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Abstract

The first step of ice-sheet build-up on Antarctica at the Eocene-Oligocene boundary was
followed by a phase of climate instability culminating during the Miocene with a warming
event called the Middle Miocene Climate Optimum (MMCO), that ended with a marked
cooling phase identified as the Middle Miocene Climate Transition (MMCT). While
numerous benthic foraminifera §'80 and Mg/Ca data have been used to capture the global
climate evolution during this interval of climate and ice-sheet instability, geochemical records
from shallow-water carbonates still remain scarce. Yet such records are crucial to capture the

diversity of regional environmental responses to global climate changes, and thus to better
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understand the behavior of our climate system during this critical interval. In this work, we
test the potential of a multi-proxy approach (5'%0, clumped isotope (As7), strontium isotopes
(¥’Sr/*°Sr)) applied to bivalves recovered from the Liguro-Provencal Basin and Rhodano-
Provencal basin (Northwestern of the Mediterranean Sea) to reconstruct the evolution of
shallow seawater temperature and salinity in this region over the latest Oligocene to Middle
Miocene interval (~10 Myrs). Our results highlight a local cooling in the northwestern
Mediterranean Sea during the MMCO that contrasts with the warming observed in other
regions, with seawater temperatures inferred from A47 analyses in the 13-18°C range. These
cool seawater temperatures recorded in the studied region during the MMCO are much cooler
than those recorded in the open oceans, but are in agreement with the proliferation of
bryozoan observed in the Castillon-Du-Gard area during this interval. Low bivalve §'%0
values (-3.24 %o in average) are recorded during this episode—are interpreted to reflect
enhanced freshwater inputs, lowering local salinity and seawater §'®0. Such enhanced
freshwater inputs point to a phase of enhanced hydrological cycle in the studied region,
possibly linked to the global mid-Miocene warming event. Bivalve 8’Sr/*Sr data mostly fall
within the global seawater Sr isotope reference curve, but remain compatible with enhanced
freshwater inputs during the Aquitanian and during the Langhian, as these inputs were
probably not important enough to induce a large departure from the seawater curve at a

regional scale.

Highlights :
. Coupled As47 - 8'80 - ¥7Sr/6Sr analyses of bivalve shells decipher temperature and

salinity.
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. Cool seawater temperatures in the northwestern Mediterranean Sea during the
MMCO.

. Enhanced hydrological cycle in western Europe during the MMCO.

Keywords: Paleoclimate; Middle Miocene Climatic Optimum; Clumped isotopes;

Hydrological cycle; Coastal environment

1. Introduction
A major feature of the long-term climate evolution during the Cenozoic is the
transition from the “greenhouse” conditions of the late Early Eocene (~50 million years ago)

3

to the modern “icehouse” climate mode with its much lower atmospheric CO, levels and
permanent polar ice-sheets on both poles (Zachos et al., 2008). This transition occurred
through a series of steps, beginning with the abrupt global cooling recorded at the
Eocene/Oligocene transition (Zachos et al., 1996; Lear et al., 2008; Liu et al., 2009; Galeotti
et al., 2016; Cramwinckel et al., 2018) followed by a period of instability of the Antarctic ice-
sheet during the Oligocene and part of the Miocene (Billups and Schrag, 2002; Lear et al.,
2015; Gasson et al., 2016). This period of instability is marked by several warming and
cooling phases associated with waxing and waning of the Antarctica ice-sheet. This includes
the Late Oligocene Warming Event, the cooling at the Oligocene-Miocene boundary (~23.03
Ma, Mi-1 event), and the global warming event leading to the Middle Miocene Climatic
Optimum (MMCO, ca. 16 Ma to ca. 14.5 Ma) during the latest Early to Middle Miocene
interval (e.g. Zachos et al., 2008; Mawbey and Lear, 2013; Beddow et al., 2016, Goldner et
al., 2014; Holbourn et al., 2015; Super et al., 2018). This phase of instability ended with the

marked cooling of sea surface temperature (SST) defined as the Middle Miocene Climate

Transition (MMCT, ca. 14.5 to ca. 13.5 Ma), associated once more with a large-scale
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expansion of the Antarctic ice-sheet (Holbourn et al., 2005; Foster et al., 2012). Although the
first development of permanent ice-sheets on Antarctica during the Eocene-Oligocene cooling
event has been extensively studied in the past decades (Zachos et al., 1996; Ivany et al., 2000;
Lear et al., 2008; Liu et al., 2009; Tremblin et al., 2016), little is known about the following
interval of ice-sheet instability. For the earliest Oligocene to the middle Miocene interval (~
10 million years), most paleoclimatic records available to date are based on isotopic (5'%0)
and elemental (Mg/Ca) composition of benthic foraminifera that record the physico-chemical
features of ocean bottom water temperature (Pagani et al., 1999; Miller et al., 1991; Diester-
Haass et al., 2009). Marine surface temperature records are scarce, mostly based on various
geochemical measurements on planktonic organisms (e.g. 8'%0, Mg/Ca, TEXss, UX,), and are
restricted to limited time intervals (Pagani et al., 1999; Super et al., 2018). Palynological data
or fauna distribution give further information on paleoenvironmental conditions on the
continents. (Bruch et al., 2004; Jimenez and Suc 2007; Pound et al., 2012). However, archives
from coastal environments such as bivalves remain understudied for this time period despite
their location in a transitional environment between continent and ocean important to
characterize as well to obtain a global view of the response of climate to perturbations.
Bivalves recovered from shallow-water environments (< 50 m, Stenzel, 1971) have been
successfully used to document temperature and/or salinity variations in the past (Klein et al.,
1996; Kirby et al., 1998, Steuber et al., 2005; Schone and Giere 2005; Huyghe et al., 2012,
2015; Bougeois et al., 2014, 2016; Mouchi et al., 2018; de Winter et al., 2018). Bivalves like
oyster shells offer key advantages for paleotemperature reconstructions in coastal area, as (1)
they are formed of low-magnesian calcite, thus quite resistant to recrystallization (Brand and
Veizer, 1981; Al-Aasm and Veizer, 1986; Ulmann and Korte, 2015), (2) they have a large
spatial and temporal distribution and (3) they live fixed on a substratum during several years,

allowing reconstruction of local seasonal variations of environmental parameters (temperature
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and salinity), which cannot be assessed with foraminifera. In coastal environments,
reconstruction of shallow water temperatures using bivalve §'*0 can however be impeded by
local seawater 8'%0 (8'%0sy) variability due to local processes such as evaporation,
precipitation, surface runoff and groundwater discharges. One way to overcome this limitation
is to combine conventional oxygen isotope (8'30) with clumped isotope (A47) analyses of
bivalves because carbonate clumped isotope (A47) composition is solely linked to temperature
during mineral formation, and independent from the isotopic composition of the ambient
water (Ghosh et al., 2006; Schauble et al., 2006; Eiler et al., 2009; Henkes et al., 2013).
Additional information on environmental conditions is provided by the Sr isotopic system
applied on bivalves, as the 3’Sr/%Sr ratios recorded in their umbo has been shown to record
the occurrence of large freshwater discharge in their living marine environment (Ingram and
Sloan, 1992; Bryant et al., 1995; Winderlund and Anderson, 2006; El Meknassi et al., 2018;
Zaky et al., 2018).

In this context, we propose to test the potential of a multi-proxy approach applied on
bivalves thriving in coastal environments to reconstruct the evolution of shallow (<50m)
seawater temperatures over the latest Oligocene to Middle Miocene interval. The two selected
outcrops, i.e. Carry-Le-Rouet and Castillon-Du-Gard located within the Liguro-Provencal and
Rhodano-Provencal Basins (SE of the Mediterranean Sea, France), present sediments
deposited in shallow (<50m) open marine conditions with abundant bivalve shells. In both
localities, a well-constrained chronostratigraphic framework is available (Andreieff et al.,
1972; Oudet et al., 2010; Ferrandini et al., 2010; Demory et al., 2011). Our new dataset
provides new information on both temperature, salinity and runoff evolution within a still
understudied region. The outcomes contribute to better constrain the regional environmental
response to global climatic changes during this key interval of Antarctica ice-sheet waning

and waxing.
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2. Geological setting

The modern western Mediterranean Sea is structured into four basins (Fig.1A):
Alboran Sea, Adriatic Sea, Tyrrhenian Sea, and Liguro-Provencal basin that extends from the
Gulf of Genoa in the East to the Strait of Gibraltar in the West to Sardinia in the South. These
basins began to form by the end of the Oligocene (~23.03 Ma) and reached their full
extension during the Miocene (23.03 — 5.33 Ma) (Rehault et al., 1984). The oceanization of
the Liguro-Provencal basin corresponds to the opening of a back-arc basin associated with the
eastward retreat of an Adriatic/ionian slab sinking into the mantle (Gueguen et al., 1998;
Faccenna et al., 1997; Gattacceca et al., 2007; van Hinsbergen et al., 2019). During the
Miocene marine transgression, a second basin started to form in the Rhone Valley, called the
Rhodano-Provencal Basin. This basin is located north of the Liguro-Provencal Basin, at the
junction between the perialpine foreland basin to the north and the northern margin of the
western Mediterranean to the south. The Rhodano-Provencal Basin extends to the north as a
channel that follows the alpine chain from Marseille (France) to Vienna (Austria). The pre-
Miocene structuration of the Rhodano-Provencal Basin results in a highly differentiated
topography organized in sub-basins (e.g. Valreas, Sommieres, Uzes and Castillon-Du-Gard).
Due to this inheritage, the Rhodano-Provencal sub-basins evolved independently of each
other during the Miocene marine transgression. The two outcrops selected for this study are
located within the Liguro-Provencal (Carry-Le-Rouet) and Rhodano-Provencal (Castillon-Du-

Gard) basins (Fig. 1A).

2.1. Carry-Le-Rouet outcrops in the Coastal Nerthe area
On the northern part of the Liguro-Provengal Basin (Fig. 1B), a ~100 m succession of

Late Oligocene (Chattian) to Early Miocene (Burdigalian) continental and marine sediments
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crops out along the Blue coast (43°19°50.19”’N, 5°09°05.67°’E), at Carry-Le-Rouet (20 km
west of Marseille, France). The sedimentary succession is separated by a major unconformity
from the deformed and eroded Mesozoic basement called Nerthe Massif. The Barrémo-Aptian
basement (Urgonian facies) is a thrust structure resulting from the Eocene Pyrenean
compression (Tempier, 1987). The outcrops are exposed along the coast on 8 km and the
sediments are organized in six lithostratigraphic units extending from the Cap de Nautes to
the Pointe de Tamaris (Fig. 1B; Andreieff et al., 1972; Maurel-Ferrandini, 1976). The basal
Conglomeratic Rouet unit (Unit 1, Chattian) is characterized by a transition from fluvial to
deltaic depositional environments. The following formations (Para-reefal Cap de Nautes unit
(Unit 2), the Brackish Rousset unit (Unit 3), the Bioclastic Carry unit (Unit 4), the Biodetrital
Sausset unit (Unit 5) and the Plan de Sausset unit (Unit 6)) correspond to an alternation of
marine to continental-marine transitional depositional environments. This succession benefits
from a well-constrained biostratigraphic record using calcareous nannofossils and planktonic
foraminifera (Oudet et al., 2010), supplemented with magnetostratigraphy (Demory et al.,
2011). Despite the presence of hiatus along the Chattian to Burdigalian succession, the
interval sampled in this study did not record any major stratigraphic gaps considering the

sedimentary succession continuity and the age model proposed by Demory et al., 2011.

2.2. Castillon-Du-Gard outcrops

The Castillon-Du-Gard Sub-basin (43°58°12.61°°N, 4°33°16.05"’E) of the Rhodano-
Provencal Basin (Fig. 1C) presents marine deposits of lower to middle Miocene in age
(Demarcq, 1970). This Sub-basin rests above a thick Mesozoic succession in a corridor and is
separated from the main Rhodanian basin by the N040° Nimes Fault (Reynaud et al., 2012).
The sediments are organized into five lithostratigraphic formations (Greenish Molasse, Saint-

Siffret Marls, Uzes Molasse, Blue Marls and Castillon Molasse, respectively) ranging from
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the Burdigalian to the regional “Helvetian” stage (Langhian-Serravallian equivalent; Fig. 1C).
Only “Helvetian” stage is presented here, which is in temporal continuity with the Carry-Le-
Rouet outcrops. The Helvetian stage at Castillon-Du-Gard Sub-basin is organized into two
distinct formations (Fm.): the blue marls at the base and the Castillon Molasse at the top. The
blue marls Fm. varies laterally in thickness from a few meters to 70 m-thick. They consist
mainly of lithoclasts composed of calcite, feldspar, glauconite, muscovite and iron oxide grain
and planktonic and benthic foraminifera, echinoderms, bryozoans and mollusks (Reynaud et
al., 2012). The Castillon Molasse is about 70 m-thick and is composed of a bryozoan and
mollusk packstone-rudstone (Bryomol; Reynaud et al., 2012). It is subdivided into two sub-
formations: the Vers Unit at the base and the Castillon Unit s.s at the top. The presence of
glauconite and oxide of iron in the Vers unit gives a characteristic yellow color to the
Bryomol packstone rich in pectenids encrusted by oysters, barnacles and bryozoans. Castillon
Unit s.s is a Bryomol floatstone differs from the Vers Unit by the occurrence of green and red
algae (Reynaud et al., 2012).

The depositional setting corresponds to an offshore environment for the Blue Marls,
protected from currents and waves. The Castillon Molasse is interpreted as being deposited in
a shallow tidal bay (Reynaud et al., 2012). The stability and homogeneity of the floro-faunal
assemblages throughout the whole sedimentary succession are indicative of open marine
conditions without major variation in salinity Reynaud et al., 2012).

Several hundred oyster shells were collected on about thirty different levels of the
Carry-Le-Rouet section. All these oysters belong to the Ostrea genus and some have been
determined to be Ostrea fimbriata species. A hundred oyster shell fragments were collected
on about twenty different levels for the Castillon-Du-Gard section, unfortunately the sample

size did not allow the species identification.
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3. Materials and methods

3.1. Preservation of the studied material

Each oyster shell was embedded in Araldite ® 2020 resin from Huntsman (Basel,
Switzerland), sawed perpendicularly to growth lines along the major growth axis (Fig. 2A),
and carefully polished. Polished sections were observed under cathodoluminescence
microscopy (CL) to assess the preservation state of each shell. CL analyses were carried out
on a luminoscope (ELM — 3R) coupled to LEICA MZ12 microscope surmounted by a camera
Lumenera Infinity 3. Luminescent areas with large unorganized calcite crystals (mainly
chalky areas that are more sensitive to recrystallization; Kirby et al., 1998; Lartaud et al.,
2006; Ulmann et al., 2013; de Winter et al., 2018) and non-luminescent to weakly
luminescent areas with identifiable seasonal patterns of growths (Fig. 2B) of each shell
section were precisely mapped. The luminescent areas are representative of recrystallized
calcite and have not been sampled for isotopic analyses. Only the non-luminescent to weakly
luminescent parts of the shells, where a slight luminescence follows the seasonal patterns of
growths (induced by natural incorporation of Mn?* in calcitic structure; Langlet et al., 2006),
have been sampled for §'%0, A47 and ¥’Sr/%°Sr analyses, according to recent works (Lartaud et
al., 2010; Huyghe et al., 2015; Bougeois et al., 2016). The Carry-le-Rouet and Castillon-Du-
Gard outcrops only encountered a shallow burial (<100 m; Reynaud et al., 2006; Hamon et
al., 2013; Seibel and James, 2017) as evidenced by the absence of compaction traces and the
absence of younger sediment deposition in the region. Such shallow burial depths (Choquette
and James, 1990) ensures that the sediments have not encountered large overburden pressure
or elevated temperatures. This argues for an absence of solid-sate reordering in the analyzed

bivalve shells and therefore a preservation of initial A47 signal.

3.2.0xygen isotope analyses
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For this study, 534 samples were recovered from 101 shells. For most of the shell
fragments, 1 to 3 different powder sample have been collected, each of them by gathering
carbonate powder along a transect perpendicular to the growth line of the individual shell, in
order to average the 5'®0 value over at least part of the oyster life and minimize the variability
within and between shells from a single stratigraphic level. For 6 of the largest oyster shells, a
microsampling along a transect perpendicular to the growth lines was performed in the
ligamental area (Fig. 2A) to assess the variability of isotopic signal during at least part of the
bivalve life. For these shells, the §'80 value of each measurement along this transect is
reported on Suppl. Table 1 in bold. The recovered powders were analyzed for its oxygen
isotope composition : 30 to 40 pg of calcite collected using a scalpel reacted with 100 %
phosphoric acid at 70 °C using a KIEL IV Carbonate Device connected to a Delta V Plus
Isotope ratio mass spectrometer at the Biogeosciences Laboratory (University of Burgundy,
Dijon, France). Oxygen isotope compositions have been corrected from the instrumental drift
and are reported in the standard delta notation relative to VPDB (Vienna PeeDee Belemnite)
in %o by assigning a §'%0 value of - 2.20 %o to NBS19. External reproducibility was better
that + 0.08 %o (1 og) for oxygen isotopes based that on multiple analyses of NBS19 along the
runs. Carbon isotopes (Suppl. Table 1) measured at the same time are also reported in the
delta notation relative to VPDB in %o by assigning a 8'°C value of + 1.95 %0 to NBS109.

Carbon isotope reproducibility is better than + 0.04 %o (1 oE).

3.3. Clumped-isotope analyses

Carbonate clumped-isotope thermometry is based on the quantification of statistical
anomalies in the abundance of doubly substituted isotopologues of carbonate groups (e.g.,
13C800'°0%7). For thermodynamic reasons, the equilibrium abundance of *C-'®0 bonds in

a carbonate mineral increases as temperature decreases (e.g. Schauble et al., 2006), and this
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isotopic signal may be preserved over geological time scales under favourable conditions
(Passey and Henkes, 2012; Stolper and Eiler, 2015). By precisely measuring the abundance of
the multiply-substituted, mass-47, isotopologues in the CO; produced by acid digestion of a
carbonate sample it is thus possible to constrain its original crystallization temperature
without making assumptions regarding the composition of parent waters (Ghosh et al., 2006;
Eiler et al., 2009).

A47 analyses generally require larger amounts of material than conventional, “single-
isotope” analyses, and their precision and accuracy are ultimately limited by ion counting
statistics and standardization issues. Each analysis reported here required from 2 to 3.5 mg,
and two or three replicate analyses per sample were performed (Table 2).

At Carry-Le-Rouet, nine of the larger shells already analyzed for 5'%0 were selected
for A47 measurements. For the largest oyster (CAR17-6-33-b), two sub-sample carbonate
powders were collected separately from sections of the shell corresponding to minimum and
maximum &'80 values, respectively. For the remaining shells, carbonate powder was collected
from the entire preserved oyster section (foliated calcite). At Castillon-Du-Gard, due to the
small size of the available bivalve fragments, each sample comprised carbonate from several
shell fragments collected from the same stratigraphic level or from adjacent stratigraphic
levels. Overall, samples were collected from 3 different stratigraphic levels, corresponding to
levels 9—-12 m, 13—-17 m, and 19.5-20.5 m.

The 13 clumped-isotope samples (considered of 2 or 3 aliquots each) were analyzed at
LSCE (Laboratoire des Sciences du Climat et de I'Environnement) using the equipment and
procedures described by Peral et al. (2018). Carbonate powders were dissolved in a common,
stirred, 104 % phosphoric acid bath at 90 °C for 15 minutes. After cryogenic removal of
water, the evolved CO> passed through a Porapak Q column (50/80 mesh, 1 m length, 2.1 mm

ID) held at =20 °C under helium 6.0 flow (25 mL/min). CO> was then quantitatively
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recollected by cryogenic trapping, and transferred by gas expansion into an Isoprime 100
dual-inlet mass spectrometer equipped with six Faraday collectors (m/z 44 to 49). Each
analysis took about 3 hours, during which sample gas and working reference gas were
allowed to flow from matching, 10 mL reservoirs into the source, through a pair of fused
silica capillaries (65 cm length, 110 um ID). Every 20 minutes, gas pressures were adjusted to
achieve a mass 44 current of 40 nA, with differences between sample and reference gas
generally below 0.1 nA. Background currents were measured in all high-gain collectors (m/z
45 to 49) before and after each pressure adjustment, with gas flowing into the source, and are
found to strongly correlate with the mass 44 current. Background-corrected ion current values
were processed using the [UPAC !"O-correction parameters (Brand et al., 2010) to compute
5'3Cvppa, 8'®0vppp and “raw” A47 values for each analysis. The isotopic composition (8'C,
5'%0) of our working reference CO> was computed based on nominal §'3*Cvpps and §'*Ovpps
values for carbonate standard ETH-3 (8'*Cvppp = 1.71 %o, '8 0Ovpps = -1.78 %o, Bernasconi et
al., 2018) and an oxygen-18 acid fractionation factor of 1.008176 (Das Sharma et al., 2002).
Three carbonate standards, ETH-1 to ETH-3 (Meckler et al., 2014; Bernasconi et al., 2018),
were then used to convert raw A47 to “absolute” A47 values, following the procedure described
by Daéron et al. (2016). The nominal A47 values for these standards are those recomputed by
Bernasconi et al. (2018) using IUPAC parameters: 0.258 %o for ETH-1, 0.256 %¢ for ETH-2
and 0.691 %o for ETH-3. The overall external reproducibility (standard deviation) of clumped

isotopes measurements for bivalve shells and standard is 14.6 ppm (n = 86).

3.4. Strontium isotope analyses

Twelve of the thirteen clumped-isotope samples were also analyzed for %'Sr/%6Sr
ratios. About 10 mg of carbonate powder were dissolved in a savillex beaker with 1 ml

solution of 2N HNOs3 on a hot plate at 70°C. The Sr was isolated from the matrix using
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conventional Eichrom Sr-Spec columns. The strontium isotopic composition is measured
using a Thermo Triton Plus thermal ionization mass spectrometers at the GET laboratory
(Toulouse, France). The ®’Sr/®6Sr ratios were defined as the average of 150 measurements of
ion intensities following the static multi-collection mode normalized to *°Sr/%Sr = 0.1194.
During the measurement period, the standard NBS 987 gave 3St/%Sr values of 0.710281 +
0.000008 (2 op , n = 4). The accuracy of our measurements is verified against the measured
ratios of international standards: 1) Jct-1 Giant Clam Tridacna gigas standard with a
measured value of 0.709175 + 0.000010 (2op; n = 7) and a certified value of 0.709150 +
0.000050 (Ohno and Hirata, 2007); 2) CAL-S carbonate standard with a measured value of
0.706955 + 0.000008 (2 op ; n = 4) and a certified value of 0.706924 + 0.000018
(Yeghicheyan et al., 2014); and 3) IAPSO seawater standard with a measured value of
0.709181 £ 0.000003 (2sp; n = 4) and a certified value of 0.709179 £ 0.000005 (Nayar et al.,
2014). All ¥’Sr/%®Sr ratios measured on our samples were adjusted to the NBS 987 standard

reference value of 0.710250.

4. Results
4.1. Sedimentary study

4.1.1. Carry-Le-Rouet outcrops

In the Carry-Le-Rouet section, the transitional continental to shallow marine
depositional environments develops following an E-W polarity. Four facies associations are
organized in four main depositional environments: (1) continental to coastal plain; (2) upper
shoreface; (3) restricted upper shoreface and (4) lower shoreface (Fig. 3A). Facies

descriptions are summarized in Table 1 and environmental interpretations are given below.

4.1.1.1. Continental to coastal plain environment
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This environment groups facies Al to A4 (Table 1). The presence of pedogenetic
horizons with rhizoliths, rare plant remains, mottling and carbonate nodules indicate
widespread subaerial, episodic sedimentation and soil formation. The marly deposits are
crosscut by sandy to conglomerate channels that correspond to sediment discharges in a
proximal alluvial plain (Miall, 1986). Al is interpreted as a flood plain (Nury, 1990; Demory
et al., 2011). The clast-supported channels (Table 1; Fig. 3B1 and 3B2) and lobe-shape
conglomerates (A3 and A4) are interpreted as deltaic distributaries (Demory et al., 2011) or
alluvial fan delta (Nemec and Steel, 1988). The composition of the conglomerates indicates
several sources with a Nerthe (Barremian stage) carbonate origin for the monogenic ones and
Paleozoic basement (Permo-Triasic radiolarites or quartzites) for the polygenic conglomerates
(Demory et al., 2011). The presence of oysters encrusting the conglomerate boulders is
indicative of at least partly marine conditions during the deposition of the distal alluvial fan

system (Holmes, 1965), as oysters can be found in brackish or estuarine conditions.

4.1.1.2. Marine environment: Coastal plain to outer-platform

This environment encompasses facies B1 to D2 (Table 1). B1 consists of bioturbated
sandstones with cordon-rich conglomerates organized in planar stratifications. Bl is
interpreted as a coastal shallow marine environment in an upper shoreface (Table 1; Fig. 3B3
and 3B4; Nemec and Steel, 1988). The fine to coarse sandstones (B2) with megaripples,
Hummocky Cross-stratification (HCS) and convolute beds are interpreted as upper shoreface
zone (Table 1; Borgovini, 2003; Demory et al., 2011). Facies C consists of fine siltstone to
marls rich in mollusk (bivalves and gastropods), benthic and rare planktonic foraminifera as
Globigerinoides trilobus, Globigerinoides altiaperturus and Catapsydrax dissimilis and
echinoderms, corals and bryozoans. The absence of high-energy sedimentary structures, the

presence of marls to fine grain siltstones and the biotic association picture restricted marine



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

conditions in an upper shoreface environment (Table 1; Fig. 3B7 and 3B8). The carbonated
facies D1 is mainly composed of broken and disarticulated bioclats indicating intense
reworking and high-energy conditions in shoreface environment (Table 1; Nalin et al., 2010).
The D2 is composed of coral carpets and patches surrounded by bioclastic packstones (Table
1; Fig. 3B5 and 3B6; Riegl and Piller, 2000). The coral buildups and the bioclastic limestones

are interpreted as deposited in a shallow high-energy platform setting (Demory et al., 2011).

4.1.2. Castillon-Du-Gard outcrop

The sedimentology and stratigraphy of Middle Miocene succession of Castillon-Du-
Gard Sub-basin are revisited in Reynaud et al. (2012). In this study, the authors propose that
the succession of shallow cool-water carbonates (e.g. Castillon Molasse, Langhian-
Serravallian stages) alternates with offshore marls (e.g. Blue Marls, Burdigalian stage). Blue
Marls, close to the contact with the Vers unit are grainier and characterized by wave ripples in
sands and mollusk and foraminifera packstones (Molechfor; Reynaud et al., 2012). The biotic
components composed of molechfor and bryozoans and the wave ripples testify to proximal
offshore environment deposited in a low energy bay environment (Reynaud et al., 2012). Vers
unit (part of Castillon Molasse sub-unit) shows an erosional surface with the blue marls that
indicates decreasing accommodation space. This part of Castillon Molasse is a
packstone/rudstone with abundant bivalves and bryozoans (Bryomol; Reynaud et al., 2012).
This succession corresponds to shallow tidal deposits in a protected bay environment
(Reynaud et al., 2012). Castillon unit (part of Castillon Molasse sub-unit) is a floatstone
composed of bryozoan, mollusks and algae (Bryomol; Reynaud et al., 2012), interpreted as
subtidal dunes in a sand sheet deposited in deeper marine environments than the Vers Unit.

The top of this Castillon unit is a fine-grained packstone with bryozoans and mollusks
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(Bryomol; Reynaud et al., 2012) infilling successive channels and is interpreted as a

decreasing water-depth with no emersion (Reynaud et al., 2012).

4.1.3. Age Model

The age model proposed for Carry-Le-Rouet is based on a biostratigraphic study
(Oudet et al., 2010) and a magnetostratigraphic one (Demory et al., 2011). Based on these two
dating methods, we propose ages for each stratigraphic level markers on Carry-Le-Rouet
section. Reefal unit (UR1 at 20 meters) is estimated at 23.03 Ma and marks the Chattian-
Aquitanian boundary. Reefal unit (UR2 at 25 meters; Fig. 3A) is dated at 22.9 Ma. Turritellid-
rich level (at 42 meters, Fig. 3) is dated at 22.27 Ma. Finally, two reefal units UR3 (at 61
meters; Fig. 3A) and UR4 (at 66 meters; Fig. 3A) are respectively dated at 21.01 Ma and
21.00 Ma. Tamaris unit has only been dated by biostratigraphy with an age of 18.10 Ma at the
base and 16.50 Ma at the top (Fondecave-Wallez et al., 1986). According to the literature, this
unit is overlaid by two Langhian bars (Anglada et al., 1988; Arnaud et al., 1988; Oudet et al.,
2010). An age of 15.97 Ma (Burdigalian-Langhian boundary) is proposed for the base of these
bars.

For Castillon-Du-Gard outcrop, transition between Uzes Molasse and Blue Marls
(base of the section) is dated at 15.97 Ma (Burdigalian-Langhian boundary). The Langhian-
Serravallian boundary (~ 13.82 Ma) is located within the Castillon Molasse (Reynaud et al.,
2012), despite limitation concerning available datation, we propose a position between 24 and

28 meters.

4.2. Bivalve oxygen isotope composition
Along the sedimentary succession at Carry-Le-Rouet, the bivalve §'%0 values display

relatively large scattering of about 4 %o within the same stratigraphic level (Fig. 4; Suppl.
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Table 1). Similar scatter amplitudes are found within single oyster shells (e.g., level 21A).
Samples from the Chattian and Aquitanian stages yield §'30 values ranging between about -4
and 0 %o. By contrast, samples from the Burdigalian stage yield more positive $'*0 values
ranging between about -3 and 1 %.. The youngest Late Burdigalian level yields more negative
5'30 values than the rest of the Late Burdigalian stage.

Analyses performed on the largest oyster shells reveal different patterns of intra-shell
5'%0 variability. Two shells present a sinusoidal signal with an amplitude of §'0 variations
up to ~ 4 %o (Fig. 5D and 5E). Two other shells present variations in §'30 values with an
amplitude of about 3 %o, that could recall a sinusoidal pattern with a truncation of the highest
5130 values (Fig. 5A and 5C). Two shells present a decrease in §'30 values down to a plateau,
followed by an increase, with an amplitude of variation of 1 %o (Fig. 5F) and 3 %o (Fig. 5B).
A last shell presents more erratic variations in §'0 values, within a ~1 %o range (Fig. 5G).
For hinges that were sampled with a high spatial resolution, we observe a decrease in the
amplitude of the signal between the Aquitanian (CAR17-6-28-a; CAR17-6-31base-a; CAR17-
6-33-b and CARI17-6-33-c) and the Burdigalian (CAR17-8-43-h and CAR17-8-43-1),
concomitantly with an overall increase in §'0 values.

Similarly to the Carry-Le-Rouet section, '%0 data from the Castillon-Du-Gard section
present a large dispersion (Fig. 4B), slightly higher than at Carry-Le-Rouet as it reaches about
5 %o in the Castillon Molasse (9 to 17 meters from the base of the section). §'%0 values seem
to increase at the top of the section, from average values of about -3.16 %o at about 20-22 m
from the base of the section to average §'0 values around -1.57 %o at about 27-30 m from the

base of the section.

4.3. Bivalve clumped isotope analyses
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The A47 values were measured on 12 bivalves and range between 0.676 and 0.716 %o
(Table 2). They are not constant over time but fluctuate along the Carry-Le-Rouet and
Castillon-Du-Gard sections. The 5 analyzed Aquitanian samples present A47 values comprised
between 0.6852 £ 0.0093 %o and 0.705 + 0.0095 %o¢. One shell from the Aquitanian was large
enough to provide two subsamples (CAR17-6-33-b), one sampled in the part yielding
maximum &80 values from the microsampling approach, and the other in the part yielding
minimum §'%0 values (Fig. 5D). Both subsamples give quite close A47 values of 0.6821 +
0.01 %o and 0.6823 + 0.0099 %o¢. The 3 analyzed Burdigalian samples yield lower values (p-
value of 0.08 based on a T-test), ranging from 0.6762 + 0.0093 %o and 0.6882 + 0.0093 %eo.
The 3 analyzed Langhian samples display the highest values of the studied interval, ranging
from 0.6968 + 0.0098 %o and 0.7137 £ 0.0099 %o (higher than the Burdigalian samples : p-
value of 0.04 based on a T-test; and higher than the Aquitanian samples : p-value of 0.12

based on a T-test).

4.4. 78r/%0Sr ratios

87S1/%Sr ratios range between 0.708222 and 0.708816 (Table 3). The strontium ratio
average for the Aquitanian is 0.708237, 0.708655 for the Late Burdigalian and 0.708830 for
Langhian stage. 8’Sr/®Sr data increase about 600 ppm over the Aquitanian to Langhian time

period.

5. Discussion
5.1. Intra-shell variability of oyster clumped and oxygen isotope composition

Modern oysters and other bivalves often present growth cessation during part of the year,
when environmental conditions become stressful, due to extreme temperature, nutrient

availability, or seawater oxygenation (Brown and Hartwick, 1988; Mitchell et al., 2000; Surge
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et al., 2001; Schone 2008; Ulmann et al., 2013; Huygues et al., 2019) and can also occur
during reproduction (Clark et al., 1974, Paulet et al., 2006). The growth cessation can result in
an incomplete seasonal record of environmental parameters, namely temperature and seawater
5180 (8'804w), archived in the carbonate §'80 signal of the shells (Ullmann et al., 2010).
Growth cessation is apparent in shells CAR17-6-28-a and CAR17-6-31base-a (Fig. SA and
5C), showing a truncated §'80 signal at maximum &'30 values. Therefore, only minimum
amplitude of seasonal variations in environmental parameters can be obtained in these shells,
along with temperature and §'®Osw during summer (represented by minimum carbonate §'%0
values, that are not truncated). We estimate that only 4 oysters may provide an estimation of
the full amplitude of seasonal temperature and §'30s, variations (Fig. 5 B, D, E, F). Other
shells either present a truncated signal at maximum &'80 values, or may not have lived long
enough to record a complete seasonal cycle. Alternatively, it cannot be excluded that some
shells (CAR17-8-43-1; Fig. 5G for instance) had a very low growth rate and that the sampling
resolution was not accurate enough to allow to identify the seasonal pattern.

We have first estimated temperature variations using the standard approach based on
carbonate §'%0 only, using the Anderson and Arthur (1983) equation established for calcitic
molluscs with the §'®Osw reconstructed by Billups and Schrag (2002), of -0.66 %o for the
Aquitanian, and of -0.94 %o for the Burdigalian. We have first considered a constant §'80sw
throughout the year to calculate the amplitude of seasonal temperature variations (AT) from
5'%0 values for the 4 largest micro-sampled oysters devoid of truncation in the §'0 signal
(Fig. 5, B, D, E and F). The obtained AT with this approach range between 10 and 15°C for
the Aquitanian (Fig. 5, B, D and E) and around 5°C for the Late Burdigalian (Fig. 5, F). This
approach would thus show a AT decrease of 5 to 10°C between the Aquitanian and the Late
Burdigalian, along with a marked decrease in summer temperatures, of about 15°C. Pollen

assemblages indicate a temperate climate characterized by humid winters and drier summers
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in Europe during the Late Burdigalian (Jiménez-Moreno et al., 2010; Bruch et al., 2011). Such
a climate would likely result in seasonal variations of local §'80sy as well, with a higher
5'%04w during summer and a lower §'%0sy during winter. Taking these suspected seasonal
variations of 8'®Os into consideration would lead to increased estimates of seasonal
temperature amplitude variations compared to those calculated using a constant §'8Oy.

By comparison, the seasonal temperature contrast calculated from §'®0 variations
measured within Late Burdigalian oyster shells from Central Europe (Harzhauser et al., 2011),
also considering a constant 8'80s, throughout the year, is much higher (~ 10°C) as part of
another study. Summer temperatures calculated by these authors are also quite high at ~ 28°C,
but close to the temperatures calculated from our Aquitanian oyster shells. Harzhauser et al.
(2011) report winter temperatures at ~9-10°C similar those obtained in this study for the Late
Burdigalian stage. This seasonal difference between the Aquitanian and the Late Burdigalian
may be explained by a microclimate on the Northwestern Mediterranean Sea margin during
the Late Burdigalian, or by different seasonal variations in salinity between the two regions,
as the oysters collected in Harzhauser et al. (2011) study come from estuarine environments
where the salinity is around 23 %.. The Carry-Le-Rouet and Castillon-Du-Gard latitude
changed very little since the early Miocene at ~ 43°N (Jolivet et al., 2006). At present, the
annual water at ten meters water depth in the Gulf of Lion is around 18°C fluctuating between
winter temperatures of 13 + 1°C and summer temperatures of 23 + 2°C (Data from Levitus94;
Levitus and Boyer, 1994). This seasonal temperature variation of ~10°C is quite similar to our
estimates for the Aquitanian stage, although the temperatures calculated for this stage are
globally higher. By contrast, the Late Burdigalian seasonal contrast estimates are much
weaker compared to current one, with in addition cooler summer (~10°C) and winter (~15°C)

temperatures. This differs significantly from increasing temperatures recorded worldwide at
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this period that marks the initiation of the climate warming leading to the MMCO during the
Langhian (Zachos et al., 2008; Jiménez-Moreno et al., 2010; Harzhauser et al., 2011).

An attempt was made to estimate seasonal seawater temperature contrast independently
from variations in &'®Osw, based on clumped isotopes. Using conventional &30
measurements, complete seasonal cycles in temperature and §'80s may be identified in 4
oysters (Fig. 5 B, D, E and F) allowing to identify which part of the shells mineralized during
summer (minimum &'30) versus winter (maximum §'0), and these inferred seasonal extrema
were then sampled for A47 analyses. Unfortunately, due to the amount of material required per
A47 analysis and the small size of shells, only one Aquitanian shell (CAR17-6-33-b, Fig. 5D)
could be used, providing two sub-samples corresponding to the %0 minimum and maximum,
respectively (all other shells provided “bulk” shell material assumed to reflect weighted
average annual temperatures, and the corresponding results are presented in section 5.2.1).

There is today a large body of literature pertaining to the calibration of clumped-isotope
thermometry in biogenic and inorganic carbonates. Among other reasons, this is due to the
lingering methodological issues which have so far hindered precise inter-laboratory
comparisons (e.g., Petersen et al., 2019 and references therein). Here we opt for the recent
calibration by Peral et al. (2018), for two main reasons. For one thing, that study was
performed at LSCE using identical methods and instruments as those reported here. In
addition, despite the Peral et al. 2018 calibration being based on foraminifera, published and
unpublished results from LSCE yield a calibration function for modern oysters and pectens,
which is virtually identical to that of Peral et al. (2018).

The two “seasonal” sub-samples (CAR17-6-33-b-S1 and -W1) yield §'80 values of -
3.6 %0 and -1.3 %o respectively (Table 2), consistent with those obtained through
microsampling (Fig. 6, Areas 1-2). Somewhat surprisingly, the corresponding As;-derived

temperatures (Fig. 6) are statistically indistinguishable (22.4 + 3.1 °C versus 22.4 + 3.1 °C, 1
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oe). If these temperatures are used with the §'%0 values of the two shell subsamples and the
equation of Anderson and Arthur (1983), the resulting §'®Osw calculated are of -2.05 %o and
0.25 %o for the parts of the shell yielding minimum and maximum &'30 values, respectively.
The absence of seasonal temperature variation appears unlikely considering the paleolatitude
of the Carry-Le-Rouet site during the Aquitanian (~10°C seasonality at this latitude at present
time), and considering independent estimates based on pollen data that point to the existence
of seasonal variations around 20°C in atmospheric temperature in Europe (Akgiin et al.,
2007). This oyster shell yields the highest A47-derived temperatures for the Aquitanian, 3°C
higher than the other analyzed shells (Table 2). As summer tend to be the period with the
highest growing rate in oysters from subtropical to temperate settings, it is possible that the
intra-shell §'®0 record defined with the microsampling method actually reflects a much
shorter time span of the oyster life than a year. The large variations in §'%0 recorded within
the oyster shell could then reflect punctual freshwater discharges within the same season. This
sample has been recovered from level 33, located at the transition between the Brackish
Rousset Unit and the Bioclastic Carry Unit (Demory et al., 2011). The presence of brackish
conditions in the lower part of the Bioclastic Carry Unit is supported by the presence of wood
fragments and reworked potamids, pointing to the existence of punctual freshwater discharges

in the shallow marine deposits of the Bioclastic Rousset unit.

5.2. Miocene Climate Change in Mediterranean area

5.2.1. Comparison between bivalve §'80 values and benthic foraminifera §'%0

Bivalve §'80 values present a large dispersion within each stratigraphic level, typically
around 4 %o. As shown by the microsampling realized on sections of the largest oysters (Fig.
5) that presents one seasonality-cycle at most, most of the analyses performed on bivalve

fragments likely represent a relatively short time of the bivalve life, shorter than a year and



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

even maybe than a season. Thus, part of this large dispersion is likely to arise from seasonal
or intra-seasonal variations in temperature and §'80sw, as a bivalve fragment can have been
built mostly during a winter while another fragment recovered from the same stratigraphic
level may have formed mostly during summer. Due to this large dispersion, we applied a
statistical treatment to the dataset in order to identify significant climatic trends in the signal,
using the SiZer package (Sonderegger and Sonderegger, 2018) in the R software (R Core
Team 2017). The « SiZer » statistical method (based on studying statistical Significance of
ZERo crossings of smoothed estimates; Marron and Chaudhuri, 1998) has been widely used
on paleoclimatic proxies such as carbonate 5'®0 values (increasing or decreasing) to detect
significant climatic trend at different timescales (Weckstrom et al., 2006; Dera et al., 2011;
Bougeault et al., 2017). This method is based on the construction of curves fitting time series
using different level of smoothing (h). The first derivatives of each curve are simultaneously
computed with their 95 % confidence intervals, allowing the signs of derivative estimated to
be statistically tested. If the sign of the first derivative is different from 0, including entire
95% confidence interval, then the corresponding trend shows a significant increase (for a
positive sign of the first derivative) or a significant decrease (for a negative sign of the first
derivative). These multiple tests are then represented as a map to identify the trend
significance for each size of smoothing. When the result is significant, it is coded in blue if it
is positive and in red if it is negative. On the contrary, it is coded in gray if it does not differ
from 0 and white when data are not numerous enough to identify significant trends (n < 5). A
Sizer map can thus be viewed as the summary of a large number (hundreds) of hypothesis test
results, with each pixel of the map representing the result of a hypothesis test where the null
hypothesis corresponds to the O slope. More formally, these tests are obtained from
confidence interval calculations using the row-wise method that is detailed in Hannig and

Marron (2006).
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In this study, SiZer maps have been generated using a bandwith h comprised between
0.1 and 10 Myrs (Fig. 7). This statistical treatment applied on carbonate §'30 data highlights
the existence of a long-term increase in §'®0 values between 23 and 20 Ma followed by a
long-term decrease between 18 and 15 Ma. A second increase of 5'%0 values is depicted as
well during the Serravallian, but over shorter timescales of about 1 to 2 Myrs. Using the
equation of Anderson and Arthur (1983) and a §'80 (Table 2) published by Billups and
Schrag (2002), as described in Section 5.1., these trends in §'30 values depicted by the SiZer
map would correspond to (1) a cooling of about 10°C, from temperatures of about 25°C in the
Chattian and earliest Aquitanian to about 15°C in the Late Burdigalian, (2) a warming of
about 12°C, with temperatures up to 27°C on average during the Langhian, and (3) a shorter-
time cooling of about 4°C, with temperatures down to 23°C during the Serravallian (Fig. 8A).
Note that the §'30 signal only depicts the cooling initiation that likely continues further into
the Serravallian.

Our new dataset recovered from shallow coastal environments presents some
similarities with the evolution of benthic foraminifera §'30 (8'80sf; Zachos et al., 2008; Fig.
7). From the Chattian to the Burdigalian, the §'30 increase highlighted by the SiZer map (Fig.
7) is coherent with the general increasing trend of §'®Ous values from the latest Oligocene to
the Burdigalian, although our dataset is not continuous enough to identify the shorter-time
Mi-events as evidenced in former studies (Zachos et al., 2008; Mawbey and Lear, 2014;
Beddow et al., 2016). The §'®0 minimum identified in our dataset during the Langhian could
well correspond to the MMCO (Zachos et al., 2008; Mawbey and Lear, 2013; Beddow et al.,
2016, Goldner et al., 2014; Holbourn et al., 2015; Super et al., 2018) detected in the 3180
dataset, while the 3'30 increase at the top the Castillon-Du-Gard succession could correspond
to the initiation of the MMCT (Zachos et al., 2001; Billups and Schrag, 2002; Shevenell et al.,

2004).
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In contrast, the amplitude of the 8180 variations is much larger in our bivalves
recovered from coastal environments compared to the deep marine environment record. The
Early Miocene cooling is expressed by an increase of 0.5 %o of the §'%Ops in deep marine
environment (Fig. 7) while the amplitude depicted by bivalve §'0 at Carry-le-Rouet is four
times higher. Similarly, for the MMCO, the §'30y¢ decreases by about 1 %o but about 2.5 %o in
our bivalve shells living in proximal environments. This amplitude difference is however
expected as shallow marine environments record larger temperature variations than deep-sea
environments during climate fluctuations. Both environments records variations in the ocean
530 linked to the waning and waxing of polar ice-sheets. In shallow coastal environments, an
additional source of carbonate §'80 variations is be related to the hydrological cycle, whose
variability in time and space can impact local §'®Osw. Sedimentary facies at Carry-Le-Rouet
and Castillon-Du-Gard point to the persistence of an open marine depositional environment,
except for the Tamaris section which presents sedimentary facies coherent with a more
restricted bay environment (Fig. 3). Yet, even open marine environments are susceptible to be
impacted by nearby runoff leading to salinity variations, especially in coastal environments.
The sporadic occurrence of wood fragments and the low abundance of the fossils throughout
the Tamaris section may point to nearby freshwater inputs. Such an impact of local seawater
5'%0 fluctuations is further supported by the quite high temperatures of up to 35-40°C (Fig.
8A), calculated from bivalve §'0 using the equation of Anderson and Arthur (1983) and the
5'% 04w of Billups and Schrag (2002) established for the global ocean, that most likely
exceeded the tolerance of bivalves (Stenzel, 1971). Thus, we anticipate that part of the large
variations recorded in the bivalve §'®0 signal may be related to change in the local

hydrological cycle in response to global climate change occurring at this period.

5.2.2. Evolution of shallow seawater temperatures inferred from clumped isotope analyses
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“Bulk” A47 analyses, representing averaged isotopic composition over at least part of the
life span of the organisms (all shells except CAR17-6-33-b) could help decipher whether the
bivalve $'80 signal is related to variations in seawater temperature and §8'8Ogy. The As7-
derived shallow seawater temperatures “T4;” (Table 2; Fig. 8A) range from 15.6 + 2.7°C to
224 £+ 3.1°C (1 oe), with an average of 19.7 + 1.1°C (1 o, fully propagated from the
analytical errors on individual samples) which is cooler (p-value of 0.003 using a T-test) than
those calculated with the §'®Osmen and a 8'®Ow of Billups and Schrag (2002) for the
Aquitanian (about 25°C on average). Previous studies on pollen assemblages in Europe
(Akgiin et al., 2007) and of coral assemblages in the Mediterranean Sea (Bosellini and Perrin,
2008), argue for atmospheric temperatures between 16.5 and 21.3°C and sea surface
temperatures between 18 and 19.3°C, respectively, during the Aquitanian stage. These values
are in good agreement with the temperatures calculated from our A47 analyses.

For the Late Burdigalian stage, shallow seawater T47 values are higher (Table 2; Fig. 8A)
than those for the Aquitanian (p-value of 0.048 using T-test), ranging between 20.5 + 2.8°C
and 24.3 + 2.9°C (1 Og) and with an average of 22.6 = 1.7°C (1 o€). These Late Burdigalian
temperatures calculated from A47 data are higher (p-value of 0.021 using a T-test) than those
calculated from bivalve §'%0 using a 8'80 from Billups and Schrag (2002), by about 15°C
on average, but are again in better agreement with those published in the literature (Lecuyer et
al., 1996; Goedert et al., 2017). Indeed, with the exception of the slightly cooler temperatures
deduced from coral assemblages for the Late Burdigalian (18.5 to 20.5°C; Bosellini and
Perrin, 2008), our temperature range is quite close to that deduced from combined analyses of
marine mammal and fish tooth 8'30, that is comprised between 20 and 28°C (Goedert et al.,
2017) in the northern Aquitaine Basin, and between 18 and 22°C in Brittany (Lecuyer et al.,

1996).
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For the Langhian stage, T47 values range from 12.5 + 2.8°C to 18 + 2.9°C (1 og) with an
average of 14.5 £ 1.6°C (1 Og). Again, these Langhian temperatures derived from A4; data are
cooler (p-value of 0.026 using a T-test), as for the Aquitanian (Table 2; Fig. 8A), than those
calculated from bivalve §'0 using a §'0 from Billups and Schrag (2002), of about 25°C
on average. These values might appear cooler than expected, considering that this period
encompasses the MMCO for which both terrestrial and marine proxy data suggest globally
warmer conditions relative to the Early Miocene, especially at mid- and high latitudes
(Mosbrugger et al., 2005; Bruch et al., 2007; Bruch et al., 2011; Shevenell et al., 2008;
Zachos et al., 2008; Super et al, 2018). On the other hand, our clumped-isotope results are
coherent with atmospheric temperatures inferred from pollen assemblages on the
northwestern Mediterranean margin (17-18 °C, Bruch et al., 2007), and in Germany (16—
21 °C, Bohme et al., 2007). Published sea surface temperatures inferred from combined 5180
analyses of mammals and fish remains, are around 20°C + 2°C in Brittany (Lecuyer et al.,
1996), slightly higher than our A47-derived temperatures. Additional estimates, calculated
from bivalve 5'%0, range between 18 and 28°C in the Tethyan domain (Harzhauser et al.,
2011) and between 16.5 and 19.5°C from coral assemblage (Bosellini and Perrin, 2008).
Although the uncertainties associated with the calculation of all these temperatures are
difficult to estimate, they all tend to appear quite lower than the 27-37°C range obtained from
TEXse6 analyses at similar latitude in the central Atlantic (Super et al., 2018), similarly to our
A47-derived temperature estimates. Our new temperature data inferred from A47 analyses are
thus coherent with the temperatures published in the literature for the Mediterranean and
Tethyan regions and support lower temperatures in this general area during the MMCO
compared to other sites at similar paleolatitude.

A relatively cool local to regional climate during the MMCO, compared to that inferred

from similar paleolatitudes based on TEXge data, is also consistent with the high abundance of
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bryozoans throughout the Castillon-Du-Gard section. The proliferation of bryozoans, mainly
in the form of encrusting cheilostomes, colonized the shallow seawater setting of the
Rhodano-Provencal Sub-basins and has been interpreted as deposited in temperate to warm
temperate depositional environment (Taylor and James, 2013). Similar bryozoan-rich deposits
in the Tethyan domain have been interpreted as cool-water carbonates by Randazzo et al.
(1999), based on §'0 analyses and ecological reconstitutions. So far, such lower seawater
temperatures in the Mediterranean and Tethyan regions have been tentatively explained by the
deep cold-water arrivals coming from development of upwellings (Randazzo et al., 1999;
Reuter et al., 2013).

Thus the temperatures obtained from A47 analyses are in relatively good agreement
with those published in the literature in the general region, but quite markedly differ from
those obtained from bivalve §'80 using the equation of Anderson and Arthur (1983) and the
5'804w of the global ocean of Billups and Scharg (2002). This apparent discrepancy between
As7-derived and §'%0 -derived temperatures, observed for the different studied periods, can be
explained by modifications of the hydrological cycle linked to global climate change, leading
to a departure of the local 8'®0sw from that of the global ocean estimated by Billups and
Schrag (2002).

5.2.3. Variations in the local hydrological cycle

In order to estimate the temporal evolution of the local §'80s we used the seawater
temperatures inferred from As7 analyses together with the §'%0 values of the oyster shells
measured on the same powder sample, and the Anderson and Arthur (1983) equation.

Our calculated values point to low local §'80s values during the Aquitanian (values
ranging from -3.9 to -1.06 %0 with an average of -1.89 %o), that are likely to reflect enhanced
precipitations and a lower salinity of the shallow neritic waters during this period (Table 2;

Fig. 8B). For the late Burdigalian, the calculated §'®0sw are much higher (p-value of 0,021
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using a T-test), ranging from 0.9 to 1.71 %o with an average of 1.27 %o, that points to a
decrease in precipitation and runoff and/or an increase in evaporation (Table 2; Fig. 8B). This
finding agrees well with the display of a low floro-faunal content in the Late Burdigalian of
the Tamaris succession, an absence of high-energy sedimentary structures and a deposition of
fine-grain sediments, suggesting that the depositional environment was potentially more
restricted. Our calculated §'80sw values for the Late Burdigalian are close although slightly
lower than the estimation of about 2 %o on average for coastal seawater in the nearby
Aquitaine Basin during the Late Burdigalian by Goedert et al. (2017), based on combined
5180 analyses of marine mammals and fish remains. The local 5'®Osw values for the Langhian
are again lower (ranging from -3.3 to -2.52 %o, with on average of -3.02 %o), which would
point to enhanced precipitations and runoff during this period (Table 2; Fig. 8B). These values
are significantly lower than those calculated for the Burdigalian (p-value of 0.0002 using a T-
test). The Castillon-Du-Gard Sub-basin is located on the periphery of the main Rhodano-
Provencal Basin, with the presence of nearshore facies (Bryomol) in the Castillon-Du-Gard
area (Reynaud et al., 2012), indicative of a semi-enclosed basin, and of sediments organized
in a regressive sequence. These conditions would further favor increased freshwater inputs
into this Sub-basin in the case of an enhanced hydrological cycle. In addition, a tectonically-
enhanced uplift of Alps chain occurred between the lower and the middle Miocene, that can
induce changes in the drainage pattern, major fluvial incisions, and increased runoff in the
Castillon-Du-Gard Sub-basin (Reynaud et al., 2012). In any case, following this coupled A47 -
5'%0 approach, our results would then point to the existence of changes in the local
hydrological cycle during the studied period, from the early to the middle Miocene.
Importantly, changes in local §'®Osw, likely driven by changes in freshwater inputs, dominate
the recorded changes in bivalve §!%0, while temperature changes appear to have a more minor

influence (Fig. 9A and 9B).
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Part of the local §'®0s evolution reconstructed from the coupled A47 and §'%0
analyses in this study is due to changes in the ocean §'80s at a global scale, linked to
variations in ice-sheet volume on Antarctica at that time. In an attempt to estimate first-order
variations in local salinity due to changes in the local hydrological cycle only, we subtracted
to our calculated local 8Osy the ocean §'®0s (Fig. 8C) values published in Billups and
Schrag (2002), i.e. -0.66 %o veps (or -0.86 %o vsmow; see Grossmann (2012) for conversion
from the VPDB to the VSMOW scale) for the Aquitanian, -0.94 %o veps (or -1.14 %o vsmow)
for the Burdigalian, and -0.71 %ovepB (or -0.91 %o vsmow) for the Langhian. We then used
salinity - 8'80sw relations established in modern environments but still comparable to the sites
investigated here. We chose for this rough approach the equation proposed by Railsback and
Anderson (1989) based on modern surface North Atlantic Ocean salinity and §'%0s, data. A
salinity - 5'®Ogw relation exists for the modern Mediterranean Sea (Pierre, 1999). However,
during the Miocene the Mediterranean Sea was still largely open to the Atlantic Ocean on the
west, and to the Indian Ocean on the east prior to its closure during the late Miocene (Jolivet
et al.,, 2006; Do Couto et al.,, 2016). Therefore, we think that this configuration of the
Mediterranean Sea during the Miocene, quite different than the modern one, likely impacted
the salinity - 8'80g relation. To our opinion, it is thus preferable to consider the equation of
Railsback and Anderson (1989) based on surface North Atlantic data. Note that if the equation
of Pierre (1999) had been used instead, the estimated salinities presented below would be of
about 20 to 31%o for the Aquitanian, about 40 to 43 %o for the Late Burdigalian and about 22
to 25 %o for the Langhian.

For the Aquitanian stage, the reconstructed salinities based on this approach tend to be
lower on average than the mean value of 35 %o of the modern open ocean, with an important
variability in the 30 and 34 %o range based on bulk shells, i.e an average salinity throughout

the bivalve life (Table 2; Fig. 8D). This points to a contribution of freshwater inputs to the
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local seawater by runoff, rainfall, or groundwater discharge, although this range remains
within the tolerance of the stenohalin organisms (corals, bryozoans, echinoids and
foraminifera) observed at Carry le Rouet during the Aquitanian (Oertli, 1964). The Sr isotope
composition of bivalve shells can provide additional insights on potential freshwater inputs, if
they are large enough to impact the local seawater Sr budget. The strontium isotope
composition (¥’Sr/%Sr) of bio-carbonates reflects the isotopic composition of the water in
which they form their test (Veizer et al., 1999; Palmer and Elderfield, 1985). Therefore, the
87Sr/%6Sr ratios measured on carbonated organisms enable to reconstruct the isotopic signature
of the aqueous environment in which they thrive.

The measured 8’Sr/®Sr of the bivalves compares well with the Sr isotope signatures of
planktonic foraminifera and of mixed calcitic fossils from the Umbria-March Basin (Fig. 8E;
Kocsis et al., 2008; Cornacchia et al., 2018). Our Sr isotope record mostly falls within the
global seawater Sr isotope reference curve (McArthur and Howarth, 2004), when considering
a seawater ’Sr/%Sr variability comparable to that recorded in the modern ocean (+ 50 ppm;
El Meknassi et al., 2018). For the Aquitanian, the 8’Sr/%6Sr of our samples tends to fall at the
lower limit of this range, and even presents slightly more unradiogenic values than that of the
open ocean at that time, as observed from the nearby Umbria-March Basin (Kocsis et al,
2008; Fig. 8E). This slight deviation from the open ocean Sr isotope composition may derive
from active volcanism in the region, that can release mantle-derived unradiogenic Sr signature
into the local seawater and influence its Sr budget. Sporadic volcanic activity during the
Miocene in the western Mediterranean Sea can indeed be generated during the extension of
the Tyrrhenan and Algéro-Provencal basins (Frizon de Lamotte et al., 2000; Schettino and
Turco, 2011; Bialik et al., 2019). Large eruptions within the 25-19 Ma interval are supported
by volcanoclastic sediments in the vicinity of the studied region (from Provence to Sardinia

and Corsica and in the Umbria-March Basin ; Montanari et al., 1994; Beccaluva et al., 2004),
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and by radiogenic &xa and unradiogenic 'St/®Sr values of sediments from the Umbria-March
region (Kocsis et al., 2008).

Alternatively, it has been shown that large riverine inputs can also result in a deviation of
the Sr isotope composition of neritic seawater from that of the global ocean (Bryant et al.,
1995; El Meknassi et al., 2018). At Carry-le Rouet, the Miocene deposits unconformably rest
on marine carbonates from the Lower Cretaceous (Barremian to Lower Aptian), that are
characterized by low ’Sr/%®Sr values (typically within the 0.7073 to 0.70745 range; McArthur
and Howarth, 2004). Enhanced freshwater input should then result in a decrease of local
seawater 8'Sr/®Sr, if large enough to impact the local Sr budget. Bryant et al. (1995) has
shown that a measurable effect occurs at salinities below 12 %o. Salinities calculated from our
coupled §'80-A47 approach lay however in the 30 to 34 %o range for this interval at Carry-le-
Rouet, and the impact of freshwater inputs on the local seawater Sr isotope composition
should then have remained limited. Yet recent studies reported that deviation from the global
ocean %’Sr/%Sr value can occur at higher salinities, above 30 %o (Huang et al., 2011),
especially in environments affected by submarine groundwater discharges that can have
elevated Sr concentrations when deriving from carbonate-rock aquifer systems (Trezzi et al.,
2017; El Meknassi et al., 2018). Thus enhanced riverine inputs may also have contributed to
lower the ¥Sr/%Sr value of the local seawater at Carry-le-Rouet.

Conversely, for the Late Burdigalian, the reconstructed salinities are much higher (p-
value of 0.0014 using a T-test), in the 38 to 39 %o range (Table 2; Fig. 8D). This would
correspond to a hypersaline environment with reduced runoff and high evaporation, in
agreement with the higher temperatures inferred from our A47 analyzes in the Late Burdigalian
compared to the Aquitanian. Such high salinities are consistent with the disappearance of
stenohalin organisms and the restricted environmental conditions recorded at the Tamaris

section. High evaporation should not affect 8’Sr/%°Sr values of seawater, which is coherent
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with the 87Sr/%Sr values recorded by our bivalves, mostly within the expected range of
signature for the open ocean at that time.

The calculated salinities for the Langhian stage lay between 30 and 32 %o (Table 2;
Fig. 8D), significantly lower than those calculated for the Burdigalian (p-value of 0.00002,
using a T-test). Combined with the quite cool temperatures deduced from A47 for this period,
this suggests again a marine environment subjected to freshwater inputs. A cooler and slightly
brackish environment during the MMCO at Castillon-Du-Gard would agree with the
proliferation of bryozoans and associated algae in these levels. Similar facies association is
described in middle Miocene marine sediments from Austria and considered as deposited in a
temperate environment with low salinity (Friebe, 1994). Modern bryozoan ecological
reconstructions, occupy a wide variety of environments and can tolerate salinities ranging
from 32 to 37 %o (Ryland, 1970; Smith, 1995) and temperatures from 10 to 30°C (Domack,
1988), that are within the temperature and salinity ranges inferred from our coupled A47 - $'30
approach at Castillon-Du-Gard.

The Sr isotope composition of Langhian bivalves from the Castillon-du-Gard section fall
within the Sr isotope reference curve for the open ocean at that time (Fig. 8E), although our
coupled 6'*0-A47 approach points to salinities comparable to that obtained for the Aquitanian.
Deviations toward more radiogenic values at that time were reported from mixed fossils from
sites closer to the Alps, as exposure of older continental rocks contributes to imprint river
waters with a radiogenic Sr isotope composition (Kocsis et al., 2008; 2009). Surface runoff
issued from watersheds in Western Europe exhibits at present quite radiogenic Sr isotope
signature (of 0,7093 on average ; Peucker-Ehrenbrink and Fiske, 2019). The Castillon-du-
Gard section, located north to the Carry-le-Rouet section within a narrow and incised valley,
could have received a larger contribution from river waters draining the Alps watersheds,

especially in the context of the tectonically-enhanced uplift of the Alps during the Miocene
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(Frisch et al., 2000; Reynaud et al., 2012). Rivers draining old continental material tend to
yield much lower Sr concentrations than rivers or groundwaters draining carbonate
lithologies. It is thus possible that the enhanced freshwater inputs during the MMCO, inferred
from the salinities calculated from the §'80 and A4; values, were not large enough at

Castillon-du-Gard to significantly shift the local seawater 3’Sr/3°Sr ratio.

6. Conclusions

Our multi-proxy approach based on both §'30 and As7 analyses of bivalves recovered
from two outcrops in southern France during the Miocene highlight a warming (~3°C) of the
North-West Mediterranean coastal marine environments between the Aquitanian and the Late
Burdigalian, accompanied by an increase in local salinity probably linked to more restricted
conditions. Surprisingly, low §'80 values recorded in the Langhian, supposedly during the
MMCO, are associated with cooler seawater temperatures (between 13 - 18°C) inferred from
A47 analyzes. This apparent discrepancy can be reconciled if a modification occurred in the
local hydrological cycle linked to the overall warmer conditions recorded at a global scale
during this event, leading to enhanced discharges of freshwaters in the region during the
MMCO. The existence of relatively cool and low salinity local waters would be consistent is
with the development of an abundant bryozoan fauna observed at that time in the studied
section. Local freshwater discharges at the regional scale could also have been promoted by
change in the pattern of the drainage system driven by local tectonic uplift and a narrowing of
the corridor structure of the Rhodano-Provencal. The Sr isotope analyses performed on the
bivalves from the two studied sections are compatible with the existence of freshwater inputs
during the Aquitanian and the Langhian in this region. These inputs were however not large
enough to result in large deviations of the local seawater ¥’Sr/**Sr composition from that of

the global ocean, which is consistent with the reconstructed salinities, laying in the 30-34 %o
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range. Importantly, our results illustrate the risks inherent to paleotemperature reconstructions
based solely on &'0 records and highlight the pertinence of coupling several
paleoenvironmental and paleoclimatic proxies, geochemical (8'%0 - A47) or sedimentological,
to reconstruct the variations of seawater temperature and salinity in shallow coastal
environments. The combined §'%0 - A47 approach thus appears promising to study the local
response to global climatic variations in environments that are subjected to salinity variations
(lagoonal, mangrove or estuarine environments). Understanding how such environments react
to climate change would help to better constrain the behavior of our climate system. Our work
highlights the importance of a continuous effort in gathering new data from different regions
of the world during MMCO, to capture the diversity of local responses to a global climatic

change.
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TABLE CAPTION

Table 1 Facies and depositional environments of Carry-Le-Rouet section.

Table 2 A47 data for all analyzed samples and conversion to temperature according to Peral et
al. (2018) equation. Analytical errors reported here are derived from the external
reproducibility of carbonate standards (N = 47) and samples (N = 39) within each analytical
session, and conservatively account for the uncertainties in raw A4; measurements as well as
those associated with the conversion to the “absolute” A47 reference frame. Local 8¥Osw
values were calculated using A47-derived temperatures and 6'®Oghen With Anderson and Arthur
(1983) equation. Salinity estimations derives from calculated local 8'¥Osy values, from which
the 580w of the global ocean (from Billups and Schrag; 2002) has been substracted, and

Railsback and Anderson (1989) equation based on North Atlantic Ocean.

Table 3 ¥St/°Sr ratios of bulk carbonate and their error bars.
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FIGURE CAPTION

Fig. 1. Location of the studied outcrops. Absolute ages presented on the left are from Ogg et
al. (2016), along with the correspondence with magnetostratigraphic frame and foraminifera
zonation (C6C to C5A). A. Location of the outcrops on a modern map of the North Western
Mediterranean area. B. Geological map of outcropping latest Chattian to latest Burdigalian
(Oligo-Miocene) formations in the Coastal Nerthe area and their sedimentary units (modified
from Andreieff et al., 1972; Oudet et al., 2010; Demory et al., 2011). The numbers 1 to 8
correspond to logs positions used to build a composite log of over than 80 meters, that is used
in this study. C. Geological map of Burdigalian to earliest Serravallian (Miocene) formations
in the Castillon-Du-Gard sub-basin and their sedimentary units (modified by from Reynaud et

al., 2012). The numbers 1 to 5 correspond to logs positions.

Fig. 2. A. Picture representing the location of ligamental area on an oyster shell (modified
from Stenzel, 1971). B. Sections of oyster shells under natural light (LN) and
cathodoluminescence (CL), showing luminescent part in orange (mainly chalky areas) and
non-luminescent to weakly luminescent parts with identifiable seasonal patterns of growths.
Only the non-luminescent to weakly luminescent parts with identifiable seasonal patterns of

growths parts have been sampled for isotopic analyses.

Fig. 3. A. Composite log of the Carry-Le-Rouet sedimentary succession with the different
units identified along the log (after Andreieff et al., 1972; Oudet et al., 2010; Demory et al.,
2011), lithologies and marker beds (UR1 to UR4 in red). The position of logs 1 to 8, used to
build this synthetic log, is reported on Fig. 1. B. Outcrop pictures: 1. Transition from
continental conglomerate to marine sandstone in the Chattian Conglomeratic Rouet unit; 2.

Detail of the conglomerate beds eroding sandstones with oyster debris in the Conglomerate
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Rouet Unit. 3. Bioclastic carbonate deposits with abundant oyster shells at the transition
between the Brackish Rousset and the Bioclastic Carry units; 4. Ostrea fimbriata localized at
the base of the Bioclastic Carry unit; 5. Reefal Unit 4 (UR4) outcropping the Bioclastic Carry
unit in Carry harbor; 6. Detail of the surface topping the UR4 and composed of dense
Poritidae corals preserved in life position; 7. Marls of Tamaris section covered by the

Langhian carbonate deposits; 8. Detail of marls with a low fossil record.

Fig. 4. Evolution of bivalve 8®0 throughout the section of Carry-Le-Rouet (A, Black plain
circles) and Castillon-Du-Gard (B, Grey plain circles). Several microsamplings were realized
per shells (levels where a microsampled oyster has been analyzed are identified by the name
of the shell newt to the relevant data) and several shells were analyzed per stratigraphic levels.
Each plotted data represents 6'*0O data acquired in this work, including the multiple 3*O
measurements realized on some shells, appears on the figure. Analytical uncertainties are
lower than the size of the circles (£ 0.08 %o, see Method section) and cannot be reported for
each data point. Plain squares correspond to 6®¥Oshen measured with clumped isotopes (White
squares correspond to bulk of shell; Red square corresponds to summer part of shell CAR17-
6-33-b; Blue square corresponds to winter part of shell CAR17-6-33). Vertical error bars
reported on two Langhian samples, representing an uncertainty on the stratigraphic position of
the samples, correspond to bulk shells that were gathered from stratigraphic levels newt to

each other into a single analysis.

Fig. 5. Intra-shells 6'*0 evolution from bivalves recovered from the Carry-Le-Rouet outcrop.
A. CAR17-6-28-a; B. CAR17-6-30top-e; C. CAR17-6-31base-a; D. CAR17-6-33-b; E.
CAR17-6-33-c; F. CAR17-8-43-h; G. CAR17-8-43-i. Corresponding temperatures have been

calculated using the equation of Anderson and Arthur (1983) and a §'80sw of -0.66 %ovepE
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(Billups and Schrag, 2002) for the Aquitanian (A to E) and of -0.94 %o vep (Billups and
Schrag, 2002) for the Late Burdigalian (F and G). The error bar that applies to 30
measurements corresponds to the analytical reproducibility specified in the Method part, of +

0.08 %eo.

Fig. 6. Distribution of 6'%0 values along CAR17-6-33-b umbo obtained from microsampling
(black plain circles). The dotted red and blue lines represent the 6*0O values of the two
samples recovered from this oyster for A47 analyses, over the length of the shell corresponding
to minimum 6'*0 values and maximum 60 values, respectively, as described in the text (Part
3.3). The temperature calculated from A47 (T(A47)) is reported for these two samples. The
error bar that applies to 6'®*0 measurements corresponds to the analytical reproducibility

specified in the Method part, of £ 0.08 %o.

Fig. 7. Comparison of geochemical data from bivalve shells obtained in this work, with the
results of the applied statistical treatment (SiZer Map: 0.1<h<10 Myrs ; Blue: significant
increase; Red: significant decrease; Grey: No significant; White: No data), with the benthic
foraminifera 80 global record (Zachos et al., 2008). Black plain circles correspond to
bivalve 6O values for the Carry-Le-Rouet section and Grey plain circles correspond to
bivalve 60 values from Castillon-Du-Gard. Smoothed black curves and their grey envelope
on foraminifera 6'®*0 global record and on our bivalve 8O values are realized using
locally.weighted.polynomial function (the confidence intervals are created using the row-wise
method of Hannig and Marron, 2006) of SiZer Package (R software) with a bandwith “h” at 1

Ma for both curves.
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Fig. 8. A. Comparison between §'80-derived temperatures and As7-derived Temperatures.
5180-derived temperatures are calculated using the §'*Qsy from Billups and Scharg (2002) and
the equation of Anderson and Arthur (1983) as described in the text, Sections 5.1 and 5.2.1.
Black plain circles correspond to Carry-Le-Rouet section; Grey plain circles correspond to
Castillon-Du-Gard Section. Vertical error bars reported on 2 bulk shells, representing an
uncertainty on the stratigraphic position of the samples, correspond to bulk shells that were
gathered from stratigraphic levels newt to each other into a single analysis. Black smoothed
curve and associated grey interval have been realized using the locally.weighted.polynomial
function with a bandwith “h” at 1 Ma. A47-derived mean annual temperatures are estimated
from clumped isotope analyses bulk shells using the equation of Peral et al. (2018): Orange
squares: mean annual temperatures; Red square: summer seawater CAR17-6-33-b); Blue
square: winter seawater temperatures (CAR17-6-33-b). Vertical error bars as for §'80-derived
temperatures. B. Evolution of local 80 calculated from &'Ogmen and As7-derived
temperatures using Anderson and Arthur (1983) equation (see section 5.2.3 for further detail)
C. Global 880 curve, is from Billups and Schrag (2002). The shaded areas reported on this
curve highlight the portions of the curve selected to calculate the average §'®Osw value of the
global ocean for the three periods for which coupled A47-5'0 analyses have been performed
on bivalves, with a minimum of 3 data of the curve gathered for the calculation. D. Salinity
estimations are calculated using Railsback and Anderson (1989) equation based on North
Atlantic Ocean and local §'0Osy values from which global ocean §'80sy value has been
substracted (see section 5.2.3 for further detail) E. Bivalve 8’Sr/%¢Sr evolution (white squares)
compared to the 3Sr/%Sr of the global ocean (black line; McArthur and Howarth, 2004) with
the two red dashed lines showing the variability of + 50 ppm recorded in the modern ocean

(El Meknassi et al., 2018), and compared to published planktonic foraminifera (Cornacchia et
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al., 2018) and mixed fossils (Kocsis et al., 2008) ®’Sr/%Sr from the North Western

Mediterranean Sea.

Fig. 9. A. 3'%0snen values versus Asz-derived temperatures measured with clumped isotopes.
B. Local §'®0sy values calculated with Anderson and Arthur (1983) equation versus §'®Ognen

values measured with clumped isotopes.
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Figure 3

Macroscopic structure
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Figure 4

Carry-Le-Rouet section
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Table 1

Facies

Non-biotic elements

Biotic
components

Matrix

Sedimentary
structures

Environments

Al. Marls to fine
siltstones

Rhizo-concretion, root traces

Clayey silts

Palaeosoils,
Floodplain

A2.
Conglomerates

Monogenic

Clasts
source:
Rudist
Limestone
(Barremian
of the
Nerthe)

Poligenic

Clasts source
: Rudist
Limestones
(Barremian
of the
Nerthe) and
Paleozoic
rocks

A3.
Conglomerates

Polygenic conglomerate with
clasts composed of

Rudist Limestones
(Barremian of the Nerthe)
and Paleozoic rocks

Rare bivalves
and gastropods

Heterogeneous
and clast-
supported
conglomerates
with a sandstone
matrix

Erosional base of
decimetric to
meter large
channels

Fluviatile

Proximal
deltaic domain

A4. Sandstones Quartz grains, feldspath Rare bivalves Calcareous Continuous cm- Distal deltaic
and gastropods | sandstone thick beds lobes,
intercalated with | transitional
oyster and continental to
bioturbated marine
sandstones
B1.Sandstones Sandstones with quartz Common Fine grain Planar Upper
with bivalves, sandstones stratification shoreface
conglomerates gastropods and Bioturbation
barnacles
B2. Fine to Quartz grains Abundant Fine grain Megaripples, Lower
croase bivalves sandstones HCS shoreface
sandstones Common (Hummocky
gastropods Cross
Rare wood stratification),
fragments and Convolute beds,
bryozoans Bioturbation
C. Siltstones to Quartz grains Common Silt and Marls Bioturbation Lagoon,
marls wood (Thallassinoides | protected
fragments and / Planolites), environments
foraminifera HCS
Rare bivalves
D1. Bioclastic Quartz grains Abundant Broken Bioturbation Upper to lower
packstones bivalves, bioclastic grains shoreface
gasteropods and micritic
and corals matrix
Common
bryozoans and
echinoids
D2. Coral-rich Floatstones Reworked Abundant Bioturbation, Lower
floatstones to corals, and corals bioerosion, shoreface
framestones fragmented Common lenticular
bioclasts bivalves, bioclastic
Framestones | In situ gasteropods accumulation and
corals, and bryozoans sigmoid reefal
embedded in units

a bioclastic
matrix




Table 2.

51804y 5180y
Age Sample N | Seasonality S8 Oghell As7 (%o, + 1 OF) T (°C) calculated (Billups and Salinity (%o)
(m.y) (%ovppB) (%oovsmow) Schrag, 2002)

(%ovepB)

229 | CAR17_4_21A_a_Bl1 3 Bulk -2.02 0.6903 + 0.0093 19.9+2.38 -1.06 + 0.68 -0.66 343+1.1
22.3 | CAR17_6_28_a Bl 3 Bulk -3.79 0.705 + 0.0095 15.6+2.7 -3.9 £ 0.65 -0.66 29.6 +1.1
22.2 | CAR17_6_30TOP_B1 2 Bulk -2.37 0.6934 + 0.0097 19+29 -1.68 £ 0.7 -0.66 333+1.2
222 | CAR17_6_31BASE_a Bl | 3 Bulk -2.96 0.6852 +0.0093 21.5+29 -1.67+£0.7 -0.66 333+1.2
22.1 | CAR17_6_33_b_SI 3 Summer -3.58 0.6821 £ 0.01 224 +3.1 -2.05£0.75 -0.66 327+13
22.1 | CAR17_6_33_b_WI1 3 Winter -1.3 0.6823 + 0.0099 224+3.1 0.25+0.75 -0.66 36.5+1.3
22.1 | CAR17_6_33_c_Bl1 3 Bulk -1.53 0.6986 +0.01 17.5+3 -1.14 +0.72 -0.66 342+1.2
18.1 | CAR17_8_43_h_BlI 3 Bulk 0 0.6801 +0.0093 23.1+29 1.71 £0.70 -0.94 39.4+1.2
18.1 | CAR17_8_43_i_Bl 3 Bulk 0.12 0.6882 +0.0093 20.5+2.8 1.19 +0.68 -0.94 385+1.1
17.7 | CAR17_8_45_a Bl 3 Bulk -1.13 0.6762 +0.0093 243+29 0.9+0.70 -0.94 38.1+1.2
14.9 | CDG18_3&4_BASE_B1 3 Bulk -2.37 0.7157 +0.0099 12.5+2.8 -3.25 +0.68 -0.71 30.8+1.1
14.6 | CDG18_3&4_TOP_B1 3 Bulk -2.59 0.7137 +0.0099 13.1+2.8 -3.3 +£0.68 -0.71 30.7+1.1
142 | CDG18_5_1_B1 3 Bulk -2.98 0.6968 + 0.0098 18+2.9 -2.52+£0.70 -0.71 3212




Table 3

Age Sample Nature 87Sr/36Sr +20E
(m.y)

229 | CAR17_4 21A_a_Bl1 Bulk 0.708255 0.000005
22.3 | CAR17_6_28_a_ Bl Bulk 0.708299 0.000007
22.2 | CAR17_6_30TOP_B1 Bulk 0.708289 0.000005
22.2 | CAR17_6_31BASE_a_B1 | Bulk 0.708266 0.000005
22.1 | CAR17_6_33_b_Bl1 Bulk 0.708228 0.000005
22.1 | CAR17_6_33_c_Bl1 Bulk 0.708271 0.000009
18.1 | CAR17_8 43 _h_Bl1 Bulk 0.708696 0.000005
18.1 | CAR17_8_43_i_Bl1 Bulk 0.708673 0.000006
17.7 | CAR17_8_45_a_ Bl Bulk 0.708695 0.000005
149 | CDG18_3&4 BASE_BI1 Bulk 0.708873 0.000005
14.6 | CDG18_3&4_TOP_BI1 Bulk 0.708868 0.000006
142 | CDG18_5_1_Bl1 Bulk 0.708849 0.000005






