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Abstract

We use time series analysis to compare the impact histories of the Earth and Moon with the record of mantle plume
activity. We use events with errors in their ages of 9 150 Ma. The terrestrial and lunar impact records, when
smoothed at a 45-Ma interval, correlate at a 97% confidence level. This high confidence level suggests that we have an
adequate sampling of most of the major impact events on the Earth. We then test the idea that existing mantle plumes
may be strengthened by impacts. When smoothed at a 45-Ma interval, strong plumes correlate with the terrestrial
impact record at better than a 99% confidence level. No time lag is discernible between the data sets, which is expected
given their present error level. When the time series are smoothed at a 30-Ma interval, there are 10 major peaks in
impact activity. Nine out of ten of these peaks have a counterpart in either or both of the strong mantle plume or the
mantle plume time series. As a result, the strong mantle plume and the impact time series correlate at the 97%
confidence level. The mantle plume and the impact time series correlate at the 90% confidence level. Finally, the
Deccan plume showed greatly increased activity immediately after the Chixculub impact. The results of our analysis
suggest that large meteorite and cometary impacts may well increase the amount of volcanism from already active
mantle plumes.
6 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Modern versions of catastrophism propose that
catastrophic events signi¢cantly in£uence major
Earth processes [1,2]. A key question is whether
or not these catastrophes are extraterrestrially or
internally driven. Speci¢cally, have meteorite and
cometary impacts caused repeated mass extinc-

tions of life on Earth [3,4] or were mass extinc-
tions caused by major episodes of mantle plume
volcanism [5,6]? In this paper, we propose a syn-
thesis of these apparently contrary hypotheses:
that large meteorite and cometary impacts signi¢-
cantly increase the strength of existing mantle
plumes [7], thereby producing their observed cor-
relations with mass extinction events.
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2. The record of impact events and mantle plume
events

Both the rock record of mantle plume activity
and the cratering record of terrestrial impact
events are incomplete. Submarine plume volca-
nism produces oceanic plateaus and hotspot is-
lands, which may subduct or erode away [8,9].
Subaerial plume volcanism produces extensive
£ood basalts, which may erode down to their
magma chambers and feeder dikes [10,11].

The geological record of impacts striking the
Earth is similarly incomplete. During the last
120 million years, an impact large enough to
make a 10-km-diameter crater occurred roughly
at a rate of 4.3 J 2.6 per million years [12,13].
This predicted rate of impact cratering is derived
from observations of Earth crossing asteroids and
comets and also from observations of recent cra-
tering rates on the Moon. This relationship pre-
dicts a best estimate of 516 impact craters and a
range of 204 to 828 terrestrial impact craters over
10 km in diameter with ages of less than 120 Ma.
Of these predicted impact craters and impacting
objects, the Eltanin impactor is the only one
known that landed on true oceanic crust within
the abyssal ocean [14]. The location of the Eltanin
crater is unknown. Thus, the known impact cra-
ters lie on continental crust: either on the conti-
nental shelf, the continental slope, or on subaerial
crust.

Using the surface area distribution of the con-
tinents [15], roughly 41% of all impactors should
land on continental crust. Since 120 Ma, conti-
nental impactors should have produced about
212 impact craters, with limiting estimates of be-
tween 84 and 339 craters. Yet we know of only
about 36 continental craters over 10 km across
that formed during the last 120 million years
and only about 89 craters over 10 km across
that formed during the last 2000 million years
[16^18]. This means that we have discovered
somewhere between one in two and one in ten
continental impact craters. The best estimate is
that one in six impact craters that formed on con-
tinental crust during the last 120 Ma have been
identi¢ed.

This paucity of data on both continental and

oceanic impact craters means that we must use the
record of relatively small craters (s 11 km and
larger), despite that fact that the total energy of
the impact explosion that formed a 11-km crater
represents much less energy than the total energy
embodied in a mantle plume. We implicitly as-
sume that large cratering events (which are most
likely to have occurred in the ocean basins) are
accompanied by the formation of many smaller
craters, at least a few of which are likely to be
preserved on land. This scenario ¢ts with the ¢nd-
ing of extraterrestrial amino acids in sediments
just above and below the Ir anomaly in K/T
boundary sediments [19]. Such amino acids would
not be preserved during the impact of a large
comet, thus they must be the result of a shower
of smaller comets that accompanied the larger
impact [20,21].

We compensate for the scarcity of data on im-
pact cratering and mantle plume volcanism in sev-
eral ways. For plumes, we use four proxies for
mantle plume volcanism: (1) £ood basalt and oce-
anic plateau volcanism, (2) massive dike swarms
(the feeder dikes), (3) ultrama¢c and layered in-
trusions (the magma chambers) and (4) high-MgO
extrusives (komatiites, picrites and some ankara-
mites) [22,23]. In addition to craters, impacts pro-
duce indirect e¡ects that are preserved in the geo-
logical record. Some impacts produce sedimentary
breccias [24,25]. All subaerial impact craters s 10
km in diameter should have associated impact
melts. If the impact crater is V85 km or more
in diameter, the impact melts will be scattered
globally in the form of impact spherules [26,27].
Both impact spherules and sedimentary breccias
have a size distribution that is directly proportion-
al to the size of their parent impact crater and
impacting body [24,28]. By taking into account
these indirect e¡ects of plumes and impacts, we
were able to compile a more complete record of
their occurrence over geological time.

3. Testing the record of large terrestrial impacts

Using known impact craters, impact spherules,
and impact breccias, we have assembled an ex-
panded database of terrestrial impacts over geo-
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logical time. If the impactor has a diameter larger
than typical old ocean depths (V6.4 km) [29], the
impact will produce a crater and impact spherules
even in the ocean basins [30]. The crater size is
between 15 and 30 times the diameter of the im-
pactor [31]. Thus, all impacts that produce s 130
km craters have a very high probability of being
recorded as spherule layers within marine sedi-
ments. The oldest known terrestrial impact spher-
ules are V3.5 Ga [26]. The oldest known, well-
dated lunar impact spherules are V4.0 Ga [32].
Thus, the impact record of both the Earth and
Moon extends far back in their history. We use
the lunar database of impacts to test if our terres-
trial impact record is reasonably complete, that is,
if it records most of the major periods of large
meteorite impacts.

Our test of the impact record uses time series
analysis. Each age and age error is used to de¢ne
a Gaussian curve with an area under its curve of
one. The individual Gaussian curves are then
summed to produce an unweighted time series.
We produce a weighted time series of terrestrial
impacts by multiplying the individual Gaussians
in the data set by the diameter of their respective
impact crater and then dividing the resulting
Gaussian by the mean diameter of the impact
craters in the entire data set. The individual Gaus-
sians are then summed to produce a time series of
terrestrial impacts that is weighted by impact cra-
ter size.

We also estimated the size of the smallest im-
pact crater that should be considered as a signi¢-
cant event. We did this by using our terrestrial
impact database (Background Data Set1, Table
1) and the lunar impact^spherule ages with errors
of less than 150 Ma [32] to determine the maxi-
mum size of terrestrial impact craters during each
well-dated lunar impact event of Phanerozoic age.
The largest terrestrial impact craters during these
time intervals have inferred diameters that range
from 11 to 300 km. Thus, we use terrestrial cra-
ters with diameters of 11 km or larger to con-
struct our time series of large terrestrial impact

events. Our result is very similar to previous esti-
mates of the smallest size of a signi¢cant impact
event, i.e., producing impact craters of over 10 km
in diameter [33].

The lunar impacts have much larger errors in
their ages than the terrestrial impacts [32]. These
large errors could signi¢cantly bias our test. For
this reason, we chose lunar impact spherules with
age errors of less than 150 million years. We also
smoothed both of the data sets by increasing all
age errors less than 45 million years to 45 million
years. When this is done, the mean errors of the
terrestrial impact ages become comparable to
those of the lunar ages (Table 1).

The lunar test of the terrestrial impact record
uses a cross-correlation analysis between the two
impact time series. The two time series, both
smoothed at 45-Ma intervals, correlate at a 97%
con¢dence level and have a time lag of about 4 Ma
(Table 2, Fig. 1). Because the sum of the mean
error of both time series is larger than 4 Ma (Ta-
ble 1), the e¡ective time lag is zero. Thus, the
cross-correlation results suggest a similar impact
history for the Earth and Moon over the last 3.8
Ga, as would be expected for two planetary
bodies in such proximity [34].

This result implies that our technique of assem-
bling impact data for the Earth has correctly iden-
ti¢ed most of the major impact events on the
Earth.

Table 1
Errors in input data for each time series

Time series Smoothing age Mean age error
Ma Ma

Mantle plume 30 36
Lunar spherule 30 72
Terrestrial impact 30 33
Strong plume 30 36
Mantle plume 45 48
Lunar spherule 45 76
Terrestrial impact 45 46
Strong plume 45 49

Smoothing age represents the minimum age error that was
arti¢cially set for each time series. Any age with an error
less than the smoothing age was reset to the minimum age
error.1 http://www.elsevier.com/locate.epsl
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4. Impact e¡ects on mantle plume volcanism

The hypothesis that large impacts can strength-
en existing mantle plumes may be tested in two
ways: by looking at the overall abundance of
mantle plume activity versus the abundance of
large impacts and by looking at the temporal in-
cidence of the strongest mantle plumes versus the
temporal occurrence of large impacts. If large im-
pacts do strengthen existing mantle plumes, both
the overall abundance of plume magmatism and
the abundance of very strong mantle plumes
should increase as large impacts increase.

The strength of a mantle plume is de¢ned by its
overall excess temperature anomaly [35]. Hotter
plumes produce more melting in the mantle,
thus resulting in more voluminous extrusive vol-
canism and more high-Mg rocks [36,37]. We use
the ages of high-Mg rocks as a proxy for times
of strong mantle plume volcanism. The selected
rocks must have MgO contents above 10%,
and be derived from a komatiitic parent (MgO
s 18%). These are not just high-Mg extrusives,
such as ankaramites, komatiites, and picrites,
but also high-Mg intrusives within massive dike
swarms and layered intrusions [22]. By using all of
these rock types, we identify strong mantle plume
activity in terranes with di¡erent erosional levels.

We tested the e¡ect of large impacts on mantle
plume volcanism by performing a cross-correla-
tion analysis of all mantle plume volcanism and
strong mantle plume volcanism versus the impact
record. All input age dates were smoothed by set-

ting the minimum age error to 45 million years
(Fig. 1) and 30 million years (Fig. 2).

We also tried smoothing the data by setting the
minimum age error to 15 million years. The cross-
correlation results for plumes and strong plumes
versus impacts had con¢dence levels of 79% and
80%, respectively. This is better than random
chance (50% con¢dence level), but is not statisti-
cally signi¢cant. Because the unsmoothed plume
time series has a mean age error of 8 Ma, the low
signi¢cance level of the cross-correlations that use
the 15 Ma smoothing might seem surprising. We
attribute these poor results to the overall paucity
of data on large impact events. We have only 73
known large impact events for an average of one
event every 51 million years! Thus, we need to
compensate for the poorly known impact record
by smoothing the data to a large extent.

The impact record smoothed at 30 Ma has ten
prominent peaks. Nine out of ten of these peaks
have counterparts in the strong mantle plume
and/or the mantle plume time series. This match
of peaks is re£ected in the 97% con¢dence level of
the cross-correlation between the strong plume
and the impact time series and the 90% con¢dence
level of the cross-correlation between the plume
and the impact time series. The con¢dence levels
of the cross-correlations increase to 99% (strong
plumes) and 96% (plumes) for time series that are
smoothed at a 45-Ma interval (Table 2). In all
cases, the best-¢t time lags between the time series
are less than twice the smoothing interval, that is
e¡ectively zero. Thus, a higher abundance of large

Table 2
Cross-correlation results

Time series cross-correlated Correlation coe⁄cient Con¢dence level Time lag Smoothing age
% Ma Ma

Terrestrial impacts vs. lunar impacts 0.71 97 4 45
All plumes vs. terrestrial impacts 0.69 96 23 45
Strong plumes vs. terrestrial impacts 0.77 99 42 45
Terrestrial impacts vs. lunar impacts 0.67 90 2 30
All plumes vs. terrestrial impacts 0.64 90 23 30
Strong plumes vs. terrestrial impacts 0.70 97 33 30

Correlation coe⁄cients have a range of signi¢cance levels because each time series has di¡erent spectral characteristics. Con¢-
dence levels are calculated by comparison with the correlation coe⁄cients between each time series and 1000 randomly generated
time series with the same spectral characteristics [23]. The time lag is the time di¡erence between the two time series that results
in the highest value of the correlation coe⁄cient.
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impacts correlates well with stronger mantle
plumes and more mantle plumes in general.

By smoothing the impact record at 45 and 30
million-year intervals, we essentially added to-
gether closely spaced peaks from large impacts
or from single mantle plumes into a single peak
in activity. We did this more explicitly by adding
together the area under each time series curve
at 250 million-year intervals (Fig. 3). This area
method (e.g., spectral energy method) gives
more weight to the largest impacts than does a
simple count of the number of large impacts in
each 250 million-year interval.

The resulting curves of total area versus time
show four large peaks in terrestrial impact activity
that are directly matched by peaks in mantle
plume and strong mantle plume activity (Fig. 3).
The matching peaks are at 125, 1875, 2625, and
3375 Ma. There are also two prominent lulls in
impact activity, one in mid-Proterozoic time and
the second at about 2.4 Ga. These lulls in impact

activity are well-reproduced in the activity of
strong mantle plumes, less so by the activity of
mantle plumes in general. Nevertheless, the over-
all patterns show striking parallels in activity
peaks and lows, and in the activity trends of man-
tle plumes and large impacts.

If mantle plumes (and mass extinctions) are
being in£uenced by large impacts, their time series
should have similar spectral characteristics. The
spectral periods proposed for impacts (and mass
extinctions) are between 26 and 36 Ma [38]. In
order to resolve the shortest period, the mean
age error of the data analyzed must be less
than 13% of the period or less than 3.4 Ma [39].
This means that we must use events dated to with-
in J 9 Ma for our spectral analysis.

There are 38 large impacts with ages between 0
and 256 million years whose age errors are less

Fig. 1. Height of time series versus age in Ma. All data is
smoothed by adjusting the minimum age error (M) to 45
Ma. (A) Lunar impact history as derived from dating of im-
pact spherules with age errors of 9 150 Ma. Arrows are at
the same point in time as the tops of peaks in large impacts.
Note that, within the mean error of the ages in the lunar
time series (76 Ma, Table 1), these peaks line up. (B) Terres-
trial impact history derived from dating of known impact
craters and inferred impact craters with diameters greater
than 11 km. The peak heights in the time series are weighted
by the size of the inferred impact crater for each impact
event. Note the arrows denoting peaks that line up in the
terrestrial and lunar impact time series. These arrows are
throughout the time series, supporting the 97% con¢dence
level of the cross-correlation between the two time series. (C)
Stronger mantle plumes derived from dating of high-MgO
extrusives and intrusives through time. Note the arrows
showing seven peaks that line up throughout geological time
in series B, C and D, supporting the 96 to 99% con¢dence
level of the cross-correlation between the two plume time se-
ries and the terrestrial impact time series. (D) All mantle
plumes as derived from dating of the four mantle plume
proxies: massive dike swarms, high-Mg extrusives, £ood ba-
salts, and ultrama¢c and ma¢c layered intrusions. Arrows
are at the same point in time as the tops of peaks in large
impacts that line up with peaks in the lunar impact record.
Note that seven out of eight peaks line up within the mean
error of the ages in the terrestrial impact time series (46 Ma,
Table 1). Note also that some of the Meso-Proterozoic and
Early Archean peaks in the lunar time series appear to line
up with peaks in the two plume time series, suggesting that
there are major terrestrial impact events that remain to be
discovered.
6
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than 10 million years. Twenty-nine of these well-
dated impacts have ages between 0 and 128 mil-
lion years. The spectrum of large impacts
(weighted by size) between 0 and 256 million
years in age has its highest peak at 85 million
years and its second highest peak at 36 million
years (Fig. 4). The spectrum for all mantle plume
events between 0^256 Ma also has two peaks,
both of nearly equal height. The highest peak is
at 64 million years, and the next highest peak is at
32 to 36 million years. The spectrum for strong

mantle plumes has a single peak at 32 to 36 mil-
lion years. There is no signi¢cant peak at longer
periods. Because only 9 out of 38 large well-dated
impacts are between 128 and 256 Ma in age,
we also calculated the spectrum for impacts
(weighted by size) between 0 and 128 Ma in age.
The 0^128 Ma spectrum has a single dominant
peak at 32 Ma, very similar to the spectrum for
strong mantle plumes from 0 to 256 Ma in age.

5. Discussion: impacts and strengthening of plumes

The overall results of the cross-correlation and
spectral analysis provide three sets of evidence
that we believe strongly support a temporal rela-
tionship between large impacts and resultant

Fig. 2. Height of time series versus age in Ma. All data is
smoothed by adjusting the minimum age error (M) to 30
Ma. (A) Terrestrial impact history derived from dating of
known impact craters and inferred impact craters with diam-
eters greater than 11 km. The peak heights in the time series
are weighted by the size of the inferred impact crater for
each impact event. Note the arrows denoting peaks that line
up. These arrows are throughout the time series, supporting
the high con¢dence levels of the cross-correlations among the
time series. (B) All mantle plumes as derived from dating of
the four mantle plume proxies: massive dike swarms, high-
Mg extrusives, £ood basalts, and ultrama¢c and ma¢c lay-
ered intrusions [22,48,49]. Arrows are at the same point in
time as the tops of peaks in large impacts. (C) Stronger man-
tle plumes derived from dating of high-MgO extrusives and
intrusives through time. Note the arrows showing that nine
out of ten prominent peaks in the impact time series also ap-
pear in either or both of the plume and strong plume time
series.

Fig. 3. Area under three sets of curves and three sets of data
summed at 250 Ma intervals for the period 0 to 4000 Ma.
The three sets of curves were derived from data with mini-
mum errors set to 45 Ma (triangles), 30 Ma (circles), and 15
Ma (crosses). In most cases, the three curves are so close
that only the 30 Ma circles show clearly on the plot. Arrows
show four matching peaks and one trough that appear in all
three data sets. (A) All mantle plumes, 600 ages (N) and age
errors used. (B) Large (s 11-km-diameter crater) terrestrial
impact events, time series uses 73 ages (N) and inferred cra-
ter sizes. (C) Stronger mantle plumes, 131 ages (N) used.
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strengthening of mantle plumes. The ¢rst is the
high con¢dence levels (between 90 and 99%) and
the zero e¡ective time lag of the cross-correlations
between mantle plumes and large impacts for the
last 4.0 Ga. The second is the high con¢dence
levels (between 97 and 99%) and zero e¡ective
time lag of the cross-correlations between strong
mantle plumes and large impacts for the last 4.0
Ga. The third is the similarities in the spectrum of
mantle plumes and impacts, both of which show
strong spectral peaks at 32 to 36 million years. All
of these are bolstered by the coincidence of indi-

vidual peaks, both in the time series records (Figs.
1 and 2) and in the 0 to 4.0 Ga summed record
(Fig. 3). Thus, we can de¢nitely say that stronger
mantle plumes do occur at the same times in
Earth history during which there are more large
impacts, but the large age errors do not allow us
to prove a cause and e¡ect relationship between
large impacts and a resultant strengthening of
mantle plumes.

There is observational evidence that supports
a cause and e¡ect relationship between large
impacts and strengthening of existing mantle
plumes. The best documented is the temporal re-
lationship between the K/T boundary impact at
Chixculub and the major phase of Deccan trap
volcanism. The Deccan traps were active well be-
fore the K/T boundary impact [40]. However, the
most voluminous phase of Deccan trap volcanism
occurred immediately after the impact, during
chron 29R, which follows immediately after K/T
boundary time [6]. This volcanic phase produced
the bulk of the Deccan traps and lasted less than
1 million years. Thus, the Deccan plume was
strongest immediately after the Chixculub impact.

6. Impacts, plumes and mass extinctions

Because our best estimate is that scientists have
discovered only one out of six of the large impacts
on land, it is not particularly surprising that only
one of the big six Phanerozoic mass extinctions
has a mapped, extremely large impact crater (the
K/T boundary crater at Chixculub). There are
new data suggesting that an extraterrestrial im-
pact produced the largest mass extinction of all,
the Permo-Triassic extinction [41]. The impact
was presumably oceanic, and is estimated to
have formed a crater from 300 to 600 km in di-
ameter [42]. There is also equivocal data suggest-
ing that an impact produced the end-Triassic
mass extinction [43].

Our data set shows a large peak in impact oc-
currence at another major extinction boundary,
the Frasnian^Famennian boundary at V380 Ma
(Fig. 1B, (Background Data Set1, Table 1). How-
ever, the largest Frasnian^Famennian impact de-
posit yet found came from a crater that was only

Fig. 4. Age versus height from spectral analysis. Spectra used
Matlab spectrum command. Data were demeaned and ¢l-
tered using a Hanning window. All data sets have maximum
age errors of 10 million years. (A) All well-dated mantle
plume events for 0^256 Ma (88 total). (B) All well-dated ter-
restrial impacts, weighted by crater size, from 0^256 Ma (38
total). (C) All well-dated terrestrial impacts, weighted by cra-
ter size from 0^128 Ma (29 total). (D) All well-dated stron-
ger mantle plume events for 0^256 Ma (22 total).
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about 120 km in diameter [44]. This is not surpris-
ing, given that 59% of the Earth’s surface is cov-
ered by ocean and that about ¢ve out of six large
Phanerozoic-age impact craters on land remain to
be discovered. We conclude, therefore, that the
level of evidence supporting a connection between
large impacts and mass extinctions is about what
would be expected (or better), given the available
data on impacts.

7. Mechanism for strengthening of plumes by large
impacts

The biggest mystery is the mechanism by which
large impacts might intensify existing mantle
plumes. We propose three, non-exclusive mecha-
nisms, but other mechanisms may be equally
plausible. The ¢rst is that impacts may cause
cracking and de-stressing of the crust, allowing
melts that had been trapped due to tectonic stress
and/or impermeable boundaries to rise more
easily to the surface. The second is that impacts
may produce large cracks in the surface of the
Earth, allowing new plate boundaries to form
with consequent thinner lithosphere and longer
melt columns. The third is that impacts may pro-
duce microdikes at the core mantle boundary. If
dikes are very thin, capillary forces can promote
mixing of molten core and mantle material like
that seen in pallasitic meteorites. This would
greatly increase the amount of heat available for
melting the mantle, and could produce a rapid
intensi¢cation of existing mantle plumes after a
large meteorite impact. This latter process could
also explain the core component within some
strong mantle plumes [45^47].

Further testing of these ideas can be done in
several ways: (1) by comparing the recent record
of plate boundary reorganization to the times of
occurrence of large impacts, (2) by comparing the
compositions of the more voluminous later plume
magmas with the less voluminous earlier phases of
the Siberian Traps and the North Atlantic Terti-
ary Province event, analyzing them speci¢cally for
their relative abundance of core component, and
(3) by comparing the volumes of recent episodes
of increased arc volcanism versus the temporal

record of impact events. Tests 1 and 3 require a
much more detailed and well-dated history of re-
cent large impacts, in particular oceanic impacts.
Only one abyssal ocean impact in the last 200
million years is currently known, the Eltanin im-
pact. (The Chixculub impact and others like it
were on the continental shelf.)

8. Conclusions

Several lines of evidence point to a temporal
relationship between large meteorite and comet-
ary impacts and stronger mantle plume activity.
Time series of mantle plumes and strong mantle
plumes from 0 to 3.8 Ga correlate with a time
series of large meteorite impacts at high con¢-
dence levels with a zero e¡ective time lag. Using
250-Ma intervals, there are four large-scale peaks
in plume activity over the last 3.8 Ga that are
directly correlated with large-scale peaks in im-
pact intensity. There are also prominent lulls in
impact activity during the Meso-Proterozoic and
at about 2.4 Ga that are duplicated in the record
of strong mantle plume activity. Spectral analyses
of the data for all mantle plumes, for strong man-
tle plumes, and for meteorite impacts produce
large spectral peaks at 32^36 Ma, coincident
with the interval for passage of the solar system
through the galactic plane. Finally, at least one
large impact, the 0.065 Ga Chixculub event, pro-
duced a consequent intensi¢cation of its associ-
ated mantle plume, producing the chron 29R por-
tion of the Deccan traps. This latter evidence
points to a direct cause-and-e¡ect relationship be-
tween impacts of large meteorites or comets and
a consequent strengthening of existing mantle
plumes.
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