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The Codó Formation is an Aptianmarine-influenced lacustrine depositional system in the Parnaíba Basin (Brazil).
This unit is an important sedimentary succession because of the high organicmatter content and for being an an-
cient analog for the depositional systems of the Brazilian Pre-salt interval. However, mineralogical and
lithogeochemical studies have not been sufficiently carried out on the Codó Formation, which hinders detailed
sedimentological knowledge.We report newmineralogical and lithogeochemical data that allow a better under-
standing of the environmental, climatic, and provenance evolution of the Codó deposits. Mineralogical and
lithogeochemical studies were performed on 50 lutite samples collected from the 1-UN-32-PI core and 13 out-
crop lutite samples obtained from sites close to the Grajaú and Imperatriz regions. A magnesium-sulfate-rich
shallow alkaline hypersaline lake was identified in the lower Codó Formation based on the identification of a
clay mineral assemblage composed of authigenic saponite and detrital illite. Hydrothermal processes were
interpreted as the magnesium source of this alkaline lake. A salinity-alteration event was identified at the
upper limit of the alkaline lake and was interpreted as the first marine ingression in the Codó Formation. This
event changed the lake's pH from alkaline to acid, inhibiting the formation of Mg-smectites, and changing its
hydrochemical conditions, originating a marine-influenced sulfate-rich acid saline/hypersaline sabkha. This fa-
cies succession coincideswith a claymineral assemblage composed of detrital montmorillonite, illite and kaolin-
ite. A regional paleoclimate humidification processwas identified from the sabkha to a lagoon facies succession in
the upper Codó Formation. This last succession reveals themarine-dominated interval of the Codó Formation and
coincides with a clay mineral assemblage composed of detrital kaolinite, montmorillonite and illite. Based on
lithogeochemical data, a commonpost-Archean intermediate source areawas also interpreted for these three en-
vironments.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

In order to study modern and ancient sedimentary environments,
clay mineralogy and lithogeochemistry have been widely applied
(Hussain et al., 2021; Craigie, 2018; Weaver, 1989; Chamley, 1989).
o Rio de Janeiro, Instituto de
lveira Ramos, 274-21941-909,

pos).
Dependingon the genesis (detrital or authigenic) of claymineral assem-
blages, different sedimentological information can be obtained.

Detrital clay mineral assemblages originated from sedimentological
processes involving weathering, erosion, transportation and deposition
in sedimentary environments (Wunderlin et al., 2022; Thiry, 2000;
Weaver, 1989; Singer, 1984a; Barshad, 1966). These clay mineral as-
semblages can be used for paleoclimatic and provenance reconstruc-
tions because their composition is controlled mainly by source-area
lithology and source-area climates. In this sense, wet climates produce
kaolinite-rich soils (e.g., argisols), while dry climates generate
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smectite-rich soils (e.g., gleysols) (Carbonell et al., 2022; Velde and
Meunier, 2008; Chamley, 1989).

Authigenic clay mineral assemblages are formed in situ in response
to specific physical–chemical conditions and can be used for
paleoenvironmental reconstructions (Pozo and Calvo, 2018; Meunier,
2005). Awide range of genesis can be stated for this type of claymineral
assemblage, this being formed (1) syngenetically in saline or hypersa-
line sedimentary environments; (2) diagenetically involving post-
depositional fluids and their interaction with host rocks; or
(3) telodiagenetically through the weathering of sedimentary rocks ex-
posed to subaerial conditions.

This studywas carried out in the Codó Formation, a 150-meter-thick
succession of lutites, laminated limestones, evaporites (gypsum) and
sandstones that composes part of the late Aptian record of the Parnaíba
Basin, an intracratonic sedimentary basin in Northeastern Brazil (Fig. 1)
Fig. 1. Geological map and stratigraphic section of the studied area (Vasconcelos et al., 2
biocronostratigraphy were obtained from Regali and Santos (1999) and Ferreira et al. (2020
22.40″S; 46°7′24.19″W), Calcário Grajaú (CG) (5°44′18.20″S; 46° 6′59.08″W) and Imperatriz (
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(Vaz et al., 2007; Góes and Feijó, 1994; Fernandes and Piazza, 1978;
Campbell, 1949; Lisboa, 1914). This formation has been historically con-
sidered either a lacustrine or a restricted depositional system with ma-
rine influence (Bastos et al., 2020; Bahniuk et al., 2015; Paz et al., 2005;
Rossetti et al., 2004; Antonioli, 2001; Rodrigues, 1995; Cerqueira and
Marques, 1985; Mesner and Wooldridge, 1962, 1964; Fernandes and
Piazza, 1978; Leite et al., 1975; Rezende and Pamplona, 1970) and has
been receiving attention because of the high organic matter content
possibly associated with anoxic events (Bastos et al., 2020; Sousa
et al., 2019; Rodrigues, 1995; Cerqueira and Marques, 1985). Further-
more, it is considered an ancient analog to the rocks of the giant oil re-
serves in the Brazilian marginal basins known globally as the Pre-salt
succession (Netto et al., 2022; Wright, 2020; Bahniuk et al., 2015;
Maizatto et al., 2011) being associated with the Gondwana breakup
(Richetti et al., 2018; Dietz and Holden, 1970).
004). Góes and Feijó (1994) was used as lithostratigraphy and Mendes (2007) and
). 1-UN-32-PI (4° 4′55.00″S 43° 3′15.00″W), Chorado 1 (C1) and Chorado 3 (C3) (5°46′
IM) (5°34′38.47″S; 47°29′13.20″W).
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Previous studies have indicated that the clay mineral assemblages of
the Codó Formation lutites are composedmainly ofmontmorillonite, illite
and kaolinite, with minor occurrences of palygorskite, which indicates a
semiarid to arid climate (Gonçalves et al., 2006; Rossetti et al., 2001).
This information has been corroborated by lithological (evaporite) and
paleontological data (Boucot et al., 2013; Hay and Floegel, 2012; Skelton
et al., 2003; Chumakov et al., 1995; Petri, 1983; Lima, 1983).

However, this Brazilian Aptian unit's paleoenvironmental and
-climate evolution remains poorly understood and sophisticated studies
using clay mineralogy and lithogeochemistry would help shed light on
its geological evolution. In this sense, we report new mineralogical
and lithogeochemical data from the Codó Formation (Parnaíba
Basin) regarding its paleoenvironmental, -climatic, and provenance
reconstructions in Northeastern Brazil during the late Aptian (Early
Cretaceous).
Fig. 2. Lithological profile of the Codó Formation in the 1-UN-32-PI well (modifie
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2. Geological settings

The Codó Formation covers an area of 170,000 km2, is overlain by an
erosive unconformity with the Itapecuru Formation and is underlain by
the Grajaú or Corda formations (Lima, 1983; Fernandes and Piazza,
1978; Rezende and Pamplona, 1970). The Codó Formation can be sepa-
rated into the lower and upper Codó Formation, which are bounded by
an unconformity located at the base of an approximately 5-meter-thick
sandstone bed (Fig. 2) (Mendes, 2007). Numerous authors have attrib-
uted the Codó Formation to the P-270 and P-280 palynozones
(Antonioli, 2001; Pedrão et al., 1993), which is correlated to the late
Aptian (Alagoas local state) (Regali and Santos, 1999).

The marine influence on the Codó Formation also remains a key
point to understand its depositional system. The lack of marine
fossils and abundant lacustrine fossiliferous records (e.g., continental
d from Mendes, 2007). e – evaporite; c – clay; s – silt; sa – sand; p – pebble.



Fig. 3.Outcrops in theGrajaú and Imperatriz area. Star – Sample site. Gyp - gypsum, Lim – limestone and Stm – stromatolite. A) Bedset of lutites deformedby gypsumbeds in theChorado 1
quarry. B)Detailed image of the sampling site in the Chorado 1 quarry. C)Overview of the sampling site in the Chorado 3 quarry. D) Sampling site in theCalcárioGrajaúquarry. E) Praia das
Gaivotas outcrop in the Imperatriz region.

Table 1
Structures used in the quantitative mineral analyses. COD - Crystallographic Open Data-
base; ICDD - International Centre for Diffraction Data (PDF-4+).

Structure Code Reference

Montmorillonite COD 900277 Viani et al. (2002)
Palygorskite COD 9005565 –
Gypsum ICDD 00-036-0432 –
Muscovite ICDD 04-015-8226 Brigatti et al. (2008)
Kaolinite ICDD 00-014-0164 (BISH) Goodyear and Duffin (1961)
Bassanite ICDD 00-041-0224 –
Aragonite ICDD 00-041-1475 –
Quartz ICDD 00-046-1045 Kern and Eysel (1993)
Microcline ICDD 00-019-0926 Technisch Physiscge Dienst (1966)
Albite ICDD 00-078-1995 –
Calcite – Santos et al. (2017)
Dolomite – Santos et al. (2017)
Barite – –
Pyrite ICDD 00-006-0710 –
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ostracods) in the Grajaú area reinforces continental sedimentation (Paz
and Rossetti, 2001). However, paleontological evidence, including echi-
noderm spines and marine palynomorphs (e.g., dinoflagellates), has
been found in the Codó area, indicating a marine contribution
(Lindoso et al., 2013, 2016; Antonioli, 2001; Pedrão et al., 1993), as cor-
roborated by the marine seaway model advocated by Arai (2014).

Diverse lithofacies analyses have been performed in the Codó For-
mation using outcrop and core samples (Paz et al., 2005; Rossetti
et al., 2004; Paz and Rossetti, 2001), being one of the most important
conducted by Mendes (2007), who investigated four cores from the
Carvão Project, including the one studied here. The author proposed
six lithofacies: three clastic, two chemical, and one breccia (Fig. 2).
The two lutite lithofacies comprise bituminous lutites with mudcracks
interlaminated with gypsum and calcite (Ab) and fossiliferous lutites
with ostracods and marine gastropods (Af). The sandstone lithofacies
comprises a fining-upward bed of fine to medium-grained sandstone
with wavy or flaser bedding (Sa). Finally, the two chemical lithofacies
include limestone (Ls) and gypsum bedsets (Gy). A bed of
intraformational breccia (B) composes the breccia lithofacies.

Mendes (2007) also proposed four different facies associations
based on sedimentological and paleontological data. A hypersaline
lake followed by a sabkha depositional system was attributed to the
4

lower Codó Formation, including the evaporite bed, whereas a braided
fluvial followed by a marine-influenced lacustrine depositional system
(lagoon) was interpreted in the upper Codó Formation.



Table 2
Diagnostic reflections (Å) used in the mineralogical characterization.

Mineral Bulk
mineralogy

Clay mineralogy

Air-dried Ethylene-glycol
solvated

Heated
at 550
°C

d060

Saponite – 15 17 10 1.525
Montmorillonite – 15 17 10 1.50
Palygorskite – 10.5 10.5 – –
Illite – 10 10 10 1.50
Kaolinite – 7 7 – 1.49
Illite-smectite
mixed layered
clay minerals

– – 8.5/5.5 – –

Gypsum 7.59 – – – –
Bassanite 6.00 – – – –
Quartz 4.25/3.34 – – – 1.82/1.54
Aragonite 3.39 – – – –
Calcite 3.03/3.00 – – – –
Dolomite 2.90 – – – –
K-feldspar 3.24 – – – –
Plagioclase 3.18 – – – –
Pyrite 2.70 – – – –
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3. Materials and methods

3.1. Sampling sites

Fifty lutite samples were collected along the 1-UN-32-PI core, which
was drilled in the 1970s during a government program called Projeto
Carvão, aiming to discover coal beds (Leite et al., 1975). A total of ten
samples were also collected in three different outcrops near the Grajaú
area, which comprises the Chorado 1, Chorado 3, and Calcário Grajaú
quarries, while three samples were collected from the Imperatriz out-
crop (IM), also known as the Praia da Gaivota outcrop, near the city of
Imperatriz (Fig. 1).

The Chorado 1 and 3 quarries occur between and above packages of
gypsum, respectively, and are composed of a succession of lutites inter-
beddedwith evaporites (Fig. 3A, B and C). The Calcário Grajaú outcrop is
composed of a bed of lutites underneath a limestone bed (Fig. 3D). The
Imperatriz outcrop is located along the Tocantins River and comprises
lutites associated with stromatolites (Fig. 3E) (Bahniuk et al., 2015;
Coura, 2011).

3.2. Methods

X-ray diffractometry, scanning electron microscopy and X-ray fluo-
rescence were performed at the Center for Mineral Technology
(Brazil). Bulk samples were dehydrated at 60 °C for 24 h and processed
in a ball mill using an agate media in cycles at 300 RPM for 5 min to ob-
tain a sample size of <106 μm. Fractions were decarbonated using a
buffered solution of acetic acid (2 M) and sodium acetate (2 M) heated
at 80 °C (Coimbra et al., 2021; Carrado et al., 2006). Stokes' lawwas ap-
plied to obtain the clay-sized fraction (<2 μm) (Moore and Reynolds,
1997). These processes were carried out for clay mineral analysis.
Other aliquots were pulverized in a McCrone mill (<10 μm) using water
and an agate recipe for quantitative mineral analysis (Rietveld method).

Qualitative clay mineral analyses were conducted using air-dried,
ethylene-glycol solvation for 16 h and heating at 550 °C for 2 h on ori-
ented glass slides (Brindley and Brown, 1980). The method of
Christidis and Koutsopoulou (2013) was used to determine Mg-
smectite species. These diffraction patterns were acquired using the
Bruker-AXS D8 Advance ECO diffractometer using dynamic beam optimi-
zation (DBO) in the 2θ range from 1 to 40° with a scan velocity of 0.01°/s.

Reflections at 1.54 Å in random mounted samples were compared
with reflections at 1.82 Å to determine if that reflection is associated
with trioctahedral clayminerals. A Bruker-AXS D8 Advance ECO diffrac-
tometerwas used to acquire these diffractograms,whichwere obtained
5

in the 2θ range from 4 to 70°with a scan velocity of 0.02°/s. Quantitative
clay mineral analyses were performed using the method of Biscaye
(1965). Due to methodological issues, samples located at 112.00 and
109.65 m were not studied for clay mineralogy.

The Rietveld method (Young, 1993; Cheary and Coelho, 1992) was
applied to perform quantitative mineral analyses on bulk fractions
using Bruker-AXS D4 Endeavor equipment using a LynxEye position-
sensitive detector operating at 40 kV and 40 mA with CoKα radiation
(λ = 1.78897 Å) and Bruker-AXS D8 Advance ECO equipment using a
LynxEye XE energy-discriminant position-sensitive detector operating
at 40 kV and 25 mA with CuKα radiation (λ = 1.54060 Å). The
diffractograms were obtained in the 2θ range from 4 to 105° with a
scan velocity of 0.02°/s. The bulk samples in the interval from 155.00
to 137.50 were studied in the Bruker-AXS D4 diffractometer, while the
samples in the interval from136.50 to 86.00m and the outcrop samples
were studied in the Bruker-AXS D8 equipment.

Quantitative mineral analyses were performed with a Bruker-AXS
TOPAS v5 device using the Crystallographic Open Database (COD) and
the International Centre for Diffraction Data (PDF-4+) (ICDD) data-
bases, in which the structures can be found in Table 1. Warr (2020)
andWhitney and Evans (2010)were used as references for abbreviation
names of rock-forming minerals.

Scanning electron microscopy images were obtained using a Hitachi
3030TM Plus microscope operating at 15 kV in low vacuummode and
FEI Quanta 400 equipment using backscatteringdetectors and operating
at 20 kV. Fragments were sputter-coated with silver for 250 s using a
Bal-Tec SCD 005 sputter coater at 30mA. Compositionalmapswere pro-
duced using energy dispersive spectrometry (EDS). Two polished sec-
tions (137.50 and 155.00) were produced to study clay mineral
formation processes in the lower Codó Formation.

Whole lithogeochemical analyses were performed in bulk samples
from the 1-UN-32-PI core by Act Labs (Codes 4LITHORES (11+) QOP
WRA/QOP WRA 4B2 - Major and trace elements fusion ICP-OES/ICPMS
and 8-Li (Sodium Peroxide Fusion) - QOP Sodium Peroxide (Sodium
Peroxide Fusion) (certificate of analysis is in the Supplementary
files)). These samples were also submitted to a dry ashing process
at 485 °C for 24 h before analysis because of the high organic matter
contents.

Lithogeochemical analyses by X-ray fluorescence spectrometry
(major elements) were carried out in bulk samples from the outcrops
in an Axios PANanalytical mAX spectrometer by the Center for Mineral
Technology in Brazil. Sampleswere prepared in a BENEOXpresswith 30
mm of mold, with a pressure of 20 tons for 30 s, and boric acid (0.5 g/
g) as the binding agent. Trace elements were not determined for out-
crop samples.

A Pearson correlation matrix was constructed for the core samples
(Supplementary Table S5). Samples must be carbonate-free to apply
the A–CN–K (Al–(Ca + Na)–K) ternary graph as a tool to evaluate
paleoweathering settings (Chemical Index of Alteration – CIA; Nesbitt
and Young, 1984). Because of this, chemical contents associated with
carbonates were removed from major elements before calculation
(Supplementary Table S2). Due to possible weathering signatures, the
outcrop samples were not used in the Pearson correlation matrix or
the CIA analyses.

4. Results

4.1. Mineralogy

The diagnostic reflections used to determine each mineral are re-
ported in Table 2. Representative diffractograms and quantitative min-
eralogical data are reported in Figs. 4 and 5 and in Tables 3 and 4,
respectively. Saponite was identified as the species of trioctahedral
smectite using the method by Christidis and Koutsopoulou (2013) and
was identified at depths deeper than 137.50 m in the core and in sam-
ples from the Imperatriz outcrop, while montmorillonite was identified



Fig. 4. Background-subtracted and normalized by maximum intensity representative diffractograms of clay fractions of the Codó Formation lutites. The method of Christidis and
Koutsopoulou (2013) was used to determine the Mg-smectite species. Raw data are in supplementary files. Sme – smectite; Ilt – illite; Kln – kaolinite; Plg – palygorskite; Ilt-Sme – illite
smectite mixed layered clay minerals; Qz – quartz; Mnt – montmorillonite; Mg-Sme – magnesium smectite; Sap – saponite; Htr – hectorite; CMA – clay mineral assemblage.
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at depths shallower than 136.50 m and in samples from the Grajaú out-
crops. Low lithium contents (0.02–0.03 wt%) were observed in the
lithogeochemical analyses of trioctahedral-smectite-rich samples indi-
cating the non-occurrence of hectorite (Table 5).

Using clay mineralogical data, three clay mineral assemblages were
determined. Saponite and illite compose clay mineral assemblage 1,
which comprises samples located deeper than 137 m in the core and
from the Imperatriz outcrop. Clay mineral assemblage 2 contains kao-
linite ranging from 5 to 15 % and comprises samples between 136.50
and 109.65 m in the core and from the Grajaú quarry. Clay mineral as-
semblage 3 is characterized by higher kaolinite contents ranging from
30 to 43 % (Supplementary Table S1).
6

4.2. Scanning electron microscopy

Clay mineral assemblages identified through X-ray diffractometry
were texturally studied by scanning electron microscopy using repre-
sentative fragment samples. Clay mineral assemblages 2 and 3 were
found to be essentially composed of amixture of montmorillonite, illite,
and kaolinite, occurring as an oriented platy structure aswell as grained
crystals (Fig. 6A, B and C) (Keller, 1978). Palygorskite showed fibrous
morphology (Fig. 6D). Saponite showed a hairy-shaped texture, indica-
tive of authigenesis (Fig. 6E and F).

Two polished sectionswere produced to understand saponite's gen-
esis better, and X-ray dispersive spectrometry was used to identify the



Fig. 5. Background-subtracted and normalized by maximum intensity representative
diffractograms of the bulk fractions of the Codó Formation lutites. Raw data are in Supple-
mentary files. The y-axis is in quadratic scale. Sme – smectite; Plg – palygorskite; Mca –
mica; Gy – gypsum; Kln – kaolinite; Bas – bassanite; Qz – quartz; Arg – aragonite; Kfs –
K-feldspar; Pl – plagioclase; Cal – calcite; Dol – dolomite; Py – pyrite.

Table 3
Quantitative clay mineral analysis (wt%) of representative clay-sized fractions of the Codó
Formation. See Supplementary Table S1 for complete data and more details.

Sample Saponite Montmorillonite Palygorskite Illite Kaolinite Total

C1-3 0 71 0 14 16 100
CG-2 0 55 20 24 0 100
IM-3 87 0 0 13 0 100
086.00 0 37 0 30 33 100
092.00 0 42 0 28 30 100
099.00 0 36 0 27 37 100
106.25 0 40 0 30 30 100
111.55 0 72 0 17 11 100
127.50 0 70 0 20 10 100
134.50 0 45 0 45 10 100
140.50 84 0 0 13 3 100
141.50 79 0 0 17 4 100
149.00 82 0 0 13 5 100
150.00 83 0 0 12 5 100
151.00 81 0 0 14 4 100
155.00 85 0 0 11 4 100
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mineral phases (Fig. 7). A matrix of saponite and minor illite contents
associatedwith larger crystals of altered detrital claymineralswas iden-
tified. Smaller pyrite crystals occurred in the inner part of these larger
crystals, whereas gypsum appeared in their central parts.

4.3. Lithogeochemistry

4.3.1. Major elements
Major elements (Table 4) were compared to the bulkmineralogy re-

sults using a Pearson correlationmatrix (Supplementary Table S5). SiO2

showed a negative correlation with dolomite. Al2O3 and Fe2O3

positively correlated with kaolinite, montmorillonite, mica and
feldspars. MgO had a positive correlation with saponite and negative
correlations with montmorillonite, kaolinite, gypsum, K-feldspar and
plagioclase. CaO and calcite are positively correlated and K2O and TiO2

had positive correlations with mica and feldspars but also with
montmorillonite in the case of TiO2. Dolomite and LOI showed a positive
correlation.
7

4.3.2. Trace elements

4.3.2.1. Large ion lithophile elements (Ba, Cs, Sr, and Rb). Trace elements
are reported in Table 5. Barium and strontium did not present any cor-
relation with the major elements and mineralogy, had higher correla-
tion values with carbonates than silicates (Supplementary Table S5),
and had similar values in comparison with those observed in the Post-
Archean Australian Shale (PAAS) (Fig. 8) (McLennan, 2001; Taylor and
McLennan, 1985).

Rubidium and cesium presented positive correlations with Al2O3,
Fe2O3, K2O, and TiO2 and negative ones with LOI and CaO, being inher-
ent from silicate minerals (e.g., feldspar or clay minerals) (Supplemen-
tary Table S5). These elements are generally depleted in comparison to
PAAS, possibly due to the dilution effect subordinated to the presence of
carbonate minerals (e.g., calcite, dolomite and aragonite) (Fig. 8 and
Supplementary Table S5) (Tobia and Mustafa, 2016).

4.3.2.2. High-field-strength elements (Th, U, Y, Zr, Nb and Hf). All high-
field-strength elements except uranium had positive correlations with
oxides and were associated with silicate phases. In addition, uranium
positively correlated with P2O5 and was probably associated with
phosphate phases (Supplementary Table S5). All high-field-strength el-
ements except uranium presented values close to those found for the
PAAS (Fig. 8 and Supplementary Table S5) while uraniumwas enriched.

4.3.2.3. Transition trace elements (Sc, V, Cr, Co, Ni, Cu and Zn). All transi-
tion trace elements except copper and zinc had positive correlations
with oxides and were associated with silicate phases, with these ele-
ments presenting values close to those found for PAAS. However, sam-
ples in the alkaline hypersaline lacustrine facies succession presented
substantial positive anomalies of copper and zinc, these being values al-
most 40 times superior to PAAS (Table 5).

4.3.2.4. Rare earth elements. Rare earth elements (REEs) are reported in
Table 6 and showed positive correlations with Al2O3, Fe2O3, TiO2, and
K2O, associated mostly with silicate minerals (e.g., feldspar or clay min-
erals) (Supplementary Table S5).

5. Discussion

5.1. Origin of the clay mineral assemblages

Clay mineral assemblages 2 and 3 were understood as detrital given
the lack of textures indicative of authigenesis. Palygorskite was re-
stricted to two samples from outcrops and may theoretically have
been formed by authigenesis or pedogenesis (Singer, 1979, 1984b;



Table 4
Quantitative mineral analysis (wt%) and major elements of representative bulk samples from the Codó Formation. See Supplementary Table S2 for complete data and more details.

155.00 151.00 150.00 149.00 141.50 134.50 127.50 111.55 106.25 099.00 092.00 086.00 IM-3 CG-2 C3-1 C1-3

Mineralogy
Saponite 87 78 78 83 81 0 0 0 0 0 0 0 66 0 0 0
Montmorillonite 0 0 0 0 0 13 0 14 24 22 21 23 0 52 21 9
Gypsum 0 1 1 0 1 7 1 11 17 15 11 6 0 0 10 1
Palygorskite 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0 0
Mica 3 2 2 3 7 10 0 8 9 11 15 15 4 11 16 2
Kaolinite 0 0 0 0 0 6 0 9 22 27 26 24 0 0 23 10
Bassanite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 59
Barite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0
Aragonite 1 10 5 2 0 0 0 0 0 0 0 0 0 0 0 0
Quartz 8 7 7 8 7 24 1 10 13 11 12 17 7 19 14 3
K-feldspar 0 2 2 2 3 8 0 4 8 8 9 9 0 6 0 0
Plagioclase 0 0 0 0 0 7 0 2 6 5 5 5 0 0 0 0
Calcite 0 1 1 0 0 1 18 41 1 1 1 1 23 3 0 16
Dolomite 0 0 4 0 0 23 81 1 0 0 0 0 0 0 0 0
Pyrite 0 0 1 0 1 0 0 0 1 0 1 1 0 0 7 0
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Chemical assay (XRF)
SiO2 52.05 48.11 46.55 53.27 53.75 49.12 1.06 34.72 51.31 51.37 53.50 56.45 34.50 54.50 37.60 12.50
Al2O3 8.56 4.51 3.92 5.54 12.78 11.51 0.27 11.15 19.33 22.67 22.87 20.79 5.30 13.80 15.90 4.60
Fe2O3 5.70 4.10 3.66 3.88 6.13 4.91 0.77 5.06 8.42 8.72 8.57 8.14 2.10 4.70 6.50 1.20
MnO 0.06 0.09 0.13 0.07 0.09 0.22 0.28 0.32 0.04 0.05 0.06 0.05 0.15 0.05 0.05 0.05
MgO 18.26 17.83 18.21 18.47 13.63 8.38 15.01 2.70 2.64 2.65 2.68 2.39 14.90 4.20 2.70 1.00
CaO 2.89 8.73 9.76 4.71 1.89 8.18 37.55 24.58 2.65 1.68 1.61 1.30 10.80 2.50 0.85 30.90
Na2O 0.64 0.48 0.44 0.60 0.79 0.71 0.08 0.13 0.21 0.14 0.19 0.19 0.18 0.21 0.14 0.05
K2O 1.48 0.57 0.46 0.74 2.62 2.34 0.03 1.68 2.43 2.36 2.62 2.65 0.65 2.10 1.80 0.42
TiO2 0.43 0.20 0.18 0.26 0.65 0.70 0.01 0.49 0.66 0.80 0.74 1.11 0.23 0.59 0.48 0.13
P2O5 0.38 0.64 0.56 0.74 0.27 0.16 0.07 0.15 0.79 0.12 0.21 0.13 0.18 0.24 0.11 0.05
LOI 9.48 14.91 15.10 11.40 7.98 12.54 42.93 17.61 10.11 8.78 7.10 7.33 30.47 17.05 30.30 49.00
Total 99.93 100.17 98.97 99.68 100.58 98.76 98.06 98.59 98.59 99.35 100.14 100.53 99.46 99.94 96.43 99.90
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Singer andNorrish, 1974). This claymineralwas interpreted as originat-
ing from pedogenic processes because of the intense weathering condi-
tions observed in the quarry where the samples were collected and
because this clay mineral was not observed in any sample collected
from the 1-PI-UN-32 core.

Mg-clay minerals can be classified as Al-bearing Mg-clay minerals,
which include saponite, hectorite and palygorskite, or as Al-free Mg-
clay minerals, which comprise stevensite, talc, kerolite and sepiolite
(Pozo and Calvo, 2018; Galán and Pozo, 2011; Guggenheim et al.,
2006; Weaver, 1984). The source of structural aluminum in Mg-clay
minerals is associated with the transformation of detrital Al-bearing
clay minerals, such as montmorillonite, kaolinite or illite, into Al-
bearing Mg-clay minerals (Trauth, 1977; Weaver and Beck, 1977).
Mg-clay minerals are formed in specific physicochemical conditions in-
volving high-pH water (∼8–10) and high Mg2+ and SiO2(aq)

concentrations (Chase et al., 2021; Tutolo and Tosca, 2018; Tosca,
2015; Tosca and Masterson, 2014; Birsoy, 2002).

Three sedimentological processes lead to the precipitation of authi-
genic Mg-clay minerals in sedimentary environments (Pozo and Calvo,
2018; Singer, 1979, 1984b; Singer andNorrish, 1974). The neoformation
is a syngenetic process involving direct precipitation of Al-free Mg-clay
minerals in the sediment–water interface. Transformation is an
eodiagenetic process where detrital clay minerals such as montmoril-
lonite are transformed into Al-bearing Mg-clay minerals (Deocampo,
2015; Hover and Ashley, 2003; Weaver and Beck, 1977; Trauth, 1977).
Lastly, neoformation by addition is a process similar to transformation
but occurs syngenetically (Calvo and Pozo, 2015; Galán and Pozo,
2011; Pozo and Calvo, 2018).

Lithogeochemical constraints in trace elements,mainly REEs, are ob-
served in lutites composed of authigenic clay minerals formed by
neoformation, transformation and neoformation by addition (Wilson
and Pittman, 1977). Trace elements are less abundant in authigenic
clay minerals formed by neoformation than in detrital clay minerals,
which results from lesser concentrations of trace elements in the
water table. These elements tend to be more abundant in lutites
8

composed of authigenic clay minerals produced by transformation or
neoformation by addition since the skeletal structure of detrital clay
minerals is used in their formation processes. Texture differences can
also be observed between clay minerals formed by neoformation or
transformation and neoformation by addition (Galán and Pozo, 2011).
Clayminerals formed by neoformation show clearly separated particles,
while those formed by transformation or neoformation by addition
present a dirty aspect.

Claymineral assemblage 1 comprises authigenic saponite and detri-
tal illite and represents a predominantly authigenic claymineral assem-
blage in the lower Codó Formation. The genetic interpretation of
authigenic saponite was mainly based on diagnostic textures observed
by scanning electron microscopy (Figs. 6 and 7). Detrital clay minerals
turn into saponite in an ongoing process by transformation or
neoformation by addition in response to alkaline pH values (∼8–10)
and hypersaline conditions. This interpretation is corroborated by the
lesser trace element abundances in the alkaline lake samples than in
the lagoon samples and because of the dirty aspect of the samples ob-
served by scanning electron microscopy.

5.2. An alkaline hypersaline lake in the lower Codó Formation

Alkaline hypersaline lakes are a special type of closed lacustrine de-
positional systems with high-pH water (∼8–10) and salinity values
higher than seawater (Javor, 2012). These environments are generally
formed in arid climate settings and are globally known for having high
algal organic matter contents, which produce remarkable source rocks
in oil systems. These conditions can be produced in response to high
carbonate and bicarbonate concentrations, these being important nutri-
ents for photosynthesis. These components generally originate from
carbonaceous or mafic-ultramafic source areas (Cohen, 2003).

Some of the most important ancient alkaline hypersaline paleolakes
in the world are the Barremian–Aptian Atafona and Coqueiros forma-
tions (Campos Basin, Brazil) (Winter et al., 2007) and the Barremian–
Aptian Piçarras and Barra Velha formations (Santos Basin, Brazil)



Table 5
Trace elements (ppm) of representative bulk samples from the Codó Formation. See Supplementary Table S3 for complete data and more details.

155.00 151.00 150.00 149.00 141.50 134.50 127.50 111.55 106.25 099.00 092.00 086.00

Elements
Sc 10.00 5.00 4.00 6.00 14.00 13.00 0.50 11.00 20.00 23.00 23.00 20.00
Be 2.00 1.00 0.50 1.00 2.00 2.00 0.50 2.00 3.00 4.00 3.00 4.00
V 122.00 178.00 179.00 215.00 124.00 121.00 44.00 87.00 130.00 139.00 156.00 148.00
Cr 50.00 30.00 20.00 40.00 80.00 70.00 10.00 50.00 90.00 110.00 110.00 100.00
Co 10.00 49.00 39.00 22.00 18.00 31.00 4.00 19.00 22.00 22.00 23.00 21.00
Ni 30.00 50.00 40.00 30.00 50.00 70.00 10.00 40.00 70.00 70.00 70.00 70.00
Cu 20.00 500.00 360.00 310.00 70.00 50.00 0.50 90.00 60.00 60.00 70.00 50.00
Zn 50.00 3840.00 3460.00 1210.00 60.00 50.00 15.00 40.00 70.00 90.00 90.00 180.00
Ga 13.00 8.00 7.00 8.00 18.00 16.00 1.00 14.00 27.00 29.00 28.00 27.00
Ge 1.00 0.25 0.25 0.25 0.25 0.25 0.25 0.25 1.20 1.30 1.60 0.25
As 5.00 40.00 40.00 16.00 2.50 8.00 2.50 2.50 2.50 2.50 2.50 2.50
Rb 66.00 28.00 22.00 35.00 97.00 90.00 1.00 69.00 133.00 137.00 143.00 142.00
K (%) 1.23 0.47 0.38 0.61 2.17 1.94 0.02 1.39 2.02 1.96 2.17 2.20
K 12,286.11 4731.81 3818.66 6143.05 21,749.73 19,425.33 249.04 13,946.39 20,172.46 19,591.36 21,749.73 21,998.78
Sr 521.00 1152.00 951.00 582.00 309.00 170.00 1481.00 152.00 361.00 187.00 178.00 143.00
Y 16.60 15.40 13.20 15.30 19.40 21.60 3.20 19.70 58.70 26.20 25.60 28.20
Zr 62.00 34.00 32.00 42.00 90.00 167.00 5.00 101.00 122.00 138.00 126.00 170.00
Nb 6.10 3.60 2.90 4.20 12.00 12.60 < 0.2 11.00 18.00 22.20 17.70 23.10
Mo 2.00 22.00 21.00 10.00 8.00 3.00 1.00 4.00 4.00 1.00 2.00 < 2
Ag 0.25 1.00 0.80 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
In 0.05 0.30 0.20 0.10 0.10 0.05 0.05 0.05 0.10 0.10 0.10 0.10
Sn 2.00 1.00 1.00 1.00 2.00 2.00 0.50 1.00 3.00 3.00 3.00 3.00
Sb 0.30 1.70 1.80 0.90 0.20 0.30 < 0.2 < 0.2 0.40 0.50 0.30 1.90
Cs 5.80 2.60 2.20 3.40 9.80 6.90 0.10 3.50 6.90 7.60 7.20 5.80
Ba 183.00 88.00 80.00 115.00 269.00 274.00 3052.00 178.00 867.00 277.00 589.00 372.00
La 25.50 19.10 14.30 17.50 33.90 31.00 4.17 34.80 77.30 58.50 53.00 58.80
Ce 55.40 36.30 27.70 36.40 71.20 62.30 6.64 67.00 180.00 104.00 102.00 103.00
Pr 6.10 4.01 3.07 4.18 7.98 7.31 0.67 7.60 21.90 12.10 11.50 11.40
Nd 23.90 14.50 11.40 15.50 30.40 27.70 2.16 28.10 88.80 43.30 43.00 41.10
Sm 4.59 2.76 2.10 2.94 5.67 5.45 0.43 5.08 19.20 7.71 7.92 7.03
Eu 0.89 0.60 0.47 0.60 1.16 1.13 0.16 1.11 3.72 1.51 1.55 1.44
Gd 3.55 2.37 1.87 2.40 4.36 4.19 0.42 4.16 15.90 5.61 5.78 5.61
Tb 0.55 0.39 0.30 0.39 0.66 0.66 0.07 0.62 2.43 0.88 0.89 0.84
Dy 3.17 2.31 1.84 2.37 3.77 4.13 0.37 3.49 12.70 5.16 5.06 4.96
Ho 0.62 0.46 0.39 0.45 0.72 0.74 0.08 0.67 2.20 0.98 0.95 0.96
Er 1.74 1.36 1.15 1.30 2.02 2.27 0.27 1.83 5.24 2.82 2.67 2.85
Tm 0.25 0.19 0.17 0.18 0.28 0.32 0.04 0.26 0.65 0.41 0.39 0.40
Yb 1.52 1.16 1.00 1.12 1.89 2.11 0.22 1.57 3.66 2.72 2.48 2.74
Lu 0.23 0.17 0.15 0.16 0.27 0.32 0.03 0.25 0.54 0.43 0.39 0.44
Hf 1.80 0.80 0.80 1.10 2.30 3.80 0.05 2.30 3.10 3.50 3.10 3.90
Ta 0.49 0.30 0.23 0.33 0.89 3.84 0.05 0.71 1.10 1.31 1.06 1.41
W 3.50 0.25 0.25 0.25 5.90 34.90 41.00 0.70 7.80 2.50 2.80 4.20
Tl 0.45 1.37 0.94 0.56 0.38 0.63 < 0.05 0.73 0.82 0.92 0.76 0.47
Pb 29.00 518.00 516.00 132.00 18.00 17.00 6.00 35.00 26.00 35.00 27.00 61.00
Bi 0.05 0.80 0.40 0.30 0.30 0.05 0.05 0.05 0.10 0.20 0.20 0.50
Th 8.57 4.33 3.43 4.80 10.60 9.78 0.12 9.04 16.20 18.80 15.20 18.30
U 8.13 11.80 11.60 12.40 6.24 4.03 0.54 2.42 6.30 4.82 3.26 3.66
Li 0.02 0.03 0.03 0.03 0.02

Rb/K 0.0054 0.0059 0.0058 0.0057 0.0045 0.0046 0.0040 0.0049 0.0066 0.0070 0.0066 0.0065
La/Th 2.98 4.41 4.17 3.65 3.20 3.17 34.75 3.85 4.77 3.11 3.49 3.21
Th/Sc 0.86 0.87 0.86 0.80 0.76 0.75 0.24 0.82 0.81 0.82 0.66 0.92
Th/Co 0.86 0.09 0.09 0.22 0.59 0.32 0.03 0.48 0.74 0.85 0.66 0.87
Th/Cr 0.16 0.39 0.58 0.31 0.08 0.06 0.05 0.05 0.07 0.04 0.03 0.04
Zr/Sc 6.20 6.80 8.00 7.00 6.43 12.85 10.00 9.18 6.10 6.00 5.48 8.50
La/Sc 2.55 3.82 3.58 2.92 2.42 2.38 8.34 3.16 3.87 2.54 2.30 2.94
U/Th 0.95 2.73 3.38 2.58 0.59 0.41 4.50 0.27 0.39 0.26 0.21 0.20
V/Cr 2.44 5.93 8.95 5.38 1.55 1.73 4.40 1.74 1.44 1.26 1.42 1.48
V/Ni 4.07 3.56 4.48 7.17 2.48 1.73 4.40 2.18 1.86 1.99 2.23 2.11
Cu + Zn+ Pb 99.00 4858.00 4336.00 1652.00 148.00 117.00 21.50 165.00 156.00 185.00 187.00 291.00
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(Moreira et al., 2007), which compose part of the Brazilian Pre-salt oil
system (Carramal et al., 2022; Lima and De Ros, 2019; Rehim et al.,
1986). Other units are the Barremian–Aptian formations of the Kwanza
Basin in Angola (Saller et al., 2016), the Eocene Parachute Creek Mem-
ber of the Green River Formation in the USA (Smith and Carroll, 2015;
Dyni, 1976), and the Pleistocene Olduvai Paleolake and the Sinya Beds
of the Amboseli Basin in Tanzania (Deocampo, 2015; Hover and
Ashley, 2003). Some of themost importantmodern alkaline hypersaline
lakes are the Pantanal wetlands in Brazil (Oliveira et al., 2021; Dias et al.,
2020; Furquim et al., 2008; Furquim, 2007), Lake Abert in the USA
(Jones and Weir, 1983), and a series of African lakes, including
9

Ngorongoro Lake in Tanzania and Chad Lake in the Sahara Desert
(Deocampo, 2004, 2005). Alkaline lakes have also been reported as pos-
sible depositional systems on Mars (Bristow et al., 2021).

Different sedimentological, paleontological, and geochemical data
can be used to recognize alkaline hypersaline lakes, but identifying au-
thigenic Mg-clay minerals is one of the most reliable diagnostic
methods (Pozo and Galán, 2015; Calvo and Pozo, 2015; Darragi and
Tardy, 1987). Authigenic saponite was identified in the lower Codó For-
mation in the interval from 155.00 to 137.00 m (Fig. 9), comprising a
total of 18m, with this segment being diagnostic of an alkaline hypersa-
line lake, which explains the high organic matter contents and the



Fig. 6. Scanning electronmicroscopy images of representative bulk lutite samples from the Codó Formation. A, B) Crystals of detrital kaolinite,montmorillonite and illite. C) Detritalmont-
morillonite and fibrous palygorskite crystals originated from pedogenetic processes. D) Detrital montmorillonite, illite and kaolinite. E, F) Authigenic saponite and illite. Kln – kaolinite;
Mnt – montmorillonite; Plg – palygorskite; Sap – saponite.
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occurrence of biomarkers indicative of alkaline and hypersaline condi-
tions in the Codó Formation (Bastos et al., 2022).

There are two main hypotheses for the magnesium source in the
lower Codó Formation. The first is themost common reason for the for-
mation of alkaline lakes and involves source areas composed of mafic or
ultramafic rocks, generally associated with volcanically active areas
(Cohen, 2003). The second is less common and is related to syngenetic
hydrothermal processes, which buffer magnesium and other elements
inside the lake. Lithogeochemistry can evaluate the provenance of
mafic or ultramafic source areas and investigate base metal contents
to check for hydrothermal influence. Anomalous base metal contents
(Cu + Zn + Pb ∼ 4500 ppm, Table 5), reaching values up to 40 times
higher than those found in the PAAS, were observed in the depth inter-
val between 152.00 and 149.00 m in the 1-PI-UN-32well. Conventional
sedimentological processes do not commonly generate these values, so
they are likely associated with hydrothermal processes (Robb, 2020;
Pirajno, 2012; Emsbo et al., 2016). This information also indicates that
hydrothermal processes are the most probable source of magnesium
in the Codó Formation.

Lithogeochemistry can also distinguish if the Mg-smectites were
formed syngenetically in response to specific hydrochemical conditions
or because of hydrothermal processes. The structure of a detrital clay
mineral is partially opened when transformed into Al-bearing Mg-
smectites, resulting in the reduction of REE abundance, while
10
hydrothermal processes generally increase REE abundance, depending
on its composition. The alkaline hypersaline lake samples presented
lower REE values than those found in the lagoon facies succession
(Table 7), which reinforces a syngenetic origin of the Al-bearing Mg-
clay minerals.

5.3. Correlations with the Pre-salt depositional systems based on clay min-
eralogy

The Pre-salt oil system comprises part of the Lower Cretaceous inter-
val of a set of marginal basins in the Brazilian Atlantic continental shelf,
including the Campos (Winter et al., 2007) and Santos basins (Moreira
et al., 2007). These rocks were deposited in a restricted nonmarine suc-
cession, including sandstones, siltstones, lutites and limestones. Talc,
kerolite and stevensite are the most commonly reported authigenic
clay mineral assemblages in the Atafona and Coqueiros formations
(Campos Basin) and the Piçarras and Barra Velha formations (Santos
Basin) (Lima and De Ros, 2019; Rehim et al., 1986).

The Codó Formation is an ancient analog of these rocks and the iden-
tification of Mg-smectite allows correlations that could help provide
useful information about the general environmental evolutions that
both systems experienced. ThemainMg-claymineral assemblages in si-
liciclastic fine-grained rocks from the Pre-salt are stevensite, talc and
kerolite, while saponite is identified in the Codó Formation. The alkaline



Fig. 7. Scanning electronmicroscopy images and compositionalmaps obtained frompolished sections of samples located at 137.60 and 155.00mdeep. A, B) Transformation of detrital clay
minerals into saponite and coprecipitation of pyrite and gypsum in initial stages. E, F) Transformation of detrital clay minerals into saponite and coprecipitation of pyrite and gypsum in
intermediate stage. E, F) Transformation of detrital clay minerals into saponite and coprecipitation of pyrite and gypsum in final stages. Dclay – detrital clay mineral; Gp – gypsum; Sap –
saponite; Py – pyrite.
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pH and salinity conditions to precipitate these claymineral assemblages
are similar and were reached by both systems. Stevensite, saponite and
hectorite areMg-smectites commonly formed in high pH environments
(Tutolo and Tosca, 2018; Tosca, 2015; Tosca andMasterson, 2014; Galán
and Pozo, 2011).

The main difference between these clay mineral assemblages is the
presence of Al3+ in the saponite structure, which demands a geochem-
ical explanation for its presence. According to the model proposed by
Pozo and Calvo (2018), Al3+ is associated with inherited Al-bearing
clay minerals, such as montmorillonite, which was ubiquitously identi-
fied in the Codó Formation throughout this study and in literature
(Gonçalves et al., 2006; Rossetti et al., 2001). This information indicates
that the Codó Formation received a higher sediment supply than the
Pre-salt lakes, where the lack of inherited Al-bearing clay minerals
inhibited the formation of Al-bearing Mg-clay minerals and enabled
only the formation of Al-free Mg-clay minerals.

5.4. A paleoclimate change in Northeastern Brazil during the late Aptian

Paleoclimate reconstructions, which combine paleoprecipitation
and paleotemperature aspects, are essential to understand the develop-
ment of depositional systems and the evolution of fauna and flora in
sedimentary records (Ramstein et al., 2020; Cronin, 1999). Arid to
11
semiarid paleoclimate settings have been described in the South
American Equatorial Atlantic Margin during the Early Cretaceous
based on clay mineralogical, lithological, and paleontological data
(Salgado-Campos et al., 2021; Boucot et al., 2013; Hay and Floegel,
2012; Chumakov et al., 1995; Lima, 1983; Petri, 1983).

Based on the occurrence of evaporite rocks, this region was
interpreted as an evaporative zone by Chumakov et al. (1995) in a Trop-
ical–Equatorial hot arid belt, while Boucot et al. (2013) attributed an
arid zone based on the same lithological data. In addition, these authors
observed a humidification process in the Aptian–Albian transition based
on Albian kaolin deposits in the African Equatorial Atlantic Margin
counterpart (Agumanu and Enu, 1990). One of themain possible causes
of this climate change is the Supercontinent Effect hypothesis, which
considers that before the Gondwana breakup, which occurred from
the Early Jurassic to Late Cretaceous and developed from south to
north in South America (Voo, 1993), the large dimensions of the conti-
nent hindered moisture from penetrating it (Hay and Floegel, 2012;
Skelton et al., 2003).

Twodetrital claymineral assemblages reflecting different climate con-
ditionswere determined through semi-quantitative claymineral analyses
in the Codó Formation (Fig. 10a). Clay mineral assemblage 2 was ob-
served in samples located from 136.50 to 110.65 m deep, comprising
mostly the sabkha facies association, with kaolinite concentrations up to



Fig. 8. Trace and rare earth element diagrams of the Codó Formation lutites normalized by the Post-Archean Australian Shale (PAAS) and by chondrite. A, B, C) PAAS-normalized trace
elements (Taylor and McLennan, 1985). D, E, F) REE values normalized by PAAS (Pourmand et al., 2012). G, H, I) REE values normalized by chondrite (Pourmand et al., 2012). Large
ion lithophile elements - LILE. High-field strength elements - HFSE. Transition trace elements - TTE. Light rare earth elements - LREEs. Heavy rare earth elements - HREEs.
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15 %. Clay mineral assemblage 3 was identified in samples located be-
tween 108.65 and 86mdeep, comprisingmostly the lagoon facies associ-
ation, with kaolinite concentrations ranging from 30 to 43 %
(Supplementary Table S5).
Table 6
Rare earth elements (ppm) of representative bulk samples from the Codó Formation. See Supp
Taylor and McLennan (1985).

155.00 151.00 150.00 149.00 141.50 134.

Elements
La 25.50 19.10 14.30 17.50 33.90 31.
Ce 55.40 36.30 27.70 36.40 71.20 62.
Pr 6.10 4.01 3.07 4.18 7.98 7.
Nd 23.90 14.50 11.40 15.50 30.40 27.
Sm 4.59 2.76 2.10 2.94 5.67 5.
Eu 0.89 0.60 0.47 0.60 1.16 1.
Gd 3.55 2.37 1.87 2.40 4.36 4.
Tb 0.55 0.39 0.30 0.39 0.66 0.
Dy 3.17 2.31 1.84 2.37 3.77 4.
Ho 0.62 0.46 0.39 0.45 0.72 0.
Er 1.74 1.36 1.15 1.30 2.02 2.
Tm 0.25 0.19 0.17 0.18 0.28 0.
Yb 1.52 1.16 1.00 1.12 1.89 2.
Lu 0.23 0.17 0.15 0.16 0.27 0.

LREEs 115.49 76.67 58.57 76.52 149.15 133.
HREEs 17.11 11.77 9.43 11.90 20.80 21.
ΣREEs 128.01 85.68 65.90 85.48 164.28 149.
Ce/Ce* 1.04 0.97 0.98 1.00 1.01 0.
Pr/Pr* 1.01 1.05 1.04 1.06 1.03 1.
Eu/Eu* 0.67 0.72 0.72 0.69 0.71 0.
Gd/Gd* 1.18 1.14 1.16 1.15 1.15 1.
(Gd/Yb)n 1.53 1.34 1.23 1.41 1.52 1.
(La/Yb)n 7.66 7.52 6.53 7.13 8.19 6.
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Detrital clay mineral assemblage 2 has indicated low
paleoprecipitationvalues (<250mm),which canbe related to arid climate
conditions, while detrital clay mineral assemblage 3 has indicated higher
paleoprecipitation values (∼400 mm) (Fig. 10a). These values revealed a
lementary Table S4 for complete data and more details. Anomalies were calculated using

50 127.50 111.55 106.25 099.00 092.00 086.00

00 4.17 34.80 77.30 58.50 53.00 58.80
30 6.64 67.00 180.00 104.00 102.00 103.00
31 0.67 7.60 21.90 12.10 11.50 11.40
70 2.16 28.10 88.80 43.30 43.00 41.10
45 0.43 5.08 19.20 7.71 7.92 7.03
13 0.16 1.11 3.72 1.51 1.55 1.44
19 0.42 4.16 15.90 5.61 5.78 5.61
66 0.07 0.62 2.43 0.88 0.89 0.84
13 0.37 3.49 12.70 5.16 5.06 4.96
74 0.08 0.67 2.20 0.98 0.95 0.96
27 0.27 1.83 5.24 2.82 2.67 2.85
32 0.04 0.26 0.65 0.41 0.39 0.40
11 0.22 1.57 3.66 2.72 2.48 2.74
32 0.03 0.25 0.54 0.43 0.39 0.44
76 14.07 142.58 387.20 225.61 217.42 221.33
31 2.09 19.05 66.25 28.23 28.08 27.27
62 15.73 156.55 434.25 246.13 237.58 241.57
97 0.93 0.97 1.03 0.92 0.97 0.93
06 1.07 1.05 1.04 1.09 1.05 1.05
72 1.11 0.74 0.65 0.70 0.70 0.70
12 0.92 1.16 1.23 1.13 1.14 1.18
30 1.25 1.74 2.85 1.35 1.53 1.34
71 8.66 10.12 9.64 9.82 9.76 9.80



Fig. 9.Mineralogy and lithogeochemistry (major elements) profile of lutites from the Codó Formation. Lithological features and facies analysis are fromMendes (2007). The x-axes are in
the bulk mineralogy and chemical assay logs on a quadratic scale. Raw data are in the Supplementary files.
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humidification process and a climate change inNortheastern Brazil during
the late Aptian. This interpretation is corroborated by the increasing CIA
values from the sabkha samples to the lagoon samples, indicating stronger
weathering conditions (Fig. 11).

The change in detrital claymineral assemblage 3 coincides withma-
rine fossil occurrences (i.e., dinoflagellates and gastropods) in the upper
Codó Formation (Alvarenga, 2010; Mendes, 2007; Neves, 2007). These
occurrences indicate that the sea played a major role in this climate
change and supports the model which attributes this humidification
process to the proximity between the land and sea, which was caused
by the Gondwana breakup (i.e., The Supercontinent effect; Hay and
Floegel, 2012).
Table 7
Comparisonswith felsic andmafic sources and paleoenvironmental andprovenance proxies usi
maximum and average values, respectively.

Proxies Alkaline hypersaline lake (n = 17) Sabk

Paleoenvironment
Rb/K paleosalinity 0.0042–0.0059 (0.0050)

Brackish water
0.00
Brac

Cu + Zn + PB hydrothermal influence 75–4858 (800) 21–2

Provenance
Th/Sc 0.66–1.02 (0.81) 0.24
Th/Co 0.09–0.88 (0.53) 0.03
Th/Cr 0.08–0.58 (0.19) 0.05
La/Sc 2.11–9.73 (3.22) 1.89
Eu/Eu* 0.63–0.76 (0.71) 0.62
LREEs 31–149 (99) 14–1
HREEs 4–21 (14) 2–22
ΣREEs 35–164 (110) 16–1
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Two paleoclimate reconstruction maps were produced, compiling
new clay mineralogical data, lithologies and quantitative clay mineral-
ogical data available in the literature (Fig. 10b and c) (see references
in Table 8). In addition, an arid-tropical binary system was used
(Boucot et al., 2013), using revised and updated Brazilian lithological cli-
mate indicators (Supplementary Table S6).

The first paleoclimate reconstruction is due to the late Aptian and it
shows arid climate conditions in Northeastern Brazil, which is mainly
evidenced by low kaolinite contents in detrital clay mineral assem-
blages from the lower part of the Codó Formation and in the Rio da
Batateira and Santana formations (Araripe Basin, Brazil) (Salgado-
Campos et al., 2021; Teles and Berthou, 1995). The second climate
ng lithogeochemical ratios of the Codó Formation lutites. Numbers represent theminimum,

ha (n = 7) Lagoon (n = 20) Felsic rocks Mafic rocks

37–0.0080 (0.0048)
kish water

0.0054–0.0074 (0.0067)
Seawater

– –

49 (145) 142–291 (202) – –

–0.88 (0.68) 0.66–0.96 (0.80) 0.84–20.50 0.05–0.22
–2.48 (0.57) 0.27–0.98 (0.75) 0.67–19.40 0.04–1.40
–0.15 (0.08) 0.02–0.27 (0.06) 0.13–2.70 0.018–0.046
–10.50 (3.59) 2.23–3.87 (2.73) 2.50–16.30 0.43–0.86
–1.11 (0.73) 0.65–0.77 (0.70) 0.40–0.94 0.71–0.95
63 (116) 119–387 (223) – –
(17) 19–66 (29) – –
77 (128) 133–434 (245) – –



Fig. 10. Lower Cretaceous paleoclimate maps of the Equatorial Atlantic Margin based on lithological and clay mineralogical data. Raw data can be found in Supplementary Table S6. Pa-
leogeographic maps were reconstructed to 120.8 Ma using Matos et al. (2021a) and produced using GPlate 2.3.0 software. The Barremian paleowind reconstruction of Scherer et al.
(2020) was used. Intertropical Convergence Zone (ITCZ) is a convergence zone of winds near the Equator. SW – seawater. a) Ternary diagram based on the clay mineralogy used to re-
construct paleoprecipitation values (Barshad, 1966) during the late Aptian using data from the Parnaíba and Araripe basins (Guerra-Sommer et al., 2021; Salgado-Campos et al., 2021;
Teles and Berthou, 1995). b) Late Aptian paleoclimate map (references in Table 8). c) Late Aptian–Albian paleoclimate map (references in Table 8).
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reconstruction is also due to the late Aptian but comprises Albian data.
Tropical conditions were attributed to Northeastern Brazil since higher
kaolinite contents were observed in detrital clay mineral assemblages
in the upper Codó Formation (herein) and the African counterpart
(Agumanu and Enu, 1990). This interpretation corroborates the early
onset hypothesis of the Equatorial humid belt in the equatorial Atlantic
Margin proposed by Santos et al. (2022) using lithological and palyno-
logical data. This event was also recognized by Carvalho et al. (2019)
in the Sergipe–Alagoas basin and by Carvalho et al. (2010) using paleon-
tological data.
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5.5. Depicting paleoenvironmental significance for the lithofacies and facies
successions

Lithogeochemistry has beenwidely used to study sedimentary envi-
ronments and evaluate depositional conditions using elemental ratios.
Rubidium vs potassium is a paleosalinity proxy based on the correlative
pattern among lutites formed in marine and nonmarine environments
(Geiger, 2000; Visser and Young, 1990; Campbell and Williams, 1965;
Campbell and Lerbekmo, 1963). Plots of the sabkha samples indicated
mostly brackish water, while the plots of the lagoon samples indicated



Fig. 11. Paleoenvironmental and paleoclimatic proxy profiles of the Codó Formation based on lithogeochemical data, namely paleosalinity, paleoenvironmental, paleoredox,
paleoweathering, base metal contents and ΣREEs. Lithological features and facies analysis are from Mendes (2007). e – evaporite; c – clay; s – silt; sa – sand; p – pebble.
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seawater conditions (Fig. 11). This interpretation is corroborated bypale-
ontological data (Barros et al., 2022). However, this proxy cannot be used
to reconstruct paleoenvironmental conditions in alkaline lakes due to
trace element modifications in response to authigenic processes. The sa-
linity of this facies succession was interpreted as hypersaline based on
the occurrence of indicative biomarker data (Bastos et al., 2022).

The lithofacies and facies successions proposed by Mendes (2007)
were reinterpreted in light of new mineralogical and lithogeochemical
data. The bituminous lutites interlaminatedwith gypsum and limestone
laminae (Ab), in intervals ranging from 155 to 137 m, were formed by
decantation of clay-sized particles from suspension followed by clay
authigenesis. This process took place in the substrate and at the sedi-
ment–water interface and occurred associated with the precipitation
of carbonate (i.e., calcite or dolomite) and sulfate (gypsum) minerals.
This lithofacieswas formed in a subaqueous environmentwith episodes
of subaerial exposure due to mudcracks. The clay authigenesis process
involved transformation or neoformation by adding detrital clays
(montmorillonite, kaolinite or illite) into saponite in response to hyper-
saline and alkaline conditions.
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This lithofacies composes the hypersaline lake proposed by Mendes
(2007), which was reinterpreted as a magnesium-sulfate-rich shallow
alkaline hypersaline lake with shallowing upward cycles. The higher
contents of calcite or dolomite coincided with mudcracks and were as-
sociatedwith periods of subaerial exposure and lowstand phases, while
the highestmud contentwas correlatedwith highstand phases, indicat-
ing a higher siliciclastic input rate.

A sudden salinity-increasing event was observed at the interface be-
tween the alkaline hypersaline lake and sabkha using lithogeochemical
data (e.g., Rb/K; Fig. 11), which can be interpreted as the first relevant
marine ingression episode in the Codó Formation. This episode changed
the lake's pH from alkaline to acid, inhibiting the formation of Mg-
smectites and changing its hydrochemical conditions.

The bituminous lutites interlaminated with gypsum and limestone
layers (Ab), in the interval from 137 to 110 m, did not contain Al-
bearing Mg-clay minerals. These mixed carbonate–siliciclastic lithologies
were deposited under concomitant decantation of clay-sized particles
from suspension and coprecipitation of carbonate (calcite or dolomite)
and sulfate (gypsum) minerals in a subaqueous saline environment.



Table 8
Compilation of references used in the construction of paleoclimate maps in Fig. 10b and c. See more details in Supplementary Table S6.

Late Aptian paleoclimate map (a)

Assine (2007) França et al. (2007) Martill (1993) Rodovalho et al. (2007)
Bell and Padian (1995) Germann et al. (1990) Matos et al. (2021b) Rona (1982)
Bell (1989) Góes and Feijó (1994) McLachlan and McMillan (1976) Rossetti and Góes (2000)
Benavides (1962) Gontijo et al. (2007) McMillan et al. (1997) Salgado-Campos et al. (2021)
Bueno et al. (2007) Graddi et al. (2007) Moody and Sutcliffe (1991) Santos et al. (1994)
Caixeta et al. (2007) Greigert (1966) Moody (1997) Schmidt et al. (1995)
Campos Neto et al. (2007) Grimaldi et al. (1990) Moreira et al. (2007) Suarez and Bell (1987)
Congleton (1990) Harris et al. (2000) Netto et al. (1994) Thiry and Jacquin (1993)
Córdoba et al. (2007) Heimhofer et al. (2010) Pereira and Feijó (1994) Vanderstappen and Verbeek (1959)
Coward et al. (1999) Joulia (1959) Ponte and Appi (1990) Vieira et al. (1994)
De Ruiter (1979) Joulia et al. (1958) Rangel et al. (1994) Winter et al. (2007)
Dias et al. (1994) Katz and Mello (2000) Rangel et al. (2007) Wipki et al. (1993)
Dingle et al. (1983) Lima et al. (1994) Riccardi (1988) Zalán and Romeiro-Silva (2007)
Feijó (1994)

Late Aptian–Albian paleoclimate map (b)

Agumanu and Enu (1990) Germann et al. (1990) McMillan et al. (1997) Weaver et al. (1990)
Benavides (1962) Hartley et al. (1992) Moody and Sutcliffe (1991)
Brownfield and Weaver (1992) Jones (1948) Riccardi (1988)
Enu (1980) McLaughlin Jr (1972) Salgado et al. (1997)
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This lithofacies composed the biggest part of the sabkha interpreted
byMendes (2007), who considered the upper limit of this facies succes-
sion to be at the bottom of the sandstone bedset (∼117m), where there
was a probable unconformity. This facies succession was reinterpreted
as a marine-influenced sulfate-rich acid sabkha due to the occurrence
of the gypsum bed and the absence of Al-bearing Mg-clay minerals,
which indicate lower pH values.

The fossiliferous lutites with ostracods and marine gastropods (Af)
ranged from 110 to 86 m and compose the marine-dominated phase
of the lake, according to Mendes (2007), mainly because of the occur-
rence of marine gastropods. Seawater conditions were inferred using
lithogeochemical data and corroborated the marine character of this
succession.

5.6. Provenance reconstructions using lithogeochemistry

Elemental ratios are also applied to obtain compositional and tec-
tonic information on source rocks. An incompatible elementfills the nu-
merator and a compatible element fills the denominator (Taylor and
McLennan, 1985). Therefore, the more evolved and felsic the source
rock, the higher the ratio. Lithogeochemical ratios and europium anom-
alies indicated provenance mostly from post-Archean intermediate
rocks and a common compositional and source area to the studied sec-
tion (Table 7).

Most of the samples plotted in the acid or intermediate composi-
tional field in the potassium vs rubidium graph (Fig. 12A) (Floyd and
Leveridge, 1987). However, samples from the alkaline hypersaline lake
interval plotted in the basic compositional field. Samples plotted in
the felsic volcanic to granodiorite sources in the thorium/scandium vs
zirconium/scandium graph, indicating provenance from igneous or
metamorphic rocks rather than from the recycling of sedimentary
rocks, which would be indicated in case the samples were plotted in
the zircon reworking field (Fig. 12B) (Condie, 1993; McLennan et al.,
1993).

These samples were also plotted near the andesite compositional
field in the thorium/cobalt vs lanthanum/scandium graph (Fig. 12C)
(Cullers, 2002) and close to the granodioritic-tonalite field in the tho-
rium/scandium vs europium/europium* diagram (Fig. 12D) (Cullers
and Podkovyrov, 2002). In the low-SiO2 DF2 vs DF1 graph, the samples
plotted mostly in the collisional field (Fig. 12E) (Verma and Armstrong-
Altrin, 2013) and, in the lanthanum/thorium vs hafnium bivariate plot,
mostly in the acid island arc source (Fig. 12F) (Floyd and Leveridge,
1987). In the Eu/Eu* vs GdCN/YbCN diagram, these samples plotted
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mostly in the post-Archean field, indicating age similarity between the
source areas (Fig. 12G) (McLennan and Taylor, 1991).

6. Conclusions

Authigenic saponite and detrital illite were identified in an 18-
meter-thick succession of lutites in the lower Codó Formation, being
the first time that an Mg-smectite is reported in the Codó Formation.
This clay mineral assemblage, coupled with sedimentological and geo-
chemical information, allowed the identification of a magnesium-sul-
fate-rich shallow alkaline hypersaline lake with episodes of subaerial
exposure. This environment is globally known for having high algal ac-
tivity, which may explain the high organic matter contents reported in
the literature. In addition, hydrothermal processes were interpreted as
the magnesium source, which associated with an arid regional climate,
caused hypersaline conditions in the lake.

At the top of the alkaline lake succession, a sudden salinity-
increasing event was noted and interpreted as the first relevant marine
ingression episode in the Codó Formation. This event changed the lake's
pH from alkaline to acid, inhibiting the formation of Mg-smectites, and
changing its hydrochemical condition, originating a marine-influenced
sulfate-rich acid sabkha. This facies succession coincides with a detrital
clay mineral assemblage composed of montmorillonite, illite and kao-
linite.

At the beginning of the lagoon in the upper Codó Formation, a re-
gional arid to tropical climate humidification process was identified
based on clay mineralogical data. It corroborates the hypothesis of the
early onset of the equatorial humid belt, which took place due to the
proximity between the lake and sea caused by the opening of the equa-
torial Atlantic Margin during the Gondwana breakup. The lagoon data
records the marine-dominated interval of the Codó Formation and are
coincident with a detrital clay mineral assemblage composed of kaolin-
ite, montmorillonite and illite. A common post-Archean intermediate
source area was also interpreted based on lithogeochemical data from
the three environments.

Authigenic saponitewas identified in lutites from the alkaline lake in
the lower Codó Formation, while stevensite, talc and kerolite compose
rocks from the Presalt succession. The geochemical conditions to precip-
itate these Mg-clay minerals were reached by both systems and in-
volved high pH and high salinity values. However, saponite is an Al-
bearing Mg-smectite and its formation process demands a source of
Al3+, which is generally associated with inherited detrital Al-bearing
clay minerals, such as montmorillonite, kaolinite or illite. It indicates



Fig. 12. Lithogeochemical diagrams of composition and tectonic settings of source rocks for the Codó Formation lutites. A) Potassium (wt%) vs rubidium (ppm) graph. B) Thorium/scan-
diumvs zirconium/scandium graph. C) Thorium/cobalt vs lanthanum/scandium graph. D) Thorium/scandiumvs europium/europium* graph. E) Low-SiO2 DF2 (Arc-Rift-Col) vs DF1 (Arc-
Rift-Col) graph. F) Lanthanum/thorium vs hafnium graph. G) Eu/Eu* vs GdCN/YbCN graph (McLennan and Taylor, 1991).
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that the Codó paleolake received a higher sediment supply than the Pre-
salt paleolake.
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