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ABSTRACT

The development of integrated astro-
nomical and radioisotopic time scales from 
rhythmic strata of the Western Interior 
Basin  (WIB) has played a fundamental role 
in the refi nement of Late Cretaceous chrono-
stratigraphy. In this study, X-ray fl uores-
cence (XRF) core scanning is utilized to 
develop a new elemental data set for cyclo-
stratigraphic investigation of Cenomanian-
Turonian strata in the WIB, using material 
from the Aristocrat-Angus-12-8 core (north-
central Colorado). The XRF data set yields 
the fi rst continuous 5-mm-resolution analy-
sis of lithogenic, biogenic, and syngenetic-
authigenic proxies through the uppermost 
Lincoln Limestone Member, the Hartland 
Shale Member, and the Bridge Creek Lime-
stone Member, including oceanic anoxic 
event 2 (OAE 2). The 40Ar/39Ar ages from 
ashes in three biozones, including a new 
age from the Dunveganoceras pondi biozone 
(uppermost Lincoln Limestone Member), 
provide geochronologic constraints for the 
cyclostratigraphic analysis. Astrochronologic 
testing of the 5-mm-resolution XRF weight 
percent CaCO3 data via average spectral 
misfi t analysis yields strong evidence for 
astronomical infl uence on climate and sedi-
mentation. Results from the Bridge Creek 
Limestone Member are consistent with the 
previously published astrochronology from 
the U.S. Geological Survey #1 Portland core 
(central Colorado), and identifi cation of an 
astronomical signal in the underlying Hart-
land Shale Member now permits extension 
of the WIB astrochronology into the earlier 
Cenomanian, prior to OAE 2. High rates of 
sedimentation in the Angus core during the 
interval of OAE 2 initiation, as compared 
to the Portland core, allow recognition of a 
strong precessional control on bedding de-
velopment. As a consequence, the new results 

provide a rare high-resolution chronometer 
for the onset of OAE 2, and the timing of pro-
posed hydrothermal trace metal enrichment 
as observed in the 5 mm XRF data.

INTRODUCTION

The Cenomanian-Turonian boundary inter-
val (ca. 94 Ma; Meyers et al., 2012a) records 
oceanic anoxic event 2 (OAE 2), a major bio-
geochemical perturbation to the Earth sys-
tem. The event is characterized by widespread 
deposition of organic-carbon–rich strata and a 
positive carbon isotope excursion (Pratt, 1985; 
Arthur et al., 1985, 1988; Schlanger et al., 1987; 
Hayes et al., 1989; Arthur and Sageman, 1994; 
Sageman et al., 1997, 2006; Paul et al., 1999; 
Wang et al., 2001; Tsikos et al., 2004; Bow-
man and Bralower, 2005; Jarvis et al., 2006; Li 
et al., 2006; Elrick et al., 2009), and it is asso-
ciated with the extinction of a variety of mol-
luscs, planktic foraminifera, and nannoplankton 
(Elder, 1989; Premoli-Silva et al., 1999; Leckie 
et al., 2002; Erba, 2004). A detailed understand-
ing of the mechanisms underlying OAE 2, and 
accurate calculation of biogeochemical 
and paleobiologic rates across the event require 
high-resolution time scales, even exceeding 
what is possible using radioisotopic geo chronol-
ogy and biostratigraphy (Sageman et al., 2006; 
Meyers et al., 2012a). Astrochronology is a 
potential tool for construction of the necessary 
high-resolution geological time scales (Hinnov , 
2000), and consequently cyclostratigraphic 
analyses of various OAE 2 deposits have been 
conducted (e.g., Kuhnt et al., 1997, 2004; Gale 
et al., 1999; Caron et al., 1999; Prokoph et al., 
2001; Kuypers et al., 2004; Sageman et al., 
2006; Voigt et al., 2008; Meyers et al., 2001, 
2012a, 2012b).

Within the Western Interior Basin, cyclostrati-
graphic work on the Cenomanian-Turonian 
boundary initiated with Gilbert (1895). Gil-
bert was the fi rst to hypothesize a correlation 
between climate changes driven by Earth’s orbit 
and lithologic cycles, such as those preserved 

in the rhythmically bedded strata of the Bridge 
Creek Limestone Member, Greenhorn Forma-
tion, in central Colorado. Fischer (1980) revived 
interest in the Colorado bedding cycles, and 
Sageman et al. (1997, 1998) provided the fi rst 
spectral analyses of geochemical, lithologic, 
and paleobiologic data that yielded quantita-
tive evidence for the existence of astronomical 
forcing in Cenomanian-Turonian sequences of 
the Western Interior Basin. This work primarily 
focused on strata immediately following OAE 2, 
in the upper Bridge Creek Limestone Member, 
because changing sedimentation rates in the 
OAE 2 interval led to complex bedding patterns 
that were more diffi cult to analyze. To address 
this issue, Meyers et al. (2001) subsequently 
applied a “time-frequency” cyclostratigraphic 
methodology termed evolutive harmonic analy-
sis (EHA) to high-resolution grayscale data 
from the Bridge Creek Limestone Member, 
allowing quantifi cation of an astronomical infl u-
ence in the OAE 2 interval and development of 
a detailed astronomically derived sedimentation 
rate history for the entire Bridge Creek Lime-
stone Member in the U.S. Geological Survey 
(USGS) #1 Portland core. Combining the new 
astrochronology with existing radioisotopic 
data, updated biostratigraphy, and a new high-
resolution carbon isotope record, Sageman et al. 
(2006) established a comprehensive chrono-
stratigraphy for the Cenomanian-Turonian 
global stratotype section and point (GSSP) 
in the Pueblo, Colorado, region. These results 
better constrain the timing and duration of the 
OAE 2 carbon isotope excursion and the con-
stituent biozones, which form the basis of global 
chrono stra tig raphy for this interval. Subse-
quently, the OAE 2 time scale of Sageman et al. 
(2006) was revised via intercalibration with new 
40Ar/39Ar and U-Pb radioisotopic data from the 
Western Interior Basin by Meyers et al. (2012a).

The major remaining uncertainty in OAE 2 
cyclostratigraphy from the Western Interior 
Basin is associated with the transition into the 
positive carbon isotope excursion, which com-
mences in the upper part of the Hartland Shale 
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Member. Since the existing Western Interior 
Basin cyclostratigraphy begins immediately 
above the basal limestone bed of the overly-
ing Bridge Creek Limestone Member (referred 
to as “LS1” by Elder, 1985), just following 
the initiation of the carbon isotope excursion, 
assumptions about the duration of LS1 and 
extrapolation into the uppermost ~30 cm of 
Hartland Shale in the USGS #1 Portland core 
are necessary to determine OAE 2 duration. Fur-
thermore, at both the Pueblo type section and in 
the USGS #1 Portland core, the interval imme-
diately below LS1 includes a conspicuous skel-
etal bed that may represent a hiatus. The skeletal 
bed precedes an interval interpreted to represent 
a major transgression in the basin, based on a 
170 km retreat of shoreface deposits on the 
western margin of the basin that correlates with 
the deposition of LS1 (Kauffman, 1977; Hook 
and Cobban, 1981; Elder, 1985; Hattin, 1986; 
Sageman, 1996; Meyers et al., 2001). Our abil-
ity to defi nitively assess the tempo of the initial 
onset of the OAE 2 carbon isotope excursion 
within the Western Interior Basin is thus lim-
ited by poor constraint on the magnitude of the 
potential hiatus, on the rate of sedimentation 
within the uppermost Hartland Shale Member, 
and on the temporal duration of LS1.

To address these issues, we initiated a 
cyclostratigraphic study of the Aristocrat-
Angus-12-8 core from northern Colorado 
(Locklair and Sageman, 2008). This core is 
of particular interest because the OAE 2 inter-
val appears to preserve a more-continuous and 
complete transition from the Hartland Shale 
Member into the lower Bridge Creek Lime-
stone Member during OAE 2 initiation. This 
provides an opportunity to (1) better quantify 
the cyclostratigraphy and biogeochemistry of 
the transition into the OAE 2, (2) test the verac-
ity of the published Cenomanian-Turonian 
boundary astrochronology (Meyers et al., 2001, 
2012a; Sageman et al., 2006) at another location 
within the Western Interior Basin, (3) explore 
the feasibility of extending the astrochronol-
ogy into the earlier Cenomanian Hartland Shale 
Member and Lincoln Limestone Member, and 
(4) integrate the astronomical time scale (ATS) 
with published and emerging radioisotopic and 
chemo stratigraphic data from the Western Inte-
rior Basin to better constrain Late Cretaceous 
geochronology and chronostratigraphy.

The primary data for our astrochronologic 
assessment were generated using X-ray fl uores-
cence (XRF) core scanning, which allows geo-
chemical variability to be quantifi ed at 5 mm 
resolution for the entire Bridge Creek Lime-
stone Member, the Hartland Shale Member , 
and uppermost Lincoln Limestone Member. 
This XRF data set provides the fi rst continu-

ous 5-mm-resolution analysis of lithogenic, 
biogenic, and syngenetic-authigenic proxies 
through the interval of Western Interior Basin 
strata examined here, including OAE 2. Integra-
tion of the XRF data with weight percent CaCO3 
data and carbon isotopic measurements (δ13Corg) 
from the same core (Joo et al., 2014) provides 
a comprehensive data set for correlation and 
comparison of our results with the well-studied 
USGS #1 Portland core (Sageman et al., 1997, 
1998, 2006; Sageman and Lyons, 2003; Meyers 
et al., 2012a).

To test for astronomical infl uence in the Angus 
core XRF data, we utilized two approaches: the 
recently developed evolutive average spectral 
misfi t method (evolutive ASM; Meyers et al., 
2012b), and an adaptation of the ASM technique 
that is suitable for the evaluation of data series 
characterized by a relatively weak but pervasive 
stratigraphic expression of astronomical signals 
(a low signal:noise ratio). The latter approach 
is designed to enhance statistical power (the 
ability to detect astronomical infl uence when 
it is indeed present) while also decreasing the 
number of “false positive” spectral peaks (e.g., 
Meyers , 2012). This adaptation of the ASM 
method is a key step in extending the existing 
Western Interior Basin astronomical time scale 
(Meyers et al., 2001; Sageman et al., 2006) into 
the late Cenomanian Hartland Shale Member, 
where the lithologic rhythms are not as clearly or 
consistently expressed as in the overlying Bridge 
Creek Limestone Member. The combination 
of the two ASM approaches is critical for the 
calibration of astronomical signals in the Angus 
core, as well as the identifi cation of stratigraphic 
intervals where astronomical infl uence cannot be 
confi rmed and caution should be exercised.

As will be demonstrated herein, results from 
the new Angus core ATS are consistent with the 
previously published OAE 2 astrochronology 
from the USGS #1 Portland core (Meyers et al., 
2001; Sageman et al., 2006). In general, the 
Portland core ATS demonstrates a higher astro-
nomical signal:noise ratio for the Bridge Creek 
Limestone Member (Meyers et al., 2001), and 
thus a better constrained astrochronology. How-
ever, the Angus core reveals a higher-resolution 
precession-scale chronometer during the onset 
of OAE 2, due to expanded deposition at this 
particular location, and it also allows extension 
of the ATS ~1 m.y. prior to OAE 2. An addi-
tional highlight from our analysis of the Angus 
core is a continuous XRF elemental data set 
for evaluation of the timing of proposed hydro-
thermal trace metal enrichment associated with 
OAE 2 (Orth et al., 1993; Leckie et al., 2002; 
Snow et al., 2005; Turgeon and Creaser, 2008). 
The new XRF data set supports a two-phase 
magmatic pulse model for OAE 2, as proposed 

by Turgeon and Creaser (2008), and provides 
better constraints on the timing of the mag-
matic events.

MATERIAL AND METHODS

Material: Aristocrat-Angus-12-8 Core and 
Dunveganoceras pondi Ash Bed

Located in the Wattenerg fi eld on the west side 
of the Denver Basin (north-central Colorado; 
Fig. 1), the Aristocrat-Angus-12-8 (“Angus”) 
core was drilled in 2003 by EnCana Oil and 
Gas (U.S.A.). Within the core, the Bridge Creek 
Limestone Member consists of interbeds of cal-
careous shale or marlstone with either marlstone 
or limestone (Fig. 2). The Hartland Shale Mem-
ber is primarily composed of calcareous shale 
with occasional calcarenite layers, but a greater 
abundance of calcarenites occurs in the middle 
portion of the unit (Fig. 2). The thickness of the 
Bridge Creek Limestone Member in the Angus 
core is 15.99 m, and the Hartland Shale Mem-
ber is 18.68 m (both including bentonite layers ). 
This compares to 11.80 m of Bridge Creek 
Limestone Member and 12.80 m of Hartland 
Shale Member in the USGS #1 Portland core 
(Dean and Arthur, 1998; Meyers et al., 2001; 
Sageman et al., 2006), indicating expanded 
deposition in the Angus core. In addition to the 
Bridge Creek Limestone Member and Hartland 
Shale Member, our cyclostratigraphic analy-
sis includes the uppermost Lincoln Limestone 
Member, which is composed of interbedded cal-
carenitic limestone, marlstone, and calcareous 
shale (Fig. 2).

Sanidine extracted from bentonite in the 
Dunveganoceras pondi ammonite zone of 
the Frontier Formation in Carter County, Wyo-
ming (sample  D2315 of Obradovich, 1993), 
was re analyzed for the present study. In central 
Colorado, the D. pondi biozone occurs in the 
uppermost Lincoln Limestone Member, and it is 
placed in the lowermost portion of the analyzed 
Angus core stratigraphy (Fig. 2). Since dated 
bentonite horizons from the lower Bridge Creek 
Limestone Member in the Pueblo GSSP (Meyers  
et al., 2012a) can be correlated to the Angus core 
(Fig. 3), there is radioisotope age constraint at 
both the base and top of the study interval.

Methodology: X-Ray Fluorescence 
Core Scanning

The elements aluminum, silicon, calcium, 
manganese, iron, and copper were measured at 
5 mm × 5 mm resolution using the University 
of Wisconsin–Madison Avaatech X-ray fl uores-
cence core scanner (Richter et al., 2006). Ele-
ments were measured with a 10 kV accelera-
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tion voltage (1000 μA source current, no fi lter, 
10 s measurement time), with the exception 
of copper, which was measured using a 30 kV 
acceleration voltage (2000 μA source current, 
thick-palladium fi lter, 10 s measurement time). 
Data reduction and spectrum evaluation were 
conducted with the software WinAxil v. 4.5.2. 
To assess the stability of the XRF scanning 
analyses over the period of the study, 260 stan-
dard measurements (“SARM 4”; Potts et al., 
1992) were performed before and after most 

scans, and these demonstrated exceptional sta-
bility (e.g., the coeffi cient of variation for Ca 
is 0.01; GSA Data Repository supplementary 
Fig. 11). Additionally, >1100 duplicate analyses 
of Angus core material indicate an analytical 
uncertainty of <2% for most of the investigated 
elements and provide important information 

relevant to our subsequent interpretation of the 
data set (supplementary Table 1 and supplemen-
tary Fig. 2 [see footnote 1]).

For this study, calcium XRF count data 
were quantitatively calibrated to weight per-
cent calcium carbonate content using 66 CO2 
coulometry measurements (Joo et al., 2014; 
for methodology, see Huffman, 1977). The 
10–15-mm-thick core segments analyzed by 
CO2 coulometry typically span multiple 5 mm 
Ca XRF measurements (supplementary Fig. 3 
[see footnote 1]), the latter of which were 
averaged for comparison. The resulting linear 
calibration equation (Pearson correlation coeffi -
cient, r = 0.97) was utilized to convert all XRF 
Ca count data to wt% CaCO3 (Fig. 2A). As 
documented in the following, the astrochrono-
logic analysis is primarily concerned with these 
calibrated wt% CaCO3 data, which are inversely 
correlated with lithogenic aluminum (r = –0.93) 
and silicon (r = –0.92) contributions (Figs. 2B 
and 2C; see Angus Core XRF Scanning Results 
section). Manganese and iron XRF count data 
were utilized to aid in chemostratigraphic corre-
lation of the Angus core with the USGS #1 Port-
land core; relevant to this issue, both manganese 
and iron document important time-correlative 
authigenic-syngenetic geochemical shifts, which 
have been previously established within the 
basin (Sageman and Lyons, 2003; Meyers et al., 
2005; Meyers , 2007). The manganese and iron 
data were supplemented by copper XRF data 
to further evaluate the hydrothermal trace metal 
enrichment that has been proposed for OAE 2 
deposits (Orth et al., 1993; Snow et al., 2005).

Methodology: 40Ar/39Ar Geochronology

Thirty-three 40Ar/39Ar single-crystal laser 
fusion ages were determined from the D. pondi 
ash (sample D2315 of Obradovich, 1993), at the 
University of Wisconsin–Madison. The analyti-
cal methodology followed that of Meyers et al. 
(2012a), with minor modifi cation as outlined in 
Sageman et al. (2014). The age is reported with 
analytical uncertainties at the 95% confi dence 
level, and total uncertainties (analytical, 40K 
decay constant, and Fish Canyon sanidine stan-
dard age) at 2σ (Tables 1 and 2; supplementary 
Table 3 [see footnote 1]), and they were calcu-
lated relative to a Fish Canyon standard age of 
28.201 ± 0.046 Ma (Kuiper et al., 2008) and a 
value for λ40K of 5.463 ± 0.107 × 10–10 yr–1 (Min 
et al., 2000). See Schmitz (2012) for justifi ca-
tion of these values.

Methodology: Astrochronologic Testing

The calcium XRF data provide several 
specifi c advantages for our astrochronologic 
assessment. First, previous studies have demon-
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    Obradovich 1993)

E. septemseriatum
4- Lohali Pt., AZ
    (AZLP-08-02)
5- Lohali Pt., AZ
    (90-O-31, 
     from 
    Obradovich 1993)

D. pondi
6- Carbon County, WY
    (D2315,
    from
   Obradovich 1993)

50°N

40°N

30°N

120°W 110°W 100°W 90°W

Figure 1. Paleogeographic map of the Western Interior Basin for the mid-Cretaceous 
(94 Ma) (modifi ed from Roberts and Kirschbaum, 1995), illustrating the location of the 
Aristo crat Angus 12-8 core and the USGS #1 Portland core, previously studied by Sageman 
et al. (1997), Meyers et al. (2001), and Sageman et al. (2006). Also identifi ed are the locations 
of the ash beds that are utilized for radioisotopic geochronology. Sample codes follow the 
designations provided in Obradovich (1993) and Meyers et al. (2012a). W. devonense—Wati-
noceras devonense, E. septemseriatum—Euomphaloceras septemseriatum, D. pondi—Dun-
veganoceras pondi.

1GSA Data Repository item 2014136, Geochemi-
cal data and astrochronologic testing results, is avail-
able at http:// www .geosociety .org /pubs /ft2014 .htm 
or by request to editing@ geosociety .org.
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strated that wt% CaCO3 preserves a strong astro-
nomical signal in the Bridge Creek Limestone 
Member (Sageman et al., 1997, 1998; Meyers 
and Sageman, 2007; Meyers et al., 2001), and 
possibly also in the underlying Hartland Shale 
Member (Gale et al., 2008). Second, there are 
numerous plausible mechanisms that have been 
proposed to link carbonate concentration and 

astronomical forcing in Cretaceous deposits, 
including astronomically infl uenced changes in 
carbonate production, in siliciclastic dilution, or 
in some combination of both (Arthur et al., 1984; 
Eicher and Diner, 1985, 1989, 1991; Arthur and 
Dean, 1991; Pratt et al., 1993; Sageman et al., 
1997). A third advantage is excellent analytical 
repro duci bility of the Ca XRF analyses (sup-

plementary Table 1 [see footnote 1]), and the 
availability of wt% CaCO3 measurements for 
calibration of the Ca XRF count data directly to 
quantitative wt% CaCO3 data (Joo et al., 2104). 
Finally, carbonate and clay/silt fractions repre-
sent the two major codiluting sedimentary com-
ponents in these hemipelagic strata (followed by 
organic matter and sulfi des; Dean and Arthur, 
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1989; Sageman et al., 1997); therefore, wt% 
CaCO3 provides a reliable measure of major 
changes in the lithologic character of the strata.

Accurate characterization of astronomical 
infl uence on climate and deposition using the 
Angus core XRF data is potentially compli-
cated by interference with stochastic climate 
processes, unsteady sedimentation, and a range 
of other competing factors (Meyers et al., 2001, 
2008; Weedon, 2003). Thus, the evaluation of 
astronomical signals requires application of 
a series of quantitative methodologies that are 
capable of constraining sources of noise, as 
well as the use of appropriate statistical crite-
ria to explicitly test astronomical hypotheses. 
In this study, we used a multifaceted approach 
for astrochronologic assessment to optimize 
astronomical signal detection in the presence of 
multiple noise sources. First, prior to time-series 
analysis of the calibrated wt% CaCO3 XRF data 
set, 14 bentonite layers were removed (Fig. 2). 
Their identifi cation was based on visual evalu-
ation of the core and examination of the 5 mm 
XRF geochemical data. Since volcanic ash lay-
ers are deposited relatively instantaneously, they 
are not expected to record changes in “back-
ground” sedimentation that are sensitive to 
astronomically forced climate variations.

Evolutive harmonic analysis (EHA) and evo-
lutive power spectral analysis (EPSA) (Meyers 
et al., 2001; Meyers and Hinnov, 2010) were 
applied to evaluate changes in the character of 
spatial bedding cycles throughout the Angus 
core wt% CaCO3 XRF record. EHA and EPSA 
were implemented using a 7 m moving window 
(0.1 m step), experimentally determined to be 
an optimal size to assess the temporal evolu-
tion of spectral features in the wt% CaCO3 
XRF data. To constrain the possible temporal 
duration of the observed spatial cycles, a range 
of plausible sedimentation rates for the strata 
was determined using a new 40Ar/39Ar radio-
isotopic age from the Dunveganoceras pondi 
biozone in the uppermost Lincoln Limestone 
Member, in addition to recently published 
radioisotopic data from the Bridge Creek Lime-
stone Member (Meyers et al., 2012a).

Using the 7 m window EHA/EPSA results 
and the radioisotopic-based sedimentation rate 

constraints as a guide, ASM analysis was then 
applied to provide a quantitative test of astro-
nomical infl uence at different stratigraphic 
levels (Meyers and Sageman, 2007; Meyers 
et al., 2012b). The ASM approach has some 
philosophical similarities with the commonly 
employed “ratio method” (e.g., the ~5:2:1 rela-
tionship among ~100 k.y. short eccentricity, the 
~40 k.y. obliquity component, and the ~20 k.y. 
precession component). However, in contrast 
to the ratio method, ASM explicitly formulates 
astronomical testing as an inverse problem, 
where time scale uncertainty is evaluated, and 
Monte Carlo simulation provides a means by 
which to test the null hypotheses of no astro-
nomical infl uence (for a Bayesian approach, 
see Malinverno et al., 2010). The ASM Monte 
Carlo signifi cance levels can alternatively be 
considered as indicating the probability that the 
observed bedding cycles are derived by chance 
arrangement of “false positive” peaks in the 
spectrum (Meyers, 2012).

We used two ASM-based approaches to 
evaluate the Angus core data: evolutive ASM 
(Meyers et al., 2012b), and an adaptation of the 
ASM method that is designed for detection of 
weak but pervasive astronomical signals. Impor-
tantly, the evolutive ASM method provides a 
means by which to prospect for portions of the 
stratigraphic record characterized by a high 
astronomical signal:noise ratio. The method 
is implemented as a “sliding window” ASM 
analysis, using all harmonic components ≥90% 
F-test confi dence level (Thomson, 1982) from 
each 7 m EHA window.

An adaptation of the ASM method was sub-
sequently used to evaluate portions of the wt% 
CaCO3 record that were characterized by a 
comparatively low signal:noise ratio. The fi rst 

step in this approach is to use the 7 m EHA and 
EPSA results to identify broader segments of 
the stratigraphic record that express stable bed-
ding cycles. This yields a longer stratigraphic 
“window” with a greater potential for identifi -
cation of the full suite of astronomical signals, 
especially the low-frequency eccentricity terms. 
Three criteria are then used to select candidate 
bedding cycles for astrochronologic testing 
from this longer interval: (1) The specifi c bed-
ding cycle must be relatively stable and persis-
tent in the EHA and EPSA results, (2) the har-
monic F-test confi dence level must be ≥80% in 
the total MTM (multitaper method) spectrum 
for the stratigraphic interval and also in the EHA 
results, and (3) the bedding cycle must have high 
amplitude and power relative to the local back-
ground in the MTM spectrum. This approach 
allows for the fact that individual astronomical 
terms (eccentricity, obliquity, precession) wax 
and wane in their strength due to amplitude 
modulation (Laskar et al., 2004, 2011); thus, in 
stratigraphic data with a relatively weak expres-
sion of the astronomical cycles, the expected 
eccentricity, obliquity, and precession signals 
may not simultaneously achieve high signifi -
cance in a given 7 m EHA window, which is 
required for successful identifi cation using the 
evolutive ASM approach.

It should be noted that reduction of the 
required harmonic F-test confi dence level 
threshold from 90% to 80% in this analysis 
lowers the degree of phase coherence (lower 
signal:noise) required for signal identifi cation, 
but it does not necessarily increase the likeli-
hood of identifying an astronomical signal using 
ASM. More specifi cally, lowering the harmonic 
F-test confi dence level threshold increases 
the number of spectral frequencies evaluated 

TABLE 1. SEDIMENTATION RATE CONSTRAINTS FOR THE ANGUS CORE ASTROCHRONOLOGIC TESTING, BASED ON RADIOISOTOPICALLY DATED BENTONITES

Biozone
Age*
(Ma)

Position in Angus core†

(m)
Duration

(m.y.)
Thickness

(m)
Sedimentation rate

(cm/k.y.)

Watinoceras devonense 93.79 ± 0.12
(Meyers et al., 2012a) 2269.95–2270.95 0.41 ± 0.19 6.30 ± 0.50 0.96–3.12

Euomphaloceras septemseriatum 94.20 ± 0.15
(Meyers et al., 2012a) 2276.75

1.19 ± 0.23 27.70 ± 3.68 1.69–3.28
Dunveganoceras pondi 95.39 ± 0.18 2300.76–2308.13

*Analytical uncertainty at the 95% confi dence level.
†Position corrected for removal of bentonite thicknesses.

TABLE 2. SUMMARY OF 40Ar/39Ar SINGLE-CRYSTAL SANIDINE FUSIONS

DWSMNelpmaSenozoiB
Weighted mean age*

Age (Ma) 95%† ±2σ§

Dunveganoceras pondi D2315 25 of 33 0.69 95.39 ±0.18 ±0.37
*Age calculated relative to 28.201 Ma for Fish Canyon sanidine (Kuiper et al., 2008) using Min et al. (2000) 

decay constant.
†Analytical uncertainty at the 95% confi dence level.
§Fully propagated uncertainty (includes decay constant, analytical uncertainties, and Fish Canyon sanidine 

standard age).
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by ASM, potentially allowing for a better fi t 
to the astronomical model, but it also increases 
the number of frequencies utilized in the Monte 
Carlo spectra simulations, making it more dif-
fi cult to reject the null hypothesis of “no astro-
nomical signal” (especially if the additional 
spectral peaks are false positives). Thus, the 
ASM method has a built-in safeguard against 
false astronomical signal identifi cation, regard-
less of the specifi c harmonic F-test confi dence 
level threshold that is applied.

The theoretical target periods (eccentricity-
tilt-precession; henceforth ETP model) for all 
ASM analyses were derived from the astro-
nomical model of Laskar et al. (2004, 2011), 
and their uncertainty assessment has been 
previously presented in Meyers et al. (2012b) 
(supplementary Table 2 [see footnote 1]). ASM 
hypothesis testing was conducted with 100,000 
Monte Carlo simulated spectra, utilizing the 
same number of “signifi cant” frequencies iden-
tifi ed in each measured wt% CaCO3 spectrum 
(see Meyers et al., 2012b). Two-hundred indi-
vidual sedimentation rates were evaluated, on a 
logarithmic grid, yielding a critical null hypoth-
esis (Ho) signifi cance level of 0.5%.

ANGUS CORE XRF SCANNING 
RESULTS

Figure 2 presents the XRF calibrated wt% 
CaCO3 data and aluminum and silicon count 
data for the entire study interval, along with 
lithostratigraphy and δ13Corg measurements from 
the core (Joo et al., 2014). Important features of 
this data set include: (1) reciprocal oscillatory 
sedimentologic variability between biogenic 
(wt% CaCO3) and lithogenic (aluminum and 
silicon) components throughout the entire study 
interval, including the more carbonate-poor Hart-
land Shale Member, (2) especially pronounced 
oscillations of wt% CaCO3 in the carbonate-rich 
Bridge Creek Limestone Member and Lincoln 
Limestone Member, and (3) an ~4‰ positive 
δ13Corg excursion that defi nes OAE 2, with little 
variability during deposition of the Hartland 
Shale and Lincoln Limestone Members.

Manganese content shows the greatest 
enrichment in two stratigraphic intervals of the 
core, both of which occur in the Bridge Creek 
Limestone (Fig. 3B; full data set is presented in 
supplementary Fig. 4 [see footnote 1]). The fi rst 
stratigraphic interval of enhanced Mn content is 
manifested as regularly occurring Mn enrich-
ments within carbonate-rich  beds of the upper 
Bridge Creek Limestone (Fig. 3B). The second 
interval is a more localized Mn enrichment 
(henceforth, “OAE 2 enrichment”) within the 
lower half of the δ13Corg excursion that defi nes 
OAE 2 (Fig. 3D), and Mn content in this inter-

val exhibits no clear preference for limestone or 
shale beds.

Iron content demonstrates a substantial lin-
ear correlation with lithogenic components 
aluminum (r = 0.85) and silicon (r = 0.76) 
(supplementary Fig. 4 [see footnote 1]), but it 
also displays some degree of decoupling from 
the lithogenic fraction. In this regard, the most 
obvious feature in the Bridge Creek Limestone 
is an enhanced iron content within the lower 
half of the δ13Corg excursion that is decoupled 
from lithogenic inputs (Fig. 3C). This iron 
enrichment and the aforementioned manganese 
OAE 2 enrichment have been previously iden-
tifi ed in the USGS #1 Portland core (Sageman 
and Lyons, 2003; Meyers et al., 2005; Meyers, 
2007) and will be utilized as chronostratigraphic 
markers in the following section (Stratigraphic 
Correlation of Angus Core to the USGS #1 
Portland Core). The copper XRF data, while 
displaying more scatter than the other elements 
(largely due to lower count rates, decreasing 
the signal:noise ratio; supplementary Table 1 
and supplementary Fig. 2 [see footnote 1]), 
demonstrate a marked increase within the same 
interval that displays iron enrichment (supple-
mentary Fig. 4 [see footnote 1]). An enrichment 
in copper within this same stratigraphic interval 
has been previously identifi ed in lower-resolu-
tion data from the Rock Canyon anticline sec-
tion (Snow et al., 2005).

STRATIGRAPHIC CORRELATION 
OF ANGUS CORE TO THE USGS #1 
PORTLAND CORE

To allow comparison of our new Bridge Creek 
Limestone astrochronologic results with previ-
ous work from the USGS #1 Portland core, we 
developed a detailed correlation using carbon 
isotope data, carbonate content, elemental geo-
chemistry, and bentonite stratigraphy (Sageman 
et al., 1997, 2006; Sageman and Lyons, 2003). 
The correlation is based upon a number of key 
chronostratigraphic markers (Fig. 3): (1) the ini-
tiation and “end of plateau” of the OAE 2 δ13Corg 
excursion (e.g., Tsikos et al., 2004; Sageman 
et al., 2006), (2) bentonite “A” and bentonite 
“B” marker beds that are observed throughout 
the Western Interior Basin (Elder et al., 1994; 
the uppermost bentonite layer is near the peak 
of the carbon isotope profi le in both cores, pro-
viding further confi rmation of this correlation), 
(3) two broad wt% CaCO3 “bundles” that fol-
low the end of the δ13Corg plateau at both loca-
tions, and (4) the Mn and Fe enrichment peaks 
observed within the OAE 2 interval. Using 
these chronostratigraphic markers as a guide, 
a detailed bed-by-bed correlation is proposed 
for the Bridge Creek Limestone (Fig. 3), which 

suggests that all of the key lithostratigraphic 
units are present in both sections.

The major difference between the two cores is 
at the base of the Bridge Creek Limestone during 
initiation of the OAE 2 carbon isotope excursion. 
Within this interval, the record is expanded into 
multiple lithologic couplets, instead of a massive 
limestone (LS1) as in the Pueblo area (Sage-
man et al., 2006). As will be demonstrated later 
herein, this refl ects higher siliciclastic sedimen-
tation rates and more continuous deposition dur-
ing the initiation of OAE 2, in the Angus core.

RADIOISOTOPIC GEOCHRONOLOGY 
AND SEDIMENTATION RATE 
CONSTRAINT

Sanidines from volcanic ash in three ammo-
nite biozones, Watinoceras devonense, Euom-
phaloceras septemseriatum, and Dunvegano-
ceras pondi, give 40Ar/39Ar ages that are used 
to constrain sedimentation rates for the Bridge 
Creek Limestone Member and Hartland Shale 
Member in the Angus core (Tables 1 and 2; 
Meyers et al., 2012a). These specifi c ashes were 
selected based upon the precision with which 
they could be correlated into the core, and the 
small uncertainties associated with the radio-
isotopic ages, which produce the lowest error in 
derived sedimentation rate estimates. Analytical 
uncertainties (rather than total uncertainties) are 
used in the sedimentation rate assessment, as 
is most appropriate when evaluating the dura-
tion between stratigraphic horizons. Meyers 
et al. (2012a) reported the W. devonense age 
as 93.79 ± 0.12 Ma, and the E. septemseria-
tum age as 94.20 ± 0.15 Ma (95% confi dence 
level). A new weighted mean 40Ar/39Ar age for 
the D. pondi biozone, determined here based on 
25 of 33 sanidine analyses, is 95.39 ± 0.18 Ma 
(95% confi dence level) (Fig. 4; Table 2; supple-
mentary Table 3 [see footnote 1]). Outliers were 
removed from the age calculation because of 
“low” radiogenic 40Ar* (<95%) or dates that 
were distinguishably older than the weighted 
mean age and 2σ error envelope (i.e., xeno-
crysts). Obradovich (1993) obtained an age of 
94.63 ± 0.61 Ma (95% confi dence level) for 
this sample, relative to 28.32 Ma for the Tay-
lor Creek sanidine standard (Duffi eld and Dal-
rymple, 1990). A recalculation of the Obrado-
vich (1993) age using the Fish Canyon sanidine 
standard age of 28.201 Ma (Kuiper et al., 2008) 
and the Min et al. (2000) decay constant gives 
an age of 95.29 ± 0.61 Ma, which is statistically 
indistinguishable from our new age.

Calculation of sedimentation rates for the 
Angus core requires placement of the dated 
ashes within the stratigraphy. The E. septem-
seriatum ash is associated with the lowermost 
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bentonite layer in the Bridge Creek Limestone 
of the Angus core (2276.75 m) and the USGS 
#1 Portland core (bentonite “A”; Fig. 3). In con-
trast, the other two ashes are not found directly 
within the core and thus must be placed using 
other lithostratigraphic and chemostratigraphic 
information. The W. devonense ash is associated 
with bentonite “C” in the USGS #1 Portland 
core (Meyers et al., 2012a) and corresponds to 
the interval from 2269.95 m to 2270.95 m in the 
Angus core based on lithostratigraphic correla-
tion. Thus, the thickness between the biozones 
of W. devonense and E. septemseriatum is 
6.38 ± 0.50 m, and the corresponding duration 
is 0.41 ± 0.19 m.y. (95% confi dence level). The 
sedimentation rate range for this interval, given 
the uncertainty in both lithostratigraphic level 
and radioisotopic geochronology, is therefore 
from 0.96 to 3.12 cm/k.y. (Table 1).

The D. pondi biozone is located in the upper 
Lincoln Limestone Member in the central West-
ern Interior (Hattin, 1975). This interval, from 
2300.76 m to 2308.13 m in the Angus core, 
includes multiple discrete ash layers (Fig. 2). 
Consequently, the D. pondi bentonite age is 
placed in the middle of the interval, and one half 
of the thickness of the interval is taken as the 
placement uncertainty (3.68 m). The thickness 
between the E. septemseriatum and D. pondi 
biozones is 27.57 ± 3.68 m, while the dura-
tion is 1.19 ± 0.23 m.y. (95% confi dence level). 
Hence, the sedimentation rate for this interval is 
from 1.69 to 3.28 cm/k.y. These sedimentation 
rates provide the nominal temporal constraints 
needed to test for astronomical infl uence using 
the ASM method (Meyers and Sageman, 2007).

ASTROCHRONOLOGIC RESULTS

We focus our cyclostratigraphic analysis on 
spatial cycles that fall within the astronomical 
bands, as determined by the nominal radioiso-
topic constraints outlined in the previous section. 
The spatial resolution of the XRF data is 5 mm 
(Nyquist frequency of 100 cycles/m), corre-
sponding to a theoretical temporal resolution of 
0.15–0.52 k.y. given the radioisotopic data. The 
shortest spatial cycle that could plausibly rep-
resent an astronomical signal is constrained by 
two factors: the lowest possible sedimentation 
rate (0.96 cm/k.y.), and the shortest precessional 
cycle (including its uncertainty; supplementary 
Table 2 [see footnote 1]; Laskar et al., 2004). 
This yields a frequency of 5.705 cycles/m (100/
[0.96 cm/k.y. × 18.26 k.y.]). Here, we use 5.705 
cycles/m + one Rayleigh frequency (0.143 
cycles/m), which is 5.85 cycles/m, as the short-
est spatial cycle tested in the ASM analyses.

The EHA and EPSA results (Figs. 5B, 5C, 
and 5D) reveal numerous relatively stable bed-
ding cycles that extend throughout the Bridge 
Creek Limestone and into the upper Hartland 
Shale, especially evident in the amplitude 
results that have been normalized and plotted 
using a threshold at the 80% harmonic F-test 
confi dence level (Fig. 5C). Within this interval, 
E-ASM analysis (Fig. 5D) indicates an optimal 
sedimentation rate of 1.51 cm/k.y. (ASM = 7.63 
× 10–5 cycles/k.y.; Ho-SL = 0.010%; Table 3; 
Fig. 6) centered on the lower Bridge Creek 
Limestone (~2275 m), where the identifi ed 
eccentricity, obliquity, and precession terms 
all simultaneously achieve the 90% harmonic 
F-test confi dence level (Figs. 5C and 6F). Thus, 
E-ASM reveals a short stratigraphic “window” 
with a high signal:noise ratio, permitting an 
unambiguous astronomical calibration. Above 
and below this stratigraphic level, individual 
harmonic terms wax and wane in signifi cance—
nowhere else do they simultaneously coincide 
(Fig. 5C)—yielding an overall poorer fi t to the 
ETP model, and consequently larger Ho-SL val-
ues. However, the general consistency of spatial 
bedding cycles throughout the Bridge Creek and 
the upper Hartland Shale (Figs. 5B–5D) is char-
acteristic of stable sedimentation, suggesting 
that 1.51 cm/k.y. is an appropriate background 
sedimentation rate estimate for this entire inter-
val (to ~2286 m). This sedimentation rate yields 
an astronomical source for all of the strong, sta-
tistically signifi cant signals in the interval, with 
the exception of a stable component observed at 
~1 cycle/m (Figs. 5B–5C), which calibrates to a 
period of ~63 k.y. (Table 3; Fig. 6F). One plau-
sible source of the ~63 k.y. cycle is from a non-
linear response of the climate or depositional 
system to astronomical forcing. For example, 

the difference tone from interactions between 
O2 and E3 is ~1/62 k.y.

The middle portion of the Hartland Shale 
Member also demonstrates a number of rela-
tively stable bedding cycles (Figs. 5B–5D), 
although the evolutive ASM results do not iden-
tify a signifi cant result within the nominal sedi-
mentation rate range allowed by radioisotopic 
geochronology (1.69–3.28 cm/k.y.). However, 
given the high inferred sedimentation rates 
through this interval, it is diffi cult to impossible 
(for sedimentation rates >1.77 cm/k.y.) to assess 
the long eccentricity cycle (E1) using a 7 m evo-
lutive ASM window. Also of note, the observed 
bedding cycles are less stable (Fig. 5C) than 
those observed in the upper portion of the stra-
tigraphy, making it more challenging to simulta-
neously capture the harmonic components that 
would result in a good fi t to the ETP model (Fig. 
5C). Overall, an inability to detect long eccen-
tricity with a 7 m evolutive ASM window, and 
less stable spatial cycles lead to a substantial 
reduction in the signal:noise ratio for the middle 
to lower Hartland Shale Member, making astro-
nomical cycle detection diffi cult.

In this portion of the stratigraphic record, 
where the signal:noise ratio is low, and the evo-
lutive ASM approach has failed to identify an 
astronomical signal, the adaptation of the ASM 
method outlined in the section on “Methodol-
ogy: Astrochronologic Testing” permits an 
alternative, rigorous test of the astronomical 
hypothesis. First, we isolate a 10 m section of 
the stratigraphy (2286–2296 m) that expresses 
the most stable bedding cycles in the EHA 
and EPSA results (Figs. 5B–5D). This yields a 
larger window with a greater potential for the 
identifi cation of the long eccentricity term (E1). 
The three criteria outlined in the Astrochrono-
logic Testing section are then used to select can-
didate bedding cycles for astronomical testing 
from the interval. Ten harmonic components are 
identifi ed that satisfy these three criteria (the one 
exception is an 8.3 m cycle, which is too long 
to assess with the EHA and EPSA parameters; 
Fig. 6H). ASM evaluation of the 10 frequencies 
using the nominal sedimentation rate range of 
1.69–3.28 cm/k.y. yields an optimal sedimen-
tation rate of 2.41 cm/k.y. (ASM = 5.78 × 10–4 
cycles/k.y.; Ho-SL = 0.157%; Table 4; Figs. 6J 
and 6K). Based on the observed spatial bed-
ding frequencies in Figure 5, this sedimenta-
tion rate is proposed for the interval spanning 
2286–2296 m. An astronomical signal cannot 
be confi rmed for the lowermost Hartland Shale 
Member (>2296 m; shaded box in Fig. 7).

Finally, we note that the evolutive ASM 
results from the uppermost Lincoln Limestone 
Member indicate an optimal sedimentation rate 
of 2.13 cm/k.y. (ASM = 2.23 × 10–5 cycles/k.y.; 

Age (Ma)
90 5015958

D. pondi
95.39 ± 0.18 Ma
n = 25 of 33

100

Figure 4. 40Ar/39Ar analysis for Dunvegano-
ceras pondi with analytical uncertainties at 
the 95% confi dence level. Out of 33 analy-
ses, the 25 analyses shown as fi lled circles 
are used for calculating the weighted mean.
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Ho-SL = 0.002%; Fig. 5E). Given this sedimen-
tation rate, the identifi ed obliquity (O1, O2) 
terms are highly transient, although the short 
eccentricity (E2+E3) and P2 terms appear more 
stable (E1 is not detectable at this sedimenta-
tion rate using a 7 m window) (Fig. 5C). The 
abundance of high-amplitude signals at frequen-
cies above the calibrated astronomical periods 
suggests a strong infl uence of nonlinear distor-
tion processes (e.g., differential compaction/
accumulation; Meyers et al., 2001) and/or other 
noise processes. We tentatively propose the 2.13 
cm/k.y. calibration, awaiting more extensive 
investigation of the underlying record of the 
Lincoln Limestone Member.

DISCUSSION

An Extended Cenomanian-Turonian 
Astrochronology for the Western 
Interior Basin and its Comparison 
with Radioisotopic Geochronology

A summary of the complete astrochronologic 
results is shown in Figure 7, which provides a 
comparison with the Western Interior Basin 
radioisotopic geochronology and illustrates the 
band-pass-fi ltered astronomical frequencies 
from the wt% CaCO3 data set (details of band-
pass fi ltering are included in the fi gure caption). 
The largest uncertainty in the new ATS is for 
the lowermost Hartland Shale Member, where 
an astronomical signal has not been detected 
using the ASM approach (>2296 m; shaded box 
in Fig. 7). However, the facies preserved in the 
lowermost Hartland Shale are identical to those 
above it, and there is no observational evidence 
for a major discontinuity at this stratigraphic 
level in the Angus core, or elsewhere in the 
Western Interior Basin. Therefore, if the sedi-
mentation rate for the middle Hartland Shale 
(2.41 cm/k.y.) is representative of the lower-
most interval, and extrapolated to the top of the 
Lincoln Limestone Member, this suggests an 
ATS duration of 1230–1580 k.y. between the E. 

septemseriatum bentonite and the D. pondi ben-
tonite. The range of values stems from uncer-
tainty in the placement of the D. pondi ben-
tonite in the upper Lincoln Limestone, where 
there are several potential correlative ash beds. 
The Angus core ATS result agrees well with a 
radioisotopic duration of 960–1420 k.y. (95% 
analytical uncertainty). For comparison, if the 
lowermost 3 m of the Hartland Shale Member 
is ignored in our assessment (an unrealistic, but 
end-member condition of instantaneous depo-
sition), this would suggest an ATS duration 
of 1110–1460 k.y. for the same interval. With 
regards to the lower portion of the Bridge Creek 
Limestone, the astronomical duration between 
the W. devonense bentonite and E. septem-
seriatum bentonite is 380–450 k.y., which 
agrees well with a radioisotopic duration of 
220–600 k.y. (95% analytical uncertainty).

The 405-k.y.-Long Eccentricity Cycle

The long eccentricity (~405 k.y.) cycle is of 
particular interest in most deep-time cyclostrati-
graphic investigations because it is considered 
to be the most stable of the orbital frequencies 
(Laskar et al., 2004, 2011). The Angus core long 
eccentricity band-pass fi lter output exhibits a 
strong signal in the Bridge Creek Limestone and 
Lincoln Limestone and a greatly diminished sig-
nal in the Hartland Shale Member. Although this 
attenuation could refl ect a change in the primary 
eccentricity forcing, it may alternatively represent 
a threshold in the depositional system. For exam-
ple, a signifi cant increase in background clay fl ux 
during Hartland Shale deposition (Meyers et al., 
2001; Sageman and Lyons, 2003) would decrease 
the potential for preserving astronomically forced 
variations in wt% CaCO3 by diluting changes in 
carbonate content associated with productivity. 
The short eccentricity, obliquity , and precession 
band-pass fi lter outputs also indicate some atten-
uation in variability within the Hartland Shale, 
but this phenomenon is most pronounced for the 
long eccentricity signal.

Another curious aspect of the proposed long 
eccentricity signal is its relatively short duration 
in the lower Bridge Creek Limestone (ASM 
calibrated result of 311 k.y.) and the lower Hart-
land Shale (ASM calibrated result of 346 k.y.), 
both of which represent a perfect ASM fi t given 
the data resolution and orbital frequency uncer-
tainty (Tables 3 and 4). Similarly short values 
have also been documented for Cenomanian-
Turonian strata at Deep Sea Drilling Project 
(DSDP) Hole 603B and Demerara Rise (Meyers  
et al., 2012b). Relevant to this issue, while the 
long eccentricity astronomical signal is most 
stable (Laskar et al., 2004, 2011), the preserved 
sedimentary record of long eccentricity can be 
particularly sensitive to the low-frequency sto-
chastic noise (“red noise”) that is ubiquitous in 
cyclostratigraphic data (Meyers, 2012). Since 
most of the spectral variance in strongly “red” 
data is at the lowest frequencies (as in Fig. 6C), 
this creates the unfortunate situation where an 
extracted band-passed signal can represent 
a substantial mixture of stochastic noise and 
orbital signal, distorting the reconstructed long 
eccentricity band-pass fi lter output (Meyers, 
2012). In fact, the ASM method is designed to 
accommodate for this distortion in the astro-
chrono logic testing, but it is not yet possible to 
directly extract the undistorted long eccentricity 
signal via the band-pass fi ltering used here.

Comparing OAE 2 Astronomical Time 
Scales from the Western Interior Basin

A primary purpose of this study is to test the 
reproducibility of the published astronomical 
time scale for the Cenomanian-Turonian GSSP 
(Meyers et al., 2001; Sageman et al., 2006). In 
order to provide the most objective compari-
son between the Angus core and Portland core 
chronologies, and to avoid circular reasoning, 
we focus on stratigraphic levels that are most 
strongly constrained by chemostratigraphic data 
and the bentonite stratigraphy. Furthermore, to 
avoid overinterpretation of specifi c stratigraphic 

TABLE 3. AVERAGE SPECTRAL MISFIT (ASM)–DERIVED ASTRONOMICAL PERIODS FOR THE BRIDGE CREEK 
LIMESTONE WT% CaCO3 DATA SERIES SPANNING 2272.5–2279.5 M IN THE ANGUS CORE, USING THE ASTRONOMICAL 

TARGET OF LASKAR ET AL. (2004, 2011; SEE ALSO SUPPLEMENTARY TABLE 2 [SEE TEXT FOOTNOTE 1])

Observed frequency
(cycles/m)

MTM harmonic probability
(%)

Observed period
(k.y.)

Resolution bandwidth
(k.y.)

Laskar04/Laskar11 target period
(k.y.)

Misfi t
(cycles/k.y.)

0)62.693–31.514(74.504:1E21.332–55.76421.11369.593312.0
01×803.5)54.121–40.331(89.621:2E85.19–50.41195.10186.593356.0 –4

0)30.39–31.101(19.69:3E85.19–50.41195.10186.593356.0
10.95–95.7610.3616.693350.1

0)97.74–33.94(45.84:1O49.54–89.0533.8417.993373.1
0)83.73–59.73(66.73:2O50.73–62.0495.8319.890027.1
0)66.12–42.32(24.22:1P42.12–62.2247.1203.693350.3

44.9138.893314.3
01×512.3)62.81–04.81(33.81:2P75.71–62.8119.7153.997607.3 –6

39.2128.593331.5
87.943.197687.6

Note: MTM—multitaper method. Observed temporal periods were determined using an optimal sedimentation rate of ~1.51 cm/k.y.
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Figure 6. The average spectral misfi t (ASM) results and null hypothesis test for the Bridge Creek Limestone (2272.5–2279.5 m) (A–F in the 
fi gure) and Hartland Shale (2286–2296 m) (G–L in the fi gure). (A, G) The wt% CaCO3 profi le for the interval 2272.5–2279.5 m (A) and 
2286–2296 m (G). (B, H) The frequencies utilized in the ASM test, and their MTM (multitaper method) harmonic F-test confi dence levels. 
(C, I) Three 2π DPSS (discrete prolate spheroidal sequences) MTM power spectrum (black solid line) and amplitude spectrum (shaded 
area). (D, J) ASM results, indicating an optimal fi t at a sedimentation rate of 1.51 cm/k.y. for the Bridge Creek Limestone and 2.41 cm/k.y. 
for the Hartland Shale. (E, K) Null hypothesis signifi cance levels for the ASM results, indicating lowest values at optimal sedimentation rates 
of 1.51 cm/k.y. for the Bridge Creek Limestone and 2.41 cm/k.y. for the Hartland Shale. Both results are below the critical signifi cance level 
of 0.5% (dotted line). (F, L) The calibrated spectra based on the ASM-derived sedimentation rates, identifying long eccentricity (E1), short 
eccentricity (E2, E3), obliquity (O1, O2), and precession (P1, P2) terms. O3 indicates a short obliquity term (~29 k.y.) that was not utilized 
in the ASM testing.
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(in contrast to Figs. 2 and 3), with depth anchored to the top datum. The shaded box at the base of the Hartland Shale Member identifi es the 
interval for which an astronomical signal cannot be confi rmed. OAE2—oceanic anoxic event 2. Lithology legend is the same as in Figure 2. 
Radioisotopic ages are shown with uncertainties reported in the format “analytical/total,” at the 95% confi dence level and 2σ, respectively.

TABLE 4. AVERAGE SPECTRAL MISFIT (ASM)–DERIVED ASTRONOMICAL PERIODS FOR THE HARTLAND 
SHALE WT% CaCO3 DATA SERIES SPANNING 2286–2296 M IN THE ANGUS CORE, USING THE ASTRONOMICAL 

TARGET OF LASKAR ET AL. (2004, 2011; SEE SUPPLEMENTARY TABLE 2 [SEE TEXT FOOTNOTE 1])

Observed frequency
(cycles/m)

MTM harmonic probability
(%)

Observed period
(k.y.)

Resolution bandwidth
(k.y.)

Laskar04/Laskar11 target period
(k.y.)

Misfi t
(cycles/k.y.)

0)62.693–31.514(74.504:1E94.442–77.39563.64372.690021.0
0)54.121–40.331(89.621:2E19.301–55.83157.8111.990053.0

01×616.2)30.39–31.101(19.69:3E19.301–55.83157.8111.990053.0 –4

01×686.1)97.74–33.94(45.84:1O69.93–22.4489.1450.480099.0 –3

01×613.1)83.73–59.73(66.73:2O69.93–22.4489.1450.480099.0 –3

71.72–70.9280.8251.990084.1
01×131.2)66.12–42.32(24.22:1P53.32–47.4230.4284.990037.1 –4

01×786.5)62.81–04.81(33.81:2P23.71–70.8196.7154.690053.2 –4

23.31–67.3145.3186.290070.3
62.21–36.2144.2133.990043.3

9.9–41.0120.0162.090051.4
94.7–36.765.77.490005.5

Note: MTM—multitaper method. Observed temporal periods were determined using an optimal sedimentation rate of ~2.41 cm/k.y.
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rhythms, we utilize the objectively determined 
ASM-derived sedimentation rates (Figs. 5 
and 6) to determine duration estimates from the 
Angus core.

Using the two most confi dent carbon iso-
tope correlation points between the cores as an 
approximation for the OAE 2 interval (Figs. 3D 
and 3E), we fi nd a duration of 516–613 k.y. in 
the Angus core, compared to 559–675 k.y. in the 
Portland core (Fig. 3). The range of values pres-
ent in the Portland core ATS stems from uncer-
tainties associated with sedimentation rates in 
the lowermost limestone bed (“LS1”; Elder, 
1985) and the underlying Hartland Shale Mem-
ber, for which inferences were made (Sageman 
et al., 2006), as well as sampling resolution of 
the δ13Corg data and different options for the 
placement of the “end of the excursion” (Sage-
man et al., 2006). The range of Angus core ATS 
values is also due to the latter issue. It is nota-
ble that the Angus core ATS agrees well with 
recent OAE 2 duration estimates presented for 
Demerara Rise (offshore Suriname) and Tarfaya 
(Morocco), each of which utilizes the same evo-
lutive ASM methodology (Meyers et al., 2012b; 
note that the “end of the plateau” is defi ned 
differently in the present paper). Astronomical 
time scales for other important sections, though, 
have yielded different estimates for the duration 
of OAE 2 (e.g., Gale et al., 1999, 2000; Voigt 
et al., 2008). There are many plausible reasons 
for such discrepancies (see “Geologic Back-
ground” section in Sageman et al., 2006), and 
ongoing work continues to examine this issue.

A more detailed comparison can be made by 
evaluating three discrete intervals within the two 
astrochronologies. The duration between ben-
tonite “B” and the end of OAE 2 in the Angus 
core is 206–303 k.y., compared to 205–292 
k.y. in the Portland core (Fig. 3). The duration 
between the initiation of OAE 2 and bentonite 
“A” in the Angus core is 167 k.y., which falls 
within the range of 149–178 k.y. proposed by 
Sageman et al. (2006; Fig. 3). Finally, the dura-
tion between the two bentonite layers in the 
Angus core is 143 k.y., which is 62 k.y. shorter 
than that in the Portland core (Fig. 3).

The observed discrepancy in duration of the 
bentonite A to B interval between the two cores 
(143 vs. 205 k.y.) could be due to three factors: 
correlation, hiatus, or astrochronologic meth-
odology. Regarding the fi rst issue, the lower-
most bentonite (bentonite “A”) correlates to an 
interval of multiple bentonite layers at other 
locations in the basin (Elder et al., 1994). If the 
bentonite “A” layer preserved in the Angus core 
is actually stratigraphically younger than that 
preserved in the Portland core, this would con-
tribute to a difference in duration between the 
two sites (Fig. 3). A second possible source of 

discrepancy is hiatus. In fact, a hiatus of 17 k.y. 
was identifi ed within the Portland core between 
bentonites A and B, using the Δμ EHA method 
(Meyers and Sageman, 2004), and this duration 
was added into the astronomical time scale of 
Sageman et al. (2006). Importantly, the overall 
strong astronomical cyclicity observed within 
the Bridge Creek Limestone of the Portland core 
allowed this isolated hiatus to be identifi ed and 
calibrated with the Δμ EHA method (Meyers  
and Sageman, 2004). However, EHA results 
from the Angus core do not depict the expected 
expression of the hiatus (a bifurcation of the 
obliquity signal at ~2275.75 m in Figs. 5B and 
5C), but this does not necessarily guarantee the 
absence of a hiatus, especially in records with 
a lower astronomical signal:noise ratio such as 
present in the Angus core (Meyers and Sage-
man, 2004). Regarding astrochronologic meth-
odologies, the Angus core ATS was determined 
using an average sedimentation rate derived 
from a 7 m evolutive ASM analysis, while the 
Portland core ATS was derived using a 2 m EHA 
result to track the spatial frequency modulation 
of the short eccentricity period, followed by 
integration of the resultant sedimentation rate 
curve. Thus, it is possible for the Portland core 
ATS to resolve fi ner-scale sedimentation rate 
changes than those observed in the Angus core 
ATS. Use of the larger window in the Angus 
core ATS—necessitated by the overall lower 
signal:noise ratio as compared to the Portland 
core—could serve to average out and redistrib-
ute time between the three stratigraphic intervals 
evaluated here. The overall lower signal:noise 
ratio in the Angus core (a notable exception 
being the transition interval into OAE 2, below 
bentonite “A”) is likely due to higher siliciclastic 
accumulation rates, which are also less stable. 
Higher background clay fl ux generally serves to 
diminish the expression of limestone beds and, 
in some cases, appears to have split single lime-
stone beds (as observed in the Portland core) into 
two distinct beds (e.g., bed 28 in Fig. 3).

Based on the analysis presented here, we 
can conclude that a conservative approach for 
comparison of the Portland core and Angus 
core chronologies yields good agreement, 
within stated uncertainties and limitations of 
the astrochronologic methodologies. What is 
clearly unique about the Angus core ATS is the 
more complete preservation of bedding cycles 
during the initiation of OAE 2, allowing a more 
direct assessment of the pace of this onset, 
which was not as well constrained in the Port-
land core ATS. The time scale for OAE 2 onset 
is more thoroughly discussed next, including a 
more detailed Angus core ATS for the OAE 2 
initiation that utilizes band-pass fi ltering guided 
by the ASM results.

OAE 2 Onset and the Timing of 
Hydrothermal Trace Metal Enrichment

The relatively stable and high rate of sedi-
mentation during the transition from the upper 
Hartland Shale into the lower Bridge Creek 
Limestone yields a particularly strong and com-
plete astronomical record, providing a high-
resolution chronometer for the onset of OAE 2. 
Coupled with the new XRF data set, this pre sents 
an opportunity to better evaluate astronomical-
scale environmental change and the timing of 
proposed hydrothermal trace metal enrichment 
(Orth et al., 1993; Snow et al., 2005).

The onset of Bridge Creek Limestone depo-
sition in the Angus core is characterized by 
a strong precessional infl uence on bedding 
development, as illustrated by band-pass fi lter-
ing (p-1 to p-9 in Fig. 8A). This is followed by 
attenuation of the precessional signal, but with 
substantial infl uence of obliquity (Fig. 8B; see 
also Meyers et al., 2012b) and short eccentric-
ity (Fig. 8C), and also higher-frequency sub pre-
cessional variability (the latter is pronounced in 
the interval 2275.8–2276.8 m). To investigate 
the timing of proposed hydrothermal trace metal 
enrichment (Orth et al., 1993; Snow et al., 2005) 
within the context of this precessional time scale, 
we evaluated the Fe, Mn, and Cu XRF data sets. 
These specifi c elements were selected based on 
their potential for hydrothermal sources (Orth 
et al., 1993; Snow et al., 2005), previous docu-
mentation of their enrichment during OAE 2 
in lower-resolution data sets from the Western 
Interior Basin (Sageman and Lyons, 2003; Snow 
et al., 2005), and the ability to robustly detect 
them with XRF scanning. Of these elements, 
copper displays the most scatter (supplementary 
Table 1 and supplementary Fig. 2 [see footnote 
1]), and to accommodate for this, a Gaussian 
kernel (ksmooth; R Development Core Team, 
2006) was used to smooth the data set.

An interval of copper, iron, and manganese 
enrichment is apparent in the lowermost OAE 
2 interval, ~150 k.y. following the initiation of 
the positive carbon isotope excursion (assuming 
a dominant precession cycle of 22 k.y.; Fig. 8). 
Iron and manganese enrichment have been pre-
viously documented in the Portland core (Sage-
man and Lyons, 2003; Meyers et al., 2005; 
Meyers, 2007), and copper enrichment has been 
identifi ed in the Pueblo Rock Canyon anticline 
section (Snow et al., 2005; unpublished data 
also confi rm its presence in the Portland core 
[Stephen  Meyers , 2013, personal obs.]). Elevated 
manganese content occurs in both carbonate-rich 
(arrows in Fig. 8) and carbonate-poor beds, the 
latter beds being coincident with iron and cop-
per enrichment. A second, less-pronounced 
enrichment in copper is observed just prior to the 
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initiation of the positive carbon isotope excur-
sion, although a simultaneous enrichment is not 
apparent in the iron or manganese data (Fig. 8).

The enhanced iron and copper contents in 
the lower Bridge Creek Limestone have been 
proposed to refl ect hydrothermal trace metal 
enrichment during OAE 2 that was associated 
with the formation of the Caribbean Plateau 
large igneous province (Larson and Erba, 1999; 
Leckie et al., 2002; Erba, 2004; Snow et al., 
2005; Meyers , 2007). The elevated manganese 
concentrations are also consistent with this 
hydrothermal hypothesis (Snow et al., 2005). 
Furthermore, introduction of excess reduced 
compounds (Fe2+, Mn2+, etc.) via a magmatic 

event has been implicated as a primary driver 
of the OAE 2 (Sinton and Duncan, 1997; Leckie 
et al., 2002; Snow et al., 2005; Turgeon and 
Creaser, 2008; Elrick et al., 2009; Adams et al., 
2010). Turgeon and Creaser (2008) inferred 
two pulses of hydrothermal activity based on 
osmium isotope and osmium concentration data 
from Demerara Rise; the fi rst of these pulses 
occurs immediately prior to the initiation of the 
positive carbon isotope excursion at Demerara 
Rise, and the second follows the onset. The new 
geochemical data and astrochronology from 
the Angus core suggest that the initial pulse 
occurred ~20 k.y. prior to the onset of the posi-
tive carbon isotope excursion (consistent with 

the longest estimate of Turgeon and Creaser, 
2008), with the second commencing ~170 k.y. 
later, over a longer sustained interval. The small 
magnitude of the pre-excursion copper pulse, 
and lack of concurrent increases in iron and 
manganese, may be the consequence of a more 
restricted Western Interior Basin at this time, 
and thus less effi cient communication with the 
proto–North Atlantic and Tethys Oceans.

CONCLUSIONS

Astrochronologic testing of a new 5-mm-
resolution XRF wt% CaCO3 data set from the 
Angus core is consistent with the OAE 2 time 
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scale of Sageman et al. (2006), and it provides 
a more-continuous and expanded assessment of 
the onset of the event. While the Portland core 
ATS is judged superior for most of the Bridge 
Creek Limestone Member, due to the more 
pronounced lithologic rhythms and a larger 
signal:noise ratio, the onset of OAE 2 is clearly 
better constrained in the Angus core ATS due 
to expanded deposition at this site. The iden-
tifi cation of astronomical signals in the under-
lying Hartland Shale and Lincoln Limestone, 
using evolutive ASM and a new adaptation of 
the approach designed for weak but pervasive 
signals, permits extension of the Cenomanian-
Turonian time scale approximately 1 m.y. prior 
to the onset of the positive δ13Corg excursion in 
Western Interior Basin strata. While the pres-
ence of an astronomical signal in the lowermost 
Hartland Shale cannot be confi rmed using the 
ASM methodology, the observation of a strong 
eccentricity signal in the uppermost Lincoln 
Limestone Member suggests that further exten-
sion of this time scale may be feasible, which 
would allow a direct integration with earlier 
mid-Cretaceous radioisotopic data from the 
basin. In addition, future integration of a com-
bined Portland core and Angus core ATS with 
biostratigraphic data will permit a more rigor-
ous assessment of evolutionary rates through the 
late Cenomanian and early Turonian interval.

Copper, iron, and manganese XRF data from 
the Angus core yield evidence of the hydro-
thermal trace metal enrichment proposed to 
occur during the initiation of OAE 2. Evaluation 
of these data within the context of the Angus core 
astrochronology provides new constraints on the 
timing of hydrothermal activity. The unusually 
stable and high rate of sedimentation during the 
transition into OAE 2 yields a strong record of 
precessional forcing; thus this site represents an 
ideal locality for future detailed studies of hydro-
thermal activity and biogeochemical responses 
during the onset of the event, especially within 
the context of the Western Interior Seaway.
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