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Abstract

The Manacapuru Formation, Amazonas Basin, outcrops on the margins of a highway in the region of Presidente Figueiredo, state of Amazo-
nas. A systematic palynological and a lithofaciological analysis was carried out aiming to contribute to the paleoenvironmental understanding
of the Manacapuru Formation and its respective age. The present work uses the analysis of the chitinozoan for biostratigraphic purposes as
a tool. A total of 27 samples were collected in which an assemblage of lower Lochkovian can be recognized, whose characteristic species are
Angochitina filosa, Cingulochitina ervensis, Lagenochitina navicula, and Pterochitina megavelata. It was possible to identify an intense reworking
in the exposure, evidenced by the presence of paleofaunas ranging from Ludfordian to Pridolian, which may be associated to the constant
storm events that reached the shelf. The lithofaciological analysis allowed the recognition of 6 predominantly muddy sedimentary lithofacies

with sandy intercalations that suggest deposition in an offshore region inserted in a shallow marine shelf and influenced by storms.
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INTRODUCTION

In the Silurian and Devonian period, the South Pole
was located close to the South American paleoplate margins
(Steemans et al. 2008, Breuer et al. 2017). This paleogeo-
graphic setting resulted in extensive glaciers formation in the
South Pole region, which affects some South American basins,
including the Amazonas Basin. Subsequently, large sea trans-
gressions occurred and invaded part of the emerged areas of
the supercontinent Gondwana (Carozzi et al. 1973, Johnson
2006, Diaz-Martinez and Grahn 2007). Gondwana was in high
latitudes during the Lower Paleozoic, which made its seas cold
and, thus, the deposition of siliciclastic rocks in detriment of
calcareous formations can be explained (Almeida and Carneiro
2004). It was in this paleogeographic context that the sedi-
ments that form the Manacapuru Formation were deposited.

In Brazil, paleontological studies in Silurian-Devonian rocks
are numerous; however, in the Amazonas Basin, these investiga-
tions are few and based mainly on subsurface data, particularly
for palynological surveys (a historical review is given in Grahn
1992), while surface ones are related to ichnology (Nogueira
et al. 1999, Matsuda et al. 2010, Gongalves et al. 2017).

Grahn and Melo (2003) presented the chitinozoan taxon-
omy and biostratigraphy in outcrops along the Urubu, Uatuma

and Abacate rivers, in Amazonas State. The authors compared
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the results with more intensively investigated areas in Brazil and
proposed five chitinozoan assemblages. Reworking was recog-
nized in some sections. Among them, the outcrop named by
the authors as Pt. 10 stands out, which is the target section of
this study. The site was correlated by the authors to the Upper
Manacapuru Formation, Lochkovian in age, supported by the
preliminary study of the reference well for the Trombetas Group
1-AM-1-AM and later formalized by Azevedo-Soares and Grahn
(2005). This outcrop was also investigated by Steemans et al.
(2008). The study of miospore was used as a biostratigraphic
tool by the authors, indicating lower Lochkovian age.

Grahn (2005b) also studied outcrops and wells in the Amazon
Basin, using the 1-AM-1-AM well as a reference and identified
sevenassemblages of chitinozoa, related to the Pitinga, Manacapuru
and Maecuru Formations. In the Trombetas River region, the
Manacapuru Formation is of early Pridoli age, but the unit can reach
upper Ludlow age in the Urubu Riverarea (Grahn and Melo 2003).

In this work a systematic lithofaciological and palyno-
logical (based on chitinozoan group) study of Manacapuru
Formation rocks, Silurian-Devonian in age, is presented,
aiming to contribute with questions regarding paleoenviron-
mental understanding of the unit and its chronostratigraphic
position. The outcrop is located at kilometer 982 (former km
99) on BR-174 highway, which connects the cities of Manaus
(Amazonas) and Boa Vista (Roraima) (Fig. 1A).

THE AMAZONAS SEDIMENTARY BASIN

AND THE MANACAPURU FORMATION
The Amazonas Basin has an approximate area of 480,000

km?and covers part of the states of Amazonas and Paré (Fig. 1B).
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According to Teixeira (2001), the sedimentary filling began
with the sediments of the Prosperanca and Acari Formation
deposited in the rift phase of the basin during the Cambrian.
However, the age of Purus Group sediments is not consensus.
For Cunha (2000) the sediments of the Prosperanca (alluvial
and fluvial sandstones) and Acari (tidal plateau carbonates)
formations were deposited prior to the basin implantation,
in the final stages of the Brazilian cycle in late post-orogenic
conditions. According to Cunha et al. (2007) the current
stratigraphic framework of the basin presents two first-order
mega sequences, one Paleozoic and another Meso-Cenozoic.

The former is marked by eustatic variations of sea level and
alarge volume of Mesozoic diabase dikes and sills intrusions,
and can be subdivided into four sequences of second order:
Ordovician-Devonian, Devonian-Tournaisian, Neovisean,
and Pennsylvanian-Permian Sequence. In this study, part of
the Ordovician-Devonian Sequence was analyzed, which was
deposited at the Trombetas Group (Caputo 1984). Thisis com-
posed, from base to top, by the formations of: Autds-Mirim,
Nhamund3, Pitinga, Manacapuru and Jatapu.

The Manacapuru Member was elevated to the formation
category by Caputo (1984). According to Cunha (2000), this
unit is characterized by fine to medium sandstones interbedded
with grayish and laminated mudstones, which occur alternately
to layers of shale, with fossiliferous content composed mainly
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of chitinozoan, graptolites, acritarch, sporomorphs (Grahn
1992, Grahn and Paris 1992, Grahn and Melo 2003, Melo and
Loboziak 2003, Cardoso and Rodrigues 2005, Steemans et al.
2008) and brachiopods (Tomassi et al. 2015).

The sedimentaryfillisa record of sea level oscillations (Cunha
et al. 2007), where a general regression with some transgressive
oscillations allowed sedimentation in the deltaic, coastal, shoreface
and offshore environments (Carozzi et al. 1973, Caputo 1984).

MATERIALS AND METHODS

The lithofaciological analysis was performed in an outcrop
(Fig. 1) along BR-174 Highway, on the Urubu River banks with
geographical coordinates 02°06'45.5” S and 59°59'31.0” W.
The outcrop was described based on the elaboration of a verti-
cal profile, according to a scheme proposed by Walker (1992).

For the palynological analysis, mainly pelitic layers were col-
lected, which are common in the outcrop. In total, 27 samples
were collected. Sampling was done from the base to the top of
the section and named from AM1 to AM27. The weighing and
grinding of the samples were carried out at the Geochemistry
Laboratory of the Amazonas Federal University (UFAM) and
then sent to organic palynological processing.

The palynological processing was done at the Marleni
Marques Toigo Palynology Laboratory (LPMMT) of the Federal

GEOLOGICAL UNITS
Alluvial Deposits
[ ] Javari Group

- Trombetas Group

- Prosperanga Formation

Jauaperi Complex

CONVENTIONS
@ Outcrop studied

B Cities N

50 Km A

60°30'W

60°00'W

Figure 1. (A) Location and geological map of the region where the outcrop is located (modified from Souza and Nogueira 2009). (B)

Location of the Amazon Basin and its regional boundaries.
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University of Rio Grande do Sul and consisted of successive
attack steps with acidic reagents (HCI and HF) in order to
remove the inorganic fraction of the samples, according to the
procedure described in Wood et al. (1996). Eighty-one palyno-
logical slides were made, three of them for each sampled level.
The slides were deposited at the Paleontology Laboratory of
UFAM under MP-P 13327 at MP-P 13359 coding. The analy-
sis of the palynological slides was performed using a binocular

microscope at the Microscopy Laboratory of UFAM.

SEDIMENTARY LITHOFACIES

The analysed sedimentary rocks of the Manacapuru
Formation are located on BR-174 federal highway (Fig. 1)

and are below and in abrupt contact with argillite of the Alter
do Chao Formation, of Cenozoic age.

The Manacapuru Formation is represented by predom-
inantly clay lithotypes with fine to very fine-grained sand-
stone interbedded, which surface with a maximum thick-
ness of approximately 7 m and are laterally continuous for
up to 65 m (Fig. 2). The rocks show yellowish coloration,
greyish to reddish, and are friable and intensely oxidized.
However, the sedimentary structures are well preserved,
especially in sandstones.

The muddy and sandy lithofacies are composed mainly of
lenticular bodies. However, the interbedded sandy lithofacies
occur in discontinuous lenses form, which exhibit lateral thick-
ening and thinning (pinch-and-swell bedding) and can reach

not exposed
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F - Shale

Sp - Parallel-laminated sandstone

Sw - Wave-laminated sandstone
Sh - Hummocky cross-laminated sandstone

Ss - Swaley cross-laminated sandstone

Figure 2. General appearance and details of the Manacapuru Formation exposure target of the investigation. (A) Section interpreted with
emphasis on the depositional geometry of the unit, represented by muddy layers (lithofacies F and Mm) with sandy lenses interbedded with
pinch-and-sweel bedding, internally structured with the litofécies Sp, Sw, Sh and Ss. (B and C) Detail of contact relations and the lithofacies

in the sandstone lenses interbedded with muddy beds.
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a thickness of up to 70 cm (Fig. 2A). Additionally, sandstone
lenses have a slightly erosive base and wavy top.
Lithofaciological analysis carried out in this work allowed the
construction of a composite stratigraphic column and defined
six sedimentary lithofacies, namely: massive mudstone (Mm),
shale (F), fine to very fine-grained sandstone with plan-parallel
lamination (Sp), fine to very fine-grained sandstone with wave
lamination (Sw), fine to very fine-grained sandstone with swa-
ley cross-lamination (Ss) and fine to very fine-grained sandstone
with hummocky cross-lamination (Sh), comprised in a marine

platform under the action of storm waves (Fig. 3).

Massive Mudstone Lithofacies (Mm)

Mm lithofacies occur in alenticular layer form, dark grey color,
with thickness varying from 20 to 70 cm and massive structure (Figs.
2,3 and 4). In an isolated way, this lithofacies is intruded by verti-
cal features up to 3cm long and filled by very fine sandstone that
increase in thickness in the upper portion, forming sub-horizontal
lensesup to 7cm inlength and maximum thickness of 1em (Fig. 4A).

In this lithofacies, simple and isolated endichnial tubu-
lar features occur uniformly distributed, horizontally to
oblique oriented in relation to bedding and with very fine
massive sandstone filling (Fig. 4A). In longitudinal sec-
tions, its length varies between 0.8 and 3cm, while in cross
sections they have circular to semi-circular shapes of up to
0.8cm in diameter.

Sedimentary process

Mudstone lenticular layers are compatible with deposition
with absence of traction and dominated by fall-out processes
of clay granulometry particles in suspension. Additionally, the
massive structure may be linked to granulometric contrast
absence or even to intense weathering (Potter et al. 2005).
Massive fine-grained sandstone occurring in Mm lithofacies
are related to restricted processes of total liquefaction and
injection of water supersaturated sediments directed to areas
of lower pressure (Owen 2003). The massive filling of the
intrusion coincides with this interpretation.
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Figure 3. Composite columnar section of the Manacapuru Formation on federal highway BR 174 with sedimentary lithofacies defined and

interpreted in this study. Rocks of this unit are below and in abrupt contact by argillite of the Alter do Chao Formation, of Cenozoic age.
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Shale Lithofacies (F)

Lithofacies F is the most representative of the outcrop,
composed of dark grey lenticular bodies that reach a maximum
thickness of 1m and are laterally continuous for more than 50 m.
The lower contact of this lithofacies conform to waved sandstone
lenses (described below), while the upper limit is slightly erosive.
Internally, it presents fissility planes, sometimes incipient, and
slightly waved with up to 2 mm of thickness (Figs. 2B, 2C and
3). Remains and molds of inarticulate and fragmented brachio-
pods make up the macrofossil content. Brachiopods have length
and width between 1.5 and 2.5 cm, and 1.4 and 2.2 cm, respec-
tively. It is possible to observe the organisms well marked growth
lines in the specimens found. They have a circular to elongated
outline and are related to the Lingulidae (Figs. 4B, 4C and 4D).

Sedimentary process

Lenticular and laterally continuous shales layers are tradi-
tionally bound to depositional sites with tractionless processes
and dominated by clay-sized particles deposition related to fall-
out process under low energy conditions. However, slightly
wavy fissile planes suggest incipient performance of basin pro-
cesses related to oscillatory flow (Schieber et al. 2007, Schieber
and Southard 2009, Schieber 2011).

Parallel-laminated Sandstone Lithofacies (Sp)
This lithofacies occurs in the form of grey to yellowish len-
ticular bodies, up to 15 cm thick, laterally restricted and com-

posed of fine to very fine-grained sandstones, with rounded and

well selected grains (Figs. 2 and 3). Internally, they are struc-
tured with plane-parallel lamination with millimetric foresets
organized in sets of up to 7 cm thick (Figs. 2B and 2C). Lower
and upper contact relationships with other sandy lithofacies
are usually erosive.

Sedimentary Process

Sp lithofacies formation may be related to the migration of
sandy bed forms in both the unidirectional and the combined
flow. In the first example, it refers to the process of sand-bed
migration (sandsheets) in streams under upper-flow (Miall
2006, Nichols et al. 2007). On the other hand, when associated
to combined flows, it is the result of sandy grains migration in
flat beds form related to a greater contribution of the unidi-
rectional component (Dumas and Arnott 2006, Plint 2010).
The absence of streams in the associated sandstone lithofacies
is consistent with the second interpretation.

Wave Laminated Sandstone Lithofacies (Sw)

Sw lithofacies exhibit grey to yellowish lenticular bodies.
They reach up to 16 cm thick and are laterally continuous for
up to 15 m, being most frequently found on top of sandstone
lenses interbedded in F lithofacies (Figs. 2 and 3). They are
composed of fine to very fine-grained sandstones with rounded
and well selected grains, structured with waved lamination with
15 and 4 cm maximum length and width, respectively. The mil-
limetric foresets are organized in wavy sets of up to 8 cm that

locally develop erosive bases (Figs. 2B and 2C).

Figure 4. Main details feature of the Manacapuru Formation sedimentary lithofacies evaluated in this work. (A) Massive mustone (Mm) with

endichnial trace fossil (TF) and massive sandstone dike. (B, C and D) Remains and moulds of Lingulida brachiopods found in F lithofacies and
their evident growth lines. The scale bar represents 1 cm. E, F. Horizontal and oblique trace fossil that occur associated with the lithofacies Ss.
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Sedimentary process

Fine to very fine wavy laminated sandstones are related to sandy
bed forms migration associated to oscillatory currents under shallow
water depth hydrodynamic conditions (Dumas and Arnott 2006,
Nichols et al. 2007). The base of the waved Swlithofacies sets with
locally erosive character, together with the high ratio between the
length and width of the foresets reinforce this proposal.

Swaley Cross-laminated Sandstone
Lithofacies (Ss)

Ss lithofacies are characterized by greyish to yellowish len-
ticular layers, composed of fine to very fine-grained sandstones
with rounded and well selected grains, up to 12 cm thick and lat-
erally continuous for more than 10 m (Figs. 2 and 3). They exhibit
swaley cross lamination with millimetric foresets, arranged in sets
of up to 7 cm with concave, slightly excavated and asymmetric
bases which laterally gradate to Sw or Sh lithofacies, described
later (Figs. 2B and 2C).

The observable fossiliferous contentin Sslithofacies is concen-
trated in the upper portion of the bed and are described as predom-
inantly horizontal to oblique trace fossil in relation to the bedding,
simple and slightly sinuous, ranging from endichnial to exichnial,
without branching and intercrossed (Figs. 4E and 4F). They are
tubular features without active filling, internally massive and with
the same texture of the host rock. The outer portion of the tube is
smooth and without ornamentation, however trace fossil occurs
with external wall with apparent longitudinal groove. Trace fossils
are between 2 and 8 cm in length, which in cross sections show
semi-circular to elliptical forms with a maximum diameter of 1.5 cm.

Sedimentary process

Fine to very fine-grained sandstone with wavy sets and
asymmetric erosive bases structured with swaley cross lamina-
tion are associated to erosion and filling features of the sandy
substrate by dunes influenced by combined flow, with unidirec-
tional component predominance over the oscillatory, related to
the energy decline phase of the storm events (Cheel and Leckie
1993, Dumas and Arnott 2006, Plint 2010). The lateral associ-
ation with lithofacies related to oscillatory and unidirectional
flow, Sh and Sp lithofacies respectively, which are compatible
with lateral changes in the hydrodynamical conditions of the
bed forms, traditionally attributed to storm stream (Plint 2010).

Hummocky Cross-laminated
Sandstone Lithofacies (Sh)

This lithofacies is composed of yellowish to greyish len-
ticular bodies of fine to very fine-grained sandstone, with
rounded and well selected grains, presenting maximum thick-
ness of 15 cm and are laterally continuous for more than 12 m
(Figs. 2 and 3). Sh lithofacies are organized in wavy sets of up
to 10 cm thick, with concave and slightly erosive base, where
symmetrical shapes predominate. Internally to the sets, isotro-
pic to anisotropic hummocky cross-laminations occur, with an
85 cm maximum wavelength and a 7 cm width, with inclined
foresets with angles smaller than 8° that develop low angle
truncations. Laterally, Sh lithofacies gradate from planar to

wavy laminations (Sp and Swlithofacies) (Figs. 2B and 2C).

The fossiliferous content associated with Sh lithofacies
is represented by trace fossils in the form of endichnial to
exichnial tubes, horizontal to oblique in relation to the bed-
ding and concentrated in the upper portion of the layers, like
those described in Ss lithofacies.

Sedimentary process

Fine to very fine-grained sandstone with isotropic to aniso-
tropic hummocky cross-lamination are compatible with the
migration of dunes under combined flow, with predominance
of the oscillatory component under the unidirectional, related
to storm events in marine shelves (Arnott and Southard 1990,
Cheel and Leckie 1993). The lateral gradation for the plane
and wavy lithofacies is related to the decrease of the oscillatory
component and increase of the unidirectional currents acting
with the storm energy decline (Dumas and Arnott 2006).

PALYNOLOGY
The 27 stratigraphic levels sampled showed satisfactory pal-

ynological results, with different concentrations and degrees
of palynomorph preservation. In general, the samples are fer-
tile, with diverse and abundant palynological content. The
most representative groups of the recovered association are
the acritarch followed by the chitinozoan, which reinforces
the marine character of the assemblage. Subordinately, there
is occurrence of miospore, scolecondont and fungus spore.
There is a significant amount of amorphous organic matter,
which in some cases makes it difficult to visualize the diag-
nostic characters of the chitinozoan.

In relation to chitinozoan, it was possible to identify them
ata generic and specific level. These organisms occur predom-
inantly as isolated tests and less commonly in short chains.

All chitinozoan genera and species recovered in the studied
outcrop are alphabeticallylisted in Table 1 by genus and species.

The photomicrographs of the organisms recovered are
shown in the Figures S, 6, 7 and 8, and the information about

its respective provenance are shown in the Figure 9.

PALAEOENVIRONMENTAL
RECONSTRUCTION

In the Mm lithofacies there is the presence of tubular struc-
tures that are related to trace fossils of feeding produced by the
vermiform organism activity that excavated the rich muddy
substrate and generated active filling of the tunnels, features
compatible with the ichnogenus Planolites and Thalassinoides
(Pemberton and Frey 1984, Seilacher 2007).

Lingulida brachiopods occur in the lithofacies F. Their liv-
ing and fossil specimens inhabit or inhabited in greater abun-
dance regions of continental shelf and upper slope, approxi-
mately between S0 and 500 m deep (Clarkson 2007, Alvarez
and Chacon 2009). Specifically, these organisms preferentially
colonized the shallow epicontinental seas in the Paleozoic
(Fonseca 2004). The recognition of these lingulids indicates
that the muddy substratum was partially colonized by these

organisms, which are infaunal, benthic and exclusively marine
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(Fonseca 2004, Alvarez and Chacén 2009), considering an
autochthonous assemblage. If the organisms in question are
allochthonous, storm events could be responsible for trans-
porting the organisms. Trace fossil is predominantly horizontal
and concentrated at the top of the lithofacies (Ss and Sh), with
absence of branching and ornamentation, besides the passive
filling with massive structure and textually like the matrix rock
are compatible with the ichnogenus Paleophycus (Keighley and

Pickerill 1995). These traces are related to habitat and/or feeding
records related to soft body organisms (nemathelminths) with
suspensivorous habits and/or predators that used the sandy
substrate for habitation after the storm event (Pemberton and
Frey 1984, Seilacher 2007). All these ichnogenera occur in the
Cruziana ichnofacies (Fernandes et al. 2002).

From the stratigraphic aspect, it is possible to observe that later-
ally continuous layers composed of muddy lithofacies (F and Mm)

Table 1. Relation of recovered chitinozoan and their respective locations on the figures.

Taxon Figure
Ancyrochitina fragilis Eisenack 1955 Fig. 5.1
Ancyrochitina aff. A. tomentosa Taugourdeau and Jekhowsky 1960 Fig. 5.2
Ancyrochitina cf. A. brevis Taugourdeau and Jekhowsky 1960 Fig. 5.3
Ancyrochitina ex. gr. A. ancyrea Eisenack 1931 Fig. 5.4
Ancyrochitina ex. gr. A. gutnica Laufeld 1974 Fig. 5.5
Ancyrochitina? ex. gr. A. floris Jaglin 1986 Fig. 5.6
Ancyrochitina sp. A sensu Grahn and Melo 2003 Fig. 5.7
Angochitina echinata Eisenack 1931 Fig. 5.8
Angochitina elongata Eisenack 1931 Fig. 5.9
Angochitina filosa Eisenack 1955 Fig. 5.10
Angochitina sp. aff. A. cyrenaicensis Paris 1988 sensu Grahn and Paris 1992 Fig. 5.11
Angochitina sp. aff. A. mourai Schweineberg 1987 sensu Grahn and Melo 2003 Fig. 6.1
Angochitina sp. B sensu Grahn 2005a Fig. 6.2
Angochitina? sp. sensu Grahn and Paris 1992 Fig. 6.3, 6.4
Armigutta urubuense Grahn and Melo 2003 Fig. 6.5, 6.6
Belonechitina cf. B. sp. A sensu Grahn 2005a Fig. 5.12
Bursachitina sp. A sensu Grahn and Melo 2003 Fig. 5.13
Cingulochitina ervensis Paris 1979 in Paris 1981 Fig. 6.7
Cingulochitina serrata Taugourdeau and Jekhowsky 1960 Fig. 6.8, 6.9
Cingulochitina wronai Paris and Kriz 1984 Fig. 6.10
Cingulochitina aff. C. serrata Taugordeau and Jekhowsky 1960 Fig. 6.11,6.12
Conochitina gordonensis Cramer 1964 Fig. 6.13, 6,14
Conochitina pachycephala Eisenack 1964 Fig. 6.15
Conochitina tuba Eisenack 1932 Fig. 6.16
Desmochitina cortesiana Schweineberg 1987 Fig. 7.1
Eisenackitina granulata Cramer 1964 Fig.7.2,7.3
Eisenackitina cf. E. bohemica Eisenack 1934 Fig.7.4,7.5
Fungochitina kosovensis Paris 1981 Fig.7.6
Hoegisphaera sp. A Fig. 7.7
Lagenochitina navicula Taugourdeau and Jekhowsky 1960 Fig. 7.8
Linochitina sp. A sensu Grahn and Melo 2003 Fig. 7.9
Plectochitina carminae Cramer 1964 Fig.7.10,7.11
Pterochitina megavelata Boumendjel 2002 Fig.7.12,7.13
Pterochitina perivelata Eisenack 1937 Fig.7.14,7.15
Ramochitina bjornsundquisti Grahn and Melo 2003 Fig.7.16,7.17
Ramochitina sp. sensu Grahn and Paris 1992 Fig.7.18
Saharochitina gomphos Grahn and Melo 2003 Fig.7.19
Saharochitina sp. A Fig. 7.20
Sphaerochitina acanthifera Eisenack 1955 Fig.8.1,8.2
Sphaerochitina sphaerocephala Eisenack 1932 Fig. 8.3,8.4
Vinnalochitina corinnae Jaglin 1986 Fig. 8.5
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refer to planar deposition sites, with low energy, absence of traction
currents and dominated by fine particle fall-out processes (Reineck
and Singh 1980, Potter et al. 2005 ). However, the presence of fine
to very fine-grained sandstones lenses interbedded in lithofacies F,
formed by the action of oscillatory (Sw lithofacies) and combined
(Sp, Ssand Shlithofacies) flows, suggests that deposition sites dom-
inated by fall-out processes were eventually supplanted by the acting
of basins currents, represented here by the action of storm waves
(Cheel and Leckie 1993, Dumas and Arnott 2006).

Sandstone lithofacies exhibiting thickening and thinning
lateral patterns (pinch-and-swell bedding) reinforce the inter-
pretation of remobilization and erosion of sandy sediments
associated with wave acting (Arnott and Southard 1990).

In storm events, increased wavelengths influenced by
increased wind velocities produce two distinct conditions:
1. intensifies the rip current that carry shoreface sediments

to offshore;

2. shifts the wave-base level to deeper regions (Plint 2010).

Thus, shales with interbedded sandstones generated pre-
dominantly by combined flow form shallowing upward metric
cycles in the marine shelf associated to storm events.

Under these conditions, fine to very fine sand sediments
carried by rip current and then available to deeper regions could

1: Ancyrochitina fragilis (13342, E30); 2: Ancyrochitina aff. A. tomentosa
(13339, 035-3); 3: Ancyrochitina cf A. brevis (13285, P49-2); 4:
Ancyrochitina ex. gr. A. ancyrea (13323, S54-3); S: Ancyrochitina ex. gr.
A. gutnica (13300, S33); 6: Ancyrochitina? ex. gr. floris (13279, R29); 7:
Ancyrochitina sp. A (13288, P50); 8: Angochitina echinata (13303, $50); 9:
Angochitina elongata (13306, X48); 10: Angochitina filosa (13312, Q30); 11:
Angochitina sp. aff. A. cyrenaicensis (13345, X61-4); 12: Belonechitina cf. B. sp.
A (13351, P38-3); 13: Bursachitina sp. A (13310, Q47-1).

Figure S. Chitinozoan from outcrop of Manacapuru Formation.
The scale bar represents S0 ym. In parentheses, slide and location in
the England Finder and more informations see Table 1.

still be remobilized by combined flow (Dumas and Arnott 2006,
Della Favera 2008). Additionally, the sandy sediments input by
return streams over offshore clays could also induce total lig-
uefaction processes (massive structure) and injection of sedi-
ments found in Mm lithofacies (Nichols et al. 2007, Plint 2010).

With the storm energy decline, the wavelength decreases
and the base level returns to fair weather conditions, and thus
sandy sediments were reworked by vermiform organisms.
Layers of lithofacies F with waved and concordant basal con-
tact with sandstone lenses reinforce the return of normal sed-
imentation conditions of suspended muddies that cover the
sandy macroform (Della Févera 2008).

The predominance of muddy lithofacies with interbed-
ded sandstone lenses generated by the combined flow action
coincides with deposition sites related to the offshore sub-en-
vironment inserted in a shallow-water marine shelf and was
influenced by storm events.

There are few publications on environmental control over
chitinozoan. Apparently, the occurrence of this organism is mini-
mally controlled by facies (Achab and Paris 2007). It iswell known
that the group inhabited nearshore and offshore environments,
but its greatest diversity occurred in cold waters of high paleo-
latitudes and upper and lower offshore environments (Laufeld
1974, Grahn and Paris 2011). Shallowing of the shelf is often

1: Angochitina sp. aff. A. mourai (13291, CS7-1); 2: Angochitina sp. B (13311,
U35-3); 3,4: Angochitina? sp. (13280,]34-4; 13358, US1-4); S, 6: Armigutta
urubuense (13311, MS59-3; 13351, NS53-4); 7: Cingulochitina ervensis
(13358, F40); 8, 9: Cingulochitina serrata (13357, E32-2; 13357, P44); 10:
Cingulochitina wronai (13359, L49); 11, 12: Cingulochitina aff. C. serrata
(13311, F48; 13318, J47); 13, 14: Conochitina gordonensis (13309, V32-1;
13310, U44); 1S: Conochitina pachycephala (13332, P50-3); 16: Conochitina
tuba (13285, K47).

Figure 6. Chitinozoan from outcrop of Manacapuru Formation.
The scale bar represents 50 pm. In parentheses, slide and location in
the England Finder and more informations see Table 1.
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accompanied by increased abundance of chitinozoan, which may
be related to an input of terrigenous (Paris 1981). It was not pos-
sible to establish a control between the described lithofacies with
their respective implications and the distribution of chitinozoan
along the profile. This may be related to the intense reworking in
the section, as indicated by the palaeofauna recovered and their
distribution along the outcrop, or by the small representation of
the outcrop for environmental control statements.

The successive storm events, evidenced by the shallowing
upward cycles (Fig. 3), may have been responsible for the intense
rework observed in the profile. During these events, a large vol-
ume of water accumulates in shallow water areas and returns
to the platform through return streams, which during this pro-
cess erode and rework the substrate (Holz and Simées 2002).

AGE

Regarding the analysis of the chitinozoan, the assemblage
reported here belongs to the Upper Manacapuru Formation,
according to the correlation to the 1-AM-1-AM reference well,
also used by Grahn and Melo (2003) and Grahn (2005b).

1: Desmochitina cortesiana (13279, F47); 2, 3: Eisenackitina granulata
(13280, M38-2; 13337, M39-4); 4, 5: Eisenackitina cf. E. bohemica (13288,
GS2-1; 13332; N33-3); 6: Fungochitina kosovensis (13359, L44-2); 7:
Hoegisphaera sp. A (13317, M44-4); 8: Lagenochitina navicula (13313,
WH49-3); 9: Linochitina sp. A (13357, J31-1); 10, 11: Plectochitina carminae
(13322, E41; 13352; US3-1); 12, 13: Pterochitina megavelata (13351, M27-
4; 13318, L42); 14, 1S: Pterochitina perivelata (13279, P28-4; 13356, F42-
4); 16, 17: Ramochitina bjornsundquisti (13279, U37-2; 13318, Q45-3); 18:
Ramochitina sp. (13344, 033); 19: Saharochitina gomphos (13359, L28);
20: Saharochitina sp. A (13280, J43-3).

Figure 7. Chitinozoan from outcrop of Manacapuru Formation.
The scale bar represents S0 ym. In parentheses, slide and location in
the England Finder and more informations see Table 1.

Recovered organisms, in general, are well preserved,
although some elements are torn or corroded. The Manacapuru
Formation in the studied outcrop presents diversity and abun-
dance, with 385 specimens of chitinozoan being recognized
along the stratigraphic levels analyzed (Fig. 9). Systematic
classification allowed to recognize 41 species, however 18 of
them were left in open nomenclature.

Of'the 41 recognized taxa, twenty differ from those presented
by Grahn and Melo (2003) in the Pt. 10, namely: Ancyrochitina
cf. A. brevis, A. aff. A. tomentosa, A.? ex. gr. A. floris, A. sp. A sensu
Grahn and Melo 2003, Angochitina elongata, Angochitina sp.
aff. A. cyrenaicensis, Armigutta urubuense, Belonechitina cf. B. sp.
A sensu Grahn 2005b, Bursachitina sp. A sensu Grahn and Melo
2003, Cingulochitina ervensis, C. aff. C. serrata, Fungochitina kosov-
ensis, Hoegisphaera sp. A, Lagenochitina navicula, Linochitina
sp. A sensu Grahn and Melo 2003, Plectochitina carminae,
Ramochitina sp. sensu Grahn and Melo 2003, Saharochitina sp.
A, Sphaerochitina sphaerocephala and Vinnalochitina corinnae.
Among the most diverse forms are the genus Angochitina and
Ancyrochitina. Recovered organisms allowed the recognition
of reworked faunas with two distinctives ages and one assem-
blage, younger and which defines the age of the exposure.

In relation to the reworked faunas, it can be stated that one
of them is characteristic of the upper Ludlow. Species such as
Angochitina elongata, Linochitina sp. A sensu Grahn and Melo
2003, Plectochina carminae and Ramochitina sp. sensu Grahn
and Paris 1992 limited the paleofauna to a maximum age of the
upper Ludlow (Fig. 10). The joint occurrence of species such
as Conochitina gordonensis, Eisenackitina granulata, Pterochitina
perivelata, among others, allows to infer Ludfordian age.

1, 2: Sphaerochitina acanthifera (13326, X47; 13320, H36); 3, 4:
Sphaerochitina  sphaerocephala (13279, N28-4, 13279, F37-2); S:
Vinnalochitina corinnae (13320, S46-2).

Figure 8. Chitinozoan from outcrop of Manacapuru Formation.
The scale bar represents 50 pm. In parentheses, slide and location in
the England Finder and more informations see Table 1.
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distribution like Ancyrochitina fragilis and Cingulochitina serrata.

The other paleofauna reworked and recognized in the outcrop

Abundant species such as Pterochitina perivelata, Sphaerochitina

can be associated with the lower Pridoli (Fig. 10). In it, there s

acanthifera and Sphaerochitina sphaerocephala indicate an age no

the occurrence of species that have a long-range stratigraphic
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to Grahn (2006) for the Silurian, Grahn (2005a) and Mauller et al. (2009) for the Devonian; (2) Global Chitinozoan Zones according to

Figure 10. Stratigraphic amplitude of the taxa identified according to literature. (1) Chitinozoan Zones of Western Gondwana according
Verniers et al. (1995) for the Silurian and Paris et al. (2000) for the Devonian Period.
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older than Ludfordian. The occurrence of Angochitina? sp. sensu
Grahn and Paris 1992, Ramochitina bjornsundquisti, Saharochitina
gomphos, Armigutta urubuense, Vinnalochitina corinnae narrows
the age of the reworked paleofauna to the lower Pridoli.

According to the literature, the occurrence of Ramochitina
bjornsundquisti is restricted to Pridolian strata. It should be
emphasized that it is the most representative quantitative taxa,
with 134 of 385 tests attributed only to the species and with a
wide stratigraphic distribution in the profile, indicated in 25 of
the 27 levels sampled. This expressive occurrence may be the
result of intense reworking or it can be considered that the total
age span of the specie could extend into the early Lochkovian.

The assemblage identified in the exposure is typical of
the lower Lochkovian. Characteristic species are Angochitina
filosa, Cingulochitina ervensis, Lagenochitina navicula and
Pterochitina megavelata. It also presents long-range species such
as Ancyrochitina fragilis, Ancyrochitina cf. brevis and Cingulochitina
serrata. It represents the Upper Manacapuru Formation and is
within the Angochitina strigosa Total Range Zone of Western
Gondwana, proposed by Grahn (2005a) and revised by Mauller
et al. (2009). This assemblage is correlated to Assemblage C
by Grahn and Melo (2003 ), Assemblage 7 by Grahn (2005b),
and Assemblage VII by Azevedo-Soares (2009).

CONCLUSION

Six muddy and sandy lithofacies were identified in the
outcrop. Muddy lithofacies, resulting from decantation
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processes, interbedded with the sandstone lenses generated
by the combined flow acting indicate that the sedimenta-
tion took place in an offshore sub-environment inserted in a
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