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ARTICLE INFO ABSTRACT

The Silurian-Devonian Tacaratu Formation represents the basal siliciclastic sequence of the Jatoba Basin and is
the focus of this study. Provenance and palaeocurrent studies are fundamental to the analysis and understanding
of the surface diagenetic evolution and tectonic evolution of sedimentary basins. Field work (stratigraphic logs
and sedimentary structures) and laboratory studies (petrography) were used for characterization this sedi-
mentary fill. The Tacaratu Formation is comprised of sandstones varying from medium-to coarse-grained with
conglomeratic levels. Seven main lithofacies have been identified and described: poorly stratified, matrix to
clast-supported conglomerates; trough cross-stratified conglomerates; cross-stratified clast-supported conglom-
erates; cross-stratified pebbly sandstones; coarse-to medium-grained sandstones with trough cross-stratification;
coarse-to medium-grained sandstones with planar cross-stratification; and horizontally stratified sandstones.
The compositional analysis of 20 sandstone samples revealed homogeneity and compositional regularity among
the samples. Fifty per cent of the sedimentary rocks were classified as quartz arenite, 40% as sub-litharenite, and
10% as subarkose. The provenance of these sandstones indicates a stable craton origin, with tectonic events at
the margin of the basin. Diagenesis has evolved from eodiagenesis through mesodiagenesis to telodiagenesis.
Palaeocurrent readings show a consistent trend to the NNW and a secondary mode to the NE. Palaeocurrent
readings point to the Sao Francisco Craton as the main source area - more precisely the resistant areas of the
Borborema Province.
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1. Introduction

In general, the Early Palaeozoic deposits in Brazil are less studied
and thus less understood than Mesozoic Strata. However, they con-
stitute the base of several Brazilian basins, notably among the interior
basins of north-eastern Brazil (e.g., Araripe, Sao José do Belmonte,
Mirandiba, Cedro, Betania, Fatima, Tupanaci and Bom Nome) as well as
the Tucano Norte and Parnaiba basins (Braun, 1966; Barreto, 1968;
Ghignone, 1972; Caputo and Crowell, 1985; Ponte and Appi, 1990;
Assine, 1992, 1994, 2007; Mabesoone, 1994; Caixeta et al., 1994;
Cesero and Ponte, 1997; Costa et al., 2007; Magnavita et al., 2003;
Fambrini et al., 2013; Guzmén-Gonzalez et al., 2015).

* Corresponding author.

This basal interval constitutes the Tacaratu Formation in the Jatoba
Basin. This barren unit involves alluvial conglomerates and very coarse-
to medium-grained, well stratified sandstones. Hence, it includes rocks
appropriate for provenance and palaeocurrent studies.

The Jatob4 basin constitutes the northern branch of the Recéncavo-
Tucano-Jatobd Rift System. It has a semi-graben geometry, with a
northern faulted margin and a southern flexural margin (Santos et al.,
1990; Magnavita et al., 2003). The medium-to coarse-grained sand-
stones with conglomeratic intervals that outcrop in the northern and
southern edges of the Jatoba basin constitute the Tacaratu Formation
(Ghignone, 1979; Menezes Filho et al., 1988).

On the southern margin of the basin, the Tacaratu Formation
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Fig. 1. Geological sketch of the Northeastern region of Brazil (Borborema Province) and its main units. The dashed rectangle represents the area of Fig. 2. Modified

from Brito Neves et al. (2000).

outcrops as cuestas, with asymmetric relief resulting from the erosive
retreat of some layers of the formation. Scarp fronts (frontslopes) are
situated to face southeast, and backslopes have a gently dip to north-
west, towards the Jatoba Basin Depocentre (Neumann, 2017).

Provenance and palaeocurrent studies are fundamental for the
analysis and understanding of the surface diagenetic evolution and
tectonic evolution of sedimentary basins and may significantly con-
tribute to global tectonic reconstructions (Dickinson, 1988; Miall,
2000). When associated with depositional systems, facies and petro-
graphic, such techniques enable the characterization of the source areas
that provided debris to the basin. In this context, this article aims to
provide information on the facies and depositional systems, provenance
and alluvial transport recorded in the Tacaratu Formation to sub-
stantiate the understanding of the origin and Early Palaeozoic evolution
of the much larger Parnaiba Basin.

1.1. Geological setting

Based on Brito Neves et al. (2000), the Jatoba basin is situated
between the Transversal and the Meridional Zones (Fig. 1) of the Bor-
borema Province (Brito Neves, 1995; Gomes, 2001). The Transversal
Zone includes the Alto Moxot6 and Rio Capibaribe terrains, whereas the
Meridional Zone comprises the Pernambuco-Alagoas terrain. Unlike the
continental margin basins, which evolved from rift to passive margin
stages, the Lower Cretaceous Reconcavo, Tucano and Jatoba basins
(Fig. 1) are an aborted branch of the South-Atlantic Rift that was
abandoned in the Lower Cretaceous (Aragao and Peraro, 1994;
Magnavita et al., 2003; Costa et al., 2003, 2007).

The ENE-WSW Jatob4 basin is located in the central part of the
Pernambuco State and occupies an area of nearly 5000 km? (Fig. 2).
The Sao Francisco (west) and Ibimirim faults (north) are the main
structural boundaries of the Jatoba Basin (Costa et al., 2003, 2007). The
altitude usually ranges from 200 to 750 m, although higher altitudes,
generally above 900 m, occur in the northern and southern areas of the
basin.

The Jatobd Basin includes Palaeozoic (Tacaratu and Inaja forma-
tions) and Mesozoic (Alianca, Sergi, Candeias, Sao Sebastido, Marizal,
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Crato, Romualdo and Ext formations and Ilhas Group) lithostrati-
graphic units (Fig. 3).

Derby (in: Brasil, 1984) defined the Tacaratu Formation as the
sandstones exposed in the Tacaratu Hills. Moraes Rego (1936) extra-
polated that concept to the entire Jatoba Basin, although it was only
later that the unit was formally proposed (Braun, 1966). The later
correlated the Silurian-Devonian Tacaratu Formation to both the Serra
Grande Group of the Parnaiba Basin and the Cariri Formation of the
Araripe Basin.

The Tacaratu Formation continuously outcrops along the eastern
and southern borders of the Jatoba Basin, from the southernmost city of
Tacaratu to the extreme NE of the study area near the locality of
Arcoverde (Fig. 4). This sandstone-rich unit comprises coarse-grained to
conglomeratic sandstones and subordinate, usually kaolinite-rich ar-
gillite (Rocha and Leite, 1999).

Rocha and Leite (1999) and Rocha and Amaral (2007) associated
the Tacaratu Formation with braided streams and related alluvial fans
deposits. These proximal facies are supposed to have evolved into flood
plain and succeeding eolian strata related to the medial and distal
reaches of the depositional system. Mabesoone (1977, 1994) suggested
that this unit includes both alluvial and coastal facies. A Silurian age for
the Tacaratu Formation (Barbosa, 1964) was later extended to the
Devonian by Ghignone (1979) based on palynological data (Regali,
1964).

The boundary of the Tacaratu Formation with the underlying
crystalline basement is either tectonic (extensional faults) or a non-
conformity, whereas its upper contact with the Inajid Formation is
gradual (Rocha and Amaral, 2007).

The structural evolution of the Jatoba basin was controlled by the
Neoproterozoic Pernambuco Shear Zone. This shear zone, which was
reactivated during the Mesozoic Era as the Congo and Ibimirim faults
along the N—NW boundary of the basin, controls the depocentre of the
Jatobd Basin (Magnavita and Cupertino, 1987; Magnavita, 1994). The
Jatobd Basin displays a half graben geometry, where the substrate is
composed of tilted blocks that are progressively deeper to the north-
west. A slip tectonic model has been proposed for the origin and evo-
lution of this basin.
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Fig. 4. Geologic map of the Jatoba Basin showing the Tacaratu Formation. Modified from Rocha and Leite (1999).

2. Materials and methods

The main objective of the fieldwork was a geological overview of
the area, including the macroscopic description of eleven outcrops,
identification of the largest possible number of representative facies of
the sandstones of the Tacaratu Formation, definition of the boundaries
between superimposed and overlapping geological units, measurement
of palaeocurrents in six outcrops, faults, fractures and sedimentary
structures.

In addition to the field work, the following laboratory analyses were
undertaken:

(1) A petrographic analysis of 5 (five) thin sections of the crystalline
basement for identification of lithological types present in the basal
portion of the basin;

(2) A description of 20 (twenty) thin sections of the Tacaratu rock
samples carried out based on Folk (1968); and

(3) A clay mineral analysis by X-ray diffraction in order to identify the
clay minerals from the Tacaratu Formation.

3. Results
3.1. Tacaratu formation

The sandstones are generally white to pinkish red in colour, coarse
to medium grained, locally fine grained, and comprised of angular to
sub-rounded quartz grains. They can be locally extremely silicified.

In other portions of the basin, the sandstones crop out in isolated
small hills. Exposures of small outcrops principally occur when asso-
ciated with the overlying sediments of the Inaja Formation. Often these
outcrops are covered by in-situ weathering deposits, which mask the
gradual and concordant contact between the Tacaratu and Inaja for-
mations.

In the field, several facies were identified in the Tacaratu Formation
based on their textural characteristics, composition, colour and energy
level.

The Tacaratu Formation is often found as coarse-grained sand-
stones, with tabular sets and fining upward cycles (Fig. 5). Other ob-
served sedimentary structures include tabular sets and tangential cross-
stratification, with alternating energy levels. The identified cycles in-
clude high energy and low energy (Fig. 6).

In some places, as in Poco Branco (Alagoas State, Fig. 3), the
sandstone has characteristics of a fluvial environment. The structures
represented in this outcrop are tabular and tangentially cross-stratified
and are truncated by pebbles and pavements of pebbles that fine

Fig. 5. Coarse-grained sandstone with tabular sets and tangential cross-strati-
fication, Tacaratu Formation. Outcrop 3 in Fig. 4.

Fig. 6. Detail of the base of the outcrop showing sub-angular quartz grains,
indicating high energy level and small transport distance. Outcrop 3 in Fig. 4.
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Fig. 7. Coarse-grained sandstones with tangential cross-stratifications; granule
and pebble layers are visible at the base of the sets. Outcrop 2 in Fig. 4.

upwards (Fig. 7).

3.2. Facies analysis

The sedimentary facies identified in the Tacaratu Formation are
distributed in practically all the investigated areas (Fig. 8). The facies
are composed of coarse-grained sandstones and conglomerates that
represent a braided fluvial system as defined by Cant and Walker
(1978). Table 1 synthesizes the facies described below.

3.3. Detrital composition, cements and mineralogic maturity

The major constituents and accessories of the framework of sand-
stones and conglomerates of the Tacaratu Formation were identified
and defined by grain size, rounding, contact between grains and ce-
ments as well as the defined mineralogical and textural maturity of
these sandstones. Thus, the detrital composition is comprised of quartz,
feldspar, muscovite, biotite, lithic fragments and opaque and heavy
minerals.

The sorting of the Tacaratu Formation sandstones and conglomer-
ates is usually moderate to poor, with less than 5% of the matrix.

The sandstones are dominantly quartzarenites (55% of the samples)
as seen below, but 35% were classified as sublitharenite and 10% as
subarkose (Fig. 9). The quartz grains (average of 50%) are mainly
monocrystalline (average of 60%) and commonly partially covered by
overgrowths (Fig. 10). Polycrystalline grains are locally abundant (up
to 17%) but generally of greater size.

The feldspars (1-7%; average of 3.5%) are equally K-feldspar and
plagioclase. Potassium feldspar may display widespread dissolution and
replacement by kaolinite, illite and, more rarely, by albite. Microcline
dominates over orthoclase/sanidine and perthite. Plagioclase grains
appear in the same proportion as K-feldspar but frequently as fresh
geminated ones. The lithic fragments (0-3%; average of 2.7%) are es-
sentially chert, quartzite and low-grade mica, schist/phyllite and ser-
icite quartzite. Hydrothermal quartz with abundant fluids (semi-com-
posite quartz grains; Fig. 10), gneissic and granitic rock fragments, as
well as tourmaline and chlorite inclusions are significant only in the
coarsest conglomerates. Micas are by far the most prominent accessory
grains (2-10%; average of 7.5%) and are usually concentrated or
showing preferred directions when biotite is extensively kaolinized.
Tourmaline, zircon and rutile are more common than other heavy mi-
nerals, which could be altered during diagenesis. Fragments of the
original, less stable heavy mineral assemblage, including epidote,
hornblende, apatite, sphene and Fe-Ti oxides, are preserved in the mi-
caceous fine sandstones and siltstones deposited in the cycle tops as
well as dispersed in reduced amounts in the framework of the sand-
stones.
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The grains are angular to subangular, but some samples exhibit
subangular to subrounded grains. The samples have a textural maturity
classified as submature (less than 5% of clay) in 75% of these sand-
stones. The grain size sorting ranges from moderate to poor in virtually
all samples.

The lithotypes have few intergranular spaces (pores), with a pre-
dominance of concave-convex contacts, showing high compaction, with
closed packing, derived from compression.

Quartz is the dominant detrital component, with straight extinction
(main) and infrequent undulose extinction. The grain sizes range from
fine-to medium-grained (smaller quantities) and medium-to coarse-
grained, although, coarse-grained sandstones with clasticity indexes of
approximately 60% predominate.

The quartz is dominantly monocrystalline (Qm), mostly fragments
of the plutonic type, and may be derived from granitic rocks or recycled
types (Fig. 11A). The second type of quartz is polycrystalline (Qp) with
undulose extinction, and the third, semi composite type is typical of
quartz veins or hydrothermal sources (Figs. 10 and 11A, B, E, F). Qm
grains are xenomorphic, and some have inclusions of rutile (Fig. 11C),
muscovite and zircon. Some grains are fractured, and the fractures are
filled with silica (Fig. 11C), as discussed below.

The Qp type occurs in all samples, with a predominance of the
metamorphic and deformed composite type (sheared-quartz) of Krynine
(1940) and Scholle (1979). The grains are dominantly of the meta-
morphic composite type and constitute a mosaic of various crystals with
straight edges. It features individualized grains and displays sutured
contacts, suggesting the schistose metamorphic type of Krynine (1940),
with abundant inclusions of mica.

The deformed composite type, which is sheared-quartz according to
Scholle (1979, Fig. 11B), presents clear orientations and stretching of
single crystals with irregular and sutured contours (Adams et al., 1993).
The single crystals sometimes show preferred orientations. Some of
these polycrystalline grains reach approximately 1.60 mm, with a pre-
dominance of undulose extinction (Fig. 11B) and sub rounded grains.
Sheared-quartz can represent a source that underwent instead of suf-
fered a high degree of deformation and/or metamorphism.

The semi-composite quartz type occurs in a smaller proportion than
the metamorphic or deformed composite polycrystalline quartz type.
The semi-composite quartz consists of two or more whole grains, with
evidence of recrystallization, presenting well-formed contacts between
the grains (straight and polyhedral) (Figs. 10 and 11A, B, E, F). This
variety of quartz with a predominance of undulating extinction in-
dicates the origin of the sources is derived from hydrothermal veins and
lodes (milky quartz).

The feldspars are less abundant in these sandstones, and when they
occur, the percentage of both varieties of plagioclase and microcline (K-
feldspar) does not exceed 7% of the total rock. The average percentage
of occurrence of the two feldspar types is approximately 3%. For these
two types, it was found that microcline (K-feldspar) occurs more fre-
quently.

Microcline grains usually occur as a few fresh grains, but they are
identifiable by the typical grid-twinning (Fig. 12B). Some others are
altered and dirty, making identification difficult. It normally forms
subhedral to anhedral grains and for the most part is altered to instead
of for sericite.

Plagioclase appears fresher than the K-feldspar, and subrounded
grains are dominant, and sometimes included in polycrystalline quartz
grains (Fig. 13B).

The mica group is represented practically by muscovite grains and
occurs in 95% of the thin sections studied, with a percentage of 7.5%.
Muscovite often appears curved, bent, deformed, and possibly shows
effects of compression or greater degrees of diagenesis (Fig. 11A).
Muscovite grains occur in large flakes (Fig. 14A), sometimes partially
covering quartz grains, and at other times, they are included in quartz
as small inclusions (Fig. 13A). They usually are concentrated or show a
preferred direction. On the other hand, biotite grains rarely occur and
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Tacaratu Formation sandstones

Fig. 8. Facies of the Tacaratu Formation; (A), aspect of the coarse-grained sandstones with tabular stratification of facies Sh, similar to the coarse-grained to
conglomeratic sandstones with planar cross-stratification of the facies Sp; (B), coarse-grained silicified sandstones of facies Sp; (C), coarse-grained to conglomeratic
sandstones of facies Scg; (D), general aspect of the Sh facies sandstones, which show characteristic weathering forms; (E), well-stratified medium-grained sandstones
of facies Sp; (F), view of the Catimbau Valley, Pernambuco, showing the erosional forms of the Tacaratu Formation.
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Principal lithofacies identified in the sandstones of the Tacaratu Formation and their characteristics. The codes presented in the first column correspond to the

nomenclature proposed by Miall (1978, 1996).

Lithofacies code  Facies

Sedimentary structures

Interpretation

Gm Clast supported conglomerates, poorly Planar bedding, imbrications
stratified

Gt Tangential cross-stratified conglomerates Tangential cross- stratifications

Gp Cross-stratified clast supported Planar cross- stratifications
conglomerates

Scg Cross-stratified pebbly and conglomeratic =~ Tangential cross-stratifications
sandstones

St Coarse- to medium-grained sandstones Solitary or grouped tangential
with tangential Cross-stratifications cross- stratifications

Sp Coarse- to medium-grained sandstones Solitary or grouped planar
with planar cross- stratifications cross- stratifications

Sh Horizontally stratified sandstones Planar stratification

Longitudinal bars, lag deposits

Deposited from traction by a unidirectional current. Gt Facies indicates deposits
of migrating subaqueous dunes with sinuous crests (3D dunes and bars) under
lower flow regime conditions

Longitudinal bars, old growth remaining bars

Deposits of migrating subaqueous dunes with sinuous crests (3D dunes and bars)
under lower flow regime conditions

Dunes (lower flow regime). Channel fill and lateral migration of sandy and
gravel bars

Planar-cross stratification related to 2D subaqueous sand dunes along transverse
linguoid bars and sand waves under upper flow regime conditions

Planar stream bed (upper flow regime)

The group of facies Gm, Gt, Gp and Scg are characterized by clast-supported conglomerates and troughs as well as planar cross-stratified conglomerates and
conglomeratic sandstones. These facies indicate channel fills and the lateral migration of sandy and gravel bars, although trough and planar cross-stratifications can
represent lateral and longitudinal accretion bars of braided channels. The Scg, St and Sp facies represent deposits formed by the migration of longitudinal bars in
braided river channels. The Sh facies (planar stratified sandstones) suggests planar bedding flow formed from an upper flow regime and giving rise to planar bed

forms.

1 - Quartzarenite

2 - Subarkose

3 - Sublitharenite

4 - Arkose

5 - Lithic arkose

75 6 - Feldspathic litharenite
7 - Litharenite

QUARTZ

0
LITHICS

Fig. 9. Framework compositions of twenty sandstone samples of the Tacaratu
Formation. Folk, 1968.

FELDSPAR

Fig. 10. Thin section showing a Tacaratu Formation sandstone; (A), a frame-
work of quartz arenite exhibiting predominant monocrystalline quartz grains
(Qm) of xenomorphic habit, semi-composite qz (Qps), opaque minerals and
siliccous and ferruginous cement. Scale =0.50mm Magnification10x,
Nx = polarized nicols. White bar for scale.

are present open ends, indicating alteration (cloritization).

Muscovite and biotite grains are derived from various igneous rocks
but primarily originate from metamorphic rocks such as phyllites and
schists. Although biotite is more common in the source area in relation
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to muscovite, the latter is more stable chemically and, therefore, more
common.

Lithic fragments are less significant than the feldspars, with a per-
centage of approximately 2.7% and are disseminated in the framework
of the sandstones and conglomerates. They are mainly chert clasts as
rounded to subrounded grains with dimensions between 0.4 and
0.8 mm. The other fragments that are found are basically quartzose,
probably metamorphic lithoclasts (quartzite), and micaceous fragments
(schists and phyllites) that are oriented according to the elongation of
the grains.

Clay minerals are rare. Some thin sections show the presence of
probable kaolinite and illite. Other clay minerals present are infiltrated
clays (Fig. 14B) and are discussed below.

Opaque minerals found were magnetite and hematite, and heavy
minerals grains more common are zircon, tourmaline, titanite, epidote
and rutile, representing 7% of the framework of samples. Despite the
latter that constitute only 1% of framework, the presence of these mi-
nerals is constant, mainly zircon and tourmaline.

The ultra-stable heavy minerals (ZTR index) occur in grain form,
mostly prismatic, with rounded edges. The rutile only occurs as inclu-
sions in quartz in the form of needles, (Fig. 11C). Tourmaline grains are
larger than zircon, sometimes measuring 0.48 mm, are usually greenish
or blueish in colour and have prismatic habit (Fig. 15A). Tourmaline
grains occur isolated or instead of as included in quartz grains
(Fig. 11D) and have small dimensions. Zircon usually appears in quartz
grains of prismatic shape (Fig. 15B).

Detrital epidote grains are much less abundant than zircon and
tourmaline, and their occurrence is punctual as rounded grains in
quartz grains (Fig. 15C and D).

The cementation present is mainly siliceous and, to a lesser pro-
portion, ferruginous. The siliceous cement occurs as (1) secondary
quartz overgrowth in the intergranular mosaic, and, subordinately, (2)
in the form of fibrous chalcedony.

Partial dissolutions along intergranular contacts and stylolites occur
as the main quartz cement in Tacaratu sandstones. The pressure be-
tween quartz grains in intergranular contacts caused the partial dis-
solution of quartz grains, culminating in instead to the collage of grains
and gave rise to stylolites.

Quartz overgrowths (siliceous cement) are common, with an
average of 5vol % (up to 14%). Despite the absence of trapped oxides
and clays, the overgrowths could be discriminated from the host grains.
Quartz overgrowths occur in some samples between grains and before
considerable compaction, whereas in others, they precipitate after
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Fig. 11. Thin sections showing Tacaratu Formation sandstones; (A), monocrystalline quartz grains (Qm) of xenomorphic habit, semi-composite quartz (Qps), and a
large grain of folded muscovite (Mu) between quartz grains (Qm); (B), view of polycrystalline quartz grains (Qp), typical sheared-quartz of Krynine (1940) at the
centre of the photo, semi-composite quartz, and monocrystalline quartz grains with some overgrowths; (C), monocrystalline quartz grain with some rutile inclusions;
(D), monocrystalline quartz grain (Qm) with tourmaline inclusions; (E), semi-composite quartz (Qps) and hematite ferruginous cement (hem), NP; (F), semi-
composite quartz (Qps) and hematite ferruginous cement (hem), Nx. Scale = 0.25 and 0.50 mm. Magnification 5x and 10x, Nx = polarized nicols.

intense pressure dissolution (Fig. 11E and F). The overgrowths show
dull-brown luminescence and complex zonation (Fig. 11A). Authigenic
quartz locally replaces detrital quartz along fractures and along the
contacts between overgrowths and host grains (Fig. 11A) (Morad et al.,
2000; De Ros et al., 1994; De Ros, 1998). These facts suggest that some
dissolution of detrital quartz occurred during or after mechanical
compaction and before extensive cementation (Morad et al., 2000).
Prismatic quartz outgrowths occupy intra- and intergranular pores
(0-4%,; average of 2%). This morphology is very common in late me-
sogenetic quartz (McBride, 1989; De Ros et al., 1994). Well-developed
multiple overgrowths and outgrowths engulf illite, which on the other
hand cover earlier-formed overgrowths (Figs. 11D-12B), demonstrating
the presence of at least two main quartz cement generations.

The ferruginous cement is observed around the grains (Figs. 10 and
11,12A, B, 13C) in the form of hematite coatings and fringes with
strong reddish (iron oxide) and yellowish colours and, subordinately,
illite.

Illite is common in the Tacaratu Formation (0-4%; average of 3%),
occurring mostly as aggregates of lamellar crystals that replaced ver-
micular kaolin, feldspar grains, micas and the pseudo matrix. Rims and
divergent aggregates of fibrous or lath-shaped crystals are less wide-
spread, but they are locally abundant and associated with late quartz

overgrowths and outgrowths. In the outcrop samples, however, illite
and kaolin commonly occur together, and illite pseudomorphically re-
places partially dissolved vermicular kaolin.

The presence of mainly siliceous and subordinately ferruginous ce-
ments indicates diagenetic dry or semi-arid climate conditions.

The packing on most thin sections (13 sections) is tight and is ex-
pressed by contacts among the grains of the concave-convex, planar and
sutured types. Four thin sections showed normal packing, with just one
thin section with loose packing, expressed by polygonal contacts in the
majority.

Based on these results, it follows that such a framework arrange-
ment (tight and normal), means a greater effect of rock compaction,
probably related to the much larger thickness of burial.

In this work the mineralogical and textural maturity were studied.

The mineralogical maturity of the sandstone was inferred from the
presence of heavy minerals and the quantity of quartz in the matrix,
which was comprised of =90% stable minerals. Based on that per-
centage, the results indicate that 65% of the sandstones are super ma-
ture and that 35% are mature and comprised of < 90% stable minerals.

In the textural maturity, the grain/matrix ratio was observed.

A majority of the samples (75%) are texturally sub-mature with low
clay content (< 5%). The remaining samples (25%) were classified as
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hem

Fig. 12. Thin section showing Tacaratu Formation sandstones; (A), fractured
quartz (FQz) grain and ferruginous cement (hem, orange); (B), microcline (Mc)
grain, ferruginous (hem) and siliceous (Sil) cement. Note the predominance of
the monocrystalline type of quartz. White bar for scale.

mature with little or no clay content.

The classification of lithotypes was based on the diagram by Folk
(1968) with the following results (Fig. 9): 55% of the samples were
classified as quartzarenite, 35% as sublitharenite and 10% as subarkose.
Of the eight samples analysed using the Folk Classification, five samples
have a small fraction of kaolinitic clay. Quartz is the dominant mineral
in all of the samples. Some samples contain fractured quartz grains,
mono and polycrystalline quartz, quartz with inclusions, ferruginous
and siliceous cements, and muscovite (Figs. 12 and 13).

3.4. Provenance and tectonic environment

The results of the sandstone analysis indicate that 60% of the grains
are comprised of monocrystalline quartz (Qm) and that 20% are com-
prised of polycrystalline quartz (Qp). These quartz-rich sands have a
high Qm/Qp value. High-grade metamorphic polycrystalline quartz
grains compose one type of polycrystalline quartz (Qp) (Figs. 11C-12B)
indicative of metamorphic source.

Among the feldspars, the proportions of plagioclase and microcline
is equal, and each compose 3% of the grains. Lithic fragments are scarce
and make up 3% of the grains. Lithic fragments are siliciclastic and
mostly chert fragments, with smaller amounts of metamorphic quartzite
fragments and micaceous schist fragments.

According to De Ros (1985), the scarcity of lithic fragments in
sandstones is due to the continuous reworking and granular commi-
nution far from the principal sediment source.

The most abundant accessory minerals of these sandstones are
micas, which constitute 6% of the grains. Muscovite lamellae are bent
as a result of compaction. In addition, biotite, when present, is altered
to chlorite.

Heavy opaque minerals are representative of these sandstones and
constitute 7% of the matrix. They include magnetite and hematite.
Ultra-stable minerals, including zircon and tourmaline, make up 1% of
the matrix. Epidote is the least abundant heavy mineral in these
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Fig. 13. Thin section showing Tacaratu Formation sandstones; (A), quartz
grains with inclusions of tourmaline and muscovite; (B), plagioclase grain in-
cluded in a high-grade metamorphic polycrystalline quartz grain (white arrows
show the quartz grain boundary); (C), chalcedony and iron oxide (hem) ce-
ments partially covering quartz grains. White bar for scale.

sandstones.

Of the four types of provenance proposed by Dickinson and Suczek
(1979), Dickinson et al. (1983) and Dickinson (1985), the model that is
most similar to the detrital composition of the sandstones of the Ta-
caratu Formation is that of a stable craton provenance, with low-in-
tensity tectonic events on the edge of the basin (Fig. 16).

The composition of these sandstones is not only conditioned by the
matrix rocks but also by tectonic environment, climate, relief of the
source area, transport conditions, depositional environment and diag-
enesis.

The mineralogical characteristics of the Tacaratu Formation in-
dicate a sediment source of high-grade metamorphic rocks and igneous
rocks of the crystalline basement situated in the central portion of the
Pernambuco-Alagoas terrain and the eastern portion of the Sao
Francisco craton. This is inferred from the abundance of quartz, mus-
covite, zircon, tourmaline and epidote. The climate and relief area of
the sediment source as well as the transport conditions and depositional
environment resulted in local variations in the sediments. The hot and
humid climate and low relief of the source area are inferred from the
alteration of feldspars and biotite, which are chemically unstable.
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infiltrated cla s
LS 'm

Fig. 14. Thin sections showing Tacaratu Formation sandstones; (A), large grain
of muscovite (Mu) between quartz grains (Qz); (B), perthite (Per) surrounded
by quartz grains and infiltrated clays. Scale = 0.50 mm. Magnification 10x,
Nx = polarized nicols. White bar for scale.

The source of the sediments as igneous and high-grade metamorphic
terranes is inferred from the monocrystalline quartz grains and frag-
ments of metamorphic schists, micas, and heavy minerals (zircon,
tourmaline and epidote).

Muscovite grains arrived in the basin with little or no chemical al-
teration that revealed a short transport distance for these fragments and
a short exposure time to the sedimentary environment. The sub-angular
texture of the grains also indicates that these fragments were not
transported far from the sediment source before reaching the basin.

3.5. Diagenesis

Through the petrographic study and X-ray diffractometry, the di-
agenetic history of the Tacaratu Formation was developed in the re-
gimes of eodiagenesis, mesodiagenesis and telodiagenesis.

The beginning of eodiagenesis is marked by grain-coating, red iron
oxide cements. This cement may have originated after the recently
deposited sediment was still in contact with the local environment. The
second stage of eodiagenesis is marked by mechanical compaction,
resulting in the constant presence of folded and rotated micas. In the
final stage of eodiagenesis and the beginning of mesodiagenesis, burial
and chemical compaction became more effective, enhanced by concave-
convex and sutured contacts of the grains and with close packing and
interpenetration of the grains.

The beginning of mesodiagenesis is represented by the secondary
growth of quartz (scarce) and cementation by silica.

According to De Ros and Moraes (1984), McBride (1989), and De
Ros et al. (1994) and De Ros (1998) there are four main sources of silica
for quartz cementation in sandstones: (1) the dissolution or alteration of
detrital silicates, mainly of feldspars, by meteoric waters; (2) the
pressure dissolution of detrital quartz along intergranular contacts and
stylolites; (3) the illitization of smectitic clays in subjacent or adjacent
shales and (4) the rising of hot fluids related to rifting and magmatism.

The telodiagenetic environment (or weathering) was intensely ac-
tive in these deposits and greatly modified their character. Unstable
minerals underwent instead of suffered major alterations in the hot and
humid climatic environment. The ferruginous cement and kaolinite are
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Fig. 15. Thin sections of Tacaratu Formation sandstones; (A), tourmaline
crystal in the midst of quartz grains (Qz). Scale = 0.50 mm. Magnification 5x,
Nx = polarized nicols; (B), crystal of zircon included in large polycrystalline
grain of quartz with sutured contacts. Scale = 0.125 mm. Magnification 20x,
Nx = polarized nicols; (C), (D), epidote grain among quartz grains, with
rounded grains. Scale = 0.25 mm. Magnification 10x, NP = parallel nicols,
Nx = polarized nicols. White bar for scale.

evidence of the telodiagenetic environment.

The rare and heavily altered feldspar grains are observed together in
the studied thin sections. The exposure of these minerals to weathering
intensified their alteration to produce partially sericitized or kaolinized
feldspars (the latter was confirmed by X-ray diffractometry).

The diagenesis of these sandstones varies from medium to strong,
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Fig. 16. The provenance Dickinson I diagram (Dickinson, 1985), showing the
main contribution of the craton interior and subordinate contribution of re-
cycled orogen provenance to the sandstone samples of the Tacaratu Formation
in the Jatobé Basin.

according to the contacts between grains, the presence of curved and
folded micas and the silicification of the formation.

These rocks were subjected to modifications of the matrix compo-
sition during diagenesis, silica alters readily into other forms, dissolves,
and reprecipitates repeatedly throughout the history of these sand-
stones. There was a loss of feldspars, lithic fragments and small acces-
sory minerals due to the processes of substitution and dissolution that
occurred after deposition of the sediments.

3.6. Palaeocurrents

The measured palaeocurrents of the Tacaratu Formation were col-
lected on the foresets of planar and trough cross-stratifications of
moderate to large size. The palaeocurrent data were collected at six
selected stations distributed along the entire exposures of the Tacaratu
Formation.

The measured palaeocurrent indicators have a dominant trend from
NW to N and a subordinate trend to the NE. The general trend of the
palaeocurrents in this unit is northwest, as shown in Fig. 17.

The collected palaeocurrent measurements (Fig. 17) suggest source
areas situated to the SE and S, flowing from the areas of the Sao
Francisco Craton and the Pernambuco-Alagoas terrain where more
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resistant terranes of the Borborema Province are situated (Ponte, 1992;
Arai, 2006). The provenance analysis developed in this work indicates a
sediment source of high-grade metamorphic rocks and igneous rocks of
the crystalline basement, situated in the southern portion of the basin.

4. Discussion and conclusions

The sandstones of the Tacaratu Formation are mostly quartzar-
enites, with a smaller portion of sublitharenite and subarkose sand-
stones.

Quartz with straight extinction is the predominant detrital compo-
nent. The grains vary from fine to medium (smaller fraction) and from
medium to coarse. Coarse-grained sandstones are most common, with a
clasticity index of approximately 60%. The majority of grains are an-
gular to sub angular, and 75% of the samples are classified texturally as
sub-mature, with less than 5% clay content.

Quartz is mainly monocrystalline (60%), dominated by plutonic
fragments that may have been derived from gneisses and migmatites or
recycled sediments. Polycrystalline quartz (20%) in the samples has
undulating extinction. According to the results from analysed sandstone
samples, they were derived from quartzose sands rich in total quartz
(Qt = Qm + Qp) with high levels of Qm/Qp. These sandstones are
classified as super-mature to mature according to their mineralogical
maturity, using the classification of Folk (1968).

The provenance of the rocks of the Tacaratu formation corresponds
to the tectonic environment of a stable craton according to the classi-
fication of Dickinson (1985). The mineralogical characteristics of these
sandstones indicate a sediment source of high-grade metamorphic rocks
and igneous rocks of the crystalline basement situated in the southern
part of the basin. Evidence for this provenance includes the abundance
of quartz as well as the presence of other minerals such as muscovite,
zircon, tourmaline and epidote.

The Tacaratu Formation covers the eastern and a small portion of
northern margins of the Jatobd Basin. This unit represents a remnant of
the high sedimentation levels of the synclinal stage present in the
neighbouring basins of Parnaiba, Araripe and other interior basins of
NE Brazil (Mabesoone, 1977). As these occurrences are correlated, the
dispersion of palaeocurrent trends towards the NNW (Fig. 17) is con-
sistent with the patterns obtained by Braun (1966) and Assine (1994,
2007).

In accordance with previous works (Braun, 1966; Ghignone, 1972;
Caputo and Crowell, 1985; Ponte and Appi, 1990; Caixeta et al., 1994;
Assine, 1992, 1994; 2007; Fambrini et al., 2013; Guzméan-Gonzalez
et al., 2015), according to the lithological similarity, palaeocurrent
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Fig. 17. Map of palaeocurrent measurements of the Tacaratu Formation. The measurements were taken at six stations (P1 to P6) and have a NNW and NW dispersion.

The location is the rectangle marked on Fig. 2.
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pattern and stratigraphic position, the Tacaratu Formation was posi-
tioned in the Lower Palaeozoic, possibly in the Silurian-Devonian in-
terval or even in the Ordovician. According to those works, the unit was
correlated with the Ipu Formation of the Serra Grande Group (Parnaiba
Basin) and other sediments of the same period in the interior basins of
the Northeast, including Sao José do Belmonte, Mirandiba, Betéania,
Tupanaci, Cedro, Fatima and Bom Nome, as well as the Jatoba basin
and the Northern and Central Tucano Basins, where it was originally
named Tacaratu Formation. Following the same line of reasoning,
Ghignone (1972) evaluated which units correlate with the Serra Grande
Group, arguing that they originally belonged to the Parnaiba Basin,
which in the Silurian reached the Cariri Valley of the Araripe Basin and
the Jatob4 basin, i.e., much further than its current eastern limit. That
point of view was accepted by various authors, including Caputo and
Crowell (1985), Ponte and Appi (1990) and Assine (1992, 2007). Re-
cently, Souza-Lima et al. (2011) distinguished the Batinga Formation
and the Karapot6 Formation, which was denoted as the basal unit of the
Sergipe-Alagoas Basin. This newly defined unit is texturally, faciologi-
cally and stratigraphically correlated with the Tacaratu Formation
(Souza-Lima et al., 2011; Guzméan Gonzalez et al., 2015). This sugges-
tion had already been made by Barreto (1968), who identified the li-
thological similarity between the then Manari Formation of the Jatoba
Basin (former basal section of the Tacaratu Formation) with the basal
section of the Sergipe Basin (Batinga Formation).

Another perspective regarding the lithological similarity between
Tacaratu Formation and other Palaeozoic units of the Interior Basins of
Northeast Brazil is the detrital composition. As demonstrated in this
work, the detrital and mineralogical compositions of the sandstones and
conglomerates corresponds to a Stable Craton provenance (Dickinson
and Suczek, 1979; Dickinson et al., 1983; Dickinson, 1985), with low-
intensity tectonic events on the border of the basin (Fig. 16). Thus,
detrital and mineralogical composition is quite the same as for other
Palaeozoic units of the Interior Basins. An analogous detrital and pro-
venance composition is verified in other Interior Basins, as evidenced
by the Cariri Formation in the Araripe Basin (Batista, 2010; Batista
et al., 2012) and Fatima Basin (Menezes-Filho et al., 2013a; b). This fact
reinforces the suggested correlation among these basins in the Early to
Middle Palaeozoic (Ordovician to Silurian).

The similarity in the palaeocurrent patterns of these Palaeozoic
units fits with the palaeogeographic reconstruction proposed by Assine
(1994), implying a palaeodrainage flowing to the northwest from the
limits of the Sao Francisco Craton in the state of Bahia to the western
limits of the Parnaiba basin in the state of Maranhao (Fig. 17).
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