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ARTICLE INFO ABSTRACT

Keywords: The multitude of periodicities reported from detrital zircon and related geochemical time-series leads to ques-
Periodicity tions about which cycles should be considered valid, which are byproducts of random noise, and the degree of
Cf‘usamy uncertainty associated with the detected periodicities. To enhance understanding of detrital zircon periodicities,
iﬁzzogram we review existing estimates by assessing both methodological reliability and reproducibility of results. Methods
Correlogram commonly employed include scalograms from wavelet analysis, periodograms from spectral analysis, and cor-

relograms from cross-correlation analysis. This study analyzes possible zircon periodicities ranging from less than
1 million to 1 billion years. We systematically evaluate the capabilities of each approach, and then refine esti-
mates in terms of their reproducibility using seven completely independent to partially independent U—Pb
detrital zircon databases. Periodicities that are consistently found at high confidence levels are considered sta-
tistically significant, whereas those that cannot be replicated are considered as spurious. The comparative studies
of detrital zircon ages reveal a dominant set of eight period-tripling cycles of ~0.373, 1.12, 3.35, 10.1, 30.2,
90.5, 272, and 815 myr (rounded to three digits). Additionally, a multitude of subordinate cycles are harmon-
ically linked to the main period-tripling sequence. The detected periodicities often correspond to cycles found in
large igneous province occurrence, seafloor spreading rates, million-year climatic cycles, mass extinctions, and
other natural variation seemingly unrelated to geological processes. The commonality suggests a persistent
episodic link between zircon production and other geological and non-geological processes throughout Earth’s
entire history. As a final step, we review a variety of hypotheses being explored to explain primary, secondary,
and tertiary causes of cycles, and then propose tests that should soon be possible to either validate or falsify these
diverse ideas.

U-Pb analysis

1. Introduction

Repeated studies of U—PDb age distributions from preserved detrital
zircon show obvious episodes. The research community widely ac-
knowledges the episodes but still debate their cause. Some interpret
zircon age peaks as episodes of enhanced crustal production (Stein and
Hofmann, 1994, Condie, 1998; Arndt and Davaille, 2013; Parman, 2015;
Rollinson, 2017; Walzer and Hendel, 2017; Condie et al., 2018), whereas
others hypothesize that collisional phases of the supercontinent cycle
cause variation in crustal preservation potential which in turn produces
artificial episodes recorded in detrital zircon histograms (Hawkesworth
et al., 2009; Dhuime et al., 2011; Cawood et al., 2013). Recent research
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(Puetz and Condie, 2021) discusses problems related to testing these
hypotheses. Here, rather than definitively identifying a cause, we
consider a wide variety of hypothesis and treat them with tolerant
skepticism (Lakatos, 1970, 1978). A primary goal is to use deductive
reasoning to define the implications for each of the competing hypoth-
eses, and devise tests aimed to disprove the falsifiable hypothesis
(Popper, 1963; Puetz and Condie, 2021). Another key goal is to rigor-
ously define the multitude of periodicities detected from global detrital
zircon time-series. This is critical because a detailed understanding of
how Earth has evolved should generally precede an attempt to explain
its causality.

An extensive review of research related to periodicity in geologic,

Received 10 August 2021; Received in revised form 30 November 2021; Accepted 30 November 2021

Available online 4 December 2021
0012-8252/© 2021 Elsevier B.V. All rights reserved.


mailto:puetz.steve@gmail.com
www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2021.103885
https://doi.org/10.1016/j.earscirev.2021.103885
https://doi.org/10.1016/j.earscirev.2021.103885
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2021.103885&domain=pdf

S.J. Puetz and K.C. Condie

climatic, and related processes highlight a key problem confronting both
episodic crustal production proponents and selective preservation hy-
pothesis supporters. These studies show a multitude of cycles ranging
from as short as a few thousand years to more than a billion years, which
of course, includes many periodicities that have no apparent link to
supercontinent amalgamation. Generally working from the longest re-
ported periodicities to the shortest, subsequent paragraphs summarize a
small subset of the voluminous history of reported cycles.

Mitchell et al. (2019) analyzed an eHf(t) time-series developed by
Roberts and Spencer (2014) and postulate a harmonic hierarchy of
mantle and lithospheric convective cycles. They refer to the periodicities
as a 1200-myr super-ocean cycle, a 600-myr supercontinent cycle, a
200-350 myr Wilson cycle, a 150-250-myr whole mantle cycle, a 60-80
myr upper mantle cycle, a 20-myr magmatic cycle, and a 6-myr
magmatic cycle. This range comes close to spanning the entire gamut
from 300-kyr to 999-myr investigated here.

Periodicities in the 800-820 myr range are found in mafic and ul-
tramafic rock production (Isley and Abbott, 2002), the supercontinent
cycle (Korenaga, 2006), a detrended detrital zircon time-series (Puetz
etal., 2018), and an 875r/80Sr time-series (Prokoph and Puetz, 2015). An
analysis of eHf(t) data (Lancaster et al., 2011) indicates 600 myr peri-
odicity between the formation of new crust and its reworking in later
magmatic events, essentially the same as the 600-myr supercontinent
cycle of Mitchell et al. (2019).

Chen and Cheng (2018) use spectral analysis with singularity se-
quences for both U—Pb detrital zircon ages and a 5'®0 time-series and
found consistent harmonic (1/f) scaling, with dominant periodicities of
~210, 420, and 760-myr. Rolf et al. (2014) mentions a 640-myr su-
percontinent cycle — essentially the same as the missing 630-myr har-
monic in the Chen and Cheng (2018) sequence. Ratcheting down a scale,
harmonic depositional cycles of 180-myr and transgressions and re-
gressions with periods of 90-myr are found in the sedimentary cover of
the West Siberian Plate (Belozerov and Ivanov, 2003).

Mitchell et al. (2019) refers to a 275 + 75-myr Wilson cycle, which is
nearly identical to the 273-myr cycle found in the detrital zircon age-
distribution (Puetz et al., 2017; Puetz et al., 2018; Puetz and Condie,
2019), the 273-myr periodicity in mafic rock production (Isley and
Abbott, 2002), and the 250-300-myr periodicity in Phanerozoic sea-
level (Boulila et al., 2018).

Periodicities of 130-150, 60-70, 28-35-myr are found in marine
genera abundance, 8’Sr/%°sr time-series, and large igneous province
formations (Prokoph et al., 2013), while the detrital zircon age distri-
bution exhibits similar 135-140-myr periodicity (Puetz and Condie,
2019). Archean crustal production in the Pilbara Craton exhibits a cycle
of ~100-myr (Wiemer et al., 2018), whereas the detrital zircon age-
distribution shows periodicity of 91-94 myr (Condie et al., 2018;
Puetz et al., 2018; Puetz and Condie, 2019). Boulila et al. (2018) also
found a 91-myr cycle in Phanerozoic sea-level flux as well as periodic-
ities of 9.3 and 36-myr.

The types of data analyzed for cyclicity go well beyond the preceding
summaries. For instance, during the Phanerozoic, North American
sedimentation rates show a cycle of 56-myr (Meyers and Peters, 2011).
As another example, a study of periodicity in geomagnetic reversal rates
since 570 Ma indicates cycles of ~285, 114, 71-64, 47 and 34-32 myr
(Negi and Tiwari, 1983), and Rampino and Caldeira (2020) report a 32-
myr cycle in sea level variation.

Tiwari and Rao (1998) report correlated 30-myr cycles in asteroid
impacts, global CO, variation, biological mass extinctions, mantle con-
vection variation, geomagnetic reversals, volcanism, and geotectonic
processes. They hypothesize these seemingly divergent processes are
intricately linked. The ~30-myr cycle has been recognized for several
decades in geological events (Holmes, 1927; Grabau, 1940) and climatic
variation (Dorman, 1968). Just below the 30-myr threshold, Miiller and
Dutkiewicz (2018) found a 26-myr cycle in oceanic crustal carbon, while
Rampino and Caldeira (2015) report a 25.8-myr cycle in asteroid im-
pacts and a 27-myr cycle in marine extinction events since 260 Ma, and
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Rampino et al. (2021) found cycles of 27.5 and ~ 9-10-myr from a time-
series of 89 major geological events.

Moving down the spectrum, Ikeda et al. (2020) found a 10-myr
monsoon cycle during the Mesozoic. The power spectrum from an
early Mesozoic 5!3C time-series show periodicities of 2, 3.5, 10, and 30-
myr exceeding 90% confidence (Ikeda and Tada, 2020). Lake level
variation and biogenic silica burial flux exhibit cycles of 2.2-myr at 227
Ma, which transform to 1.1 to 1.4-myr from 225 to 218 Ma, and then to
1.8-myr and 3.5-myr cycles from 219 to 205 Ma (Ikeda and Tada, 2020).

As already noted, several investigators suggest that geological and/
or climatic cycles are both correlated and harmonic (Belozerov and
Ivanov, 2003; Puetz et al., 2014; Prokoph and Puetz, 2015; Boulila et al.,
2018; Chen and Cheng, 2018; Mitchell et al., 2019; Puetz and Condie,
2019). This summary just touches on the reported cycles, which can
become so overwhelming that it might easily lead to confusion and
complete distrust of spectral analysis results and assessments of peri-
odicity in general. At a minimum, the divergent range of cycles leads to
questions such as: How reliable are the reported periodicities? Can
geological, biological, and climatic processes really fluctuate in a
multitude of cycles ranging from 1-myr to 1-gyr? How can one confi-
dently determine if the cycles are harmonic, as some claim? And if the
divergent processes exhibit correlated periodicities, how can one assess
if the cycles are real or spurious? And if real, how can one determine the
cause(s)?

We initially address these questions by focusing on problems related
to accurately estimating periodicity in U—Pb detrital zircon age distri-
butions, and then treat detailed analyses of potential causes of the cycles
as a secondary goal. Because of infinite regress (Popper, 1963), it is
logically impossible to definitively prove a cause. Nonetheless, even
though causality can never be proven, theoretical predictions from the
associated empirical formulation can be falsified (Popper, 1963). Cor-
relations are often used when postulating cause; however, proper
application of correlations is seldom straightforward. When two time-
series A and B are correlated, one of five possibilities explain the cor-
relation: (i) A and B are spuriously correlated by coincidence, (i) A
causes B, (iii) B causes A, (iv) an unidentified factor C causes both A and
B, or (v) A causes B and B causes A. Even though some consider this final
possibility as valid, most considered this as circular reasoning, and thus
invalid and dismissed. A 95% confidence band generally eliminates
correlation by coincidence. However, a 95% confidence level will be
erroneous 1 in 20 times! Whether A causes B, or B causes A can some-
thing be obvious (especially if a lead/lag relationship is firmly estab-
lished). In some instances, a logical cause-effect relationship will remain
elusive, which means any one of A, B, and unknown-C remain viable as
potential causes. Even when an A — B or B — A causal relationship might
currently seem obvious, it is always possible that when an unidentified
process C is finally discovered, process C will explain the A-B correlation
far better than an A — B or B — A hypothesis alone.

A few examples of hypotheses developed to explain volcanic-climatic
correlations underscore the complexity of determining cause from cor-
relations. Precambrian researchers have postulated cause and effect
relationships among: (a) mantle plume activity, continental magma
production at convergent margins, and crustal deformation (Condie and
Puetz, 2019); (b) magmatic episodes developing from rapid subduction,
which cools the mantle, followed by pulses of mantle heating that
accompany magmatic events (Johnson and Van Kranendonk, 2019); and
(c) magmatic episodes as a consequence of conductive heating of lower
crust directly preceded mantle exhumation and crustal excision, sug-
gesting that thermal weakening of the lithosphere promotes focusing of
extensional strain (Smye et al., 2019). Nance (2021) suggests climate is
affected, postulating that the supercontinent cycle controls Earth’s long-
term climatic variation. Additionally, Edmond (1992) and Fang et al.
(2019) postulate that chemical weathering of uplifted rock modulates
atmospheric carbon dioxide levels, which in turn contributes to global
climate cycles.

While still a minority view, as well as being based on a sparse set of



S.J. Puetz and K.C. Condie

terrestrial asteroid impact samples, Rampino (2015) postulates the
passage of Earth through dense clumps of dark matter in the Galactic
plane causes episodic heating in Earth’s core, which might explain a
correlated 30-myr periodicity observed in terrestrial geologic activity. In
a slightly different twist, Tiwari and Rao (1998) propose a chain reaction
of episodic asteroid impacts, global CO, variation, biological mass ex-
tinctions, mantle convection variation, geomagnetic reversals, volca-
nism, and geotectonic processes.

Based on a 1-myr time-series of cyclic sequences from Pacific Rim
tephra layers and an apparent correlation with 820 variation, Kutterolf
et al. (2013) suspect a causal link between variations in ice age climate,
continental stress field, and volcanism. They propose that redistribution
of water/ice concentrations associated with ice-ages causes crustal stress
fractures that lead to variable volcanism. However, a recent study by
Sternai et al. (2020) casts some doubt on this interpretation because
climate variation from 60 to 50 Ma was unusually erratic without evi-
dence of polar ice caps. In summary, divergent and often contradictory
ideas are hypothesized to explain correlations among magmatic activity,
global climate variation, and other related processes — a common
problem with many if not most hypotheses of cause-and-effect
relationships.

This review of divergent ideas about episodic natural processes and
their causes motivated us to advance future studies of periodic processes
from multiple perspectives. Accordingly, the remainder of this study
investigates analyses of periodic processes from the perspectives of: (a)
the capability of spectral analysis to accurately estimate periodicities;
(b) considerations for achieving a globally representative time-series
when the goal is to estimate global variation over time; (c) the accu-
racy and reliability of data; (d) testing if reported cycles are harmonic;
(e) testing if a cycle has persisted throughout Earth’s existence or if the
cycle developed well after Earth formed; (f) validating cycles based on
reproducibility of results; (g) reviewing existing correlations among
natural processes; (h) attempting to falsify conjectures with data
completely independent from a hypothesis; and (i) designing tests
capable of rigorously testing the variety of hypothesis aimed at
explaining terrestrial magmatic episodes. That is, we attempt to devise
tests to legitimately disprove each hypothesis, including those that we
consider to be viable, those considered by the majority as accepted
viewpoints, and minority hypotheses generally not considered as viable
possibilities.

As explained in the remainder of this work, if the primary geological
cycles are found to be harmonic, then it suggests either a single common
cause or a small number of causes exist. This contrasts with the pre-
vailing view that each cycle has an independent cause. Thus, if the
geological/climatic cycles are indeed harmonic, then it should greatly
simplify the ongoing search for causes.

2. Data

All time-series in this study are available from previously published
sources. We enhanced two detrital zircon databases (Voice et al., 2011;
Roberts and Spencer, 2014) by adding the country from which the
samples were taken, and then simulating sample locations by random
assignments of GPS coordinates within a box surrounding the sampled
country. Two other detrital zircon databases are also analyzed (Puetz
and Condie, 2019; Puetz et al., 2021) which already include GPS co-
ordinates. Additionally, the databases of Puetz and Condie (2019) and
Puetz et al. (2021) are combined to construct are more complete global
database with nearly one million records. Then we segregate the com-
bined database into two depositional subsets, one for records with
depositional ages <200 Ma and another for depositional ages >200 Ma.
We subsequently refer to these seven databases as Voice-DB, Roberts-
DB, Puetz-2019-dB, Puetz-2021-dB, Combined-DB, Dep-Modern-DB,
Dep-200 Ma-DB.

The primary analyses are limited to time-series constructed from
these seven databases consisting of ages from analyses of detrital zircon
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cores. After analyzing each time-series with periodograms and correlo-
grams, we then construct six empirical models from the detected peri-
odicities and their phases. Each model is designed to simulate
periodicity within specific frequency bands. We then use the models for
further analyses, which compare cyclical variation from the detrital
zircon models with variation in ages of igneous zircon cores (Puetz and
Condie, 2019); plate velocities (Condie et al., 2021); variation in ages of
zircon rims (Puetz and Condie, 2019; Puetz et al., 2021); periods of
glaciation (Geboy et al., 2013; Young, 2018; Alvarenga et al., 2019;
Chen et al., 2019); variation in 5'80 and §'3C time-series (Zachos et al.,
2001).

3. Methods

For the seven detrital zircon databases in this study, we use standard
time-series methods (Priestley, 1988; Percival and Walden, 1993; Scheel
and Scholtes, 2000; Chatfield, 2004; Stoica and Moses, 2005; Box et al.,
2016) and apply bandpass filters to transform the sequences into sta-
tionary time-series (Scheel and Scholtes, 2000; Box et al., 2016). Then,
spectral analysis is performed using REDFIT software version 3.5
(Schulz and Mudelsee, 2002), and cyclicity is further analyzed by cross-
correlating (Box et al., 2016) the seven time-series. The analyses exclude
scalograms from wavelet analysis, which is a commonly used method for
evaluating the persistence of a given cycle. This is because scalograms
generally require subjective interpretations and do not produce hard
numbers like periodograms.

When interpreting the scalogram’s color coded heat map, analysts
sometimes tilt a periodogram 90° and place it next to the scalogram to
illustrate periodicity. Others use periodograms to find the period of a
cycle and then manually draw a horizontal line on the scalogram to
depict it (which is not derived from the scalogram). The main advantage
of a scalogram is its color-coded portrayal of spectral density as a
function of time. However, as shown in Section 4.1, segmented corre-
lograms can also reveal spectral power persistence as well as measuring
spectral power consistency. Thus, for the present studies, we find no
advantage for using continuous wavelet analysis.

Three examples illustrate shortcomings with Wavelet analyses
(Fig. 1) by using from the ‘wt’ function in the biwavelet package of R
with detrital zircon age distributions binned at 30-myr intervals from
4350 to 0 Ma. The ‘wt’ scalogram from the Voice-DB time-series (Fig. 1a)
uses the default white noise setting (Fig. 2, white), with the horizontal
line manually drawn from the corresponding periodogram. However,
the upward sloping red noise model (Fig. 2, red) and pink noise model
(Fig. 2, pink) are generally considered to be appropriate for geological
time-series, and Schulz and Mudelsee (2002) have implemented a red
noise model into their REDFIT spectral analysis software. Thus, for
geological time-series, the ‘wt’ function should be configured to the red-
noise option. This is done for the scalogram from the Roberts-DB time-
series (Fig. 1b). This simple setting transforms much of the blue in the
256-512-myr range (Fig. 1a) to red (Fig. 1b). The ‘wt’ scalogram also
contains an option 95% confidence bands with the red-noise option
(Fig. 1c). Still, none of these configurable options produce hard numbers
about periodicity. Furthermore, the three scalograms (Figs. 1a-1c) given
misleading information about the persistence of two cycles with peri-
odicities of ~815-myr and ~ 272-myr. The last two scalograms (Fig. 1b,
c) show several deep-red blotches near 272-myr, and a single large
blotch near 815-myr. However, neither scalogram indicates these cycles
are persistent. This distinctly contrasts with cross correlation analyses
(Section 4.1) which demonstrate both cycles have persisted at least since
4 Ga. Equally important, neither scalogram identifies the periodicities as
272 and 815-myr. As shown in Section 4.2, a combination of correlo-
grams and periodograms are required to constrain the periodicities.

Previously, our research focused on dominant low frequency detrital
zircon cycles, generally with periods greater than 90-myr. The approach
here differs because we assess zircon-age periodicity for the entire
spectrum from 300-kyr to 1-gyr and include both highly and marginally
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Fig. 1. Wavelet analysis. Scalograms from continuous wavelet transforms using
the ‘wt’ function in the biwavelet package of R. Scalograms are derived from
bandpass filtered time-series spanning 4350-0 Ma, binned at 30-myr intervals
for: (a) Voice-DB using the default white noise option, (b) Roberts-DB using the
red noise option, and (c) Puetz-2021-dB using the options for red noise with
95% confidence bands. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

significant periodicities. Then we assess reproducibility of results by
testing if bandpass filtered time-series from the seven detrital zircon
databases produce the same cycles. Rigorous assessments of reproduc-
ibility require scrutiny of at least 11 statistical properties, some of which
are often overlooked, misinterpreted, or misapplied when evaluating the
periodicity of geological processes. Accordingly, the remainder of this
section reviews and discusses 11 critical statistical considerations: (a)
repeated analyses of different datasets completely independent from
each other and completely independent from of the model, (b)
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Fig. 2. Colors of noise. In signal processing, five colors designate the primary
types of noise, which vary proportionally to frequency (f). From top to bottom,
the types of noise are violet (o<f2); blue («f); white («constant); pink («x1/f); and
red («x1/f2). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

weighting non-random samples collected by convenience so they
simulate random samples, (c) requiring global sampling when a prop-
erty is globally heterogeneous, (d) weighting sedimentary rock samples
for depositional age bias, (e) requiring an adequate number of samples
per time-series bin, (f) avoiding outliers potentially produced by
endpoint bias, (g) analyzing a high-quality time-series with sufficient
cyclic repetitions, (h) using 3-point interpolation to increase the accu-
racy spectral analysis peaks by one digit, (i) deciding when and how to
smooth a periodogram, (j) determining the best age from U—Pb detrital
zircon analyses, and (k) deciding when to reject discordant U—Pb
analyses.

3.1. Independent data

The vast array of cycles being reported can lead to confusion and
distrust of models purporting periodicity. Aber (1997) addresses the
general distrust of modeling projects and modeling papers, which he
attributes to authors generally not being held accountable to a consis-
tent, rigorous set of standards of full disclosure during peer-review. A
key step to overcoming skepticism is achievable with increased under-
standing of the difference between “calibration” and “validation” (Aber,
1997). As it relates to this research, calibration involves analyzing
detrital zircon time-series to determine the model parameters (Section
5), which consist of cyclic-periods and age-maxima found from perio-
dograms and correlograms. A basic tenet of hypothesis testing is that
predictions from a model can only be validated after repeated successful
tests of the model with independent data. That is, the data for any test
must not be used in any way to derive parameters in the model or vice
versa (Aber, 1997; McDowall, 2004; Waters and Craw, 2006; Crisp et al.,
2011). This means that if a model is “calibrated” from values in one
database, then a completely different database must be assembled to test
and “validate” the model. Climatic researchers sometimes violate this
basic tenet of testing, with a specific example discussed in Section 3.5.

When assessing reproducibility of results, the period of a cycle is
more likely to be real if it can be reproduced within a small + error when
measured from a time-series completely independent from a model.
Here, we generally consider a cycle is validated if its periodicity falls
within +£1% of a model. In this way, repeated validations with inde-
pendent data boost the likelihood of a cycle being real.

To develop the models, coherent periodicities and phases are found
from the seven time-series constructed from the aforementioned data-
bases. Ideally, the records from the seven databases should also be
completely independent, which is not entirely the case. The Voice-DB,
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Roberts-DB, and Puetz-2019-dB are each completely independent from
Puetz-2021-dB, Dep-Modern-DB, and Dep-200 Ma-DB. Also, Dep-
Modern-DB is completely independent from Dep-200 Ma-DB. The
largest database, Combined-DB, is approximately 65% independent
from Puetz-2019-dB but only 35% independent from Puetz-2021-dB.
The Puetz-2019-dB is roughly 95% independent from the Voice-DB
and about 85% independent from the Roberts-DB.

It is desirable, but not required, to have independent datasets to
calibrate a model. The fact that some of the detrital zircon databases are
not completely independent from the others reduces the effectiveness of
the tests, but not drastically so. The average independence is close
enough to 100% to provide a relatively diverse set of tests to assess
reproducibility. However, after the model is “calibrated” this way, then
100% independence is indeed a strict requirement for subsequent
testing. This means that a completely new detrital zircon database will
be required to test and validate the models presented in Section 5.

3.2. Sampling considerations
Another basic tenet of hypothesis testing is random selection of

samples. Non-random sampling introduces a bias that can result in
incorrect interpretations. Examples of non-random sampling include

+120 +180

+60 +120 +180
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sampling based on judgement or samples selected for their convenience.
For example, a detrital zircon sample is random when all global loca-
tions have an equal chance of being selected. That is, selection of any
zircon always happens by chance, rather than by choice. Random
samples are more likely to be representative of the entire global popu-
lation, which enhances confidence in subsequent statistical inferences.

A key obstacle in assessing global geological/climatic properties,
such as detrital zircon ages, is that investigators seldom, if ever, use a
random number generator to select sample sites. Instead, investigators
typically select a location to augment understanding of a specific
geological region, which is a form of convenience sampling. Then zir-
cons are gathered in a “cluster” from the sampled rock. Cluster sampling
often increases the uncertainty of estimates made from geological pop-
ulations (Lo and Watson, 1998). Nonetheless, cluster sampling is
economically efficient, and thus preferred, because it significantly re-
duces travel time as well as sampling time. For this reason, true random
sampling of geological processes is impractical and will likely never be
achieved. However, it is possible to simulate random sampling by
weighting cluster samples collected by convenience. By weighting
samples proportionally to pre-defined surface areas from which the
samples were gathered, convenience sampling and cluster sampling
become appropriate for making geological estimates (Stehman and

+120 +180

Fig. 3. U—Pb detrital zircon sample locations. Panels: (a) Voice-DB with randomly generated locations based on sampled country; (b) Roberts-DB with randomly
generated locations based on sampled country; (c) Puetz-2019-dB records with single grain concordia ages; d) Puetz-2021-dB; (e) Dep-Modern-DB; and (f) Dep-200

Ma-DB.
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Selkowitz, 2010; Puetz et al., 2017; Puetz and Condie, 2020). Maps of
sampling densities for six of the detrital zircon databases (Fig. 3) illus-
trate the disproportionate sampling typically found is “global”
databases.

Because the enhanced Voice-DB and Roberts-DB contain country
names but not GPS coordinates, the records are weighted proportionally
to country surface areas. Conversely, the records in the remaining da-
tabases are weighted proportionally to surface areas of grids roughly
equivalent to 12° latitude x 12° longitude equatorial grids. After
applying regional weighting, the detrital zircon age-distributions from
the seven databases simulate time-series developed from random
samples.

3.3. Accuracy and precision of ages

After weighting the records to simulate random sampling, the next
objective is to develop time-series in the form of U—Pb age distributions.
When doing so, it is helpful to understand the accuracy of individual
age-maxima and minima in the time-series. It might be tempting to
equate the uncertainty of an age-peak with the uncertainty of a single
zircon grain, which is not the case. Published uncertainties quantify the
precision of U—Pb zircon ages (Schoene et al., 2013). The true ages will
remain unknown, but they are assumed to be accurate if isotope decay
rates are estimated correctly. Gathering a large set of random-like
samples can accurately pinpoint age-peaks because, at a given age, the
standard deviation of the uncertainties of individual grains (precision
errors) will produce a normal distribution around the “true” age. This
rationale is generally used when estimating the age of an igneous rock.
In these instances, the stated + error of the rock’s age is significantly
smaller than individual U—Pb zircon uncertainties (Georgiev et al.,
2016; Lopez et al., 2018). We use the same rationale to assess un-
certainties associated with individual age-peaks in U—Pb detrital zircon
age distributions.

The zircon ages from the Voice-DB and Roberts-DB likely employ
age-cutoffs to select either a 2°°Pb/238U age or a 2°7Pb/2%Pb as the “best
age” — a practice still commonly used today. However, we filter records
from the other five databases to only include non-iterative ages for
concordance classes 1 through 5 (Puetz et al., 2021). Some investigators
(Zimmermann et al., 2018; Vermeesch, 2020) recommend single grain
concordia ages, whereas Puetz et al. (2021) demonstrating that non-
iterative ages produce nearly identical age distributions for time-series
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segregated by concordance classes 1 through 5. Conversely, all arbi-
trary age-cutoff methods produce divergent age distributions for
concordance classes 1 through 5. Because of strong correlations among
class 1-5 non-iterative age-distributions (Puetz et al., 2021), rejecting
records with concordance classes >5 does not contribute to a filtering
bias (Gehrels et al., 2019). Thus, we are reasonable sure the five time-
series constructed from non-iterative ages produce highly accurate un-
biased estimates of the global U—Pb detrital zircon age distribution. But
how accurate?

The red curves (Fig. 4) illustrate 3c Gaussian bell curves, which
include 99.7% of all random samples with a standard deviation of c.
Each Gaussian curve is calculated at 250-myr increments by using the
mean precision error of individual zircon grains (Fig. 4, green curve). At
a given age, the sharpness of a red curve (Fig. 4) corresponds to the
expected distribution of a set of zircon samples with the same age — if the
number of records per bin are sufficiently large. Thus, the relatively
small Roberts-DB (less than 50,000 records) often fails to meet the
“records per bin” criterion, whereas bins from the Combined-DB (with
nearly a million records) normally satisfy this threshold.

Because the number of records per bin increase as the age decreases
and because the precision errors progressively decrease for ages below
~1600 Ma, a Phanerozoic zircon age distribution (541-0 Ma) might
contain sufficiently sharp age-peaks to detect ultra-high frequency pe-
riodicities as small as 1-myr. Of course, this is far from certain. We defer
further discussions on the limits for detecting high frequency variation
until explaining the entire methodology and after conducting the entire
set of tests. The basic approach employs six sets of bandpass filtered
time-series from each of the seven databases (Section 3.9). Table 1
summarizes the systematic approach for analyzing periodicities based
on sampling frequency, time-ranges, and bin sizes for the seven studies.
Except for study 7, each test is designed to evaluate periodicities in a
range from ~4 to 16 times the Nyquist limit (twice the bin size or
bandwidth). Each study (Table 1) terminates at a different time in the
past to minimize endpoint bias, which sometimes occurs from difficulty
in measuring properties at the beginning and end of a time-series. End-
point bias is generally observed from extreme outliers at the endpoints of
a bandpass filtered time-series. The bias is generally found when bins
have few or no samples. Especially for the high frequency tests, the
oldest age is set to relatively young ages so the sample-count per bin is
sufficiently large and extreme outliers are minimized. Section S4 of
Supplement S1 discusses the choice of a 4350-0 Ma age range for the
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Fig. 4. Accuracy of U—Pb zircon age-peaks, as a function of time. Green curve: mean 2¢ uncertainty (precision errors) from the records in Puetz-2021-dB for
concordance classes 1 through 4; red curves: normal 3¢ Gaussian distributions (99.7% band) at 250-myr increments, derived from the standard deviations in the
green curve; and blue lines: range of time-series being analyzed. Study 1 (spanning 4350-00 Ma) includes periodicities of ultra-low frequencies where accurate ages
are less critical, whereas study 7 (spanning 270-0 Ma) includes periodicities of ultra-high frequencies where accurate ages are of utmost importance. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Properties of time-series analyzed in this study.
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Study No. Frequency description Periodicity range (myr) Nyquist limit (myr) Age range (Ma) Bin size (myr) No. of databases tested
1 Ultra-low 1000-225 60 4350-0 30 7
2 Low 333-75 20 3900-0 10 7
3 Medium-low 110-25 6 3702-0 3 5
4 Medium-high 37-8 2 2270-0 1 5
5 High 12.5-2.7 0.6 1450-0 0.3 4
6 Ultra-high 4.2-0.9 0.2 541-0 0.1 4
7 Ultra-high 1.4-0.3 0.2 270-0 0.1 4

low-frequency test, including a discussion of possible bias from Western
Australia samples between 4350 Ma and 3900 Ma. From this analysis,
we conclude that Western Australian samples do not unduly bias the
global age distribution for the 4350-3900 Ma interval.

3.4. Evaluating periodicities and correlations

Just as the ages of igneous rocks and peaks in U—Pb age distributions
both have greater precision than the single-grain U—Pb ages from which
they are estimated, the periodicity of a cycle is typically more accurate
than the uncertainties of individual peaks in the time-series. For a set of
periodic peaks with a + 16 error, the number of cyclic repetitions pri-
marily controls the error-curve (Hinnov, 2005; Puetz and Condie, 2019)
which has a hyperbolic shape. Thus, as cyclic repetitions increase, the

6%

a

4%

3%

2%

Maximum % error in estimated periodicity

1%
10-myr cycle

estimated periodicity becomes increasingly accurate (Fig. 5a).

Similarly, constructing a time-series with sufficiently large sampling
points (n) can minimize the probability of detecting a false signal when
correlating a time-series with a sinusoidal model. For a time-series with
n sampling points, Eq. (1) defines a one-tailed correlation band (p;-),
which is a function of the inverse T-distribution (Tiny,) With n-1 degrees
of freedom (df), where « is the p-value which designates the probability
of a false signal.

Tin»x{l
Poa = (
The inverse T-distribution (Tiny,q) is easily calculated with the T.INV

— 1
7‘[)‘”’,(1)2 + df ( )
function (Microsoft Excel T.INV, 2021) or the tinv function (MATLAB,

Fig. 5. Reliability of periodicities and cor-
relations as a function of sampling duration.
Panels: (a) For a time-series with age-peaks
having a + 1o accuracy, the maximum
error for the estimated periodicity (%, ver-
tical axis) is a function of the period, p, and
the cyclic repetitions, r (horizontal axis),
given by the function 2¢/rp; for U—Pb
zircon age-peaks with 5-myr uncertainty, the
hyperbolic curves define expected un-
certainties for cycles with periods of 10, 100,
and 500-myr. (b) 95% (light blue), 99%
(medium blue), and 99.9% (dark blue) con-
fidence bands (Eq. (1)) for evaluating the
correlation between a time-series and a si-
nusoidal mode using n sampling points. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)
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2021). After setting o to 0.05, 0.01, and 0.001, the corresponding 95%,
99%, and 99.9% confidence bands are calculated as a function of n
(Fig. 5b) for 1-tailed tests. The bands illustrate the correlations that are
required for a time-series to be statistically significant at 95%, 99%, and
99.9% confidence levels with a sinusoidal model, where the time-series
and the model have n sampling points. The correlation is determined to
be statistically significant when it exceeds the specified confidence
band.

Alternatively, the correlation confidence bands (Fig. 5b) can be
determined from randomly generated sequences via Monte Carlo sim-
ulations (Metropolis et al., 1953). Jorgensen (2000) adds to this by
discussing problems related to adequate sample size for Monte Carlo
simulations. Furthermore, Mudelsee (2003) discusses Monte Carlo sce-
narios for using time-series with either n > 200 or n > 500 for achieving
acceptable accuracy in geoscience studies.

Regardless of the approach, increasing the duration of a time-series
has at least two analytical benefits. First, it generally gives a more ac-
curate estimate of periodicity. Second, it minimizes the probability of
time-series A producing a spurious correlation with either a sinusoidal
model or time-series B.

3.5. Spectral analysis capabilities

When studying a time-series via spectral analysis, a keen under-
standing of spectral analysis capabilities benefits interpretations. Spe-
cifically, it is beneficial to use spectral analysis to its fullest practical
limits without exceeding its capabilities, and then reporting results to
the same precision as its capabilities. Many Earth scientists seem to
believe that spectral analysis is incapable of producing reliable estimates
beyond 1 or 2-digit precision. For this reason, a type of reporting bias
occurs when periodogram results are rounded to a number ending in 0 or
5, such as 130, 135, or 140-myr rather than 128, 136, or 142. In a
slightly different twist, sentences are sometimes worded to suggest that
when spectral analysis reveal cycles of 30, 32, and 34-myr that these
periodicities can be treated as the same cycle — even though the 2-myr
separation equates to a 6.25% difference. If age-peaks are reasonably
reliable and cyclic repetitions exceed ~20, then spectral analysis is
capable of estimating periodicity to within 1% of the true periodicity
(Fig. 5a). Given these capabilities, the differences among 30, 32, and 34-
myr indicate that either (a) each time-series contains a different cycle, or
(b) some of the time-series are significantly flawed and unrepresentative
of the true processes.

Awareness of spectral analysis capabilities will certainly enhance
realistic interpretations. As one example, Boulila et al. (2018) found an
~250-myr cycle from a Phanerozoic sea-level time-series. However, the
Phanerozoic only contains two repetitions of this cycle, and spectral
analysis is incapable of reliable estimates from a time-series with so few
repetitions. Thus, one should be highly skeptical of this 250-myr esti-
mate. Another example also demonstrates misunderstandings of spectral
analysis capabilities as well as possible biased reporting of a detected
cycle. Kutterolf et al. (2008, 2013) compiled a 1.2-myr time-series of
Circum-Pacific (Ring of Fire) volcanism in the form of well-preserved
tephra layers. Ash layers were dated by correlating them with tephra
layers dated from on-land tephra. The ages for undated ash layers were
estimated from their relative position between known “tie points” using
linear interpolation (Kutterolf et al., 2008). This dating procedure is
common, and in fact, the preferred unbiased method when sedimenta-
tion rates are unknown. Extending their earlier work, Kutterolf et al.
(2013) identified 408 tephra layers at sites along the Ring of Fire and
estimated the tephra ages have uncertainties ranging up to 14%. Even
though sedimentary tie points are radiometrically dated, layers between
tie points cannot be radiometrically dated and thus have large un-
certainties. Their spectral analysis results indicate periodicity in Ring of
Fire volcanism of 44-kyr, whereas our analysis of their data using a
bandpass filter shows 45.3-kyr periodicity. For a time-series with 27
cyclic repetitions spanning 1.2-myr, the 1.3-kyr difference between our
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results is large enough to wonder if they found a 44.9-kyr cycle or
perhaps a 44.4-kyr cycle and truncated the decimal portion of the result
— a type of reporting bias.

Yet, the 1.3-kyr difference in results is relatively minor when
compared to their subsequent time-series adjustments. Kutterolf et al.
(2013) then assumed that no process other than Earth’s obliquity is
expected to concentrate spectral power around the 44-kyr frequency
band, and thus consider their results as a statistically significant detec-
tion of tephra layer variation caused by the 41-kyr obliquity cycle in
climatic variation. They attempt to justify this claim by stating the
tephra layers have uncertainties ranging up to 14% of their age, and they
subsequently revised the ages by “compressing” all tephra ages by 10%.
By altering the ages this way, the reassigned ages are 10% younger than
their original estimates. Next, they published the power spectrum
showing 41-kyr periodicity from the revised ages, rather than publishing
the spectrum with 44-kyr periodicity from the unbiased time-series.

This example (Kutterolf et al., 2013) highlights a serious problem
that should never happen, as well as three common problems with
interpreting spectral analysis results: (a) changing the ages of isotopi-
cally dated tie points to conform with a particular hypothesis should
never happen because radiometric dates have far greater accuracy than
ages from assumed sedimentation rates; (b) incorrectly equating un-
certainties in the ages of individual peaks with uncertainties in period-
icity (Section 3.4); (c) revising ages to conform to a hypothesis should
never happen because it violates the basic tenet of hypothesis testing of
complete independence between the data and the model being tested
(Section 3.1); and (d) a general distrust in spectral analysis capabilities
by incorrectly assuming that a 7.3% difference between a spectral peak
(44-kyr) and a hypothesis (41-kyr) constitutes a legitimate validation of
the hypothesis.

Our general guideline is quite restrictive. A 2% difference might be
considered as a validation for a time-series with 5 to 20 cyclic repeti-
tions, whereas the allowable difference shrinks to 1% for a time-series
with reliable age-peaks and more than 20 cyclic repetitions. The justi-
fication for these tight validation restrictions rests on numerous tests of
synthesized sinusoidal time-series constructed from Eq. (2), where a; is
the amplitude of the signal at time, t, ® is the phase of a cyclic maximum,
and p is the period of the cycle.

a, = 1+ cos <@> (2)

Section S1 of Supplement S1 contains two sets of sinusoidal time-
series, with the additive compilation of 2 sinusoids and 15 sinusoids.
These synthetic time-series are used in a series of tests with progressively
large random noise added to them. Then we perform spectral analysis to
determine which cycles are detected and their accuracy. This type of test
has a huge advantage because one knows beforehand the true period-
icities (the periods, p, in Eq. (2) used to construct the sinusoids). Thus,
one knows beforehand what the results should be.

To achieve the highest degree of accuracy and precision, we estimate
all spectral peaks using standard 3-point interpolation. This can increase
the accuracy of spectral-peak estimates by up to one digit. Standard 3-
point interpolation (Eq. (3)) optimizes estimates of spectral peaks,
where fis the interpolated estimate, f; is the frequency of a spectral peak
s is the corresponding spectral power, fi.; and fi; are the frequencies
adjacent to fj, and s;.; and sj;1 are the spectral powers adjacent to s;.

_ fir1 = fi Si+l — Si-1
fﬁfﬁ»( 2 )(2Si—si>1—si-1> 3

Because we know the answers beforehand, comparisons of results
with input periods provide objective assessments of maximum capabil-
ities of spectral analysis. These tests are conducted for perfectly
measured sinusoids (no noise) and for sinusoids with disguised signals
(progressive additions of noise). Section S1 of Supplement S1 provides
extensive details of these tests, which are briefly summarized here. For a
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sinusoidal time-series with multiple cycles, spectral analysis enhanced
with 3-point interpolation can accurately estimate periodicity to 4-digits
for cycles with more than 10 repetitions, whereas the accuracy shrinks to
3-digits or lower for cycles with fewer than 5 repetitions. If two low
frequency cycles have similar periods and few repetitions, spectral
analysis might merge them into single cycle rather than showing them
separately. After adding noise to simulate measurement errors associ-
ated with imperfect time-series, spectral analysis will generally still
produce estimates that are accurate to 3-digits, which we consider to be
the maximum capability of spectral analysis when applied to a geolog-
ical time-series with reliable data and greater than 10 to 20 cyclic
repetitions.

3.6. Global representativeness

When comparing one global time-series with another, we want to be
reasonably sure that both time-series are reliable global proxies (rather
than incomplete regional proxies). This is especially relevant to
geological time-series which are generally understood be heteroge-
neously distributed throughout the globe (Cawood et al., 2013; Puetz
et al., 2017). When assessing global representativeness, factors to
consider include bin-size, number of records per bin, and the hetero-
geneity of the property being measured. Zircon age-distributions are
quite heterogenous, whereas 5!%0 values are likely to be more globally
homogenous (but still variable) for a given age. If so, then to attain
global representativeness, fewer 580 records would be required per bin
than for detrital zircon records.

Because estimates of periodicity are optimized when reliable data
extends into the distal past (Section 3.4), we naturally seek extended
time-series. Of course, reliable is the key. Typically, a trade-off exists
between finding reliable data further into the past and extending cyclic
repetitions. Defining the point at which unreliability supplants repeti-
tions is often subjective. When attempting to estimate global age dis-
tributions, as here, the number of records per bin often provides an
indirect measure of reliability. For instance, when estimating global
880 variation at 1-myr intervals, will a 1-myr bin with a single 5'%0
sample provide a reliable global estimate for that interval? Probably not.
Because the properties of a climatic time-series (which might be more
homogeneous globally) differ from a detrital zircon time-series (being
more heterogenous globally), considerable knowledge of a particular
time-series property is a requisite to assessing its reliability as a global
proxy. If such a determination is definitive, then the point for termi-
nating a time-series becomes known, and spectral analysis can be per-
formed with increased confidence. Whether the time-series is of the
highest quality or of inferior quality, spectral analysis will always return
an answer with its relevance equivalent to its reliability. Thus, with a
diligent assessment of time-series quality prior to spectral analysis, it is
possible to attain 3-digit accuracy when estimating periodicity with
sufficient cyclic repetitions of high-quality data.

3.7. Periodogram smoothing window

The variety of spectral analysis methods is extensive and not dis-
cussed in detail here. The divergent approaches might lead to some
hesitancy about which method to use or if one method has a distinct
advantage over the others. Our overall assessment is that the specific
periodogram choice is trivial when compared to the factors of utmost
importance — numerous cyclical repetitions and globally representative
data. Sometimes excessive attention is given to complex approaches for
estimating periodicity and confidence bands, while minimal attention is
given to the more critical factors of cyclic repetitions and data quality.
We have changed our views on one key aspect of spectral analysis, the
smoothing parameter, which is now kept to a minimum in the studies
here. Most spectral analysis programs either eliminate or minimize un-
sightly sidelobes (Scargle, 1982) via an array of smoothing options. We
use REDFIT software (Schulz and Mudelsee, 2002), which employs a
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Lomb-Scargle Fourier transform using a first-order autoregressive (AR1)
process to estimate red-noise confidence bands (Fig. 2, red). REDFIT
provides five methods for suppressing sidelobes: (a) rectangular, (b)
Welch, (c) Hanning, (d) triangular, (e) Blackman-Harris. REDFIT also
includes an n50 parameter for smoothing the power spectrum. In the
past, we smoothed rather aggressively, which allowed us to focus on the
dominant periodicities. However, we now change this approach and
smoothing minimally to study all possible periodicities — including weak
signals that could be either real cycles or a byproduct of random noise.
Lengthy time-series do require some smoothing. To estimate the degree
of smoothing when using Welch’s method, we initially set n50 to the
value given by Eq. (4), where the REDFIT smoothing parameter is an
integer, nsp, and n is the number of sampling points (bins) in an evenly
spaced time-series.
NG

nso = 30 3 4

This equation returns a real number, which must then be rounder to
an integer. When the equation returns a number < 1, n50 is set to 1.
However, for studies 6 and 7, we found the smoothing was insufficient at
n50 = 10 and reset n50 to 15. Table 2 summarizes the studies in terms of
bin size, number of sample points (bins), and n50 settings.

A Lomb-Scargle periodogram provides a means for estimating peri-
odicity for an unevenly sampled time-series (Scargle, 1982). However,
we still bin records at evenly spaced intervals because binning provides
advantages that simplify subsequent tests. The advantages include
assessing appropriate sampling densities as a function of time (records
per bin), convenient cross-correlation tests, and bandpass filtering to
transform the time-series into stationary sequences (Scheel and Scholtes,
2000).

Section S1 of Supplement S1 illustrates and discusses 15 periodo-
grams from the Roberts-DB time-series by setting n50 to 1, 2, and 3 for
each of the five methods for suppressing sidelobes (Fig. S6). The illus-
tration (Fig. S6) gives visual insights into how smoothing affects the
power spectrum. The supplement also illustrates how bandpass filtering
a time-series with evenly spaced intervals provides a means for assessing
stationarity (a flattened time-series with similar variation throughout
the time-series). The inherent difficulty in measuring the beginning and
end of a time-series can produce a disproportionally large number of
outliers, referred to as endpoint bias (Hardy and Jamieson, 2017; Puetz
and Condie, 2019). Bandpass filtering allows us to evaluate stationarity
and the locations of outliers, and thus determine an appropriate age-
range for minimizing endpoint bias for each time-series.

In summary, the periodogram method is relatively unimportant, but
it is best to minimize smoothing the power spectrum if the goal is to
better understand all possible periodicities, including dominant cycles
as well as weaker cycles. We use Welch’s method in REDFIT and pri-
marily focus on problems related to representative global sampling,
stationary time-series, and high-quality data with reasonably accurate
ages.

3.8. Age and signal biases

As discussed, the initial objective is to obtain a time-series with
reasonably accurate ages and signals. If either the ages or signals have

Table 2
REDFIT smoothing parameter for Welch’s method.
Study  Bin size Interval No.ofbins  nsg from n50 used in
(myr) (Ma) n) Eq. (4) REDFIT
1 30 4350-0 145 -0.8 1
2 10 3900-0 390 0.6 1
3 3 3702-0 1234 3.4 3
4 1 2270-0 2270 5.7 6
5 0.3 1450-0 4833 9.7 10
6&7 0.1 541-0 5410 10.4 15
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questionable accuracies, then interpreting results might lead to flawed
conclusions. For detrital zircon, global sampling, disproportionate
sampling, selecting the best U—Pb age, and filtering bias are four key
factors that could bias the time-series ages and signals.

We assess the global extensiveness of samples by plotting their GPS
coordinates on maps (Fig. 3). At this point, the nearly one million record
Combined-DB is approaching global coverage, and it has the most ac-
curate U—Pb ages and the most complete global coverage. Thus, the
Combined-DB is our preferred database for evaluating results. However,
many war-torn, arid, and polar regions of the globe remain under-
sampled. Thus, further work is required attain global coverage — espe-
cially after considering the heterogenous nature of detrital zircon age
distributions.

Biases related to the heterogeneity of U—Pb ages combined with
unusually heavy convenience sampling in regions such as Western
Europe, the Western USA, and China are minimized by weighting the
samples proportionally to the geographic surface areas encompassing
the samples (Lo and Watson, 1998; Stehman and Selkowitz, 2010; Puetz
et al., 2017; Puetz and Condie, 2020). All detrital zircon age distribu-
tions in studies 1 through 6 employ this geographic weighting strategy
(Section 3.1).

A critical problem related to U—Pb geochronology is how to select
the best age from the three primary chronometers. A comprehensive
study of detrital zircon ages (Puetz et al., 2021) demonstrates that non-
iterative, probability-based ages (Puetz et al., 2021) and iterative con-
cordia ages from IsoplotR (Vermeesch, 2018) both produce nearly
identical age distributions for concordance classes 1 through 5 (Puetz
et al., 2021). Zircon analyses defined as class 1 concordance (~100 +
1% concordant) are generally agreed to be highly accurate. Because the
U—Pb age distributions for classes 1 through 5 replicate the age distri-
bution from the concordant class 1 records, we are confident all ages
from the 5 concordance classes are accurate. The same type of repro-
ducibility fails for all arbitrary age-cutoff models. Thus, by using non-
iterative, probability-based ages, as done here, a higher degree of ac-
curacy is achieved (versus the current convention of a 1000 Ma cutoff for
switching from 2°6Pb/?*8U ages to 2°7Pb/2%Pb ages) when estimating
time-series age peaks. Moreover, U—PDb zircon analyses have 26 un-
certainties (Fig. 4, green curve) as small as 0.5% to 3.0% of the U—Pb
age, making zircon ages among the most precise of all types of geological
data. Because detrital zircon ages essentially span Earth history, a means
exists for producing reasonably accurate time-series with an immensely
large number of cyclic repetitions — something that is not yet possible
using other types of geological data. Accuracy and duration are two key
requirements for achieving reliable spectral analysis results. Thus,
detrital zircon time-series stand out as a premier means for reliably
detecting periodicities in geological processes. In addition to the 91-myr
periodicity detected in our detrital zircon tests for the Phanerozoic and
Neoproterozoic, the interval from 4300 to 2700 Ma also shows 91-94
myr periodicity during the Hadean and Archean (Condie et al., 2018).
Thus, the long duration of these detrital zircon time-series provides a
means for testing cyclic persistence.

Another concern arises from our decision to exclude detrital zircon
analyses with a concordance class greater than 5. Excluding such records
will contribute to a filtering bias (Gehrels et al., 2019) if the unknown
age distribution from the rejected records differs from the known age
distribution from the accepted records. While this is certainly possible,
the age distributions for classes 1 through 5 are nearly identical. This
means that a filtering bias is not detected for the first five concordance
classes, and thus, is unlikely to be present in the rejected records. Thus,
we dismiss filtering bias from the list of legitimate concerns.

When attempting to assign ages to sedimentary sequences, a
different type of problem emerges. The only points with reliable ages are
isotopically dated tie-points, which are generally polarity chrons
(Berggren et al., 1995). Between tie-points, researchers apply one of two
approaches: (a) assume a constant sedimentation rate and use linear
interpolation to estimate ages, or (b) assume a variable sedimentation
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rate between tie-points and tune the ages to periodicities postulated by
the Milankovitch hypothesis (Milankovitch, 1941). The second
approach is widely used. For instance, between tie-points Lisiecki and
Raymo (2005) utilize a Milankovitch model (Laskar et al., 1993) to
assign ages to the LRO4 stack of global benthic §'80 records — a stack
often used by researchers to assign ages to sedimentary sequences.

A key problem with this methodology is that the procedure of tuning
sedimentary sequences to a Milankovitch model biases spectral power
toward Milankovitch frequencies, which many already recognize (Hin-
nov, 2000; Neeman, 1993; Shackleton et al., 1995; Hilgen et al., 2015;
Puetz et al., 2016). Biasing time-series this way leads to a type of circular
reasoning where each test of an “orbitally tuned” sedimentary sequence
reveals Milankovitch periodicity, which is incorrectly perceived as
reaffirmation of the Milankovitch hypothesis. Of course, a legitimate test
of any hypothesis requires complete independence between the data and
the model being tested (Aber, 1997; McDowall, 2004; Waters and Craw,
2006; Crisp et al., 2011). Because the practice of “orbital tuning” began
almost immediately after Hays et al. (1976) reignited interest in the
Milankovitch hypothesis, the hypothesis has never been rigorously and
repeatedly tested with completely independent data. Despite orbital
tuning at the kyr scale, ages at the myr scale of sedimentary sequences
are essentially dated isotopically, meaning that orbital tuning bias is
minimal when evaluating periodicities >1-myr.

For these reasons, we consider §'%0 time-series as valid climatic
proxies above the Milankovitch frequencies, but still prefer focusing on
detrital zircon age distributions for at least five reasons. The current set
of global detrital zircon databases include: (a) this set of seven
completely to partially independent databases allow for testing the
reproducibility of results, (b) global sampling of detrital zircon is
extensive, covering all but of few regions of the global continental crust,
(c) the sample size is large, now approaching 1 million records for the
Combined-DB, meaning that age peaks (the signals) can be estimated
reasonably well, (d) detrital zircon collected from a cluster samples
generally have origins covering a wide area, meaning the cluster sample
behaves like a random sample covering a large area when compared to
an cluster sample from an igneous rock, and (e) U—PDb ages are highly
accurate, with the mean 2¢ uncertainty generally ranging from only
0.5% to 3% of the age (Fig. 4). Coupled with the high sample sizes, age-
peak uncertainties are much smaller than errors for individual ages. For
these reasons, we consider U—Pb detrital zircon time-series to be among
the most accurate of all available time-series in the natural sciences —
both in terms of its signals (y-axis age counts) and its ages (x-axis), which
span most of Earth’s history.

3.9. Bandpass filtering

Bandpass filtering with a Gaussian kernel (Babaud et al., 1986)
removes high frequency variation and dampens low frequency variation.
In the process a middle-range of frequencies remain for time-series
studies. As performed here, the two filtering steps are: (a) removing
high frequency variation by binning records, which eliminates all peri-
odicities less than the Nyquist limit, which is twice the bin-size (Shan-
non, 1949), and (b) attenuating low frequency variation after dividing
the time-series with a moving 61-weight Gaussian kernel. Table 1 lists
the bin-size (bandwidth) and time-series ranges for each study. We
conservatively prefer studying periodicities at about four times the
Nyquist limit, which is eight times the bin size. Collectively, the seven
studies assess periodicity in a range from 300-kyr to 999-myr, with some
overlap of bands being analyzed in successive studies. After applying the
bandpass filters, the time-series are transformed into stationary se-
quences. This transformation makes them optimal for various types of
analyses, including assessments of endpoint bias, spectral analysis, and
cross correlation analysis.
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3.10. Deposition age bias

A depositional age bias occurs for any detrital zircon sample that is
not a modern sediment. Sedimentary rocks yield zircon grains older than
the depositional age but no concordant grains younger that the depo-
sitional interval (Reimink et al., 2021; Puetz and Condie, 2021) which
biases the age-distribution against young ages. Estimating the global
U—Pb age distribution from modern-sediments is one option for elimi-
nating depositional bias. Another option is to progressively weight bins
with younger ages having weights higher than bins with older ages. This
is accomplished by weighting the records proportionally to the number
of records for each depositional period. By separating the Combined-DB
into two parts (Dep-Modern-DB and Dep-200 Ma-DB), two large data-
bases are rendered that are completely independent of the other. The
Combined-DB and its two subsets are weighted to compensate for
depositional age bias. Thus, the three age distributions should simulate
an age distribution from modern sediments.

3.11. Reproducibility

After weighting the records for biases that are adjustable, a means
exists for testing the degree to which periodicities detected in one
detrital zircon time-series are reproducible in another time-series.
Reproducing results is a key aspect of scientific research. Reproduc-
ibility concerns the way analyses are conducted and involves both
ethical and methodological components (Thompson and Burnett, 2012).
Reproducible research ensures that analyses from a particular method-
ological study can be conducted by independent investigators with
equivalent results (Thompson and Burnett, 2012).

Here, we assess the reproducibility of periodicities detected in the
U—Pb detrital zircon age distribution by conducting six sets of tests for
variable frequency ranges (Table 1), with each set of tests involving
time-series from the seven detrital zircon databases (Section 2). We test
for coherency based on the consistency of (a) spectral peaks in perio-
dograms and (b) phase alignments in the correlograms. When period-
icities and phase alignments are consistently reproduced at high
confidence levels, we classify a cycle as being validated, and include the
validated cycle in a model. In some instances, alignments are marginal.
This produces a marginal validation requiring further testing with new
independent data, Additionally, marginal validations are generally
assigned small weights in the models.

Pre-analysis assessments involving best U—Pb age methods, statio-
narity (Section S3 of Supplement S1), and sampling densities influence
our decisions on which databases and which portions of a time-series
qualify for each test (Fig. 4, blue bars). For the ultra-low and low fre-
quency tests, all seven detrital zircon age distributions are included. For
the medium-low and medium high frequency tests, age distributions
from Puetz-2019-DB, Puetz-2021-DB, Combined-DB, Dep-Modern-DB,
and Dep-200Ma-DB are included. The high and ultra-high frequency
tests are limited to age distributions from Puetz-2019-DB, Puetz-2021-
DB, Combined-DB, Dep-Modern-DB.

Fig. 6 illustrates correlograms that compare the seven low frequency
time-series with a 171.24-myr sinusoidal model having an age-peak at
116.3 Ma. The ~171-myr cycle is validated because (a) the seven cor-
relogram peaks generally align with the model (Fig. 6, black vertical
line) for the two segments (Fig. 6a,c) and the entire 3900-0 Ma interval
(Fig. 6b), (b) the confidence levels exceed 95% for five time-series and
the mean correlation curve (Fig. 6b), and (c) the test spans 23 cyclic
repetitions, which is sufficiently large for a meaningful test. Obviously,
the half segments (Fig. 6a,c) contain fewer cyclic repetitions (only 11),
making them more prone to errors in measuring periodicity. As often
happens with a validated cycle, maxima for the half segments general
align with the model (vertical black line) but with some divergence and
lower confidence levels than the alignment for the entire time-series.
Thus, we do not expect perfect alignments with 95% confidence from
all seven correlograms, but we do expect the weight of the evidence and
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Fig. 6. Example of coherent correlograms. Low frequency test for the interval
3900-0 Ma. Correlograms compare a 171.84-myr sinusoidal model (maximum
at 111.05 Ma and 23 cyclic repetitions) to seven age distributions: (red) Voice-
DB, (green) Roberts-DB, (brown) Puetz-2019-DB, (purple) Puetz-2021-DB,
(dark blue) Combined-DB, (medium blue) Dep-Modern-DB, (light blue) Dep-
200 Ma-DB, and (thick dashed gray) average of the seven correlograms. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

the average correlograms (thick dashed gray curves) to approach the
95% band for the halves and exceed the 95% band for the entire age
range to fully validate a cycle.

Identical tests are progressively conducted at all frequencies for all
six sets of tests, recorded as power spectra of maximum mean correla-
tions, and then displayed in the Results (Section 4). Many of these tests
failed to validate cycles. For example, the correlogram test of a 65-myr
cycle (Fig. 7) failed to show evidence of coherent periodicity. In the half
segments (Fig. 7a, c), the dashed gray curves are misaligned with the
model, most of the confidence levels fall below 95%, and the individual
correlograms tend to be misaligned with the others. By systematically
evaluating all frequencies this way, the multi-test correlograms reveal
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Fig. 7. Example of incoherent correlograms. Medium-Low frequency test for
the interval 3702-0 Ma. Correlograms compare a 65-myr sinusoidal model
(maximum at 62 Ma and 57 cyclic repetitions) to five age distributions: (brown)
Puetz-2019-DB, (purple) Puetz-2021-DB, (dark blue) Combined-DB, (medium
blue) Dep-Modern-DB, (light blue) Dep-200 Ma-DB, and (thick dashed gray)
average of the five correlograms. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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the degree of reproducibility for the half segments and full intervals. If
the time-series for the three segments produce similar correlograms at
high confidence levels, then the likelihood increases these same results
will be reproducible for new tests with data completely independent
from the seven detrital zircon databases.

4. Results

Results are given in two sections — correlograms and periodograms.
The correlogram section is limited to a special sequence of eight period-
tripling cycles, which are either fully validated or marginally validated.
Rounded to three digits, this tripling sequence has periods of ~0.373,
1.12, 3.35, 10.1, 30.2, 90.5, 272, and 815 myr, with each cycle having
+1% uncertainty. Analyses of the correlograms literally involved thou-
sands of tests, far too many to present here individually. However, the
collective results from the correlogram tests are summarized in the top
panel of the periodograms (Section 4.2) by plotting the “maximum mean
correlation” at evenly spaced frequencies. This generates a spectrum
that behaves like an average periodogram. The maximum mean corre-
lation curves generally display the same spectral peaks as the individual
periodograms, but sometimes the periodograms diverge. Because a
maximum mean correlation curve provides a type of weighted average
for the seven power spectra, it is optimal for assessing reproducibility.

4.1. Correlograms

Among the various periodicities identified as likely candidates for
reproducible cycles, one set stands out for multiple reasons: (a) starting
at 0.3725-myr, each successive cycle in this sequence has a period
exactly three times larger than its predecessor up to 814.7-myr; (b) with
the exception of the 30.2-myr cycle, the eight period-tripling cycles
share a common maximum at ~265.35 Ma; and (c) with only a few
exceptions, the period-tripling cycles synchronously align with the
models (within +10% of the period) when tested via cross-correlations
for each full time-series and its half segments. Table 3 summarizes
some key properties of the period-tripling sequence, with the associated
correlograms illustrated in Figs. 8-15.

Periodograms of detrital zircon age distributions typically reveal
periodicity ranging from 730 to 830-myr — including the power spectra
in this study. Unless each repetition of the ~800 myr cycle is sampled
perfectly, estimating periodicity for a time-series with only five cyclic
repetitions presents formidable challenges (Section 3.4, Fig. 5). In this
instance, the cross-correlation analysis (Fig. 8) constrains the uncer-
tainty by identifying 815-myr as the period which produces the highest
mean correlation among the seven time-series for the entire 4350-0 Ma
interval (Fig. 8b) and the two segments (Fig. 8a, c). The mean correlo-
gram curve (Fig. 8b, dashed gray) deviates from the model’s 265.35 Ma
maximum (Table 3, last column) by a miniscule 0.4%. None of the
correlograms produce perfect fits for the half segments and full intervals.
Yet, the tests involving 815-myr (Fig. 8) and of the 272-myr models
(Fig. 9) produce results that range from strong to moderately strong for
the segments, and generally strong for the entire intervals. This reaffirms
the hyperbolic deterioration in the reliability of periodicity estimates as

Table 3
Summary of correlogram results for main period-tripling sequence.
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cyclic repetitions decrease (Fig. 5) and demonstrates the heightened
importance of increasing cyclic repetitions when data availability and
data quality allows for such extensions.

The 90.5-myr periodicity is the next cycle in the period-tripling
sequence. For this frequency range, correlograms from the Voice-DB
and Roberts-DB are excluded for one or more of the following reasons:
(a) non-stationarity in the bandpass filtered time-series, (b) insufficient
sampling as determined from low record counts per bin, or (c) increased
age-uncertainty from usage of an age-cutoff model for assigning the best
U—Pb age. The remaining five correlograms for the 3702-1851 segment
(Fig. 10c) reveal weak confidence levels but near-perfect alignments
with the model. However, the correlograms for the 1851-0 Ma segment
(Fig. 10a) and the entire 3702-0 Ma interval (Fig. 10c) show both high
confidence levels and nearly perfect alignments with the 90.5175-myr
model with a 265.35 Ma peak. In fact, the maximum mean correlation
(Fig. 10b, dashed gray) only deviated from the model (Fig. 10, black
vertical) by 0.62%. If one interprets the small deviations (0.40%, 1.62%,
and 0.62%) from the three models as a measurement errors, then the
collective results support the hypothesis of a 90.5, 272, and 815-myr
period-tripling sequence propagating harmonically throughout Earth
history.

Validating the 30.2-myr cycle is the most problematic of the eight
cycles in the period-tripling sequence. The correlograms testing the
30.2-myr cycle are misaligned with low confidence levels (Figs. 11a-
11c), whereas if the model is revised to 30.55-myr, the correlograms are
perfectly aligned with high confidence levels (Figs. 11d-11e). Could the
1.26% difference between the hypothetical cycle (30.17-myr) and the
measured cycle (30.55-myr) be an artifact of sampling errors or mea-
surement errors? Some sampling/measurement error seems likely.
However, these errors are unlikely to contribute entirely to the 1.26%
difference because of the 75 cyclic repetitions in the time-series. A more
likely explanation is that a combination of incorrect periodicities in the
period-tripling models, sampling errors, and other measurement errors
collectively contribute to the 1.26% divergence. Further testing with a
new independent detrital zircon data will be required to determine why
the 30.2-myr cycle deviates 1.26% from the measured cycle. Even
though this test fails to completely validate the 30.2-myr cycle, the
1.26% difference is close enough to consider this as either a marginal
validation or a candidate for validation.

The correlograms testing the 10.1-myr cycle for the 725-0 Ma
segment (Fig. 12a) are mostly aligned with the model at high confidence
levels, whereas the correlograms for the 1450-725 Ma segment
(Fig. 12c) are well aligned but at low confidence levels. As with the 90.5,
272, and 815-myr cycles, the 10.1-myr cycle is well aligned for the entire
1450-0 Ma interval (4.87% deviation) and at very high confidence
levels. The relatively low correlations for the 1450-725 Ma could indi-
cate that we stretched the analyses beyond the capabilities of detecting
the 10.1-myr cycle due to fewer samples per bin and/or larger age-errors
in this age-range.

The correlograms testing the 3.35-myr cycle for the 1200-0 Ma in-
terval (Fig. 13b) are generally aligned with the model (4.47% deviation)
but just below the 95% confidence level. Otherwise, the correlograms
patterns are similar to the 10.1-myr tests. Specifically, the weaker

Figure number  Period of cycle No. of cyclic Age-range with aligned cycle

Model common peak Optimum peak Common peak — optimum peak as % of

(myr) reps (Ma) (Ma) (Ma) period
8 814.66 5 4350-0 265.35 268.61 —0.40%
9 271.55 14 3900-0 265.35 269.76 —-1.62%
10 90.518 41 3702-0 265.35 265.91 —0.62%
11 30.173 75 2270-0 265.35 251.55 45.74%
12 10.058 144 1450-0 265.35 264.86 4.87%
13 3.3525 358 1200-0 265.35 265.50 —4.47%
14 1.1175 242 270-0 265.35 265.45 —8.95%
15 0.3725 725 270-0 265.35 265.33 5.37%

12
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Fig. 8. Correlograms testing 815-myr peri-
odicity. Ultra-low frequency test for the in-
terval 4350-0 Ma. Correlograms compare an
814.6575-myr sinusoidal model (maximum
at 265.35 Ma and 5 cyclic repetitions) to
seven age distributions: (red) Voice-DB,
(green) Roberts-DB, (brown) Puetz-2019-
DB, (purple) Puetz-2021-DB, (dark blue)
Combined-DB, (medium blue) Dep-Modern-
DB, (light blue) Dep-200 Ma-DB, and (thick
dashed gray) average of the seven correlo-
grams. (For interpretation of the references
to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. Correlograms testing 272-myr periodicity. Low frequency test for the interval 3900-0 Ma. Correlograms compare a 271.5525-myr sinusoidal model
(maximum at 265.35 Ma and 14 cyclic repetitions) to seven age distributions (refer to Fig. 8 for database color codes).

correlations for the 1200-600 Ma (Fig. 13c) could indicate that we
stretched the analyses beyond the capabilities of detecting the 3.35-myr
cycle due to fewer samples per bin and/or larger age-errors in this age-
range. Because the correlograms are well aligned but at confidence
levels slightly below 95%, we treat the 3.35-myr cycle as a marginal
validation.
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The final two sets of correlograms (Figs. 14-15) test the 1.118-myr

and 0.373-myr cycles for the interval 270-0 Ma. Like the 3.35-myr
tests, these ultra-high frequency cycles generally align with the
models, but the confidence levels are below those required for strong
validations. For the entire 270-0 Ma, the mean correlogram testing the

1.118-myr cycle does exceed the 95% confidence level (Fig. 14b), and
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Fig. 10. Correlograms testing 90.5-myr
periodicity. Medium-low frequency test for

Correlation Coefficient
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80 60 40 20 0
(time-series leads the model) << myr

the deviation from the model (8.95%) falls within the 10% threshold.
Even though this test validates the 1.118-myr cycle, it is by the thinnest
of margins. The mean correlogram for the 0.373-myr test falls below the
95% confidence level (Fig. 15b), but the 5.37% deviation between the
maximum mean correlation and the model comes close to a synchronous
alignment — making this a marginal validation that will require further
testing with new data.

In summary, these tests of a hypothetical period-tripling sequence,
with periods of 0.373, 1.12, 3.35, 10.1, 30.2, 90.5, 272, and 815-myr,
yields generally positive results. The 90.5, 272, and 815-myr compo-
nents are synchronously aligned at high confidence levels with a sinu-
soidal model having a common peak at 265.35 Ma. These three cycles
are likely to be real and reproducible in new, high quality, globally
representative, detrital zircon databases. Validating the 30.2-myr cycle
as a component of this tripling sequence is problematic because the cycle
is found to be 30.55-myr in a bandpass filtered time-series with 74
repetitions, instead of the predicted 30.2-myr periodicity. The 0.373,
1.12, 3.35, and 10.1-myr components align reasonably well (within
10%) with the sinusoidal models sharing a common peak at 265.35 Ma;
however, the confidence levels sometimes fall short of the 95% confi-
dence threshold. For cycles such as these detected when the bin size is
less than 4-myr, the accuracy of U—Pb detrital zircon ages, global
sampling representativeness, and smaller samples per bin likely
contribute to increased measurement errors. Even those these factors do
not prevent detection, they will likely inhibit definitive detection of the
0.373, 1.12, 3.35, 10.1, and 30.2-myr cycles. Future tests with new in-
dependent detrital zircon data is required to determine the reproduc-
ibility of these high frequency myr cycles.

4.2. Periodograms

The first panel above the periodograms (Figs. 16a-22a) depicts the
maximum mean correlation curve — a curve than equates to an average
of all periodograms below it. The mean correlation curves also serve as a
metric for assessing the reproducibility of periodicities. At the very top
of each figure (Figs. 16-22), the blue numbers specify the number of
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@ the interval 3702-0 Ma. Correlograms
2 compare a 90.5175-myr sinusoidal model
3 (maximum at 265.35 Ma and 41 cyclic rep-
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cyclic repetitions, which correspond to hypothetical harmonic cycles
designated by vertical gray lines. The green and red numbers in the
second row corresponds to the periodicities of the vertical gray lines.
The primary period-tripling cycles of 0.375, 1.12, ..., 815-myr are
assigned to the green harmonic group, whereas the cycles that do not fit
with the green harmonics are assigned to the red harmonics. After
analyzing the periodograms and maximum mean correlation curves for
possible harmonic combinations from the first six prime numbers (2, 3,
5, 7, 11, and 13), the only consistent harmonics that fit the data were
found in multiples of 2 and 3. Thus, the period-doubling and period-
tripling sequences became the basis for a tentative hypothesis. Even
though the green and red harmonics have no obvious direct link, they
are likely connected for two reasons: (a) the red harmonics have a period
1.0305 times larger than the corresponding green harmonics, which can
be thought of as the green harmonics sometimes red-shifted (increased
periods of 1.0305, reduced frequencies) to a red harmonics; and (b) in a
range from one primary period-tripling cycle, p, to the next, a pattern
emerged where the green harmonics are predominantly found between p
and p/2 in the mean correlogram curves (Figs. 16a-22a), whereas the red
harmonics are predominantly found between p/2 and p/3. These distinct
ranges are highlighted with light green backgrounds for the green har-
monics, and light red backgrounds for the red harmonics. Within the
range where green harmonics prevail (between p and p/2), 79% of the
validated cycles are green and 21% are red. Within the range where red
harmonics prevail (between p/2 and p/3), this reverses and only 23% of
the validated cycles are green while 77% are red. If the comparison is
restricted to the 25 to 1000-myr range (Figs. 16-18) where sampling
densities are the highest and relative age uncertainties are the smallest,
then the green-red distribution is 94% green and 6% red within the
green bands, and 7% green and 93.3% red within the red bands. Thus,
we tentatively interpret the 1.0305 redshift within the p/2 and p/3 range
as real, and later discuss possible meanings.

Figs. 16-22 illustrate the alignments of the hypothetical harmonics
with peaks in the maximum mean correlation curves and spectral peaks
in the periodograms. Section 5 through 9 discuss individual results,
collective results, and additional interpretations. Table 4 summarize the



S.J. Puetz and K.C. Condie Earth-Science Reviews 224 (2022) 103885

C
=
<
"
L]
L]

=]
c
o
S
Y= 1]
© S
S Q
5 =
© ~
[
S
o
o

©
=
n
o0
L]
=
o
~
~
~

35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35
(time-series leads the model) << myr >> (time-series lags the model)
©
=
=
n
o0
L]
-
F ]
c
)
S

©
- =
o ?
g R
® ~
©
E
o
o

(1]
=
n
o0
L]
Y
o
~N
~N
~N

35 30 25 20 15 10 5 0 5 -10 -15 -20 -25 -30 -35
(time-series leads the model) << myr >> (time-series lags the model)

Fig. 11. Correlograms testing 30.2-myr periodicity. Medium-low frequency tests for the interval 2270-0 Ma. Panels (a-c): The first set of correlograms compare a
30.1725-myr sinusoidal model (maximum at 265.35 Ma and 75 cyclic repetitions) to five age distributions. Panels (d-f): The second set of correlograms compare a
30.55-myr sinusoidal model (maximum at 251.41 Ma and 74 cyclic repetitions) to the same age distributions (refer to Fig. 10 for database color codes).
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Fig. 12. Correlograms testing 10.1-myr
periodicity. High frequency test for the in-
terval 1450-0 Ma. Correlograms compare a

95% g 10.0575-myr sinusoidal model (maximum at
° 265.35 Ma and 144 cyclic repetitions) to
@} four age distributions: Puetz-2019-DB,

-95% ~
(purple) Puetz-2021-DB, (dark blue)

Combined-DB, (medium blue) Dep-Modern-
DB, and (thick dashed gray) average of the
four correlograms. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this

@ article.)
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Fig. 13. Correlograms testing 3.35-myr periodicity. Ultra-high frequency test for the interval 1200-0 Ma. Correlograms compare a 3.3525-myr sinusoidal model
(maximum at 265.35 Ma and 358 cyclic repetitions) to four age distributions: (refer to Fig. 12 for database color codes).

periods of hypothetical green harmonics, and Table 5 summarizes red
harmonics. Both tables include validated cycles (bold color-coded pe-

riods) and unvalidated cycles (regular black text). The rows give hy-
pothetical period-doubling sequences, whereas the columns give
hypothetical period-tripling sequences. Validated cycles are used to
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construct six models (Section 5) to simulate variation in the U—Pb
detrital zircon age distribution at various timescales.
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Fig. 15. Correlograms testing 373-kyr periodicity. Ultra-high frequency test for the interval 270-0 Ma. Correlograms compare a 0.3725-myr sinusoidal model
(maximum at 265.35 Ma and 725 cyclic repetitions) to four age distributions. Refer to Fig. 12 for database color codes.

5. Models

Based on the results, six models are developed consisting of sinu-
soids, as defined by Eq. (2). The ultra-low frequency model contains 11

17

sinusoids, whereas all other models include 16 sinusoids. Models only
include validated or marginal cycles, which are correlated with the
Combined-DB. The correlation coefficients serve as weights for the si-
nusoids. Thus, cycles that correlate highly with the Combined-DB attain
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larger weights than those with small correlations. It is not always clear if
a cycle should be validated. When a marginal cycle is included as a
candidate, the process self-corrects by either assigning a small weight to
it or eliminating the marginal cycle from the model if its correlation is
not in the top 16. Using this approach, the six models of global detrital
zircon variation are available for testing with data that are completely
independent from the seven detrital zircon databases used to construct
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the models.

Eq. (5) defines the hypothetical million year period-doubling and
period-tripling sequences (Tables 4 and 5), p;j, in terms of a base cycle, b
= 2.8168582 x 107° yr for the green harmonics; b = 1.93518882 x
107 yr for the red harmonics; a timescale divisor, s, set to 10° for myr
cycles; a doubling index, i, given in column 1 (Tables 4 and 5); and a
tripling index, j, given in rows 1 and 14 (Tables 4 and 5).



S.J. Puetz and K.C. Condie

Earth-Science Reviews 224 (2022) 103885

12 14 1617 19 21 23 24 29 33 35 37 42 43 45 a8 5L ibeps)
B N O ¥ N N © ® = 1 i g o
- N YN © ® N © ™ - - © ®m S B 8 g mm
k N =9 N ™ = « - - - - [~ ) (-] © ~
a |
1000 \ " S
100 \,\/ ---------------------------
00 N\ AN Y W\
1 \va\, YA
1000
100 W 77\ AV N
OINAIN N T TR L S PN
1 A AV N o
C
1000
95%
95%
O
[}
H
o 1000/ \/ |\ T-t--o__
N N
a 95%
T
°
[
j-3
7]
\/\ """""""" A\
! ----------- - o -
¢ \/ = ZE =
’\/f\\/\/\\/\ ----------- - )‘ — -
\/ -------------------- ) 95%
0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013

Frequency (cycles/myr)

Fig. 17. Maximum mean correlation and periodograms. Low frequency tests for the interval 3900-0 Ma, testing periodicity in the 75-333 myr range. The number of
cyclic repetitions in the top row correspond to the sinusoidal models being tested in the second row. Refer to Fig. 16 for database color codes of log scale

power spectra.

_bx3x2
- S

Pij 5)

This equation can be used to test for possible harmonic periodicities
in the decadal to kyr range; however, the analyses here primarily focus
on myr periodicities. Tables 6 and 7 list the periods, weights, and phase-
peaks for the variables in the sinusoidal models, which provides a
convenient means for reconstructing the models in this study. The six
empirically based models (Figs. 23-28, green curves) are correlated with
the bandpass filtered detrital zircon age distributions from the
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Combined-DB (Figs. 23-28, blue curves).

Using these periods, weights, and phase-peaks (Tables 5 and 6) with
the sinusoidal equation (Eq. (2)), the detrital zircon models are tested
against independent time-series to determine if the models can be
applied to other types of data.

6. Application

The sinusoidal models (Section 5) are derived from time-series
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constructed from seven detrital zircon databases. As such, the Section 4
results are not legitimate tests of the model. To accomplish that, a
completely new global database of independent detrital zircon ages
must be compiled. Because such an independent database will likely
remain unavailable for at least another one to two years, immediate
evaluations of the detrital zircon models are only possible via compar-
isons of geological time-series suspected to be linked to the production
of continental crust.

The first such test compares the ultra-low frequency model with plate
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velocities and a bandpass filtered age distribution from U—Pb igneous
zircons (Fig. 29). The orange vertical backgrounds correspond to a 393-
myr cycle, one of the 11 sinusoidal components of Model 1. Because
plate velocities have large unquantified errors (Condie et al., 2021) and
only entail five cyclic repetitions, a rigorous test is not possible. With
these caveats in mind, plate velocities (Fig. 29a) show evidence of 393-
myr periodicity which leads the model by 90-myr, with a correlation of
0.337. The bandpass filtered time-series of U—Pb igneous zircon ages
(Fig. 29b) is synchronously correlated (p = 0.701) with the model (Fic.
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29c) over the 4000-myr test interval. Interestingly, although not
necessarily significant, the igneous zircon time-series has a higher cor-
relation (p = 0.701) with the model than the detrital zircon time-series
(p = 0.659) used to develop the model. This suggests that the model is
indeed a viable proxy of variation in global magmatic activity, which
most researchers already assume.

The test of an indistinguishable relationship between igneous and
detrital zircon age distributions continues with Model 2 (low frequency
model) with time-series binned at 10-myr intervals for the 3400-0 Ma
interval. Additionally, we explore a possible relationship with meta-
morphic activity use the age-distribution from zircon rims and investi-
gate intervals of significant global glaciation. Cross-correlation analyses
show the model is synchronous with the three U—Pb age distributions as
follows: zircon rim ages (p = 0.533), igneous zircon ages (p = 0.762),
and detrital zircon ages (p = 0.822) from which the model was devel-
oped. In this study, the ages are binned at 10-myr intervals. If one in-
terprets zircon rim ages as times of metamorphic events, then this
implies that on a global scale, metamorphism reaches maxima at about
the same times as maxima in global magmatic production.

To explore a possible link between global climate variation and the
model, Fig. 30 includes established periods of glaciation designated with
vertical orange backgrounds. Further details regarding the certainty and
extensiveness of these glaciations are discussed in numerous studies
(Geboy et al., 2013; Young, 2018; Alvarenga et al., 2019; Chen et al.,
2019). Other glacial periods likely exist; however, these are excluded
because of poor dating and/or considerable disagreement about their
legitimacy. A tentative interpretation is that extensive glacial periods
coincide with (or slightly lag) times of magmatic minima. Magmatic
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minima and the associated glaciations might reflect periodicity in at-
mospheric chemistry, possibly linked to lower rates of emissions of
greenhouse gases during minima and drawdowns of these gases during
chemical weathering of uplifted rock (Edmond, 1992; Fang et al., 2019).

Precambrian evidence of a possible link between global magmatic
activity and global climatic variation is primarily limited to analyses of
glacial periods, although Nance (2021) postulates that 5180 (%o0)zircon
acts as a legitimate continuous proxy of Precambrian climate. Several
proxies of Phanerozoic climate exist, which allows for time-series
comparisons since 540 Ma. Boulila et al. (2018) use the Phanerozoic
sea-level curve as a climate proxy and found evidence of 36-myr and 91-
myr periodicity in sea levels. These cycles correspond reasonably well
with two dominant cycles found in the detrital zircon — suggesting a
correlation between felsic magmatism and global climate. The rationale
for treating sea-level as a climate proxy rests on the assumption that as
the global climate warms, glaciers melt and sea levels rise, whereas
when the climate cools and glacial areas expand, sea levels fall. How-
ever, sea levels might also be affected by variation in the thickness of
oceanic crust, mean ocean depth, seafloor spreading rates, and conti-
nental crust elevation during collisional phases. For these reasons, and
because of significant inconsistencies among the various sea level curves
and Phanerozoic 5'80 time-series, the study turns to periodicities found
from Cenozoic climate proxies (Zachos et al., 2001) to investigate a
possible link between magmatic production and global climate.

When binned at 100-kyr intervals, the §'®0 and §!3C time-series
generally contain enough samples per bin for the 35-0 Ma interval to
assess periodicities in the 300 to 1400-kyr range. Of particular interest,
do the periodicities from the 35-0 Ma climatic time-series (Fig. 31)
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correspond to the 1118-kyr and 372.5-kyr cycles found from the primary
period-tripling sequence found in detrital zircon age distributions
(Fig. 22a)? In general, they do. The detrital zircon maximum mean
correlation curve (Fig. 22a) has three strong periodicities clustered at
1152, 1118, and 1061-kyr. These same three periodicities are found
from the climatic time-series. The §!80 time-series shows a dominant
peak within 1% of the 1118-kyr cycle and a smaller peak near 1061-kyr
(Fig. 31a). Conversely, the 5!3C time-series shows a dominant peak
within 1% of the 1152-kyr cycle and a smaller peak near 1061-kyr
(Fig. 31b). In addition to several other harmonics, the 5180 and 5'3C
time-series both show marginal evidence of 373-kyr periodicity. The 31
and 94 cyclic repetitions (Fig. 31, top row) for the 1118 and 373-kyr
cycles, respectively, are sufficiently large to provide reasonable esti-
mates of the true periodicities.

If the primary period-tripling sequence extends to even higher fre-
quencies, then one would expect periodicities of 124.2-kyr and 41.4-kyr
in the climatic and detrital zircon time-series. A test of these cycles is
currently not possible for detrital zircon. However, when binned at 10-
kyr intervals, the 5'%0 and §'3C time-series generally contain enough
samples per bin for the 14-0 Ma interval to assess periodicities in the 30
to 140-kyr range (Fig. 32). In this range, sedimentary sequences are
often calibrated to the Milankovitch cycles, sometimes referred to as
astro-tuning. The 5'80 and §'3C time-series are calibrated to the GPTS-
95 timescale (Zachos et al., 2001), which involves astro-tuning from
5.23-0 Ma and linear interpolation between tie-point from 14.01-5.23
Ma. For the 5.23-0 Ma interval, the periodograms from §'80 (Fig. 32a)
and 8'3C (Fig. 32b) both exhibit strong spectral peaks at the Milanko-
vitch frequencies of ~95-kyr and 41-kyr. Conversely, for the 14.01-5.23
Ma interval, the periodograms from 5'%0 (Fig. 32¢) and 53¢ (Fig. 32d)
both exhibit strong spectral peaks within 1% of 124.2-kyr — essential
validating another cycle in the primary period-tripling sequence. They
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also show evidence of a ~ 41.4-kyr periodicity, but the spectral peaks
are far weaker than those from the astro-tuned periodograms.

The stark difference between the calibrated cycles (Fig. 32a-32b) and
the cycles from the unbiased time-series (Fig. 32¢-32d) clearly illustrate
the points that Aber (1997) addresses. A calibrated time-series does not
and cannot validate its correctness. A time-series calibrated to a cyclical
model only shows the expected variation if the model is valid. To test if
the model is valid, one must always use data completely independent
from the model (Aber, 1997; McDowall, 2004; Waters and Craw, 2006;
Crisp et al., 2011). Thus, the periodograms from the unbiased time-
series (Fig. 32¢-32d) provide the only legitimate tests of the Milanko-
vitch Theory. Indeed, the periodograms (Fig. 32¢c-32d) are supportive of
the Milankovitch cyclicity, but less so than the calibrated time-series. In
fact, the periodograms from the unbiased time-series are equally sup-
portive of the primary period-tripling sequence listed in column 10 of
Table 4. Specifically, the Milankovitch Theory postulates a 41-kyr
obliquity cycle, whereas the primary period-tripling sequence postu-
lates a 41.4-kyr volcanic-related cycle.

7. Correlation and causality

Research often focuses solely on primary causes, whereas here we
explore possible primary, secondary, tertiary, etc. causes for the
cascading events that leads to magmatic/zircon production. By
assuming every event has a cause (Popper, 1963; Borchardt, 2007), then
a 272-myr cyclic event, A, is assumed to be caused by factor B, which can
be known or unknown. Then, the cause of B is assumed to have a cause
C, and the cause of C is assumed to have a cause D, ad infinitum. Popper
(1963) refers to this as infinite regress. When determining the cause(s) of
any process, such as harmonic cycles, ultimately the question turns into
a question of which cause. While the period-tripling harmonics indicate
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a common cause, the harmonics do not logically imply the common
cause is the direct cause of episodic zircon production. It might be that
an indirect common cause best explains a chain of events that ultimately
leads to episodic zircon production.

8. Hypothesized causes

Typically, scientific advancement leads to increased understanding
of certain processes, which in turn raises new questions to replace those
that are answered. This tendency is perhaps the ultimate signal of
infinite regress (Popper, 1963). Regarding questions about the validity
of the multitude of natural cycles discovered over the past century, most
of them are likely valid but often within large + uncertainties. Our
analysis of detrital zircon periodicity (Section 4) shows strong-to-
marginal evidence of at least 50 cycles with harmonic periodicities
ranging from 300-kyr to 815-myr. Further rigorous testing with reliable
independent data will eventually determine which of the detected cycles
are indeed reproducible (Section 3.11), and thus, likely real.

Tests aimed to determine the capabilities of spectral analysis (Section
3.5) show that 4-digit precision is achievable when ages and signals are
perfect, whereas precision shrinks to 3-digits when significant amounts
of noise permeate a time-series for a well-sampled time-series containing
more than 20 cyclic repetitions. Thus, we consider 3-digit periodicity as
the maximum capability of spectral analysis. Even when these
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conditions are met, careless reporting and biased reporting have
hampered research of periodic events. Careless reporting happens when
a spectral peak is rounded to a nearby number ending in 0 or 5 - such as
reporting a 97-myr spectral peak as 100-myr or a 39.2-myr spectral peak
as 40-myr. Biased reporting happens when an unbiased isotopically
dated time-series fails to show the expected periodicity, and then the
radiometric ages are calibrated to conform to a certain theory (Section
3.8). Other reported cycles are questionable because the time-series only
includes as few as 2 or 3 cyclic repetitions, where spectral analysis will
certainly give an answer, but with considerable uncertainty associated
with the estimate (Fig. 5).

Yet, the overriding concern of studies aimed to evaluate periodicity
pertains to the reliability of the time-series themselves. Our analyses,
and those of many others, focus on global explanations of causes. When
this is the objective, care must be taken to ensure the measured time-
series is indeed representative of global variation over time (Section
3.6). For instance, as a time-series extends further into the past, avail-
able samples typically diminish. In some instances, few or no samples
are available for certain intervals of interest. When this happens, one
must ask: Does the limited sampling density affect the global represen-
tativeness of the time-series? There is often no clear-cut answer, but a
careful analysis is often required to determine the age for terminating a
time-series that extends far into the past. For this reason, progressively
shorter durations are most appropriate when investigating high
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frequency cycles (Fig. 4).

With a keen awareness that existing hypotheses might have origi-
nated from poorly dated, poorly sampled, non-representative, and/or
with limited cyclic repetitions in the time-series, we present a diverse list
of hypotheses for explaining the cause of natural cycles. When one hy-
pothesis contradicts another, it generally means at least one is incorrect.
In other cases, seemingly different hypotheses might fit well together
after linking them to a chain of events. We treat this array of postulated
causes with tolerant skepticism (Lakatos, 1970, 1978) until it becomes
possible to disprove those that are invalid.

It must be noted that Hopf bifurcation theory provides mathematical
solutions for period-doubling systems (Ding et al., 2004; Mahboob et al.,
2016) and period-tripling systems (Daumont et al., 1997; Bendiksen,
2004). Ding et al. (2004) provide a differential equation solution for an
inertial shaker as a vibratory system, whereas Mahboob et al. (2016)
developed an electromechanical resonator for Hopf period-doubling
bifurcations when dissipation becomes negative. Hopf bifurcation the-
ory focuses on mathematical models for simulating physical processes.
Yet, even when a mathematical model accurately simulates a process,
the simulation says little or nothing about the cause. In these experi-
ments, the direct cause of the bifurcation harmonics was either a
vibrator, shaker, resonator, or similar oscillator. Because bifurcation
experiments produce period-doubling and period-tripling cycles with
mechanical resonators, it might be safe to assume that some type of
resonance causes the harmonic geological cycles. These harmonic
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related bifurcation experiments are equivalent to the laboratory exper-
iments using fluids of variable viscosity to artificially generate plumes
(LeBars and Davaille, 2004; Arndt and Davaille, 2013). It is often
beneficial to turn to laboratory experiments to gain a better under-
standing of how physical processes operate that cannot be measured
directly. For this reason, both bifurcation experiments and fluid vis-
cosity experiments might provide meaningful guidance for under-
standing the cause of the observed geological cycles. As further
explained in this section, ongoing research of correlations among
planetary, solar, and/or galactic time-series should eventually deter-
mine if resonance within the galaxy, the Sun, Earth itself, or some other
resonating factor causes the detected harmonic periodicities.

8.1. Internal causes

There has been considerable discussion about the causes of the low-
frequency LIP and zircon events, with the most direct information
coming from experimental and numerical modeling related to mantle
plumes and to the supercontinent cycle. Low-frequency cycles are
considered to be related to geodynamics and/or mantle cooling: (a)
upstairs-related if caused by lithosphere or supercontinent events, and
(b) downstairs-related if caused by deep mantle events (Condie et al.,
2015, 2021). The lack of a close correspondence of low-frequency cycles
to the supercontinent cycle and the fact that these cycles seem to begin
long before we had supercontinents (Condie et al., 2015) is problematic
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Table 4

Hypothetical green harmonics (myr units).
i\j 1 2 3 4 5 6 7 8 9 10
18 0.5587 1.1175
19 0.4191 0.8381 1.6762 3.3525
20 0.3143 0.6286 1.2572 2.5144 5.0287 10.058
21 0.4714 0.9429 1.8858 3.7716 7.5431 15.086 30.173
22 0.3536 0.7072 1.4143 2.8287 5.6573 11.315 22.629 45.259 90.518
23 0.5304 1.0608 2.1215 4.2430 8.4860 16.972 33.944 67.888 135.78 271.55
24 1.5911 3.1823 6.3645 12.729 25.458 50.916 101.83 203.66 407.33 814.66
25 4.7734 9.5468 19.094 38.187 76.374 152.75 305.50 610.99
26 14.320 28.640 57.281 114.56 229.12 458.24 916.49
27 42.961 85.921 171.84 343.68 687.37
28 128.88 257.76 515.53
29 386.64 773.29
i/j 10 11 12 13 14 15 16 17 18 19
12 0.3924 0.7849
13 0.5886 1.1773 2.3546
14 0.0138 0.4415 0.8830 1.7659 3.5319 7.0637
15 0.0414 0.3311 0.6622 1.3244 2.6489 5.2978 10.596 21.191
16 0.1242 0.4967 0.9933 1.9867 3.9733 7.9467 15.893 31.787 63.573
17 0.3725 0.7450 1.4900 2.9800 5.9600 11.920 23.840 47.680 95.360 190.72
18 1.1175 2.2350 4.4700 8.9400 17.880 35.760 71.520 143.04 286.08 572.16
19 3.3525 6.7050 13.410 26.820 53.640 107.28 214.56 429.12 858.24
20 10.058 20.115 40.230 80.460 160.92 321.84 643.68
21 30.173 60.345 120.69 241.38 482.76 965.52
22 90.518 181.04 362.07 724.14
23 271.55 543.11
24 814.66

Table 5

Hypothetical red harmonics (myr units).
i\j 1 2 3 4 5 6 7 8 9 10
17 0.3839 0.7677
18 0.5758 1.1516 2.3032
19 0.4318 0.8637 1.7274 3.4548 6.9095
20 0.3239 0.6478 1.2955 2.5911 5.1821 10.364 20.729
21 0.4858 0.9717 1.9433 3.8866 7.7732 15.546 31.093 62.186
22 0.3644 0.7287 1.4575 2.9150 5.8299 11.660 23.320 46.639 93.279 186.56
23 1.0931 2.1862 4.3724 8.7449 17.490 34.980 69.959 139.92 279.84 559.67
24 3.2793 6.5587 13.117 26.235 52.469 104.94 209.88 419.75 839.51
25 9.8380 19.676 39.352 78.704 157.41 314.82 629.63
26 29.514 59.028 118.06 236.11 472.22 944.45
27 88.542 177.08 354.17 708.33
28 265.63 531.25
29 796.88
i/j 10 11 12 13 14 15 16 17 18 19
11 0.5392
12 0.4044 0.8088 1.6176
13 0.3033 0.6066 1.2132 2.4264 4.8528
14 0.4549 0.9099 1.8198 3.6396 7.2792 14.558
15 0.3412 0.6824 1.3648 2.7297 5.4594 10.919 21.838 43.675
16 0.5118 1.0236 2.0473 4.0945 8.1891 16.378 32.756 65.513 131.03
17 0.7677 1.5355 3.0709 6.1418 12.284 24.567 49.134 98.269 196.54 393.08
18 2.3032 4.6064 9.2127 18.425 36.851 73.702 147.40 294.81 589.61
19 6.9095 13.819 27.638 55.276 110.55 221.10 442.21 884.42
20 20.729 41.457 82.914 165.83 331.66 663.31
21 62.186 124.37 248.74 497.49 994.97
22 186.56 373.11 746.23
23 559.67

for upstairs-related causes for these cycles. More likely, the supercon-
tinent cycle adapted to already existing cycles of downstairs origin.

8.1.1. Deep mantle hypotheses

In recent years, the rapid evolution of numerical computing provides
a means of simulating complex processes for convection with
temperature-dependent viscosity, subduction, plume generation, and
convection with compositional variation (Walzer and Hendel, 2008;
Davaille and Limare, 2015). These studies are particularly important for
3-D time-dependent mantle flows with large variations in material
properties. One approach of these models has been to study possible
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catastrophic overturns of the mantle. Davies (2008) was among the first
to show that subduction of oceanic crust can lead to layering beneath the
660-km discontinuity, which in turn causes the upper mantle tempera-
ture to increase. This layering is postulated to break down every 100 to
150-myr, leading to mantle overturns that result in bursts of magmatism
at Earth’s surface. Periods of mantle plume generation may also lead to
global episodes of enhanced magma production (Ogawa, 2007; Li et al.,
2018). Mantle plumes are common features of thermal convection at
high Rayleigh number and there is a good correlation between the
shapes of LLSVPs at the base of the mantle and the time variation of core-
mantle heat flux, which varies with periods of 100 to 200-myr (Li et al.,
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Table 6
Periods (myr), weights (p), and peaks (Ma) for low frequency models.
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1: Ultra-low freq. (Fig. 23) 2: Low freq. (Fig. 24)

3: Med-low freq. (Fig. 25)

Period Wt. (p) @ peak Period Wt. (p) @ peak Period Wt. (p) ® peak
814.7 0.487 265.35 814.7 0.302 265.35 314.8 0.205 247.00
515.5 0.257 53.98 515.5 0.300 53.98 271.6 0.214 265.35
429.1 0.071 169.40 393.1 0.287 245.95 241.4 0.123 62.00
393.1 0.155 245.95 314.8 0.304 247.00 186.6 0.259 75.50
314.8 0.178 247.00 271.6 0.288 265.35 171.8 0.322 111.05
271.6 0.162 265.35 241.4 0.174 62.00 160.9 0.150 111.00
241.4 0.119 62.00 229.1 0.134 60.95 135.8 0.270 255.00
229.1 0.108 60.95 203.7 0.104 10.86 110.6 0.147 104.00
203.7 0.043 10.86 186.6 0.225 75.50 104.9 0.169 85.66
186.6 0.129 75.50 171.8 0.190 111.05 90.52 0.175 265.35
171.8 0.089 111.05 160.9 0.087 111.00 85.92 0.127 8.91
135.8 0.146 255.00 80.46 0.114 18.24
110.6 0.092 104.00 76.37 0.166 21.35
104.9 0.082 85.66 71.52 0.094 27.38
90.52 0.072 265.35 67.89 0.085 23.21
85.92 0.079 8.91 53.64 0.068 39.37
Table 7
Periods (myr), weights (p), and peaks (Ma) for high frequency models.
4: Med-high freq. (Fig. 26) 5: High freq. (Fig. 27) 6: Ultra-low freq. (Fig. 28)
Period Wt. (p) @ peak Period Wt. (p) ® peak Period Wt. (p) ® peak
93.279 0.238 78.90 26.820 0.102 16.920 10.058 0.112 265.35
90.518 0.272 265.35 24.567 0.120 21.560 9.8380 0.113 3.714
85.921 0.272 8.91 20.115 0.124 15.290 8.1891 0.086 0.227
80.460 0.275 18.24 19.094 0.155 17.610 7.5431 0.078 4.100
76.374 0.293 21.35 17.490 0.122 4.440 7.0638 0.078 3.125
71.520 0.254 27.38 15.546 0.099 11.775 5.0287 0.079 2.024
67.888 0.087 23.21 14.558 0.180 0.649 3.9734 0.117 2.276
63.573 0.261 41.19 13.819 0.166 3.189 3.6396 0.107 2.739
53.640 0.245 39.37 13.410 0.194 2.807 3.3525 0.214 265.35
46.639 0.100 45.89 10.058 0.321 265.35 2.8287 0.153 2.903
36.851 0.193 1.71 9.8380 0.216 3.714 2.4264 0.143 1.108
34.980 0.085 11.63 8.4860 0.084 4.500 1.8858 0.120 0.347
28.640 0.115 14.62 8.1891 0.132 0.227 1.8198 0.136 0.833
26.820 0.118 16.92 7.0638 0.131 3.125 1.6176 0.152 0.606
24.567 0.103 21.56 5.0287 0.089 2.024 1.5355 0.151 0.971
17.490 0.085 4.44 4.0945 0.094 1.826 1.1516 0.190 1.140
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Fig. 23. U—Pb age distribution and the ultra-low frequency Model 1. Time-series for the interval 4350-0 Ma, binned at 30-myr intervals. Panels: (a) bandpass
filtered U—Pb age distribution from Combined-DB, and (b) ultra-low frequency model. Correlation coefficient = 0.659.

2018). Plumes are transient and develop on characteristic time scales of
30 to 200-myr for mantle viscosities between 10'° and 10%2 Pa s.
However, their distribution in space and time is postulated to be chaotic,
which implies other factors must also contribute to cyclical global LIP
events. Previous studies have proposed that there may be two types of
LIP events: (a) those associated with insulation or isolation of mantle
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beneath supercontinents (Gurnis, 1988; Coltice et al., 2007), and (b)
those not associated with supercontinents but perhaps created by the
return flow from slab avalanches from the Mantle Transition Zone
(MTZ) (Koppers et al., 2021). Cheng (2018) suggests that magmatic heat
transport contributes to terrestrial present-day heat loss as well as
playing a key role in mantle cooling. Li et al. (2018) propose links among
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Fig. 24. U—Pb age distribution and the low frequency Model 2. Time-series for the interval 3900-0 Ma, binned at 10-myr intervals. Panels: (a) bandpass filtered
U—Pb age distribution from Combined-DB, and (b) low frequency model. Correlation coefficient = 0.788.
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Fig. 26. U—Pb age distribution and the medium-high frequency Model 4. Time-series for the interval 1000-0 Ma, binned at 1-myr intervals. Panels: (a) bandpass
filtered U—Pb age distribution from Combined-DB, and (b) medium-high frequency model. Correlation coefficient = 0.691.

the lowermost mantle structure, core-mantle boundary heat flux, and
mantle plume formation. Additionally, recent spectral analysis studies of
plume generation through time show that total plume heat flux increases
with time and shows significant cyclicity, and that many of the same
simulated cycles also appear in the detrital zircon age distribution (Li
et al., in preparation).

Some of the most important results are from plumes generated in
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laboratory experiments using fluids of variable viscosity (LeBars and
Davaille, 2004; Arndt and Davaille, 2013). As thermochemical plumes
rise in these experiments, the plume material becomes denser and then
sinks back to the bottom of the tank, whereby the whole process re-
develops (LeBars and Davaille, 2004; Davaille and Limare, 2015). In
these lab experimenters, several overturn episodes are observed but the
later ones become progressively more disorganized. Plausible values for
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evolving mantle viscosity show that periodic plume generation would agreement with our observed age cycle in both LIP and zircon time series
begin in the Hadean with immense volumes of hot material arriving at around 90.5-myr (Puetz and Condie, 2019). For an unknown reason, the
the top of the mantle. Results of numerical and experimental modeling related period-tripling components of 272 and 815-myr have larger
studies show that global recurrence times of mantle overturn and/or amplitudes (likely related to amplitude modulation) and beginning at
plume events are on time scales of 100 to 200-myr, which is in good about 2 Ga, the supercontinent cycle developed in-phase with these low

28
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Fig. 31. Periodicities ranging from 300 to 1400 kyr in climate related time-series. Periodograms from climatic data (Zachos et al., 2001) for the interval 35-0 Ma,

binned at 100-kyr increments. Periodograms are for: (a) 5180, and (b) 5'°C.
frequency cycles.

8.1.2. Lithospheric-activated hypotheses

Lithosphere-activated events are generally related to short-lived
phenomena in the lithosphere or uppermost mantle. The most com-
mon models are those related to the sudden breakthrough of slabs stored
in the MTZ resulting in slab avalanches (Machetel and Humler, 2003;
Goes et al., 2017). When descending slabs reach the lower mantle, they
initiate a mantle overturn or global plume event. Although lithosphere-
activated events are generally related to plate tectonics, they may also
operate in a stagnant lid regime if delaminated segments of the

lithosphere collect in the MTZ. Numerical models by Davies (1995) have
shown a range of possible behaviors in the upper mantle related to
layering and that lithosphere-activated mantle overturns may have
resulted in short-lived global magmatic-tectonic events.

8.2. External causes

We consider four hypotheses of external processes that might explain
the periodicities found from detrital zircon age distributions: (a) peri-
odic impact events, (b) cycles in the density of dark matter, (c) climate
cycles as postulated by the Milankovitch Theory, and (d) harmonic
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periodicities in solar activity.

8.2.1. Periodic asteroid/comet impacts

Richards et al. (2015) hypothesize that shock waves from the Chic-
xulub impact triggered the Deccan Traps, and Rampino (2015, 2018)
further postulates that the Solar System’s vertical oscillations through
the Galactic disc periodically perturbs Oort Cloud comets. In turn, the
hypothesized periodic impact events cause episodic geological and mass
extinction events (Tiwari and Rao, 1998; Rampino (2015, 2018). One
problem with the asteroid impact hypothesis is that modern Pacific-rim
volcanism is unrelated to impact events. Thus, even though shock waves
from asteroid impacts might contribute to isolated instances of increased
magmatic activity, periodic impacts are unlikely to be the primary cause
of periodic global magmatism.

8.2.2. Cycles in dark matter density

Some researchers postulate that dark matter within the Milky Way is
unevenly distributed, with higher densities along the galactic disk and
lower densities beyond (Randall and Reece, 2014; Rampino, 2015,
2018). As the Solar System oscillates through the galactic plane with a
postulated 30-myr periodicity, Rampino (2015, 2018) postulates the
variable density of dark matter periodically heats the terrestrial core/
mantle, which causes regular pulses in mantle plumes and tectonic ac-
tivity. Even though this could explain the ~30.2-myr periodicity in
zircon production, it does not easily explain the other seven detected
period-tripling components in the sequence from 815-myr to 0.373-myr.

8.2.3. Milankovitch climate cycles

A quarter century after Milankovitch (1941) introduced the hy-
pothesis of external causes of periodic climate, Hays et al. (1976) pro-
pelled the obscure hypothesis into mainstream climatic research. The
hypothesis states that predictable cycles in Earth’s eccentricity, oblig-
uity, and precession causes corresponding variation in the solar radia-
tion reaching Earth, which in turn causes climate cycles. Kutterolf et al.
(2013) further propose that the thickness of polar ice caps varies syn-
chronously with the Milankovitch periodicities, which in turns causes
periodic crustal stress that leads to volcanic episodes. However, the
hypothesis of climate cycles causing volcanic cycles is questionable
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because many Phanerozoic intervals experienced considerable climate
variation without evidence of polar ice caps (Sternai et al., 2020).

8.2.4. Solar activity harmonics

Some have suggested variation in solar activity causes volcanism on
Earth (Stothers, 1989; Strestik, 2003). However, the evidence is far from
conclusive. The concentrations of cosmic-ray radionuclides, such as 1°Be
and '“C, found in polar ice cores and tree rings (Vieira et al., 2011;
Steinhilber et al., 2012) provide a means for reconstructing solar activity
over many millennia. Using this approach, McCracken et al. (2013)
found 15 significant periodicities ranging from 40 to 2320 years. Rather
than corresponding to the primary period-tripling green harmonics
found from detrital zircon ages, the solar cycles found by McCracken
et al. (2013) closely correspond to four sets of period-doubling red
harmonics, as defined by Eq. (5) using a timescale of years. The first set
of hypothetical period-doubling cycles are pgi3 (104-yr) and pg 14
(208.0-yr Suess/De Vries cycle); the second set of cycles are py1,5 (10.97-
yr Schwabe cycle), p11,6 (21.9-yr Hale polarity cycle), p11,8 (87.76-yr
Gleissberg cycle), p11,10 (351.0-yr), and p11,11 (702.1-yr); the third set of
cycles are p12 6 (65.82-y1), p12,7 (131.6-y1), and p12,9 (526.6-yr); and the
fourth set of cycles are p14,3 (74.05-yr) and p14,4 (148.1-yr). McCracken
et al. (2013) conclude that the stable natures of the Gleissberg cycle and
the other related solar harmonics indicate a strong frequency control in
the solar dynamo. Even though the detected solar harmonics correspond
to the hypothetical red harmonics in the decadal to 1000-yr range, ev-
idence to link solar cycles to possible volcanic/magmatic periodicities
less than 1000 years is not yet available.

9. Testing hypotheses

While reviewing these divergent ideas of the cause of the episodic
zircon production, we consider tests that can conclusively determine
which hypotheses have merit and which should be eliminated from
further consideration. Such tests are possible after the hypotheses are
enhanced with sufficient details to make them falsifiable. As suggested
by Popper (1963), the only legitimate test of a hypothesis is a rigorous
attempt to disprove it. Research articles often list reasons for favoring a
particular hypothesis. This is fine for developing a hypothesis, but
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ultimately, the hypothesis must be tested with a legitimate attempt to
disprove it. If the disproof attempt fails, the hypothesis is supported.
Attempts to disprove a hypothesis are often achievable by first assuming
a hypothesis is true, and then deducing what else must be true. Then, the
resulting deductions might provide a means for falsifying inappropriate
hypotheses.

9.1. Testing deep mantle hypotheses

A straightforward way to test if mantle events might cause low-
frequency geological cycles is to compare results of both laboratory
and numerical models with observed zircon periodicities. If they agree,
then global mantle events remain viable as a cause. Conversely, if the
results disagree, then hypotheses of episodic global mantle events can be
eliminated from consideration. Currently, geodynamic models are not
yet developed to a stage for rigorous comparisons because laboratory
and numerical models tend to produce quasi-period cycles rather than
robust periodicities. Testing if the supercontinent cycle causes low-
frequency terrestrial cycles has been challenging. Importantly, the su-
percontinent cycle appears to be speeding up with time, and hence
should not be considered as a fixed cycle. To determine if the super-
continent cycle is the primary cause of a given geological cycle requires
careful comparisons with igneous and detrital zircon age distributions.
One way to falsify this relationship is if a given cycle begins before the
supercontinent cycle is established around 2 Ga. For instance, the 815-
Myr cycle is often related to the supercontinent cycle, but we now
recognize that this cycle began by at least 4 Ga — long before the su-
percontinent cycle began and thus cannot be easily linked to the su-
percontinent cycle. However, it is still possible that when the
supercontinent cycle began, it adapted to an already existing mantle
cycle, such as the 815-myr cycle.

9.2. Testing lithosphere-activated hypotheses

An attempt to falsify lithosphere-activated cycles related to plate
tectonics as the primary cause of detrital zircon periodicity rests on
identifying when plate tectonics began. Many investigators favor ~3 Ga
as the starting age of plate tectonics (Condie, 2016). However, based on
evidence from global igneous and detrital zircon age distributions
(Figs. 8,9, 29, 30), the 272 and 815-myr cycles were operational back to
at least 4 Ga. This extensive time-range essentially falsifies the
lithosphere-activated hypothesis. Yet, if it can be shown that plate tec-
tonics developed by ~4 Ma, then plate tectonics could again serve as a
possible explanation. Another problem that we know little about is
whether postulated lithosphere-activated cycles could operate in a
stagnant lid planetary regime. If they can, then it would seem likely that
the periodicities would change when plate tectonics began.

9.3. Testing periodic asteroid/comet impacts

On Earth, virtually all evidence of asteroid impacts of all sizes has
been erased by continual subduction, erosion, volcanic resurfacing, and/
or orogenesis. Thus, direct tests of a global link between impact events
and magmatic/volcanic cycle will never be possible. However, if we
assume that the impact history on Earth mimics the impact histories on
the Moon, Mars, Mercury, and Venus, as most planetary scientists
already do (Wetherill, 1975; Mann, 2018), then indirect tests are
possible. The ages of inner Solar System impacts are generally estimated
by crater counting methods, and these ages predominantly range from
3.7 to 4.1 Ga (Supplement S2). Planetary scientists refer to this interval
as the Late Heavy Bombardment (Wetherill, 1975; Mann, 2018). In
addition to ages estimated from crater counting, some lunar craters are
isotopically dated from rocks collected during the Apollo missions
(Turner et al., 1973; Tera et al., 1973; Wetherill, 1975). Both methods
produce similar ages, with crater counting errors typically estimated as
+100-myr for ages older than 3.4 Ga. Because isotopically dated lunar
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rocks and ejecta from the Apollo missions are predominantly older than
3.4 Ga, it is not yet possible to reliably calibrate crater counting models
for ages younger than 3.4 Ga, which is the major limitation of the crater
counting method.

Nonetheless, plans are in progress to resolve this. Like the Sheepbed
mudstone in the Gale Crater on Mars, which was dated with a mass
spectrometer onboard the Curiosity Rover (Farley et al., 2014), NASA
has commissioned several studies to date impact craters and surface ages
on the Moon, Mars, and small bodies such as Vesta via in situ
geochronology from onboard instrumentation (Cohen et al., 2021).
Until then, hypotheses related to Inner Solar System impact histories
should all be treated tentatively until a sufficiently large sample of
impact events, with ages younger than 3.4 Ga, can be isotopically dated.
This will provide a means for enhanced calibration of crater counting
chronologies. This could happen within the next decade, and thus pro-
vide a means for testing the various hypothesis of Inner Solar System
impact histories.

9.4. Testing cycles in dark matter density

If the density of dark matter within the Solar System varies with
regular periodicity, then the effects should be detectable from cosmo-
logical objects other than Earth. For instance, star formation might be
correspondingly cyclic, the Inner Solar System planetoids should have
magmatic periodicities like those on Earth, and solar cycles should also
correspond accordingly. If peaks in the ages of star formations and peaks
in Lunar, Martian, and Mercurian surface ages are found to differ from
detrital zircon maxima on Earth, then it would seem appropriate to
reject the dark matter hypothesis. Thus, the dark matter hypothesis
might be relatively easy to disprove if it is false. The main problems with
analyzing star formation cycles and the resurfacing history of the Moon,
Mars, and Mercury are the large uncertainties associated with these
ages. Inner Solar System resurfacing ages younger than 3.4 Ga have
uncertainties as large as 0.5-gyr (Section 9.3), whereas the ages of Solar
region stars are 3 to 6 times larger. Over the past decade, methods for
dating nearby stars have decreased from approximately +3-gyr (Nord-
strom et al., 2004; Holmberg et al., 2009; Casagrande et al., 2011) to
+1.5-gyr more recently (Sanders and Das, 2018; Lu et al., 2021).

Even with newer satellites equipped with technologies to measure
stellar parallax as much as 10 times more accurately than a decade ago,
the ages of solar regions stars remain too large to assess if star formation
is episodic, and if so, what those periodicities might be. Spectral analysis
of bandpass filtered time-series of solar regions stars (Nordstrom et al.,
2004; Holmberg et al., 2009; Casagrande et al., 2011; Sanders and Das,
2018; Lu et al., 2021) yields different dominant periodicities ranging
from ~600-myr to 1400-myr. Thus, when the bandpass filtered star
formation time-series (Figs. 33e-33g) are compared to the 815-myr
model (Fig. 33h), they have inconsistent alignments. The inconsistent
ages could be a consequence of each study employing a different method
for estimating ages. Until astronomers reach a consensus on the optimal
dating method, and until the age error are reduced to less than ~300-
myr, evaluating possible periodicities in Solar region star formation
seems untenable for testing a dark matter hypothesis. Thus, the best
approach for testing if potential periodicities in dark matter density
cause Inner Solar System magmatism rests on isotopically dating young
impact craters on the Moon, Mars, and Mercury to constrain their cra-
tering chronologies (Section 9.3).

9.5. Testing Milankovitch climate cycles

Considerable evidence from ocean core sediments moderately sup-
ports climatic periodicities linked to Earth’s eccentricity, obliquity, and
precession (Milankovitch, 1941; Hays et al., 1976). However, there are
few, if any, legitimate published attempts to falsify the Milankovitch
hypothesis. To do so requires dating sedimentary sequences so that all
ages are isotopically calibrated by a method independent of a
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Fig. 33. External tests of 815-myr periodicity. Bandpass filtered time-series of detrital zircon, large igneous provinces ages, inner Solar System magmatic ages, star
formations, and an 811.8-myr model. Periodicities from spectral analysis are in the left-center and correlations and lead/lag times along the right. Panels are: (a)
detrital zircon age from the Combined-DB; (b) LIP age distribution (Condie et al., 2021); (¢) Lunar resurfacing ages (Supplement S3); (d) Martian resurfacing ages
(Supplement S4); (e) solar-region star formation ages (Nordstrom et al., 2004); (f) solar-region star formation ages (Holmberg et al., 2009); and (g) solar-region star

formation ages (Casagrande et al., 2011); and (h) 815-myr model.

Milankovitch model. Specific examples include avoiding calibrating
sedimentary ages to the Milankovitch model of Laskar et al. (1993) or to
the LRO4-stack of Lisiecki and Raymo (2005). The Milankovitch hy-
pothesis might have merit. However, its validity will only become
known from tests using data with independent ages. It will be important
for different research teams to independently determine if the observed
climatic cycles are best explained by the Milankovitch hypothesis or the
hypothetical volcanic/magmatic related period-tripling sequence of
41.4, 124.2, 372.5, and 1118-kyr (Table 4, column j = 10). It could be
that episodic volcanic/magmatic activity causes the climate cycles
rather than Earth’s eccentricity, obliquity, and precession.

9.6. Testing periodic solar activity

Because methods for detecting solar activity are currently limited to
the Holocene or slightly beyond, it is difficult to rigorously test for a
possible link between solar activity and terrestrial magmatic episodes.
Yet, as the research community finds ways to accurately date and
measure concentrations of cosmic-ray radionuclides, such as °Be in ice
cores and 'C in tree rings (Vieira et al., 2011; Steinhilber et al., 2012),
and extend them further into the past, then it should be possible to test
the solar-magmatic link hypothesis. However, the short half-lives of
these isotopes preclude extending them more than about five half-lives
into the past. Because ice cores contain both °Be and volcanic sulfate
emissions discharged into the atmosphere from explosive eruptions
(Cole-Dai et al., 2021), it should be possible to determine if 10Be con-
centrations and volcanic sulfate concentrations vary synchronously. If
so, the synchronicity would conclusively demonstrate a solar-magmatic
link. Conversely, the absence of a correlation would falsify the solar-
magmatic link hypothesis.
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10. Conclusion

This work reviews numerous approaches for detecting periodicity
found from natural processes. Our assessment is that spectral analysis
provides 3-digit accuracy of periodicity for a reliable time-series con-
taining a sufficiently large number of cyclic repetitions (generally >10,
but preferably >20). Because we focus on the global U—Pb detrital
zircon age distribution and similar global data, in this context a time-
series is reliable if it is globally representative of the studied property.
Six frequency-bound models are developed to simulate the global U—Pb
detrital zircon age distribution.

The reproducible periodicities found from the global detrital zircon
age distributions are often like those observed in related processes as
well as seemingly unrelated processes. The similar periodicities and
correlations suggest a complex chain of related events cause the
numerous cycles reported in research. Several hypotheses have been
developed to explain what causes the terrestrial cycles, and in some
cases, the conjectures might be contradictory. With tolerant skepticism,
we focus on possible internal causes as well as external causes. The
degree to which each hypothesis is favored (Section 8) is often linked to
the academic discipline to which a research team is devoted to. Rigorous
attempts to test the various hypotheses will likely require increased
collaboration among sedimentologists, climatologists, Precambrian
specialists, planetary scientists, solar physicists, astronomers, and as-
trophysicists. As these multidisciplinary studies begin yielding results,
the research community should be able to move forward with terrestrial
evolution hypotheses supported from a diverse set of studies.

Even though the causes for the detected harmonics remain unknown,
we hope this research sparks enough interest in these topics to ulti-
mately find reliable answers for the cause(s). In all sciences, observa-
tions typically preceded explanations, something by many years. For
instance, Newton devised an equation to predict gravitational processes
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nearly 350 years ago, yet physicists remain contentious and continue to
debate the cause of gravitation. Thus, it might require considerable
research and time before viable explanations are found for the detected
harmonics.
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