
Quaternary Research 82 (2014) 462–472

Contents lists available at ScienceDirect

Quaternary Research

j ourna l homepage: www.e lsev ie r .com/ locate /yqres

https://d
Neotectonic evolution of the Brazilian northeastern continental margin
based on sedimentary facies and ichnology☆,☆☆
Rosana Gandini a,⁎, Dilce de Fátima Rossetti b, Renata Guimarães Netto c,
Francisco Hilário Rego Bezerra d, Ana Maria Góes a

a Institute of Geosciences, University of São Paulo—USP, São Paulo, SP, Brazil
b Division of Remote Sensing, Brazilian National Institute for Space Research—INPE, São José dos Campos, SP, Brazil
c Graduate School of Geology, University of Rio dos Sinos—UNISINOS, São Leopoldo, RS, Brazil
d Departament of Geology, Federal University of Rio Grande do Norte−UFRN, Natal, Brazil
☆ RRH: Neotectonic Evolution of the Brazilian Contine
☆☆ LRH: GANDINI et al.

⁎ Corresponding author.
E-mail addresses: gandini.rosana@usp.br (R. Gandini)

(D.F. Rossetti), nettorg@unisinos.br (R.G. Netto), bezerrafh
(F.H.R. Bezerra), goes@igc.usp.br (A.M. Góes).

http://dx.doi.org/10.1016/j.yqres.2014.07.003
0033-5894/© 2014 University of Washington. Published b

oi.org/10.1016/j.yqres.2014.07.003 Published online by Ca
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 December 2013
Available online 12 August 2014

Keywords:
Ichnology
Thalassinoides
Quaternary
South American passive margin
Tectonic reactivation
Quaternary post-Barreiras sediments are widespread along Brazil's passive margin. These deposits are well ex-
posed in the onshore Paraíba Basin, which is one of the rift basins formed during the Pangean continental break-
up. In this area, the post-Barreiras sediments consist of sandstones with abundant soft-sediment deformation
structures related to seismicity contemporaneous with deposition. The trace fossils Thalassinoides and
Psilonichnus are found up to 38 m above modern sea level in sandstones dated between 60.0 (±1.4) and 15.1
(±1.8) ka. The integration of ichnological and sedimentary facies suggests nearshore paleoenvironments. Such
deposits could not be related to eustatic sea-level rise, as this time coincides with the last glaciation. Hence, an
uplift of 0.63 mm/yr, or 1.97 mm/yr if sea level was 80 m lower in the last glaciation, would have been required
to ascend the post-Barreiras sediments several meters above the present-day sea level during the last 60 ka. This
would suggest that the post-rift stage of the South American eastern passive margin may have experienced tec-
tonic reactivation more intense than generally recognized. Althoughmore complete data are still needed, the in-
formation presented hereinmay play an important role in studies aiming to decipher theQuaternary evolution of
this passive margin.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Neogene and Quaternary deposits are geographically widespread
along the northern and northeastern continental passive margins of
Brazil, where they occur as thin sedimentary successions known as
the Barreiras Formation (Miocene) and post-Barreiras sediments (late
Quaternary) (Rossetti et al., 2012). The latter deposits, initially included
in the Barreiras Formation, have been the focus of increasing scientific
interest, given their importance for reconstructing the tectono-
sedimentary evolution of the Brazilian continental margin (Bezerra
et al., 2008; Rossetti et al., 2011a, b, 2012; Balsamo et al., 2013). Despite
this relevance, the post-Barreiras sediments remain poorly known. For
instance, details of the depositional environments have not been pre-
sented,which is partly due to their overallmassive sandy nature. In gen-
eral, these strata have been more commonly attributed to aeolian
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environments (Rossetti et al., 2001). However, most of these deposits
are poorly sorted and highly bioturbated, which do not conform to
deposition entirely by aeolian processes. It is probable that the post-
Barreiras sediments include deposits formed in a wide variety of envi-
ronments, which remain to be characterized in detail (Rossetti et al.,
2011a,b).

The post-Barreiras sediments are particularly well represented in
outcrops of the Paraíba Basin, an area of the northeastern Brazilian
continental margin formed during the breakup of Pangea (Matos,
1992). In this region, such deposits contain an abundance of soft-
sediment deformation structures related to tectonic activity contempo-
raneouswith or shortly after deposition (Rossetti et al., 2011b). Rossetti
et al. (2011b) attributed the post-Barreiras sediments exposed in the
Paraíba Basin to intense seismic activity related to late Quaternary tec-
tonic reactivation. This would have created space to accommodate sed-
imentation in areas that previously experienced long-term erosion.
However, Rossetti et al. (2011b) focused solely on the description and
interpretation of deformation structures, and questions remain about
the environmental context in which these seismites were formed.
There is no paleoenvironmental information concerning these deposits
beyond a succinct reference to nearshore trace fossils made by Rossetti
et al. (2011b).
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Although not investigated in detail, previous publications recorded
highly bioturbated beds in the post-Barreiras sediments of Paraíba
Basin (Rossetti et al., 2011a, b, 2012). Considering the generally scarce
presence of physical sedimentary structures, trace fossils might be an
important proxy to clarify the sedimentary environments of this unit,
and discern its evolution within the context of sea-level fluctuations.
Additionally, because these deposits contain seismites, they have the
potential to help characterize tectonic events during the last stages of
development of the Brazilian continental margin. This issue has been
of increasing interest for investigation because, as opposed to the gener-
ally accepted model of post-rift stable passive margins, numerous stud-
ies have demonstrated that this region of Brazil recorded significant
Figure 1. Location map of the study area in northeastern Brazil. A) Generalized geological map
Pernambuco tectonic lineaments. Box locates the study area. B) Detailed geological map with l

rg/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
tectonic activity during the Neogene, which seems to have continued
even into the Holocene (Bezerra and Vita-Finzi, 2000; Bezerra et al.,
2008; Ferreira et al., 2008; Moura-Lima et al., 2011; Rossetti et al.,
2011a, b, 2012; Balsamo et al., 2013). The precise timing and intensity
of these events, however, are questions that remain to be answered.

Geological framework

The Paraíba Basin is the last marginal rift formed during the opening
of the South Atlantic Ocean in Late Jurassic and Early Cretaceous time
(Matos, 1992). Granite, migmatite and gneiss belonging to the Precam-
brian Borborema Province form the basement of this basin, which is
with location of the study area in the Paraíba Basin, between the Mamanguape and the
ocation of the studied sections (modified from Rossetti et al., 2011a).

https://doi.org/10.1016/j.yqres.2014.07.003
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bounded by the Pernambuco Lineament to the south andMamanguape
Fault to the north (Fig. 1A). Several other faults are present in this basin,
and they usually record reactivation of basement structures. Previous
publications have documented that faulting continued up to the
Neogene and even Quaternary in the Paraíba and other basins of this
continental margin (e.g., Bezerra and Vita-Finzi, 2000; Bezerra et al.,
2001, 2008; Rossetti et al., 2011a, b).

The sedimentary fill of Paraíba Basin starts with Coniacian–Santonian
sandstones of the Beberibe Formation (Beurlen, 1967). These rocks are
overlain by calcareous sandstones and siltstones of the Campanian
Itamamaracá Formation. Sedimentation continued in the Maastrichtian,
with the establishment of a carbonate platform represented by the
Gramame Formation. Carbonate sedimentation continued up to the
Paleogene, with deposition of the Maria Farinha Formation (Beurlen,
1967). After a prolonged period of subaerial erosion, siliciclastic deposi-
tion resumed giving rise to sandstones and mudstones of the Barreiras
Formation in the Miocene (Rossetti, 2004). A renewed interval of
non-deposition that extended up to the Quaternary resulted in an
unconformity marked by a ferruginous lateritic soil horizon at the top
of this stratigraphic unit (Rossetti et al., 2012, 2013). Sedimentation
returned to the Paraíba Basin only in the late Quaternary, when the
post-Barreiras sediments were formed (Rossetti et al., 2011b).

The post-Barreiras sediments, the focus of the presentwork, are geo-
graphically widespread in the central Paraíba Basin (Fig. 1B) and consist
mostly ofmoderate towell-sortedfine- tomedium-grained sandstones.
These deposits are generally massive or have a variety of ductile and
brittle synsedimentary deformation structures related to seismic
activity contemporaneous with sediment deposition (Rossetti et al.,
2011a, b, 2012). According to Rossetti et al. (2011a, b, 2012), the post-
Barreiras sediments also include poorly consolidated or friable, fine-
grained, well-sorted sands formed by aeolian processes. In addition,
they established late Pleistocene to Holocene ages for the post-Barreiras
sediments based on optically stimulated luminescence (OSL) dating.

Material and methods

This studywas based on the analysis of two coastal cliffs, one at Cabo
Branco Beach (7°8′45″S lat.; 34°58′08″Wlong.) in the city of João Pessoa,
and the other located 30 km south at Tambaba Beach (7°21′57″S; 34°47′
59″W) (Fig. 1B). The post-Barreiras sediments are well exposed in these
cliffs,where they form a succession up to 15m thick that unconformably
overlies Miocene deposits of the Barreiras Formation. The base of the
post-Barreiras sediments is at 12.2 m and 38 m above modern sea
level in the Cabo Branco and Tambaba sections, respectively.

The methodological approach consisted of descriptions of sedimen-
tary facies including parameters such as lithology, texture, sedimentary
structure, and bed contact. Facies characteristics were documented in
the field with the construction of lithostratigraphic profiles and record-
ed in photographs and photomosaics. This work was complemented
by detailed descriptions of trace fossils and ichnofabric. The degree of
bioturbation was measured using the method of Reineck (1963).
Ichnofabric characterization considered ichnotaxobases (Bromley,
1996), ichnodiversity, burrow size, and inferred ethological patterns.

Sandstone ages were established on the basis of OSL dating of nine
samples. Sampling procedure consisted of collecting sediments with
30-cm-long PVC plastic tubes 5 cm in diameter. The tubes, protected
in both sides with caps, had no transparency in order to avoid renewed
bleaching by sunlight. Samples were collected horizontally at the out-
crops, which were previously cleaned from weathered material. The
analyses were carried out at the Laboratory of Glasses and Dating of
the Faculdade de Tecnologia de São Paulo, Brazil (FATEC–SP). OSL analysis
of quartz grains was performed using a blue light (470 nm) and detec-
tion through a ~5-mm Hoya U-340 filter. OSL ages were based on the
standardized growth curve (SGC) method (Roberts and Duller, 2004).
For the SGC, the natural luminescence signal (Ln) and laboratory test
dose (Tn)weremeasured. The ratio of both signals (Ln/Tn)wasmultiplied
oi.org/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
by the size of the test dose applied (Ln/Tn × Td) in order to obtain the
standardized OSL signal. In all cases, samples were preheated at 250°C
for 10 s prior to measurements and at 200°C for 10 s after the test dose.
The same thermal treatments were used during the single aliquot regen-
eration (SAR) protocol. Eight doses between 10 and 600 Gywere used to
build the SGC, with five aliquots measured for each dose. To obtain the
convenient equivalent dose (De) a regression curve using the equation I
(OSL)= Imax(1− e−D/Do)+ k.Dwas fitted through the data. For calcula-
tion of dose rates (Do), annual doses were calculated using U, Th, and K
concentrations. The natural radioactive isotope contents in the samples
were determined with gamma spectroscopy using an Inspector portable
spectroscopyworkstation, lead shieldmodel 727, and a Canberra 802 Nal
(TI) detector. Details of the methodology described above are found in
Tatumi et al. (2001, 2008). The contributions of cosmic radiation and
moisture content were taken into account to calculate the Do. The contri-
bution of cosmic rays varies according to the depth and geographical
position of the sampling site (e.g., Prescott and Hutton, 1994). Hence,
these parameters were also included in the calculation. Because intersti-
tial moisture interferes in the radiation dose, the water contents of the
samples were taken into account for Do calculations by applying the
appropriate attenuation factor for α, β and δ radiation according to the
following equation (Aitken, 1985):

D ¼ Dδ
1þ 1:14 � F �w1

þ Dβ
1þ 1:25 � F �w1

Where D = cosmic radiation and w = moisture contribution.

Results

Facies Description

The post-Barreiras sediments in the two studied sections consist
chiefly of sandstones, which are described in terms of five facies: biotur-
bated sandstone/mudstone (facies Bs); massive sandstone (facies Ms);
deformed sandstone (facies Ds); quartz and laterite pebble conglom-
erate (facies Cg); mud pebble conglomerate (facies Ic); and stratified
sandstone (facies PCs). All these facies are interbedded and orga-
nized into three associations, designated as SH (upper shoreface),
FS (foreshore), and AS (aeolian coastal dunes). The sections are perva-
sively affected by fractures, particularly at Tambaba section. Fracture
surfaces are often highlighted by layers of iron oxides and hydroxides
up to 5 cm thick.

Facies Association SH (upper shoreface)

This association is present in both of the studied sections. It is
composed mostly of bioturbated sandstones/mudstones (Bs) that are
alternated with quartz and laterite pebble conglomerate (facies Cg),
mud-pebble conglomerate (facies Ic), massive sandstone (facies Ms)
and deformed sandstone (facies Ds).

At Tambaba section (Figs. 2–4), facies Bs consists exclusively of a
3-m-thick sandstone package (Fig. 2A,B). Facies characteristics of this
section are illustrated in Fig. 2. The corresponding lithostratigraphic
profile, paleoenvironmental interpretation, ichnological features and
OSL ages are shown in Fig. 3. Facies Bs at this locality consists mostly
of veryfine- tofine-grained andmoderately sorted sandstone that alter-
nates with facies Ms, Ds and Cg (Fig. 2A,B). Facies Ms and Ds consist
generally of fine- to medium-grained sandstones with disperse quartz
granules, which are either entirely massive or have convolute or
contorted beddings, respectively. These facies can also form masses
that are slightly disrupted to form blocks up to 1.5 m in diameter (see
hatched lines in Fig. 2C). These blocks are usually highlighted by thin
veneers of iron oxides and hydroxides. Facies Cg corresponds to con-
glomerate with pebbles up to 5 cm in diameter of laterite and quartz
with a matrix of fine- to medium-grained sandstone (Figs. 2A, 3). All

https://doi.org/10.1016/j.yqres.2014.07.003
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Figure 2. Post-Barreiras sediments at the Tambaba section (see Fig. 1 for location). A) General view of the outcrop showing upper shoreface deposits (facies association SH) with lenses of
sandstone and quartz and laterite pebble conglomerate (facies Cg), unconformably overlain by aeolian coastal dune deposits (facies association As) (rectangle indicates location of figure
B). B) Detail of A illustrating the lenticular nature of bioturbated sandstone (facies Bs). C) Decimeter-long clasts of massive sandstone (facies Ms in view profile).
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these facies can occur as lenses up to 10 m long and averaging 20 cm in
thicknesses.

Facies Bs displays a Thalassinoides-dominated ichnofabric (Fig. 4A–D)
and locally Psilonichnus isp. (Fig. 4E). The Thalassinoides ichnofabric is
monospecific and characterized by horizontal to inclined burrows with
dichotomously branched tunnels (see Th in Fig. 4B and arrows in 4C).
These display circular cross-sections and form complex networks
(mazes and boxworks, sensu Frey et al., 1978). Burrows are unlined,
smooth-walled; diameters vary from 2 to 4 cm. Burrow-wall ornamenta-
tion is lacking. Branches with Y- or T-shaped (Fig. 4C) bifurcations are
dominant, with angles varying between 60° and 90°. Enlargements in
bifurcation points (see El in Fig. 4C) are common, and some burrows
may show turnarounds (see 1 and 2 in Fig. 4D). Sedimentary fills of
these burrows is the same as the hostmaterial. The degree of bioturbation
is moderate to high (according to scheme of Reineck, 1963) (Fig. 4A,B).
The Thalassinoides burrows are in great part iron-cemented, although
facies Bs also displays an abundance of non-cemented Thalassinoides
trace fossils. Psilonichnus isp., the only burrow identified in association
with Thalassinoides, is characterized by vertical, Y-shaped burrows with
diameters varying from 1 to 3 cm and bifurcation angles from 60° to 90°
(Fig. 4E). The burrow walls locally show scratch marks and the burrow
fill is equivalent to the host rock. Burrows assigned to Psilonichnus isp.
cut across the Thalassinoides ichnofabric.

In the Cabo Branco section (Figs. 5A,B, 6), facies association SH is
more varied and consists of facies Bs (Fig. 5C), Ic (Fig. 5D), Ms and Ds.
Facies Bs, which is finer-grained than in the Tambaba section, consists
of thin (b1 m) layers of well to moderately sorted, very fine- to fine-
grained sandstones and mudstones. These deposits are overlain by
facies association FS (Fig. 5E, see below). The Thalassinoides ichnofabric
is also present at this locality (see Th in Fig. 4F,G). Despite the relatively
poor preservation, the same characteristics described for this
ichnofabric in the Tambaba section are also observed at the Cabo Branco
section. Themajority of facies association SH in the Cabo Branco section
consists of facies Ms and, secondarily, facies Ic. Facies Ms at this locality
is finer-grained than in the Tambaba section, including very fine- to
fine-grained massive sandstones and silty mudstones. Facies Ic consists
of conglomerate with subrounded mud rip-up clasts, generally with a
rg/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
closed framework and a matrix of fine-grained sandstone (Fig. 5D).
The thickness of facies association SH varies at the Cabo Branco section.
At one end, the package is up to 12 m thick where it fills a concave-up
depression nearly 200m inwidth (Fig. 5C). These deposits thin laterally
(to the right in Fig. 5A) as they overlie facies association FS, forming
together a 5-m-thick tabular package.

Facies Association FS (foreshore)

This association was recorded only in the Cabo Branco section (see
FS in Figs. 5A,E; 6), where it forms a package up to 2 m thick. It is later-
ally continuous for tens of meters, in part overlying unconformably the
Barreiras Formation (Fig. 5A,B) and in part overlying facies association
SH (Figs. 5E, 6). These deposits are composed of stratified sandstone
(facies PCs), massive sandstone (facies Ms) and deformed sandstone
(facies Ds). Facies PCs (Fig. 5F) consist of well-sorted, rounded to sub-
rounded, fine-grained quartz sandstone with parallel stratification that
grades vertically into low-angle cross-stratification. Parallel strata
are arranged into low-angle truncating packages 20 to 30 cm thick.
Medium-scale trough-cross stratification is most common and locally
grades into tabular cross sets. Cross lamination may intergrade either
with parallel- or cross-stratified strata, and they occur in sets with
lower, either symmetrical or asymmetrical undulatory boundaries and
common internal reactivation surfaces. Facies PCs is interbedded with
facies Ds, the latter consisting of fine- to medium-grained and well- to
moderately sorted sandstone averaging 1m thick and internally charac-
terized by either convolute or contorted bedding (Fig. 5G). Facies Ds
grades into facies Ms, which in this association consists of entirely
unstructured, well-sorted, fine-grained sandstone.

Facies Association AS (aeolian coastal dunes)

This association is recorded at the top of both cliffs overlying the
other facies associations (Figs. 5A,B, 6). The basal bounding surface is
sharp and locally undulatory. The deposits consist essentially of well-
sorted, moderate to well rounded, fine- to medium-grained massive
sandstone.

image of Figure�2
https://doi.org/10.1016/j.yqres.2014.07.003


Figure 3. Lithostratigraphic profile at Tambaba section showing the vertical distribution of
facies associations, ichnofossils, and OSL ages.
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Chronology

Nine sandy samples of the post-Barreiras sediments have OSL ages
ranging from 60.0 (±1.4) to 15.1 (±1.8) ka (Table 1). Five samples
derive from the Tambaba section (Fig. 3). Three derive from other
laterally correlated outcrops of the post-Barreiras sediments at the
Tambaba Beach. One sample came from the top of the Cabo Branco sec-
tion (Fig. 5A).

The OSL age distribution is generally consistent within the Tambaba
section, with an upward progressive decrease. An exception occurs at
the base of the profile, where an age inversion was recorded from a
42.8 (±4.4) ka sample located 1 m below a 60.0 (±1.4) ka sample.
These two samples were collected from the deformed sandstone (facies
Ds), and so this age inversion could have been due to sediment remobi-
lization within this lithofacies during soft-sediment deformation, as ex-
plained in the following section. Two samples from the bioturbated
sandstone provided ages of 58.5 (±1.5) and 40.5 (±1.6) ka for the
lower and upper samples, respectively. However, a much younger age,
namely 15.1 (±1.8) ka, was obtained for the massive sandstone from
facies association AS at the top of the Tambaba section (Fig. 3).

Samples from outcrops having late Pleistocene deposits similar to
the Tambaba section presented samples of the post-Barreiras sedi-
ments yielding ages from 23.2 (±2.1) ka to 37.6 (±7.0) ka. The sin-
gle sample from the Cabo Branco section yielded an age of 46.8
(±3.1) ka.
oi.org/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
Discussion

Paleoenvironmental setting

Sedimentologic characteristics integrated with ichnofabric observa-
tions and OSL dating lead us to conclude that the post-Barreiras sedi-
ments in the studied sections were deposited in marine-influenced
settings during the late Pleistocene. Facies association SH records a ma-
rine environment, as suggested by the Thalassinoides ichnofabric. The
morphological characteristics of the observed trace fossils, consisting
of a complex network of horizontal to inclined and dichotomously
branched tunnels with Y- or T-shapes, leave no doubts on their attribu-
tion to this ichnogenus. This represents a feeding–dwelling burrow sys-
tem of decapod crustaceans (mostly thalassinidean and callianassidean
shrimps) that inhabit coastal to shallow to deep-marine environments
(e.g., Bromley and Frey, 1974; Ekdale et al., 1984; Bromley and Ekdale,
1986; Ekdale and Bromley, 1991; Myrow, 1995; Bromley, 1996; Buatois
et al., 2011). There is only one presumable record of Thalassinoides in
continental deposits (Kim and Pickerill, 2002), but the morphological
characteristics described by these authors can be compared to crayfish
burrows (Loloichnus) of continental environments (Bedatou et al., 2008).

Thalassinideans crustaceans can be regarded as a strategist organ-
ism, particularly in shallow marine settings, because they modify their
environment, favoring the occupation of new ecological niches as a re-
sult of intense burrowing activity and high-density populations (Gibert
et al., 2006). Taking this into account, the presence almost exclusive of
thalassinidean burrows and the moderate to high degree of bioturba-
tion in facies association SH are suggestive of shallow marine settings
that are located above fair-weather base and undergo the influence of
high-energy processes and normal to near-normal salinity conditions
(e.g., Frey et al., 1978; Pollard et al., 1993; Gibert et al., 2006; Gingras
et al., 2007). In such settings, wave and current action promotes fre-
quent erosion,which destroys ichnofabrics produced by shallow tier or-
ganisms (e.g., Bromley and Ekdale, 1986; Bromley, 1996; Gingras et al.,
2007, 2011; MacEachern et al., 2007a). Storm surges also promote ex-
tensive erosion and rapid sedimentation, which favor the preservation
only of mid- and deep-tier organisms and, in general, only deeply pen-
etrating structures are preserved (Howard and Frey, 1984).

The expressive occurrence of Thalassinoides suggests a climax of eco-
logical conditions during the establishment of this trace fossil suite. The
burrow size (i.e., N2 cm in diameter) and the intricate burrow architec-
ture are consistentwith colonization under stablemarine salinity condi-
tions. Burrows with simpler architecture and smaller sizes would be
more characteristic of environments with stress generated by salinity
fluctuations (e.g., Pemberton and Whightman, 1992; Pemberton et al.,
2001; Savrda and Nanson, 2003; Buatois et al., 2005; Gingras et al.,
2007, 2011; MacEachern et al., 2007a). Additionally, similar burrows
can be found inmodern tropical coastal environments, such as estuaries
and lagoons (e.g., Curran and Martin, 2003). However, in such environ-
ments these burrows do not show the complex bifurcation and turn-
around patterns recorded in the studied Thalassinoides ichnofabric. The
density of these similar traces can be high, but they do not display the
same morphologic and complex pattern with bifurcations and turn-
arounds, and normal sizes of burrows as in the Thalassinoides ichnofabric
recorded in the study area. This favors a shallow marine environment,
rather than an estuarine or other coastal depositional system, as the
most likely in this instance. Taking this into account, then the most likely
is to attribute facies association SH to an upper shoreface setting.

The Psilonichnus isp. in facies Bs of Tambaba section records subaer-
ial coastal environments. This is because this dwelling burrow of deca-
pod crustaceans, mainly ocypodiid crabs, has been recorded only in
subaerial coastal deposits (e.g., Frey et al., 1984; Gingras et al., 2000;
MacEachern et al., 2007b;Netto andGrangeiro, 2009). In addition,mod-
ern Psilonichnus-like burrows in the Atlantic Ocean coast are mostly at-
tributed to the ghost crab Ocypode quadrata found in backshore areas
(i.e., uppermost foreshore, aeolian dunes) (Rosa and Borzone, 2008).

https://doi.org/10.1016/j.yqres.2014.07.003
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For this reason, the Psilonichnus ichnofacies generally has low
ichnodiversity and abundance, which results in its rare preservation
in the sedimentary record (MacEachern et al., 2007b; Pemberton et al.,
2001). The superposition of Psilonichnus isp. on the Thalassinoides
ichnofabric in facies association SH is perhaps due to an eventual
shallowing, which allowed the Psilonichnus tracemakers to colonize
upper shoreface substrates thatwere subaerially exposed. This compos-
ite ichnofabric requires a change from subaqueous to subaerial, proba-
bly backshore conditions, where the Y-shaped burrows produced by
Psilonichnus tracemakers were formed. Indeed, Psilonichnus has been
considered as a good proxy for sea-level oscillation (Curran, 2007;
Netto and Grangeiro, 2009).
rg/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
The sandy nature of facies association SH in Tambaba section con-
forms to the upper shoreface interpretation indicated by the ichnological
data. The genetic association of sandstone facies with quartz and laterite
pebble conglomerate (facies Cg) in this association indicates episodic
higher energy flows. This is because quartz pebbles and laterite concre-
tions are present in association with a paleosol horizon that marks the
top of the Barreiras Formation in this area (Rossetti et al., 2012). High-
energy longshore currents, storm currents and/or river flooding events
could have reworked these materials, and redeposited them in the
upper shoreface as lenses of conglomerates.

The characteristics of the Thalassinoides ichnofabric of facies Bs in
Cabo Branco section are similar to the one recorded in Tambaba section.

image of Figure�4
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Therefore, facies Bs in Cabo Branco section was also related to a shallow
marine environment located above the fair-weather base line, probably
also in an upper shoreface setting. However, the muddier nature of
facies Bs in this instance suggests lower energy conditions in this area,
although facies Ic may have formed by reworking of these deposits
within tidal channels.

The attribution of facies association SH to the upper shoreface envi-
ronment is consistent with the transition of these deposits to facies
association FS (as observed in Cabo Branco section). The latter is related
to the foreshore setting based mainly on the occurrence of laterally
continuous packages of parallel-stratified to low-angle cross-stratified
oi.org/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
sandstone (facies PCs). These packages are compatible with deposition
under upper flow regime conditions and shallowwater at the transition
to or above fair-weatherwave base, as typical of beach faces (e.g., Clifton
et al., 1971; Driese et al., 1991). The parallel-stratified to low angle
cross-stratified sandstone (facies PCs) is consistent with frequent
changes in the beach-face profile. Truncation was also promoted by
action of flows with fluctuating energy probably due to the swash–
backwash action on beaches (e.g., Reinson, 1984). The cross lamination
with highly undulatory, either symmetrically or asymmetrically low set
boundaries and frequent internal reactivation surfaces in facies PCs
attests combined flows. These features were possibly produced by the

https://doi.org/10.1016/j.yqres.2014.07.003


Figure 6. Stratigraphic profiles at Cabo Branco section, displaying the vertical distribution of facies associations, ichnofossils, and OSL age.
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combination of fair-weather waves with littoral currents or tides (de
Raaf et al., 1977). The tabular- and trough-cross strata in this facies asso-
ciation record areas where flow energy decreased and promoted the
development of 2D- and 3D-bedforms, respectively. The absence of
bioturbation in facies association FS is compatible with a high-energy
setting, as typical of beaches. The deformed sandstones (facies Ds) sug-
gest deformation while the sediment was still in an unconsolidated or
semi-consolidated state. Its association with facies Ms led to interpret
that the latter may also have been a consequence from deformation,
probably recording areas submitted to more intense stress, which cul-
minated with a complete loss of structure due to fluidification and/or
liquefaction. The limited exposures do not allow to better understand
the cause (s) of such soft-sediment deformation, but similar deposits
Table 1
Ages of the post-Barreiras sediments obtained by optically stimulated luminescence (OSL) dat

Location Sample U (ppm) Th (ppm) K (%)

Cabo Branco Beach PB 114.7 0.72 1.41 b.d.l.

PB 113.2b 3.93 18.26 0.90
PB 113.5b 3.64 19.44 0.46
PB 113.11 4.96 12.44 b.d.l.

Tambaba Beach PB 113.12 4.58 16.46 b.d.l.
PB 113.13 4.94 14.28 b.d.l.
PB 113.15a 7.08 33.67 1.04
PB 113.16a 5.71 32.54 0.58
PB 113.17a 7.13 32.97 1.85
PB 113.18a 4.43 19.85 0.61

b.d.l. = below detection limi.
a Samples from outcrops of the Post-Barreiras Sediments located laterally to the lithostratig
b Data from Rossetti et al. (2011b, 2012).

rg/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
previously reported in the post-Barreiras sediments of this basin were
related to seismites (Rossetti et al., 2011a, b).

The massive and monotonous nature of facies association AS pre-
cludes the detailed interpretation of its depositional setting. In part,
the massive nature of these deposits may result from pedogenesis
associated with the present subaerial exposure. However, the preferred
interpretation is that association AS constitutes the record of a distinc-
tive depositional episode subsequent to the formation of the upper
shoreface/foreshore associations. The presence of a well-defined dis-
continuity surface at the base of association AS (see Figs. 2A and 5A)
and the age contrast (i.e., more than 25 ka) with respect to the underly-
ing foreshore/shoreface deposits support this interpretation. In addi-
tion, the sandy nature, fine to medium grain size, and well-sorted
ing.

Accumulated dose (Gy) Annual dose rate (μGy/year) Age (ka)

75 ± 4 1.604 ± 60 46.8 ± 3.1

53.0 3506 ± 240 15.1 ± 1.8
131.3 3068 ± 159 42.8 ± 4.4
144.2 2.450 ± 500 58.5 ± 1.5
160.7 2.670 ± 500 60.0 ± 1.4
105.9 2.600 ± 900 40.5 ± 1.6
156.3 5.550 ± 490 28.2 ± 3.9
107.8 4.640 ± 190 23.2 ± 2.1
177.8 6.290 ± 750 28.28 ± 4.8
128.8 3.420 ± 460 37.65 ± 7.0

raphic profile shown in Fig. 3.
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moderately towell-rounded grains suggest that association ASwas pos-
sibly formed by aeolian deposition in coastal dunes.

Shallow marine deposition in the context of sea level

Unfortunately, body fossils that could support the proposed marine
interpretation have not been found in the studied deposits yet. These
strata are mostly sandy and oxidized, and have low potential for fossil
preservation. In such instances, trace fossils are particularly valuable in
making facies interpretations. Despite the lack of body fossils, a shallow
marine environment seems to be themost likely interpretation that can
explain both the described sedimentary facies and the ichnological
assemblage dominated by Thalassinoides.

Under the assumption that the proposed marine interpretation is
correct, the location of these deposits ca. 38 m above modern sea level
must be explained. This altitudinal position conflicts with the fact that
the global sea level during the post-Barreiras sedimentation was
trending to a fall as a result of the last glaciation (Fig. 7). The estimate
is that sea level reached nearly 120 m (Clark et al., 2009; Fairbanks,
1989) or at least 80 m (e.g., Cutler et al., 2003) below modern sea
level during the maximum of this glaciation episode, i.e., between
circa 23 and 18 ka (e.g., Crowley and North, 1991). Subsequently, in
the Holocene, sea level rose to the present mean sea level. Sea-level re-
construction along theBrazilian coast agreeswith this global pattern, in-
dicating a drop during the last glaciation (Barreto et al., 2002; Suguio
et al., 2011), with a rise occurring only in the mid-Holocene, but with
sea level having reached a maximum of only 5 m above the present
one (Dominguez et al., 1992; Bezerra et al., 2003; Martin et al., 2003;
Caldas et al., 2006; Suguio et al., 2013). If deposition of the post-
Barreiras sediments occurred between 60.0 (±1.4) and 15.1 (±1.8)
ka (Fig. 7), as suggested by the OSL ages provided herein, then the
current elevation of shallow marine deposits in the Tambaba and Cabo
Branco sections at 38 and 12.2 m, respectively, is inconsistent with the
history of late Pleistocene sea-level oscillation.

The apparent conflict between sediment deposition and sea-level
history potentially could be related to limitations of the OSL methodol-
ogy. Age accuracy depends on the rate of bleaching due to exposure to
daylight. In general, the OSL signal of clean quartz sand can reset within
a few seconds when exposed to the sunlight, but grains in natural set-
tings commonly have iron and manganese oxide coatings (Murray
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Figure 7.Global sea-level curve during the last glaciation basedonmarine oxygen isotopes
from Shackleton (1988), with indication of the time for deposition of the post-Barreiras
sediments recorded in the studied sections. Note that sediment deposition occurred dur-
ing a time when eustatic sea level was several meters below the modern sea level.
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and Olley, 2002). Under this condition, bleaching requires longer expo-
sure to daylight, with this rate varying according to the transportion
process. More complete bleaching occurs in aeolian deposits, while
this process may vary in subaqueous environments depending on flow
behavior. Incomplete bleaching provides overestimated ages inherited
from previous depositional sites. Tests in aeolian, fluvial, lacustrine
and shallow marine settings have provided accurate ages (Murray and
Olley, 2002). According to these authors, sand reworked in shallowma-
rine settings might reach complete bleaching and provide precise OSL
ages. Thus, the potential for complete bleaching of the studied quartz
grains is high considering their deposition above fair-weather base
line. Characteristics in favor of the proposed deposition of the post-
Barreiras sediments during the last glacial lowering of sea level are:
(i) the consistent OSL ages from a set of 10 samples distributed within
a relatively short time range of a few thousand years; and (ii) the
general progressive age increase with depth in the instance of Tambaba
section. In addition, these ages are in agreement with those obtained
from other deposits of the post-Barreiras sediments in other areas of
Paraíba Basin (e.g., Rossetti et al., 2011a). Based on these arguments,
the studied shallow marine deposits could not be associated with any
episode of eustatic sea-level rise thatwould justify their position several
meters above modern sea level.

The hypothesis of a tectonic uplift

If we assume that the marine attribution and the OSL ages for the
studied strata are correct, then tectonic uplift must be invoked as the
most plausible hypothesis to explain the altitudinal position of the stud-
ied strata several meters above modern sea level. This hypothesis is
significant considering the location of the Brazilian coast in a passive
margin that presumably has been stable since the main continental
rifting. However, if one disregards an origin related to a sea-level rise,
as previously discussed, then the tectonic hypothesis appears as the
most suitable explanation for the high elevation of these marine
deposits.

Notably, Bezerra et al. (2014) have proposed that the passivemargin
of South America remained active long after the continental breakup.
This conclusion was based on an increasing number of publications
reporting Neogene and Quaternary tectonic reactivations of Precambri-
an basement structures affecting both the sedimentary andmorpholog-
ical evolutions of several areas in northeastern Brazil (e.g., Bittencourt
et al., 1999;Moraes-Neto and Alkimin, 2001; Lopes et al., 2010), includ-
ing the Paraíba Basin (e.g. Balsamo et al., 2013; Bezerra et al., 2008,
2014; Rossetti et al., 2009, 2011a, b, 2012). In addition to the studied
sections, the latter authors described numerous outcrops with normal
and reverse faults, as well as folds, related to E–W compression and
N–S oriented extension within a strike-slip deformational regime in
the Neogene and Quaternary. Although the age of faulting was not
quantitatively established by those authors, Balsamo et al. (2013)
argued that faulting was very recent (i.e., b100 ka) based on growth
wedge geometry of the post-Barreiras sediments and fault-related dia-
genetic alterations.

Therefore, despite being in a passive margin, the studied shallow
marinedeposits occur in a regionwith records of neotectonic structures,
with faults and folds previously documented in the studied sections.
This tectonic context should be taken into account when attempting
to explain the studied strata above the modern sea level. Hence, the
recent transpressive kinematics documented in the Paraíba Basin may
have induced, at least locally, the vertical uplift of shallow marine de-
posits of the post-Barreiras sediments to their present-day topographic
position.

The record of neotectonic activity on the passivemargin of the South
America plate should not be regarded as improbable, as other passive
continental margins worldwide have experienced, polyphased evo-
lution, with common post-rift tectonic reactivation (e.g., Dendith
and Featherstone, 2003; Japsen et al., 2003, 2006; Faccenna et al.,

image of Figure�7
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2008). In addition, Pedoja et al. (2011) suggest that the coasts of
many continents have been uplifting since the last interglaciation
period by compression due to long-term continental accretion related
to plate tectonics. The eastern Brazilian passive margin is currently
under compression due to the effect of E–W and N–S oriented strike-
slip deformation (Ferreira et al., 2008). Such recent tectonic activity is
in agreement with the fact that seismicity in northeastern Brazil re-
mains active today, as shown by earthquakes up to 5.2 mb body-wave
magnitude and VII MMI (Modified Mercalli Intensity scale) (Ferreira
et al., 2008). These seismic events have recurred through time
(Bezerra et al., 2011) and have influenced sediment deposition in
northeastern Brazil during the late Pleistocene and Holocene
(e.g., Bezerra et al., 2008; Moura-Lima et al., 2011; Rossetti et al.,
2011a, b, 2012).

Uplift rate

Although the studied deposits are in a regionwith a tectonic context
that could justify their position above the modern sea level, the esti-
mated uplift rate appears to be much higher than expected. Pedoja
et al. (2011) proposed an uplift rate of only 0.1 mm/yr for this pas-
sive margin. If the proposed tectonic hypothesis is correct, a rise of
38 m in the last 60 ka would result in an uplift rate of 0.63 mm/yr.
However, if the sea level at this time was 80 m below the present
sea level as claimed by some authors (e.g., Cutler et al., 2003), then
an estimated uplift of up to 1.97 mm/yr would be have required to
lift the post-Barreiras sediments to an altitude of 38 m during the
last 60 ka. This would place the passive margin of Brazil within an
area of high uplift, being compared to Andean areas where uplift
rates range from 0.6 to 9.6 mm/yr (e.g., Gregory-Wodzicki, 2000;
Saillard et al., 2009; Hervé and Ota, 1993).

The uplift estimate for the study area would require vertical slip
rates along faults that are much higher than the reported for passive
continental margins. In part, the rate of uplift recorded here could be
tentatively justified by the location of Paraíba Basin in one of the most
seismically active areas in intraplate South America (e.g., Ferreira
et al., 2008). Indeed, the number and styles of tectonic structures re-
corded in Neogene and Quaternary strata of this basin cannot be
compared to those found thus far from any other sedimentary basins
of northeastern Brazil. However, the limited nature of our data and
the estimated high uplift rate raise a word of caution in applying
our interpretations in future studies. The information presented
herein should be evaluated in the light of a larger volume of structural
data. This will be necessary to formulate a geotectonicmodel that better
explains the evolution of the Brazilian passivemargin, an issue still open
for debate.

Conclusions

The integrated ichnological and sedimentological studies presented
here provide valuable information on the neotectonics of Paraíba
Basin. The post-Barreiras sediments presumably formed in shallow
marine environments are now exposed at an altitude up to 38 m
above the present-day sea level. The occurrence of suchmarine deposits
at this altitude cannot be associated with any known rise in sea level.
This is because at the time of deposition during the last glaciation sea
level remained lower than the present duringmost of the last glaciation,
with a rise of only ~5 m during the mid-Holocene transgression. Thus,
terrain uplift is suggested as the most likely hypothesis responsible for
the altitudinal displacement of the post-Barreiras sediments in the
study area. Taking into account that these strata were formed in
the last 60 ka, an estimated uplift rate of about 0,63 mm/yr, or
1,97 mm/yr (considering that sea level was 80 m below the present
sea level to this last one)would be required during this period. If the up-
lift hypothesis is correct, then tectonic deformation along this margin
during the Quaternary time might have been even more intense than
rg/10.1016/j.yqres.2014.07.003 Published online by Cambridge University Press
previously anticipated. However, further studies integrating additional
sedimentological, chronological and tectonic data are recommended
to fully test the proposed uplift hypothesis presented here.
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