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Abstract The astronomical timescale accuracy generally exceeds other dating methods. Precise age
models are pivotal for paleoclimatic research. The middle Eocene astronomical timescale has been poorly
constrained due to scarcity of suitable records leading to the so call ‘‘Eocene astronomical timescale gap.’’
We present magnetic susceptibility and color proxy records from an expanded 60 m long cyclic hemipelagic
succession from the Oyambre Cape in northern Spain (�1.3 My long stratigraphic section tuned to the
�43.1–44.4 Ma interval in the Lutetian stage). We use the strong eccentricity amplitude modulation of pre-
cession in the sedimentary record for orbital tuning. The tuned record is correlated at precession level with
previously tuned Ocean Drilling Program (ODP) Site 1260 from the equatorial Atlantic (the only oceanic
record that registers geochemical variations in the precession band) and to other lower resolution deep-sea
records at eccentricity level from the Southern Atlantic. Our data is consistent with a very long eccentricity
minimum (driven by a �2.4 My periodicity) at 43.15 Ma in the orbital solutions and an age for the C20n/
C20r reversal boundary at �43.45 Ma. However, we challenge previous correlations between these Atlantic
sites (shifts of one 100 ky eccentricity cycle). Data allows to rule out correlation to either younger or older
405 ky eccentricity cycles, which constrains chronologies for the middle Eocene, emphasizing the need for
consistent astrochronological frameworks involving expanded outcrops. This should aid to overcome oce-
anic drilling shortcomings and sedimentary complexities. Our study highlights this integration need to
achieve accuracy and stability of orbital timescales underpinning Eocene paleoclimatic records.

1. Introduction

Astronomical tuning of sedimentary cyclic archives has emerged as a powerful tool potentially producing
accurate timescales that have the advantage of being continuous age models. The successive instances
of the Geological Time Scale (GTS) have progressively incorporated intervals dated by astronomical tun-
ing and the Cenozoic Era is almost fully covered (e.g., GTS2012; Ogg, 2012). However, the accuracy of the
astronomical timescale (ATS) relies on the compilation of multiple individually tuned proxy records from
different localities and oceans. Therefore, the accuracy and validity of the ATS depends on the proper
identification of the Milankovitch cycles and both the reliability of correlation among the different records
and the adequateness of correlation of the observed cycles to the astronomical targets. A different issue
are the intrinsic uncertainties in the astronomical solutions themselves that increase back in time due to
the chaotic nature of the Solar System, indicating that accuracy is compromised beyond 40 Ma. (Laskar
et al., 2004, 2011a, 2011b). However, more stable terms of the astronomical solution like the g2–g5 term
of eccentricity (long eccentricity) with a period of 405 ky (g2, g5 are fundamental frequencies identifying
orbital eccentricity contributions of Venus and Jupiter, respectively) can be confidently used for the Ceno-
zoic calibration and beyond. Consequently, it is the geological record that can potentially provide con-
straints for refining numerical astronomical solutions (e.g., Ma et al., 2017). Hence, it is fundamental to
construct solid and consistent long astronomically calibrated chronostratigraphic frameworks. To this
end, high-resolution expanded records preferably displaying precession cycles are essential, in which
amplitude modulation cycles, such as those imparted by the eccentricity of the Earth’s orbit, can be accu-
rately defined.
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Undoubtedly, the legacy of Deep Sea Drilling Project/Ocean Drilling Program/Integrated Ocean Drilling Pro-
gram (DSSP/ODP/IODP) programs that have targeted deep-sea records around world oceans to paleocea-
nography and chronostratigraphy is invaluable. The advent in the early 90s of the strategy to drill multiple
holes at a single site for construction of complete composite sections, thus overcoming one major draw-
back for high-resolution studies, is remarkable. Yet, depths for shipboard splice records often require revi-
sion/amendments as higher resolution and better signal-to-noise ratio proxy data become available (e.g.,
Westerhold & R€ohl, 2013). Additionally, shifting moderate to low sedimentation rates and condensed inter-
vals are common in the deep-sea records hampering the use of standard filtering techniques in cyclostratig-
raphy as shown for the Danian stage (Dinarès-Turell et al., 2014). It thus becomes clear that combining
deep-sea records and expanded marine sections outcropping on land potentially allows more solid out-
comes in cyclostratigraphy.

The Eocene period is critical for paleoclimate research because it offers great potential to gain insight into
the carbon cycle dynamics and Earth’s climate evolution. In particular, the middle Eocene portrays the
beginning of the transition from the warm, high-diversity greenhouse of the early Eocene to the icehouse
conditions of the early Oligocene and has recently been orbitally tuned from deep-sea sequences in the
South Atlantic Ocean (Leg 208 ODP Site 1263 and Leg 114 ODP Hole 702B), closing a gap in the Paleogene
astronomical time scale (Westerhold et al., 2015) that still needs validation from other oceans and outcrops.
These South Atlantic records were studied in conjunction to earlier results from the equatorial Leg 207 ODP
Site 1260 (Westerhold & R€ohl, 2013) (Figure 1b). ODP Site 1260 constitutes the only expanded oceanic
record where paleoceanographic variability in the precession band is recorded (covered interval from C18r
to C20r).

The Basque-Cantabrian region of the western Pyrenees is especially significant for late Cretaceous–early
Paleogene stratigraphy as it hosts five global stratotype sections and points (GSSPs) and two auxiliary stra-
totype sections and points (ASSPs) (Payros et al., 2016, and references therein). The Danian-Selandian
(Paleocene) Zumaia section is remarkable, as it was the first section to be tuned to a full integrated numeri-
cal astronomical solution (Dinarès-Turell et al., 2003) that has been pivotal to solve the Paleocene astronom-
ical tuning conundrum while integrating correlation to ODP/IODP oceanic records from the Atlantic and
Pacific oceans (Dinarès-Turell et al, 2014). The Paleocene astronomical time scale (ATS) has become stable
and confirmed by independent U-Pb radiometric dating from volcanic ash deposits within a tightly con-
strained magnetobiostratigraphic framework in the Denver Basin, Colorado, USA (Clyde et al., 2016). With
the aim of integrating the middle Eocene astronomical oceanic records outlined above and outcropping
successions we tackle here the middle Eocene Oyambre stratigraphic section. The Lutetian/Bartonian transi-
tion interval at Oyambre has recently been the focus of an integrated stratigraphic study (Payros et al.,
2015) in the evaluation of a prospective Bartonian GSSP. Here, we present a refined magnetostratigraphy
along chron C20n/C20r reversal and new proxy records from the basal �60 m of expanded Lutetian depos-
its that preserve well resolved lithological couplets related to the astronomical precession cycle. New high-
resolution bulk low-field magnetic susceptibility and color records are employed as the basis for erecting a
cyclostratigraphy amenable to spectral analysis. The expanded nature of the succession and the use of the
405 ky ‘‘tuning-fork’’ or metronome of stratigraphic time allows a solid astrochronology to be resolved at
precession resolution (�21 ky). We further scrutinize and correlate the Oyambre outcrop cyclic pattern with
published astronomically tuned deep-sea stratigraphies from the Atlantic Ocean which we challenge by
one short eccentricity cycle for some intervals, emphasizing the need for integration. We ultimately assess
the middle Eocene astronomical tuning and seek to shed light on which astronomical solution appears to
offer better correspondence with the geologic record.

2. Materials and Methods

2.1. Studied Geological Section
The Oyambre section (43824’14.3’’N 4820’21.1’’W) is exposed in a coastal cliff and wave-cut platform located
north-west of the Cantabrian province in northern Spain, near the village of San Vicente de la Barquera (Fig-
ure 1a). Lutetian shallow-marine limestones rich in nummulitids (Serdio and Colombres Fms) constitute the
middle Eocene succession outcropping at the Oyambre Cape (Figure 1a).
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Stratigraphically above, on the eastern side of the cape, the Acebosa Fm is composed of 130 m of upper
Lutetian and lower Bartonian hemipelagic and turbiditic deposits accumulated on an eastward facing slope
that progressively deepened from 500 to 900 m (Payros et al., 2015). Here, we focus on the lower interval

Figure 1. (a) Late Lutetian paleogeography and a geological map of the western termination of the Basque–Cantabrian Basin and local stratigraphy (inset) (red
star marks the studied section). (b) Location map for ODP deep-sea cores on a 45 Ma paleogeographic reconstruction in Mollweide projection (from http://www.
odsn.de). (c) Synthetic lithological log of the Oyambre section, including magnetostratigraphic and calcareous nannofossil biostratigraphic results (PF, planktonic
foraminifera, CN, calcareous nannofossils) as studied in Payros et al. (2015). Note the original lithological bundles sketched along the lower part of the section (the
red box delimits the interval studied in detail herein).
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from the 0 m level located at the base of the Acebosa Fm. up to a conspicuous fault at 61 m that compro-
mises the continuity of the section but was not documented before. The interval is characterized by the
occurrence of noticeable hemipelagic limestone–marl couplets and some interbedded turbidites. The low-
ermost 48–51 m are characterized by the scarcity of turbidites, which are represented as discontinuous
sandy laminae and thin clay partings. Numerous relatively thin turbidites, with a few attaining 5–10 cm in
thickness, straddle the hemipelagic deposits along the interval 51–61 m. The individual thicknesses of hemi-
pelagic beds increase progressively upsection from 20 to 30 cm at the base to more than >100 cm in the
upper part. On a larger scale, thick massive intervals containing three to four blurred limestone–marl cou-
plets alternate with thinner intervals composed of two prominent limestone–marl couplets. This larger-
scale lithological alternations define a stacking pattern of bundles with individual thicknesses of 2 to 6 m
that were outlined by Payros et al. (2015) (Figure 1c). Such an arrangement led Payros et al. (2015) to con-
sider that the limestone–marl couplets are the sedimentary manifestation of astronomical precession cycles
of 21 kyr duration, the larger-scale bundles being the physical expression of the �100 kyr eccentricity cycles
(short eccentricity). One of these eccentricity-related bundles was studied by Mart�ınez-Braceras et al. (2017)
who performed high-resolution geochemical and stable isotope analysis in order to decipher which envi-
ronmental factors governed the hemipelagic sedimentation and lithological cyclicity. According to that
study, variations in pelagic carbonate productivity were determined by fluctuations in seawater salinity and
nutrient content as a response to changing rates of fresh water input in line with seasonality-controlled
rainfall intensity. In general, marls accumulated at precessional configurations which led to increased
seasonality (boreal summer at perihelion and winter at aphelion) and limestones were formed when sea-
sonality was minimal (boreal winter at perihelion and summer at aphelion). In addition, eccentricity acted as
a modulator where precessional contrast between the intensity of seasonally controlled environmental fac-
tors diminished when the Earth’s orbit was circular (minimum eccentricity).

According to Payros et al. (2015) the interval studied herein (0–61 m) (Figure 2) displayed reverse polarity
along the lower 37 m and a passage to normal polarities above (uncertainty of �4 m or 4 marl-limestone
couplets that corresponds to almost one short eccentricity cycle). This defines a reversal boundary that was
identified as C20r/C20n as constrained by calcareous plankton biostratigraphy (Figure 1).

2.2. Samples and Measurements
High-resolution bulk low-field magnetic susceptibility was measured for 450 solid samples collected along
the studied Oyambre section (average sampling resolution of 13 cm) on a Kappabridge KLY-3 instrument
(Geophysika Brno) and was weight normalized (Dataset S1). Samples were not evenly distributed but at
least 3 samples per bed were collected. Bulk magnetic susceptibility in pelagic rocks is usually controlled by
the paramagnetic phases (mostly clays) and can therefore be a proxy for detrital input anticorrelating with
calcium carbonate (see Mart�ınez-Braceras et al., 2017, for comparison). Originally, a set of 739 rock-powder
samples (average resolution 8 cm) had been collected in the field using a standard portable drill with an
8 mm steel bit. Upon magnetic susceptibility measurements in the laboratory it was found that the pow-
dered samples had unusually high susceptibility values (confirmed by measurement of equivalent solid
hand-samples), indicating that magnetic contamination had taken place (either by drill-bit contamination
and/or as a result of transformation of some original minerals during drilling). This prompted us to collect
the new set of 450 solid samples and to discard measurements on the original powder samples. However,
the 739 powder samples stored in a semitransparent plastic vials (5 x 1 cm length/diameter) were used to
determine a color parameter. For this purpose, the vials were scanned at high-resolution (600 dpi) in con-
stant light conditions (i.e., in a dark room) using a desktop office scanner. In order to quantify the color, the
scanned images were analyzed using the ImageJ software version 1.50i (https://imagej.nih.gov/ij/). In prac-
tice, the best rectangular area covering 10–20% of the useful scanned area close to the center of each vial
(avoiding eventual irregularities) was used to derive its mean pixel RGB value, which is equivalent to bright-
ness value V (to this end, the software used the formula V5(R 1 G1B)/3). We report this brightness parame-
ter (Dataset S2) but we acknowledge that, in this case, the color parameter may involve some uncertainty
and limitations due to the magnetic contamination of the sample collection. However, given the extreme
sensitivity of the rock-magnetic measurements (i.e., very small amounts of ferromagnetic material are read-
ily detected by magnetic measurements like susceptibility), we think that the color parameter is likely very
little or not affected by the contamination. A general good correspondence with the magnetic susceptibility
retrieved on the solid samples supports this assumption (see below).

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007367

DINAR�ES-TURELL ET AL. 790

https://imagej.nih.gov/ij/


Hand-oriented samples were collected from 15 new stratigraphic levels encompassing the C20r/C20n rever-
sal boundary as outlined in Payros et al. (2015) in order to improve resolution and pinpoint its position at
bed level. Samples were subsequently cut in standard paleomagnetic specimens for laboratory analysis (33
specimens) that were fully demagnetized (Table S1). Natural remanent magnetization (NRM) and rema-
nence through demagnetization were measured on a 2G Enterprises DC SQUID high-resolution pass-
through cryogenic magnetometer (manufacturer noise level of 10–12 Am2) operated in a shielded room at
the Istituto Nazionale di Geofisica e Vulcanologia in Rome, Italy. A Pyrox oven in the shielded room was
used for thermal demagnetizations and alternating field (AF) demagnetization was performed with three
orthogonal coils installed inline with the cryogenic magnetometer. Progressive stepwise AF demagnetiza-
tion was routinely used and applied after a single heating step to 1508C. AF demagnetization included 14
steps (4, 8, 13, 17, 21, 25, 30, 35, 40, 45, 50, 60, 80, 100 mT). Characteristic remanent magnetizations (ChRM)
were computed by least-squares fitting (Kirschvink, 1980) on the orthogonal demagnetization plots (Zijder-
veld, 1967). The magnetic stratigraphy is based on virtual geomagnetic polar (VGP) latitudes.

2.3. Spectral Analysis
The AnalySeries software package (Paillard et al., 1996) was used to linearly interpolate data series, to
apply gaussian bandpass filters and for spectral analysis. The Blackman-Tukey method implementation in
AnalySeries was used for spectral analysis in the depth domain. Also, for time series analysis of unevenly
spaced series the software REDFIT version 3.8 has been employed (Schulz & Mudelsee, 2002). The software
package by Torrence and Compo (1998) (http://paos.colorado.edu/research/wavelets) has been used for

Figure 2. Stratigraphic log for the lower 61 m of the Acebosa Fm and bulk low-field mass magnetic susceptibility and color proxy data series (previous and present
magnetostratigraphy are indicated). Detrended susceptibility data by subtraction of the plotted 6th degree polynomial fit is shown. Marl-limestone couplets have
been numbered from the base of the section.
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wavelet analysis (Morlet wavelet). The continuous wavelet transform spectrum has been divided by its
scales to account for a bias in the power spectrum (Liu et al., 2007). Additionally, Multitaper Method (MTM;
Thomson, 1982) spectra were calculated by the kSpectra Toolkit software from SpectraWorks using 3 tapers
and a resolution of 2 (Ghil et al., 2002). Confidence levels are based on a robust red noise estimation (Mann
& Lees, 1996). Moreover, the Astrochron software for R (Meyers, 2014; R Core Team, 2015) was employed for
further analysis. In this case, spectral estimations employ the Evolutive Harmonic Analysis (EHA; Meyers
et al., 2001) in addition to its own implementation of the MTM method. Evaluation of potential astronomical
forcing of the Oyambre data series was carried out by applying the TimeOpt approach of Meyers (2015).
The TimeOpt method simultaneously evaluates time scale uncertainty, while testing for multiple attributes
that are predicted by the astronomical forcing hypothesis, specifically: (1) the arrangement of spectral peaks
(frequency ratios), such as the 1:4 relationship between long (405 ky) and short (� 100 ky) eccentricity, and
(2) the amplitude modulation associated with precession and/or eccentricity terms (Meyers, 2015). The tech-
nique provides a robust test of the null hypothesis (a stochastic process), while overcoming common prob-
lems associated with power spectrum significance testing (Meyers et al., 2012; Vaughan et al., 2011).

3. Results

3.1. Magnetostratigraphy
New paleomagnetic data is described in supporting information Text S1 and Figure S1 and permits us to
pinpoint precisely the position of Chron C20r/C20n reversal (Figure 2).

3.2. Low-Field Magnetic Susceptibility and Color Data Series
The low-field magnetic susceptibility data from the Oyambre section (Figure 2) display higher values in the
marl layers of the basic lithological couplets. As indicated above, susceptibility data anticorrelates with cal-
cium carbonate content in Oyambre (carbonate content lows around 40% in the marl layers of cycles 30–32
while carbonate peaks at about 65% in the limestone beds around, see Mart�ınez-Braceras et al., 2017) indi-
cating a dominant detrital input during marl deposition (paramagnetic phases in the form of clays mostly
contributing to susceptibility). Susceptibility data also shows a long-term increase upsection. Values of 1.5–
2 x 1028 m3/kg are observed in the lower 13 m of the section. Above that level, average susceptibility values
increase (range 2–4 x 1028m3/kg) coinciding with an increase in couplet thickness. Susceptibility reaches
the maximum values in the interval 31–48 m. Along the upper part of the section above 48 m, there seems
to be a slight decrease in average susceptibility although values stay above 2 x1028 m3/kg (Figure 2).

Color data are represented as mean RGB units where low values correspond to darker color. Marl layers pre-
sent relatively low values (darker) which correlate with relatively high susceptibility. In general, there is a
good correspondence between both datasets at cycle level (Pearson correlation coefficient 5 20.64948)
and display a similar stacking pattern despite the color parameter does not display the long-term trend
observed in the susceptibility data (Figure 2).

The most striking feature of both the susceptibility and the color data sets is the arrangement in intervals of
three consecutive cycles with relative high amplitude. Hence, cycles 4–6, 9–11, 24–26, 30–32, 44–46, 49–51
and 66–68 configure these groups of high amplitude cycles. These packs of cycles have been marked with
colored strips in Figure 2. As discussed below, this stacking pattern is indicative of the amplitude modula-
tion that orbital eccentricity is imparting to precession.

3.3. Time Series Analysis
Prior to spectral analysis, the data was detrended and resampled to equal spacing. Spectral study of
the magnetic susceptibility using several methods at the depth domain shows consistent multiple peaks
(Figure 3a) (spectra for the color dataseries are found in supporting information Figure S2). The analysis has
been performed both for the entire length of the data series and along two separate section lengths in order
to account for the lower interval (0–13 m) with relatively thin couplets (Figure 2), as including this may distort
the spectra from the entire section. The most significant peaks are in the band with periods of 0.8–1.1 m,
which correspond to the average thickness of the basic marl-limestone couplets. Other less significant peaks
appear with periods of about 4.5–6.3 m (involving usually a double peak) and 15–20 m respectively for the
entire section (Figure 3a). However, the spectra along the 0–13 lower interval alone show that the dominant
wavelength diminishes to periods of 0.48–0.63 m. Other relevant peaks are centered at around 2.5 m and
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10.2 m respectively. If the upper interval 13–60.4 m is analyzed separately (Figure 3a), spectral peaks are com-
patible with those identified for the entire section but some of them attain relative higher significance like the
peaks at 4.5–6.3 m and 16–27 m for the color data (supporting information Figure S2).

More importantly, the marked 1:5 (�1:5 m) and 1:4 (�5:20 m) relationship between the abovementioned
spectral peaks is a clear indication of orbital forcing in the sedimentation of the studied strata, as thor-
oughly documented for other Paleogene pelagic successions from the Basque-Cantabrian Basin (Payros
et al., 2016, and references therein). These are the typical relationships of the main orbital solution terms
(1:5 for precession versus �100 ky short eccentricity and 1:4 for short eccentricity versus the long 405 ky
eccentricity cycles) (also referred to as the 1:5:20 ratio, e.g., Strasser et al, 2006). Note that the same 1:5
(0.5:2.5 m) and 1:4 (2.5:10 m) relationship is maintained for the 0–13 m lower interval which is indicative of
a lower sedimentary accumulation rate. Furthermore, the existence of a relatively extended band of small
periods and the double peak nature of the period of intermediate thickness (Figure 3a) is also an indication
of the precession and eccentricity forcing on sedimentation respectively (short eccentricity forcing generally
expressed in the spectra by the g4–g55�95 ky and g4–g25�124 ky terms, where g2, g4 and g5 are funda-
mental frequencies identifying orbital eccentricity contributions of Venus, Mars, and Jupiter, respectively).

To further investigate Milankovitch-paced cyclicity and to better portray changes in sediment accumulation
rates we have performed evolutionary and wavelet spectra of the magnetic susceptibility and color data series
in the depth domain (Figures 3c and 3d and supporting information Figure S2). The Evolutive Harmonic Analy-
sis (EHA) spectra show a shift in the significant spectral bands from relatively higher frequencies along the
lower interval to lower frequencies above the 11 m level (Figure 3d). In addition, there appears to be a disrup-
tion at about 47 m leading to slightly lower frequencies of the spectral bands above that level. The latter could
be an indication of main basic-couplet thickening due to intervening turbiditic deposition from that level
upsection. In some intervals, herein termed ‘‘junctions’’ (X in Figure 3d), the precession band conforms a single
period stripe in contraposition to intervals where the precession band splits into the so-called ‘‘bifurcations’’
(O in Figure 3d). This sort of arrangement was observed and described in the EHA spectra of both the eccen-
tricity solution and some geologic time series (Laurin et al., 2016). They explained the features as resulting
from the interference of the short eccentricity main periods, which would facilitate a correct interpretation of
the 405 ky maxima and minima in the orbital forcing. We have performed the EHA analysis on the ETP (the
sum of normalized eccentricity, tilt, and precession) from the La04 orbital solution (Laskar et al., 2004) along a
2 My long middle Eocene interval (supporting information Figure S3). Indeed, it can be observed that ‘‘junc-
tions’’ are localized on the 405 ky eccentricity maxima along both the short-eccentricity and precession bands
while ‘‘bifurcations’’ correspond to minima in the 405 ky eccentricity cycles.

The wavelet analysis of the magnetic susceptibility data clearly portrays the change in sedimentation rate in
the interval 11–13 m where an obvious shift in the spectra bands is noticeable (Figure 3c) (see also support-
ing information Figure. S2 for wavelet of color data). Wavelet spectra further allow visualization of the
amplitude modulation of eccentricity on the precession band in the form of power highs along the preces-
sion band. The extraction of the scale averaged power along the precession band (0.3–1.4 m) visually illus-
trates those high-power clusters (Figure 3c). Note that these clusters correspond to the three high-
amplitude marl-limestone precession related couplets that are outlined in the lithology log (Figure 2).

We have selected the interval 13–60 m to perform a TimeOpt astrochronological testing approach (Meyers,
2015). The condensed interval 0–13 m has been excluded as this sensitive method can be underperformed
when analyzing intervals with variable sediment accumulation rates. The length and resolution of our sus-
ceptibility dataset, with a minimum of six data points per lithological couplet, are sufficient to reliably detect
precession (as shown above). Hence, we assess precession as target (23.2, 21.8, 18.7 ky periods; Laskar et al.,
2004) given an array of potential meaningful sedimentation rates (we tested 3 to 7 cm/ky in line with previ-
ous biomagnetostratigraphic inferences (Payros et al., 2015; Figure 4).

The TimeOpt-derived envelope fit and spectral power fit (Figure 4e) identify maxima at �4.52 cm/ky, yield-
ing a combined fit (r2 opt) of 0.179 (Figure 4g). Monte Carlo simulation with 2000 AR1 surrogates (identical
lag-1 autocorrelation coefficient as the data, qAR1 5 0.841) yields a p value of 0.005 for the maximum
observed r2 opt at 4.52 cm/kyr (Figure 4g), indicating that we can reject the null hypothesis at the 99.5%
confidence level. The fit of the target periods to the observed periods using the optimal sedimentation rate
of 4.52 cm/kyr is illustrated in the spectrum of Figure 4b. This calibration suggests additional variance at
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Figure 3. (continued)
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periods typical of short (�95 ky and �125 ky double peak) eccentricity (e) and long (405 ky) eccentricity (E)
fully confirming the previous inferences outlined above. The fit of the time-calibrated envelope to the
TimeOpt-reconstructed eccentricity model is shown in Figures 4d and 4h.

3.4. Cyclostratigraphy
Cycles identified by spectral analysis were extracted by Gaussian bandpass filters of the central frequency of
relevant periods with sufficiently ample bandwidth using AnalySeries (Paillard et al., 1996). The filter outputs
for the magnetic susceptibility dataset are illustrated in Figure 3b (see caption for filter parameters) (equiva-
lent results for the color dataset can be found in supporting information Figure S2). The high frequency filter
that targets the precession related basic marl-limestone couplet performs well in identifying them. The pro-
nounced marls of the conspicuous consecutive high-amplitude couplets are numbered in the lithologic log in
Figure 3a. A total of 73 precession cycles can be counted (see also Figure 2). The filter including intermediate
frequencies targets the short eccentricity cycles. Two different filters have been employed in order to account
for the lower sedimentation interval at the base of the section (0–13 m). The output of this filter allows identi-
fication of 15 short eccentricity cycles (e, cycles). We have numbered the minima of these 100 ky eccentricity
cycles starting at the base of the section (Figure 3b). Field views of eccentricity cycles e1 to e9 outcropping on
the wave-cut platform can be seen in supporting information Figure S4. The eccentricity minima e2 and e9
are obvious, as they are flanked by the conspicuous three consecutive high-amplitude precession cycles mark-
ing eccentricity maxima. Extraction of the (405 ky) long eccentricity cycle indicates the presence of three
cycles whose minima have been numbered from the base of the section (cycles E1–E3, supporting informa-
tion 3b). As expected from eccentricity modulation on precession and phase relationships of orbital cycles,
minima of this 405 ky cycle correspond to intervals of relative low amplitude fluctuations, which are marked
in Figure 3b and become more obvious in the scale averaged curve of Figure 3c. On the other hand, maxima
of the 405 ky cycle are centered on intervals containing several consecutive short eccentricity cycles with
high-amplitude precession cycles. Note that the 405 ky maxima between E1 and E2 at about 17 m involves
two high amplitude short eccentricity cycles while the maxima between E2 and E3 contains three high-
amplitude cycles instead. This feature is crucial for the tuning to the orbital solutions (see discussion below).
General field views of the wave-cut platform are provided in supporting information Figure S5, where both
the short and long eccentricity modulations on precession can be appreciated.

4. Discussion

4.1. Correlation of Oyambre Section and ODP Sites 1260, 1263, and Hole 702B
A thorough analysis of the middle Eocene geochemical records of ODP Sites 1260, 1263, and Hole 702B
involving spectral analysis and filter extraction of eccentricity modulations was performed by Westerhold
et al. (2015). Primary correlation was based on the connection of the 405 ky cycle in line with the magneto-
stratigraphic template. Subsequently, a correlation of the 100 ky short eccentricity cycles between Sites
1260 and 1263 was put forward (Westerhold et al., 2015, Figure 6 therein). ODP Site 1260 is the only oceanic
record where precession cycles have been documented along the middle Eocene. We take the original
magnetostratigraphic data and eccentricity filter outputs for the interval encompassing the C20r/C20n
reversal boundary for those sites as proposed by Westerhold et al. (2015) as initial correlation ties (support-
ing information Figure S6; Edgar et al., 2007; Suganuma & Ogg, 2006). The C20r/C20n reversal in Site 1260
occurs in the younger part of eccentricity maxima numbered 36 but involves an uncertainty of about two

Figure 3. Spectral analysis of bulk low-field magnetic susceptibility data series (detrended and resampled to 10 cm spacing). (a) Sets of spectra are shown for dif-
ferent height intervals. The upper panel of each subfigure includes the Blackman-Tukey (thick red line) power spectra (BW, band width and confidence level rela-
tion at 80% is given) and the REDFIT spectrum (blue color). The 80%, 90% and 95% confidence levels for a red noise test (a fitted AR1 process) for the REDFIT
spectra are indicated. The lower panels show a Multi-taper (MTM) power spectrum. Relevant peaks or bands usually exceeding confidence levels are labeled or
marked by shaded bands; period (in meters) is also given. (b) Lithologic log, detrended susceptibility data and output of three gaussian bandpass filters. Filters tar-
get the mean periods as retrieved in the spectral analysis and correspond to precession (grey) (gaussian bandpass frequency 1.5 6 0.9), short eccentricity (e, 100
ky) (green) (bandpass frequency 0.4 6 0.1 for the interval 0–13m and 0.2 6 0.1 for the 13 m level up to top of section) and long eccentricity (E, 405 ky) (violet)
(bandpass frequency 0.055 6 0.044). (c) Local wavelet power spectrum (the 80% and 95% confidence levels shown as solid contours and the cone of influence
where edge effects become important are displayed) and scale-averaged mirrored wavelet power over the 0.3–1.4 m band. (d) Evolutive Harmonic Analysis (EHA;
Meyers et al., 2001) normalized amplitude (unity) and normalized and filtered amplitude to 90% confidence level (CL) (7 m moving window, step 0.1 m). Inferred
Milankovitch components are represented by E (long eccentricity, �405 ky), e (short eccentricity, �100 ky), and P (precession band, �19–23 ky).
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Figure 4. TimeOpt analysis of the Oyambre magnetic susceptibility data (13–60 m interval). The analysis utilizes the Astrochron function ‘‘timeOpt’’ (Meyers, 2014)
(a) The detrended magnetic susceptibility data. (b) Periodogram for the susceptibility data, given the TimeOpt derived sedimentation rate of 4.52 cm/ka (black
line: linear spectrum; gray line: log spectrum). The yellow shaded region indicates the portion of the spectrum bandpassed for evaluation of the precession ampli-
tude envelope. Dashed red lines indicate the long (E, 405 ky) and short (e, 95–130 ky) eccentricity and precession (P) target periods. (c) Comparison of the band-
passed precession signal (black), and the data amplitude envelope (red) determined via Hilbert transform. (d) Comparison of the data amplitude envelope (red)
and the TimeOpt-reconstructed short eccentricity model (black). Numbers (green color) indicate short eccentricity minima cycles defined at Oyambre (see text for
discussion). (e) Squared Pearson correlation coefficient for the amplitude envelope fit (r2 envelope; red dots) and the spectral power fit (r2 spectral; dark gray line)
at each evaluated sedimentation rate. (f) Combined envelope and spectral power fit (r2 opt) at each evaluated sedimentation rate. (g) Summary of 2000 Monte
Carlo simulations with AR1 surrogates (qAR1 5 0.841), used to evaluate the significance of the maximum observed r2 opt of 0.179. (h) Cross plot of the data ampli-
tude envelope and the TimeOpt-reconstructed eccentricity model in panel ‘‘d’’; dashed red line is the 1:1 line.
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precession cycles. This is compatible with data from Site 1263, although the lower resolution of this Site
does not allow identification of precession. Note the relative high amplitude of eccentricity cycles 35–37 on
Site 1260. Together with magnetostratigraphy, these are the basis for the tie between the Oyambre section
to the ODP Sites under study. Following on from this, the correlation of the eccentricity cycles below and
above eccentricity cycles 35–37 from the ODP records has been revised herein (see below). A precise corre-
lation between the Oyambre section and ODP Site 1260 at precession cycle level was achieved (Figure 5).

The C20r/C20n reversal boundary has been confidently established within precession cycle 51 at Oyambre
(see section 3.1 above and Figure 2). This precession cycle from Oyambre can be tied to precession cycle
160 from Site 1260 which is the youngest of the three-contiguous high-amplitude cycles conforming eccen-
tricity maxima 36 (Figure 5). Hence, eccentricity maximum 36 from Site 1260 falls between eccentricity min-
ima e10 and e11 at Oyambre. The precise position of the C20r/C20n boundary at Oyambre fits the
uncertainty envelope in Site 1260 and represents the most accurate position from any astronomically tuned
record for this reversal boundary. Downcore, other obvious ties from Site 1260 to Oyambre can be deter-
mined. That is, the two packs of three consecutive high-amplitude precession cycles 24–26 and 30–32 from
Oyambre correlate with precession cycles 181–183 and 176–178 from Site 1260 respectively, which conform
eccentricity maxima 40 and 39 (Figure 5). It follows that eccentricity cycle 38 from Site 1260 corresponds to
two maxima located between eccentricity minima e7–e8 and e8–e9 at Oyambre (Figure 5). Westerhold and
R€ohl (2013) counted 11 precession cycles (166 to 177) between their eccentricity maxima 37 and 40. How-
ever, a closer look at the XRF Fe data from that interval shows a few more cycles. We propose that cycles
168, 172 and 174 may represent two cycles each. This would lead to a total of 14 precession cycles that
would correlate to precession cycles 31–45 from Oyambre (Figure 5). According to this scenario, we revised
the correlation of short eccentricity cycles between Sites 1260 and 1263 for the interval in common along
chron C20r (supporting information Figure S7; Clement & Hailwood, 1991). The doubling of maxima cycle
38 in Site 1260 implies a shift of one short eccentricity cycle in the correlation of ODP Sites1260 and 1263.

We have also revised the identification of short eccentricity cycles within chron C20n in order to check the
consistency of its duration and evaluate features of the eccentricity amplitude modulation (supporting
information Text S2 and Figure S7). An outstanding fact is that the first 405 ky cycle above the C20r/C20n
reversal presents overall reduced amplitude when compared to the cycles above and below. This particular-
ity is crucial for anchoring the cyclostratigraphy of these records to orbital solutions and was used as a key
argument in the astronomical tuning by Westerhold and R€ohl (2013) and Westerhold et al. (2015), which we
sustain herein (see below). In this context, chron C20r/C20n reversal had been tuned within absolute 405 ky
cycle maximum 108 at about 43.5 Ma. The immediately younger 405 ky maxima is tuned to maximum 107,
which corresponds to a relatively low amplitude node related to the very long 2.4 My eccentricity modula-
tion cycle producing a minimum at about 43.15 Ma (supporting information Figure S7).

Taking the constrained 405 ky eccentricity cycles and magnetostratigraphy at Oyambre as the primary refer-
ence, we have performed a detailed correlation to the deep-sea records at the 100 ky short eccentricity
level (Figure 6).

This correlation is extended into precession cycle level for ODP Site 1260, as outlined previously. The geo-
chemical record from Site1260, which ends at about 135 rmcd, includes only 6 short eccentricity cycles
within C20r allowing only a correlation down to short eccentricity minima e5 from Oyambre. However, the
entire Oyambre cyclostratigraphy can be correlated at the 100 ky short eccentricity level to Site 1263 (Figure
6). The novelty of our correlation is the new interpretation of eccentricity cycle 38 from Site 1260 as a dou-
ble cycle, which involves a shift of one 100 ky cycle in the correlation between Sites 1260 and 1263. This
provides a consistent correlation framework and astronomical tuning between the considered deep-sea
records and the Oyambre section. The studied interval, which includes 15 100 ky eccentricity cycles and rep-
resents a duration of about 1.3 My is tuned to the �43.1–44.4 Ma age interval comprising the C20r/C20n
reversal. It is worth noting that the stratigraphic interval that extends from the eccentricity maximum
between cycles 9–10 to that between cycles 11–12 has a thickness of 32 m at Oyambre, while this interval
is 14 m thick at Site 1260 and 6 m at Site 1263 reflecting the expanded nature of the Oyambre section.

4.2. Cenozoic Time Scale and Absolute Age Calibrations
To fully appreciate the input that the astronomical tuning approach on sedimentary sequences is providing
to the construction of stable Geomagnetic Polarity Time Scales (GPTS), we shortly outline the main issues
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and historical pathways throughout the process (see supporting information Text S3; Cande & Kent, 1992;
Machlus et al., 2004; Singer, 2014). The three most recent instances of the GPTS along the middle Eocene
C18r to C21n interval (�40–48 Ma) are depicted in Figure 7.

Figure 5. Integrated cyclo-magnetostratigraphic correlation at precession cycle level between ODP Site 1260 and the
Oyambre section for the common interval spanning the lower part of chron C20n and upper part of C20r. (a) XRF (Fe)
data and Gaussian bandpass filters targeting the short (100 ky) eccentricity cycle (data and filter output from Westerhold
and R€ohl (2013). Numbering of individual precession cycles (155–183), short eccentricity (cycles 35–40) and long (405 ky)
eccentricity cycles (IX-X and their absolute number from present) as reported in Westerhold and R€ohl (2013). Precession
cycles in bold red color indicate cycles we interpret as double cycles following the correlation proposed herein (note that
we infer original cycle 38 as two short eccentricity cycles). (b) Oyambre lithologic log for the interval comprising preces-
sion cycles 19–60 (10–48 m) along with magnetic susceptibility and color datasets and respective Gaussian short eccen-
tricity filter outputs (100 ky eccentricity minima numbered in blue color). Two pictures of the cliff outcrop comprising
eccentricity cycles 7–11 are illustrated at the bottom (note the circled person for scale).
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The first cyclic marine outcrop succession along the middle Eocene that included a detailed magnetostratig-
raphy is the Contessa Highway pelagic section near Gubbio (Umbria, Italy) which is 55 m long and extends
from the top part of chron C21n to that of C18n.1n (Jovane et al., 2007) (Figure 11). The section was

Figure 6. Cyclo-magnetostratigraphic correlation and orbital tuning of the Oyambre section and ODP deep-sea Sites 1260 and 1263 based on 405 ky eccentricity
cycles. (a) Site 1263 data from Westerhold et al., 2015. (b) Orbital solutions La04 (Laskar et al., 2004), La10c-La10d (Laskar et al. 2011a) and La11 (Laskar et al.
2011b). (c) Site 1260. Data and numbers (green) on the eccentricity maxima defined by a filter output are from Westerhold and R€ohl (2013). (d) Oyambre lithologic
log with the magnetic susceptibility and short and long eccentricity filter outputs. Blue numbers correspond to the 100 ky cycle minima as defined at Oyambre in
this study and are transferred to all records and orbital solutions.
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astronomically tuned by Jovane et al. (2010) using magnetic susceptibility and carbonate proxy records
from about 10 m of section encompassing chron C19r. The astrochronology was derived by bandpass filter-
ing and taking the absolute age of the base of chron C19n at 41.521 Ma from CK95, subsequently matching
phases of the 405 ky output and the La04 astronomical solution. However, as noted by Westerhold and
R€ohl (2013), the Contessa record seems to be offset by a full 405 ky cycle at C20n and a half 405 ky cycle at
C19n when compared to the tuning of ODP Site 1260. Westerhold and R€ohl (2013) explained these discrep-
ancies by the impossibility to decipher the long eccentricity cycle in both magnetic susceptibility and

Figure 7. Comparison of geomagnetic timescales for middle Eocene Chron C18r-C21n interval and the La11 eccentricity
solution. The age of the base of C20n is reported for each timescale. (a) Standard Geomagnetic Polarity Timescales (GPTS)
based on CK95 (Cande & Kent, 1995), GTS2004 (Ogg & Smith, 2005) and GTS2012 (Ogg, 2012; Vandenberghe et al., 2012)
(see supporting information Text S3 for an overview of construction insights); astronomically tuned outcrops: Contessa
Highway section (Jovane et al., 2010) and terrestrial calibration from the Green River Formation (New Wilwood model)
(Smith et al., 2010; Tsukui & Clyde, 2012); ODP deep-sea records: Site 1260 (Westerhold & R€ohl, 2013), Site 1263 and Hole
702B (Westerhold et al., 2015). Small red dots with error bars mark the radioisotopic calibration points used for CK95,
GTS2004, GTS2012 (Mi, Mission Valley ash bed from California; Mo, Montanari ash bed from DSDP Hole 516F (see Table
28.1 in Vandenberghe et al., 2012, for details). (b) La11 orbital eccentricity solution (Laskar et al., 2011b) with the extracted
405 ky long eccentricity cycles (blue dashed line and blue numbers). The right panel is the eccentricity local wavelet
power spectrum. The very long �2.4 My eccentricity modulation cycles are marked by green strips centered at about
40.15, 43.2, 45.2 and 47.6 Ma, which can be visualized in the local wavelet spectrum. The circled numbers on the eccen-
tricity solution count the number of relative high amplitude short eccentricity cycles (black background) along the 405 ky
cycle maxima and the relative low amplitude short eccentricity cycles on the 405 ky cycle minima (white background).

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007367

DINAR�ES-TURELL ET AL. 800



carbonate data of the Contessa section. They further suggested a probable misinterpretation of the phase
relationship of eccentricity cycles that related thicker carbonate beds to long eccentricity minima, not prop-
erly addressed by Jovane et al. (2010).

In the terrestrial realm, the calibrated Eocene succession from the Green River Formation (central USA) is
dominated by fluvial and lacustrine facies interbedded with numerous volcanic tuffs that have been exten-
sively studied and dated radiometrically with the aim of improving the Eocene GPTS (Smith et al., 2010; Tsu-
kui & Clyde, 2012, and references there in). However, the correlation of sections in terrestrial environments
and the accurate age dating of ash layers is a complex task. For instance, Tsukui and Clyde (2012) dated 29
new tuffs within the Green River Formation and evaluated previous data in the basin, establishing a com-
plex chronostratigraphic framework and three different integrated age models (the NW, new Wilwood; new
model C and new model T-3). The favored NW model is reported in Figure 7. However, there appear to be
substantial differences in calibration and interpretation among different studies, leading to significant
inconsistencies (see Westerhold et al., 2015, for an overview).

Consequently, the Oyambre section reported herein is the first cyclic marine sequence that has resolved
magnetostratigraphy across the C20r-C20n reversal boundary while including an unambiguous cyclostratig-
raphy for a �1.4 My duration interval where the phase and eccentricity modulation patterns on precession
have been properly addressed. Its contribution to the time scale development is assessed below.

4.3. Orbital Tuning of the Middle Eocene Interval and Assessment of Orbital Solutions
Successful and accurate astronomical tuning of cyclic variations in the geological record to orbital target
curves and their modulation terms depends on several key issues. An obvious requirement is that geologic
records are complete and that composite records from deep-sea cores are properly constructed in addition
to adequate full recognition of cycles and their modulations. Uncertainties in radioisotopic dating, mostly
linked to issues regarding the age calibration of standards, are pivotal to astronomical tuning as they are
used as a first order constraint (see Sahy et al., 2017; Westerhold et al., 2012, for discussion). A final essential
limitation is the accuracy of the orbital solution target curves which is known to worsen beyond some age
back in the past (Laskar et al., 2004, 2011a, 2011b). It is generally accepted that the precession solution is
not accurate beyond �40 Ma and that it will never be possible to compute the precise evolution of the
Earth’s eccentricity beyond 60 Ma due to the chaotic behavior of the Solar System (Laskar et al., 2011b).
Testing the stability of the eccentricity solutions Westerhold et al. (2012) concluded that from the four
instances of the La10 orbital solutions (La10a-La10d) only La10d is reliable and should be used beyond 47
Ma. The authors also sustain that geological features in their studied oceanic records guarantee stability of
La10d and La11 (Laskar et al., 2011a, 2011b) back to �54 Ma. Given these limitations, a first order tuning cal-
ibration must rely on the more stable 405 ky long eccentricity cycle possibly anchored to a very long eccen-
tricity cycle minimum in the geologic data. The modulation of the 405 ky component is caused by the g4–
g3 beat (related to the precession of the perihelion of the Earth and Mars), of �2.4 My period (Laskar et al.,
2011a), which produces nodes of low amplitude in the eccentricity solution (Figure 7b).

The middle Eocene interval of interest here, which encompasses the C20r/C20n reversal, hinges around
42.7–43.8 Ma corresponding to the calibration age range for this reversal boundary on different timescales
(Figure 7a). Eccentricity orbital solutions for this interval are very similar (Figure 6b), reflecting their stability,
except for the 405 ky cycle 107 around 43.15 Ma which displays some minor differences that will be exam-
ined below. Excluding the Contessa section, which involves some problems outlined above, the first astro-
nomically tuned middle Eocene interval was established by Westerhold and R€ohl (2013) on ODP Site 1260
(Leg 207, tropical western Atlantic) which covers unique expanded middle Eocene sediments that capture
paleoceanographic variability in the precession band (magnetochrons C18r to C20r, late Lutetian to early
Bartonian) (Figure 7a). They stablished a relative time scale derived from cycle counting on the XRF Fe inten-
sity dataset and noticed that the amplitude modulation showed two clear minima separated by about 2.8
My. Subsequently, they looked for the nodes of the very long eccentricity cycles in the orbital solutions and
matched the first minimum from Site 1260 to 405 ky cycle 100 at 40.2 Ma in the orbital solutions and the
second minimum to cycle 107 at about 43.15 Ma (see Figure 7b and supporting information Figure S7). This
configuration of the very long eccentricity minima was further confirmed and strengthened by the same
authors after analysis of geochemical datasets from ODP Site 1263 from the Southern Atlantic incorporating
also data from ODP Site 1258 and DSDP Hole 702B (see Figure 1b for location) (Westerhold et al., 2015).
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Hence, the very long eccentricity minima located in the lower part of C20n that is correlated to 405 ky
eccentricity cycle 107 is the first order constraining tie for orbital tuning. Consequently, the cyclostratigra-
phy from all these records implies an age close to 43.5 Ma for the C20r/C20n reversal with the derived age
from Site 1260 being probably the best resolved from the oceanic records (Figure 7 and discussion above).

Data from the Oyambre section does not show clearly relative low amplitude along the interval correlated
with cycle 107 (Figure 6d). The fact that this upper interval contains numerous thin-bedded turbidites ham-
pers a definitive conclusion. In addition, the section is disrupted by a fault in its upper part, so the stratigraphic
interval that would correlate with cycle 106 is not preserved for comparison. In any case, short eccentricity
cycles 13–15 show lower amplitude than cycles 9–12 (which correspond to the immediately older cycle 108).

The most outstanding feature of the astronomical tuning of the Oyambre section across C20r/C20n and
below is that it has allowed a detailed correlation with Site 1260 revealing that the 405 ky minimum
between cycles 108 and 109 consists of two short eccentricity cycles not previously identified in the oceanic
Site (Figure 5 and discussion above), while 109 maximum is structured by two short high-amplitude cycles
traced to Site 1263 (Figure 6). Thus, from the cyclostratigraphic framework presented herein, we conclude
that the C20r/C20n reversal occurs in the central part of three high-amplitude short eccentricity cycles
within a 405 ky maximum (108 absolute maximum). The immediately older 405 ky minimum contains two
short eccentricity cycles (comprised by our short eccentricity cycles 7–9), then a maximum with only two
cycles (our cycles 5–7), and proceeding downward, a minimum with two cycles (cycles 3–5) and a maximum
containing 2 cycles (cycles 1–2) (Figure 6). Note that this arrangement is crucial, as the number of relative
high- and low-amplitude short eccentricity cycles that configure the 405 ky maxima and minima can be
diagnostic (varying between 2–3 and 1–2 respectively in the orbital solution, Figure 7b). In fact, the
sequence of 3-2-2-2-2 described above only fits the orbital solution when the 405 ky maxima that contains
the C20r/C20n reversal is tuned to absolute cycle 108 (Figure 6). Correlation with an immediately younger
or older 405 ky cycle would fail to match the relationship (e.g., cycle 109 contains only two high-amplitude
short eccentricity cycles). Correlation with other 405 ky cycles would imply similar incongruities. In addition,
such correlations would depart significantly from the constraining radiometric age of the Mission Valley Ash
(California, USA) near the base of C20n, which was reported at 43.35 6 0.5 Ma (Fish Canyon standard at
28.201 Ma) and used in GTS2012 (Figure 7a).

We will now scrutinize some details throughout the transition between 405 ky cycles 108 and 107 to study
which astronomical solution provides the best match for the geological record. As noted above, this is the
interval where the orbital solutions display the most significant differences. Given that La10d and La11 solu-
tions are very similar, only La11 will be compared to La04, as the latter includes the precession solution and,
in addition, it displays the most divergent solution at short eccentricity level for cycle 107 (Figure 6). Figure
8 portrays the two orbital solutions and the proxy data from Oyambre with tuned short eccentricity minima
cycles e9–e15. The main difference between both orbital solutions concerns the ages of their respective max-
ima and minima, in addition to some small amplitude variations (Figure 8). For instance, La04 implies only one
relative low-amplitude short eccentricity cycle at 43.3 Ma in the minimum between maxima 107 and 108,
while La11 includes two low-amplitude cycles that imply relative short durations of 74 ky and 64 ky (Figure
8b). Eccentricity cycles e10 and e11 consist of 5 precession couplets (cycle e10, counted from the marl layer
from couplets 45 to 50 and e11, couplets 50 to 55), which is consistent with tuned short eccentricity cycles
above 100 ky duration in both astronomical solutions. The maximum separating e12 and e13 is not very well
defined, as this interval corresponds to low-amplitude cycles. In any case, eccentricity cycle e12 is relatively
short as it contains only 3–4 precession cycles (55 to 58/59) (Figure 8c). The corresponding tuned interval in
the orbital solutions has a duration of 93 ky in the La04 solution and 77 ky in the La11 solution, suggesting
that the latter solution may possibly fit better the geological data. This is better appreciated counting together
the number of precession cycles between eccentricity minima e12 and e14 in Oyambre, which results in a
total of 7–8 precession cycles (55 to 62/63). In this case, the tuned interval corresponds to 9–10 precession
cycles in La04. La11 does not provide the precession target solution but implies a duration of 138 ky (64 ky
plus 74 ky), fitting better the observed cycles at Oyambre. The interval from e14 up to the top of the Oyambre
section is more complex, as has numerous interbedded turbidites that could affect the data proxies (e.g.,
diluted turbidites could blur the pelagic record). Moreover, the color and susceptibility data are not perfectly
consistent along this interval, leading to discrepancies between short eccentricity filter outputs. Consequently,
we refrain from making further inferences on the matching with the orbital solutions.
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Overall, it is difficult to determine conclusively which of the two orbital solutions matches better the geo-
logical data, but La11 (and consequently also La10d) seems to fit better. Longer geological records covering
older intervals where orbital solutions depart more significantly might be more useful for discrimination by
using the very long �2.4 My eccentricity modulation as first order constraint. These low amplitude nodes
appear to be consistently shared in the Paleocene La10d and La11 astronomical solutions back to a node at
about 60 Ma, where they diverge for about 8 My until a common node at about 68.1 Ma. The study of the

Figure 8. Evaluation of the correlation of orbital solutions and the Oyambre section along absolute 405 ky long eccentricity cycles 107–108 (�42.9–43.7 Ma)
encompassing the C20r/C20n chron reversal boundary. The duration of some intervals from consecutive maxima and minima on the orbital solutions are indicated.
(a) La04 precession and eccentricity orbital solution. (b) La11eccentricity orbital solution. (c) Oyambre lithological log and magnetic susceptibility and color proxy
records with the Gaussian bandpass short eccentricity filter and identification (blue numbers) of corresponding minima (cycles 9–15).
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early Paleocene interval 61–66 Ma from the Zumaia section tied to deep-sea records from the Atlantic and
Pacific oceans suggested that the La11 nominal solution offered the best match to the geologic record
(Dinarès-Turell et al., 2014). However, the recent study of geochemical records that register eccentricity
modulations from ODP Sites 1258 (Leg 207, Demerara Rise), 1262, 1263, 1265, and 1267 (Leg 208, Walvis
Ridge) in the equatorial and South Atlantic Ocean (Westerhold et al., 2017) showed a better fit with the
La10b eccentricity solution along the Ypresian interval (Early Eocene, 56–47.8 Ma). This should prompt fur-
ther investigation using sufficiently long sections in which eccentricity modulations on precession can also
be gathered. The availability of expanded successions outcropping in land should be sought in order to
support the findings from the oceanic records.

5. Conclusions

New magnetostratigraphic data from the Oyambre section, which refines the position of the chron C20r/
C20n reversal boundary, combined with high-resolution low-field magnetic susceptibility and color proxy
records, have permitted the spectral analysis of the data and the recovery of the amplitude modulations
that orbital eccentricity exerts on precession. The expanded stratigraphy (which doubles the sediment accu-
mulation rate of ODP Site 1260 from the Atlantic; Westerhold & R€ohl, 2013) has allowed a fine correlation of
the precession related lithological marl-limestone couplets from Oyambre with the precession cycles from
Site 1260 and at eccentricity level with other records studied in Westerhold et al. (2015) (ODP Site 1263 and
DSP Hole 702B). This consistent framework has demonstrated that eccentricity cycle 38 from Westerhold
and R€ohl (2013) is resolved as two 100 ky eccentricity cycles. This reinforces the idea previously exposed for
the early Paleocene (Dinarès-Turell et al., 2014) that the use of filtering techniques may be challenging
when applied to records with irregular sedimentation rates. Correlation between Site 1260 and 1263 is now
shifted to one 100 ky eccentricity cycle older with respect to Westerhold et al. (2015). In this study, our tun-
ing along C20r constrains the age of the base of C20n at about 43.5 Ma (43.45 6 0.21 Ma using Oyambre
data and La04 precession tuning) in 405 ky absolute eccentricity cycle 108, thus validating the very long
eccentricity minimum 107 at its base as proposed earlier (Westerhold et al., 2015). Our data conclusively
rules out correlation with a younger or older 405 ky cycle. Consequently, this anchoring point constrains
the middle Eocene time scale construction, representing a significative achievement that sheds light on any
future attempts to solve and substantiate the still debatable middle Eocene astronomical timescale gap.
Expanded orbitally resolved successions outcropping in land are therefore valuable to validate orbital chro-
nologies from deep-sea records. Future integration of validated long deep-sea records and successions out-
cropping in land should help to decipher which astronomical solution matches best the geological record
and to conclusively erect a stable Paleogene astronomical time scale.
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