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Fig. 4. Benthic foraminiferal relative abundances ¢f most taxa at Site 689; see Appendix 1 for counts.
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Fig. 5. Benthic foraminiferal relative abundances of the taxa, Site 690; see Appendix for counts.
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Fig. 6. Benthic foraminiferal relative abundances of the most common taxa at Site 525; see Appendix 2 for counts.
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Fig. 7. Benthic foraminiferal relative abundances of the most taxa, Site 527; see Appendix 4 for counts.

low CaCOs-content and increased fragmentation
of planktonic foraminifera is good.

The samples in the interval with low diversity
in the first 50 000 years after the extinction differ
in faunal composition at the sites, with most differ-
ences between the Walvis Ridge and the Maud Rise

faunas, lesser differences between the sites at
different depths in each area. These faunas occur
during the interval with very low &'3C isotopic
values at all 4 sites (see below), and thus can be
considered coeval. At Site 690, the post-extinction
faunas had high relative abundances of Eouvigerina
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sp., and at both Maud Rise sites Tappanina
selmensis, Bolivinoides cf. decorata, Bulimina
ovula, Bulimina simplex and Bulimina trinitatensis
had high, but strongly fluctuating relative
abundances. N. truempyi was rare or absent just
after the extinction. Nuttallides umbonifera first
occurred just after the extinction at Maud Rise,
but is not present in the samples studied from
Walvis Ridge.

At the Maud Rise sites abyssaminid species
(small, thin-walled, spiral species; Schnitker 1979;
Tjalsma & Lohmann 1983) were more common
after the extinction. At Walvis Ridge there was
a much stronger increase in the relative abundance
of these species, with the highest at the deeper Site
527, in agreement with Tjalsma & Lohmann (1983)
and Katz & Miller (1991). In contrast to the
patterns at Maud Rise, the post-extinction faunas
at Walvis Ridge had very high relative abundances
of Nuttallides truempyi, as described by Tjalsma &
Lohmann (1983) and Katz & Miller (1991) for
other Atlantic sites. A distinct drop in relative
abundance of biserial and triserial species occurred
at Site 527. Slightly higher in the section, however,
the biserial species Tappanina selmensis and
Aragonia aragonenis increased in relative abun-
dance, with highest abundances at the shallower
site. Tappanina selmensis never reached such a
high abundance as at the Maud Rise sites (Figs 4, 5,
6, 7). Many rare species (such as lenticulinids, uni-
serial lagenids, unilocular taxa) were absent at all
sites in the post-extinction faunas, at least partially
causing the low species richness. Many of these
species, however, reappeared higher in the section,
and their absence may thus be apparent because
of the decreased evenness of the faunas (Signor &
Lipps 1982). At counts of about 300 specimens a
lower number of species would be observed in an
assemblage with higher dominance (Gage & Tyler
1991).

Comparison of the faunas (Fig. 8) showed that
at all sites the observed species richness dropped
precipitously, with lowest values reached at the
deepest Maud Rise site. The species richness
appears to recover more quickly at the Walvis
Ridge sites, especially at Site 525, if ages are
determined according to Fig. 3 (fitting of the 813C
curve of N. truempyi). Interesting is the strong
increase in relative abundance of N. truempyi at the
Walvis Ridge Sites, coeval with its strong decline
at both Maud Rise sites. Abyssaminid species
increased in relative abundance after the extinction
at all sites, but much more so at the Walvis Ridge
sites, and the shallower Walvis Ridge site has
higher relative abundances of these species than the
deeper Maud Rise site. Biserial and triserial species
increased in relative abundance just after the
extinction at both Maud Rise sites, but decreased
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at the deeper Walvis Ridge site and showed little
change at Site 525.

A typical component of post-extinction faunas
in all oceans are the species 7. selmensis and
A. aragonensis (Boersma 1984b), although their
relative abundances vary from site to site.
T. selmensis first appeared in the Late Cretaceous,
but occurred at low abundances until the extinction
event. A. aragonensis had its first appearance at the
time of the extinction (Tjalsma & Lohmann 1983;
Van Morkhoven et al. 1986; Bolli et al. 1994).
G. beccariiformis last appeared at all sites at about
the same time, although the species started a
decline in relative abundance at Site 689 several
hundred thousand years earlier (Fig. 4). Overall,
however, this pattern does not agree with the state-
ment by Tjalsma & Lohmann (1983) that the
G. beccariiformis faunas became gradually
restricted to shallower depths before becoming
extinct. B. thanetensis became extinct in the late
Paleocene at all sites, but always a few samples
higher than G. beccariiformis.

Benthic foraminiferal isotopes

We measured stable isotopes in several species of
deep sea benthic foraminifera from the Maud Rise
sites (Figs 9, 10). We wanted to derive an isotopic
record of the extinction event that is as complete
as possible, and N. truempyi and Cibicidoides spp.
are not present in large enough numbers for isotope
analysis just after the extinction. We also wanted to
determine whether species that are presumed to be
infaunal or epifaunal because of their morphology
(Corliss & Chen 1988; Rosoff & Corliss 1992;
Thomas 1990) show a different carbon isotopic
signature, as observed in Recent and Neogene
taxa (Woodruff & Savin 1985; Zahn et al. 1986;
Altenbach & Sarnthein 1989; McCorkle et al.
1990). Infaunal species precipitate their tests in
contact with pore waters, not sea water, and can
thus be expected to have lower 813C values.

Most species thought to be infaunal because of
their morphology had indeed lower 8'3C values
than species thought to be epifaunal, with the
exception of Oridorsalis umbonatus. This long-
lived, cosmopolitan, trochospiral species plots in
the field of infaunal species (Fig. 10). Its carbon
isotope data should thus be interpreted carefully,
especially because Rathburn & Corliss (1994)
reported that Recent representatives of this taxon
live infaunally.

The benthic species show considerable scatter
in their isotopic values, and there are differences
between the patterns at Sites 689 and 690. At Site
690, Lenticulina spp., a presumed infaunal group,
shows clear separation in 8'3C values from the
epifaunal species, and has consistently lower values
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than N. truempyi (Fig. 9). This is not so at Site 689,
and Lenticulina spp. values are commonly higher
than those of N. truempyi. None of the other species
in the same samples shows a similar pattern, so that
this difference between sites is probably not due to
difference in diagenesis. It has been proposed that
greater separation in carbon isotopic values of
infaunal and epifaunal species results from a
higher flux of organic matter to the sea floor
(Woodruff & Savin 1985; Zahn et al. 1986). With
the exception of the interval of anomalously low
813C values, the carbon isotopic values of
Lenticulina spp. are overall lower at Site 690 than
at Site 689, thus suggesting a lesser flux of organic
matter at the latter site. This is unexpected, because
at shallower sites a greater flux of organic matter
arrives at the seafloor than at deeper sites at equal
productivity (e.g. Berger er al. 1994). Higher
fluxes of organic matter to the deeper site thus
suggest higher productivity at that site. Higher
sedimentation rates at Site 690 might be seen as
supportive of higher productivity at that site, but

might as well have been caused by admixture of
fine terrigenous material (Barker er al. 1988).

We can not at present explain why there should
have been higher productivity at Site 690, because
the sites are very close. Possibly, the pattern of
deep-water circulation around Maud Rise caused
upwelling at Site 690, on the southwestern flank,
but not at Site 689, closer to the top. At present,
waters well up along the southwestern flank of the
rise (Comiso & Gordon 1982). In the presence
of large stratigraphic variations in isotopic values,
bioturbation may disturb the signal easily, and we
need better age control at Site 689 before we can
decide whether the difference in benthic infaunal
carbon isotope values at the sites reflects a real
environmental difference.

Lenticulina spp. constitute the only group
present at both Maud Rise sites over the extinction
interval. Comparison of the isotope data of this
taxon at both sites (Fig. 9) shows that the excursion
had a similar magnitude in the bottom waters of the
two sites. Oxygen isotope values at both sites
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were not significantly different at both sites before,
during or after the excursion.

Isotope excursions

Extreme excursions in carbon and oxygen isotopic
values are present in benthic and planktonic
foraminiferal records from the Maud Rise sites, and
in benthic and bulk records from the Walvis Ridge
sites (Figs 3, 11,12,13). Our data for Site 690 agree
with those of Kennett & Stott (1990, 1991) and
Stott er al. (1996). The benthic foraminiferal
extinction was synchronous with a very large,
negative, short-term excursion of carbon and
oxygen isotopes in planktonic and benthic
foraminifera and bulk carbonate (Shackleton &
Hall 1990). The isotope excursions reached peak
negative values in a few thousand years, and values
returned to pre-excursion levels more gradually,
in about 50 000 years as estimated at Site 690. We
used the isotope excursion to construct the time-
scale (see above; Fig. 3), and therefore we assumed
that the duration was the same at all 4 sites. The
carbon isotope excursion was about —2%o for
benthic foraminifera at Walvis Ridge and Maud
Rise, about —4%. for planktonic foraminifera at
Maud Rise, leading to decreased vertical gradients.

Bulk carbon isotope values decreased by about
2%o at the Walvis Ridge sites. The oxygen isotope
excursion was about —1.5%c for benthic
foraminifera at Walvis Ridge (1600-3400 m
palacodepth) and Maud Rise (1100-1900 m
palaeodepth), about —1%o for planktonic foramini-
fera at Maud Rise. There are no significant
differences in the oxygen isotope values of benthic
foraminifera at Sites 689, 690, 525 and 527 over the
full interval studied, suggesting little stratification
of the water masses at the sites before, during and
after the isotope excursions. This observation
suggests that intermediate to deep watermasses
were poorly stratified, from whatever source they
were derived.

Comparison of the planktonic foraminiferal data
from Sites 689 and 690 (Fig. 13) shows that oxygen
isotopic values were very close throughout the
studied sequence, as expected for sites in such close
proximity. Possibly the carbon isotope values of
planktonic foraminifera were more positive at
Site 690, in support of the hypothesis of higher
productivity at that site, as outlined above.

Discussion of faunas, isotopes and
palaeoenvironments
An investigation of the biogeography of the

benthic foraminiferal faunas after the extinction is
difficult because many stratigraphical sections have
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hiatuses (Aubry et al. 1996). We can therefore only
be confident about our time correlations if we
compare faunas from the interval of the large,
short-lived, negative 8'3C-excursion. The benthic
foraminiferal extinction shows biogeographical
variation between the Walvis Ridge and the Maud
Rise sites, which were in the same ocean basin and
at similar longitude, separated by about 30° of
latitude. The pre-extinction faunas were largely
cosmopolitan, with relatively minor differences
with location as well as depth (e.g. Kaiho 1988,
1991), but post-extinction faunas show very wide
differences in composition. At our sites biogeo-
graphical differences were more important than
depth differences.

At Maud Rise, the extinction was followed by an
increase in relative abundance of species presumed
to live infaunally (Corliss & Chen 1988). Such an
increase most probably reflects an increase of the
flux of particulate organic matter to the sea floor
(e.g. Lutze & Coulbourn 1984; Pedersen et al.
1988; Hermelin & Shimmield 1990; Hermelin
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1992; Rathburn & Corliss 1994), rather than a
decrease in dissolved oxygen. This faunal evidence
appears to conflict with the carbon isotope data,
which show decreased surface-to-deep gradients,
suggesting lowered productivity just after the
extinction (Kennett & Stott 1991; Fig. 11). We
can try to reconcile faunal and isotope data by
speculating that the decreased gradients resulted
from upwelling of deep, nutrient-rich waters as
aresult of a changes in deep-water circulation. The
upwelling could have caused increased produc-
tivity and isotopically lighter total dissolved
carbonate in the surface waters. This mechanism
can not explain the short-term carbon isotope

excursion, and can be only a part of the explanation
for the depressed gradients at Sites 689 and 690.
We do not suggest that productivity increased
worldwide, only that it increased at Maud Rise,
and possibly at other sites at high latitudes, or on
continental margins, or close to the equator. We
suggest that all these sites may have been charac-
terized by increased deposition of organic matter
(thus probably increased surface productivity) after
the extinction.

In contrast, benthic foraminifera data suggest
that the flux of organic matter to the seafloor
decreased after the extinction at the Walvis Ridge
sites, in line with suggestions that productivity
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decreased globally at the time (e.g. Corfield &
Shackleton 1988; Corfield 1993). Thomas (1990)
speculated that this difference might have been
apparent only, and the result of the fact that
many researchers study such a large size fraction
(> 125 um) that the abundant presence of the small,
biserial species would go undetected. Data present-
ed in this study, however, clearly show that the dif-
ference is real, not the result of difference
in size-fraction studied, nor of the presence of
hiatuses, since these different faunas coexisted
with the short-lived carbon isotope excursion.

Studies from many locations in the Atlantic
Ocean have described post-extinction faunas
resembling those at the Walvis Ridge sites, with
common to abundant abyssaminid species and
N. truempyi (Clark & Wright 1984; Tjalsma &
Lohmann 1984; Katz & Miller 1991; Miiller-Merz
& Oberhinsli 1991; Oberhinsli et al. 1991; Pak &
Miller 1992); similar faunas have also been
described from land sections in Spain (Zumaya: G.
Keller pers. comm. 1994) and Egypt (Speijer
1994). We cannot be certain that these faunas are
indeed coeval with the immediate post-extinction
faunas because of the lack of isotopic data or low-
resolution sampling. At Site 549 in the Bay of
Biscay (Reynolds 1992 MSc Thesis, op. cit.)
biserial and triserial species increased in relative
abundance after the extinction, as at Maud Rise.
In the land section at Caravaca (Spain), a
similar faunal pattern was observed (G. Keller
pers. comm. 1994).

Faunas from some sites in the Indian Ocean
show a pattern similar to that at the Atlantic sites,

but we do not know whether we see the immediate
post-extinction faunas because of lack of isotope
data, poor recovery, or low time resolution. At
Site 762 (palacodepth 1000-1500 m) the post-
extinction faunas were dominated by N. truempyi,
Cibicidoides spp., and abyssaminid species;
T. selmensis and A. aragonensis were present
(Thomas, unpub. data; R. Nomura pers. comm.
1994). At Site 747 (Kerguelen Plateau, Indian
Ocean; palacodepth 2000-3000 m) post-extinction
faunas were dominated by N. truempyi , but at
the shallower Site 748 (palacodepth 600-2000 m)
Stilostomella spp. and Lenticulina spp. dominated
(Mackensen & Berggren 1992). At Site 752
(palacodepth 500-1000 m), post-extinction faunas
had common Anomalinoides capitatus/danicus,
N. truempyi and Cibicidoides spp. (Nomura 1991;
R. Nomura pers. comm. 1994). At Site 738 (Indian
Ocean, Kerguelen Plateau; Fig. 1) recovery was
poor, but the short-term isotope excursion occurred
in a recovered interval and is similar in magnitude
to that at Maud Rise (Lu & Keller 1993). The
benthic foraminiferal extinction occurred in the
lower part of an interval of dissolution as at Walvis
Ridge, and post-extinction faunas coeval with the
carbon isotope negative peak had high relative
abundances of Tappanina selmensis and small
buliminids (Thomas, unpub. data) as at Maud Rise.
Later faunas became dominated by N. truempyi
(R. Nomura pers. comm. 1994).

At equatorial Pacific Site 865 (palaeodepth
about 1200, palaeolatitude 2°N, Bralower et al.
1995a) post-extinction faunas coeval with the
short-lived 813C excursion lack N. truempyi, have
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Fig. 13. Carbon and oxygen isotope data for planktonic foraminifera, Sites 689 and 690. Open symbols are data from
Site 690, closed symbols are data from Site 689. Circles, Acarinina mckannai, triangles, ‘Morozovella’ convexa.
Included are data from Stott er al. (1990), Kennett & Stott (1990), and this paper.

common Cibicidoides spp. and Bulimina semi-
costata, and high relative abundances of bi- and
triserial species (Thomas, unpub. data). At Pacific
Site 577 (palacodepth 1500 m) post-extinction
faunas show increased relative abundance of
Bulimina semicostata as well as N. truempyi
(Miller et al. 1987bh; Pak & Miller 1992), in
contrast to the faunal pattern at Site 865, but there
may be a hiatus in the immediate post-extinction
interval (Corfield & Cartlidge 1992b; Berggren
et al. 1995).

The benthic extinction thus was followed by a
period of varying faunas at different locations. At
all locations 7. selmensis and A. aragonensis are
typical for the post-extinction period at bathyal to
abyssal depths. These species might probably be
seen as opportunists, quickly filling habitats
emptied during the extinction. Species that became
extinct included common species thought to have
lived epifaunally (e.g. Neoeponides spp. and
Gavelinella beccariiformis), many agglutinant
species (e.g. Dorothia oxycona, Tritaxia paleo-
cenica), but also infaunal species such as
B. thanetensis and B. delicatulus. At some locations
infaunal morphotypes increased in relative abun-
dance for a short period (50 000 years), but at many
sites in the Atlantic, Pacific and Indian Oceans
epifaunal morphotypes increased in abundance,
and infaunal morphotypes were replaced by other
infaunal morphotypes (e.g. Bulimina velascoensis
and Aragonia velascoensis before the extinction,
Bulimina semicostata and Aragonia aragonensis
after the extinction at Pacific sites; Miller ez al.
1987b; E. Thomas, unpub. data).

It thus appears to be too simplistic to relate
the benthic foraminiferal extinction only to
increased temperatures with concomitant decreased
oxygen levels, although these probably were
involved (Thomas 1990; Kaiho 1991). A strong
increase in volume of deep to intermediate waters
derived from subtropical latitudes rather than from
high southern latitudes (as invoked by many
authors, including Thomas 1989, 1990, 1992;
Kennett & Stott 1990, 1991; Lu & Keller 1993;
Zachos et al. 1993) could have caused the observed
patterns partially by direct and indirect effects on
the deep sea benthic faunas: patterns of aging
of intermediate and deep waters, and thus their
nutrient and oxygen levels, would change as well
as temperature. Probably as important for deep
sea faunas, a change in direction of deep water
circulation might influence the locations where
deep, nutrient-rich waters welled up to the surface,
and thus where high surface productivity occurred.

If 813C values of deep sea benthic foraminifera
during the maximum-excursion were well known
from various localities, one might attempt to re-
construct the direction of deep water circulation
(e.g. Pak & Miller 1992; Zachos et al. 1993),
lighter values indicating the presence of ‘older’
deep to intermediate water masses. Lu & Keller
(1993) thus argue that the fact that the benthic
carbon isotopic excursion was of smaller magni-
tude in the Pacific (Pak & Miller 1992) than at
Maud Rise (Kennett & Stott 1991) indicates deep-
water circulation from Pacific low latitudes to the
Antarctic. We do not think that this argument is
valid, however, because of the presence of hiatuses
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at Site 577 (Corfield & Cartlidge 1992b; Berggren
et al. 1996), so that we can not be certain that the
observed values reflect the maximum excursion.
New isotope data from equatorial Pacific Site 865
suggest that deep waters might have been forming
at that location just after the extinction (Bralower
et al. 1995b).

It is not clear whether a change in deep-water
circulation could be related to decreased levels of
dissolved oxygen in shallower marine areas on
continental margins (e.g. North Sea Basin: King
1989; Charnock & Jones 1990; New Jersey
continental margin: Gibson et al. 1992; southwest
Pacific: Moore 1988; Kaiho 1994b; the southern
edge of Tethys: Speijer 1994). There might be a
link through locally increased productivity (as
suggested by Speijer 1994), or decreased levels
of dissolved oxygen might have resulted from the
high temperatures.

The rapid isotope excursions occurred against
the background of longer term events. In the middle
Paleocene, bulk carbonate 8!3C values reached a
maximum for the Cenozoic (e.g. Shackleton 1986,
1987), which was not higher than more long-term
values during the Late Cretaceous (Corfield et al
1991; Corfield & Cartlidge 1992b). This period of
high 813C values could be seen as reflecting return
to higher oceanic productivity (Shackleton et al.
1985; Shackleton 1986, 1987) after the biosphere
recovered from the end-Cretaceous extinction,
especially since oceanic 8!3C gradients were very
high at the time (Shackleton er al. 1985). This
explanation works only if the organic carbon pro-
duced was buried in the lithosphere, because 8!3C
changes that persist over periods much longer than
the residence time of carbon in the ocean can arise
only as a result of long-term changes in the global
rate of storage of carbon in organic matter rather
than in carbonates (Berger & Vincent 1986;
Shackleton 1986, 1987; Corfield & Cartlidge
1992b). 1t is not obvious where the organic matter
required to be deposited in the Paleocene was
stored, but extensive organic matter-rich deposits
of that age occur in southwestern Pacific (Moore
1988), the North Sea region, and possibly oil shales
in the continental United States. Carbon isotopic
values decreased over a few million years from
the middle Paleocene until the early Eocene
(Shackleton 1987; Corfield & Cartlidge 1992b).
The long-term decreasing values of 8'3C have been
tentatively explained by increased erosion of
organic carbon rich sediments from the Himalyan
orogen (Beck et al. 1995b).

This long-term decrease occurred at a time when
oxygen isotope data suggest increasing tempera-
tures of global deecp waters as well as surface
waters at high latitudes (Shackleton 1986; Corfield
& Cartlidge 1992b; Zachos et al. 1994). The high
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temperatures have been explained by higher rates
of CO, emissions from hydrothermal systems
(Owen & Rea 1985; Rea et al. 1990) or from
plateau basalts (Eldholm & Thomas 1993),
especially because preliminary results from studies
of chemical proxies for palaco-CO, levels suggest
that early Eocene pCO, levels were 2 to 6 times
present values (Freeman & Hayes 1992; Cerling
1991).

What caused the rapid isotope excursions in the
latest Paleocene to be superimposed on these long-
term trends? Specifically, did sudden events (e.g.
emission of large amounts of volcanic CO,) trigger
the rapid isotope excursions, or did gradual changes
cross a threshold-value (Zachos et al. 1994)?
Planktonic foraminiferal data from Sites 689 and
690 (Stott ez al. 1990, 1996; this paper) and 738 (Lu
& Keller 1993) clearly demonstrate that low-
latitude, keeled planktonic foraminifera reached
high latitudes (> 60°S) before the benthic
foraminiferal extinction; extensive warming of high
latitude surface waters thus preceded the isotope
anomalies. Note that §'80 values of keeled
planktonics at Site 690 are extremely low, while
S13C values of the same specimens have not
reached peak values, suggesting that temperature
increase slightly pre-dated the 81°C excursion (Fig.
11). The rapid oxygen isotope excursion at
a time when polar ice-sheets were absent or
insignificant should probably be explained by a
rapid increase in temperature of high latitude
surface waters and deep waters worldwide, by
4-6°C. Such an ocean-wide increase in temperature
would have the effect of raising seaievel by about
5-6 m only (Varekamp, pers. comm. 1994), which
would not be expected to be noticeable in benthic
foraminiferal faunas. Speijer (1994) did not
observe a clear sea level signal in neritic sequences
in the eastern Mediterranean.

The large, short-term carbon isotope excursion
occurred in deep as well as surface waters and in
the continental record (Kennett & Stott 1990, 1991;
Pak & Miller 1992; Lu & Keller 1993; Stott et al.
1996), and was associated with increased CaCO;-
dissolution over a wide depth and geographical
range in the deep oceans (Bay of Biscay: Reynolds
1992 MSc Thesis, op. cit.; Stott et al. 1996; Site
738: Lu & Keller 1993; Walvis Ridge: this paper).
A large, negative shift in 8'3C composition of total
dissolved inorganic carbon as well as increased
dissolution and shallowing of the calcium
carbonate compensation depth in the oceans could
result from a transfer of isotopically light material
from the lithosphere or biosphere into the ocean—
atmosphere system (Shackleton 1977; Broecker &
Peng 1984). The shape of the excursion (rapid start,
more gradual return to almost pre-excursion values)
is as modelled for disturbance of the ocean-
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atmosphere system by transfer of large amounts
of isotopically light carbon into the atmosphere
(e.g. Kasting & Walker 1993). The rapidity of the
initiation of the excursion (a few thousand years)
and its short duration suggest that this transfer is
not likely to have been caused by changes in ratio
of organic carbon to carbonate deposition or
erosion (Shackleton 1987; Corfield & Cartlidge
1992b; Walker 1993).

One can estimate how much carbon from the
terrestrial biosphere must be transferred to the
oceans to explain the short-term carbon shift
(Shackleton 1977), if one makes assumptions
regarding the size of oceanic and atmospheric
reservoirs, and the average isotopic composition of
plant material, and if one knew the average, global
size of the carbon isotope excursion. Estimates of
the average isotopic composition of plant material
can be made, assuming that only C3 plants were
around in the late Paleocene (Cerling 1993). The
amplitude of the carbon isotope excursion is not
well constrained, because the event was short and
many sections have low sedimentation rates and
hiatuses (Aubry et al. 1996); a value between 1 and
2%, possibly close to 2%. seems most probable
from present observations (Kennett & Stott 1991;
Pak & Miller 1992; Stott ef al. 1996; Bralower
et al. 1995b).

The sizes of atmospheric and oceanic reservoirs
are less easy to estimate: the atmospheric reservoir
may well have been several times larger than today,
which would have led to a larger oceanic reservoir.
On the other hand, higher deep ocean temperatures
may have caused a decrease in size of the oceanic
reservoir. In addition, the size of the oceanic
reservoir may have been influenced by the deep sea
ventilation rate (Broecker & Takahashi 1984;
Thierstein 1989), leading to decreased oceanic
reservoir sizes at decreased ventilation rates.
Assumption of various values for these parameters,
however, indicates that the excursion was so large
that transfer of terrestrial biosphere is very unlikely
as the cause: such a transfer would require
destruction of continental biosphere much larger
than that during the end-Cretaceous extinction,
which did not occur according to the fossil record.

It is difficult to explain fully such a large shift by
rapid emission into the atmosphere of volcanogenic
CO,, derived from the subaerial plateau basalt
eruptions of the North Atlantic Volcanic Province
(White 1989; White & MacKenzie 1989). The
minimum isotopic composition of mid-oceanic
ridge volcanic CO, is only of the order of —6 to
—7%o (Eldholm & Thomas 1993), so that very large
volumes would be necessary. Calculations of the
size of plateau-basalt eruptions and the eruption
rate required to cause the observed carbon isotope
shift have the same problems as the estimates of
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biomass required. Average rates of basalt eruption
during Chron 24r (several times 10'3 g CO, per
year; see Eldholm & Thomas 1993) were certainly
too low to cause the excursion. Maximum eruption
rates, however, could have been much higher than
that (e.g. White & MacKenzie 1989), and an
eruption rate of about 100 times the average rate,
persisting over a few thousand years, could have
been sufficient (Eldholm & Thomas 1993).

The timing of maximum volcanic activity might
be seen as problematic for this tentative explana-
tion. The major ash falls, including the most
explosive phase of volcanism (ashes —17, +19),
clearly postdated the benthic foraminiferal
extinction at the Bay of Biscay sites (Knox &
Morton 1983, 1988; Backman ez al. 1984; Aubry
et al. 1986; Knox 1990; Eldholm & Thomas 1993;
Berggren & Aubry 1996). We would, however, not
necessarily expect high rates of CO,-effusion
resulting from the most explosive volcanic activity,
because basaltic (thus less explosive) magmas have
the highest concentrations of CO, (Gerlach &
Taylor 1990). Ashes and basalt flows are present in
sediments from nannofossil zone NP9 and the
dinoflagellate Apectodinium hyperacanthum zone
(Boulter & Manum 1989; Knox 1990; Ali et al.
1992), and Berggren & Aubry (1996) tentatively
place the initiation of phase 2 volcanic activity in
the lower part of zone NP9. The extinction may be
very close in age to the change of volcanic activity
from western to eastern Greenland. This change
may have triggered the break-up of the continent
along the East Greenland margin with ensuing
volcanism over very large areas adjacent to the line
of break-up, which occurred close the chron
C25n/C24r boundary (Larsen et al. 1992).

We can speculate about the following scenario:
high latitude surface ocean temperatures increased,
possibly as a result of increased atmospheric pCO,.
These high temperatures may have been increased
even more by high CO, levels from massive
plateau basalt eruptions at the initiation of con-
tinental break-up, and they caused a decrease in
density of surface waters at high latitudes so that
a low density lid formed. Therefore formation of
deep to intermediate waters at these latitudes
decreased in volume, so that waters sinking at sub-
tropical latitudes could increase in volume. The
circulation changes caused changes in the location
where deep, nutrient-rich waters could well up to
the surface, thus influencing productivity of plank-
tonic organisms, and extinction of deep sea benthic
foraminifera. The latter extinctions were thus
caused by a combination of increased temperature
and concomitant decrease in dissolved oxygen
concentration, as well as changes in local
productivity — either increased or decreased
productivity, depending upon location.
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In this scenario, dominant deep water formation
at subtropical latitudes was probably a short-term
phenomenon, lasting not much longer than 50 000
to maybe 100000 years, because of the self-
limiting effect of deep water circulation from lower
to higher latitudes (Pak & Miller 1992; Lu & Keller
1993). Such a circulation pattern would increase
heat transport to high latitudes, thus further
decreasing thermal gradients; but very low
gradients would mean decreased speed of
atmospheric as well as oceanic currents (as
observed in the decreased intensity of dust transport
at the time of the benthic extinction; Miller ez al.
1987; Rea er al. 1990; Hovan & Rea 1992). This
decreased transport would then cause cooling of
high latitudes (Walker & Sloan 1992; Sloan et al.
1995), so that deep to intermediate waters could
again form there.

There are problems with this simplistic and
speculative scenario. We do not think that volcanic
CO, input can cause the short-term negative §'3C
anomaly by itself. It is not clear whether the total
dissolved CO, content of the oceans would increase
or decrease under this scenario: increased tempera-
tures would lead to a decreased reservoir size, but
increased atmospheric pCO, would lead to an
increased oceanic reservoir (Broecker & Takahashi
1984; Walker 1993). Degassing of the ocean when
it was warming up would be expected to lead to
increased oceanic 8'3C values, contrary to
observations. The increased CaCO, dissolution
suggests increasing dissolved carbonate levels
in the oceans (Broecker & Peng 1984; Kasting
& Walker 1993). Stott (1992) suggested, on
the basis of changes in isotopic composition of
organic material in planktonic foraminifera, that
atmospheric pCO, decreased sharply during the
isotope anomalies, possibly as a result of oceanic
CO, uptake. But data on carbon isotopic composi-
tion of organic marine material cannot simply be
interpreted as resulting from changes in atmo-
spheric pCO,, especially for times when other
oceanic parameters (temperature, possible
alkalinity) were changing (Goericke & Fry 1994;
Hinga et al. 1994). In addition, we do not know the
full effects of the speculative scenario on oceanic
productivity and we do not know the average,
global effects on productivity changes that vary
from place to place.

At the present time, we do not understand the
extreme carbon isotope anomalies in the late
Paleocene to early Eocene ocean—atmosphere
system. More data on the anomalies, including a
better understanding of their maximum extent and
geographical variability, may lead to a better under-
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standing of this major disturbance of the global
carbon cycle, and thus of the functioning of the
carbon cycle itself.

Conclusions

1. The deep sea benthic foraminiferal extinction in
the latest Paleocene was coeval with short-term,
extreme, negative excursions of 8!13C in planktonic
and benthic foraminifera and bulk carbonate, in the
South Atlantic and the Weddell Sea, over a range
of palacodepths from 1100-3400 m.

2. The benthic carbon isotope excursion had the
same magnitude in both areas, about —2%o. The
excursion was a very rapid (beginning in a few
thousand years, duration about 50 000 years), and
detailed sampling is necessary to evaluate differ-
ences in its magnitude in different areas.

3. We do not have enough geographical cover-
age of the minimum benthic 8'3C values to use
these for reconstruction of deep water circulation.

4. Oxygen isotope data indicate rapid warming
of high latitude surface waters as well as global
deep waters. It is not clear whether this warming
was caused by a change in dominant source region
of deep to intermediate waters from high to sub-
tropical latitudes, or by increased surface water
temperatures at high latitudes.

5. The biogeography of benthic foraminiferal
assemblages after the extinction suggests that a
change in dominant source area of deep water
formation was involved.

6. The short-term carbon isotope excursion was
so large that it probably could not have been caused
by transfer of terrestrial biomass into the ocean—
atmosphere system; it was so rapid that it probably
could not have been caused by a change in
deposition or erosion rates of carbon in carbonate
as compared to carbonate in organic matter.

7. We cannot explain the short-term negative
carbon isotope excursion, which probably is a
complex signal, having global as well as local
(productivity) components.
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Mimi Katz and Birger Schmitz. This paper is a contri-
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Appendix 2. Faunal data, Site 6690

f ? | BR ]
| Pl [
i » | !
E 8 i =
! &) g 5| § @ E
g e ] ,25A§=_-g-£§§3 2 % o o E &
ol 8 = B s 5 & E . a c 5 ] S = S 8 sl @ S g
$8E 88 .25 393858z 883988 25859
8 88288 =g 223583238 3F F<328¢5;5;¢
b3 X s 3 c =
z o0 % gl g 5/ £ 8% § 35 8% ¢og o5 T g5 2Ea
£ I < = - -1~ - e 1 - - T (R
g fEPMl B EEEEiRREccEEREEREEECC
8§ 2 233 2822/ 5 2 £ 5 £ 5323888 aaaaqaaaa8
138.21] 54.690] 56 42318 1] i | th L 18 27 6 l
1 x 13971) 54.729| 57| 39/326 7| 1 i |8 35 18] ] 2
16H-3,41-43 [ 141.21] 54767| 45 31]334] i1 — T2 i 57 5 o | 4 2
[16H-4,41-43 114272 54.805;@737 314] 1] 3 B ,_ t 23| |30 | 4 1
16H-5, 41- 43 58 361321 8] 3] | | 5 1 15 2 1
16H-6, 41- 43 34[328] 6 3 1 71 8 3
16HCC 271291 2 a6 3 ]
|17H-1. 40- 42 T N ) N | 18 1 10l |
17H-2, 40- 45 3 [ 1 5; ‘J 84| 1| 3
17H-3. 40- 42 4 1 10 4l e
[} 1 2 9] 3 1
1 1 8 I T | 8 1 1
3 7 13 i/
1 0] ] 12 4
I I I I O . | 12 2
] 18| 4| 11
al 8 3 21 10 3
(3 | I e 22 29
T 8] B
TR Tl 5 3
" 166.65' 55.408 23 2l [T 1T [ 1L us 6 2] [ 7
116731185 420] 25| 201518] 8] 1T Jru 73 1.
167.65( 55 428] 81| 261335 2| ~4[ 1 18 18] 74| 3l
1668.07| 55.438] 30| 23(303] 1| 19 13 1 5 1 178 ] 5 1]
188.61| 55.456| 35| 26/335] " 1 N 7 40 T7 | 18 {17 4 2] 1]
180.16] 55464 34| 22(323] 3 5 33 8 . 8] 1103 12 2|
| 16958 55.474; 35 24323 8| 5| | |~ 1 5 1 16 7 14 1
. 8| 55474 35| 243 B A .
4042 170.31] 55.492| 34| 25305 ! B 26 [ 20 28] 10| 3
[16H-3.51- 53 170.42° 55.495] 40] 31]311 T 121 1 1% 6| 10 2
(193, 60- 62| 170.51 55.497] 33| 25(313 RS 14 43
19H-3, 66- 68 17057 56.499] 37| 29(334] 1 I 16] 8 1 1%2
19H3,72:74__ | 170.63] 55.500] 66| 46(316] | 19 ) 2] 4 1 5/ 5] | | 8/ 19|
[19H-3, 72- 76 170.65| 65.501| 63| 43322 i 5[ 1 | 1 8 2 2 7
18H-3115-121 17105( 55511 71] 44/302| | 4] | [ 1] | 2[ & 112 2 8
19H-4, 4234 171.85| 55.533| 64| 30324 3 1 1] 22 7 13|
10H-4,74- 78 17216 55.542| 76| 47312 [} 3 2] 3 1 3] 2 2] 9
46 ) *j’#" T e 2 4 5
D N R 1) O
[19H,CC . 1 ] 2l 1 | T a2 i
20H-1, 40- 42 296 1 3 7 8 i
20H-2, 40- 42 342 [ P& T 1387 10 2 4 | 6 4
20H-3.40- 42~ 307 2 3 | [ 1 r 5| 6 | [ 1 a | 27 T
[26H-4, 41-43 ) A A O I A O I iz 5 e K
20H.CC 308 1 N 1 1 6 8| i 6 25 ﬂfﬂ 1
21H1,40- 42 | 1 207 1 T T B 13155 e 2
[31H-2, 40- 42 334 (R B 6 2 7 7]
21H-3,40-42 st | T Tl - S| 5 5 D
2457 334 1 B OO ) 2| 12 2 L
21H,6C 261! [ 1 i 7] 5 56 1)
323 ] 1 e 2 26 1 9 7
30| 2 i 8 2 5 1 1] 4 R
14 I Kl 118 7 2 1]
289 f | i 1176 3 2 18 8 i




433

PALEOCENE—EOCENE BENTHIC FORAMINIFERAL EXTINCTION

‘dds u_:o__u:o._wxu

“dds sepowbesydodeq

“dds eremezueH

XBHOA SapIOUIPIOIAD

aJsenbueqns sapiouipioiD)

snyepenb sepiouIpioIkD
|

smejnueid nov_ocﬁ

2 T

snsoqoyB sepioulpioiAD |

|
snuep.eib sepioulpiolfo |

|

5t

snssaidap sepioulpoIAp !

12,2‘

11

—

smNoe sepioulpiol 5 ;

SISUBBALIBU BUI[|BABID |
|

seipiob eidsowol|

inp! qo1D

EJBAO BUILIINGOAOID

“ds suiydiowiqo|p

T7T

SISUBOTSEI9A Bl|BUI[OATD

esoulbiqns eileuijoAes

snjeydAy ejjeuieaen

SIWIOpLBIORq EllBUIOABD

190

erebinoe| BUKipnes

“dds suiojuesing

15

13
7

3

10

13

12
7
3

1SIATE] BUBINOIPUOI

"enBixe eeuiwoISKd]

1

“dds eueianos

22

~dds ®iyjioiog

BJB|[80UBI BUIWUMEIIAD

y oy e

P (jdki62

T gsuibisw BuIgiouo)

eadseidans suiedeuii) w

sneadsgns sepiopKID.

snponyiedopnesd sepiopiagid

KEp seplopiqId




434 E. THOMAS & N. J. SHACKLETON

Appendix 2. continued
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