nificant intervals of nondeposition.
However, as all conodont subzones of
the latest Frasnian and earliest Famen-
nian are present in the section, any such
intervals must have been less than the
duration of a subzone.

Because of the strongly condensed na-
ture of the section containing the iridium
anomaly, the question arises of whether
it could have resulted from steady rates
of iridium accumulation magnified by
extremely slow rates of associated sedi-
mentation. However, this explanation
seems unlikely, as the iridium concentra-
tion in the anomaly is about 20 times the
background, compared with a factor of
only 3 for the relative sedimentation
rates. The decreased rate of sedimenta-
tion in the zone that includes the anoma-
ly could reflect a decline in organic pro-
ductivity associated with the Frasnian-
Famennian mass extinction, although
there is not the associated decrease in
carbonate content that might be expect-
ed. However, carbon isotope analyses
appear to support the suggested decline
in productivity. There is a drop in overall
3'3C values of about 1.5 per mil extend-
ing from the base of the anomaly to the
top of the section (Fig. 3); this finding
suggests a decrease in biomass (/1) for at
least 1 million years. The values of 3'%0
in calcite also decrease sharply above
the anomaly, a possible indication of an
increase in water temperature.

It is clear that the results of this study
are equivocal with respect to the ba-
sic question of whether the Frasnian-
Famennian mass extinction was associ-
ated with the impact on Earth of a large
extraterrestrial body. On the face of it,
the iridium anomaly could plausibly be
linked to such an impact; however, the
Canning Basin data do not point with any
high degree of assurance to this explana-
tion. The siderophile atom ratios, nota-
bly Co/Ir (160,000), Ni/Ir (245,000), Pt/Ir
(14), Ni/Co (1.5), Au/Ir (=0.2), and pos-
sibly Os/Ir (=0.4), are not compatible
overall with either chondritic or iron
meteoroids. Furthermore, analyses of
material extracted with a microdrill show
that iridium and platinum are concentrat-
ed by a factor of 2 in microstromatolites
of the fossil cyanobacterium Frutexites,
and iron, manganese, cobalt, arsenic,
antimony, and cerium also increase, by a
factor of 5. We cannot say whether bio-
logical mechanisms were the sole cause
of the anomaly, or whether the orga-
nisms were only able to accumulate
these elements to such a degree because
of abnormally high concentrations of the
elements in seawater at that time. In
addition, it is not known whether the
concentrating mechanism was biochemi-
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cal, mechanical, or even diagenetic.
One fact is clear—a significant geo-
chemical anomaly is present at or near
the Frasnian-Famennian boundary in the
Canning Basin, associated with a mass-
extinction event of global extent. The
association of the anomaly with the ex-
tinction may be purely coincidental, but
it seems more likely that there is some
genetic relation between them, involving
either the impact of a large extraterres-
trial body or an unidentified terrestrial
process. The occuirence of this iridium
anomaly at or near a mass-extinction
horizon is clearly important in the search
for geochemical signatures of global ex-
tinctions and the continuing debate on
their origins.
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A New Basis for Recognizing the Paleocene/Eocene

Boundary in Western Interior North America

Abstract. Fossil pollen grains from Paleocene-Eocene rocks of the Bighorn Basin
of Wyoming allow important sequences of terrestrial vertebrate fossils to be corre-
lated with standard marine microfossil zonations. The Paleocene/Eocene bounda-
ry as based on pollen evidence falls within the Wasatchian land mammal age, much
higher than the boundary used by some fossil mammal workers. This discrepancy
partly results from multiple definitions of the Paleocene/Eocene boundary but may
also indicate faulty mammal-based correlations to the type Sparnacian of France.

Fossils from Paleocene and Eocene
strata of the contiguous Bighorn and
Clarks Fork basins of Wyoming provide
one of the longest, most complete, and
best studied records of terrestrial life in
the world (/I-3). The relatively high
stratigraphic completeness of the strata
(4) and the dense spacing of fossiliferous
horizons (5, 6) have made these se-
quences an important testing ground for
theories on evolutionary rate and mode
(7, 8) and on intra- and intercontinental
dispersal (9, 10). As a result, there is
strong incentive to develop reliable cor-

relations between these strata and rocks
of similar age in other regions, particu-
larly with deep-sea imarine sequences
and the type sections of stages in the
Paleocene and Eocene of Europe. Previ-
ous correlations have been based largely
on mammalian fossils, and particularly
on similarities between European and
North American species of the primate
genus Plesiadapis (11-13). Stratigraphi-
cally important fossil pollen found in
lower Tertiary rocks of the Bighorn Ba-
sin provides a means of correlating these
continental sequences to standard ma-
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rine zonations that can be traced over
much of the earth.

Forty-eight samples were collected
from an 820-m-thick section in the Will-
wood and lower Tatman formations of
the central Bighorn Basin (Elk Creek
section, Fig. 1) (6, 14, 15). The Elk Creek
section also contains one of the most
completely known sequences of Wasat-
chian (early Eocene) mammal faunas,
thus allowing direct comparison between
stratigraphic changes in the fauna and
palynoflora.

The pollen assemblage is dominated
by Taxodiaceae-Cupressaceae, Juglan-
daceae, and by Alnus, a characteristic
Paleocene to early Eocene assemblage in
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Fig. 1. The Elk Creek section of the Willwood
Formation, showing stratigraphic position of
pollen samples (arrows), the stratigraphic
range of Platycarya platycaryoides, the local
position of the Paleocene/Eocene boundary,
and mammalian biostratigraphic zones. Mam-
malian biostratigraphy from Schankler (6).
Map shows location of the Bighorn Basin.
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western North America. The Paleocene/
Eocene boundary was placed at the 100-
m level of the Elk Creek section, the
level of the first occurrence of the Eo-
cene index pollen species Platycarya
platycaryoides (Fig. 1). Below this point
the palynoflora is dominated by Carya-
pollenites veripites and other taxa typical
of the late Paleocene [zone P6 of Nichols
and Ott (/6)]. Palynofloras above 100 m
contain pollen of Eucommia and other
genera found in lower Eocene palyno-
floras elsewhere in North America (/16—
19). The abundant occurrence of Platy-
carya leaf fossils and the great increase
in the abundance of P. platycaryoides
pollen at 700 m is typical of late early and
early middle Eocene floras in much of
North America (I8, 20, 21).

The usefulness of P. platycaryoides as
an Eocene index fossil in North America
(22) has been shown by its lowest occur-
rence at or near the boundary of stan-
dard nannofossil zones 9 and 10 (NP9/
NPI10) in marine sections from coastal
areas of Virginia (23, 24), South Carolina
(25, 26), Alabama (27), and California
(28). Furthermore, P. platycaryoides is
known from strata in Texas (29), North
Dakota (17), and Ellesmere Island (30)
that have been dated as earliest Eocene
by independent biostratigraphic or mag-
netostratigraphic methods.

Confidence in the synchroneity of the
first occurrence of P. platycaryoides in
North America is increased by consider-
ing its paleoecology. Early Tertiary Pla-
tycarya species had small, winged fruits
presumably dispersed by wind or water;
the tendency for Platycarya megafossils
to dominate assemblages where they are
found suggests that, like the living spe-
cies, they were early successional
“weedy”” forms (37). Such species are
capable of rapid geographic spread.

Assuming that the lowest occurrence
of P. platycaryoides is a reliable datum,
the 100-m level of the Elk Creek section
is equivalent to the NP9/NP10 boundary,
the generally accepted Paleocene/Eo-
cene boundary in marine strata (Fig. 2)
(32, 33). This places the Paleocene/Eo-
cene boundary within the lower part of
the Wasatchian land mammal age, higher
than the traditional position based on
mammalian fossils (the Clarkforkian/Wa-
satchian boundary) (34), and much high-
er than the position advocated by Gin-
gerich (11, 35) and Rose (/2) (the top of
the lowest biozone of the Clarkforkian,
Cf1).

Some of the conflict in correlation of
the Paleocene/Eocene boundary to the
Bighorn Basin may result from multiple
definitions of the boundary in the type

sections of Europe. The limits of the
Paleocene have been controversial al-
most since the first use of the term in
1874 (36). Some paleontologists consider
the Paleocene/Eocene boundary to fall at
the base of the Sparnacian (37, 38); most
micropaleontologists place it at the top
of the Sparnacian (33, 39, 40); and the
original placement on the basis of plant
megafossils appears to have been at the
top of the Cuisian (47). Thus the offset of
the vertebrate and pollen boundaries in
the Bighorn Basin could result from the
former being correlated to the bottom of
the Sparnacian and the latter to the top.
However, paleomagnetic data (32, 35)
indicate that the mammal-based correla-
tion of Gingerich (/1) and the dinoflagel-
late-based correlation of Costa et al. (40)
to the type Sparnacian cannot both be
correct (Fig. 2). Gingerich (/1) and Rose
(12) correlated the basal Sparnacian to
the Cf1/Cf2 boundary in the Bighorn
Basin; this latter boundary occurs in
rocks with reversed remanent magne-
tism that occur above paleomagnetic
anomaly 25 (35). Costa et al. (40) corre-
lated the basal Sparnacian to basal NP9
strata that occur within anomaly 25 (32).
Clearly one or both correlations are
faulty. This may contribute to the dis-
crepancy between the pollen and verte-
brate definitions of the Paleocene/Eo-
cene boundary in the Bighorn Basin.
Paleocene-Eocene sections in the Big-
horn Basin are now correlated to marine
microfossil zonations using the first ap-
pearance of P. platycaryoides and to
terrestrial strata in the Paris Basin using
vertebrate faunas. However, it is not
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Fig. 2. Paleocene-Eocene correlations. The
proposed correlation is based on the first
occurrence of Platycarya platycaryoides.
Correlations by Costa er al. (40) were based
on dinoflagellates; correlations by Gingerich
(I11) and Rose (I2) were based on mammals.
Paleomagnetic data from Berggren et al. (32)
and Butler et al. (35). Note that the correla-
tions to the base of the Sparnacian are contra-
dictory. Mammalian biozone abbreviations:
HEZ, Haplomylus-Ectocion range zone; BIZ,
Bunophorus interval zone; and HRZ, Hepto-
don range zone.
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possible to close the circle of correlation
(and thus to test the pollen and verte-
brate correlations against each other)
because of the uncertain relation of the
type Sparnacian to marine microfossil
zonations (32, 34, 40). Because it has
proved exceptionally difficult to estab-
lish correlations between the type Spar-
nacian and other sections, many authors
prefer to correlate to a datum based on
nannoplankton (NP9/NP10), planktic fo-
raminifera (P6a/P6b), and dinoflagellates
(Apectodinium  hyperacanthum/Wetze-
liella astra). Since fossil pollen now pro-
vides a link between land mammal suc-
cession and these marine microfossil
zonations, it is preferable to recognize
the marine datum rather than to continue
attempting correlation with a less pre-
cise and less useful Paleocene/Eocene
boundary based on the type Sparnacian
of the Paris Basin.

Precise correlation of terrestrial strata
on different continents is important for
evolutionary and paleobiogeographic
syntheses. Recent studies on centers of
origin and evolution for early Tertiary
mammals (/0, /1) and on the effect of
early Tertiary climates on the evolution
and migration of many lineages of plants
and animals (30) have stimulated interest
in the detection of diachronous events in
the fossil record. Too often paleobiolo-
gists are forced into the logically tenuous
position of studying purportedly diach-
ronous events in the same group of orga-
nisms that they use for correlation. Pre-
cise, mutually agreed upon boundaries
that are based on a broad array of taxo-
nomic groups are a necessary framework
for recognizing diachronous evolution-
ary and migrational events in the fossil
record.

ScorTt L. WING
Department of Paleobiology,
National Museum of Natural History,
Washington, D.C. 20560

References and Notes

. P. D. Gingerich, Ed., Univ. Mich. Pap. Paleon-
tol. 24 (1980).
T. M. Bown and M. J. Kraus, Palaeoecol.
Palaeochmatol Palaeogeogr. 34, 1 (1981).
M. L. McKinney and R. M. Schoch, Am. J. Sci.
283 801 (1983).
P. M. Sadler and L. W. Dingus, Third North
Am. Paleontol. Convention Proc. 2, 461 (1982).
. P. D. Gingerich, ibid. 1, 205 (1982).
. D. M. Schankler, Univ. Mich. Pap. Paleontol.
24 (1980), p. 99.
. P. D. Gingerich, Annu. Rev. Earth Planet. Sci.
8, 407 (1980).
K. D. Rose and T. M. Bown, Nature (London)
309, 250 (1984).
. D. M. Schankler, ibid. 293, 135 (1981).
. M. Godinot, Geobios Mem. Spec. 6, 403 (1982).
. (P}.gl?(.))Gingerich, Univ. Mich. Pap. Paleontol. 15
. K. D. Rose, Science 208, 744 (1980).
Univ. Mich. Pap. Paleontol. 26 (1981).
. Pollen samples were processed by Amoco Pro-
duetion Company, Denver, Colo.; a preliminary
unpublished report was prepared by B. L. Fine.

-—O\oge\lo«u-:kp)'w—

——

— ——
AEAJN

26 OCTOBER 1984

15. S ng, Univ. Mich. Pap. Paleontol. 24
(1980) p. 119

16. [?97"8)N1Ch0h and H. L. Ott, Palynology 2, 93
( .

17. J. Bebout, thesis, Pennsylvania State Universi-
ty, University Park (1977).

18. E. B. Leopold and H. D. MacGinitie, in Floris-
tics and Paleofloristics of Asia and Eastern
North America, A. Graham, Ed. (Elsevier, Am-
sterdam, 1972), p. 147.

19. G. E. Rouse, W. S. Hopkins, Jr., K. M. Piel,
Geol. Soc. Am. Spec. Pap. 127(]970) p. 2]3

20. D. J. Nichols, U.S. Geol. Surv. Prof. Pap.,
press.

21. K. R. Newman, in Colorado Geology, H. C.
Kent and K. W. Porter, Eds. (Rocky Mountain
z;‘gsgsociation of Geologists, Denver, 1980), p.

22. Platycarya pollen is reported from Paleocene
(Thanetian II) strata in the Paris Basin [C.
Gruas-Cavagnetto, Mem. Soc. Geol. Fr. 56 (No.
131), 1 (1977)] and from the Reading and Wool-
wich Beds of England. If these beds correlate
with the lower part of NP9 (39), then the first
occurrence of Platycarya pollen in Europe is
considerably earlier than the first occurrence of
P. platycaryoides in North America. This sug-
gests that the Atlantic acted as a barrier to the
migration of Platycarya, although once it
reached North America, it spread rapidly. There
are equivocal reports of very latest Paleocene P.
platycaryoides from the east coast of North
America [N. O. Frederiksen and R. A. Christo-
pher, Palynology 2, 113 (1978); N. O. Frederik-
sen (26)] but these grains are rare and have so far
not been recovered from sediments that can
definitely be established to be of Paleocene age.

23. T. G. Gibson et al., Va. Div. Miner. Resour.
Publ. 20, 14 (1980).

24. N. O. Frederiksen, Palynology 3, 129 (1979).

25. J. E. Hazel et al., U.S. Geol. Surv. Prof. Pap.
1028 (1977), p. 71.

26. N. O. Frederiksen, Palynology 4, 125 (1980).

27. , T. G. Gibson, L. M. Bybell, Trans. Gulf
Coast Assoc. Geol. Soc. 32, 289 (1982).

28. N. O. Frederiksen, in Pacific Section Society of
Economic Paleontologists and Minerologists
Fall Field Trip Guidebook, R. R. Squires and M.
V. Filewicz, Eds. (Society of Economic Paleon-
tologists and Minerologists, Tulsa, 1983), p. 23.

29. W. C. Elsik, Palaeontogr. Abt. B 149, 90 (1974).

30. L. J. Hickey et al., Science 221, 1153 (1983).

31. S. I§ Wing and L. J. Hickey, Am. J. Bot. 71, 388
(1984).

32. W. A. Berggren, D. V. Kent, J. J. Flynn, Geol.
Soc. London Spec. Pap., in press.

33. C. King, Tert. Res. Spec Pap. 6, 1 (1981).

34. H. E. Wood et al., Geol. Soc. Am. Bull. 52, 1
(1941).

35. R. F. Butler, P. D. Gingerich, E. H. Lindsay, J.
Geol. 89, 299 (1981).

36. (VY87l:) Schimper, Trait. Paleontol. Veg. Paris 3

37. C. Pomerol, Mem. Bur. Rech. Geol. Minieres 69
(1969), p. 447.

38. D. E. Savage and D. E. Russell, Mammalian
Paleofaunas of the World (Addison-Wesley,
London, 1983).

39. W. A. Berggren, Am. Assoc. Pet. Geol. Bull. 49,
1473 (1965).

40. L. Costa, C. Denison, C. Downie, J. Geol. Soc.
London 135, 1 (1978).

41. H. E. Schorn, Am. J. Sci. 271, 402 (1971).

42. 1 thank L. M. Bybell, L. E. Edwards, N. O.
Frederiksen, P. D. Gingerich, L. J. Hickey, D.
J. Nichols, D. E. Savage, K. D. Rose, and three
anonymous reviewers for comments on the
manuscript.

16 April 1984; accepted 27 July 1984

Cretaceous-Paleocene Terrestrial Faunas of India:

Lack of Endemism During Drifting of the Indian Plate

Abstract. Recent paleontological investigations of six sections fringing the Deccan
volcanic outcrops of the Indian peninsula indicate that terrestrial faunas during the
Cretaceous-Paleocene transition lacked the endemism predicted by geophysical
models of an oceanically isolated Indian subcontinent. At the generic and familial
level there is a close correspondence between the Cretaceous vertebrates of
peninsular India, Africa, and Madagascar. This suggests that a dispersal corridor,
consisting of presently submerged aseismic elements (the Mascarene Plateau and
the Chagos-Laccadive Ridge), existed between these landmasses about 80 million
years ago as India drifted close to eastern Africa.

In geophysical models the Indian land-
mass is envisaged as a northward-drift-
ing, isolated subcontinent before its col-
lision with the Tibetan Block (/, 2). Until
recently, paleontological data on terres-
trial faunas during India’s phase of isola-
tion (Cretaceous, Paleocene, and Lower
Eocene) were not available to support
the hypothesis that biotic endemism re-
sulted from the supposed isolation. Dur-
ing the past 4 years, however, the sub-
ject has been reexamined (3, 4) in light of
studies of several previously known and
newly discovered localities (4, 5) fringing
Deccan Basalt outcrops in peninsular
India (Fig. 1).

The material collected from measured
sections represents a diversified verte-
brate fauna from a coastal plain environ-
ment. The faunal list is given in Table 1.
Associated fossils in most localities in-
clude a rich assemblage of charophytes
(Microchara, Platychara), cyprid ostra-

cods, unionid pelecypods, and pulmo-
nate gastropods. In at least two central
Indian localities (Jabalpur and Asifabad),
the presence of shallow-water foraminif-
era has been recorded (4). The paleonto-
logical data on peninsular India are
therefore now fairly extensive, and they
suggest not a general endemism but rath-
er a cosmopolitan distribution at the ge-
neric level.

Although Cretaceous-Paleocene taxa
in peninsular India have a wide distribu-
tion, they appear to be closest to those
from the same time interval in Africa and
Madagascar. This affinity is consistent
with geophysical models () that envis-
age a contact with the eastern coast of
Africa that was maintained much later
than that with Australia and Antarctica,
for which an Early Cretaceous separa-
tion is considered likely. Striking similar-
ities are noted among African and Indian
fish, turtles, and dinosaurs. The coastal
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