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Ana Paula A. Benigno a,b,*, Antônio Á.F. Saraiva c, Alcides N. Sial d, Luiz D. Lacerda a 

a LABOMAR, Institute of Marine Sciences, Federal Univ. of Ceará, Fortaleza, CE, 60165-081, Brazil 
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A B S T R A C T   

The stratigraphy of mercury (Hg) in sections of the Araripe Basin straddling the Aptian-Albian transition, 
encompassing the Romualdo, Ipubi, Crato and Barbalha (formerly Rio da Batateira)Formations showed positive 
excursions of Hg concentrations without correlation with organic carbon (C-org) contents. These incursions 
occurred during the deposition of the Barbalha Formation, which occurred in the Aptian under warm climate and 
high bio-productivity; in the Crato Formation, in the Albian, and also during the deposition of the Romualdo 
Formation. The Hg enrichments suggest external sources of Hg to the basin. The positive Hg excursion in the 
Ipubi Formation, unlike the others, was shown to be correlated with an increase in the deposition of C-org, 
suggesting internal processes as major river of Hg accumulation in sediments. The positive Hg excursions in-
dependent of C-org accumulation are concomitant to periods of intense volcanic activity in the Kerguelen Large 
Igneous Provinces (LIP). The excursion observed in the Ipubi Formation, however, seems associated with an 
event of anoxia, resulting in sediments rich in C-org, scavenging Hg from the water column. The Hg chemo-
stratigraphy helps to understand of the paleoenvironmental changes in the Araripe basin, allowing under-
standing some of the drivers of such changes as the influence of volcanic activity and events of anoxia, as well as 
major biological crises.   

1. Introduction 

The Araripe Basin had its origin and evolution related to tectonic 
events resulting in the rupture and fragmentation of Gondwana and the 
opening of the South Atlantic Ocean and its filling during the Mesozoic. 
It is the largest sedimentary basin in the Brazilian northeast hinterland, 
hosting one of the world largest fossil diversity from the Jurassic- 
Cretaceous period (Coimbra et al., 2002a,b; Fara et al., 2005; Fam-
brini et al., 2011). The basin harbors the Geopark Araripe, the first in the 
Americas recognized by the Global Geopark Network due to the rele-
vance of its fossil record in excellent preservation state (Mochiutti et al., 
2012). 

This geological interval was highly complex with episodes of oceanic 
crust creation, warming punctuated by rapid cooling events, ocean 
anoxia (OAE), increasing volcanic activity and the formation of large 
igneous provinces (LIP) (Bralower et al., 1994, 1999; Keller, 2008). 
During the Aptian-Albian interval (~100–125 Ma) there were 

significant climatic, tectonic and sea level changes with strong impacts 
on marine planktonic communities (Sabatino et al., 2018) triggering 
perturbations of the Carbon cycle leading to ocean anoxic events (OAE). 
These have been associated with peaks of intense and widespread vol-
canic activity, the formation of oceanic rises and submarine mountain 
chains and continental basalts (Bralower et al., 1999; Sabatino et al., 
2018). However, uncertainties in age definition during this interval 
hampers direct cause-effect links of these events, but massive release of 
CO2by volcanism, resulting in a generalized warming during the middle 
Cretaceous and the enrichment of mantle-derived materials such as trace 
metals, in particular volatile ones as mercury (Hg) (Bralower et al., 
1999). 

Coincidence of radiometrical dating of LIPs and mass extinctions and 
OAE episodes strongly suggests a causal relationship, due to the enor-
mous amount of magma released during these catastrophic impacts of 
the climate and ocean conditions (Courtillot and Renne, 2003; Bond and 
Wignall, 2014; Percival et al., 2015; Sabatino et al., 2018), but the 
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mechanisms involved are still debatable. Among the many proxies of 
LIPs activities, Hg stratigraphy, in conjunction with C and O stable 
isotopes, has proved a reliable tracer of LIPs allowing the correlation 
between volcanism and biological crises and catastrophic environmental 
changes (Sanei et al., 2012; Sial et al., 2013, 2016, 2018; 2016; Percival 
et al., 2017; Grasby et al. 2013, 2016). 

Despite the numerous studies on the geology and fossil record of the 
Araripe Basin, a very scarce literature exists on geochemistry and none, 
to our knowledge, on Hg stratigraphy. This present study deals with 
these later aspects of the Araripe Basin and uses, for the first time, stable 
isotopes, C-org and Hg stratigraphy to understand local and distal 
drivers of environmental changes, in particular of volcanisms, with 
emphasis on the Aptian-Albian interval (Fig. 1) and its eventual asso-
ciation with local biological crises. 

2. Geological setting 

The Araripe Basin is located between the states of Ceará, Pernam-
buco and Piauí in northeastern Brazil (Fig. 1), comprising an area of 
approximately 9000 km2, being considered the most extensive sedi-
mentary basin in northeastern Brazil (Assine, 1992; Valença et al., 2003; 
Neumann et al., 2008; Costa et al., 2014; Saraiva et al., 2016; Fabin 
et al., 2018). The geological history of this intracratonic basin began 
about 150 Ma ago and is associated with the separation of Gondwana 
and the opening of the South Atlantic (Ceará State Government, 2012). 
The Araripe Basin stands out for its extension in area and stratigraphic 
amplitude, comprising four tectonostratigraphic phases called synecise, 
pre-rift, rift and post-rift South Atlantic (Assine, 1994; 2007; Martil 
et al., 2007; Fambrini et al., 2011; Paula-Freitas and Borghi, 2011; 
Camacho and Oliveira e Sousa, 2017). 

The section addressed in the present study offers a stratigraphic re-
cord for the Upper Aptian and Lower Albian range, with sediment 
samples from the Barbalha (Formerly Rio da Batateira Formation) (113 
Ma), Crato (112 Ma), Ipubi (108 Ma) and Romualdo (100 Ma) Forma-
tions. It is noteworthy that the dates mentioned above correspond to 
relative dates available by the Ceará State Government (2012), and 
although they represent a limitation regarding the more precise posi-
tioning of the formations of the Araripe Basin in the geological scale of 
time, they are considered due to the absence of absolute dating for all 
formations. However, Coimbra et al. (2002a,b) suggested, based on the 
microfossil occurrence in the Barbalha and Santana formations as well as 
palynomorphs of the Arajara Formation, that the Alagoas local stage is 
upper Albian for the first two formations and Aptian/Albian for the Ipubi 

and Romualdo members of the Santana Formation, correlating well with 
the nearby basin of the northeastern Brazil. Among the forms found in 
the deposits of the Jatobá basin, the species of the genus Pattersoncypris 
and Damonella grandiensis n. sp. are key fossils of the Aptian and the 
lower Albian (Alagoas local stage) which provide the first record of this 
interval in the Jatobá basin (Tomé et al., 2014). Most of the fossil 
recorded to now, therefore, supports the dating use in this present study. 
The stratigraphy of the Araripe Basin used in this study followed Fam-
brini et al. (2019). A brief description of the studied formation is 
presented. 

2.1. Barbalha Formation 

The Barbalha Formation is the first Aptian-Albian section corre-
sponding to a transgressive phase of the rifting sequence presenting a 
vertical stratigraphic profile including two fluvial-lacustrine cycles, the 
first typically fluvial while the second typically lacustrine. It is a fining- 
upward sequence, with medium to coarse, even conglomeratic arenites 
at the base, which pass into silty shales with medium-grained sandstone 
interbeds up section. The cycle ends in black pyro-bituminous shales, 
enriched in carbonate layers of algal origin and containing coprolites, 
ostracods, fish remains and pollen and plant fragments (Valença et al., 
2003). 

This interval, also called the Araripe plumbiferous sequence, pre-
sents sulfides within mineralized limestones, evidencing the end of an 
event of reduction of transport capacity of rivers allowing fine-grained 
sediment deposition. This characterizes a confined environment, under 
reducing conditions, caused by low oxygenation of the waters, facili-
tating the precipitation of sulfides rich in lead, copper and zinc that 
easily settled in the limestones present in this section. In the pyrobitu-
minous shales of the Barbalha Formation, facies of thin dense sandstones 
occur again, with the same characteristics as the sandstones of the base 
(Chagas et al., 2007; Rios-Netto et al., 2012). The Barbalha Formation is 
an important regional stratigraphic marker horizon of the Araripe Basin, 
as it represents the record of the onset of the first lake system in the basin 
characterized by anoxic conditions, which led to the preservation of 
significant amount of organic matter (Assine, 2007; Assine et al., 2014). 
Palynomorphs (pollen) preserved in these sediments suggest a dry, 
warm semiarid climate (Chagas et al., 2007). 

2.2. Crato Formation 

The Crato Formation has a thickness of 50 m and overlies the 

Fig. 1. Geological map of the Araripe Basin in Northeastern Brazil showing major cities, states limits and sampling stations in the different Formations.  
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Barbalha Formation that gradually changes into parallel, fine, horizontal 
laminated marls. This Formation, is well known because of its excep-
tionally well preserved fossil record, the most diversified fossil assem-
blage from the non-marine Cretaceous, including a large diversity of 
birds, insects, plants and even pterodactyls (Kellner 2002; Santana et al., 
2013; Martill et al., 2007; Saraiva et al., 2015). Sediment deposition 
occurred during the Lower Cretaceous(~113–115 Ma), displaying a 
sequence of lacustrine limestone interbedded by siliciclastic facies, 
deposited in a saline lacustrine environment (Assine, 2007) or even a 
hypersaline lagoon with restricted connections to the sea (Varejão et al., 
2016). This scenario allows the occurrence of marine organisms in the 
shallow parts of the lake (Barbosa et al., 2004). Some authors, however, 
suggest a non-marine deposition in a saline lacustrine environment with 
episodic freshwater input and shallow water bodies with low energy and 
depositional environments characterized by high sedimentation rates 
(Sayão and Kelnner, 2006). 

2.3. Formação Ipubi 

Above the laminated limestones of the Crato Formation is the Ipubi 
Formation (Valença et al., 2003), which comprises siliciclastic and 
evaporite rocks of origin related to a brine concentration cycle followed 
by dilution of sea salt (Castro et al., 2006), being deposited possibly 
under conditions of arid to semi-arid climate. The Ipubi Formation is 
characterized by a shallow post-rift marine-lacustrine environment 
(Castro et al., 2006; Fabin et al., 2018) deposited in the supratidal region 
of an Aptian-Albian lagoon system. Thus, these sediments are considered 
as deposits of restricted, evaporitic lagoon basins, where periodic 
flooding by marine waters occurred and was subjected to intense 

evaporation, which provided the concentration of salts. 
The Ipubi Formation is composed essentially of discontinuous bodies 

of gypsum and anhydrite with a thickness of approximately 30 m, 
interbedded with black pyrobituminous shales, with high organic matter 
content containing pyrite crystals (Assine et al., 2014). These contain 
non-marine shells, ostracodes, charred plant fragments and pyritized 
fish and chelonians fossils (Barros et al., 2016). A shallow coastal 
environment has been proposed a few square kilometers in area, but 
with no connection to the sea, similar to the modern salt pans existing in 
South Australia, for example (Assine, 1992; Assine et al., 2014). The 
recognition of the Ipubi Formation is difficult in view of the disconti-
nuity of the layers and the difficulty in setting limits of the precipitates. 

2.4. Romualdo Formation 

In the Albian, there was a transgressive pulse that caused the inter-
ruption of the evaporites of the Ipubi Formation, diluting the hypersa-
line brines and causing the sedimentation of shales, carbonates and 
marls of the Romualdo Formation. The Romualdo Formation is 
approximately 120 m thick, and overlies sandstones and dark shales that 
cover the gypsum deposits of the Ipubi Formation. It is, in turn, overlain 
by reddish siltstones of the Arajara Formation. The lower part of the 
Romualdo Formation consists predominantly of interstratified sand-
stones and pyrobituminous shales. To the top, the stacking is trans-
gressive and the coastal sandstones give way to a section of shales, rich 
in ostracodes, pollen grains, spores, dinoflagellates, foraminifera and 
mollusks typical of coastal environments, such as estuaries and lagoons, 
with periodic marine transgressions, indicating the unquestionable in-
fluence of the sea. The shales acquire, progressively towards the top, 

Fig. 2. Simplified stratigraphic profile of the Araripe Basin detailing the sampled sections, stratigraphic height and location of samples (in parentheses), based on and 
adapted from Coimbra et al. (2002a,b) Carmo et al. (2004), Fara et al. (2005) and Saraiva et al. (2015). 
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darker colors, due to higher contents of organic matter, characterized by 
the presence of a level with fossiliferous concretions, usually with three- 
dimensionally preserved macrofossils, which reaches the eastern edge of 
the Araripe Plateau (Assine, 2007; Saraiva et al., 2007). 

This formation presents one of the most important paleontological 
records of the Early Cretaceous, and the degree of exceptional preser-
vation of fossils has made this paleontological material known at na-
tional and international level. The stratigraphic record of the Romualdo 
Formation is a key element to clarify the paleogeographic and paleo-
environmental scenarios, in response to the fragmentation of the 
Gondwana and the opening of the South Atlantic Ocean, since this unit 
revealed a record of an important marine entry in a wide area of 
northeastern Brazil from neo-Aptian to neo-Albian. The transgression 
caused profound environmental changes with relevant impacts on local 
and regional biotas (Kellner, 2002; Fara et al., 2005). 

3. Materials and methods 

The study analyzed 49 samples collected between 2016 and 2018 in 
the Araripe Basin; 13 in the Barbalha Formation, 21 in the Crato 

Formation, 2 in the Ipubi Formation and 13 in the Romualdo Formation. 
Samples were obtained by careful transversal digging of the respective 
outcrops, avoiding the superficial weathered surface and are distributed 
along the Aptian-Albian stratigraphic profile as shown in Fig. 2. Samples 
were ground to dust after the removal of possible weathering surfaces, 
homogenized and dried in an oven at 60 ◦C for 12 h. Dried samples were 
preserved in hermetically sealed vials in a dry environment, air- 
conditioned at 20 ◦C, until analyzes. 

Mercury (Hg) concentrations were quantified in duplicate sub- 
samples (0.5 g) after digestion in erlenmeyers of 125 mL, containing 
20 mL of aqua regia (50% v/v), in a water bath at 70◦ to 80 ◦C for 2 h. 
The erlenmeyers were closed using thermokinetic reactors (cold fin-
gers). The resulting extract was quantitatively transferred to volumetric 
balloons (50 mL) completed with deionized water (Aguiar et al., 2007). 
All glassware were previously washed with deionized water in a 10% 
v/v (10% v/v) solution bath for 24 h and then in an HCl bath (Sig-
ma-Aldrich) 10% v/v for 24 h. Cold Vapor Atomic Absorption Spec-
trometry (CVAAS) quantified the Hg concentrations in the extracts, with 
simultaneous analyses of reference material (Estuarine Sediment NIST 
1646A) to evaluate the accuracy and recovery of the method. Recovery 

Table 1 
Mercury (Hg), δ13C, δ18O, TOC, Hg/TOC and Mn/Sr ratios from the Araripe Basin, NE Brazil.  

Formation Samples Ma Hg (ng g− 1) δ13C (VPDB ‰) δ18O (VPDB ‰) TOC (%) Hg/TOC Mn/Sr 

Romualdo Formation 23 100 2.52 ± 0.36 − 1.61 − 10.11 0.56 ± 0.10 4.48 10.1 
4.1  5.60 ± 0.61   1.42 ± 0.01 3.95  
4.1.1  5.13 ± 0.30   1.41 ± 0.11 3.64  
4.2  12.57 ± 1.20 − 11.53 − 6.23 1.21 ± 0.25 10.40 2.6 
15 D  1.54 ± 0.24   0.84 ± 0.09 1.85  
15C  1.96 ± 0.44   0.62 ± 0.06 3.13  
15B  3.08 ± 0.20   0.73 ± 0.01 4.22  
15A  6.94 ± 0.35   1.00 ± 0.14 6.96  
3A  1.11 ± 0.22 − 9.14 − 5.26 0.50 ± 0.05 2.22 4.4 
3B  26.33 ± 0.76   0.67 ± 0.01 39.30  
3C  8.76 ± 0.20 − 10.89 − 6.40 0.84 ± 0.05 10.43 5.1 
3D  2.80 ± 0.22 − 10.79 − 6.04 0.68 ± 0.01 4.12 5.2 
3E  2.31 ± 0.29   0.49 ± 0.17 4.71  

Ipubi Formation 9.1 (A) 108 20.37 ± 0.44 − 8.15 − 4.77 13.85 ± 0.62 1.47 4.7 
9.1 (B)  8.91 ± 0.23 − 4.81 − 3.40 3.05 ± 0.10 2.92 < ld 

Crato Formation 12 112 19.83 ± 1.09   0.63 ± 0.04 31.38  
11E  12.49 ± 1.44 − 5.69 − 5.32 0.45 ± 0.04 27.47 10.0 
11D  9.00 ± 0.77 − 7.65 − 5.17 0.42 ± 0.11 21.35 3.3 
11C  34.17 ± 2.35 − 3.47 − 6.31 0.32 ± 0.13 106.03 10.0 
11B  7.50 ± 0.25 − 5.47 − 5.36 0.26 ± 0.00 28.73 < ld 
11A  7.21 ± 0.40 − 1.15 − 6.25 0.59 ± 0.02 12.20 2.7 
5A  2.45 ± 0.37 − 6.81 − 6.01 0.80 ± 0.01 3.05 6.6 
5B  1.56 ± 0.19 − 8.18 − 4.09 0.78 ± 0.08 2.01 < ld 
5C  1.37 ± 0.06   0.95 ± 0.01 1.44  
5D  4.36 ± 0.17 − 7.83 − 4.29 1.01 ± 0.05 4.32 < ld 
5E  2.19 ± 0.09 − 4.35 − 6.79 0.90 ± 0.01 2.44 < ld  
10D  23.12 ± 2.77 − 7.16 − 3.84 0.25 ± 0.01 90.77 10.8 
10C  3.63 ± 0.40 − 0.22 − 7.77 0.77 ± 0.13 4.72 1.8 
10B  2.62 ± 0.65   0.39 ± 0.03 6.73  
10A  6.05 ± 2.14 − 6.00 − 1.17 0.16 ± 0.00 37.38 3.1 
1B  33.75 ± 4.78 − 8.90 − 5.38 1.44 ± 0.01 23.44 < ld 
1C  20.69 ± 0.38 − 5.68 − 5.61 1.67 ± 0.01 12.38 < ld 
1D  39.75 ± 0.98   1.84 ± 0.68 21.59  
1E  44.04 ± 4.16 − 0.33 − 7.07 0.54 ± 0.09 81.98 0.7 
13  20.57 ± 0.86 +0.61 − 4.52 1.16 ± 0.10 17.81 1.6 
14  7.60 ± 1.28 − 2.23 − 4.87 0.35 ± 0.11 21.72 0.9 

Barbalha Formation 8.1 A 113 12.38 ± 2.02   1.90 ± 0.01 6.53  
8.1 B  3.95 ± 0.12   1.59 ± 0.01 2.49  
8.2 A  10.41 ± 1.22   2.40 ± 0.01 4.33  
8.2 B  11.00 ± 0.28   2.05 ± 0.01 5.37  
17B  16.62 ± 2.57   1.73 ± 0.10 9.61  
17A  43.60 ± 2.28 +0.72 − 8.65 3.28 ± 0.01 13.30 4.7 
18  13.27 ± 0.36   1.42 ± 0.05 9.34  
19B  5.05 ± 0.26   0.96 ± 0.14 5.24  
19A  30.63 ± 5.90   1.52 ± 0.06 20.19  
20  3.47 ± 0.19   0.43 ± 0.08 8.10  
21B  3.90 ± 0.66   0.32 ± 0.04 12.18  
21A  2.69 ± 0.15   0.42 ± 0.04 6.42  
22  3.59 ± 0.21   0.30 ± 0.04 11.87   
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averaged 78.4 ± 6.6%; the detection limit of the procedure was 0.02 ng 
g− 1 Hg and the quantification limit of 0.06 ng g− 1. 

The concentrations of Mn and Sr were quantified in subsamples of 
approximately 0.5 g mixed in teflon tubes with 20 mL Aqua Regia (50% 
v/v) through a pre-digestion period of 20 min. After this time, digestion 
was performed in a microwave oven digester with a power of 1600 W 
and temperature of 175 ◦C, for 20 min. The final extract was transferred 
to Falcon tubes and the volume taken to 25 mL with HNO3 0.2% v/v. The 
reliability of the analytical results was monitored by means of the 
simultaneous analysis of certified sediment standard (NIST 1646A) and 
duplicate analyses of all samples. Standard recovery was higher than 
99% for the two elements; the detection limit of the procedure was 0.01 
μg g− 1 for Mn and 0.03 μg g− 1 for Sr. The content of the metals was 
quantified using Flame Atomic Absorption Spectrometry - AAS (AA 
6200, SHIMADZU). AA calibration was performed through the calibra-
tion curves of each metal constructed from MERCK standard solutions 
(1000 μg g− 1). 

Isotopes of C (13C and 12C) and O (18O and 16O) concentrations were 
analyzed in the CO2 extracted from samples by digestion with orto-
phosphoric acid at 25 ◦C. The CO2was carried to a Thermofinnigan Delta 
V Advantage mass spectrometer. Results are expressed in the δ notation 
(‰) with accuracy better than ± 0.1‰. Carbon and oxygen isotopic data 
were calibrated to international standards (Vienna Pee Dee Belemnite). 

There is no general agreement on how to select samples with primary 
C or O-signals, eliminating those that may have undergone post- 
depositional change of their isotope values. However, most studies, 
however, suggest that concentrations of Mn, Sr, Rb and Fe help in 
selecting samples that have undergone little or no alteration. Among 
those mostly used to make such an evaluation, Mn/Sr ratios seems more 
effective, since Sr is preferentially removed during recrystallization of 
meta-stable carbonate phases, whereas Mn is enriched during formation 
of late-stage ferroan calcite cement (Kaufman et al., 1993; Kaufman and 
Knoll, 1995; Jacobsen and Kaufman, 1999). In general, Mn/Sr ratios 
lower than 10 commonly retain near primary isotopic abundances. A 
δ13C and δ18O cross plots for all formations apparently scatter rather 
than co-variance seems to predominate. Ratios of Mn to Sr of samples 
subjected to δ18O analysis were mostly <10, but varied from 4.6 in the 
Romualdo Formation (with the exception of a single sample, number 23, 
with extreme δ18O of − 10.11‰; with Mn/Sr ratios higher than 10), to 
4.7 in the Barbalha and Ipubi Formations. In the Crato Formation ratios 
range from 0.7 to 6.6, but three samples gave values equal or slightly 
higher than 10, these samples, however, showed Mn and Sr concentra-
tions very close to the detection limit (dl), and therefore were not 
considered (Table 1). These observations imply that the δ13C and δ18O 

values in most of the samples reported here are primary or near primary 
values granting a consistent interpretation of the isotopic stratigraphy 
(Keith and Weber, 1964; Sial et al., 2008). 

Corroborating the Mn/Sr results, Fig. 3 shows a graphic plot between 
δ13C vs δ18O, firstly proposed by Keith and Weber (1964), this type of 
graph generally separates samples deposited under different environ-
mental conditions, and correct diagnosis is considerably improved in 
Jurassic and younger samples, such as those from the Araripe Basin 
reported here (Schobben et al., 2026). The evaluation of potential 
diagenetic overprints can also be assessed using the diagram, although 
and δ13C vs δ18O covariance depends largely on environmental factors 
rather than diagenesis, but together with well-calibrated biostratig-
raphy, recently published by Melo et al. (2020) for the Romualdo For-
mation and the Mn/Sr ratio already discussed, it is possible to have some 
control on the C-isotope data. The scattering of δ13C and δ18O values 
presented in Fig. 3, confirms the assessment from the Mn/Sr ratio that 
the majority of samples fall into the field of weak, if any, diagenesis. The 
sole exception, as noted in the Mn/Sr ratio is the sample with extreme 
δ18O values. 

Total organic carbon (TOC) was quantified according to Yeomans 
and Bremner (1998) in 0.1 g subsamples, digested with 5 mL K2Cr2O7 
0.167M solution and 7.5 mL of H2SO4 conc., at 170 ◦C, for 30 min. After 
cooling in room temperature samples were taken to 80 mL and 3 to 5 
drops of ferroin (1.485 g of o-fenatrolin plus 0.695g of ferrous sulfate in 
100 mL of deionized water) and titration with (Fe(NH4)2(SO4)2) 0.2M. 

4. Results 

Overall TOC concentrations varied from 0.16 to 13.85%, well above 
concentrations considered unreliable for using it as a proxy of biological 
productivity and C-org deposition in ancient sediments, thus making the 
use of the Hg/TOC proxy robust (Grasby et al., 2016; Charbonnier et al., 
2017). However, concentrations were different among formations. 
Highest TOC was found in the Ipubi Formation (3.05%–13.85%), in 
agreement with highest C-org deposition during this interval, as previ-
ously suggested (Assine et al., 2014). Second highest TOC values 
occurred in the Barbalha Formation (0.30%–3.28%) followed by 
Ramualdo and Crato Formations (0.16%–1.84% and 0.43–1.42%, 
respectively) (Table 1). The δ13C stratigraphy showed negative values in 
nearly all samples, varying from − 11.53 to − 0.22‰, but two positive 
excursions of +0.72‰ in the single sample from the Barbalha Formation 
and +0.61‰ in the Crato Formation, suggesting intense primary pro-
ductivity. Unfortunately, due to lack of carbonate layers, in 24 out of 49 
samples δ 13C could not be quantified. All δ18O values were negative 
varying from − 10.11 and − 1.17‰. 

There are no reported Hg chemostratigraphic analyses in the Araripe 
Basin deposits. Concentrations reported here are, therefore, the first 
records of this proxy in this geological setting. Late Albian sediments 
from the Romualdo Formation showed Hg concentrations varying from 
1.11 to 26.33 ng g− 1. Both samples from the Ipubi Formation showed 
relatively high Hg concentrations (8.91 and 20.37 ng g− 1). Carbonates 
from the Crato Formation (Late Aptian – Earlier Albian) showed Hg 
concentrations varying from 1.37 to 44.04 ng g− 1 and characterized by 
four sharp maximum peaks of 34.17 ng g− 1, 23.12 ng g− 1, 33.75 ng g− 1 

and 44.04 ng g− 1. 
In the Barbalha Formation, Hg stratigraphy showed concentrations 

varying from 2.69 to 43.60 ng g− 1, with the maximum Hg concentration 
peak simultaneous to a positive δ13C excursion (+0.72‰) and a negative 
δ18O excursion (− 8.65‰) (Fig. 4). 

5. Discussion 

Between 145 and 50 Ma, global oceans were influenced by numerous 
environmental changes related to intense pulses of igneous activity 
associated with the formation of LIPs, which resulted in chemical 
changes in oceans and atmosphere, increased temperatures, high 

Fig. 3. Graphic plot between δ13C and δ18O firstly proposed by Keith and 
Weber (1964) and modified according to (Schobben et al., 2026). Sample depth 
according to Fig. 2, but distance between samples in different formations is 
arbitrary to highlight differences within a single formation. 
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relative sea level, episodic deposition of black shales, high hydrocarbon 
production (Coffin et al., 2002). These changes are recorded in the 
stratigraphic variations in Hg concentration of Hg, δ13C, δ18O and TOC 
in the Araripe Basin. LIPs coeval with local and global biotic crises may 
be due to atmospheric-volcanogenic processes including ocean acidifi-
cation, metal poisoning, acid rain, ozone damage and consequent in-
crease in UV-B radiation, volcanic darkness, cooling and decreased 
photosynthesis (Grasby et al., 2015). Volcanic Hg emissions include 
mostly elemental gaseous (Hg0), with residence time in the atmosphere 
from a few months to up to 2 years, allowing its transport away from its 
source, reaching a regional and even global scale before deposition in 
terrestrial and marine environments. In the atmosphere, Hg0 is oxidized 
to reactive Hg2+, soluble in water and therefore enriched in rainwater 
(Sial et al., 2014, 2016, 2018). As a result, many studies have reported 

synchronous Hg peaks in the sedimentary record associated with recent 
(Roos-Barraclough et al., 2002; Lacerda et al., 2017) and prehistoric 
(Nascimento-Silva et al., 2011; Sanei et al., 2012; Sial et al., 2014) 
volcanic activities. 

The Araripe Basin does not present a record of volcanic activity in the 
basin, despite this, the Barbalha (113 Ma), Crato (112 Ma), Ipubi (108 
Ma) and Romualdo (100 Ma) Formations showed Hg peaks, and these 
formations may have acted as sedimentary deposit of Hg transported on 
a regional or even global scale, in their respective periods. It is possible, 
therefore, that at least some of the Hg peaks found in the above- 
mentioned formations would be related to volcanic activity external to 
the Araripe Basin and transported and deposited in sediments in this 
region. These peaks are coincident with the “superplume” volcanic 
event in the Middle Cetaceous and the initial Aptian volcanic eruptions 

Fig. 4. Concentrations of Hg (ng g− 1), C and O isotopes, TOC (%) and Hg/TOC ratio along the studied formations in the Araripe Basin, NE do Brazil.  
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in the Pacific, and this association is supported by the lack of corre-
spondence with any simultaneous peak in TOC distribution. 

In a global scale, the occurrence of a volcanic pulse in the Middle 
Cretaceous caused abnormal formation of the oceanic crust. The phe-
nomenon that occurred in the Pacific Ocean with an abrupt onset would 
have originated in a super-plume (about 125 Ma), increasing from 50% 
to 75% the rate of formation of the oceanic crust. This volcanic activity 
would have caused the creation of several oceanic plateaus in the Pacific 
and the extrusion of thick and extensive continental flood basalts. Vol-
canic activity would have started suddenly between 125 and 120 Ma, 
decreasing its intensity between 120 and 80 Ma. Also, the super-plume 
event displaced ocean water through underwater volcanic material, 
which resulted in an eustatic sea-level rise (Phelps et al., 2015), an 
occurrence observed in the depositional period of the Crato, Ipubi and 
Romualdo formations in the Albian. This event has produced an excess 
CO2in the atmosphere, accelerating the hydrological cycle and resulting 
in increasing continental runoff and weathering, augmenting sediment, 
nutrients and trace elements transfer to the sea and eventually inducing 
bio-calcification crises (Phelps et al., 2015; Sabatino et al., 2018). 

Between the Late Aptian and the Early Albian there were significant 
changes in the carbon cycle associate with an OAE connected to the 
Kerguelen volcanism, but the lack of precise ages prevents a correlation 
with the mentioned events. A section in the Poggio le Guaine, Umbria- 
Marche Basin in Italy displays anomalous Hg concentrations during 
this interval. The Hg enrichment was associated with increasing Hg 
emissions from volcanism of the major phase of the Kerguelen LIP 
(Sabatino et al., 2018).The explosive nature of the Kerguelen volcanism 
would have ejected Hg-enriched particles and gaseous Hg to the 
stratosphere, allowing its global distribution (Coffin et al., 2002). The 
Kerguelen Oceanic Plateau in the South Indian Ocean is the world sec-
ond largest and is operationally classified in five distinct dominions: the 
South Kerguelen Plateau (SKP) (~119-110 Ma), the Central Kerguelen 
Plateau (CKP) (~103-95 Ma), the North Kerguelen Plateau (NKP), Elan 
Bank (~114–109.5 Ma) and Broken Ridge (89.2–88 Ma) (Coffin et al., 
2002; Frey et al., 2002; Courtillot and Renne, 2003).The observed Hg 
spikes from the Poggio le Guaine section coeval with some formations of 
the Araripe Basin, which are also characterized by Hg spikes unassoci-
ated with TOC distribution, suggesting distal volcanic emissions as the 
likely origin of the Hg spikes, that are linked to Kerguelen volcanism. 
The negative δ13Cexcursions also suggest significant environmental 
changes. 

Regionally intensive volcanism in South America occurred in the 
Creataceous attested by the basalts of the immense Serra Geral Forma-
tion, one of the largest in the planet. However, the largest lava pro-
duction took place between 134.5 Ma and 129 Ma (Pinto et al., 2011), 
therefore, hardly affecting the Araripe Basin geochemistry. 

The high affinity of Hg to organic matter allows an interpretation of 
the importance of internal process on Hg concentration in sedimentary 
profiles through the Hg/TOC ratio (Gehrke et al., 2009). Once in the 
marine environment Hg can be incorporated by plankton and/or 
absorbed onto suspended particles, both scavenge Hg to bottom sedi-
ments where deposition and further burial occur. In most open water 
environments organic matter dominates over clay particles, which 
normally deposit close to fluvial sources (Lacerda et al., 2020). Thus 
Hg/TOC ratios can be used as a proxy of environmental conditions and 
external sources of Hg to sediments (Sanei et al., 2012; Grasby et al., 
2013, 2016; Font et al., 2016; Charbonnier et al., 2017). 

Various studies have also observed discrete peaks in the Hg/TOC 
ratios in the sedimentary record, in particular the Cretaceous-Paleogene 
boundary around the world, when dinosaurs became extinct, among 
other groups (see Sial et al., 2018) for a recent, comprehensive review). 
These peaks were associated with the Deccan volcanism and have 
intensified the debate on impact vs volcanism as the major cause of 
dinosaur extinctions (Font et al., 2016). Other boundaries coeval to 
biological crises seems to present similar results. In the Sverdrup Basin 
(Arctic Canada), Hg/TOC ratios were used to characterize changes in 

biogeochemical cycles during the Permian-Triassic biological crises. The 
ratios showed a strong co-variation between Hg and TOC, but a large 
Hg/TOC peak occurs in the at the end of the Permian, suggesting an 
anomalous event resulting in an extra-large load of Hg to the environ-
ment, in this case associated with the Siberian Traps volcanism. During 
most of the Permian-Triassic transition, Hg/TOC ratios were relatively 
constant suggesting an oceanic baseline for the period (Grasby et al., 
2013). 

In the Araripe samples Hg concentrations showed no significant 
correlation (n = 49, p > 0.05) with TOC. Although there is no clear 
indication that sedimentary deposition of formations in the Araripe 
Basin occurred concomitantly with volcanic activity, concentrations of 
Hg that deviated from the linear Hg/TOC relationship, suggests an 
external source of Hg to the basin, such as volcanism. Emissions could 
reach the basin either through direct atmospheric deposition and/or 
through connections with distal sites by transgressions of seas enriched 
in Hg. 

The Middle Cretaceous (about 120 to 80 Ma) was considered a period 
of enhanced greenhouse effect, with high atmospheric concentrations of 
CO2, high global average temperatures (Larson and Erba, 1999; Wilson 
and Norris, 2001) and a series of ocean anoxic events (OAE) that pro-
moted the widespread deposition of marine sediments rich in organic 
carbon and significant biological changes. Global stratigraphic data 
highlights that average sea levels throughout the Cretaceous remained 
~75–250 m higher than present day mean sea level (PDMSL). Haq 
(2014) showed a relatively high and stable sea level in the Aptian to the 
Albian, with variation of only ~15 m, but followed by a rapid increase to 
a maximum of ~205–215 m above PDMSL. 

Müller et al. (2008) made a comprehensive reconstruction of the 
temporal variability of the area and the relationship between area and 
depth of the ocean bottom, including the remaining subducted crust, in 
the last 140 Ma. This reconstruction also considered the effects of 
changes in continental crust production, sediment inputs, and the 
location and intensity of LIPs, factors that would have resulted in a total 
sea level increase by almost 100 m since 140 Ma, with larger pulses at 
about 120, 110, 90, 60 and 40 Ma, suggesting a sea level at the end of the 
Upper Cretaceous of about 170 m (85–270 m) relative to PDMSL. In 
addition, they have estimated a total sea level increase of about 70 m 
between 140 and 110 Ma, causing continental flooding in the Creta-
ceous. When considering the effect of LIPs in the Albian stage, the au-
thors highlight the influence of the Kerguelen plateau. 

The Kerguelen LIP represented a continuous process that began with 
the dismemberment of Gondwana and the formation of the Kerguelen 
plateau in the Cretaceous (Borisova et al., 2014; Olierook et al., 2019). 
Among the various phases of volcanic activity, Elan Bank, a western 
microcontinent of Kerguelen that originally stood between India and 
Antarctica in Gondwana, had its basaltic volcanism occurred around 
109 Ma (Ingle et al., 2002). The Aptian-Albian interval in the Araripe 
Basin was therefore influenced by the global climatic conditions pre-
vailing during the Cretaceous period, including a warm and highly sa-
line ocean with regressive-transgressive cycles that lasted approximately 
1–3 Ma (Fambriniet al., 2019). It is thus possible, that part of the 
observed Hg peaks recorded in the Araripe Basin could have originated 
during independent on the location of its origin in the Atlantic Ocean 
(Martill et al., 2007; Heimhofer et al., 2008).The first marine trans-
gression in the Araripe Basin occurred in the Late Albian, dated at 104.2 
Ma and resulted in the shale deposition in the Ipubi formation. This 
formation is represented by a siliciclastic-evaporitic succession, repre-
senting the phase I post-rift, a shallow marine-lacustrine environment. A 
subsequent transgression would have caused the deposition of silici-
clastic rocks of the Romualdo Formation on top of the strata of the Ipubi 
Formation, and also promoted a new event of karst formation of the 
upper evaporite beds of the Ipubi (Fabin et al., 2018). 

The Romualdo Formation shows clear evidence of a paleoenviron-
ment with marine transgressions or marine transition areas (Valença 
et al., 2003; Santana et al., 2013; Melo et al., 2020), suggested by the 
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abundant occurrence of fossils of marine organisms (Assine et al., 2014; 
Kellner, 2002; Pinheiro et al., 2014) and strengthening the idea that the 
Romualdo Formation deposited under some degree of salinity and 
although a relatively isolated region from the sea, the latter could have 
flooded the basin sporadically (Santana et al., 2013). The Kerguelen LIP 
activity may have been the main trigger of eustatic marine trans-
gressions in the Araripe Basin. The Aptian-Albian was a phase marked by 
an intense nutrient cycle coupled to an accelerated global hydrological 
cycle resulting from an increase in atmospheric CO2. During this period 
Pangea experienced a process of accelerated disintegration, resulting in 
an enlargement of the seabed, associated with the onset of volcanic 
activity in the Pacific (Weissert, 1989). Most of these environmental 
changes are registered as changes in the δ13C and δ18Ocomposition of 
carbonates that varied among the different formations of the Araripe 
Basin. 

Carbon isotope stratigraphy in the Barbalha Formation, although 
represented by only one value (δ13C +0.72‰ VPDB), in a sample with 
the highest recorded TOC content (3%), suggests a high bioproductivity 
and represents the registration of the onset of the first lake system in the 
basin (Assine, 2007). The simultaneous δ18O record (− 8.65‰ VPDB) 
also suggests a warm period influenced by high precipitation. Up the 
stratigraphic column, at the beginning of Albian in the Crato Formation, 
δ13C was mostly negative (− 8.90 to +0.61‰ VPDB) and suggests a fresh 
water environment possibly formed through the contribution of mete-
oric water and/or with the contribution of CO2 from the mantle. The 
three positive excursions in the δ13C profile represent repeated cycles of 
an environment that suffered gradual deterioration of organic produc-
tivity, followed by its recovery or more saline lagoon environment at the 
most positive points. The mostly negative δ18O profile of the Crato 
Formation also presented repeated positive and negative oscillations, 
suggesting gradual temperature fluctuations and changes in the lake 
level, as well as the existence of fresh water during carbonate precipi-
tation. A similar scenario was suggested base on Aptian lacustrine car-
bonates of Serra do Tonã, Tucano Norte Basin also in NE do Brazil, that 
showed δ13C varying from − 8.76 to 1.41‰ VPDB and δ18O from − 14.28 
to − 4.14‰ VPDB, characterizing a close lacustrine system with fresh 
water in the base and more saline waters in intermediary layers. These 
laminated carbonates are morphological very similar to those of the 
Crato Formation (Silveira et al., 2014). 

The negative δ13C excursions (− 4.81 to − 8.15‰ VPDB) and δ18O 
(− 3.40 to − 4.77‰ VPDB) in the pyrobituminous shale of the Ipubi 
Formation in addition to high TOC (3.05–13.85%) are typical of an 
anoxic environment and displaying high preservation of C-org. The 
bituminous black shales of the Ipubi Formation may contain up to 25% 
TOC, a consequence of the transgressive pulse caused by a relative in-
crease in the level of the lake (Fabin et al., 2018). The δ18O values in 
sulfates of this formation, varied between +7.72‰ and +13.30‰, sug-
gesting a marine environment with its evaporites deposited in a sub-
aqueous context (saline) and intra sediment in a coastal sabkha, which 
explains the enrichment of Hg in these sediments whose maximum peaks 
disappear when normalized by TOC (Bobco et al., 2017). 

In the Late Albian Romualdo Formation, the TOC curve, partially 
corroborated by the small number of δ13C, suggests increasing primary 
productivity under more arid conditions and possible marine deposition, 
suggested by the dense coquinoid layer, including rich fossils of ostra-
cods, mollusks and equinoderms of typical marine origin present in this 
section (Maisey and Carvalho, 1995; Assine, 2007). Most δ18O values are 
negative throughout, the most negative value at the top (− 10.11‰ 
VPDB) of the section, a value not typical of marine carbonates that may 
represent a diagenetic overprint of oxygen isotopes. In fact Mn/Sr ratio 
of this sample is slightly higher than 10, also suggesting some overprint. 
Positive excursions of δ13C may also suggest the occurrence of an 
episode coupling changes in the global carbon cycle and the submersion 
of the continental shelf, as a consequence of enhanced greenhouse 
conditions, which may have been triggered by episodes of extensive 
volcanism (Föllmi et al., 1994). In this scenario, the Romualdo 

Formation was a submersed area with marine influence with prevailing 
increase in biological productivity in an environment with warmer 
temperatures and increased precipitation in the more recent layers. 

The negative shift of δ13C, recurrent in several crises related to 
smaller biological productivity may result from the introduction of large 
amounts of CO2 into the atmosphere through intense volcanism, which 
in many cases are coeval with LIPs (Pálfy et al., 2001). In this context 
extrinsic mechanisms related to the presence of important episodes of 
volcanism in the Cretaceous, such as the Kerguelen Plateau may have 
induced climatic, oceanographic and environmental changes in a global 
context which caused disturbances in the Araripe Basin environment. 

Among mechanisms associated with the Kerguelen LIP, OAEs result 
from profound changes in the global ocean state and major disturbances 
in the global carbon cycle. Although the triggering mechanism of these 
events is not fully understood, OAEs may result from an abrupt increase 
in temperature, induced by the rapid influx of CO2 into the atmosphere 
from volcanogenic and/or methanogenic sources (Phelps et al., 2015). 
OAEs are recorded by the anomalous occurrence of black shale units rich 
in organic carbon, deposited under poorly oxygenated conditions 
evolving to anoxic and finally euxinic (sulfidic) conditions (Jenkyns, 
2010). 

Numerous extinction events appear well associated with most OAEs 
during the Jurassic-Cretaceous, including the beginning of the Toartian 
(Posidonienschiefer event, T-OAE, ‘183 Ma), Early Aptian (Selli event, 
OAE 1a, ‘120 Ma), Albian (Paquier event, OAE 1b, ‘111 Ma), Late Albian 
(OAE c, OAE 1d) and Cenomanian-Turonian (Bonarelli event, C/T OAE, 
OAE 2, ‘93 Ma) (Jenkyns, 2010). Transgression during the compound 
sequence of the Early Aptian (124-119 Ma) and the effects of OAE 1a 
appear related to underwater volcanism in the Ontong-Java Plateau that 
coincided with an eustatic increase in the global stratigraphic records. 
Immediately after EOA 1a, the platform’s second submersion event and 
the start of shale deposition began with the Fallot Event and continued 
during the Paquier event of the OAE 1b set. The Fallot event and the OAE 
1b set were preceded by long-term negative trends for δ13C in several 
segments. Similar to what occurred in OAE 1a, the eustatic increase in 
the Late Aptian composite sequence (119-110 Ma) and the negative δ13C 
values were coincident with the volcanism of igneous province in the 
Nauru-Mariana Basin and the Kerguelen Plateau (Weissert and Erba, 
2004; Phelps et al., 2014, 2015). 

Heimhofer et al. (2008) point out that the deposition of pyrobitu-
minous shales in the Araripe Basin was related to an overall eustatic 
increase in sea-level. The authors proposed three different scenarios to 
explain the intensified accumulation C-org in the Araripe Basin; (1) 
coastal erosion as a direct response to sea level rise and nutrient leaching 
during a transgressive event, leading to increased fertilization of surface 
waters and increased productivity in basin waters; (2) a circulatory 
pattern associated with thermohaline stratification, where increased 
productivity would have been triggered by high streams of riverside 
nutrients and, in combination with salinity-controlled surface water 
stratification and limited vertical mixing, resulting in oxygen deficiency 
conditions within the water column and at the bottom of the sea; (3) 
intrusion of anoxic (or oxygen deficient) waters from the evolving 
Atlantic Ocean. 

The Crato Formation that precedes the Ipubi Formation in the 
stratigraphic profile of the Araripe Basin, characterized by thick car-
bonate sequences, has been considered as a saline lacustrine deposi-
tional unit with eventual intrusion of fresh water (Bruno and Hessel, 
2006) and may have its sedimentation interrupted as an antecedent 
phenomenon of OAE 1b that may have influenced the Ipubi Formation. 
In a study by Phelps et al. (2015) it was highlighted that on four separate 
occasions, low-amplitude eustatic sea level rise and environmental dis-
turbances involving ocean anoxic events 1a, 1b, 1d and 2 interrupted 
carbonate deposition on the Comanche Platform (northern Gulf of 
Mexico), with shale deposition accompanied or immediately at each 
episode of flooding on the platform. 

The major drivers of the environmental changes that occurred in the 
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Aptian-Albian stage that led to the extinction of species in the Araripe 
Basin, volcanism and OAEs, are suggested by the stratigraphy of Hg and 
isotopes of C and O. Among them, volcanism has already been suggested 
as one of the main causes of intense biological crises (Font et al., 2016; 
Benigno et al., 2018). Fig. 5 presents the stratigraphic profile of Hg, 
δ13C, δ18O, TOC and the Hg/TOC ratios, relating them to the period of 
activity of the Kerguelen LIP that may have influenced the occurrence of 
biological disturbances in the Araripe Basin. The Hg peaks observed in 
the Crato and Romualdo Formations show independence from TOC 
variations, strongly suggesting the influence of volcanism on the basin 
and in local biological crises. At least for the Romualdo Formation, 
recent work (Saraiva et al., 2007) of the intensity of fish mortality places 
peaks of mortality coincident with Hg/TOC positive excursions I and II 
shown in Fig. 4, which are coeval with the Central Kerguelen Plateau 
volcanic activity. However, one has to take into consideration the 
scarcity of quantitative data on the fossil record of the Araripe Basin; 
therefore the association between distal volcanism and biological crises 
is still debatable. It is known that strong negative excursions of δ13C in 
marine carbonates generally appear related to periods of mass extinc-
tions (Kump, 1991), which implies that biotic crises are associated with 
changes in the global carbon cycle (Pálfy et al., 2001). Keller (2008) 
complements and argues relating biotic crises to generalized OAEs 
accompanied by changes in sea level and climate change, such as those 
in the Aptian-Albian, leading to high stressful conditions to the biota, 
largely due to high levels of nutrients associated with heating, increased 
weather extremes and the onset of LIPs. In the Ipubi Formation, OAEs 
may have played a most significant role as driver of local biological 
crises. Although expansive seas have provided new habitats for marine 
and terrestrial life from shallow waters, leading to diversification, they 
can be considered a potentially critical influence on extinctions. For 
rapid regressions can seriously decrease the space of the marine 
ecosystem, leading to marine extinction as observed in several Faner-
ozoic extinctions (Kidder and Worsley, 2010). 

6. Conclusions 

Along the stratigraphic profile covering the four main formations of 
the Araripe Basin we observed the existence of high Hg concentration 
peaks in some of the analyzed samples not associated with an increase in 
TOC deposition. This result corroborates the hypothesis that volcanism 
possibly influenced changes in oceanic and climatic conditions that led, 
at least in part, to the death of fauna and flora in the Araripe Basin, 
particularly in the Romualdo and Crato Formations. Although dating is 
still limited, the major period of Kerguelen LIP volcanism is coeval with 

Hg peaks in the mentioned formations. TOC-independent Hg anomalies 
strongly suggest a direct action of volcanism, as reported in other sites 
during the Cretaceous. In the Ipubi formation, however, impact of 
volcanism is uncertain and cannot be separated from background pro-
cesses and/or cumulative environmental changes, suggested by the 
strong relationship between Hg and TOC, a possible result of increasing 
C-org deposition and OAE conditions in the basin. It is possible, there-
fore, to correlate the contribution of Kerguelen’s volcanism to paleo-
environmental stress in the Araripe Basin, which would have caused 
environmental disturbances and directly and indirectly resulted in bio-
logical crises denounced by the fossil record. 
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lacustres aptianos da serra do Tonã, subbacia de Tucano Norte, NE do Brasil. Est. 
Geol. UFPE 24 (2), 47–63, 2014.  

Tomé, M.E.T.R., Filho, M.F.L., Neumann, V.H.M.L., 2014. Taxonomic studies of non- 
marine ostracods in the lower cretaceous (Aptian-Lower albian) of post-rift sequence 
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