errors, and yielded an age of 28.28 ± 0.06 Ma for
FCs (21). Thus, our astronomically tuned FCs
age of 28.201 Ma is consistent at the 95% confidence level with normalization of the 40Ar/39Ar
to the U/Pb system.
Further confirmation of consistency between
the 40Ar/39Ar and U/Pb systems based on the proposed revised 40Ar/39Ar age of FCs comes from
comparison of U/Pb and 40Ar/39Ar ages of chondritic meteorites, such as Acapulco (22) and
Allende. A ~0.8 to 1% bias between the most
accurate 40Ar/39Ar (23, 24) and U/Pb (25, 26)
ages has classically been interpreted as evidence

for slow cooling after partial melting at 4555.1 ±
1.3 Ma (Acapulco) and formation at 4566.6 ±
1.7 Ma (Allende), as determined by U/Pb dating.
With the revised age for the FCs, the K/Ar and
U/Pb systems approach concordancy and instead
suggest that the parent body of these meteorites
cooled rapidly after formation, as suggested by
(U+Th)/He (27) and I/Xe (28, 29) studies.
The astronomically calibrated FCs age thus eliminates the documented offset of the conventionally
calibrated 40Ar/39Ar and U/Pb dating systems in
many volcanic rocks. It also has implications for
ages of geomagnetic polarity reversals over the past

probability

# of experiments

Combined 28.201 ± 0.012 Ma
Fig. 2. Astronomically
MSWD 0.78; prob 1.00; n=346
calibrated FCs age. The
40 39
Ar/ Ar ages of the ash
300
layers are converted to an
VU 28.225 ± 0.019 Ma
astronomically calibrated
MSWD 0.77; prob 0.99;
age for FCs by using the
n=189
Melilla sanidines as astro200
nomically dated standards and the FCs as the
unknown. Instead of do100
ing this exercise for each
BGC 28.184 ± 0.016 Ma
tephra horizon separately,
MSWD 0.74; prob 0.99;
n=157
we included all reliably
(both isotopic and astro0
nomical) dated tephra to
27.2
27.6
28.0
28.4
28.8
prevent an a priori bias
to one of the astronomicalAstronomically calibrated FCs (Ma)
ly dated tephra. However,
the calibrated age is an
BGC:
VU:
Combined:
inverse-variance weighted
mean age; thus, tephra mes4, with the highest number of replicate analyses and the most precise
data, dominates the final outcome. We include only the single-crystal fusion data (displayed here with 1σ
analytical error), and ages with P > 0.1. Incremental heating experiments on selected sanidine fractions
confirm the thermally undisturbed nature of the samples (14). We calculate an astronomically calibrated
FCs age for each experiment propagating only analytical uncertainties. The weighted mean FCs age and
standard analytical error for BGC and VU data are displayed separately and as a combined-age probability
diagram. The 28.201 ± 0.012 Ma age for FCs is converted to an intercalibration factor of RFCsastro of
4.3644 ± 0.0018 for a Tastro at 6.500 Ma. This translates to 28.201 ± 0.046 Ma, including decay-constant
uncertainties and the uncertainty in the astronomical ages of ±10 ky.

Fig. 3. Photo of the
upper part of the Zumaia
section below the San
Telmo chapel. Both the
100-ky limestone beds
405-max
405-max
29 to 42 of (33) and the
405-max
large-scale clusters of
405-max
precession-related basic
cycles that mark succes31 30 29
35 34 33 32
sive 405-ky eccentricity
maxima are indicated
42 41 39 38 37 36
(see also figs. S3, a to c).
40
The phase relation with
eccentricity is unambiguous: The marly intervals
in between the 405and 100-ky limestone
beds often reveal distinct precession-related
cycles, which is consistent
with eccentricity maxima because eccentricity determines precessional amplitude. Eccentricity minima are
marked by weakly developed precession-related cycles and are dominated by limestone beds.
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3 million years (My). Numerous studies in the past
two decades have demonstrated apparent consistency between the 40Ar/39Ar method and the astronomical dating approach in both sedimentary and
volcanic settings, starting from a younger age for
FCs or other standards (table S3). This implies
that the new FCs age is not consistent with many
of these results. For example, recalculating some
40
Ar/39Ar dates for the Matuyama-Bruhnes reversal
relative to our age for FCs yields radioisotopic ages
older than the astronomical age [table S3 and
references in (14)]. However, the most recent and
comprehensive 40Ar/39Ar data (30), which suggested that the transition may have been diachronous, are in agreement with our intercalibration.
An important application of the astronomically
calibrated 40Ar/39Ar method is to provide constraints
for the astronomical tuning of pre-Neogene sequences. The prime, first-order target for tuning
these older sequences is the 405-ky earth-orbital
eccentricity cycle (31, 32). Our method reduces the
absolute uncertainty from ~2.5% (or ~1600 ky at
65 Ma) to potentially <0.25% (or <165 ky at 65 Ma),
because the uncertainties in absolute amounts of
radiogenic 40Ar and 40K in the primary standard
and the branching ratio of the 40K decay constant
are circumvented using the astronomical age of the
Melilla sanidines as the basis for calculating the
40
Ar/39Ar age. The use of equation 5 of (4) enables
calculation of the age of an unknown based on an
age for the standard determined by means other than
the K-Ar system, and requires only knowledge of
the total 40K decay constant (that is, not the branching ratio). [Full equations are provided in (14)].
We demonstrate the improved age resolution
by examining the GTS2004 age of 65.5 Ma for the
Cretaceous/Tertiary (K-T) boundary, which marks
one of the most important biotic crises in Earth
history. The K-T boundary section at Zumaia,
Spain, which magnetostratigraphically covers the
interval from the younger part of polarity interval
C29r well into C26r, has been astronomically
tuned and the boundary has been assigned an age
of 65.777 Ma (33). The astronomical age of (33) is
uncertain for two reasons: (i) the use of the potentially unstable very-long-period 2.4-My eccentricity
cycle as the starting point for the tuning; and (ii)
the matching of basic marl/limestone cycle packages [the E-cycles of (33)] to successive 100-ky
eccentricity minima in the target curve, which is
less certain (and stable) than the 405-ky eccentricity
minima (fig. S2).
According to (33), the 405-ky cycle is not expressed, or only very weakly present at Zumaia.
Nevertheless, this cycle can be identified on
photographs, in the field, and in the lithologic log
of Zumaia of (33) through differences in the thickness and expression of marls intercalated between
100-ky limestone beds (Fig. 3 and fig. S3). Details
of the cycle pattern confirm the phase relations
between the sedimentary cycles and eccentricity as
inferred by (33). Small-scale precession-related cycles are less well developed in the limestone beds of
eccentricity-related cycles, indicating that these
beds indeed correspond to eccentricity minima be-
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