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INTRODUCTION
Recent advances in radioisotopic dating and 

astrochronology, and their intercalibration (Kui-
per et al., 2008), potentially provide unprec-
edented accuracy and precision in the measure-
ment of geologic time. For example, chemical 
abrasion (CA) (Mattinson, 2005) and ultra low-
blank, isotope-dilution thermal-ionization mass 
spectrometry (ID-TIMS) for U-Pb zircon geo-
chronology now enables ages to be determined 
from individual zircons to better than ±2‰ 
(total radioisotopic uncertainty; including ana-
lytical, tracer solution, and decay constant 
sources) for the entire Phanerozoic (e.g., Mundil 
et al., 2004; Crowley et al., 2007; Schoene et al., 
2010). In parallel, an astronomically calibrated 
age of 28.201 ± 0.046 Ma (2σ) for the 40Ar/39Ar 
neutron fl uence standard Fish Canyon sani-
dine may improve the total uncertainty of this 
method to ~3‰ (Kuiper et al., 2008). In this 
study, these advances serve as a springboard to 
develop a new high-resolution intercalibrated 
40Ar/39Ar, U-Pb, and astrochronologic time scale 
for the Cenomanian-Turonian boundary (CTB) 
interval near the Global Boundary Stratotype 
Section and Point (GSSP) in Colorado, where 
orbitally infl uenced rhythmic strata (Sageman 

et al., 1997; Meyers et al., 2001) host benton-
ites that contain sanidine and zircon suitable 
for dating. This provides a rare opportunity to 
directly intercalibrate two independent radioiso-
topic chronometers against an astrochronologic 
age model (Meyers et al., 2001; Sageman et al., 
2006), and in doing so, allows for testing the 
astronomically calibrated Fish Canyon sanidine 
age proposed by Kuiper et al. (2008). We con-
sider three fundamental sources of uncertainty 
associated with the radioisotopic ages (ana-
lytical, tracer solution or age of neutron fl uence 
standard, and decay constants), as well as uncer-
tainties in the astrochronology.

To develop the new CTB time scale we have 
determined paired 40Ar/39Ar and U-Pb ages 
from four bentonites spanning the Vascoceras 
diartianum to Pseudaspidoceras fl exuosum 
ammonite biozones. These analyses employ 
both newly collected material and legacy sani-
dine samples of Obradovich (1993), which 
provide a direct link to the existing Cretaceous 
time scale (Gradstein et al., 2004). For two 
bentonites (Watinoceras devonense and Neo-
cardioceras juddii zones), material has been 
analyzed from multiple locations throughout 
the Western Interior Basin, which allows an 
assessment of the temporal correlation of indi-

vidual bentonites from the perspective of both 
sanidine and zircon.

A critical step in the comparison of these 
results is the selection of a Fish Canyon sani-
dine age, so we investigate a range of proposed 
values, and consider the implications of each for 
the consistency of the 40Ar/39Ar and U-Pb ages. 
Following the identifi cation of an optimal Fish 
Canyon sanidine age, we use a new statistical 
methodology to combine the radioisotopic and 
astrochronologic data, anchoring the fl oating 
orbital time scale, and yielding astronomically 
recalibrated radioisotopic ages for individual 
bentonites with greatly reduced uncertainties.

STRATIGRAPHY AND SAMPLING
Bentonites were sampled from four locali-

ties (Item DR1 in the GSA Data Repository1): 
(1) Lohali Point, Arizona (Kirkland, 1991), 
(2) Thayer County, Nebraska (Elder, 1987), 
(3) Red Wash, New Mexico (Elder, 1991), and 
(4) the GSSP near Pueblo, Colorado (Kennedy 
et al., 2005). Legacy samples of sanidine from 
Obradovich (1993) were available from the ben-
tonites in Arizona, Nebraska, and New Mexico 
that, based on revised biostratigraphy (Kennedy 
et al., 2005; Cobban et al., 2006), occur within 
the V. diartianum (90-O-30), Euomphaloceras 
septemseriatum (90-O-31; bentonite A of Elder, 
1985), N. juddii (90-O-19 and 90-O-49; benton-
ite B of Elder, 1985), W. devonense (90-O-33; 
bentonite C of Elder, 1985), and P. fl exuosum 
(90-O-34; bentonite D of Elder, 1985) zones. 
We also collected new samples from these sites, 
as well as from the N. juddii and W. devonense 
zones in the GSSP at Pueblo, Colorado, for both 
sanidine and zircon dating (Table 1).

40Ar/39Ar GEOCHRONOLOGY
From each sanidine sample between 33 and 

103 laser fusion 40Ar/39Ar ages were determined 
on single or multicrystal aliquots at the Univer-
sity of Wisconsin–Madison (Table 1; Items DR1 
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ABSTRACT
We develop an intercalibrated astrochronologic and radioisotopic time scale for the Ceno-

manian-Turonian boundary (CTB) interval near the Global Stratotype Section and Point 
in Colorado, USA, where orbitally infl uenced rhythmic strata host bentonites that contain 
sanidine and zircon suitable for 40Ar/39Ar and U-Pb dating. Paired 40Ar/39Ar and U-Pb ages 
are determined from four bentonites that span the Vascoceras diartianum to Pseudaspidoc-
eras fl exuosum ammonite biozones, utilizing both newly collected material and legacy sani-
dine samples of J. Obradovich. Comparison of the 40Ar/39Ar and U-Pb results underscores the 
strengths and limitations of each system, and supports an astronomically calibrated Fish Can-
yon sanidine standard age of 28.201 Ma. The radioisotopic data and published astrochronol-
ogy are employed to develop a new CTB time scale, using two statistical approaches: (1) a sim-
ple integration that yields a CTB age of 93.89 ± 0.14 Ma (2σ; total radioisotopic uncertainty), 
and (2) a Bayesian intercalibration that explicitly accounts for orbital time scale uncertainty, 
and yields a CTB age of 93.90 ± 0.15 Ma (95% credible interval; total radioisotopic and orbital 
time scale uncertainty). Both approaches fi rmly anchor the fl oating orbital time scale, and the 
Bayesian technique yields astronomically recalibrated radioisotopic ages for individual ben-
tonites, with analytical uncertainties at the permil level of resolution, and total uncertainties 
below 2‰. Using our new results, the duration between the Cenomanian-Turonian and the 
Cretaceous-Paleogene boundaries is 27.94 ± 0.16 Ma, with an uncertainty of less than one-half 
of a long eccentricity cycle.

 on February 29, 2012geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/


8 GEOLOGY, January 2012

and DR2). Whereas the 2σ analytical uncer-
tainty associated with each individual measure-
ment is large, 0.7–2.0 m.y., and may mask com-
plexities in the data, outliers (mainly analyses 
with <97% radiogenic Ar) are few (≤5% in most 
samples) and weighted mean ages have preci-
sions of ~±0.3% (Table 1; Fig. 1). Notwithstand-
ing, Gaussian distributions and weighted mean 
ages for a given bentonite sampled at different 
localities strongly suggest a common eruptive 
age, and thus correlation among bentonites that 
occur within a biozone (Fig. 1). Moreover, there 
is no detectable difference in age between legacy 
samples of Obradovich (1993) and the newly 
collected samples; consequently, we assume 
that bentonites from a given biozone are equiva-
lent and have calculated weighted mean ages for 
these groups of results from bentonites in the E. 
septemseriatum, N. juddii, and W. devonense 
zones (Table 1). The relatively short duration 
of the study interval yields stratigraphically dis-
tinct ash beds with ages indistinguishable from 
one another, given the analytical uncertainties, 
indicating that the 40Ar/39Ar technique cannot 
resolve geologic events at the <1‰ level. This 
limitation is obviated by intercalibration with 
the astrochronology (see following). To facili-
tate comparison with the U-Pb results, we report 
weighted mean ages with analytical uncertain-
ties at the 95% confi dence level, along with 

the 2σ total uncertainty (analytical, 40K decay 
constant, and Fish Canyon sanidine standard 
age contributions) using three proposed Fish 
Canyon sanidine ages: 28.02 Ma (Renne et al., 
1998), 28.201 Ma (Kuiper et al., 2008), and 
28.305 Ma (Renne et al., 2010; Table 1).

U-Pb GEOCHRONOLOGY
Using the EARTHTIME 205Pb-233U-235U 

tracer solution (Condon et al., 2007) and the CA 
ID-TIMS method (Mattinson, 2005; Mundil et 
al., 2004), zircons (single crystals and fragments) 
from fi ve samples, representing four of the fi ve 
bentonites for which we report new 40Ar/39Ar 
data, were measured at the British Geological 
Survey Natural Environment Research Council 
Isotope Geoscience Laboratory using the 
procedures outlined in Item DR3.With three 
exceptions, each zircon gives a concordant 
206Pb/238U and 207Pb/235U age, and since the 
former is more precise, it is used to determine the 
ages of the bentonites. Whereas the precision of 
each single crystal 206Pb/238U age of ~0.1% is a 
strength, samples yield 206Pb/238U ages that span 
0.6 to older than 1.0 m.y., refl ecting inheritance 
or recycling of some zircon during protracted 
evolution of the volcanic sources (Fig. 1). Thus, 
selection of which of the youngest zircons best 
estimates the eruptive age requires a choice as 
to whether chemical abrasion has eliminated all 

zircon affected by Pb loss, and which zircons to 
include in determining an eruption age.

Schoene et al. (2010) faced similar choices 
in determining the 206Pb/238U ages that most 
closely refl ect time since deposition of four ash 
beds bracketing the Triassic-Jurassic boundary; 
in each case the youngest zircon, the age of which 
overlapped a group of several other crystals, 
was chosen, whereas signifi cantly younger ages 
were excluded owing to Pb loss, and crystals as 
much as 3 m.y. older were excluded as inherited 
or recycled. Following this approach, we select 
the youngest group of zircons, those that may 
best refl ect closed-system behavior of the U-Pb 
system, as our best estimate of the time since 
eruption and deposition. Zircons suspected of 
bias due to Pb loss, inheritance, or magmatic 
residence, have been excluded (Table 1; Fig. 1).

The resultant 206Pb/238U ages should agree 
with the stratigraphic order; i.e., with the old-
est ash bed in the V. diartianum zone and the 
youngest in the P. fl exuosum zone. On the con-
dition that the V. diartianum 206Pb/238U age does 
not refl ect residual Pb loss, sample NE-08–01 
(N. juddii zone in Nebraska) is in stratigraphic 
order, whereas sample K-07–01B (N. juddii 
zone in Colorado) is not (Table 1). These results 
could call into question our assumption, based 
solely on the 40Ar/40Ar ages, that each bentonite 
sample site in a given biozone is correlative. 

TABLE 1. SUMMARY OF 206Pb/238U AND 40Ar/39Ar AGES, WITH ANALYTICAL UNCERTAINTIES AT 2σ OR THE 95% CONFIDENCE LEVEL (RESPECTIVELY), 
AND FULL RADIOISOTOPIC UNCERTAINTIES AT 2σ*

UW–Madison 40Ar/39  sesylana noisuf rA NIGL 206Pb/238U isotope 
analyses

Biozone 
sample

 

Obradovich (1993) Apparent ages Apparent ages Apparent ages

TCs 28.32 Ma FCs 28.02 Ma FCs 28.305 Ma FCs 28.201 Ma

Age 
(Ma ±95%)

Age
(Ma)

 ±95%  ±2σ Age
(Ma)

 ±95%  ±2σ  Age
(Ma)

 ±95%  ±2σ Age
(Ma)

 ±2σ  ±2σ

Pseudaspidoceras fl exuosum

90-O-34 93.40 ± 0.63 93.06 ±0.21 ±1.58 94.01 ±0.21 ±0.24 93.67 ±0.21 ±0.31
AZLP-08–05 94.09 ±0.13 ±0.19

Watinoceras devonense

41.0±40.0±73.4904.0±33.0±18.3953.0±33.0±61.4906.1±33.0±02.3940–80-PLZA
83.0±03.0±38.3933.0±03.0±71.4916.1±03.0±22.39C10–70-K

90-O-33 93.25 ± 0.55 93.15 ±0.21 ±1.58 94.10 ±0.21 ±0.25 93.76 ±0.21 ±0.31
Weighted mean age: 93.18 ±0.12 ±1.57 94.14 ±0.12 ±0.17 93.79 ±0.12 ±0.26

Neocardioceras juddii

51.0±70.0±44.4963.0±72.0±70.4992.0±72.0±14.4906.1±72.0±54.39B10–70-K
41.0±40.0±10.4944.0±73.0±01.4904.0±73.0±44.4926.1±73.0±84.3910–80-EN

90-O-19 93.30 ± 0.40 93.45 ±0.31 ±1.60 94.41 ±0.31 ±0.33 94.07 ±0.31 ±0.39
90-O-49 93.59 ± 0.58 93.53 ±0.23 ±1.59 94.49 ±0.23 ±0.27 94.15 ±0.23 ±0.33

Weighted mean age: 93.48 ±0.14 ±1.58 94.44 ±0.14 ±0.18 94.10 ±0.14 ±0.27

Euomphaloceras septemseriatum

43.0±42.0±11.4972.0±42.0±54.4995.1±42.0±94.3920–80-PLZA
90-O-31 93.49 ± 0.89 93.63 ±0.19 ±1.59 94.59 ±0.19 ±0.23 94.25 ±0.19 ±0.30

Weighted mean age: 93.58 ±0.15 ±1.58 94.54 ±0.15 ±0.20 94.20 ±0.15 ±0.28

Vascoceras diartianum

90-O-30 93.90 ± 0.72 93.81 ±0.17 ±1.59 94.77 ±0.17 ±0.21 94.43 ±0.17 ±0.29
AZLP-08–01              94.28 ±0.08 ±0.15

Note: TCs—Taylor Creek sanidine; FCs—Fish Canyon sanidine; NIGL—Natural Environment Research Council Isotope Geoscience Laboratory; UW—University 
of Wisconsin.

*See Table DR4 (see footnote 1) for further information.
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However, the astrochronologic model in Sage-
man et al. (2006) indicates that the duration of 
the N. juddii zone is 300 k.y., whereas the two 
sets of U-Pb data, when compared using only 
the analytical uncertainties, give ages of 94.44 
± 0.07 and 94.01 ± 0.04 Ma that differ by at 
least 320 k.y. at the 2σ level. Therefore, we 
suspect that the K-07–01B sample contains a 
large proportion of inherited zircons that do not 
refl ect the time since eruption, and we take the 
U-Pb age from Nebraska as the most accurate 
estimate of time since eruption.

Provided that the above interpretation is cor-
rect, the youngest zircons from bentonites in the 

W. devonenese and P. fl exuosum zones are older 
than the zircons found in the N. juddii zone at 
site NE-08–01 (Fig. 1), thereby violating the law 
of superposition, and suggesting that all zircons 
in samples AZLP-08–04 and AZLP-08–05 are 
inherited or recycled and thus do not refl ect the 
time since eruption (Item DR3), and therefore 
cannot be used to calibrate the 40Ar/39Ar system. 
Alternatively, the 206Pb/238U weighted mean ages 
of AZLP-08–01 and NE-08–01 refl ect residual 
Pb loss. Consequently, the 206Pb/238U ages of 
K-07–01B, AZLP-08–04, and AZLP-08–05 do 
not violate stratigraphic order, and thus would 
not be interpreted to refl ect inheritance.

SUMMARY OF RADIOISOTOPIC 
GEOCHRONOLOGY

Regardless of which Fish Canyon sanidine age 
is used, the weighted mean 40Ar/39Ar ages of the 
fi ve bentonites obey stratigraphic superposition, 
and the relative time differences between sam-
ples are consistent with the astrochronologic age 
model (Fig. DR3). In contrast, the 206Pb/238U data 
are more complex, with intrasample variation in 
zircon ages and defi ance of stratigraphic super-
position. Due to the high closure temperature for 
U-Pb in zircon, such dispersion in ages for indi-
vidual zircons from volcanic-magmatic systems 
can refl ect processes that predate eruption and/
or the inclusion of xenocrystic material. Younger 
U-Pb ages are possibly the result of postcrystal-
lization Pb loss; however, with development of 
the CA ID-TIMS method (Mattinson, 2005), the 
occurrence of U-Pb ages thought to record Pb 
loss has been greatly reduced. Notwithstanding, 
most high-precision CA ID-TIMS U-Pb data 
sets contain a small number (<5%) of analyses 
that are considered to refl ect Pb loss (e.g., Davy-
dov et al., 2010; Schoene et al., 2010). Our data 
set is no different, and we exclude 3 of 47 indi-
vidual U-Pb ages due to suspected Pb loss.

The alternative interpretation that the U-Pb 
ages of the three youngest bentonites (K-07–
01B, AZLP-08–04, and AZLP-08–05) agree 
with the corresponding 40Ar/39Ar ages, provided 
the latter are calculated using a 28.305 Ma 
Fish Canyon sanidine age (Table 1), would 
require that the coherent zircon U-Pb data from 
NE-08–1 is ~400 k.y. too young due to Pb loss. 
However, it is the experience of the U-Pb com-
munity (e.g., Davydov et al., 2010; Schoene 
et al., 2010) that Pb loss does not manifest 
as coherent populations. Moreover, it would 
require that the sanidine crystals in samples 
NE-08–1 and AZLP-08–1 are older than the 
zircons. While it is reasonable for zircon U-Pb 
ages to be older than sanidine 40Ar/39Ar ages in 
an erupted magma, the converse is not permis-
sible given the higher closure temperature of 
zircon relative to sanidine. Thus it is diffi cult 
to reconcile the 28.305 Ma calibration of Fish 
Canyon sanidine with our results.

UNITING CTB RADIOISOTOPIC AND 
ASTROCHRONOLOGIC DATA TO 
DERIVE A NEW TIME SCALE

Whereas the 40Ar/39Ar data provide an age 
with a well-defi ned uncertainty for each ben-
tonite (Fig. 1), the fl oating astrochronology 
for the CTB GSSP (Meyers et al., 2001; Sage-
man et al., 2006) yields a more highly resolved 
estimate of the duration between stratigraphic 
horizons. We employ two statistical approaches 
to unite these sources of geochronologic infor-
mation, using the four radioisotopically dated 
bentonites (A, B, C, and D in Fig. 1) that can 
be precisely located within the astronomically 
tuned stratigraphy. The fi rst technique utilizes 
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Figure 1. Lithostratigraphy and biostratigraphy of Bridge Creek Limestone Member in U.S. 
Geological Survey (USGS) #1 Portland Core (Sageman et al., 2006) (A–D: radioisotopically 
dated bentonites), with bandpass-fi ltered short-eccentricity cycle (using grayscale data from 
Meyers et al., 2001). Bandpassed record is provided for schematic purposes only; orbital 
time scale (OTS) was constructed via integration of sedimentation rate curve, derived via 
evolutive harmonic analysis (Item DR5 [see footnote 1]). 206Pb/238U and 40Ar/39Ar individual 
analyses are plotted with analytical uncertainties (2σ), and weighted mean ages, in bold, are 
reported with total uncertainties (2σ). Analyses excluded from weighted mean calculations 
for both 206Pb/238U (i.e., Pb loss; inheritance) and 40Ar/39Ar (i.e. <97% 40Ar*; age outlier) are 
indicated by unfi lled symbols. Bayesian 40Ar/39Ar solutions following intercalibration with 
OTS are shown using probability density plots (posterior marginal distributions) for each fully 
propagated 40Ar/39Ar age (this excludes lowermost bentonite corresponding to Vascoceras 
diartianum because it does not occur in USGS #1 Portland core). Bayesian 40Ar/39Ar ages 
incorporate ±20 k.y. uncertainty in OTS, and are reported with 95% credible intervals. 
Cenomanian-Turonian boundary age is calculated using Bayesian 40Ar/39Ar solutions and 
OTS, with analytical and total uncertainties. S. gracile—Sciponoceras gracile; N. juddii—
Neocardioceras juddii; W. devon.—Watinoceras devonense; V.b.—Vascoceras birchbyi; 
P.f.—Pseudaspidoceras fl exuosum; M. nodosoides—Mammites nodosoides; C. woolgari—
Collignoniceras woolgari.
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the orbitally derived duration between each 
dated bentonite and the CTB to provide four 
statistically independent estimates of the bound-
ary age. The weighted mean of these estimates 
indicates a CTB age of 93.89 Ma ± 0.07 Ma (2σ 
analytical uncertainty), or 93.89 Ma ± 0.14 Ma 
(2σ total radioisotopic uncertainty).

The second technique uses Bayesian analysis 
as a quantitative framework for objectively inte-
grating the two sources of geochronologic infor-
mation (Buck et al., 1992). This approach yields 
a time scale that is statistically compatible with 
the astrochronologic and radioisotopic data, 
while also permitting an explicit astronomical 
recalibration of the radioisotopic ages (see Item 
DR5), thereby representing a powerful innova-
tion. We implement the Bayesian intercalibra-
tion using Markov Chain Monte Carlo simula-
tions; the radioisotopic ages of each bentonite 
are linked (Markov Chain) by the orbital time 
scale, and random sampling of each 40Ar/39Ar 
probability density (Monte Carlo) is conducted, 
with the rejection of ages that violate astrochro-
nologic and radioisotopic constraints.

A second important innovation of this Bayes-
ian approach is the explicit consideration of 
potential orbital time scale uncertainties (toler-
ances). We investigate a range of plausible uncer-
tainties, varying in magnitude from ±10 k.y. to 
±50 k.y. for the duration between individual 
radioisotopically dated bentonites. This approach 
allows for uncertainty in the short eccentric-
ity tuning frequency (Meyers et al., 2001), and 
potential hiatus (Meyers and Sageman, 2004).

Bayesian intercalibration, when executed 
using the analytical 40Ar/39Ar age uncertainties, 
is insensitive to the range of investigated orbital 
time scale tolerances (Item DR5). In contrast, 
intercalibration using the total 40Ar/39Ar age 
uncertainties demonstrates a degree of insta-
bility (with the ages of individual bentonites 
varying by as much as 140 k.y.), particularly 
at low tolerances (<15 k.y.; Item DR5). The 
astronomically recalibrated ages in Figure 1 uti-
lize an intermediate tolerance of ±20 k.y. Ages 
recalibrated using the analytical uncertainties 
can achieve permil level of resolution, whereas 
those recalibrated using the total uncertainties 
can be constrained to better than 2‰.

Utilizing the Bayesian-anchored astrochronol-
ogy, the age of the CTB is estimated to be 93.90 
+0.07/–0.09 Ma (95% credible interval, a Bayes-
ian confi dence interval; analytical and orbital 
time scale uncertainty), or 93.90 ± 0.15 Ma (95% 
credible interval; total radioisotopic and orbital 
time scale uncertainty). These results shift the 
previously determined age of 93.55 ± 0.50 Ma 
(Gradstein et al., 2004; reported with analytical 
uncertainty only; total uncertainty is >1.5 m.y.) 
by +0.37%, with nearly an order of magnitude 
improvement in precision. Our results agree 
with the astronomically interpolated CTB age 
of 94.12 ± 0.28 Ma proposed by Barker et al. 

(2011), based on 206Pb/238U dating of an ash 
bed below the boundary. Moreover, a duration 
of 27.94 ± 0.16 Ma can be calculated between 
the new CTB age and the Cretaceous-Paleogene 
boundary age of 65.96 ± 0.04 Ma (Kuiper et al., 
2008), with an uncertainty of less than half of a 
405 k.y. eccentricity cycle. Our fi ndings thereby 
provide a means for quantitative evaluation of 
future Late Cretaceous astronomical time scales, 
and yield an important constraint for solar sys-
tem dynamic modeling (Laskar et al., 2004).
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