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Abstract

Geochemistry of major and trace elements has been used as an important tool for the study of provenance and tectonic and
climatic evolution of sedimentary basins. The Sdo Carlos Formation is an Upper Cretaceous unit that lies on the eastern
border of the Bauru Basin. Despite the paleontological and paleodepositional studies performed in this unit in the last years,
little is known about the correspondence between tectonic and climatic conditions acting during the first stages of sedimen-
tation. The hypothesis of this paper is to evaluate Sao Carlos and Aragatuba formations and understand the evolution of the
eastern border of the basin. Thus, were conducted geochemical studies using X-ray fluorescence on sandstones, siltstones,
and shales from the Sdo Carlos Formation. According to the chemical weathering index, which presented values ranging
from 57.12 to 71.58%, the oxides of major elements indicate that moderate weathering processes affected the source area,
possibly associated with the arid-semiarid climate. Alkaline rocks, granites, gneisses, and metasediments were the main
lithotypes of the source area. Ternary diagrams show that the tectonic environment was equivalent to the passive conti-
nental margin, coinciding with the Serra do Mar and, secondarily, Alto Paranaiba Uplift regions. Based on major and trace
elements, their ratios, and published data on the basin, was elaborated a paleogeographic model of the eastern border of the
Bauru Basin, concluding that the source area of the sediments was constituted by intermediate and felsic rocks, sometimes
recycled by sedimentary processes.

Keywords: Bauru Basin; Geochemistry; Provenance; Weathering.

Resumo

A geoquimica dos elementos maiores e tragco tem sido usada como importante ferramenta para o estudo da proveniéncia,
evolugio tectonica e climatica das bacias sedimentares. A Formacdo de Sdo Carlos ¢ uma unidade do Cretaceo Superior que
ocorre na borda leste da Bacia Bauru. Apesar dos estudos paleontologicos e paleodeposicionais realizados nesta unidade
nos ultimos anos, pouco se sabe sobre as condi¢des tectOnicas e climaticas que atuam nos primeiros estagios da sedimen-
tacdo, bem como, sua relacdo estratigrafica com outras unidades da bacia. A hipotese deste trabalho consiste em avaliar
se as formacdes Sao Carlos e Aragatuba possuem correspondéncia e compreender a evolugdo da margem leste da bacia.
Dessa forma, realizaram-se estudos geoquimicos utilizando Fluorescéncia de Raios-X em arenitos, siltitos e folhelhos da
Formacao Sdo Carlos. Através do uso do indice de intemperismo quimico, os 6xidos dos elementos maiores indicam que,
com valores entre 57,12 e 71,58%, os processos de intemperismo moderados, possivelmente associados ao clima arido-se-
miarido, afetaram a area de origem. Rochas alcalinas, granitos, gnaisses e metassedimentos foram os principais litotipos
da area fonte. Os diagramas ternarios indicam que o ambiente tectonico era equivalente a margem continental passiva,
coincidindo com as regides da Serra do Mar e, em segundo lugar, Soerguimento Alto Paranaiba. Com base nos elementos
maiores e tracos, suas razdes, e dados ja publicados da bacia, foi elaborado um modelo paleogeografico da borda leste da
Bacia Bauru, concluindo-se que a area de origem dos sedimentos foi constituida por rochas intermediarias e félsicas, as
vezes recicladas por processos sedimentares.

Palavras-chave: Bacia Bauru; Geoquimica; Proveniéncia; Intemperismo.
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INTRODUCTION

The Bauru Basin is located in southeastern Brazil, and its
substrate consists of Early Cretaceous volcanic rocks from
the central-northern Parana Basin. The total area of the
basin is 370,000 km? (Figure 1), and its maximum sediment
thickness is about 300 m (Batezelli, 2017). This basin was
originated in the Late Cretaceous, as a result of flexural
deformation in the south/southeast of the Alto Paranaiba
Uplift (SAP), in western Minas Gerais (Batezelli, 2017).
The Upper Cretaceous Sao Carlos Formation is a local unit
in the eastern border of the Bauru Basin, which mainly com-
prises greenish siltstones and black shales, the latter rich in
fossils, such as conchostracans, ostracods, pollen grains, and
plant fragments (Castro et al., 2002; Arai and Dias-Brito,
2018). Due to its local occurrence, the Sdo Carlos Formation
has no scale to be contained in the lithostratigraphic map
(Figure 1). Remarkable is the 6-m-thick interval of fossil-
iferous black shales, making this unit poorly understood in

Source: adapted from Batezelli (2017).
Figure 1. Lithostratigraphic map of the Bauru Basin.

the tectono-sedimentary context of the Bauru Group. Shales
indicate a deep lake where the depositional system remained
for a long time without receiving sediment flow, accumu-
lating large amounts of organic matter. Previous studies in
the area address the fossiliferous content and depositional
conditions (Castro et al., 2002). Because of similarities
between the mudstone facies in Sao Carlos and Aragatuba
formations (Batezelli et al., 2003; Batezelli, 2010, 2017;
Albarelli et al., 2015) in western Sao Paulo State, a working
hypothesis is that the Sdo Carlos Formation correlates to
the Aracatuba Formation, being thus part of the lowermost
interval of the Bauru Group (Figure 2).

Studies carried out in time-equivalent successions else-
where in the Bauru Group (e.g., Mattos, 2014; Mattos and
Batezelli, 2014) presented geochemical information that
served to identify the provenance and interpret the tectono-
sedimentary setting of the Sdo Carlos Formation. Possible
source areas for these sediments include magmatic rocks in
the Rondonépolis Anteclise to the north, the Alto Paranaiba
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Uplift to the northeast, and the Serra do Mar Uplift to the
east (Figure 1, Menegazzo et al., 2016). Were performed
sedimentological and geochemical (Godoy et al., 2017,
Quintdo et al., 2017) studies on the stratotype of the Sdo
Carlos Formation aiming to identify its provenance and
make inferences regarding the tectono-sedimentary context
in the easternmost region of the Bauru Basin.

GEOLOGICAL SETTING

The Bauru Basin is one of the most documented and
studied sedimentary basins in Brazil, with available
data including more than 500 outcrop descriptions (by
Fernandes, 1998; Batezelli, 2003) and 1269 well-logs

Source: adapted from Batezelli (2017).

(180 presented by Paula e Silva et al., 2005; 140 by
Batezelli, 2003; 135 by Batezelli, 2017; 814 by Batezelli
and Ladeira, 2016; Batezelli et al., 2019) (Figure 1). This
basin was developed during the Upper Cretaceous, in the
central-south portion of the South American Platform,
by thermomechanical subsidence (Riccomini, 1995,
1997; Fernandes and Coimbra, 1996; Fernandes, 1998).
Sedimentation in the Bauru Basin occurred in two main
phases, the first in essentially desert conditions, and the
second in semi-arid with a greater presence of water
(Fernandes, 1998). It is constituted by two second-
order (Figure 2) continental sequences deposited from
Early to Late Cretaceous (Batezelli, 2017). Sequence
1 (Caiuéd Group) comprises the Goio Eré, Rio Parana,
and Santo Anastacio formations, and was deposited by

Figure 2. Chronostratigraphic chart of the Cretaceous sequence in southern Brazil, based on Amaral et al. (1967) — sample
CSN; Hasui and Cordani (1968) — samples AX, C-3, S-10, S-31, A-2-4c, OB-SN, SB, S-1, B, T-2, B-1; Sonoki and Garda
(1988) — samples CT, CS, CCl; Machado Junior (1992) — sample CCIl; Guimaraes et al. (2012); Fragoso et al. (2013).
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aeolian processes in the Early Cretaceous (Batezelli,

2017). Sequence 2 (Bauru Group) is a record of the

Late Cretaceous lacustrine system (Aracatuba and Séo

Carlos formations), associated with a distributive fluvial

system (Adamantina, Uberaba, and Marilia formations)

(Fernandes, 1998; Batezelli and Ladeira, 2016; Batezelli,

2017; Batezelli et al., 2019).

The base of the Bauru Group has muddy rocks from the
Aracatuba Formation that pass upwards to and are partially
interdigitated with sandstones and gravelly sandstones of
the Adamantina/Uberaba and Marilia formations (Figure 2).
The deposits that make up the Bauru Group include both
water- and wind-lain facies accumulated under semi-arid
to arid climatic conditions. According to Batezelli (2003,
2017) and Batezelli et al. (2006), the stratigraphic architec-
ture of the Bauru Basin indicates an evolution with alter-
nated high- and low-accommodation systems and interac-
tion of beach-lake environments and alluvial plains domi-
nated by braided rivers.

The chronostratigraphy of the Bauru Group (Figure 2)
is based on microfossils, vertebrates, and geochronological
information from associated volcanic rocks. The Aragatuba
Formation has been defined as Campanian-Maastrichtian
(Gobbo-Rodrigues, 2001) (Figure 2). The Aracatuba
Formation is a lacustrine association composed of green-
ish-brown, very fine sandstones and siltstones that may be
massive or present plane-parallel and small-sized cross-
stratification. The thickness varies from 30 m in outcrops to
75 m in the subsurface, and the contact with the underlying
Serra Geral Formation and Caiua Group is unconformable
(Batezelli et al., 2003).

The Sado Carlos Formation was defined by Castro et
al. (2002) based on a 39-m-thick section in the Nossa
Senhora de Fatima farm, Sdo Carlos region, in the eastern-
central part of the state of Sdo Paulo. Mezzalira (1974)
first described this succession as an interval composed of
dark gray sandstone at the base, followed by clayey silt-
stones, shales, and a topmost red silty-clay. The author also
reported the occurrence of gastropods, bivalves, conchos-
tracans, and ostracods.

According to Castro et al. (2002), the Sdo Carlos Formation
lies on an unconformity of the Serra Geral Formation vol-
canics and is capped by a weathering profile. The section
is separated into three basic units:

I. lower sandy interval, consisting of gray-greenish sand-
stones with poorly preserved parallel laminations, wave
ripples, and bioturbations;

II. Nossa Senhora de Fatima member, composed of sandy-
clayey and silty-clayey rhythmites of dark-gray color
and with the presence of ostracods (carapaces and
molds), conchostracans, fragments of vertebrates, mol-
lusks (molds of microgastropods and bivalves), and
plant remains;

III. upper sandy interval, comprising fine to very coarse-
grained sandstone with cross or plane-parallel lamination.
Castro et al. (2002) interpreted it as semi-arid paleocli-

mate due to the presence of ephedroid pollen grains. Based
on palynomorphs (Lima et al., 1986; Castro et al., 2002), the
age of deposition can be placed in the Coniacian-Santonian
interval. A more recent study dealing with palynomorphs
retrieved from shale (Arai and Dias-Brito, 2018) indicates
an Upper Santonian age for the Sdo Carlos Formation.

MATERIALS AND METHODS

The studied area encompasses the Nossa Senhora de Fatima
farm (Figure 3), where the Sao Carlos Formation lies on
basalts of the Serra Geral Formation (Lower Cretaceous) and
is covered by sandstones and ferricretes from the Itaqueri
Formation (Paleocene).

A 23-m-thick sedimentary succession was studied
through facies analysis and bulk geochemistry. A verti-
cal stratigraphic profile was measured (Figure 3), and a
total of 18 samples were collected according to five dif-
ferent lithotypes: sandstone 1 (two samples), sandstone
2 (one sample), siltstone (five samples), claystone (three
samples), and shale (seven samples). The profile was car-
ried out in the same outcrop location where Castro et al.
(2002) defined the Sao Carlos Formation.

Was conducted a bulk-geochemical analysis of major
and minor elements using an X-ray fluorescence spectrom-
etry (Philips — PW 2404) at the Geochemistry Laboratory
of the Geosciences Institute at Unicamp. Duplicates of
some samples were assessed in parallel to check accuracy
and reproducibility. Accuracy data were obtained from
duplicates of real samples and those of veracity of labo-
ratory results in ten rounds of the GeoPTTM proficiency
test of the International Association of Geoanalysts (IAG).

Was estimated the degree of chemical weathering by
dosing the Chemical Index of Alteration (CIA) defined by
Nesbitt and Young (1982), which uses the oxides Al,O,,
Ca0, Na,0, and KO to evaluate the degree of weathering
of source rocks (Equation 1):

CIA=[ALO/(ALO, + CaO* +Na,0 +K,0)] x 100 (1)

In which CaO* is defined as the concentration of sili-
cates from the Equation 2:

CaO* = CaO - (103 P,0,) @)

If the value found for CaO* is greater than the one for
Na,O, then the value used is equal to that of Na,O. In the
calculations performed, the oxide values were obtained in
molecular percentages.
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DATA DESCRIPTION
Sedimentary facies

The 23-m-thick stratigraphic section exposes a succes-
sion of shales, claystones, siltstones, and sandstones
lying on the Serra Geral Formation basalts by means of
a largely weathered horizon (Figure 4). We identified five
sedimentary facies:

L. Parallel-stratified sandstones consisting of 3.00 to
3.30-m-thick greyish/greenish, very fine-grained sand-
stone with a silty matrix, sub-rounded grains, sand-filled
bioturbations, 5-cm-thick parallel stratification, iron nod-
ules up to 15 cm in diameter and disposed in lenticular,
amalgamated beds;

1. Sandstones with low-angle cross-stratification com-
posed of fine to very fine-grained, well-sorted, white
to orange sandstones with mottled clay portions,
rounded to sub-rounded grains, micaceous minerals,
and up to 2-m-large low-angle cross-stratification or
parallel stratification;

III. Massive siltstones comprising 1.00 to 2.30-m-thick
greenish siltstones lacking sedimentary structures;

IV. Claystones consisting of massive, reddish or greenish
claystones up to 3.00-m-thick with thin sheets of mica-
ceous minerals;

V. Shales in the form of a 5.00-m-thick unit of black and
fossiliferous shale, including undifferentiated fossil mate-
rial and plant remains (Figure 4).

Geochemical characterization
Major and minor elements

Table 1 presents the chemical analysis results of total rock
of major and minor elements as percentage of oxide mass
fraction (wt%). Silica is the element with the highest per-
centage, ranging from 31.42 to 83.1%, with a mean value
of 56.89%. This large variation is due to the presence of
samples like sandstones and siltstones, which have higher
amounts of silica and lower percentages of alumina. The more
clayey samples have less silica and more alumina than, for
instance, samples from shale facies. Alumina varies from
5.17 to 15.77%, with a mean of 13.36%. The proportions
of silica and alumina are inversely proportional. Figure 5
highlights these relationships, with a constructed geochemi-
cal profile indicating elementary variations according to the
stratigraphic profile. The highest occurrences of Fe,O, are
in the most oxidized, reddish samples, with values ranging
from 11.88 to 18.94% and a mean of 8.78%. Calcium has
a mean value of 2.44% and higher incidence in claystone
facies. The relationship between K,0/Na,O is used to

Figure 3. Location and simplified geological setting of the study area.
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compare the amount of potassium feldspar and plagioclase
(Mattos, 2014). The higher this ratio, the greater the occur-
rence of potassium feldspar in facies with coarser grain
sizes like sandstone and siltstones. Magnesium oxide has
a higher occurrence in more clayey samples, whereas tita-
nium oxide concentrates in sandier ones. P,O, and MnO
values are overall low, indicating no significant variation
with respect to facies types. Anomalies in trace elements
in SC-02B represent the presence of heavy minerals, such
as monazite. Regarding the SC-04 sample, the high value
of loss on ignition (LOI) and CaO indicates the presence of

Figure 4. Vertical stratigraphic profile of the Séao
Carlos Formation.

organic matter. If the LOI were normalized, oxide values
would be within the standard range.

Correlation coefficients between major elements (Table 2)
showed that SiO, has a pronounced negative correlation with
ALQO, (r=-0.33), Fe,0, (r=-0.47), MgO (r=-0.50), and PO
(r =-0.33); unmarked with KO (r =-0.12), TiO,(r = -0.17),
and Na O (r = -0.15); and strong (r < -0.60) negative corre-
lation with CaO (r = -0.70) and MnO (r = -0.60). The latter
two strong correlations result from the presence of CaO in
large quantities in claystone facies. This facies shows a high
and positive correlation between CaO and MnO, since both
oxides are present in the same minerals.

An exception is the case of sandstones facies containing
twice as much TiO, as the average. This sample (SC-01) is
in contact with basalt and may have undergone contami-
nation, having contrasting values with the other samples.
The positive correlation between TiO, and Al,O, indicates
the association of residual products of TiO,-bearing phases
with clay fraction or heavy minerals containing fine grain
TiO, (Roy and Roser, 2013).

Trace elements

Table 1 presents the results for trace elements and rare earth
elements in ppm. The values are compared with their mean
and also the mean values of Post-Archean Australian Shale
(PAAS), by Taylor and McLennan (1985), representative of
the average composition of the Continental Crust.

Multi-elemental graphs were elaborated to analyze trace
elements and rare earths, with elements normalized by PAAS
and compared to groups of Large lon Lithophile Elements
(LILE), High Field Strength Elements (HFSE), Transition
Trace Elements (TTE), and Rare Earth Elements (REE), as
shown in Figure 6.

Large lon Lithophile Elements (LILE): Rb, Ba, Sr, Th

Comparing the values obtained with PAAS values, it is
possible to notice differences in the concentrations between
LILE. Rb presents values close to those of PAAS, with
most of the facies impoverished and few enriched, and a
mean value of 139.22 ppm compared to a PAAS of 160
ppm (Table 1, Figure 6A). The samples with finer grain
sizes have higher Rb enrichment when compared with
coarser-grained samples. As LILE are affected by weath-
ering, Rb may have been incorporated into the clays, as it
had a high positive correlation with ALO, (r = 0.61) and
MgO (r = 0.74) (Appendix 1).

The Ba element has a mean value of 1,022.83 ppm,
enriched in comparison to PAAS (650 ppm), and strong
possible correlations with K,O (0.82), Ce (0.90), La (0.68),
NbD (0.75), Nd (0.64), and Th (0.71). Sr has a mean value
of 223.50 ppm, with little enrichment compared to PAAS
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(200 ppm). Sr enrichment occurs in only one sample due
to the high CaO value, positive correlation of Sr with CaO
(r=0.97) and MnO (r = 0.79), indicating an association
with post-depositional carbonates or carbonate-enriched
layers. The positive correlation between Al,O,, Ba, and Sr
results from the presence of phyllosilicates (Roy and Roser,
2013). Concentrations of Th are impoverished compared to
PAAS (mean value of 13.09 ppm X 14.6 ppm), with only

siltstone facies being enriched in Th. The Th element has

Table 2. Correlation between oxides.

strong positive correlations with K, O, Ba, Ce, and La, as
highlighted in bold in Appendix 1.

High Field Strength Elements (HFSE): Zr, Y, Nb

HFSE present variable behaviors when compared to PAAS
values (Figure 6B). The mean value of Zr is 367.69 ppm,
enriched in comparison to the 210 ppm PAAS value, and
it has a strong correlation coefficient with AlL,O, (r = 0.90).

Sio, ALO, Fe,O, MgO K,0 TiO, Ca0o Na,O PO, MnO
SiO, 1
ALO, -0.33 1
Fe,O, -0.47 0.27 1
MgO -0.5 0.59 0.29 1
K,0 -0.12 0.48 -0.01 -0.13 1
TiO, -0.17 0.39 0.21 0.25 -0.14 1
CaO -0.7 -0.38 0 0.03 -0.19 -0.15 1
Na,O -0.15 0.31 0.21 0.18 -0.27 0.97 -0.11 1
PO, -0.33 0.57 0.09 0.51 -0.16 0.42 -0.04 0.43 1
MnO -0.6 -0.32 0.25 -0.07 -0.22 0 0.8 0.09 -0.09 1

Figure 5. Geochemical profile of major elements (SiO,, Al

(0]

273

Ca0) and Al,0,/SiO,, K,0/Na,O, and total Fe,O, + MgO

ratios from the Sao Carlos Formation samples in the study area and their position in the described columnar section.
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This finding may indicate the presence of this element in
claystones. Zr is also positively correlated with Ga (r=0.79)
and V (r = 0.67), as indicated in Appendix 1. Y has a mean
value of 27.33 ppm, similar to the 27 ppm PAAS value,
and strong positive correlations with AL O,, TiO,, P,O, and
Ga. Nb is enriched when compared to PAAS (81.23 ppm
versus 19 ppm), although this enrichment is less expressive
in sandstone facies. Nb has a high positive correlation with

the elements K, O, Ba, Pb, Th, Ce, and La (Appendix 1).
Transition Trace Elements (TTE): Cr, Ni, V, Sc, Cu

TTE have a diverse distribution, with Cr, Ni, Sc, and Cu
impoverished in comparison to PAAS (Figure 6C) and
mean values equal to 84.62 ppm, 36.87 ppm, 10.83 ppm,
and 41.38 ppm, respectively (Table 1). However, V, with
an average of 316.56 ppm, is enriched compared to PAAS
(150 ppm), mainly in shale facies. V has a positive cor-
relation with several elements, such as Al,O,, TiO,, P,O,,
Zr, Cu, Ga, and Y.

A

Rare Earth Elements (REE)

The detected REE include only light elements (LREE),
such as La, Ce, and Nd. They are enriched in comparison
to PAAS, with mean values of 89.22 ppm, 145.61 ppm, and
64.28 ppm, respectively (Figure 6D). Shale facies are more
enriched in LREE than other facies, a pattern that may sug-
gest that clays control the distribution of LREE (Akarish
and El-Gohary, 2011). The positive correlations of LREE
include La: K,O, La: Ba, La: Ce, La: Nb, La: Nd, Ce: Ba,
Ce: Nd, Ce: K,0, and Nd: Ba.

DATA INTERPRETATION
Depositional setting
Considering the facies succession in the area, a lacustrine

depositional environment can be indicated for the Sao Carlos
Formation. The presence of bioturbations suggests an overall

B

Figure 6. Multi-elemental diagrams of trace elements and rare earths: (A) Diagram of Large lon Lithophile Elements: Rb,
Ba, Sr, Th compared to Post-Archean Australian Shale (PAAS) values from the Sao Carlos Formation samples. (B) Diagram
of High Field Strength Elements: Zr, Y, Nb compared to PAAS values from the Sdo Carlos Formation samples. (C) Diagram of
transition trace elements: Cr, Ni, V, Sc, Cu compared to PAAS values from the Sdo Carlos Formation samples. (D) Diagram
of Rare Earth Elements: La, Ce, Nd compared to PAAS values from the Sdo Carlos Formation samples.
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oxygenated environment; however, the 5-m-thick black
shale unit points to a period of deeper water column, low
supply, and poorly oxygenated bottom to promote organic
matter accumulation and preservation. Vertical grain-size
alternations in the whole section are interpreted as a result
of changes in sediment discharge to the lake associated
with variations in the energy of incoming flows. Low-angle
cross-stratified sandstones with very fine, well-sorted, sub-
rounded quartz grains are regarded as windblown deposits
formed during stages of lake contraction.

Sedimentary classification

With the geochemical data from the Sdo Carlos Formation
samples, we could classify them using the SandClass dia-
gram (Herron, 1988). This classification allows us to dif-
ferentiate high-grade systems rich in quartz from low-grade
shales rich in clay, create a mineralogical record between
Fe,0,/K,0 to distinguish lithic fragments from feldspars,
as well as have an indication of mineral stability. Using the
SandClass system, the samples were classified as shale, fer-
ruginous shale, and litharenite (Figure 7).

The lithological classification presented in Figure 4
resulted from the macroscopic and magnifying analysis of
samples collected in the field. The rates are divergent, which
may have been due to a large amount of silt matrix in the
sandstones, more Al,O, in the sandstone matrix, and being
classified as shales by the SandClass system. In sandstones
samples, the SiO, values are not high, so the low SiO,/Al,0,
ratio is positioned in the shales.

Source area weathering indices and weathering trends

The CIA values in the Sao Carlos Formation range from 57.12
to 71.58 (Table 1), suggesting moderate weathering intensity.
The degree of chemical weathering of rocks is the result of sev-
eral factors, such as climate and transport (Nesbitt and Young,

Figure 7. Geochemical classification by the SandClass system,
Herron (1988), from the Sao Carlos Formation samples.

1982). During chemical weathering, mobile cations like Na*
and Ca’" tend to be lost while cations such as AP* e Ti*" are
retained (Moradi et al., 2016), resulting in higher CIA values.

The CIA values for the analyzed samples were plotted on
the ternary diagram A-CN-K (Figure 8), proposed by Nesbitt
and Young (1984), in which A=Al O, (mol%), CN = CaO*
+Na,0 (mol%), and K = K, O (mol%). The findings suggest
that the source rock weathering produced a considerable loss
of Na and alumina enrichment. These changes also caused
the potassium feldspar to lose K+, increasing the alumina.
All samples classified in the field as shale facies had the
highest weathering indices, suggesting a warmer and more
humid climate. Claystone and siltstone facies had lower
weathering indices.

Tectonic environment

Trace elements were plotted to classify the tectonic environ-
ment of the source area in a Th-Sc-Z1/10 ternary diagram
proposed by Bhatia and Crook (1986). Almost all samples
fall in the passive continental margin of the tectonic field
(Figure 9), meaning that the studied sediments derived from
stable continental areas and were deposited in an intraplate
setting (Mishra and Sem, 2012).

Sedimentary provenance

Using the discriminant functions of Roser and Korsch (1988)
for major elements (Figure 10A), we classified the source
rocks primarily as of recycled sedimentary provenance and
secondarily as intermediate source rocks (two claystone

Figure 8. Ternary diagram AlLO,- (CaO*+Na,0)- K,O with
plots of the Sdo Carlos Formation samples to determine
weathering (Nesbitt and Young, 1984).
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samples). This classification indicates that these sediments
suffered progressive loss of feldspar and increase of quartz
due to recycling. The moderate weathering demonstrated
by the diagram A-CN-K (Figure 8) shows that most of the
feldspar was destroyed (Roy and Roser, 2013). The samples
classified as intermediates probably underwent less reworking
and/or could have derived from closer sources, as the basalts
at the base of the sedimentary section and along the basin.

Stationary trace elements are used to estimate the pri-
mary composition of the source rock. McLennan et al.
(1993) suggest that it is possible to evaluate the origin of
mafic rocks, felsic rocks, and recycled sediments based on
the Zr/Sc-Th/Sc variation. For the Sdo Carlos Formation
samples, the provenance indicates felsic rocks and sedi-
mentary recycling (Figure 10B). The high values of Zr/Sc
suggest intense weathering because zircon is very stable,
while scandium is depleted for being less stable.

According to the TiO,xZr diagram (Hayashi et al., 1997,
Figure 10C), we can conclude that source rocks have an
intermediate to felsic character. Shale facies have more fel-
sic sources than sandstones and siltstones, which are classi-
fied as intermediates. The values of the TiO,/Zr ratio for the
finest grain-sized rocks are lower than 55, which classifies
them as felsic rocks. However, these rocks also have higher
weathering values, which may indicate greater reworking
and not necessarily different provenances.

According to Garver et al. (1996), the low mean Cr-Ni
values found in the Sao Carlos Formation (Cr = 84.2 ppm;
Ni=36.87 ppm), a Cr/Ni ratio of 1.14 to 4.72, and a posi-
tive correlation (r = 0.16) suggest a felsic provenance like
granites and metasedimentary rocks.

Figure 9. Diagram of tectonic discrimination Th-Sc-
Zr/10 (Bhatia and Crook, 1986) that classifies the studied
samples as sourced from a passive continental margin.

The La/Sc, Th/Sc, and Th/Cr ratios (Table 3) are good
indicators of sedimentary provenance because of distinctive
ranges between mafic and felsic rocks (Cullers, 1994, 2000).

Figure 10. (A) Discriminant Function Diagram by Roser
and Korsch (1988) of the Sdo Carlos Formation samples.
(B) Diagram Th/Sc-Zr/Sc (McLennan et al., 1993) of the
S&o Carlos Formation samples. (C) Diagram TiO,-Zr
(Hayashi et al., 1997) of the Sao Carlos Formation samples.
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The values for Th/Cr are within the range proposed by
Cullers (1994, 2000) and Cullers et al. (1988) for felsic
rocks. Samples from the Sdo Carlos Formation have simi-
lar values to those from the Aragatuba Formation in western
Minas Gerais (Mattos, 2014), which may indicate a simi-
lar sedimentary contribution in other portions of the basin.

Based on data on major and trace elements and ratios
between trace elements, it is possible to define that the
Sao Carlos Formation was sourced mainly from felsic rocks
and, to a lesser extent, intermediate rocks and recycled sedi-
ments, indicating that these sediments derive mostly from
proximal source areas.

DISCUSSION
Tectonic setting in the eastern edge of the Bauru Basin

Considering an Upper Santonian depositional age for
the Sdo Carlos Formation (Arai and Dias-Brito, 2018), a
potential source area for these deposits is the Coniacian-
Maastrichtian uplifting in the Serra do Mar region (Zalan
and Oliveira, 2005), whereas the Cenomanian to Campanian
Alto Paranaiba Uplift has been inferred as a probable source
for the Aragatuba Formation (Hasui and Haralyi, 1991;
Batezelli, 2017; Marques dos Santos et al., 2019).

The Serra do Mar Uplift began at 89.5 — 88 Ma (Zalan and
Oliveira, 2005), increasing the sediment supply to the Santos
Basin to the east and the Bauru Basin to the west (Menegazzo
et al., 2016). The Alto Paranaiba Uplift is a tectonic fea-
ture in western Minas Gerais and southern Goias, which
was activated mainly in the Upper Cretaceous and served
as a geological boundary separating the Bauru Basin from
the Sanfranciscana Basin located in the north (Figures 11A
and 11B). This uplift was also marked by magmatic activity
that contributed to both basins (Hasui and Haralyi, 1991;
Batezelli and Ladeira, 2016). In the Alto Paranaiba region,
the Precambrian basement consists of metasedimentary

rocks from the Araxa (mica schist, quartzite, and phyllite)
and Canastra (quartzite and phyllite) groups and mudstones
from the Bambui Group (Hasui, 1968). Mesozoic uplifting
is also associated with intrusions of ultramafic, alkaline,
and carbonate bodies occurring throughout the Cretaceous
(Gibson et al., 1995; Campos and Dardenne, 1997).

Sedimentary rocks from the Parana Basin and basalts
from the Serra Geral Formation acted as source rocks for
the northern and eastern areas of the Bauru Basin by the
Maastrichtian-Paleocene (Gravina et al., 2002).

By the time of deposition of the Sdo Carlos Formation,
alkaline intrusions occurred in different regions due to the pas-
sage of the South American Plate over a hotspot (Gibson et al.,
1995). This mantle plume caused uplift in southern Minas
Gerais, leading to the exhumation of the Precambrian base-
ment, some Paleozoic sedimentary units from the Serra Geral
basalts. Sediment derived from erosion of these geological
units were transported to the Bauru Basin by means of a paleo-
drainage coming from the north and northeast (Batezelli et
al., 2007; Batezelli, 2010, 2017; Batezelli and Ladeira, 2016)
(Figure 11). By contrast, the interpreted felsic nature of the
source rocks from the Sao Carlos Formation (Table 3) does
not fit into this predefined paleogeographic setting.

The map in Figure 11 and the NW-SE sections presented
in Figure 11C illustrate the interpreted source rocks and
paleogeographic setting for the Sdo Carlos Formation. Based
on data from Zalan and Oliveira (2005), Karl et al. (2013),
Menegazzo et al. (2016), and the classification of sedimen-
tary provenance obtained in this paper, we can assume that
the sediments originated from erosion of the Serra do Mar
felsic rocks, which include different types of granites and
gneisses (Almeida and Carneiro, 1998). Debris from the
Serra do Mar Uplift during the Late Cretaceous supplied
the Santos Basin (Figures 11A and 11C), giving rise to the
Jureia and Itajai-A¢u Formations (Almeida and Carneiro,
1998), and the continent interior (Bauru Basin). The Serra
do Mar thus acted as a tectonically active, eastern border of
the Bauru Basin by the time of deposition of the Sao Carlos

Table 3. La/Sc, Th/Sc, and Th/Cr ratios are correlated with the values of the upper continental crust (UCC) from Rudnick
and Gao (2003)*, Post-Archean average Australian shale (PAAS)**, Taylor and McLennan (1985), mafic*** and felsic***
rocks Cullers (1994, 2000) and Cullers et al. (1988), values of the Aragatuba Formation in western Minas Gerais from
Mattos (2014)**, and values of samples from the Sdo Carlos Formation****.

La/Sc Th/Sc Th/Cr
Ucc* 2.21 0.75 0.11
PAAS** 2.37 0.75 0.13
Variation for mafic rocks™* 0.43-0.86 0.05-0.22 0.018-0.046
Variation for felsic rocks™* 2.5-16.3 0.84-20.5 0.13-2.7
Variation values from Mattos™*** 1.47-4.86 0.1-1.91 0.008-0.14
Variation values obtained *** 1.87-12.43 0.31-1.95 0.07-0.42
Mean values (n = 21) from Mattos**** 3.00 0.62 0.037
Mean values obtained (n = 17)™*** 8.77 1.27 0.17
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Formation. The TiO, values present in the samples — inter- The sediments provenance is a mixture of felsic and
mediate rocks in Figures 10C, 11B, and 11C — show an mafic sediments, with greater felsic influence and sediment
influence of basalts from the Serra Geral Formation. recycling. Granites and gneisses derive from the Serra do

Source: based on Aimeida and Carneiro (1998), Batezelli (2017), Karl et al. (2013), and Zalan and Oliveira (2005).

Figure 11. Paleogeography map of the north-eastern edges of the Bauru Basin. (A) Representative model of distribution
of the eroded sediments from the Serra do Mar. (B) SW-NE steering profile. (C) NW-SE steering profile indicating the
directions of deposition of eroded schematic geological profiles showing the source areas during the Upper Cretaceous.
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Mar Uplift and the basalts from the Serra Geral Formation,
present extensively in the basin.

Comparison between the Sao Carlos
and Aracatuba formations

Comparing the values obtained in this paper with those from
the western border of the Bauru Basin (Mattos, 2014; Mattos
and Batezelli, 2014), we can conclude that although similar
in terms of facies and depositional environments, the source
areas for the Aragatuba and Sao Carlos formations are not
the same. While the eastern region of the basin received
sediments from both the Serra do Mar and Alto Paranaiba
uplifts, sediments in the west were sourced only from the
Alto Paranaiba Uplift to the north.

The deposition of lacustrine sediments in the Sdo Carlos
Formation started in the Upper Santonian, whereas the
Aracatuba Formation is considered as Coniacian, so at
least part of these units can be coeval. The main differ-
ence is the presence of black shales in the Sao Carlos
Formation, indicating a larger accommodation space and
lower sediment input, probably related to more expres-
sive participation of tectonics near the active eastern bor-
der of the basin.

Despite these findings, an investigation of the mapping
of the Sdo Carlos Formation is necessary to understand its
provenance better and compare it with other formations of
the Bauru Basin.

CONCLUSIONS

Based on sedimentological and geochemical data discussed

in this paper, we can enumerate the following conclusions

regarding the sedimentary provenance of the Sao Carlos

Formation in the context of the eastern Bauru Basin:

I. The analyzed sediments derive mostly from felsic, inter-
mediate, and recycled source rocks;

II. Chemical weathering indices between 57.12 and 71.58
suggest moderate weathering, with higher alteration
recorded in lacustrine black shales;

II1. Sediments from the Sdo Carlos Formation were sourced
mainly from the Serra do Mar Uplift to the east and, to a
lesser extent, the Alto Paranaiba Uplift to the north, differ-
ing from the lithologically similar Aracatuba Formation,
and influenced by the Serra Geral Formation.

IV. Considering the depositional ages for the Aracatuba
(Coniacian) and Sao Carlos (Upper Santonian) for-
mations and the similar lacustrine depositional envi-
ronment for both units, we can conclude that these
formations are at least partially correlated, but rep-
resent different paleogeographic domains within the
Bauru Basin.
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