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Abstract

The four most recent large mass extinction events in the Phanerozoic – the Cretaceous–Tertiary (KT), the Triassic–Jurassic
(TJ), and the Permo-Triassic (PT) and Guadalupian–Tatarian (GT) doublet – are associated with a major flood basalt eruption, with
the timing of peak volcanic activity corresponding within measurement uncertainties to the extinction event. Three magnetic
superchrons precede the four largest Phanerozoic extinctions. The Cretaceous Long Normal Superchron (duration ∼35 Myr)
precedes the KT and the Permian Kiaman Long Reversed Superchron (∼50 Myr) precedes the PT–GT doublet. In addition, the
newly recognized Ordovician Moyero Long Reversed Superchron (∼30 Myr) precedes the end-Ordovician extinction event. There
is a 10–20 Myr delay between the end of each superchron and the subsequent mass depletion event, both of which represent distant
outliers from their respective populations. We propose that deep mantle plumes link these seemingly unrelated phenomena. Long-
term (∼200 Myr) variations in mantle convection possibly associated with the Wilson cycle induce temporal and spatial variations
in heat flow at the core–mantle boundary. Polarity reversals are frequent when core heat flow is high and infrequent when it is low.
Thermal instabilities in the D”-layer of the mantle increase core heat flow, end the magnetic superchron, and generate deep mantle
plumes. The plumes ascend through the mantle on a 20 Myr time scale, producing continental flood basalt (trap) eruptions, rapid
climatic change, and massive faunal depletions.
© 2007 Published by Elsevier B.V.
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1. Introduction

In a statistical and temporal reanalysis of Sepkoski's
(1982) compilation of stratigraphic ranges for marine
families of all animal taxa at the stage level, Bambach
et al. (2004) showed that the “big five” mass extinctions
recognized by most authors involve a decrease in genus
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diversity between 40% and 70%, and are actually better
described as diversity depletion events. These include
the end-Ordovician (440 Ma), the end-Guadalupian and
end-Permian double event at 258 and 250 Ma, respec-
tively, the end-Triassic (200 Ma) and the end-Creta-
ceous (65 Ma). They also showed that, although the
Cambrian and early Ordovician (from 540 to 460 Ma)
had an unusually large number of extinctions, they were
different from these five major events and should not be
included with them.

mailto:courtil@ipgp.jussieu.fr
http://dx.doi.org/10.1016/j.epsl.2007.06.003


496 V. Courtillot, P. Olson / Earth and Planetary Science Letters 260 (2007) 495–504
Bambach et al. (2004) then asked the question
whether the largest mass depletion events represent
outliers compared to the entire extinction record and
compared to shorter segments of geological time.
Arranging the proportions of genus extinction in rank
order by magnitude (see Fig. 1) they showed that two
populations can be distinguished: a normal, background
population of extinction magnitudes and a second
one that includes the outliers, which are, in order of
decreasing magnitude: the end-Permian (or end-Djhul-
fian), the end-Ordovician (or Late Ashgillian), the end-
Guadalupian and the end-Cretaceous (or end-Maas-
trichtian), followed by the end Triassic (Late Norian).
On the basis of their ranking, Bambach et al. (2004)
concluded that “the five major mass depletions of
diversity are so different in major features that it is clear
they cannot have a common cause”. In this paper, we
point out that all these major mass depletion events are
coeval with massive flood basalt eruptions, and follow
in time by some 10 to 20 million years the ends of
magnetic superchrons, unusually long periods when the
geomagnetic field fails to reverse polarity. We propose
that there is a causal link between these extreme events,
involving changes in core–mantle boundary heat flow
and generation of what we call “killer” mantle plumes.

2. Phanerozoic trap eruptions

Traps (or Continental Flood Basalts, CFBs, as they
are also known) and ocean plateaus are the two primary
types of Large Igneous Provinces (LIPs), massive
outpourings of basaltic lavas that are not directly
attributable to seafloor spreading processes (Mahoney
and Coffin, 1997; Courtillot and Renne, 2003). At
present there are about 15 known LIPS of Phanerozoic
Fig. 1. Proportion of genus extinction arranged in rank order by magnitude
Phanerozoic mass depletion events. After Bambach et al. (2004).
age (see Fig. 2). This may not be the full inventory, as
some might have been erased by subduction, obscured
by continental collision, or not yet identified. One
example is the recently dated Emeishan Traps in China
(∼258 Ma), which were involved in the collision of
India with Asia and the subsequent extrusion of
Indochina, and have been severely diminished in surface
outcrop area (see references in (Courtillot and Renne,
2003)).

It is possible that a substantial number of oceanic
plateaus have been destroyed by subduction during this
time or are as yet undetected, but this is not necessarily
the case. If we limit consideration to the better-
documented time since the beginning of the Mesozoic,
there are 12 LIPs over 250 Myr, on average one per
20 Myr. Nine of these are in the interior or on the margin
of continents (thus qualify as CFBs) and the other three
are oceanic plateaus. The nine post-Paleozoic CFBs
imply one such event every ∼25 Myr on the continents,
and given the mean age of the oceanic lithosphere
(60 Ma, see (Cogné et al., 2006)), the most probable
number of surviving oceanic plateaus is between 2 and
3. Accordingly, the current inventory of LIPs may be
nearly complete (Courtillot et al., 2003), with the pos-
sible exception of the LIP that is expected to have
initiated the Hawaiian hotspot track.

The correlation between mass extinctions, oceanic
anoxia events (OAE) and other boundaries in the
geological time scale with the dates of major trap
eruptions was first pointed out by Rampino and Stothers
(1988) and further documented by Courtillot (1994). This
correlation has since been revised and updated several
times, most recently by Courtillot and Renne (2003). As
shown in Fig. 2, the four most recent of the big mass
depletions (the end-Maastrichtian, end-Triassic, end-
(Middle Ordovician to Plio-Pleistocene values only) showing major



Fig. 2. Ages of the 15 major trap formation events in the Phanerozoic compared to mass extinction, paleoclimate events, and geological time scale
boundaries. Red circles denote major mass depletions referred to in the text. After Courtillot and Renne (2003).
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Permian, and end-Guadalupian, respectively) are each
associated with a major trap (the Deccan traps, Central
Atlantic Magmatic Province, Siberian traps, and
Emeishan traps, respectively) with age of peak volcanism
corresponding within experimental errors to extinction
age. Traps associated with the end-Frasnian depletion
event may have been recently found in the Viluy rift of
Siberia (Kravchinsky et al., 2002), in which case only the
end-Ordovician mass depletion event would be without a
recognized trap.

All LIPs are associated with perturbations to the
biosphere/atmosphere/hydrosphere system, although in
many cases the amplitude of the perturbations may
evidently be smaller than what is necessary for a major
extinction event. For example, the 30 Ma Ethiopian and
Yemen traps associate with the Oi2 early Oligocene
climatic event, the 60 and 55 Ma North Atlantic Tertiary
Province events associate with the end-Paleocene (a
double pulse?), the 88 and 91 Ma Madagascar and
Caribbean oceanic plateaus associate with the end-
Cenomanian oceanic anoxia event and the end-Turonian
extinction (another double pulse?), the Rajmahal traps
and Kerguelen and Ontong–Java plateau events associ-
ate with the end-Early Aptian at ∼110 Ma, the Parana
and Etendeka traps associate with the end-Valanginian
(not end-Jurassic) at ∼133 Ma, and the Karoo and
Farrar traps associate with the end-Pliensbachian at
∼183 Ma. In contrast, the relatively small Columbia
River Flood Basalt at∼15 Ma is not associated with any
known global environmental perturbation. The record
also includes evidence of the converse relationship, that
traps are rare or missing during times without mass
extinctions. For example, traps and significant extinc-
tion events are absent from the ∼100 Myr interval
between 258 and 360 Ma (Courtillot and Renne, 2003).
In short, there is growing circumstantial evidence that
major mass depletions, including the group identified by
Bambach et al. (2004) and indeed all of the five major
Phanerozoic faunal depletion events correlate in time
with massive flood basalt eruptions.

3. Magnetic superchrons

For much of the past several hundredmillion years, the
geodynamo has operated in a reversing state. Approxi-
mately 295 polarity reversals have been identified in the



Fig. 3. Variation of geomagnetic polarity reversal frequency during Phanerozoic time compared with major faunal mass depletion events (up arrows)
and associated trap eruptions (down arrows). Reversal rates are estimated according to Pavlov and Gallet (2005), by geological stage to harmonize pre-
and post 150Ma data, so that the overall, long-term envelope should be correct even if higher frequency details in post-150Ma frequencies may not be
quantitatively as accurate as oceanic anomalies and absolute dating of geological stages allows. Polarity superchrons are indicated by light shading.
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158Myr marinemagnetic record (not including some 100
to 200 events called cryptochrons (Cande andKent, 1992;
Bouligand et al., 2006)), giving an average polarity
reversal rate of just under two per million years. However,
as Fig. 3 shows, the average reversal frequency has varied
systematically through the Paleozoic, with three polarity
superchrons, long intervals without reversals, separated
by even longer time intervals when reversals were
relatively frequent. Reversal frequency peaks about
midway between successive superchrons and decreases
prior to the superchron onset (Gallet et al., 1992; Opdyke
and Channell, 1996).

The most recent superchron is the ∼35 Myr long
Cretaceous Long Normal Superchron (CLNS), which
lasted from 118 to 83 Ma with normal (i.e., present-day)
magnetic polarity. The ∼50 Myr long Kiaman Long
Reverse Superchron (KLNS) lasted from ∼310 to
∼260 Ma in the Carboniferous and Permian (Opdyke
and Channell, 1996). The inventory of superchrons in
the Phanerozoic has recently been augmented by
acquisition of magnetostratigraphic data by Gallet and
Pavlov (1996)), who found a third superchron in the
Ordovician lasting ∼30 Myr (from ∼490 to ∼460 Ma),
which they have named the Moyero Long Reversed
Superchron (MLRS) (Pavlov and Gallet, 2005). In
aggregate the three superchrons span 20–25% of
Paleozoic time.

4. The mantle plume connection

Shortly after evidence was put forward that the Deccan
trap eruption had occurred at the KT boundary, Courtillot
et al. (1986) and Courtillot and Besse (1987) pointed out
that both events had occurred some 20 million years after
the end of the CLNS. As discussed above, we now know
of three magnetic superchrons in the Phanerozoic. In each
instance the superchron ended several millions of years
prior to one or two of the four major mass depletion
events identified by Bambach et al. (2004), and in the
case of the two most recent superchrons, prior to major
trap eruptions. As shown in Fig. 3, the CLNS ends
∼18Myr prior to the eruption of the Deccan traps and the
KLRS ends ∼2–10 Myr prior to the Emeishan and
Siberian trap doublet. The MLRS ends ∼15–20 Myr
prior to a mass extinction and a glaciation event at the end
of the Ordovician, which we suggest were both due to the
eruption of an as yet unrecognized trap (note that absolute
ages for the onset and end of superchrons and mass
extinctions are known to no better than 1–2% at most,
implying potential uncertainties on the order of 5–10Myr
in the Paleozoic).

Is there a geophysical connection between traps and
superchrons? There is broad consensus that traps originate
from mantle plumes, either starting plumes (Courtillot
et al., 2003) or plume surges (Mahoney and Coffin, 1997).
Superchrons are usually attributed to time-variable
thermal interaction between the core and the mantle,
because the characteristic time scales ofmantle convection
processes (Schubert et al., 2001) are comparable to
the 30–50 Myr duration and the ∼200 Myr spacing of
the superchrons, in contrast to the time scales of other
geodynamo processes such as the convective overturn in
the outer core, which are typically several orders of
magnitude shorter (Hongre et al., 1998). Since the mantle
controls the geodynamo by regulating the core–mantle
boundary (CMB) heat flow (Labrosse, 2002; Roberts



Fig. 4. Regime diagram showing the sensitivity of reversal frequency
and dipole moment to the average core–mantle boundary (CMB) heat
flow according to numerical dynamo models. Shading indicates
subcritical (no dynamo), nonreversing (superchron), and reversing
dynamo regimes, respectively. Solid curve is the variation in reversal
frequency and dashed curve is the variation in dipole moment. CMB
heat flows q1 and q2 correspond to superchron and reversing dynamo
states, respectively.
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et al., 2003), a natural way to end superchrons is by
changing the heat flow at the CMB, aswould occur during
formation of thermal plumes in the D”-layer of the lower
mantle (Olson, 2003).

The sensitivity of polarity reversal frequency to CMB
heat flow variations is now only partially understood,
and for a long time, even the “sign” of the effect was
uncertain. Courtillot and Besse (1987) proposed that
superchrons end through increased CMB heat flow,
arguing that higher heat flow excites turbulent fluctua-
tions in the core that produce polarity reversals. On the
other hand, Larson and Olson (1991) proposed a
relationship between the onset of the CLNS and the
eruption of the Ontong–Java plateau based on kinematic
dynamos that implied an inverse relationship between
CMB heat flow and polarity reversal frequency. Gallet
and Hulot (1997) proposed a scenario in which arrival of
cold material (from a mantle avalanche (Machetel and
Weber, 1991)) at the CMB, which could in turn trigger
plume eruptions, perturb the geodynamo and initiate
superchrons.

Recently, however, the connection between reversal
frequency and thermal conditions at the CMB has become
somewhat clearer. Self-consistent numerical dynamo
models (Glatzmaier et al., 1999; Sarson and Jones,
1999; Kageyama et al., 1999; Kutzner and Christensen,
2002; Wicht and Olson, 2004; Takahashi et al., 2005)
definitively show that the frequency of polarity reversals
increases with the magnitude of CMB heat flow, and
furthermore, that the reversal frequency is sensitive to the
CMB heat flow pattern.

Fig. 4 shows qualitatively how the reversal frequency
and the dipole moment depend on the average CMB
heat flow, based on the systematics of a wide variety of
convection-driven numerical dynamo models (Kutzner
and Christensen, 2002; Christensen and Aubert, 2006;
Olson and Christensen, 2006). In general, the sensitivity
of reversal frequency to the average CMB heat flow
depends on the proximity of the geodynamo to the
transition from nonreversing to reversing dynamo states.
If the geodynamo lies close to this transition, then
increasing the average CMB heat flow by only a small
amount, from q1 to q2 in Fig. 4 for example, would
terminate a superchron. The same increase in average
CMB heat flow would also slightly reduce the time-
average dipole moment, according to Fig. 4.

Polarity reversal frequency is also sensitive to the
pattern of heat flow on the CMB. Although not all
aspects of this interaction have been investigated,
numerical dynamo studies indicate that reversal fre-
quency depends on whether the pattern of CMB heat
flow matches or deviates from the intrinsic pattern of
convective heat transport in the outer core. The
combination of strong rotational constraints and the
core's spherical geometry dictates that convective heat
transport in the outer core tends to be greatest in the
equatorial region, with a secondary maximum near the
poles in some cases (Glatzmaier and Roberts, 1995).
Dynamo models that impose this pattern of heat flow on
the CMB tend to produce strong, stable (non-reversing)
axial dipole fields, whereas dynamo models that impose
the opposite pattern tend to produce weaker dipole fields
and more frequent reversals (Glatzmaier et al., 1999;
Coe and Glatzmaier, 2006). We also note that numerical
model results show that too much boundary heat flow
heterogeneity generally cause dynamos to fail (Olson
and Christensen, 2002).

Fig. 5 is a schematic illustration of the dynamo
response to different patterns of CMB heat flow,
according to the numerical model results. The horizontal
coordinate is the average CMB heat flow, as in Fig. 4.
The vertical coordinate in Fig. 5 is proportional to the
amplitude of CMB heat flow heterogeneity qhet, with
positive values representing those patterns that destabi-
lize the geodynamo and negative values representing the
same patterns but with the opposite sign. Suppose that
the geodynamo occupies the superchron state labeled S
in Fig. 5, in which the CMB heat flow has a relatively
low average value q1 and is spatially uniform. A thermal
perturbation at the CMB resulting from formation of a



Fig. 6. Schematic of the time variation of average heat flow at the
Earth's surface and at the core–mantle boundary (CMB) according to
numerical models of whole mantle convection by Bunge et al. (2003)
and Nakagawa and Tackley (2004a). The CMB heat flow variation in
subduction-driven and plate-driven mantle convection (labeled Slabs)
slightly lags the surface heat flow variation and magnetic superchrons
(shaded bands) coincide with high CMB heat flow. In the alternative
mantle convection model (labeled Plumes), the CMB heat flow variation
is controlled by plume formation, leads the surface heat flow variation,
and the magnetic superchrons coincide with low CMB heat flow.

Fig. 5. Regime diagram showing dynamo sensitivity to core–mantle
boundary (CMB) heat flow heterogeneity according to numerical
models. qave denotes the average CMB heat flow, qhet is CMB heat
flow heterogeneity. Negative qhet denotes heterogeneity patterns that
increase dynamo polarity stability, positive qhet denotes heterogeneity
patterns that decrease dynamo polarity stability. Dashed line marks
transition from reversing to nonreversing dynamo states. Effects of two
plume formation events are shown with arrows starting from
superchron state S. Both events increase qave, but the perturbation
leading to state R is destabilizing and ends the superchron, whereas the
perturbation leading to S' does not.
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plume in the D”-layer would increase the average CMB
heat flow to q2, and depending on where the plume
forms, i.e. depending on the pattern of CMB heat flow
heterogeneity it induces, would either increase or
decrease superchron stability. For example, if the
plume formation preferentially increases the equatorial
heat flow, the geodynamo would move in the direction
of point S' in Fig. 5. Such a change would not terminate
the superchron. If instead the plume formation prefer-
entially increases the mid-latitude heat flow, it would
move the geodynamo in the direction of point R, thereby
ending the superchron. Parallel considerations apply to
the onset of a superchron. A thermal perturbation in the
D”-layer that decreases both the average CMB heat flow
and its heterogeneity can increase polarity stability and
precipitate a superchron by moving the geodynamo
generally downward and to the left in Fig. 5.

5. Superchrons and the Wilson cycle

We have argued for a link between trap eruptions and
the end of magnetic superchrons in terms of mantle plume
formation in the D”-layer. What controls the onset of the
superchrons? The time intervals between superchrons are
suggestive of the long-term variability in mantle dynam-
ics that is loosely referred to as the Wilson cycle.
Originally theWilson cycle was used to describe episodes
of continental collision and aggregation alternating with
continental breakup and dispersal, but the concept has
been extended to include long-term fluctuations in other
Earth properties such as atmospheric CO2 (Berner and
Kothavala, 2001), global sea floor spreading rates (Cogné
and Humler, 2004; Cogné et al., 2006; Conrad and
Lithgow-Bertelloni, 2006), global sea level (Gaffin, 1987;
Haq et al., 1987), polar motion (Courtillot and Besse,
1987), and tectonic and magmatic activity on the
continents (Russo and Silver, 1996; Ryan and Dewey,
1997). Strictly speaking, many of these processes are not
cyclical, and most of them (superchrons included) are
poorly documented prior to the Phanerozoic. Even so, it is
worthwhile determining if theWilson cycle plays a role in
the timing of superchrons, although we anticipate
significant phase differences between events at the CMB
and at the Earth's surface.

Fig. 6 illustrates some possible phase relationships
between average surface heat flow and average CMB
heat flow, derived from mantle convection models by
Bunge et al. (2003) and Nakagawa and Tackley (2004a).
The curve labeled “Slabs” denotes the CMB heat flow
associated with a style of mantle convection driven by
subduction and surface plate motions, with little or no
contribution from buoyant plumes. As Fig. 6 indicates,
this style of mantle convection is expected to produce
CMB heat flow variations that are either in phase with or
slightly lag the surface heat flow variations in time. Such
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models predict CMB heat flow maxima during the
CLNS and KLRS times, and also predict low CMB heat
flow at times when polarity reversals were frequent,
both of which are at variance with the results of
numerical dynamo models.

An alternative model is shown by the curve labeled
“Plumes ” in Fig. 6, in which CMB heat flow leads the
surface heat flow by almost one-half cycle. This phase
relationship assumes the CMB is heat flow controlled (at
least in part) by mantle plume formation. Suppose that
dense material accumulates in the D”-layer, during each
major peak in mantle convective activity, temporarily
stabilizing the D”-layer and reducing the heat flow from
the core. Once CMB heat flow falls below a critical
threshold, the geodynamo transitions to superchron state
as illustrated in Fig. 4. The D”-layer then undergoes a
transient phase of conductive growth, which continues
until its thermal thickness becomes sufficiently large
and its average viscosity sufficiently small to support
boundary layer instabilities, which then grow into large
mantle plumes. The end of each superchron corresponds
to times when newly formed plumes alter the CMB heat
flow regime in the manner depicted in Fig. 5. A
substantial phase difference between heat flow at the
surface and the CMB, in which the CMB generally leads
the surface, would seem to demand that deep mantle
plumes play a role in the heat transfer in the deep Earth
that is somewhat independent of sea floor spreading and
subduction processes.

6. Killer mantle plumes

Our hypothesis is that geomagnetic polarity super-
chrons ended by mantle plume formation, and after
ascent through the mantle these plumes produced the
trap eruptions that initiated Phanerozoic faunal mass
depletion events. Jones et al. (2002) proposed a very
different model, in which impacts initiate the trap
eruptions. According to that model, the magnetic field
response would come during or after the trap eruption
(assuming the impact affected the geodynamo), in which
case superchrons would postdate the events at the
surface, contrary to the observed sequencing. The Jones
et al. (2002) model is at variance with evidence from the
Cretaceous–Tertiary boundary where impact-related
products (iridium enriched sediments) overly the first
volcanic flows in the Deccan traps (see discussion in
(Courtillot and Renne, 2003)).

However, our model raises questions of its own. For
example, only a fraction of the known Phanerozoic traps
are timed to superchron and mass depletion events.
What special properties would make this subset into
killer mantle plumes? A number of attributes of flood
basalt eruptions that could explain why two otherwise
similar mantle plumes might have quite different impact
on the biosphere or the climate system have been
suggested (Courtillot and Renne, 2003). These include
flood basalt volume, chemical composition (particularly
sulfur), latitude of eruption, pre-existing state of the
climate, and most importantly number, size and time
signature of individual volcanic pulses that make up the
event. The environmental impact must depend on the
particulars of each event, including the paleogeography
at the time of the eruption, the injection latitude, altitude,
time history, and other parameters. Unfortunately, the
response of the Earth system to these particulars is
poorly known.

A related question is: which plume properties that
affect the surface environment will also have a large
effect on the core? One such property is plume rise time.
The timing in Fig. 3 indicates about 10 Myr between the
end of the superchron (when the core heat flow passes
the superchron threshold) and the trap eruption and
faunal mass depletion (when the plume reaches the
lithosphere). This implies an average 0.3 m/yr plume
ascent velocity through the mantle, which is about one
order of magnitude higher than the average horizontal
velocity associated with plate tectonics (Conrad and
Lithgow-Bertelloni, 2006). Such high ascent velocities
would require a massive buoyant head for a starting
plume (Richards et al., 1989; White and McKenzie,
1995) or alternatively, a plume soliton traveling through
a pre-existing mantle conduit (Schubert et al., 2001).
The plume characteristics we infer (chemical heteroge-
neity and fast ascent) are similar to thermochemical
instabilities: Le Bars and Davaille (2004) discuss such
large trap-producing thermochemical heads, where
chemical compositional differences involve Fe content.
The short ascent time ensures that the plume material
would loose very little of its excess potential temper-
ature during ascent, would arrive at the lithosphere with
abundant superheat, and would probably erupt over a
short time interval.

Excess potential temperature and rapid ascent seem to
be promising explanations forwhy only a small number of
mantle plumes become killers, altering both the geody-
namo (via CMB heat loss) and the surface environment
(via eruption products), while the majority of plumes,
including some apparently large ones, have weaker
effects. Killer plumes might form especially close to the
CMB, possibly in the seismic Ultra Low Velocity Zone
(ULVZ; see (Garnero, 2000)) thereby inheriting higher
than average excess temperature that could survive
transport through the subadiabatic interior of the mantle
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(Bunge, 2005). In light of the dynamical complexity in the
D” region, including the post-perovskite mineralogy
(Nakagawa and Tackley, 2004b), it is likely that plumes
originating at different locations and sampling different
material from different levels in D” will inherit different
potential temperatures. Furthermore, if the killer plumes
tap the ULVZ they could possibly incorporate a chemical
signature that might bemissing or reduced in other plumes
that form further up in the lower mantle. Heavy sampling
of the ULVZ would also be consistent with an elevated
potential temperature in plumes formed there, as well as a
largeCMBheat flux pulse, resulting in amore direct effect
on the geodynamo. It has been proposed that S is the key
element of climate change and global poisoning (Self
et al., 1997; Self et al., in press; Chenet et al., 2005; Chenet
et al., in press). Since S and Fe are related (Fe content is
used as a proxy to estimate howmuch S could be degassed
by a given trap), the S and Fe content of theD”-layermight
inversely correlate with distance from the CMB, being
larger in the ULVZ than elsewhere.

Finally, we discuss some observations and numerical
simulations that would help in testing some of the
predictions of our model. One model prediction is that
the transition from non-reversing to reversing dynamo
states should be accompanied by a decrease in dipole
moment and also a decrease in dipolarity. Recent
assessments of the long-term trends in geomagnetic
paleointensity (Tauxe, 2006; Tarduno, et al., 2006) seem
to converge towards the original suggestion of Cox
(1968) that there is a positive correlation between high
field strength and low reversal frequency. In particular,
Tarduno et al. (2006) conclude that the time-averaged
field is stronger and more dipolar when it is in a super-
chron state, consistent with Fig. 4.

We have suggested that depending on where a plume
forms, the resulting heat flow perturbation could either
increase or decrease the geodynamo polarity stability.
Plume formation in the equatorial or polar regions is less
likely to terminate a superchron, compared with the
same plume formed at middle latitude. Connections
between CMB heat flow heterogeneity and the polarity
stability of dynamo calculations have already been
reported (Glatzmaier and Roberts, 1995; Glatzmaier
et al., 1999; Coe and Glatzmaier, 2006) and could be
quantified by systematic modeling. This relationship
might also be testable using the distribution of trap
paleolatitudes. The available data present a mixed pict-
ure in this regard. The Siberian traps were erupted at
polar latitudes, the Ethiopian, Caribbean, CAMP and
Emeishan traps at equatorial latitudes, and most of the
remainder at middle latitudes (NATP, Deccan, Mada-
gascar, Parana–Etendeka, Karoo; (see (Courtillot and
Renne, 2003) and (Davaille et al., 2005) Fig. 4). Alter-
natively, we suggested that anomalous plume potential
temperature might be the decisive factor. We note that
this explanation can also be tested, since it is now
possible to estimate the plume potential temperature
anomaly from hotspot volcanics (Bourdon et al., 2006).

Finally, our use of radiometric age data in this paper
highlights the need for improved time resolution of the
geophysical events in the deep past (superchron timing
and trap eruptions) and better time sequencing of genera
numbers in the paleontological record. In the latter case,
for example, Stanley and Yang's (1994) subdivision of
the last stages of the Permian into sub-stages was key to
show that a seemingly 10 Myr-long event was actually a
set of two short (∼1 Myr) pulses separated by a
∼8 Myr-long quiescence period. Such high resolution is
not available for most stages now, although it would be
very useful, for instance, to resolve the five cases of
double pulses we have mentioned. We clearly need to
improve resolution to the sub-interval level if we wish to
perform more meaningful statistical analyses.
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