re la tion  to known or 
inferred modifications in  the  environm ent and to the 
evolution of the  different clades in  w hich the Recent 
b iota is rooted.

GEOLOGICAL CONTEXT
D uring la te  Palaeogene and early  Neogene tim es, 
southern  South Am erica east of the  Andes experi­
enced stable tectonic conditions and the dom inant 
sedim entary  accum ulations are fine grained (U liana 
& Biddle, 1988; M alum ián, 2002). Remarkably, on 
m any areas of continental A rgentina, the  la te  Palaeo­
gene and early  Neogene are m issing because of a

regional unconformity, largely caused by reduced 
accommodation (erosional beveling plus nondeposi­
tion) around the 29-30 M a eustatic  drop (U liana & 
Biddle, 1988). However, rocks corresponding to th is 
lapse seem to be well represented  in  Patagonia. Late 
Palaeogene and Neogene m arine inundation  occurred 
in  the  sam e general areas as those in  w hich Late 
Cretaceous flooding occurred; the  large areal ex ten t of 
the m arine deposits reveals th a t the m ean freeboard 
of the  p late  in terior was still consistently low during 
th is period (U liana & Biddle, 1988). The end of the 
extensive m arine encroachm ent th a t lasted  from the 
late Oligocene to the  la te  Miocene (M id-Tertiary 
Transgressive Onlap Sequence) w as parallel to the 
early  Neogene trend  of global eustatic  rise (Haq, 
H anderbol & Vail, 1987; U liana & Biddle, 1988; del 
Rio, 1991). The early  Miocene transgression  was 
lim ited to Patagonia and is known as the ‘Patago­
niense’ (Figs 1A, 2). The m arine deposits of middle 
and la te  Miocene age are restric ted  to no rtheastern  
Patagonia and the  Chaco-Pam pean area. These tra n s ­
gressions are  known as the ‘E n trerriense’ or ‘Paran- 
ense’ (Figs IB, 2). The Miocene m arine influence 
supposedly reached up to Bolivia (M arshall, Sempere 
& Gayet, 1993). Some au thors have proposed th a t 
a sea branch crossed South Am erica reaching even 
the C aribbean Sea (R äsänen et al., 1995; Aceñolaza, 
2000; for a different view, see H ernández et al., 2005; 
Cozzuol, 2006). This depositional p a tte rn  was con­
trolled by tectonics in  a context of high sea level 
(Yrigoyen, 1975; H aq et al., 1987; U liana & Biddle, 
1988; M arshall et al., 1993). After the  Miocene, no 
im portan t transgressions are  known in the  area, and 
there  are no certa in  records of early  and middle 
Pleistocene m arine vertebrates.

The G aim an Form ation crops out extensively in 
no rtheaste rn  Patagonia (M endia & Bayarski, 1981; 
Cione, 1988). This form ation was deposited during the 
‘Patagoniense’ and m ost of the early  Miocene m arine 
verteb rates known for no rthern  Patagonia were 
obtained there. V ertebrate rem ains were found in  two 
reworked and winnowed lags associated w ith  trans- 
gressive surfaces, which display a concentration of 
phosphatic concretions, ooids, bones and teeth,
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decapod rem ains, and some large shells, collectively 
constitu ting condensed deposits (lower and upper 
T2 levels of Scasso & Castro, 1999). The beds of 
the  ‘E n tre rrien se’ overlying the G aim an Form ation in 
the  Penínsu la  Valdés a rea  were included in  the Puerto 
M adryn Form ation (Haller, 1979). The s tra ta  of the 
Puerto  M adryn Form ation have been correlated w ith 
the  P a ran á  Form ation of the  base of the  Rio P aran á  
cliffs (near P araná , E n tre  Rios Province, eastern  
A rgentina). V ertebrate evidence suggests th a t the  
lower beds of the Puerto  M adryn Form ation could be 
older th a n  the s tra ta  cropping out in  the  Rio P aran á  
cliffs (Cozzuol, 1993, 1996; Cione et al., 2000). Sections 
of more th a n  100 m crop out in  the Peninsu la  Valdés 
a rea  over the  G aim an Form ation. Most of the  m arine 
vertebra te  fossils were collected in  the  lower and 
middle levels, of probable middle Miocene age. In  the 
P a ran á  region, instead, only the  upperm ost 20 m of the 
P a ran á  Form ation crop out. The to tal thickness of this 
u n it is about 100 m. V ertebrates were thus collected 
solely in  the upper section of the  P a ran á  Form ation, of 
confirmed la te  Miocene age (Cione et al., 2000, 2005a).

The radiom etric ages of the  different u n its  are 
discussed in  Z insm eister et al. (1981), Scasso et al. 
(2001), Schultz et al. (2004), Cione et al. (2005b) and 
H ernández et al. (2005).

RECENT OCEANOGRAPHY
The m arine biogeography of the southw estern  A tlan­
tic South Am erican shelf is greatly  constrained by the 
cu rren t pa ttern . The Recent Patagonian  shelf is the 
largest in  South America. The bottom is flat and w ith 
a gentle slope (Parker, P aterlin i & Violante, 1997; see 
also Cavallotto, Violante & H ernández Molina, 2011, 
Ponce et al., 2011). The dom inant feature  of the 
cu rren t system  of the  southern  region is the  Antarctic 
Circum polar C urren t which influences the  greatest 
p a rt of the  A ntarctic oceanic region and the en tire 
tem perate  oceanic region (Knox, 1960; Fig. 3). It 
branches into curren ts flowing northerly  off the  coast 
of the m ajor land m asses. On the  w estern  p a rt of 
South America, it becomes the Hum boldt C urren t 
(also P erú  Current). In  the D rake Passage, the  A nt­
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F ig u re  1. A, Flooded area during the deposition of the Gaiman Formation. B, Flooded area during the ‘Entrerriense’ 
(modified from Uliana & Biddle, 1988).
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F igu re 2. S tratigraphy of Miocene un its in northeastern  Chubut (modified from Scasso & Castro, 1999).

arctic C ircum polar C urren t is known as the Cape 
H orn C urren t which, after passing the southern  tip  of 
the continent, divides into two branches. The w est 
b ranch passes on both sides of the  M alvinas-Falkland 
Archipelago and is called the  M alvinas-Falkands 
C urrent. It collides w ith  the w arm  southw ard Brazil 
C urren t and tu rn s  east (Olson et al., 1988). The H um ­
boldt C urren t is m uch stronger th a n  the  M alvinas- 
Falklands C urren t and its influence extends to near 
the equator (Sverdrup, Johnson & Flem ing, 1964; 
Thiel et ál., 2007).

RECENT MARINE BIOGEOGRAPHY OF 
SOUTHERN SOUTH AMERICA

Different au thors have divided the  coastal m arine 
w aters of South Am erica into biogeographical un its 
(see M enni, 1981; M enni e ta l., 2010). López (1964) 
considered the following biogeographical un its 
(Fig. 4): M agellanian Province (of cold-temper ate 
w aters) w ith  two districts, South Chilean and P a ta ­
gonian; A rgentin ian  Province (of w arm -tem perate 
w aters) w ith  two districts, B onarian and South B ra­
zilian; West Indian Province (of w arm  w aters) w ith 
th ree  d istricts, G ulf of Mexico and Caribbean, A nti­
llean, and Brazilian. Balech (1964) proposed a ra th e r  
different scheme. The M agellanian Province occupies

the southernm ost p a rt of South America. According to 
López (1964) and M enni e ta l. (2010), it reaches 42°S 
in  the A tlantic coast and 40-41°S in  the  Pacific Ocean 
(Fig. 2). According to Balech (1964), it reaches up to 
43°S and 40°S, respectively. However, in  the  outer 
shelf and slope, the  M agellanian Province reaches 
fu rther no rth  to approxim ately 34°S, separa ting  from 
the coast a t the  la titude  of 43-45°S. The A rgentinian 
Province ranges from about 42°S to 23°S according to 
López (1964). B oundaries betw een the A rgentinian 
and M agellanian Provinces could be presently  chang­
ing as a resu lt of global tem pera tu re  changes (see 
Góngora et al., 2003). Penguins are  characteristic  of 
the M agellanian Province. A lthough some individuals 
reach the  A rgentinian Province (mostly Spheniscus  
magellanicus), no penguin breeds in  th is  area. Typical 
fish taxa  of the A rgentin ian  Province (with fossil 
record in  the area) are  the  squatin id  Squatina , the 
myliobatids M yliobatis, the  carcharhinids Carchari­
nus  and Galeocerdo, the sphyrnid Sphyrna, the  odon- 
taspidid Carcharias taurus, labrids, sciaenids and 
others. Some fishes w ith  fossil records, such as the 
squalid Squalus, are p resen t in  both provinces.

N orthern  P atagonian  Miocene outcrops are located 
near the  la titude  of the  boundary betw een both prov­
inces. P a ran á  localities are a t the la titude  of the 
curren t A rgentinian Province.
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F igu re 3. A, Recent m arine circulation in the southern Atlantic Ocean (modified from Sverdrup et al., 1964). B, A model 
of m arine circulation during Eocene tim es previous to the establishm ent of the Antarctic Circumpolar C urrent (modified 
from Cione e ta l., 2007a).
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F igure 4. Biogeographical shelf provinces (modified from López, 1964; Menni, 1981).

VERTEBRATES OF ARGENTINIAN 
FORMATIONS OF MIOCENE AGE
G a i m a n  F o r m a t i o n  (e a r l y  M i o c e n e )

D uring the early Miocene, m arine m am m als are only 
represented  by cetaceans, both Odontoceti and Mys­
ticeti. At th is m oment, some living families are 
already recognizable (Cozzuol et a l ., 1990; Cozzuol, 
1996). M ysticeti are represented by the earliest Bal­
aenidae (.Morenocetus p a rvu s ; Buono, Dozo & Cozzuol,
2009) and the extinct Cetotheriidae. C etotherids are a 
prim itive, paraphyletic group, probably re lated  to 
Balaenopteridae, w ith two species in the G aim an 
Form ation. The best known is Aglocetus moreni, w ith

several w ell-preserved skulls and associated postcra- 
nial skeleton (Cozzuol, 1996). The other species, Ple- 
ciocetus dyticus, is only known by the posterior p a rt of 
a skull. Odontoceti are represented by several extinct 
families: Squalodelphidae, Eurhinodelphidae, Squal- 
odontidae, Prosqualodontidae and K entriodontidae 
and the earliest Physeteridae (cachalots). This la tte r 
family includes two species from different genera: 
Diaphorocetus poucheti and Idiorophus patagonicus. 
The m ost abundan t cetacean in th is form ation is the 
squalodelphid Notocetus vanbenedeni, a dolphin about 
3 m long and w ith a relatively long rostrum  (Cozzuol, 
1996). The family Eurhinodelphidae was d istributed  
worldwide during the early and middle Miocene and

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 103, 423-440



MARINE MIOCENE VERTEBRATE ASSEMBLAGES 429

becam e extinct during  the la te  Miocene. In  Patagonia, 
it  is represented  by Argyrocetus patagonicus. The 
squalodontid Phoberodon arctirostris is one of the  
m ost prim itive p latanistoids. The prosqualodontid 
Prosqualodon australis  is a brevirostrid  odontocetid 
recently  removed from the  fam ily Squalodontidae. 
A nother species of th is genus w as described for Aus­
tra lia  and New Zealand, and it is possible th a t it 
would be a synonym of P. australis. In  any case, the 
genus had  a circum polar d istribution and it would be 
the  first fossil cetacean species shared w ith  these 
areas (Cozzuol et al., 1990). The oldest kentriodontids 
(Delphinoidea) are  known from the  G aim an Form a­
tion. The best specimen is a partia l skull of a sm all 
species of Kentriodon (Cione & Cozzuol, 1990). U nde­
scribed periotic bones from the sam e un it belonging to 
K entriodontidae indicate th a t the diversity  of families 
was g reater th a n  expected for th a t period.

Most m arine birds in  the G aim an Form ation are 
penguins. Spheniscids include four sym patric species 
represen ted  by disarticu lated  bones: Eretiscus tonni, 
Palaeospheniscus bergi, P. patagonicus (Fig. 5) and P. 
biloculata. There are  small- and medium-sized 
species. A lthough penguin diversity  was high, it  has 
been overestim ated (Acosta H ospitaleche, Tambussi 
& Cozzuol, 2004; Acosta H ospitaleche, 2007, 2009,
2010). A rticulated or associated skeletons w ere found 
only in  a few cases (Acosta Hospitaleche et al., 2008). 
F u rth e r south, in  the  M onte León Form ation of San ta  
Cruz, a partia lly  articu lated  specimen of Parapteno- 
dytes antarctica  w as found (Acosta Hospitaleche, 
2005), and unidentifiable isolated bones of penguins 
occur in  the  Chenque Form ation of southern  Chubut. 
The largest num bers of penguin bones come from the 
G aim an Form ation outcrops, w here penguins are rep­
resen ted  m ainly by d isarticu lated  bones, m any of 
w hich show predation m arks (Cione et al., 2010). This 
assem blage m ay belong to a long-lasting breeding 
colony. W hen the sea transgressed  onto the  continent, 
the  penguin bones deposited in  subaerial conditions 
would have been buried  into the m arine sedim ents. 
An anseriform  related  to a living African form was 
also recorded. This is the  oldest record of a nonflying 
anseriform  (Noriega, Tam bussi & Cozzuol, 2008).

The be tte r known fishes from the early  Miocene 
beds are elasm obranchs. The d ea rth  of actinoptery- 
gians can probably be a ttribu ted  to taphonomic 
reasons (Cione, 1988; Cione et al., 2010). Several 
sh ark  taxa  of the early  Miocene of Patagonia are 
cosmopolitan in  tem perate  or w arm er seas: ‘Isurus’ 
hastalis  (very abundant), Carcharocles chubutensis, 
H em ipristis serra, Galeocerdo aduncus  (Fig. 6; Cione, 
1978, 1986, 1988; A rra tia  & Cione, 1996). The shark  
genus and species Carcharoides totuserratus (very 
abundant) was resurrected  by C appetta  (1987) and 
Cione (1988). Carcharoides totuserratus is the vicari-

an t species of the  no rthern  C. cattica. Carcharoides 
has a bipolar geographical d istribution (Cione, 1988). 
Two endemic species are  the  echinorhinid Echinorhi­
nus pozzii (Fig. 6) and the  carcharhiniform  Megas- 
cyliorhinus trelewensis (Cione, 1986).

O ther fishes from the G aim an Form ation have been 
identified a t the  generic or higher level; for instance, 
the squalid Squalus, the  pristiophorid Pristiophorus, 
the  heterodontid Heterodontus, the  odontaspidid 
O dontaspis, myliobatid batoids (abundant), holoceph- 
alans, Oplegnathus, labrid  and molid teleosts (Cione & 
Expósito, 1980; Cione & Pandolfi, 1984; Cione, 1988; 
A rra tia  & Cione, 1996; Cione & Azpelicueta, 2002).

P u er to  Madryn  F orm atio n

(MIDDLE-LATE MIOCENE)

Most of the  m ateria l collected from this form ation 
came from the lower-middle beds, of probable middle 
Miocene age. V ertebrates are not common in the 
Puerto M adryn Form ation, bu t they  are rem arkable 
because of the ir fine preservation; m any specimens 
are even known by complete skeletons. The extraor­
d inary  preservation  of verteb rates and invertebrates 
(Cozzuol, 1993, 2001; Riva Rossi, Gosztonyi & 
Cozzuol, 2000; del Rio, 2001; Casadio, Feldm ann & 
Schweitzer, 2005; Acosta Hospitaleche et al., 2007) 
may, in  part, be a resu lt of rap id  burial after storms, 
which deposited a large volume of sedim ent in  a short 
time. A series of storm  deposits along the  sequence 
was described by Scasso & del Rio (1987), Scasso et al. 
(2001) and del Rio (2001). The best specimens are 
norm ally found a t the top of m assive layers of fine, 
silty sandstones less th a n  a m etre thick. No evidence 
of postburial predation/scavenging w as observed.

The Puerto  M adryn Form ation includes more 
m odern cetaceans th a n  does the G aim an Form ation 
and the oldest Southern  H em isphere pinnipeds 
(Cozzuol, 1996, 2001; Buono & Cozzuol, 2010). Odon­
toceti, which predom inated during the early  Miocene 
(Squalodontidae, Eurhinodelphidae and Kentriodon­
tidae) became extinct, w hilst m odern families diver­
sified (Physeteridae, D elphinidae, Phocoenidae, 
Ziphiidae, Pontoporidae). M ysticeti are  represented  
by the  C etotheriidae and new B alaenidae. A new 
species of a prim itive sm all balaenid, 4 m long, is 
known by four specimens, filling the gap betw een the 
early  Miocene Morenocetus parvus  and the late 
Miocene balaenids recorded elsewhere. S tratigraphie 
and geographical evidence suggests th a t the  origin 
and early  evolution of the Balaenidae occurred along 
the easte rn  coasts of South America (Buono et al., 
2009). The oldest pinnipeds in  the Southern Hem i­
sphere surprisingly  appear to correspond to the 
Phocinae, otherwise restric ted  to the  N orthern  Hem i­
sphere (Cozzuol, 1996, 2001).
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F igu re 5. Miocene birds from the Miocene m arine beds of Patagonia. A-E. Palaeospheniscus patagonicus (MEF-PV 
3069-3082) from about 6 km to the south of Playa Santa Isabel, Chubut Province, A rgentina (Gaiman Formation, early 
Miocene). A, Rostrum in la teral view. B, Right ta rsom etatarsus in anterior view. C, Left hum erus in posterior view. D, 
Synsacrum in lateral view. E, Fragm entary left scapula in anterior view. F-O , M adrynom is m irandus (MEF-PV 100) from 
Playa Villarino, Península Valdés, Chubut Province, Argentina (Puerto M adryn Formation, early late Miocene). F, Skull 
in  dorsal view. G, Rostrum in dorsal view. H, Mandible in in ternal view. I, Coracoids in  anterior view. J, Hum erus in 
anterior view. K, Carpom etacarpus in  anterior view. L, Tarsom etatarsus in cranial view. M, Fem ur in  posterior view. N, 
Scapula in anterior view. O, Tibiotarsus in anterior view. The fossil m aterial is deposited in the Museo Egidio Feruglio, 
Trelew, Argentina. Scale bar: 1 cm.
<----------------------------------------------------------------------------------------------------------------------------------------------------------------

Spheniscids are scarcer th a n  in  the  early  Miocene. 
A few isolated rem ains are  known from th is un it from 
different localities (Acosta Hospitaleche, 2003, and 
references cited therein). However, a rem arkable 
penguin specimen (Acosta Hospitaleche et al., 2007a) 
constitu tes the  m ost complete skeleton known for a 
fossil penguin (Fig. 5). Phylogenetic studies suggest 
th a t M adrynom is m irandus  was closely rela ted  to 
m odern penguins living in  the  a rea  today (Acosta 
Hospitaleche et al., 2007a). In addition, an  isolated 
rem ain  assigned to Dendrocygna (Anseriformes) was 
found in  the upper levels (Acosta Hospitaleche, Tam­
bussi & Dozo, 2007b), as well as the  first record of a 
Ciconiidae w ith  a new species (Noriega & Cladera,
2008).

E lasm obranchs are not abundant. Only the otodon- 
tid  Carcharocles megalodon, the  lam nid ‘Isurus’ x iph­
odon, the odontaspidid Carcharias sp., the  squatin id  
Squa tina  sp. and the  myliobatid M yliobatis sp. were 
reported (Cione, 1978, 1988; A rra tia  & Cione, 1996). 
O steichthyans are  more abundan t and frequently  pre­
served as articu lated  skeletons. They include siluri- 
forms, ophidiiforms, escorpaeniform es, perciforms 
(Pinguipedidae, Pom adasidae), pleuronectiform es and 
gadiform s (Cozzuol et al., 1990; Cione, A zpelicueta & 
Caille, 1996; Riva Rossi, 1997; Riva Rossi et al., 2000).

P araná  F orm a tio n  (late  M io c e n e

IN THE OUTCROPPING BEDS)

The fossils occur in  the upperm ost, outcropping beds 
of the form ation. The verteb ra te  fauna of the la te  
Miocene beds of the P a ran á  Form ation (near the city 
of P araná , E n tre  Ríos, 31°43'S, 60°31'W) is more 
sim ilar to the  Recent fauna th an  is th a t in  Patagonia. 
The first balaenopterids occur, and physeterids and 
balaenids have a m odern aspect (Cozzuol, 1993, 
1996). In addition, pontoporids (Pontistes rectifrons), 
together w ith  dugongid (M etaxitherium  or Dioplothe- 
rium ) and trichechid sirenians, appear for the  first 
tim e in  South Am erica (Cozzuol, 1993, 1996). Pho- 
cids are  represented by the M onachinae Properipty- 
chus argentinus (Muizon & Bond, 1992). N either 
cethotheriid cetaceans nor m arine birds are  known 
from the  P a ran á  Form ation.

The m arine elasm obranch fauna found in  the 
P a ran á  Form ation comprises the  still living odon­
taspidid Carcharias taurus  (very abundant), the 
carcharhinids Carcharhinus spp. (very abundant) 
and Galeocerdo aduncus, the  sphyrnid Sphyrna, the 
scyliorhinid M egascyliorhinus Pelewensis, the  hetero- 
dontid Heterodontus, the  squatin id  Squatina , the 
lam nid ‘Isu rus’ xiphodon  and Carcharodon sp., the 
otodontid Carcharocles megalodon, the  hem igaleid 
H em ipristis serra, the squalid Squalus, and batomor- 
phs D asyatidae and Myliobatoidei (including R h i­
noptera) (abundant) (Cione, 1978, 1988; A rra tia  & 
Cione, 1996; Cione et al., 2000; 2005a, 2008, Noriega, 
Cione & Aceñolaza, 2007, and references cited 
therein). Teleosteans described from the P a ran á  
Form ation near the  city of P a ran á  belong to the 
Sparidae and Sciaenidae (Cione et al., 2000). E lasm o­
branchs and osteichthyans suggest w arm -tem perate 
w aters, probably sim ilar to or w arm er th a n  presen t 
sea w ater a t the  sam e la titude. There are no tropical 
associations.

VERTEBRATE BIOGEOGRAPHY
The p resen t oceanic cu rren t p a tte rn  began to be 
established w hen the D rake Passage was fully open 
(Fig. 3). The exact m om ent is still a m a tte r of debate, 
but, by the  Miocene, the  West Wind D rift was already 
established (Cione, Reguero & Acosta Hospitaleche, 
2007a). In  th is oceanographic context, an  equivalent 
of the  M alvinas-Falklands C urren t was probably 
p resen t on the southw est A tlantic Ocean shelf. 
However, the  tem pera tu res of th is curren t would have 
been higher th a n  those of the p resen t M alvinas- 
Falklands C urren t because global tem pera tu res were 
higher th a n  they are  today (Zachos et al., 2001; 
Fig. 7). In addition, considering the m ajor inundated  
area, the  shelf was m uch w ider th a n  today and the 
coastal w aters were probably located fu rth er away 
from the M alvinas-Falklands C urren t influence 
(Fig. 1).

The Miocene appears as a lapse w hen m arine 
verteb ra te  groups radiated , m any im portan t living 
verteb ra te  groups appeared and p resen t m arine bio-
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F igu re 6. Miocene fishes and cetaceans from Miocene m arine beds of Patagonia and Paraná. A, B, Carcharocles 
chubutensis (MLP 86-II-25-9, MLP 86-11-25-10), Bryn Gwyn, Chubut, A rgentina (Gaiman Form ation, early Miocene).
C, Carcharocles megalodon (MLP 86-V-1-159), P araná, E ntre Ríos, A rgentina (upper P araná Formation, late Miocene).
D, ‘Isurus' hastalis (MLP 49-XII-6-29), Bryn Gwyn. E, ‘Isurus' xiphodon (MLP 21-589) (upper P araná Formation, late 
Miocene). F, G, Aulophyseter (MLP 62-XII-19-1), Rio Negro, Argentina (‘E ntrerriense’, late Miocene). H, Heterodontus 
sp. (MLP 77-XII-22-144), Bryn Gwyn (Gaiman Formation, early Miocene). I, Echinorhinus pozzii (MLP 77-XII-22-212), 
Bryn Gwyn. The m aterial is deposited in the Museo de La P lata, La P lata, Argentina. Scale bar: 1 cm.
<-  -----------------------------------------------------------------------------------------------------------------------------------------------------

geographical p a tte rn s  began to be established. The 
rad iation  is in  agreem ent w ith  a polytaxic period, 
according to the  nom enclature of Fischer & A rthur 
(1977). High diversity  of m arine vertebrates, a t least 
in  the  Southern  H em isphere, would be a consequence 
of the  availability  of resources th a t occurred w hen the 
W est Wind D rift became established. From  the  early 
Miocene to the  la te  Miocene, there  w as a faunal 
turnover, w ith  the new tax a  becoming more sim ilar to 
th e ir Recent counterparts.

The verteb ra te  assem blages p resen t in  the  Gaiman, 
Puerto  M adryn and P a ran á  Form ations correspond to
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F igu re 7. Cenozoic m arine tem peratures (modified from 
Zachos eta l., 2001).

a sea of norm al m arine salin ity  (Cione, 1978; Cione 
et al., 2000). The fish fauna included shelf and some 
oceanic forms.

M arine Miocene faunas in  A rgentina do not include 
cold-tem perate fish associations (as found in  the 
upperm ost, la tes t Eocene, levels of La M eseta Form a­
tion of A ntarctica; Cione et al., 2007a) or the  present 
M agellanian fishes, nor tropical fish assem blages 
(such as those of the  Miocene P irabas Form ation 
of tropical Brazil; Reis, 2005). Recent species of the 
fish genera occurring in  the Gaim an, Puerto  M adryn 
and P aran á  Form ations e ither m ostly live in  m arine 
w aters located to the north  of the present la titude  of 
Gaim an, in  the  A rgentin ian  Province, are extinct or 
have become locally extirpated. However, it is impor­
ta n t to recall th a t m ost of the  fish record is restricted  
to chondrichthyans and little  is known about the  bony 
fish. Most of the  p resen t P atagonian  shelf corresponds 
to the  M agellanian Province. Yet, no exclusive M agel­
lan ian  fish occurs in  the  Miocene un its of the  area, 
and it appears th a t the p resen t M agellanian Province 
is relatively new in the region. Notably, fish in  the 
G aim an Form ation occur a t the sam e locations and 
levels as those in  which the largest spheniscid diver­
sity  is known (see discussion below).

E arly  Miocene m arine tetrapods share  genera and 
even species w ith  other Southern  H em isphere areas, 
such as A ustralia  and New Zealand. The only excep­
tion is the  kentriodontid odontocetes. U nfortunately, 
we have no coeval inform ation from Africa.

The fish and cetacean assem blages from the P a ran á  
Form ation are different from those found in  the  par­
tially  coeval Puerto M adryn Form ation, bu t sim ilar to 
those p resen t in  the  no rthern  p a rt of the  A rgentinian 
Province (Cione, 1978). Although, a t P araná , car- 
charhinids, hem igaleids and odontaspidids domi­
nated, Patagonian  ichthyofaunas were dom inated by 
lam nids. However, the siren ian  and the  pinnipeds 
found in  the  Patagonian  Form ation suggest w arm er 
w aters th a n  those of the A rgentinian Province for 
P araná . Pontoporiid cetaceans (including the recently 
excluded Brachydelphidae; Cozzuol, 2010) were also 
common in northern  Chile and southern  Peru  
(Cozzuol, 1996, 2010), and the N orth  A tlantic Ocean 
(Lam bert & Post, 2005; Pyenson & Hoch, 2007; 
Godfrey & B arnes, 2008). The occurrence of ponto-
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poriids in  the P a ran á  Form ation suggests a biogeo­
graphical connection w ith  these regions, a t a tim e 
w hen the C entral Am erican seaw ay w as still open. 
Dioplotlierium, apparen tly  p resen t in  these deposits, 
was also found in  no rthern  Brazil (Pirabas Form ation 
of Toledo & Domning, 1991) and in  the  N orth  A tlantic 
and Pacific Oceans (Domning, 1989). B alaenopterids 
have been proposed to have originated in  the  tro ­
pical A tlantic Ocean not before the la te  middle 
Miocene, bu t they  appear in  the records worldwide by 
the la te  Miocene, as is the  case of the  P a ran á  For­
m ation. If the  M onachus affinities of Poperiptychus 
argentinus are  confirmed, th is  group is also known 
to have a tropical d istribution. Consequently, the 
m arine m am m als in  these form ations indicate a 
stronger so u th -n o rth  connection than , alternatively, 
connections w ith  others localities in  the Southern 
Hem isphere.

CO-OCCURRENCE OF WARM-TEMPERATE 
FISHES AND HIGH PENGUIN DIVERSITY IN 

THE GAIMAN FORMATION BASE
M arine m am m als, birds and fishes supposedly having 
different tem pera tu re  optim a are found together a t 
the base of the G aim an Form ation and th is requires 
an  explanation. Four hypotheses can be proposed to 
explain these associations.

TWO MASSES OF WATER OF DIFFERENT 
TEMPERATURE EXISTED IN THE AREA 

In  some areas, two m asses of w ater w ith  different 
tem pera tu re  are close or converge. The M alvinas- 
Falklands cu rren t w as probably established a t the 
tim e of the  sedim entation of the  G aim an Form ation. 
However, assum ing th a t the  breeding biology of the 
four different fossil penguin species w as not different 
from th a t of ex tan t penguin species, it seems unlikely 
th a t the four species would have had breeding areas 
in  the  proxim ity of w arm er w aters. Moreover, no 
fishes of cold-tem perate or cold w ater have been 
reported from the G aim an Form ation.

S easona lity

M any m arine verteb rates m igrate. A lthough there  is 
probably a m ixture of fishes adapted  to ra th e r  differ­
en t tem pera tu res th a t can be explained by seasonal 
changes in  tem perature, there  is no p resen t example 
of such a dram atic change in  one year.

P e n g u in s  w er e  n o t  exactly  coeval  w ith  f is h e s

Flooding of the region was caused by rising tem pera­
tu re  (Fig. 7). The abundan t penguin bones from the

base of the  G aim an Form ation appear to correspond 
to breeding areas (Cione et al., 2010). F ish  rem ains 
could have corresponded to w arm er conditions th an  
those corresponding to the period w hen penguins 
w ere breeding on the  coast, before sea level rose.

P en g u in s  c h a n g ed  t h e ir  ec o lo g ic a l

CONSTRAINTS

Penguins are  confined to southern  high latitudes. 
However, Spheniscus m endiculus  breeds in  the 
Galápagos Islands (near the equator) because of the 
influence of the cold Hum boldt C urren t (M artinez, 
1992; Fig. 4). The four species whose rem ains are 
found in  th is  form ation could therefore have been 
adapted to breeding in  w arm er w aters.

Penguins certainly developed tolerance to very 
low tem peratu res because they adapted  to breed in 
polar areas in  spite of the extrem e conditions of the 
late Cenozoic and the  Recent (e.g. em peror penguin, 
Aptenodytes patagonica; see Cione & Tonni, 1981; 
M artinez, 1992). The high diversity  of penguins 
recorded in  the G aim an Form ation is not observed 
today a t th is la titude, w here only one species (Sphe­
niscus m agellanicus) breeds. Taking into account the 
high tem pera tu res th a t characterized the early  and 
middle Miocene (Fig. 7), the  occurrence of four species 
breeding a t th is  la titude  does not appear to be likely. 
However, tax a  occurring in  the  early  Miocene of 
Patagonia did not belong to Recent genera. The old­
est represen tatives of Recent genera occur in  the 
middle Miocene and Pliocene of the  Pacific (Acosta 
Hospitaleche, 2006; Göhlich, 2007).

We favour the hypothesis th a t penguins changed 
the ir ecological requirem ents for the following 
reasons: (1) taxa  found in  the base of the G aim an 
Form ation are not re la ted  to the Recent ones; (2) 
there  w ere four species breeding in  the area; (3) the 
global tem pera tu res w ere higher; and (4) both the 
te rres tria l vegetation and the  m arine fishes suggest 
locally higher tem peratures.

EXTIRPATION OF SEVERAL MARINE 
VERTEBRATE TAXA

A well-known feature  of Cenozoic history is the  world­
wide retraction  of faunas because of global drops in 
tem pera tu re  (Fig. 7). These changes caused ex tirpa­
tions in  high la titudes. The modification in  composi­
tion of the  A ntarctic faunas during the Cenozoic 
constitutes a rem arkable exam ple (Cione & Reguero, 
1994). However, there  are  o ther pseudoextinctions 
th a t cannot be re lated  to these global processes. In 
the southw est A tlantic, these include the shark  fam i­
lies H eterodontidae, Pristiophoridae and the  carchar- 
hinid genus H em ipristis. In addition, the  teleostean
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genus Oplegnathus and the  m am m alian  Dugongidae 
and Phocinae became locally extirpated. These living 
taxa  have been recorded as fossils in  m any different 
locations around the  world, some since the Jurassic. 
We sum m arize the  stra tig raphie  and geographical 
d istribu tion  and some ecological inform ation in  
Table 1.

The extirpation  of h igh-latitude biota w as directly 
re la ted  to global and local cooling (Cione, 1988; Cione 
& Reguero, 1994, 1998). However, the extirpations 
of some sharks and teleosts (and some m arine 
m am m als) from the A tlantic Ocean are  not explained 
by tem pera tu re  changes because these fishes per­
sisted in  sim ilar environm ents w ith  sim ilar tem ­
pera tu res in  the  Pacific and Ind ian  Oceans. The 
P atagonian  extirpated  taxa  were found along w ith 
a tem perate  fish assem blage (see Table 1). M arine 
recent represen tatives of the  genera recorded in  the 
Miocene of A rgentina th a t did not become totally 
extinct or extirpated  occur in  the  A rgentinian Bio­
geographic Province in  Recent tim es (Figs 1, 4). Pris­
tiophorus, Heterodontus and oplegnathids involve 
bottom  dwellers. Yet, o ther bottom  dwellers, such 
as Squatina , persisted. Certainly, geological events 
during  the la te  Cenozoic provoked extended environ­
m ental perturbations. These events included the 
restriction of the  M editerranean, the  separation  of the 
Pacific and Atlantic Oceans by the  rise of the  P anam a 
Isthm us, and strong fluctuations in  sea level related  
to global climatic cooling. Shelf areas became greatly  
reduced during Pleistocene glacial episodes. The 
la tte r  resu lted  in  the extirpation of the  shark  Car­
charias taurus  along w estern  South America (Cione 
et al., 2007b). These events cannot explain the extir­
pation of the fishes and m am m als m entioned above 
for the  A tlantic Ocean.

CONCLUSIONS
The Recent d istribu tion  of m arine vertebrates in  the 
southw est A tlantic Ocean is ecologically determ ined 
by w ater tem perature, topography, salinity, currents 
and areas of upwelling. Two biogeographical un its 
are  generally  recognized in  the  p resen t shelf area  
of A rgentina based on fishes and invertebrates: 
the  M agellanian and A rgentinian Provinces. The two 
provinces differ in  th e ir fossil record. We suggest th a t 
the  evolution of these provinces was complex, charac­
terized by m igrations, spéciation events, extinctions 
and pseudoextinctions. M arine verteb ra te  assem ­
blages w ith  some sim ilarities to the A rgentinian 
fauna were already p resen t in  the  Miocene, w hereas 
no associations sim ilar to those of the  M agellanian 
fauna have been found in  South America before 
the  Pleistocene. D uring the  Miocene, two succes­
sive m ajor m arine transgressions flooded northern

Patagonia: the ‘Patagoniense’ (early Miocene) and the 
‘E n tre rriense’ (middle to la te  Miocene). We analysed 
here the  rich assem blages p resen t in  th ree lithostra ti- 
graphic un its deposited during  these transgressions: 
the G aim an Form ation (early Miocene, Patagonia), 
the Puerto  M adryn Form ation (m iddle-late Miocene, 
Patagonia) and the  P a ran á  Form ation (late Miocene 
of cen tral-eastern  A rgentina).

The absence of M agellanian Miocene vertebrate  
assem blages is consistent w ith  the  hypothesis of a 
more southern  distribution  of the cold-tem perate 
fauna a t th a t tim e. In  addition, neither tropical nor 
cold assem blages were recorded.

In  Patagonia, as in  o ther areas, an  increased 
num ber of living groups appeared from the  early  to 
la te  Miocene. Cetaceans belonging to m odern families 
began to be recorded in  la test O ligocene-early 
Miocene rocks. M arine b ird  and fish assem blages of 
th a t age w ere dom inated by diversified penguins and 
elasm obranchs, probably for taphonom ic reasons. 
Lam nid, otodontids, heterodontids and batom orphs 
dom inated. A m ajor turnover is recorded in  m arine 
verteb rates betw een the  early  Miocene and m iddle- 
la te  Miocene. By the  m iddle Miocene, aquatic 
m am m als included more m odern taxa: balaenids, 
ziphiids and also the oldest Southern H em isphere 
pinnipeds. Spheniscids showed less diversity  and 
abundance th a n  in  the  early  Miocene. Some osteich­
thyans and elasm obranchs were very sim ilar to 
recent ones. The la te  Miocene aquatic m am m als had 
a m odern aspect, and pontoporid, together w ith  dug- 
ongid and trichechid, sirenians occurred for the  first 
tim e in  South America. Late Miocene elasm obranch 
associations still included lam nids, otodontids, h e t­
erodontids and batom orphs, bu t odontapidids and car- 
charhiniform s were extrem ely abundant. Some of 
these fish species are still living in  the South A tlantic 
Ocean. In th is article, we also stress th a t warm- 
tem perate  fishes and a high diversity  of penguins are 
found together a t the base of the  G aim an Form ation. 
This high penguin diversity  is not presen t in  the area  
today. We in te rp re t th a t these penguins were adapted 
to live in  w arm er w aters th a n  those of the la test 
Cenozoic and the  Recent. Finally, m any tax a  become 
extirpated  because of the  global tem pera tu re  drops of 
the la te  Cenozoic. However, some fishes and pinni­
peds w ere ex tirpated  only in  the  A tlantic Ocean. We 
have not yet found a suitable explanation for these 
pseudoextinctions.
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