




Mineralogical evidence of aridity
and hypersalinity

Permian climates were strongly influenced by the formation
of Pangaea. In South America and other regions of southern
Pangaea, the Early Permian was characterized by retreating
ice sheets and increasing warmth. The accretion of most land

masses into a supercontinent increased global aridity, as re−
ported from various parts of the world (e.g., Kessler et al.
2001; Chumakov and Zarkov 2002; Tabor et al. 2008). This
climatic change resulted in the formation of evaporites and
strongly influenced the distribution of the biota (Chumakov
and Zarkov 2002). It also explains the high salinity inferred
for the Mangrullo Formation.

The Mangrullo Formation contains evaporite deposits.
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Fig. 9. Exceptional preservation of internal anatomy in Mesosaurus tenuidens (FC−DPV 2109) from the Early Permian Mangrullo Formation (Northeastern
Uruguay). Photograph (A) and interpretive drawing (B) of the internal mould of articulated mandibular rami, showing well preserved mandibular nerves,
probably the trigeminus ramus, running along the dentary tooth series (black arrow in B), and delicate blood vessels (grey arrow in B).



High concentrations of small (diameter, 20–30 mm; height,
1 mm) radial fibrous gypsum and needle crystals are com−
mon in outcrops of the oil−shale facies, as well as intercalated
centimetric gypsum crystal levels (Figs. 1, 6; see also SOM:
Fig. 2, Table 3). Gypsum is a marker of high evaporation as−
sociated with aridity in restricted basins (Tucker 1991). Such
indicators are seen also in the Iratí Subgroup in Brazil,
including evaporitic breccias and radial fibrous gypsum
crystals (Hachiro 2000), desiccation marks at some levels,
characteristic pollen associations (Vieira et al. 1991; Piñeiro
et al. 1998; Preamor et al. 2006), and a high gammacerane in−
dex (Wei et al. 2007).

Iron is common in the Mangrullo Formation and at least
part of its abundance may be related to a Cretaceous mag−
matic episode associated with the shales. Alternatively, it
may have been introduced into the basin by volcanic events
that deposited thin volcanic ashes intercalated with the oil−
shale deposits. These ashes have been linked to the Choiyoi
magmatism, a volcanic event along the southwest continen−
tal margin of South America that affected the Paraná Basin
during the Early and Late Permian (280 to 250 Ma), as docu−
mented by tuff−rich deposits from Brazil, Uruguay and Para−
guay (López−Gamundi 2006; Santos et al. 2006).

Even though the water column remained sufficiently oxy−
genated to support a depauperate fauna, the near absence of
benthic organisms suggests that the bottom waters were
strongly depleted of oxygen by sedimentation of high amounts
of organic matter (De Santa Ana et al. 2006b), probably from
algae. Saline environments (low−grade hypersaline, probable
salt content < 20%) such as these often have a high concentra−
tion of organic matter that can persist for long periods without
being degraded by microorganisms (Larsen 1980). Sulphates
are also abundant in the Mangrullo Formation and may have
precluded bottom colonization by most grazing animals. Algal
mats and bacterial biofilms are common in the fossiliferous
levels of the Mangrullo Formation (Fig. 7) and may have pro−
tected the skeletons from erosion and decay, and played an im−
portant role in the exquisite preservation of soft tissues.

Exceptional fossil preservation
Conditions were favourable to fossil preservation, as shown
by soft tissues and delicate structures. Moulds of mesosaur
skeletons show exquisite detail of the original structures, and
casts (or even digitally enhanced images) give a superb,
three−dimensional representation of the anatomy of each
bone. Isolated mesosaur skulls from the Mangrullo Forma−
tion are the best preserved (Fig. 8) and allow determination
of the bones and their sutural relationships. This is hard to do
with specimens from elsewhere, which may be whole skele−
tons, but with crushed skulls and bones displaced from their
original anatomical positions (Piñeiro et al. in press b). Ex−
ceptional, well preserved embryos and probable hatchling,
very small mesosaurids, were also recently described from
the Uruguayan Mangrullo Formation, being the oldest

known reference of amniotic reproductive biology for the
Palaeozoic (Piñeiro et al. in press a).

Several mesosaur specimens are preserved as moulds, and
remarkably show blood vessels and nerves. These appear to be
replaced by calcium phosphate, as suggested by SEM chemi−
cal analyses (SOM: Fig. 1, Table 2), which show different
mineralogical spectra from the sediment, thus showing that the
tubes are not sedimentary infillings. The tubes in different
specimens are sufficiently similar in shape and anatomical dis−
position to suggest the same origin and identity. These net−
works of tubules are most often found in mandibular remains
and are interpreted as the main mandibular nerves (probably
the trigeminus ramus) and arteries (Fig. 9; SOM: Fig. 4).

Nerves and bloods vessels are uncommon in the fossil re−
cord, since they need special conditions to fossilize. As an ex−
ample, three−dimensionally preserved muscle, nerve and cir−
culatory tissues in Late Devonian placoderms have been inter−
preted as phosphatized structures precipitated by microbial in−
filling (Trinajstic et al. 2007). According to Briggs and Kear
(1993), preservation of such delicate tissues requires a drop in
pH before decaying, thus triggering early phosphatization.
Microbial films protect the carcass from the decay, but may
also play an active role in rapid mineralization by creating a fa−
vourable micro−environment. All these factors, associated
with a poorly oxygenated and hypersaline environment, may
explain the preservation of structures that in normal conditions
are destroyed a few days after death (Briggs and Kear 1993).

Pygocephalomorphs are represented by well preserved,
almost complete individuals. These include preservation of
internal anatomy, such as stomach and digestive glands,
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Fig. 10. Possible copula of pygocephalomorph crustaceans (FC−DPI 4468)
from the Early Permian Mangrullo Formation (Northeastern Uruguay). Part
(A) and counterpart (B), showing the position of the individuals with respect
to each other. Photographs (A1, B1) and interpretive drawings (A2, B2).



along with internal structure of the gut (Fig. 3B), as well as
copulae or moulting (Fig. 10). These materials will be de−
scribed in more detail in a forthcoming paper.

Crustaceans that lack mineralized skeletons are uncom−
mon in the fossil record. When preserved, they are not asso−
ciated with normal marine taxa, suggesting that these envi−
ronments were not favourable to chitin fossilization (Brooks
1962). Freshwater to brackish or lagoonal (hypersaline) en−
vironments may also be more suitable for selective preserva−
tion of unmineralized arthropod skeletons (Brooks 1962).
Some ancient crustacean communities that included pygo−
cephalomorphs were characterized as near−shore and off−
shore marine (Schram 1981), but more recent studies sug−
gested that these were more likely brackish, as shown by the
absence of more representative marine taxa (Briggs and
Clarkson 1989). Spectroscopic analyses of the Uruguayan
pygocephalomorphs suggest that the cuticle of most speci−
mens was not mineralized and they may have been preserved
by processes allied to precipitation of iron, probably in the
form of pyrite (SOM: Fig. 3).

Coprolites and individuals that preserve gut content have
been also recovered from the Mangrullo Formation shales,
which show small fragments of chitinous pygocephalomorph
cuticle associated to small mesosaur bones and unidentifiable
materials (Fig. 12). These findings corroborate previous hypo−
theses which suggested that pygocephalomorph crustaceans
were the main item of the mesosaur diet and also support even−
tual cannibalistic behavior in mesosaurids (Raimundo−Silva et
al. 1997; Piñeiro et al. in press a). Therefore, the exceptional
preservation of unmineralized, almost complete pygocephalo−
morph individuals in the Mangrullo Formation was favoured

by the environmental conditions. Mineralized specimens
come only from the calcareous layer, in which the carapace
covering the body segments, as well as the thinner cuticle cov−
ering antennae and other appendages are mineralized. As
specimens of the same species in other layers are not mineral−
ized, we infer that this is a diagenetic process.

The high density and quality of the fossils, including al−
most complete skeletons, is consistent with that observed in
fossil Lagerstätten. A similar argument was also made for the
assemblage containing mesosaur remains in the Brazilian
Iratí Formation (Soares 2003). The extremely fine preserva−
tion of the mesosaur and pygocephalomorph specimens, in−
cluding conservation of soft, delicate elements, and aseptic
bacterial sealing, further support the recognition of the meso−
saur community in the Mangrullo Formation as a Konser−
vat−Lagerstätte (Seilacher 1970, 1990), the oldest in South
America, and the second described from that continent
(Piñeiro et al. 2010).

Taphonomic context
Taphonomic features of Konservat−Lagerstätten have often
been related to catastrophic, geologically instantaneous
events that led to mortality of many individuals (Shipman
1975). Mesosaur mortality has been explained by great
storms, deduced from hummocky cross stratification (HCS)
in the Iratí Formation at the Passo São Borja locality in
southern Brazil (Lavina et al. 1991). Such storms probably
introduced important chemical and physical changes to the
environment that affected the water breathers such as
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Fig. 11. Almost complete pygocephalomorph specimens from the Early Permian Mangrullo Formation (Northeastern Uruguay). A. MGT 1092, a complete
individual in ventral view, showing well preserved appendages. B. FC−DPI 3306, two small, probably juvenile individuals lie joined to the large carapace of
an adult individual.



actinopterygians and arthropods, and thus indirectly the
mesosaurs, which suffered a reduction of their food sources
(Lavina et al. 1991; Soares 2003). Sedimentary settings of

the correlative Mangrullo Formation are similar to those of
the Passo São Borja locality, having an almost identical
stratigraphic arrangement, but no evidence of storms in the
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Fig. 12. Partially articulated Mesosaurus tenuidens skeleton (FC−DPV 2156) from the Early Permian Mangrullo Formation (Northeastern Uruguay). A.
General view of a fragment showing an internal mass of elements that are here interpreted as a gastric content. B. Close up view of the area delimited by the
white rectangle in A, showing some of the identified elements (arrowheads point to small bones, probably from a very young mesosaur; arrows point at
pygocephalomorph carapaces and abdominal segments). C. Another close up view of A, to show thoracic pygocephalomorph segments preserving part of
the endofragmal skeleton (arrowhead) and the remains of a specimen that clearly shows still articulated thoracic and abdominal segments (arrow).



form of HCS (Piñeiro 2002; 2006). Instead, the deposition
of the Mangrullo Formation seems to have occurred in
mostly quiet, low−energy environments. Even in the calcar−
eous facies, where asymmetric ripple marks indicate rela−
tively higher−energy environments, like a shore, we found
almost entire three−dimensional pygocephalomorph car−
casses preserving delicate antennae and antennules, and
complete thoraxic appendages (Fig. 11).

Most mesosaur bone beds in the Mangrullo Formation are
lenses, which include one to three disarticulated skeletons;
the isolated bones display no sign of abrasion or fracture
(Piñeiro 2002). Skeletons in the shale layers can be totally or
partially articulated, and many are disarticulated but with
clear signs that they pertain to the same individual. In this last
category, association of two or three individuals is com−
monly found. Isolated bones are also found, but some are in
small slabs and possibly were mechanically separated by wa−
ter or human action.

Thus, mesosaur remains represent the same three tapho−
nomic categories in Uruguay and in Brazil (Soares 2003), but
the taphonomic model and the causes of death seem to differ.
Contrary to what may have happened in Brazil, the Uru−
guayan mesosaur community does not appear to have been
affected by catastrophic events. Instead, gradual environ−
mental changes may have caused the extinction of most wa−
ter−breathing vertebrates and protostomians. We suggest that
these changes were associated with episodes of increasing
salinity produced by intense evaporation under extended pe−
riods of scarce rainfall and occasional volcanic eruptions.

Conclusions
The mesosaur−bearing strata of the Mangrullo Formation
were deposited in a hypersaline environment, even though
other environments, such as marine, brackish and even fresh−
water, may have been present at other levels. This probably
reflects important variations in salinity in space and time in
the basin, as previously suggested (e.g., Bossi and Navarro
1991; Piñeiro 2004, 2006). Variations in the width of the
connection to the open sea (probably reflecting trans−
gressive/regressive cycles), the rate of precipitation versus
evaporation, and the amount of freshwater input into the ba−
sin were probably the most important intrinsic factors influ−
encing salinity, along with the seasonally arid global cli−
mates generated by the palaeogeographic configuration of
Pangaea.

All this may explain the controversial palaeoenviron−
mental results obtained from isotopic analysis of dolomitic
and limestone levels of the correlative Iratí Formation (De
Giovanni et al. 1974), where the data indicate freshwater con−
ditions for some levels and marine environments for others.
Similarly, based on their faunal (crustaceans and molluscs)
and floral (components of the Gangamoptheris flora) compo−
sitions, some settings in the Paraná Basin have been inter−
preted previously as freshwater (e.g., Huene 1940; Beurlen

1957; Mezzalira 1980; Piñeiro 2006), although this is debated
(Schultze 2009; Laurin and Soler−Gijón 2010).

We have shown that the mesosaur community from the
Mangrullo Formation was not a normal marine biota. In−
stead, it was probably a highly specialized community that
included organisms adapted to live under extreme condi−
tions, especially hypersaline, hypoxic water.

Efforts to resolve the controversial environmental set−
tings of the Mangrullo Formation contribute to the identifi−
cation of the factors that led to the exquisite and uncommon
preservation of its fossils. Such exceptional preservation is
observed in the mesosaur community, prompting us to con−
sider the Mangrullo Formation as the oldest Konservat−
Lagerstätte in South America.
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