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Abstract

The Ipubi Formation of the Santana Group, Arari@siB, Brazil, is characterized by
black shales and overlying evaporite deposits arsliggested to record the transition
from lacustrine to marine depositional environmenite date, the age of the black
shales, constrained only by microfossils, is pooyermined, with ages spanning ~25
myrs from 125 to 100.5 Ma (Aptian-Albian). Here me@sent new Re-Os elemental and
isotopic data to provide the first absolute agetfiose rocks of the Ipubi Formation and
an improved understanding of the depositional malewonment of the Araripe Basin.
The Re-Os isotope data for Ipubi Formation blacilesh yields a depositional age of
123 + 3.5 Ma, with a highly radiogenic initifl’'Os**®0s composition (Qsof 1.97 +
0.02. The Re-Os age indicates that the depositidheolpubi Formation black shales
occurred during the Late Barremian / Early Aptipnor to the onset of OAE 1a, in a
highly restricted marine / lacustrine setting.
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1. Introduction

Located in northeastern Brazil, the Araripe Basm,the Borborema Province, is
characterized by a Pre-Cambrian basement that iexhab predominant northeast-
southwest structural orientation. As a result, éinehitecture of the Araripe Basin is
strongly characterized by horsts and grabens,weat formed in association with the
rifting of Gondwana and the opening of the SoutHawtic during the earliest
Cretaceous (Hauterivian; Fig. 1; Matos, 1992; Pamted Ponte Filho, 1996). The
Araripe Basin comprises the Vale do Cariri, and @@pada do Araripe regions that
exhibit positive, tabular, and elongated E-W relieth sedimentary strata that gently
dip to the west (Assine, 2007). Deposited into @inacratonic setting, the Paleozoic
Cariri Formation represents the earliest sedimemtain the basin (Assine, 2007).
Mesozoic successions comprise the pre-rift Cretaxddeocomian Brejo Santo and
Missao Velha formations, syn-rift Berriasian-Hautin Abaiara Formation, post-rift |
Aptian-Albian Santana Group (Barbalha, Crato, Ipaiid Romualdo formations), and
the post-rift Il Albian-Cenomanian Araripe Groupréfipina and Exu formations; Fig.
2; Ponte and Ponte Filho, 1996; Batten, 2007; As<t007; Scherer et al., 2014; Assine
et al., 2014; Neumann and Assine, 2015; Fambrial.e019).

The Araripe Basin has received significant attantimainly because of its rich fossil
content of the Santana Group (Crato and Romualdmdtions) which have been
utilized for paleoenvironmental, paleoclimatic, gécologic and paleogeographic
reconstructions (Beurlen, 1964; Lima, 1978; Aradl2, 2014; Tomé et al., 2014;
Sucerquia et al., 2015; Prado et al., 2015; Pegtia., 2016; Field and Matrtill, 2017,
Oliveira and Kellner, 2017). The Crato Formatiorludes one of the most critical
terrestrial arthropod assemblages in the worldtdu&e presence of primitive mayfly,
dragonfly, earwig, grasshoppers, beetles, buttsiflspiders and scorpions (Martill et
al., 2007). Ostracods, conchostracans and a raneeaa shrimp represent the
crustaceans (Schweigert et al., 2007). Fossilizel &re dominated byDastilbe
crandalli, Cladocyclus, Lepidotes andAraripelepidotes (Davis and Martill, 1999), with
Vinctifer, Cladocyclus, Rhacolepis, Notelops, Mawsonia and Axelrodichthys also being
present in the Romualdo Formation. Further, wedsprved wing membranes and wing
fibres, claw sheaths, foot webs, and a heel padptefosaurs Arthurdactylus,
Ludodactylus, Ingridia, Santanadactylus,  Araripesaurus, Cearadactylus,

Brasileodactylus, Anhanguera, Lacusovagus) have been discovered from the Crato and
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Romualdo formations (Martill and Unwin, 1989; Mértand Frey, 1998; Frey et al.,
2003; Unwin and Martill, 2007; Witton, 2007), witldditional dinosaursli(itator,
Angaturama, Santanaraptor and Mirischia) being known in the Romualdo Formation
(Kellner, 1996, 1999; Matrtill et al., 1996, 2000).

The age atributted to the whole-entire Santana eundicated-eharacterized by the
Cytheridea spp. 201-208 Zone (NRT-011; Fig. 3; Coimbra et2002). In contrast-the
diverse palynomorphs reported to this group define palynozones: thé&ergipea
variverrucata Zone (Barbalha and Crato formations) and tDieatricosisporites
avnimelechi Zone (Ipubi and Romualdo formations; Coimbra et2002). These zones
coincide with the interval between the Rio da Samd Alagoas local stages (Berriasian
to Aptian). Nevertheless, microfossils (eRattersoncypris angulata, Pattersoncypris
micropapillosa, Alicenula leguminella) present in the Santana Group suggest that the
Ipubi and Romualdo formations were deposited dutitegtemporal framework of the
Aptian and Albian stages (Regali, 1990; Coimbraakt 2002). The presence of
Darwinula in the -argillite greenish mudstone that-infill aceng filling fractures-in
crosscutting the evaporites overlying the blackleshgboth lithologies of the Ipubi
Formation) and the presence of a single gyrogasiit€harophyta, has resulted in a
Darwinula-Charophyta association for the Crato, lpubi and Romualdo fadrans.
Thus, this is considered to-which constrain the @igine Ipubi Formation black shales
to the Aptian and Albian stages (Fig. 3; Silva, 39%ilva-Telles and Vianna, 1990;
Neumann, 1999; Tomé et al., 2014).

Therefore,—eur—current-knowledge of until now thge sand—evelution of the Ipubi
Formation is based solely on biostratigraphy, whidmstrains the deposition of the

Ipubi Formation to a ~25 myr interval-that-encongessboth within the Aptian and
Albian. To provide an improved understanding of teposition timing of the Ipubi

Formation and the entire Santana Group, and thkigwo of the Araripe Basin, here
we apply the rhenium-osmium isotope chronometénéolpubi Formation black shales
and in turn show that the formation can be tiethtolatest Barremian / earliest Aptian

that was deposited in a lacustrine/highly restdetearine-influenced paleo-setting.
2. Geological aspects of the | pubi Formation

The Ipubi Formation stratigraphically lies betwetre lacustrine limestones of the

underlying Crato Formation and the marine calciisreandstones and mudstones of the
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overlying Romualdo Formation (Ponte and Appi, 1988sine, 1992, 2007; Neumann
and Cabrera, 1999; Assine et al., 2014; NeumannrAgsihe, 2015). Previous research
has proposed that the post-rift phase | intervaésesented by the Santana Formation,
with the Crato, Ipubi and Romualdo being membersgwveen named differently (e.qg.,
Santana Formation instead Romualdo Formation; Beud971; Lima, 1979; Assine,
1994; 2007; Martill, 2007). More recently, it haselm suggested that the Ipubi black
shales and evaporites is a unit within the Cratanidler (limestones) of the Santana
Formation, with the different lithologies recorditegeral variations that were deposited
contemporaneously based on the order of marineoeit@p and the absence of subaerial
exposure and erosion (e.g., Bobco et al., 2017dlésof et al., 2019). However,
regional lithology interdigitation of the Crato Feation with the Ipubi Formation
evaporite is not observed (Bobco et al., 2017; Gaid et al., 2019). Further, the
proposal of interdigitation does not consider threspnce of regionally recognized
subaerial exposure that separates the Crato, ljani,Romualdo units (Silva, 1986;
Neumann and Cabrera, 1999; Assine et al., 2014mdan and Assine, 2015; Fabin et
al., 2017). For example, the top of the Crato Fdionas composed of calcrete formed
under subaerial conditions (Neumann and Cabre&9;IRabin et al., 2017), and the top
of Ipubi Formation that is characterized by a subhexposure and erosion (karst
surface) marked by large isolated columns and eveaitt depressions, pits and
escarpments composed by clasts of gypsum, shaes;tdimedium sandstone and
quartz pebbles (Silva, 1986; Fabin et al.,, 2017astly, based on mapping,
stratigraphical correlation and sequence stratlgrgpell-known criteria considered to
establish lithostratigraphic units according toa8graphic Guide by International
Commission on Stratigraphy), the stratigraphicustaif Ipubi and Santana units were
changed to “Formation” and “Group”, respectively e(Mhann and Cabrera,1999;
Neumann and Assine, 2015), Based on the latteroandbservation in both outcrop
and boreholes we adopt the stratigraphic propdddeamann and Assine (2015).

In the post-rift phase | tectonic-sedimentary segeeof Araripe Basin, the Ipubi
Formation comprises an evaporite (gypsum and artkydinterval 12-30 m thick
associated with black shales of up to 5 m thicknfriits base, totaling 30 to 40 m in
thickness (Neumann and Assine, 2015; Fabin eR@l7). In the southwestern border
region of the Araripe Basin, this formation dirgctiverlies the Precambrian basement
units (3.4 to 2.1 Ga; Silva et al., 1997; Fettenlet 1999; Sato et al., 2012; Ancelmi,
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2016; Martins, 2017; Vale, 2018). In contrast,hie hortheastern region of the basin the
Ipubi Formation overlies limestone of the Crato rRation or units of older (Early
Cretaceous) tectonic-sedimentary phases of then fds@umann and Cabrera, 1999;
Assine et al., 2014; Fabin et al., 2017). Conceyrilre representative area chose to
sampling in this contribution, in the southwestpamt of the basin, the Ipubi Formation
black shales are characterized by dark to grayeshahudstones, and carbonates,
laminated, ostracode-rich, with pyrite and are roiwous (this study; Assine et al.,
2014; Goldberg et al., 2019). Regionally, the ugpmtion of the black shale interval is
interbedded with the gypsum lenses (< 10 cm wide) bhedding-parallel fibrous
gypsum veins (Fabin et al., 2017). In the middletleé evaporite sequence, a sub-
horizontal unconformity can regionally be obserniedboth the southwestern and
northeastern borders of the basin (Souza Neto,&@l3), which is filled by succession
(40-60 cm wide) composed, from bottom to top, bwnplfossil-bearing greenish
mudstones, ostracd-conchostracan-rich laminatetsraad thin black shales, and with
gypsum-lenses (Souza Neto et al., 2013; Assind.,eR@l4; Goldberg et al., 2019).
Detailed petrographic observations and XRD analysdisate that the black shales are
predominantly composed of clay minerals (essentidlite-smectite), calcite, K-
feldspar, quartz and minor celestite, apatite, anlfides (Souza Neto et al., 2013;
Nascimento Jr et al., 2016). The rocks are orgamatter rich (TOC > 10 to 29 %;
Souza et al.,, 2013; Castro et al., 2017), with bliqoid chromatography data
((saturated + aromatic)/(polar) hydrocarbon ratiasn 0.12 to 0.88; Lucio et al.,
2016a) and pyrolysis data indicating the shalebadydrocarbon immature {Ix <
435° C and Pl < 0.1; Castro et al., 2017) but eredbwith a large gas potential,($
200 mg/g; Castro et al., 2017). Pristane/Phytatiesraf < 1 (Silva et al., 2014; Castro
et al., 2017) and V/(V + Ni) ratios between 0.6 @n8 (Lucio et al., 2016b) of the
shales propose deposition under reducing conditions

The presence of dynoflagellateSpifierites and Subtilisphaera; Arai and Coimbra,
1990) and palynoforaminifers (organic linings ariied material; Lima, 1978; Arali,
2012; Goldberg et al., 2019), predominance of addvienn-alkanes (Silva et al.,
2014), and low organic phosphorus content (< 2 8tiz& Neto et al., 2013) in the black
shales is interpreted to indicate deposition inaaine setting, which is supported by the
sulphur isotope dat®{'S = ~10 to 18 %o; Bobco et al., 2017) of the overyevaporite

unit. However, a pure marine setting for Ipubi Fation black shales is not supported
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by the presence of non-marine ostracddarbinia alta and Darwinula; Antonietto et
al., 2012; Tomé et al., 2014) and lacustrine fa¢fessine, 2007; Assine et al., 2014).
Based on the presence of evaporites, the Southesiralian sabkha environment has
been proposed as a modern day analogue model dgpaleogeography of the Ipubi
Formation (Silva, 1988; Oliveira et al., 1979; Assi2007; Assine et al., 2014; Bobco
et al., 2017; Fabin et al., 2017; Goldberg et2819). being known as a shoreline with a
restricted connection to the open ocean (Warrebh6R0

3. Sampling and analytical methods

Nine samples of black shales were collected fromm tpubi Formation in the
southwestern portion of the Araripe Basin from dpen pit Campevi mine in Gergelim
County that excavates the evaporate of the IpubmBton (Fig. 2). The Ipubi
Formation black shales occur stratigraphically ixetbe evaporite sequence and are
present beneath the quarry floor. To sample thedtion, trenches in the quarry floor
were dug about 1 m vertically beneath the surfagwsure and ~4 m laterally from
each other. The trenches were dug to expose a ttatigsaphic interval of the Ipubi
Formation black shales (Fig. 4). All exposed swefashowed black shales with
variations in their facies (described below), wareveathered and care was taken to
avoid zones of fractures and gypsum-veins and ekerthat were present in some
trenches. The stratigraphic profile (Fig. 4) of thiack shale unit comprises from
bottom to top a 20 cm thick bituminous mudstonehvanh incipient laminar structure
(~20 cm wide) that is overlain by a 30 cm interefbituminous black shale exhibiting
a millimeter to centimeter intercalated successibhght-coloured marls. The latter is
overlain by 50 cm interval of bituminous laminatblhck shale that is fossiliferous
(plants, preferentially preserved with a brown ghdsphate-rich coating), with pyrite-
bearing nodules (< 5 mm diameter), and gypsum-ecdses (> 3 cm long). Samples
were collected at a same deep position, about firedominantly from the mudstone

and black shale interbedded marl horizons (seeeThldr detail).

At the Laboratory of Geochemistry Applied to Pettoh at the Federal University of
Pernambuco, the samples were washed with deionvager, then dried (at 60 °C for
~12 h) in an oven and powdered (~25 g) in an eteeigate grinder (Pulverisette 7
classic line). The organic matter (OM %) and cadiencontents (CaGO%) were

obtained by weight-loss (at 360 °C for ~4 h andQ06 for ~1 h, respectively) and



193
194
195
196

197
198
199
200
201
202
203
204
205
206
207
208
209
210

211
212
213
214
215
216
217
218
219
220

221
222
223
224

aluminium content (Al ppm) by Energy Dispersive a§rFluorescence (EDXRF),
respectively (Table 1). The Al content was useddlzulate the enrichment factor of
both Re and®“Os content in the organic-rich sampled horizon édlgand Maynard,

2004; Tribovillard et al., 2006; Table 1).

The Re and Os isotopic compositions and elemebiahdances for the rock powders
were determined at the Durham Geochemistry CenterDarham University.

Approximately ~1 g of sample powder was digestetth wimixed tracer (spike) solution
of 2*%0s and'®Re in a CY'-H,S0; solution at 240 °C for ~48 h (cf. Selby and Crease
2003). The Cf'—H,S0, dissolution media selectively liberates the hyemmus Re and

Os from the sediment limiting any detrital conttibn (Selby and Creaser, 2003;
Kendall et al., 2004). Rhenium and osmium werefjaarifrom the acid solution using
solvent extraction, micro-distillation and anionr@matography methods. The purified
Re and Os fractions were loaded onto Ni and Pinglats, respectively (Selby et al.,
2007), with the isotopic measurements conductedgusegative thermal ionization
mass spectrometry (Creaser et al.,, 1991) on a TheBaientific TRITON mass

spectrometer via static Faraday collection for Rd Bn-counting using a secondary
electron multiplier in peak-hopping mode for Ostlie Arthur Holmes Laboratory at

Durham University.

The uncertainties fot®’Re/®0s and*®’0s/*%0s was performed by error propagation
incorporating uncertainties from the Re and Os nsagstrometer measurements, total
blank abundances (Re = 12 + 1 pg, Os = 0.08 £ p)Zand Os isotopic composition
(**’0s®®0s = 0.23 + 0.01), spike calibrations, and reprdullity of standard Re and
Os isotopic values. The Re-Os isotopic datac&@culated uncertainties fof'Re/*%0s
and *’'0s/%0s and the associated error correlation functito;(tudwig, 1980) are
regressed using the beta version of Isochron pnog(ai et al., 2019) which
incorporates the benchmark Isoplot algorithm (Lugw2012) and the Monte Carlo
sampling method for error propagation to yield aGeage using the '*'Re constant
of 1.666€"* + 5.165€"* a™* (Smoliar et al., 1996).

In the beta version of Monte Carlo Isochron techaidLi et al., 2019), a prescribed
number of isochrons (£ are created from the input data and their comedimg
probability density function (analytical uncertainof **'Ref®*¥0s and '*'0s/*%0s
values, and their error correlation, rho). The agd Osestimate for each iteration are
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crossed plotted yielding a probabilistic distriloatithat includes analytical uncertainty.

Model uncertainties, those attributed to the isoohilinear regression, are also
calculated. In the Isoplot program (Ludwig, 20128)Model 1 age implies that the

assigned @ uncertainties and calculated error correlatiores the only cause of the

scatter in the data-points from the regression; hmieereas a Model 2 best-fit assigns
equal weight and zero error-correlations to eacimtpan contrast, a Model 3 age

assumes that the scatter about the isochron liyebméinked to both geological factors

that produce variation in the initidf’0s**0s values and the assigned analytical
uncertainties. The isoplot program also yields Mean Square of Weighted Deviates
(MSWD), a measure of the deviation of the data fgoirom the regression line that is

strongly controlled by calculated uncertainties anar correlations.

4, Reaults

The sampled units from the Ipubi Formation blackles possess between 23.8 and 45.8
% of CaCQ, 5.1 and 18.3 % of organic matter (OM), and 48Gh@ 64566.5 ppm of
Al (Table 1). Black shale interbedded marl samglessess the highest CagZénd
lowest Al contents (Table 1). The total Re, tota @nd'%0Os (best estimate of
hydrogenous osmium) concentrations for the Ipubirfadion black shales sequence are
0.61-33.73 ppb, 26.8-273.5 ppt, and 8.6-76.6 mHpectively (Table 1). Both Re and
Os are enriched, except for the Os abundance foplsaTM07, compared to the upper
continental crust (0.2-2 ppb Re and 30-50 ppt G@segEand Turekian, 1993; Sun et al.,
2003). The enrichment factor (EF) value for Re affs ranges between 0.69 and
378.29, and 440.53 and 28062.1, respectively (Tapl&n enrichment factor greater
than 1 is considered to indicate that the elem&rinriched relative to that of average
shale, with an enrichment factor less than 1 beiegleted (Tribovillard et al., 2006).
Given this principle, only sample TM09 from Ipulmrifation black shale is depleted in
Re, with all black shale interbedded marl samplekibiting the highest level of
enrichment in both Re and“Os (Table 1). In order to allow a direct comparisdn
hydrogenous Os concentrations in the different $asnphe'®“0Os abundance is used to
avoid the addition of radiogent€’Os from*®'Re decay following deposition. A broad
positive correlation exists betweé’Os ¢ = 0.75) and Rer(= 0.65) and OM
elemental, and enrichment factor values with OMg(F), suggesting an uptake
mechanism that is possibly linked to the abundaricarganic matter (Georgiev et al.,
2012; Rooney et al., 2012). Although, a correlati@ween OM and Re ardOs is
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not always observed (Rotich et al., 2020 and rafae therein). In case of the Ipubi
Formation black shales, the broad relationship betwOM and Re and“Os may also
suggest that the samples were not affected by tixé&eeathering, particularly as the
Os values for Ipubi Formation black shales are pesitfTable 1), which has been
suggested to not indicate disturbance to the Rey&®m through oxidative weathering
(Jaffe et al., 2002; Georgiev et al., 2012).

The *'Re/®0s (85.5 to 875.6) values positively correlate witieir corresponding
18705805 (1.922 to 3.757) compositions (Table 1). Regpassf all the Re-Os isotope
data using the Isoplot program (Ludwig, 2012) ysell Model 3 (discussed above)
isochron age of 130.22 + 12.57 (12.59 - bracketallier here and below includes
uncertainty in the decay constant) Ma (n = 9; M&xuare of Weighted Deviates
[MSWD] = 58.5), with an Q=f 1.91 + 0.11 (Fig. 6). An essentially identiegle (130.2

+ 11.68 [11.69] Ma) and ©%1.91 + 0.10) is determined from the beta versbthe
Isochron program, which incorporates a new apprabhah employs the Monte Carlo
sampling method for error propagation (Li et al0192) and the benchmark Isoplot
algorithm (Ludwig, 2012), except that the unceitain the age is slightly smaller, but
the Monte Carlo approach highlights that 80% of uheertainty relates to the model
age calculation (Fig. 6). This uncertainty was allown by the Re-Os data of organic-
rich rocks of the Green River Formation, USA (Ristet al., 2020) and East Coast
Basin, New Zealand (Rotich et al., 2020).

5. Discussion
5.1 Re-Osisotopic systematics of the black shales from [pubi Formation

The application of the Re-Os geochronometer hasniged the determination of

accurate and precise depositional ages for lacestiiuvio-deltaic and marine organic-
rich sedimentary rocks (e.g., Ravizza and Tureki®89; Cohen et al., 1999; Kendall et
al., 2004; Selby and Creaser, 2005b; Kendall et2806; Selby, 2007; Creaser et al.,
2008: Kendall et al., 2009a; Selby et al., 2009ng at al., 2009; Poirier and Hillaire-

Marcel, 2009, 2011; Baioumy et al., 2011; Cummingale, 2012; Cumming et al.,

2013; Tripathy and Singh, 2015; Xu et al., 2017etRs et al., 2020). Given the
chalcophilic, siderophilic, and organophilic belawi of Re and Os, they are found
primarily in organic and sulphide phases. In orgdearing sedimentary units Re and
Os has been shown to be hydrogenous (derived fegmestration from the water
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column of the depositional setting) and primarilssaciated with/bound to organic
matter (Ravizza and Turekian, 1989; Cohen et &991 Selby and Creaser, 2003;
Morford et al., 2005; Georgiev et al., 2011; Roorewl., 2012).

As for other geochronological methods (e.g., Sm-R@;Sr), the Re-Os chronometer
utilizes the isochron technique to form a bestifie of the*’Re/*®0s vs'®'0s/*%0s
data from an isochronous dataset. The degree @b fite best fit line depends on the
uncertainties associated with the Re and Os daiek(Y1969) and are represented as a
model classification (1, 2 or 3) that is based ba MSWD (reduced R? parameter;

Ludwig, 2003). igned

Collectively both the Isoplot (Model 3 and high M®& ~58) and Monte Carlo (~80%

of the uncertainty derived from the model age datoan) approaches highlight that all

the Re-Os data do not fully satisfy the requiremmeatdevelop a precise isochron (Fig.
6A and 6B). The uncertainty in the Re-Os age (~¥2)rand the high MSWD value
(~58, higher than the ideal value of ~1) determifredn all the Re-Os data (n = 9)
suggests that geological factors are the causeeo$datter of the data from the best-fit
line. This could relate to the sample set possgssimiable initial*®*’Os**®0s and/or
post-depositional disturbance to the Re-Os sysiemahat could be related to
fracturing and gypsum veining that were presergadme trenches (Yang et al., 2009;
Kendall et al., 2009b; Tripathy et al., 2014). Aspible explanation for the high MSWD
value for the best fit of all the Re-Os data foe thine samples from Ipubi Formation
black shales is demonstrated by the range in thatas80 Ma (1.74 to 1.98; Table 1).
For eight of the nine samples the calculated imtial initial **"0s**®*0s compositions
at 130 Ma range from 1.86 to 1.98 (individual utaiaties are £ 0.02 - 0.03; Table 1).
Sample TMO09 yields a distinct initidf’Os*%®0s value of 1.74 at 130 Ma. This sample
exhibits the largest deviation from the 130 Ma b#dine of 8.3 %, whereas the other
samples deviate between 0.3 and 2.1 %. Sample Td68Sesses an enrichment factor
for Re of 0.69 suggesting that Re is depletediveldb the average upper continental
crust in this sample, which may explain its dewatin the isochron or that the water

column®’0s/%®0s composition at the time of sediment depositioatfiated across the
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sampled interval. Regression of the Re-Os dataowitsample TMQ9 yields a much
more precise Isoplot Model 3 age of 124.7 + 5.993bMa (initial **'0s**®0s = 1.97 +
0.05, MSWD = 16.9) (Fig. 6C). This determined ageessentially identical to the
Monte Carlo approach (124.7 + 5.63 [5.66]; initfdDs*%®0s = 1.97 + 0.05) which also
highlights that the age uncertainty is now moreticled (30 %) by the analytical
uncertainty in the data (Fig. 6D). Although this-Bs age is more precise, scatter about
the best-fit line is still evident from the MSWDIua of ~17, and that uncertainties in
the model age calculation control the overall utaety in the derived age. Sample
TMO5 exhibits the largest deviation (1.9 %) frone th125 Ma line of best-fit, whereas
the other samples deviate only between 0.1 ané60Bhis deviation is also highlighted
by sample TM05 possessing a distinct initi&l0s/*®0s value of 2.03 at 125 Ma,
whereas the other samples (with the exception of09)Myield an average initial
18705805 value of 1.97 at 125 Ma (Table 1). The Re-Os détthis study suggests
that samples TM0O5 and TMO9 possess different €snpositions to that of the
remaining sample set (Table 1). Regression of ta€R data without samples TM05
and TMO09 (Fig. 6E) yields an Isoplot Model 3 agela#.04 + 4.88 [4.91] Ma (initial
1870s/%%0s = 1.96 + 0.05, MSWD = 6.6). Again, this calcathtage is essentially
identical to the Monte Carlo approach (123.99 5£4468]; initial **'0s/*%0s = 1.97 +
0.05) and further shows that the age uncertainginsost controlled equally between
analytical and calculated model age uncertaintég. 6F). Again, although this Re-Os
age is more precise, scatter about the best-&tifirstill evident from the MSWD value
of 6.6 (still higher than the ideal value of ~1jhdathat uncertainties in the model age
calculation control the overall uncertainty in therived age. Sample TM06 exhibits the
largest deviation from the linear regression (0.8Hg. 6E), and exhibits a nominally
more radiogenic initiaf®’0s/*%0s composition (2.00 + 0.02) in comparison to the
remaining samples (TM01-04, TM07-08;;3s1.95-1.98 + 0.02 - 0.03 [average 1.96 £
0.011 S.D.]; Table 1).

1--The Re-Os data of this study shows that samiié35, TM06 and TM09 possess
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different Os compositions to that of the remaining sample $able 1). Regression of
the Re-Os data without TM05, TMO6 and TMO9 vyields laoplot Model 1 age of
122.87 + 1.53 [1.58] Ma (initial®’Os**®0s = 1.97 + 0.02, MSWD = 1.04; Fig. 6G).
Again, this calculated age is essentially identioahe Monte Carlo approach (122.61 +
3.50 [3.52]; initial*®’0s/*%0s = 1.97 + 0.02) and shows that the age unceytaimhore
controlled (60 %) by the analytical uncertaintidgart the calculated model age
uncertainties (Fig. 6H). Moreover, the greater utacety in the age derived by the
Monte Carlo approach (x 3.50 [3.52]; Ma) furthdustrates that a Model 1 Isoplot
outcome underestimates the total age uncertainigingr from only considering

analytical uncertainties (Li et al., 2019).

Given the isochronous behavior of the Re-Os datasifo of the nine samples, which
possess very similar initial®’Os/*®0s composition, the moderate different initial
18705805 values of TM05, TM06 and TM09 are considereceftect changes in the

1870s%80s composition of the water column during depositiather than disturbance
to the Re-Os systematics. Here, we consider thieelséimate of the depositional age of
the Ipubi Formation black shales to be 122.61  3352] Ma.

The Re-Os age of ~123 Ma the Ipubi Formation blsltkles suggests that the studied
samples were deposited during the latest Barrepaaligst Aptian. The new Re-Os age
provides a significant improvement to the previ@age determinations of Aptian to
Albian (125 — 100.5 Ma) defined by relative datage methods (Fig. 3; Coimbra et al.,
2002; Tomé et al., 2014). Further, including the-®% age uncertainty, the Ipubi
Formation black shale represents deposition juet o the onset of OAE 1a (Arthur et
al., 1990; Tejada et al., 2009; Jenkys, 2010). ieeg this study suggests that, among
the formations that constitute the Santana Groughm Araripe Basin, only the
Romualdo (calciferous mudstone and sandstone)mrd (black shales and evaporites)
formations could be placed in the Aptian-Albiaremal, whereas the Crato (calcareous
rocks) and Barbalha (sandstone and mudstone) fansaare older than the earliest
Aptian (Fig. 2, 7). The latter age interval is eraplzed by both palynological (e.qg.,
Afropollis jardinus, Classopollis classoides) and ostracodal (e.gDamonella ultima,
Damonella tinkoussouensis) assemblages found in Santana Group (Coimbra.et al
2002; Neumann et al., 2003; Tomé et al., 2014; iNesto et al., 2017), which are the
same species found in Late Barremian successiorldwide (Hughes and McDougall,
1990; Bate, 1999; Gémez et al., 2001; Vallati, 2013
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5.2 Fhe-beginning Insights into the timing of the marine incursion in the Araripe
Basin

The timing of the marine incursion in the Araripadt is extensively debated. Among
the proposals, it is considered that the depo$itseoRomualdo Formation (calciferous
mudstone and sandstone) are the first recordsyarane incursion in the Araripe Basin
based on the presence of marine fossils (fishéegangls, gastropods, dynoflagellates
and microforaminiferal linings; Lima, 1978; Arai &rCoimbra, 1990; Maisey, 2000;
Bruno and Hessel, 2006; Pereira et al., 2016) awtks associations (depositional
sequences comprising transgressive and highstastdnsytracts; Assine, 2007; Rojas,
2009; Assine et al., 2014; Neumann and Assine, ;20L5todio et al., 2017). Evidence
for marine incursion during the deposition of tpebi Formation black shales is based
on the occurrence of both dynoflagellat&pifierites and Subtilisphaera; Arai and
Coimbra, 1990) and palynoforaminifers (organicrgs and allied material; Lima 1978;
Arai, 2012; Goldberg et al., 2019), odd-to-evesalkanes distribution (Silva et al.,
2014), N/Vi ratios (0.13-0.49; Lucio et al., 2016&nd Type 1l kerogen (Menezes,
2017). Further, some paleoceanographic/geograuonstructions suggest that the
Araripe Basin was, in part, based on the presercmicrofossils (noted above), a
significantly restricted NW-SE oriented marine Ipaghat received incursion of the
Western Tethys Sea via the northeastern Brazilém lSiis and Parnaiba basins (Arai,
2014) (Fig. 8). In contrast, based on paleocurraaasurements in the Araripe and
Tucano basins, a marine incursion into the Arargsesin is also argued to have
occurred from the south from the Proto South AttagAssine et al., 2014; 2016).

The present-day open oce&t0s/*®0s composition of ~1.06 reflects the balance of
inputs between radiogenic sources (averd@@s**®0s composition of the weathering
of upper continental crust via riverine input, 91.d4nd non-radiogenic sources
(**’0sf*®0s ~0.13; cosmic dust, hydrothermal fluids, and thedng of mafic or
ultramafic rocks; Esser and Turekian, 1993; Levasseal., 1998; Sharma et al., 1999;
Woodhouse et al., 1999; Peucker-Ehrenbrink andz2ayi2000; Hannah et al., 2004).
The current best estimate for the Late Barremiafcady Aptian (age of the Ipubi
Formation black shales) open océdf©s/*0s composition is ~0.6 to 0.7 (Tejada et
al., 2009; Bottini et al., 2012).
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In lacustrine, fluvio-deltaic and restricted maridepositional settings th&’0s*%%0s
value of the water column can be highly radiogema., >1.0 to 7.8 (Peucker-
Ehrenbrink and Ravizza, 1996; Creaser et al., 2P@&jer and Hillaire-Marcel, 2009,
2011; Baioumy et al., 2011; Cumming et al., 2018; \Dvier et al., 2014; Tripathy et
al., 2015; Xu et al., 2017; Pietras et al., 20Zyen the difference between the highly
radiogenic'®’0s/*0s value (1.75-2.05 at 123 Ma; Table 1) of the ipBbrmation
black shales to that of the Late Barremian to EAgyian open ocean (~0.6 - 0.7) the
initial *’0s/*®0s data would suggest a predominantly continemtaice for Os to the
Araripe Basin from the weathering of basin adjaderdterozoic to Archean igneous,
metaigneous and metasedimentary units (Silva el@87; Fetter et al., 1999; Sato et
al., 2012; Ancelmi, 2016; Martins, 2017; Vale, 2D18herefore, based on our {Os
values (average of 1.97 without TM05, TM06 and TM&&mples), coupled with
biostratigraphy, organic and inorganic geochemistand paleoceanographic
reconstructions outlined above, we propose thatwhter mass associated with the
deposition of the Ipubi Formation black shales niyirihe Barremian/Aptian boundary

was highly restricted-

WesfeemiFethyanéea—as—prepesed—by—Aral—éz014)

6. Conclusions

This study provides the first absolute time constsafor the Ipubi Formation black
shales of the Santana Group at 123 + 3.5 Ma. The dgrived from Re-Os
geochronology constrains deposition to the latestrdnian to the earliest Aptian,
nominally prior to the onset of OAE la. The highldiogenic initial **‘0s/*®0s
composition (1.75 - 2.054) of the Ipubi Formatiodladk shales coupled with widely
recognized paleontological, geochemical evidenoggether with paleoceanographic
reconstructions, suggests that the Araripe Basm avaighly restricted water mass that
was also marine influenced—and—weuld-havereceitednarine—inrfluence—from-the

western—Tethys—Sea. The latter is in temporal agee¢ with a global eustasy rise
during the Mid Cretaceous.
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FIGURE CAPTIONS

Fig. 1. Location of the Araripe Basin (highlightled the red box) within the geotectonic
context of the Borborema Province. MCD: Médio Cdardaomain; CD: Cearence
Domain; RGND: Rio Grande do Norte Domain; TZD: T3e@arsal Zone Domain; SD:
South Domain (Modified from Matos, 1999; Medeira804).

Fig. 2. Simplified map of the Araripe Basin to repent sampling location (Modified
from Assine, 2007).
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Fig. 3. Schematic stratigraphic profile and miclepatology assemblage of the
Santana Group, Araripe Basin (based in Coimbr&,2@02; Tomé et al., 2014).

Fig. 4. Sampling strategy and composite stratigyagfithe 1m interval sampled of the
Ipubi Formation black shale. (A and B) The IpubrrRation black shales were exposed
via nine 1 m deep trenches ~4 m apart in the opemfpthe Campevi mine. (C)
Composite stratigraphic section of the black shakerval exposed (see text for details).
(D) Example of fibrous gypsum-filled lens in thepap interval of the black shale
profile; (E) fossils within the upper interval ofi@ stratigraphic profile; (F) 30 cm
interval of black shale interbedded with marl, #8J mudstone within the basal 20 cm

of the sampled interval.

Fig. 5. Cross-plot of Re (ppb)°Os (ppt), and enrichment factor of Re dffDs versus

organic matter for the studied samples. See texdigzussion.

Fig. 6. Re-Os geochronological results for the Igedrmation black shales from the
Campevi mine, Brazil. Regression of the Re-Os @®tdata together with thes?2

uncertainties in the isotope ratios and the astatiarror correlation functions (rho)
conducted using the beta version of Isochron progiai et al., 2019), which

incorporates the Isoplot algorithm (A, C, E, G) ¢ig, 2012) and the Monte Carlo
method (B, D, F, H). Isoplot data regressions amvs for all data (A), and with only
sample TM09 excluded (C), and with samples TMO5 BM®9 excluded (E), and with
samples TM05, TM06 and TM09 excluded (G). Montel@€approach distribution of
age and initia"®0s/®*0s values are show in B (all data), D (TM09 exct)der

(TMO5 and TMQ9 excluded), and H (TMO05, TM06 and TM®6xcluded). The inset
shows total uncertainty at the 2 sigma level amddbntribution to the total uncertainty
from the analytical uncertainty. Bracketed age wagaties include the uncertainty on

the decay constant. See text for discussion.

Fig. 7. A new chronostratigraphic proposal for theposition of the lithostratigraphic
units of the Post-Rift | sequence (Santana Grodigh® Araripe Basin based on both
regional observations (Assine et al., 2014; NeunsmhAssine, 2015; Custdodio et al.,
2017) and the Re-Os age presented in this study.

Fig. 8. Aptian paleogeographic and paleoceanogcaptap illustrating the western

Tethys Sea incursion in the northeast BraziliannsasThe red arrows represent the



976  paleocirculation during this period. The AraripesBeis represented by the yellow star,
977 and the Séo Luis and Parnaiba basins are reprédmtthe purple and orange star,
978  respectively (modified after Scotese, 2014; ScoaeskeMoore, 2014; Arai, 2014).



Table 1: Synopsis of organic matter, Ca@@d aluminium content, enrichment factor data, and Re-Os data for the samplgmibioRormation black shale.

0 0 Os Os Os Os
Batch/Sample  Litholo CacO; OM Al Re ~ ™0Os Re Os "0s 18Ref%%0s + ®0sf®Os  + tho 2 Re 187/8)5 188/8)5 @ @ @ @
P N ) (%) (epm) (EF)* (EF)* (ppb) (ppt) (p) = = Blank 130 125 124 123
Blank Blank . . M .
myr* myr* myr* myr
TMO1 Black Shale 24.5 15.564565.7 2.5 689.0 22 0.006 694 04 222 01 197.2 1.2 2.362 0.019 0.654 0.68 0.01 0.15 193 195 196 196 0.02
TMO2 Mudstone 24.6 12.358397.8 1.6 819.9 1.3 0.004 73.3 0.6 239 0.2 108.4 1.0 2.181 0.027 0.677 1.00 0.02 0.17 195 196 196 196 0.03
Black Shale
TMO3 interbedded 43.1 17.9 11182.5 2199 137415 33.7 0.082 2735 16 766 0.3 875.6 4.0 3.757 0.020 0.606 0.08 0.01 0.10 1.86 193 195 196 0.03
Marl
Black Shale
TMO4 interbedded 42.1 13.0 6245.9 309.8 22864.5 26.5 0.065 2482 14 71.2 0.3 741.2 3.4 3.489 0.019 0.609 0.10 0.01 0.11 188 194 196 197 0.02
Marl
Black Shale
TMO5 interbedded 44.2 18.3 8424.5 180.8 16525.3 20.9 0.051 237.2 1.4 694 0.3 598.4 2.7 3.276 0.018 0.610 0.12 0.01 0.12 198 203 204 2.05 0.02
Marl
Black Shale
TMO6 interbedded  45.8 15.5 4802.9 378.3 28062.1 249 0.062 2349 14 67.2 0.3 737.4 3.4 3.522 0.019 0.609 0.10 0.01 0.12 192 199 200 201 0.02
Marl
TMO7 Mudstone 375 51 17730.93.1 9703.3 0.7 0003268 02 86 01 174.0 1.8 2.333 0.031 0.704 1.73 0.05 0.47 196 197 197 198 0.03
TMO8 Mudstone 345 6.1 23893.23.1 835.0 1.0 0.003 31.3 0.3 10.0 0.1 204 .4 2.1 2.405 0.031 0.697 1.27 0.04 0.40 196 198 198 199 0.03
TMO9 Mudstone 23.8 12.664566.5 0.7 440.5 0.6 0.002 424 0.3 14.2 01 85.5 0.9 1.922 0.024 0.657 2.13 0.04 0.28 1.74 174 175 1.75 0.03

ATotal Os abundance.

#EF is the Enrichment Factor whereshentX = (X + Al sample) + (X + Al upper crust) (Algeo and Maynard, 2004; Tribovillardl €22006).

*Os; = the calcuated initidf’Os**%0s composition at a given depositional age.
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The Highlights considered for the manuscript are:

1. The first Re-Os absolute age (123 = 3.5 Ma)ipabi Formation black shales in the
Araripe Basin indicates the formation is Late Barian / Early Aptian and not Aptian /

Albian, and was deposited prior to the onset of QAE

2. Based on the Re-Os age a new chronostratigrapbael is proposed for the Santana

Group, Araripe Basin.

3. Highly radiogeni¢®’0s/*%0s compositions of 1.97 + 0.02 imply that the Aperi
Basin records a highly restricted water mass dutied_ate Barremian / Early Aptian.
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