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12  Abstract

13 The Campanian to Maastrichtian sedimentary succession of the Tremp-Graus Basin (NE
14 Spain) is characterized by the offshore-to-prodeltaic upper Vallcarga Fm giving way to

15  prograding deltaic units (the Aren Fm), which are overlain by transitional facies (the Grey
16 Unit) that correspond to the basal part of the Tremp Group. This work aims to improve the
17  stratigraphical scheme of these deposits using a new dataset of '*Ccar, and 8'*Corg, 580
18 and TOC variations through time, supported by a new biostratigraphical analysis and

19  compiling previous biostratigraphical and paleomagnetic data. The comparison of isotopic
20  signals from marine reference sections where 8'*Ccan is well calibrated in the Tethys realm
21  allows recognition of global isotopic events that can be used as correlative marker events.
22  Significant high-frequency &'3C variations defined in the 8"*Cean are identified in the studied
23  succession despite the different sedimentary setting and some can be related to global

24  geochemical events such as the Late Campanian Event (LCE) and the Campanian—

25  Maastrichtian Boundary Event (CMBE), in good agreement with the magnetic chrons at the

26  base of the Tremp Group, and with some new biostratigraphic constraints. From multiple
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geochemical and petrographic analysis of the organic matter we suggest that the
geochemical signal corresponds to global changes, but at higher resolution, sedimentary
dynamics are also reflected in the geochemical signals, particularly inputs of surface water in

the deltaic signal.

Key words: 8'*Cearb, 8'3Corg, CMBE, LCE, Aren Sandstone

Introduction

When calibrated with biostratigraphy, stable carbon isotope profiles, both of carbonate
(8"3Ccarb) and organic matter (8'3Corg) sSamples, are a powerful tool for correlating and dating
Cretaceous strata globally (Chenot et al., 2016; Gale et al., 1993; Jenkyns et al.,1994; Jarvis
et al., 2002; Follmi et al., 2006; Linnert et al., 2017; Voigt et al., 2012; Westerhold et al.,
2011; Wendler, 2013). Chemostratigraphic studies based on carbon isotopes in bulk
sediments are increasingly being used to achieve high-resolution correlations over large
areas. However, complications arise from a multitude of possible influences due to local
differences in biological, diagenetic and physicochemical factors on individual 8'*C signal
that can mask the global signal (Wendler, 2013). Chemostratigraphic methods were
developed and largely used in low energy carbonate marine rock records (e.g. Wendler,
2013 and reference therein), but more recently, many studies have been conducted on
carbonate nodules in continental successions (Cojan et al., 2000; 2003; Lopez et al., 2000;
Magioncalda et al., 2004; Mclnerney and Wing, 2011; Riera et al., 2013), on organic matter
(8'3Corg) in marine successions (examples from Jurassic: Bodin et al., 2020; Upper
Cretaceous: Jarvis et al,. 2006; Palaeocene: Storme, 2013), lagoonal successions with
terrestrial input (Cretaceous, Heimhofer et al., 2003), andcontinental sedimentary
successions (Maufrangeas et al., 2020; Yans et al., 2014). It has also been suggested by
Heimhofer et al. (2003) that it is possible to correlate 8'3C records from deltaic organic matter
with the &'3C of marine reference successions. In most cases, 8'3Corg records show similar

trends to the carbon isotopic signal from carbonate minerals (8'*Ccan) Obtained from the
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same material (Khozyem et al., 2013; Magioncalda et al., 2004; Storme, 2013; Tsikos et al.,
2004). Differences in magnitude are due to vegetal tissues fractionating carbon in favor of
13C. In marine sediments, 8'3Ccar is less negative (mean c. 0-1 %.) than 8'3Corg (Mmean c. -
23%0; Hayes et al., 1989; Mclnerney and Wing, 2011; Sharp, 2006). However the isotopic
shifts can be slightly offset: in the PETM, for example, a delay of the 8'°Co relative to the
8'3Ccarr Was documented by Khozyem et al. (2013). In some cases, the offsets between the

two records coincide but showing opposing trends (e.g. Storme, 2013).

Although many high-resolution "3Ccan and 5'*Corg curves have been generated for
Cretaceous marine and terrestrial successions (e.g. Heimhofer et al. 2003; Jarvis et al.
2006), and for the Palaeocene and the PETM (e.g. Aubry et al., 2007; Khozyem et al., 2013;
Magioncalda et al., 2004; Ro6hl et al., 2007), only a few datasets, all based on 8'3Ccar, exist
for the Campanian—Maastrichtian stages (Chenot et al., 2016; Thibault et al., 2012; Voigt et

al., 2010; 2012; Wendler, 2013).

The Tremp-Graus Basin (Fig.1) has been well-studied, but biostratigraphical analysis of its
Upper Cretaceous successions failed to provide a high-resolution stratigraphical framework
(Ardevol et al., 2000; Caus and Gémez-Garrido, 1989; Diez-Canseco et al., 2014; Feist and
Colombo Pinol, 1983; Lopez-Martinez et al., 2001; Nagtegaal, 1972; Oms et al., 2016; Riera
et al., 2009; 2010; Robles-Salcedo et al.,2013; Souquet, 1967; Vicens et al., 2004; Villalba-
Breva and Martin-Closas, 2012). The scarce occurrences (due to environmental and
depositional conditions) of poorly preserved planktonic foraminifera, coupled with the
intermittent presence of environment-dependent markers such as benthic foraminifera and
rudist bivalves, have not allowed precise constraints on the chronostratigraphic framework to
be established for these Upper Cretaceous depositional sequences. As such, in our study we

explored the use of continuous geochemical proxies as a stratigraphic tool.

Our aims were twofold: (1) to refine the stratigraphy of the Campanian to Maastrichtian in the

south-eastern Pyrenean domain (Figs. 1, 2) during early orogeny, by establishing regional
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and global correlations based on &'3Ccan; and (2) to test the response of 8'3Corq in order to
compare both 8'3C signals and assess whether §'3Cory could be used more widely. In this
regard, after describing the sedimentary succession and its known stratigraphic markers, a
new and continuous bulk 8Cca and 8'3Corq dataset is presented, alongside measurements
of 8'80, calcimetry and Total Organic Carbon (TOC). These analyses have been performed
on 101 samples encompassing pro-deltaic, deltaic, and lagoonal deposits from the Orcau
section of the northern Tremp-Graus Basin. We then present a correlation of our new 8'*Cearo
dataset using the defined magnetostratigraphy of the Tremp-Graus Basin (Fondevilla et al.,
2016), based on previous work (Canudo et al., 2016; Caus et al., 2016; Oms et al., 2007;
Pereda-Suberbiola et al., 2009; Vicente et al., 2015; Villalba-Breva and Martin-Closas, 2012)
and some biostratigraphic markers found during this study, which give valuable anchor points
for the geochemical dataset. The recognition of global geochemical events in the 8'3Ccaro
dataset reveals time constraints in this thick deltaic succession. Finally, we discuss the
8'3Corg signal relative to the 5Cean trends and the signal provided by organic matter (OM) of
various sources, which can be mixed in the sediments in various proportions, depending on

the depositional environment.

1. Geological setting

1.1 Regional setting

The study area is located in the central part of the Southern Pyrenean Zone corresponding to
a fold and thrust belt within the southern Pyrenean foreland basin that formed from the Late
Cretaceous to the early Miocene (Deramond et al., 1993; Mufoz, 1992; Puigdefabregas et
al.,1992; Rosell et al., 2001; Teixell and Munoz, 2000; Vergés et al., 2002; Fig. 1). The
South-central Pyrenean Zone is divided into three sub-basins from north to south: the
Organya, the Tremp-Graus and the Ager Basins, which are East-West-trending basins

defined by thrust-controlled sedimentation (Ardévol et al., 2000; Vacherat et al., 2017). Our
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study sections are localized in the Tremp-Graus Basin that is delimited by the Montsec thrust
to the south, and the Béixols thrust and associated Sant Corneli anticline to the north
(Munoz, 1992; Puigdefabregas et al., 1992; Teixell and Munoz, 2000; Vergés et al., 2002),

the latter generated by the inversion of pre-existing E-W faults during Santonian.

1.2 Sedimentology and stratigraphy in the Tremp-Graus Basin

The Tremp-Graus Basin sedimentary successions related to the foreland basin development
during the uppermost Cretaceous to Palaeocene times are composed of (1) Santonian to
Campanian slope and prodelta deposits, i.e. the Salas marls, upper part of the Vallcarga
Formation, (2) Campano-Maastrichtian shoreface deposits, i.e. the Aren Formation, (3)
Maastrichtian lagoonal facies, i.e the Grey Unit of the Tremp Group, and (4) Maastrichtian to

Thanetian continental red beds (Garumnian facies), i.e. the main Tremp Group (Fig. 2).

The Salas marls correspond to a very thick unit of about 1500 meters that consist of grey
marls giving way to sandy beds at the top of the succession. The sandstones are turbiditic
erosive beds of a few centimeters in thickness (Ardevol et al., 2000; Mey et al., 1968;
Nagtegaal, 1972; Souquet, 1967). Turbiditic deposits consist of erosive fining-upwards
lenses of fine-grained sandstones that commonly display well-developed Bouma sequences
(Mey et al., 1968; Nagtegaal, 1972; Puigdefabregas and Souquet, 1986; Souquet, 1967;).
The Salas marls contain abundant mudstone clasts and foraminifera, and occasionally
cohesive debris flows and slump structures (Souquet, 1967; Souquet and Deramond, 1989).
The unit is attributed to the successive Santonian and Campanian planktonic foraminifera
biozones Dicarinella asymetrica, Globotruncanita elevata, Globotruncana ventricosa and R.
calcarata (Ardevol et al., 2000) but no detailed study of the biostratigraphic content is

published.

The Salas marls grade transitionally into the Aren Fm, which becomes sandier towards the
top, with thicker and more amalgamated sandstone beds (Mey et al., 1968). The Aren Fm

contains quarzitic grains with bioclasts, echinoderms, rudists, bryozoans and foraminifera
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(Souquet, 1967; Riera et al., 2009). The Lower Aren Unit shows grey clayish and silty marl
with intercalations of calcarenite and limestone beds forming small coarsening-up sequences

(Nagtegaal, 1972 - Fig. 2).

The Upper Aren Unit is typically made of erosive beds and medium- and larger-scale cross-
bedding sets (Nagtegaal et al., 1983) that indicate a highly hydrodynamic deltaic system
(Mutti and Sgavetti, 1987; Nagtegaal et al., 1983). These cross-bedded sandstones are very-
coarse to medium-grained and well-sorted, forming beds from 10 centimeters to several
meters in thickness, from which paleocurrent measurements indicate unidirectional westward
flows. The Upper Aren Unit shows four progradant deltaic sequences (CuS1 to CuS4)
formed of coarse-grained sandstones, alternating with marl deposits at the base of each
coarsening-up sequence (Fig. 2). It contains particularly abundant bioclasts, echinoderms,
rudist debris, bryozoans, foraminifera, burrows, suggesting a nutrient-rich depositional
environment favouring a diverse benthic fauna (Souquet, 1967; Mey et al., 1968;
Nagtegaal,1972; Nagtegaal et al.,1983; Ardevol et al., 2000; Robles-Salcedo et al., 2013).
Some rudists in life position are intercalated in the upper part of the deltaic deposits,
indicating rudist patches ( Diaz-Molina, 1987; Nagtegaal, 1972; Nagtegaal et al.,1983)
developing in more sheltered areas on the shelf (Vicens et al., 2004). The top of the Upper
Aren Unit shows a very distinct facies with abundant large-scale hummocky cross-
stratification (HCS) which indicates a wave-dominated delta environment (Nagtegaal et al.,
1983). This deltaic system flowing westwards is associated with an important and rapid
thickness increase of the Aren Fm westwards in the Tremp-Graus Basin, attesting to syn-
depositional movement of the Béixols thrust (Ardevol et al., 2000). In recent years, the
stratigraphic division of the Aren Fm has changed. Indeed, previous authors (Souquet, 1967)
attribute all the Aren Fm to the upper Maastrichtian, while recent studies (Robles-Salcedo et
al., 2013) attribute the Lower Aren Unit to the Campanian and the Upper Aren Unit to the
Maastrichtian based on the Globotruncana falsostuarti planktonic foraminifera zone and the

Pachydiscus neubergicus ammonite zone. However, the boundary between the Campanian
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and the Maastrichtian is still very poorly defined and could be placed within tens of meters in

the sedimentary succession.

The Aren Fm is overlain by the Tremp Group which is subdivided into different formations
(Cuevas et al.,1989; Lépez-Martinez et al., 2006; Pujalte and Schmitz, 2005; Riera et al.,
2009; Rosell et al., 2001) : the Grey Unit, or La Posa Formation, forms its base, overlain by
the first Red Bed unit: the Conques Formation. It consists of lagoonal and shallow marine
deposits (Cuevas, 1992; Nagtegaal et al., 1983; Riera et al., 2009; Rosell et al., 2001).
Lagoonal deposits are composed of greyish marls which contain ostracods, charophytes,
plant remains, fragments of bivalves and benthic foraminifera (Diez-Canseco et al., 2014;
Riera et al., 2009; Robles-Salcedo et al., 2018; Rosell et al., 2001), and sandy limestones
with accumulations of Corbicula (Bivalvia), Lychnus and Cerithium (Gastropoda), ostracods,
benthic and planktonic foraminifera, dasycladacean algae and charophytes (Diez-Canseco et
al., 2014). Locally abundant dinosaur footprints and pedogenic structures suggest that the
area was close to the lagoon margin with very low water depth, with occasional emergent
phases (Diez-Canseco et al., 2014). These lagoonal and nearshore facies are interbedded
locally with a lens of very coarse-grained yellow sandstones, overlain by rudists (Hippurites
radiosus) in life position. The presence of rudists indicates a marine incursion in the lagoon
and the development of a shallow and sheltered marine environment (Vicens et al., 2004).
The Grey Unit corresponds to the transition from a shoreface environment (Aren Fm) to a
terrestrial domain: the Garumnian facies, which directly overlies the Grey Unit (Nagtegaal et

al.,1983; Cuevas, 1992; Rosell et al.,2001; Riera et al., 2009).

The Hippurites radiosus beds in the uppermost Aren Fm were regarded as isochronous by
previous authors and attributed to the early Maastrichtian age (Caus et al., 2016; Oms et al.,
2007; Diez-Canseco et al., 2014; Vicens et al., 2004; Vicente et al., 2015). Additionally
charophytes found in basal beds of the Grey Unit to the east of the Tremp-Graus Basin
(Villalba-Breva and Martin-Closas, 2012) as well as further east (Vicente et al., 2015). These,

together with associated paleomagnetic data, suggest the basal beds of the Grey Unit belong
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to Chron 32 (Oms et al., 2007, 2016), while most of the Grey Unit is recorded as Chron 31r
(Fondevilla et al., 2016; Fig. 2). Using the Geomagnetic Polarity Time Scale of Ogg and

Hinnov (2012), Fondevilla et al (2016) located the C32/ C31r at the base of the Grey Unit.

2. Methods

2.1 Field work and sampling

The 320 m-thick succession at Orcau preserves the evolution from marine to deltaic to
lagoonal environments. It was logged in detail to determine sedimentary facies and allocate
stratigraphic units as well as to compare the magnetostratigraphic and biostratigraphic
records (Fig. 2) of previous authors. One hundred and one samples were collected for
geochemical analysis (Figs. 2, 3) with average spacing between samples of 1.95 m; these
were collected in a manner that ensured no present-day organic matter (e.g. roots or
oxidation traces) could contaminate the isotopic analysis. Some intervals could not be
sampled due to vegetation cover (between 118 and 135.9 m in the section). Only 83 samples
underwent the complete multiproxy isotopic study (5'3Cean, 5'3Corg, 880 and TOC; Fig. 3).
Some samples were specifically taken for organic matter characterization (6 samples) and

biostratigraphic analysis (23 samples; Fig. 2).

2.2 Microfossils

Following standard procedures, marlstones were soaked overnight in a dilute solution of
hydrogen peroxide and subsequently washed over 63 um and 1 mm sieves. The microfossils
were extracted from the 63 um—1mm fraction. Due to their poor state of preservation, most of
the specimens were observed by scanning electron microscopy (SEM) analysis. For the
sandstone beds, foraminifera and other bioclasts have been identified in thin section. 14

residues and 15 thin sections have been studied (Figs. 2, 4, 5, 6).
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2.3 Carbonate content and TOC

Calcium carbonate contents (CaCOs in weight percent) were measured at Sorbonne
Université (Paris, France) on 90 samples (Figs. 2, 3) using the carbonate bomb technique,
which measures the CO; pressure created by 30% HCI dissolution of 100 mg of dried bulk
carbonate sample in a sealed reaction cell. The resulting pressure increase is then measured
with a manometer and compared to a calibration curve previously obtained by
measurements of reagent-grade CaCQOgs (Carlo Erba). The precision of the used carbonate
bomb is less than 1% for CaCOs values >10%. The absolute accuracy is 1% for CaCOs

values >10%.

The TOC analyses were performed on-line using the Thermo Scientific EA IsoLink IRMS
System at CRPG laboratory (Nancy, France) on 91 decarbonated samples (Figs. 2, 3). In

order to have total rock values it was necessary to make the following correction:
TOC total rock = TOC decarb * (100 — calcimetry value)/100

2.4 Bulk carbonate stable isotopes (5'3Ccarb, 8'3Corg, 5'30)

Stable isotope analyses (8'3Ccan and 5'80) were performed on 90 bulk carbonate samples at
Sorbonne Université (Paris, France) using a Kiel IV carbonate device and a DELTA V
Advantage isotope ratio mass spectrometer. Oxygen and carbon stable isotope values were
obtained by analyzing carbon dioxide generated by the dissolution of bulk carbonate samples
using anhydric orthophosphoric acid at 70°C. Isotope values (Fig. 3) are reported in delta (3)
notation, relative to Vienna Pee Dee Belemnite. Accuracy and precision of 0.03%. and 0.08%.
(1 o) for carbon and oxygen respectively were determined by repeated analyses of a marble

working standard, calibrated against the international standard NBS-19.

The measurements of the 8'3Corq Were performed on-line using the Thermo Scientific EA
IsoLink IRMS System at CRPG laboratory (Nancy, France). Before 8'3Corq isotopic

measurements, 91 samples were prepared following a protocol described by Magioncalda et
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al. (2004) and Storme (2013). The bulk samples were cleaned, dried and grinded, and the
sample powders were treated with 25% HCI solution for decarbonatation. Sample acidity was
then neutralized by multiple centrifugations with pure water, and finally residues were dried at
30° Celsius and powdered again. Decarbonated samples were wrapped in tin capsules and
loaded in a specific auto-sampler connected to the EA and pumped out for 20 minutes before
opening it to the combustion reactor at 1020°C. Produced gases (N2, CO2) were separated
on a chromatographic column and the carbon isotopic composition of the produced CO, was
measured with a Thermo Scientific Delta V Advantage isotope ratio mass spectrometer. Both
carbon concentration and isotopic composition were determined twice per sample by
comparison with two internal and two international standards routinely included during the
analysis: (1) BFSd (C = 0.53 wt.%; 8'3C = -21.5%,), (2) CRPG_M2 (C = 0.408 wt.%; 5'°C = -
24.98%o), (3) PSd (C = 0.03 wt.%; 8'3C = -22.4%,) and (4) JG-3 Granodiorite powder (C =
0.012 wt.%). Values are quoted in the delta notation in %. relative to V-PDB (Fig. 3), and the

analytical precision is within 0.3 %o (10).

2.5 Organic matter (OM) petrographical analysis

To define the source of organic matter, petrographical analysis was performed on a set of 6
samples from throughout the stratigraphic column (Figs. 2, 7, 8). These samples were taken
from the Orcau section, five from the Aren Fm and one from the Grey Unit. The maceral
analyses were carried out on a piece of rock impregnated with epoxy resin to carry out the
optical observations in a LEITZ MPV3 microscope. The microscope equipped to observe the
OM in natural light (reflected and transmitted) and fluorescence (same objective) shows a
maximum resolution of 1 micron. With the 50X objective that we use for observations we can

work in oil immersion and take advantage of a better light transmission and reflection.

10
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3. Results

3.1 Sedimentary sequences and stratigraphic attributions

The 325 m-thick Orcau section displays facies of bioturbated bluish marls interbedded with
laminated and cross-bedded sandstones at its base attributed to the Lower Aren Unit and
interpreted as offshore prodelta deposits (Nagtegaal, 1972; Robles-Salcedo et al., 2013;

Figs.2, 3).

A thicker marly-rich interval between 120 and 180 m corresponds to the uppermost Lower
Aren Unit well defined by Nagtegaal (1972) and below the coarser and sandier units
containing abundant bioclastic debris that defines the coarse calcarenite facies of the Upper
Aren Unit (Fig. 2). Within the Lower Aren Unit, the sedimentary section shows intervals
containing very few, thin sandstone beds, while other intervals show thicker and more

abundant sandstone beds forming high frequency sedimentary sequences (Fig. 3).

The Upper Aren Unit shows four coarsening-up progradational sequences (CuS1 to CuS4),
each starting with marly intervals and ending with erosive, very coarse-grained sandstones
(between 180 and 295 m) corresponding to the Aren Fm sensustricto (Fig. 3; Nagtegaal,
1972; Nagtegaal et al.,1983; Ardévol et al., 2000). The last coarser unit displays well-
developed large hummocky cross-stratification (288 to 296 m, Fig. 2) and marks the end of
the Aren Fm as described by Nagtegaal (1972); Nagtegaal et al. (1983) and Hoyt (1967).
The age of the Aren Fm was defined to late Campanian-early Maastrichtian and recently
(Robles-Salcedo et al., 2013) the position of the Campanian—Maastrichtian boundary was
placed between the Lower and the Upper Aren Unit (at 175 m, Fig. 2). Due to the lack of bio-
markers and their poor preservation, the chronostratigraphic scheme of this formation is still

poorly defined.

The sedimentary succession between 295 and 325 m (Fig. 2) is attributed to the Grey Unit,
based on very contrasting facies compared to the underlying Aren Fm. It starts with
carbonate beds interbedded with grey marl deposits, containing burrows, bioclasts, debris of

11
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benthic foraminifera, bivalves, charophytes and plant remains (Fig. 2), well-described in
previous publications (Cuevas, 1992; Nagtegaal et al., 1983; Riera et al., 2009; Rosell et al.,
2001). It also contains spectacular beds with the presence of dinosaur tracks that indicates a
more coastal and quieter environment, like a lagoonal or lacustrine area (Diez-Canseco et
al., 2014; Robles-Salcedo et al.,2018; 297 m, Fig. 2). The top of the Grey Unit in the studied
section is marked by a large lens of yellow coarse-grained sandstone (shoreface sandstone)
overlain by rudists in life position forming small patches (Robles-Salcedo et al., 2018; at 315
m on Fig. 2), and a final lens of large oncoid conglomerates within the dark clays (320.8 m,
Fig. 2). The section ends with the onset of the Conques Fm, which is dominated by red and
mottled claystones, intercalated upwards with large lenses of fluvial sandstones. The
attribution of magnetic chrons by Fondevilla et al. (2016) is possible based on sedimentary
facies and biostratigraphical comparisons (Oms et al., 2007, 2016; Vicens et al. 2004;
Vincente et al., 2015). Fondevilla et al. (2016) attributed the base of the Grey Unit to the top
of Chron32n and the overlying Grey Unit facies to the Chron31r. So the boundary C32/C31r
is defined at 299 m in our Orcau log section, in the first sandstone bed just above the base of
the Grey Unit (Fig. 2). However, the lower boundary of Chron32 was not targeted and thus
not located. No magnetostratigraphic study was carried out beneath the top of the Chron32,

however the overlying entire Conques Fm belongs to Chron31r (Fondevilla et al., 2016).

3.2 Biostratigraphy studies

Ten of the 14 washed sediments from the Lower Aren Unit and from the base of the Upper
Aren Unit have yielded planktonic foraminifera (Figs. 2, 4). However, they are rare and in a
poor state of preservation. They show several taphonomic alterations including test
fragmentation, abrasion, recrystallization and chamber fillings (Fig. 4). The species richness
is low for such Upper Cretaceous deposits; nineteen species have been determined. Despite
the detrital nature of the Aren Fm no sign of reworking has been observed. Though it has
yielded insufficient index species to establish a formal zonal scheme, the planktonic

foraminiferal succession is consistent (middle/upper Campanian to lower Maastrichtian) and
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does not present any reworked specimens (i.e. with last occurrence older than middle
Campanian). Among keeled forms, Globotruncana are the most common and are mainly
represented by species with a long stratigraphical range (first occurrences within the
Santonian Stage — last occurrences within the Maastrichtian Stage): Globotruncana arca,
Globotruncana hilli, Globotruncana lapparenti, Globotruncana lineianna, Globotruncana
mariei, Globotruncana neotricarinata (Figs. 2, 4). In sample OR-02-17, Globotruncana
aegyptiaca (Figs. 2, 4) has been identified, indicating that this upper part of the Lower Aren
Unit is at least late Campanian in age. It is in agreement with the presence of Rugotruncana
subcircumnodifer, which first occurs in the late Campanian. At the base of the Upper Aren
Unit, in samples OR-02-19 and OR-02-20, Globigerinelloides messinae has been identified
(Figs. 2, 4). In sample OR-02-20, Globotruncanella pschadae has been found. First
occurrences of these two species are usually recorded in the Gansserina gansseri zone
(Petrizzo, 2001; Arz and Molina, 2002; Mesozoic planktonic foraminifera “PF@Mikrotax”
available at http://www.mikrotax.org/pforams/index) that spans the Campanian—Maastrichtian
boundary. It is in agreement with the occurrence of G. gansseri within the sample 0R-02-20.
The last observed planktonic foraminifera of our sampling have been found in this sample
(Fig.2). The next biostratigraphic markers in the stratigraphy have been provided by large
benthic foraminifera observed in thin sections (Figs. 2, 5, 6) from highly indurated sandstone
beds. Species of the genera Siderolites are a good biostratigraphic marker to constrain the
position of the Campanian—Maastrichtian boundary in shallow marine facies (Robles-
Salcedo, 2014; Robles-Salcedo et al., 2018). Among them, Siderolites with well-developed
spines only occur in the Maastrichtian. Samples OR-02-21 and OR-03-314 present
Siderolites with well-developed spines (Figs. 2, 5, 6) indicating that these levels are
Maastrichtian in age. Thus, the Campanian—Maastrichtian boundary should be placed in the
lower part of the Upper Aren Unit. This is in accordance with previous biostratigraphic works.
Villalba-Breva and Martin-Closas (2012) assigned the charophytes-rich beds of the
subsequent Grey Unit in the eastern part of the Tremp—Graus Basin to the lower

Maastrichtian. Diez-Canseco et al. (2014) have interpreted in situ (non-reworked) planktonic
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foraminifera assemblages of the Grey Unit and the Lower Red Unit of the Tremp Group as

lower to upper Maastrichtian.

3.3 TOC and CaCOs values

The stratigraphic variations in TOC and %CaCQOs from the Orcau section are shown in Figure

6 and provided in Supplementary Table 1.

The TOC values at Orcau range from 0.02% to 4.36% with a mean of 0.53%. The Lower
Aren Unit at the base of the section (0-113.5 m) is characterized by a constant TOC with an
average value of 0.33%. The end of the Lower Aren Unit and the beginning of the Upper
Aren Unit (113.5-211.9 m) is characterized by increasing TOC with an average value of
0.73%. The remainder of the Upper Aren Unit (211.9-295 m) shows a TOC value of 0.20%.
The Grey Unit at the top of the section (295-320.8 m) is characterized by an increasing TOC
with an average value of 1.90%. The richest samples in organic matter are from lagoonal

carbonates of the Grey Unit (Fig. 3).

The carbonate contents range from 23% to 99% with a mean at 73%. Most calcimetric
values vary between 60% and 85% while 2 samples exhibit significantly low values of 45%
and 39% (Fig. 3) in the Lower Aren Unit, corresponding to sandstone lithologies. A sample
from the Grey Unit exhibits the lowest value (23%). Two samples in the Grey Unit that are
carbonate mudstone show, not surprisingly, a proportion of CaCOs at 99% and 97% while

four samples of calcarenite lower in the section also show a high CaCOs proportion.

3.4 Stable isotopes (5'3C, §'30)

Several positive and negative shifts and excursions are evident, as well as long-term trends

well exhibited in Figure 3 both in the 8"3Ccar and the 8'°Corg values.

The 8'3Cecar of the Orcau dataset displays values ranging from -6.63%. and +1.45%. (vs
VPDB) that are relatively low values. At the base, the 8'*Cea data show an irregular signal

followed by a positive shift between 47 and 70 m (Fig. 3). A well-marked negative excursion
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occurs between ~72 m and 89 m. The upper transition of this negative excursion is sharp.
More regular and more constant positive values between +1.02%. and +1.44%. depict a thick
succession up to 162 m that is followed by a long-term trend to increasingly negative values.
This general trend is arranged into successive and progressive decreases (162-212 m; 212-
255 m; 255-282 m; 282-297 m) with the last sequence appearing in the Grey Unit, starting
with a sharp negative shift and showing an amplitude higher than 3%. at the top (297-320 m;

Fig. 3).

The 8'3Corg values from the Orcau dataset range from -27.1%. to -21.7%.. The main negative
excursions correspond to an amplitude higher than 2%. (47.4 to 65.6 m and 290 to 305 m;
Fig. 3), with the maximum amplitude of -2.9%. at 295 m. At the base, the 8'*Corq data show a
small positive trend, followed by negative trend from 38 to 70 m. A positive excursion is
recorded from 70 to 89 m, and followed by values around -25%. up to 162m. Several positive
trends are observed (162-205 m; 205-225 m; 225-255 m) followed by a negative trend at the
top of the Upper Aren Unit (255-298 m). A sharp excursion marks the transition to the Grey
Unit: the most negative value is recorded at the base of the Grey Unit in a sandstone bed

and followed by the maximum amplitude (1.9%.) of a positive excursion at 311.5 m.

The &'80 values vary between -8.07%. and -1.79%. (vs VPDB). They generally present
“normal” values for marine environments in the Aren Fm but do show a global trend towards
lower values from the base of the section to the top of the Aren Fm. In general, the values of
the stable isotopes of carbon and oxygen show a covariant evolution from the base of the
outcrop to the upper part of the Upper Aren Unit. In the terminal part of the Upper Aren Unit
and in the Grey Unit, the isotopic records of carbon and oxygen show trends that are in

opposition (Fig. 3).

3.5 Organic matter

The six samples contained sufficient large clasts of organic matter to be optically observed:

OR-40.8 and OR-158 were collected from sandstones of the Lower Aren Unit; OR-191 and
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OR-248.5 were collected from sandstones of the Upper Aren Unit; and OR-305.3 and OR-

311.5 m were collected from a carbonate bed of the Grey Unit.

They yield organic matter from both continental and marine origins (Figs. 7 and 8). Two
samples in particular (OR03-191 and OR03-158; Figs. 7 and 8) contain non-fluorescent
organic matter of continental origin (Fig. 7 A, B, C, D, E, F, G, H) that can be clearly
observed with particles of size that range from 5 to >250 um (Fig. 7 C, G). The amorphous
marine kerogen is often fluorescent (Fig. 7 B; Fig. 8 E, F, G) with a color tone located at 460
nm and of immature OM (excitation in fluorescence with a 365 nm mercury lamp). RO %
(vitrinite reflectance), vitrinite and telinite particles confirms this result with a % RO of less

than 0.5% (Fig. 7 E, F, G, H).

Most samples have low OM content as % TOC is low, as confirmed by Rock-Eval pyrolysis
results. Consequently, the interpretation of the pyrolysis analysis (the ratio of the S2 / S3
peaks of origin) is very difficult because, as the petrographic analysis shows, the
measurements are reliable only in two-thirds of samples. However, in the two samples
showing continental organic matter (Fig. 7 and 8, with inertinite and pyrite), it can be said that
river transportation with erosion can be observed in the rounding of physically degraded and

sometimes chemically oxidized vitrinite particles (Fig. 7 A and Fig. 8 D).

4. Discussion

We have found no correlation between isotopic values: Figure 9 suggests no post-
depositional bias and particularly no burial diagenesis impacting on the geochemical signal
(Oehlert and Swart, 2014) for the Lower and Upper Aren Units. However, due to a small
number of values in the Grey Unit and particularly low values of the 8'3Ccan associated with
OM-rich beds, some burial effect may be suspected (Bodin et al., 2016; Wohlwend et al.,

2016) and will be discussed below.
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4.1 High-resolution stratigraphy in deltaic successions

Many stable bulk isotope studies are available for Campano-Maastrichtian successions in
fully marine sections (Jarvis et al., 2002; Jung et al., 2012; Linnert et al., 2017; Paul and
Lamolda, 2007; Thibault et al., 2012; Voigt et al., 2010; 2012; Wendler, 2013), and have
been used to define several isotopic events and long-term trends as global stratigraphic
markers, such as the MCE - Mid-Campanian Event (positive excursion), the LCE - Late
Campanian Event (negative excursion), the CMBE - Campanian—Maastrichtian Boundary
Event (negative excursion), and the MME - Mid-Maastrichtian Event (a two-stepwise positive
excursion). Some of these are brief and more or less pronounced negative and positive

Carbon Isotopic Excursions (CIE) and correspond to environmental changes.

The &'3Cear variations in the studied Orcau sedimentary succession allows the definition of
high-resolution temporal sequences (Figs. 3, 10), corresponding to trends and excursions in
the 8'3C.an, dataset. Subsequently, we propose a correlation between the 8'3Ccar record of
the Tremp-Graus Basin and the 8'3C.an, records of two marine Campanian to Maastrichtian
reference sections (Fig. 10), at Tercis-les-Bains (Voigt et al., 2012) and Gubbio (Coccioni et
al., 2012) that correspond to different sedimentary depositional environments. The Gubbio
sedimentary facies are pelagic sediments while the Tercis-les-Bains succession shows an
alternating marl and limestone succession of a carbonate slope. Therefore, differences in
sedimentary environments and sedimentation rates for each section must be taken into

account in order to be able to achieve large-scale spatio-temporal correlations.

At Orcau, the boundary between the Campanian and Maastrichtian is not precisely known
because biostratigraphical markers (planktic or benthic foraminifera) are not able to provide
continuous high-resolution stratigraphical framework. This is due to their scarcity and their
poor preservation in the Upper Cretaceous pro-delta system of the Tremp-Graus Basin
(Ardévol et al., 2000; Feist and Colombo Pifiol, 1983; Lépez-Martinez, 2001; Oms et al.,
2016; Riera et al., 2009; 2010 and references therein; Vicens et al., 2004; Villalba-Breva and
Martin-Closas, 2012). As such, our use of continuous geochemical multiproxies as a tool for
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stratigraphy is appropriate. However, the occurence of Siderolites with well-developed spines

(sample OR-02-21) confirms that this bed (at 198 m) is Maastrichtian in age.

The characteristic isotopic events of the CMBE, in agreement with the magnetostratigraphic
and biostratigraphic data, could allow us to define the Campanian—Maastrichtian boundary in
the dataset. The CMBE is defined by a succession of several negative and positive trends on
either side of the Campanian—Maastrichtian boundary, and lies across the Chron32n and 31r
such as identified on the 8'3C.an, curve from Gubbio, and partly identified in the Tercis-les-
Bains section (Voigt et al., 2012). The base of the CMBE is marked by a positive excursion
followed by a negative trend below the Campanian—Maastrichtian boundary in the Chron32n.
This isotopic event is identified in the Orcau isotopic curve at 163.2 m (A1 on Fig.10) but it is
relatively narrow because it corresponds to a sedimentary highstand unit (marly offshore
delta), and we lack samples from this interval. It is followed by a subtle switch in the values in
Tercis-les-Bains, and with a negative trend in Gubbio (A2 in Fig. 10), up to relatively negative
values (around - 1%. (vs VPDB). A well-expressed positive shift marks the middle part (A3) of
the CMBE located on the Chron32/C31 boundary in Gubbio. It corresponds to the upper part
of the Orcau section, suggesting a high sedimentary accumulation in Orcau despite an

enclosed lagoonal environment with minor sedimentary fluxes.

Below the CMBE, the Late Campanian Event (LCE) might be expected in the Orcau section.
It is defined by a prominent negative excursion at the end of the Chron33n and in the R.
calcarata Zone, and is particularly well expressed in Tercis-les-Bains (Coccioni et al., 2012;
Jarvis et al., 2002; Li et al., 2006; Thibault et al., 2012; Voigt et al., 2012). A significant
negative excursion is seen between 70 and 89 m (noted B) with isotopic values around 0.00
%o framed by two more negative values (- 3.31%. at 76.2 m and - 4.81%. at 87.00 m). We
suspect that the LCE would fall within this B interval. Another negative excursion starting
from the base of the section between 23 and 59 m (noted C), with isotopic values around 0.5

%o but only one very negative value at — 2.90%. (48.50 m), could correspond to the excursion
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465 beneath the LCE that is seen clearly in the Tercis-les-Bains dataset. It may be expanded in

466  Orcau section due to a higher sedimentary accumulation rate.

467 Between the LCE and the CMBE, similar trends are observed on the reference curves as
468 well as on the Orcau isotopic curve between 88 and 162 m, with a constant trend showing

469  values around + 1.10%..

470 4.2 Depositional environment and its influence on the &'3C record?

471 Previous works show that all isotopic carbon signals are influenced by several factors, the
472  most important of which is the atmospheric carbon dioxide and pCO- (Arens et al., 2000;
473  Wendler, 2013). Marine 8'3C.ar is generally more positive than terrestrial 5'3Ccar due to the
474  interaction with meteoric water (Sharp, 2006). The 8'3Ccaw in marine carbonates is either in
475  equilibrium with the isotopic composition of the ocean water at the time (8'3Ccarn around 1%o)
476  or reflects the vital effect of the various organisms that form carbonate rocks (between - 12 to
477  + 1%.), while the 8'3C of bulk organic matter in marine deposits is influenced by oceanic
478  productivity and terrestrial inputs (Hilting et al., 2008). The measurement of organic carbon
479  isotope composition in sediments is most similar to the average composite sample of many
480 species, which minimizes the physiological bias of the life effect (Arens et al., 2000; Jahren
481 et al, 2001). Amongst deltaic Upper Cretaceous deposits organic matter could come from
482 terrestrial C3 plants, peat and coal/lignite from land, bearing 8'°Cory mean values between —
483 33 to — 23%. (Cerling and Quade, 1993), or from aquatic photic organisms with 3'3Corg

484  ranging from - 22 to - 10%. (Degens et al., 1968; Sackett et al., 1965; Sharp, 2006).

485  The Orcau dataset shows rather low values of 3'3Ccan, falling coincidentally with 880

486  throughout the Upper Aren Unit (Fig. 3); this could mark the input of fresh water with the
487  more proximal facies found at the top of the succession. The isotopic record would suggest
488 more and more terrestrial (meteoric water) input. In the Aren Fm deltaic deposits, the

489  preserved OM is probably mainly terrestrial with the presence of continental vitrinite and

490 inertinite (Figs. 7, 8) and probably pollen and spores coming from the continent, together with
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quartzitic and lithic grains as are often found in deltaic successions (Martinez et al., 2002;
Stukins et al., 2013). The high sedimentation flux and erosive characteristics explains the
difficulty in finding both a large number of foraminifera and well-preserved microfossils in
samples. Thus the marine OM, such as planktonic oceanic components and algal debris,
probably represents a small proportion of the oceanic OM, except in some part of the Upper
Aren Unit. At higher resolution the four sequences of the Upper Aren Unit (CuS1 to CuS4)
show generally more negative 8'3Ccan values towards the top of the sedimentary shallowing-
up sequences (Fig. 11), supporting the idea that 8'*Ccaw values are driven partly by the
increase of meteoric water in the deltaic environment. Simultaneously the 8'3Corq increases
upwards in CuS1 and CuS2, is very chaotic in CuS3, and decreases in CuS4 (Fig. 11). The
CuS1 and particularly the CuS2 signal may indicate an increase of terrestrial input
throughout the coarsening-up sequences. Conversely, the negative trend of the CuS4 could
indicate an increase in photic organisms despite the regressive sedimentary signal. However
rudist patches are reported laterally indicating sheltered areas probably well adapted for
some photic blooms the OM of which may be incorporated into the deltaic system. The
chaotic signal of CuS3 together with the very thick and high-hydrodynamical deltaic

sandstones could indicate a mix of OM from marine and terrestrial input.

At the boundary between the Aren Fm and the Grey Unit, the sharp shift in the geochemical
proxies could suggest an unconformity (Fig. 11). However this sharp shift corresponds to an
abrupt paleoenvironmental and lithological change (marine to lagoonal environments) that
may induce a change from stable conditions towards more complex interaction and variability
among salinity, energy, and trophic conditions, mimicking an unconformity. The Grey Unit
basal deposits show the most negative 8'3Cqrq values (- 27,15%.) while the marl and
sandstone deposits of the Grey Unit show the most positive isotopic values. The latter might
correspond to a mix of light terrestrial OM and some OM from photic organisms such as
ostracods. Less terrestrial debris trapped in the lagoonal marshes, and more photic

contributions (mainly from charophytes and ostracods) could be driving the 8'°Corq values
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towards less negative values. Moreover it is clear that the Grey Unit displays a variety of
salinities well observed in skeletal carbonates (Oms et al, 2016) that might produce

geochemically complex signals.

The very negative 8'3Ccar values in the top part of the succession (Grey Unit) are linked with
high TOC content and a positive swing in the 8'0. The negative values of "*Ccar could be
driven by burial diagenesis of the organic-rich claystone beds. Indeed sulfate-reduction
processes occur during the burial of organic claystone, leading to remineralization of the OM
and authigenic carbonate precipitation depleted in '*C (Bodin et al., 2016; Wohlwend et al.,
2016). Lighter O (variation of 4%, in the 8'80) in the Grey Unit could suggest an impact of
less saline water in the lagoonal environment on the recorded isotopic fractionation, the

meteoric water driving the O values towards more positive values.

4.3 5"3Ccarb and 8'3Corg signal comparison

At a geological time scale, it is accepted that various reservoirs are likely to record '*C
fluctuations simultaneously (Koch et al., 1992), and C transfer can be considered as
instantaneous. So when disturbances in the carbon cycle occur they are recorded in both
marine and continental sediments (e.g. Grécke, 1998; Hasegawa et al., 2003; Jahren et al.,
2001; Magioncalda et al., 2001; Tsikos et al., 2004). It is therefore possible to compare both
marine and terrestrial isotopic signals (e.g. Magioncalda et al., 2004) either in mineral carbon

(8"3Cecarp) OF in organic carbon (8'3Corg).

Some studies have shown that the &'3C record of marine organic matter can be correlated
with the 8'3C of organic matter of lagoonal environments, but from terrestrial origin
(Heimhofer et al., 2003). In addition, several studies comparing 8'*Corg and 8'Ccarn
performed on the same section show simultaneous trends in both signals, with different

absolute values (Magioncalda et al., 2001; Storme et al., 2014; Tsikos et al., 2004).

Our dataset tends to confirm that both signals record comparable sequences (S1 to S11; Fig.

9) in the full succession, with similar boundaries. However, the 8'3Ccan and 3'3Corg signals
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often show inverse trends (S2, S3, S5, S6; Fig. 11). For example, the interval interpreted as
the LCE shows an opposing variation in the signal values. The Grey Unit presents a very
noticeable shift in all geochemical proxies as this unit presents a relatively high TOC content
and a positive shift of 5'80 towards lighter values, while the 8'3Ccan, and 8'3Corg show very
distinctive values, part of this may be due to OM remineralization as discussed previously

(Figs. 3, 11).

Value variations in 8'*Corg sShow a larger spectrum and the signal is not easy to compare. It is
a challenging proxy to use, therefore, particularly in a context of mixed OM and water origin
(e.g. terrestrial and marine). Overall the 8'3Cory variations record changes relatively
simultaneously to global events recorded in the 8'3Ccan dataset (Fig. 11), which corroborates
previous work that has demonstrated that the 8'°Corq primary signal reflects the composition
of the environmental CO; available at that time (Kump and Arthur, 1999). It should be a good

record of global geochemical events when coupled with other proxies.

The biological environment is partly responsible for the variations in the isotopic record,
however (Dunkley Jones et al., 2010). It seems clear that sedimentary dynamics are also
accountable for some variations. Indeed, while geochemical sequences do not coincide with
sedimentary sequences in the deepest-water environment (in the lower Upper Aren Unit),
changes in geochemical records follow sedimentary sequences in the deltaic system (Fig.
11). Thus the deciphering of global geochemical records must be carried out at the same
time as the understanding of local parameters. Particularly one must be very careful when
interpreting the origin of 8'*C.q trends because the variations may be due to changes both in

the OM types and origin, that make the use of this proxy much more complex.

Conclusion

The very thick Campano-Maastrichtian deltaic succession of the Tremp-Graus Basin
contains rare and poorly preserved biostratigraphic markers despite the rudist-patch and

lagoonal facies that provide some biostratigraphic markers. The magnetic signals allow some
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chron determinations (Fondevilla et al., 2016; Oms et al., 2007, 2016), in particular the
definition of the boundary between C32 and C31r (Maastrichtian) at the boundary between
the Upper Aren Unit and the base of the Grey Unit. More biostratigraphical constraints were
found with the presence of Siderolites with well-developed spines (sample OR-02-21)
indicating that this bed (at 198 m) is Maastrichtian in age, but these are insufficient for a
more precise stratigraphical framework. Hence, we provided a continuous 8'3Ccarb, 8'*Corg
and 8'80 dataset for the 325 meter-thick Orcau succession, encompassing various facies
from deltaic to lagoonal environments, making it the first attempt at a multiproxy isotopic
analysis of Upper Cretaceous detrital (shoreface) deposits. The carbon isotope excursions
and trends of the 8'3C dataset allow the determination of some global geochemical events
when comparing them to the reference sections of Gubbio and Tercis-les-Basin, and
enabling global climatic events such as the CMBE to be identified. The LCE is also strongly
suspected to be present at the base of the section. The isotopic record of the Orcau section
shows a Ccan signal that can be related to global changes, while the shift to lower values in
the uppermost parts of the Aren Fm can be linked to palaeo-environmental drivers such as
more meteoric input (less saline water in a deltaic setting closer to shore). In the Grey Unit,
however, the very low values are probably related to claystone burial effects and an OM-rich
succession that induced OM remineralization and the authigenetic production of carbonate
with lighter C. Nevertheless in this Grey Unit the higher values in the 5'®0 may record a

palaeo-environmental effect of poorly saline lagoonal water.

The studied succession in the Tremp-Graus Basin is complex due to various coeval
palaeoenvironmental factors, such as high-energy deltaic environments of the Aren Fm and
lateral rudist patches. Changes in palaeo-environments, OM inputs and lithology might have
an impact on isotopic values, and particularly on the 8'*Corg. The origin of the analyzed OM
and its role in the variation of signal is to be questioned (e.g. Maufrangeas et al., 2020) for
two reasons: (1) in fluvio-deltaic sediments such as the Aren Fm marine and continental OM

were mixed in unknown proportion, both types bearing different fractionation values; and (2)
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in detrital sediments, it is possible some OM is reworked. Despite this complexity, it can be
assumed that (1) the proportion of continental vs marine OM does not change throughout the
deltaic studied succession, and that the terrestrial OM might be dominant, and (2) that the
reworked OM is in minute proportion and diluted in the sample. Working on the bulk Corq and
therefore on the mean (continental and marine) &'*Corq makes it possible to minimize the
biological effects. Some excursions or trends in the 8'3Crq signal can be related to global
changes as the shifts are coeval, despite some decorrelated/ inverse responses. They are
better observed in the deepest environments (lower part of the study succession), but in the
uppermost deltaic sequences, the 5'3Cqq signal cannot be interpreted, probably due to many
erosional surfaces that truncate the records. When dividing the signal of the 8'*Ccar and
8'3Corg in geochemical sequences, the boundaries for which are defined when the signal
changes, it is noteworthy that they coincide with the deltaic sequences in the Upper Aren
Unit. Part of the signal is thus clearly driven by local palaeo-environmental changes, but the

overall global signal can be detected nevertheless.

The 8'3C is a useful method to improve the stratigraphy in shoreface deposits, but one must
be particularly cautious in the interpretation of the geochemical excursions and trends
because of the presence of sedimentary hiatuses and potential variations of the signal.
Particularly in the Corg proxy, changes in the types and dominant sources of organic matter
might induce changes in the 8'3Corq Signal, unrelated to atmospheric variations. The
magnetostratigraphic coherence, the rare biostratigraphic markers, and the pattern of the
CIE isotope data, permits global indicators to be interpreted in the Orcau succession, despite

its location in a deltaic environment.
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Captions

Figure 1: Geological setting for the study section: (A) Tremp-Graus Basin geological map; (B)

Location of the Campanian — Maastrichtian sedimentary and geochemical sections (1) this
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study: the Orcau section in the Tremp-Graus Basin (Spain), (2) Tercis-les-Bains reference
section in the French Basque Country (Voigt et al., 2012), and (3) Gubbio reference section

in ltaly (Voigt et al., 2012; Coccioni et al., 2012); (C) Stratigraphy of the Tremp-Graus Basin

Figure 2: The study Orcau Log section showing facies variability, specific sedimentary
structures and sequences. Depositional environments are indicated as well as
lithostratigraphic and stratigraphic assignment which was better constrained with the
magnetostratigraphic chrons from Fondevilla et al. (2016). The polygon shows the
Campanian — Maastrichtian boundary from previous studies and the star highlights the
updated boundary from this study. Samples are located along the log for biostratigraphical
analysis and red diamond for the organic matter (OM) petrographic analysis. Distribution of
planktonic foraminifera, benthic foraminifera and other bioclasts observed are indicated for

residues (black dots) and for thin sections (white dots).

Figure 3: Geochemical results along the Orcau section: isotope analysis (5'3Corg, 8'3Cear,
5'®0), TOC (%), and CaCQOs (%).The polygon shows the Campanian — Maastrichtian

boundary from previous studies and the star highlights the updated boundary from this study.

Figure 4: Scanning electron micrograph illustrations of planktonic foraminifera from the Orcau
Section: 1a-c. Globotruncana mariei (OR03-86); 2a-c. Globotruncana arca (0R-03-76); 3a-c.
Globotruncana hilli (OR17); 4a-c. Globotruncana linneiana (OR09); 5a-c. Rugotruncana
subcircumnodifer (OR17); 6a-c. Globotruncana aegyptiaca (OR17); 7a-c. Contusotruncana
morozovae (OR09); 8a-c. Muricohedbergella holmdelensis (OR19); 9a-b. Planoheterohelix
globulosa (OR19); 10a-b. Planoheterohelix labellosa (OR17); 11a-c. Rugoglobigerina rugosa
(OR-03-86); 12a-b. Globigerinelloides prairiehillensis (OR19); 13a-b. Globigerinelloides

messinae (OR19). Scale bar : 200 um.

Figure 5: Detailed microfacies (thin sections) of the Orcau Section (Upper Aren Unit). A. OR-
02-23, Marine microfacies with orbitoids; B.OR-02-08, Bioclastics microfacies with bryozoan;

C., D., E. OR-02-21, Marine microfacies with diverse benthic organisms (C. Textulariina,
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Miliolina (Fallotia) orbitoids and red algae, D. orbitoids and Siderolites, E. Siderolites with
well-developed spines); F. OR-02-26, Lagoonal microfacies with charophytes; G., H. OR-03-

297, Lagoonal microfacies with charophytes, gasterods and ostracods. Scale bar : 1 mm.

Figure 6: Key benthic and planktonic foraminifera. Maastrichtian Siderolites with well-

developed spines (thin section, Upper Aren Unit, OR-03-214). Scale bar : 1 mm.

Figure 7: Organic matter petrographic analysis in optical microscopy, 50x objective, reflexion
light in oil immersion; (A) observation in natural light (OR03-158) and (B) same section, in
fluorescent light, in which amorphous marine OM can be detected; (C) observation in natural
light (OR03-158) and (D) same section in fluorescent light; observations in natural light of
continental vitrinite (E) in OR03-191 and (F) in OR03-158; observations of continental telinite

(G) in OR03-158 and (H) in OR03-191.

Figure 8: Organic matter petrographic analysis in optical microscopy, 50x objective, reflexion
light in oil immersion; observations of OR03-158 in natural light (A) rounded grain of
continental vitrinite, (B) and (C) angular debris of continental vitrinite and (D) gelified particule
of OM; and observations in fluorescent light of mixt non florescent continental OM and
marine florescent amorphous OM in OR03-191 (E), and OR03-158 (F) and (G), and of

continental leptinite in OR03-191 (H).

Figure 9: Cross-plots of (a) 8"Ccar vs 880, (b) 8"°Corg vs 8"*Coam, (€) 8'°Ccarr vs TOC, (d)
5"Corg vs TOC. In the crossplots linear regressions and Re-values were calculated for the
each stratigraphic unit that represents samples deposited under very different environments

i.e. the Lower Aren Unit, the Upper Aren Unit and the Grey Unit.

Figure 10: Correlation scheme in the Campanian-Maastrichtian interval of the (1) Orcau
dataset, (2) Tercis-les-Bains reference section; dataset from Voigt et al., 2012 and (3)
Gubbio reference section; dataset from Voigt et al., 2012; Coccioni et al., 2012: carbon
isotope dataset (this work), biostratigraphic constrains (this work) and magnetostratigraphy

polarity chrons (Fondevilla et al., 2016) correlated with the two reference marine sections
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calibrated with high-resolution biostratigraphy and magnetostratigraphy across

the

Campanian to Maastrichtian times, where the global geochemical events were defined

and/or well recognized.

Figure 11: Comparison of the 8'°Corg and 8'3Ccar signal and TOC content in the study Orcau

section.
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