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Geography of End-Cretaceous Marine
Bivalve Extinctions

David M. Raup and David Jablonski

Analysis of the end-Cretaceous mass extinction, based on 3514 occurrences of 340 genera
of marine bivalves (Mollusca), suggests that extinction intensities were uniformly global;
no latitudinal gradients or other geographic patterns are detected. Elevated extinction
intensities in some tropical areas are entirely a result of the distribution of one extinct group
of highly specialized bivalves, the rudists. When rudists are omitted, intensities at those
localities are statistically indistinguishable from those of both the rudist-free tropics and

extratropical localities.

The Cretaceous-Tertiary (K-T) mass ex-
tinction marked the end of the Cretaceous
period and the Mesozoic era and caused a
60 to 80% reduction in global biodiversity
at the species level (I). This extinction is
far better documented than any other such
event in the geologic past and thus provides
the best opportunity to explore environ-
mental or other stresses that can cause mass
extinction. Comparison of victims and sur-
vivors with regard to their habitats, physi-
ologies, and geographic distributions should
aid understanding of the causes and nature
of this extinction. Here, we explore geo-
graphic patterns in the K-T extinction us-
ing a global analysis of marine bivalves
(Mollusca). We evaluate whether there
were local “hot spots” (2) of extinction,
whether one hemisphere was affected more
or less severely, and whether there were
regular latitudinal or other gradients.

The K-T extinction has often been por-
trayed as more severe in the tropics than in
temperate or polar regions (3), although
paleontologic data on this point have been
sparse and taxonomically scattered. Our
database contains 3514 occurrences of 340
genera of bivalve mollusks from 106 assem-
blages of Maastrichtian (uppermost Creta-
ceous) marine fossils (Fig. 1). We chose
bivalves because they were an important
component of Cretaceous marine bottom
communities, their taxonomy is well
known and reasonably stable, and their
average extinction rate is well suited for
statistical analysis (63% of Maastrichtian
bivalve genera did not survive into the
Tertiary period). Few other biologic groups
have these qualifications. Furthermore, bi-
valve data have been used extensively to
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support the inferred latitudinal gradient in
K-T extinctions (3).

Most of the 106 assemblages were drawn
originally from published sources (4) but
were subjected to an updating and evalua-
tion procedure, including consultations
with experts on subgroups or specific geo-
graphic areas and examination of museum
collections (where possible), in order to
minimize taxonomic and stratigraphic in-
consistencies. Species in lists from the older
literature were shifted according to modern
genus definitions, and some local names
were eliminated.

We did not attempt to subdivide the
Maastrichtian interval in this analysis. Fin-
er stratigraphic resolution would be valu-
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able but is impossible on a global basis
because of uncertainties in dating and cor-
relation: a sample confined to assemblages
of proven latest Maastrichtian age would be
too small for meaningful geographic analy-
sis. Thus, our results apply to extinction at
the K-T boundary event only to the extent
that Maastrichtian extinctions were con-
centrated at that event. Although dilution
by extinction within the Maastrichtian is
probably minor, the interval does encom-
pass considerable environmental fluctua-
tion (5), and some extinctions, such as that
of inoceramids and rudists, may have pre-
ceded the K-T event and thus would blur
our results.

The choice of an extinction metric for
the analysis is critical. Ideally, Cretaceous
assemblages should be compared with those
in the immediately younger Tertiary depos-
its of the same area. However, there are so
few truly continuous sequences across the
K-T boundary, with comparable habitats
and fossil preservation, that the usable sam-
ple is far too small to be robust. Therefore,
extinction was quantified as the proportion
of genera found in an assemblage, or local
group of assemblages, that suffered global
extinction in the final stage of the Creta-
ceous. This metric has the advantage of
making use of the excellent compilations of
global extinctions for the K-T boundary
(6), but it has the disadvantage that genera
may die out in one area, perhaps a hot spot,
yet survive globally because they also lived
outside the area. These genera would be
labeled survivors; thus, the actual species
kill in the local area would be underestimat-
ed. However, endemism in our database is
sufficiently pronounced (22% in North

[ < S~
Numbers of genera

" [all taxa]

80°E

Fig. 1. Sample sizes in the 57 10° latitude-longitude blocks that contain one or more of the 106
bivalve assemblages (20), plotted on Maastrichtian geography. Rudists are included.
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America) that a hot spot is unlikely to be
hidden by this effect.

Table 1 gives extinction levels for sev-
eral large regions. The extinction rate for
most individual regions or latitude-longi-
tude belts was less than for the whole
sample. This result is counterintuitive but is
explained by the strongly negative relation
between extinction and geographic range
(1, 7): local endemics have a higher prob-
ability of going extinct than do more cosmo-
politan genera. Each region contains a mix-
ture of narrow- and wide-ranging genera, but
the narrow-ranging genera are inevitably
pooled in the global data, thus increasing
the overall extinction percentage (8).

The raw extinction values suggest that
extinction was highest in equatorial lati-
tudes, as has been claimed, and west of
30°W paleolongitude. The region of high-
est extinction is thus in the New World
tropics and includes the Chicxulub crater,
currently considered to be the most proba-
ble site of the hypothesized impact at the
K-T boundary (9). However, before this
region can be considered to be an extinc-
tion hot spot, an important element of the
late Cretaceous marine biota must be con-
sidered: the rudist bivalves, which reached
peak diversity during the Maastrichtian or
preceding Campanian stage (10, 11). These
large, attached or recumbent filter-feeders
dominated tropical carbonate platforms but
were rare at higher latitudes; some research-
ers have argued that rudists suffered precip-
itous decline and were virtually extinct 1 to
2 million years before the K-T boundary
event (7, 11). Inoceramid bivalves may also
have become extinct before the K-T bound-
ary event (12), but these comprise only
about 1% of our database and do not affect
the analysis significantly.

If all 46 rudist genera are ignored, the
high extinction value in the region that
contains the Chicxulub crater disappears
(Table 1) and a latitudinal plot (Fig. 2)
shows no north-south gradient. The mean
extinction value (52.2%, indicated by the
horizontal line in Fig. 2) is virtually iden-
tical to the median (53.5%); this suggests
that the dispersion could be a result of
sampling error alone. Some of the error bars
do not intersect the mean extinction line
but are no more than would be expected
from random sampling.

We conclude that the appearance of a -

latitudinal gradient in the K-T mass extinc-
tion was caused, among bivalves, entirely
by the rudists; when rudists are excluded,
extinction intensities in tropical bivalves
are indistinguishable from extratropical val-
ues (Fig. 3). Although a larger database
might show meaningful structure, our anal-
ysis indicates that there is no pattern be-
yond what is expected from chance clump-
ing of randomly assorted data (13).
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If rudist diversity did collapse well before
the K-T event, then it is appropriate to
exclude rudists from the analysis. Even if
the collapse occurred at the K-T boundary,
our data also show unexceptional extinc-
tion intensities in most low-latitude locali-
ties outside the rudist-bearing habitats, and

this result, along with the data on the
nonrudist faunal component, further under-
mines any general latitudinal trend. We
cannot distinguish whether preferential ex-
tinction of rudists was taxon- or habitat-
based. Zooxanthellate corals suffered far
greater K-T losses than corals apparently

Table 1. Extinction levels (percent) and samples sizes (numbers in parentheses) for Maastrichtian
genera in arbitrarily defined regions (Fig. 1). Extinction percentages are given only for regions
containing at least 25 genera (78). Uncertainties are equivalent to =1 standard error (79). ND, no

data.
Region 180°W to 30°W 30°W to 80°E 80°E to 180°E All longitudes
All taxa
North of 30°N 55 + 4 (166) 53 * 4 (175) 51 + 6 (63) 59 + 3 (266)
30°N to 30°S 67 =5 (87) 59 = 4 (151) ND 62 + 4 (184)
South of 30°S 53+ 6 (81) 53 = 5 (116) (17) 56 + 4 (157)
All latitudes 63 + 3 (233) 56 = 3 (237) 53 + 6 (74) 63 + 3 (340)
All taxa minus 46 rudist genera
North of 30°N 53 = 4 (160) 47 + 4 (154) 51 + 6 (63) 55 = 3 (240)
30°N to 30°S 52+ 5 (61) 48 + 4 (120) ND 50 + 4 (140)
South of 30°S 53 +6 (81) 52 = 5 (114) (17) 55 + 4 (155)
All latitudes 58 + 3 (206) 49 + 3 (204) 53 + 6 (74) 57 + 3 (294)
100 Flg. 2. Extinction intensity and latitude
go Rudists excluded for the 60 fossil assemblages containing
at least 25 nonrudist genera (18, 19).
8oy The horizontal line marks the mean
§70 (52.2% extinction). No significant trends
B gol j[ H J[ Jr ]L or gradients are detectable.
'ﬁ L|~I‘I‘ il l | |
850 i w q
g 40 ][
& sof
20
10
0

e ~..
| Percent extinction,
[rudists excluded]

Fig. 3. Extinction intensity in the 33 10° latitude-longitude blocks that contain at least 25 nonrudist
genera. Although the distribution is somewhat patchy, as expected from sampling error, there are
no recognizable hot spots or gradients. The mean of the 33 values is 50.7%, and the median is 51.
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lacking symbionts (14), and more genera of
carbonate platform gastropods became ex-
tinct than did those from other regions and
environments, even within the tropics
(15). These data argue for habitat selectiv-
ity, but only for carbonate platforms and
associated lagoons in the tropics. Certain
microplankton groups also suffered greater
extinction in the tropics than in polar
regions (16), but here too the pattern may
reflect disruption of particular habitats rath-
er than a true latitudinal gradient (17).

Taken together, our analyses indicate
that the end-Cretaceous mass extinction
was a globally uniform event. Although this
result does not verify bolide impact or any
other proposed cause of the extinction, it
does rule out mechanisms having purely
regional or latitudinal effects.
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Interaction of the San Jacinto and San Andreas Fault
Zones, Southern California: Triggered Earthquake
Migration and Coupled Recurrence Intervals

Christopher O. Sanders

Two lines of evidence suggest that large earthquakes that occur on either the San Jacinto
fault zone (SJFZ) or the San Andreas fault zone (SAFZ) may be triggered by large
earthquakes that occur on the other. First, the great 1857 Fort Tejon earthquake in the
SAFZ seems to have triggered a progressive sequence of earthquakes in the SJFZ. These
earthquakes occurred at times and locations that are consistent with triggering by a strain
pulse that propagated southeastward at a rate of 1.7 kilometers per year along the SJFZ
after the 1857 earthquake. Second, the similarity in average recurrence intervals in the
SJFZ (about 150 years) and in the Mojave segment of the SAFZ (132 years) suggests that
large earthquakes in the northern SJFZ may stimulate the relatively frequent major earth-
quakes on the Mojave segment. Analysis of historic earthquake occurrence in the SUFZ
suggests little likelihood of extended quiescence between earthquake sequences.

Historically, large earthquakes have oc-
curred in the SJFZ in 1899, 1918, 1923,
1937, 1954, 1968, 1969, and 1987 (see
Table 1 for source parameters and refer-
ences). These earthquakes were preceded
by the moment magnitude (M) 8 Fort
Tejon earthquake of 1857 that ruptured
~360 km of the SAFZ from near Cholame
to Cajon Pass with 3 to 9 m of right slip (1)
(Fig. 1). At its southeastern end, the 1857
rupture probably terminated in the Cajon
Pass area (1, 2). The SJFZ branches from
the SAFZ in the Cajon Pass area (Fig. 1);
northwest of the pass the SAFZ accommo-
dates right slip of ~3.5 cm year™! (3),
whereas southeast of the pass it accommo-
dates ~2.5 cm year™! (4, 5), with ~1 cm
year~! (6-8) accommodated by the SJFZ.
Although attention previously has fo-
cused primarily on the SJFZ and SAFZ as
separate mechanical entities, structural and
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geodetic evidence clearly shows that the
fault zones are closely linked. For instance,
the 1857 rupture terminated to the south-
east near the area where the SJFZ branches
from the SAFZ; this coincidence has been
appreciated in notions of fault zone segmen-
tation (9-11). In this report, I investigate
the triggering of large earthquakes in either
fault zone by large earthquakes in the other.

The primary data for this analysis are the
recorded dates of occurrence, the epicenters
and rupture lengths, the seismic moments,
and the down-dip rupture widths of large
earthquakes in the SJFZ (Table 1). The
dates and times of occurrence and the
epicenters of the large earthquakes in the
SJFZ were obtained from compilations of
historical accounts of major ground shaking
(12-14) and from the catalog of instrumen-
tally determined earthquake locations as-
sembled by the California Institute of Tech-
nology and the U.S. Geological Survey. In
some cases, the epicenters used are from
relocation studies (15, 16). The rupture
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