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b Laboratório de Geologia Sedimentar (LAGESED), Universidade Federal do Rio de Janeiro, Instituto de Geociências, Departamento de Geologia, Av. Athos da Silveira 
Ramos, 273 - 21910-200, Cidade Universitária, Rio de Janeiro, RJ, Brazil 
c Centro de Tecnologia Mineral, Coordenação de Análises Minerais, Setor de Caracterização Mineralógica, Av. Pedro Calmon, 900 - 21941-908, Cidade Universitária, 
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A B S T R A C T   

The Aptian Crato Member of the Araripe Basin is a 50-m-thick succession of laminated limestones alternated with 
siliciclastic rocks. This unit has been receiving attention worldwide mainly because it is one of the most famous 
fossil Konservat-Lagerstätten, where were identified well-preserved paleofauna and paleoflora. Clay mineralogy 
and lithogeochemical data have been widely used in paleoenvironmental, paleoclimatic and provenance re-
constructions. However, these techniques were not systematically used to study the Crato Member rocks. This 
study reports the mineralogical and lithogeochemical characterization of the Crato Member lutites looking for 
paleoenvironmental, paleoclimatic, and provenance reconstructions. Facies analysis, X-ray diffractometry, lith-
ogeochemical, and scanning electron microscopy studies were carried out on thirteen Crato Member lutite 
samples in the Três Irmãos quarry, near Nova Olinda County. Regional arid paleoclimate conditions were 
identified using clay mineral assemblages and two paleoenvironmental models with subtle paleoprecipitation 
and provenance differences were interpreted. In the lower Três Irmãos quarry, a tidal-dominated delta mouth bar 
facies succession coincident with a clay mineral association with lesser kaolinite contents was identified, which 
indicates drier conditions. Lithogeochemical data suggests provenance from Archean felsic rocks. In the upper 
Três Irmãos quarry, a marginal paleolagoon facies succession coincident with a clay mineral association with 
higher kaolinite contents was recognized, which indicates wetter conditions. Lithogeochemical data indicate 
provenance from mixed Post-Archean to Archean felsic-mafic rocks. The paleolagoon water was interpreted as 
brackish and sudden paleosalinity increases indicated seawater inputs, which were also responsible for raising 
the paleolagoon water table in the marginal paleolagoon facies succession, which presented paleoenvironmental 
proxies suggesting a more expressive marine character.   

1. Introduction 

The Araripe Basin is the widest and thickest interior basin of north-
eastern Brazil with an area of approximately 11,000 km2 and 850 m 
thick (Fig. 1) (Assine, 1990, 1992; Beurlen, 1962, 1963). The Santana 

Formation represents part of its Aptian record and is composed of the 
Crato, Ipubi, and Romualdo Members (Ponte and Appi, 1990; Arai and 
Assine, 2020). 

The Crato Member is an approximately 50-m thick succession of 
laminated limestones alternated with siliciclastic rocks (Assine, 2007; 
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Assine et al., 2014; Neumann, 1999). This geological record is consid-
ered one of the most famous fossil Konservat-Lagerstätten in the world, 
where were recognized diversified paleofauna and paleoflora (Martill 
et al., 2007a; Carvalho et al., 2019; Ribeiro et al., 2021). Furthermore, 
the member is considered as a key record to understand the opening of 
the equatorial Atlantic Ocean and, consequently, the evolution of the 
Pre-Salt Oil Province in the Brazilian Continental Margin Basins. 

The Crato Member has been considered as a lacustrine-deltaic 
depositional system (Neumann, 1999; Heimhofer et al., 2010; Paula--
Freitas and Borghi, 2010) and is overlain by gypsum beds of the Ipubi 
Member, a marine-influenced evaporative-lacustrine depositional sys-
tem (Lima, 1978; Rios-Netto, 2011; Bobco et al., 2017; Goldberg et al., 
2019), and underlain by the Rio da Batateira Formation, a 
fluvio-lacustrine depositional system (Rios-Netto, 2011; Scherer et al., 
2015; Silvestre, 2017). However, marine fossils have been found in the 
Crato Member, which suggest a marine influence (Barbosa et al., 2004; 
Goldberg et al., 2019; Varejão et al., 2021a). 

Arai (2014) proposed an Aptian Tethyan seaway model involving the 
Brazilian northeastern sedimentary basins based on paleontological 
data, being the seaway location one of the most important 

paleogeographical issues. One model proposed that a connection be-
tween the Potiguar and Araripe Basins occurred (Lima, 1978; Dino, 
1992), but Assine et al. (2016) showed that a divisor existed between 
these basins using paleocurrent data and proposed a model linking the 
Araripe to the Jatobá-Tucano-Recôncavo Basins. However, Tethyan 
fossils have been systematically found in the Araripe Basin, which 
weakened the model. The Equatorial Atlantic Ocean opened from west 
to east, which means that the first marine incursions occurred in the 
Parnaíba Basin. Another proposition is a connection between the Par-
naíba and Araripe Basins (Beurlen, 1971; Arai et al., 1994). 

Palynological studies indicate that the Crato Member was deposited 
during the P-270 biozone (Alagoas local Stage/Aptian) (Regali, 1990; 
Coimbra et al., 2002; Rios-Netto, 2011; 2012b). However, recent abso-
lute geochronological data indicated a Late Barremian-Early Aptian age 
to the deposition of Ipubi Member black shales, which suggests a 
possible Late Barremian age to the Crato Member (Lúcio et al., 2020). 

Clay mineralogy and lithogeochemical data have been widely used in 
paleoenvironmental, paleoclimatic and provenance reconstructions 
(Chamley, 1989; Weaver, 1989; Meunier, 2005; Craigie, 2018). Teles 
and Berthou (1995) were the first to study the clay mineralogy of the 

Fig. 1. (Color should be used in this figure) Geological context of the Araripe Basin (Modified from Angelim et al., 2004; Assine, 2007) and simplified stratigraphic 
profile. The lithostratigraphy was based on Ponte and Appi (1990) and Rios-Netto et al. (2012b), while the chronostratigraphy was obtained from Arai and Assine 
(2020). The Três Irmãos quarry location (7◦6′52.93′′S; 39◦41′52.45′′W) is assigned in the map as a star. 
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Fig. 2. (Color should be used in this figure) Lithologic profile of the Três Irmãos quarry. A) Lithofacies analysis distributed in facies successions (Symbols from USGS, 
2006), sedimentary structures, colors (Munsell, 2009), sampling sites and outcrop image illustrating the whole profile with the location of the following images. B) 
Três Irmãos quarry overview. C) Laminated limestone (Ll). D) Massive mudstone (Mm) interbedded with laminated limestones (Ll). E) Sandstone with current ripple 
cross lamination and flaser bedding (Sfb). F) Millimetric alternation of sandstones and shales (Slfb). G, H) Mudstone with lenticular bedding and concretions. I) Shale 
with the occurrence of manganese minerals. J) Gypsum vein which was considered a secondary feature. 
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Aptian Formations of the Araripe Basin. Smectite, kaolinite, and illite 
were identified as the clay mineral assemblage in the Santana and Rio da 
Batateira Formations, but small contents of chlorite were also found in 
the last one. The authors attributed the clay mineralogical variations to 
geomorphological and paleoclimate changes. 

Clay mineralogy and lithogeochemistry were not systematically used 
to study the Crato Member fine-grained rocks, which delayed the real 
understanding of the geological evolution of these rocks. This study 
reports the mineralogical and lithogeochemical characterization of the 
Crato Member lutites aiming at paleoenvironmental, paleoclimatic, and 
provenance reconstructions. 

2. Facies analysis 

The study was carried out on an 11-m-thick limestone quarry named 
Três Irmãos in the Nova Olinda County, Ceará State, which represents 
nearly 20% of the Crato Member (Figs. 1 and 2). Laminated limestones 
occur in the base of the section and are lithostratigraphically included in 
the Martill and Wilby (1993)’s Nova Olinda Member. These rocks 
represent the above-mentioned fossil Konservat-Lagerstätten. Above 
these rocks occur a 1-m-thick coarsening up succession which appears to 
be the recently formalized Caldas Bed (Varejão et al., 2021b). The lower 
siliciclastic part until the top of the second siltstone with lenticular 
bedding (~6.5 m) and the upper siliciclastic part represents the Martill 
and Wilby (1993)’s Caldas and Jamacaru Members. Nine lithofacies 
were determined, being four lutitic, four heterolithic and one chemical 
(Table 1). 

The fine-grained rocks were classified following a modified termi-
nology proposed by Folk (2002), in which shale was used instead of 
silt-shale, mud-shale and clay-shale. The lutitic lithofacies are composed 
of decimetric to metric-thick bedset of micaceous massive mudstones 
(Mm) which occurs twice (Fig. 2D and J), decimetric to metric-thick 
bedset of micaceous laminated mudstones (Ml) which occurs three 
times, decimetric-thick bedset of shales with concretions (Ms) which 
occurs twice (Fig. 2I) and decimetric-thick bedset of micaceous massive 
siltstones (Sim) which occurs twice. 

The heterolytic lithofacies comprises decimetric to metric-thick 
bedset of micaceous nodular mudstones with lenticular bedding (Mlb) 
which occurs twice (Fig. 2G and H), decimetric-thick bedset of siltstone 
with lenticular bedding (Silb) which occurs twice, metric-thick well- 
sorted and well-rounded sandstone with flaser bedding and mud cracks 
(Sfb) (Fig. 2E) and decimetric-thick bedset of millimetric alternations of 
well-sorted and well-rounded laminated sandstones and mudstones 

(Slfb) (Fig. 2F). Last, the only chemical lithofacies comprises laminated 
limestones (Ll) (Fig. 2C and D) (q.v., Heimhofer et al., 2010; Catto, 2015; 
Catto et al., 2016). Gypsum veins were considered as secondary features 
(Fig. 2J) (Duarte and Borghi, 2018). Halite hoppers were identified in 
the massive mudstone facies (Sim) and Martill et al. (2007b) studied 
such structures and identified five different morphologies, in which their 
type 3 appears to belong to the same stratigraphical level of the occur-
rences assigned here, being there interpreted as indicative of hypersaline 
conditions. Dinosaur trampling was recognized in the sandstone with 
flaser bedding (Slf) and in the mudstone with lenticular bedding lith-
ofacies (Mlb). Those structures were recently better studied by Carvalho 
et al. (2020) and were interpreted as originated from alkaline lake 
margins, where freshwater inputs were common. Conchostraceans were 
also observed (q.v., Carvalho and Viana, 1993). 

Two facies successions were interpreted (Table 2), in which the first 
one (FS1) represents a complete coarsening-upward and shallowing- 
upward profile of a tidal-dominated delta mouth bar, which was 
correlated to the Neumann (1999)’s Associación de facies deltaica. The 
second facies succession is composed of successive Ml/Ms-Ll pairs with 
varying thicknesses and was interpreted as a marginal paleolagoon 
paleoenvironment, which may be correlated to the Neumann (1999)’s 
Associación de facies interna mixta. 

3. Materials and methods 

Thirteen lutite samples were collected along the Três Irmãos quarry, 
being five Ml, one Mm, five Mlb, and two Ms facies (Fig. 2). The samples 
were dried at 60 ◦C for 16 h, submitted to ball milling in 106 μm in agate 
grinding media, and processed in a McCrone mill for 10 min to obtain 
less than 10 μm bulk samples for semi-quantitative phase analysis, while 
other less than 106 μm aliquots were submitted to a carbonate removal 
process (Modified from Carrado et al., 2006; q. v. Coimbra et al., 2021) 
followed by clay-sized separation (<2 μm) using the Stokes’ law for clay 
mineralogy studies (Moore and Reynolds, 1997). 

Semi-quantitative phase analyses (Rietveld) (Cheary and Coelho, 
1992; Young, 1993) were carried out in bulk samples (<10 μm) in a 
Bruker-AXS D4 Endeavor diffractometer, using filtered CoKα radiation 
(λ = 1.79021 Å) operating at 40 kV and 40 mA with a step size of 0.01◦

2θ and cumulative acquisition time of 184 s/step with a LynxEye 
position-sensitive detector in the range from 4 to 105◦ 2θ. A Bruker-AXS 
TOPAS v5 software was used for the semi-quantitative phase analysis, 
while the ICDD database (2019) and the Crystallographic Open Data-
base (COD) were used as the source of structures, in which were used 
structures of montmorillonite (COD 900277; Viani et al., 2002), 
muscovite (ICDD 04-015-8226; Brigatti et al., 2008), kaolinite (ICDD 
00-014-0164 BISH; Goodyear and Duffin, 1961), quartz (ICDD 
00-046-1045; Kern and Eysel, 1993), microcline (ICDD 00-019-0926; 
Technisch Physiscge Dienst, 1966), calcite (Modified; Santos et al., 
2017) and dolomite (Modified; Santos et al., 2017). Abbreviations for 
names of rock-forming minerals were from Whitney and Evans (2010) 
and Warr (2020). 

Samples on oriented glass slides were air-dried, ethylene-glycol sol-
vated for 16 h, and heated at 550 ◦C for 2 h to determine the clay mineral 

Table 1 
Description and interpretation of the lithofacies from the Três Irmãos quarry.  

Lithology Code Diagnose Interpretation 

Lutites Ms Shale Decantation from suspension in 
subaqueous environment Mm Massive mudstone 

Ml Laminated mudstone 
Sim Massive siltstone 

Heterolith Mlb Shales with lenticular 
bedding 

Alternation of subaqueous 
current flow and slack-water 
conditions with predominance of 
mud 

Silb Siltstone with lenticular 
bedding 

Sfb Sandstone with flaser 
bedding and mudcracks 

Alternation of subaqueous 
current flow and slack-water 
conditions with predominance of 
sand with subaereous exposition 

Slfb Millimetric alternations 
of laminated sandstones 
and shales 

Tidal rhythmites produced by 
alternated decantation from 
suspension of sand/silt and mud 
in slack-water conditions after 
hypopycnal flows 

Chemical Ll Laminated limestone Biogenic and/or inorganic 
precipitation of calcium 
carbonate minerals in low-energy 
environment  

Table 2 
Facies succession of the Três Irmãos quarry.  

Facies sucession Diagnose Interpretation 

Tidal-dominated 
delta mouth bar 
(FS1) 

Mm/Ml-Sim-Mlb- 
Silb-Sfb-Mlb-Slfb- 
Silb 

Coarsening-upward profile with 
deposits originated from hypopycnal 
flows in a tide-dominated delta 
mouth bar 

Marginal lagoon 
(FS2) 

Successive Ms/Mm- 
Ll 

Marginal lagoon deposits with 
alternation of mud deposited from 
decantation originated from 
hypopycnal overflows and chemical 
deposition  
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groups. Random mounted samples were prepared by backloading to 
study the clay mineral species through d060 analysis (Moore and Rey-
nolds, 1997). The diffraction patterns of the oriented glass slides were 
obtained with a Bruker-AXS D8 Advance ECO diffractometer with a 
LynxEye XE energy-discriminant position-sensitive detector using a 
dynamic beam optimization (DBO) and unfiltered CuKα radiation (λ =
1.5406 Å) operated at 40 kV and 25 mA, 0.01◦ 2θ step size and cumu-
lative 92 s/step. 

The random samples were mounted by backloading and analyzed in 
a Bruker-AXS D8 Advance ECO equipment, 0.01◦ 2θ step and cumulative 

Table 3 
Classification by Pearson correlation coefficients.  

ρ value (+or -) Interpretation 

0.00 to 0.19 Very weak correlation 
0.20 to 0.39 Weak correlation 
0.40 to 0.69 Moderate correlation 
0.70 to 0.89 Strong correlation 
0.90 to 1.00 Very strong correlation  

Fig. 3. Background-subtracted and normalized by maximum intensity XRD patterns of the clay-sized fraction of the Crato Member lutites. The unprocessed files can 
be found in the supplementary files. Sme – Smectite; Ilt – Illite; Kln – Kaolinite; Ilt-Sme - Illite-smectite mixed layered clay minerals; Qz – Quartz; Mnt – 
Montmorillonite. 
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184 s/step 58 to 64◦ 2θ. To determine if reflections at 1.54 Å are asso-
ciated with trioctahedral clay minerals or quartz, they were compared to 
reflections at 1.82 Å as suggested by Moore and Reynolds (1997). 
Random mounted samples were analyzed in the Bruker-AXS D8 Advance 
ECO diffractometer with a 0.02◦ 2θ for 92 s/step s in the range from 4 to 
70◦ 2θ. The semi-quantitative clay mineral analysis mineral was per-
formed based on Biscaye (1965). A new illite-kaolinite-montmorillonite 
ternary graph was produced to paleoclimate reconstructions using the 
relative proportions between kaolinite and montmorillonite contents 
and paleoprecipitation rates (Felsic rocks graph; Barshad, 1966), in 
which 250 mm (69% Montmorillonite; 31% Kaolinite), 400 mm (45% 
Mnt; 55% Kln), 600 mm (26% Mnt; 74% Kln) and 1000 mm (7% Mnt; 
93% Kln) paleoprecipitation values were used. 

Whole elemental geochemical analyses were performed in bulk 
samples by the Act Labs (Code 4LITHO (11+) Major Elements Fusion ICP 
(WRA)/Trace Elements Fusion ICP/MS(WRA4B2)) (Certificate of anal-
ysis may be found in the Supplementary files). A Pearson correlation 
matrix was produced (Table S3) and the values were classified according 
to Table 3. To use the A–CN–K (CIA) ternary graph to evaluate paleo-
weathering settings, the samples must be carbonate-free. Because of it, 
the chemical contents related to carbonate minerals were removed from 
the chemical assay before calculation (Table S2). 

Scanning electron microscopy was performed in the bulk samples 
and images of backscattering electrons were acquired in an FEI Quanta 
400 microscope operated at 20 kV coupled to a Bruker Nano Quantax 
800 energy-dispersive X-ray fluorescence spectrometer (EDS) with 
XFlash 5010 detector. The samples were sputter-coated with silver in a 
Bal-Tec SCD 005 equipment for 250 s at 30 mA. 

4. Results 

4.1. Clay mineralogy 

Smectite was identified by reflections at 15 Å, which swelled to 17 Å 
after ethylene-glycol solvation and reduced to 10 Å after heating at 
550 ◦C (Brindley and Brown, 1980) (Fig. 3). Illite was determined by 
reflections at 10 Å, which did not suffer swelling after ethylene-glycol 
solvation and heating at 550 ◦C. Kaolinite was identified by reflections 
at 7 Å, which did not change after ethylene-glycol solvation and 
collapsed after heating at 550 ◦C. Montmorillonite was determined as 
the smectite species by reflections at 1.50 Å, which was also associated 
with illite, while small reflections at 1.49 Å were attributed to kaolinite 
(Moore and Reynolds, 1997). The semi-quantitative clay mineral ana-
lyses are expressed in Table 4. 

Illite-smectite mixed layered clay minerals were identified by re-
flections close to 8.5 and 5.5 Å after ethylene-glycol solvation. A subtle 
reflection at 14 Å after heating at 550 ◦C in sample CR-13 was possibly 
associated with chlorite, but the absence of a reflection at 14 Å after 
ethylene-glycol solvation hindered its identification. 

4.2. Bulk mineralogy 

Smectite, mica, and kaolinite were identified by diagnostic re-
flections at 15, 10, and 7 Å, respectively (Fig. 4). Quartz was identified 

Table 4 
Semi-quantitative mineral analysis (wt.%) (Biscaye, 1965) and mineralogical features of the clay-sized fraction of the Crato Member lutites. See table S1 in the 
supplementary files for more details. FWHM – full width at half maximum. Ilt in Ilt-Sme (%) – Illite percentage in illite-smectite mixed layered clay minerals.  

Clay mineralogy (%) CR-1 CR-2 CR-3 CR-4 CR-5 CR-6 CR-7 CR-8 CR-9 CR-10 CR-11 CR-12 CR-13 

Montmorillonite 87.4 83.8 84.5 87.8 78.5 79.6 71.8 65.9 56.7 59.3 66.1 75.9 57.6 
Illite 10.7 15.2 10.9 8.3 13.1 11.7 11.6 15.4 18.5 18.5 14.5 10.8 20.7 
Kaolinite 1.9 1.0 4.6 3.9 8.4 8.7 16.6 18.7 24.8 22.2 19.4 13.3 21.7 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Mineralogical proxies 
Ilt in Ilt-Sme (%) 22 24 21 17 20 21 26 35 36 33 29 26 19 
FWHMSme (2θ) 1.19 1.36 1.01 0.98 1.02 0.93 1.24 1.34 1.34 1.42 1.31 1.32 0.86  

Fig. 4. Background-subtracted and normalized by maximum intensity XRD 
patterns of the bulk samples of the Crato Member lutites. The y-axis is in the 
quadratic scale and the unprocessed files can be found in the supplementary 
files. Sme – Smectite; Mca – Mica; Kln – Kaolinite; Qz – Quartz; Kfs – K-feldspar; 
Cal – Calcite; Dol – Dolomite. 
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Table 5 
Semi-quantitative phase analysis (wt.%) (XRD/Rietveld) and chemical analyses of major elements (wt.%) of bulk samples of the Crato Member lutites. See table S2 in 
the supplementary files for more details.  

Mineralogy CR-1 CR-2 CR-3 CR-4 CR-5 CR-6 CR-7 CR-8 CR-9 CR-10 CR-11 CR-12 CR-13 

Smectite 15.0 37.5 30.3 29.2 31.8 34.6 22.3 29.6 19.0 32.7 43.2 46.0 7.9 
Mica 10.7 16.9 10.6 10.6 12.6 14.1 10.5 19.4 17.8 19.1 21.1 12.0 3.9 
Kaolinite 4.4 5.4 5.0 4.2 5.5 11.0 18.5 20.3 26.9 25.0 16.5 13.0 16.4 
Quartz 8.9 16.0 19.0 23.7 22.8 19.2 22.2 15.7 12.7 11.6 7.7 11.7 6.7 
K-feldspar 7.7 13.9 12.5 11.1 13.3 13.4 11.1 11.3 10.4 9.3 8.5 6.2 1.9 
Calcite 18.7 9.4 21.2 20.3 12.9 7.4 14.3 3.2 12.9 2.1 2.5 11.1 63.3 
Dolomite 34.5 0.9 1.4 0.9 1.2 0.2 1.0 0.5 0.5 0.3 0.5 0.0 0.0 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Chemical assay 
SiO2 26.75 47.44 45.07 46.98 49.26 49.84 48.82 49.83 45.30 49.56 49.46 45.53 24.66 
Al2O3 7.83 14.44 12.89 13.28 14.11 15.27 14.91 18.12 16.96 19.68 19.48 17.16 8.48 
Fe2O3 5.51 6.28 5.78 4.96 5.26 5.74 5.01 6.32 5.68 6.88 5.31 5.48 3.27 
MnO 0.40 0.08 0.12 0.12 0.13 0.08 0.11 0.05 0.08 0.03 0.04 0.07 0.17 
MgO 8.05 4.78 4.63 4.22 4.46 4.29 3.58 3.89 3.48 2.81 3.25 3.09 2.59 
CaO 19.66 5.01 9.49 9.48 6.55 4.44 7.66 1.81 6.22 1.73 1.97 6.63 26.86 
Na2O 0.12 0.17 0.22 0.33 0.27 0.22 0.25 0.10 0.09 0.14 0.16 0.25 0.54 
K2O 1.60 3.08 3.01 3.08 3.21 3.02 2.94 3.18 2.79 2.73 2.38 2.21 1.08 
TiO2 0.39 0.75 0.67 0.68 0.72 0.80 0.69 0.89 0.71 0.74 0.59 0.51 0.29 
P2O5 0.12 0.17 0.17 0.16 0.17 0.20 0.28 0.22 0.28 0.16 0.20 0.61 0.47 
LOI 29.46 17.97 17.99 17.19 16.44 15.54 16.25 14.41 17.73 16.30 17.84 19.09 32.04 
Total 99.89 100.17 100.04 100.48 100.57 99.44 100.49 98.82 99.32 100.76 100.68 100.63 100.45 
K2O/Al2O3 0.20 0.21 0.23 0.23 0.23 0.20 0.20 0.18 0.16 0.14 0.12 0.13 0.13 
DF1 3.73 4.77 4.31 3.65 3.93 4.22 3.83 5.37 5.17 4.57 3.73 3.02 0.57 
DF2 − 4.06 − 1.46 − 1.66 − 1.66 − 1.90 − 1.39 − 1.26 − 1.36 − 1.52 − 0.15 − 0.92 0.08 − 0.65  

Table 6 
Trace elements (ppm) of the Crato Member lutites.  

Elements CR-1 CR-2 CR-3 CR-4 CR-5 CR-6 CR-7 CR-8 CR-9 CR-10 CR-11 CR-12 CR-13 

Sc 7 13 12 12 13 17 14 20 19 20 19 18 8 
Be 2 3 2 2 3 3 3 4 3 3 3 3 1 
V 77 113 90 78 90 115 95 133 135 156 166 146 143 
Ba 261 454 632 610 597 542 543 426 332 298 259 266 179 
Sr 207 191 191 188 188 142 197 126 157 90 164 196 555 
Y 16 17 18 18 19 21 26 24 23 17 14 19 8 
Zr 111 149 110 130 129 178 181 135 113 131 106 93 53 
Cr 50 100 90 90 90 130 100 110 100 100 100 90 50 
Co 12 18 24 20 15 21 22 25 39 11 25 33 14 
Ni 30 50 50 50 40 60 60 70 70 50 40 50 30 
Cu 30 40 40 30 30 40 60 80 80 90 90 120 90 
Zn 110 160 140 160 190 420 130 140 140 440 1080 1250 1690 
Ga 12 23 20 21 22 27 21 27 24 26 25 22 12 
Ge <1 1 1 1 1 1 1 2 1 1 1 1 <1 
As <5 <5 <5 <5 <5 <5 <5 <5 5 11 9 16 8 
Rb 71 150 146 147 151 141 135 161 136 128 109 108 50 
K 13,282 25,568 24,987 25,568 26,648 25,070 24,406 26,399 23,161 22,663 19,757 18,346 8966 
Nb 10 19 16 17 17 18 16 22 17 18 14 12 7 
Mo <2 2 3 2 <2 <2 2 <2 2 2 2 5 3 
Ag <0.5 0.6 <0.5 0.6 0.5 0.6 0.7 0.6 0.5 0.6 0.5 0.6 <0.5 
In <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
Sn 6 4 3 3 4 4 3 4 3 3 3 3 2 
Sb <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Cs 2.9 6.5 6.1 5.4 5.9 5.6 5.2 7.4 6.7 6.7 6.4 6.6 3.4 
La 33.1 49.1 44.8 50.2 45.8 55.1 43.3 63.3 52.8 38.5 28.7 40.7 18.0 
Hf 4.8 4.4 3.8 3.5 3.5 3.4 3.4 3 2.9 2.8 2.8 2.5 1.5 
Ta 1.2 1.4 1.4 1.6 1.3 1.3 1.3 0.9 1.2 0.8 1.2 0.9 0.6 
W 8 8 6 5 4 13 16 4 3 5 11 10 5 
Tl 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.9 0.7 0.3 0.9 1.2 0.5 
Pb 18 12 26 14 20 24 15 18 24 27 28 33 22 
Bi <0.4 <0.4 <0.4 0.4 0.4 <0.4 <0.4 <0.4 0.4 <0.4 <0.4 <0.4 <0.4 
Th 14 18.7 19.3 23.4 17.3 14.1 15.2 16.1 16.5 9.4 13 15.5 8.6 
U 2.5 2.8 3.2 3.7 3.3 2.6 2.5 2.8 3.3 1.7 2.8 3 2.2 
Rb/K 0.0053 0.0059 0.0058 0.0057 0.0057 0.0056 0.0055 0.0061 0.0059 0.0056 0.0055 0.0059 0.0056 
La/Th 2.36 2.63 2.32 2.15 2.65 3.91 2.85 3.93 3.20 4.10 2.21 2.63 2.09 
Th/Sc 2.00 1.44 1.61 1.95 1.33 0.83 1.09 0.81 0.87 0.47 0.68 0.86 1.08 
Th/Co 1.17 1.04 0.80 1.17 1.15 0.67 0.69 0.64 0.42 0.85 0.52 0.47 0.61 
Th/Cr 0.28 0.19 0.21 0.26 0.19 0.11 0.15 0.15 0.17 0.09 0.13 0.17 0.17 
Zr/Sc 15.86 11.46 9.17 10.83 9.92 10.47 12.93 6.75 5.95 6.55 5.58 5.17 6.63 
La/Sc 4.73 3.78 3.73 4.18 3.52 3.24 3.09 3.17 2.78 1.93 1.51 2.26 2.25 
U/Th 0.18 0.15 0.17 0.16 0.19 0.18 0.16 0.17 0.20 0.18 0.22 0.19 0.26 
V/Cr 1.54 1.13 1.00 0.87 1.00 0.88 0.95 1.21 1.35 1.56 1.66 1.62 2.86 
V/Ni 2.57 2.26 1.80 1.56 2.25 1.92 1.58 1.90 1.93 3.12 4.15 2.92 4.77  
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by reflections at 4.25 and 3.34 Å, whereas K-feldspar was determined at 
3.24 Å. Calcite was determined at 3.03 Å and dolomite by the diagnostic 
reflection at 2.88 Å. The semi-quantitative mineral analyses are 
expressed in Table 5. 

4.3. Scanning electron microscopy 

The samples with the highest montmorillonite (CR-2) and kaolinite 

(CR-9) contents were analyzed by scanning electron microscopy as well 
as a sample with manganese (Fig. 2I) and base metal anomalies (CR-12) 
(e.g., Cu and Zn; Table 6). Montmorillonite, illite, and kaolinite were 
interpreted as detrital because of the platy crystals and absence of 
honeycomb, rose-shaped, hairy-shaped, and booklets micromorphol-
ogies (Fig. 5) (Keller, 1978). Manganese was observed in altered planes 
associated with lead in the sample CR-12, indicating that the base metal 
anomalies found in the lithogeochemical analysis from the sample 

Fig. 5. (Color should be used in this figure) Scanning electron microscopy images of Crato Member lutites. A, B) Detrital montmorillonite and illite in the sample CR- 
2. C) Detrital montmorillonite, illite and kaolinite in the sample CR-9. D) Detrital montmorillonite, illite and kaolinite in the CR-12 sample. E, F) Compositional maps 
indicating the distribution of manganese and lead in altered planes. 
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CR-11 to the CR-13 might be associated with the manganese levels 
(Fig. 5E and F). 

4.4. Geochemistry 

4.4.1. Major elements 
The major element analyses are expressed in Table 5. The samples 

showed certain homogeneity regarding major elements except for 
samples CR-1 and CR-13, which are in the downmost and uppermost 
parts of the profile, respectively. The samples presented K2O/Al2O3 ra-
tios indicating the predominance of illite. 

4.4.2. Trace element 

Large ion lithophile elements (Ba, Cs, Sr, and Rb) 

The trace element distributions are expressed in Table 6. Strong 
positive correlations were observed between Ba and K2O (0.80). Strong 
positive correlations between Cs and SiO2 (0.86) and Cs and Al2O3 
(0.89) and strong negative correlations between Cs and CaO (− 0.89) and 

LOI (− 0.85) (Table S3). These results indicate that both Ba and Cs are 
associated with silicate phases (e.g., clay minerals and/or K-feldspar) 
and that the presence of carbonate phases turn the samples depleted in 
Ba and Cs in comparison with the Post-Archean Australian Shale (PAAS) 
(Taylor and McLennan, 1985; McLennan, 2001) (Fig. 6). 

A strong positive correlation was observed between Sr and CaO 
(0.86), Sr and Na2O (0.85), and Sr and LOI (0.80), and strong negative 
correlations were observed between Sr and SiO2 (− 0.77), Sr and Fe2O3 
(− 0.88), Sr and K2O (− 0.74), and Sr and TiO2 (− 0.75). These results 
suggest that Sr is mostly incorporated in carbonate phases (e.g., calcite 
and dolomite). Almost all samples are depleted in Sr except CR-1 and 
CR-13 samples, which showed the higher contents of carbonate phases. 

Almost all the samples were depleted in Rb in comparison with 
PAAS. Very strong positive correlations between Rb and K2O (0.99) and 
Rb and TiO2 (0.94), strong positive correlations between Rb and SiO2 
(0.87), and strong negative correlations with CaO (− 0.79) were identi-
fied, indicating that Rb is also associated with silicate phases. 

High-field strength elements (Th, U, Y, Zr, Nb, and Hf) 

Fig. 6. (Color should be used in this figure) Post-Archean Australian Shale (PAAS) and chondrite normalized trace and rare earth elements spiders of Crato Member 
lutites. A, B) Trace elements normalized by PAAS values (Taylor and McLennan, 1985; McLennan, 2001). LILE – Large ion lithophile elements. HFSE – High-field 
strength elements. TTE – Transition trace elements. C, D) Chondrite-normalized REE values (Pourmand et al., 2012). LREE – Light rare earth elements. HREE – 
Heavy rare earth elements. E, F) PAAS-normalized REE values (Pourmand et al., 2012). 
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The samples showed similar values of Th, U and Y in comparison 
with PAAS. There are no correlations between Th and U and the major 
elements. Strong positive correlations were observed between Y and K2O 
(0.71), Y and TiO2 (0.72), and Y and TiO2 (0.72), indicating that the 
element is mainly controlled by silicate phases. Zr is slightly depleted in 
comparison with PAAS as well as Hf. Strong positive correlations were 
observed between Zr and K2O (0.73) and Zr and TiO2 (0.74), indicating 
that the element is also associated with silicate phases. 

Nb has very strong positive correlations with K2O (0.93) and TiO2 
(0.99), strong positive correlations with SiO2 (0.83) and Fe2O3 (0.73), 
and strong negative correlations with CaO (− 0.83) and LOI (− 0.88), 
indicating that the element is controlled by silicate phases. The samples 
are enriched in Nb in comparison with PAAS. 

Transition trace elements (Sc, V, Cr, Co, Ni, Cu, and Zn) 

The samples presented TTEs values close to those from PAAS, except 
for Cu and Zn. There were identified positive anomalies of these ele-
ments in all samples, but impressive anomalies were found in samples 
CR-11, CR-12, and CR-13 with values from 10 to 20 times higher than 
those expressed in PAAS. These values may be explained by mafic 
provenance sources or even by hydrothermalism since studies were 
carried out in the Fundão Member (Rios-Netto et al., 2012a) of the Rio 
da Batateira Formation aiming at the exploration of base metals (e.g., 
Cu, Zn and Pb) in a project named Santana during the ’70s. Further 
studies should be carried out to understand the origin of these 
anomalies. 

Rare earth elements 

The REE distribution is expressed in Table 7 and is similar in com-
parison with PAAS, but enriched in LREEs and depleted in HREEs, being 
the REE quantity controlled mainly by the dilution effect caused by 
carbonate phases (e.g., calcite or dolomite) (Tobia and Mustafa, 2016), 
which is corroborated by a moderate negative correlation between ΣREE 
and CaO (− 0.61), and ΣREE and LOI (− 0.75) (Table S3). The strong 
positive correlations between ΣREE and K2O (0.83) and TiO2 (0.83) 
indicate that the REEs are associated with silicate phases. In comparison 
with chondrite, the samples are enriched in LREEs and depleted in 
HREEs, which is demonstrated by (La/Yb)CN values ranging from 7.60 
(CR-7) and 13.19 (CR-2) (Table 7). The samples showed weak negative 
anomalies of (Eu/Eu*)CN from 0.60 (CR-2) to 0.69. 

5. Discussions 

5.1. Mineralogical and lithogeochemical proxies 

Two clay mineral assemblages (CMA) were identified based on semi- 
quantitative clay mineral analysis. The clay mineral assemblage 1, 
which is coincident with the tidal-dominated delta mouth bar facies 
association (FS1), contains lesser kaolinite contents (up to 8.7%) 
(Fig. 7), whereas the clay mineral assemblage 2, which is coincident 
with the marginal paleolagoon facies association (FS2), is composed of 
higher kaolinite contents between 13.3 and 24.8%. 

Kaolinite is commonly formed in more wet paleoclimates, where 
more acid soils develop because of higher paleoprecipitation rates, while 
smectite is usually formed in more dry paleoclimates, where basic soils 
develop because of lower paleoprecipitation rates (Barshad, 1966; 
Singer, 1984; Thiry, 2000; Meunier, 2005; Coimbra et al., 2021). 
Therefore, the relative proportion of detrital kaolinite and montmoril-
lonite can be used as a paleoprecipitation indicator and, consequently, 
help in paleoclimatic reconstructions (e.g., Rego et al., 2018; Holanda 
et al., 2019). Illite contents should not be used as paleoprecipitation 
proxies because it is directly associated with the mineralogy of the 
source-rocks (Barshad, 1966). 

The relative proportions of kaolinite in respect to montmorillonite 
indicated low paleoprecipitation values (<250 mm), which is consistent 
with previous studies that indicated arid paleoclimate conditions in the 
Equatorial Atlantic Ocean during the Aptian (Petri, 1983; Lima, 1983). 
Furthermore, these interpretations also corroborate the Boucot et al. 
(2013)’s Early Cretaceous paleoclimatic map, which defined an arid 
zone in the Equatorial Atlantic Ocean, and the Chumakov et al. (1995)’s 
evaporative zone in the Tropical-Equatorial Hot arid belt (Hay and 
Floegel, 2012). 

Nevertheless, a subtle increase in the paleoprecipitation values was 
observed from the CMA1 to the CMA2, indicating more wet conditions 
and an intensification of the hydrological cycle in the FS2 (Fig. 8). This 
humidification might be associated with higher ocean proximity since 
one of the main causes of the Gondwana aridity during the Aptian 
probably was the supercontinent effect (Hay and Floegel, 2012), in 
which the distance between land and sea hindered moisture to enter the 
continent. Previous studies on clay minerals indicated that low paleo-
precipitation conditions occurred not only during the deposition of the 
Crato Member lutites but also in the Santana as a whole and the Rio da 
Batateira Formations (Teles and Berthou, 1995). 

The Chemical Index of Alteration (CIA) is used to evaluate the 
paleoweathering conditions that rocks in source areas were submitted 

Table 7 
Rare earth elements (ppm) of the Crato Member lutites.  

Elements CR-1 CR-2 CR-3 CR-4 CR-5 CR-6 CR-7 CR-8 CR-9 CR-10 CR-11 CR-12 CR-13 

La 33.1 49.1 44.8 50.2 45.8 55.1 43.3 63.3 52.8 38.5 28.7 40.7 18 
Ce 68.5 85.8 86.1 94.4 86.8 95.7 89.6 111.0 100.0 62.8 54.3 81.9 33.9 
Pr 6.83 10.60 9.70 10.60 10.00 11.70 9.86 13.20 11.40 7.57 5.75 9.56 3.46 
Nd 25.1 38.9 35.4 38.4 36.8 43.6 38.1 47.7 40.9 27.7 21.3 34.9 12.8 
Sm 4.6 6.8 6.3 6.8 6.4 7.7 7.0 8.3 7.6 5.1 4.0 6.6 2.5 
Eu 0.89 1.13 1.12 1.26 1.21 1.46 1.43 1.48 1.43 1.01 0.81 1.25 0.52 
Gd 3.8 4.9 4.6 5.2 4.8 5.7 5.8 5.9 6 4.1 3.2 4.9 2.1 
Tb 0.6 0.7 0.7 0.8 0.7 0.8 0.9 0.9 0.9 0.6 0.5 0.7 0.3 
Dy 3.2 3.7 3.7 4.0 3.8 4.3 5.1 5.0 5.0 3.6 2.8 4.1 1.6 
Ho 0.6 0.7 0.7 0.7 0.7 0.8 0.9 0.9 0.9 0.7 0.5 0.7 0.3 
Er 1.6 1.9 1.9 2.0 2.0 2.2 2.7 2.7 2.5 2.1 1.6 2.1 1.0 
Tm 0.22 0.27 0.27 0.29 0.28 0.31 0.40 0.39 0.36 0.31 0.24 0.29 0.14 
Yb 1.4 1.7 1.7 1.8 1.8 2.0 2.6 2.5 2.4 2.2 1.7 1.9 1.0 
Lu 0.22 0.26 0.27 0.29 0.27 0.31 0.40 0.41 0.38 0.33 0.26 0.30 0.15 
LREE 139.0 192.3 183.4 201.7 187.0 215.3 189.3 245.0 214.1 142.7 125.7 189.9 77.8 
HREE 17.1 22.1 21.3 23.1 22.0 25.6 27.2 28.5 27.5 20.1 15.6 22.8 9.6 
ΣREE 150.7 206.5 197.3 216.7 201.4 231.7 208.1 263.7 232.6 156.6 125.7 189.9 77.8 
Eu/Eu*CN 0.65 0.60 0.64 0.65 0.67 0.67 0.69 0.65 0.65 0.67 0.69 0.67 0.69 
GdCN/YbCN 2.20 2.34 2.19 2.34 2.16 2.31 1.81 1.91 2.03 1.51 1.53 2.09 1.70 
(La/Yb)CN 10.80 13.19 12.03 12.74 11.62 12.58 7.60 11.56 10.05 7.99 7.71 9.78 8.22  

V.M.J. Salgado-Campos et al.                                                                                                                                                                                                                



Journal of South American Earth Sciences 110 (2021) 103329

11

based on major elements (Nesbitt and Young, 1984). The FS1 samples 
presented CIA values ranging from 76.12 to 78.86, whereas the CMA2 
samples presented higher CIA values varying from 78.52 to 84.56, 
indicating that the source area in the CMA2 was submitted to a more 
intense paleoweathering than the CMA1 (Figs. 7B and 8D), which is 
corroborated by the paleoclimate interpretations using clay mineralogy. 

A paleosalinity proxy based on Rb/K ratios was determined by the 
correlative behavior between lutites deposited in marine and non- 
marine settings (Campbell and Lerbekmo, 1963; Campbell and Wil-
liams, 1965; Visser and Young, 1990; Geiger, 2010). The samples plotted 
in the brackish water field in the Rb versus K bivariate graph, but some 

FS2 samples plotted close to the seawater field (Figs. 7C and 8E). 
Three trends of paleosalinity decreasing were observed and can be 

associated with the intensification of the hydrological cycle above- 
mentioned. Three sudden paleosalinity increasing events were identi-
fied and were interpreted as seawater inputs, indicating a marine in-
fluence, which is corroborated by marine paleofauna occurrences in the 
Crato Member (Barbosa et al., 2004; Goldberg et al., 2019; Varejão et al., 
2021a). 

Geochemical data provided by Lucio (2017) indicated that the Ipubi 
Member black shales were deposited in fresh or brackish water settings, 
indicating stratification in the paleolagoon water, which corroborates 

Fig. 7. (Color should be used in this figure) Paleoenvironmental and paleoclimatic proxies of the Crato Member lutites based on clay mineralogy and lith-
ogeochemical data. A) Ternary graph with the relative proportion of smectite, illite and kaolinite obtained from the semi-quantitative mineral analysis (Biscaye, 
1965) using the relative proportions between kaolinite and montmorillonite from Barshad (1966) to indicate paleoprecipitation values. B) A–CN–K (CIA) ternary 
diagram (Nesbitt and Young, 1984). See table S1 in the supplementary files to see how the data used in this graph was calculated. C) Rb (ppm) versus K (wt.%) graph 
(Campbell and Lerbekmo, 1963; Campbell and Williams, 1965; Visser and Young, 1990; Geiger, 2010). D) V (ppm) versus Ni (ppm) graph (Galarraga et al., 2008). E) 
U (ppm) versus Th (ppm) graph (Adams and Weaver, 1958; Jones and Manning, 1994; McKirdy et al., 2011; Sari and Koca, 2012). 
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the Neumann and Cabrera (2002)’s model. Storari et al. (2021) recently 
reported mayflies’ mass mortality events in the Crato Member laminated 
limestones, which were interpreted as being caused by increases of 
salinity due to paleolake contractions. However, the seawater inputs 
interpreted herein may be an alternative explanation for these events. 

Galarraga et al. (2008) correlated vanadium and nickel values of 
nonmature crude oil samples to paleoenvironment settings and devel-
oped a method to use these trace elements as paleoenvironmental 
proxies. Adegoke et al. (2014) demonstrated the applicability of this 
method to siliciclastic fine-grained rocks. The FS1 samples presented 
V/Ni ratios plotted mostly in the terrestrial to transitional fields, 
whereas the FS2 samples plotted indicating a wide distribution in the 
terrestrial, but mostly in the transitional to marine anoxic fields 
(Fig. 7D). Such results indicate that the organic matter of the Crato 
Member lutites is mostly derived from a mixed marine-terrigenous 
origin, but more marine in the FS2 (Fig. 8F). Otherwise, Lucio (2017) 
indicates that the organic matter of the Ipubi Member black shales is 
mostly derived from marine settings, suggesting that the paleoenvir-
onmental settings changed from terrestrial to marine anoxic conditions 
from the Crato to the Ipubi Member. The trend to marine is corroborated 
by the strong positive correlation between V/Ni and elevation (0.64). 

Paleoredox reconstructions can be made using U/Th ratios (Adams 
and Weaver, 1958; Jones and Manning, 1994; McKirdy et al., 2011; Sari 
and Koca, 2012). The FS1 samples presented U/Th values indicating 
oxic conditions (Fig. 7E). However, a subtle trend to dysoxic conditions 
was observed (Fig. 8G), which is corroborated by the strong positive 
correlation between elevation and U/Th (0.71). 

5.2. Composition and tectonic settings of source rocks 

Elemental geochemical data has been used to reconstruct the 
composition and tectonic settings of source rocks. In elemental ratios, 
the numerator field is filled with an incompatible element, while a 

compatible element fills the denominator. Because of it, the higher is the 
ratio, the more evolved and felsic is the source rock (Taylor and 
McLennan, 1985). 

Elemental ratios as well as Eu anomalies of the Crato Member lutites 
indicated provenance from felsic rocks (Table 8). However, the FS1 
samples presented trace element ratios indicating less evolved rocks as a 
sediment source than the FS2 samples. The samples plotted in the acid 
and/or intermediate composition field in the K versus Rb diagram 
(Fig. 9A) (Floyd and Leveridge, 1987) except for the CR-13 sample, 
which plotted in the basic composition field. The FS1 samples plotted in 
the granodiorite to granite source fields in the Th/Sc versus Zr/Sc dia-
gram (Condie, 1993; McLennan et al., 1993), while the FS2 samples 
indicate andesitic to a felsic volcanic source (Fig. 9B). The FS1 samples 
plotted close to the andesite composition field in the Th/Co versus La/Sc 
diagram (Fig. 9C) (Cullers, 2002), whereas the FS2 samples showed 
more basaltic source compositions. The FS1 and FS2 samples plotted in 
the fields close to granitic and granodioritic-tonalite fields in the Th/Sc 

Fig. 8. (2-column landscape figure) (Color should be used in this figure) Paleoenvironmental and paleoclimatic proxies of the Crato Member lutites based on clay 
mineralogy and lithogeochemical data. See facies description in Table 1. A) Bulk mineralogy (wt.%) of lutites from the Três Irmãos quarry. B) Chemical assay of 
major elements (wt.%) of lutite from the Três Irmãos quarry. C) Clay mineralogy of lutites from the Três Irmãos quarry. D) Paleoweathering proxy based on A–CN–K 
(CIA) ternary graph (Nesbitt and Young, 1984). See table S1 in the supplementary files to see how the data used in this graph was calculated. E) Paleosalinity proxy 
based on Rb/K ratio (Campbell and Lerbekmo, 1963; Campbell and Williams, 1965; Visser and Young, 1990; Geiger, 2010). F) Paleoenvironmental proxy based on 
V/Ni ratios (Galarraga et al., 2008). G) Paleoredox proxy based on U/Th ratios (Adams and Weaver, 1958; Jones and Manning, 1994; McKirdy et al., 2011; Sari and 
Koca, 2012). 

Table 8 
Elemental ratios of the Crato Member lutites and comparisons with felsic and 
mafic sources. The first and second numbers represent the minimum and 
maximum values, respectively, while the value in parenthesis is the average.  

Elemental 
ratio 

Delta mouth bar 
(FS1) (CMA1) 

Marginal lagoon 
(FS2) (CMA2) 

Felsic rocks Mafic rocks 

Th/Sc 0.83–2.00 
(1.46) 

0.47–1.08 
(0.79) 

0.84–20.50 0.05–0.22 

Th/Co 0.67–1.17 
(0.96) 

0.42–0.85 
(0.59) 

0.67–19.40 0.04–1.40 

Th/Cr 0.11–0.28 
(0.20) 

0.09–0.17 
(0.15) 

0.13–2.70 0.018–0.046 

La/Sc 3.09–4.73 
(3.75) 

1.51–3.17 
(2.32) 

2.50–16.30 0.43–0.86 

Eu/Eu* 0.60–0.67 
(0.65) 

0.65–0.69 
(0.68) 

0.40–0.94 0.71–0.95  
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versus Eu/Eu* diagram (Cullers and Podkovyrov, 2002), respectively 
(Fig. 9D). 

The samples plotted mostly in the collisional field in the low-SiO2 
DF2 versus DF1 diagram (Verma and Armstrong-Altrin, 2013) (Fig. 9E) 
and mostly in the acid island arc source in the La/Th versus Hf bivariate 
plot (Floyd and Leveridge, 1987) (Fig. 9F). The FS1 samples plotted in 
the Archean field, while the FS2 samples plotted in the Post-Archean 
field in the Eu/Eu* versus GdCN/YbCN diagram (McLennan and Taylor, 

1991), indicating an age constrain between the source areas (Fig. 9G). 
A very strong negative correlation between elevation and La/Sc 

(− 0.90), strong negative correlations between elevation and Th/Sc 
(− 0.78), Th/Co (− 0.77) and Zr/Sc (− 0.78), and a strong positive cor-
relation between elevation and Eu/Eu*CN (0.73) were observed 
(Table S3). These data suggest that despite the provenance of the lutites 
are associated with intermediate and felsic rocks, there is a trend of 
increase in the provenance from intermediate rocks upward in the 

Fig. 9. (Color should be used in this figure) Geochemical diagrams indicating the source composition and tectonic settings of lutites from the Três Irmãos quarry. A) 
K (wt.%) versus Rb (ppm) diagram (Floyd and Leveridge, 1987). B) Th/Sc versus Zr/Sc diagram (Condie, 1993; McLennan et al., 1993). C) Th/Co versus La/Sc 
diagram (Cullers, 2002). D) Th/Sc versus Eu/Eu* diagram (Cullers and Podkovyrov, 2002). E) Low-SiO2 DF2 (Arc-Rift-Col) versus DF1 (Arc-Rift-Col) diagram (Verma 
and Armstrong-Altrin, 2013). F) La/Th versus Hf diagram (Floyd and Leveridge, 1987). G) Eu/Eu* versus GdCN/YbCN diagram (McLennan and Taylor, 1991). Fields 
were produced in the K (wt.%) versus Rb (ppm) and Eu/Eu* versus GdCN/YbCN diagrams using lithogeochemical data from the literature (Sá et al., 1995; Ancelmi, 
2016; Vale, 2018). 
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profile. 

5.3. Paleoenvironmental, paleoclimatic and provenance models 

Two paleoenvironmental models were interpreted (Fig. 10). The 
tidal-dominated delta mouth bar facies succession (FS1) is coincident 
with the clay mineral assemblage with lesser kaolinite contents, while 
the marginal paleolagoon facies succession (FS2) is coincident with the 
clay mineral assemblage with the higher kaolinite contents. Drier con-
ditions took place during the deposition of the first succession, which 
resulted in weaker paleoweathering settings favoring the formation of 
smectite instead of kaolinite. Shallow water conditions were observed, 
as indicated by oxic paleoredox conditions. Concerning the second 
succession, wetter conditions with higher annual precipitation rates 
developed, in which stronger paleoweathering conditions developed 
favoring the formation of kaolinite in soils. Water level deepening 
occurred, indicated by lesser oxic paleoredox conditions. 

The paleolagoon water was interpreted as brackish and cycles of 
paleosalinity decrease were observed in response to the intensification 
of the hydrological cycle, but sudden paleosalinity increases indicated 
seawater inputs, which were also responsible for raising the water table 
of the paleolagoon in the FS2, which presented paleoenvironmental 
proxies suggesting marine influence. 

Geochemical data indicated that the sediment provenance of the 
tidal-dominated delta mouth bar facies succession (FS1) came from 
Archean felsic rocks. This information fits with geological observations 
since the nearest Precambrian rock association to the Três Irmãos quarry 
is the Granjeiro Complex, an Archean tonalitic to granodioritic banded 
gneiss complex with mafic rock occurrences (Silva et al., 1997; Ancelmi, 
2016; Vale, 2018) (Fig. 9). As a result of the intensification of the hy-
drological cycle in the marginal paleolagoon facies succession (FS2), a 
wider area would be drained, resulting in a Post-Archean to Archean 
mixed felsic-basic source area. The mixed felsic-mafic Paleoproterozoic 
volcano-metasedimentary rocks from the Orós Group also may become 
the source area to the upper Três Irmãos quarry (Sá et al., 1995). Lith-
ogeochemical data of possible source rocks are not easy to find in the 

literature, which hindered this type of interpretation. However, isotopic 
geochemical data is quite abundant in literature, and studies using the 
technique should be made to improve provenance reconstructions. 

6. Conclusions 

The Crato Member lutites are composed of montmorillonite, 
kaolinite, and illite as the clay mineral assemblage, being the non-clay 
minerals mica, quartz, K-feldspar, calcite, and dolomite. This lithos-
tratigraphic unit was considered as a marine-influenced depositional 
system because of sudden paleosalinity increases and previous marine 
paleofauna occurrences. 

Regional arid paleoclimate conditions were interpreted using clay 
mineralogy data in the Equatorial Atlantic Ocean during the Aptian. 
Two paleoenvironmental models with paleoprecipitation and prove-
nance differences were interpreted. A tidal-dominated delta mouth bar 
facies succession coincident with the clay mineral association with lesser 
kaolinite content was identified in the lower Três Irmãos quarry, being it 
deposited in drier conditions and with provenance from Archean felsic 
rocks. 

A marginal paleolagoon facies succession coincident with the clay 
mineral association with higher kaolinite contents was recognized in the 
upper Três Irmãos quarry, being this part deposited in wetter conditions 
and with provenance from Post-Archean to Archean mixed felsic-mafic 
rocks. Sudden paleosalinity increases indicate seawater inputs into the 
paleolagoon and were responsible for the deepening of the basin from 
the tidal-dominated delta mouth bar to the marginal paleolagoon facies 
succession. 
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do Andar Alagoas) under the ANP R&D levy as “Compromisso de 
Investimentos com Pesquisa e Desenvolvimento”. The authors also 
acknowledge the Centro de Tecnologia Mineral, the Programa de Pós- 
graduação of the Universidade Federal do Rio de Janeiro (UFRJ), the 
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milionésimo, SIG. Programa geologia do Brasil. CPRM, Brasília. CD-ROM, scale 1. 

Arai, M., Lana, C.C., Pedrão, E., 1994. Ecozona Subtilisphaera spp.: registro eocretáceo 
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Araripe. Congr. Brasil. Geol. 36, 211–226. 

Pourmand, A., Dauphas, N., Ireland, T.J., 2012. A novel extraction chromatography and 
MC-ICP-MS technique for rapid analysis of REE, Sc and Y: revising CI-chondrite and 
Post-Archean Australian Shale (PAAS) abundances. Chem. Geol. 291, 38–54. 

Regali, M.S.P., 1990. Biocronoestratigrafia e paleoambiente do Eocretáceo das bacias do 
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