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Abstract Cyclostratigraphic analysis has produced fundamental advancements in our understanding of
climate change, paleoceanography, celestial mechanics, geochronology, and chronostratigraphy. Of central
importance to this success has been the development of astrochronologic testing methods for the evaluation
of astronomical-climate influence on sedimentation. Most pre-Pleistocene astrochronologic testing methods
fall into one of two categories: (1) those that test for expected amplitude or frequency modulation imposed by
an astronomical signal or (2) those that test for bedding hierarchies (frequency ratios or bundling) that are
predicted by the dominant astronomical periods. In this study, a statistical methodology for combining these
complementary approaches is developed, which identifies the time scale that simultaneously optimizes
eccentricity amplitude modulation of the precession band, and the concentration of power at precession
(carrier) and eccentricity (modulator) frequencies. The technique is demonstrated to have high statistical
power—it is capable of identifying astronomical cycles when present—under a wide range of conditions,
and its application to synthetic models illuminates a range of potential pitfalls that are encountered when more
conventional nonoptimization approaches are used. The method is also independent from the interpretation
of power spectrum peak significance, resolving previous concerns regarding appropriate confidence level
assessment and “multiple testing.” As two case studies, the algorithm is applied to Miocene strata of Ocean
Drilling Program (ODP) Site 926B, and the Paleocene-Eocene Thermal Maximum-Eocene Thermal Maximum 2
interval at ODP Site 1262. The results verify published cyclostratigraphic interpretations and support the
theoretical astronomical solutions. This new astrochronologic testing approach can be used to evaluate
cyclostratigraphic records spanning the Phanerozoic and potentially beyond.

1. Introduction

The development of in situ high-resolution astronomical time scales has revolutionized our understanding
of climate and oceanographic change, and astrochronology now provides a de facto temporal framework
for the evaluation of much of Phanerozoic Earth system history [Gradstein et al., 2012]. The validity of such
time scales is predicated upon accurate identification and calibration of temporal rhythms in strata; to
satisfy this requirement numerous quantitative approaches have been developed to test the astronomical
hypothesis. The most direct test is provided by so-called “depth-derived” time scales, which apply radioisotopic
ages—sometimes with additional constraints—to calibrate spatial rhythms to temporal periods [e.g., Hays
et al., 1976; Huybers and Wunsch, 2004; Aswasereelert et al., 2013]. Advances in radioisotopic geochronology
[e.g., Mattinson, 2005; Kuiper et al., 2008] have dramatically enhanced the accuracy and precision of these
astrochronologic testing methods. However, the lack of sufficient material for radioisotopic geochronology,
and/or poor bio-chemo-magnetostratigraphic constraints for importing time control, often make depth-
derived astrochronologic testing approaches ambiguous.

In addition to depth-derived time scales, a number of theoretical astronomical signal attributes are often
employed to evaluate astronomical influence on climate and sedimentation. For example, bedding hierarchy
relationships (frequency ratios or bundling) are regularly used for astrochronologic testing, such as the 5:2:1
relationship between the ~100ka eccentricity, ~40ka obliquity, and ~20ka precession cycles (Schwarzacher
[1948], Hays et al. [1976], Meyers and Sageman [2007], Malinverno et al. [2010], and many others).
Other astrochronologic testing approaches seek to evaluate amplitude or frequency modulations that are
expected for the theoretical precession and obliquity signals [Herbert, 1992, 1994; Shackleton et al., 1995;
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Hinnov and Park, 1998; Hinnov, 2000]. In principle, these signal attribute techniques are suitable for the
analysis of both anchored and floating astronomical time scales [Hinnov, 2013]. However, the potential
for circularity in such testing has served as a persistent criticism, particularly when evaluating astronomical
signal attributes following tuning to an astronomical target curve [Neeman, 1993; Huybers and Wunsch,
2004; Huybers and Aharonson, 2010]. Nonetheless, “minimal” tuning approaches [Muller and MacDonald,
2000] and careful signal processing [Zeeden et al., 2015] can provide a safeguard against circularity, when
executed appropriately. Additional criticisms of astrochronologic testing methods concern spectral analytic
approaches, especially the appropriateness of reported confidence levels for power spectrum peaks,
underscoring the potential for erroneous interpretation of noise variance as astronomical signal [Vaughan
et al., 2011; Meyers, 2012].

The statistical challenges posed by quantitative astrochronologic testing are formidable [Meyers et al., 2008],
considering the essential problem of searching for quasiperiodic temporal signals in stratigraphic data for
which time is often poorly constrained. Additional challenges arise from (1) the gappy and unstable recording
of environmental signals within depositional systems (sedimentation rate changes, hiatus), (2) the problem
of deciphering (nonlinear) insolation-climate responses that are immersed in noise, including the variable
fidelity of climate proxies, and (3) degradation of the theoretical astronomical solutions with age. Regarding the
last issue, beyond 50 Ma the amplitudes and phases of the primary astronomical cycles are unknown; however,
the expected periods do provide some constraint [Berger et al., 1992; Laskar et al., 2004, 2011a, 201 1b; Waltham,
2015], and the 405 ka “long” eccentricity cycle is predicted to be remarkably stable throughout the Phanerozoic
[Laskar et al, 2004, 2011a, 2011b]. Given the wide range of data analysis issues noted above, and the
generally low statistical power of many commonly used astrochronologic testing methods [Meyers,
2012], itis extremely difficult to quantitatively confirm astronomical signals when they are present in paleo-
climate data.

The intent of the present study is to propose a new solution to this statistical challenge, by combining multiple
astronomical signal attributes to produce a more powerful test of the astronomical hypothesis. Specifically,
amplitude modulation and frequency ratio (bundling) attributes are evaluated using a probabilistic linear
regression model framework. Designated TimeOpt (for “time scale optimization”), this inverse method identifies
the sedimentation rate that simultaneously optimizes eccentricity amplitude modulation of the precession
band, and the concentration of power at precession (carrier) and eccentricity (modulator) frequencies. A
formal evaluation of the null hypothesis of “no astronomical signal,” given the optimal sedimentation rate,
is conducted using Monte Carlo simulation.

There are a number of desirable features that are central to the new technique. Foremost, TimeOpt is
applicable to the entire Phanerozoic. The technique also avoids the interpretation of power spectrum
peak significance [Vaughan et al., 2011; Meyers, 2012], providing an approach that is complementary to
other spectrum confidence level-based methods [Meyers and Sageman, 2007; Malinverno et al., 2010].
Finally, the reconstructed precession and eccentricity signals generated by TimeOpt can be compared to
the theoretical astronomical models [Laskar et al., 2004, 2011a, 201 1b] to improve the solutions and to eval-
uate the transfer functions that link climate, depositional environment, and sedimentation [Meyers et al.,
2008]. The phases and amplitudes of the TimeOpt-reconstructed cycles are not predefined in the analysis,
but rather are emergent properties; thus, they provide an objective means for testing of the theoretical
astronomical solutions.

The statistical power of TimeOpt is evaluated using a series of synthetic models, which reveal that the
method is capable of identifying astronomical cycles (when present) under a wide range of conditions.
These numerical experiments also demonstrate how TimeOpt is a useful tool for studying the interplay
between noise and astronomical signal, illuminating a number of potential pitfalls that are encountered when
frequency ratio and amplitude modulation approaches are implemented in a conventional (nonoptimization)
manner. As two example case studies, TimeOpt is used to evaluate cyclic Miocene strata from Ocean
Drilling Program (ODP) Site 926B at Ceara Rise [Pdlike et al., 2006a], and the Paleocene-Eocene Thermal
Maximum-Eocene Thermal Maximum 2 (PETM-ETM2) interval at ODP Site 1262 in the Angola Basin
[Lourens et al., 2005; Westerhold et al.,, 2007]. In both cases, the TimeOpt results confirm published astronomical
interpretations with a high degree of statistical significance (at the 99.5% confidence level), and yield time-
calibrated astronomical signals that are evaluated against the theoretical eccentricity models. The comparison
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Table 1. Eccentricity and Precession Target Periods Used in the TimeOpt Analyses®

Site 1262 Site 926B

Eccentricity (ka) Precession (ka) Eccentricity (ka) Precession (ka)
405.7 23.0 405.7 234
130.7 21.8 130.7 22.2
123.8 18.6 123.8 18.8

98.9 98.9

94.9 94.9

*The eccentricity periods are nominal values estimated via spectral analysis of the Laskar et al. [2011a] “10d” solution
spanning 0-20 Ma (these periods are identical to those determined using the Laskar et al. [2004] solution). In contrast to
the eccentricity periods, the precession periods are influenced by changes in Earth’s rotation rate and the dynamical
ellipticity of the planet; the precession periods were estimated via spectral analysis of the Laskar et al. [2004] astronomical
solution spanning 53-56 Ma (Site 1262) and 20-23 Ma (Site 926B).

between observed and theoretical eccentricity signals provides new insight into climate response and the
validity of the theoretical astronomical solutions.

2. TimeOpt: Time Scale Optimization Through an Evaluation of Eccentricity-Related
Amplitude Modulation and Bundling

TimeOpt is an astronomical testing approach for untuned stratigraphic data that comprehensively
evaluates a range of plausible time scales for deposition. For a given a depth-scaled (meters) climate proxy
data series (Yqgata), this inverse method seeks to identify the sedimentation rate that simultaneously opti-
mizes eccentricity-related amplitude modulation of the precession band, and the concentration of spectral
power at precession (carrier) and eccentricity (modulator) frequencies. The analysis is conducted in three
steps, which independently evaluate the amplitude modulation (or “amplitude envelope”) and spectral
power, and then combine these results. Statistical significance of the best fit result is determined via
Monte Carlo simulation.

For each temporal calibration investigated (sedimentation rate), the observed precession-band amplitude
envelope is extracted using band-pass filtering and the Hilbert transform [Taner et al., 1979]. The fit of
the extracted precession envelope to the expected eccentricity periods is evaluated using a probabilistic
linear regression model (equation (1)), where the optimal model at each sedimentation rate is identified
by least squares estimation:

Yenvelope = XeBe + € (M

Where:

Yenvelope i$ the precession-band amplitude envelope for the temporally calibrated data series
X. is a matrix of sine and cosine predictor terms representing the eccentricity periods

Be is a vector of regression coefficients for each predictor

€ is a vector of error terms

Five dominant eccentricity periods (405.7, 130.7, 123.8, 98.9, and 94.9 ka [ Laskar et al., 2011a] Table 1) are
used as predictors in equation (1) (Xe). The amplitudes and phases of the eccentricity terms are determined
during the linear model optimization; this approach is advantageous because the amplitudes and phases
of the main astronomical terms are unconstrained for deep-time investigations (>50 Ma), in contrast to
their periods [Berger et al., 1992; Laskar et al., 2004; Laskar et al., 2011b; Waltham, 2015]. Furthermore, the
transfer functions associated with the climate and depositional system can alter the amplitudes and phases
of the theoretical astronomical terms (as in Hays et al. [1976], Laurin et al. [2005], Swenson [2005], and Meyers
et al. [2008]), a factor that this numerical approach explicitly accommodates.

The probabilistic model of equation (1) is evaluated across a grid of sedimentation rates constrained by radio-
isotopic and/or bio-chemo-magnetostratigraphic data. The quality of the fit at each sedimentation rate is
then estimated using the Pearson correlation coefficient (or alternatively Spearman’s rank correlation coeffi-
cient [Spearman, 1904]) between the fitted eccentricity model, f(X¢,Be), and the observed precession band
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envelope (Yenvelope)- The resulting correlation, rﬁnvebpe, indicates the fraction of variance shared between the
model and temporally calibrated amplitude envelope at a given sedimentation rate.

The concentration of spectral power at the target astronomical periods for each temporal calibration is
evaluated using a second probabilistic linear regression model (equation (2)):

Ydata = Xepﬁep +& )]

Where:

Ydata IS the temporally calibrated data series

Xep is @ matrix of sine and cosine predictor terms representing the eccentricity and precession periods
Bep is @ vector of regression coefficients for each predictor

€ is a vector of error terms

In addition to the five dominant eccentricity periods that are used as predictors in equation (1), Xep also
includes the dominant precession periods. Unlike eccentricity, the precession periods are influenced by
changes in Earth’s rotation rate and the dynamical ellipticity of the planet; tidal-friction results in shorter
periods in the past [Berger et al., 1992; Laskar et al., 2004; Waltham, 2015]. Following specification of the
predicted precession periods (e.g., using Laskar et al. [2004]; Table 1], the amplitude and phase of each
astronomical term is determined during the linear model optimization (the two advantages noted
previously apply). The quality of the fitis assessed by calculation of the correlation between the fitted astro-
nomical model series, f(Xep,Bep), and the temporally calibrated series (ygata), yielding rfpectra|. The final
measure of fit (rgpt), which combines information from the assessment of both the amplitude envelope
and spectral power, is determined as:

2 2 2
I opt = I'"envelope I spectral (3)

Thus, rf,pt is the product of the fraction of variance shared between "model and time-calibrated envelope"
and "model and time-calibrated data". This optimization approach identifies the sedimentation rate
at which the hypothesized precession envelope expresses expected eccentricity modulation, while simul-
taneously spectral power is concentrated at the precession (carrier) and eccentricity (modulator) frequen-
cies. The parameter rf,pt can assume values ranging from 0 to 1 (one is a perfect fit to the models) and
provides a measure of the overall quality of the astronomically calibrated time series. The statistical signif-
icance of the observed ra,; is determined via Monte Carlo simulation with a first-order autoregressive
model [Gilman et al., 1963]; other noise models may be substituted as desired to test a range of null
hypotheses.

To illustrate the TimeOpt method, a 1000 ka long model with a 5 ka sampling interval (Figure 1a) is constructed
using eccentricity and precession signals [Laskar et al., 2004] that are standardized before combining
(zero mean and unit variance; these are henceforth referred to as “EP” models). The temporal series is then
transformed to depth using a sedimentation rate of 2 cm/ka. Regression modeling (equations (1) and (2))
uses five eccentricity periods (405.7 ka, 130.7 ka, 123.8 ka, 98.9 ka, and 94.9 ka [Laskar et al., 2011a]) and four
precession periods (23.6 ka, 22.3 ka, 19.1 ka, and 18.9 ka [Laskar et al., 2004]), and the precession amplitude
envelope is extracted using a Taner filter with half-power points at 0.035 and 0.065 cycles/ka (roll-off rate of
10° [Taner, 1992]). Analysis of the record is conducted using a grid of 100 sedimentation rates spanning 1.3
to 4.95 cm/ka, which covers the entire range of sedimentation rates for which the astronomical terms can
be fully evaluated, given sampling limitations (the Nyquist and Rayleigh frequencies) and filter parameters.
Logarithmic scaling of the sedimentation rate grid compensates for the commonly observed feature of
more rapid variability at low sedimentation rates (see also Meyers et al. [2012]).

The envelope regression model (equation (1)) identifies maximum rinvebpe (0.912; Figure 1e) at a sedi-
mentation rate of 1.92cm/ka. A second large local maximum occurs at 4.82 cm/ka (lﬁnve|ope=0.778;
Figure 1e), indicating an additional calibration where eccentricity-like amplitude modulation emerges,
although little spectral power is present at the astronomical periods (r;"pect,a| =0.260). A number of smaller
local rﬁnvebpe maxima (<0.30) are also observed, emphasizing the potential for erroneous time scale
identification when nonoptimization approaches are used to evaluate cyclostratigraphic records (as is
common in cyclostratigraphy).
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Figure 1. Demonstration of TimeOpt using a standardized eccentricity + precession (EP) model (0-1000 ka, sampling interval
of 5 ka), with a sedimentation rate of 2 cm/ka. (a) The EP stratigraphic model. (b) Periodogram for the EP model, given the
TimeOpt derived sedimentation rate of 2.00 cm/ka (black line = linear spectrum; gray line =log spectrum). Yellow shaded
region indicates the portion of the spectrum bandpassed for evaluation of the precession amplitude envelope. Dashed red
lines indicate the eccentricity and precession target periods. (c) Comparison of the band-passed precession signal (black), and
the data amplitude envelope (red) determined via Hilbert transform. (d) Comparison of the data amplitude envelope (red)
and the TimeOpt-reconstructed eccentricity model (black; derived using equation (1)). (e) Squared Pearson correlation
coefficient for the amplitude envelope fit (rﬁnvempe ; red dots) and the spectral power fit (rfpectm ; dark gray line) at each
evaluated sedimentation rate. (f) Combined envelope and spectral power fit (rf,pt) at each evaluated sedimentation rate.

(9) Summary of 2000 Monte Carlo simulations with AR1 surrogates (par1 = 0.552), used to evaluate the significance of the
maximum observed rf)pt of 0.832. (h) Cross plot of the data amplitude envelope and the TimeOpt-reconstructed eccentricity
model in panel “d”; dashed red line is the 1:1 line.

The spectral power regression model (equation (2)) identifies maximum rfpema| (0.928; Figure 1e) at 2.00 cm/ka,
as does the combined model (equation (3)), which yields a maximum rf,pt of 0.832 (Figure 1f). Monte Carlo
simulation with 2000 AR1 surrogates that posses the same lag-1 autocorrelation coefficient as the data
(par1 =0.552) yields a p-value of 0.005 for the observed I%pt at 2.00 cm/ka, indicating a highly significant result
(Figure 1g). The excellent fit of the target periods to the observed periods using the optimal sedimentation
rate of 2.00 cm/ka is illustrated in the power spectrum of Figure 1b, and the excellent fit of the time-calibrated
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envelope to the TimeOpt-reconstructed eccentricity model (derived using equation (1)) is shown in
Figures 1d and 1h. For comparison, analysis of an AR1 noise model using the TimeOpt approach is illustrated
in Figure S1 in the supporting information, demonstrating the low statistical significance of the rf,pt result
(p-value =0.398) as expected.

The nominal TimeOpt approach outlined above involves two fundamental assumptions, the first of which is
that the eccentricity and precession periods can be reliably estimated using theoretical astronomical models.
In the present study, the astronomical solutions of Laskar et al. [2004; “LA04"] and Laskar et al. [2011a;
“LA10d"] are used, although other models may be substituted as desired [e.g., Berger et al., 1992; Varadi
et al., 2003; Laskar et al., 2011b; Waltham, 2015]. The second fundamental assumption is that sedimentation
rate is constant within the stratigraphic interval investigated, with no significant hiatus. To address this issue,
changes in sedimentation rate can be evaluated using an evolutive (moving window) implementation of
TimeOpt, or more simply, although the application of time-frequency analysis methods [e.g., Prokoph and
Agterberg, 1999; Meyers et al., 2001; Meyers and Sageman, 2004] to identify stable intervals for subsequent
TimeOpt assessment.

In addition to the nominal constant sedimentation rate model that is the focus of the present study, the statis-
tical methodology that comprises TimeOpt can also accommodate a range of other sedimentation models. For
example, the TimeOpt method can be adapted to simultaneously optimize on a best fit average sedimentation
rate, and a best fit model for linearly increasing/decreasing sedimentation rates through a study interval.
Similarly, one could simultaneously optimize on a best fit model for variable accumulation across hemicycles
(differential accumulation). These complex models are more computationally demanding, and their execution
requires a greater degree of sophistication, but the basic principles follow from the nominal TimeOpt approach.
For reference, application of the nominal TimeOpt approach to EP models characterized by linear sedimenta-
tion rate increase, and differential accumulation, are included in Figures S2 and S3. It should be noted that while
these nonsteady sedimentation models illustrate some degradation of rgpt, the nominal TimeOpt approach pro-
vides reasonable approximations of the average sedimentation rate in each case.

It is clear that the complexity of some cyclostratigraphic records will demand explicit incorporation of linear
sedimentation and differential accumulation model components. Bearing this in mind, the intent of the pre-
sent study is to establish and evaluate the nominal TimeOpt approach, providing the foundation for inclusion
of more elaborate sedimentation models. It is important to stress that the nominal TimeOpt approach is
intended to serve as an objective (“hands off”) astronomical testing method to support a comprehensive
(e.g., cycle by cycle) tuning; ultimately, such comprehensive tuning can more accurately reconstruct variable
sedimentation rates within a study interval. For the two case studies investigated here (ODP Site 926B and
ODP Site 1262) comprehensive astronomical tuning exercises have already been conducted and published
[Pdilike et al., 2006a; Westerhold et al., 2007], and as discussed in sections 4 and 5, these astronomical time
scales are independently supported by the TimeOpt results. Through these two case studies, and a range
of simulations (section 3, Supporting Information), the nominal approach is demonstrated to provide a valu-
able tool for astrochronology.

3. Statistical Power of TimeOpt

When considering the usefulness of an astrochronologic testing method for the evaluation of stratigraphic
data, we must be concerned with two related issues: (1) the significance of the result, usually reported as a
p-value, which indicates the reliability of the method in repeated use (if we use a critical p-value of 0.05,
we accept that we will erroneously reject the null hypothesis of no astronomical influence 5% of the time that
we apply the method), and (2) the statistical power of the method (note the distinction between “statistical
power” and “spectral power”), which is a measure of the ability of the method to correctly detect that the null
hypothesis is false when an astronomical signal is indeed present. Statistical power is reported as a probabil-
ity (0-100%), with low values indicating that the method is not very sensitive, in which case it will generally
fail to find astronomical cycles when they are present.

Ideally, an astrochronologic testing technique should have high statistical power, although statistical power
has rarely been evaluated in astrochronologic studies (however, see Huybers and Wunsch [2005] and Meyers
[2012]). The statistical power of TimeOpt is expected to be dependent upon the “shape” of the noise (AR1
coefficient, par;) and its strength relative to the astronomical signals under investigation. Here we evaluate
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Figure 2. Assessment of statistical power for the detection of astronomical cycles at the 95% confidence level, for a
sedimentation rate of 2 cm/ka, using the amplitude envelope fit (rﬁnvek,pe associated with equation (1); black circles),
spectral power fit (rfpect,a| associated with equation (2); blue squares) and combined fit (rﬁpt of equation (3); red triangles).
The assessment uses 2000 AR1 simulations, with varying noise variance to signal variance ratios (aﬁoise/afignm) from 1 to
5, and four different par1 values. The astronomical signal is a standardized eccentricity + precession (EP) model (as in
Figure 1). (a) Simulations using pagr1 of 0.3, representing a weakly red process. (b) Simulations using pagr; of 0.5, representing a
moderately red process. (c) Simulations using pagr; of 0.7, representing a strongly red process. (d) Simulations using pagrq of
0.9, representing a very strongly red process.

the statistical power of the TimeOpt method at the 95% confidence level (p-value =0.05), using a range of
noise variance to signal variance ratios (0§oise/0§igna|) from 1 to 5, and four different par; values representing
weakly red (par7 = 0.3; Figure 2a), moderately red (par; = 0.5; Figure 2b) strongly red (par; = 0.7; Figure 2¢) and
very strongly red (par1 =0.9; Figure 2d) noise. In each simulation, the noise is added to a normalized EP
model (as in Figure 1) to evaluate statistical power. The TimeOpt analysis parameters utilized are identical
to those employed in the model analysis of Figure 1. For each of the four modeled pag; values, 2000 AR 1 simu-
lations are evaluated at nine values of aﬁoise/a§i9n3|. The statistical power reported in Figure 2 represents the
percentage of the 2000 simulations that correctly reject the null hypothesis (p-value <0.05) at a sedimenta-
tion rate of 2 cm/ka,

As expected, the statistical power of the method degrades as aﬁoise/afigna| increases (red lines in Figure 2).
Given equal noise and signal variance, astronomical cycles are identified in all simulations (100%) using
rcz,pt, but this decreases to values as low as 57% when aﬁoise/aﬁgna. is 5 (Figure 2b). For comparison, statistical
power associated with the amplitude envelope fit (rgnveloper black lines; equation (1)) and the spectral power
fit (rfpect,aL blue lines; equation (2)) are also displayed. In the case of the weakly red simulations (par; =0.3;
Figure 2a), the spectral power fit (rﬁpecw) consistently yields higher statistical power than the combined fit
(rﬁpt), while the amplitude envelope fit (rﬁnvebpe) consistently displays the lowest statistical power. This con-
trasts with the very strongly red simulations (par1 = 0.9; Figure 2d); in this case the spectral power fit (rﬁpectm)
is characterized by the lowest statistical power, while the amplitude envelope fit (rﬁnvebpe) and combined fit
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(rgpt) are similar. Simulations using par; of 0.5 (Figure 2b) and 0.7 (Figure 2c) illustrate the transition between
these two extremes.

The par1-dependent statistical power trends illustrated in Figure 2 are a consequence of changes in the noise
spectrum power distribution, and resultant interference between the noise and astronomical signal. When
par1 is small, variance is more evenly distributed across the power spectrum, allowing strong precession
and eccentricity signals to be almost equally-well preserved, but nonetheless adding a substantial amount
of noise within the precession band (0.035-0.065 cycles/ka) that is extracted for envelope assessment
(Figure 2a). As a consequence, the eccentricity-related amplitude modulation of precession is preferentially
corrupted. In contrast, when pag, is large there is a concentration of spectral power in the low frequencies,
preferentially corrupting the eccentricity cycles, while less noise is contributed to the precession band used
for envelope assessment (Figure 2d). In sum, if the data spectrum is too red, then the amplitude envelope of
precession has a better performance, while if the spectrum is too white, direct assessment of the eccentricity
and precession spectral power demonstrates better performance; in either case rgpt generally performs well.
Based on the simulations, we can conclude that the fidelity of these two signal attributes (amplitude envelope
versus spectral power) is antithetical, and strongly dependent upon the character of the noise. However, the
statistical power of the combined fit (rﬁpt) is consistently high (>85% for aﬁoise/agignaé.%).

4, Case Study I: The PETM-ETM2 Interval From the Walvis Ridge Transect, ODP Site
1262 (Leg 208)

ODP Leg 208 recovered late Paleogene strata from a depth transect across the Walvis Ridge and the
adjacent Angola Basin (South Atlantic [Zachos et al., 2004]). This archive has provided an invaluable record
of the late Paleocene-early Eocene hyperthermal events, including comprehensive astrochronologies
for the interval [Lourens et al., 2005; Westerhold et al., 2007, 2012]. Lourens et al. [2005] developed
astrochronologies from core material at ODP Sites 1262 and 1267 using magnetic susceptibility and L*
(lightness) data. Comparison of these data sets with theoretical orbital eccentricity models [Varadi et al.,
2003; Laskar et al, 2004] suggested that two of the early Eocene hyperthermal events, the PETM
(Paleocene-Eocene Thermal Maximum) and ETM2 (Eocene Thermal Maximum 2, or “ELMO”), were paced
by similar orbital configurations. According to this interpretation, the two events occur during maxima in
both the ~100ka and 405ka eccentricity cycles, following prolonged minima in the longer period
~2250 ka eccentricity cycle. Subsequent cyclostratigraphic analysis by Westerhold et al. [2007] used X-ray fluor-
escence (XRF) iron data and a* color reflectance data (red/green ratio) from multiple sites at Walvis Ridge
(and ODP Site 1051; Blake Nose), in conjunction with improved spliced composite depth scales, to refine
and extend the astrochronology. Their results supported the occurrence of the PETM and ETM2 during
maxima in ~100 ka eccentricity, but suggested more complex relationships with the longer period eccen-
tricity cycles. Westerhold et al. [2012] further evaluated XRF iron data from ODP Sites 1258 and 1262 against
updated astronomical solutions [Laskar et al., 2011a, 2011b] to develop an astronomically calibrated time
scale for the interval from 47 to 65 Ma.

Here we investigate the a* (red/green ratio) color reflectance data from ODP Site 1262, which is the deepest
of the Leg 208 sites [Zachos et al., 2004]. As in Lourens et al. [2005], we focus on the interval between the
PETM and ETM2, spanning ~22.4 m. The sediments generally consist of nannofossil ooze with some chert
layers. In contrast, the PETM and ETM2 events are expressed as deep-red clay layers. Westerhold et al. [2007]
demonstrate that the a* data through this interval have a strong positive correlation with iron XRF counts,
and increases in both of these parameters are interpreted to reflect greater terrigenous content. Prior to
evaluation with TimeOpt, the a* data is interpolated to an even sampling grid, and a linear trend is
removed (it is recommended to interpolate on a grid that is equal to or greater than the median sampling
interval, and in this case the median sampling interval of 0.02 m is used). Analysis of the record is con-
ducted using the precession and eccentricity targets outlined in Table 1 (derived from spectral analysis
of the solutions of Laskar et al. [2004, 2011a]), a precession filter band of 0.035-0.065 cycles/ka (half-power
points; roll-off rate of 10%), and a grid of 100 sedimentation rates spanning 0.5 to 3 cm/ka. These sedimen-
tation rates encompass values that are consistent with prior average background estimates based on astro-
chronology, magnetostratigraphy, and biostratigraphy (see discussion below [R6h/ et al., 2003; Zachos et al.,
2004; Lourens et al., 2005; Westerhold et al., 2007]).
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Figure 3. TimeOpt analysis of color data (a* representing the red/green ratio) from ODP Site 1262, spanning the interval
between the PETM and ETM2. (a) The 1262 color data. (b) Periodogram for the Site 1262 color data, given the TimeOpt derived
sedimentation rate of 1.33 cm/ka (black line = linear spectrum; gray line =log spectrum). Yellow shaded region indicates the
portion of the spectrum bandpassed for evaluation of the precession amplitude envelope. Dashed red lines indicate the
eccentricity and precession target periods. (c) Comparison of the band-passed precession signal (black), and the data amplitude
envelope (red) determined via Hilbert transform. (d) Comparison of the data amplitude envelope (red) and the TimeOpt-
reconstructed eccentricitg model (black; derived using equation (1)). (e) Squared Pearson correlation coefficient for the
amplitude envelope fit (renvelope ; red dots) and the spectral power fit (rgpecmﬂ ; dark gray line) at each evaluated
sedimentation rate. (f) Combined envelope and spectral power fit (rcz,pt) at each evaluated sedimentation rate. (g) Summary of
2000 Monte Carlo simulations with AR1 surrogates (par1 = 0.907), used to evaluate the significance of the maximum observed
rgpt of 0.212. (h) Cross plot of the data amplitude envelope and the TimeOpt-reconstructed eccentricity model in panel “d";
dashed red line is the 1:1 line.

The envelope regression model (equation (1)) identifies maximum rim,ebpe at a sedimentation rate of 1.28 cm/ka
(0.557; Figure 3e). The spectral power regression model (equation (2)) identifies maximum rﬁpectm at 1.33cm/ka
(0.398; Figure 3e), as does the combined model (equation (3)), which results in a maximum rgpt of 0.212 (Figure 3f).
Monte Carlo simulation using 2000 AR1 surrogates with the same lag-1 autocorrelation coefficient as the data
(par1 =0.907) yields a p-value of 0.005 for the maximum observed rf,pt at 1.33 cm/ka, indicating that we can reject
the null hypothesis at the 99.5% confidence level (Figure 3g). The fit of the target periods to the observed periods
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Figure 4. Examination of the observed eccentricity-scale a* cycles at ODP Site 1262. The floating astrochronology is anchored
at the ETM2 (option 1 of Westerhold et al. [2007]) and uses a constant sedimentation rate derived from the TimeOpt analysis
(1.33 cm/ka). (a) Eccentricity filter outputs (black line = short eccentricity; red dashed line = long eccentricity) from the
tuned a* time series. Long eccentricity was extracted using a Taner filter with half power points at 1/650 ka and 1/250 ka,
and a roll-off rate of 10%. Short eccentricity was extracted using a Taner filter with half power points at 1/140 ka to 1/80 ka
and a roll-off rate of 10% (b) The observed precession envelope (black line) and the long-eccentricity band-pass filter
output from the tuned a* time series (red dashed line). (c) The TimeOpt-reconstructed eccentricity model (derived
using equation (1)). (d) The Laskar et al. [2004] eccentricity solution (black line) and the Laskar et al. [2011a] “10d”
eccentricity solution (blue dashed line). Numbers 1-18 in Figures 4c and 4d identify short eccentricity cycles. Note that
the a* data was standardized prior to analysis (mean value of zero, standard deviation of unity), and thus, the ordinate of
the plots in Figures 4a—4c reflects a standardized value.

using the optimal sedimentation rate of 1.33 cm/ka is illustrated in the spectrum of Figure 3b, and the fit of the
time-calibrated envelope to the TimeOpt-reconstructed eccentricity model is shown in Figures 3d and 3h.

The TimeOpt derived sedimentation rate of 1.33 cm/ka is similar to prior estimates based on astrochronology,
magnetostratigraphy, and biostratigraphy. For example, the average sedimentation rate for Chron C24r, which
is substantially broader than the interval studied here, is ~1.3 cm/ka based on the astrochronology of R6h/ et al.
[2003], and ~1.9cm/ka based on the astrochronology of Westerhold et al. [2007]. Biostratigraphically derived
sedimentation rates for the interval studied here are ~1.2 cm/ka [Zachos et al., 2004].

Figure 4 further evaluates the preserved astronomical rhythms at ODP Site 1262 and compares the TimeOpt
results to the theoretical astronomical solutions [Laskar et al., 2004, 2011a]. To do so, the depth-scaled a* data
are transformed to time using the TimeOpt derived sedimentation rate of 1.33 cm/ka (a constant sedimentation
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rate is used, and thus, no fine-scale tuning is applied), and the resultant floating astrochronology is
anchored to the ETM2 event (53.69 Ma) using “option 1” of Westerhold et al. [2007]; note that the locations
of the PETM and ETM2 using “option 1” are highlighted in yellow in Figure 4). This analysis indicates that
the total amount of time between the end of the PETM and the start of ETM2, as derived from the floating
TimeOpt time scale (~1680ka), is in close agreement with that of Westerhold et al. [2007].

There are several lines of evidence that speak to the remarkable fidelity of the preserved record of eccentricity at
ODRP Site 1262. First, the long and short eccentricity signals, as extracted using band-pass filtering (see Figure 4
caption for filter parameters), demonstrate the expected coherence between the amplitude modulation of short
eccentricity, and the preserved long eccentricity signal (Figure 4a). Coherence with the filtered long eccen-
tricity signal is also expressed in the amplitude modulation of precession (Figure 4b), and in the TimeOpt-
reconstructed eccentricity model (Figure 4c¢; derived using equation (1)). None of these relationships with the
filtered long eccentricity signal at Site1262 (red dashed line in Figures 4a and 4b) are predefined by the
TimeOpt analysis; that is, they are emergent properties that further support the validity of the derived time scale.

In addition, the TimeOpt-calibrated cycles show good agreement with the theoretical eccentricity models
of Laskar et al. [2004, 2011al. Strikingly, the TimeOpt-reconstructed eccentricity model (Figure 4c) displays
17 of the 18 predicted short eccentricity cycles, and it closely reproduces the detailed amplitude structure
observed in the Laskar et al. [2004, 2011a] solutions, even though a simple constant sedimentation rate
model is used. However, the assumption of a constant sedimentation rate likely contributes some of the
observed discrepancies as well (such as the absence of cycle “7”; Figure 4c), and time-frequency analysis
(Figure S4) reveals some sedimentation rate variability within the study interval.

A phase offset between the maxima of the reconstructed eccentricity model and the theoretical solutions is
also present (Figures 4c and 4d). For the 15 well-resolved peaks (excluding cycles 1, 3, and 7), the phase offset
for LA10d ranges from 5 to 31 ka, and the offset for LAO4 ranges from —6 to 24 ka, indicating that the Laskar
solutions typically predict older maxima than the Site 1262 eccentricity model. This phase shift could be due
to several factors: (1) changes in sedimentation rate within the study interval (see Figure S4), (2) anchoring of
the TimeOpt result (the numerical age assigned to the onset of ETM2), (3) insolation-climate-deposition trans-
fer functions that distort the phase of the precession envelope used in the model fit (equation (1)) [e.g., Laurin
et al.,, 2005], and/or (4) inaccuracies in the LA04/LA10d theoretical models. However, more generally speaking,
we can conclude that the TimeOpt results from ODP Site 1262 provide a strong independent confirmation
of the veracity of the astronomical solutions and support the astrochronology of Westerhold et al. [2007]. In
particular, the detailed match between the TimeOpt-reconstructed eccentricity model (Figure 4c) and the
Laskar et al. [2004, 2011a] solutions independently supports PETM tuning option 1 of Westerhold et al. [2007,
2012], with a mismatch of no more than 31 ka.

5. Case Study II: Miocene Strata From Ceara Rise, ODP Site 926B (Leg 154)

Cyclostratigraphic analysis of Oligocene and Miocene strata from the equatorial Atlantic Ceara Rise has played
an essential role in the development of the geologic time scale, the validation of the theoretical astronomical
solutions, and in evaluating the history of the Antarctic ice sheets [Weedon et al,, 1997; Zachos et al., 1997;
Shackleton et al,, 1999; Plike et al., 2006a, 2006b]. Here we examine benthic foraminifera §'80 data spanning
440-490 m composite depth from Site 9268B [Pdilike et al,, 2006a], which has been previously investigated using
the average spectral misfit (ASM) method for astrochronologic testing [Meyers, 2012]. Prior to evaluation with
TimeOpt, the 8"80penthic data from this interval are interpolated to a sample spacing of 0.1 m (81% of the study
interval has a sample spacing<0.1 m), and a long-term trend is removed using a lowess smoother (frequencies
<0.06 cycles/m [Cleveland, 1979]). Analysis of the record is conducted using the precession and eccentricity
targets outlined in Table 1, a precession filter band of 0.035-0.065 cycles/ka (half-power points; roll-off rate of
10%), and a grid of 100 sedimentation rates spanning 1.3 to 5cm/ka. These sedimentation rates encompass
values that are consistent with prior average background estimates based on biostratigraphy [Weedon et al,
1997] and cyclostratigraphy [Weedon et al, 1997; Pdilike et al, 2006a]; the lowermost value of 1.3 cm/ka is also the
smallest permitted for TimeOpt analysis, given the Nyquist frequency and filter parameters.

The spectral power regression model (equation (2)) identifies maximum rﬁpectm (0.300; Figure 5e) at 2.94 cm/ka.
The envelope regression model (equation (1)) identifies maximum rim,e.ope (0.371; Figure 5e) at a sedimentation
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Figure 5. TimeOpt analysis of Miocene benthic foraminifera 3'80 data (440-490 m composite depth) from ODP Site 926B on
the Ceara Rise [Pdilike et al., 2006a]. (a) Benthic foraminifera 5'%0 data (permil VPDB), adjusted for seawater disequilibrium
[Pdilike et al., 2006a]. (b) Periodogram for the 9268 5'%0 data, given the TimeOpt derived sedimentation rate of 3.02 cm/ka
(black line =linear spectrum; gray line = log spectrum). Yellow shaded region indicates the portion of the spectrum
bandpassed for evaluation of the precession amplitude envelope. Dashed red lines indicate the eccentricity and pre-
cession target periods. (c) Comparison of the band-passed precession signal (black), and the data amplitude envelope
(red) determined via Hilbert transform. (d) Comparison of the data amplitude envelope (red) and the TimeOpt-reconstructed
eccentricity model (black; derived using equation (1)). (e) Squared Pearson correlation coefficient for the modulation fit
(rﬁnvebpe; red dots) and the spectral power fit (rzpectrap dark gray line) at each evaluated sedimentation rate. (f) Combined
envelope and spectral power fit (rgpt) at each evaluated sedimentation rate. (g) Summary of 2000 Monte Carlo simulations
with AR1 surrogates (p = 0.706), used to evaluate the significance of the maximum observed rﬁm of 0.099. (h) Cross plot of the
data amplitude envelope and the TimeOpt-reconstructed eccentricity model in Figure 6d; dashed red line is the 1:1 line.

rate of 3.02 cm/ka, as does the combined model (equation (3)), which results in a maximum rf,pt of 0.099
(Figure 5f). Monte Carlo simulation using 2000 AR1 surrogates with the same lag-1 autocorrelation coefficient
as the data (par1 =0.706) yields a p-value of 0.005 for the maximum observed r2Opt at 3.02 cm/ka, indicating
that we can reject the null hypothesis at the 99.5% confidence level (Figure 5g). The fit of the target periods
to the observed periods using the optimal sedimentation rate of 3.02 cm/ka is illustrated in the spectrum of
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Figure 6. Examination of the observed eccentricity-scale 8180benthic cycles at ODP Site 926B. The floating astrochronology
is anchored to the astronomically tuned age of 21.033 Ma from Pdilike et al. [2006a] and uses a constant sedimentation rate
derived from the TimeOpt analysis (3.02 cm/ka). (a) Eccentricity filter outputs (black = short eccentricity; red = long eccentri-
city) from the tuned 6180benthic time series. Filter parameters are identical to those used in Figure 4. (b) The observed
precession envelope (black) and the long-eccentricity band-pass filter output from the tuned 5180benthic time series (red).
(c) The TimeOpt-reconstructed eccentricity model (derived using equation (1)). (d) The Laskar et al. [2004] eccentricity solution
(black line) and Laskar et al. [2011a] “10d” eccentricity solution (blue dashed line). Numbers 1-19 in Figures 6c and 6d
identify short eccentricity cycles. Note that the 5180benthic data were standardized prior to analysis (mean value of zero,
standard deviation of unity), and thus, the ordinate of the plots in Figures 6a—6c¢ reflects a standardized value.

Figure 5b, and the fit of the time-calibrated envelope to the TimeOpt-reconstructed eccentricity model is
shown in Figures 5d and 5h.

It is notable that a strong obliquity signal is also resolved in the power spectrum of the Site 926B 580 data
(Figure 5b). This observation provides additional independent support for the TimeOpt result, as obliquity
was not included in the regression models (equations (1) and (2)). Nonetheless, the presence of the §'%0
obliquity signal serves to reduce rfpema| and rf,pt. If the dominant obliquity term (40.16 ka; from spectral
analysis of the Laskar et al. [2004] solution) is included in the spectral power regression model (equation (2)),
the fit improves (rf,pr=0.1 19; Figure S5). However, the existence of a doublet (rather than a single strong
obliquity peak) is unexpected, and suggests the existence of one or more unresolved hiatuses [Meyers et al.,
2001; Meyers and Sageman, 2004]. Application of the hiatus detection method of Meyers and Sageman [2004]
indicates the presence of two temporal gaps in the study interval, each with an estimated duration of
~20ka (Figure S6). Finally, the overall lower lﬁpt of the ODP Site 926B data compared to the ODP Site
1262 data (0.119 versus 0.212) reflects a generally noisier signal at Ceara Rise, due to hiatus, and perhaps
other contributing factors (related to the site and/or proxy).
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The TimeOpt derived sedimentation rate of 3.02 cm/ka at Site 926B compares to a prior estimate of ~2.3 cm/ka
based on biostratigraphy [Weedon et al., 1997], 2.67-3.07 cm/ka based on spectral analysis of magnetic
susceptibility data [Weedon et al., 1997], and an estimate of 2.95 cm/ka based on application of the average
spectral misfit (ASM) astrochronologic testing method to the same benthic §'80 data evaluated here
[Meyers, 2012]. The ASM result is nearly identical to the rfpecm result of 2.94 cm/ka, which is not surprising
considering that both approaches evaluate the frequency arrangement (ratios) of power spectrum
peaks. Additional information provided by the amplitude envelope assessment serves to slightly increase
the rf,pt-derived sedimentation rate. Given the small discrepancy of the results from these two methods,
the optimal sedimentation rates from TimeOpt and ASM yield identical astronomical interpretations.

Figure 6 further evaluates the preserved astronomical rhythms at Site 926B and compares the TimeOpt
results to theoretical astronomical solutions [Laskar et al., 2004, 2011a]. The depth-scaled 8"80penthic data
are transformed to time using the TimeOpt derived sedimentation rate of 3.02cm/ka (no fine-scale tuning
is applied). The resultant floating astrochronology is anchored to the astronomically tuned age of 21.033 Ma
Pdilike et al. [2006a] at the top of the interval (440.01 m).

The TimeOpt-reconstructed eccentricity model (Figure 6c) shows good agreement with the theoretical
eccentricity models of Laskar et al. [2004, 201 1a]; Figure 6d). Eighteen of the 19 predicted eccentricity cycles
are resolved, and the amplitude pattern observed in the Laskar et al. [2004, 2011a] solutions is reproduced in
the reconstructed eccentricity model. As was the case in the Site 1262 analysis, some of the observed discre-
pancies are likely attributable to the assumption of a constant sedimentation rate throughout the interval,
especially given the evidence for hiatus noted above (Figure S6). The phase offset between the maxima of
the Site 926B eccentricity model (Figure 6¢) and the theoretical solutions (Figure 6d) ranges from 15 to
66 ka, for the 16 well-resolved peaks (excluding cycles 1, 2, and 15). The greatest discrepancy occurs in the
oldest portion of the record, farthest from the anchor point at 21.033 Ma, consistent with the buildup of tem-
poral offsets due to hiatus (Figure S6).

In contrast to the Site 1262 analysis, the long eccentricity signal at Site 926B (Figure 6a) is nearly antiphased
with the amplitude modulation of the observed short eccentricity signal (Figure 6a), as well as with the
TimeOpt-reconstructed eccentricity model (Figure 6c). This relationship indicates a more complex climate
response at the long eccentricity period, while the amplitude envelope of precession is consistent with a
direct in-phase link to orbital eccentricity changes. One possible mechanism that is compatible with these
observations invokes maximum precession scale ice sheet growth during extremely cold winters (high
eccentricity), while a nonlinear process generates a 405 ka long eccentricity scale ice sheet response that is most
sensitive to cool summers (increased ice accumulation during low eccentricity). A nonlinear response to orbital-
insolation is required to generate strong eccentricity cycles in the paleoclimate archive [Imbrie et al., 1993],
and the carbon cycle is one plausible source [Paillard and Parrenin, 2004]. Strong 405 ka variance has been
previously documented in 8"3Chenthic data from this time interval [Peilike et al,, 2006a, 2006b], which is strongly
coherent and nearly in phase with 8"®0penthic, SUpporting this hypothesis. Interestingly, the short eccentricity
signal at Site 926B (Figure 6a) preserves a strong ~405 ka amplitude modulation that is nearly in phase with
the TimeOpt-reconstructed eccentricity model (Figure 6¢) and the theoretical solutions (Figure 6d), providing
additional independent support for the TimeOpt result.

6. Conclusions

Astrochronologic analysis has played a central role in the evaluation of paleoclimate change and in the devel-
opment of the geologic time scale. This study presents a new approach for astrochronologic testing and time
scale optimization, using the framework of probabilistic linear regression modeling. A key feature of this
approach is the simultaneous evaluation of both eccentricity-related amplitude modulation of precession
cycles, and spectral power “bundling” (frequency ratios) in paleoclimate data, providing a powerful approach
that is resilient to common problems in cyclostratigraphic analysis (e.g., poor time control, circular reasoning,
low statistical power of methods, inappropriate power spectrum confidence levels, multiple testing). The pre-
sent study focuses on the evaluation of records with relatively strong precession and eccentricity signals, but
it is simple to adapt the approach to evaluate the expected long-eccentricity (405 ka) modulation of short
eccentricity amplitude, and also the long-period amplitude modulation of obliquity. The nominal approach
introduced in this study applies a constant sedimentation rate model, but the new regression-based method
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is flexible and extensible to accommodate a range of other sedimentation models (linear sedimentation rate
changes, differential accumulation, etc.).

Application of the technique to cyclostratigraphic data sets from the Miocene (ODP Site 926B) and Eocene
(ODP Site 1262) confirms published astronomical interpretations at the 99.5% confidence level [Pdlike
et al., 2006a; Westerhold et al., 2007] and provides support for the theoretical astronomical solutions [Laskar
et al,, 2004, 2011a]. The TimeOpt method is relatively uncomplicated to use, and it is suitable for the evaluation
of cyclostratigraphic records throughout the Phanerozoic (potentially beyond). To facilitate application of the
TimeOpt method to cyclostratigraphic data sets, an R function [R Core Team, 2015] has been developed, which
is included in the free software “Astrochron” [Meyers, 2014].
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