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Do superchrons occur without any palacomagnetic warning?
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Abstract

The mainly dipolar geomagnetic field generated by the geodynamo within the Earth’s liquid core has reversed its
polarity many times in the past. This succession of intervals of alternate polarity defines the geomagnetic polarity time
scale (GPTS), usually interpreted as resulting from a Gamma renewal process, the rate of which would be controlled
by the boundary conditions imposed by the mantle on the core. In this interpretation, boundary conditions would
have occasionally evolved towards being unfavourable to reversals, leading the (reversal) rate of the process to
progressively decrease and reach zero at least twice, causing the onset of the so-called Kiaman and Cretaceous very
long polarity intervals (superchrons). Here we reconsider this causal link. Analysing the latest and best constrained
GPTS (thanks to the continuous record provided by marine magnetic anomalies) describing the past 160 Myr, we
found that contrary to earlier claims, no long-term behaviour over the ~40 Myr preceding the Cretaceous superchron
can be seen in the reversal rate that could explain its onset at ~ 120 Ma. More generally, it turns out that hardly any
special behaviour can be identified in the GPTS, which could have announced this superchron. Only the occurrence of
the longest of all pre-superchron intervals (CM1n), ~3 Myr before the onset of the superchron, could be identified as
a precursor. Such a behaviour could possibly be the consequence of medium-term (on the 10 Myr time scale) changes
in the boundary conditions imposed by the mantle on the core. But we note that the sole analysis of the GPTS does
not allow this to be tested. In fact, it appears that a single stationary process could also explain the entire pre-
superchron GPTS, with the only possible exception of CM1n. This suggests that the occurrence of superchrons does
not necessarily require changes in boundary conditions and could simply attest for a sudden non-linear transition
between a reversing and a non-reversing state of the geodynamo.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction reversals already occurred at that time [1], our
knowledge of the geomagnetic polarity time scale

Although it is well-established that the Earth’s (GPTS) remains mostly limited to the Phanerozo-
magnetic field is more than 3 Gyr old and that ic (~550 Myr; e.g., [2]). Throughout that period
the geomagnetic field has often changed polarity

and at least twice experienced very long intervals
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tween ~ 120 and ~ 83 Ma). This GPTS is best
known since the Upper Jurassic (~ 160 Myr ago),
thanks to the constraints provided by the marine
magnetic anomalies not available for older
epochs. This period of time includes the CNS. It
has therefore been the subject of many studies in
the past (see e.g. [2,3] for extensive reviews of
earlier work) aiming at elucidating the still open
question of why the field exhibited such dramatic
changes in its reversing behaviour.

The current dominant view on this topic is the
one first worded by McFadden and Merrill [5].
Those authors noted that this best known fraction
of the GPTS could be described as resulting from
a Gamma renewal process continuously varying
in time, except during the CNS when the reversal
process remained ‘frozen’ for over 30 Myr. Their
analysis, completed by more recent analysis (e.g.,
[4,6,7]) led them to conclude that a long-term de-
crease of the reversal rate could have taken place
over the ~40 Myr period preceding the CNS.
Such a decrease is indeed suggested by Fig. la,
which shows an estimate of the reversal rate as a
function of time, produced by analysing the
GPTS of Kent and Gradstein ([8]; hereafter
KG86) with a moving window of width N =150
intervals, along the lines suggested by McFadden
[9]. This apparent decrease led McFadden and
Merrill [5] to suggest that superchrons could
have arisen as a result of long-term thermal influ-
ence of mantle convection on core dynamics. As
mantle convection would have produced slow
changes in thermal core-mantle boundary condi-
tions, which would have then become unfavour-
able to reversals, the reversal rate would have
progressively decreased to zero, forcing the geo-
dynamo to switch from a ‘reversing’ to a ‘non-
reversing’ state at the onset of the CNS [6].

In an earlier paper, however [10], we noted that
relying on the same GPTS but plotting the data
differently (i.e., the magnetic interval duration as
a function of order of occurrence, as proposed by
Gallet and Courtillot, [11]) could suggest a differ-
ent interpretation. Fig. 1b, produced in this way
(very similar to our original plot which relied on
the slightly different GPTS of Harland et al. [12],
hereafter called GTS89), indeed suggests that be-
fore the CNS, the reversal process could have in
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Fig. 1. (a) Estimate of the reversal rate based on KG86 [8]
as a function of time between the Upper Jurassic and the on-
set of the Cretaceous superchron, using moving windows of
width N=50 intervals, along the lines suggested by McFad-
den [9]. Also shown, as lighter curves, the 26 curves between
which the true reversal rate is expected to lie, and, as a
dashed line, the long-term linear trend towards zero favoured
by McFadden and Merrill ([7], see their fig. 1). (b) Length of
the magnetic intervals as a function of their order of occur-
rence in KG86. Also shown are various intervals of interest
for the discussion (shaded circles) and the segment A intro-
duced by Gallet and Hulot [10] and discussed by McFadden
and Merrill [7]. The grey-shaded area corresponds to the
time of the oceanic magnetic anomaly M25 and beyond (cor-
responding to Middle to Upper Jurassic), within which many
short intervals had been tentatively identified in KG86 but
are no longer considered in the most recent GPTS (see Fig.
2b).

fact enjoyed a period of fairly stationary regime,
ending only maybe ~ 10 Myr before the CNS, at
a time a few substantially longer intervals oc-
curred (CMIn, CM3r and CM4n). As such a
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change of behaviour would require a much faster
change in the boundary conditions than originally
proposed by McFadden and Merrill [5], we there-
fore suggested that this could result from the rap-
id arrival of some cold mantle material at the
core-mantle boundary. Relying on simple simula-
tions, we however acknowledged that both our
description and that of McFadden and Merrill
[5] seemed to be equally compatible with the data.

More recently, Constable [13] reconsidered the
issue under the more general assumption that geo-
magnetic reversals could be considered as having
been generated by a renewal process (be it a Gam-
ma process or else) with an unspecified time vary-
ing reversal rate. This study showed that the only
robust conclusion one could reach with this re-
spect is that, generally speaking, the reversal
rate must have decreased to produce the CNS
and subsequently increased again, but that no
time constraints (else than trivial) could be put
on this global evolution. It was therefore argued
that under such general assumptions, the data
could not discriminate between a slow long-term
decrease in the reversal rate towards zero at the
time of the CNS, as proposed by McFadden
and Merrill [5], and the much faster decrease
our analysis had suggested. But as next pointed
out by McFadden and Merrill [7], this conclusion
mainly reflected the fact that this study attempted
to test too large a family of processes at the same
time.

Acknowledging this weakness, McFadden and
Merrill [7] indeed decided to design a new statis-
tical test to more specifically test our interpreta-
tion. Using this test, they successfully showed that
the stationary behaviour we claimed to see in the
GPTS up to ~10 Myr before the Cretaceous
superchron (segment A in Fig. 1b), was not com-
patible with the KG86 GPTS. This led them to
reject our interpretation in favour of theirs. Un-
fortunately however, their study lacked complete-
ness with two respects. It did not test the alternate
interpretation of McFadden and Merrill [5] that a
slow progressive decline of the reversal rate to-
wards zero could be found in the pre-superchron
GPTS. It only relied on the old KG86 GPTS
which has since then been updated by two inde-
pendent teams, Gradstein et al. [14] (who pro-

duced a GPTS we will refer to as GRADY94)
and Channell et al. ([15], hereafter CENT94).

The present study was originally intended to
precisely complete the series of tests initiated by
McFadden and Merrill [7]. For this purpose, we
first generalised their test to also be able to test
any assumed long-term trend in the GPTS. We
next tested the long-term behaviour of the pre-
superchron GPTS as described by GRADY4 and
CENTY94. This surprisingly leads to a very differ-
ent answer from that reached by McFadden and
Merrill [7]. Both GRAD94 and CENT94 now ap-
pear to be incompatible with the scenario of a
long-term linear decrease to zero of the reversal
rate which could account for the CNS, as fa-
voured by McFadden and Merrill [5,7]. By con-
trast, the latest data now show that the reversal
process could have been stationary not only dur-
ing segment A, but also over the entire ~40 Myr
preceding the sudden onset of the CNS, except
possibly for only the last two intervals (amount-
ing to less than 3 Myr). In fact, further scrutinis-
ing the medium- and short-term behaviour of the
GPTS before the onset of the CNS suggests that
independently of the exact behaviour of the GPTS
before the CNS, this superchron may have oc-
curred with little, if any, palaeomagnetic warning.
This prompts us to reconsider the possible causes
of superchrons.

2. Generalising the test of McFadden and Merrill
(2000)

McFadden and Merrill [7] pointed out that if a
stationary process had really produced most of
the pre-CNS GPTS, then no long-term trend
should be found in it. To test this, they specifically
designed a test (hereafter referred to as the
M&M?2000 test) in which the GPTS is first con-
sidered as an ordered sequence of nG interval
lengths split into G non-overlapping sets, each
of n intervals. Next a statistic { for each of the
G sets is introduced where { is a measure of the
length of the intervals in that set. Denote {; the
value taken by this statistic for the set number i
(i varying from 1 to G). Finally, define the statistic
& with:



194 G. Hulot, Y. Gallet! Earth and Planetary Science Letters 210 (2003) 191-201

G—1

:Zi g’,/;

i=1j=i+1

G(G—1)/2)] (1)

This statistic will produce values of order 1 if
the null assumption (‘no-trend’) holds. Values sig-
nificantly larger (respectively smaller) than ex-
pected would by contrast lead to reject the null
assumption, in favour of the possible existence of
a long-term decreasing (respectively increasing)
trend. An exact test of the null assumption then
requires that we compare the value &opserved COmM-
puted for a given portion of GPTS, with the dis-
tribution of values &;mulaea Obtained from a large
number of synthetic sequences randomly gener-
ated by a reference stationary process. In princi-
ple, this reference process should be a Gamma
process. However, estimates of the Gamma index
best fitting the GPTS are always of the order of 1
(e.g., [4]). Thus the Gamma process would only be
marginally different from a pure Poisson process.
Furthermore, and as discussed in [7], provided ¢
is not taken to be the shortest interval in the set
number i, considering a Poisson process in the
present simulations does not appear critical for
testing the lack of long-term trends in the GPTS.

In what follows, the test is always being applied
as in [7]. The quantity {; being tested is either the
length of the longest interval or the average length
of all intervals in the set number i (i.c., the test is
always run on both quantities). For each test,
10000 synthetic sequences are being drawn, and
a quantity Q is then defined as the number of
times the value &gnuiaea for each synthetic se-
quence exceeds the value & pserveq. This quantity
Q is denoted Qunax when testing the length of
the longest interval, and Q,, when testing the
average length of all intervals. The null assump-
tion (‘no-trend’) is then considered rejected at the
95% confidence level if either Opax or Q,y is less
than 500 (in favour of a possible increasing trend
in w) or larger than 9500 (in favour of a possible
decreasing trend in ).

This M&M2000 test efficiently tests the data for
the null assumption that there is no long-term
trend in the reversal rate. If the data fail this
test, the null assumption may safely be rejected.
However, it is important to note that rejecting the
null (no-trend) assumption does not prove a con-

trario that a long-term trend is actually compat-
ible with the data. The data may very well turn
out to be incompatible with both assumptions.

To also be able to test any alternative null as-
sumptions to the ‘no-trend’ assumption, we there-
fore slightly generalised the M&M2000 test. This
generalisation will prove useful to also explicitly
test the alternative assumption that a long-term
decreasing trend leading to a zero value near the
onset of the CNS could have existed for the re-
versal rate A(¢). If that assumption is to hold, then
we note that introducing a normalised time 7 with
the help of:

dr = A(0)dt (2)
and defining a re-normalised GPTS with:
0= [Tdr= [ A()di (3)

where ¢; is the timing of reversal i and ©; the re-
normalised length of the interval it started, this re-
normalised GPTS should no longer display any
trend. This can in turn be tested with the previous
M&M?2000 test. One powerful property of this
procedure is that whatever the non-zero value o,
changing A(¢) into aA(f) does not affect the value
of £ in Eq. 1 for the re-normalised GPTS. Thus,
after re-normalisation both A(¢) and aA(z) can be
tested at the same time by the standard
M&M?2000 test.

3. Pre-superchron long-term behaviour

McFadden and Merrill [7] have used the pre-
superchron GPTS proposed by Kent and Grad-
stein [8] to reject our suggestion that the reversal
process could have been stationary up to ~ 10
Myr before the Cretaceous superchron (segment
A in Fig. 1b). Relying on their test, they indeed
showed that the KG86 GPTS was not compatible
with such a stationary process. We reproduced
their computation and reached the same conclu-
sion.

But other updated GPTS have been published
since KG86 [12,14,15]. The first of those (GTS89,
[12]) leads to a very similar reversal frequency
behaviour, but not the two Ilatest (GRADY%Y4
from [14] as reported in [2], and CENT94 from
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Fig. 2. (a) Same representation as in Fig. la but considering
GRADY4 (dashed lines) and CENT94 (heavy lines) with
N=50. (b) Same representation as in Fig. 1b but for
CENT94. Nomenclature as fig. 9 of [15], to which the suffix
n (r) has been added to specify the normal (reversed) polar-
ity of the interval. As in Fig. 1b, the grey-shaded area corre-
sponds to the time of the oceanic magnetic anomaly M25
and beyond (corresponding to Middle to Upper Jurassic).

[15]) which rather suggest a lack of long-term
trend towards zero (Fig. 2a). Those two results
differ for two reasons (compare Figs. 1b and
2b). One is that the few long intervals (CMln,
CM3r and CM4n) which occurred just before
the CNS are not lasting as long in the new
GPTS as they were thought to last in KGS86.
The other is that several very short magnetic po-
larity intervals (with duration of less than 0.1
Myr) counted in the oldest portions of both
KG86 and GTS89, are no longer considered in

GRADY% and CENT94. Those intervals had
been inferred from the oldest oceanic magnetic
anomalies (M25 and beyond, corresponding to
Middle to Upper Jurassic), which are difficult to
unambiguously interpret in terms of magnetic po-
larity intervals because of their very weak inten-
sity and are now often attributed to variations in
the intensity of the Earth’s magnetic field [2,4,16].
Of course, those most recent GPTS could still be
the subject of future revisions (allowing for a
more precise dating of the magnetic reversals
and for the incorporation of some yet undetected
short polarity intervals) which could possibly
again affect their statistical properties. Neverthe-
less, they currently are the most suitable to be
analysed. In what follows, we will therefore
mainly rely on CENT94, the only GPTS involving
both a re-analysis of the data and several addi-
tional recent oceanic profiles ([15]; see Fig. 2b
which also defines the intervals referred to here-
after). But we will also report results obtained
from GRAD94 whenever those (slightly but inter-
estingly) differ.

Applied to CENT94, the M&M?2000 test first
confirms that the ‘no-trend’ assumption visually
suggested by Fig. 2a can no longer be rejected
for the GPTS over the entire ~40 Myr preceding
the CNS. Considering CENT94 over various time
segments, the values we obtain for &ypserved are
indeed always well among the 80% most likely
values of &nutaea (Table 1). Note that this result
holds even when the few longer intervals occur-
ring shortly before the CNS (CM4n, CM3r and
CMIn) are included in the analysis.

We next applied the re-normalised test to the
assumption that the pre-CNS GPTS could have
been created by a process with a long-term de-
creasing reversal rate of the simplest form (as as-
sumed by e.g. McFadden and Merrill, [7]),
Mt)<(t—T,), where Ty is the time A(r) reaches a
zero value. As a result of the property mentioned
at the end of Section 2, the only parameter we
need to vary to test all possibilities is Ty. Fig. 3
shows the results of this test when it is applied to
CENT94 between CM24Br and CMd4n, i.e., over
the shortest and best-known segment successfully
tested with M&M2000 against the ‘no-trend’ as-
sumption (analogous results are obtained when
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considering segments including the more ques-
tionable intervals beyond CM25r). For the test
to provide a value E&opserved just at the limit of
the 80 and 95% most likely values of Egmulateds
To must be less than, respectively, ~10 Ma and
~90 Ma. The chances that a long-term linear
trend could have led to a zero value for the re-
versal rate at Ty or earlier are thus 10% if 7, =10
Ma, 2.5% if Tp;=90 Ma. There is virtually no
chance that T could have coincided with the on-
set of the CNS (7, =120 Ma). Only a weak trend
(with Ty <10 Ma, corresponding to a relative de-
crease of < ~24% in the reversal rate between
CM25r and the CNS) remains as likely as the
‘no-trend’ assumption (recall Table 1). However
just like the ‘no-trend’” assumption, such a weak
long-term trend assumption would again not ex-
plain the sudden lack of reversal after the onset of
the CNS. This can readily be tested by now con-
sidering the GPTS between CM24Bn and up to
(including) the CNS. (In fact, because of the re-
normalisation procedure, this amounts to include
an interval starting at the onset of the CNS and
ending at Ty, when A(¢) is assumed to have
reached its zero value.) Reproducing the previous
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re-normalised test shows that this extended GPTS
cannot be reconciled with values of 7;, <10 Ma
(as is also shown in Fig. 3). Thus, no single linear
long-term trend towards zero in the reversal rate
can account for both the pre-CNS GPTS and the
occurrence of the CNS.

Similar tests have been carried out with
GRADY4, leading to essentially the same conclu-
sions except for one notable difference. Whereas,
just like CENT94, GRADY4 successfully passes
the M&M2000 test for the ‘no-trend’ assumption
for all of the tests we carried out, it fails to do so
in a marginal way when CMIn (that is, the pen-
ultimate interval before the CNS) is included in
the analysis (see Table 1). This difference, we
note, only arises because the length of CMlIn,
the longest of all pre-CNS intervals (see Fig.
2b), is assumed to be of 2.69 Myr in GRADY%4,
instead of 2.19 Myr in CENT94. As we shall see
in the next section, this interval may well turn out
to be the only ‘unusual’ event in the pre-CNS
GPTS. It could indicate that the stationary as-
sumption implied by the ‘no-trend’ assumption
could have started to fail about 3 Myr before
the onset of the CNS.

Table 1
Results of the test developed by McFadden and Merrill [7] applied to CENT94 [15] and GRADY4 [14] over various time seg-
ments
Time Segment N n Zjav Qav émax QmﬂX
(Ma)
CENT%4 CMOr to CM27n 120.60-156.05 85 5 1.3960 2087 1.3447 4187
CMOr to CM24Br 120.60-154.00 80 5 1.4464 1647 1.4076 3331
CMIr to CM28n 123.19-156.51 85 5 1.3156 3252 1.4276 3002
CMIr to CM25r 123.19-155.32 80 5 1.2660 4112 1.2796 5201
CM4n to CM27n 125.67-156.05 80 5 1.1331 6830 1.0490 8793
CM4n to CM24Br 125.67-154.00 75 5 1.1634 6100 1.0864 8220
GRADY% CMOr to CM27n 120.38-156.00 85 5 1.6237 503 1.6083 1311
CMOr to CM24Br 120.38-154.31 80 5 1.6729 403 1.7075 878
CMIr to CM28n 123.67-156.29 85 5 1.4563 1464 1.6319 1165
CMIr to CM25r 123.67-155.51 80 5 1.3103 3377 1.2532 5695
CM4n to CM27n 126.73-156.00 80 5 1.2555 4377 1.1899 6691
CM4n to CM24Br 126.73-154.31 75 5 1.2794 3819 1.2534 5573

N is the total number of intervals considered, n the number of intervals in each of the G= N/n non-overlapping sets, &,, (respec-
tively &max) the value computed from Eq. 1 when the average length (respectively the longest interval) in each set is used as a
measure, and Q,, (respectively Onax), the number of times 10000 random drawings from a Poisson process lead to a larger than
observed value of &,, (respectively &nax). Observed values for &,y and &.x are always within the 80% most likely values because
Qav and QOnax always lie between 1000 and 9000. The only noticeable exception is for GRAD94 when CMIn is included in the
analysis (in which case Q,, takes a value as low as 403, slightly below the 500 (95%) rejection level).
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Fig. 3. Results of the M&M2000 test as a function of Tj,
after re-normalisation of CENT94 using Eq. 3 and assuming
a linear decreasing trend of the form A(f)e(1—T)). Q. (plain
circles) and QOnax (plain squares) are defined as in Table 1,
and refer to the average and maximum length of the re-nor-
malised intervals when n=5 and CENT94 is considered be-
tween CM24Br and CM4n. Also shown, Q,, (empty circles)
and QOnax (empty squares) are the results from the same com-
putation carried out over CENT94 when considered between
CM24Bn and up to an extra interval starting at the onset of
the CNS and ending at 7j.

4. Pre-superchron medium- and short-term
behaviour

The previous section only dealt with the possi-
bility that a single long-term linear trend towards
zero in the reversal rate could have been respon-
sible for the observed GPTS up to and including
the CNS. The fact that the data reject this possi-
bility, as implied by our results, and that it is
compatible with the ‘no-trend’ assumption with
a sudden occurrence of the CNS, does not how-
ever imply that some shorter-term trend of the
reversal rate towards zero could not be found.
To judge whether this could be the case, we
next produced Fig. 4, analogous to Fig. 2a for
CENTY4, but computed with a moving window
of much narrower width N=10 intervals. This
figure now suggests that the reversal rate could
have experienced an oscillating behaviour with a
period of ~20 Myr before falling to zero near the
onset of the CNS. We checked that the data

would indeed be compatible with such a behav-
iour (Fig. 4 shows an example of A(f), compatible
with the data with respect to the re-normalised
M&M?2000 test). Such compatibility is not quite
surprising, given the fact that the choice of A(¢) is
being closely guided by the data itself. In fact a
similar oscillating behaviour had already been
identified in the early GPTS by previous authors
(e.g., [17,18]). But it has also been shown that this
kind of pattern could arise when the reversal rate
is in fact only the result of a stationary process
(e.g., [19,4]). This result is consistent with both
those reported in the previous section and the
fact that a common constant value of three rever-
sals/Myr can be fitted within the error bars in
both Figs. 2a and 4.

At this stage, and if reversals can really be de-
scribed in terms of a renewal process (as has al-
ways implicitly been assumed up to now), it there-
fore seems that the pre-CNS GPTS does not
provide any solid evidence for a trend that could
have led to the CNS. Only a medium-term trend
could be identified, which is however not statisti-
cally requested by the data.

In a last attempt to possibly identify ‘precur-
sors’ of the CNS in the GPTS one can finally
turn back to the raw data shown in Fig. 2b. There
we see that what caused the final medium-term
decrease in the reversal rate of Fig. 4 is only the
occurrence of the three long intervals, CM4n,
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Fig. 4. Estimate of the reversal rates based on CENT94 with
N =10 (continuous line). The dashed lines indicate a sinusoi-
dal behaviour with a 20-Myr long period fitted to the data.
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CM3r and CM 1n, just before the CNS. Those are
the intervals signalling the end of segment A in
[10]. Based on KG86, they were estimated to have
occurred over a period of ~10 Myr. But in the
new GPTS, this time is now reduced to ~6 Myr.
In addition, both CM4n and CM3r now appear
to be of sizes comparable to that of earlier inter-
vals in the GPTS, leaving CMI1n, the longest of
all pre-CNS intervals, as the only apparently un-
usual event. The probability that in one drawing
an interval longer than CMIn (/(CMIn)=2.19
Myr) could have occurred as a result of a Poisson
process with a reversal rate of A=three reversals/
Myr (the constant value fitting both Figs. 2a and
4), is indeed small (P(CMlIln)=exp(—
AI(CM1n)) =0.14%). But the probability is much
larger (of P'(CMIn)=1—(1—P(CMI1n))¥ =12%)
that at least one such interval can be observed
within the entire GPTS, which counts 89 intervals
between CM29n and the CNS. Thus, what seems
to make CMIn remarkable is not so much its
length but its occurrence just two intervals before
the CNS.

We should however recognise that the previous
calculations are quite sensitive to the exact value
of I(CMlIn). Using GRADY4 (for which
I(CM1n)=2.69 Myr) in place of CENT94 illus-
trates this point usefully. This then leads to
P(CM1n)=0.03% and P'(CM1n)=2.7%, and in-
dicates that if CMI1n indeed turns out to be as
large as claimed in GRADY4, its length also
should then be considered as unusual. This result
is in fact entirely consistent with the results of
Section 3, which showed that GRAD94 margin-
ally failed the M&M?2000 test for the ‘no-trend’
assumption when CMI1n is included, because of
the slightly larger value of /(CMIn) in GRADY%
than in CENT%4.

In summary, if reversals can be described in
terms of a renewal process, it appears that the
data may not have been produced by a process
with a long-term linear decreasing to zero reversal
rate also accounting for the CNS. But it may have
been produced by a process with an oscillatory
reversal rate up to the CNS, or by a stationary
process up to CMIn, which then appears to be
the only remarkable pre-CNS interval, ~3 Myr
before the onset of the CNS.

5. Discussion

As already stated in Section 1, the current dom-
inant theory for the origin of superchrons is that
they occur as a consequence of mantle-induced
changes in core-mantle boundary conditions.
Some support for this type of explanation has
recently come from numerical simulations of dy-
namos which indeed suggest that the nature of the
boundary conditions imposed on such dynamos
would affect the field produced, and possibly the
likelihood of reversals [20]. Many mantle dynamic
processes could thus be, and have in fact been,
invoked to explain changes in the reversal rate
and the occurrence of superchrons: long-term
mantle convection [5], crypto-continents drafting
at the base of the mantle [21], changes in the form
of the outer core linked to major plate reorgan-
isations [22], instabilities in the D" layer leading to
plume eruptions [23-25], or the arrival of cold
material within D” [10,26,27]. However all those
mantle processes seem to only involve medium to
long time scales (from 10 to hundreds of Myr).
They could therefore only account for medium-
and long-term changes in the boundary condi-
tions. To what extent could they then indeed be
held responsible for the occurrence of the CNS?

From our results, we can first conclude that the
slowest of those processes can hardly be invoked.
They would produce a long-term change in the
reversal rate leading to the CNS in a way, which
is incompatible with the data. By contrast, pro-
cesses producing changes in the boundary condi-
tions on the 10-20 Myr time scale could more
easily be invoked, as they could then possibly
produce changes in the reversal rate of the kind
seen in Fig. 4. This possibility however raises a
paradoxical situation. Indeed, if we are to stick to
the assumption that reversals can be described in
terms of a renewal process, then we know that the
oscillatory behaviour seen in Fig. 4 could have
been equally produced either by a process with
an oscillatory reversal rate, or by an entirely sta-
tionary process, except possibly for CMIn (the
only possibly unusual interval we could identify
before the CNS). Thus, the behaviour of the
GPTS would unlikely reflect the true effect of me-
dium-term changes in the boundary conditions.
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As a consequence, no signal in the GPTS could
possibly be interpreted as a warning of an incom-
ing superchron, except possibly again, CM1n.

It is interesting at this stage of the discussion,
to nevertheless consider the possibility that the
reversal process could be more deterministic
than implied by a pure renewal process. The os-
cillating behaviour seen in Fig. 4 could then turn
out to be more significant than implied by the
tests reported above (as argued by e.g., Mazaud
and Laj, [28]). One could then argue that, as a
consequence of changes in boundary conditions,
the reversal rate effectively decreased within 12
Myr and reached a threshold, which started a se-
quence of events eventually leading to the CNS.
The existence of a very similar decrease which
started at ~ 150 Ma yielded a minimum reversal
rate similar to the one reached at ~ 124 Ma (the
latest value we may compute from the GPTS with
N=10) and yet did not lead to any superchron,
would then provide an interesting constraint on
this threshold. Its value would be of at most 1.5
reversals/Myr and would be reached between
~ 124 Ma and the onset of the CNS at ~120
Ma. Again, if we turn back to the raw data of
Fig. 2b, we see that the only way we could know
this threshold has in fact been reached is because
of the occurrence of CMIn.

It however seems to us that another explana-
tion should now be reconsidered with greater
care: that the CNS (and more generally super-
chrons) be a consequence of the non-linear nature
of the geodynamo. We indeed recall that simpli-
fied numerical ‘disk-dynamos’ have been studied
in the past, which were able to produce reversals
with a chaotic behaviour, spontaneously alternat-
ing periods with frequent reversals with long peri-
ods without any reversal (e.g., [29,30]; for a recent
review see also Jacobs [3]). Although Hide [31]
recently noted that those simulations could only
be considered as extremely simplified models of
the real Earth and fail to contain some important
physical ingredients (such as mechanical dissipa-
tion of energy), they do suggest that the non-lin-
ear physics of the geodynamo could lead to a
similar behaviour and spontaneously lead to
superchrons with hardly any warning. Given the
limits noted by Hide [31], however, drawing more

conclusions from such comparisons would prob-
ably be unwise.

A much better step would then be to turn to the
3D fluid dynamo codes successfully developed in
the past 10 yr ([32,33]; see also [34] for a recent
extensive review), and study the statistics of the
reversals they produce when boundary conditions
are kept fixed. Those codes have their own draw-
backs: they all run with non-dimensional param-
eters (notably, the Ekman number) which are very
remote from the values thought to characterise
the real Earth, and are much more CPU costly
than disk-dynamos. But they can be run to simu-
late real, albeit not Earth-scaled, 3D fluid dyna-
mos. Such runs have already been carried out
under various types of boundary conditions. Un-
fortunately, none have yet been run for long
enough under fixed boundary conditions to allow
the statistical behaviour of reversals to be studied.
Given the current progress in computational ca-
pacities, this could however soon be done. This
would first make it possible to check whether
the reversal process may indeed be considered as
a renewal process, or should be considered as
more deterministic. This would also make it pos-
sible to test the conjecture that the non-linear ef-
fects inherent to the fluid dynamo equations could
lead to superchrons in a way analogous we sug-
gest could explain the data.

From an observational point of view, there are
several ways the predictable or unpredictable na-
ture of the CNS could otherwise further be
probed. One could first double-check the details
of the GPTS just before the CNS and confirm
that no reversals are to be found inside what is
presently considered the CNS (a possibility cur-
rently dismissed but that some have already con-
sidered [35,36]). One could also analyse the tem-
poral behaviour of complementary palaeomag-
netic properties, such as the palaeosecular varia-
tion or the field intensity, especially before the
onset and ending of the CNS. Those properties
have already been used to try and establish
some correlations between their behaviour and
that of the GPTS over the past 200 Myr (e.g.,
[37-40]). But the data are still scarce and no con-
vincing results have yet been obtained. With this
respect, no doubt that gathering a larger PSV and
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intensity data set for the periods of interest would
be of particular interest.
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