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Lepisosteoid-type scales are described in detail for the ﬁrst time from the Barremian-Aptian (Lower
 Formation of the Sanfranciscana Basin, Southeastern Brazil. The specimens studied
Cretaceous) Quirico
herein have been recovered from a new outcrop in northern Minas Gerais state and comprise a few
nearly complete posterior scales and hundreds of scale fragments extracted from the sedimentary matrix. The scales are rhombic and preserve both the ganoine and the basal plate. The ganoine layer is thin,
pierced by foramina and ornamented by microtubercles, showing the typical arrangement of superimposed sheets. The basal plate is composed by lamellar and woven bone, with ﬂattened and isodiametric osteocytes, canaliculi of Williamson, and Sharpey's ﬁbers. An EDS analysis suggests diagenetic
alteration of the basal plate but not the ganoine layer. The morphology of the specimens is similar to that
of early neopterygian ﬁshes, including ginglymodians and aspidorhynchids. A less inclusive identiﬁcation
is hampered by the fragmentary condition of the material and the lack of speciﬁc diagnostic features in
this type of scale. This can be also extended to some isolated scales commonly referred to Lepidotes
recovered from several sedimentary basins in the Jurassic-Cretaceous of Brazil. The results add a new
record of ganoid scales in the Sanfranciscana Basin, and highlight the importance of more complete
specimens rather than isolated scales for a genus-level identiﬁcation of early neopterygian ﬁshes.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Actinopterygian ﬁshes in the Barremian-Aptian (Lower Cretaceous) of the Sanfranciscana Basin, Southeastern Brazil, have been
 Formation and
recovered from the lacustrine strata of the Quirico
include the ostariophysian Dastilbe crandalli (Scorza and Silva
Santos, 1955) and the rare osteoglossomorph Laeliichthys ancestralis Silva Santos, 1985. Other ﬁsh records are undescribed ﬁn
spines and cephalic spines of hybodont sharks; bones and teeth of
amiiform; semionotid scales and vertebrae; all associated with
bones of the coelacanthiform Mawsonia gigas (Carvalho, 2002;
Carvalho and Maisey, 2008).
The previously recorded scales have been referred to semionotid
due to the presence of ganoine (Carvalho, 2002; Carvalho and
Maisey, 2008), an outer layer of shiny acellular enamel tissue
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(Schultze, 1966, 1977, 2016; Sire, 1994; Richter and Smith, 1995; Sire
et al., 2009; Sasagawa et al., 2013). Disarticulated ganoid scales
commonly recorded in Upper Jurassic and Lower Cretaceous sections of several sedimentary basins in Brazil, including Iguatu,
^ ncavo, Tucano, Jatoba
, Lima Campos and SergipeSousa, Reco
Alagoas (Gallo and Brito, 2004; Gallo, 2005; Pinheiro et al., 2011;
Silva et al., 2011) are referred to Lepidotes (Silva Santos, 1963,
1969; Pinheiro et al., 2011; de Paiva et al., 2013). However, as
pointed out by several authors (see review of Sire et al., 2009),
scales with multiple layers of ganoine, i.e. true ganoid scale, are
apomorphic for actinopterygians.
Different types of ganoid scales (Goodrich, 1907; Kerr, 1952;
Schultze, 1966, 1977, 2016; Sire, 1995; Sire et al., 2009) are distinguished by: 1) the presence of tubular dentine capped by the
ganoine (palaeoniscoid type); 2) the occurrence of elasmodine, a
plywood-like tissue overlain by the dentine layer (polypteroid
type); 3) the presence of a basal plate of cellular bone directly
covered by the ganoine layer (lepisosteoid type). The latter is
typical to ginglymodians (Sire et al., 2009), but it has also been
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reported in some early teleosts (Brito and Meunier, 2000; Meunier
and Brito, 2004).
In order to assess the morphology of isolated lepisosteoid scales
and their taxonomic utility, we describe scales of this type collected
from a new outcrop further northern in Minas Gerais state, also
 Formation. This new record will also
referred to the Quirico
contribute to a better understanding of the Early Cretaceous paleobiota of the Sanfranciscana Basin.
2. Geological setting
The material studied herein has been collected from a side road
~o Geraldo, district of Coraça
~o de Jesus,
outcrop near the locality of Sa
northern Minas Gerais (Fig. 1A). Recent works (Zaher et al., 2011;
Chaves and Andrade, 2013; Knauer et al., 2013) have referred the
Mesozoic sections from this region to the Areado Group (San
franciscana Basin), which is traditionally divided into the Abaete
 (lacustrine paleoenvironment)
(ﬂuvial and wadi deposits), Quirico
^s Barras (ﬂuvio-deltaic and aeolian paleoenvironments)
and Tre
formations (Barbosa, 1965; Grossi Sad et al., 1971; Campos and
Dardenne, 1997; Sgarbi et al., 2001). Such a division is based on
the well-studied extensive outcrops of the Areado Group in the
Planalto Mata da Corda, northwestern Minas Gerais (Sgarbi et al.,
2001). This area encompasses the outcrops of Presidente Oleg
ario
~o Pinheiro, from where previous records of actinopterygians
and Joa
and coelacanthiforms have been described (Scorza and Silva Santos,
1955; Carvalho and Maisey, 2008).

~o de Jesus region, which
The fossiliferous sections in the Coraça
recently yielded the skeletons of the titanosaur sauropod Tapuiasaurus macedoi and an undescribed abelisauroid theropod (Zaher
et al., 2011), are mainly composed of mudstone strata of lacustrine origin frequently interbedded with centimetric levels of calcretes, claystone and sandstones, overlain by metric levels of ﬁne to
medium grained sandstones with cross stratiﬁcation (Fig. 1B).
The association of facies described above is referred to the
 Formation (Sgarbi, 1991; Campos and Dardenne, 1997),
Quirico
which has been dated as Barremian-Aptian based on the presence
of palynomorphs, ostracods and conchostracans (Cardoso, 1971;
Lima, 1979; Rohn and Cavalheiro, 1996; Sgarbi et al., 2001; do
Carmo et al., 2004; Bittencourt et al., 2015). The abundant ﬁsh
scales occur in a single 2e5 cm clay-rich horizon within a 7 m thick
basal level of massive mudstone, with signiﬁcant contribution of
ﬁne to very ﬁne sand grains (Figs. 1e2). Ostracod shells and fragmentary isolated archosaur bones have also been found in the
outcrop.
3. Material and methods
The scales occur mostly as hundreds of disarticulated and
incomplete fragments, ranging from 4 mm to less than 1 mm. Those
fragments above 1 mm more frequently preserve both the ganoine
and the cellular bone, in varied degrees of preservation. More
complete scales are rare and include six semi-articulated elements
and some isolated specimens (Figs. 2e3). Less common rod-like

~o Geraldo (modiﬁed from Chaves
Fig. 1. Location and stratigraphy of the outcrop from where the IGC-P scales have been recovered. A, Geological map (1:100,000) of the region of Sa
and Andrade, 2013; Knauer et al., 2013), showing the distribution of the lithologies of the main stratigraphic units outcropping in the region, including the Neoproterozoic sections
, Serra de Santa Helena and Serra da Saudade formations); the Cenozoic covers and the Areado Group, which basically corresponds here to the
of the Bambuí Basin (Lagoa do Jacare
 Formation. The black star indicates the fossiliferous outcrop. B, Stratigraphic section of the outcrop. Note that the position of the archosaurian bones within the column is
Quirico
tentative.
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Fig. 2. Lepisosteoid scales from the Barremian-Aptian of the Sanfranciscana Basin. A, Sample of the mudstone with the clay-rich level containing several isolated and scattered scale
fragments (black arrows) (IGC-P 0016). B, Thin section (normal light) of the mudstone (IGC-P 0021) showing the scale and bone fragments within the clay-rich layer. Note the
conspicuous silty level at the upper portion of the section, and the sand contribution across the sample. C, The same as B, under polarized light. Scale bar for A ¼ 10 mm; B and C (left
bar) ¼ 2 mm.

has been performed only on the larger and more complete scales
(6e7 mm). The rock samples in which nearly complete scales were
inconspicuous have been disaggregated with hydrogen peroxide
30% and sieved in 18, 35 and 230 mesh sieves. Then, the material
was screened under stereomicroscope for fossil microremains.
Assorted fragments with both ganoine and cellular bone
received a carbon coating for scanning electron microscope (SEM)
in a JEOL JSM-6510 microscope and energy-dispersive spectroscopy
(EDS) analyses in a JEOL JSM-6360LV equipment. Thin sections
(~30 mm) of the mudstone containing scales and bone fragments
were analyzed under petrographic microscope.
All the specimens studied herein are housed in the Instituto de
^ncias of the Universidade Federal de Minas Gerais (IGC-P).
Geocie
4. Systematic paleontology
Actinopterygii (Cope, 1887)
Neopterygii (Regan, 1923)
Gen. et sp. indet.

Fig. 3. Lepisosteoid scales from Barremian-Aptian of the Sanfranciscana Basin. A,
Sample of the mudstone with the clay-rich level containing six semi-articulated scales
(IGC-P 0014). B, Isolated ganoid scale (IGC-P 0015). Scale bar ¼ 5 mm.

bony fragments occur associated with the scales and may represent
remnants of ﬁn-rays or vertebral elements.
Due to the scattered distribution of the scales within the sedimentary matrix and their small size, the mechanical preparation

Material. Six semi-articulated ganoid scales and associated remains
(IGC-P 0014); incomplete isolated ganoid scale (IGC-P 0015); two
fragments of mudstone with isolated scales (IGC-P 0016, 0017);
scale fragments mounted for SEM analysis (IGC-P 0018); hundreds
of small isolated scale fragments registered as IGC-P 0019; two thin
sections of mudstone with scale fragments (IGC-P 0020, 0021).
 Formation, Areado Group, Barremian-Aptian of the
Horizon. Quirico
Sanfranciscana Basin, Southeastern Brazil.
Description. The scales have rhombic shape, as is common for
ganoid scale (Figs. 3, 4A), especially those from the posterior half
of the trunk, which has more prominent and sharply pointed
anterior and posterior extremities (Gallo, 2005). Both the dorsal
and ventral borders are low-angled or rounded. The largest scales
are c. 2 mm thick and 7 mm long. The ganoine cap is shiny, beige
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Fig. 4. Lepisosteoid scales from the Barremian-Aptian of the Sanfranciscana Basin under SEM (IGC-P 0018). A, Fragment of one scale showing the ganoine layer partially covering the
basal plate. B, Detail of the surface of the ganoine layer with numerous microtubercles and foramina. C, Internal surface of the ganoine layer evidencing the superimposed sheets of
ganoine. Note that the arrow indicates the outward direction of the sheet accretion, and that each vertical irregular line marks the boundary of older sheets. D, Scale fragment in
cross section showing the ganoine layer and the basal plate. E, EDS results for the ganoine layer and F, the basal plate. BP: basal plate; CW: canaliculus of Williamson; Ga: ganoine
layer; Os: osteocyte lacuna. Scale bars for A ¼ 200 mm; B and C ¼ 50 mm; D ¼ 100 mm.

and covers most of the white cellular bone (Fig. 3). Its outer surface is ornamented by microscopic tubercles (c. 14,000 per mm2)
of varied diameters (5.5 ± 1.3 mm), spaced by 4.1 ± 1.0 mm to one
another (Fig. 4B). The size of the microtubercles varies across the
surface of the scale: in some portions, tubercles with c. 4 mm or
less are more common, whereas in others, those above 5 mm
predominate.
The ganoine layer is also pierced by frequent (c. 335 per mm2)
foramen-sized apertures (6.3 ± 1.9 mm), which are not uniformly
distributed across the surface (Fig. 4B). The shape of the foramina is
variable. Those more regularly circular are 4e6 mm in diameter, but
the apertures larger than that are more irregular, perhaps due to
damage. No evidence of inset odontodes (Brito and Meunier, 2000)
has been noticed. Marginally, the outer ganoine surface bears
concentric growth lines, and this portion projects slightly ventrally
over the cellular bone.
In thin sections (Figs. 4e5), the scales present the typical lepisosteoid morphology (Sire and Meunier, 1994; Sire et al., 2009;
Schultze, 2016), comprising a thin (c. 20e60 mm thick) acellular
enamel layer (ganoine cap) and a deeper (up to 1.5 mm in the
material analyzed here) basal plate composed by cellular bone. The
ganoine layer is arranged as superimposed sheets (3e5 in the
material recovered here), vertically striated in cross section and
thicker at the borders (Fig. 5AeB). The outer sheets are progressively longer than their inner precedents (Figs. 4C, 5B), and the
spacing between successive layers is variable in one analyzed
sample (0.14 ± 0.02 mm) (Fig. 4C).
The basal plate contains numerous canaliculi of Williamson
(Figs. 4e5) in some portions of the scales (c. 380 per mm2), with varied
diameters (3.75 ± 0.8 mm). Some canaliculi cross through the ganoinebasal plate boundary and reach the surface of the scale (Figs. 4D, 5C).
The best preserved scale analyzed in thin section, and several scattered fragments of basal plates within the matrix, show the predominance of lamellar bone and the presence of Sharpey's ﬁbers.
The osteocyte lacunae are mostly ﬂattened within lamellae,
bearing extensive canaliculi network (Fig. 5C). They are not
exceptionally numerous, with less than 30 per mm2 in the 30 mmthin section. Isodiametric osteocytes, which are common within

the woven bone (Meunier and Brito, 2004), are occasionally
observed in the deeper portions of some scales scattered within the
matrix (Fig. 5E). Yet, even these fragments are predominantly
composed by lamellar bone.
The EDS analysis showed the predominance of calcium and
phosphorus within the ganoine layer (Fig. 4E), suggesting that no
signiﬁcant chemical alteration of this portion of the scale took place
during fossilization. This is not unexpected, because hypermineralized tissues of enamel are widely considered as resistant to
diagenesis (Domingo et al., 2009). On the other hand, the basal
plate is mainly composed of silicon, aluminum and iron, besides
calcium, phosphorus and oxygen (Fig. 4F), suggesting some diagenetic alteration of the bone via permineralization.
5. Discussion
The scales from the Sanfranciscana Basin described herein (IGCP specimens) are similar to the rhombic ganoid scales commonly
described for several actinopterygians (Sire et al., 2009). They are
also similar to the ganoid scales previously mentioned for the
Sanfranciscana Basin (Carvalho and Maisey, 2008).
Considering speciﬁcally the ﬁsh fauna from the Mesozoic sedimentary basins in Brazil, the IGC-P scales are macroscopically
similar to those of some ginglymodians, including Lepidotes and
Araripelepidotes, the aspidorhynchid Vinctifer, and the Ophiopsidae.
In the former genera, the relatively large rhombic scales are
abundant in the posterior half of the body (Maisey, 1991; Brito et al.,
1998; Gallo, 2005). Within putative Lepidotes species, the scales of
L. mawsoni are distinct from those described in this paper by
bearing a ventral excrescence, resulting in a quite deeper scale, and
the presence of crenulated posterior ganoine (Gallo, 2005). In
Vinctifer, the rhombic scales are small and restricted to the region
close to the caudal portion of the body (Silva Santos, 1985; Maisey,
1991; Brito and Meunier, 2000). In the Brazilian Cretaceous
ophiopsids, Placidichthys bidorsalis (Santana Formation) and
P. tucanensis (Marizal Formation), the anterior scales are also
deeper than wide and the caudal ones have diamond shape (Brito,
2000; Brito and Alvarado-Ortega, 2008).
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Fig. 5. Thin section of the lepisosteoid scales from the Barremian-Aptian of the Sanfranciscana Basin. A, Thin section of the mudstone (IGC-P 0020) showing one isolated and
incomplete lepisosteoid scale. B, Detail of the left border of the scale showed in A, evidencing the superimposed sheets of the ganoine layer and the terminal thickening of each
sheet. C, Detail of the cross section showed in A depicting the lamellar bone immediately below the ganoine layer, with frequent osteocyte lacunae and canaliculi of Williamson. D,
Thin section of the mudstones (IGC-P 0021) with fragments of scales bearing Sharpey's ﬁbers. E, Scale fragment with isodiametric osteocyte lacunae. A, C, E: normal light; B, D:
polarized light. BP: basal plate; CW: canaliculus of Williamson; Ga: ganoine layer; Os: osteocyte lacuna; SF: Sharpey's ﬁbers. Scale bar for A, B, D ¼ 200 mm; C ¼ 100 mm; E ¼ 40 mm.

The SEM images revealed the absence of odontodes on the outer
surface of the scales of the Sanfranciscana Basin. Differently, small
hook-like odontodes pointing to the anterior portion of the body,
and attached into the scale through a circular cavity in the ganoine,
have been described in posterior scales of Vinctifer comptoni, living
gars and polypterids (Brito and Meunier, 2000).
The foramina on the surface of the IGC-P scales are distinct from
the odontode cavities mentioned above. Transverse sections of the
scales suggest that at least some foramina on the IGC-P specimens
correspond to the canaliculi of Williamson that extends from the
basal plate up to the surface of the ganoine layer (Figs. 4D, 5C).
Canaliculi of the basal plate crossing through the ganoine layer up
to the scale surface is not uncommon in ganoid scales (Kerr, 1952;
Meunier and Brito, 2004; Gallo, 2005), but the abundance of
foramina in the specimens described here may be a peculiar feature
to these samples.
The ganoine microtubercles are invariably seen in ganoid scales
of actinopterygians, but in the case of the Sanfranciscana specimens, the microtubercles are more frequent and less spaced among
each other than in Vinctifer comptoni (Brito and Meunier, 2000) and
some Lepidotes species from Brazil (Gallo-da-Silva, 1998; Gallo,
2005).
Several authors advocate using the diameter of the microtubercles and the distance between them (intertubercular distance)
as key to identify actinopterygian taxa with ganoid scale (Gayet and
Meunier, 1986, 1993; Brito et al., 2000; Daget et al., 2001; Gayet and

Meunier, 2001; Gayet et al., 2002). Semionotids and lepisosteids
have been distinguished by the intertubercular distance (Gayet and
Meunier, 1986), whereas Lepisosteus, Paralepidosteus, Atractosteus
and the Polypteriformes have been set apart with basis on both the
diameter of the microtubercles and the intertubercular distance
(Gayet and Meunier, 2001; Gayet et al., 2002).
Yet, these variables in the scales of Lepidotes mantelli and Lepidotes elvensis fall well within the range of Lepisosteus and/or
Obaichthys (Meunier and Gayet, 1992; Gayet and Meunier, 1993;
Gayet et al., 2002). In addition, the microtubercle diameter and
intertubercular distance in the scales of the Sanfranciscana Basin
are more similar to those of some Lepisosteus (e.g. the Tertiary
Lepisosteus ﬁmbriatus) than to those of the Lepidotes species
mentioned above (Gayet et al., 2002). Several Lepidotes from Brazil,
including L. dixseptiensis, L. mawsoni, L. souzai, L. oliveirai, L. piauhyensis and L. roxoi have microtubercles of similar size but in general more distant to one another in comparison to Lepisosteiformes
(Gallo-da-Silva, 1998). This may be due to the lack of standard
measurements among distinct workers or it represents a true
taxonomic pattern. In any case, the scales described herein cannot
be referred to any of the previously described taxa from Brazil
based on those variables.
The histological data suggest that the scales described herein are
of lepisosteoid-type (Sire et al., 2009), which is distinct from the
palaeoniscoid-type noticed in Obaichthys (Brito et al., 2000). Besides living gars, lepisosteoid scales were also recorded in Mesozoic
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ginglymodians and aspidorhynchids (Brito and Meunier, 2000;
Meunier and Brito, 2004; Gallo, 2005). The IGC-P, aspidorhynchid
and early ginglymodian scales are similar to one another in the
prevalence of lamellar bone with ﬂattened osteocytes, with minor
portions of woven bone with isodiametric lacunae. The number of
osteocytes in the scales of the Sanfranciscana Basin is similar to that
of Lepidotes dixseptiensis, but it is signiﬁcantly lower than in L. oliverai and L. piauhyensis (Gallo, 2005). The size of the canaliculi of
Williamson within the basal plate is similar to those of aspidorhynchids (Brito and Meunier, 2000) and their frequency is lower
than in Lepidotes piauhyensis (Gallo, 2005).
The distinction between different taxa based on quantitative
data of scale structures has limited usefulness when dealing with
isolated scales. The number of osteocytes and canaliculi of Williamson, for instance, which may be useful for distinguishing species within early neopterygians (Gallo-da-Silva, 1998), are quite
variable and not readily applicable to isolated scales.
As demonstrated above, the scales of the Sanfranciscana Basin
are comparable to those of ginglymodians and aspidorhynchids
from the Jurassic-Cretaceous of Brazil. The systematics of both taxa
is under dispute. Although not universally accepted (Arratia, 2001),
aspidorhynchids are probably teleosts (see review of Brito, 1999;
Meunier and Brito, 2004). Some authors argue that ginglymodians splits as Lepisosteiformes and Semionotiformes (Grande,
pez-Arbarello, 2012). The position of the problematic
2010; Lo
Lepidotes within Lepisosteiformes has been recently advocated
 pez-Arbarello, 2012), but this is controversial (e.g. Olsen and
(Lo
McCune, 1991; Cavin and Suteethorn, 2006). Some Lepidotes species from Brazil, including L. piauhyensis and L. souzai, have been
pez-Arbarello, 2012), but at least
considered of uncertain genera (Lo
L. piauhyensis has been recovered as closely related to other Lepidotes from Europe (Cavin, 2010).
Besides a controversial systematics, which renders doubtful
taxonomy to several early neopterygian taxa, no unambiguous
autapomorphic feature of these clades is strictly based on scales.
Therefore, we refrain from referring the isolated specimens from
the Sanfranciscana Basin to any speciﬁc or generic taxa previously
described. They are at best assigned to an indeterminate early
Neopterygii, until more complete evidence is available. This is also
valid for the ganoid scales previously mentioned for the Sanfranciscana Basin (Carvalho, 2002). We also reinforces that the
identiﬁcation of Jurassic-Cretaceous neopterygian species and
genera based only on a superﬁcial analysis of isolated scales (see
review of Gallo and Brito, 2004) may be elusive because of the lack
of autapomorphic features in these structures or the alpha taxonomy of problematic taxa as Lepidotes.
6. Concluding remarks
We described for the ﬁrst time lepisosteoid scales from the

Barremian-Aptian deposits of the Sanfranciscana Basin (Quirico
Formation), Southeastern Brazil. The specimens are quite fragmentary, but the microstructural assessment disclosed many similarities
with the ganoid scales of early neopterygians, including ginglymodians and aspidorhynchids. These taxa bear lepisosteoid type
scales and are common in Mesozoic strata of several sedimentary
basins in Brazil. However, data at hand did not allow referring the
isolated specimens described herein to any of these clades.
Some isolated scales frequently uncovered from the JurassicCretaceous sections in Brazil are readily assigned to Lepidotes,
which is mostly based on general resemblance shared by distinct
types of “ganoid scales”. Our study reinforced that, in such cases,
taxonomic referral based on isolated scales may be equivocal
because of the lack of diagnostic traits at less inclusive clades of
early neopterygians.
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