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A chronology of the initiation dates ofmajor continental
flood basalt volcanism is established from published po-
tassium-argon (K-Ar) and argon-argon (Ar-Ar) ages of
basaltic rocks and related basic intrusions. The dating is
therefore independent of the biostratigraphic and paleo-
magnetic time scales. Estimated errors of the initation
dates of the volcanic episodes determined from the distri-
butions of the radiometric ages are, approximately, plus
or minus 4 percent. There were 11 distinct episodes
during the past 250 million years. Sometimes appearing
in pairs, the episodes have occurred quasi-periodically
with a mean cycle time of 32 ± 1 (estimated, error of the
mean) million years. The initiation dates of the episodes
are close to the estimated dates of mass extinctions of
marine organisms. Showers of impacting comets may be
the cause.

F LOOD BASALTS (OR PLATEAU BASALTS) ARE LARGE ACCUMU-

lations of basaltic lavas characterized by great thickness and
low surface relief. Flood basalt provinces occupy areas of

0.2 x 106 to 2 x 106 km2, and thicknesses in places can exceed 1 km
(1-3). Episodes offlood basalt volcanism are believed to consist of a
series of large eruptions that create separate but overlapping lava
flows, which give many exposures a terrace-like appearance com-
monly known as "traps" (from the Swedish word for "stairs"). Mafic
intrusions are commonly associated with the extruded basalts, as are
less abundant interbedded silicic volcanic rocks.
Flood basalt episodes are thought to mark the initiation of a

subcontinental hot spot, and most such episodes were followed by
rifting and continental fragmentation (4). Many flood basalts are
therefore located near present continental margins. Some flood
basalts along present continental edges were contiguous before
continental separation (for example, the Serra Geral basalts ofSouth
America and the Namibian basalts ofSouth-West Africa). Few flood
basalts older than about 250 million years ago (Ma) are known;
most of the older flows were probably destroyed when the ocean
basins created by rifting eventually dosed as a result of plate
subduction accompanied by continental collision. Thus, flood ba-
salts are well preserved only for the last cycle of continental rifting,
roughly the last 200 million years. A few flood basalts older than
250 Ma, for example, the Permo-Triassic Siberian basalts and the
Proterozoic Keweenawan basalts, may represent zones of incipient
rifting without later continental separation. Other early episodes of
flood basalt volcanism are represented today only by extensive
swarms of feeder dies, the basalt flows having been entirely
removed by erosion (1).

In this article, we analyze statistically a large collection of pub-
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lished radiometric ages of the 11 known continental flood basalts of
the last 250 million years. Only basaltic lavas and some related basic
intrusive rocks are considered to be representative of the major
episodes. A statistical method is employed for estimating the
initiation dates of these episodes, which appear to have been
relatively short-lived events during their major phases (lasting less
than 3 million years). Within estimated dating errors, the timing of
the outbreaks correlates well with the occurrence ofmass extinctions
of marine organisms. Furthermore, a quasi-periodicity may be
present in the data.

Age Determinations
Most flood basalts have been dated by the use of the 'K-4"Ar

method on whole-rock samples or mineral separates. However, K-
Ar ages are subject to a number of uncertainties arising from loss of
radiogenic 4Ar due to slow leakage from poorly retentive, weath-
ered, or hydrothermally altered minerals (5) or to complete loss
during contact metamorphism around later intrusions (6). Further-
more, any excess radiogenic argon incorporated into igneous rocks
when the magmas crystllized (from xenoliths, for example) could
result in apparent K-Ar ages that are older than the actual time of
crystallization.
Techniques have been developed to help identify partially reset or

anomalously old K-Ar ages (6). The 4Ar-39Ar method relies on the
conversion of a measured portion of the natural isotope 39K in a
rock sample to 9Ar by neutron irradiation in a reactor. If certain
constants are known, 40K/40Ar can then be estimated from the
argon-isotope ratio. One advantage to the 4Ar-39Ar method is that
the sample can be incrementally heated and degassed, leading to an
age spectrum that ideally rises to a plateau with increasing release of
39Ar. If no plateau is reached, the age of crystallization may be
roughly approximated by the use of a best-fit isochron on a plot of
40Ar/36Ar against 39Ar/36Ar for a suite ofco-magmatic samples. In a
few cases, a third method has been used in which isochrons are read
from a plot of 40Ar/36Ar against 4'K/36Ar.
We have not attempted to correct the early published K-Ar ages

for subsequent revisions of the radioactive decay constants because
the resulting errors in the ages for the time period of interest are at
most about 2%. Estimated accidental errors are twice as large as this
known systematic error. In cases where a straight average age of
several replicate analyses was reported, we have used only this
average age; otherwise, we included replicate ages as separate entries
in our 'compilation (except for Antarctica where a large number of
replicate ages were obtained on a small number of samples).

M. R Rampino, Earth Systems Group, Department of Applied Science, New York
University, New York, NY 10003, andNASA, Goddard Space Flight Center, Institute
for Space Studies, New York, NY 10025. R. B. Stothers, NASA, Goddard Space Flight
Center, Institute for Space Studies, New York, NY 10025.
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Rubidium-strontium (Rb-Sr) ages were considered only as second-
ary methods of dating because of their commonly large associated
errors (6).

Distributions of the Apparent Ages
Because conventional K-Ar ages are the most abundant ages

available for flood basalts, and because even the better determined
argon-isotope ages can show dispersions of up to ±20%, we
grouped together all the K-Ar and Ar-Ar ages into a single
histogram for each flood basalt province. The distributions of ages
for the various provinces typically have an asymmetric appearance,
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Fig. 1. Histograms ofK-Ar and Ar-Ar ages for the ten known post-Paleozoic
continental flood basalt episodes. A bar indicates the probable range of
accidental and systematic errors for the initiation date of the episode.
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showing a few older ages, a relatively sharp increase in the number
ofyounger ages climbing to a maximum, and an erratically decreas-
ing tail of still younger ages (Fig. 1). Recent work on individual
flood basalt episodes has shown that the long tail ofyoung ages in
many cases is the result of argon losses from altered samples,
whereas the oldest ages may have been affected by initial incorpo-
ration ofsome excess argon. The total apparent age spread can reach
tens of millions of years in some cases.
The most accurate radiometric ages, however, suggest that erup-

tion of most of the lava in any episode occurred over times of less
than a few million years and possibly less than 1 million years. In
several cases, paleomagnetic evidence is available and supports this
conclusion. Furthermore, observed flow boundaries in flood basalt
provinces typically display little or no erosional relief and only thin
interflow deposits. However, minor, intermittent activity probably
persisted for some time after the main eruptions and may account
for a number of the younger ages in the distributions.
How can the true start dates of the episodes be estimated from

distributions of ages with such wide variances? Because of the
uneven nature of the distributions, the modes are not well defined,
even after we smoothed the distributions with a filter that computes
repeated running means of the data points. The mode, in any case,
probably does not represent the true start date of the main phase of
an episode. We have more reasonably identified the age at which the
distribution shows its steepest slope in its rapid rise to a maximum in
age histograms, where the bin size used is 5 million years. For four
provinces that have published argon-isotope plateau ages, we used
age spectra showing proper, well-defined plateaus to provide a
partly independent method of dating. This procedure allows us to
make a comparison of all the flood basalt age distributions within
the same framework and with the same assessment criteria, and
provides generally good agreement with the ages that most recent
investigators have associated with the major phase ofeach episode.
Error estimates that we have attached to the assigned ages cover the
fiull ranges of likely accidental and systematic errors.

Flood Basalt Episodes
Columbia River Basalt Group. The Columbia River basalts of the

northwestern United States today cover an area of200,000 km2 (7).
They are atypical of flood basalts as they do not mark a zone of
continental separation (at least-not at present), but appear to have
been erupted in a back-arc extensional setting (1). Possibly they are
related to the Yellowstone hot spot, which would have been located
beneath the Columbia River Plateau region about 15 Ma.
We have collected 116 published whole-rock K-Ar ages and 14

Ar-Ar ages for the Columbia River basalts proper and 13 additional
K-Ar ages for related basalts in coastal Oregon and Washington (8,
9). The plotted age distribution (Fig. 1) indicates a start date of
17 ± 1 Ma. Use of a smaller bin size or of only the best Ar-Ar ages
gives the same result. This also agrees with paleomagnetic evidence
that the bulk ofthe eruptions occurred in a 2-million-year interval at

some time between magnetic chrons 6 and 5 (8).
Ethiopian basalts. The Ethiopian basalts of the voluminous Older

Trap Series include the Blue Nile, Ashangte, and Aiba basalts in
northern Ethiopia, the Geba basalts in western Ethiopia, and the
Lower Stratoid basalts in southeastern Ethiopia. Together with
related rocks in northern Kenya and southern Yemen, the basalts
crop out over a total area (before the opening of the Red Sea and
Gulf of Aden) of 750,000 km2 (1-13).

Behre and co-workers (10) have compiled a list of 74 K-Ar ages
older than 24 Ma (based mostly on whole-rock analyses) for
Ethiopian basaltic rocks; the list contains both published and
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previously unpublished ages. Grasty and co-workers (13) reported
another 7 K-Ar ages. Abbate and Sagri (14) listed 16 K-Ar ages for
Older Trap units which fall between 18 and 24 Ma, and Megrue and
co-workers (15) reported 25 K-Ar ages for possibly related dikes
that fall in the range 15 to 24 Ma. Still younger rift-related volcanic
units also occur, but these are not regarded as flood basalts because
of their small volumes (10, 11), and therefore we have not included
them. Based on 122 ages, the start date of the main phase of the
eruption (Fig. 1) is 35 ± 2 Ma.

Brito-Arctic basalts. Lower Tertiary flood basalts occur across
northwestern Britain, northern Ireland, and the Faeroe Islands.
Equivalent rocks occur in East Greenland, and rocks that are
possibly equivalent occur in West Greenland and on Baffin Island.
Together these rocks form the Brito-Arctic Basalt Province (16).
The total area covered is about 100,000 km2, but it was probably
much greater before continental rifting and subsequent erosion.
Seismic reflection studies on the submerged margins of the north-
eastern Atlantic coastlines reveal massive sequences of basalt flows
and sills, occupying a total volume of 1 x 106 to 2 x 106 km3 and
apparently correlated with the Brito-Arctic basalts exposed on land
(17).
Evans and co-workers (18) reviewed published K-Ar ages of

British Tertiary igneous rocks and reported 37 additional ages,
consisting of conventional K-Ar ages as well as a few Ar-Ar ages.
From their data we derive a total of 65 ages for basaltic lavas and
related basic dikes (18, tables 1, 2, and 3); 70 additional ages come
from other sources (19, 20). Nearly all these ages span the range 65
to 50 Ma. Eight Ar-Ar ages with well-defined age plateaus show a
range from 62 to 55 Ma. A single K-Ar age of 58 ± 2 Ma is
available for lava flows on Baffin Island, and two closely similar ages,
54 ± 1.5 and 55 ± 1.5 Ma, characterize a gabbroic intrusion in
West Greenland (21, 22). Beckinsale and co-workers (22) reported a
Rb-Sr isochron age of 65 + 5 Ma for the West Greenland basalts.
Putting all 138 K-Ar and Ar-Ar ages together, we estimate (Fig. 1)
that the Brito-Arctic flood basalts began erupting at 62 ± 3 Ma, at
about the time of the initial rifting of the Norwegian Sea (23).

Paleomagnetic data, coupled with the near absence of interflow
layers, suggest that the major eruptive phase was relatively short-
lived, lasting less than 3 million years. The bulk of the British
Tertiary basalts probably were erupted during the single reversed
magnetic chron 26R (19), which ranges from 63 to 59 Ma (24, 25),
whereas the eruption of the East Greenland basalts may have
occurred slightly later, between magnetic anomalies 25 and 24 (23),
or 58 to 53 Ma (24, 25).

Deccan Traps. The Deccan Traps of India cover an area of about
500,000 kM2, but were probably originally much more extensive (3,
26, 27). Although the presence of numerous interflow sedimentary
beds and soil horizons indicates that activity was occasionally
interrupted, the surfaces of the Deccan flows are flat and there is
little evidence for erosion between the lava flows. The magma
apparently emerged quickly; quiet periods may have lasted at most
several 104 years between major eruptions (28).

Courtillot and co-workers (26) have compiled 34 published K-Ar
ages (including four Ar-Ar age spectrum determinations) and have
added 14 ages from their own work. According to Fig. 1, which has
been plotted from their compilation, the start date of the eruptions
is 66 ± 2 Ma. Two reliable Ar-Ar plateau ages from Kaneoka (29)
are 68 and 63 Ma. Paleomagnetic evidence is consistent with a date
of67 to 65 Ma if the reversed magnetic chron during which most of
the lava emerged is 29R; this is the same chron as that in which the
Cretaceous-Tertiary boundary lies (24-26, 30).

Rajmahal Traps. The Rajmahal basalts ofeastern India are exposed
today over an area of more than 4000 kM2, and they also occur in
the subsurface beneath the Bengal Basin. All of these basaltic rocks
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Table 1. Ages of flood basalt initiations and mass extinctions.

Flood basalts Mass extinctions

Age* Aget
Episode (106 Stage (59) (106

years) years)

Columbia River (U.S.) 17 ± 1 Lower to middle Miocenet 14 ± 3
Ethiopian 35 ± 2 Upper Eocene 36 + 2
Brito-Arctic 62 ± 3 Maastrichtian 65 I1
Deccan (India) 66 2

Cenomanian 91 ±0
Rajmahal (India) 110 ± 5 AptianS 110 ± 3
Serra Geral (S. America) 130 ± 5 Tithonian 137 ± 7
South-West African 135 ± 5
Antarctic 170 ± 5 Bajocianll 173 ± 3
South African 190 ± 5 Pliensbachian 191 ± 3
Eastern North American 200 ± 5 Rhaetian/Norian 211 + 8
Siberian 250 ± 10 Dzulfian/Guadalupian 249 ± 4

*Uncertainty estimate covers the probable range of accidental and systematic errors.
tAverage age of the upper stage boundary, according to three time scales (25, 60),
whose range of differences is indicated. tlncorporating other fossil evidence
(61). SPossible mass extinction at the genus level (59). liRegarded as a signifi-
cant mass exiinction (62, 63).

were most likely contiguous with the Bengal and Sylhet traps, and
therefore may have originally covered an area of at least 200,000
km2 (31). Stratigraphic evidence suggests that the Rajmahal basalts
were erupted before the Late Cretaceous, most likely during the
Late Jurassic or Early Cretaceous. Paleomagnetic measurements
suggest that the bulk of the lava was erupted within one normal
polarity chron (32).
McDougall and McElhinny (32) made 16 K-Ar age determina-

tions on both whole rocks and mineral separates from flows in the
West Bengal and Bihar areas; Murthy (33) reported another 4 K-Ar
ages obtained originally by the Geological Survey of India; Agrawal
and Rama (34) added 8 more K-Ar ages; and Baksi and co-workers
(31) derived 8 Ar-Ar ages. The start date is probably 110 + 5 Ma
(Fig. 1); the comparatively large uncertainty is due to the small
number of ages as well as to the discrepancies among the ages
derived with different methods. Baksi and co-workers (31) preferred
a start date of about 115 Ma.

Serra Geral (Parand) basalts. The Serra Geral (or Parana') basalts
cover an area of 1.2 x 106 km2 (probably originally about 2 x 106
km2) in Brazil and in parts of Paraguay, Uruguay, and northern
Argentina. Paleomagnetic measurements on these basalts suggest
that most ofthe magma was extruded in less than a few million years
(35).
A total of 101 K-Ar ages, mostly on whole-rock analyses of lavas

and ofcoeval intrusives (36, 37), indicate a start date of 130 + 5 Ma
(Fig. 1). A Rb-Sr isochron age for a small sample of Uruguayan
basalts is 120 ± 5 Ma (38). These age determinations support the
view that the Serra Geral basalts occurred just before the initial
opening of the South Atlantic Ocean (35) and were approximately
coincident with similar eruptions in southwestern Africa as de-
scribed below.

South-West African (Namibian) basalts. Several areas of basalt flows
and related intrusions in southwestern Africa (Namibia) have been
considered part of the Karroo series of South Africa: (i) the Kaoko
basalts, making up the Etendeka Plateau in Namibia, (ii) the
Hoachana basalts to the southeast, and (iii) the Keetsmanshoop
intrusions even farther to the south. If originally contiguous, these
basaltic rocks may have covered an area of about 500,000 kM2. The
three separate geographic provinces contain rocks in at least two
distinct age groups; the more southerly Keetsmanshoop intrusions
are the oldest (39) and evidently belong to an earlier period of
volcanism.

ARTICLES 665



A total of 73 K-Ar ages for the younger basalt flows in southwest-
ern Africa (37, 39, 40) yield a start date of 135 ± 5 Ma (Fig. 1). In
addition, four minor episodes of alkaline volcanism have occurred
since that time (41).

Antarctic basalts. On the Antarctic continent, the Ferrar dolerite
sills and the Kirkpatrick basalt flows make up the Ferrar Group,
which crops out in a linear belt extending 4000 km along the central
Transantarctic Mountains (42). Although these basalts are wide-
spread, they may not represent a true flood basalt episode.
We have compiled 61 published K-Ar and Ar-Ar ages for both

whole rocks and mineral separates (42-46). These ages yield a start
date of 170 ± 5 Ma (Fig. 1). Fleck and co-workers (45) have
published one reliable Ar-Ar plateau age, which is 170 Ma. Many of
the apparently young rock samples seem to have suffered extensive
Ar loss (42-46), which is probably the reason for the wide scatter
and double peak in the overall age distribution. Moreover, some of
the uppermost basalt flows yield the oldest ages. Compston and co-
workers (43) obtained a Rb-Sr isochron age of 151 ± 18 Ma from
18 samples of the Ferrar dolerite.

Dolerites in Tasmania that are similar to the Antarctic rocks are
found exposed over an area of 15,000 km2. McDougall (47) has
published 11 K-Ar age determinations on sampled mineral sepa-
rates, which yield an average eruption date (from a single intrusion)
of 165 ± 5 Ma. Schmidt and McDougall (48) give for several
intrusions an average eruption date of 174 + 8 Ma. These dates
suggest that the Tasmanian dolerites were essentially contemporane-
ous with the basaltic rocks of Antarctica.

South Afiican basalts. The Karroo System of igneous rocks and
coeval sedimentary rocks crops out widely over a large area of
southern and southeastern Africa, and originally covered more than
1.5 x 106 km2. The series indudes the Stormberg and Drakensberg
basalts in South Africa (mostly within Lesotho), the Lebombo
basalts in Swaziland and along the border between South Africa and
Mozambique, the Nuanetsi and related basalts along the border
between South Africa and Zimbabwe, and some outliers farther
north (49). The rocks are preserved in troughs and down-faulted
basins; the faulting seems to have been contemporaneous with much
ofthe igneous activity. The whole episode was most likely related to
rifting along what is now the east coast of South Africa (49).
We have compiled 116 K-Ar ages from published whole-rock and

mineral-separate measurements made both on Karroo basalts (44,
49, 50) and on basalts from the southern regions ofNamibia (37, 39,
40). The probable start date (Fig. 1) is 190 ± 5 Ma. Rb-Sr ages,
determined from several Zimbabwean, Lebombo, and Nuanetsi
alkalic and silicic volcanic rocks are 197 + 15, 191 + 13, and
194 + 12 Ma, respectively (49).

Eastern North American basalts. The Upper Triassic to Lower
Jurassic basalts ofeastem North America are related to the initiation
of rifting between North America and Africa (1). Although the
exposed lava flows and intrusions are today restricted to down-
faulted Mesozoic basins stretching from Nova Scotia to North
Carolina, "feeder" dikes are much more widespread (51). The
Eastern North American Basalt Province has been classified as a
small example of continental flood basalt volcanism (1), but exten-
sive basalt layers have recently been detected in the subsurface of
eastern North America and the adjacent continental shelf; these
layers cover an area of more than 100,000 km2 (52). The eastern
North American basalts clearly have the dimensions of a true flood
basalt province.
We have collected 104 published K-Ar and Ar-Ar ages (based on

various methods) for basaltic flows, dikes, and sills in scattered
localities from Nova Scotia to North Carolina (53). From the age
distribution (Fig. 1), we estimate a start date of 200 + 5 Ma. Four
Ar-Ar ages based on well-defined age plateaus, in the Newark and
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Hartford basins, range from 193 to 187 Ma, and five good Ar-Ar
ages from rocks in Virginia range from 201 to 193 Ma.

Siberian basalts. The flood basalts ofthe Siberian Platform cover an
area of more than 1.5 x 10' km2. Eruption of these basalts was
possibly related to the present Jan Mayen hot spot. DePaolo and
Wasserburg (54), in surveying the Russian literature, report that
whole-rock K-Ar ages for the Siberian basalts peak between 250 and
240 Ma. The literature survey by Holser and Magaritz (55) likewise
indicates a mean K-Ar age of250 ± 9 Ma. This agrees with the 4 K-
Ar ages published by Dmitriyev and Guseva (56), which cluster
closely around 250 Ma. We estimate the start date as 250 ± 10 Ma.

Flood Basalts and Mass Exinctions
Initiation dates of the 11 continental flood basalt episodes just

discussed are listed in Table 1. Because a possible connection has
been suggested between flood basalts and mass extinctions (57, 58),
we have also presented estimated dates of the ten major extinctions
of marine life during the past 250 million years. The list of mass
extinctions comes from a tabulation by Raup and Sepkoski (59),
who provided separate dates for each episode according to three
geological time scales (25, 60). In each case, we have simply adopted
a straight average of the three geological dates, whose full range is
also given in Table 1. In two cases, the lower to middie Miocene and
Bajocian extinction events, we have incorporated additional paleon-
tological information (61-63).

Recognizing that the Brito-Arctic and Deccan eruptions started at
about the same time, as probably did the Serra Geral and South-
West African eruptions, we find a close correspondence between
episodes offlood basalt volcanism and episodes ofmass extinctions.
The one possible exception is the Cenomanian extinction event at 91
Ma, which has no obviously associated continental flood basalt.
Large basalt flows with possible start dates of 110 + 10 Ma and
80 ± 10 Ma, however, have been identified in the western Pacific
Ocean (64). Thus, there is some evidence for extensive basaltic
volcanism at about 90 Ma (65).

Possible Periodicity
The question of possible periodicity in the flood basalt record was

raised by Vogt (57), who suggested cycles of 50 to 60 million years
that might be associated with the geologic periods. On the basis of
the present compilation ofage data, we have performed a time-series
spectral analysis to try to answer this question more quantitatively.
Assuming a periodic delta-function response to the unknown

input signal, the nonparametric method of Stothers (66) can be used
to search for significant periods in the series of dates. Because of the
sensitivity (in any method) of the absolute heights of the spectral
peaks to modest errors in the dates, we maintained only a simple
count of the number of times the highest spectral peak occurred at
the same period for 1000 time series in which the date for each
episode was randomly selected from the age range indicated for that
particular episode in Table 1. To avoid spurious periods that may
arise from both the high-frequency noise in the data and the low-
frequency cutoff to the data string from the finite record length, we
sampled only the period range 18 to 100 million years.
A histogram of our results based on all 11 flood basalt episodes

(Fig. 2) suggests that if there is any periodicity in this record the
most likely period is either around 22 to 26 million years or around
31 million years. If an additional flood basalt at 90 ± 10 Ma is
introduced into the record, or if the Siberian flood basalt at
250 ± 10 Ma (which belongs to a less well dated and possibly
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Fig. 2. Frequency diagram
ofthe periods at which the
highest spectral peak oc-
curs, for 1000 pseudo-ran-
dom time series of flood
basalt initiation dates (the
dates of Table 1 were ran-

domized within their esti-
mated errors). "All" refers
to all 11 flood basalts of
Table 1.

Fig. 3. Time-cycle dia-
gram for flood basalt epi-
sodes, with a line showing
the best-fit period of 32
million years based on the
results of Fig. 2. A bar
indicates the probable
range of accidental and
systematic errors for the
initiation date of the epi-
sode.
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years for clusters of magnetic reversals (67, 68). Mass extinctions,
too, seem to show a periodicity of29 + 3 million years (59, 62, 63).
Ifthese various phenomena are physically related, they could share a

common period of31 million or 32 million years. A quasi-period of
31 ± 3 million years has also been independently reported for
terrestrial impact cratering (63, 67, 69). Although phase information
is rather uncertain, the phases seem to be the same within the errors,

and thus the most recent epoch is formally close to the present time.

2 0 of Flood Basalts
The origin offlood basalt eruptions has been extensively debated.

^Mechanisms related to mantle plume activity, which may be quasi-

All but Columbia River periodic, have been commonly proposed (70), but what triggers the
and Siberian disturbances of the mantle is unknown. A possible energy source is

4 impact of comets (or asteroids) (67, 71), a mechanism that is
3 supported by recent modeling of impact cratering (72) and of the
2 dynamics of quasi-periodic showers of comets (63, 73). Impacts
.1- |may, as a result, have led to mass extinctions through direct

_____________________
atmospheric and marine disturbances (74) and indirectly through

15 20 25 30 35 40 the effects of prolonged flood basalt volcanism.
Period (miilion years) In view of the suggested temporal association between the

initiations offlood basalt episodes and mass extinctions of life, there
is probably a physical connection between the two. Calculations
have shown that during the eruption of a major basaltic lava flow,
convective plumes rising above vigorous fire fountains would
probably inject into the stratosphere a large mass of sulfur-rich gases

< that are precursors ofsulfuric acid aerosols (75). Stratospheric winds
-XXO5-e could then transport these aerosols hemispherically or even globally,

*^< with probably severe climatic and biological consequences (57, 58,
75). These proposed effects of "impact volcanism" can perhaps
explain many of the characteristics of environmental crises at

important geological boundaries.

Time (Ma)

incomplete part of the record before 200 Ma) is omitted, the
histogram is essentially unchanged. Because the Columbia River
basalts seem to have erupted in other than a continental rift-related
setting, perhaps they do not belong to the present class of eruptions
and should be omitted. If so, the most probable period becomes 32
million years (Fig. 2). Even if they are classical flood basalts and
constitute part of the irregularity in what is only a quasi-periodic
phenomenon, they were omitted in an effort to improve the best-fit
(though approximate) period because their age departs significantly
from a mean cycle line (Fig. 3) and thus disproportionately skews
the analysis for periodicity. Ifboth the Columbia River and Siberian
basalts are omitted, the most probable period becomes even more

marked and shifts slightly to 33 million years (Fig. 2).
Although these tests should not be interpreted as proving that a

physical periodicity is present in the data, they do suggest the
possible existence ofa quasi-period of32 1 (estimated error ofthe
mean) million years. The most recent epoch ofthe fitted mean cycle
(Fig. 3) is then 4 + 4 Ma, somewhere close to the present time. The
fact that the Columbia River basalts occurred 17 million years ago

probably indicates that the cyclic mechanism (if there is one) is not
strictly periodic. Independently dated sets ofother types of geologi-
cal phenomena have previously been analyzed, and the results
suggest quasi-periods of a similar length: 34 ± 3 million years for
alkalic and silicic volcanism, 33 ± 3 million years for active tecto-

nism, 33 + 3 million years for low sea levels, and 30 ± 2 million
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