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Abstract

The Sinemurian/Pliensbachian boundary (~191 Ma) is acknowledged as one of the most
important steps in the radiation of planktonic organisms, especially primary producers such as
dinoflagellates and coccolithophores. To date, there is no detailed study documenting changes
in planktonic assemblages related to palaeoceanographic changes across this boundary. The
aim of this study is to characterize the palaeoenvironmental changes occurring across the
Sinemurian/Pliensbachian boundary at the Sdo Pedro de Moel section (Lusitanian Basin,
Portugal) using micropalaeontology and organic geochemistry approaches. Combined
calcareous nannofossil assemblage and lipid biomarker data document for a decrease in
primary productivity in relation to a major sea-level rise occurring above the boundary. The
Lusitanian Basin was particularly restricted during the late Sinemurian with a relatively low
sea level, a configuration that led to the recurrent development of black shales. After a sharp
sea-level fall, the basin became progressively deeper and more open during the earliest
Pliensbachian, subsequently to a major transgression. This sea-level increase seems to have
been a global feature and could be may have been related to the opening of the Hispanic
Corridor that connected the Tethys and palaeo-Pacific oceans. The palaesoceanographic and
palaeoclimatic changes induced by this opening may have played a role in the diversification
of coccolithophores with the first occurrence or colonization of Tethyan waters by placolith-

type coccoliths.



Keywords: productivity; sea-level; evolutionary events; Hispanic Corridor; coccoliths; lipid

biomarkers.

1. Introduction

The early Jurassic is punctuated by episodes of organic matter (OM) deposition and
preservation, probably testifying to the sporadic development of dysoxic/anoxic conditions in
the epicontinental basins of the western Tethys associated with peculiar tectonic and climatic
conditions (e.g., Jenkyns et al., 2002; Rosales et al., 2004; van de Schootbrugge et al., 2005).
Amongst them, the Sinemurian/Pliensbachian interval is of particular interest because in some
areas like the Lusitanian (Portugal), Basque-Cantabrian (Spain) and Bristol Channel and
Wessex (England) basins, laminated OM-rich levels (black shales) are characterized by a very
high (up to 20%) total organic carbon (TOC) content (Jenkyns et al., 2002; Deconinck et al.,
2003; Rosales et al., 2004; Van de Schootbrugge et al., 2005; Duarte et al., 2010). In the
Lusitanian Basin, the richness in organic matter makes the late Sinemurian-early
Pliensbachian one of the most important intervals of potential oil source rocks (e.g., Duarte et
al., 2010, 2012; Silva et al. 2013).

The Sinemurian/Pliensbachian boundary (~191 Ma) has been well documented for its
macroinvertebrate record (e.g., Mouterde, 1967; Antunes et al., 1981; Dommergues and El
Hariri, 2002; Meister et al., 2012; Comas-Rengifo et al., 2013; Duarte et al., 2014), and a
precise stratigraphic framework has allowed definition of the Global Stratotype Section and
Point (GSSP) of the Pliensbachian Stage at Wine Haven, Yorkshire (Meister et al., 2006).
This time interval is also recognized as one of the most important steps in the radiation of

planktonic organisms, especially primary producers such as dinoflagellates (van de



Schootbrugge et al., 2005) and coccolithophores (Bown et al., 2004). It is around this
boundary that first occurred the placolith coccolith-type (for example Similiscutum), which
marks an important event in the diversification history of the coccolithophores. This radiation
is probably linked to major palaeoceanographic changes related to the opening of the Hispanic
Corridor described by some authors (van de Schootbrugge et al., 2005; Dera et al., 2015). A
negative excursion in the carbon isotopic composition (8*3C) in carbonates has been recorded
in the Cleveland Basin (England) and interpreted as a major perturbation in the carbon cycle
(e.g., Jenkyns et al., 2002; Korte and Hesselbo, 2011). In spite of this, there is no detailed
study documenting changes in planktonic assemblages across the Sinemurian/Pliensbachian
boundary, while the palaeoceanographic and/or productivity changes occurring at that time
are poorly understood. In addition, only few studies have provided isotopic data for the
Sinemurian/Pliensbachian, and the main features and causes of the 8**C excursion remain
unclear (e.g., Hesselbo et al., 2000; Jenkyns et al., 2002; Duarte et al., 2014).

The aim of this study is thus to appraise the palaeoenvironmental changes occurring across
the Sinemurian/Pliensbachian boundary at the Sdo Pedro de Moel section (Lusitanian Basin,
Portugal) using micropalaeontology and organic geochemistry approaches at high resolution,
and to relate these changes to the palaeoceanographic events characterizing the western
Tethys in the early Jurassic. Sedimentological analyses combined to bulk organic matter
characterization, calcareous nannofossil quantification, and lipid biomarker analysis allow for
the first time discussing the changes in primary productivity, the major evolutionary events

and their links with sea-level changes in Sinemurian/Pliensbachian sediments.

2. Geological setting



The composite S&o Pedro de Moel section comprises the sections of Agua de Madeiros
(39°44°27" N; 9°02°20” W) and Polvoeira-Pedra do Ouro (39°43°18” N; 9°02°56” W) and
outcrops along the coastline of central-western Portugal, approximately 110 km north of
Lisbon (Duarte and Soares, 2002; Duarte et al.,, 2012) (Fig. 1a). This locality was
palaeogeographically located in the central-western part of the Lusitanian Basin. In the
Jurassic, this narrow and north-south elongated basin developed at the western margin of the
Tethys Ocean, and resulted from the aborted rifting of the proto-Atlantic (Manspeizer, 1988;
Soares et al., 1993). The Lusitanian Basin was bounded to the East by the Iberian Meseta and
to the West by the Variscan (granitic and metamorphic) Berlenga-Farilhdes Horst (Fig. 1b and
c). The Lusitanian Basin was connected to the north-western European epicontinental basins
and to the Hispanic Corridor to the south, thus representing a key location between the proto-
Atlantic and Tethyan oceanic domains (Fig. 1b). The peculiar setting of Sdo Pedro de Moel in
the central deepest part of the basin accounts for the completeness of the upper Sinemurian-
lower Pliensbachian sedimentary record in a relatively expanded 58 m-thick section.
Numerous ammonite and calcareous nannofossil bioevents are recorded in this section,
providing a detailed biostratigraphic framework (e.g. Mouterde, 1967; Antunes et al., 1981,
Meister et al., 2012; Comas-Rengifo et al., 2013; Mattioli et al., 2013; Duarte et al., 2014;
Boussaha et al.,, 2014). The studied time interval includes the Ammonite Oxynotum,
Raricostatum and Jamesoni Zones and the Nannofossil NJT 3a, NJT 3b and NJT 4 Zones
(Fig. 2).

In the upper Sinemurian/lower Pliensbachian, the sedimentation was characterized by
marl-limestone alternations with common occurrence of black shales (organic carbon-rich
sedimentary levels), belonging to the Agua de Madeiros and Vale das Fontes formations. The
Agua de Madeiros Formation can be subdivided into the Polvoeira and Praia da Pedra Lisa

members (Duarte and Soares, 2002; Duarte et al., 2004, 2010; Duarte, 2007). Interpretation of



the depositional environments of the S&o Pedro de Moel section and its sequence
stratigraphical evolution have been presented by Boussaha et al. (2014) and are summarized
in Figure 2. Briefly, the first 42 meters of the section are characterized by a 2"-order
transgression (see Duarte et al., 2010) indicated by facies evolution from mid to outer-ramp
environments. Black shales interbedded with storm deposits are frequently recorded in this
interval. Above, the facies succession suggests an evolution from outer to mid-to-inner-ramp,
attesting for a major sea-level fall. The lowest sea level is recorded between 55 and 62 meters
with a sedimentation dominated by amalgamated tempestites that show hummocky cross-
stratifications (HCS). The upper part of the section (62-89 m) is characterized by marl-
limestone alternations increasingly argillaceous upwards, testifying for a progressive rise in

sea level in an outer-ramp environment (Fig. 2).

3. Methods

3.1. Calcareous nannofossils

Eighty-six samples were analysed for calcareous nannofossils, 45 from Pedra do Ouro
section and 41 from Agua de Madeiros section. Samples were prepared following the
technique of Beaufort (1991) modified by Geisen et al. (1999) allowing absolute
quantification of nannofossil abundances per gram of rock. Slides were then studied in a
ZEISS Axioscope 40 polarising microscope, using a 1000 X magnification. As lower Jurassic
nannofossil abundance is low, 250 nannofossils on average (both coccoliths and the incertae
sedis Schizosphaerella spp. and Orthogonoides hamiltoniae) could be counted in each slide.
The intervals comprised between 20 and 26 meters (base of the section studied at Pedra do
Ouro; Boussaha et al., 2014) and between 62 and 65 meters (after the tempestite interval in

Agua de Madeiros section) are extremely poor in terms of nannofossil abundance. In these



intervals, total absolute abundances could be calculated but the scarcity of the specimens
counted (less than 100) prevented us to confidently calculate the relative abundances of each
coccolith taxa. Relative abundance of Schizosphaerella spp. and Orthogonoides hamiltoniae
were calculated with respect to the total nannofossil abundance for 86 samples, while species-
specific relative abundances of the coccolith species were calculated with respect to the
counted coccolith number for the 49 richest samples.

Nannofossil preservation was also evaluated in each sample by taking into account the
degree of etching and overgrowth according to Roth (1984), as well as the degree of
fragmentation. Three classes of preservation were thus used: poor for nannofossil
assemblages showing strong etching, overgrowth or fragmentation, moderate for moderate
etching, overgrowth or fragmentation, and good when Schizosphaerella spp. Fragmentation

was limited or absent and delicate coccoliths displayed relatively pristine structures.

3.2. Rock-Eval pyrolysis

In order to obtain information on the type and thermal maturity of the bulk OM, Rock-Eval
analyses were performed on 23 samples with a Rock-Eval device (Vinci Technologies) under
standard conditions (see all details about Rock-Eval pyrolysis and parameters in Espitalié,
1993; Behar et al., 2001). Measurements made include S; (mg HC/g rock), S, (mg HC/g
rock), Sz (mg CO,/g rock) and Tmax (°C). Derived parameters such as the Total Organic
Carbon (TOC) content (wt.%), the Hydrogen Index (HI = S,/TOCx100; mg HC/g TOC) and

the Oxygen Index (Ol= S3/TOCx100; mg CO,/g TOC) were also determined.

3.3. Lipid biomarkers
From the 23 samples used for Rock-Eval analyses, 19 organic matter-rich marls were

selected and studied for their aliphatic hydrocarbon composition. Samples (ca. ~30 g) were



ground and Soxhlet-extracted during 16 hours with Dichloromethane (DCM)/Methanol
(MeOH) (7:1 v/v). Total lipid extracts were concentrated and diluted in a Heptane/DCM (40:1
v/v) solution in order to precipitate asphaltenes. Maltene extracts were then fractionated into
five fractions by liquid chromatography over a wet packed column of inactivated (4% H,0)
silica. Aliphatic hydrocarbons were eluted with n-hexane, aromatic hydrocarbons with
hexane:DCM (4:1 v/v), ketones with toluene, alcohols with hexane-ethyl acetate (9:1 v/v),
and polars with DCM-methanol (1:1 v/v). Aliphatic hydrocarbons were then dried under a
stream of nitrogen, and a known amount of squalane was added as an internal standard before
analysis by gas chromatography (GC/FID) and gas chromatography/mass spectrometry
(GCIMS).

Hydrocarbons were identified using a MD800 Voyager spectrometer interfaced to an
HP6890 gas chromatograph equipped with an on-column injector and a DB-5MS column (30
m X 0.25 mm x 0.25 pm). The oven temperature was programmed from 60°C (1 min) to
130°C at 20°C min™, and then to 310°C (20 min) at 4°C min™. Helium was used as the carrier
gas at constant flow (1 mL.min™). Selective detection of hopanes and steranes was realized by
ion extraction (191 and 217, respectively).

Compound abundances were determined by GC/FID using a HP6890 Series gas

chromatograph configured as for GC-MS analyses.

3.4. Biomarkers used in this study

To better characterize changes in primary productivity, we have selected some biomarkers
to be analysed. These are:

(1) Phytane, a chlorophyll-derived (phytol) biomarker that can be used as an indicator of

primary productivity (Didyk et al., 1978);



(2) Sterols, produced by eukaryotic algae, protists and multicellular eukaryotes (Volkman
et al., 1998). Algae and metazoa are the main producers of Cz27 sterols, whereas Czs sterols are
associated with chlorophyll c-containing phytoplankton such as diatoms, dinoflagellates and
coccolithophores (Knoll et al., 2007). C29 sterols are mostly attributed to higher land plants
(Volkman et al., 1998) although contribution from marine green algae (Knoll et al., 2007) or
freshwater microalgae (Volkman et al., 1999; Kodner et al., 2008) is also possible. Therefore,
secular variations of different groups of steranes can be interpreted in terms of ecological
successions among groups of organisms and/or varying terrestrial inputs to the sediments;

(3) C27-Cs3s hopanes, derived from Css bacteriohopanepolyols synthesized by some
members of the Bacteria including cyanobacteria (Rohmer et al., 1984; Ourisson et al., 1987).
The proportions of regular Co27-20 steranes relative to Czo-35s hopanes, here expressed as
St/(St+Hop) ratio, can be used for estimating the relative input of eukaryotic (mostly algae

and/or higher plants) and bacterial biomass to sediments (Peters et al., 2005).

3.5. Isotope analyses

In order to measure their organic carbon isotopic composition (§**Croc), aliquots of the 19
marl samples studied for their aliphatic hydrocarbon composition were decarbonated using 2N
HCI for 24h at ambient temperature. They were then rinsed with deionized water, centrifuged,
rinsed again until neutrality and dried in an oven at 60°C. About 0.2 mg of decarbonated
sample were weighed in tin capsules and placed in a Eurovector Elemental Analyzer
(EuroEA3028-HT) connected to a GV instrument Isoprime™ stable isotope-ratio mass
spectrometer. The stable carbon isotope ratios are reported in the delta notation as the per mil
(%0) deviation relative to the Vienna Pee Dee belemnite (V-PDB) standard. Analytical
precision and accuracy were determined by triplicate analyses and by comparison with

international (IAEA CH7; 8"3C= -28.73%0) and in-house (TPAC, Phenyl/Amine; §*C= -



32.15%0) standards, which were analysed continuously throughout the generation of each
isotopic data set. Reproducibility was better than 0.1 %o for 5*Croc values.

Finally, the carbon isotopic composition of carbonates (8"*Ccan) wWas determined for
samples A to N and SPM-OU, by using an auto sampler Multiprep coupled to a Dual-Inlet
GV-Isoprime™ mass spectrometer. For each sample, an aliquot of calcium carbonate
(between 1150 and 500 pg according to the initial carbonate calcium content of the sample)
was reacted with anhydrous oversaturated phosphoric acid at 90°C during 20 min. Isotope
values are quoted in the delta notation in per mil relative to V-PDB. Each sample analysis was
duplicated and adjusted to the international reference NIST NBS19 (8"3C= +1.95%o).

Reproducibility was 0.03 %o for 8*Cean values.

4. Results

4.1. Calcareous nannofossils

Nannofossil preservation is generally moderate to good in the S& Pedro de Moel
composite section, with fragile structures such as the long and delicate spines of
Parhabdolithus liasicus liasicus commonly observed.

Nannofossil absolute abundances (both coccoliths and nannoliths) greatly fluctuated in the
studied interval (Fig. 3). On the long-term trend, very low values (<10*10° nannofossils/g of
sediment) are recorded in the Oxynotum Ammonite Zone, but an increase up to 275*10°
nannofossils/g of sediment is observed in the Raricostatum Ammonite Zone reaching the
highest values around the maximum flooding surface (MFS) (Fig. 3). This is followed by a
decrease to very low values in the base of the Jamesoni Zone (including the interval
dominated by the HCS-bearing tempestites) where a forced regression (FR) occurred.

Absolute abundance progressively rises again up to 180*10° nannofossils/g of sediment

10



afterwards, but never reaches again the high values observed around the MFS in the
Raricostatum Zone. At a higher frequency, fluctuations are observed in link with lithology,
namely higher values are recorded in marly intervals and lower values in limestones (Fig. 3).

Nannofossil assemblages are dominated by Schizosphaerella spp. in most of the studied
interval, as testified by its very high proportions (between 75 and 100%) in the Oxynotum and
Raricostatum Zones, except at the transition between these two zones where percentages drop
down to ~25% (Fig. 3). In the Jamesoni Zone, Schizosphaerella spp. percentages tend to
decrease especially in the upper part of the composite section. Fluctuations at a higher
frequency are also observed in link with lithology, but contrary to nannofossil absolute
abundances, higher values of Schizosphaerella relative abundances are recorded in limestones
and lower values in marly intervals (Fig. 3).

The coccolith assemblages are mainly represented by the species Parhabdolithus liasicus
distinctus, Parhabdolithus liasicus liasicus, Parhabdolithus robustus, Tubirhabdus patulus,
Crucirhabdus primulus, Crepidolithus pliensbachensis, Crepidolithus crassus, Mitrolithus
lenticularis, Mitrolithus jansae, and Mitrolithus elegans. Some taxa, namely P. liasicus
liasicus, T. patulus, and C. pliensbachensis, show a trend similar to that of nannofossil
absolute abundances (Fig. 3). On the contrary, P. liasicus distinctus shows an opposite trend,
with lowest relative abundances recorded when nannofossil absolute abundance values are at
the highest (Fig. 3). M. jansae and M. elegans peak in few peculiar intervals in some OM-rich
layers deposited above storm events and after the HCS-bearing tempestite interval (62-70 m;

Fig. 3).

4.2. TOC and Rock-Eval pyrolysis
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The studied samples are characterized by relatively high TOC content (4.5 wt.% on
average). Higher values are recorded in the Raricostatum Zone and a trend to decreasing
values, from 5.8 to 3.3 wt.%, is observed towards the Jamesoni Zone (Fig. 4).

Rock-Eval S; and S, parameters vary between 0.09 and 1.41 mg HC/g rock and between
4.25 and 42.77 mg HC/qg rock, respectively. The HI and Ol values range from 154 to 561 mg
HC/g TOC and from 23 to 86 mg CO,/g TOC, respectively. Tnax Values vary between 417
and 437°C, with an average of 426°C. The crossplot of HI/T . indicates that OM is immature
and has undergone only minor thermal diagenesis (Fig. 5). The OM is of Type Il and thus
dominantly of marine origin, as shown by the plot HI versus Ol data (Fig. 5). A general
increase of Ol is noted with decreasing HI and TOC, suggesting that, for some samples, the
marine organic matter suffered a slight oxidation at the time of its deposition.

All these results are consistent with those presented by Duarte et al. (2012) and Pogas
Ribeiro et al. (2013), who studied the palynofacies and the organic geochemistry (TOC
content, Rock-Eval pyrolysis) of the Sdo Pedro de Moel composite section at a higher

resolution.

4.3. Lipid biomarkers

The presence of biodegradable short chain n-alkanes and acyclic isoprenoids such as
pristane (Pr) and phytane (Ph) suggests slight to moderate levels of biodegradation of the OM
present in the samples (Peters et al., 2005). This implies that more resistant biomarkers such
as regular C27-29 steranes and C29-C32 hopanes used in this study have not been severely
affected by biodegradation.

The concentration in phytane shows a decreasing trend, with a mean phytane content of

105 pg/gTOC to 39 pug/gTOC from the Raricostatum to the Jamesoni Zone (Fig. 4).
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The Steranes/Hopanes ratio (St/(St+Hop)) is low (<1) throughout the entire studied interval
but a decreasing trend is observed (from 0.44 to 0.32), especially in the Jamesoni Zone above
the HCS-bearing tempestite interval (Fig. 4).

The C,7 (marine plankton), C,g (chlorophyll-c phytoplankton) and, especially, Co9 (Mostly
higher land plants) sterane concentrations show the same trend across the studied interval: an
increase through the Raricostatum and Jamesoni Zones with a peak at the top of the HCS-
bearing interval, followed by a decrease during the transgressive trend of the Jamesoni Zone
(Fig. 4). Through the whole studied interval, C,g steranes show higher concentrations (17 pg/g
TOC) compared to Cy7 (7 pg/lg TOC) and C28 steranes (4 ug/g TOC), with a much
pronounced peak concentration following the tempestite interval. The sum of hopanes shows
an increasing trend throughout the studied interval, rising from 36 pg/gTOC in the

Rariscotatum Zone to 90 pg/gTOC in the Jamesoni Zone (Fig. 4).

4.4. Carbon isotopes

The *Cean values vary between -1.59%o and +1.21%o (Fig. 4). A negative shift of ~2%o is
observed around the Sinemurian/Pliensbachian boundary (Raricostatum/Jamesoni Zones).
Our results are similar to those presented by Duarte et al. (2014) for the same section and the
same time interval.

The 8Croc values determined across the studied section vary between -28.16%o and -
29.70%0. Two negative spikes are observed separated by a positive peak occurring at the
Sinemurian/Pliensbachian transition (Fig. 4).

The 5"*Croc does not covary with the §**Cearp and an opposite trend is observed between
8"Croc and phytane concentration (R? = -0.41; p = 0.0028), with more depleted values (-29.5
%o) recorded when phytane concentration is high (Raricostatum Zone) and less depleted

values (-28.5 %o) for low phytane concentrations (Jamesoni Zone).
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5. Discussion

5.1. Changes in sea level and primary production at S&o Pedro de Moel

Sea-level changes have been described at the S&o Pedro de Moel composite section in
previous sequence stratigraphy studies (Duarte et al., 2010; Boussaha et al., 2014). In the
present work, variations in calcareous nannofossil absolute abundances mirror those of the sea
level that determined the eco-space available, namely the depth of the photic zone where
calcareous phytoplankton could thrive (Fig. 6). This photic zone was reduced in times of low
sea level and more expanded in times of transgression or maximum flooding. First, absolute
abundance increased after the rapid flooding that occurred in the upper part of the Oxynotum
Zone. Values were the highest around the maximum flooding surface of the Raricostatum
Zone, and then dropped during the forced regression at the base of the Jamesoni Zone.
Finally, abundances rose again progressively after the sequence boundary of the Jamesoni
Zone when the sea level progressively increased.

Relative abundances of Schizosphaerella spp. also match with these sea-level changes.
Mattioli (1997) and Mattioli and Pittet (2004) argued that this nannolith preferentially
developed in proximal settings where water mixing during storms favoured the resuspension
of the nutrients in surface waters. Schizosphaerella spp. has also been reported to present
higher percentages in calcareous than in marly lithologies in different early to late Jurassic
settings, when oligotrophic conditions occurred both in platform environments and basinal
surface waters (e.g., Noél et al., 1994; Bucefalo Palliani et al., 1998; Mattioli and Pittet, 2002;
Pittet and Mattioli, 2002). All these observations suggest that this taxon preferentially

inhabited proximal settings, and was abundant during periods favourable to carbonate
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deposition that commonly corresponded to relative oligotrophic conditions with occasional
replenishment in nutrients following storm events.

Variations in abundances of each coccolith species and their link to sea-level changes are
more difficult to interpret, since little is known about the ecology of Jurassic taxa. Some taxa,
namely Parhabdolithus liasicus liasicus and Tubirhabdus patulus, seem to be more abundant
during maximum flooding or transgressive phases, whereas P. liasicus distinctus shows
higher relative abundances in the beginning of the transgressive intervals (Fig. 6). The
apparent negative correlation between P. liasicus liasicus and P. liasicus distinctus may be
explained by their differences of morphology. Both coccoliths bear spines but P. liasicus
distinctus is more robust with a shorter spine than P. liasicus liasicus, which possesses a very
long and thin spine. Although the presence of spines in coccoliths has been linked to
protection from zooplankton predation (Young, 1994), the dominance of the long-spined P.
liasicus liasicus coccoliths may have also increased the buoyancy of the coccosphere in
relatively more stratified and distal environments. In an analogous way, long-spined acritarchs
(i.e., Micrhystidium) are interpreted by some authors as typical of relatively open and distal
environments in Jurassic (Bucefalo Palliani et al., 1998) and Holocene (Mudie et al., 2010)
series. It is thus likely that P. liasicus liasicus was dwelling in a stratified upper photic zone
and in relatively distal environments, where it was likely more competitive than P. liasicus
distinctus.

When looking at variations in TOC and lipid biomarker data, it becomes clear that changes
in primary productivity did occur in concert with sea-level changes at the S&o Pedro de Moel
section (Fig. 6). OM preservation may have been enhanced when the basin was the most
restricted, a condition that is attained during relatively low sea level in a narrow basin such as
the Lusitanian Basin (Boussaha et al., 2014). However, high productivity is also recorded

around the maximum flooding interval in the Raricostatum Zone (Fig. 6). This suggests that
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OM accumulation was not only favoured by restriction of the basin, but also by peculiar
palaeoenvironmental conditions (oceanographic, climatic) triggering high productivity.

Based on the comparison between variations in calcareous nannofossil absolute and
relative abundances, in organic matter contents and in biomarker concentrations, five main
intervals of varying sea level and primary production can be identified across the studied time
interval (Figs. 6 and 7):

(1) The Oxynotum Zone is characterized by very high, although fluctuating, TOC contents
(Figs. 4 and 6). OM preservation was particularly effective when the basin was the most
restricted, a condition that is attained at the sequence boundary around 20 m. The Lusitanian
Basin was then an inner to outer-ramp, with relatively low sea level (Boussaha et al., 2014).
Very low nannofossil absolute abundances are recorded in this interval, probably due to a
reduced photic zone (Fig. 7).

(2) Calcareous nannofossil absolute abundance increased after the rapid flooding that
occurred in the upper part of the Oxynotum Zone and values were the highest around the
maximum flooding surface of the Raricostatum Zone, when the photic zone was more
expanded thanks to the sea-level increase. High primary production also occurred around this
maximum flooding interval, as indicated by high TOC (Duarte et al., 2010; 2012) and phytane
concentrations. The St/(St+Hop) ratio further supports this observation, with higher input to
sediments of eukaryotic relative to bacterial biomass (Fig. 6).

During this interval, depositional environment was an outer-ramp, and an important
contrast is observed between periods during which the water column was well stratified and
periods characterized by intense water mixing due to storms (Fig. 7). During storm events,
surface waters were replenished in nutrients thus boosting primary production. The eventual
water stratification and the respiration of the excess biomass produced during or following

storm events regularly led to bottom water dysoxia/anoxia and the formation of black shales.
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This was interrupted by temporary re-oxygenation due to storms as indicated by the presence
of several distal tempestites and numerous HCSs (Boussaha et al., 2014). The Lusitanian
Basin was thus probably under the control of highly variable environmental conditions during
the late Sinemurian. Although the mechanisms of these abrupt and frequent environmental
changes are unknown, they appear to be linked to climatic variations and to a particular
restricted configuration of the Lusitanian Basin, which likely led to the recurrent development
of black shales (Boussaha et al., 2014). The interpretation of the water column stratification
could be supported by peaks in the relative abundance of Mitrolithus jansae (Figs. 3 and 6),
considered as a deep-dweller species (Bucefalo Palliani et al., 1998; Mattioli and Pittet, 2004;
Tremolada et al., 2005) since its thick coccoliths probably optimized light intensity into the
cell by refraction (Mattioli et al., 2008). Mattioli and Pittet (2004) studied calcareous
nannofossils from the Umbria-Marche basin (Italy) during the Pliensbachian/Toarcian, and
showed that the relative abundance of M. jansae tended to increase when the stratification of
the water was more pronounced. In the present study, M. jansae peaks in a few marly
intervals deposited above storm events. This observation suggests that, in the present case, the
development of this deep-dweller might have been favoured by the return to water
stratification after storm events.

(3) The base of the Jamesoni Zone is marked by a sharp drop in sea level. The following low
sea level was characterized by amalgamated HCS-bearing tempestites (Fig. 6). Calcareous
nannoplankton probably could not develop under such conditions, as indicated by a drop in
absolute abundances (Fig. 6), and basin waters were likely too much oxygenated for OM to be
preserved (Fig. 7).

(4) During the basal transgression that followed storm deposits (between 62 and 71 m),
contents in TOC and phytane and the St/(St+Hop) ratio indicate that primary productivity

progressively decreased (Fig. 6). The concentration peak in Cyg Sterane recorded just above
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the HCS interval (Fig. 4) may testify for an input of land plants (Volkman et al., 1998), and
thus higher terrestrial input to the sea. Alternatively, this Cyg Sterane peak could result from
the contribution of freshwater algae (Volkman et al., 1999; Rodner et al., 2008) induced by
freshwater input. However, the contribution of freshwater algae seems unlikely since
palynofacies analysis of the Sdo Pedro de Moel section indicates that the OM is mainly of
marine origin (Duarte et al., 2012; Pogas Ribeiro et al., 2013). In addition, an episode of
strong continental contribution is reflected by an increase in phytoclast content just above the
HCS interval (Pocas Ribeiro et al., 2013). Thus, the C,g sterane content rather testifies for
higher land plant input, but it still might evidence subsequent water column stratification due
to freshwater input (by rivers). This is in agreement with high proportions of the deep-dweller
M. jansae (Fig. 6). This interval was thus characterized by a relatively shallow, stratified
water column that did not necessarily lead to permanent bottom water dysoxia/anoxia and
deposition of black shales, as only few OM-rich levels occur in this interval (Fig. 7).

(5) Transgression then intensified as testified by the increasingly argillaceous content in the
upper part of the section (71-89 m) (Fig. 6). The absolute abundance of nannofossils shows
that the eco-space available for nannoplankton development progressively increased (Fig. 7).
A trend to increased distality is also suggested by the net decrease in Schizosphaerella spp.
abundance relative to coccolith abundance (Fig. 6). In parallel, primary production decreased,

likely due to enhanced distality with respect to continental input of nutrients (Figs. 6 and 7).

5.2. Global palaeoceanographic changes around the Sinemurian/Pliensbachian boundary?
The sharp sea-level fall followed by the major transgression recorded in the Lusitanian

Basin around the Sinemurian/Pliensbachian boundary seems to have been a global feature

since similar sea-level variations have been evidenced in other sections of England (Hesselbo

and Jenkyns, 1998), Poland (Pienkowski, 2004), France (de Gracianski et al., 1998),
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Greenland, and south Andes (Hallam, 2001). In these sections, the dramatic sea-level fall is
however dated from the latest Sinemurian, followed by an important flooding across the
Sinemurian/Pliensbachian transition (beginning of the Jamesoni Zone). This slight timing
difference in sea-level changes could be explained by local tectonic conditions at Sdo Pedro
de Moel, as suggested by the observation of lateral facies variation in the Lusitanian Basin
(see Duarte et al., 2014). However, it should be noted that the Sinemurian/Pliensbachian
interval is much better defined in S&o Pedro de Moel section thanks to a continuous ammonite
record (Comas-Rengifo et al., 2013) than in other well-studied basins. In fact, either the
ammonite record is discontinuous below the boundary (for example the well-dated Yorkshire
sections; see Hesselbo et al., 2000, fig. 4), the ammonite record is inferred to indicate a range
interval comprised between the uppermost Sinemurian to basal Pliensbachian interval (such as
in Morocco; Wilmsen et al., 2002), or a condensation or hiatus occurred across the upper
Sinemurian/lower Pliensbachian (such as in France; de Graciansky et al., 1998).

In spite of the problem of exactly dating the Sinemurian/Pliensbachian boundary, on a
long-term trend, these sea-level changes are however very similar, and the temporal
difference is actually minor as the important flooding is recorded at the base of the Jamesoni
Zone at S&o Pedro de Moel in a way similar to that reported by Pienkowski (2014) for the
Poland Basin. Then, sea-level changes at S&o Pedro de Moel do not seem to be strongly
affected by local tectonic conditions and may reflect widespread sea-level variations.

This transgression at the base of the Pliensbachien could be related to tectono-eustatic sea-
level changes linked to the breakup of the supercontinent Pangea, which led to the
establishment of epeiric seaways such as the Hispanic Corridor that connected the Tethys and
palaeo-Pacific oceans (Hallam, 1978, 1994; Smith et al., 1990, 1994; Aberhan, 2001). Several
studies based on the comparison of Tethyan and eastern Pacific ammonites (Venturi et al.,

2006, 2007), bivalve palaeobiogeography (Aberhan, 2001) and geochemical data (Porter et
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al., 2013; Dera et al., 2015) suggest that the opening of the Hispanic Corridor was
progressive, but point the latest Sinemurian-earliest Pliensbachian as the time during which it
became a true seaway. This opening may have induced palaeoceanographic and
palaeoclimatic changes, with more pronounced influence of warm water masses from the
equatorial Tethys (e.g., van de Schootbrugge et al., 2005) and the establishment of a mega-
monsoonal system above northwestern Europe with intensified summer monsoons (southeast
trade winds; Rohl et al. 2001). Draining of freshwater into the Tethys, resulting from intense
summer monsoons and high runoff, led to increased water column stratification (van de
Schootbrugge et al., 2005) as suggested here for the interval following the forced regression at
the base of Pliensbachian.

Interestingly, the opening of the Hispanic Corridor may have played a role in the first
occurrence of the genus Similiscutum with placolith-type coccoliths, through the development
of environmental conditions favourable for placolith-coccoliths that became dominant over
murolith-coccoliths by the end of the early Jurassic. It has indeed already been hypothesized
that the palaeoceanographic/palaeoclimatic changes subsequent to the opening of this gateway
may have induced the global radiation of dinoflagellates (van de Schootbrugge et al., 2005)
and of the Lithiotis Fauna (peculiar genera of bivalves; Franceschi et al., 2014) during the
early Pliensbachian. Alternatively, placolith-coccoliths may have originated in the Pacific
Realm and colonized Tethyan waters following the opening of the Hispanic Corridor.

A global ~2%. negative shift recorded in 8'3C bulk carbonate, marine benthic and
nektobenthic molluscs and brachiopods and terrestrial wood also marks the
Sinemurian/Pliensbachian boundary in various areas (Jenkyns et al., 2002; Woodfine et al.,
2008; Korte and Hesselbo, 2011). This shift suggests an increase in pCO,, probably related to
enhanced mantle-related hydrothermal activity associated with the opening of the Hispanic

Corridor (Porter et al., 2013; Franceschi et al., 2014). At S&o Pedro de Moel, the §*3C of
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carbonates does not show the sudden negative shift recorded in other settings. This is unlikely
due to the lack of the 8*3C shift record subsequent to erosion or hiatus at the base of the forced
regressive system, since a negative carbon-isotope trend could be observed, with lowest
values around the Sinemurian/Pliensbachian boundary and an increase in values in the earliest
Pliensbachian (Figs. 4 and 6). This chemostratigraphic event seems to be correlative with §*3C
negative excursion recorded at Robin Hood’s Bay (England; Korte and Hesselbo, 2011).
According to Duarte et al. (2014), the 8"3Ccanp curve across the Sinemurian/Pliensbachian of
Sao Pedro de Moel is strongly influenced by the sedimentation of OM, which may play an
important role in the control of the local seawater carbon-isotope composition.

The 5"*Croc does not covary with the §**Cearn and an opposite trend is observed between
8"Croc and phytane concentration. During photosynthesis, isotopically light carbon (**C) is
preferentially incorporated by phytoplankton, leading to more depleted 8*3C values in the
produced OM. The opposite trend observed between 8**Croc and phytane concentration thus
testifies for a major contribution of phytoplankton to OM, which supports a decrease in
primary production from the Raricostatum Zone to the Jamesoni Zone. Then, it is likely that
the 8"°C records at S&o Pedro de Moel are influenced by local environmental conditions and

do not reflect global climatic/oceanographic changes.

6. Conclusions

Combined sedimentological, TOC, lipid biomarker and calcareous nannofossil data allow a
precise characterization of the palaeoenvironmental changes occurring across the
Sinemurian/Pliensbachian boundary in the Lusitanian Basin. During the Oxynotum and
Raricostatum Zones (late Sinemurian), the basin was particularly restricted with a relatively

low sea level. This peculiar configuration of the basin, along with climatic variations, could
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account for the regular formation of black shales due to water stratification and bottom water
dysoxia/anoxia. This was interrupted by storm events that allowed temporary re-oxygenation
and replenishment in nutrients of surface waters thus boosting primary production. The
earliest Jamesoni Zone (earliest Pliensbachian) is marked by a sharp sea-level fall followed by
a major transgression. During the basal transgression, the basin was relatively shallow, with a
stratified water-column that did not necessarily lead to permanent bottom water
dysoxia/anoxia and deposition of black shales, and became progressively deeper and more
open with the intensification of the transgression. In parallel, primary production decreased,
likely due to enhanced distality with respect to continental input of nutrients.

The major transgression in the earliest Pliensbachian is probably related to tectono-eustatic
sea-level changes linked to the breakup of the Pangea, which led to the opening of the
Hispanic Corridor that occurred during latest Sinemurian-earliest Pliensbachian. The
palaeoceanographic and palaeoclimatic changes induced by this opening may have played a
role in the diversification of coccolithophores with the first occurrence or colonization of
Tethyan waters by placolith-type coccoliths, which were eventually very successful and
became dominant over murolith-coccolith by the end of early Jurassic. The 5'°C records at
Sé&o Pedro de Moel are likely influenced by local environmental conditions, and do not reflect
in the present case global climatic/oceanographic changes.

The present work highlights the necessity of using a multi-proxy approach to obtain a more
comprehensive picture of the environmental context in which placoliths first occurred. Still,
more studies in other epicontinental basins of the western Tethys would be needed to better
constrain these palaeoceanographic/palaeoclimatic changes and to understand how they may
have induced phytoplankton radiation. Also, in future works, the degree of restriction in
anoxic marine basins, such as the Lusitanian Basin, should be quantified, using for example

trace-metal concentration data.
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Figure captions

Figure 1. A) Location of the Sdo Pedro de Moel section (adapted from Reggiani et al., 2010).
B) Palaeogeographic map of the early Jurassic (after Scotese, 2001) and location of the S&o
Pedro de Moel section (Lusitanian Basin) during the early Jurassic (modified after Bassoulet
et al., 1993). C) Distribution of the studied section on a schematic proximal—distal profile
through the Lusitanian Basin during the early Jurassic; BF means Berlenga-Farilhdes

(modified after Vanney and Mougenot, 1981).

Figure 2. Stratigraphic log of the S&o Pedro de Moel composite section. Biostratigraphic data
(Ammonite and Calcareous nannofossil Zones; calcareous nannofossil events) are from
Comas-Rengifo et al. (2013) and Mattioli et al. (2013). Depositional environment and

sequence stratigraphy are from Boussaha et al. (2014).

Figure 3. Absolute (nannofossils/g of sediment) and relative (%) species-specific nannofossil

abundances during the Sinemurian/Pliensbachian of S&o Pedro de Moel. The relative
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abundances of the nannoliths Schizosphaerella spp. and Orthogonoides spp. were calculated
over the total nannofossil content, while species-specific relative abundances of various
coccolith species were calculated over the total coccolith content. The grey band represents

the HCS-bearing tempestite interval, where no samples were collected.

Figure 4. Bulk geochemistry and lipid-biomarker data during the Sinemurian/Pliensbachian
of Sdo Pedro de Moel. A) Total organic carbon (TOC) content (wt.%). Data from Duarte et al.
(2012) are reported in grey. B) Phytane content (ug/gTOC), indicative of phytoplanktonic
productivity. C) Sterane content (ug/gTOC), indicating the contribution of algae and
metazoan (Cz7 steranes), of chlorophyll-c algae (Cs steranes), and of higher land plants (Czg
steranes). D) Hopane content (ug/gTOC). E) Steranes/(Steranes + Hopanes) ratio, indicative
of relative changes among eukaryotic and bacterial sources. F) Carbon isotope composition of
carbonates (5"*Cea; %o0). Data from Duarte et al. (2014) are reported in grey. F) Carbon
isotope composition of organic matter (5°Croc; %o). Note that the horizontal scale for

Steranes is different from the one for Phytane and Hopanes.

Figure 5. Rock-Eval pyrolysis data. A) The plot of HI (mgHC/gTOC) vs. Tmax (°C)
indicates that organic matter is immature and has undergone only minor diagenesis. B) The
plot of HI (mgHC/gTOC) vs. Ol (mgCO,/gTOC) shows that organic matter is of Type II,
dominantly of marine origin. The boundary lines that denote the different kerogen types are
from Espitalié et al. (1986). The different symbols indicate the samples that are in the "outer-
ramp-offshore”, "mid to outer-ramp" and the “mid to inner-ramp™ environments. This shows

that there is no distinct grouping of organic matter type versus palaeoenvironment.
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Figure 6. Synthesis of the main data that allow distinguishing five intervals, noted (1) to (5),
of varying sea level and primary productivity during the Sinemurian/Pliensbachian of S&o
Pedro de Moel. TOC and §"*Ca, data from Duarte et al. (2012, 2014) are represented by 3-
points moving average curves. The first occurrence of placolith-type coccoliths and the

presumed timing of the opening of the Hispanic Corridor are also reported.

Figure 7. Schematic representations of the palaeoceanographic evolution at S&o Pedro de
Moel during the Sinemurian/Pliensbachian (modified after Boussaha et al., 2014). The five
intervals, noted (1) to (5), are those of varying sea level and primary productivity presented in

Figure 6 and described in the text.
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Figure 4
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Highlights

We discuss environmental changes across the Sinemurian/Pliensbachian in Portugal
Calcareous nannofossil and lipid biomarker show a decrease in primary production
This is associated with a major sea-level rise occurring above the boundary

This could be related to the opening of the Hispanic Corridor becoming a true seaway

This opening may have induced the first occurrence of placolith-type coccoliths
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