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Abstract Astrochronologically calibrated deep-sea records document the Cenozoic (66—0 Ma) global
climatic cooling in great detail, but the magnitude of sea-level fluctuations of the middle Eocene Warmhouse
state (47.8-37.7 Ma) and the ~40.3 Ma warming event of the Middle Eocene Climatic Optimum (MECO)

is not well constrained. Here, we present a sequence stratigraphic classification of a shallow marine mixed
carbonate—clastic ramp system for this time interval in Paris basin, France. Based on sedimentologic,
paleogeographic and biostratigraphic data, we hypothesize that the 22 elementary sequences recognized each
correspond to the long cycle of orbital eccentricity (0.405 Myr). With the exception of the MECO, the shoreline
trajectory of superimposed, third-order depositional sequences evolved in phase with the very long cycles of
orbital eccentricity (2.4 Myr), suggesting significant polar ice build-up leading to sea level lowstands during
nodes of the very long eccentricity cycle. Inferred from Fischer Plot methodology, Lutetian third-order eustasy
was in the order of 5-10 m and during the MECO 30 m or more. Furthermore, the shallow-water record implies
that third order sea-level changes were astronomically paced in the middle Eocene Warmhouse climate state,
but a decoupling occurred during the transient MECO warming.

1. Introduction

Over geological history, global mean sea level underwent substantial fluctuations (Haq et al., 1987; Hardenbol
et al., 1998; Miller et al., 2020). These fluctuations resulted from crustal depth changes of the oceanic basins
and/or variations of seawater volume by thermal and cryospheric dynamics (glacioeustasy) (Miller et al., 2005).
Thermal and glacioeustatic sea-level fluctuations are best identified using combined proxies of bottom water
temperature and cryospheric dynamics in deep-sea sediments, such as the §'%0 value of benthic foraminifers
(Miller et al., 2020). Benthic foraminifer 5'®0 data track the ice sheet evolution on the continents and mean
deep-sea temperature, the latter set by surface conditions at sites of water mass formation. Disentangling ice
and temperature effects in the §'80 signatures requires a combination of §'30 data with information from other
temperature-dependent proxies, for example, the Mg concentration in calcite tests of benthic foraminifers (Mg/
Ca ratios) (Miller et al., 2020). For some time periods of the early Cenozoic and especially for the short-term
(transient) warming events of the Paleogene (hyperthermals), deep-sea Mg/Ca temperatures are little constrained
and the occurrence and magnitude of possible thermal and/or glacioeustatic sea-level fluctuations are disputed
(Miller et al., 2020). In this respect, combined §'80-Mg/Ca temperature reconstructions for the Paleocene and
early Eocene could yield questionable temperatures, unrealistic sea-level reconstructions, or both (Cramer
et al., 2011; Miller et al., 2020).

Compared to the Paleocene/Eocene Thermal Maximum and early Eocene hyperthermal events, the transient
warming of the Middle Eocene Climatic Optimum (MECO) ~40 million years (Ma) ago is peculiar. It differs by
its comparatively long duration of ~0.4 Ma and the absence of an ubiquitous negative carbon isotope excursion
(e.g., Bohaty et al., 2009; Henehan et al., 2020). It has been suggested, that MECO warming was due to atmos-
pheric CO, increases by paroxysmal continental arc volcanism (Sluijs et al., 2013; van der Boon et al., 2021).
While some proxy studies link the negative oxygen isotope excursion (OIE) ~1%o of the MECO to a global
temperature increase of 3—6°C (Bohaty et al., 2009; Bohaty & Zachos, 2003; Cramwinckel et al., 2018), the
extent of a possible parallel sea-level rise that may have reached ~65 m is controversial (e.g., Edgar et al., 2007;
Miller et al., 2020; Tripati et al., 2005). In contrast, carbon cycle modeling does find a small shift in shelf:open
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ocean carbonate production ratio—such as would be expected from moderate sea level rise—helps to reconcile
patterns of deep sea carbonate preservation (Sluijs et al., 2013). Proxy data from deep-sea cores and onshore
outcrops of deep-sea sediments using astrochronologically calibrated age models now provide a reasonably coher-
ent picture of the MECO, although problems related to inconsistent age models remain (Giorgioni et al., 2019;
Rivero-Cuesta et al., 2019; Westerhold et al., 2020). In particular, chronologies for shallow shelf deposits still
suffer from limited biostratigraphical resolution and global synchronization (Pekar et al., 2003). A change in
water depth of tens of meters associated with a negative OIE of ~1%o reported from shallow shelf deposits
in Alum Bay/UK can serve as an example. The OIE of that section being originally attributed to the MECO
(Dawber et al., 2011) is now considered to postdate the MECO (Agnini et al., 2014; Edgar et al., 2020; Fornaciari
et al., 2010; Villa et al., 2021).

1.1. Sea-Level Records From Shallow-Water Sediments

Continental margins and epicontinental sedimentary basins represent remarkable archives of the history of
sea-level fluctuations and allow an independent test of reconstructions from the deep-sea record (Haq et al., 1988;
Hardenbol et al., 1998; Vail et al., 1977). In addition to global controls, the sea-level record of these basins
is influenced by local patterns of sediment accretion and vertical movements of the Earth's crust. These rela-
tive sea-level fluctuations are reflected in the stratigraphic record as a stack of repetitive sediment packages
bounded by unconformities and their correlative conformities (sequence stratigraphy) (Haq et al., 1987; Vail
et al., 1977). The primary sequence stratigraphic unit (third order depositional sequence) is characterized by its
diagnostic internal architecture of stratigraphic terminations (onlap, downlap, toplap, truncation) and the system-
atic arrangement of shallowing upward cycles (parasequences or elementary sequences) within systems tracts
(Lowstand Systems Tract [LST]; Transgressive Systems Tract [TST]; Highstand Systems Tract [HST]; Falling
Stage Systems Tract [FSST]) (Catuneanu et al., 2011; Haq et al., 1987; Strasser, 2018). To separate local and
global factors, compaction, loading, and water depth of the sediments are additionally considered (backstripping)
(Kominz et al., 2008; Miller et al., 2005). Summary sea level curves of the long-term (first order: 50-100 Myr
duration) and their superimposed short-term (third order: 0.5-5.0 Myr duration) variations are available for the
entire Phanerozoic, that is, the last ~540 Myr (Hagq et al., 1987; Hardenbol et al., 1998; Miller et al., 2005, 2020;
Peters et al., 2010), but low biostratigraphic resolution of shallow marine deposits hampers demonstrating the
global nature of third order depositional sequences (Pekar et al., 2003).

A special feature of shallow marine carbonate platforms and ramps is the presence of laterally extensive, hori-
zontally stratified beds being decimeters to a few meters thick that represent the shallow subtidal lagoon and
tidal flat (Scholle et al., 1983). These beds normally show a shallowing-upward trend, which culminates along
the top with a surface of subaerial exposure (Schlager, 1992). In this respect, these beds can be considered
depositional sequences of the fourth order or lower hierarchical orders (elementary sequences) corresponding
in the time-domain to the Milankovitch frequency band (Strasser, 2018). Vertical accretion of the elementary
sequences being limited by sea level, their thickness represents a sensitive dipstick for the rate of formation
of sedimentary accommodation space per sea level cycle and their stacking pattern for its long-term evolution
(Read et al., 1995). Using corrections for basin subsidence, the eustatic component of the evolution of accom-
modation space can be inferred using Fischer plots (Fischer, 1964; Husinec et al., 2008; Read et al., 1995). The
systematics of the bundling patterns of the accommodation evolution also provide clues to the completeness of a
stratigraphic sequence and a formation in the climatic state of the Hothouse or Icehouse (Hardie & Shinn, 1986;
Read et al., 1995). While the geological record of carbonate platforms from the Mesozoic Hothouse periods can
be considered sufficiently complete for astrochronological calibrations (Strasser, 2018), orbital solutions for cali-
brations to the long-term motion of the Earth with proper phases of the eccentricity variations exist only for the
last ~50 Myr (middle Eocene) (Laskar et al., 2011). Astronomical time-scale synchronizations between Eocene
records from the deep-sea and large perennial lakes have been presented recently (Shi et al., 2019; Westerhold
et al., 2018), but no attempts have been made yet to astronomically calibrate Eocene shallow carbonate platforms
or ramps (Martin-Martin et al., 2021), and to compare the records with global data. An example of a Middle
Eocene carbonate ramp is the classic type area of the Lutetian Stage in the epicontinental basin of Paris (NW
France) (Figure 1) (Mégnien & Mégnien, 1980; Merle, 2008). For this largely undeformed stratigraphic section,
very detailed studies on bio- and sequence stratigraphy, fauna and flora, and sedimentary facies have been
presented (Briais, 2015; Gély, 2016; Gély & Leroux, 2019; Haq et al., 1988; Merle, 2008) which can serve as a
basis for an astrochronolgical calibration and comparison with sea-level data and proxy records from the deep sea.
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Figure 1. Paleogeographic sketch maps of NW-France (Paris basin) showing the distribution of marine facies during the middle Lutetian and early Bartonian. (a, c)
Overview of the marine paleogeography of France during the middle Lutetian and early Bartonian, respectively. Inset shows the positions of the maps shown in (b)
and (d). (b) Facies distributions of the Banc de Saint-Leu, elementary sequence #6 of Calcaire Grossier Moyen. (d) Facies distributions during the early Bartonian,
elementary sequence #21 (Auversian Sand). Bold black lines: present-day coastline. Hypothetical river courses are not shown. The cross of orange lines shows the
position of the transects used to construct the shoreline trajectory (Figure 3). HB, Hampshire Basin; IWA, isthmus of Weald-Artois. Redrawn from various sources
(Barrier et al., 2018; Gély, 2016; Merle, 2008).

1.2. Approach

Based on are-evaluation of available biostratigraphic (Aubry, 1983, 1985; Chateauneuf & Gruas-Cavagnetto, 1978;
Steurbaut & Nolf, 2021) and sequence- and cyclostratigraphic stratigraphic data of the middle Eocene from Paris
basin (PB), France (Briais, 2015; Gély, 2016; Gély & Leroux, 2019), we present the first astrochronologically
calibrated sequence stratigraphic classification for shallow-water deposits. For the synchronization of this clas-
sification with astronomical solutions of long-term changes in Earth orbital parameters, we complement the
biostratigraphic chronology with a diagnostic, hierarchical system of small- and large-scale sedimentary cycles.
Within this framework, we hypothesize the elementary sequences to represent the 0.405 Myr cycle of orbital
eccentricity and the overarching depositional sequences (third order sequences) the 2.4 Myr cycle of eccentricity
(Laskar et al., 2011; Westerhold et al., 2020). For this purpose, we present a reconstruction of the long-term
evolution of the shoreline trajectory and sedimentary accommodation space of the shallow marine sediments
using spatio-temporal changes in facies distributions and a Fischer Plot. We discuss the causes of similarities
and differences of our reconstruction with glacioeustatic sea-level fluctuations inferred from §'80 cycles of the
deep-sea record. Our study provides evidence for small amplitudes of third order sea-level changes <10 m in
concert with orbital insolation, but a strong, eustatic sea-level pulse of >30 m during the MECO unrelated to
insolation forcing. In the light of a drop in surface ocean pH of ~0.2 during the MECO (Henehan et al., 2020)
and spectacular skeletal preservation of many PB fossils (Brachert et al., 2022; Merle, 2008), our findings suggest
the PB record to be highly suited as a natural laboratory for future studies on the effects of ocean warming and
acidification on skeletal calcification patterns of shallow marine biota.
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Figure 2. Biostratigraphy of the Lutetian (including late Ypresian) and early Bartonian in Paris basin (PB). Left

box: Lithostratigraphy (MSM, Sables de Mont-Saint-Martin) (Blondeau, 1965; Gély, 1996; Merle, 2008). Middle

box: Biostratigraphy. 1: Distribution of Nummulites laevigatus (Merle, 2008), 2: macrofossil data (Abrard, 1925), 3:
Dinoflagellates (Chateauneuf & Gruas-Cavagnetto, 1978), 4: Nannoplankton (Aubry, 1983, 1985). Right box: Sequence
stratigraphy for PB (Haq et al., 1987, 1988). Estimated ages from biostratigraphy calibrated according to CENOGRID
timescale (Westerhold et al., 2020). Vertical scale is the number of elementary sequences, that is, time, to be compatible with
Figure 3. See Supporting Information S1 for detail.

1.3. Middle Eocene Paleogeography, Paleoenvironments and Stratigraphy of the Classical Lutetian Type
Region, Northwest France

Around the early/middle Eocene, the northwest European continent then located at ~45°N paleolatitude became
flooded from the NE Atlantic and North Sea areas southward, forming a shallow marine gulf that extended
several 100 km inland into the PB during its maximum extensions in the middle Lutetian and again in the early
Bartonian (Gély, 2016; van Hinsbergen et al., 2015) (Figures 1 and 2). Flooding of the PB started in the latest
Ypresian (Steurbaut & Nolf, 2021) and left behind glauconite-rich sand and larger foraminifer limestone (Glau-
conie Grossiere [GG] showing signs of storm activity and intermittent sediment starvation (Gély & Leroux, 2019;
Merle, 2008) (Figure 2). During the Lutetian, the GG was replaced by coarse skeletal carbonates of the Calcaire
Grossier s.s. (CG Moyen). The single beds of the CG Moyen show great lateral continuity, characteristic facies
and physical properties within the entire basin, so they were given individual names early on by medieval quar-
rymen (Merle, 2008). A peak of marine shallow-subtidal development was reached during the middle CG Moyen
(Banc des Saint-Leu, Banc a vérins et du Vergelé, Couches des Lambourdes), when seagrass beds developed
with a highly diverse and individual-rich fauna of larger benthic foraminifers (e.g., Nummulites, Orbitolites),
thick-shelled and large-bodied mollusks (e.g., Campanile giganteum), sea urchins, fishes, and reef corals (e.g.,
Acropora, Porites, Astreopora) (Gély & Leroux, 2019; Merle, 2008; White, 2013). Although the diversity of reef
corals was quite high (>9 genera), no true reefal frameworks were formed (Mégnien & Mégnien, 1980; Wallace &
Rosen, 2006; White, 2013). Finally, in the late CG Moyen, lagoonal and freshwater systems became increasingly
important, both, onlapping further landward and prograding basinward (Gély & Leroux, 2019; Merle, 2008).

During the formation of the CG Supérieur (CGS; or Marnes et Caillasses), the connection to the North Sea
basin was increasingly lost as a result of tectonic uplift in the northern reaches of the basin forming the isth-
mus of Weald-Artois of the Bartonian (Barrier et al., 2018; Merle, 2008) (Figure 1). A continuous connection
to the Northeast-Atlantic and fully marine subtidal conditions during the late Lutetian prevailed only in the
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Figure 3. Sequence stratigraphy (third order) for the shallow marine and terrestrial deposits of the Paris basin for two separate age models. Left box: Sequence
stratigraphy (Wheeler diagram). The spatiotemporal distribution pattern of the boundary between shallow marine deposits (blue) and lagoonal and terrestrial deposits
(orange) approximates the shoreline trajectory. Model 1 is based on the classical three-systems-tracts approach (van Wagoner et al., 1988), where elementary sequence
#20 represents the lowstand position of sequence B1 (variant 1 see text for details). In model 2, we adopted the concept of four systems tract sequence stratigraphy for
sequence L3 (Catuneanu et al., 2011), where elementary sequence #20 represents the Falling Stage Systems Tract of the L3 sequence (variant 2 see text for details).
The dotted line in L3 shows the trajectory for the NW-SE transect. Partial erosion of L2 and L3 due to localized uplift of the isthmus of Weald-Artois prior to B1 is not
shown (Gély, 1996). H, non-depositional hiatus. Overlay curves over Wheeler diagram: Amplitude of the long eccentricity cycle (solutions a, b, ¢, d drawn in orange
to yellow colors) (Laskar et al., 2011). Right box: Astronomically dated record of deep-sea benthic foraminifer 8'%0-values (blue) (Westerhold et al., 2020). Thick blue
line shows running mean over 405 Kyr (duration of long eccentricity cycle) for §'80. Note inverted scale for the 8'%0-values in order to highlight the similarity with
the shoreline trajectory. Blue dotted arrows show the approximate onset of SSTs cool enough for the formation Arctic sea-ice (Stickley et al., 2009) and Antarctic cool
phase (Cramwinckel et al., 2018). Right Plots show the cumulative deviation of the thickness of the individual elementary sequences from their mean thickness, for
decompacted/compacted raw data (thick yellow line) and modeled decompacted/compacted data for L2 and L3 (thin orange line; see text for details).
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northwestern section of the basin, while most parts of the remaining basin were now occupied by extensive
beaches, lagoons, and lakes leaving behind small-scale alternations of sand, limestone, dolomite and lignite or
evaporite (Merle, 2008) (Figure 2). Due to localized uplift, the stratigraphic contact of the CGS is only locally
conformable and continuous with laguno-marine sand of the Sables de Mont-Saint-Martin assigned to the early
Bartonian (Gély, 2016; Merle, 2008). This unit is covered by a widely distributed package of shallow marine
sand (Sables d'Auvers, Faluns de Guépelle) and marine-brackish to terrestrial sand (Sables de Beauchamp) that
rests conformably on top of the Sables de Mont-Saint-Martin, but unconformably on a substrate formed by CGS
or even CG Moyen in some areas of PB (Gély, 2016; Merle, 2008). The well-sorted, mostly cross-bedded sands,
calcarenites, and shell beds rapidly spread for several 100 km along a narrow corridor from the Atlantic Ocean
landward to the SW (Figures 1d and 2). A highly diverse fossil fauna with very abundant small and larger benthic
foraminifers, bryozoans, mollusks, echinoids, crustaceans, together with calcareous green algae (Dasycladaceae)
documents a shallow-water environment with extensive seagrass beds with <10 m depth (Gall, 1983). A diverse
reef coral association (>9 genera, e.g., Astreopora, Goniopora, Acropora), again without evidence of reefal
frameworks, documents a new phase of colonization of the gulf by reef corals (Brachert et al., 2022; Gall, 1983;
Meégnien & Mégnien, 1980; Wallace & Rosen, 2006; White, 2013).

1.4. Biostratigraphy

A characteristic of all of the shallow-marine to terrestrial deposits of PB is a regular, vertical stacking of shal-
lowing upward sequences (Briais, 2015; Gély & Leroux, 2019), referred to as elementary sequences sensu
Strasser (2018) that we numbered #1 to #22 (Figure 2). For the classic Lutetian of PB three separate biostrati-
graphic classifications have been proposed (Merle, 2008) (Figure 2): (a) a largely local system of five zones
based on shallow-marine benthic macrofauna (Abrard zonation) (Abrard, 1925), (b) a classification using the
first and last occurrences of dinoflagellate cysts (W-zonation) (Chateauneuf & Gruas-Cavagnetto, 1978), and (c)
calcareous nannoplankton stratigraphy (NP-zonation) (Aubry, 1983, 1985; Gradstein et al., 2020; Martini, 1971;
Steurbaut & Nolf, 2021). Based on these biostratigraphic classifications, the GG, CG and Sables d'Auvers
together with Sables de Beauchamps can be dated latest Ypresian to early Bartonian (Figure 2). Estimated ages
from biostratigraphy were calibrated according to GTS2020 (Gradstein et al., 2020) and the CENOGRID times-
cale (Westerhold et al., 2020). See Supporting Information S1 for detail.

2. Materials and Methods

We use the concept of sequence stratigraphy, including terms and abbreviations in their original form (systems
tracts and major stratigraphic surfaces in upper case, minor surfaces in lower case letters), and concepts as revised
by subsequent work (Catuneanu et al., 2011). Based on a series of detailed lithological maps for nine time slices
of the Lutetian and two time slices of the Bartonian (Gély, 2016; Merle, 2008), the distribution of marine-subtidal
and continental deposits (including beach and lagoonal facies) was recorded along two transects in a NW-SE and
NE-SW direction, respectively (Figure 2). For the elementary sequences of the GG and the “Pierre a liards,” only
the transect in NE-SW direction was used due to the paleogeographic evolution of the basin, for all other units
both transects were used and missing data interpolated; the location of the transects was chosen to be as close
as possible to the two neostratotype sections St. Vaast-les-Mello and St. Leu-d'Esserent (Pomerol, 1981) termed
“historical stratotype” by Steurbaut and Nolf (Steurbaut & Nolf, 2021). No distributional map for the Couches des
Lambourdes elementary sequence (#8) is available; its distribution in the transect is shown semi-quantitatively
(from Merle, 2008). Also for sequences L2 and L3, no maps for each individual elementary sequences are avail-
able except for maps showing the maximum flooding stage; the corresponding flooding pattern and shoreline
trajectory were adopted from previous work and calibrated for Figure 3 using the facies maps available for L2 and
L3 (Gély, 1996, 2016; Gély & Leroux, 2019; Gély & Lorenz, 1991).

In carbonate sedimentology the long-term control behind thickness variations of cyclically built, shallow-marine
sedimentary sequences is graphically solved by Fischer plots (Husinec et al., 2008; Sadler et al., 1993). For
constraining estimates of third order sea-level changes, we have used Fischer Plots (Husinec et al., 2008; Sadler
et al., 1993) (Figures 3 and 4). In the diagrams, we plotted the elementary sequence number/astrochronological
age on the X-axis, and the cumulative deviation from the mean thickness of the individual elementary sequences
corresponding to a cycle on the Y-axis, thus recording long-term deviations of accommodation space from mean
subsidence, for example, deviations from mean due to eustatic sea level fluctuations (Husinec et al., 2008; Sadler
et al., 1993).
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Thickness data for the individual elementary sequences was taken from the literature (Mégnien & Mégnien, 1980;
Merle, 2008) (Table 1). For the CG Supérieur (L2, L3) this thickness information is not systematically available
elementary sequence by elementary sequence. In those cases we have considered proportionally the mean thick-
ness for the elementary sequences of this formation (Merle, 2008). In order to obtain an estimate of the magni-
tude of the variations in accommodation space during the formation of depositional sequences L2 and L3, we
modeled the thicknesses of the individual elementary sequences. For this purpose, we kept the total thickness of
the third order sequences and number of elementary sequences per depositional sequence constant, but assumed
a thinning-upward trend of the elementary sequences (Figures 3 and 4).

Fischer Plots do not take into account any compaction effects and in this respect do not allow for a quantitative
reconstruction of the evolution of accommodation space (Husinec et al., 2008). To achieve a realistic representa-
tion of changes of accommodation space using a Fischer Plot, we implemented a decompaction/compaction
procedure (van Hinte, 1978). In a first step, all rocks were decompacted to their original thickness according to a
maximum overburden of 200-300 m in the center of the basin (Brigaud et al., 2020) using decompaction numbers
between 1.05 and 2.0 depending on lithology (Goldhammer, 1997) (Table S1 in Supporting Information S1). For
the Fischer plots, decompacted thickness of the individual elementary sequences was progressively compacted,
elementary sequence by elementary sequence, with increasing burial. For a thickness of ~100 m of the stud-
ied sequence, we assumed no compaction has taken place for lithologies with a decompaction number = 1.05
(Goldhammer, 1997). For lithologies with a decompaction number = 2, we assumed a quasi-linear relationship
between burial depth and degree of compaction according to Equation 1

C =(Z +130.08)/130.08 (1)

where C is the compaction number and Z is burial depth in meters (Goldhammer, 1997) (Figure S4 and Table
S1 in Supporting Information S1). For the substrate rocks, no decompaction/compaction effect was taken into
account.

3. Results and Discussion
3.1. Sequence Stratigraphy

Four large-scale depositional sequences (third order depositional sequences) (Haq et al., 1987; Vail &
Mitchum, 1977) are distinguished by this study in the late Ypresian to early Bartonian deposits of PB, three
of them in the latest Ypresian-Lutetian (L1-L3) (Gély, 1996; Merle, 2008; Steurbaut & Nolf, 2021) and one
in the lower Bartonian (B1) (Figure 2). Characteristic of the sequences is a systematic internal structuration
by shallowing upward cycles, each up to several meters thick (Table 1). The shallowing upward cycles topped
by surfaces of subaerial exposure in most examples are interpreted as elementary sequences that are a typical
feature of shallow carbonate platforms and ramps (Gély & Leroux, 2019; Strasser, 2018). The third order depo-
sitional sequences described here are heterogeneous in terms of the number of underlying elementary sequences
(Gély, 1996) (Table 1, Figure 3); for practical reasons, we use the classical model of depositional sequences with
three system tracts for this study and refrain from using alternative, more refined models (Catuneanu et al., 2011;
van Wagoner et al., 1988). For previous sequence and cyclo stratigraphic work, the reader is referred to the litera-
ture (Briais, 2015; Briais et al., 2016; Gély, 1996, 2016; Gély & Lorenz, 1991; Haq et al., 1987, 1988; Hardenbol
et al., 1998; Merle, 2008) (Figure 2).

Depositional sequence L1 is formed by a set of 10 elementary sequences (Gély, 1996; Gély & Leroux, 2019)
(Figure 3, Table 1). The elementary sequences #1 to #4 representing the GG are restricted to the most distal,
northernmost, parts of the basin and document the incipient, successive south- and southeastward flooding of PB
from the English Channel and North Sea (Figures 1 and 3). The subsequent elementary sequences #5 to #10 of
the CG Moyen each successively onlap further southward and southeastward into the basin. Maximum landward
geographic distribution of marine facies, several 100 km southeastward, is reached with elementary sequence #8
of the Couches des Lambourdes (maximum flooding) (Merle, 2008). The next younger elementary sequences,
#9 (Banc vert 1) and #10 (Banc vert 2), show an even wider overall landward distribution than the previous ones
(maximum landward shift of coastal onlap), but the marine facies are now restricted to the northwestern part of
the basin only. In agreement with previous studies (Gély, 2016; Gély & Lorenz, 1991), we interpret this stacking
pattern as the expression of the lowstand position (LST) (elementary sequences #1 to #4), Transgressive Systems
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Figure 4. Fischer plots for the middle Eocene shallow-marine record of Paris basin (France) demonstrating the effect of the time-window selected for the long-term
pattern. (a, b) Fischer plots based on age model 1 for cycles #1 to #22 (a) and #1-20 (b), respectively. (c, d) The same of for age model 2. The black and gray lines in all
diagrams show a classical Fischer Plot constructed with a pre-formatted excel spreadsheet (Husinec et al., 2008). The red and orange graphs were constructed using a
decompaction/compaction procedure (backstripping) (van Hinte, 1978) on average thickness for elementary sequences of L2 and L3 sequences. Black and orange lines
show trends for modeled thicknesses for elementary sequences of L2 and L3 (Supporting Information S1).

Tract (TST) (#5 to #8) and Highstand Systems Tract (HST) (#9 and #10) of a single third order depositional
sequence. In this context, the prominent shell beds of elementary sequence #5 (Banc a mollusques, Pierre a liards)
represent the transgressive surface (ts) of the basal TST (van Wagoner et al., 1988). In contrast to a previous study,
the maximum flooding surface (mfs) at the top of the TST is not placed at the base of Couches des Lambourdes
elementary sequence #8 (Haq et al., 1988), but inside the Couches des Lambourdes that is considered by us as the
physical expression of the mfs within PB (van Wagoner et al., 1988). In this sense, the absence of any evidence
for a downlapping geometry associated with the mfs within the basin represents the expression of an aggrada-
tional geometry of a laterally extensive carbonate factory expressed by the “bancs” of the classical stratigraphic
classification that each accounted for a complete filling of accommodation space available within the entire basin.

The lower boundary of the L1 sequence is an inter-regionally distributed erosional unconformity, interpreted in
this study as sequence boundary type 1 (SB1) (van Wagoner et al., 1988). Unlike the lower boundary of L1, no
erosional features are evident at the contact of L1 and L2. For that reason, this boundary is considered a type 2
sequence boundary (SB2) (van Wagoner et al., 1988). Localized, incised channels truncating the top of elemen-
tary sequence #8 near the Vigny Anticline reflect synsedimentary uplift (Blondeau, 1965).

The L2 and L3 sequences representing the CGS are also taken as third-order depositional sequences being made
up of 5 and 4 elementary sequences, respectively (Gély, 1996; Gély & Leroux, 2019). However, little information
is available regarding the thickness and spatial distribution of the individual elementary sequences, except for
the stage of maximum flooding (Gély, 2016; Merle, 2008) or specific marker beds (Cavelier & Le Calvez, 1965;
Gély & Leroux, 2019) (Table 1). Since there is no conspicuous erosional surface between L2 and L3 (Gély, 2016;
Gély & Lorenz, 1991), this stratigraphic contact represents a SB2. An intercalation of marine sand and limestone
containing reef corals (Stylocoenia monticularia) (Cavelier & Le Calvez, 1965) and other marine immigrants
(Discorinopsis kerfonei, Linderina brugesi) of Falun de Foulangues (Aubry, 1983) is considered the mfs of
the L3 depositional sequence rather than the mfs of a T/R cycle encompassing the entire CGS (L2 and L3)
(Briais, 2015; Merle, 2008) (Table 1). Originally, its stratigraphic position was reported from the top of the
CGS (Cavelier & Le Calvez, 1965) and assigned to the latest Lutetian, but the stratigraphic position of the
Falun de Foulangues with Calcaire a Stylocoenia monticularia within CGS is not fully resolved yet (Gély, 1996;
Merle, 2008) (Figure 1, Table 1).

The basal contact of the early Bartonian depositional sequence (B1) is gradual and conformable for very localized
occurrences of shallow-marine to lagoonal sand of elementary sequence #20 (Sables de Mont-Saint-Martin), but
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discontinuous and erosional for basin-wide distributed shallow-marine sand of elementary sequence #21 (Sables
d'Auvers) that is separated from both, elementary sequence #20 and L3 by an erosional unconformity including
karst formations (Briais, 2015; Merle, 2008). No information is available, as to the geometry of this erosional
surface, that is, whether it has the form of an incised valley related to fluvial erosion formed during forced
regression, or is essentially planar and related to shoreline ravinement during marine transgression. The latter is
reflected by bivalve borings in limestone along the stratigraphic contact and within pebbles reworked from the
substrate. In terms of classical three systems tracts sequence stratigraphy (Catuneanu et al., 2011), elementary
sequence #20 has a LST geometry associated with a basal SB2 and topped by a ravinement surface (ts) making it
part of the B1 sequence (Figure 3). Alternatively, elementary sequence #20 may be considered the very late HST,
or in terms of four systems tracts sequence stratigraphy FSST (Catuneanu et al., 2011), because it is erosionally
truncated along its top (SB1) and, therefore to be considered part of the L3 sequence (Figure 3). Thus, depend-
ing on the model, the eustatic minimum of sea-level is to be placed chronostratigraphically within elementary
sequence #20 or above, implying in the latter scenario a subaerial hiatus. In the absence of additional data, we
refer to these two variants in parallel below. In variant 1, we draw the L3/B1 boundary as SB2 according to three
systems tracts model (no hiatus) and consider elementary sequence #20 as LST of the B1 sequence. In variant 2,
we consider elementary sequence #20 as late HST (or FSST) (Catuneanu et al., 2011) of the L3 sequence being
truncated at its top by a SB1 and assume a hiatus between L3 and B1, that is, spatial coincidence of the sequence
boundary and transgressive surface. The subsequent Sables d'Auvers and Sables de Beauchamp where classified
as individual elementary sequences #21 and #22 because of a freshening upward trend and/or local paleosol cap
in both (Briais, 2015). The B1 sequence is thus formed of only two (variant 2) or three (variant 1) shallowing
upward cycles interpreted to represent elementary sequences; a respective subaerial exposure at the top is well
documented for elementary sequence #20 by an erosional top and elementary sequences #21 and #22 by fresh-
water limestone, paleosols and eolian deposits, respectively (Briais, 2015; Gély, 2016) (Table 1). With regard to
the rapid landward shift of marine facies in elementary sequence #21 associated with coastal ravinement, and
subsequent rapid basinward progradation of brackish and eolian sand as well as freshwater limestone at the top
of elementary sequence #22, the stack of two elementary sequences is interpreted as TST, mfs, and HST of a
complete third order depositional sequence (Gély, 2016; Haq et al., 1988). Eolian reworking of previously formed
marine sand and prograding freshwater limestone at the top of the unit documents a renewed, rapid sea-level fall.
Maximum flooding of the basin expressed by the spatial distribution of marine facies closely matched that of the
L1 sequence and substantially exceeded marine flooding of the basin during L2 and L3 (Figure 3).

3.2. Age Model

For the age model, we use biostratigraphic datums as tie-points for a comparison of the PB record with global
data sets of §'0 and eustatic sea-level (Miller et al., 2020; Westerhold et al., 2020). Using a cyclostratigraph-
ical approach, the basal age of the GG (elementary sequence #1) was estimated 47.8 Ma (Briais et al., 2016).
In contrast, a calcareous nannoplankton association from the basal deposits of the classical Lutetian in the
northern PB attributed to the global BALCAT-event of latest Ypresian age documents a basal age of 49.2 Ma
for elementary sequence #1 (Steurbaut & Nolf, 2021; Westerhold et al., 2020) (Figure 2 and Figure S2 in
Supporting Information S1). The latter finding is consistent with the first occurrence of Nummulites laevigatus
being a biostratigraphic marker of the lower Lutetian (Gradstein et al., 2020) in elementary sequence #2, which
is why we place the Ypresian/Lutetian (Y/L) boundary between elementary sequences #1 and #2. Chronos-
tratigraphically, the Y/L boundary is equivalent with magnetochron C21r/C21n (Westerhold et al., 2020) or
intra-C21r (Molina et al., 2011), that is, according to CENOGRID (Westerhold et al., 2020) 47.8 or ~48.5 Ma
(Figure 2). Nannoplankton data show that elementary sequences #3 to #5 approximate the NP14/NP15
boundary, that is, “middle” of C21n (Molina et al., 2011) with a CENOGRID age of ~47.0 Ma (Westerhold
et al., 2020), whereas elementary sequences #21 and #22 representing NP16 (pars) and W10, respectively,
can be placed within C18n.2n (Gradstein et al., 2020) and dated 40.3-39.8 Ma according to the CENOGRID
timescale (Westerhold et al., 2020). The next marine units above were ascribed biostratigraphically to W11
and are <39.8 Ma (Chateauneuf & Gruas-Cavagnetto, 1978; Westerhold et al., 2020) (Figure 2). On this basis,
elementary sequences #21 and #22 were ascribed to the MECO, centered at ~40.3 Ma (Westerhold et al., 2020),
while the Lutetian/Bartonian boundary is placed between elementary sequences #19 and #20 (Gély, 1996;
Merle, 2008); according to the CENOGRID time-scale this boundary is positioned within magnetochron C19n
and dates 41.1 Ma (Westerhold et al., 2020).
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For a test of the age model, we compare the sequence architecture of PB with reconstructions of global sea-level
fluctuations based on deep-sea data and an astronomically calibrated §'30 data set (Miller et al., 2020; Westerhold
et al., 2020), because the sea-level record has no consistent astrochronology in the middle to late Eocene. In this
context, we interpret the biostratigraphically-fixed surfaces of deep erosion and karstification at the base of the
L1 and B1 sequences (Briais, 2015) as the result of forced regression (SB1), and the ravinement (ts) at the base
of elementary sequence #21 as the result of rapid transgression (Catuneanu et al., 2011), both related to suprar-
egional sea-level fluctuations (Figures 2 and 3). We further consider the two striking global minima of sea-level
at the base and top of the classical Lutetian as well as the subsequent MECO maximum (Miller et al., 2020) as
global equivalents of the PB record (Figures 2 and 3). With regard to the age calibration, we use the astrochron-
ologically dated CENOGRID data set of §'80 (Westerhold et al., 2020) rather than the sea-level reconstruction
(Miller et al., 2020). According to these constraints, the base of L1 dates ~49 million years (Ma), the base of B1
40.6 Ma and the surface of maximum marine flooding (mfs) of B1 40.3 Ma (Westerhold et al., 2020) (Table 1).
Using these datums and assuming a gapless sedimentary record (i.e., no elementary sequence missing) across the
SB2 boundaries of the three L sequences, or 21 elementary sequences (Table 1) we come up with a total duration
of ~8.7 Myr for the entire stack of 22 elementary sequences. Thus, the individual sequences each accounted
for an average of ~2.2 Myr and the elementary sequences for ~0.41 Myr, respectively. Given the possibility of
hiatuses, a mean duration of 0.41 Myr of the elementary sequences could well correspond to the long eccentricity
cycle of the earth's orbit with a duration of 0.405 Myr and the average duration of the third order sequences with
that of the very long eccentricity cycle of ~2.4 Myr (Laskar et al., 2011). Below, we discuss why a pacemaking
effect of long and very long eccentricity cyclicity for the elementary and third order depositional sequences
inferred from the total duration of the record and number of sequences is likely not coincidental. For this purpose,
we use the La2011 (Laskar et al., 2011) solution in this study as it is the most accurate solution and other
solutions available are not an improvement to La2011 for the time interval we studied. First of all, the number
of elementary sequences differs among the third order sequences, consistent with the long-term pattern of the
astrochronologically tuned global 8'30 record and orbital solution (Laskar et al., 2011; Westerhold et al., 2020)
(Figure 3). According to the long-term deep-sea §'%0 pattern, we date the boundary for L1/L.2 as 44.5 Ma, for
L2/L3 as 42.1 Ma and for L3/B1 as 40.6 Ma (Westerhold et al., 2020). In contrast, when assuming the elementary
sequences reflect a forcing by the long-eccentricity cycle, we derive datings using cycle counts of 45.0 Ma for
L1/L2,42.9 Ma for L2/L.3 and 41.3 Ma for L3/B1 (Figure 2, Table 1). While our age assignments for L1/L.2 using
the long-term pattern of the deep-sea record and cycle counts gives consistent results, the datums for L2/L.3 and
L3/B1 differ by the duration of 2 and 1 cycles of long eccentricity, respectively. Since the cycle counts give older
ages, a hiatus at the L2/L.3 and/or L3/B1 boundaries is conceivable, although the SB2s document conformable
contacts. Rather, the discrepancy in the age estimate of the L2/L.3 and L3/B1 boundaries represents an artifact
of the methodological approaches: while the isotope pattern provides minima/maxima as tie points that corre-
spond to eustatic sea level maxima/minima, sequence boundaries represent periods of maximum rate of sea-level
fall between sea-level maxima and minima (Catuneanu et al., 2011; van Wagoner et al., 1988). For that reason,
the L2/L3 boundary must predate the 8'®0 maximum, and the maxima themselves must represent the eustatic
low-stands of sea level, or LST of sequence stratigraphy, respectively. Thus, albeit seemingly counterintuitive,
the sequence boundaries predating 8'30 maxima is consistent with theory and the 8'30 maxima to be considered
equivalent with the LSTs (Figure 3).

A uniform duration of the elementary sequences associated with the long eccentricity cycle of 0.405 Myr is
a likely scenario, in particular, as this cycle is present in many sedimentary records and the least influenced
on the long-run by chaotic diffusion present in the Solar System than shorter periods around 0.1 Myr (Laskar
et al.,, 2011). Eccentricity-dominated cyclicity has been described to occur preferentially in the shallowest
segments of carbonate ramps systems of some Mesozoic Hothouse climates (Bddenas & Aurell, 2018), that we
now identify as the primary pacemaker in our data of the shallow PB ramp (Figure 3 and Figure S3 in Supporting
Information S1). Remarkably, most prominent of the long-term modulation of the 0.405 Myr component is the
very long eccentricity related ~2.4 Myr cycle that is a characteristic of the deep-sea record of the entire Cenozoic
(Franceschi et al., 2015; Kocken et al., 2019; Laskar et al., 2011). We argue, therefore, that a global stratigraphic
signature of PB paced by the 0.405 Myr eccentricity cycle should be complemented by a characteristic signa-
ture of the ~2.4 Myr cycle. For a verification, we use a comparative analysis of the long-term evolution of the
shoreline trajectory and history of sedimentary accommodation space with the ~2.4 Myr cycle expressed as the
amplitude modulation of the long eccentricity cycle (Figure 3).
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3.2.1. Variants of the Age Model and Their Relationship With the ~2.4 Myr Cycle

Here we present two separate age models to account for the two separate sequence stratigraphic variants pertaining
to the nature of the L3/B1 boundary. In age model 1, we assume a continuous record (no hiatus) and elementary
sequence #20 to represent the LST of B1, in model 2 elementary sequence #20 to represent the FSST of L3 and
a hiatus to represent the LST of depositional sequence B1 (Figure 3). We assume a duration of one long eccen-
tricity cycle for the hiatus which fits a previous estimate of the hiatus to span ~0.5 Ma (Gély & Lorenz, 1991;
Pomerol, 1989). In both age models, we tune the mfs of the B1 sequence to the peak of the negative OIE of the
MECO, while the duration of the single elementary sequences is kept constant at 0.405 Ma. Because of the hiatus
in model 2, the age models differ by their basal ages of 48.8 and 49.2 Ma (Figure 3). Both calibrations are consist-
ent with biostratigraphic tie-points, but age model 2 is qualitatively in better agreement with all available astro-
nomical solutions (a, b, ¢, d) for the amplitude modulation of the eccentricity cycle and the long eccentricity cycle
(Laskar et al., 2011) (Figure 3 and Figure S3 in Supporting Information S1). This latter model conforms best with
the original hypothesis, that (a) the elementary sequences have an equal duration of 0.405 Myr, (b) the third order
depositional sequences have heterogeneous durations, (c) no relevant hiatuses exist between both elementary
sequences and sequences, respectively, and (d) a correlation with the astrochronologically dated global records of
880 (Westerhold et al., 2020) is feasible.

A certain exception in the correspondence between sequence architecture and eccentricity pattern is given by
elementary sequences #1 to #4. While we take this bundle of elementary sequences as expression of the LST of
the L1 sequence, they were originally described, quite consistent with the solution of the long eccentricity modu-
lation, as a separate third-order sequence (Haq et al., 1987, 1988) (Figures 2 and 3, and Figure S3 in Supporting
Information S1). However, based on the depositional geometries and facies evolution, these elementary sequences
represent the LST of L1, while elementary sequence #5 represents the transgressive surface at the base of the
subsequent TST (Figure 2). For that reason, we assume a sea-level cycle for these elementary sequences that is
intermediate in magnitude between the third order and the elementary sequences.

Two further age models (models 3 and 4) were tied to the basal age of the BALCAT event of 49.2 Ma (Steurbaut &
Nolf, 2021) and the lower boundaries of the lowest elementary sequences fine-tuned to a series of well-expressed
short-term maxima of the 0.4 Myr-cycle in the orbitally calibrated global §'%0 record (Westerhold et al., 2020),
leading to a basal age of 49.0 and 49.4 Ma, respectively (Figure S1 in Supporting Information S1).

3.3. Shoreline Trajectory

According to our age models, sequence L1 documents a long-term flooding phase of the basin (LST + TST)
with a duration of ~4.0 Myr. Especially during the early flooding phase (LST), little sediment accumulation
took place due to sediment starvation or condensation. In contrast to the flooding, the HST was comparatively
short, lasting ~0.8 million years (Table 1, Figure 3). This broader long-term process can explain the spatially
very extensive flooding of the basin by long-term subsidence of the basin despite of the long-term stillstand or
even slow fall of eustatic sea level (Miller et al., 2020). Provided each of the elementary sequences is topped
by an exposure surface, the stacking of shallowing upward cycles implies a successive, complete long-term
filling of all available sediment accommodation space within the basin, while the shoreline trajectory of depo-
sitional sequence L1 documents some ~200 km of shoreline retreat over a period of 4.0 Myr, that is, ~50 km/
Myr (Figure 3). Sequences L2 and L3 yield higher rates of shoreline retreat, ~100 km/0.8 Myr (125 km/Myr)
and 100 km/0.4 Myr (250 km/Myr), respectively, but the reconstruction is less reliable than for L1 (methods)
(Figure 3), and is therefore not part of the discussion below. In contrast to the L-sequences, the B1 sequence is
formed of three elementary sequences only (Figure 3, Table 1). However, a total duration of 1.2 Ma of the B1
sequence exceeds the timeframe of the MECO, which is consistently reported to be between 0.4 and 0.6 Myr
(Henehan et al., 2020; Rivero-Cuesta et al., 2019; Westerhold et al., 2020). This discrepancy results from the B1
sequence representing a full sea-level cycle with LST, TST and HST. In both age models elementary sequence
#21 (Sables d'Auvers), reflecting extremely rapid flooding of the basin, is assigned to the TST, and elemen-
tary sequence #22, which partly includes terrestrial deposits (lacustrine limestone and eolian sand), is ascribed
to the HST. Thus, maximum marine flooding (mfs) was reached between elementary sequences #21 and #22,
after ~0.4 Ma. Because of the tuning of our age models, the mfs was equivalent with the peak of the MECO at
~40.3 Ma, while elementary sequence #22 postdates the peak of the MECO anomaly (Figure 3). This scenario
also applies to age model 2, with the difference that we assume a hiatus of the duration of one long eccentricity
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cycle between elementary sequences #20 and #21 (Gély & Lorenz, 1991; Pomerol, 1989) that we ascribe to a
sea-level lowstand (Figure 3). Assuming that there was no coeval uplift or subsidence pulse during the early
Bartonian in that part of the basin and mean subsidence did not deviate from the long-term middle Eocene trend
(Guillocheau et al., 2000), sequence stratigraphic age model 2 is consistent with a pronounced sea-level lowstand
prior to elementary sequence #21 during which the basin dried up. We consider this local lowstand equiva-
lent with a pronounced global sea-level lowstand before the MECO inferred from the deep-sea record (Miller
et al., 2020), and that we correlate with an astronomically calibrated §'%0 maximum ~41.0 Ma (Westerhold
et al., 2020) (Figure 3). According to this calibration, a rapid flooding occurred with elementary sequence #21
when the coastline retreated by >200 km in a period of only 0.4 Myr (~500 km/Myr). At a rate of ~500 km/Myr,
the retreat of the shoreline was ~10 times faster than during the flooding of the L1 sequence. However, this is
only a minimum estimate for the flooding rate due to the limited resolution of our age model (0.4 Myr) and does
not rule out even faster flooding.

3.4. Constraining Estimates of Middle Eocene Sea-Level Change

To constrain estimates of third order sea-level changes, we have used a Fischer Plot (Husinec et al., 2008; Sadler
et al., 1993) and taken into account compaction (Figure 3 and Figure S4 in Supporting Information S1). Most
obvious in the Fischer Plots is a long-term decrease of sediment accommodation space by ~20 m over sequences
L1 through L3 and subsequent rapid rise of ~20 m during sequence B1 that displays a notable similarity to the
long-term trend of global §'30 (Westerhold et al., 2020) (Figure 3). However, the starting point and end point in
a Fischer Plot being at 0 m represents an intrinsic characteristic of the method and the overall shape and slopes
of the reconstruction strongly depend on the length of the time-window investigated (Sadler et al., 1993). The
effect of the time-window length on the long-term shape of the plot is demonstrated in Figure 4 for age model 1
in Figures 4a and 4b and for age model 2 in Figures 4c and 4d. The presence of an inter-regional hiatus at the base
of the Lutetian and a rather discontinuous record with common non-marine deposits during most of the Bartonian
(Gély, 2016; Mégnien & Mégnien, 1980), that is, deposits being not accommodation limited by sea-level (e.g.,
eolian dunes) before the Sables des Cresnes (Gély & Lorenz, 1991), prevent modeling a time-window larger than
the one presented here, however (Husinec et al., 2008; Sadler et al., 1993). The significance of the long-term
20 m decrease and short-term 20 m increase in accommodation space during the Lutetian and early Bartonian,
respectively, is hard to assess, therefore, and depends on the kind of the subsequent B1 (Figure 4). Since these
hypotheses cannot be evaluated using a Fischer plot, the long-term trend is not taken into account as necessarily
real in our discussion below.

Unlike the long-term trend, the Fischer Plot allows reconstruction of third-order fluctuations of accommodation
space that we equal with eustatic sea level variations (Figure 4). With respect to these fluctuations, an initial phase
of negative deviation from mean cycle thickness followed by an increasingly positive deviation with a maximum
in elementary sequence #8 can be read as reflecting a sea-level cycle with a ~15 m drop followed by a ~5 m rise
and a renewed drop of ~8 m, consistent with the sequence stratigraphic inferences of an LST, TST, and HST
(Figures 3 and 4). In this respect, the accommodation pattern of elementary sequences #1 to #4 is compatible with
an interpretation as LST of the L1 sequence rather than a separate sequence (Haq et al., 1987, 1988) (Figures 2
and 3, Supporting Information S1). To obtain an estimate of the magnitude of the variations in accommodation
space during cycles L2 and L3, we modeled the thicknesses of the individual elementary sequences, because
individual thickness is not available for all elementary sequences in the published data sets (methods, Supporting
Information S1). According to the modeling, we note variations in eustatic accommodation space of no more than
5-10 m for L2 and L3, compatible with the magnitude of change documented for L1 (Figures 3 and 4, Figure
S3 in Supporting Information S1). It should be noted that the reconstruction for the third order sequences is
independent from the long-term trend and time-window evaluated and remains in the order of 5-10 m (Figures 3
and 4). Similarly, independent from the choice of the time-window evaluated, the subsequent B1 sequence shows
a rapid, short-term increase in accommodation space, which we quantify as ~20 m (Figure 2). This strong posi-
tive deviation from the mean thickness of the elementary sequences, coeval with the short-term flooding of
the entire basin, implies a eustatic sea-level rise and maximum (Figure 3). In view of the fact that elementary
sequences #21 and #22 document sediment underfilling and water depths of <10 m prior to their sudden subaerial
exposure, a sea-level maximum of the order of ~30 m for the MECO is more likely. A uniform subsidence of the
southern PB as we assume here for the Lutetian/Bartonian transition, has also been documented by long-term
subsidence analyses (Guillocheau et al., 2000). Thus it is very unlikely that the rapid flooding of the basin during
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the early Bartonian was due to a sudden subsidence pulse. Rather, uplift of the basin, as documented for its north-
ern reaches during the latest Lutetian (Gély, 1996; Gély & Leroux, 2019) may have interfered negatively with an
event of rapid creation of accommodation space by eustatic sea-level. Thus, because of simplifications related
to sediment underfilling recognized for some of the elementary sequences, a hiatus by a eustatic lowstand (age
model 2), and potential uplift, our current approach tends to underestimate true eustatic sea-level variation of B1
but gives a robust estimate of the overall magnitudes of sea-level change. For example, for elementary sequence
#21, even when assuming a maximum water depth of <10 m, a ~30 m sea-level rise would still be substantially
less than ~65 m inferred from the deep-sea record for the MECO (Miller et al., 2020), possibly also because we
lack quantitative information on the lowstand of sea-level before that event in age model 2.

4. Significance of the Paris Basin Study

Our study provides an astronomically calibrated age model (age model 2) for the shallow-marine to terrestrial
record of PB that is consistent with existing bio- and sequence stratigraphic knowledge (Figure 3 and Figure S2
in Supporting Information S1). The age model with a resolution of long eccentricity (0.405 Myr) is in accord
with the concept that cyclic sequences of shallow marine carbonate platforms from the Hothouse worlds docu-
ment accretionary dynamics paced by insolation driven cycles of sea level in the Milankovitch frequency band
(Laskar et al., 2011; Read et al., 1995). Specifically, we observe correspondence between third order depositional
sequences with the very long eccentricity cycle (2.4 Myr), factors which had been predicted earlier to be char-
acteristically expressed in the shallow portions of carbonate platforms and ramps from the Hothouse geological
periods (Badenas & Aurell, 2018) and that we show now for the middle Eocene of PB.

4.1. Sea-Level Changes: Shoreline Trajectory and Fischer Plots

We use the shoreline trajectory for the definition and classification of depositional sequences. Third-order
sea-level fluctuations in PB are represented by landward/seaward shifts of the shoreline in a horizontal distance
of up to >200 km over the course of several million years (late Ypresian and Lutetian), or 0.405 Myr during the
early Bartonian (MECO), respectively (Figure 3). Thus, long-term marine inundation of the basin associated
with the MECO was at least one order of magnitude faster than during the Lutetian third order cycles (0.5 vs.
0.05 km/Kyr), but still extremely slow compared to the Pleistocene, post-glacial (12—6 ka) flooding of shallow
basins, for example, the Persian Gulf with ~130 km/Kyr (Lambeck, 1996). Lutetian eustatic sea-level ampli-
tudes inferred from Fischer Plots were also startlingly small at <10 m. This value is significantly smaller than
the 20—45 m of previous reconstructions of eustatic changes for the middle Eocene (de Graciansky et al., 1998;
Miller et al., 2020; Pekar et al., 2003) that were derived indirectly from correlations to the global §'80 curve by
assuming a relationship with cryospheric dynamics (Pekar et al., 2003). In contrast, our conservative estimate is
based directly on the lithological data of the sequences alone. The small amplitudes of the Lutetian third order
cycles (L1-L3) found here were equivalent to a maximum change in the global §'30 values of 0.10-0.13%0, when
assuming an ice-effect sensu Pekar an co-workers (Pekar et al., 2003), but this potential ice-effect is so small for
the Lutetian cycles as to be lost in data noise of the global 8'80 record (Figure 3).

With regard to the early Bartonian sea-level cycle of the MECO documented by sequence B1, our direct recon-
struction of a ~30 m of sea level rise is substantially higher than that for the Lutetian cycles. Although the
siliciclastic sands of elementary sequence #21 underwent little compaction (Goldhammer, 1997) and the original
water depth of <10 m can be accounted for on the basis of sedimentary structures and diverse biota, this is a
minimum estimate, because of possible influences from subsurface uplift and an antecedent sea level lowstand
that remains unquantified due to a hiatus. Nonetheless, a sea-level amplitude of ~30 m is within the magnitude
of glacioeustatic changes rather than thermally induced fluctuations (Miller et al., 2005), and an average rise of
30 m/0.4 Myr (0.075 m/Kyr) found by this study for the MECO is within the upper range of third order sea-level
changes (0.01-0.1 m/ka) but still far below glacio-eustatic variability (Bentley et al., 2020; Miller et al., 2005).
It should be noted, therefore, that our estimate being averaged over 0.4 Myr possibly integrates over a series of
higher frequency cycles of the Milankovitch frequency band that are not resolved by our age model. Furthermore,
maximum rates of sea level fall over the sequence boundaries L1/L.2 and L2/L.3 (SB2) were slower than the mean
rate of subsidence of the basin, that is, slower than 0.011/0.010 m/Kyr (age model 1/2) which is at the lower
endmember of third order sea-level changes (Bentley et al., 2020; Miller et al., 2005) and, therefore, very slow
compared to high-frequency glacial dynamics as well.
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With regard to the substantial difference in estimates of sea-level change by our study and those using 8'%0
values from the deep-sea record (Miller et al., 2020; Pekar et al., 2003), it is possible that the temperature effect
in the §'80 data is underestimated and the glacioeustatic sea level fluctuation was in fact smaller than inferred in
the global reconstructions (Henehan et al., 2020). Assuming sea-level rise documented by elementary sequence
#21 records a glacioeustatic forcing (i.e., ice-volume effect on 8'30), and given a relationship of 0.10-0.13%o
per 10 m of sea-level change (Pekar et al., 2003), the global negative OIE of the MECO of ~1.0%0 would have
a minimum of 0.3%. glacioeustatic component, and correspondingly global temperature increase inferred from
8'30 data would be <3°C (assuming a 8'30 change of —0.23%o per °C (Bshm et al., 2000)): much smaller than
originally inferred (Bohaty et al., 2009; Bohaty & Zachos, 2003). While this would appear at odds with TEXgs"
records that suggest a ~3°C rise in the tropics (Cramwinckel et al., 2018) and up to ~6°C in high latitudes
(Cramwinckel et al., 2018), it would be consistent with TEXg' records that show a much more muted 2°C change
in temperature (Cramwinckel et al., 2020), or no change at all (van der Ploeg et al., 2023).

4.2. Implications for Middle Eocene Sea Level Changes: Orbital Configuration, Greenhouse Gas Forcing
and Glacioeustasy

The age model of the mid-Eocene PB sea-level record implies a profound synchronicity of the long-term
sea-level record with the amplitude modulation of the long eccentricity cycle. Except for the MECO, minima and
maxima of the very long eccentricity amplitude modulation of eccentricity coincide with minima and maxima
in eustatic sea level (third order) of our reconstruction (Figure 3 and Figure S3 in Supporting Information S1).
Roughly 400 Kyr long intervals of low eccentricity amplitude modulations, often referred to as nodes, occur
at 40.25, 43.1, 45.1, and 48 Ma using La2011b or La2011c solutions which show the best match to geological
data (Westerhold et al., 2017) in the early to middle Eocene. The PB record, with exception at 40.25 Ma where
the MECO occurred, shows sequence boundaries indicating third order sea level lowstands. During the nodes
in the eccentricity cycle, when the amplitude modulation of precession by eccentricity is low, obliquity related
cyclicity is more likely to be apparent in climate records. For late Eocene deep sea records this was observed
during nodes around 35.5, 38.3, and 40.1 Ma (Westerhold et al., 2014) and the early to middle Eocene around
50 Ma (Westerhold & Rohl, 2013). During nodes of eccentricity the seasonal climate can be expected to be more
uniform as insolation variations will be dampened by low eccentricity modulations of precession. Vice versa,
higher eccentricity amplitude modulations of precession will promote larger amplitude insolation fluctuation.
Thus, during the duration of a 2.4 Myr eccentricity node higher insolation values are absent and will facilitate
accumulation of polar ice. Because temperature related fluctuation in sea level will also be rather insignificant
during the nodes, polar ice mass could affect sea level globally. Here we hypothesize that during or toward the
2.4 Myr eccentricity nodes at 43.1, 45.1, and 48 Ma, polar ice mass growth drove the observed third order sea
level fluctuations in the PB, consistent with recent models for the Late Eocene (Van Breedam et al., 2022). The
presence of marine-terminating glaciers sensitive to climatic perturbations and of “substantial volume” existed in
the East Antarctic already by the early to middle Eocene (Gulick et al., 2017), and occurrence of ice and ice-rafted
debris has been reported for the Arctic around 47-46 Ma (St. John, 2008; Stickley et al., 2009) and ~44-45 Ma
(GTS2012) already (Cramwinckel et al., 2018), supporting this assertion. Conversely, times of higher amplitude
eccentricity modulation of insolation polar ice could have been diminished again, raising sea level.

For the MECO event, the pattern of high sea level/maximum eccentricity cycle amplitude (minimum amplitude
of the long eccentricity cycle) is apparently reversed by the coincidence of a sea level maximum with a minimum
eccentricity amplitude (minimum of the long eccentricity cycle amplitude modulation) (Figure 3 and Figure
S3 in Supporting Information S1). As such it seems to deviate from the common patterns of warm climates
being favored by high-eccentricity configurations (Vahlenkamp et al., 2020; Westerhold & Rohl, 2013; Zeebe
et al., 2017) and argue for a mechanism independent of astronomical forcings, such as a rise of atmospheric CO,
from paroxysmal volcanic eruptions or other sources (Cramwinckel et al., 2018; Henehan et al., 2020; van der
Boon et al., 2021). Thus, the alleged misfit of the age model presented with the 2.4 Myr astronomical pattern is
compatible with a telluric climatic forcing dominating the climate system of the MECO in the short term and
overriding the effect of the astronomically controlled insolation changes. Given a drop in surface ocean pH of
~(0.2 during the MECO (Henehan et al., 2020), the spectacular skeletal preservation of many PB fossils (Brachert
et al., 2022; Merle, 2008) may therefore allow us to examine the impact on epicontinental shelf ecosystems. In
particular, currently it is unclear whether the MECO surface ocean was buffered at constant carbonate saturation
state by silicate weathering (Henehan et al., 2020), or whether a reduced weathering feedback (Krause et al., 2023;
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van der Ploeg et al., 2018) meant that this drop in ocean pH also coincided with a drop in ocean carbonate satu-
ration, and thereby “true” ocean acidification (Honisch et al., 2012). Future studies of calcification patterns in
the PB over the MECO could therefore inform as to the dynamics of the silicate weathering feedback over this
enigmatic event, and in doing so help to constrain atmospheric CO, levels at this time (Henehan et al., 2020).
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