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This Supplemental Material contains:

Text S1: Detailed Methodology.

Text S2: Geochemical and geophysical properties.

Text S3: Age models.

Text S4: Stratigraphic continuity across the KPB at Zumaia.

Supplementary figures S1-S5.
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Text S1: Detailed Methodology

Sampling: For the micropaleontological, geochemical and geophysical analysis, we sampled
24.5 m across the Cretaceous/Paleogene boundary (KPB) of the Zumaia section. A total of
171 samples were taken, of which 103 samples were from the 16-m-thick Maastrichtian
interval and 68 from the 8.5-m-thick Danian interval. The sample spacing for the
Maastrichtian was of 15-20 cm, except for the 2 m below the KPB, which were sampled
every 5-10 cm. The Danian interval was sampled every 2.5-5 cm across the first 80 cm and

every 15 cm further upwards.

Micropaleontology: We follow the disaggregating technique of Lirer (2000) which employs
dilute acetic acid for 3-4 hours to liberate calcareous microfossils from strongly lithified
calcareous rocks such as those from Zumaia. The disaggregated samples were then washed
through a 63 pum sieve and oven-dried at 50 °C. When quantitative analysis was possible, the
samples were split with a microsplitter to obtain a representative aliquot of ca. 300 specimens

per sample.

Calcium carbonate content: The calcium carbonate content of each rock sample was
estimated with a manocalcimeter by measuring and recording the carbon dioxide pressure rise
produced by acid attack on the rock sample. 171 rock samples were analyzed, which were
mechanically powdered to avoid the secondary calcite veins. The analyses were performed by
adding Sml of SM HCI to one gram of powdered sample in the reaction cell, which is

independent of the atmospheric pressure.
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Carbon isotope analyses: Measurements of 8'°C were performed on homogenized bulk
powdered sediment from the same 171 samples. Samples were analyzed in the Department of
Earth Sciences of the University of Oxford, using a GasBench device attached to a
ThermoFisher Delta V Advantage gas source isotope ratio mass spectrometer. Carbon
isotopes are reported using the standard delta notation (8'3C) in parts per mill (%o) on the
Vienna PeeDee Belemnite (VPDB) scale. Calibration of samples to the VPDB scale was
achieved using multiple analyses of an in-house standard. For the 3'*C, the in-house standard,
NOCZ, has an average value of 2.18%o. The NOCZ standard was calibrated to the VPDB
scale by comparison with analyses of NBS-19 and NBS-18, which were assigned values of
+1.95%0 and -5.014%., respectively. Repeated analyses of in-house standards suggest a

reproducibility (+1c) of <0.1.

Magnetic susceptibility: The magnetic susceptibility (MS) of the 171 samples was measured
at the University of Zaragoza, Spain, with a Kappabridge KLY-35 spinning specimen
magnetic susceptibility anisotropy meter. Samples were crushed in an agate mortar and
measured in cylindrical plastic boxes 10 cm? in volume. MS values are reported relative to

mass (m’/kg).

Text S2: Geochemical and geophysical properties.

The 8'*C, CaCOs and magnetic susceptibility data from Zumaia presented here (Figs. 3, S2
and Table S2) are comparable to previous studies from the KPB interval at Zumaia (e.g.,
Batenburg et al., 2012; Dinarés-Turell et al., 2003, 2014). Fig. S2 shows that 3'*C and CaCO3
exhibit a limited degree of correlation, although this is variable through the section.
Covariation of 8'C and carbonate content at the KPB and the first 50 cm of the Danian is

ascribed to the KPB mass extinction that caused the decimation of the marine calcifiers,
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causing a sudden decrease in carbonate production (Smit, 1982; Bown, 2005; Henehan et al.,
2019). The generally poor correlation in the 1 m.y. across the KPB suggests that the lithology
of the Zumaia section is not the dominant control on 3'3C values, which is consistent with
reported carbonate concentrations and 8!3C values for the Late Cretaceous and early Danian
(e.g., Hull et al., 2020). A strong negative correlation between magnetic susceptibility and
CaCOs content (Fig. S2) suggests that variations in the original fluxes of detrital material and
carbonate were the main driver of variations in the concentration of paramagnetic minerals.
Although we could not replicate the detailed sampling of Danian rocks of ten Kate and
Sprenger (1993) due to coastal erosion, previous studies indicate that the thin layers in
between indurated Danian limestones beds are marls (e.g., ten Kate and Sprenger, 1993;
Dinares-Turell et al., 2003, 2014; Hilgen et al., 2010, 2015). Rather than dissolution of
CaCO:s, the formation of marls was likely driven by increases in siliciclastic input during
extremes of the precessional cycle, in a time of overall low production of CaCO3 in the
aftermath of the extinction of marine calcifiers at the KPB (e.g., Smit, 1982; Bown, 2005;

Schulte et al., 2010).

Text S3: Age models

The age model presented here is based on the identification of the 405 k.y. component of
eccentricity-modulated precession in the lithological alternations at Zumaia, following the
studies by Batenburg et al. (2012) for the Maastrichtian interval and by Dinarés-Turell et al.
(2014) for the Danian interval, anchored to a KPB age of 66.001 Ma, as in the 405 k.y. age
model of Dinarés-Turell et al. (2014) (Table S1). The 405 k.y. periodicity, also known as
long eccentricity, is the only reliable tuning target beyond 52 Ma (Laskar et al., 2011).
Lithological patterns are tied to eccentricity minima and maxima, with maximal lithological

contrast taken to reflect eccentricity maxima, and minimal contrast between lithologies
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considered to reflect eccentricity minima. Lithological alternations, i.e. limestone-marl
couplets or more gradual variations in lithology, were interpreted to reflect precession-driven
cyclicity (manuscript Fig. 2), following the work of Dinarés-Turell et al. (2014), Hilgen et al.
(2015) and Batenburg et al. (2012). In between tie-points, precessional cycles were ascribed
ages by assuming an equal duration per precessional cycle (Table S2), an approximation
which allows considerable differences in sedimentation rate within 405 k.y. cycles to be
accounted for. This approach is in line with that of Batenburg et al. (2012) in providing
astronomically calibrated ages for bio-, chemo- and magneto-stratigraphic events.

To correlate and compare the §'°C curve of Zumaia with data from other localities (ODP
1262, South Atlantic; ODP 1049 and IODP U1403, North Atlantic; and Gubbio, Italy), we
anchored the 8!°C curves to the same KPB age, aligned the different tie-points in each

locality (Table S5), and assumed a constant sedimentation rate between the tie-points.

Text S4: Stratigraphic continuity across the KPB at Zumaia

The Zumaia section was designated one of the auxiliary sections of the GSSP for the
base of the Danian due to its continuity and good exposure (Molina et al., 2009). The KPB is
easily identifiable at Zumaia because there is an abrupt change of facies from the uppermost
Maastrichtian reddish marls to the KPB blackish clay bed (Fig. S1B). The first 2 cm of the
Danian exhibits calcite veins as the result of small-scale tectonic shear stress at the
Maastrichtian/Danian contact (Fig. S1B), which favored the growth of millimetric to
centimetric fractures filled with calcite. Nevertheless, moving laterally across the outcrop,
sites can be found where the KPB sequence is better exposed and is less affected by calcite
veins. At Zumaia, the KPB is well marked by a millimeter-thick airfall layer consisting of
altered microtektites, referred to as microkrystites by Smit (1999), and a “rusty” layer (Fig.

S1C-E). According to Smit (1990), the airfall layer at Zumaia has an anomalous iridium
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concentration of up to 26.3 ppb, which is similar to other iridium anomalies identified in
well-known KPB sections such as Caravaca (Smit, 1982) and Agost (Ruiz et al., 1992). At
Zumaia, the mass extinction horizon of planktic foraminifera coincides with the airfall layer
at the base of the KPB Clay (Fig. S3).

Our lithological, cyclostratigraphic, micropaleontological and geochemical
observations refute the recent suggestion by Font et al. (2018) that there would be a ~150 k.y.
hiatus across the KPB. Above and below the boundary clay, rhythmic alternations of marls
and limestones at Zumaia have proven instrumental for the tuning and correlation of sections
worldwide (ten Kate and Sprenger, 1993; Westerhold et al., 2008; Batenburg et al., 2012;
Dinares-Turell et al., 2014; Hilgen et al., 2015; this work), and even for intercalibrating
astrochronology and radiometric dating (Kuiper et al., 2008). We recognized 13.5 precession
cycles in the ~ 4-m-thick interval between the KPB and the C291/C29n reversal, which
represents the first ~300 k.y. of the Danian, in line with previous cyclostratigraphic studies
for this interval at Zumaia (Dinares-Turell et al., 2003, 2014; Hilgen et al., 2010, 2015). A
hiatus of ~150 k.y. as proposed by Font et al. (2018) implies that the lithological alternations
only represent 6—7 precession cycles with an average thickness of ~0.6 m per precession
cycle, similar to lithological couplets in the Maastrichtian (~0.7 m average thickness;
Batenburg et al., 2012). Such a low number of cycles is not in agreement with the bedding
patterns, and a constant sedimentation rate is not in agreement with the change in lithology
from predominantly marl in the uppermost Maastrichtian to predominantly limestone in the
lowermost Danian at Zumaia, ascribed to a sharp drop in siliciclastic supply (Dinarés-Turell
et al., 2003). Abrupt changes in sedimentation rate are commonly recognized at other
localities in the early Danian (e.g., Smit, 1999; D’Hondt et al., 2005; Dameron et al., 2017).

Unlike the biostratigraphic study of Font et al. (2018), we were able to recognize the

complete sequence of biozones and bioevents of planktic foraminifera across the KPB
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interval of Zumaia. For the Maastrichtian, these include the lowest occurrence datum (LOD)
of Plummerita hantkeninoides and the highest occurrence datum (HOD) of
Archaeoglobigerina cretacea (Fig. S3, Tables S3 and S4), in stratigraphic positions directly
correlatable to those recognized in other reference sections such as El Kef (Tunisia; Arenillas
et al., 2000a), Ain Setara (Tunisia; Arenillas et al., 2000b), Caravaca (Spain; Gilabert et al.,
2021), and Agost (Spain; Molina et al., 2005). All the lowermost Danian biozones of
Arenillas et al. (2004) and Wade et al. (2011) and all the planktic foraminiferal acme-stages
(PFAS) of Arenillas et al. (2006) are identified in this section (Figs. 2, 3, S2, S3, S4, Tables
S3 and S4). The PFAS have been reported worldwide, mainly in the Tethys, North Atlantic
and Gulf of Mexico-Caribbean regions (Arenillas et al., 2000a,b, 2018; Alegret et al., 2004;
Gallala et al., 2009; Renne et al., 2018; Lowery et al., 2018), and consequently they have
been considered a very useful tool for biostratigraphic correlation. Their identification in the
lowermost Danian provides additional support in assessing the stratigraphic continuity of the
Zumaia section across the KPB. Danian nannoplankton assemblages typically display a
similar acme stage sequence worldwide (e.g., Jiang et al., 2010; Jones et al., 2019; Gibbs et
al., 2020), which has been recognized at Zumaia by Bernaola et al. (2006) above the KPB
(Table S2).

The geochemical and isotope-stratigraphic record at Zumaia also supports the
completeness of the stratigraphic record. We recognize all the isotopic events identified
worldwide across the KPB (see main text), including the sharp decrease in CaCOs and 8'3C
that is recognized worldwide (Molina et al., 2009; Schulte et al., 2010; Sepulveda et al.,

2019; Fig. 3 and Table S2).
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Supplementary figures S1-S5
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Figure S1: Cretaceous-Paleogene transition of Zumaia at different scales. A) Field overview

of the Zumaia outcrop, illustrating the rhythmic lithological patterns across the upper
Maastrichtian (reddish-marl-dominated upper part of the Zumaia-Algorri Formation) and
lower Danian (limestone-dominated lower part of the Aitzgorri Formation). B) Detailed field
view of the boundary interval; the KPB is located at the base of the KPB Clay. C) Magnified
view of the airfall layer with abundant microkrystites in concordant contact with the

underlying Maastrichtian sediments. D) Detail of ejecta-rich airfall layer, illustrating lateral
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changes in thickness. E) Thin-section micrograph of the airfall layer under a petrographic

microscope; several in situ planktic foraminifera specimens in the reddish Maastrichtian

marls can also be recognized, and only one reworked specimen in the overlying blackish clay

bed.
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Figure S2: Cross-plots between CaCOj3 and 8'3C (A), magnetic susceptibility and 8'3C (B),

CaCOs and magnetic susceptibility, the gray shadow in each plot represents the standard

error. Changes in the values of CaCOs (D) and magnetic susceptibility (E) across the Zumaia

section.
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e Present in quantitative analysis (Maastrichtian)

o Present in quantitative analysis (Danian)

= Species identified after checking all the sample residue

e Probably reworked Cretaceous specimens

«u Biased extinction pattern, based on quantitative data
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Figure S3: Stratigraphic ranges of the late Maastrichtian and early Danian planktic
foraminiferal species recognized at the Zumaia section. Dashed line represents the extinction
pattern based only on quantitative data, showing a biased extinction pattern. Lowest
occurrence datums (LODs) of the species numbered from (1) to (6) are the base of the
biozones and subbiozones of Arenillas et al. (2004). (I) LOD of Plummerita hantkeninoides
is the base of the uppermost Maastrichtian Biozone CF1 of Li and Keller (1998).
Biozonations: A — Wade et al. (2011); B — Arenillas et al. (2004); C — Li and Keller (1998);
D — Arz and Molina (2002). C— Contusotruncana; Gita— Globotruncanita; Psg.—
Pseudoguembelina; R. Rugoglobigerina; A—Archaeoglobigerina; G.—Globotruncana; Gtlla.—
Globotruncanella; H—Heterohelix; Gu.—Gublerina; S.—Schackoina; Pm.—Plummerita; Abth.—
Abathomphalus; Gll.—Globigerinelloides; M.—Muricohedbergella; Pl.—Planoglobulina; L.—
Laeviheterohelix; Ptx.—Pseudotextularia; Rem.— Racemiguembelina; Gb.—Guembelitria for
the Maastrichtian. Ps.—Pseudocaucasina; Pv.—Parvularugoglobigerina; Pg.—
Palaeoglobigerina; E.—FEoglobigerina; P.—Parasubbotina; W.—Woodringina; Ch.—
Chiloguembelina; Chg.— Chiloguembelitria; Gl.—Globanomalina; T.—Trochoguembelitria;

Pr.—Praemurica; S.—Subbotina; Glc.—Globoconusa for the Danian.
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208

209  Figure S4: Quantitative analysis of planktic foraminifera based on the >63 microns sieved
210  fraction. (Others* Globotrunanids) — Abathomphalus + Contusotruncana +Globotruncanita;
211  (Others* Biserial and multiserial heterohelicids) — Racemiguembelina + Planoglobulina +

212  Gublerina.
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213
214

215  Figure S5: Correlation of the lowermost Danian PFAS at Zumaia (this study), El Kef
216  (Tunisia; Arenillas et al., 2018), DSDP-577 (Central Pacific; Smit and Romein, 1985), Agost
217  (Spain; Canudo et al., 1991), Gubbio (Italy; Coccioni et al., 2010) and DSDP 528 (South

)18 Atlantic; D"Hondt and Keller, 1991). Triserial taxa = Guembelitria and Chiloguembelitria.

719 Parvularugoglobigerinids (tiny trochospiral taxa): Parvularugoglobigerina and

220 Palaeoglobigerina. Biserial taxa: Woodringina and Chiloguembelina. Other taxa:

11 Eoglobigerina, Parasubbotina, Subbotina, Globanomalina and Praemurica

222 (Trochoguembelitria and Globoconusa are also included here).
223
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Supplementary Tables S1-S5
(Tables S1-S5 are in a separate supplementary data file named: Supplementary Tables S1-

S5 Gilabert et al.xIsx.)

Table S1: Tie-points for the astronomically calibrated age model of the Cretaceous-
Paleogene transition at Zumaia. Min.—Minima; max.—maxima. All the ages are based on the
La2011 astronomical solution (Laskar et al., 2011); the KPB age is based on the 405 k.y.
calibration by Dinarés-Turell et al. (2014); the 405 eccentricity maxima follow the

nomenclature of Husson et al. (2011).

Table S2: Astronomically calibrated age model for the Cretaceous-Paleogene transition at

Zumaia.

Table S3: Relative abundance of planktic foraminiferal species in the upper Maastrichtian of

Zumaia.

Table S4: Relative abundance of planktic foraminiferal species in the lower Danian of

Zumaia.
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follow the nomenclature of Husson et al. (2011). The ages for KPB and C29r/C29n are based
on the astronomical tuning of Dinarés-Turell et al. (2014). The age for the §'*C minimum
below C30n/C209r is based on the astronomical tuning of Batenburg et al. (2018). min.—

Minima; max.—maxima.
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