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Abstract

The Valanginian sediments outcropping in the Vocontian Basin (SE France) exhibit
striking marl-limestone alternations, which were formed under the influence of orbital forcing
and which have served for geochronological and paleoenvironmental studies. Previous
studies have suggested an obliquity forcing during the Late Valanginian interval, reflecting
specific environmental conditions such as polar ice. Using a cyclostratigraphic correlation of
previously studied sections and performing time-series analysis on the most complete Late
Valanginian interval we argue that the climatic precession cycle is the primary driver of these
marl-limestone alternations. In addition, we highlight the modulation of the precession by the
~100 and 405 kyr eccentricity cycles. We suggest that the cyclostratigraphic misinterpretation
(i.e., obliquity-forcing hypothesis) results mainly from poorly preserved 405 kyr eccentricity
cycles, due to local hiatuses and/or “missed beats”. This study shows the potential of
cyclostratigraphic correlations for the detection and quantification of differential hiatuses
and/or “missed beats” within intrabasinal sequences, hence providing constraints on
cyclostratigraphic interpretations. The recorded 405 kyr eccentricity cycle is of prominent
amplitude, and controlled the fourth-order sea-level sequences. These latter are faithfully
detected through cyclostratigraphically inferred sedimentation rate. Finally, we show that the
well-known, pronounced lithostratigraphic markers/intervals in the basin were orbitally paced
by the 405 kyr eccentricity extrema. This is a good argument for the strong impact of this
cyclicity on the sedimentary processes, especially during greenhouse periods.

Keywords: Late Valanginian, Vocontian Basin, SE France, marl-limestone alternations,
precession forcing, sea-level change.



1. Introduction

The dominance of obliquity forcing to the detriment of the precession during some
Mesozoic events, as the Oceanic Anoxic Events (Huang et al., 2010; Meyers et al., 2012),
has stimulated studies to look for such differential expression and its potential implication for
paleoenvironmental changes. The Valanginian Stage (Early Cretaceous) is known for
significant changes in the global carbon cycle (Erba et al., 2004), and a possible climatic
cooling (McArthur et al., 2007).

The Valanginian sequences in the Vocontian Basin (SE France) are characterized by
marl-limestone alternations of astroclimatic origin (e.g., Huang et al., 1993; Gréselle and
Pittet, 2010). A previous cyclostratigraphic study (Giraud et al., 1995) interpreted the Late
Valanginian marl-limestone couplets in the Vocontian Basin as reflecting obliquity cycles.
More recently, two high-resolution cyclostratigraphic studies in the Vocontian Basin (Fig. 1,
Martinez et al., 2013; Charbonnier et al., 2013) came to opposing conclusions for the Late
Valanginian cyclostratigraphy. Charbonnier et al. (2013) demonstrated that the couplets were
driven by the precession with a modulation by the eccentricity. Martinez et al. (2013)
interpreted the couplets, in the interval spanning the N. peregrinus ammonite zone p.p., as
obliquity in origin and discussed possible implication for the existence of polar ice.

In this study, we examine if the assumption of obliquity forcing is correct, first through
a detailed correlation between the aforcited sections, then by additional statistical tests
applied to the most continuous interval at the Orpierre section. This interval should be used
as a typical example for the record of orbital cycles in the Valanginian sequences. In addition,
with its high-resolution and —fidelity, this interval permits to resolve the controversial
interpretations of the Late Valanginian cyclostratigraphy. Finally, we discussed the
implications of our study for climate and sea-level changes, and the strong impact of long-
period orbital cyclicities on the sedimentary processes that makes them well expressed in the
outcrops (e.g., 405 kyr eccentricity).
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Figure 1: Location of the correlated Valanginian sections (indicated by black stars) in the Vocontian Basin of
southeastern France (modified from Martinez, 2013, and Gréselle and Pittet, 2010).

2. Methods and results

2.1. Methods

Observational gaps and slumps are locally encountered in the Orpierre section
(Charbonnier et al.,, 2013). To overcome this constraint, we focused on the uninterrupted
~100 m thick interval, bounded by two slumps and spanning the NK3A p.p. and NK3B



nannofossil zones (which roughly correspond to S. verrucosum and N. peregrinus, ammonite
zones; Figs. 2 and 3). We selected this interval for time-series analysis (Fig. 4) and
correlation because it is continuously resolved (Figs. 2 and 3, Figs. S1 and S2). The interval
was sampled at high-resolution (~7 cm) for laboratory magnetic susceptibility (MS)
measurements (Charbonnier et al., 2013). The equivalent intervals at the Reynier/Angles
(RA) and Vergol/Morénas/La Charce (VMC) sections (Figs. 2 and 3) were measured directly
in the field for gamma-ray spectrometry (GRS), at a resolution of ~20 cm (Martinez et al.,
2013). Despite the different resolutions adopted in the two studies (Fig. S1) and different
sensitivity of the used physical detectors, MS and GRS variations indicate well the clay
versus carbonate content variations (Figs. 2 and 3).
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Figure 2: Cyclostratigraphic correlation of the Late Valanginian sections (SE France), and evolutive harmonic
analysis (EHA) of the detrended physical proxy data (Val5 to Val9 cycles attributed to the 405 kyr eccentricity are
removed) to describe variations in sedimentation rate, expressed through the change in thickness of couplets (i.e.,
wavelength of precession cycles). (A) Magnetic susceptibility (MS) variations at Orpierre section (from
Charbonnier et al., 2013). 12% and 30% weighted averages of the series are shown (solid and dashed curves,
respectively). (B) Gamma-ray spectrometry (GRS) variations at the Reynier and Angles (RA) composite section
(from Martinez et al., 2013). (C) GRS variations at the Vergol, Morénas and La Charce (VMC) composite section
(from Martinez et al., 2013). A 10% weighted average of the series is shown for RA and VMC (orange line). Note
that all lithostratigraphic markers, and the 405 kyr cycles V6 to V11 in the RA and VMC sections are placed
according to Martinez et al. (2013) (their figure 5). The orange shaded intervals in the three stratigraphic columns,
encompassing V9, V10 and V11, corresponds to those in which Martinez et al., 2013 have interpreted the
couplets as being related to obliquity. Numbers of precession cycles within each 405 kyr cycle are also shown
(see Figs. S2 to S4 for more details). The increase in sedimentation rate in the middle part of V9 cycle, which is
pronounced in RA section, is indicated by red arrow in EHA spectrograms. Also, oscillations in sedimentation rate
are indicated on the highly resolved Orpierre spectrogram.

For time-series analysis, we first performed spectral analysis (Ghil et al., 2002) on the
MS data in the depth domain, then to the 405 kyr tuned data (Fig. 4) assuming that the 18.5
m wavelength (Section 2.2) corresponds to the 405 kyr eccentricity component (Charbonnier
et al.,, 2013). Also, we performed the tuning at the precession and short eccentricity cycle
bands to see if the calibrated long-wavelength (18.5 m) corresponds to the 405 kyr
eccentricity term. We compared the calibrated MS periods to astronomical periods for the
Valanginian time (Laskar et al., 2004). We applied amplitude modulation (AM) technique



conjointly with bandpass and lowpass filtering in order to assess the modulation of the
precession by the eccentricity terms. In addition, we performed evolutive harmonic analysis
on the untuned data to quantify variations in sedimentation rate. Finally, we focused on the
questionable interval spanning V9 to V11 p.p. (Section 2.3) in order to discuss precession vs
obliquity controversies of the Late Valanginian.
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Figure 3: High-resolution cyclostratigraphic correlation, at the scale of precession cycles, between the three
studied sections. Hiatuses of durations longer than one precession equivalent cycles are shown by grey-shaded
areas: light grey for hiatuses of durations equivalent to two precession cycles, dark grey for hiatuses of durations
equal or longer than three precession equivalent cycles. Dashed correlation lines indicate differential record in one
precession cycle between sections. Only hiatuses of more than two precession equivalent cycles are considered
in the discussion. The level of barite nodules in Angles is indicated by the star.

This correlation allows to slightly shift some boundaries of the 405 kyr related cycles Val5 to Val8, compared to
those defined in Figure 2. Upper boundary of Val5 is shifted down by one precession cycle in RA and VMC. Upper
boundary of Val6 is shifted down by one precession cycle in RA and VMC. Upper boundary of Val8 is shifted up
by one precession cycle in RA and VMC. Question marks indicate uncertainly identified precession cycles (see
also Figs. S2-S4).
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Figure 4: 405 kyr orbital tuning of magnetic susceptibility (MS) variations of the Late Valanginian interval at
Orpierre section (meters as in Charbonnier et al., 2013; the lowermost ~3.25-m-thick marly interval associated to
the slump is measured and added here to show how the MS signal is disturbed). (A) Untuned detrended MS data
by subtracting a 30% weighted average of the series. A 12% weighted average fit of the already detrended (30%
weighted average) series (solid line) and a gaussian bandpass filter (0.05 +0.03 cycles/m, dashed line) are
performed to highlight the interpreted 405 kyr eccentricity cycles Val5 to Val9 p.p.. Number of precession cycles
within each 405 kyr cycle are also shown. V9, V10 and V11 are 405 kyr eccentricity cycles equivalent to those
interpreted by Martinez et al. (2013) from Reynier/Angles and Vergol/Morénas/La Charce composite sections (see
Fig. 2). The orange shaded interval encompassing V9, V10 and V11, corresponds to that in which Martinez et al.
(2013) have interpreted the couplets as having an obliquity origin. (B) 405 kyr tuned MS. Weighted average
smoothing (upper curve fit) and bandpass filtering (0.009 +0.004 cycles/kyr, lower curve) are applied to the tuned
MS data to show the short (100 kyr) eccentricity cycles (indicated by ‘e’). Average sedimentation rates inferred
from the 405 kyr tuning are also shown. Note that because of the high variability in MS amplitudes at the scale of
couplets, it is difficult in several cases to capture boundaries of the short eccentricity cycles neither from filtering
nor from smoothing techniques. For example, the middle Val5 cycle contains two amalgamated ‘e’ cycles not
detected by smoothing, but slightly by filtering. Therefore, a possible interpretation from visual inspection is also
proposed by dashed arcs.

2.2. Time series analysis of the Orpierre section

Spectral analysis of the untuned data (Fig. 5A) shows three distinct areas of
significant high-frequency peaks. A single peak is centered on the wavelength of 0.65 m.
Multiple peaks are concentrated around 1 m, which are spread over the wavelength band
0.85to 1.11 m. Finally, a double peak is characterized by wavelengths of 1.37 and 1.47 m. At
lower frequencies, we note three significant peaks. One is centered on the wavelength of
2.81 m. Another less significant peak has a wavelength of 5.55 m. Finally, a highly significant
strong peak is centred on 18.52 m. This wavelength represents the Val5 to Val9 cycles.
Calibrating the 18.52 m to the 405 kyr eccentricity results in temporal periods (Fig. 5B)



sharing some similarities with the astronomical periods (Fig. 5C). Particularly, the wavelength
band 0.85 to 1.11 m is calibrated to a period band of 17 to 21.5 kyr matching the precession
band; the 5.55 m wavelength is calibrated to 116.7 kyr, close to the mean short eccentricity.
This cyclicity is recorded throughout the section, and is stronger within the Val8 cycle (Fig. 4).
The 0.65 m peak is tuned to 12.7 kyr, which may represent a shortened precession term or
sub-Milankovitch variations or it could be also linked to temporally uncorrected sedimentation
rate. The double peaks of 1.37 and 1.47 m are tuned to 26.3 and 28.6 kyr respectively.
These periods would correspond to the obliquity terms. They were interpreted by
Charbonnier et al. (2013) as corresponding to obliquity components (their figure 7). However,
visual inspection of cycle counting in the tuned time series, aided by bandpass filtering (Fig.
6) indicates that the 1.37 and 1.47 m correspond to precession cycles, recorded by thicker
couplets. As a result, the 405 kyr tuning procedure fails in aligning these wavelengths to
periods that would represent the P1 precession component (Fig. 5C). This problem was also
encountered in the Kimmeridgian marl-limestone alternations (e.g., Boulila et al., 2008b their
figure 5C), and the Triassic sequences (L. Hinnov, pers. comm.). The high variability in
sedimentation rate at the scale of couplets precludes the alignment of temporal periods to
astronomical periods (see Fig. 6B, lower curve). The 2.81 m peak is calibrated to 54.8 kyr
(Fig. 5). This period does not match any astronomical period. Visual inspection indicates that
the 54.8 kyr may correspond to obliquity cycles, bundling the precession cycles (Fig. 6B,D).
This cyclicity occurs intermittently through the section (see black stars in Fig. 6B).

When the couplets are assumed as precession in origin (i.e., 20 kyr tuning, Fig.
7A,B,C) such temporal calibration successfully captures the long-wavelength (18.5 m) with a
period very close to the 405 kyr eccentricity term. This exceptional result strengthens the
hypothesis that the couplets are precession in origin and the supercouplets originate from the
eccentricity terms. Also, tuning at the short eccentricity band (Fig. 7D,E,F) provides strong
constraints on the origin of couplets, which are mainly calibrated to 20 kyr and 24 kyr. We
have also noted in the 20 kyr tuning that the obliquity is recorded intermittently regrouping
two precession cycles (see comments on Fig. 7C).

Results of evolutive harmonic analysis (EHA) in the depth domain (Fig. 2A), and by
focusing on evolution of precession (couplets) cycles, highlight net oscillations in
sedimentation rate along the whole section. Visual inspection indicates that the precession
cycles are sometimes thicker and sometimes thinner, confirming previous interpretations
from single spectra. In particular, sedimentation rate follows the interpreted 405 kyr cycles
from MS data (see Val5-Val7 in Fig. 2A). Sedimentation rate decreases within the decreasing
parts of MS (increasing %CaCQs3), and increases within the increasing parts of MS
(decreasing %CaCOg). This result is potentially interpreted in terms of sea-level change
(Section 3.2.2). EHA of Orpierre data is then compared to EHA of RA and VMC data (Section
2.3.1). EHA of the questionable interval (Fig. 8) shows evidence of precession modulated by
the short eccentricity.

Additional evidence for amplitude modulation (AM) of the precession by the
eccentricity is highlighted using hilbert transform of the filtered precession band together with
bandpass and lowpass filtering (Fig. 9). Hilbert transform of the 405 kyr tuned MS data (Fig.
9E,F) detects most of the short eccentricity cycles, detected by bandpass and lowpass
filtering (Fig. 9B,D,G), and also by visual inspection of the cyclic MS variations (Fig. 4B). AM
output (Fig. 9E) fails, however, in the detection of the 405 kyr eccentricity component. This
negative result is compensated by the 20 kyr tuning (discussed above) that strongly captures
the 405 kyr cyclicity (Fig. 7B).

In summary, the most prominent cyclicities are the precession modulated by the 100
and 405 kyr eccentricity (Figs. 4 and 5). The obliquity is recorded by intermittently regrouping
two precession cycles.
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Figure 5: 2n-MTM power spectra of magnetic susceptibility (MS) variations in the Orpierre section (SE France).
(A) Spectrum of the untuned interval from 94.94 to 200.53 m (curve in Fig. 4A). Thomson’s harmonic F-test
(Thomson, 1982) is used in parallel with the robust red noise (Mann and Lees, 1996) in order to interpret
significant spectral periods that could be related to orbital frequencies. (B) Spectrum of the 405 kyr tuned MS
(curve in Fig. 4B) with the same statistical tests as in ‘A’. (C) Spectrum of the La2004 astronomical variations
(Laskar et al., 2004) in ETP format (Eccentricity, Tilt, Precession, e.g., Imbrie et al., 1984, pp. 296-297) for the
interval from 140.2 to 133.9 Ma, corresponding to the Valanginan stage (Ogg et al., 2008). Shaded areas indicate
precession and short (100 kyr) eccentricity cycle bands. Symbols: P1, P2 and P3 for precession; O1, O2 and O3
for obliquity; e1 and e2 for short (100 kyr) eccentricity; E405 for 405 kyr eccentricity. Comparison between
frequencies in the sedimentary record (B) and astronomy (C) is discussed in Section 2.2.
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Figure 6: Time-series analysis of the orange-shaded interval in Fig. 4, in which there were controversial
interpretations (Charbonnier et al., 2013; Martinez et al., 2013) concerning precession vs obliquity driven couplets.
(A) Untuned detrended magnetic susceptibility (MS), from Fig. 4A. (B) Tuned MS, from Fig. 4B. Bandpass filtering
is applied to recover the precession cycle band. Examples of obliquity cycles are indicated by black stars,
bundling the precession cycles (grey arcs). Note that the obliquity signal occurs intermittently, and the couplets
were driven by the precession (see text for discussion). Calculated precession periods are also shown with a
mean of 19.19 kyr (dashed line). (C) 2r-MTM spectrum of ‘A’. Values of wavelengths are in meter. Shaded areas
represent P1 and P2 precession terms, ‘O’ for obliquity, ‘€’ for short eccentricity, and ‘E405’ for 405 kyr
eccentricity. The strongest peak at 18 m is truncated to highlight the high-frequency portion of the spectrum (its
total power is 9x10™'°). (D) 2r-MTM spectrum of ‘B’. Values of periods are in kyr. Two passbands, indicated by the
shaded areas, are used to filter the precession cycle band in ‘B’. We used the Taner filter (Taner, 2000). Note that
the 26.39 kyr peak is a precession period, which is not aligned by the 405 kyr tuning procedure (see curve of
"precession periods" in ‘B’).

2.3. Cyclostratigraphic correlation
2.3.1. Evidence for hiatuses from the 405 kyr cycle correlation

The three Late Valanginian sections (Orpierre, RA and VMC) are easily correlatable
owing to biostratigraphy (Martinez et al., 2013; Charbonier et al., 2013) and several
carbonate-rich intervals that serve as lithostratigraphic markers (F.V., F.P., F.Pe. and F.N.,
see Fig. 2). They correspond to grouped carbonate-rich beds, recognized throughout the
Vocontian Basin, forming striking features in the outcrops (Fig. 10). These lithostratigraphic
markers coincide with extrema in the 405 kyr eccentricity cycles (Section 2.2). We carried out
a detailed correlation at the 405 kyr eccentricity cycle band. The 405 kyr eccentricity cycles
were identified as Val5 to Val9 from carbonate maxima/MS minima (Charbonnier et al.,
2013), and as V6 to V11 from clay maxima/GRS maxima (Martinez et al., 2013). The shaded
interval, encompassing V9, V10 and V11 at RA and VMC sections, corresponds to the
interval in which the couplets were interpreted as obliquity in origin (Martinez et al., 2013).
The V9 and V10 cycles at Orpierre are well constrained (Fig. 2). However, the V11 cycle at
Orpierre occurs within a 5 m thick slump and thus was not considered (Fig. 2).

The first remarkable feature in the MS and GRS records is the strong expression of
the 405 kyr eccentricity cycles, which are prominent in MS throughout the studied interval
(Fig. 2A) and less in GRS; only the 405 kyr Val7 cycle is strongly recorded in GRS, especially



in RA section (Figs. 2 and 3). This differential expression may be due to several factors: the
sampling resolution (7 cm for MS vs 20 cm for GRS, Fig. S1), the sensitivity of MS and GRS
devices, and/or the occurrence of hiatuses at RA and VMC sections (see below).

x10
B 10 D

q 20 kyr (target)

3—
| 408 kyr (runed; E405 ‘ %" E405
3

A

Detrended 20 kyr luned M3
x10

Pawer

Comments

Precession
driven couplets

S Kiloyears

with expr

1000+ oblquity

500

Frequency (cycles per kyr)

0

Figure 7: Results of tuning of MS data (Orpierre section, Fig. 2A) at the precession and short eccentricity bands.
(A) Tuned MS time series at the precession (couplet) cycle band (we used a period of 20 kyr, which is
approximately the mean of P1 and P2 in La2004 astronomical model, see Fig. 5C). (B) and (C) are respectively
the spectrum and the amplitude spectrogram of the 20 kyr tuned MS. This tuning resulted in a period of 409 kyr
for the long (18.52 m) wavelength, which is close to the long (405 kyr) eccentricity term. (D) and (E) are
respectively the spectrum and the amplitude spectrogram of the short eccentricity tuned MS (we used a period of
112 kyr, which is approximately the mean of e1 and e2 in La2004 astronomical model, see Fig. 5C). This tuning
resulted in a period of 370 kyr for the long (405 kyr) eccentricity term, but successfully calibrated a significant,
well-defined peak depicting the couplets to 20 kyr. Another significant peak of 24 kyr represents also the couplets.

Note that the obliquity is present, intermittently well expressed (see “comments” on amplitude
spectrogram in “C”) but the couplets were always driven by the precession.

Vergol-Morénas section has very thick Val5 cycle compared to Orpierre and Reynier
(Fig. 3) because it is located nearer the margin of the basin (Fig. 1), a location that was more
influenced by clay input. This is supported by the occurrence of clay-rich interval within Val5
cycle, which is very similar in the two close Orpierre and Reynier locations (Fig. 3), but
notably much expanded in Vergol-Morénas. Val6 cycle has the same thickness in Orpierre
and RA sections, but slightly thicker in RMC section. Val7 cycle is thicker in Orpierre than in
Angles and much thinner in La Charce. Here, sedimentation rate does not vary according to
proximal-distal environments in the basin and its surrounding margins (Sections 2.3.1 and
3.1). Val8 cycle is very much thicker in Orpierre than in RA and VMC, about twice thicker in
VMC. This is due to the hiatuses (Fig. 3 and Section 2.3.1)

We counted the number of precession cycles within each 405 kyr cycles in the
questionable interval, but following the terminology used by Martinez et al. (2013) (i.e., V9-
V11). The V9 cycle at Orpierre contains 20 couplets compared to only 10 at RA and 12 at



VMC. The V10 cycle includes 17 couplets at Orpierre versus 9 at RA and 10 at VMC.
Moreover, V9 and V10 cycles are well expressed at Orpierre, but less at RA and VMC (Fig.
2B,C). Interestingly, short eccentricity cycles within V9 and V10 are well expressed at
Orpierre (see Section 2.3.1), while a single obliquity driven couplet within the 405 kyr
eccentricity cycles was previously suggested (Martinez et al., 2013).

The V9 and V10 cycles are thinner at RA, and especially at VMC compared to those
at Orpierre. The occurrence of barite nodules within V9-V10 transition at RA (Angles section,
Martinez et al., 2013) may be an indicator of a decrease in sedimentation rate or hiatuses
(e.g., Torres et al., 1996), leading to reduced number of couplets. However, the stratigraphic
position of the barite nodules as indicated by Martinez et al. (2013) (their figures 2 and 5)
does not correspond to any decrease in sedimentation rate. On the contrary, there is an
abrupt increase in sedimentation rate within V9, immediately below the barite nodules (Fig.
2B), hence in favor of the hiatus hypothesis.
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Figure 8: Evolutive harmonic analysis (EHA) of magnetic susceptibility (MS) data at Orpierre section, a focus on
the questionable interval (Fig. 6A) showing the strong expression of the precession modulated by the 100 kyr
eccentricity. A 100 kyr bandpass filter is also applied to the raw data. (A) and (B) EHA using two different
windows.
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Evolutive harmonic analysis of RA spectacularly detects the abrupt shift towards
higher sedimentation rates, precisely at the position of the hiatus, which is detected and
quantified using high-resolution cyclostratigraphic correlation (Fig. 3, Section 2.3.2). This
change is also visible in VMC. The hiatus corresponds to a “condensation” in Orpierre
(Section 2.3.2).

Hiatuses would have significantly reduced the number of couplets within the 405 kyr
cycles at RA and VMC according to our correlation (Fig. 2 and Figs. S2 to S4). Strong
evidence of a higher number of couplets within the 405 kyr cycles comes from the more
continuous section at Orpierre (Fig. 2A). The shortened V11 cycle at Orpierre occurs within a
slump. This may concur with a possible hiatus within this cycle, reducing the number of
couplets in all the three sections in the basin.

All these remarks (see also Section 2.3.2) point to precession driven couplets, and
potential occurrence of hiatuses at RA and VMC that misled the interpretation of the couplets
as controlled by the obliquity (Martinez et al., 2013). Below, we carried out a high-resolution
cyclostratigraphic correlation, at the scale of precession cycles, in order to detect and
quantify the aforementioned hiatuses.

-x10®

°
Detrended MS

T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
405 kyr timescale (kyr)

x107L
— 99%CL <405 E405 — = -99%CL
— 95%CL 3 - — -95%CL
— 90%CL A e - — -90%CL
— Median N - — -Median
V| 117

0.01 0.02 0 0.02 0.04
Cycles per kyr Cycles per kyr

Figure 9: Filtering and amplitude modulation (AM) of the MS time series in the Orpierre section. (A) The
detrended tuned MS time series (as in Fig. 4B). (B) Lowpass filtering applied to ‘A’ to recover both short (100 kyr)
and 405 kyr eccentricity cycles. (C) Bandpass filtering applied to ‘A’ to recover 405 kyr eccentricity cycles. (D)
Bandpass filtering applied to ‘A’ to recover short eccentricity cycles. (E) AM of the precession cycle band. (F) 2
MTM spectrum of ‘E’. (G) 2r-MTM spectrum of ‘B’, the strongest 405 kyr peak is truncated (its total power is
15x10'17). Note that the short eccentricity is detected either in the raw tuned data (G) or in the AM of the
precession cycle band (F), while the 405 kyr eccentricity is not detected in AM time series (F). It is, however,
detected in the precession tuned time series (see Figs. 7A,B,C) Symbols “e” and “E405” indicate respectively the
short eccentricity, and the 405 kyr eccentricity cycles (see aslo Fig. 5).
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2.3.2. High-resolution (precession) cyclostratigraphic correlation

The high-resolution cyclostratigraphic correlation (Fig. 3) indicates that the RA and
VMC sections have almost the same number of precession driven couplets. In only one
stratigraphic level, we noted two differential precession cycles between these sections, which
could be linked to minor hiatuses, problem of preservation/expression and/or due to other
sedimentary factors (see Fig. S2-S4). However, correlation with the more complete Orpierre
interval shows five missing precession cycles (i.e., a duration of 100 kyr) within the same
aforementioned stratigraphic position. The missing cycles occurred within the upper part of
Val6 cycle, at a remarkably shift in amplitude of physical GRS proxy, especially in RA. They
coincide with the junction level between Reynier and Angles. The change in amplitude of
GRS is less marked in VMC, in which the junction level between Vergol-Morénas and La
Charce is slightly below the shift. Therefore, we cannot rigorously consider the five missing
cycles as hiatus, linked to a change in amplitude of physical proxy, but they likely result in a
problem when generating the composite signals of RA and VMC.

Two significant hiatuses could be noted in RA and VMC sections within Val8 cycle, in
the questionable interval. The ~80 kyr hiatus took place at an abrupt increase in
sedimentation rate, which is very visible in RA (Angles section, Fig. 2B). The more
pronounced increase in sedimentation rate in Angles compared to La Charce and Orpierre
(Fig. 2) could be explained by the fact that Angles is more proximal to the margins (Fig. 1), a
location more sensitive to change in sedimentation rate. Nevertheless, the ~80 kyr hiatus
(Fig. 3) corresponds to a "condensed" interval in Orpierre. This result is in contradiction with
one depositional model, discussed in Section 3.2.2: If sea level is high at the carbonate-rich
interval, that corresponds to the "condensed" interval in the more distal Orpierre section, then
sedimentation should be more continuous at the more proximal Angles (RA) section. When
sea level is high, proximal environments have more positive accommodation space in favor
for sediment accumulation. However, this model is again not respected because the hiatus
occurred also in the La Charce (VMC) section, which is distal and nearer to Orpierre.
Irregular bathymetry in the Vocontian Basin may preclude the application of variations in
sedimentation rate in terms of proximal-distal setting in the basin and its margins (Section
3.1). Taken alone, the more complete Orpierre section records oscillations in sedimentation
rate, in tune with the 405 kyr orbitally driven sea level change (Section 3.2). The ~160 kyr
hiatus occurred in the middle part of Val8 cycle, where sedimentation rate is significantly high
in the three sections. This hiatus could alternatively be placed at the stratigraphic position of
the barite nodules, recognized in Angles section (Fig. 3).

3. Discussion

3.1. Precession versus obliquity control of the Late Valanginian marl-limestone
couplets

In the questionable interval (obliquity vs precession forcing hypothesis), the
cyclostratigraphic correlation shows a reduced number of couplets within the 405 kyr
eccentricity cycles, especially in the RA and VMC sections. We have counted 17 to 20
couplets at Orpierre versus only 9 to 12 couplets at RA and VMC. This has led previous
study to conclude that the ratio 1 /10 (i.e., 10 couplets within each 405 kyr cycle) at RA and
VMC as indicating obliquity forcing of the couplets (Martinez et al., 2013). The Orpierre
section shows no abrupt shift in sedimentation rate at the scale of the 405 kyr cycles. In
contrast, we note impressive oscillations in sedimentation rate detected through the change
in wavelength of the precession driven couplets (Fig. 2A). We suggest that hiatuses at the
scale of couplets had shortened the record of 405 kyr cycles, especially in RA and VMC.
Interestingly, high-resolution cyclostratigraphic correlation (Section 2.3.2) allowed the
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detection and quantification of the hiatuses, that occur mainly within the questionable interval.
Potential hiatuses have also been detected in the Lower Kimmeridgian, using a
cyclostratigraphic correlation, while no sedimentary indicators are seen in the field because
of the relatively homogeneous facies (Boulila et al., 2008a). Another evidence for precession
forcing from the Orpierre section, which again disagrees with the hypothesis of obliquity
driven couplets (Martinez et al., 2013), is the documentation of the short eccentricity
modulations. EHA highlights the precession band with a prominent modulation by the short
eccentricity, especially within the questionable interval (Fig. 8).

In addition, we suggest possible local responses in the basin to clay input and/or
carbonate production causing different numbers of couplets within the 405 kyr cycles. This
does not mean that the forcing is not global, but differential responses from different parts of
the basin, due to variable bathymetry for example, are likely (see below). This would lead to
developed or reduced couplets, and even to "missed beats" (i.e., a couplet reduced to a
limestone bed or to a marly level because of the more or less sensitivity of the
paleoenvironments to insolation/climate forcing). As an illustration, in the marl-limestone
alternations of Lower Kimmeridgian sections in the Vocontian Basin, we have noted a striking
change in the thickness and distribution of couplets. For instance, simple marl-limestone
couplets having a precession origin (e.g., La Méouge section, Boulila et al., 2008b) are
correlated to complex “couplets” of multiple marl-limestone alternations having a sub-
Milankovitch origin (e.g., La Cluse section). Such strong variability in couplet expression is
linked to the presence of irregular paleobathymetry in the Vocontian Basin (e.g., Pederneiras,
1995; de Rafélis et al., 1997; Moussine-Pouchkine et al., 1998; Beltran, 2007), resulting from
tilted blocks of the Jurassic extensional tectonic phase (e.g., Dardeau et al., 1988), and had
also influence on the early Cretaceous sedimentation (e.g., de Graciansky and Lemoine,
1988). Variable ocean paleodepths would differentially influence clay/carbonate deposition
via sea level, which would in turn impact several processes (sedimentation rate, detrital input,
carbonate productivity, carbonate import from shallow settings,...).

In summary, the couplets always match the precession cycle band. The obliquity
appears intermittently regrouping two precession cycles (two couplets, Figs. 6B and 7C).
This strongly opposes to the hypothesis of unique obliquity forcing of the couplets along the
questionable interval (Martinez et al., 2013). For instance, we noted within Val8 cycle the
expression of both the precession (couplets) and the obliquity (Fig. 7C). The notably high
sedimentation rate within Val8 cycle, and possible hiatuses and/or "missed beats" in RA and
VMC sections may led to the hypothesis of obliquity forcing of the couplets.

3.2. Astroclimatically driven sea-level change during the Late Valanginian
3.2.1. 405 kyr eccentricity controlled fourth-order sea-level sequences

Astronomical modeling and sedimentary records indicate that, because of its
strongest amplitude, the 405 kyr cycle played an important role in climato-eustatically driven
Cenozoic and Mesozoic sequences (see Boulila et al., 2011 and references therein). The net
variations in sedimentation rate, in tune with the exceptionally recorded 405 kyr cycles in
Orpierre (Fig. 2A, see Section 3.2.2) that match fourth-order eustatic sequences (Boulila et
al., 2011), are also in favor of climato-eustatically induced supercouplets modulating the
couplets (precession). There is a broad consensus that insolation forcing from the 405 kyr
eccentricity cycle is well documented in several paleoclimatic proxies (e.g., Pélike et al.,
2006; Westerhold et al., 2007; Hilgen et al., 2010, among many others).

The 405 kyr eccentricity sea-level related cyclicity in the studied Valanginian sections
(Section 3.2.2) modulates the short (100 kyr) eccentricity and the precession (couplets)
cycles. This result provides a compelling evidence for the hierarchical, astroclimatic control of
sea-level change.
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In the sequence stratigraphic terminology, the 405 kyr eccentricity related sea-level
cycles match the fourth-order depositional sequences, the 100 kyr eccentricity the fifth-order
sequences, and the fundamental precession (dominated couplets) the sixth-order sequences
(Boulila et al., 2011). In the studied sections, the 405 kyr eccentricity cycle extrema are
reflected by the pronounced lithostratigraphic markers/intervals (Section 3.2.2). These
intervals are striking in the outcrops, and are correlatable at the scale of the Vocontian Basin
(Cotillon et al., 1980). This is a good argument for the high amplitude of the 405 kyr orbital
cycle, which is in accord with the theoretically predicted 405 kyr leading term in the
eccentricity components (e.g., Laskar et al., 2004).

It has also been demonstrated that the third-order sequences in greenhouse periods
match the long-period (g4—g3) eccentricity cycle (its mean periodicity in the Cenozoic is 2.4
Myr, Boulila et al., 2011). However, the studied interval is too short to detect this long
wavelength. One possible extremum in the g4—g3 related variation is with more important
amplitude (Fig. 2A, see also figure 6 of Charbonnier et al., 2013). This extremum matches
the "Faisceau a Peregrinus" (F.Pe.) lithostratigraphic marker, which may have more
importance in terms of amplitude transferred orbital signal.

Figure 10: A filed photograph in the La Charce section (Late Valanginian, SE France) showing a striking bundling
of couplets (precession) by the short (100 kyr) and 405 kyr eccentricity cycles (from Deconinck, 2006).

3.2.2. Phase relationship between SL change and astronomically controlled climate

Previous sedimentological studies suggested that sea level controlled the deposition
of couplets and supercouplets during the Valanginian (Gréselle and Pittet, 2010).

The detection of variations in sedimentation rate in tune with the 405 kyr eccentricity
cycles (Val5-Val6-Val7) from the more complete Orpierre section is potentially used to
interpret sea-level change. Sedimentation rate slows down in the decreasing part of MS data
(i.e., increasing %CaCQ:;) to reach the lowest values at the carbonate-rich intervals (Fig. 2A).
Interestingly, most of the well known lithostratigraphic markers fall at these lower
sedimentation rates associated with carbonate-rich intervals. The lithostratigraphic markers
are a commun feature for the three sections, because they were caused by orbitally forced
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sea-level variations, which were deposited everywhere in the basin (Section 3.2.1).
Accordingly, we suggest that these carbonate-rich intervals were formed under highstand
conditions, whereas the clay-rich intervals under lowstand conditions. This hypothesis
concurs with the proposed sequence boundaries and lowstand system tracts at the clay-rich
intervals, using an extensive sequence stratigraphic study of Berriasian through Barremian
sequences from both the tethyan and the boreal domains (Hoedemaeker and Herngreen,
2003).

This depositional model supports the principles set forth for pelagic carbonate
sequence stratigraphy in the Exxon sequence stratigraphic model (Handford and Loucks,
1993): maxima of orbitally forced insolation are associated with high sea-level, weaker
continental erosion, and reduced detrital input. Minima of insolation contribute to low sea-
level, increasing erosion of detrital materials and their transport to the basin. The model
considers that the carbonate production was in situ formed in the pelagic realm.

However, such interpretation is opposite to the model previously applied for these
sections, which assumes that the limestones were mainly formed by cyclic carbonate mud
export from the adjacent shallow platforms (Gréselle and Pittet, 2010): when sea level is
high, carbonate produced within the platform remains on the platform, thus we form the marly
intervals. In contrast, when sea level is low, the carbonate factory moves offshore and
delivers more carbonate to the basin, thus we form the limestone beds. This model should
equally be considered untill a high-resolution oxygen stable isotopes and calcareous
nannoplankton analysis can discriminate one of these two models (e.g., Boulila et al., 2010).

4, Conclusions

Controversial interpretations of Late Valanginian cyclostratigraphy (Vocontian Basin,
SE France) lead to two different hypotheses: precession versus obliquity control of the marl-
limestone couplets. High-resolution cyclostratigraphic correlation among all studied sections,
together with time-series analysis applied to the most complete interval possessing the best
constrained paleoclimatic record in the Orpierre section, shows evidence of precession-
driven couplets modulated by the short and 405 kyr eccentricity. Such orbital modulations of
the precessional driven couplets further support previously proposed hierarchical link of
climato-eustatically forced sequences, with the prominent 405 kyr cycles matching the fourth-
order ones. More striking is the strong expression of long-period orbital cyclicities, controlling
variations in sedimentation rate, which further supports their strong impact on climate and
sea-level variations. The long-time known, pronounced lithostratigraphic markers in the basin
(basin-scale correlative intervals) match the 405 kyr eccentricity cycle extrema.
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Supplementary Figure S1: Sampling steps adopted for the cyclostratigraphic studies of the
upper Valanginian sections (SE France) by (A) Martinez et al. (2013) at Reynier-Angles (RA)
and Vergol-Morénas-La Charce (VMC) composite sections, and (B) Charbonnier et al. (2013)

at Orpierre section.
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section (data are from Charbonnier et al., 2013). Question marks indicate poorly constrained
precession cycles. Our methodology to interpret precession cycles is based on MS
amplitudes (i.e., carbonate content). We have noted that precession cycles sometimes
correspond to the couplets, and sometimes do not match the couplets.

We suggest that this mismatch may be the result of additional limestone beds with lower
carbonate contents (where there are more than one couplet), possibly of a seconday
(diagenetic?) origin or may be due to another unknown origin (autocyclic factors, high-
frequency climatic variability, etc). Also, we note well-expressed precession cycles within
apparently homogeneous marls. This shows the potential of the use of highly resolved
physical proxies for the detection of astronomical frequencies, undetectable by classic
stratigraphic methods (e.g., field observation).

Note that in the main manuscript we have sometimes used the term "couplets" to simply
indicate precession cycles controlling the main couplets (i.e., with higher carbonate

contents).
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Supplementary Figure S3: Details on counting of precession cycles and their relationship
with the main-primary and secondary (diagenetic?) marl-limestone couplets at Reynier-
Angles (RA) composite section (data are from Martinez et al., 2013). Captions and notes are
as in Figure S2. The shaded interval spanning V9, V10 and V11 corresponds to that in which
Martinez et al. (2013) have interpreted the couplets as obliquity in origin. Note that V9, V10

and V11 cycles are poorly constrained.
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Supplementary Figure S4: Details on counting of precession cycles and their relationship
with the main-primary and secondary (diagenetic?) marl-limestone couplets at Vergol-
Morénas-La Charce (VMC) composite section (data are from Martinez et al., 2013). Captions
and notes are as in Figure S2. The shaded interval spanning V9, V10 and V11 corresponds
to that in which Martinez et al. (2013) have interpreted the couplets as obliquity in origin.

Note that V9, V10 and V11 cycles are poorly constrained.
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