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The standard Geological Time Scale for the Cretaceous is still largely based on seaﬂoor anomaly proﬁles
combined with radio-isotopic tie-points. The astronomical tuned time scale with its much higher
resolution and accuracy has recently been extended to the K/Pg-boundary and is being extended into
the Cretaceous. To construct such a time scale for the Cretaceous, we selected the upper Maastrichtian
of the Zumaia section in the Basque country (northern Spain) which contains a cyclic alternation of
limestones and marls deposited in a hemipelagic setting. The Paleogene portion of the Zumaia section
has previously been studied for a joint cyclostratigraphic–radioisotopic intercalibration of the age of
the K/Pg boundary. Here we present a high-resolution cyclostratigraphic framework for the upper
Maastrichtian (Latest Cretaceous) of the Zumaia section in the Basque country (northern Spain), with
new biostratigraphic and magnetostratigraphic data. Bed-to-bed correlation with the nearby Sopelana
section provides additional bio- and magnetostratigraphic constraints. The stacking pattern of the
lithologies shows a hierarchy that reﬂects the combined inﬂuence of the orbital parameters of
precession and eccentricity. This is conﬁrmed by time series analyses of lithological and geochemical
data, indicating a strong inﬂuence of eccentricity-modulated precession on latest Cretaceous climate.
The expression of the 405-kyr eccentricity cycle serves as primary signal for astronomical tuning. We
provide two tuning options depending on absolute K/Pg-boundary ages of 65.56 and 65.97 Ma.
The logged part of the section encompasses nine and a half 405-kyr cycles in total and spans
3.9 Myr. The acquired cyclostratigraphic framework provides ages for characteristic planktonic
foraminiferal events, magnetic reversals and carbon isotope excursions and resolves the late Maastrichtian time scale in unprecedented detail with relative age uncertainties o 100 kyr. The high
resolution and large amplitude of shifts in d13C on the 405-kyr and 1.2-Myr scales allow for global
correlation and may shed more light on the orbital pacing of Late Cretaceous climate.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
Astronomical tuning of cyclic climate records of Late Cretaceous
age has the potential to signiﬁcantly reduce current uncertainties
in the Geological Time Scale. Until recently, the magnetic polarity
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time scale for this time interval was constructed using seaﬂoor
anomaly proﬁles in combination with a limited set of radio-isotopic
tie-points (Gradstein et al., 2004; Cande and Kent, 1995). Resultant
ages typically have uncertainties up to 0.5 Myr. Astronomical
tuning has allowed for a much more detailed and accurate
chronology for the younger Cenozoic parts of the Geological Time
Scale: most of the Neogene is tuned on the precession and obliquity
scale, although uncertainties remain in its older part (Lourens et al.,
2004), and most of the Paleogene to the long 405-kyr eccentricity
cycle (Pälike et al., 2001; Dinare s-Turell et al., 2003; Röhl et al.,
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2003; Lourens et al., 2005; Pälike and Norris, et al., 2006; Pälike and
Hilgen, 2008; Westerhold et al., 2008, 2012; Westerhold and Röhl,
2009; Hilgen et al., 2010). In view of recent improvements in the
astronomical solution (e.g., Laskar et al., 2011), the tuning is being
extended into the Late Cretaceous, using only the stable 405-kyr
eccentricity cycle for age-assignment.
Herbert (1999) used the expression of the long eccentricity
modulation of precessional amplitude in reﬂectance records of
South Atlantic Deep Sea Drilling Project (DSDP) cores from sites
516F, 525A, 527 and 528 (South Atlantic) to establish an astronomical estimate for durations of Late Cretaceous magnetochrons.
This resulted in a ﬂoating chronology that gives durations, but not
ages, as it was not anchored to orbital target curves. Husson et al.
(2011) have recently improved and extended these estimates
through direct astronomical tuning of magnetic susceptibility
records from Ocean Drilling Program (ODP) Leg 207 (equatorial
Atlantic) and 208 (South Atlantic), and grey level variations from
ODP-Leg 122 (Indian Ocean) and DSDP-Leg 74 (South Atlantic).
They presented two tuning options, following existing uncertainties in the tuning of the Paleocene (Westerhold et al., 2008; Kuiper
et al., 2008; Hilgen et al., 2010).
A suitable section for independently testing the tuning of the
Maastrichtian is the Zumaia section located in the Basque country in
northern Spain (Fig. 1). These coastal cliffs are famous for their
rhythmically bedded Late Cretaceous to Eocene deposits of hemipelagic limestones and marls and form a classical site for paleoclimatic studies, magnetostratigraphic, biostratigraphic and cyclostratigraphic studies (Herm, 1965; Percival and Fischer, 1977; Lamolda,
1990; Ward et al., 1991; Ward and Kennedy, 1993; ten Kate and
Sprenger, 1993; Pujalte et al., 1995; Dinare s-Turell et al., 2003; Elorza
and Garcı́a-Garmilla, 1998; Gómez-Alday et al., 2008). Carbon and
oxygen isotope values have been reported in low resolution for the
upper Maastrichtian and lowermost Danian interval in Zumaia
(Mount et al., 1986; Margolis et al., 1987), for an 85 m MidMaastrichtian interval (Paul and Lamolda, 2007) and for the Paleocene interval (Schmitz et al., 2011). Recently, two GSSPs have been
ratiﬁed in Zumaia, marking the bases of the Thanetian and Selandian
stages of the Paleocene (Schmitz et al., 2011). The Zumaia section is
one of the reference sections for the K/Pg-boundary interval, which is
well exposed and contains an iridium anomaly and extinction events
of planktonic foraminifera (Smit and ten Kate, 1982; Alvarez et al.,
1982; Pujalte et al., 1995; Apellaniz et al., 1997). The section plays an
important role in determining the age of the K/Pg-boundary, which is
currently under discussion.
In this study, we focus on the Maastrichtian part of the Zumaia
section to complement and improve the cyclostratigraphic framework and tuning of the Late Maastrichtian. We present a detailed
magnetobiostratigraphy and continuous, high-resolution records
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of carbon isotopes, reﬂectance and magnetic susceptibility of the
rhythmically bedded Late Maastrichtian part of the Zumaia
section. Following the identiﬁcation of the 405-kyr cyclicity in
these records, the Zumaia section is tuned to provide astronomical
ages of biostratigraphic, magnetostratigraphic and stable isotope
events, for regional and global correlation. Finally, a comparison
with existing time scales is made, and the astrochronologies of
Husson et al. (2011) and Thibault and Husson et al. (2012) are
independently tested.

2. Geological setting and sections
2.1. Basque-Cantabric basin of Spain
The Zumaia section, together with the Bidart, Hendaye and
Sopelana coastal sections, as well as the Trabakua section further
in-land (Pujalte et al., 1998), contains marine sediments that
were deposited in the ﬂysch trough of the Basque-Cantabric basin
(Fig. 1) (Mary et al., 1991; Pujalte et al., 1995; Pujalte et al., 1998).
This interplate trough was formed in the Early Campanian, as
smaller basins from previous rifting stages joined at the start of
the Pyrenean convergence (Pujalte et al., 1998). Whereas the
lower Maastrichtian in Zumaia is represented by a thick turbidite
succession, deposited during an interval of increased subsidence,
the Upper Maastrichtian to Paleocene was characterised by
relative tectonic stability, and only slight subsidence (Pujalte
et al., 1998). Limestones, marls and occasional turbidites were
deposited in a hemipelagic setting with an estimated water depth
of 800–1500 m. The basin opened into the Bay of Biscay to the
west and was surrounded by shallow shelf areas (Pujalte et al.,
1998).
2.2. Studied sections
2.2.1. Zumaia
The Upper Maastrichtian interval at Zumaia spans 145 m and
is composed of rhythmically bedded limestones and reddish
marls with thin intercalated siliciclastic or calcareous turbidites.
These turbidites, although they are many (ten Kate and Sprenger,
1993), do not disrupt the pattern of alternating limestones and
marls in the Upper Maastrichtian portion of the section. The
sequence of alternating marls and limestones reveals cyclicity on
different scales, as summarised in Table 1. On a large scale of
 40 m, there are overall changes in carbonate (light) and clay
(purple-red) content, which make the expression of the smallest
scale alternations (  77 cm) quite variable. The  20 m-intervals

Fig. 1. Paleogeographic setting (Gómez-Alday et al., 2008), simpliﬁed geologic map of the study area, from Pujalte et al. (1998) and schematic stratigraphic log from Ward
et al. (1991) with members as distinguished by them.
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Table 1
Different scales of lithological alternations in the Zumaia section.
Scale of
alternation

Lithological expression

Interpreted depositional mechanism

 77 cm

Couplets of either limestone/marl alternations or marl/marl alternations with differences in
resistance and colour (lightness and redness)
Bundles of ﬁve  80-cm couplets, mostly expressed in the marlier parts of the cycles, by increased
thickness, darkness and redness
Groups of four  4-m bundles, bounded by characteristic couplets with a limited and thinner
expression of the marlier part of the couplet
Variations in colour (greyness and redness) and resistance

Individual precessional cycles of  21 kyr

4 m
 16 m
 40 m

Short term eccentricity cycle of  100 kyr
Long term eccentricity cycle of 405 kyr, with a
distinctive expression of the minima
Long term (  1.2 Myr) variations in carbonate
and clay content

with the recognition of the large-scale ( 40 m) alternation as has
previously been reported by Ward et al. (1991) (Fig. 3). The
Sopelana section has been successfully studied for low-resolution
magnetostratigraphy providing approximate locations for several
reversals (Mary et al., 1991; Moreau et al., 1994).

Fig. 2. Part of the Zumaia section displaying the hierarchical stacking pattern
with couplets in bundles of ﬁve, and these in groups of four, interpreted as the
 100-kyr and 405-kyr periodicities, respectively. The black lines indicate the most
prominent marls.

of purple marls have been interpreted in terms of sequence
stratigraphy as Lowstand Slope Fan complexes, and the  20 m
grey-red limestone-marl alternations as Transgressive/Highstand
Systems Tract deposits (Pujalte et al., 2000). The smallest scale
(  77 cm) alternations consist of lighter and darker marls in the
lowstand units and of alternating limestones and marls in the
transgressive/highstand units. These small scale alternations, or
couplets, are grouped in bundles of ﬁve ( 4 m), and these again
in groups of four (Figs. 2 and 3) that have an average thickness
of  16 m. As the thickness ratios (0.77:4:16 m equals 1:5:20)
agree with the ratio of the periodicities of eccentricity modulated
precession (21.8:100:405 kyr equals 1:5:20), we interpret the
individual couplets as the expression of the precessional cycle.
The variations in colour and resistance, most prominent in the
marly units of the couplets, were recorded in high detail in the
stratigraphic log and the couplets were numbered (Fig. 3). A total
of 189 precessional cycles have been identiﬁed, including four
couplets with very poorly expressed marls that have been marked
with ‘‘a’’ and ‘‘b’’ (Fig. 3).
2.3. Sopelana
The Sopelana section also forms part of the Basque Maastrichtian succession and shows a similar alternation of limestones and
marls, without the occurrence of turbidites. The Upper Maastrichtian interval of the Sopelana section is characterised by a
number of faults, but despite these, the following intervals can be
correlated to the Zumaia section by recognition of patterns and
marker beds: from cycles 13 to 29, 79 to 117, 145 to 153, and
from cycle 156 downwards, where the section is undisturbed.
Only those intervals in Sopelana that have been sampled for
paleomagnetism have been incorporated in the log (Fig. 3). These
display excellent bed-to-bed correlation, which is in agreement

2.3.1. Bidart
The coastal cliffs of the Bidart section in south west France,
south of Biarritz, reveal faults but the succession is continuous
over the K/Pg boundary interval (Galbrun and Gardin, 2004).
Approximately 8 m of Maastrichtian redbrown marls and marly
limestones, of which the top 30 cm are grey, are overlain by the
clay-rich boundary layer, green at its base, and Danian limestones. Samples for biostratigraphic analysis have been taken
in the marliest intervals of the topmost 8 m of Maastrichtian
sediments.

3. Materials and methods
3.1. Sampling
To obtain climatically sensitive proxy records, samples were
taken with hammer and chisel throughout the Zumaia section,
in a high resolution of 5–10 samples per limestone/marl couplet
(e.g. precession cycle), at an average distance of 10 cm. These
samples were analysed for stable carbon isotope ratios, magnetic
susceptibility and colour reﬂectance, after which time series
analysis was applied to the records. Oriented cores were drilled
for paleomagnetic analyses in both the Zumaia and Sopelana
sections, and additional samples were taken in the Zumaia,
Sopelana and Bidart sections for the detection of biostratigraphic
marker events.
3.2. Biostratigraphy
The ﬁrst occurrences of four species of planktonic foraminifera,
Contusotruncana contusa, Abathomphalus mayaroensis, Racemiguembelina fructicosa and Plummerita hantkeninoides, are recognised in the
Basque sections. These species are important biostratigraphic markers, used for deﬁning biohorizons in the Late Maastrichtian, and
possess clear characteristics that allow them to be distinguished
from similar species (Supplementary text).
For A. mayaroensis, R. fructicosa and C. contusa, samples were
taken from marly lithologies in selected intervals in Zumaia and
Sopelana. Hundreds of specimens were studied in the fraction 250–
630 mm. Samples for P. hantkeninoides were taken in Sopelana and
in the coastal section of Bidart, France. The Bidart section has a
good exposure of the K/Pg-boundary interval (Galbrun and Gardin,
2004) and the bedding pattern can be correlated to Zumaia.
For P. hantkeninoides, thousands of specimens from the fraction
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Fig. 3. Stratigraphic log of the Zumaia section and selected intervals of the Sopelana section with key biostratigraphic events and magnetostratigraphy from this study.
Grey roman numerals indicate the intervals identiﬁed by Ward et al. (1991). The half circles in deep purple indicate the 405-kyr eccentricity minima, the lighter half circles
indicate the 100-kyr bundling. White numbers are cycle numbers.
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100–300 mm were analysed, because of its rare occurrence along
the Basque coast.

3.3. Magnetostratigraphy
With a gasoline-powered drill, 111 oriented samples were taken
in the Zumaia section and 140 in Sopelana, with two samples per
limestone and one per marl. Two intervals were sampled in the
Zumaia section (cycles 84–94 and 145–185) and three in Sopelana
(cycles 13–29, 82–103 and 157–180), based on previously identiﬁed reversal boundaries by Mary et al. (1991). From each oriented
sample level, one specimen was thermally demagnetized in a
magnetically shielded furnace using numerous small temperature
increments, at 20, 80, 120, 150, 180, 200, 220, 240, 300, 320, 340,
and 360 1C. For some samples, the thermal demagnetization was
continued up to 550 1C. The natural remanent magnetization (NRM)
was measured on a 2 G Enterprise horizontal cryogenic magnetometer equipped with DC SQUIDS (noise level 3  10  12 A m2) at
the Paleomagnetic Laboratory Fort Hoofddijk, the Netherlands. The
directions of the NRM components were calculated by principal
component analysis (Zijderveld, 1967; Kirschvink, 1980). Mean
directions were determined for the individual sections using
standard Fisher statistics. The 511 and 581 tilt, respectively, (bedding orientation at Zumaia 110/51 and at Sopelana 129/58; strike/
dip) helped to distinguish primary (pre-tilt) from secondary (posttilt) components and to recognise the present-day ﬁeld overprint
(Dec/Inc; 359/58).

3.6. Time series analyses
Time series analyses on all datasets (Figs. 4 and 5) were
performed with the programme Redﬁt, which is designed to
estimate red noise spectra from unevenly spaced data series
(Schulz and Mudelsee, 2002). Furthermore, wavelet analysis
was applied to expand the time series in time frequency space
(Grinsted et al., 2004) after removal of periodicities over 25 m in
Matlab with the function idealﬁlter (Matlab 7.9.0, The MathWorks, Natick, MA, 2009). Band-pass ﬁlters centred at  16 m
were applied with AnalySeries (Paillard et al., 1996) to reveal
variations in the dominant cycle.
3.7. Astronomical target curve
Until recently, orbital tuning to astronomical target curves was
limited to 40 Ma, with the La2004 solution (Laskar et al., 2004).
New advances in the construction of planetary ephemerides have
enabled extension to 50 Ma with the La2010 solution (Laskard and
Fienga et al., 2011), and to 55 Ma with the new astronomical
solution La2011 (Laskar and Gastineau et al., 2011), adjusted to
the INPOP10a ephemeris (Fienga et al., 2011). Besides the nominal
solution, different solutions were generated with changes in the
initial positions of the planets and the asteroids, to evaluate the
solution’s stability. Earth’s eccentricity cannot be precisely calculated beyond 60 Ma, and only the stable 405-kyr cycle can be used
for astronomical tuning (Laskar and Gastineau et al., 2011) The
405-kyr cycle from the La2011 solution was used by Westerhold
et al. (2012) to establish an astronomical time scale for the Early
Paleogene.

3.4. Geophysical properties
Magnetic susceptibility was measured in the petrophysical
laboratory of the IAMC-CNR in Naples (Italy) with a Bartington
MS2E Point sensor to measure low-ﬁeld magnetic susceptibility
(MS) on the surface of all samples (Fig. 4). The repeatability of the
measurements was good (within 0.12%, 1s, based on all samples)
but the values show scatter, which may be due to surface
irregularities and the generally low values.
The total light reﬂectance (Ln, in %) of all samples was
measured in the same laboratory with a Konica Minolta Spectrophotometer CM 2002 on the surface of the rock fragments (Fig. 4).
This records the percentage of reﬂected energy (RSC) at 31
wavelengths in 10-nm steps, over the visible spectrum from
400 to 700 nm. The precision was estimated at 1.2% (1s, 173
repeated samples).

4. Results
4.1. Biostratigraphy
The ﬁrst occurrences of four species of planktonic foraminifera
are indicated in Figs. 3 and 5. The FO of C. contusa was found in
cycle 150 in Sopelana, corresponding to a stratigraphic level of
119 m in Zumaia. In the Zumaia section itself, the species was ﬁrst
found in cycle 149. Of R. fructicosa, the FO was in cycle 128 in both
Zumaia and Sopelana, at 105 m depth in Zumaia. The FO of
A. mayaroensis was found in cycle 115 in both Zumaia and
Sopelana, at 92 m in Zumaia. For P. hantkeninoides, the FO was
in cycle 5 in Sopelana, corresponding to a depth of 4 m in Zumaia.
In Bidart, the species was ﬁrst encountered one couplet above.
4.2. Magnetostratigraphy

3.5. Carbon isotope stratigraphy
Two samples for stable carbon isotope analysis (Fig. 5) were
selected per couplet, one in each lithology. A small amount of
powder was obtained with a small handheld 2 mm drill or with a
micro-mill. The powders were heated to 400 1C to remove organic
components. Analyses were performed in the geochemistry
laboratory at the IAMC-CNR (Naples, Italy) with an automated
continuous ﬂow carbonate preparation GasBenchII device and a
ThermoElectron Delta Plus XP mass spectrometer. Acidiﬁcation
of samples was performed at 50 1C. Samples were calibrated to
Vienna Pee Belemnite using an internal standard (Carrara Marble
with d13C¼2.43%VPDB) and NBS19. The precision/repeatability
of d13C measurements was estimated at 0.14% (1s), on the basis
of 41 replicate samples. All isotope data are reported in per mil
(%) relative to the VPDB standard. Measurements with extremely
negative values for d13C were repeated. Five outliers outside a
9-point moving average 72s were excluded.

4.2.1. NRM behaviour
In general, the quality of the demagnetization data is relatively
poor, which hampers a reliable interpretation in several parts of
the selected sections. In all samples, a randomly oriented viscous
component is ﬁrst removed between 20 and 80 1C. Upon further
heating a second component is removed, in general up to 200/
220 1C. The direction of the second component is random in all
sections, except for some reverse samples in the upper two
intervals in Sopelana, which display a present-day ﬁeld overprint.
Heating up to 360 1C did not yield reliable directions for all
samples as many samples displayed a randomly oriented increase
of NRM intensity starting from 300 1C (Supplementary Fig. 1,
SZ17-1p). Post-depositional processes might have affected the
paleomagnetic signal in the Zumaia and Sopelana sections as has
been described for the Sopelana section by Moreau et al. (1994).
In the case that the demagnetization revealed only one component and the NRM intensities at 220 1C are extremely high (above
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Fig. 4. Stratigraphic log of the Zumaia section with total reﬂectance Ln on the left and magnetic susceptibility on the right, with three-point moving averages plotted over
the data series. The data are ﬂanked by their band-pass ﬁlters (black lines) and wavelet analyses (for the latter two a notch ﬁlter was applied to remove periodicities larger
than 25 m). The band-pass ﬁlter of the reﬂectance is centred at 15.7 m (bandwidth 12–22 m), and the ﬁlter for magnetic susceptibility is centred at 18.9 m (bandwidth of
12–40 m). Bandwidths are broad to allow for detection of the smallest long-term periodicity of  12 m as observed in the wavelet spectrum. The horizontal lines indicate
the stratigraphic levels that are identiﬁed as 405-kyr minima; the black Ma405no.s indicate the 405 eccentricity cycles following the nomenclature of Husson et al. (2011);
the orange bands indicate major transitions in the lithology.
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Fig. 5. A Chemo-, bio-, magnetostratigraphic framework for the Zumaia section. (1) The d13 C record, with a band-pass ﬁlter centred at 16.6 m (in black, with a bandwidth
of 11–31 m, to allow for detection of the smallest long-term periodicity  12 m as indicated in the wavelet spectrum). The black Ma405no.s indicate the 405 eccentricity
cycles following the nomenclature of Husson et al. (2011). Prominent negative shifts, as listed in Table 2, are indicated by black arrows accompanied by their tuned ages,
(2) The identiﬁed 405-kyr minima with ages obtained by tuning to the new La2011 solution (Laskar et al., 2011), assuming a K/Pg-boundary age of 65.97 Ma, (3) The ﬁrst
occurrences of four species of planktonic foraminifera, of which the lower three are considered reliable global markers and (4) The tuned ages of magnetic reversals
C31r/C31n and C30n/C29r, the latter based on correlation to Westerhold et al. (2008) (see supplementary Fig. 2).

0.2 A/m; similar to suggestions of Moreau et al. (1994), we
consider these directions as being related to the process of
remagnetization and therefore unreliable. These samples are
mainly from the marly lithology, which is conforming to the

ﬁndings of Moreau et al. (1994). On the other hand, some samples
could be heated up to 550 1C (supplementary Fig. 1, So3), and
the resultant direction of this third component did not differ from
the direction yielded between 200–220 1C and 300–360 1C. In

Table 2
Tuned ages of chemo-, bio- and magnetostratigraphic events, compared to Husson et al. (2011), Thibault and Husson et al. (2012), the Geologic Time Scale 2004 and 2008 (Gradstein et al., 2004), Cande and Kent (1995), Herbert et al.
(1995) and Herbert (1992, 1999). Uncertainties in this study are based on the uncertainty in the position of an event, uncertainty in the astronomical target curve (0.023 Myr) and uncertainty in the cyclostratigraphic interpretation (two
precessional cycles, 0.044 Myr). For this study, the age of the base of C29r is based on correlation to Westerhold et al. (2008) (see supplementary Fig. 2). Cycle nr and depth refer to (correlation to) the Zumaia section.
This study

Gradstein et al. (2004)
and Ogg et al. (2008)
Section

Cycle no.

Depth (m)

K/Pg

Correlated

18

13.8

Option 2

65.56
7 0.02

65.97
7 0.02

65.91
7 0.09

66.31
7 0.09

65.5

65.59
7 0.07

66
7 0.07

65.97c

65

65.973

65.861

65.89
7 0.08
67.79
7 0.08
67.91
7 0.07
68.81
7 0.07
3.22

66.3
7 0.07
68.2
7 0.07
68.32
7 0.07
69.22
7 0.07
3.22

66.376

65.578

68.165

67.61

66.347
7 21
68.047

68.338d

67.735

68.152

68.737

69.077

3.74

3.107

C31n/C30r

67.809
152/153

121.5

Duration C31r/C31n—K/Pg
Planktonic foraminifera
FO P. hantkeninoides

Sopelana
(Bidart 1 cycle up)

5

3.6

FO A. mayaroensis

Zumaia, Sopelana

115

92.4

FO R. fructicosa

Zumaia, Sopelana

128

105.0

FO C. contusa

Sopelana
(Zumaia 1 cycle up)

150

119.9

68.77
7 0.08
3.22

69.19
7 0.08
3.22

65.64

66.05

7 0.08
68.03
7 0.08
68.28
7 0.08
68.73

7 0.08
68.42
7 0.08
68.69
7 0.08
69.14

7 0.08

7 0.08

65.80
7 0.07
66.18
7 0.07
66.54
7 0.07
67.12
7 0.07
67.45
7 0.07
68.34
7 0.07

66.21
7 0.07
66.59
7 0.07
66.95
7 0.07
67.52
7 0.07
67.85
7 0.07
68.74
7 0.07

d13C shifts
No.1 (  1.0%)

Zumaia

13

10.5

No. 2 (  1.1%)

Zumaia

29–35

24.8

No. 3–0.9%

Zumaia

48–51

39.4

No. 4 (  1.4%)

Zumaia

72–76

59.4

No. 5 (  0.9%)

Zumaia

86–89

70.6

No. 6 (  1.2%)

Zumaia

131–134

109.7

Herbert
(1995b, 1999)

Option 2

67.696

Zumaia

Cande and
Kent (1995)

Option 1

C30r/C30n

C31r/C31n

Thibault et al.
(2012)a

68.732
3.23

68.36
69.62
69.49
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Magnetic reversals
C30n/C29r

Option 1

Husson et al. (2011)

a

Uncertainties for the estimates of the durations (not for the ages) are listed in the original publication.
The age of the C30n/C29 reversal was taken from Herbert et al. (1995), the other ages from Herbert (1999).
c
A K/Pg-boundary age of 65.97 Ma was chosen here for comparison.
d
The duration of chron C30r is uncertain due to a recovery gap.
b
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both intervals in Zumaia and in Sopelana from cycles 82 to 103,
this 200–360 1C temperature component has dual polarity and
could be interpreted as primary characteristic remanent magnetization (ChRM) component. The mean direction of this stable
magnetic component is plotted on equal area projections (supplementary Fig. 1). These reveal a slight non-antipodality of the
normal and reverse directions, but the data do not pass the
reversal test. The slight non-antipodality is most likely related
to the weak NRM intensities, which make it difﬁcult to isolate the
primary component from an overprint component, related to
overlapping blocking temperature of the magnetic carrier. The
ChRM directions of the third component are plotted in stratigraphic order (Fig. 3).

4.2.2. C30n/C29r chron boundary
The interval spanning the possible position of the C30n/C29r
boundary was sampled in Sopelana, from cycles 13 to 29. In this
section, the middle part, from cycles 16 to 23, seems to show
reverse polarity, but the majority of the samples in the lower and
upper intervals is of unreliable quality, which may be indicative of
a later overprint.

4.2.3. Interval within C31n–C30n
In both the Zumaia and Sopelana section, an interval has been
sampled that corresponds to a previously identiﬁed short reverse
interval in Sopelana, which was thought to represent C30r (Mary
et al., 1991). In Zumaia (cycles 84–94) the demagnetization data
are of poor quality. At the top of the section, polarities are normal,
with a reversal boundary between 68.2 and 69.0 m, within cycle
85b. The following 3.5 m, cycles 86–89, seem to have reverse
polarity. The lowermost  3.5 m have uncertain polarity as
normal as well as reverse directions mark this interval.
In Sopelana (cycles 82–103), the top of the sampled interval
also seems to show reverse polarity, with a reversal at 4.1 m,
within cycle 85b. Down to cycle 88, in the interval between 6.2
and 4.1 m, most samples show a reverse polarity. In the interval
from cycles 89–100, from 6.2 to 13.4 m, the samples that are
considered most likely reliable have normal polarity. However, six
levels, of which four within carbonates (at 11.79, 9.90, 8.61, and
7.73 m; example SZ 17-1 supplementary Fig. 1) and two within
marls (at 8.45 and 7.23 m), seem reliable and suggest a reverse
polarity. Example SZ 17-1 shows an increase in NRM intensity and
a diversion from a progressive decay line towards the origin upon
heating above 300 1C. Therefore, we indicate this interval as
having uncertain polarity and we cannot exclude that the reverse
polarity might extend down to cycle 100. From cycle 101 downwards, between 15 and 13.4 m, the resulting polarity is normal.

4.2.4. C31r/C31n boundary
The interval spanning the C31r/C31n boundary has been
sampled fully in Zumaia, and partially in Sopelana (due to the
presence of faults). Plotting the ChRM of the 200–300 1C components of samples ZZ 1 to 72 from cycles 145 to 185 from Zumaia
on equal area projections (supplementary Fig. 1) clearly shows
dual polarity. Even though the directions are non-antipodal, we
consider these ChRM reliable. The lower 23.5 m of this interval
has reverse polarity, whereas the upper 4 m is of normal polarity.
The reversal boundary is located at the top of cycle 153, at
121.5 m. It is well deﬁned and in agreement with data of Mary
et al. (1991) from Sopelana.
In Sopelana, samples yielded reverse polarity, from cycles 161
to 166, and 173 to 180. In the uppermost interval between 3.2 and
0.5 m, the quality of the demagnetization data is too poor to yield
any reliable polarity.

4.3. Cyclostratigraphy
4.3.1. Geophysical data
The magnetic susceptibility and the total reﬂectance record (Ln)
vary in close agreement to the observed alternations in the lithology
(Fig. 4). For example, the  77-cm periodicity is particularly well
discernible in the magnetic susceptibility record between 60 and
80 m depth, where this signal is bundled in groups of ﬁve that vary
in amplitude on the 16-m scale. Both records show remarkable
shifts ( 18% in Ln, þ 14 SI in MS) at depths around 59 and 110 m,
reﬂecting abrupt changes in lithology form carbonate-rich sediments below to marlier sediments above.
The magnetic susceptibility record shows main periodicities in
the spectrum (estimated by Redﬁt) at 56 and 18.8 m, and at 84.2
and 72.5 cm (Fig. 4). In the wavelet analyses (for which periodicities
larger than 25 m were removed by notch-ﬁltering) the  19-m
periodicity is strongly present throughout the record. In two intervals, from 30 to 70 m and more strongly from 110 to 120 m, the
periodicity is shifted towards smaller values, around 12 m. The
wavelet analysis also shows a periodicity around 4 m, albeit of
less signiﬁcance, that is similarly shifted towards smaller values.
The  12-m and  4-m periodicities are most prominently present
in the record around 58 and 109 m in the stratigraphy. Finally, there
are periodicities around 80 cm throughout the record, except for the
interval 110–120 m. The band-pass ﬁlter centred at 19 m (bandwidth 12–40 m) shows 10 large-scale minima.
The reﬂectance record (Ln) has its main periodicities at 47.0 and
15.7 m and 72.3 cm (Fig. 4). The wavelet analysis shows a strongly
present 16-m periodicity throughout the record, which is somewhat shifted to lower values in the interval from 50 to 70 m and
strongly shifted to a length of 12 m in the interval 100–120 m.
There is an additional periodicity around 4 m, visibly present
around 58 m and signiﬁcantly present in the interval 105–120 m,
where it is shifted to slightly lower values. A periodicity with a
length of  70 cm is intermittently present throughout the record.
The band-pass ﬁlter centred at 15.7 m (bandwidth 12–22 m)
shows 10 large-scale maxima.
4.3.2. Carbon isotopes
The d13C curve from Zumaia (Fig. 5) shows an overall decreasing trend, punctuated by two types of ﬂuctuations of 0.5–1%. The
upper half of the curve is characterised by ﬁve rises and falls with
a periodicity on the order of 16 m, whereas the lower half shows
longer-term oscillations on the order of 47 m.
Six prominent negative shifts are indicated in Fig. 5 and
Table 2, ranging in amplitude from 0.9% to 1.2%. The sharpest
shift (no. 1) occurs within one cycle, and the most gradual shift
(no. 2) over 6 cycles (5 m).
The same time series analyses techniques were applied as for the
geophysical properties (Section 4.3), showing main periodicities
around 47.0 and 16.6 m, and at 122, 103, 101, 97.0, 92.9, 81.3
and 77.5 cm (Fig. 5). In the wavelet analyses, the 16-m periodicity is
more signiﬁcant in the upper half of the record, and an additional
periodicity is present, although not signiﬁcant, around 4 m. The
resolution of the record does not allow for reliably detecting
periodicities around 77 cm. The band-pass ﬁlter centred at 16.6 m
(bandwidth 11–31 m) shows nine large-scale maxima.

5. Discussion
5.1. Initial age control
An initial estimate of the time span in the Upper Maastrichtian of
the Zumaia section can be made by applying the ages of Gradstein
et al. (2004) and Ogg et al. (2008) for the K/Pg-boundary and the
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C31r/C31n reversal boundary. This gives an average sedimentation
rate of 3.7 cm/yr, a periodicity of 407 kyr for the  16-m cyclicity,
and a periodicity of 20.8 kyr for the  77-cm limestone-marl
alternations. These durations and the hierarchical pattern are strong
indications that the different lithologies were deposited under the
combined inﬂuence of the orbital periodicities of precession and
eccentricity. The periodicities of precession were slightly smaller in
the Cretaceous with respect to present day (Berger and Loutre,
1994; Hinnov, 2000), with a mean duration of 20.8 kyr (Herbert and
D’Hondt, 1990).
5.2. Phase relation
As the combined inﬂuence of the precession and eccentricity is
clearly reﬂected in the rhythmic alternations in Zumaia, the phase
relation with eccentricity is unambiguous. Since eccentricity
determines precessional amplitude, the eccentricity maxima can
be recognised by well developed precessional cycles with distinct
thick and dark marls. Eccentricity minima can be pinpointed by a
poor expression of the marly part of the cycle occurring in an
interval of relatively thin and carbonate-rich cycles. This is the
same phase relationship as inferred by Dinare s-Turell et al., 2003,
Kuiper et al. (2008), and Hilgen et al. (2010) for the Paleocene part
of the Zumaia section.
A strong marl-limestone contrast coincides with larger amplitudes
in the magnetic susceptibility and reﬂectance variations. As increased
thickness usually coincides with a darker colour of the marls, the
variation amongst couplets is most likely caused by increased clayinput. This mechanism has previously been described, and lithologically tested, by Mount and Ward (1986). Increased clastic input may
indicate more runoff, potentially caused by an intensiﬁed hydrological
regime due to the inﬂuence of precession.
5.3. Cyclostratigraphic framework of the 405-kyr cycles
The identiﬁcation of 405-kyr minima of eccentricity in the ﬁeld
forms the basis for a chronostratigraphic framework, which allows
for more precise age determinations of bio- and magnetostratigraphic events of global importance. This ﬁeld interpretation is
tested by comparison to the periodicities in the generated data
records. The identiﬁed 405-kyr minima are listed in supplementary
Table 2 and also indicated by black lines in Figs. 4 and 5. In the
upper part of the section, the identiﬁed minima coincide with
minima in the  16 m band-pass ﬁlter of magnetic susceptibility
and maxima in the ﬁlter of total reﬂectance. The carbon isotopes
seem to have a lag of 2–3 precessional cycles (44–65 kyr) with
regard to the geophysical data. Further down in the section, the
variability in the thickness of the strata increases, which leads to
difﬁculties in comparing the ﬁltered signals with the ﬁeld interpretation. Nonetheless, the overall number of nine and a half 405kyr cycles identiﬁed in the ﬁeld is in agreement with the ﬁltered
large-scale cycles, yielding an estimated time span of 3.9 Myr for the
studied interval, and an average sedimentation rate of 3.7 cm/kyr.
5.4. Astrochronology
5.4.1. Astronomically tuned age model
Now that the cyclostratigraphic framework of the 405-kyr eccentricity related cycles is established and the phase relation with
eccentricity known, we can attempt to tune these cycles to 405-kyr
eccentricity minima (identiﬁed with a ﬁlter centred at 405 kyr,
bandwidth 300–623 kyr) in the new La2011 solution (Laskar and
Gastineau et al., 2011). This tuning uses the K/Pg-boundary as starting
point. In fact, the younger Paleocene part of the Zumaia section
played an important role in recent attempts to better determine its
age. The section was ﬁrst studied for cyclostratigraphy by ten Kate
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and Sprenger (1993) who successfully identiﬁed the cycles around
the K/Pg-boundary and established an initial tuning of part of the
Maastrichtian and Danian sediments. Later, Dinare s-Turell et al.
(2003) tuned the Paleocene part of the Zumaia section to the inferred
expression of the long-period 2.4-Myr and  100-kyr eccentricity
cycles. Kuiper et al. (2008) tuned to the stable 405-kyr period of
eccentricity, to arrive at an astronomical age of  65.95 Ma for the K/
Pg-boundary, using their newly astronomically calibrated age for the
FC standard for 40Ar–39Ar dating. A recent direct intercalibration of
the Fish Canyon Sanidine by Rivera et al. (2011) arrived at
28.17270.028 Ma, within the uncertainty of the Kuiper et al.
(2008) age. The Paleocene part of the Zumaia section was combined
with high resolution records from ODP-leg 198 and 208 by
Westerhold et al. (2008) to suggest two main tuning options with
ages of 65.28 or  65.68 Ma for the K/Pg-boundary. However, a
recent evaluation of the astronomically tuned time scale for the
Paleocene and Earliest Eocene by Hilgen et al. (2010) presents an
alternative 405-kyr interpretation, arriving at a main tuning option of
 66.0 Ma for the K/Pg-boundary, although a 405-kyr younger tuning
could not be excluded. Westerhold et al. (2012) recently presented a
different astrochronology for the Early Paleogene, using the new
La2010 and La2011 orbital solutions, with a K/Pg boundary age of
65.25070.06 Ma. New Ar–Ar and U/Pb data are expected to resolve
this age problem. For the moment, however, two tuning options for
the Late Maastrichtian are presented here, similar to the approach of
Husson et al. (2011) with K/Pg-boundary ages of 65.56 and 65.97 Ma,
of the 65.97 Ma option in particular is in close agreement with the
intercalibrated Fish Canyon Sanidine ages of Kuiper et al. (2008) and
Rivera et al. (2011). The tuning options of the Paleocene (Kuiper et al.,
2008; Westerhold et al., 2008, Hilgen et al., 2010) and the Maastrichtian cyclostratigraphy presented here and by Husson et al. (2011)
place the K/Pg boundary in a 405-kyr eccentricity minimum.
5.4.2. Time series analysis in the time domain
A further test for the ﬁeld-based age model is performed by
application of spectral analyses to the proxy records after tuning.
To avoid differences in durations between the tuning options, for
this exercise only an age model was applied with a constant
duration of 405 kyr between eccentricity minima and linear
interpolation between these points. The magnetic susceptibility
shows main periodicities at 1.26 Myr, and at 399, 24.1 and
19.7 kyr (Fig. 6). Time series analysis of total reﬂectance in the
time domain shows a strong peak at 1.26 Myr. After removal of
the larger periodicities, also periodicities of 404, 275, 135, 110
and 23.0 kyr are noteworthy (Fig. 6). Finally, d13C shows main
periodicities at 1.26 Myr, and at 446, 26.9, 25.2, 23.1 and 21.2 kyr.
The geophysical data records show a strong expression of the
precessional cycles, with periodicities between 19.7 and 24.1 kyr.
These durations are, on average, slightly longer than the expected
20.8 kyr, but this can be explained by the inﬂuence of precessional
amplitude on sedimentation rate. Darker marls have an increased
thickness, so that the more prominent and thicker couplets will
carry a stronger proxy signal. Additionally, the short  100-kyr
period of eccentricity shows up in the reﬂectance record, and there
is high power around the 405-kyr period, albeit partly introduced
by tuning. After tuning, the wavelet analyses of all data series show
a very constant behaviour of the periodicities over time.
5.4.3. Biostratigraphy
Our orbital tuning and age model allow us to calculate astronomical ages of biostratigraphic events, stable carbon isotope shifts
and magnetostratigraphic reversals (Figs. 5 and 7, Table 2).
The ﬁrst occurrences of planktonic foraminifera C. contusa,
A. mayaroensis, R. fructicosa are considered reliable markers, as
these species are common in the upper Maastrichtian of the
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Fig. 6. The magnetic susceptibility (MS), reﬂectance (Ln) and stable carbon isotope (d13C) data series in the time domain, with their band-pass ﬁlters (with bandwidths of
0.0003, 0.0008, 0.003 and 0.014 yr  1), the 405 eccentricity cycles (black Ma405no.s)following the nomenclature of Husson et al. (2011), wavelet analyses (periodicities
larger than 2 Myr were removed by notch-ﬁltering) and Redﬁt spectra (dashed lines at 95 and 80% signiﬁcance levels, for the spectrum of Ln periodicities larger than 2 Myr
were removed by notch-ﬁltering, the original spectrum is shown in grey).

Basque-Cantabric basin. As P. hantkeninoides is very rare in the in
the Basque-Cantabric basin, its ﬁrst appearance does not necessarily match its global occurrence. In this study, the FOs of
A. mayaroensis and C. contusa (at 68.42 Ma and 69.14 Ma,
respectively) are younger with respect to reversal C31r/C31n

and the K/Pg boundary than the ages reported by Gradstein
et al. (2004) and Ogg et al. (2008) of 68.36 Ma and 69.49 Ma,
respectively, using a K/Pg boundary age of 65.5 Ma. The FO of the
planktonic foraminifer R. fructicosa at 68.69 Ma is considerably
younger than reported by Gradstein et al. (2004) at 69.62 Ma, but
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this species is very similar to Racemiguembelina powelli, which
occurs earlier. Other authors may consider these species synonymous and group them together, resulting in an older FO.

from remagnetization, as samples with reversed polarities also
occur within an otherwise normal interval further down (cycles
89–100).

5.4.4. Magnetostratigraphy
The position of the C30n/C29r reversal boundary has been
obtained by correlation to Westerhold et al. (2008), as the data
from this study are not reliable for this interval. The seemingly
reverse interval with its upper boundary within cycle 85b and its
lower boundary in cycle 88 (in Sopelana), which is in agreement
with Mary et al. (1991), is not likely to reﬂect C30r. The magnetostratigraphic results are in excellent agreement with the recently
published magnetostratigraphy of Zumaia by Pérez-Rodrı́guez et al.
(2012). The tuned durations for reversal boundaries are listed in
Table 2 and Fig. 7, with previously reported ages by Husson et al.
(2011), Thibault and Husson et al. (2012), the Geologic Time Scale
2004 (Gradstein et al., 2004), Cande and Kent (1995), Herbert et al.
(1995) and Herbert (1999). There is a remarkably good agreement
on the total amount of time between the K/Pg-boundary and the
base of C31n, estimated at 3.22 Myr in this study, 3.23 in Gradstein
et al. (2004) and 3.22 by Husson et al. (2011).

5.4.4.2. Base of C29r. The samples in this interval seem to indicate
reverse polarity at least down to cycle 23, which is older than
most previous tunings, and may represent a more recent
remagnetization. Instead, the position of the base of C29r can be
obtained by correlation to IODP Sites 1262 and 1267, as done by
Westerhold et al. (2008). Supplementary Fig. 2 shows the reversal
to correspond to three cycles above the last 45 kyr minimum
before the K/Pg boundary, or 17.5 cycles below the K/Pg
boundary, which is in good agreement with Herbert (1999) who
found the reversal to be 18.5 cycles to the K/Pg-boundary in
reﬂectance records from ODP-Sites 516F, 528 and 525A in the
South Atlantic. It is in reasonable agreement with ten Kate and
Sprenger (1993), who correlated the base of C29r from Agost,
Spain (Groot et al., 1989) and Sopelana (Mary et al., 1991).

5.4.4.1. C30r. The position of C30r in seaﬂoor anomaly proﬁles is
roughly at one third of the otherwise normal polarity interval
C31n–C30n (based on Cande and Kent, 1992; Bouligand et al.,
2006), whereas the potential reverse interval in this study is
about midway in both thickness and recorded time, which would
imply unreasonable changes in spreading rates. Comparison to
Husson et al. (2011) and other previous estimates (Table 2)
suggests that C30r should be located one 405-kyr cycle further
down, and it is possible that our sampling does not extend far
enough. Although the possibly reverse interval seems rather
long (66 kyr), it may be a cryptochron that correlates to one
of the ‘‘wiggles’’ within the C30n interval of anomaly proﬁles from
ocean ﬂoors of different basins (Cande and Kent, 1992; Bouligand
et al., 2006). Alternatively, the data may be unreliable and result

5.4.5. Carbon isotope stratigraphy
The tuned bulk-carbonate d13C curve from Zumaia has a high
resolution, which provides excellent possibilities for correlation.
The d13C variations compare well with recently published high
resolution bulk d13C data from northern Germany (Voigt et al.,
2010), the Gubbio section in Italy (Voigt et al., 2012), two sections
in Denmark (Thibault and Harlou et al., 2012), ODP Hole 1210B on
Shatsky Rise in the Tropical Paciﬁc (Jung et al., 2012) and ODP
Hole 762C in the Indian Ocean (Thibault and Husson et al., 2012),
although the carbon isotope curve from Zumaia seems to vary
with a larger amplitude. The d13C curve reveals clear variations on
a  1.2 Myr scale. These variations are especially apparent in the
lower half of the record, while the upper half is dominated by a
strong 405-kyr cyclicity. The bulk-carbonate d13C shows a gradual
decline throughout the Late Maastrichtian of approximately 0.5
per mil, punctuated by six prominent negative shifts, on the order
of  1% (Fig. 5). Interpretation of the carbon isotope curve is not

Fig. 7. Late Maastrichtian time scales with magneto-, bio- and chemostratigraphic events according to option 2 of this study; option 2 of Husson et al. (2011) (both
assuming a K/Pg-boundary age of 65.96 Ma); the GTS 2004 and 2008 (Gradstein et al., 2004; Ogg et al., 2008); Cande and Kent (1995), Herbert et al. (1995) and Herbert
(1999). Please note that Herbert et al. (1995) and Herbert (1999) only report durations, a K/Pg-boundary age of 65.96 Ma has been assigned for comparison. For this study,
the age of the base of C29r is based on correlation to Westerhold et al. (2008) (see supplementary Fig. 2).
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Fig. 8. Comparison of Maastrichtian astrochronologies, with grey bands indicating the identiﬁed 405-kyr cycles, numbered Ma4051, Ma4052, etc., from the K/Pg boundary
downwards, following Husson et al. (2011). From left to right the cyclostratigraphic interpretation of Husson et al. (2011) of the grey level data of Hole 525A and Hole
762C, with their  100 kyr and 405 kyr band-pass ﬁlters; the cyclostratigraphic framework of Thibault and Husson et al. (2012) of the grey level data of Hole 762C; the
magnetostratigraphy, 15.7 m band-pass ﬁlter (bandwidth of 12–22 m) of reﬂectance, the reﬂectance data, the stratigraphic column, the magnetic susceptibility data and
the 18.9 m band-pass ﬁlter of magnetic susceptibility (bandwidth of 12–40 m) of Zumaia (this study); the cyclostratigraphic interpretation of the magnetic susceptibility
data of Hole 1267B by Husson et al. (2011).

straightforward, as the behaviour reﬂects a complex interplay of
sea level variations (Voigt and Hilbrecht, 1997; Jarvis et al., 2006),
ocean circulation (Barrera et al., 1997; Frank and Arthur, 1999;
Friedrich et al., 2004), and productivity (Li and Keller, 1998).
The major shifts in bulk-carbonate d13C at 59 and 109 m
depth, approximately 1.2 Myr apart, coincide with lithological
shifts from reddish limestone-marl alternations that have been
interpreted as Transgressive or Highstand Systems Tract deposits
to purple marly intervals that likely represent low-stand deposits
(Pujalte et al., 1995). A drop of relative sea level, either by eustacy
or local tectonics, may have exposed shallow shelf areas. This
would have led to increased erosion, and an increased input of
clastic material to deeper parts of the basin, where the sedimentary cycles became thicker and marlier. Erosion of sediments on
shallow shelf areas, relatively rich in organic matter, may have

delivered more 12C to the deeper parts of the basin, causing a
negative excursion in d13C.
Maxima of the 405-kyr eccentricity cycle in the lithology
coincide with minima in d13C, which may be related to an
intensiﬁed hydrology that would not only have carried more
clastic material to the basin, but may also have carried relatively
lighter d13CHCO3  . The relatively strong expression of the 405-kyr
cycle in the bulk carbonate d13C record of Zumaia in comparison
to other sites may be related to the slightly restricted nature of
the basin, which was a narrow inter-plate trough (Pujalte et al.,
1995), and to a major continental inﬂuence. The correspondence
of 405-kyr maxima in the d13C record with 405-kyr minima in the
lithology is in agreement with the classic response of sedimentary
records to Cenozoic climate forcing. The lag of 2–3 precessional
cycles compared to geophysical proxy records is similar to a lag of
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35 kyr to the 405-kyr period of eccentricity as found in
Oligocene–Miocene records (Pälike et al., 2006), of 42720 or
48718 kyr for the Miocene (Holbourn et al., 2007), and of
40–60 kyr for the Paleocene (Westerhold et al., 2011). Such a
lag is likely due to the longer residence time of carbon and
consequently the longer response time of the global carbon cycle
to astronomical forcing (Pälike et al., 2006).
In general, this study shows that Late Maastrichtian climate was
strongly controlled by insolation at low latitudes, as the periodicities of eccentricity-modulated precession are the dominant control on the geophysical and d13C data. This is corroborated by the
absence of obliquity (with a main period of 41 kyr) that would
have exerted a strong control on high latitude climate. Glacioeustacy has been suggested as controlling mechanism on Late
Cretaceous sea levels (Miller et al., 2005), but the absence of a highlatitude signal in our records makes this hypothesis unlikely.
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Appendix A. Supplementary materials

5.5. Comparison of Maastrichtian astrochronologies
This cyclostratigraphic framework provides a reﬁnement of the
Geological Time Scale for the Late Maastrichtian, with the potential
to anchor it to astronomical target curves. The recent astronomical
tuning of Maastrichtian sediments from ODP Holes 1267B, 525A
and 762C by Husson et al. (2011) shows a very similar duration
from the base of chron C31n to the K/Pg boundary (Table 2) of
3.22 Myr. Additional tuning results from Hole 762C by Thibault
and Husson et al. (2012) allow to re-evaluate the durations of
chrons C29r (Cretaceous) and C30n (Table 2), which, added to the
durations of chrons C30r and C31n by Husson et al. (2011), again
gives a duration from the base of C31n to the K/Pg boundary of
3.22 Myr. The geophysical data of magnetic susceptibility (Hole
1267B) and grey level (Hole 762C and 525A) with their 100-kyr
and 405-kyr band-pass ﬁlters and cyclostratigraphic interpretations by Husson et al. (2011) and Thibault et al. (2012) are plotted
next to the geophysical data and band-pass ﬁlters of Zumaia
(Fig. 8), to assess the cyclostratigraphic framework. The ODPrecords have a lower resolution, meaning that the precessional
cycles are usually not well expressed. The cyclostratigraphic
interpretation often depends on the 100-kyr cyclicity instead of
the stable 405-kyr periodicity, such as in Hole 525A (Husson et al.,
2011) and the upper part of Hole 762C (Thibault and Husson et al.,
2012). Also, the interpretation relies on several Sites, of which the
correlation is not entirely straightforward, as the cyclostratigraphic
interpretations do not agree with the positions of the magnetic
reversals (Fig. 5 in Husson et al., 2011). By contrast, the Zumaia
section has a much higher resolution and offers the possibility to
identify the full range of periodicities of eccentricity modulated
precession. This allows for a more reliable and detailed cyclostratigraphic framework that is based primarily on cycles that can be
identiﬁed directly in the lithological record. A test of this interpretation is provided by high resolution records of magnetic
susceptibility, reﬂectance, and bulk d13C. There are no indications
for faulting or hiatuses, and the large scale alternation of
carbonate-rich versus marly intervals is in agreement with the
Sopelana section, as well as with the Bidart and Hendaye sections
in France and the Trabakua section further inland (Pujalte et al.,
1998) that were visited, but not logged in detail. It should be
mentioned that if there are hiatuses of exactly 405 kyr, these could
go unnoticed. The obtained estimate of the duration between C31r/
C31n and the K/Pg boundary, however, is in close agreement with
the GTS 2004 and other studies (Fig. 7, Table 2). For the ﬁrst time, a
consistent 405-kyr cyclostratigraphy is presented for the Late
Maastrichtian, which is pivotal for anchoring the Geologic Time
Scale of the Cretaceous.

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.epsl.2012.09.054.
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Payros, A., Pujalte, V., Robin, E., Rocchia, R., 1997. Analysis of uppermost
Cretaceous–lowermost Tertiary hemipelagic successions in the Basque Country (Western Pyrenees): evidence for a sudden extinction of more than half
planktic foraminifer species at the K/T boundary. Bull. Soc. Géol. France 168
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Westerhold, T., Röhl, U., Rafﬁ, I., Fornaciari, E., Monechi, S., Reale, V., Bowles, J.,
Evans, H.F., 2008. Astronomical calibration of the Paleocene time. Palaeogeogr.
Palaeoclim. Palaeoecol. 257, 377–403.
Zijderveld, J.D.A., 1967. A.C. demagnetization of rocks: analysis and results. In:
Runcon, S.K. (Ed.), Developments in Solid Earth Geosciences Methods in
Paleomagnetism. Elsevier Publishing Company, Amsterdam.

