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Geological record: climate
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with evidence for widespread cooling and/or indirect or
equivocal evidence for permanent ice represent cool Earth
states. An important distinction between the cool and cold
Earth states is that the cool intervals have no unequivocal
evidence for permanent ice. Many original literature sources were incorporated in this analysis, but the compilations
of Frakes et al. (1992), Eyles (1993), Crowell (1999), Price
(1999), and Isbell et al. (2003) proved most valuable. All
CO2 and climate records were calibrated to the timescale
of Gradstein et al. (2004); chronostratigraphic nomenclature also follows Gradstein et al. (2004). Formal statistical
analyses are not presented here: a comparison between
CO2 from proxies and geochemical models was presented
al. (2004) but200
cannot be updated
400by Royer et300
100 here owing0
to the uneven time-steps
the/ kyr
revised data (see Fig. 1 capTimeof
BP
tion). Statistical comparisons between CO2 and temperature are also not possible because the temperature data
Petitlargely
et al. derived
(1999)from regional studies,
presented here are
and so cannot be directly equated to global mean
temperatures.
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Fig. 2. Radiative forcing through the Phanerozoic. Radiative forcing is
derived following the protocol of Crowley (2000a) and the radiative
transform expression for CO2 of Myhre et al. (1998). For the calculation,
the CO2 records from Fig. 1D are used and solar luminosity is assumed to
linearly increase starting at 94.5% present-day values. Values are expressed
relative to pre-industrial conditions (CO2 = 280 ppm; solar luminosity = 342 W/m2); a reference line of zero is given for clarity. The dark
shaded bands correspond to periods with strong evidence for geographically widespread ice (see Section 2 for details).
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3. Results
discussion
20-400
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variations on
3.1. Fidelity of Phanerozoic CO record
Myr
in eccentricity of Earth’s orbit (Fig. 1D) records is that 10-100
‣ variation
radiative forcing is comparatively
low during the early Paleozoic
owing to a weaker solar conAll 490 CO proxy records and their attendant errors are
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precession
and
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stant at that time.
plotted
in Fig. 1B, sorted
by method;
Fig. 1C plots
the data
‣ also
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as a time series without error bars. When viewed at the
scale of the Phanerozoic (Fig. 1B and C), the overarching
pattern is of high CO2 (4000+ ppm) during the early Paleo-

3.2. Correlating CO2 to temperature: Late Ordovician
glaciation (Hirnantian; 445.6 – 443.7 Ma)

Geological record: impact cratering
170 km diameter,
65 Myr old.

1

2

Diameter / km
5 10
50

200

Mass extinctions?

0

500

1000
1500
Time before present / Myr

2000

Geological record: biodiversity
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Fig. 1. Phanerozoic diversity curves derived from counting the number
of taxa present in each stage, with range interpolation. (a) Genus-level
diversity, from Sepkoski (2002). (b) Family-level diversity from Benton
(1995) and Sepkoski (1997).
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random and thus did not pose a serious
The fossil record is of course no
compensate for this a technique cal
been employed. Range interpolation r
patchy fossil record by assuming tha
time interval between its first and last
it has actually been found in those
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skeletons, the history of those taxa w
proxy for all marine diversity. The e
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sampling is more or less uniform
numbers of taxa described from each
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diversity has changed.
This taxon-counting approach is s
mingly robust to certain potential
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equally well sampled; (2) preservatio
time; (3) taxonomists partition taxa
unfortunately is beset with problems.

Sampling of the rock record

There are two aspects of sampling t
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Figure 1a shows a plot of diversity against time for all 36,380
genera in Sepkoski’s Compendium. In Fig. 1b we show the 17,797
genera that remain when we remove those with uncertain ages
(given only at epoch or period level), and those with only a single
occurrence. The smooth trend curve through the data is the thirdorder polynomial that minimizes the variance of the difference

Example claim of periodicity in geological time series
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Figure 1 Genus diversity. a, The green plot shows the number of known marine animal
genera versus time from Sepkoski’s compendium1, converted to the 2004 Geologic Time
Scale5. b, The black plot shows the same data, with single occurrence and poorly dated
genera removed. The trend line (blue) is a third-order polynomial fitted to the data. c, As b,
with the trend subtracted and a 62-Myr sine wave superimposed. d, The detrended data
after subtraction of the 62-Myr cycle and with a 140-Myr sine wave superimposed.

•

biodiversity (Rohde & Muller
2005)

•

significant period of 62 ± 3 Myr
claimed

Suggested astronomical mechanisms
Nearby supernovae
gamma rays
biological extinction

Perturbations of Oort
cloud by Galactic tide
and/or passing stars
comet impacts

Star forming regions
cosmic rays
cloud formation
(highly questionable!)

Suggested causes of periodicity
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motion of the Sun in the Galaxy
‣ vertical oscillation through disk
(periods of 50-75 Myr)
‣ spiral arm crossing (timescale of
50-100 Myr)

Fig. 3.—Depiction of the Sun’s motion relative to the spiral arm pattern,
in the same format as Fig. 2 but for a smaller spiral pattern speed (!p ¼
14:4 km s"1 kpc"1).

Gies & Helsel (2005)

Diamonds along the Sun’s track indicate its placement at intervals of 100 Myr. We see that for this assumed pattern speed, the
Sun has passed through only two arms over the last 500 Myr.
However, if we assume a lower but still acceptable pattern speed
of !p ¼ 14:4 km s"1 kpc"1 (shown in Fig. 3 for !# " !p ¼
11:9 km s"1 kpc"1), then the Sun has crossed four spiral arms in
the past 500 Myr and has nearly completed a full rotation ahead
of the spiral pattern. Thus, the choice of the spiral pattern speed
dramatically influences any conclusions about the number and
picture credit: Medvedev
timing of the Sun’s passages through the spiral arms over this
time interval.
The duration of a coherent spiral pattern is an open question,
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Summary, and conclusions so far

•

there are plausible astronomical mechanisms to influence
terrestrial climate and biosphere, but

•
•

many claims based on poor statistical analyses (CBJ 2009)
terrestrial impact cratering (CBJ 2011)
‣ use of more rigorous (Bayesian) methods of model comparison
‣ refutes claims of periodicity in cratering

•

ongoing project to model geological time series
‣ testing of astronomical, terrestrial and noise models

•

more information and references: www.astroimpacts.org
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